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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.

e JGERI_Guideline_for_Main_Manuscript
¢ JGERI_Guideline_for_Cover_Letter
e 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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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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This paper presents the islanding and peninsulating of distributed
generators (DGs), such as wind and solar power plants, that feed
microgrid systems. However, the paper does not focus on just an
ordinary microgrid but large microgrids that have several sub-
microgrids with renewable energy resources and multiple
connection points (MCPs) to different grids. When islanding
happens, the main microgrid disconnects some connection points
from grids whereas some connection points to other grids could be
connected and divided into some sub-microgrids for better
stability. Two new definitions are proposed for large microgrid
islanding: percentage of islanding and peninsulating. The former
means how much it is possible that an islanding happens before it
happens, and the latter means that: “after separating from some
connection points to grids in a large microgrid with MCPs to
different grids, remained large microgrid network is an island or a
peninsula that is connected in some connection points to other
grids? So, peninsulating a large microgrid depends on the number
of connection points, at least two points, to different grids. This
paper describes these two new definitions. The method involves
the measurement of utility currents, voltages, and other signals
through a bidirectional communications system in smart grids.
These signals are used to calculate the percentage of islanding and
decide on microgrid islanding or peninsulating.

1. Introduction

Nowadays, distributed generation (DG), solar, and wind units are growingly used in
power networks as a means to satisfy the rising electricity demand and encourage the use
of renewable energy sources. The higher penetration of DG amplifies the complexity of
the distribution system and gives rise to multiple challenges. Presently, load demand has
increased the number and variety of microgrids, resulting in the development of larger
regroup systems. Large microgrids, which have several sub-microgrids with multiple
connection points (MCPs) to different grids, are one of the system complexities. Islanding
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is one of the most significant challenges in these systems. It refers to a situation where a
section of the distribution system consists of DG and local loads. During islanding, these
loads stay powered even though they are mistakenly disconnected from the rest of the
system. The isolation may be attributed to a fault event on the primary distribution feeder.
The re-closer will, in this situation, restore the connection to the isolated section of the
system after a specific period, as determined by the system operator. This phenomenon is
undesirable as it can be harmful to the distribution system. Therefore, the identification
of islanding (also known as anti-islanding) has become a crucial necessity for protecting
DG systems.

When islanding happens in a large microgrid with some sub-microgrids equipped with
MCPs to different grids, the main microgrid separates from some connection points to
grids whereas some connection points to other grids could be connected and divided to
some sub-microgrids for better stability. This new state is not islanding because the
microgrid is connected to other grids, so this new state is named "peninsulating” in this
paper. After separating from some connection points to grids in a large microgrid with
MCPs to different grids, the remaining large microgrid network constitutes an island or a
peninsula connected in some connection points to other grids. So, peninsulating a large
microgrid depends on the number of connection points, necessarily at least two points, to
different grids. Islanding often occurs when the power generated by the DGs matches the
power used by the load, resulting in the load being completely supplied by the DGs.
Currently, if there is a disruption or failure in the utility, the fluctuations in voltage and
frequency of the DGs cannot be identified according to the standards of UL1741 or
IEEE1547 [1, 2]. This paper addresses large microgrids with some sub-microgrids, which
are very complicated. In brief, if a microgrid connects to two grids and disconnects from
one of them, it will be peninsulating not islanding because the microgrid connects to
another grid. If the microgrid connected to two grids disconnects completely from the two
grids, islanding may happen. An imminent and significant problem lies in the full
assimilation of wind and solar power generation units into electric power systems,
particularly within distribution networks operating at medium and low voltage levels.
Indeed, such integration would enable optimal utilization of the renewable sources (RS)
present in the area, which would otherwise remain untapped. This necessitates a
comprehensive reconsideration of the administration and regulation of energy networks,
transitioning from passive systems to innovative and dynamic "smart grids" [3]. The
current passive systems are distinguished by one-way energy flows and a restricted range
of intelligent and automated functions. In contrast, the concept of the smart grid involves
energy flows that move in both directions. To support this, smart metering technologies
and capabilities are required, along with a bidirectional communication system and
various intelligent field devices. These devices enable monitoring, automation, protection,
and control actions [4]. This technology involves the utilization of a bidirectional
communication system in smart grids to measure utility currents, voltages, and other
signals. These signals are used for islanding or peninsulating. The central microgrid
decision system determines the islanding or peninsulating state, as well as other possible

Journal of Green Energy Research and Innovation 1(2) (2024) 1-14
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states, by measuring currents, voltages, and other signals at the point before the main
circuit breaker instead of the point of common coupling (PCC), as explained in reference
[5]. There are abundant renewable energy resources (RESs) available on islands, such as
wind, sun, biomass, ocean current energy, wave energy, tidal energy, ocean thermal
energy, ocean salinity gradient energy, and geothermal energy. These resources have the
potential to greatly contribute to developing electricity on islands [3]. Nowadays,
microgrids are more complicated than before and some of these RESs in a microgrid
connected to some grids can create a large microgrid. Nevertheless, the output power of
these DGs can vary significantly and prove challenging to regulate due to factors such as
weather conditions, geographical location, and other variables, which contribute to their
intermittent and unpredictable nature. In recent years, microgrid technology has emerged
as a promising solution for addressing the intermittent issues associated with the
integration of distributed generators |6, 7|. This technology offers decentralization and
localization, allowing for the maximum utilization of distributed energy resources to
enhance system stability and reliability, improve power quality, reduce transmission
losses, and enable intelligent and flexible control. A large microgrid with MCPs to different
grids can be very complicated. Besides all these points, such microgrids need to be
subjected to further research. The literature offers several ways for the detection of
islanding, which can be categorized into passive, active, and communications-based
techniques [4-21]. Ref. [22] presented a real-time analysis of an islanding detection
scheme for AC microgrids, and Ref. [23]| presented a communication-less islanding
detection scheme for hybrid distributed generation systems using recurrent neural
networks. Ref. [15] presented another classification for island detection methods, which
includes local and remote methods. Active and passive methods are subsets of local
methods. Ref. [19] proposed a passive islanding detection scheme using a phase angle of
positive sequence voltage. Communications-based solutions encompass a wide range of
communication technologies that can be utilized to establish smart grid infrastructures.
Each technology possesses its distinct advantages and disadvantages |2, 15, 17, 18, 20,
24]. Hybrid techniques have a small Non-Detection Zone (NDZ) and perturbation is
introduced only when islanding is suspected | 19]. Large microgrids have complicated and
hybrid techniques in which small NDZ should be used. This paper suggests hybrid
techniques for the detection of not only islanding but also peninsulating. In addition to the
tiny NDZ, the detection time is crucial. Therefore, this paper employs the percentage of
islanding and/or peninsulating, as well as a modification in the measurement point of
signals from the PCC in conventional approaches, to occur before the primary circuit
breaker.

The paper is composed of the following sections. Section 2 presents the proposed
islanding and/or peninsulating detection method. Sections 3 and 4 discuss the islanding
detection methods and the percentage of islanding, respectively. The concept of
peninsulating is presented in Section 5. Sections 6 and 7 describe large microgrids’
formulation and an example of a large microgrid, respectively. The paper comes to an end
with some concluding points in Section 8.
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2. The Proposed Islanding and/or Peninsulating Detection Method

When a defect occurs in a power network, it is necessary to promptly identify and
isolate the fault location in the power system using a circuit breaker. The duration
required for fault clearing is equal to the combined time taken for the relay to operate and
for the circuit breaker to interrupt the fault current. Even in the immediate operating
mode of a relay, it takes around 0.5 to 1 cycle to transmit the open signal to the circuit
breaker. The operational duration of a circuit breaker is determined by the number of
times it has been activated and its specific kind, typically falling within a range of 3 to 5
cycles. This study focuses on measuring the utility current, voltage, and other signals on
the side of the utility circuit breaker connected to DGs. Hence, the detection time for
islanding is unaffected by the duration of the circuit breaker operation. By eliminating the
circuit breaker operation time, the detection of the islanding state is expedited compared
to local approaches. Figure 1 displays the suggested location for the measuring point.

The identification of islanding situations in the local technique commences upon the
disconnection or opening of the circuit breaker. The local approach is used to measure
system parameters, such as voltage, current, and frequency. The occurrence of islanding
is recognized by sensing these variations after it occurs. Islanding situations can be
detected by relocating the measuring point from the PCC to a position after the utility
circuit breaker, prior to its opening. The suggested method utilizes wavelet transform in
a neuro-fuzzy network to detect islanding and/or peninsulating. The suggested approach
successfully reduces the islanding detection time. The basic model of the hybrid islanding
and/or peninsulating detection method proposed in this paper is illustrated in Figure 1.
The transient waveforms of currents, voltages, and other signals in a power network
include distinct characteristics that can be used to identify the underlying source of the
transient occurrence. The proposed method for detecting islanding and/or peninsulating
occurrences is based on the assumption that the transients produced during these events
possess a distinct characteristic. By developing a classifier, it is possible to differentiate
islanding and/or peninsulating events from other disruptions.

Grig1  Cireuit pPCC
Breaker
DG 1
= 5
g ] Load 1
Large Microgrid

Data Analysis Using
Wavelet, Neuro-Fuzzy &

... in Large Microgrid by
Active Smart Grid

Islanding
Peninsulating

Islanding Peninsulating

Islanding &
Peninsulating

Figure 1. The location of current and voltage measuring point in the proposed model using the
transient-based islanding detection method.
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In this paper, NDZ is eliminated by identifying the conditions that lead to islanding
and/or peninsulating through wavelet transform analysis before the circuit breaker
opens. NDZ is created as a result of the disparity between active and reactive power
during the occurrence of islanding and/or peninsulating in the local method. The
proposed method does not experience any power quality issues as there is no insertion of
disturbances. Thus, this strategy is devoid of the issues present in both passive and active
procedures. So, a hybrid method is suggested which can detect disturbances and decide
on an islanding and/or peninsulating state.

3. Islanding Detection Methods

Several methodologies have been devised to identify the occurrence of islanding. The
strategies can be categorized into central (remote), local, and hybrid techniques, as
depicted in Figure 2. The boxes in Figure 2 show some methods. These methods are used
not only for islanding detection but also for peninsulating detection in this paper.
Peninsulating is a decision made by a central smart microgrid unit. So, various
combinations of remote and local (passive and active) methods are used for this decision
in different microgrids based on their conditions.

Islanding detection methods}

‘P[ Remote methods }

1. Power Line Carrier Communication
2. Signal Produced by Disconnect
3. Supervisory Control and Data Acquisition

. Local methods }

Passive method }

1. Voltage and current harmonics
detection

2. Over/under voltage and over/under
frequency

3. Rate of change of frequency

4. Rate of change of frequency over
power

5. Rate of change of power output

6. Phase jump detection

7. Voltage Unbalance

»L Active method }

1. Active frequency drift

2. Frequency jump

3. Active frequency drift with positive
feedback

4. Sandia frequency shift

5. Sandia voltage shift

6. Sliding mode frequency shift

7. Variation of active and reactive power
8. Negative-sequence current injection 9.
Impedance Measurement

10. Detection of Impedance at Specific
Frequency

Hybrid Islanding methods
can be a combination of
Remote & Local Methods

Figure 2. The classification of islanding detection methods.
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4. Percentage of Islanding

This paper uses “percentage of islanding” in a new definition. It is the answer to this
question, “Before islanding, how much is it possible for islanding to happen?”

For example, a failed network happens and some voltages and current characteristics
are changed such that calculation in the central smart microgrid unit shows that this state
will probably be islanding, so the active detection method starts to work with amplitude
current proportion to probably calculation (for example in increasing current amplitude
active method). Beforehand, the active detection method did not work, and this method
can be useful for power quality in microgrids. If the calculation in the central smart
microgrid unit shows that the probability of islanding is increased, the current amplitude
will increase. This method influences power quality in a short time and if islanding does
not happen in a definite time, the current amplitude will gently decrease to zero and only
other detection methods like passive and remote detection methods will work in the
microgrid. In brief, the percentage of islanding is a method for conditionally using active
methods combined with passive and remote methods. The percentage of islanding is used
for peninsulating, too. The central smart microgrid unit decides that a large microgrid
should separate from some connection points to grids and the remaining large microgrid
network is an island or a peninsula. So, the percentage of islanding is a general concept
for explaining the probability of the shift from normal to island and/or peninsula state in
a large microgrid.

5. Peninsulating

An island refers to a landmass that is smaller than a continent and is surrounded by
water. A peninsula is a landmass that is surrounded by water on three sides and is
attached to a larger landmass. A microgrid without any connection to other grids is an
island, but a microgrid that is connected to other grids can be named a peninsula. This
paper uses “peninsulating” in a new definition. In a large microgrid with MCPs to different
grids, if a failure happens after separating from some connection points, the remaining
large microgrid network will be an island or a peninsula connected in some connection
points to other grids. Peninsulating a large microgrid depends on the number of
connection points to different grids, which should be at least two connection points. A
microgrid in normal condition with a connection point to a grid is a peninsula itself.

5.1. Concept of Islanding and Peninsulating in Large Microgrids

The concept of islanding in large microgrids with MCPs to different grids differs from
islanding in microgrids. A large microgrid can be a microgrid that is connected to different
grids. Figure 3 displays a power island after islanding. In this figure, breaker B1 separates
the microgrid from the main grid, so this state is islanding. A large microgrid is illustrated
in Figure 4 with two connection points to different grids via two main breakers (B1 and
B3). When these two breakers (B1 and B3) separate a large microgrid from these two
grids (grid 1 and grid 2), islanding happens again, but all main grids should separate from
a large microgrid which can be an islanding state.
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Figure 5 depicts a large microgrid with two connection points to different grids via two
main breakers (B1 and B3). When breaker B1 separates main grid 1 from a large
microgrid, peninsulating happens. If grid 1 and grid 2 connect via breakers B1 and B3
shown in Figure 6, peninsulating will occur again. So, a normal state in a large microgrid
with different points to grids can be a peninsula.

Power Island after Islanding

Grid ‘

%(
Bl ﬁ

C
Load 1

~C

B2

SEGCD

Load 2

Figure 3. Islanding a microgrid with a main breaker (B1).

Power Island after Islanding

Grid 1 ‘ ‘ ‘
C D}
% ¢ Bl I;Z B3 ’ %
Grid 2
Load 1 Load 2
B4

breakers (B1 and B3).

Figure 4. Islanding a large microgrid with two connections points to different grids via two main

Grid 1 ‘

Power Peninsula

i

Load 1

B2
Load 2
B4

3t

Grid 2

Figure 5. Peninsulating a large microgrid with two connections points to different grids via two

main breakers (B1 and B3). Breaker B1 separates main grid 1 but, grid 2 is connected via

Breaker B3.

Grid 1 ‘

Power Peninsula

Ly

Load 1

S

2

y

Load 2
B4

Naeles

Grid 2

Figure 6. Peninsulating a large microgrid with two connections points to different grids via two

main breakers (B1 and B3). Grid 1 and grid 2 are connected via breakers (B1 & B3).
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5.2.

Power Island and Peninsula in Large Microgrids

A power peninsula is illustrated in Figure 7 with two connection points to different

grids via two main breakers (B1 and B3). When breaker B2 separates two DGs from each

other, as shown in Figure 8, a large microgrid changes to two power peninsulas because

one of them is connected to grid 1 via breaker B1 and the other is connected to grid 2 via

breaker B3 and these are not power islands. Another state is illustrated in Figure 9. Grid

1 is connected via breaker B1, and grid 2 is separated via breaker B3. So, one of them is a

power peninsula and the other one is a power island. Another state is illustrated in Figure

10. Grid 1 and grid 2 are separated via breakers B1 and B3 from a large microgrid. So, this

is a power island. If breaker B2 separates two power islands, they will be two separate

power islands as shown in Figure 11.

Power Peninsula

B2
Load 1 Load 2
B5 B4

36

Grid 2

Figure 7. A power peninsula with two connections points to different grids via two main
breakers (B1 and B3). Grid 1 and grid 2 are connected via breakers (B1 & B3).

Grid 1

Grid 2

Power Power
‘ Peninsula ‘ Peninsula ‘
C
3 3t
B1 B2 B3
Load 1 Load 2
B5 B4

Figure 8. Grid 1 is connected via breaker B1 and grid 2 is connected via breaker B3 to two
separate microgrids. These are power peninsulas.

Grid 1

S

Grid 2

Power Power
Peninsula ‘ Island ‘
EEERE
Load 1 Load 2

B5 B4

Figure 9. Grid 1 is connected via breaker B1 and grid 2 is separated via breaker B3. So, one of
them is a power peninsula and the other one is a power island.

Journal of Green Energy Research and Innovation 1(2) (2024) 1-14



n S. Darvish Kermani et al.

Grid 1

Power Island

B1

36

B3 Grid 2

Figure 10. Grid 1 and grid 2 are separated via breakers B1 and B3 from a large microgrid. So,
this is a power island.

Grid 1

Power Power
‘ Island ‘ Island ‘
¢
3¢ 36
B1 B2 B3 Grid 2
Load 1 Load 2
B5 B4

Figure 11. Grid 1 and grid 2 are separated via breakers B1 and B3 from a large microgrid and
breaker B2 separates two power islands.

5.3.

Changing Power Island to Power Peninsula and Vice Versa

A power peninsula and a power island are illustrated in Figure 12. The power peninsula
is connected to grid 1 via breaker B1, but the power island is created by breakers B2, B3,
and B7 that separate DG 1 and DG 3 from other networks.

In Figure 13, another peninsula and island create different situations. In this figure, the

power peninsula contains DG 2 and DG 3. Power island only contains one DG (DG 1), but

it is not important how many DGs there are in sub-microgrids. What is important is the

stability of sub-microgrids and situations that will happen in microgrids, grids, and the

connection between them.

Grid 1

C I

Power
‘ Peninsula

Power
Island

—

Bl
Load 1
B5
B7

e2 [} | |

Load 2

B4

i

36

Grid 2

Figure 12. A power peninsula and a power island. The power peninsula is connected to grid 1

via breaker B1.
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Grid 1 Power ‘ Power '

Peninsula Island

3¢

B1 ‘ B3

Grid 2
Load 1

B5
B7 @ B8

Load 3
B6

Figure 13. A power peninsula and a power island. The power peninsula is connected to grid 1
via breaker B1, but it contains DG 2 and DG 3.
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6. Large microgrids' Formulation

Some possible formations of large microgrids which are shown in previous figures
confirm that there are so many states of islanding and peninsulating in large microgrids.
So, there should be a method that mathematically formulates connections between large
microgrids, grids, sub-microgrids, loads, and other network components.

In a large microgrid, my, is a matrix that shows the connection between DGs and loads,
and mp is a matrix of microgrid design that describes the connection between DGs and
loads in normal utilization of it. In matrix m, value 1 shows that a DG is connected to a
load or other DGs and 0 shows that it is not connected. As with matrix mp, Mj, is a matrix
that shows the connection between grids, DGs, and loads. M, is a matrix of the main grid
design that describes the connection between grids and DGs and also grids and loads in
the normal utilization of it. In matrix Mp, 1 shows that a grid is connected to a DG or load
and 0 shows that it is not connected.

Another matrix Gridp is a matrix that shows the connection between grids themselves.
Gridp is a matrix of grid design that describes the connection between main grids in the
normal utilization of it. In matrix Gridp, 1 shows that a grid is connected to another grid,
and 0 shows that it is not connected.

Finally, matrix Mmp is a matrix of the main grid and microgrid design that describes
all connections in the network in normal utilization.

[mD]ixi [MD]ix' :|
Mmg =] . (1)
|:[MD]j><i [GrIdD]JxJ (i+ i p(i+])

in which i is the number of DGs + loads and ! is the number of main grids. This matrix
completely describes the connection between grids, DGs, and loads in the network and the
large microgrid.

7. A Large Microgrid Example

A large microgrid is illustrated in Figure 14 with four DGs that are connected to three
grids and two loads.
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Grid 1

Load 1 Grid 3

Figure 14. A large microgrid with four DGs that are connected to three grids.

In this example, matrix m, is:

[DG1 DG2 DG3 DG4 Loadl Load?]
DGL| 1 1 1 0 0 0
DG2| 1 1 0 1 0 1
m=DG3| 1 0 1 1 1 0 (2)
DG4| 0 1 1 1 0 0
loadll 0 0 1 0 0 0
load2l 0 1 0 0 0 0 |
and matrix M) is:
[Gridl Grid2 Grid3]
DGl | 1 0 0
DG2| 0 1 0
My, = DG3| 1 0 1 (3)
DG4 | 0 0 1
Loadl| O 0 0
Load2| O 1 0 s
and matrix Gridp is:
Gridl Grid2 Grid3
orig _Grid1| 1 0 0
° Grid2| 0 1 0 (4)
Grid3| 0 0 1,
So, matrix Mmp can be written from Equation (1):
Mm _ [mD]GXG [MD]6x3
D — 2 H
Moo [Grids s |, (5

In detail, matrix Mm,, is:
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DG1[1 1 1000 100
DG2|1 101010 10
DG3(1 01110101
DG4(0 1 1 100 0 0 1
Mm, =Load1[0 0 1 0 0 0 0 0 O (6)
Load2(0 1 0 0 0 0 0 1 0
Gridl{1 0 1 0 0 0 1 0 0
Grid2|0 1 0 0 0 1 0 1 0
Grid3[0 0 1 1.0 0 0 0 1]

In this example, matrix Mmy, is used to describe large microgrid states. Islanding and
peninsulating can be shown by changing connection states. In this example, if a failure
happens in the connection of grid 1, and grid 1 is separated from the large microgrid, all
connection numbers in matrix Mmp will change from 1 to 0 (in this example, the
connection state between grid 1 to DG 1 and DG 2 will change from 1 to 0).

Using this method, all the states that happen unintentionally or are decided for better
performance can be controlled by central microgrid decisions. A large smart microgrid is
a system that should control stability, power quality, and other network parameters. The
central microgrid decision system controls all islanding and peninsulating states for
enhancing the process of the large microgrid and/or sub-microgrids created.

8. Conclusions

This paper presents the detection of islanding and peninsulating in large microgrids
which constitute some sub-microgrids with MCPs to different grids. Two new definitions
are proposed for large microgrids: “percentage of islanding” and “peninsulating”. These
new definitions necessitate a comprehensive reconsideration of the administration and
regulation of energy networks, transitioning them from passive systems to innovative and
dynamic "smart grids". In the proposed method, the measured utility current and voltage
signals and other signals received through a bidirectional communication system in smart
grids are used to determine the islanding percentage and decide whether to island or
peninsula the microgrid. The shift in the location of measuring currents, voltages, and
other signals from the PCC to before the main circuit breaker has resulted in the central
microgrid decision system determining whether to isolate, create a peninsula, or enter
into other potential states. Peninsulating is a decision made by a central smart microgrid
unit, and all unwanted states or decisions for better working can be controlled by central
microgrid decisions. So, various hybrid methods are used for this decision in different
microgrids based on their conditions. Some possible formations of large microgrids
confirm that there are many states of islanding and peninsulating in large microgrids.
Therefore, a mathematical formulation is needed to explain the connection between large
microgrids, grids, sub-microgrids, loads, and other network components. These new
definitions and formulations are used for control stability, power quality, and other
network parameters in large smart microgrids. Central microgrid decision system
controls all islanding and peninsulating states and creates sub-microgrids, power islands,
and power peninsulas for better usage of networks.
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Doubly-fed induction generators (DFIGs) are crucial in wind
turbines due to their advanced control features and efficient power
conversion, but they're vulnerable to grid issues like voltage dips
and short circuits. This study explores enhancing DFIGs' low
voltage ride-through (LVRT) capabilities using a superconducting
fault current limiter (SFCL) system. The SFCL's superconducting
coil plays a key role by limiting fault current to stabilize power
output, reducing excessive currents during faults, and mitigating
voltage fluctuations, protecting the rotor-side converter and
gearbox. The research focuses on optimizing the coil's inductance
to improve SFCL  performance, showing  through
MATLAB/Simulink simulations that adjusting inductance can
lessen rotor current oscillations during short circuits. The results
indicate significant enhancements in LVRT capabilities, reducing
electrical and mechanical stress on generators and converters,
preventing severe voltage drops, and maintaining torque levels.
Incorporating an SFCL into DFIG systems greatly increases
stability, reliability, and fault tolerance, supporting more wind
energy integration.

Nomenclature
Variable Description Variable Description
VvV, V., Stator and Rotor voltage T, Torque electromagnetic axis
i, i, Stator and Rotor current Wy Synchronous speed
ig. The fault current W, Rotor speed
ims Magnetizing component of stator current Wiiip Slip speed
Lrgref Reference rotor current Via Vg d-q components of rotor voltage
aga, Stator and Rotor flux Lra irg d-q components of rotor current
L L, Stator and Rotor self-inductance R, R, Stator and Rotor resistance
L, Magnetizing inductance T, Torque electromagnetic axis
Ly, Ly, Stator and Rotor leakage inductance Wy Synchronous speed
R, R, Stator and Rotor resistance W, Rotor speed
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1. Introduction

The DFIG stands as a premier solution for integrating wind turbines with the electrical
grid, owing to its superior control features and the efficiency of its compact converter
design. DFIGs are distinguished by their exceptional ability to manage and adapt power
output, making them highly suitable for renewable energy applications. However, it is
imperative to acknowledge that these generators exhibit a heightened sensitivity to
voltage fluctuations, particularly in instances of grid faults. This vulnerability is especially
pertinent given the geographical positioning of many wind power installations in isolated
locales, where they are frequently connected to less robust power grids. Consequently,
these systems are more susceptible to disturbances, including voltage sags and short
circuits, necessitating sophisticated management and protection strategies to ensure grid
stability and reliability.

Upon the occurrence of a grid short circuit, there is an alteration in grid voltage,
precipitating elevated induced voltages within the DFIG rotor circuit. In the absence of
effective control measures, this scenario can provoke the generation of high currents
within the rotor circuit, endangering the integrity of the rotor-side converter (RSC). Amid
such a fault, the magnitude and frequency of induced voltage in the rotor circuit undergo
significant shifts, surging to levels substantially above the norm. In these situations, the
DFIG's standard control system is inept at furnishing suitable control signals for the RSC
converter, owing to the Proportional-Integral (PI) controllers in the control loops being
unadjusted for these extreme scenarios and lacking the requisite agility for managing such
states. Consequently, the DFIG's protective system initiates a block to avert damage to the
electronic converters within the RSC, culminating in the disconnection of the wind turbine
from the circuit [1]. However, DFIG's disconnection from the circuit contradicts grid
regulations, which stipulate that large wind farms must remain connected to the grid
during faults and not be disconnected from service. Therefore, it is essential to quickly
detect faults in the grid and implement appropriate control actions to keep the wind
turbine connected to the grid without being disconnected from service.

Numerous strategies have been proposed to improve the LVRT capability of the DFIG.
The rotor crowbar circuit is commonly utilized to safeguard the RSC. Furthermore, the
significance of the grid-side converter has been highlighted, with its role being integral to
the Energy Conversion System (ECS) of the DFIG or operating independently as a unified
voltage restorer. The introduction of an additional resistive circuit, serving as a current
limiter in conjunction with the stator resistance and a passive resistive network, has been
suggested. This resistive circuit plays a pivotal role in limiting the surge current in the
rotor and mitigating electromagnetic torque oscillations. Additionally, the incorporation
of an energy storage device is instrumental in stabilizing the DC-Link voltage, thereby
offering a protective mechanism for the RSC. Moreover, a specialized control strategy has
been developed to augment the LVRT capacity of DFIG, with subsequent validation
indicating enhanced LVRT performance.

During a network fault connected to a wind turbine equipped with a DFIG, two crucial

issues arise. One is fault detection, and the other is restricting the fault effects to protect
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stator windings, especially the electrical converters in the rotor. So far, the "crowbar" has
been widely used to limit fault current. The crowbar is a set of resistances connected in
parallel with the rotor windings, short-circuiting the rotor winding circuit during faults
and preventing fault current from flowing through the Rotor-Side Converter. However,
with the introduction of the crowbar, the DFIG transforms into a conventional induction
generator, absorbing reactive power from the grid and limiting the control capability of
the wind turbine's power. In [2] and [3], methods have been proposed to improve the
crowbar's response speed; however, the issue of reactive power absorption still persists.
In [4], a control method for the grid-side converter to enhance DFIG performance during
faults is presented, which suffers from control scheme complexity and inconsistency in
fault and normal DFIG operation. [5] proposes the use of dynamic series resistors with the
rotor, introducing system reliability concerns, thermal issues, and generating high
voltages that can disrupt RSC performance when fault current passes through these
resistors.

Also, the integration of renewable energy, particularly wind power, calls for innovative
strategies to ensure grid stability. Recent studies have focused on improving DFIG
systems' fault ride-through capabilities and reducing grid disturbances through advanced
control strategies [6], fault current limiters [7,8], and power flow controllers [9].
Additionally, research into limiting fault currents [10,11], enhancing proactive
stabilization [12], and integrating systems for better frequency regulation [13], alongside
developing multifunctional limiters for power management [14], highlights a concerted
effort towards robust wind power integration. The literature has investigated multiple
solutions to enable higher penetration levels of renewables, notably forecasting and
scheduling optimization for resilience [ 15], incorporating energy storage for stability [ 16-
18], advanced power electronics interfaces, dynamic demand response, and virtual
synchronous machines. Recent researches have also delved into enhancing the efficiency
and reliability of renewable and hybrid systems. Studies have introduced optimal
operation models for multi-energy microgrids |[19], innovative short-term load
forecasting techniques sensitive to weather changes [20], and advanced power flow
analysis methods for AC microgrids [21], showcasing the evolving landscape of smart grid
optimization and management.

In this article, we propose integrating a SFCL into the rotor circuit of DFIG wind
turbines to enhance their LVRT capability. The SFCL serves three key functions: acting as
a fault current limiter during normal operation, restricting excess stator and rotor
currents during grid faults, and attenuating voltage fluctuations in the rotor circuit to
protect the converter and gearbox. We examine tuning the SFCL coil inductance to
optimize its current limiting performance. The effectiveness of the SFCL-enhanced DFIG
system is evaluated under various grid fault scenarios through simulations in the
MATLAB/Simulink environment. The results demonstrate substantial improvements in
LVRT capability, reduced electrical/mechanical stresses, avoidance of severe voltage
drops, and prevention of torque drops to zero, highlighting the potential of this solution
to enable higher wind energy penetration levels.
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The remainder of the article is structured as follows: Section 2 provides details on the
wind turbine structure and modeling of the DFIG and its control circuits, as well as the
operating principles of the SFCL. Section 3 presents the simulation setup and results
evaluating the performance of the proposed SFCL-integrated DFIG system under different
grid fault conditions. Finally, Section 4 concludes the article and outlines potential future
research directions.

2. Wind Turbine Structure

Here, the problem of planning the presence of EV charging stations in smart
distribution systems is discussed to enhance the power output and electrical parameters
of the distribution system.

2.1. Modeling Doubly-fed Induction Generators

A wind turbine equipped with a doubly-fed induction generator consists of three main
components: the turbine blades, the DFIG generator, and the power electronic converter.
The turbine blades capture wind energy and transform it into mechanical rotation, which
is then transmitted to the DFIG generator through a gearbox. The DFIG generator receives
the mechanical energy and converts it into electrical energy. Figure 1 illustrates the
structure of a DFIG. In this model, the stator coil is directly connected to the network
through an electronic converter, and the rotor coil is also connected to the network
through an electronic converter. The electronic converter, consists of two converters: the
Rotor-Side Converter and the Grid-Side Converter. They are connected back-to-back, and
a capacitor is placed in the DC link between them as shown in Figure 2. The Grid-Side
Converter maintains a constant voltage in the DC link, while the Rotor-Side Converter
controls the current and voltage in the rotor circuit.

Stator Circuit
Breaker
M

[//1.‘
:@

Figure 1. Wind turbine structure equipped with DFIG.

i r_de ’g_d('
_— e

fres o
Rotor side l s l i i Grid side

Chus Vlbu.s

Figure 2. DC-link System.
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By adjusting these, the active and reactive power produced by the Doubly Fed
Induction Generator can be controlled. The dynamic model of DFIG examines the
behaviour of its variables in transient and steady states, essential for the proper design
and control of DFIG.

Dynamic behaviour of machines is usually studied using their "dynamic model." By
utilizing the dynamic model of a machine, the behaviour of its variables, such as torque,
currents, and fluxes at all times (not just in a steady state) when a specified supply voltage
is applied, becomes apparent. Information obtained from the dynamic model allows the
identification of unsafe machine conditions, such as instability or extreme transient
currents. Additionally, the dynamic model provides more insights into the performance
of the stable system, such as dynamic oscillations, torque ripple, flux variations, and more.
The dynamic model is presented in the form of a compact set of ordinary differential
equations, enabling computer simulation, often referred to as "simulation model." Using
this model, the analysis of the behaviour of all machine variables at every moment of
machine operation becomes possible.

2.2. Dynamic Modeling of Doubly-Fed Induction Generator

Deep analysis of DFIG provides a profound understanding of its behaviour in transient
and steady-state conditions. This information is essential for the proper design and
control of DFIGs. The dynamic behaviour of DFIGs is typically examined using a
mathematical model that encompasses complex relationships between machine
variables, such as torque, currents, and fluxes. Through model simulation, engineers can
accurately predict machine behavior across a wide spectrum of operational scenarios. The
dynamic analysis of DFIGs pursues two objectives: it aids in identifying potential issues,
such as instability or extreme transient currents, while optimizing machine performance,
including reducing oscillations and enhancing efficiency.

The dynamic model of DFIGs is usually presented as a compact set of ordinary
differential equations, facilitating computer simulation. Hence, it is often referred to as a
"simulation model." Using this model, engineers can scrutinize the intricate behavior of
all machine variables throughout the entire operational cycle. In summary, the dynamic
analysis of DFIGs forms the foundation for their proper design and control, providing
engineers with the capability to anticipate potential issues, optimize performance, and
ensure the stability and efficiency of the machine under various operational conditions.

2.3. Control Circuit of the Rotor-Side Converter

The purpose of the Rotor-Side Converter is to control the rotor currents. The Rotor-
Side Converter serves as a torque controller for adjusting the output of the wind turbine
and measuring the active or reactive power at the stator terminal. To minimize the error
in power or rotor speed towards zero, a PI controller is employed in an external control
loop. The output of the current controller, the reference rotor current, should be injected
into the rotor coil by the Rotor-Side Converter. This component controls the torque
electromagnetic axis. The real part of the rotor current is compared with the reference
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rotor current, and the error is driven to zero by the PI current controller in the inner
control loop. The output of this current controller is the voltage, generated by the Rotor-
Side Converter and combined with other similar controllers for (i,.;), (vr4), and the
required three-phase voltage applied to the rotor coil. The voltage equations are as

follows:
V; = is* Ry + 99/, (1)
V=i, * R, + 99/, (2)

Here, V; represents the applied stator voltage to the network. The rotor voltage V. is
controlled by the rotor-side converter and is used to control the generator's performance.
The flux equations are as follows:

as = Lgxig+ Ly, *i, (3)
Ay =Ly * i+ Ly x 1 (4)
Ls and L, will be driven, respectively.
Ly =Ly +Lsand L, = Ly, + Ly, (5)
The leakage coefficient is defined as:
2
=1-——xL 6
o=1-1 (6)
Lo =1%/L (7)
d.:
Via = lrg * Ry + oL, * dl_rtd — Wgiip * oL, * irq (8)
qu = irq * R, + oL, * C;_th — Wgiip (GLr * Ipg + Lo * ims) 9)
Wgiip = Ws — Wy (10)

The stator flux angle is calculated using the following formula:

Ust = j(Vst — iy * Ry)dt (11)
Asp = f(vsb —ig * Ry)dt (12)
05 = tan—l(ast/aSb) (13)

The calculated parameters obtained from the above equations in the PI controller
system are employed to enable the controller to regulate speed and torque in the
generator. This allows the controller to have dual-mode functionality instead of directly
adjusting the active power. The fundamental operation of the Superconducting Fault
Current Limiter involves limiting the fault current in a unidirectional manner. During
normal operation, the fault current is regulated to be within the peak range of ni,.q;. or
Nigqpce, Tepresenting the rotor current and stator current, with 'n' being the transformer
ratio. Under normal conditions, the SC exhibits a non-inductive impedance, with the
voltage drop across the unidirectional rectifier and the voltage drop from the resistance
of the winding and leakage inductance of the isolated transformer being the only
significant impedances in the circuit. During a fault, when the current magnitude reaches

Isc

o the SFCL enters the circuit. The impedance of the fault circuit increases, limiting the
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fault current to a predetermined level. When the fault current is cleared, and the rotor or

stator current drops below %C, the SFCL automatically exits the circuit.

2.4. Control Circuit of the Grid-Side Converter

The purpose of the Grid-Side Converter is to regulate the voltage of the DC link
capacitor. Therefore, it is authorized to generate or absorb the reactive power required to
support the voltage. This function is achieved through two internal control loops and an
external regulating loop. The measured current at the output is utilized by a voltage
controller to regulate the current. The internal current control loop consists of a current
controller to control the magnitude and phase of the voltage produced by the converter.

2.5. Superconducting Fault Current Limiter

The use of current limiters during short-circuit events contributes to optimal current
control. Almost all current limiters during short-circuits operate by introducing a
significant impedance in series with the system. The introduction of this impedance has
led to the development of various current limiters for power systems, demonstrating
significant advancements over the past three decades. The Superconducting Fault Current
Limiter is one of the most effective types. However, during a network fault, the SFCL
impedance rapidly transitions from a superconducting state to a normal state, swiftly
limiting the fault current and reducing various fault types. These limiters do not require
control circuits and automatically increase impedance during a short-circuit incident,
restricting the fault current in less than half a cycle.

Nevertheless, due to challenges such as lengthy recovery and high costs at high voltage
levels, the practical use of these limiters is not feasible and requires further research. In
this article, the implementation of a diode-bridge-type superconducting fault current
limiter is examined, reducing associated weaknesses such as extended recovery time and
high costs. In practical operation, the current passing through the superconductor during
continuous network operation remains almost constant. Consequently, it acts as an
equivalent short circuit to a secondary transformer, leading to a substantial reduction in
voltage drop across the secondary transformer and, as a result, almost eliminating the
voltage drop in the primary transformer series. Thus, the current limiter has no significant
effect on restricting fault current during normal network operation, which is one of its
main advantages. In the event of a fault on the load side, the impedance circuit resulting
from the superconductor limits the fault current. The main advantage of this limiter is its
ability to prevent a sudden increase in fault current during a short-circuit incident, with
the fault current gradually increasing with the rise in superconductor current. The
research methodology is outlined through a process flowchart in Figure 3, depicting the
sequential integration of the Superconducting Fault Current Limiter into Doubly-Fed
Induction Generator wind turbine systems and subsequent optimization in
MATLAB/Simulink.
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3. Simulation and Results

In this section, to examine the performance of the presented system, an SFCL circuit in
a 1.5 MW dual-fed induction generator connected to the grid is simulated using the
Simulink environment in MATLAB. Table 1 will present the parameters of the DFIG under
study and the network connected to it. Subsequently, the performance of the DFIG under
normal grid voltage conditions and with the proposed method added to the circuit will be
investigated. Furthermore, the performance of the proposed method will be examined
under various network fault scenarios. For this purpose, the system's performance will be
evaluated under single-phase to ground faults, two-phase to ground faults, and three-
phase to ground faults. During the analysis of the DFIG performance, wind blows at a constant
speed of 15 meters per second, and the reactive power generated by the DFIG is set to zero per
unit. The graphical representation of the system in the DFIG is connected to the grid through a
transformer 25 KV /575 V and two parallel 30-kilometer lines. These lines are arranged in parallel
to each other so that in the event of a fault in one of them, the other line maintains the DFIG's
connection to the grid, enhancing the system's reliability. The 25-kilovolt network is also
connected to the main 120 KV network through a transformer 120 KV / 25 KV. The graphical
representation of the DFIG system connected to the grid along with the SFCL circuit is shown in
Figure 4. The SFCL circuit employed, illustrated in Figure 5, is a diode-bridge type
configuration comprising a superconducting coil connected to a rectifier bridge. This SFCL
design serves the dual purpose of limiting fault currents during grid disturbances and
attenuating voltage fluctuations in the DFIG's rotor circuit.

Start Define Simulation Scenarios

Develop DFIG Model Equations Run Simulations
Model SFCL Circuit Analyze Fault Response
Incorporate SFCL into DFIG Model Tune SFCL Coil Inductance
Implement in MATLAB/Simulink [—! | Rerun Simulations with Optimized SFCL

Quantify Improvements

Validate Solution

End

Figure 3. Process flowchart for the integration of SFCL into DFIG systems and optimization in
MATLAB/Simulink.
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In this study, the performance of SFCL in the event of single-phase, two-phase, and
three-phase short circuits has been investigated. Furthermore, the impact of the coil value
used in the SFCL circuit has been evaluated. Figure 6 illustrates the results of simulating a
single-phase fault. As evident, in this scenario, the presence of SFCL has a negligible effect
on limiting the short-circuit current in the rotor and stator windings. The dashed line
waveform corresponds to the circuit with SFCL. However, the results indicate that the
presence of SFCL reduces transient and sub-transient oscillations in the rotor current,
resulting from the occurrence of a two-phase short circuit to the ground in the system, to
an acceptable level as shown in Figure 7. Since decreasing the peak value of sub-transient
oscillations reduces the likelihood of triggering the wind turbine's trip and its
disconnection from the circuit, employing the SFCL circuit in wind turbines is justified.

Similarly, to Figure 7, Figure 8 illustrates the effect of the SFCL on limiting the current,
but this time for the stator phase b current during a two-phase-to-ground fault scenario.
The figure presents two waveforms: the dashed line waveform corresponds to the circuit
with the SFCL integrated, while the solid line waveform represents the circuit without the
SFCL. Analogous to the rotor current behavior observed in Figure 7, the results in Figure
8 demonstrate that the presence of the SFCL significantly reduces the magnitude and
range of oscillations in the stator current compared to the circuit without the SFCL. The
dashed line waveform, which includes the SFCL, exhibits a smaller oscillation amplitude
and a quicker damping of the oscillations in the stator current than the solid line
waveform without the SFCL. This damping effect on the stator current oscillations is
beneficial as it helps prevent potential damage to the circuit and generator windings
caused by excessive current levels during the two-phase-to-ground fault condition. As
mentioned, the presence of SFCL results in all three stator phase currents having smaller
oscillation amplitudes. This prevents damage to the circuit and the generator windings.
Figure 9 illustrates that the presence of SFCL further limits the oscillations in the rotor
current during a three-phase short circuit to the ground, reducing the likelihood of wind
turbine disconnection and increasing the possibility of its recovery after a fault occurs.

Current of Phase B Rotor

Without SFCL
----------- With SFCL

Ib Rotor(pu)

Figure 6. The effect of SFCL on limiting the phase a current of the rotor in a single phase to
ground fault.
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Figure 7. The impact of SFCL on limiting the phase b current of the rotor in a two-phase to
ground fault.

Current of Phase B Stator

——— Without SFCL
6 with sFcL |”

Ib Stator(pu)
o

3 3.1

Time(s)
Figure 8. The effect of SFCL on limiting the phase b current of the stator in a two-phase to
ground fault.

Further investigation examined the impact of varying the SFCL circuit's coil inductance
value on the rotor current oscillations during short circuit events. The results, as depicted
in Figures 10 and 11, indicate that determining the coil value in a way that places the coil
current in continuous conduction mode (CCM) yields the maximum reduction in rotor
current oscillations.

Figure 10 shows the rotor phase 'b' current with an SFCL coil inductance of 0.1 Henry
during a three-phase to ground fault. While the dashed line waveform (with SFCL)
exhibits reduced oscillations compared to the solid line waveform (without SFCL), further
optimization is possible. Figure 11, on the other hand, illustrates the rotor phase 'b'
current when the SFCL coil inductance is set to the calculated optimal value of

approximately 0.2 Henry for the studied system.
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Figure 9. The effect of SFCL on limiting the phase b current of the stator in a three-phase to
ground fault.

Current of Phase B Rotor

— Without SFCL
With SFCL

Ib Rotor(pu)

3 3.1
Time(s)

Figure 10. Phase b current of the rotor during three-phase-to-earth fault in two states with
SFCL and without SFCL, when the value of the inductor is 0.1 H.

The dashed line waveform in this figure demonstrates significantly diminished rotor
current oscillations during the three-phase fault, highlighting the importance of tuning the
coil inductance to achieve maximum effectiveness in mitigating transient phenomena and
enhancing the low voltage ride-through capability of the DFIG wind turbine.

Tables 2 and 3 comprehensively present the peak stator and rotor currents for various
inductor values under different fault conditions, with and without the SFCL. The tabulated
data validates the SFCL's ability to substantially reduce peak currents, thereby mitigating
electrical and mechanical stresses on the generator and converters during grid
disturbances. Collectively, these results demonstrate the proposed SFCL system's viability
in bolstering the low voltage ride-through capabilities of DFIG-based wind farms, paving

the way for higher renewable energy penetration levels.
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Figure 11. Phase b current of the rotor during three-phase-to-earth fault in two states with
SFCL and without SFCL, when the value of the inductor is 0.2 H.

Table 2. Peak current of the stator for different inductor values.
Stator Current (PU)

Type of short circuit

SFCL Value Three-phase to ground Two-phase to ground Single-phase to ground
(H) Without SFCL | With SFCL | Without SFCL | With SFCL | Without SFCL | With SFCL
0.1 4.77 2.54 4.77 2.54 1.79 1.76
0.2 4.77 1.81 4.77 1.81 1.79 1.55
0.3 4.77 2.05 4.77 2.05 1.79 1.72
0.5 4.77 1.90 4.77 1.90 1.79 1.75
0.9 4.77 2.89 4.77 2.70 1.79 2.60
1.2 4.77 3.26 4.77 3.29 1.79 3.30
Table 3. Peak current of the rotor for different inductor values.
Rotor Current (PU)
Type of short circuit
SFCL Value Three-phase to ground Two-phase to ground Single-phase to ground
(H) Without SFCL | With SFCL | Without SFCL | With SFCL | Without SFCL | With SFCL
0.1 3.35 1.76 3.35 1.75 1.64 1.53
0.2 3.35 1.17 3.35 1.17 1.64 1.24
0.3 3.35 1.45 3.35 1.45 1.64 1.33
0.5 3.35 1.59 3.35 1.44 1.64 1.38
0.9 3.35 2.08 3.35 2.11 1.64 2.03
1.2 3.35 2.34 3.35 2.32 1.64 2.36
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4. Conclusions

In this study, we have demonstrated the effectiveness of integrating Superconducting
Fault Current Limiters with Doubly-Fed Induction Generator wind farms to significantly
enhance their Low Voltage Ride-Through capabilities. Our findings highlight the potential
for SFCL technology to mitigate the adverse effects of grid disturbances, thereby
improving the reliability and stability of wind power generation systems. Through
comprehensive simulations conducted in MATLAB/Simulink, we have validated the
improved performance of DFIG systems under various fault conditions, underscoring the
viability of SFCL as a robust solution for enhancing wind farm resilience. The successful
implementation of SFCL in DFIG systems not only addresses current challenges in wind
power generation but also sets a foundation for the future integration of renewable
energy sources into the power grid. Our study contributes to the body of knowledge by
providing a detailed analysis of the SFCL-DFIG interaction and its impact on system
performance, offering valuable insights for researchers, engineers, and policymakers
involved in the renewable energy sector.

While this study provides a comprehensive assessment of SFCL integration with DFIG
wind farms, several avenues for future research emerge from our work. These include:

1. Broadening SFCL use in renewables like solar and hydro needs exploration for wider
benefits and challenges.

2. More sophisticated SFCL-DFIG control algorithms could significantly enhance
performance and efficiency under variable grid conditions.

3. It's crucial to conduct a comprehensive economic analysis on SFCL integration in
renewables to understand its cost-benefit, including potential savings from enhanced
reliability.

4. Examining SFCL's impact on grid stability, quality, and resilience is essential for its
sustainable and secure expansion.

These directions will help further renewable energy integration, contributing to a more
sustainable and resilient future. By pursuing these future research directions, the
scientific community can build upon the foundational insights provided by this study,
driving forward the integration of renewable energy into the global power grid and
advancing the pursuit of a more sustainable and resilient energy future.
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Nowadays, the use of renewable energy sources has gained more
attention due to their lower pollution and cost compared to
traditional fossil fuel generators. Microgrid (MG) structures are
used for better management of these resources. This article focuses
on power control in three-terminal AC/DC hybrid MGs. For this
purpose, a network backup converter is used to improve power
sharing and reduce power quality disturbances. The components
of the MG include distributed generation units, AC loads, DC loads,
energy storage system (battery), and parallel connecting
converters. In the studied topology of AC/DC hybrid MG in this
article, there are two main converters: a grid-forming converter

Accepted: 02 March 2024; that acts as an intermediary converter and is used to control the
MG voltage, and a VSC converter that is located between the DC link
(including the DC MG and battery) and the AC MG. In this article, a
control system is implemented for a hybrid MG and simulations are
performed in MATLAB software for four different scenarios related
to active and reactive power of the MG and loads. Simulation
results show that the energy management system and power
control in the AC/DC hybrid MG have reduced harmonics and

improved system reliability in the MG.

Article type:

Research Article

1. Introduction

The utilization of distributed generation (DG), frequently employing renewable
energies, is experiencing a significant surge in recent years, mostly driven by growing
environmental and economic concerns. The introduction of the MG concept aims to
maximize the utilization of DGs and address the issued arising from their integration into
power systems. At first, MGs were classified into two categories: AC MG and DC MG. Each
of these structures possesses distinct benefits and drawbacks. In AC MGs, AC sources like
wind turbines can be directly linked to the MG [1]. However, it is more cost-effective and
energy-efficient to link most renewable energy sources, such as photovoltaic (PV) sources
and electrical energy storage sources, to the DC MG due to their DC output voltage.
Furthermore, with DC MGs, concerns of frequency management and reactive power
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control have been eradicated. To leverage the benefits of both forms of MGs, hybrid AC-
DC MGs were established. These MGs allow for the simultaneous utilization of the
advantages offered by both types. The use of hybrid AC-DC MGs is experiencing a
remarkable growth in the present day due to their numerous advantages over other types
of MGs [2]. The hybrid AC-DC MG involves the interconnection of AC and DC MGs through
bidirectional AC/DC converters, also known as interface converters. Hence, the primary
converter holds significant importance in hybrid AC-DC MGs. The primary function of this
converter is to facilitate the exchange of power between AC and DC MGs in both directions.
Additionally, it is responsible for stabilizing the voltage in the DC MG and controlling the
voltage and frequency in the AC MG to maintain them close to their desired values. In
conventional configurations, AC MGs are directly linked to the AC grid transformer, while
DC MGs are connected to AC MGs via one or more parallel inverters [3]. The prevailing
configuration of the interface converter is the three-phase, two-level, common inverter.
In this structure, several converters are usually used in parallel to improve control
capability, increase power transfer capacity, and enhance reliability. In these conditions,
the issues of circulating current and power sharing among parallel converters arise,
leading to reduced stability, decreased power transfer capacity, and increased energy
losses [4]. Alternative configurations for interface converters exist; but, the majority of
these configurations exhibit significant drawbacks, as outlined in [5] and described below.
AC MGs are directly connected to the AC grid and voltage and frequency fluctuations in
the grid affect the power quality of the AC MG. In addition, harmonics generated by
nonlinear loads in the AC MG are injected directly into the main grid [6]. The growing
trend of consolidating DGs in MGs [ 7], along with the rising need for medium-voltage and
low-voltage DC MGs, has led to increased focus on hybrid multi-terminal MGs. The aim of
this paper is to propose a structure for hybrid AC-DC MGs that can isolate MGs from the
main grid, provide complete power control between MGs and the main grid, prevent
harmful harmonics from being injected into the main grid, increase control flexibility
between MGs and the main grid, and enable operation in both grid-connected and
islanded modes. Furthermore, a well-suited control configuration is devised for the new
MG to guarantee its stable functioning in diverse settings [8]. A back-to-back converter is
employed in [9] to regulate the power exchange among many interconnected AC-DC MGs.
A back-to-back converter is a configuration where the DC sections of two inverters are
interconnected. The same research employs hierarchical distributed coordinated control
to regulate both AC and DC MGs. Additionally, a proposed internal control approach is
offered for the utilization of back-to-back converters and power sharing among MGs. The
suggested control mechanism is specifically developed to enhance the power quality in
MGs. Telecommunication lines are incorporated to establish connections between MGs in
this context. The benefits of this effort include the consistent online availability of these
links, while the drawbacks encompass the potential for delays and disruptions. The
solution in [10] aims to minimize power conversion steps and deliver DC energy at
various voltage levels. It introduces a four-terminal configuration for hybrid AC-DC MGs.
The proposed structure includes a modular multilevel converter as the main intermediate

Journal Green Energy Research and Innovation 1(2) (2024) 31-45



M. Shiravand et al.

converter between the medium-voltage AC terminal and the medium-voltage DC terminal,
and a DAB (Dual-Active Bridge) between the low-voltage DC terminals. The advantages of
this work include improved energy control and reduced switches. However, a drawback
is the omission of any discussion on the AC MG. In reference [11], an integrated and
switchable design for hybrid AC-DC MG and a hierarchical control method is suggested for
it. A new structure for interface converter is presented, which is called smart connection
unit, and it can provide multiple AC/DC connection. In the following, a hierarchical control
structure is designed for the smart connection unit. In [12], a simpler and more flexible
structure for hybrid MGs is proposed, which includes an interface converter with several
output ports. By using this structure, the number of power converters required in hybrid
MGs with different DC voltage levels is reduced, and at the same time, the control
flexibility of the MG does not decrease. Reference |[13] discusses the improvement of
power quality in hybrid AC/DC MG. In this article, by using the control of the converter
between the two AC and DC sides, in addition to the power transfer between the two MGs,
the harmonics due to the nonlinear load on the AC side are also reduced. In fact, the DC
converter and MG act as filters, which improves power quality by removing nonlinear load
harmonics. In reference [14], the hierarchical control structure, including internal,
primary and secondary control levels, is introduced for hybrid MG control. The internal
control is used to adjust the output voltage of the inverter. The primary control is based
on the droop control. The secondary control compensates the voltage difference of the MG
which is caused by the primary control so that the voltage between the MG and the main
grid are completely synchronous and consistent. The MG can work well with the same
control schematic that is proposed in two grid-connected and islanded modes. In
reference [15], a modified structure is presented for interface converter of the hybrid AC-
DC MG. In the proposed structure, energy storage is used in the interface converter. Also,
in this article, an energy management strategy is presented that improves the quality of
MG power. The interface converter suggested in this work includes two parallel three
phase inverters, one of which is connected to the AC grid through a transformer and
directly to the DC grid. The second inverter is directly connected to the AC grid, but its DC
side is connected to a storage device and is linked to the DC grid via a bridge converter.
Reference [16] discusses the establishment and management of a hybrid MG in the context
of fluctuating renewables. The decentralized control of converters enables the
independent operation and coordination of all renewable sources without the need for
communication between them. The suggested control allows it to function as an active
power filter besides its power sharing operation. A harmonic compensation approach
suitable for hybrid AC-DC ILCs operating at lower switching frequency is being planned
[17]. The text covers the proposed approach, methods for modeling, study of stability, and
a comprehensive design of virtual impedance. A unique control technique is introduced
in [18] to enhance the power quality of renewables, including PV, wind turbine (WT), fuel
cell (FC), and battery. The primary objective is to improve power quality by considering
variations in both active and reactive power. Literature [19] suggest a transformation
method that combines AC and DC MGs and electric car operation. This technique aims to
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improve power quality and power reliability operation. The objective of [20] is to analyze
the harmonic characteristics of hybrid MGs. In order to attain the intended objective, a
customized active power filter and a power filter compensator kit modules have been
employed to enhance the harmonics of the AC component of the system. In accordance
with reference [21], a solitary MG is constructed utilizing PVs, WTs, and FCs as distributed
energy resources. An investigation has been conducted on a controller in this MG to
ensure that power quality issues are kept within the specified standard range. The
controller's performance is evaluated by comparing it to PID and fuzzy-PID controllers.

2. The structure of the hybrid AC/DC MG and converters

The present study examines a hybrid AC/DC MG configuration that includes DGs,
electrical loads, energy storage, and the main grid. Figure 1 depicts the arrangement of
the hybrid AC/DC MG, including all the mentioned components.

As can be seen, in one side of the MG, DC sources and DC loads are placed, while AC
sources and AC loads are located on the other side. Furthermore, the part on AC loads
includes the modeling of nonlinear and harmonic loads. The main grid is interconnected
with the MG, and the system also incorporates electric energy storage. The benefit of this
configuration lies in the isolation of vulnerable AC MG loads in the grid-connected mode.
This research examines a hybrid AC/DC microgrid topology where DGs utilize grid-fed
converters functioning as maximum power point tracking (MPPT)-controlled current
sources. The grid forming converter is an interlinking converter (ILC), which is used for
regulating the voltage of the MG. Two network backup converters are used to enhance
power sharing and minimize power quality disruptions. The ILC model is represented in
the dq reference frame and is characterized as follows.

DC MICROGRID

U
- Vb grid
Isolation A\
&

transformer
L

I

DC LOAD

QIYO0HOIN O

A B C

Figure 1. Structure of the hybrid MG under study.
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A. ILC interface converter: The converter depicted in Figure 1 is a VSC that is linked
to the main grid and a harmonic nonlinear load via a series inductor. The DC-link voltage
is controlled, enabling the interconnection of DC sources and loads. Thus, the
responsibility for power control between AC and DC MGs lies with ILC [15]. The ILC model
is defined in the dq reference frame and is represented by Equations (1)-(2).

L %iid =Vig = Rilig + Loyl = Vg

. _ _ 1
Li%'iq =V —Rilig + Ligyky =V Y
C dv? (2)
%TDC = I:)ilcin " Tlosses I:)ilcout

where iig and iiqg are d- and g-axes currents of the converter, and vid and viq are voltages
of the d- and g-axes. Li and R; are inductance and resistance of the filter L. Also, wi is the
angular frequency of the ICL, and vss and vsq are voltages of the d- and g-axes. Cpcme
represents the DC-link capacitor, Vpc is voltage of the DC link, Piicin and Piicout are the input
and output power of the converter, and Piosses expresses the power loss in the converter.
By applying the Laplace transform to Equations (1)-(2), and by considering only state
variables, Equations (3)-(4) are established:

Gy (8) = I;d = I;q = 1 (3)
Mg My, Ls+R,
V2 2
c;vilc (S) = = (4)
I:)REF CDCMG Si

ilc

mid and miq are modulation indices of the ILC in the dq reference frame, and Prejic is the
reference power of the ICL.

B. VSC: Figure 1 illustrates the placement of this converter, which is positioned
between the DC link (comprising the DC MG and battery) and the AC MG. The VSC
modeling shares similarities with ILC, as both include VSCs equipped with L-filters [15].

3. Control block of the ILC converter

The ILC facilitates the two-way flow of electrical current between a DC MG and an AC
grid. The ILC is driven by two control loops. The internal loop controls the electric current
flowing through the L filter, whilst the external loop has control on the voltage across the
DC-link capacitors. Figure 2 depicts the control design for the ILC. Part A in Figure 2
illustrates the Park transform alongside the use of a PLL to synchronize the ILC with the
grid. To do this, the Park transform utilizes the three-phase voltages and currents
obtained from the point of common connection (PCC) as its input. However, it is crucial
that the synchronous angle created by the synchronous reference frame phase-locked
loop (SRF-PLL) is also provided.
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Figure 2. Control block of the ILC.

The voltage controller, seen in detail B of Figure 2, calculates the discrepancy between
the squared reference voltage and the measured voltage in the DC link. This discrepancy
is then utilized as the input for the proportional-integral (PI) controller. During operation
in M1 mode, the reference voltage loop is responsible for generating the reference power
for the current loop. However, in M2 mode, the reference power is obtained directly
without any voltage control. The reference current for the dq axis is produced based on
the relationships between the reference active and reactive power as given in Equations

(5)-(6):

2P
| grer ZE\F;_CEIF (5)
2Q
IqREF =_§f (6)

larer and Iqrer represent the reference dq currents, while Prer and Qrer represent the
reference active and reactive power, respectively. The formulae are same for both ILC and
VSC converters. The current controller for the ILC is depicted in part C of Figure 2. The
reference currents in the dq frame are determined by using the calculated reference active
and reactive powers. The modulation indices are then generated through the use of PI
controllers. Subsequently, the modulation indices in the dq reference frame yield the
modulation indices in the abc frame, which serve as the inputs for the SVPWM and
generate the ILC switching pulses. The primary objective of the ILC control strategy is to
compensate the reactive power of the grid and share the active power using the droop
control technique.

4. Control block of the VSC

The VSC is a power converter that links the AC MG to the energy storage device (ESD)
and the DC MG, thus acting as a grid backup unit. VSC directly controls the voltage and
frequency of the AC MG. Figure 3 shows the block diagram of the control section of the
VSC converter.
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Current Controller

Figure 3. Control block of the VSC.

According to Figure 3, this converter, which is of grid-forming type, is used to regulate
voltage and frequency to meet the voltage and frequency distribution requirements. W is
obtained using the equation W=Wn-Mp(Pavr-Pn), and the reference voltage is obtained
using the equation V=Vn-Nq(Qavr-Qn). To make the output voltage follow the reference
value, first, the reference current must be obtained in the voltage control block. After
obtaining the reference voltage, it is fed into the current control block, and the reference
output voltage is obtained, and then switching is performed.

5. Simulation results

In this section, the structure presented in Figure 1 is implemented in MATLAB
software, which includes AC and DC loads, AC and DC sources, an electrical energy storage
device, and intermediate converters. The simulation system parameters in this study are
listed in Table 1.

To examine the simulation results of the proposed AC/DC hybrid MG, scenarios
presented in Table 2 are applied to the system. In Table 2 the Pacmc is power of AC
microgrid and Ppcme is power of DC microgrid that each one can have positive value or
negative value. If Pacumc is positive value, the AC microgrid will deliver active power to grid
and if the Pacwmc is negative, the AC microgrid will consume active power. Also, there will
be similar condition for DC microgrid. Figure 4 illustrates the power curves of the AC MG,
DC MG, grid, and storage for different scenarios.
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During the time interval t= 0 to t=1 s, the entire power of the grid is transmitted to the
AC MG through the VSC associated with the AC MG. Here, the AC MG has a power
consumption of -2 kW. Approximately 10% of the power is derived from the battery, while
the other portion is supplied from the AC grid. The goal of droop control is to modify these
ratios by either decreasing or increasing the droop control coefficient. DC and AC MGs
rapidly produce electricity within a timeframe of 1 to 2 s and supply it to the main grid.

Table 1. Simulation parameters.
Parameter Value

Parameters of converters

Cocme (MF) 2250
Caess (UF) 1125
Li(mH) 5
Lv(mH) 10
Ly(mH) 10
Rint(Q) 0.1
Rated values
fn (Hz) 50
Vdcrer (V) 900
Vnrms(V) 220
Pa(W) 4500
ESD
Eon(V) 3.366
Rbat(Q) 0.01
SO0Co 0.5

Table 2. Performance conditions of sources and loads at different times.

Scenario

Time duration (s)

Conditions

P}

1 2 3
1-2 2-3 3-4
Pacma >0 Pacma >0 PacMac <o
Ppcme >0 Ppcmac <o PbcMma <0
Pac_MG, Pdc_MG, Pbat, Pvsc, Pgrid
xr— !E
. i
—T— i
i ! |
5 b ]
ol L.

4

4-5
PacMma <0
Ppcme >0

Figure 4. Active power curves of AC and DC MGs, the grid, and the storage.
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In this case, excess power is stored in the storage. The AC MG transfers power to both
the main grid and the DC MG within a time t=2s to t=3 s using the VSC. In fact, in this case,
the DC MG also has a power shortage. From t=3s to t=4s, both DC and AC MGs have a power
shortage, and this power is compensated through the main grid. It should be noted that
some of this power is supplied by discharging the battery. During t=4s to t=5s, the AC MG
has a power shortage that is compensated through the main grid and the DC MG. In this
case, the battery is in discharge mode.

To examine the performance of converters in this situation, it is necessary to study the
system's reactive power curve. Figure 5 shows the reactive power curve of the main grid,
VSC converter related to the AC MG, and ILC intermediate converter.

The presence of fixed capacitors in the grid results in a constant reactive power curve
of 4500 Var. However, the reactive power curve of the ILC is zero, indicating that no
reactive power is transferred through this converter. It means that just VSC is capable of
grid transferring reactive power in various scenarios, depending on the MG's reactive
power demand and the loads that are accessible. Figure 6 displays the voltage curve of the
DC link and its association with droop control.
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Figure 5. Reactive power curves of the main grid, the VSC of AC MG, and the ILC.
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Figure 6. Voltage curve of the DC link and droop control DC-link.
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Assuming proper functioning of the energy management system and controllers in the
hybrid AC/DC MG system, the DC-link voltage is expected to consistently track the
reference voltage value of 900 V across various conditions and scenarios. By altering the
loads and system conditions at various instances, it is evident that the DC-link voltage
deviates from its reference value. This deviation, whether a drop or a rise, remains within
a margin of less than 2%. Furthermore, the voltage curves promptly align with the
reference value. Figure 7 displays the current curve of the grid, the nonlinear load, and the
ILC. The system's current fluctuates in various settings and conditions, corresponding to
variations in both DC and AC demands.

The nonlinear load current curve in Figure 7 shows that the load enters the system at
t=1s and becomes harmonic from that moment on. Figure 8 displays the gri current curve,
nonlinear load, and ILC converter at the time of the entry of the nonlinear load at t=1s. As
observed, before the entry of the nonlinear load into the system, the grid current curve is
completely sinusoidal and without distortion, but with the entry of the nonlinear load, the
curve becomes distorted.
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Figure 7. Current curves of the gird, the nonlinear load, and the ILC.
[

ﬁAAAA\AAAAKAAAAFAAAA
VVVVVVVVVVVIYYYVYY Y

0.85 09 095 1

8

=
=

I_NLL

PCC current(A}

S
——

T
1 ! :

08 0.85 09 095 1 1.05 1.1 1

time(s)

Figure 8. Current curves of the gird, the nonlinear load, and the ILC when the nonlinear load

is introduced.
Journal Green Energy Research and Innovation 1(2) (2024) 31-45




M. Shiravand et al.

Figure 9 shows the grid current curve, nonlinear load, and ILC converter at the time of
operation of the harmonic control section at t= 1.5s. As observed, the control system
operates well from 1.5s onwards and the grid current curve becomes undistorted.

It should be noted that harmonic compensation is done through the ILC converter, and
for this reason, after 1.5 seconds, the current curve of the ILC intermediate converter is
affected by harmonics to avoid having a harmonic grid current curve. To evaluate the level
of distortion, FFT analysis available in Matlab is used to calculate the THD level. Figure 10
shows the level of harmonic and distortion in the grid current when there is no nonlinear
load present in the grid, and the THD value is 1.91%, which is low and acceptable.

ig
I

14 1.45 1.5 1.55 18 1.65 1.7
I_NLL

PCC current(A}

14 145 15 1.55 18 1.65 1.7
e

20 = i i i i I —
14 145 15 1.55 16 1.65 1.7
time(s)

Figure 9. Current curves of the gird, the nonlinear load, and the ILC when the harmonic-
generator control block operates.
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Figure 10. Harmonic and distortion levels of the grid current in the absence of the nonlinear
load.
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At t =1 s, aload with both harmonic and nonlinear characteristics is introduced into
the system. Figure 11 illustrates the level of harmonic and distortion in the grid current
when the nonlinear and harmonic load is applied. In this case, the THD level of the grid
current is 7%, which is higher than the standard value. Therefore, it is necessary to reduce
the level of distortion. After the implementation of the control block related to harmonic
compensation in the hybrid AC/DC MG, the THD level returns to its original value and even
less than that. Figure 12 shows the level of harmonics and grid current distortion during
the operation of the control and harmonic compensation section, with the THD level being
about 1.87% and even less than the initial value.
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Figure 11. Harmonic and distortion levels of the grid current when the nonlinear, harmonic-
generator load is introduced.
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Figure 12. Harmonic and distortion levels of the grid current during the operation of the
control block and harmonic compensator.
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Therefore, the energy management system, power control, and the section aimed at
improving power quality and reducing harmonics in the combined AC/DC MG have
performed well under all conditions. Consequently, the proposed structure in this study
has shown very good performance.

6. Conclusion

Hybrid AC/DC MGs have been designed for better integration of various DG resources
with the power grid and to utilize the features of both AC and DC MGs. To establish the
connection between these MGs, an interface converter equipped with a suitable power
management and control scheme is required. To control frequency and voltage in the AC
MG, the voltage in the DC MG must be adjusted and the power must be effectively managed
and controlled based on the capacity of each MG. Therefore, it is essential to develop a
suitable method for energy supervision in the hybrid AC/DC MG. In this paper, a novel
architecture and a suitable control method for hybrid AC/DC MGs were presented. Also, a
synchronized power control technique for power sharing between the power electronic
converters is presented. In addition, a distributed cooperative control method for voltage
and frequency control in AC MG and voltage and current control in DC MG for hybrid
AC/DC MG was presented. The research investigated a hybrid AC/DC MG topology in
which DGs utilize grid-forming converters. The grid-forming converter is an ILC used to
control the MG voltage. Two grid-forming converters were used to boost the capability of
power sharing and minimize power quality disturbances. Overall, the results indicate that
both the power control and power quality improvement components of the AC/DC MG
system work effectively under all conditions. Consequently, the structure described in this
paper shows excellent performance. It should be noted that in this article, the AC MG is
isolated from the main grid, and therefore sensitive loads are isolated from main grid
faults and are not affected by them.
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Controlling the frequency and voltage of the power network with
renewable energy resources is one of the most important things in
the integrity of the network. Therefore, after occurring any
accident or fault in the network, the frequency and voltage and in
general all the basic parameters of the network must return to
their acceptable range within a certain period of time. Despite all
the technical, economic and environmental advantages that
renewable energy resources have, the presence of these kind of
sources may have negative effects on voltage profiles and
protection coordination in distribution networks, it is also
possible that a part of the network acts as an unwanted island,
which complicates the operation and control of the network and
creates a risk of electrocution for the network personnel.
Therefore, islanding detection is very important and necessary in
network protection and load shedding methods are usually used
to eliminate this event. In this paper, a multi-objective load
shedding method in microgrids is proposed for the frequency
stability and reduction of power outages. Among the advantages
of the proposed method can be mentioned its flexibility, speed of
operation and high accuracy. The proposed method is applied and
simulated on a microgrid in the DIgSILENT software environment,
and the results of the simulation confirm the advantages of the
proposed method.

1. Introduction

In the field of electricity industry, a massive evolution has taken place in the energy

generation and transmission systems in most developed countries, which have several

advantages in technical and economical cases of generation and transmission grids. This

new energy generation system is called distributed generations (DGs) [1, 2].

Despite all benefits of DGs, the presence of DGs may have negative effects on voltage

profiles and protection coordination in the distribution grids, so the operation and control

of the grid becomes more complicated |3, 4]. Connection of DGs to the grid creates

harmonics and reduces the short-circuit impedance. Additionally, it can be dangerous for

grid repairmen if grid-connected DGs work as an island during outages. Islanding means

wanted or unwanted disconnection of a part of the distribution system from the main
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power source [5]. Figure 1 shows voltage variations during islanding. The control of the
grid frequency and voltage is one of the most important cases in the integrity of the grid.
Therefore, the frequency and voltage and, in general, all the basic parameters of the grid
should return to their acceptable state within a certain period of time (after the
occurrence of an emergency condition). Load shedding is one of the common methods to
control the grid emergency states. Many studies in the field of load shedding have been
made in recent years. The scheme presented in [6] was not suitable for the system
protection.

In the mentioned study, load shedding strategy was considered based on voltage and
frequency indices. In this strategy, load shedding was conducted outside the desired
voltage and frequency range, according to the Q-V curve of the reactive power.
Furthermore, the goal of this paper was to release the microgrid in the severe combined
contingencies, where the rate of load shedding was not economically important.
Reference |7] announced the operator’s experience as the basis for load shedding and
recommended the exact load model for better results. In this paper, the microgrid was
divided into smaller islands and load shedding was performed based on the disturbance
rate. In this method, the delay time of each step was assumed be of a larger value. So, this
control method was inappropriate in low power microgrids, which should be stable in the
shortest possible time and causes the disintegration of these microgrids. In [4, 8], speed
and accuracy were introduced as the basic factors in sub-frequency load shedding to
maintain the stability of the system and the use of SCADA system was presented to
improve the deficiencies of adaptive protection model. As well, a static load shedding
strategy was proposed in [9], in which a constant amount of load was cut off with
reduction of frequency. In [10], a method was presented in the central control system to
perform a fast load shedding, which was not applicable in the low power systems. In [11],
difficulties of adaptive load shedding such as estimating the amplitude of the disturbance,
cut-off positions and control actions by relays were introduced.

In another article, the author claimed that if there are several sources in the microgrid,
it will be better to consider the result of frequency change rate graphs. In the Slovenian
load shedding standard, four threshold frequency values were defined, in which the
percentage of the load unplugged from the whole microgrid was defined for each
threshold frequency with considering the disturbance rate. The mentioned article mostly
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Figure 1. Voltage changes during formation of the islanded microgrid.
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focused on correcting the coefficients of the cut off load percentage. This paper includes
desirable results for high power systems; but it was not useful for low power systems [12].
In [13], the authors showed that, in one case out of five load shedding cases, a suitable
response to power shortage could be achieved. Also, given that the slope (frequency
change rate) lonely is not able to have a convincing response; the authors proposed the
frequency change rate in terms of voltage. Ref. [14] fixed the grid frequency by ejecting
additional loads and stabilized the grid by removing sensitive buses; however, it was
analyzed only for grids containing two small hydro generators.

Moreover, [15] indicated that the concavity in the frequency of load shedding could be
determined. But big disturbances led to a decline in the system frequency and the buses
voltage was dependent on the shortage of active and reactive powers or it related to
information of the generation inter-load unbalancing. In [16], the frequency change rate
was used to estimate the amplitude of disturbance and the voltage change rate
corresponding to the reactive power was used to identify the buses, which required load
shedding. To calculate the change rate of frequency and voltage, using devices such as
numerical stability or phase measurement units or methods such as Kalman filter to
estimate the parameters was proposed. This method conferred good results; however, in
modern microgrids, at least in low power systems, loads are frequently prioritized and it
cannot be said that load shedding should be conducted according to the priority system
conditions [16].

In [17], a new adaptive load shedding is presented, which prevents the large reduction
of frequency in the emergency situations and minimizes the line overload. Size and
position of disturbance in decentralized models were not known, so disturbance rate was
related to the frequency change rate and inertia constant and frequency local change was
related to the disturbance position. As a result, an attempt was made to optimize the
threshold frequency value using these cases in this study. Then by averaging the microgrid
frequency graph (total regions in the microgrid), if average of the microgrid frequency
was less than threshold frequency value, then load shedding was conducted. In [18], in
addition to frequency stability, the voltage stability was also considered and swing
equation and telecommunication systems were used respectively to calculate the
amplitude of the disturbance and transmit information. In this method, choosing small
sampling time (the information sampling time to transmit) created some problems such
as aberration in the frequency natural fluctuations. Also, telecommunication systems
were not able to transmit the information in a short time. A relay was proposed for each
station in this method. These relays implement load shedding program based on voltage
level of certain buses in case of frequency change. And those buses were which reached
below the threshold. The cost was not a criterion in this paper and only technical aspect
was discussed.

According to [19], when the microgrid frequency reduced to a value less than the
threshold frequency, load shedding was conducted according to frequency change rate. A
try was made in this article to correct the threshold frequency. But it faced to the problem
of normal frequency fluctuations at frequencies close to the normal frequency. So, in the
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mentioned article, a phase control loop was used to solve this problem and to choose the
exact frequency. Moreover, six steps with six different threshold frequencies were
considered for load shedding. Another load shedding strategy was based on online load
measurement and frequency-load curve. But real-time load information was not always
available and online load measurement was expensive for small distribution systems.
Furthermore, determining frequency-load dependence of the system is often difficult. In
the adaptive load shedding strategy, the relay regulation was changed with the frequency
collapse curve [20], which was determined based on the frequency information of the
amount of the ejected load [21]. Adaptive load shedding strategy required real time data
of loads and generations and also, that was difficult to determine the microgrid inertia.
The issues mentioned above were for the microgrid containing generation sources at the
scale of large power plants. In [22], load shedding of the islanded microgrid, which is
supplied by low-power DGs was discussed. The load shedding of the islanded distribution
system should be different from high power systems due to different specifications. Most
generators have small inertia in the islanded distribution system, so the frequency tends
to collapse faster.

2. The proposed method of load shedding in the islanded microgrid in the
presence of distributed generation sources

2.1. Introducing the objective function of the paper

Load shedding with the presence of DGs is an optimization process, which is conducted
for various goals. These goals enter the load shedding problem in the form of objective
function parameters. Since the considered optimization problem in this paper is load
shedding with the presence of DGs based on the stability and reliability factors in the sub-
transmission substations. These factors will enter the objective function. so, the most
important factor will enter the problem objective function. Then, by analyzing each of the
objective functions and their upsides and weaknesses, the objective function could have
better results was selected and the presented tables were used for each of these 8
objective functions.

2.2. Factors affecting the load shedding in the presence of distributed generation
sources
The new method presented in this paper has the following steps to achieve the stability
of the islanded microgrid in the shortest possible time:
e C(reating a selection table based on the tendency-to-pay factor of each subscriber
(formation of this table is done based on the presented method in study [22].)
e After providing the selection table and the load departure priority, by creating the
8 objective functions which are introduced in the following, a main project and 3
sub-project are written in DIgSILENT software in order to reduce the grid
frequency drop, lessen the microgrid frequency overshoot and determine the
times at which these frequencies will occur, and the objective functions are
analyzed and the best function to attain the shortest possible time to achieve the
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stability is selected. This is performed by linking two softwares, DIgSILENT and
MATLAB, in which the genetic optimization algorithm is written.
In the following, the proposed load shedding strategy is analyzed, which covers the grid
variables in the form of 8 objective functions.
% The first objective function:
As a first step, the following formulation is introduced to reduce the difference between
the created maximum frequency and the base frequency:

Af= abs|50— vaershoot| (1)

fovershoot in Equation (1) is the maximum frequency produced in the network due to
creation of the islanded state.
% The second objective function:
The difference between the frequency and the base frequency can be minimized with the
help of this objective function. In order to examine how effective this parameter is in
achieving the above purposes, Equation (2) will be defined and analyzed separately.
Af=abs|50-f,,| (2)

®,

¢ The third objective function:

One of the considered factors to achieve the suitable response is to analyze the maximum
frequency created in the grid and also the minimum frequency created in the microgrid
simultaneously. So, in this step, the best state is analyzed in which the minimum overshoot
and the minimum frequency drop are achieved by interrupting the minimum load.
Therefore, the objective function for this purpose is written in Equation (3).

Af=abs|50-f . |+abs|50- fo.,l (3)

min
% The fourth objective function:

The objective function given in Equation (4) is used to survey the occurrence time of the
grid maximum frequency and the maximum frequency drop.

Af =Time, +Time, (4)

me, Tim
min a

In this Equation, nd . are the times that the grid minimum and maximum

frequency occur respectively.
¢ The fifth objective function:
One of important factors considered in this paper is the time that the maximum drop
occurs in the grid. For this purpose, in the objective function given in Equation (5), in
which the best time that the frequency drop is at its minimum value, is introduced. This
optimal time is when the frequency drop is in its minimum value.
Af =Time, (5)

7

¢ The sixth objective function:

Simultaneous consideration of the maximum frequency occurred in the grid along with
the time at which this frequency is created, is presented in another objective function that
is specified by Equation (6). In this objective function, in order to equalize the limit of
numbers, the factors are multiplied by a coefficient of l, This weight coefficient shows

the importance degree of factors from a design point of view.
Journal of Green Energy Research and Innovation 1(2) (2024) 46-63
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Af=2xTime, +1x abs‘SO— f

(6)

min

In Equation (6), A equals to 0.1.

% The seventh objective function:
In order to analyze separately the time that the grid maximum frequency occurs along
with the relevant time, another objective function is defined by considering the points
made in the previous step.

Af=7xTime, +abs|50-f,,

(7)
% The eighth objective function:

In order to comprehensively review and compare different important scenarios, a new

load shedding method was presented in this paper that covered all the load shedding goals

mentioned in Equations (1) to (7). This general objective function is introduced in

Equation (8). As it is shown in the simulation results, it certainly has higher flexibility,

speed and accuracy.

Af =4 xTime . +abs|50—fmax|

: (8)
+4xTime, +Axabs|50-f

min|

2.3. Modeling of the under-studying Distribution system

A 20 KW real microgrid owned by Himmerland Elforsynig Factory in Denmark has been

selected for this study [23]. The single-line diagram of the distribution system is
illustrated in Figure 2. In this microgrid, 11 radial feeders exist named JUEL, STK1, HJOR,
FLOE, REBD, MAST, STCE, SORP, STNO, STKV, STSY. A CHP (Combined Heat and Power)
power plant with 3 gas turbine generators exists in the STKV feeder. Also, there are 3
constant-speed wind turbines in the SORP feeder.
SORP, STKV, STNO, STSY, JUEL, FLOE, MAST, STCE feeders were used to test the proposed
method. The whole studied distribution system was modeled in the standard models of
DIgSILENT v.14.1.3 software. The wind turbines were modeled as a Two-Mass system in
this study, which is suitable for studying the transient mode of the power system [24]. The
power factors of all turbines were 1.

In the eight objective functions which are introduced above, the coefficient of the

constant power loads is 0 and the coefficient of the loads which are severely dependent
on the frequency and voltage is 1. So, a value of 0.5 is considered for these coefficients in
order to balance the frequency change rate.
In the selection table, at which the loads interrupting priority are defined, the change rate
of each parameter (i.e., frequency change rate, voltage dependent frequency change rate,
power shortage) is available. This table is to see how many loads should be omitted in
order to compensate for the active power shortage of the microgrid. In this regard, 3
considered scenarios are as follows:

First scenario (Table 1): it is assumed that loads with less power pay less to the
distribution companies. Accordingly, arranging the loads based on cost is equal to
arranging the loads in order of the minimum to maximum electrical power respectively.
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Figure 2. A local microgrid in Denmark.

Second scenario (Table 2): it is assumed that the loads cost has no relation with their
power. So, arranging loads based on cost is a random function in terms of their power.

Third scenario (Table 3): like the second scenario, loads are arranged randomly, except
that the maximum electrical power is in the first place.

Since the frequency changes can occur over a relatively long period of time due to
various transient occurrences, the time period of the frequency changes is important.
Therefore, the rate of frequency changes over time is used to detect the islanded state.
Equation (9) indicates how to calculate the frequency change rate.

df  f,—f
R,CoF =——=—2 1
oCoF = 3 "1 (9)

In Equation (9), dt s contracted to be 10 ms for each load in the selection table.
Moreover, df is the frequency difference in the islanded microgrid, which is equal to half
cycle (the microgrid frequency is 50 Hz).

In the tables, the frequency change rate, the rate of frequency change dependent to the
voltage and the microgrid power shortage are used. But in cutting off a number of loads
in the first step, no significant difference was observed between this method and the
method [22]. Mathematic formulations of these two functions (the rate of frequency
change depends on the voltage and the microgrid power shortage) are available in [14],
which are displayed in Equation (10).

p,, = 2Hea 09 eor +) PLOJ.H Y ]—1}@ (10)

fy dt 5 Uo ) | P
The islanded microgrid was created in zero second. The time of 80 ms is considered for
operation of the breaker and command of the relays.
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Table 1. The selection table which is sorted by minimum to maximum of loads power.

First scenario
Sum of Rate of Surlgtzfotfh : Sum of the
Willingnes Rate of the rate change of Deficiency -
Load Load change of deficiency
stopayof | change of | of change frequency of power
level name ) frequency of power
eachload | frequency of according to : (dp)
frequenc the voltage according to (dp)
q Y § the voltage
1 Load 09 0.81 -21.7 -21.7 -1.7027 -1.7027 -83.5099 -83.5099
2 Load 10 0.83 -21.7 -43.4 -1.7027 -3.4054 -83.5099 -167.0199
3 Load 11 0.86 -21.7 -65.1 -1.7027 -5.1081 -83.5099 -250.5299
4 Load 07 0.87 -25.1 -90.2 -1.7908 -6.8989 -88.5935 -339.1235
5 Load 08 0.89 -28.5 -118.7 -1.8736 -8.7726 -93.4586 -432.5821
6 JUEL 0.91 -29.6 -148.3 -1.9010 -10.6737 -94.7444 -527.3266
7 STCE 0.92 -32.5 -180.8 -1.9824 -12.6561 -99.4948 -626.8214
8 FLOE 0.93 -40.9 -221.7 -2.2084 -14.8646 -111.9883 | -738.8098
9 STSY 0.95 -41.1 -262.8 -2.2151 -17.0797 -112.2833 | -851.0931
10 STNO 0.96 -38.7 -301.5 -2.1469 -19.2266 -108.6315 | -959.7246
11 MAST 1 -48.9 -350.4 -2.4404 -21.6671 -125.1918 | -1084.9164

Table 2. The selection table which is sorted by stochastic function of loads power.
Second scenario

Sum of the
Sum of Rate of rate of Sum of the
Willingnes Rate of the rate change of Deficiency -
Load Load change of deficiency
stopayof | change of | of change frequency of power
level name : frequency of power
eachload | frequency of according to . (dp)
frequency | the voltage according to (dp)
the voltage
1 STSY 0.79 -41.1 -41.1 -2.2151 -2.2151 -112.2833 -112.2833
2 Load 10 0.84 -21.7 -62.8 -1.7027 -3.9178 -83.5099 -195.7933
3 STNO 0.85 -38.7 -101.5 -2.1469 -6.0647 -108.6315 | -304.4248
4 Load 09 0.86 -21.7 -123.2 -1.7027 -7.7674 -83.5099 -387.9348
5 STCE 0.89 -32.5 -155.7 -1.9824 -9.7498 -99.4948 -487.4296
6 Load 07 0.9 -25.1 -180.8 -1.7908 -11.5407 -88.5935 -576.0232
7 Load 08 0.91 -28.5 -209.3 -1.8736 -13.4144 -93.4586 -669.4818
8 FLOE 0.95 -40.9 -250.2 -2.2084 -15.6229 -111.9883 | -781.4702
9 Load 11 0.98 -21.7 -271.9 -1.7027 -17.3256 -83.5099 -864.9802
10 JUEL 0.99 -29.6 -301.5 -1.9010 -19.2266 -94.7444 -959.7246
11 MAST 1 -48.9 -350.4 -2.4404 -21.6671 -125.1918 | -1084.9164

Table 3. The selection table which is sorted by stochastic function of loads power and the
maximum load is in the first level.
Third scenario

Sum of the
Sum of Rate of
- rate of - Sum of the
Willingnes Rate of the rate change of Deficiency .
Load Load change of deficiency
sto pay of | changeof | ofchange | frequency of power
level name . frequency of power
eachload | frequency of according to . (dp)
frequency | the voltage according to (dp)
the voltage
1 MAST 0.89 -48.9 -48.9 -2.4404 -2.4404 -125.1918 -125.1918
2 Load 07 0.9 -25.1 -74 -1.7908 -4.2313 -88.5935 -213.7853
3 Load 09 0.91 -21.7 -95.7 -1.7027 -5.9340 -83.5099 -297.2953
4 Load 10 0.92 -21.7 -117.4 -1.7027 -7.6367 -83.5099 -380.8053
5 STCE 0.93 -32.5 -149.9 -1.9824 -9.6191 -99.4948 -480.3001
6 STNO 0.94 -38.7 -188.6 -2.1469 -11.7660 -108.6315 | -588.9316
7 Load 11 0.95 -21.7 -210.3 -1.7027 -13.4687 -83.5099 -672.4416
8 JUEL 0.96 -29.6 -239.9 -1.9010 -15.3698 -94.7444 -767.1860
9 FLOE 0.97 -40.9 -280.8 -2.2084 -17.5783 -111.9883 -879.1744
10 Load 08 0.99 -28.5 -309.3 -1.8736 -19.4520 -93.4586 -972.6331
11 STSY 1 -41.1 -350.4 -2.2151 -21.6671 -112.2833 | -1084.9164
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3. Simulation results

The sample grid introduced for simulation using the proposed method is analyzed in
two states:

e The overshoot state, in which the maximum frequency value of the islanded
microgrid became more than 1 P.U during frequency stability. Optimal situation
for this state occurs when this factor has the minimum value, because the islanded
microgrid will be stabilized more quickly.

e Second simulation is performed based on the maximum value of frequency drop in
the islanded migrogrid. It is obvious that the less value is the better when the
simulation is performed.

To identify the capabilities of the present paper in creating stability in the islanded
microgrids, comparisons with [22] have been made; because both articles have the same
purpose. These comparisons have been done in 6 states that cover all the states involved
in the islanded mode. These 6 states are:

¢ Minimum microgrid frequency

e Maximum time, at which the overshoot occurs along with the maximum time, at
which this frequency occurs.

e Maximum time, at which the frequency of the islanded microgrid decreases.

e Maximum frequency drop in the sample islanded microgrid along with the
maximum time, at which this frequency occurs.

e Maximum overshoot frequency along with the maximum time, at which the
maximum frequency drop occurs.

e Maximum microgrid frequency, maximum overshoot time, maximum frequency
drop and its maximum time.

In the following, each of the proposed tables has been analyzed with the defined
objective functions.

3.1. The selection table which is sorted by the first scenario

The goal of the comparison made in this state is to evaluate the capability of the
proposed method at the time of the maximum overshoot in the islanded microgrid. Table
4 shows the loads cut-off time according to their priority with the first, fifth and eighth
objective functions. In fact, this table indicates the time after which of the loads should be
disconnected from the grid when the islanded mode occurs. Accordingly, load 9, which
has the shortest operating time, is the least important one among the grid loads and
should be unplugged faster than the other grid-connected loads. On the other hand, the
result of Table 4 points out that the MAST load has the longest operating time, so this load
is the most important load. The objective function of this state presented in Section 2 is
ptimized by the genetic optimization algorithm, the results of which are presented in
Table 5. Additionally, Figure 3(a-c) shows the diagram of the grid frequency variations in
the islanded microgrid and the load shedding for the first, fifth and eighth objective
functions respectively.
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Table 4. Interruption times of loads for the first, fifth and eighth objective functions in the
first scenario.

Load breaker | T1rst objective Fifth objective Eighth objective

function function function

Load 09 0.0809 0.1025 0.0869
Load 10 0.095859 0.604287 0.133594
Load 11 0.096759 0.924487 0.143394
Load 07 0.100484 1.303721 0.16479
Load 08 0.116384 2.343321 0.16559
Load JUEL 0.137028 2.758584 0.200397
Load STCE 3.288928 3.193084 0.226897
Load FLOE 3.794485 3.537994 0.454497
Load STSY 4.384085 3.974594 0.535197
Load STNO 6.350155 4.484685 1.189543
Load MAST 7.233555 4.663485 2.034243
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Figure 3. The load shedding implementation in the first scenario
a. With the first objective function, b. With the fifth objective function, c. With the eighth
objective function.

Table 5 exhibits the optimal state obtained from the proposed method using the first,
fifth and eighth objective functions. As shown by the first objective function column, the
optimal state and stability of the microgrid are achieved by leaving out 6 loads. The
convexity and concavity times in this state are specified in the table. It is obvious from the
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minimum and maximum times of frequency presented in this table, the stability state of
the microgrid has been achieved by the presented method.

According to the values indicated in Table 5, the mentioned objective function has three
main advantages compared to the method [22]:

e The frequency drop in the proposed method is much less than the method
presented in Ref. [22]. This advantage results in fewer loads outages in the method
presented in this paper.

e The maximum frequency of the islanded microgrid in the proposed method is
closer to the standard frequency compared to [22], which shows the frequency
stability.

e The time to achieve stability in this method is much shorter than the method
presented in [22].

Leaving out only 2 loads seemed to be suitable at first. However, the results obtained
from fifth objective function indicated that this function could not meet our goals.
According to the fact that the microgrid maximum output load was less than the previous
step, but this amount of output load was not able to restore the grid stability state and
continuation of this process would certainly lead to leaving out all available loads in the
islanded microgrid. Therefore, just leaving out the fewer loads cannot be a reason for the
excellence of this objective function compared to the previous objective functions.

The eighth objective function is intended to decrease the microgrid maximum
frequency, the maximum overshoot time and the maximum frequency drop. So, it is clear
that the maximum and minimum frequencies in the proposed method have been
significantly improved in this section, which can improve the stability of the microgrid
and bring significant technical and economic advantages. According to the comparisons
made in the expressed objective functions and considering all the goals of this paper,
which are the minimum frequency drop at an optimal time and also reducing the
microgrid overshoot at the best time in order to have the minimum output load and the
faster stability of the microgrid, the eighth objective function can be an appropriate option
in this case.

3.2. The selection table which is sorted by the second scenario

The genetic algorithm of loads cut-off time of the second, sixth and eighth objective
functions loads are presented in Table 6 based on the random function of the loads power.

The objective function of this scenario is optimized by the genetic optimization
algorithm, the results of which are presented in Table 7. The simulation results of the
microgrid after load shedding in the second objective function are given in the second
column of Table 7, the purpose of which is to reduce the maximum frequency drop of the
islanded microgrid. The results obtained from this objective function show that this
function cannot meet our goals in load shedding. According to the fact that the maximum
outputload of the microgrid is less than the previous steps, but this amount of load leaving
could not restore the grid to the stable state and the continuation of this process
absolutely will interrupt the all-available loads in the island.
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Table 5. Results of the genetic optimization algorithm to investigate the ability of the
proposed method at the time that the maximum overshoot occurred in the islanded microgrid
for the first, fifth and eighth objective functions in the first scenario.

Load shedding Load shedding with Load shedding with
with first scenario fifth scenario eighth scenario
The difference between the
maximum frequency and the base 0.8353 1.09 0.51
frequency
The maximum frequency 50.8353 51.09 50.51
The concavity time 2530 4.96 1200
The difference between the
minimum frequency and the base 1.18 12.25 1.64
frequency
The minimum frequency 48.8196 37.75 48.35
The convection time 458 616 212
The number of loads which 6 2 7

have experienced power outages

Table 6. Interruption times of loads for the second, sixth and eighth objective functions in the
second scenario.

Load breaker Second oPiective Sixth o-biective Eighth o-biective
function function function
Load STSY 0.0997 0.098 0.0935
Load 10 0.7315 0.101209 0.102941
Load STNO 0.8259 0.132609 0.119241
Load 09 1.94401 0.973655 0.559156
Load STCE 3.96241 1.137755 0.736256
Load 07 4.753467 2.850715 0.83812
Load 08 4767467 3.343215 1.52432
Load FLOE 5.900207 4.186286 1.689759
Load 11 6.090407 5.348086 2.272759
Load JUEL 7.420477 6.002209 2.52469
Load MAST 9.340277 6.588609 3.43919

So, ejection of only two loads in the first step cannot be a guarantee for the success of
this method. The proposed formulation in the sixth objective function is presented with
the goal of reducing the maximum frequency drop in the sample islanded microgrid along
with the time, at which this frequency occurred. The frequency of the proposed method is
closer to the main frequency in comparison with [22]. Also, in the proposed method, the
time to reach 50 Hz after the frequency drop is shorter than [22]. Therefore, this objective
function is suitable for load shedding and can reduce the times obtained from the study
[22] to an acceptable level. The eighth objective function is considered with the aim of
reducing the maximum frequency of the microgrid, the maximum overshoot time, the
maximum frequency drop and the maximum time. The number of the proposed outputs
of this objective function is three.
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Table 7. Results of the genetic optimization algorithm to investigate the ability of the

proposed for the second, sixth and eighth objective functions in the second scenario.
Load shedding with Load shedding with Load shedding with

second scenario sixth scenario eighth scenario
The difference between the
maximum frequency and the - 1.47 1.55
base frequency
The maximum frequency - 51.47 51.471
The concavity time - 954 941
The difference between the
minimum frequency and the 5.47 1.11 1.14
base frequency
The minimum frequency 44.52 48.89 48.86
The convection time 743 144 105
The number of loads which
have experienced power 2 3 4
outages

The time of the microgrid maximum frequency drop and the time of the grid maximum
frequency in the proposed method are improved in comparison with [22]. Moreover, in
the proposed method, the time to reach 50 Hz after the frequency drop is at 402 ms and in
the method [22], it is 860 ms. Minimum frequency drop and reducing the microgrid
overshoot, both at an optimal time, are the objectives of this paper in order to have the
minimum output load and faster stability of the microgrid. According to the comparisons,
first and eighth objective functions can be suitable to achieve these purposes.

3.3. The selection table which is sorted by the third scenario

The genetic algorithm of the loads cut-off time for the third, seventh and eighth
objective functions is proposed in Table 8 according to their priorities based on the
random function of the loads power with the difference that the maximum electric power
is in the first place. The figures of the final frequency for the third, seventh and eighth
objective functions are given in the Figure 4(a-c). The simulation results after load
shedding are given in Table 9 using the third objective function. The number of
recommended outputs of the third objective function is 1. The loads cut-off time according
to its priorities is presented in Table 8 in the seventh objective function so as to reach the
goals of reducing the maximum overshoot time and the maximum frequency drop time.
The figure of the final frequency and the simulation results after load shedding are given
in the third column of Table 9.

The maximum frequency drop of the microgrid in the eighth objective function is 0.708
in 103 ms; which is 0.90 in the method |22 ]. The maximum frequency of the grid is 51.1154
Hz in 1083 ms; which is 50.926 Hz in the method [22]. The time to reach 50 Hz after the
frequency drop in the proposed method is 463 ms and in the method [22] is 970 ms.
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Figure 4. The load shedding implementation in the third scenario
a. With the third objective function, b. With the seventh objective function, c. With the eighth
objective function.

Table 8. Interruption times of loads for the third, seventh and eighth objective functions in

the third scenario.

Thi jecti h obiecti Eighth obiecti
Load breaker ird objective Seventh objective ighth objective

function function function
Load MAST 0.0801 0.0923 0.0814
Load 07 0.88581 0.100993 0.083267
Load 09 1.00441 0.133293 1.307267
Load 10 1.408599 1.212483 2.043744
Load STCE 1.786699 1.803783 3.144644
Load STNO 1.970225 1.852836 3.295747
Load 11 2.409325 1.855336 3.314747
Load JUEL 2.82646 2.899916 3.334513
Load FLOE 3.10646 3.335916 3.588913
Load 08 3.509112 4.2736 3.716606
Load STSY 4.199612 4.6577 3.959106

According to the comparisons made in the expressed objective functions and the
purposes of this paper, the eighth objective function can be a suitable option for this case.
A comparison of these three scenarios with the selected objective function of each is
observed in Figure 5. By comparing the selected functions for each of these three
scenarios, the third objective function has the best response for the proposed objective
function. For this scenario, maximum 2 cut-off loads for load shedding, the maximum
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frequency drop of 0.71 Hz at the best time of 103 ms and the maximum frequency rise of
0.59 Hz at the time of 1083 ms are recorded. After that, the second scenario gives the
proposed suitable response with maximum 3 loads for load shedding, the maximum
frequency drop of 1.034 Hz in 102 ms and the maximum frequency rise of 1.55 Hz in 901
ms. Finally, the first scenario gives the proposed objective function with maximum 7 loads
for load shedding, the maximum frequency drop of 1.64 Hz in the best time of 212 ms and
the maximum frequency rise of 1.51 in 1200 ms. The obtained results show the superiority
of the method presented in this paper over similar study made in [22], because as shown,
the time to achieve stability in this paper is much better than the mentioned study in the
all states. In addition to improve the stability of the grid and creating many technical
benefits in the grid, this issue helps significantly in reducing the costs of the distribution
companies. Because the numbers and duration of outages are decreased by the method

proposed in this paper.

Table 9. Results of the genetic optimization algorithm to investigate the ability of the
proposed for the third, seventh and eighth objective functions in the third scenario.

Load shedding with Load shedding with Load shedding with
third scenario seventh scenario eighth scenario
The difference between the
maximum frequency and the 0.914 1.157 1.154
base frequency
The maximum frequency 50.914 51.157 51.154
The concavity time 1611 1093 1083
The difference between the
minimum frequency and the 0.764 0.919 0.708
base frequency
The minimum frequency 49.236 49.08 49.29
The convection time 91 113 103
The number of loads which
have experienced power 1 2 3
outages
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Figure 5. The comparison of the first, second and third scenarios.
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4. Conclusions

Despite its advantages, operation of DGs in the islanded state may cause some
concerns, the most important of which is the frequency stability.

Regarding the concerns, in this paper, solutions for load shedding of the small grids
with the aim of stabilizing the frequency of these grids are analyzed and presented. In the
method used in this paper, the technical and economic purposes related to load shedding
strategy are considered simultaneously. The proposed method does not require the
telecommunication infrastructures in order to communicate between the component and
the real microgrid data.

The automatic load cut-off is done according to the frequency drop, frequency drop
time, overshoot and its time. Other advantages of the proposed method in this paper
compared to the previous studies are low drop of the frequency and achieving the stability
in a shorter time. So, the importance of the results obtained from the implementation of
this project can be summarized in the following cases:

e Successful exploitation of DGs in the islanded mode along with ensuring the
frequency stability of the grid

e Increase in public satisfaction rate of consumers by creating frequency stability
and a subsequent reduction in the outages of their sensitive loads
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The utilization of renewables is developing rapidly due to
environmental issues and a lack of fuel fossils. In this regard, wind
turbines, as a type of renewable energy source, have been widely
adopted in the power system thanks to their higher power
generation capacity. Numerous methods have been introduced so
far to control wind turbines, which are essential in generating wind
energy. The sliding mode control, because of its unique features
like being resistant to external disturbances, dynamics unmodeled
and uncertainty, the relative simplicity of the control law, a
relatively small amount of calculations, and straightforward

Accepted: 06 March 2024; implementation, is amongst the most preferred control designs in

this realm. In this study, the control strategy is based on a
combination of sliding mode and particle swarm optimization and
is applied to a wind turbine with a grid-connected squirrel cage
induction generator. The proposed method maximizes the power
output of the wind turbine by limiting small changes in the
electromagnetic torque. The main goal of the suggested design is to
reduce the squared error of the electromagnetic torque, rotor
speed, and stator current. The sliding mode control for the wind
turbine helps obtain optimal values for the parameters of the
design.

Article type:

Research Article

1. Introduction
1.1. Modified quadratic power curve

The use of renewable energy sources is expanding rapidly due to environmental
concerns and the depletion of fossil fuels [1-3]. Among these sources, wind turbines have
attracted considerable attention over other renewable technologies because of their
significant power generation potential [4-5]. Wind turbines can be categorized based on
their operational speed into two types: fixed and variable speed [6-7]. Variable-speed
wind turbines offer numerous advantages over their fixed-speed counterparts, including
the ability to align the generator shaft speed with varying wind speeds. Several control
methods have been proposed by researchers to optimize turbine performance. For
instance, some have developed a feedback controller for the system using linear control

methods. These approaches rely on linearizing the wind turbine model, simplifying the
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turbine equations, and designing the controller, which can simplify the analytical solution.
However, linear controllers are limited by the wind turbine's nonlinear characteristics
and cannot achieve the desired optimal performance due to these limitations and
nonlinear behaviors. Sliding mode control, known for its robustness to external
disturbances, unmodeled dynamics, and uncertainties, along with the simplicity of its
control law and minimal computational requirements, emerges as an ideal solution for
controlling nonlinear, multivariable systems like wind turbines. Thus, sliding mode
control is considered by many researchers as the preferred method for achieving optimal
turbine control.

1.2. Research background

Ref. [8] discusses the high-order sliding mode control method due to features such as
reducing external mechanical stress, limited arrival time, and resistance to external and
dynamic disturbances, including unmodeled ones. This article utilizes a 2nd order vector
slip surface to generate control signals. It employs rotor current and electric torque to
maximize output power without damaging the system. Article [9] explores control of
production power in turbines, acknowledging that wind speeds vary. It introduces a
system with two working areas dependent on peak speed, utilizing a high-degree sliding
mode control method to ensure system stability in both areas and to apply ideal feedback
control. Despite model uncertainties, this control method demonstrates resistance to
system parameter uncertainties. It calculates the speed of the rotor and its torque via a
sliding mode observer, and the difference from the optimal torque is used as the control
error. A sliding mode modulator is employed to control the output power. Another
approach for controlling the generator [10], is the adaptive fuzzy integral variable
structure controller, aimed at maximizing wind power by adjusting turbine speed based
on wind speed. This surpasses traditional control methods reliant on mathematical
models. It introduces an adaptive fuzzy integral variable structure for control. The
combination of a robust nonlinear controller with quadratic sliding mode control [11]
represents another strategy for turbine control. This method integrates a robust
nonlinear controller with a quadratic sliding mode method, known as the strong
convolution algorithm, to manage the wind turbine system. The goal is to maximize wind
energy captured by the turbine and maintain the stator power factor of a wire rotor
induction generator at a desired level. Ref. [12] proposes a method to control generator
speed, presenting a variable-speed wind turbine power control method connected to the
grid. Another study combines integral variable structure control and directional field
vector to manage rotor voltage, subsequently controlling rotor current and stator voltage
[13]. To address the buzzing phenomenon, a saturation function replaces the sign
function. Additionally, to minimize steady-state error, an integral sliding surface is
employed, which overall achieves our objectives for the smoothness and safety of the
generator in controlling no-load disconnection.

In another approach, sliding mode control is utilized for bending angle control due to
its fast response, minimal lift, and resistance to disturbances. However, the sliding mode

method often encounters the issue of creating a buzzing phenomenon. This article
Journal of Green Energy Research and Innovation 1(2) (2024) 64-80




Applying Sliding Mode Control Along with Particle ... m

mitigates the problem through the use of a pseudo-sliding mode generator, showcasing
that the control agent employed offers higher efficiency compared to traditional integral
controllers [14]. Ref. [15] discusses a control strategy employing a nonlinear flow on the
turbine for variable-speed wind turbines with dual induction generators. Ref. [16]
presents an enhanced direct power control method for grid-connected wind turbines,
especially when facing unbalanced grid voltages. Furthermore, Ref. [17] explores the
application of second-order sliding mode control for synchronous power control in
networking.

1.3. Research gaps and contributions

Control of wind turbines using sliding mode control is sparsely covered in existing
research. This method, notable for its distinct capabilities, is the focus of this paper. Sliding
mode control is characterized by its variable structure, rapidly switching between
multiple control strategies. The initial design step involves selecting a suitable sliding
surface, crucial for modeling the system's optimal closed-loop performance in the variable
state space. Subsequent steps include determining the paths for system control to ensure
it remains within the desired trajectory [18]. The design of a sliding mode controller for
wind turbines, especially variable speed ones, prioritizes ensuring effective performance
and control stability. As demonstrated in Figure 1, this paper utilizes a smart particle
swarm algorithm to optimize the parameters of the sliding surface function for sliding
mode control. It's worth mentioning that the approach outlined in this paper potentially
maximizes the power harvested from the wind turbine by minimizing fluctuations in
electromagnetic torque. Essentially, this paper proposes a control strategy that merges
sliding mode control with an optimal algorithm, specifically particle swarm optimization,
applied to a grid-connected wind turbine with a squirrel cage induction generator. This
strategy aims to achieve two objectives. The primary goal is to maximize the wind power
captured by the turbine, while the secondary goal, pursued concurrently, is to minimize
changes in electromagnetic torque. The innovation and features of this approach are
highlighted as follows:

- Using the sliding mode control for the wind turbine to obtain the maximum power from
the wind system.

- Determining the optimal values of the parameters of the sliding surface function of the
sliding mode control for the optimal performance of the wind turbine.

Next, the proposed design model for the wind turbine is detailed in the second part.
Following that, the third part provides numerical results to assess the effectiveness of the
proposed design. Finally, the fourth part discusses the overall implications of the results.

2. Wind turbine model

Figures 1 and 2 present the comprehensive block diagram of the system under study,
which is a variable speed squirrel cage induction generator (SCIG) controlled via sliding
mode. Additionally, the parameters of the sliding mode controller are optimized using the
Particle Swarm Optimization (PSO) algorithm, thereby assessing its optimal
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configuration. Consequently, the model of the wind power plant, the sliding mode
controller, and the PSO algorithm are detailed in the subsequent sections.

2.1. Wind energy conversion system model

Based on Figure 2, the important components of a variable-speed wind turbine are:

Wind speed (v)

_Rotationangle (B) —

Rotor speed (ar)

Aerodynamics section
of wind turbine

Aerodynamic torque (Ta)

Generator of wind
turbine

A 4

!

Generator current (iqr
—— and iqr)
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Sliding mode controller based
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Figure 1. General of the proposed plan.
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Figure 2. Wind energy conversion system based on SCIG.
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1- Turbine
2- gearbox
3- Squirrel rack induction generator (SCIG) connected to the grid
Therefore, in the following, the mathematical model of these components will be
presented in order, which expresses their behavior in the studied system.
A) wind turbine model (aerodynamic section) Wind turbine generally converts the
kinetic energy of the wind into mechanical energy slowly and also the total energy
available from the wind turbine can be calculated from Equation (1):

E, = Lo
2

(1)

where (m) represents the mass of air passing through a square disk of one square
meter, and (v) denotes the wind speed, expressed in meters per second. It should be noted
that the air mass can also be calculated from Equation (2):

m= pAd (2)

In Equation (2), (p) represents the air density, (4) denotes the area swept by the
turbine blades, and (d) is the distance from the wind source. According to Betz's theory,
the mechanical power extractable from the wind turbine (P,) can be calculated using the
form of Equation (3):

P, :% pIRAC, (2, ) 3)

where (R) is the radius of the wind turbine blade, (1) represents the tip speed ratio,
and (f3) denotes the pitch angle, referring to the angle between the chord of the blade and
the plane of rotation. Finally, (C,) is the power coefficient of the wind turbine. It is

noteworthy that the tip speed ratio is given by Equation (4):

oR
A== (4)
(w,) is the rotational speed of the wind turbine rotor. It should be noted that Ref. [19]
has derived a mathematical relationship for (Cp), which is expressed in the form of
Equation (5):
1 0.035 (5)

C.(1,B)=05176x (116" —0.43-5)xe? +0.00681 VI = -
(1) “ p=5)x 110085 f+1

Phrase I' introduces a covariate for calculating (Cp). Moreover, the power of the rotor
(aerodynamic power, also denoted as (P,)) is given by Equation (6):
P, =0T, (6)
that (T q) is equal to the aerodynamic torque, and Equation (7) can be calculated by:

T, = %ﬂpRSCq (AV? (7
where (C ¢) is calculated based on Equation (8):
Cpo(A)
Ca()=— (8)
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B) squirrel cage induction generator model (SCIG): Voltage equations of squirrel cage
asynchronous generator in dq frame of reference based on references [19-20] can be
expressed as Equation (9):

Vs Ro+Lip -—al (I - Ly, Igs

Vqs _ a)ll-s Rs + Ls p a)le I-m p iqS (9)
0 L,p 0 R +Lp 0 igr
0 oLy, 0 oL, R, Iqr

Also, the equations of connected flux are based on [20-21] and can be calculated by
Equation (10):

$ss | [Le O L, O is

Pus 0 L 0 L,|igs

bo | 1Ly 0 L 0|, (10)
bo | 1O Ln O L lig
Hence, the SCIG torque equation can be calculated by Equation (11):
T, :npt—t‘iqsqﬁ, (11)
Additionally, this is described by Equation (12):
%= Tr:m+1idS (12)

In the aforementioned equations, (v4s) and (v4s) represent the components of the
measured voltage; (ig4s), (igs), (igr), and (ig,-) are the respective stator and rotor current
components. The vector components of stator and rotor flux linkages are denoted as
(bas), (Pgs), (dbar), and (¢pg,-). Stator and rotor phase resistances are indicated by (R;)
and (R, )respectively. (L,) and (Lg) correspond to the stator and rotor inductance, while
(L) signifies the mutual inductance between the stator and rotor. The symbol (n,)

stands for the number of pole pairs, (p) denotes the time derivative ((%)), (wg)

represents the synchronous angular velocity and the rotor time constant ((73.)) is

L
expressed as (—RT).
T

2.2. Proposed sliding mode control

Sliding Mode Control (SMC) has been applied to various systems recently due to its
simplicity in implementation and robustness against uncertainties and external
disturbances [22]. SMC involves guiding the system to a desired sliding surface and then
applying a control law to ensure the system remains within this surface [23]. The design
process of SMC includes 1) selecting the sliding surface, 2) specifying the conditions for
convergence, and 3) defining the control law for sliding mode, with each step detailed
below:

A) Selecting the switching level: A nonlinear system can be be expressed as Equation
(13):

X = f(X,1)+g(X,u(X,t1) X eR" ueR (13)
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that f(X;t) and g(X,t) are assumed to be bounded and non-deterministic linear non-
continuous functions. Generally, the form of Eq is utilized by Cellutin to determine the
sliding surface [24], as presented in the following form, known as Equation (14):

n-1
S(X)=(%+y) e, e=XT-X, X =[X,X,., X", x4 =[x?¢ x4 X9, ..T (14)

where, e, 7, n, X9, and X are equal to the error vector, positive coefficient, system degree,
requested state vector, and state vector, respectively.

b) Definition of convergence conditions: Convergence conditions that determine the
allowed and non-allowed area are established through the Lyapunov Equation [25] as
depicted in Equation (15):

S(X)S(X)<0 (15)
The control algorithm is defined by Equation (16):
u=u®+u” (16)

where u, u eq, u ", sat(S(X)/@ ) and are Control variable, equivalent control variable,
switching control, saturation function and threshold width of the saturation function
respectively. See Equations (17) and (18):

u" =u"sat(S(X)/¢) (17)

sgn(S) if |Sp>e

sat(S(X)/(/’)z{ Sle if |Ske

(18)

Based on Equation (12), the rotor flux (¢,) is solely a function of the d-axis stator
current (i;s). Thus, if the rotor flux remains constant, the generator torque (7T,) depends
only on the g-axis stator current (iqs). Consequently, controlling T, can be achieved by
regulating i,s. A proposed SMC scheme for controlling the electromagnetic torque (7¢) of
a variable speed SCIG wind turbine is illustrated in Figure 3. In the variable speed wind
turbine system, the sliding surface is chosen to allow the turbine to operate near the
optimal regime characteristics [26]. Therefore, the sliding surface in this study is selected
based on Ref. [27] as follows in Equation (19):

S =mJ,@, +m,Jd.T, -0 (19)

=5
W’mdzy)

Sliding Mode Complete
Controller Power |
Chain 1

Electromagnetic torque T.

High-speed shaft

Figure 3. Sliding mode control plan.
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The total sliding mode control law for the variable speed wind turbine system is the
sum of the equivalent control components and switching control components. This is
considered in Equations (20)-(22)

To_rer =U%+u" (20)
e Te

ud =T, _1+m2Jt (myJyan, +myd T ) (my — A(4,V)) (21)

A(/l,v):(K.v.Rz)/ 2(Co(.a-Co(n)1 22 (22)

Considering K = 0.5mp * R? and (C5(1)) equal to the derivative of the power factor
relative to (A). Also, (m; = —1/Ty,,) is equal to the inverse of the time constant, and (m,)
is equal to the static gain. This relationship is presented as Equation (23):

Dnopt
Teopt (1+K(a’h — Whopt ) / a’hopt)

My =—My (23)

The switching component of the control of the sliding law ((u,)) is determined by
selecting the Lyapunov function. The root form of the obtained sliding surface is calculated
according to Equation (24):

u" =-asgn,(S) (24)

2.3. Particle swarm algorithm (PSO)

To initiate the particle swarm optimization (PSO) algorithm, specific populations are
established for each variable. Subsequently, a random value is generated for each variable
and population within the predefined range of variable changes. The next phase involves
calculating the fitness function for each population, noting that the fitness function aligns
with the objective function of the problem at hand. Following this, the algorithm
determines the best point, representing the optimum of the fitness function, with the
variables at this juncture denoted as (x..). To navigate towards this optimal point, the
particle transitions to a new position at a certain velocity. Thus, this stage necessitates the
computation of the particle's new velocity and position, achievable through Equations
(25) and (26), respectively [28].

(1) _ () 0 _ () 0 _ (0
VI = wvi +¢ xrand, x (X, —x{ )+ ¢, x rand, x(x&, - x{) (25)

(k+1) _ (k) (k+1)
X[ =X 4V (26)

In Equation (25), the coefficients (c;), (c;), and(w) are recognized as the tuning
parameters of the particle swarm optimization algorithm. Modifying these parameters
can enhance the algorithm's proficiency in problem-solving at certain points. Typically,
based on empirical evidence, suitable values for (c;), (c;), and (w) are 2, 2, and 0.7,
respectively. This formula indicates that the velocity of each particle is determined by its
deviation from the target position. Subsequently, Equation (26) calculates the particle's
new location. The subsequent step involves evaluating the fitness function for the new
positions of the particles and assessing the convergence criteria. It's important to note
that these steps are iteratively refined to achieve convergence. For this study, the
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objective function, or fitness criterion, for the particle swarm optimization is defined as
the mean squared error (MSE), detailed in Equation (27):
MSE = — 3e(K)? (27)
nT o

where (e(k)) represents the total number of samples, and (T) denotes the sampling
time. (e) signifies the deviation between the reference rotor current and its actual value
in the (d) direction, the difference between the reference electromagnetic torque and its
actual value under Sliding Mode Control (SMC), and the disparity between the reference
rotor speed and its actual speed. It is important to highlight that, as illustrated in Figure
2, the output of this process consists of the decision variables, which serve as reference
signals for the torque, rotor current, and rotor speed.

3. Numerical results

In this section, the capability of the scheme is investigated. Hence, the case study is
introduced first, and then, the obtained results are expressed.

3.1. Study case

The system under consideration is integrated into a 2 MW wind turbine. It's important
to note that the characteristics of its generator and the aerodynamic components are
detailed in Table 1. Additionally, it is assumed that the turbine experiences no friction,
leading to the friction coefficient (K;) being set to zero. Moreover, the optimal settings for
the Particle Swarm Optimization (PSO) algorithm, namely the inertia weight (w), and the
acceleration coefficients (c;) and (c;), are chosen to be 0.7, 2, and 2, respectively, as per
Ref. [23]. The algorithm is configured with a population size of 20 and is set to run for 100
iterations.

16 n

_ — —_
=) ') =~

Wind speed (m/s)

o0

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 4. Time graph of wind speed.
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Table 1. Wind turbine parameters.

Parameters Values
K, 0
J, 4.4532 +10° Kgm?
P 1.225 kg/m3
R 37.5m
Ts 0.1

The performance of the wind turbine is significantly influenced by wind speed, making
it a critical input parameter. In this study, the wind speed considered for the turbine is
depicted in Figure 4. As illustrated, the wind speed fluctuates widely within both high and
low-speed ranges, introducing a random element that tests the system's resilience across
these conditions. The wind speeds range from 7 to 16 meters per second. It's important
to clarify that such variability represents an extreme scenario unlikely to occur in practice.
Rapid and severe changes in wind speed are rare in real-life conditions and are employed
here solely to assess the robustness of the control system under challenging
circumstances.

3.2. Results

The results depicted in Figures 5 to 9 showcase various parameters: the input time
curve of the bending angle, bending angle itself, aerodynamic power, aerodynamic torque,
turbine absorption coefficient, rotor speed, rotor flux in the q and d directions, generator
torque, and the generator output voltage along the d and q axes. An examination of Figure
(5-a) and a comparison with Figure 4 reveal that an increase in wind speed, or when the
wind speed is notably high, triggers a control input signal for the bending angle, whereas
this signal remains zero in conditions of low wind speed.

It is observed from Figure (5-b) that when the bending angle control input signal is
engaged or is non-zero, the bending angle changes. This alteration helps in reducing the
mechanical stress on the wind turbine, thereby preventing damage to the wind turbine
system. Corresponding to the wind speed shown in Figure 4 and the bending angle
depicted in Figure (5-b), the daily absorption coefficient curve resembles what is shown
in Figure (5-c). From this figure, it is evident that the absorption coefficient consistently
registers low values. However, due to variations in wind speed, the absorption coefficient
curve is also subject to change over time. Nonetheless, as illustrated in Figures (5-d) and
(5-e), the wind turbine exhibits high aerodynamic power and torque. It is important to
note that, in many instances, the rotor speed difference relative to its reference speed
diminishes, as shown in Figure 6.

Figures (7-a) and (7-b) display the rotor current curves in the q and d directions,
respectively. It is important to note that the current in the d direction correlates with the
reactive power of the turbine, which remains constant regardless of wind speed; hence,
the rotor current in the d direction remains constant. Conversely, the flow in the q
direction is tied to the aerodynamic power and, thus, varies in accordance with wind
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speed. Consequently, the generator's output active power, which depends on the rotor
current in the q direction, also fluctuates over time, as depicted in Figure 8. The last graph
showcases the stator voltage in the d and q directions, presented in Figure 9.

From the figure, it's evident that the output voltage fluctuates over time, reflecting
variations in wind speed. This phenomenon is attributed to the need for the rotor current
in the g-direction to align closely with its reference signal, minimizing the error rate.
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Figure 5. Time diagram, a) Bending angle input, b) Bending angle, c) Turbine absorption
coefficient, d) Turbine aerodynamic power, e) Turbine aerodynamic torque.
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Figure 6. Time graph of real speed and rotor reference.

Consequently, the reference signal for the rotor current in the q-direction changes with
wind speed, necessitating adjustments in the rotor current to match wind speed
fluctuations. This adjustment leads to changes in the generator's output voltage.

Journal of Green Energy Research and Innovation 1(2) (2024) 64-80



Applying Sliding Mode Control Along with Particle ...

Table 2 details the mean square error deviations for the control strategies under
review: one employing solely sliding mode control and another combining sliding mode
control with the PSO algorithm. The data indicate that the mean square error is
significantly reduced in the design that integrates sliding mode control with the PSO
algorithm, showcasing a notable advantage of the proposed design.
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Figure 7. Time diagram, a) rotor current in direction g, b) rotor current in direction d.
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Figure 8. Time diagram of active generator power.
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Figure 9. Time diagram of the output voltage of the stator, a) in the direction of d, b) in the
direction of q.

Table 2. Mean square error deviations for different study cases.
Level Study case
34/12 Proposed design with sliding mode control

The proposed combination of sliding mode control and PSO

57/8
/ algorithm

4. Conclusion

In this paper, the wind turbine model is a combination of sliding mode and PSO
algorithm. In the turbine model, the aerodynamic part and its generator were considered.
Then the first-order sliding mode controller was presented on the proposed system.
Finally, the PSO was applied to minimize the error correction between the reference signal
of the control variables and the variables themselves. Then, the proposed problem was
applied to a standard wind turbine and based on the numerical results, the following
general results were obtained:

- Increasing blade bending angle at high-speed winds to reduce mechanical stress and
damage mechanical flexibility
- The input signal of bending angle control at speed is zero the low wind was due to the

lack of high mechanical pressure
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- The low absorption coefficient of the wind turbine due to the proper control of the
blade bending angle at speed upwind

- Changes in aerodynamic power and moment proportional to time and their
dependence on wind speed and blade bending angle I see

- Excellent tracking of the rotor current in the q direction with minimal error when using
a combination of sliding mode control and PSO algorithm

- Excellent tracking of the rotor current in the d direction with minimal error when using
a combination of sliding mode control and PSO

- Dependence of the rotor current in the g direction on the wind speed due to the
dependence of the rotor current in the g direction on the active generator power

- The lack of dependence of the rotor current in the d direction on the wind speed is due
to the dependence of the rotor current in the d direction on the reactive power of the
generator.

- Generator output voltage changes proportional to wind speed to properly control the
rotor current in g and d directions

- A low mean square error (MSE) if a combination of sliding mode control and PSO
algorithm is adopted.
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(MPPT). This paper focuses on designing and controlling a boost
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and output capacitor for the boost converter so that the maximum
PV output is achieved and the decision speed of MOSFET switching
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Research Article duty cycle remains within its permissible range.

1. Introduction
1.1. Research Motivation

Solar power will remain a renewable and sustainable energy source because of its
superior environmental friendliness and abundant availability. Maximum power point
tracking (MPPT) is a technique employed in solar power systems to optimize the
extraction of electricity from photovoltaic (PV) modules, which is achieved by closely
monitoring the operational state of the modules. To optimize the electricity output from
a solar panel, it is essential to use MPPT, particularly in situations where the weather
conditions are uncertain [1]. In order to mitigate global warming, it is imperative to
substitute hydrocarbon deposit systems with renewable energy sources, such as the sun
and wind [2]. To enhance the efficiency of renewable energy systems, PV systems are
equipped with an MPPT algorithm to ensure that each module operates at its optimal
power point [3]. PV cells exhibit a voltage-current curve that accurately represents their
operational state. The maximum power point (MPP) of this curve occurs when the cell
generates the highest amount of power to be delivered to a load. The cellular function is
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diminished when it is not operational. This paper focuses on the layout and manipulation
of a boost converter for MPPT in a PV device. The intention is to calculate the best variety
of output resistance, minimal inductance, input capacitor, and output capacitor for the
boost converter so that the maximum PV output is achieved and the decision pace of
MOSFET switching is obtained by adopting the combined resistance-predictive approach.

1.2. Literature review

There are straightforward techniques to achieve optimal power output in both
conventional and dynamic shading scenarios. The MPPT method has been designed to
optimize the power output of a solar panel system in the presence of partial shadowing
[4]. The topics of discussion in [5] included energy storage, solar production, and
optimization of production system dimensioning with storage. Grid-connected PV
systems are sized according to the selection of modules, DC/AC inverters, and auxiliary
equipment [5]. Reference [6] presents the application of particle swarm optimization
(PSO) to maximize the highest power output of PV systems. It also aims to identify the
most effective design variable for penalizing the step size of two conventional methods.
The authors in [7]| propose a bionic two-stage MPPT control method to enhance the
precision and speed of the MPPT process. The strategy consists of a fast-positioning stage
and a precise determination step, which optimize the duty cycle of the DC-DC converter.
The authors in [8] propose a new method to maximize the power output of a PV system
by using the Horse Herd Optimization (HHO) algorithm in various weather circumstances.
Fault analysis and protection of distributed generations, such as PVs and wind turbines,
are also a concern of academia and have been addressed in [9] even though there is a
research gap concerning comprehensive work on the protection of PV cells [10].

References [11] and [12] have carefully analyzed the reactions and the electricity
production process, accounting for most reasons for changing the behavior of solar panels
against weather fluctuations based on the amount of received photon energy and
describing the amount of energy gap between the p and n junctions of the semiconductors
inside the panel. The most basic model of a PV that has a diode is obtained from these
references. The simplest configuration of a PV system incorporating a diode can be
derived from these sources. Reference [13] introduces a sophisticated software package
that efficiently determines the ideal capacity of PV systems for the electrification of
remote and rural areas. The software addresses the challenge of minimizing
transportation, electrification, and maintenance expenses. Reference [14]| presents a
model aimed at optimizing smart homes to enhance the efficiency and reduce energy
consumption of electricity generated by PV systems. The outputs of this model will include
establishing the composition of walls and windows, calculating the ideal size of panels,
and identifying the most suitable location for them. The researchers in [15] developed
systems with numerous PVs exhibiting distinct characteristic curves. The primary
objective was to ascertain the precise elevation, angle of inclination towards solar
radiation, and the most favorable placement for each panel. The full-bridge cascade
converter is an inverter widely used in PV systems. It was specifically designed in [16] to
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be more robust than its previous versions, offering increased reliability, reduced
switching losses, improved efficiency, enhanced short-circuit fault capability, and greater
stability in the face of extreme weather fluctuations. Boost converters are extensively
employed in PV systems and have seen the development and implementation of multiple
structures. The structure described in [17] utilizes a parallel input (parallel input
inductors)-series output (series output capacitors) configuration, which has
demonstrated excellent efficacy in mitigating current ripple. In addition, the converter
proposed in [18] does not require a transformer and possesses the inherent capability to
evenly distribute the power obtained from PV arrays. This converter operates with an
input voltage of 24 V and outputs a voltage of 100 V at a frequency of 100 kHz. It is
specifically built to handle a nominal power of 60 W. Reference [19] presents the design
and construction of a multi-level inverter that connects PV arrays to the grid. This inverter
has a modular and extendable structure and allows for adding a stabilizer to each panel.
The PV units with numerous panels are typically categorized into two types of equivalent
circuits: a) single-unit models and b) multi-unit models. In the former type, all panels are
treated as a complete unit connected to the grid via a single transformer and impedance.
This approach necessitates a few computations and has garnered recommendations from
numerous international standard organizations. However, when the panels are situated
in significantly distinct geographical locations, this technique exhibits a pretty substantial
margin of error, rendering it not advisable [20]. The concept of categorizing PV panels
into various clusters is introduced in multi-unit models. Each cluster is represented by an
equivalent PV unit, which consists of a complete panel, an equivalent impedance, and a
comprehensive transformer. In this approach, the PVs in each cluster are assumed to be
almost identical, with any minor variations being disregarded. Given the exceptional
precision of multi-unit models, this approach is widely employed in numerous simulation
studies and analyses of grid-connected solar power facilities. The single-unit model is a
distinct type of multi-unit model [21].

Typically, three models have been proposed for solar cells, including the single-diode,
two-diode, and multi-diode models. The single-diode model has the fewest physical
parameters. As a result, it has widely been employed in numerous studies to depict the
voltage-current characteristics of cells using only four or five parameters. This model is
highly cost-effective in terms of mathematical and computational resources, but its
precision is contingent upon the specific solar cell technology employed. Several studies
indicate that this model exhibits a slight bias towards optimism when predicting the
behavior of the cell, as it incorporates a higher proportion of solar energy from the sun in
its calculations. However, the actual output of the solar cell is lower than the values
obtained from these calculations [22]. The two-diode model is a modified version of the
single-diode model that distinguishes between two distinct operating modes of the solar
cell: the high-voltage mode and the low-voltage mode. The high-voltage mode of this
model is identical to the single-diode mode. However, the low-voltage mode is simulated
using a separate diode, and the impact of recombination within the solar cell is considered.
The two-diode approach is highly appropriate for situations characterized by low levels
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of solar radiation or low ambient temperatures. Consequently, it yields more precise
outcomes regarding the performance of the solar cell under low radiation situations [23].
The multi-diode model has superior accuracy compared to alternative models, effectively
capturing the solar cell's performance throughout varying temperature conditions and
radiation levels. This model requires access to diverse facts that must be precisely
characterized by measurement under varied conditions, and these items are not readily
accessible in several information sheets. This model exhibits a significant computational
burden and is not time-efficient, but it has yielded highly favorable outcomes in numerous
solar cells [24].

The peak power and voltage levels are not constant and vary in response to
temperature and the angle of sun exposure. By monitoring the power output, the PV
system can achieve its highest level of efficiency, resulting in reduced operational costs.
There exist numerous variations of MPPT methods, typically categorized into two groups:
conventional approaches and novel methods relying on computational algorithms [25].
The soft computing-based methods are novel MPPT approaches that encompass the
following techniques: a) fuzzy logic control, b) artificial neural network method, c)
adaptive neural fuzzy methods, and d) metaheuristic algorithms, such as genetics and
differential evolution [26]. Multiple concerns have been identified in the design of the MPP
tracker converter. A subject discussed is the investigation of the link between the
equivalent resistance of the PV cell, the output resistance of the converter, and its duty
cycle. This analysis, referenced as [27], aims to identify the most efficient converter for
connecting the solar cell to the load. The design of the MPP tracker converter, as described
in reference [28], represents the power electronic converter as a variable resistance.
However, the equivalent impedance of the power electronic converter does not include
an inductor or capacitor. The MPP tracker converter has traditionally been designed using
conventional methods for DC-DC converters connected to voltage sources [29]. However,
it is important to note that the solar cell, being fundamentally nonlinear, cannot be
regarded as a linear power supply. Hence, this approach will not yield accurate outcomes.
Another approach employed in the design of the MPP tracker converter involves the
utilization of small-signal analysis [30]. Nonetheless, this analysis does not encompass the
function of the inductor and capacitor in the converter. So, it is unfeasible to compute the
inductor and capacitor of the converter using this approach. The calculations pertaining
to the design of the inductor and capacitor for the MPP tracker converter are available in
[31]. The operation mode of the boost converter has always taken into account continuous
current, assuming optimum weather conditions. Reference [32] designed a maximum
power tracker buck converter operated based on the predictive model control approach.
The proposed power point tracking method is the internal inductance method, which is
used as the reference signal of the predictive control model. This optimization technique,
which is available online, predicts the current and future condition of the system. This
strategy has the benefit of a fast transient response and the elimination of disturbances,
in contrast to conventional methods.

Journal of Green Energy Research and Innovation 1(2) (2024) 81-102



M. Mohseni et al.

The authors in [33] presented an MPP tracker boost converter with a maximum power
detector. This converter utilizes a mix of perturbation and observation (P&0) method
together with the predictive model control method. Simply put, the predictive control
system utilizes the MPP as its reference signal. The impact of altering the step size of the
tracking method has also been subjected to sensitivity analysis. This strategy offers the
benefit of eliminating any instances of overshoots and undershoots that are associated
with switching. Reference [34] discusses the incorporation of the P&0 MPPT and the
prediction model control methods. This method has been implemented in a boost
converter that is coupled to a solar cell. The speed of this method in achieving the MPP
has been enhanced, and its capacity to control voltage has been boosted as well. The
impact of variations in irradiation and ambient temperature on the suggested method has
been examined, and the method has been successfully deployed in real-time. References
[35-37] introduce a resilient controller for accurately tracking the MPP of a single-phase
multilevel inverter. This is achieved by the use of a predictive control model, resulting in
enhanced P&O techniques. Previous methods have been surpassed in efficiency and speed
of the control loop, resulting in reduced switching losses as well.

1.3. The significance of research

Given the expansion of PV technology, its efficient operation is crucial both technically
and economically. Furthermore, it is crucial to develop models for converters with the
objective of MPPT from a scientific and research perspective. The adoption of predictive
control approaches also enables the industrialization of these techniques. This paper aims
to enhance MPPT by designing and controlling the step-up converter of the PV system.
The range of output resistance, minimum inductance, input capacitor, and output
capacitor for the boost converter are calculated to ensure efficient MPPT. Predictive
control is employed to enhance the speed of MOSFET switching decisions. The study
introduces a novel approach to enhancing the MPPT in a PV system by implementing a
resistive-predictive step-up converter control.

1.4. Novelty and main contributions

The novelty of the research lies in calculating the ideal range of output resistance,
minimal inductance, input capacitor, and output capacitor for the boost converters so that
the maximum PV output is executed and the selection speed of MOSFET switching is
received by means of adopting a mixed resistance-predictive method.

The remaining of the paper is as follows. Section 2 describes the suggested model, while
Section 3 provides a detailed explanation of the program execution algorithm and Section
4 provides the details of the implementation of simulations.

2. Materials and Approaches

This section first presents the equations related to the solar cell model, its technical
specifications, and the topology of the MPP tracker converter. Then, the hill climbing (HC)
tracking method is studied, and based on the concept of the predictive control model
method, the combination of these two methods is implemented in MPPT.
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2.1. PV cell model

As the primary source of energy production in PV systems, the solar cell is of particular
importance. The importance of its modeling and the types of models available for it were
briefly discussed. This study used the most common and simplest solar cell model, called
the single-diode model. It should be noted that this model is mostly used in medium and
acceptable levels of irradiation and is not very suitable for applications with poor
irradiation. Therefore, a simplifying assumption is to consider the appropriate radiation
in the studied time period. If more in-depth studies are needed, two-diode or multi-diode
models are recommended to be considered. The equivalent circuit diagram of a single-
diode solar cell is shown in Figure 1.

Currents Ipn, Is, and Ipv represent the flow of photons, the dark saturation current, and
the output current of the cell, respectively. Also, the series and shunt resistance of the cell
are represented by Rs and Rsh, respectively. As is known, the relationship between the PV
voltage and the current is not linear due to the presence of the diode. Using the KVL laws,
the relationship between the voltage and current of the PV cell [31,38] is represented by
Equation (1):

oy = Ipn — I (e(ivvavI?VRS) - 1) _ Wov IR - LevRs) (1)
sh

where Vr is the thermal voltage obtained based on Boltzmann's constant, the
temperature of the p-n junction, and the electric charge of the electron according to
Equation (2):

_ kT

Vr = p (2)

For each voltage, Equation (3) must be solved to reach the current-voltage
characteristic curve of a PV. In this equation, the photon current shows the dependence of
the problem on solar radiation. The dark saturation current also shows the dependence
of the equation on the ambient temperature. The MPP is usually obtained by adjusting two
series and shunt resistors. The calculation of photon currents and dark saturation is
obtained based on the information in the datasheet of each solar cell based on Equations
(2)and (3) [21, 31]:

Figure 1. The single-diode model of a PV cell [21].
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G
Iph = G_ Usee + Ki(T — Tge) (3)
stc
I = Isc + Ki(T B Tstc)
s — 4
o (to+ BT} )
T

where G is the solar radiation, STC shows the standard test conditions, Gs:« is the
radiation in standard conditions, Ki denotes the temperature coefficient of short-circuit
current, Ts« is the temperature in standard conditions, and kv expresses the temperature
coefficient in open-circuit voltage.

Based on the characteristic curve of solar cells, the voltage-to-current ratio of the cell
can be observed at the operating point of maximum power, and by dividing the cell voltage
by its current, the equivalent resistance of the circuit can be obtained from the point of
view of the solar cell. If there is no change in the amount of solar radiation or temperature
conditions, this value will remain almost constant. Therefore, the equivalent resistance
from the PV point of view at the maximum power operating point will be given by
Equation (5):

Vmp

Ry =72 (5)

Since it is possible to use PVs in different radiations and temperatures, the resistance
equivalent of the MPP must be obtained over a range of radiations. Also, a range for the
minimum and maximum values of resistance equivalent to MPP should be considered so
that the design of the boost converter can have an acceptable efficiency.

2.2. Circuit analysis of an ideal boost converter for MPPT purposes

The circuit schematic of an MPP tracker boost converter is shown in Figure 2. As shown,
the input side of the converter is connected to the solar cell, and the other side is
connected to the load. If the boost converter is assumed to be ideal, i.e., no losses are
considered for switching this converter, based on the law of energy conservation, it can
be said that the input power of the converter is equal to its output power, so it can be
written as Equation (6) [31]:

Vzmp V2,
Pinput = Poutput - Rmp = R, (6)

Sk d

Figure 2. Circuit schematic of a boost converter for MPPT purposes [31].
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Because the purpose is the operation and control of the boost converter in the
continuous current area, a linear relationship is established between the input and output
voltage of the boost converter based on the duty cycle, as given in Equation (7):

Vinp
Y=1"0 (7)

Therefore, by replacing Equation (7) in Equation (6), the relationship given in Equation

(8) is obtained.

R — _fmp (8)
0 =
(1-D)?
The required duty cycle of the boost converter control is provided in Equation (9).
R, = M
(1-D)? (9)

Therefore, the duty cycle is somehow dependent on the relationship between the
equivalent resistance of the solar cell and the output resistance of the boost converter and
is determined based on its ratio.

2.2.1. Determining the range of output resistor

It is assumed that the radiation is at its lowest permissible limit. In other words, it is
placed at the highest value of its permissible range. In such a situation, the duty cycle can
also change from Dmin to Dmax as its allowed value. In this case, the minimum and maximum
values of the output resistance are obtained nu Equations (10) and (11), respectively [34]:

max
Ry

(1 - Dmin)2 (10)

min _
R™ =

R
RMax — D
)

B (1 - Dmax)2 (11)

On the other hand, assume that the solar radiation is at its maximum value; that is, Rmp
is at the lowest value of its allowed range, i.e., R%,". In such a situation, the duty cycle can
also change from Dmin to its allowed value of Dmax. In this case, the minimum and maximum
values of the output resistance are calculated by Equations (12) and (13), respectively:

Rpin — __Rmr’
1- Dmin)2
min
gmax — __fm (13)
(1 - Dmax)2

(12)

2.2.2. Sizing the inductance

According to Figure 2, when the power switch is closed (when the switch is on), the
inductor starts charging and the voltage of the two ends of the solar cell is placed in the
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two ends of the inductor (V, = V},,,,). The turn-on duration of the switch is also 4t = DTs.
Therefore, the current of the inductor starts to increase from its initial value, and the value
of this increase based on the relationship between the voltage and current of the inductor
(Faraday's law) will be equal to Equation (14):

Ai, . DTy D (14)
VL = LA_t i AlL = TVmp = EVmP

Equation (14) determines the ripple value of the inductor current. On the other hand,
since the average current passing through the capacitors is equal to zero, the average
current of the inductor will be equal to the average current of the solar cell, so Equation
(15) is established:

I = Iy (15)

The boundary between discrete and continuous operation is when the current ripple
Ai;is equal to the average current of the inductor I;. So, Equation (16) is established as
follows:

_ DT, DT, DYV, (16)
IL:ALL_)ImI):K: mp_)L=K: mp—>L=7ﬁ

As it is known, the value of the inductor in the critical state can be determined based

. . . Vmp .
on the voltage and current of the maximum power point of the cell. The ratio I—’"” is the

mp
same equivalent resistance (R,,p) of the solar cell. Therefore, we can have [33]:
D Rip \ (Rmp
b= Layorm (1o [fn ) (Ron) a7
£ Ry |\ [

According to Equation (17), it can be said that determining the inductor value is a
function of three parameters: solar cell resistance, switching frequency, output resistance,
and duty cycle. To better understand, Figure 3 shows the depiction of the two equations
given in Equation (17).

30 Rmp(max) 50
R ()

mp

Figure 3. Inductance value based on solar cell resistance, output resistance, and duty cycle [33].
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Figure 3 shows the relationship between the inductor and the resistance of the solar
cell in different output resistances, and the lines with constant slopes represent the same
relationship but in different duty cycles. From the intersection of these curves, the
required inductor values of the boost converter are determined. The lowest allowed value
for L is when the resistance of the solar cell and the diode cycle are at their minimum. So,
we will have Equation (18):

Rmp | Rmp. (18)
Ry | fs

The peak point of the curves in Figure 3 can be obtained by differentiation of Equation

D, )
Lin = ;Lm Rrrrrllzl)n =l1-
s

(17). If it is assumed that Ro is constant, then by differentiating Equation (17) with

respect to the variable Rip and setting it to zero, we will have Equation (19):
L. d __ |Rmp\ Rmp _ |BRmp\ _d (Rmp
dRmp  dRmp (1 Ro ) it (1 Ro )dRmp( fs ) (19)

By applying derivation and simplifying the results, Equation (20) is obtained:

1/ 1 \R Rpmp \ 1 3[R
Lrl1- 22 )==0-1-2 |=2=0 (20)
2 [RoRmp | 1 R, |fs 2 | R,

Therefore, by solving Equation (20) and replacing it in Equation (17), Equation (21) is
obtained as follows:
Rmp 4 1Rmp

> L =—=
R, 9 3 fs

(21)

2.2.3. Determining the duty cycle

The permissible duty cycle range is determined by assuming that the output voltage of
the boost converter is constant and its current is continuous as given in Equation (22):

Vmp nrlrzljax nrlrzl)in
D=1-"25Dpin=1——"2— Dpax =1— (22)
‘/O min ]/O max ‘/0

2.2.4. Sizing the input capacitor

The input capacitor is used to reduce the input fluctuations of the boost converter. This
capacitor is placed in parallel with the solar cell. If the capacitor is not present, the current
passing through the cell changes greatly with a small change in the cell voltage based on
the characteristic curve, and the cell may be far away from the MPP [39]. If the voltage of
the solar cell changes, the electric charge changes in the capacitor, and an opposite current
is generated in the capacitor, which is obtained from Equation (23):

Al = Ci% (23)
Hence, the size of the input capacitor is provided by Equation (24) [39]:

- —ALAt <Dvmp Aty N (1= D)(Vpmp — Vo) At ) 24)
' AV fsL AV, fsL AVnp
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The current passing through the capacitor changes during two-time intervals of At; =
D 1-D
7 and At = o so we have:
B (DVmp D (1—-D) DVppp (1 — D)> _ DV (25)
fsL fsAViy fsL  1—=D fiAVy, fELAV,,,
in which the value of the switching frequency is known, so the value of the input
capacitor will be the function of the duty cycle, the inductance of the inductor, and the

voltage ripple of the solar cell [39].

i

2.2.5. Sizing the output capacitor

The output capacitor is determined to adjust the output voltage ripple. Usually, when
the power switch is ON, the current of the output capacitor is discharged in the resistance,
and therefore its voltage changes according to Equation (26):

DV,
Co, =
fRoAV,

(26)

2.3. Model prediction control method

The use of MPPT with predictive control is presented in this paper. This is due to the
fast dynamic response suitable for controlling this type of system. It can be easily
implemented and included in all types of systems, nonlinear constraints and situations,
and multivariable cases for control and with easy implementation. The desired behavior
of the system is formulated. In this control scheme, the open-loop model is used to predict
and select the desired excitation, which provides a predictive horizon for control
feedback. This means that only the first element of the optimized excitation sequence is
applied and the entire optimization is recalculated at the sampling period. The block
diagram of the proposed predictive control system for the system under study is shown
in Figure 4.

Ve (k)

Ve (k) Predictive
ir (K) Control )

»| Minimization of
g
function

—

A 4

Figure 4. Block diagram of the prediction control [33].
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The output voltage vc(k) and filter current i{k) are measured for prediction by Equation
(27) [33].

x(k+1) = Agx(k) + Bgu;(k) + Bgqio (k) (27)
Where:
Ts T
A, =e"5,B, = J. e4"Bdr,and By, = f e4B,dr. (28)
0
0
The dynamic behavior of the output voltage can be stated as Equation (29):
dve . .
C d—; =i — i, (29)

where C is the capacitor of the filter.

3. Case Study and Results
3.1. Case Study

The solar cell used in this study is a 50-W monocrystalline panel marketed under the
brand name of MartSPM050-M. The specifications are presented in Table 1.

The maximum amount of irradiation in this study is 1000 W/m? and its minimum value
is 200 W/mz2. Studies have been done with irradiances of 200, 400, 600, 800, and 1000
W/mz2

3.2. Data of the boost converter

Some parameters are predetermined by the manufacturer or the standards before the
design for designing the boost converter. These parameters play an important role in
solving the problem. Table 2 presents the technical data required for designing the boost
converter.

Table 1. The technical data of the studied PV cell [33].

Parameter Symbol Value Dimension
Open-circuit voltage Voc 22.53 \"
Short-circuit current Isc 2.97 A
MPP voltage Vinp 18.68 \
MPP current Imp 2.77 A
Temperature.coe.fficient of the open- K, -0.0789 Celsius/V
circuit mode
Temperature coefficient of the short- )
circuit mode Ki 0.1485 Celsius/mA
Irradiance in standard conditions Gstc 1000 W/m?
Temperature in standard conditions Tste 25 Celsius degree
Boltzmann'’s constant k 1.38x10-23 Joule/Kelvin
Charge of an electron q 1.6x10-19 Coulomb
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3.3. Simulation results
3.3.1. Extracting the characteristic curve of the PV cell

The characteristic curve of the solar cell is obtained by Equations (1) to (4) and
according to the technical information mentioned in the datasheet of the solar cell (see
Table 1). The current-voltage curve of the solar cell is shown in Figure 5. Also, Figure 6
depicts the voltage-power characteristic of the cell. The voltage-resistance characteristic
of the solar cell is also depicted in Figure 7.

Table 2. The technical data required for designing the boost converter [33].

Parameter Symbol Value
Switching frequency of IGBT fs 20
Maximum ripple of the PV cell voltage AVip/Vmp 1
Maximum ripple of the converter output voltage AVo/V, 1
Maximum ripple of inductor current AlL/TL 15
Minimum allowable duty cycle Dmin 10
Maximum allowable duty cycle Dmax 60
3.5 .
——200 W/m> === 400 - 600 = = =800 —— 1000
3
D L A
< 2L
_!:'i 1.5
1
0.5
0
0 5 10

Vey V)

Figure 5. The V-I characteristic curve of the PV cell.
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| 200 Win? =+=+=400 = 600 = = =800 —— 1000|
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py {
Figure 6. The V-P characteristic curve of the PV cell.
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Figure 7. The V-R characteristic curve of the PV cell.

Figure 5 shows the dependence of PV behavior on irradiance. The graphs related to
higher irradiation are placed on the top of the other graphs. This means that the higher
the irradiation, the larger the short-circuit current. Also, the current corresponding to the
MPP will increase. From the point of view of open-circuit voltage, irradiation does not
greatly impact the results.

It is inferred from Figure 6 that with the increase of irradiation, the PV power curve is
placed above the other graphs. This means that the ability to extract thermal energy has
increased and it is possible to obtain more solar power. The voltage of the MPP does not
express much changes, but the current supplied by PVs has increased due to irradiation,
and as a result, the power has increased.

From the perspective of the equivalent resistance of the solar cell, it can be seen in
Figure 7 that the increase in irradiation leads to a decrease in PV resistance, and the lowest
amount of resistance belongs to the highest amount of solar radiation. Also, this resistance
changes depending on the voltage at both ends of the panel and shows a strictly upward
and exponential trend with respect to voltage changes. In order to transfer the maximum
power to the load, the impedance must be adjusted and the PV operating point must be
determined. These figures, especially Figure 7, give the minimum and maximum
resistance values of the solar cell in different radiations. In this study, the minimum

resistance of the solar cell is at the MPP, equal to Rrrn“g,” =6.62Q, which belongs to the
irradiation of 1000 W/m?2. The maximum resistance of a solar cell is Ry7* =29.87Q, which

belongs to the irradiation of 200 W/m?2.

Table 3. The results of designing the boost converter components under three different

conditions.

Element Constant R, Limitless Ro Ro with a forced limit
Output resistance () 38.996 | Rheostat from 8.1728 to 186.68 | 1cOStat fr;’;n 8.1728 to
Output capacitor (uF) 75.39 111.90 111.90

Inductance (mH) 1.92 5.97 3.45
Input capacitor (puF) 9.54 3.14 3.14
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3.3.2. Boost converter design using power control tracking

In this part of the simulation, the behavior of the designed converters is examined from
two viewpoints, including:

Scenario 1: The constant output resistance, constant irradiation, and initial duty cycle
value are set to 35%. By changing the constant-step duty cycle, the converter tries to track
the power point using the HC method, without violating its allowed range.

Scenario 2: The output resistance is variable, the irradiation remains constant, and
only the cell output voltage fluctuates by 10%, the constant-step duty cycle tries to adjust
the output voltage of the boost converter.

To examine the above scenarios, it is necessary to implement them with MATLAB
software. The Simulink toolbox was used to simulate this method. The circuit diagram of
the implementation of this converter in MATLAB software is shown in Figure 8.

Duty Cycle Limits

Intial Value for D output (Dinit)
Upper Limit for D output (Dmax) Duty Cycle
Param
Lower Limit for D output (Dmin) [ o1 | Enabled
nabple
petta D S e
ED>—1
Control Circut
V_PY
JA<V_PV>
m
(I P
Irradiation = e EEB‘
C_in i % C_o i R_o %
) s ﬁ T
Temp : .
PV Arrey 1
|: Boost Converter
Continuous

Solver

Figure 8. A schematic of the circuit implemented in the Simulink toolbox.
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Figure 9. The performance of the power tracking system in achieving the MPP by adjusting
the duty cycle at constant output resistance.
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Figure 10. The effect of changing the output resistance (relative to the optimal value) for
MPPT in the irradiation of 400 W/mz2.

The amount of radiation remains constant during each simulation, but the voltage of
the solar cell and the current passing through it change, and the duty cycle must increase
or decrease its value (with a constant step) based on the MPP. In the case that the
resistance is constant, only the duty cycle can be effective in the results of the problem.
Nonetheless, if the resistance is chosen as a rheostat, changing the resistance can also be
used as an auxiliary solution.

Scenario 1 (constant output resistance): Figure 9 shows the performance of the
power tracking system for different irradiations. The information about the inductor,
capacitors, and output resistance is taken from the information in the first column of Table
3 and applied to the simulation.

Figure 10 illustrates well the result of the distance of the output resistance value from
its optimal value. As is evident, the MPP is found faster in the selected optimal value than
in other cases. As the distance from the optimal value increases, the time to reach the MPP
also increases. The second remark is that changing the value of the output resistance has
led to a change in the duty cycle. In the case of irradiation of 400 W/m?, it can be seen that
the duty cycle is not limited. Only if the output resistance is halved (striped blue), the
tracking system reaches its limit and the solution will not be very acceptable. The third
remark is that the less the irradiation, the higher the possibility of the system not being
able to reach the duty cycle. The duty cycle limitation may lead to the lack of access to the
correct solution. On the other hand, increasing the output resistance may cause the system
to face a high duty cycle limit. Another factor indicating the correctness of the design of
the proposed tracking system is examining the amount of input voltage ripple, inductor
currentripple, and output voltage ripple in each of the MPPs obtained in the system, which
is shown in Table 4.

Scenario 2 (variable output resistance): In this scenario, the output resistance is not
constant and is designed based on the second column of Table 3 of circuit elements. The
analysis of scenario 2 is also similar to scenario 1, with the difference that the results are
not checked only in one output resistance but the justification of the system's behavior in
a range of resistances from 8.17 to 186.68 () must be investigated. The ability of the
system to find the MPP in different ranges of irradiation and output resistance is one of
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the important issues. First of all, in the beginning, it should be determined what range of
output resistance will be acceptable for each irradiation, and in that determined range,
the tracking system can find the MPP suitably.

Table 4. Investigating the technical parameters of the MPP tracker converter in different
irradiations (constant output resistance).

. . Input voltage Inductor current Output voltage
Irradiation Resistance of solar . K i . i .
ripple in the MPP ripple in the MPP ripple in the MPP
(W/m2) cell
(%) (%) (%)
200 32.38 0.2 10.0 0.2
400 16.61 0.63 14.88 0.63
600 11.18 0.79 13.93 0.79
800 8.40 0.93 11.95 0.93
1000 6.75 0.99 10.30 0.99
2004 . :
. =—o=—Minimum Ro Limit
. = 0 =Maximum Ro Limit
150 s
——— \\
£ K
Q 100 o,
o} e ~ .
= ~ .
‘n-o_ -~ -1
50r i : | e 1
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o | | T
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Figure 11. The permissible range of output resistance of the MPP tracker converter in
different irradiations.
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Figure 12. The duty cycle behavior in the upper and lower ranges of the output resistance for
irradiations of (a) 200 W/m2 and (b) 1000 W/mz.
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According to Figure 11, it can be concluded that firstly as the irradiation decreases, the
minimum and maximum allowed value of the output resistance must increase and it will
not be possible to reach the MPP in smaller resistances. The justification for this behavior
is given in Equation (8). As it is clear in this equation, when the irradiation is low, the duty
cycle needs to be higher to maintain the stability of the system, so the value of the output
resistance will be larger. Secondly, the higher the radiation, the smaller the distance
between the minimum and maximum allowed output resistance. In other words, the range
of permissible variations of the output resistance will be lower. It is also possible to justify
this according to Equations (10) to (13). It is clear in these relationships that with the
increase in irradiation, the range of duty cycle variations decreases, so the range of output
resistance variations becomes narrower. Another essential issue in Scenario 2 is
specifying the range of duty cycle variations in each of the irradiations and output
resistance limits determined in Figure 12, whose result is displayed in Figure 13.

The cycle should also be less than the allowed value, which will not be acceptable. Also,
the higher the irradiation, the higher the duty cycle in a shorter period of time. Calculating
the ripples of inductor current and input and output capacitor voltages is another
important parameter in understanding the behavior of the power tracker converter,
whose results are shown in Table 5. Analyzing the output voltage of the system in different
irradiations and the resistance of different outputs is illustrated in Figure 13. According
to Figure 11, larger resistances will bring the duty cycle closer to the maximum, and
smaller resistances will bring the duty cycle closer to its lower limit.

Table 5. Variations in the ripple of the input voltage, output voltage, and inductor current for
different resistances and irradiations.

Irradiation Output Input voltage ripple in | Inductor currentripple | Output voltage ripple in
(W/m2) resistance the MPP (%) in the MPP (%) the MPP (%)

37.300 0.182 0.529 0.113

49.734 0.401 4.381 0.180

73.890 0.558 8.269 0.215

88.810 0.668 9.897 0.214

200 105.151 0.829 11.232 0.191
131.439 0.872 12.897 0.176

150.266 0.921 13.811 0.165

165.543 0.963 14.434 0.158

8.171 0.215 0.470 0.681

14.920 0.3765 2.001 1.001

1000 25.222 0.533 2.325 0.810
38.011 0.803 3.547 0.672
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Figure 13. The behavior of the output voltage in different irradiations and output resistances.

4. Conclusions

It can be concluded that the proposed power tracker converter could find the MPP
within the designed range of the output resistance so that the duty cycle did not violate
its predetermined range. Also, the MPP was found to be highly dependent on the solar
irradiance, and since the step related to tracking the power in this method was assumed
to be constant, the system tracks the MPP very quickly around irradiation amounts of 400
to 600 W/m2. However, the time to reach the MPP will be longer as the irradiation value
deviates further from this range. Moreover, the higher the output resistance, the greater
the tendency of the tracking system to move towards larger duty cycles to track the MPP.
As the resistance decreases from the optimal value, the duty cycle will move towards its
minimum value. The designs showed that the proposed method would lead to maintaining
the ripples in the input capacitor voltage, output capacitor voltage, and inductor current
within their allowed range. The results demonstrated that the variable resistance method
worked in a wider working range than the constant resistance method. Therefore, it
would have a more comprehensive performance. Nevertheless, the computational burden
of the constant resistance method was less. This method can be used as a simple method
for PV energy management. The simulation effects demonstrated the efficacy of the
proposed technique in attaining the objectives. The counseled technique can correctly
song the MPP inside a vast spectrum of solar radiation while ensuring that the duty cycle
remains inside its permissible variety.
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