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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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industrial reports of green energy and its impact on the eco-environment.
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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
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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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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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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.
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ABSTRACT

Keywords:

Wind turbine,
Renewable energy,
Grey wolf algorithm,
Electric vehicles,
Distributed generation.

Today, due to environmental and political reasons, countries
around the world are required to use green energies, such as wind
and solar energy. Also, most countries have switched to using
electric vehicles (EVs) to reduce environmental pollution. Since
smart distribution systems’ distributed generation (DG) power
output is limited, this paper addresses this issue by planning

charging parking lots of EVs. The problem was formulated as a
nonlinear optimization model. The objective function was to
increase the power output, reduce the loss cost, and reduce the bus
voltage deviations. Also, technical and economic limitations were
considered in solving the planning problem. The uncertainty of
consumption load, the behavior of EVs, and the output power of
wind DGs were modeled using a combination of Monte Carlo and k-
means methods. The improved gray wolf optimization (IGWO)
algorithm was adopted to optimize the objective function. A
standard IEEE 33-bus smart distribution system was studied to
show the efficacy of the suggested solution. The results
demonstrated the proposed solutions' high performance in
improving the wind DG power output of the distribution system
(PODS).

Article history:

Received: 04 November 2023;
Revised: 10 December 2023;
Accepted:02 January 2024;

Article type:

Research Article

1. Introduction

Owing to technological advances, increasing environmental concerns, and efforts to
reduce electricity costs, distributed generation (DG) in smart distribution systems is
increasing. However, the DG power output of the distribution system (PODS) is limited.
The growing use of solar and wind power plants, which are renewable energy sources,
has highlighted the issue of their limited reliability compared to fossil fuel-powered
generators. Consequently, there is a demand for energy storage devices. The power grid
relies heavily on primarily producing electricity from thermal power plants, which, in
turn, depend upon fossil fuels. This reliance is mostly due to the consistent and reliable
energy generation they offer throughout each hour of the day. Unluckily, this reliability
level is not yet achievable with clean wind and solar power plants.

Journal of Green Energy Research and Innovation 1(1) (2024) 1-15
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The issue of poor reliability in solar and wind power plants can be mitigated by
including electric vehicles (EVs). However, technological and economic constraints hinder
the widespread adoption of these vehicles. This study demonstrates the impact of
effectively integrating and managing renewable resources and EVs to enhance the
system’s power quality. The present study aimed to employ an emerging technology in
the field of smart distribution systems that includes EV charging parking lots to enhance
the DG power output of the smart distribution system. So far, many scholars have focused
on increasing the DG power output of smart distribution systems.

Ref. [1] adopted an improved meta-heuristic optimization algorithm to optimally size
and allocate DGs in a distribution system to finally enhance the power output of the smart
distribution system. The results showed that resource planning could increase the power
output of the 33-bus system by up to 4.5 MW. Ref. [2]| improved the power output of a
smart distribution system of solar cells by controlling the active and reactive power of
solar cells and transformer tap changers.

Refs [3,4] analyzed a set of solutions for modeling the problem of improving PODS.
They focused on three methods: stochastic planning, deterministic planning, and planning
based on fuzzy logic and feasibility. The second and third methods were used to
strengthen the PODS and protect the smart system by reversing the direction of the power
flow through the main feeder. Refs. [5,6] determined the optimal DG power output of a
smart distribution system based on the reactive power compensation approach by flexible
AC transmission system (FACTS) devices in the distribution system. In the planning phase,
they determined the optimal place and capacity of DG and reactive power compensators
in the distribution system. Then, the optimal operation of DGs was addressed by
considering the technical limitations of the distribution system in the operation phase.

Refs. [7,8] considered the challenges of the distribution system to accept DGs,
including the constraints on the power flow in the feeders, the limitation of the bus
voltage, the limitations of the power quality, such as the system’s harmonics level, and
also the limitations of the time coordination of the protective relays. These references
considered the demand-side management programs, the utilization of electric energy
storage devices, transformer tap-changer control, and reactive power control in the
distribution system to be effective for improving DG PODS.

Refs. [9-11] evaluated distribution system reconfiguration methods to be economical
and effective in improving PODS. However, solving this model was complicated due to the
non-linearity of the optimization problem and the large size of real distribution systems.
Therefore, they sought to design an innovative method to solve the problem.

Refs. [12-16] considered the presence of inverter-based DG as the cause of injecting
harmonics in the system and sought to locate active filters in the distribution system with
high DG penetration. In [17,18], two robust and smart methods were used for optimal
management of the load in smart grids to enhance the voltage profile and shed the peak
load. Both methods improved the system’s load factor and the smart grid’s performance
and planning.

Journal of Green Energy Research and Innovation 1(1) (2024) 1-15
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Refs. [19,20] studied methods for calculating the power output of the low-voltage
distribution system. The authors considered that the power output evaluation methods
included deterministic, probabilistic, and time-domain methods. These methods differed
in accuracy, input type, time, and burden of calculations. Probabilistic methods were more
optimal in uncertainties than conventional methods. Also, Ref. [21] dealt with locating and
increasing the capacity of fast charging stations for EVs and DG in smart systems, taking
urban traffic issues into account.

Asis evidentin the literature review, there are various techniques to improve DG PODS,
such as DG planning, reactive power compensation, energy storage locating,
reconfiguration planning [22], the application of FACTS devices [23], and voltage control
and power factor control of resources and demand side load management. The present
research proposed planning EV charging parking lots as a technique to boost the DG PODS.
The goal was to evaluate the potential of planning EV charging parking lots to improve the
wind DG PODS. Based on the literature review, some unresolved issues have not yet been
explored by scholars and require additional investigation as a research concern.

This article delves into a few of these issues. The following are the research gaps:

e The concurrent integration of electric car capacity into the system alongside wind
sources has been neglected.

e The ramifications and challenges it poses in the process of planning have not been
acknowledged.

e The majority of the articles reviewed in this field are single-purposed.

Thus, based on the drawbacks identified in previous research, the present work has the
following contributions and innovations:

e Taking the unpredictability of power demand, the availability of wind energy, and the
presence of electric vehicles into account

e Employing the Monte Carlo approach to perform uncertainty calculations

e Utilizing the enhanced gray wolf algorithm

Section 2 discusses the formulation suggested for planning wind DG and EV charging
parking lots. Also, the algorithm for solving the research problem, the method of modeling
the uncertainties of the system load, the loading coefficient of the charging parking lots,
and the wind speed are presented. Section 3 describes the studied distribution system and
presents and analyzes the results. In the end, conclusions are provided in Section 4.

2. Materials and Approaches
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. Objective function

Equation (1) shows the objective function.

Journal of Green Energy Research and Innovation 1(1) (2024) 1-15
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Np Np Ny
MinF=—ZC1degi+ZC2xAVi+ZCgxlossj (1)
i=1 i=1 j=1

where Pdgi represents the capacity of DG in bus I, i represents the bus number, Np
represents the total number of buses, j represents the index of branch counter, Nt
represents the total number of feeders, C123 represents the cost coefficients in the
calculation of objective function terms, lossj represents the loss of feeder j, and AVi
represents the voltage deviation of bus i. As can be seen, the objective function in the
optimization problem includes maximizing the total capacity of renewable DG installed in
the distribution system buses, reducing the cost of losses, and reducing the voltage
deviations of the system buses.

2.2. Constraints

To optimize the objective function, a set of economic and technical constraints are
considered in the distribution system’s operation, described below.
2.2.1. Consistency of active power in the entire system

According to Equation (2), the total active power generated in the system minus the
total active loads must equal the system’s total active losses.

Pgeneration — Proad = Pross (2)
2.2.2. Consistency of reactive power in the entire system

According to Equation (3), the total reactive power produced in the system minus the
total reactive loads has to equal the system’s total reactive losses.

Qgeneration — Qroad = QLoss (3)
2.2.3. Active power balance in each bus

According to Equation (4), the total active power produced in the i-th bus (Pci) minus
the total active power consumed in the i-th bus (Ppi) equals the total active power
transferred from the i-th bus to the j-buses connected to this bus.

Pa, = Po,= ) Prvo) 4

2.2.4. Reactive power balance in each bus

According to Equation (5), the total reactive power produced in the i-th bus (Qgi) minus
the total reactive power consumed in the i-th bus (Qpi) equals the total reactive power
transferred from the i-th bus to the j-buses connected to this bus.

Q6= 0o, = ) Qico (5)

2.2.5. Bus voltage limitation
According to Equation (6), the bus voltage (Vi) must be limited between Vmin and Vmax.
According to IEEE standards, the bus voltage limit is set at 5% in this paper.
Vimin < Vi < Vimax (6)
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2.2.6. Limitation of heat capacity of the feeder

According to Equation (7), the power flow through the feeder should observe the
thermal limit of the feeder.
fcb < FCmax (7)
This paper examines the thermal limit of the lines based on the highest apparent power
flowing through them. The value of this limit is set at 1000 MVA for the lines.

2.2.7. Constraint of the total number of EV charging stations

According to Equation (8), the total number of EV charging stations that can be

installed in the system buses (Nev) is limited to Nev,max.
BE‘U

2 N€17 S Nev,max (8)
ev=1

2.2.8. Constraint of the maximum capacity of EV charging parking lots

Equation (9) states that the capacity of EV charging parking lots installed in the
distribution system (CAPev) is limited to CAPev, max.
CAR, < CAPev,max 9)

2.2.9. Limitation of candidate busses for installing EV charging parking lots

According to Equation (10), in all buses of the system (B) except for the buses that were
candidates for installing charging parking lots (Bev), the number of charging parking lots
for EVs is considered equal to zero.

N,, =0 Vev € B—B,, (10)

2.2.10. Constraint of the total number of DGs

According to Equation (11), the total number of DGs used in system buses (Ndg) is
limited to ng, max.
dg=1BdgNdg<Ndg, max (11)

2.2.11. Constraint of the maximum capacity of DGs

Equation (12) states that the total DG capacity installed in the distribution system is
limited to CAPdg,max.
CAPdg<CAPdgmax (12)

2.2.12. Limitation of the number of candidate buses for installing DGs

According to Equation (13), the number of DGs is considered equal to zero in all the buses
of the system (B) except for the buses that were candidates for the installation of DG (Bdg).
Ngg =0 Vdg € B— By, (13)

2.3. IGWO Algorithm

The improved gray wolf (IGWO) algorithm was introduced in 2018 [24]. This
algorithm is a mathematical model derived from gray wolves' social behavior and hunting
technique. The IGWO algorithm is a metaheuristic algorithm that mimics the social
behavior of gray wolves during hunting by utilizing a hierarchical structure. The
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technique relies on demographic data, follows a straightforward procedure, and can be
applied to more complex issues. The process consists of three primary stages:
e Observing, tracking, and pursuing the prey
e Approaching the prey closely, surrounding it, and deceiving it until it ceases its
movement
e Attacking
The top three solutions in the IGWO algorithm are distinguished by a, 8, and 9,
respectively. w characterizes the rest of the solutions. The GWO algorithm is guided by «,
B, and §, with w subsequently following them. As previously stated, gray wolves besiege
the prey. Equations (14) and (15) provide a mathematical representation of its action.
D=|C.X,(t) - X ()| (14)
Xt+1)=X,t) -A.D (15)
in which t is the current iteration, D is the track and direction vector, 4 and C are
coefficient vectors, Xp is the prey position vector, and X is the position vector of a gray
wolf. A and C vectors are calculated using Equation (16) and (17):
Here, t represents the current iteration, D denotes the track and direction vector, A and
C represent coefficient vectors, X, shows the prey position vector, and X represents the

position vector of a gray wolf. The vectors A and C are computed using Equations (16) and
(17).

-

A=2da -a (16)
C=27 (17)

In Equation (16), a is decreased linearly from 2 to 0 during iterations, and rz and r2
represent random vectors in the range of 0 and 1. As shown in Figure 1, a gray wolf’s
location is updated based on the prey’s location.

The present position of various agents can be achieved by modifying the dimensions
of vectors A and C. Consequently, a gray wolf can adjust its location within the vicinity of
its prey by employing Equations (16) and (17) at random positions. The IGWO algorithm
was presented to improve the original gray wolf algorithm. The basic algorithm has two
flaws that could be enhanced [24].

The initial issue was related to the convergence factor, whereas the subsequent
problem arose from a novel approach to determining the position of a wolf. This approach
involved calculating the average of the motions of three specific wolves, namely alpha,
beta, and delta. Enhancements were made to the two components of the GWO algorithm.

The convergence factor "a" exhibits a linear variation from 2 to 0 in the GWO algorithm.
Nevertheless, the equation for the convergence factor was modified to Equation (18) to
enhance detection and operation:

a=2 (1 - (i_ 1)1'5> (18)

where t represents the current iteration and tmax denotes the maximum number of

iterations.
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Figure 1. The IGWO position update [24].

The selection of the omega wolf's place in the hierarchy pyramid in the IGWO algorithm,
as indicated by Equation (19), is mostly determined by the relative ranking of the three
wolves.

Q@)

Q(B) Q)
¥ =Xe |5 )+Q(,8)+Q(6)]+XB [Q( )+Q(,8)+Q(5)]+X5 e )+Q(ﬂ)+Q(5)] (19)

The new position of the gray wolf is calculated based on hierarchal weight, where the
alpha wolf has more weight than the two other wolves. Q is wolf fitness in. Therefore, the
omega wolf gets different weights from the three wolves according to their hierarchy. The
gray wolf's new position is determined through hierarchical weighting, with the alpha
wolf carrying greater weight than the other two wolves. The variable Q represents the
fitness of the wolf in Equation (19). Consequently, the omega wolf receives distinct
weights from the three wolves based on their order.

2.4. Uncertainty modeling

Uncertainties in the desired planning model include system consumption load, loading
factor of the charging parking, and output power of wind DG. To model the uncertainty of
the consumption load of the distribution system and the loading coefficient of the EV
charging parking lot, the normal probability distribution function with the mean (p) and
standard deviation (o) is used according to Equation (20):

P, — 2
fra(Pa) = exp(— L1 Ha)y (20)

1
{2moy 205
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Also, the Weibull probability distribution function is used to model the wind speed
according to Equation (21) with parameters of shape factor c and scale factor k [25].

kv v
fu@) = = Lexp [~ (21)
The enhanced gray wolf method is a recent meta-heuristic algorithm that effectively
solves multi-objective optimization problems. It has been extensively tested on many
basic and complex functions in reference [24], yielding favorable results. Hence, in this
study, given that our objective function is a three-objective function with numerous
restrictions, it is advisable to employ this approach for its resolution.

3. Case Study and Results
3.1. Case Study

To show the effectiveness of the proposed solution, the standard IEEE 33-bus smart
system with a single-line diagram was studied according to Figure 2. The backward-
forward-sweep load flow approach is commonly employed for radial distribution
systems. We employed this technique in the present work to execute load distribution
[25].

To implement the simultaneous planning of wind DG and EV charging parking, it was
assumed that all system busses, except for the primary substation, were candidates for
installing DG and parking lots. The goal was to determine five buses in the system to install
EV charging parking and five buses to install wind DG. The maximum capacity of EV
charging parking lots in the entire system was considered 3.5 MVA. Also, the DG
installation capacity in each bus was set at 2.5 MW. The study was carried out for one year,
equivalent to 8760 hours. The expression of the objective function included the weighted
sum of the cost of losses and the voltage deviations of the system buses minus the installed
capacity of wind DG.

In evaluating the objective function expression, the cost of each kWh oflosses was 4000
IRR, and the violation cost of each per-unit of system bus voltage deviations was 400
thousand IRR/h. If the power flow through the system feeders exceeded the thermal limit
of the feeder (6.6 MVA), the objective function would be penalized 100 billion IRR.
Uncertainties considered in solving the planning problem included the uncertainty in the
system load, the load of EV charging parking lots, and the output power of wind turbines.
To model the uncertainty of distribution system consumption, the normal distribution
function was used with the mean and standard deviation values of 100% and 10%,
respectively. Wind speed uncertainty was also modeled by the Weibull distribution
function with shape and scale factor equal to 7 and 2, respectively.
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Figure 2. The standard IEEE 33-bus smart system and IGWO flowchart.

Also, the uncertainty of the charging profile of EVs was modeled with a normal
distribution function with a mean and standard deviation of 70% and 20%), respectively.
After designing the probability distribution functions with the mentioned parameters, a
thousand samples were taken from each probability distribution function simultaneously
with the random command. In this way, a 1000 x 3 matrix was built, in which the first to
third columns show the system load factor, the EV charging parking lot load factor, and
the wind turbine output power, respectively. Normally, it is unnecessary to study a
thousand operation scenarios in a planning problem. To reduce the volume of
calculations, the thousand scenarios generated from each variable with uncertainty were
reduced to five scenarios using the data mining method. Figure 3-Figure 6 show the
histogram curve of the system loading factor, charging parking loading factor, wind speed,
and output power of the 500 kW (0.5 MW) wind turbine obtained by taking a thousand
samples from specific probability distribution functions, respectively. By applying the k-
means algorithm to 1000 samples, 5 scenarios of system load factor, charging parking load
factor, and wind turbine output power of 500 kW were obtained according to Figure 7-
Figure 9. Also, the probability of the occurrence of each scenario is shown in Figure 10.
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Table 1 provides a summary of the implementation considerations of the proposed
solution. The proposed solution is simulated below by considering five possible scenarios.
To perform the optimization, the gray wolf algorithm whose settings are presented in
Table 1 and Table 2 was used.

3.2. Analysis of results

This section discusses the simulation of the suggested solution. The aim was to find the
place and size of EV charging lots and wind DG optimally to improve the DG PODS and
reduce operating costs. Figure 11 shows the improvement process of the objective
function. In this curve, the horizontal and vertical axes represent the number of iterations
and the objective function, respectively. Also, Table 3 and Table 4 show the optimal
solution, including the place and size of the charging parking and wind DG. The optimal
capacities were set as the maximum installation capacity of DG, which was used according
to uncertainty coefficients in operating conditions. The distribution system’s performance
was evaluated after applying the optimal solution to the distribution system. Figure 12 to
Figure 15 show the bus voltage curve, the power flow through the feeders of the
distribution system, the losses of the feeders of the distribution system, and the voltage
deviations of the system buses in the optimal state compared to the normal state,
respectively.

Table 1. Technical and economic data of the hybrid energy system component.

Parameter Value
Candidate buses for charging parking Buses 2 to 33
Candidate buses of wind turbines Buses 2 to 33
Maximum capacity of the charging parking lot 3.5 MWA
The total capacity of wind turbines in the bus 2.5 MW
C1 coefficient 1000
Cz coefficient 400 thousand IRR/per-unit hour
Cs coefficient 10 billion IRR
The cost of losses 4000 IRR/kWh

Table 2. Optimization algorithm settings.

Variable Value
The number of iterations 50
Population size 100
r1 coefficient Rand [0,1]
r2 coefficient Rand [0,1]

Table 3. Optimal location and installation capacity of charging parking lots.

Bus number 21 20 9 19 25
Capacity (kW) 490 830 370 590 180

Table 4. Optimum location and installation capacity of wind DGs.
Bus number 18 3 19 9 20
Capacity (MW) 1.7 3.9 2.9 2.5 4.05
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Accordingly, the voltage curve of the system buses improved considerably. Also, the
power flow through the system feeders was such that it followed the thermal restrictions
of the system feeders, which was 6.6 MVA. According to the results, the losses of system
feeders in the second and fifth scenarios increased compared to the primary distribution
system. Nonetheless, the loss of the whole system was improved compared to the initial
state. It should be noted that in the process of evaluating DG PODS, system losses should
not increase from the initial value.
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4. Conclusions

The research aimed to plan EV charging parking lots to improve the electrical
parameters of the smart distribution system and increase the wind DG PODS. The problem
was formulated as a nonlinear optimization model. The objective function included
reducing losses, reducing voltage deviations, and increasing the power output of the smart
system. In solving the optimization problem, a set of technical and economic constraints
were considered. To achieve robust optimal solutions, the uncertainties of charging
parking lots, smart grid consumption, and wind speed were modeled by combining Monte
Carlo and k-means methods. The gray wolf algorithm was adopted to address the
optimization problem. Studies were done on the standard IEEE 33-bus smart system to
demonstrate the effectiveness of the proposed solution. The results showed the high
efficiency of the proposed solution.

In summary, the following outcomes were achieved:

¢ Employing the enhanced gray wolf algorithm for solving the multi-objective problem

e Taking several uncertainties related to wind resources, load, and cars into account

e Evaluating the outcomes with the clustering technique

Prospective projects and concepts:

e Utilizing alternative meta-heuristic techniques to address the problem and
subsequently comparing the outcomes

e Taking the availability of solar resources in the power grid into account

e Implementing an electric spring in the system to enhance electrical flexibility
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ARTICLE INFO ABSTRACT

Keywords: This study focuses on achieving a self-healing network with high
Smart grid, reliability and minimal losses by discussing the optimal placement
Self-healing, of distributed generation (DG) sources in the network using the
Optimal location, particle swarm algorithm (PSO). Optimal placement not only
Distributed energy reduces losses but also enhances the voltage profile and enhances
resources. system reliability. Consequently, the paper explores the concept of

a self-healing smart grid. Smart grids possess a crucial attribute
known as self-healing, designed to enhance the system'’s

Art.lde history: dependability. The self-healing power grid can detect and rectify

Received: 04 December 2023; . . AT S & ] g

Revised: 11 January 2024; disruptions within its infrastructure with minimal or even absent

Accepted: 23 January 2024; human intervention. This study examines a standard IEEE 69-bus
network and presents results demonstrating the network's safety,

Article type: the prevention of blackouts, the reduction of losses, and the

WeseEmdh S substantial enhancement of the voltage profile.

1. Introduction

The growing demand for clean and affordable energy, along with advancements in
renewable resources technology, has led to a rising trend in distributed generation.
Conversely, the utilization of distributed generation (DGs) units in energy distribution
networks can yield several outcomes, including loss reduction, enhanced dependability,
improved voltage profile, and enhanced power quality in electrical distribution networks.
The strategic placement of DGs inside a distribution network is crucial for attaining these
objectives. Within distribution networks, the voltage profile is inadequate in terms of
voltage magnitude, and power loss is unavoidable. Therefore, the investigation of the
impact of DGs is necessary to enhance the voltage profile magnitude, minimize losses, and
improve reliability. Additionally, determining the optimal location of these sources is
crucial in achieving these objectives. Parametric relations and cost functions are utilized
in [1] to determine the optimal placement of DGs in a network with unbalanced loads.
Additionally, the group search optimizer (GSO) is employed as a novel method for
resolving unbalanced power flow. This is one of the recently developed algorithms in the
field of neural networks. The paper [2]| presents a method for determining the best
location for DGs by minimizing the overall energy loss. This method uses nonlinear
programming and optimal power flow (OPF) techniques, taking into account operational
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constraints and uncertainties in load and power generation resources in the IEEE 33-bus
test system. The unit commitment (UC) problem is addressed in [3] using a novel
evolutionary approach. The conventional objective function of the UC problem involves
taking into account the pertinent parameters of the wind farm and aiming to enhance the
quality of life by incorporating wind units. This can be achieved by minimizing the annual
economic losses, which encompass the expenses associated with installation, operation,
and maintenance, in addition to fluctuations in voltage and losses of power in the buses.
The paper [4] discusses a novel multi-objective whale optimization algorithm (MOWOA)
designed specifically for solving multi-objective problems. The study [5] focuses on
enhancing the cost function or cost-effectiveness of electricity generation by strategically
allocating wind, solar, and hydroelectric systems. The system assesses the degree of
penetration (ranging from 0 to 100%) of various systems and develops generators that
effectively transition to renewable resources.

The advanced search group algorithm (ESGA) [6] has been used for the purpose of
optimizing the placement of DGs in distribution networks. The system utilizes radial
networks (RDNs) to minimize power losses, enhance voltage stability, and improve
voltage profiles. It effectively enhances network performance by employing appropriate
power. Reference |7| presents a method that utilizes non-linear programming and the
crow search algorithm to optimize the placement and sizing of hybrid SFCLs in
distribution systems with synchronous DG. The objective is to minimize the size of the
SFCLs and the operating time of the OCR, while also enhancing protection coordination
with minimizing installation expenses. The paper [8] presents an optimal approach for
positioning and assessing type IV induction generators in extensive wind farms. The
objective is to effectively incorporate type IV induction generators and wind farms into
unbalanced three-phase distribution networks. This study focuses on minimizing losses
by utilizing Unified Power Quality Conditioner (UPQC) as a means of reactive power
support, in conjunction with the Particle Swarm Optimization (PSO) algorithm. The
outcomes of a two-step economic plan in [9] for incorporating synchronous DGs into
conventional distribution networks validate the enhancement of protection coordination
and economic metrics in comparison to power flow studies. Ref. [10] presents a method
based on evolutionary optimization for determining the optimal location and
reconfiguration of DGs in the standard IEEE 33-bus system. This method leads to
considerable enhancements in voltage characteristics, reduction in power loss, and
improved system reliability.

According to [11], an optimal approach is suggested for determining the quantity and
placement of DGs in distribution networks, using nodal pricing as the basis. This study
employs an enhanced artificial bee colony algorithm on a practical 38-bus system with
voltage- and frequency-sensitive loads, with the objective of maximizing the profit of the
distribution company. The researchers in [12] propose a highly effective approach to
optimize the placement and capacity of DGs and transformers tap in distribution
networks by analyzing and considering uncertainties. This is realized by minimizing the
loss and improving the voltage stability using probabilistic nonlinear optimization. The
study [13] employs three multi-objective algorithms to determine the optimal placement
and quantity of DGs in power systems. The effectiveness of this approach is evaluated
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using the standard IEEE 33-bus distribution network, and the results demonstrate a
notable decrease in active power losses by strategically placing DGs, thereby enhancing
system performance. In [14], a proposed approach suggests integrating electric vehicles
(EVs) into unbalanced distribution systems using an optimal coordinated strategy. By
employing Vehicle-to-Grid (V2G) technology and demand-side management for EVs, this
method effectively finds resources that result in decreased power losses, enhanced
voltage parameters, and lowered operating expenses. In their study, researchers in [15]
suggest an optimal method for determining the location, generation level, and scheduling
of energy storage sources with DGs in distribution networks. This methodology utilizes
loss sensitivity factors and addresses uncertainties to prevent voltage deviation and
minimize the voltage deviations and active power losses.

The objective of [16] is to reduce active and reactive power losses in power networks
by implementing a genetic algorithm (GA) to maximize the capacity of DGs. Through
simulation on standard IEEE 30- and 118-bus systems, this technique proves to be a
promising strategy for sustainable energy systems. In [17], a novel approach is suggested
to enhance voltage stability and reduce power losses in radial distribution networks. This
approach involves the optimal positioning of DGs, network reconfiguration, and voltage
control at buses using a gray wolf optimization algorithm for a multi-objective function. It
enhances the voltage stability of the tested system to a notable extent. The researchers in
| 18] examine how the rated power and overall capacity of solar modules impact energy
loss in radial distribution networks. They find that their multi-objective control strategy
is more effective than alternative approaches in attaining reduced energy loss. The
recommended power rating for each individual unit and the overall capacity for all units
are provided to ensure the installation of an efficient solar system.

The strategy proposed in [19] aims to enhance voltage regulation in order to optimize
distributed energy storage in imbalanced distribution networks. The researchers in this
study utilize thorough voltage analysis to ascertain the most advantageous placement and
dimensions of Distributed Energy Storage Systems (DESS) while simultaneously reducing
costs with an enhanced gray wolf minimization technique. This approach effectively
enhances voltage projects in unbalanced distribution networks, while also ensuring
economic efficiency.

Based on the analysis of various articles and references, it has been observed that the
strategic placement of generation sources in order to minimize losses, enhance voltage
stability, and reduce network expenses has been achieved through methods such as
optimization algorithms, solving non-linear equations, energy storage, and adjusting
transformers tap. However, none of these approaches have addressed the issue of
network self-healing, which will be the focus of this article.

This paper presents the architecture of a self-healing network that exhibits great
dependability and minimal losses. To achieve this objective, the PSO algorithm will be
employed to locate DG units throughout the network. Among the existing algorithms, this
algorithm provides the most optimal solution, and the main reason for selecting this
specific algorithm is its convergence speed, which presents the desired results in the least
possible time. Identifying the most suitable locations for these sources will not only lead

to a substantial reduction in losses but also enhance the voltage profile and the system's
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reliability. Subsequently, the discussion will focus on the enhancement of network
intelligence and self-healing capabilities. In this study, we examined the conventional 69-
bus network and analyzed the simulation outcomes. Next, the second section will discuss
the allocation of DGs to minimize losses, while the third section will outline the suggested
self-repairing algorithm. This article is structured into five sections, with Section 1 serving
as an introductory overview of the topic. Section 2 provides an explanation of the
relationships associated with the placement of DGs to minimize losses, utilizing the PSO
algorithm. Section 3 provides a comprehensive explanation of the theoretical framework
behind the proposed self-healing algorithm. Section 4 outlines the outcomes of the
software simulation test, while Section 5 provides the final conclusion.

2. Allocation of DGs to reduce losses

The PSO has been adopted here to find the proper size and location of DGs in a distribution
system. The optimization problem is formulated as follows:
Min f (x)st.x, eX,,i=12..,N (1)

where f(x) is the objective function, and x is the sum of each of the selected xi variables.
The value of Xi is the sum of the possible amplitude of each variable, and N is the number
of variables.

2.1. Objective function

The optimization problem aims to determine the optimal size and precise placement of
DGs to maximize the ratio of the benefits derived from employing these resources to their
associated costs. Augmenting the quantity of DGs amplifies the advantages of this scheme,
although it concurrently escalates the capital cost and substantially raises the overall cost.
Consequently, as the number of DGs rises, so does the magnitude of their expenses. The
objective function is defined by Equation (2):

Benefit

maxf =
Cost (2)

2.2. Advantages

e Reduced power purchase

The first advantage of using DGs is that with the generation of power by DG, the purchase
of power from the main grid is reduced. Therefore, this reduction can be considered as an
advantage in DGs in the form of Equation (3):

PS ($/ KWh):Z:\ZG Ple xp (3)

Here, PS is the profit from the sale of power. Np¢ is the number of installed DGs, PDiG is the
amount of power produced by the ith DG, and p is the price of electricity. Considering the

5-year study period, inflation and interest rates should be considered in electricity cost
calculations. The price of electricity per year can be calculated by Equation (4):

o' ($/KWh):p0x(wj 7

1+ IntR (4)
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Here p°is the cost of electricity in the first year, p' is the cost of electricity in the ith year,

and InfR and IntR denote the inflation and interest rates, respectively.

e Lossreduction

Another advantage of using DG is the reduction of losses due to energy generation in local
loads and the elimination of transmission lines |20, 21]. Losses in the distribution system
depend on the current and resistance of the transmission lines. Losses are a function of
system topology and the size and location of DGs in the system. The loss reduction
equation can be shown as Equation (5):

B\ =(LOSS\p ~LOSSps )xp (5)
Here, Lossnpe and Losspc show the losses without and with the use of DGs.

o Reduced energy not-supplied (ENS)

Reliability is another benefit that can be achieved using DGs and the ENS model. Fault
location and fault clearance along the fault branch are used to calculate ENS [22, 23].
Sectionalizers and reclosers can reduce the range of fault impact and reduce the number
of users experiencing long-term outages |23, 24|. The repair duration includes the time
required to isolate the faulty branch, connect an emergency node, and repair the fault
location. DGs that direct the power to the split branch can play a major role in improving
reliability.

ENS costs can be calculated as in [25] according to Equation (6):

Nbranch Nt

Cens = Z Z;\‘i Lipinti D; (6)

i=1 j=1
Here, Cens is equal to the cost of ENS per year, Npranch is the number of branches in the
system, Nt is the number of loads interrupted due to fault in the ith branch, 2, is the fault

rate for each branch per kilometer per year, Li is the length of the branch, ti is the length
of the repair period, p,, is the consumer price, and D; denotes the load rate due to the

fault in the ith branch.
The benefit of using DGs in reliability is as Equation (7):

ACENs :Cl\llzg(s?, _ngs (7)

where CS) and CS5° are the ENS cost without DG and with DG. Also, the price of ENS

should be calculated every year on the basis of bank interest and inflation and in the form
of Equation (8):

. o (14InfR )
Imt — |nt>< 8
A =h (1+IntRj ®)

2.3. Costs

In this section, three types of costs are considered for DGs: initial, maintenance and
performance, and investment costs [26].
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e Initial cost

Initial costs include the costs related to the purchase, installation, and connection of DG
units. The initial cost of DG is given in Equation (9) [26]:

1C 56 ($/ KWh ) = Zi :DlG C iinvestmem o

C investment
i

Here is the cost necessary for purchasing and connecting the ith DG, and ICpc is

the total capital cost of all DGs.
e Investment cost

The investment cost includes the annual cost of fuel, taking into account the interest rate.
In this case, the investment cost will be calculated in the form of Equation (10) [26]:

oC DG ($/ KWh — year ) _\"Nee C ioperation (10)

i=1l

operation
i

for all DGs. This is an annual cost, and interest rates and inflation should be considered in
them [26].

The amount C is the investment cost of the ith DG and OCpg is the investment cost

i (11)

i-1
C_operation :Cgperaﬁon X(l'i‘ InfR j
1+IntR

e Maintenance and operation cost

The cost of maintenance and operation, which includes the costs related to the
maintenance of DG units, is defined as Equation (12):

MC DG ($/ KWh — year ) = Z:\:G C imaintenance (12)

C maintenance
i

where is the maintenance and operation cost of the ith DG and MCp is the total

cost for maintenance and operation of all DGs. This is an annual cost, and the amounts of
interest and inflation should be considered in it. According to Equation (13), we have:

1+InfR )“1

(13)
1+IntR

Cimaintenance :C(;naintenance X(
2.4. Constraints
The constraints of the objective function include the following:

e System voltage level

V.. <V."<vV_ n=12..,N (14)

min —

where V;is the node voltage in year i, and N is the number of nodes of the system.
e Short-circuit limits

S) <S’<S’ b=12,..,B (15)

min —
where Sib is the apparent power at branch b in year i, and B represents the number of branches

(transformers and lines).
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e Active and reactive power of the DG

I:)I;Gmin < PIZ?Gi < l:)DKG max k :1’2""’K (16)

QgGmin SQI;Gi SQ[L;Gmax k =1’ 2""’K (17)

where PJ, and Q are the active and reactive power output of generator k in year i,

and K is the number of DGs.

3. The proposed self-healing algorithm

This section provides a comprehensive description of the proposed self-healing
algorithm for the network. The self-healing reconfiguration process is described here.
When a fault occurs, the power recovery system detects the fault based on the data related
to the distribution network in real time. Subsequently, it proposes an accurate and
efficient reconfiguration technique to precisely identify the location of the fault, separate
the faulty region, and promptly restore the unaffected regions. The challenge of self-
healing reconfiguration in distribution networks can be characterized as a multi-
objective, multi-period hybrid, multi-boundary nonlinear optimization problem, taking
into account factors such as the number of switching operations, feeder load margin, load
improvement amount, network restrictions, and user priority. Prior to elucidating the
executed method, we provide an explanation of the objective functions, constraints, and
the algorithm employed in the simulation [27].

3.1. Objective function

Different objective functions for the reconfiguration algorithm of self-healing distribution
networks are presented according to different reconfiguration target conditions. The
following two objectives are considered in this paper [27].
1) Objective functions with the least number of switching operations and minimum
power loss

min F(1,Y,Z2) = min{b{zm:ai(l— yi)+zn:amﬂ.zj“+b22|li|z Ri} (18)

y,and z, show the status of disconnection and loop switches, m and n are the number of

disconnection and loop switches, ai is the weight coefficient, i denotes the number of
branches, Ii represents the present amplitude of branch i, R; is the resistance of branch i,
b1 is the cost coefficient of switch operations, and b2 is the weight coefficient of active
power loss.
2) To avoid overload and ensure the security and quality of the power supply, the
objective function with uniform load becomes:

S
LB, =—— (19)
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1 Nb Si

LBsys =
n“< Simax

(20)

where LBi and LBsys are the indices of load balance of branches and the system, Si denotes

the current flow on branch i, S™ is the capacity of the unit, and N» represents the number

of branches of the system. Due to the rapid increase in load and slow energy production,
the load distribution of distribution networks is very uneven and has many disadvantages
for the system, including increased energy consumption, reduced power quality, and
overload risk. There are two main means of achieving load balancing. The first tool is to
transfer the load between different feeders in the system and the other is to transfer the
load between different phases in the feeder.

3.2. Constraints

The constraints of the self-healing reconfiguration algorithm of distribution networks
include a set of equality constraints, including power flow constraints, and inequality
constraints, including limits on feeder capacity, line current, bus voltage, and transformer
overload [28].

a. Capacity limit of the feeder

SHES . (21)

where S | is the current power on route ¢, and S, is the maximum power on that route.

b. Line current limit

I ij £ I ij max (22)

here, Ijj is the current flow on the route ij, and lij max is the maximum current on that route.
c. Bus voltage limit

V, . SV SV (23)

whereV. andV .

j max j min

are the upper and lower limits of the node j voltage.

d. Transformer overload limit
S, <S, (24)

St is the transformer power, and St max is the maximum power of the transformer.
In the self-healing reconfiguration process, inequality constraints are guaranteed by
adding a penalty function to the objective functions.

3.3. Metaheuristic reconfiguration self-healing Algorithm

This part of the paper discusses the metaheuristic reconfiguration self-healing algorithm
based on the tree structure.

o Metaheuristic rules

We divide the switches into the following three sets:

Set A: Switches that cannot be closed.

Set B: Switches that cannot be opened.
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Set C: Switches that cannot be freely activated.

The following rules of thumb are provided with respect to the characteristics of
distribution networks and self-healing reconfiguration requirements:

» Prioritizing operations to the switches connected to the transformer.

» Prioritizing the use of closed-loop switches to the power supply terminal. The situations
where the load is connected to the distribution network affects the system loss, and the
shorter the distance between the load and the power supply terminal, the less network
loss.

* Prioritizing the operation of the lines with the maximum current margin.

3.4. Algorithm procedure

Step 1: First, search and find all the out-of-service areas, calculate the amount of load loss,
and mark all the switches in this area.

Step 2: Count the number (defined as n) of loop switches that can be operational and do
not belong to set A between the charging region and the out-of-service region. If n = 0, this
means that there is no way to restore power and terminate the process.

Step 3: If n #0¢, select a loop switch as the root node according to subjective rules; other
nodes in the out-of-service area are formed into a tree according to the connection
relationship. Then, according to the distance from the root node, put the numbers in the
route of the buses and lines saved by the layer.

Step 4: Close the loop switch and return to Step 1 if the constraints are met.

Step 5: If the constraint is not satisfied, search the tree from the bottom up and open the
switches of this layer until the constraint is satisfied, then return to Step 1. If the switches
in this layer belong to sets B and C, open only the switches for set C. If the switches in this
layer belong to set B, open all. Constraints are removed until the root node's loop switch
is turned on, which means the loop switch cannot be closed, so mark it as set A. This
algorithm process is also shown in Figure 1.

3.4.1. Self-healing reconfiguration of the distribution network with DGs

DGs generally adopt an active power or voltage control strategy when connected to the
grid. When the agent is disconnected from the grid, the voltage/frequency control system
is selected. According to different control strategies, DGs can be divided as follows: DGs
that can run independently and DGs that cannot. Under the assumption of ensuring the
safety of the power system, according to the different types of DGs, when a fault occurs in
the distribution networks, the DGs that can operate independently form a controllable
island, while the DGs that cannot operate independently are disconnected; the rest of the
network is rebuilt using a self-healing reconfiguration method. Figure 2 shows this
process.
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Figure 1. The flowchart of the metaheuristic reconfiguration self-healing algorithm.
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Figure 2. Self-healing reconfiguration of the distribution network with DGs.
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An additional limitation of distribution networks with DGs is island power limitation, i.e.,
the load on an island must be less than the total supply from DG for this island.

PDG +%;P ZO (25)

where Ppg is the output power of the DG in the island, ¢ is the set of islands, and P; is the
loads within the island.

4. Simulation results
4.1. Allocation of DGs to reduce losses

The system under study is the standard IEEE 69-bus system, depicted in Figure 3. The
power consumption of buses is 3.8 MW and 2.7 MVar in total, which are fed at a nominal
voltage of 12.66 kV, in which case the network loss is equal to 224.98 kW.

Table 1 shows the location and size of energy sources and network losses after
optimization. At the end of the optimization process, the global search reaches
convergence around the optimal point during the 16th iteration. The utilization of DGs
results in a consistent oscillation of the voltage profile around 1 per-unit (p.u.), as depicted
in Figure 4. This phenomenon demonstrates a significant enhancement in voltage. Before
the installation of DGs, the voltage profile in p.u. shows a significant reduction of 91% at
the end of the lines.

To enhance the comparison in Figure 4, the voltage profile is juxtaposed prior to and
subsequent to the implementation of energy sources. The addition of a 1.57 MW energy
source at the end of the network resulted in a 10% improvement in the voltage profile at
that location. Additionally, it should be noted that the storage devices are situated in the
same location as the energy sources.
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Figure 3. The standard IEEE 69-bus system under study [25].
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Table 1. Location and optimal size of energy sources by the PSO method.

. Loss before Loss after
. . No. of Iteration . . . .
No. Capacity Location birds s installation of installation of
sources sources
DER 1 1.5766 MW 61
100 20 224.94kW 97.2kW
DER 2 0.46196 MW 17

1.05

— & -With DG
— - —-Without DG

0%

i L i i L i
u] 10 20 30 40 a0 B0 70

Figure 4. A comparison of voltage profiles before and after installation of DGS in the network.

4.2. Self-healing of the 69-bus distribution network

As previously mentioned, there are several DG protections switches in the vicinity. These
switches are designed to open in the event of a fault during islanding. Additionally, there
are a set of open switches that can be connected to create secondary and healing routes.
In the event of a fault and disconnection of the faulty point, these switches help address
any issues that may arise. Power quality, dependability, and stability in the network
should not be compromised. While it is possible to define several intricate and diverse
structures, the notable benefits of this technology include its rapid self-healing, reduced
expenses, and overall simplicity.

Initially, the network is partitioned into 8 sections. Bus 1 to 3 comprise the primary route
and do not have any associated load, so they are excluded from this segmentation.
Partitioned areas are:

Area:[4—27;28 - 35;36 — 46; 47 — 50, 51— 52; 53— 65; 66 — 67,68 — 69

In this scenario, it is feasible to exclude less significant feeders with a low load in order to
minimize the costs associated with switching and establishing an alternative route. Here,
all feeders are provided with zoning to ensure that they can supply all network loads in
case of fault occurrence. This zoning is also depicted in Figure 5. Then all areas are
connected to each other through an open switch that can be connected at different points,
which are alternative routes for the power of different feeders in case of fault. These
switches are defined for different feeders as follows:

Disc Switches :[27 —35;35—46;46 —52; 27 —50;50 — 65; 65 —68;67 — 69
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Slack Bus (1)

Figure 5. Network zoning.

These routes with connectable switches are also shown in Figure 6. The algorithm
outlined below describes a method for finding self-healing. The first step involves
identifying the specific area where the fault occurred and the affected consumer. Next, the
algorithm checks the number of loop switches in the network. Starting from the fault
location, it forms a loop by connecting the switch above the fault and establishes an
alternative route. By opening the isolated switch, the data's status is altered, thereby
isolating the DG source. This isolation allows for the delivery of load power by
disconnecting the DG and connecting the upstream loop switches, enabling power flow.
Self-healing is only possible if the voltage and power limits are upheld. In such cases, the
self-healing is carried out using the same switch position. However, if the conditions are
not met, the upstream switches are altered until the desired conditions are achieved. In
order to evaluate the simulation's performance, we introduce a hypothetical fault in bus
28 and then in bus 26. We then calculate the switching cost and maintenance cost using
Equation (18) and taking into account the self-healing characteristics of the network.

Slack Bus (1)

Figure 6. Secondary routes considered for the 69-bus network.
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e A faultatbus 28

Given that bus 61 has a substantial load capacity of 1.3 MW, with 0.8 MW accounting for
one-third of the overall network load, and the approximate capacity of bus 61 is 1.6 MW,
the cost calculation formulation has concluded that in the event of islanding, DG should
solely be accountable for supplying power to its own bus load, taking into consideration
voltage constraints and the expenses associated with switching. Upon detecting a fault
through the sensors and measurement devices, the self-healing network initiates the
process of self-healing the network based on the prevailing conditions and the switching
cost function. According to the information presented in Table 2, when a fault occurs at
bus 28, the bus with DG becomes islanded and the route 65-68 as the first priority with
the least total cost and the route 27-35 as the second priority with higher cost are
established. The self-healing function is depicted in Figure 7.

e Afaultatbus 26

The consideration of bus 26 was only due to the distance of the bus from the slack bus and
it was random. An attempt was made to select one of the farthest buses from the slack bus.
Considering that the desired method has been validated, the possibility of considering
other points for faultis unimpeded. In this case, the self-healing approach is demonstrated
in Table 3 and Figure 8, illustrating the performance of this function. When simulating
self-healing, it is observed that the self-healing algorithm selects the route with the lowest
cost after each fault. This is because, in other tested faults, routes 35-46 or 27-50 were
found to have high costs and are not chosen unless low-cost routes are excluded or not
taken into account.

Table 2. Self-healing strategy for a fault at bus 28.

Fault No. Switch status Case Cost
61-62 open
1 Islanded DG
60-61 open
Bus 28 65.7056
) 65-68 closed Power source
27-35 closed restoration

Table 3. Self-healing strategy for a fault at bus 26.

Fault No. Switch status Case Cost
61-62 open
1 Islanded DG
60-61 open
Bus 26 103.2107
) 46-52 closed Power source
50-65 closed restoration
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Figure 7. Self-healing performance in the case of a fault at bus 28.
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Figure 8. Self-healing performance in the case of a fault at bus 26.

5. Conclusions

This paper presents the design of a self-healing network with high reliability, minimal
losses, and an improved voltage profile. The objective is to determine the best placement
and capacity for DG units. In order to evaluate the effectiveness of the suggested approach,
the algorithm was implemented on the standard IEEE 69-bus network. The simulation
results of the self-healing process validated that, apart from selecting the route with the
least cost, the algorithm substantially decreased the overall power loss and enhanced the
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voltage profile. Moreover, through the implementation of intelligent devices, the network
has been optimized, resulting in a highly efficient infrastructure. Additionally, the self-
healing capabilities of this smart network have further enhanced its efficiency, minimizing
human errors to an almost negligible extent. Consequently, the network's reliability has
significantly improved, leaving a remarkable impression. In the end, it should be said that
in future studies, the costs related to switches, including purchase, maintenance, and costs
related to switching, can be considered in locating distributed generation resources. Also,
the hidden costs of distributed generation resources, including the efficiency and
switching of power electronic circuits and life span, are items that can be effective in
locating the distributed generation resources. As a verification, the location of the fault,
the type of fault, and the number of distributed generation sources added to the network
can be considered as variables for the next location studies.
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ARTICLE INFO ABSTRACT

Keywords: The main methodology in every wind power prediction model
Wind energy, involves converting wind speed into power using the power output
Wind speed prediction, curve of the wind turbine. However, preceding studies that have
Wind turbine, introduced models for such curves have not considered the impact
Wind farm income. of wind direction and its recurring fluctuations over time on

predicting wind turbine power output. The main focus of these
studies has just been on the magnitude of wind speed and the

Article history: relationship between wind speed and turbine power. The present
Received: 26 November 2023; study models the effect of wind direction on wind turbine power
Revised: 10 January 2024; output and uses it to modify the quadratic power curve equations.
Accepted: 21 January 2024; Using these modified equations and considering the turbine

mechanism to follow the wind direction, a method is presented for
Article type: predicting wind turbine power output under frequent changes in

wind direction over time. To deal with the lack of access to long-
term and high-resolution wind data, registered historical data and
probabilistic distribution functions are used to produce lost data
with software. To demonstrate the efficacy of the suggested
approach, the real data recorded for a 1.5 MW turbine installed in
Khaf in Razavi Khorasan, Iran, are used as a case study. Finally, the
potential wind power and potential income of the four windy
regions in Iran were assessed based on the payment mechanism of
the Organization of Renewable Energy and Electricity Efficiency of
Iran, assuming the same installed capacity. The effect of wind
direction and its variations over time, which can affect power
output of wind turbine and income, is the main focus of this section
of paper.

Research Article

1. Introduction

With the increase in the effect of wind power in power systems, new challenges have
emerged due to wind energy variability and uncertainty |1, 2]. A precise prediction of the
power generation of a wind farm (WF) is a great help in dealing with these challenges [3].
Transforming wind speed to wind power using a wind turbine power curve (WTPC) is the
main approach of wind power prediction models. In the past decades, there has been
increasing interest in the WTPC as a part of wind energy research [4, 5]. The power
generation of a wind turbine (WT) is influenced by various factors, including wind speed,

wind direction, air density (determined by temperature, pressure, and humidity), and
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turbine settings [6]. Properly assessing the effects of all the influencing parameters
involves significant intricacy. The WTPC, which represents the turbine’s power output at
a given wind speed, offers a practical method for modeling the performance of WTs [7].
The approaches for modeling power curves can be categorized as discrete,
deterministic/probabilistic, parametric/nonparametric, and stochastic methods.
Alternatively, they can be classified based on the data utilized for modeling [8]. Generally,
it is preferred to use the general equation in WTPC modeling in wind energy potential
studies. The parametric methods rely on solving mathematical model equations, and
nonparametric methods have been adopted to discover how input data of wind and
turbine power output are interrelated [6]. Authors in [9] introduced parametric
modeling's of the WTPC constructed using four and five-parameter logistic equations. The
parameters of these expressions were determined by sophisticated methods such as
genetic algorithm (GA), evolutionary programming (EP), particle swarm optimization
(PS0), and differential evolution (DE). A comparative analysis was conducted to examine
several approaches for mathematically modeling WTs, specifically focusing on three WTs
that are currently available in the market. The analysis utilized an algorithm developed
and described in reference [10]. In their study, authors in [11] suggested incorporating
operational data from WTs to generate bivariate probability distribution functions that
may accurately describe the power curve of existing turbines. This approach enables the
detection of any deviations from the expected behavior. The utilization of empirical
copulas is suggested. The statistical concept of copulas enables the individual distribution
shape of wind speed and power to be described independently from the information
regarding their interdependence. The study conducted by [12] involved the utilization
and comparison of three distinct machine learning models: a self-supervised neural
network known as Generalized Mapping Regressor (GMR), a feed-forward Multi-layer
Perceptron (MLP), and a General Regression Neural Network (GRNN). The objective was
to estimate the correlation between wind speed and power generation in a WF. Precise
representations of power curves are crucial for predicting power output and conducting
real-time monitoring of turbines.

Several methodologies have been suggested in different studies to simulate WTPCs.
Many academics have employed these methods, which involve adopting data from
manufacturers' specifications and actual data from WFs in a range of wind power
applications [13]. Choosing the proper power curve models can enhance the efficiency of
wind energy systems [ 14]. The most recent approach employed in papers involves the use
of Sigmoid models, which are characterized using a comprehensive expression
comprising several parameters. Currently, two types of models are being utilized, namely
exponential models (EM) and algebraic models (AM) [15, 16]. WTPCs clearly illustrate
the correlation between wind speed and the amount of electrical power generated by a
WT. The manufacturers offer them as the primary choice, and they can also be presented
in a tabular style using pairs of values [17]. Researchers commonly believe that in a
horizontal axis WT (HAWT), the turbine will generate a specific amount of power when
the wind speed is recorded directly in front of its hub [18, 19]. Alternatively, the
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manufacturers can provide a graph that allows the derivation of such value pairs by
observation. Stakeholders and promoters can utilize these values to determine both the
anticipated power output and the energy value that a specific WT can harness from the
wind. The only additional information required is the probability distribution of wind
speeds at the location in question. The International Electrotechnical Commission (IEC)
has provided a defined technique for establishing curves in its paper I[EC-61400-12-1 [ 20].
In this fashion, the measured WTPC is commonly obtained by applying the so-called
method of bins for the normalized data sets. In practical applications, WTs and,
consequently, WFs encounter operating conditions that deviate from the ideal conditions
observed in controlled environments such as manufacturer laboratories and wind tunnels
where WTPCs are assessed. Within a WF, WTs are typically exposed to various conditions,
influenced by factors such as air temperature, moisture, turbulence caused by phenomena
like the wake effect and shear effect, the presence of ice, reduced performance due to
aging, and other potential factors [21]. The modeling of WTPC is crucial in various analysis
applications, research endeavors, and software tools due to the need to handle such
curves. The WTPC models have diverse and extensive uses. They can also be used to
determine a WF’s suitable position and arrangement [22] and examine the impact of
external influences [23, 24].

Previous studies have just used the magnitude of the wind velocity vector and the
relationship between velocity and power to estimate turbine power output. None of these
studies have considered the effect of wind direction and its repeated variations over time
in calculating the turbine power output. This paper models the wind direction and uses it
to modify the quadratic power curve equations, which is the most widely used method for
estimating WT power output. The contributions of the article are as follows:

e Modifying the quadratic power curve equation

e Deriving new parameters for predicting a WT output power

e Considering wind direction and its variations in predicting the power output of a

WT and farm income
e Proposing a novel method to study the wind power capacity of a region

This part describes the organization of the paper. Section 2 describes the model. Next,
Section 3 tests the proposed methodology on the WT of Khaf, Iran, to show its
effectiveness and discusses the results thoroughly. Finally, the conclusions and
perspectives for future work are provided in Section 4.

2. Model Analysis
2.1. Modified quadratic power curve

As already stated, the quadratic power curve (QPC) is the method most commonly used
to estimate the power output of a WT [25, 26| based on the wind velocity’s magnitude.
Wind direction and its variations are not considered in the quadratic power curve.
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Variability is inherent to wind, which strongly affects the power output of a WT. Wind
direction changes even within seconds. Therefore, regardless of the wind direction, its
variations cause a great deal of error in estimating WT power output, so it needs to be
included in these calculations. The perpendicular component of wind velocity to the plate
of the turbine blades is the factor that rotates the turbine blades. As shown in Figure 1, if
the wind angle with the line perpendicular to the plate of the turbine blades is ¢, then
Vwind x cos¢ and Vwind x sin¢ are two components of Vwind. Vwind cos¢ is the vertical
component that rotates turbine blades and is called VEffective, which should be modified
based on QPC equations. The modified form (MQPC) is shown in Equation (1).

In these equations, V¢, Veo, Vi, Pr, and P are the cut-in speed, cut-out speed, rated speed,
rated power, and estimated turbine power, respectively. In Equation (1), VEgective is not the
size of the wind speed. This variable is the perpendicular component of the wind velocity
to the plate of turbine blades, named effective wind speed (VEfective). VEfrective rotates the
turbine’s blades. Another important point to mention in Equation (1) is that when the
wind direction is taken into account, VEgective changes in the intervals of Equation (1). For
example, regardless of the direction of the wind, at a given time, if the wind speed was
within the range between the nominal speed and the cut-in speed, the turbine power
output could be calculated by using the polynomials in Equation (1), which is greater than
Zero.

On the other hand, by considering the wind direction, given that cos¢g is smaller than 1,
VEfrective Will be lower than the wind speed (|Vwind|), and it may also be lower than the cut-
in speed. So, the power output will be zero. Another instance is when the wind speed is
higher than the cut-out speed. If the wind direction was not considered, the power output
would be equal to zero. However, if the wind direction is taken into account, the effective
wind speed (VEgective) may be lower than the cut-out speed, so the turbine power output
will be equal to the rated power. The parameters 4, B, and C are the same in both QPC and
MQPC because they depend on the turbine’s construction and are independent of the
regional wind's characteristics.

(- o l
‘['!Eneffecrive {: Vivind + st’nq:l)
"P\\ Vefrective (= Viing *costp)
Vwinrj \‘u\

Figure 1. Wind speed components.
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2.2. The proposed method for predicting WT power output

This paper proposes a method for predicting turbine output, focusing on the effect of
wind direction and its variations on WT output power. In the proposed method, the
turbine mechanism in tracking the wind direction is the most important factor, a factor
not considered in previous studies. Furthermore, the proposed method includes the
turbine’s monthly stop period for turbine services, grid errors, turbine start-up, etc., in
power calculations.

The turbine mechanism in following the wind direction depends on turbine technology
and operator setting, which varies for each turbine and site. The wind tracking mechanism
of WT aims to set the blades’ plate in a direction perpendicular to the wind, thereby
increasing the effective wind speed. This will highly increase the power output of the
turbine. The settings considered in how to follow the wind direction and turbine yawing
in the present work are as follows:

Yaw velocity: yaw velocity is one of the most important characteristics of a turbine.
The faster the yaw speed is, the faster the turbine will follow the wind'’s direction. So, the
turbine will have a shorter time deviation angle with the wind direction, which increases
the power output.

Maximum yaw error: Due to mechanical considerations and to avoid the reduction in
the useful life of the turbine, turbines should not yaw in small changes of yaw angle. The
maximum angle between wind velocity and the line perpendicular to the blades’ plate that
the turbine does not yaw is called maximum yaw error.

Yaw lag: Due to variations in wind direction at certain times, the yawing system waits
a while until the wind stabilizes. This delay is yaw lag.

Maximum angle: In some sudden and momentary changes in wind direction that are

very large, it is technically and economically better that the turbine does not yaw. The
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maximum yaw angle that the yaw system works is called the maximum angle. If the angle
between the wind direction and the line perpendicular to the blades’ plate (yaw angle)
gets larger than the maximum angle, the turbine will turn off, and it should be driven
under favorable conditions.

Launch time: For various reasons, such as annual maintenance and VEfective higher than
the cut-out speed, the WT will be switched off. When launching, the power output
becomes zero, which is considered in the proposed method.

Simulation steps of the proposed method: To estimate turbine power output, wind
speed and wind direction data are first predicted for a desired time period (e.g., 1 year) at
appropriate time intervals (e.g., 10 minutes). Then, in order to obtain the power output in
each interval, the wind speed and the direction variations of the wind to the previous
interval are used. At last, VEgective is obtained, and the power output is calculated using
Equation (1) and according to the turbine yawing setting. In the yaw lag period, the wind
direction variations are considered for some next intervals, and if the wind direction
variations are unstable, the turbine does not yaw. If the wind direction change is greater
than the maximum angle, in addition to turning off the turbine, a launch time is also
considered. Another important point in simulating is when the yaw angle exceeds the
maximum yaw error. In this situation, the turbine yaw system should follow the wind
direction to increase power output. In this case, by considering yaw velocity (¢ rad/s),
VEfrective is calculated, and by using MQPC equations, the power output of WT is calculated.
Finally, by adding the power output in each second, the average power output in each
interval is calculated. Disconnected periods due to turbine maintenance and grid errors
are also considered.

2.3. Wind speed and wind direction data

A challenge in WT power output studies is the lack of access to long-term and high-
resolution wind data (e.g., 10 minutes). Therefore, for an acceptable result, the wind data
must be completed or produced for an appropriate time period. In the Organization of
Renewable Energy and Electricity Efficiency of Iran’s (SATBA) website [27], incomplete
wind speed and direction data are available at 10-minute intervals for different regions.
Therefore, wind data should be completed over a proper interval for more accurate
analysis and proper study.

For this purpose, the 3-hour resolution wind speed data and wind direction in a longer
interval (e.g., 15 years) provided by Iran’s Meteorological Organization, the MATLAB
software, and wind speed and wind direction characteristics (such as the relationship
between speed variations and wind direction with height) were used. So, 3-hour synoptic
data of wind speed and direction were first analyzed, and the trend of wind speed and
wind direction variations was studied. The time periods with the same trends in a year
were identified. To complete wind data for intervals without any information, the time
period of the intervals was first identified. Secondly, similar time intervals with registered
data were detected. Now, to produce wind data for intervals with no recorded data, the
most suitable distribution function was chosen among the most widely used probabilistic
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distribution functions, including Rayleigh, Normal, Logarithmic Normal, and Gamma, by
using MATLAB software and its most suitable fitted parameters were calculated. Using the
probability distribution obtained, wind speed and wind direction data were produced for
intervals without recorded data. In addition to finding similar intervals, wind directional
features were adopted to complete wind data.

At varying heights, the direction of the wind does not change, and these changes can be
ignored. Furthermore, according to the study area, the direction of the wind had similar
orientations during certain periods of the year. By considering these wind characteristics,
one-year wind data were completed in different areas.

2.4. Cost calculation for generated wind power in Iran

In Iran, the government guarantees the purchase of the generated renewable energy. A
20-year warranty contract is made between SATBA and wind energy producers for wind
energy. SATBA monthly pays for wind energy produced. According to the government'’s
decree on February 10, 2016, the purchasing base rate of guaranteed wind power for WFs
with a capacity of more than 50 megawatts and equal to or less than 50 megawatts is set
at 3400 and 4200 Rials per kilowatt-hour, respectively.

SATBA'’s method for calculating the price of produced energy per hour is as follows:

e Equivalent production = Pure hourly production * CPF (Cost of Preparation Factor)
e New purchasing rate = Contract purchasing rate * Adjustment factor
e Price of energy produced per hour = New purchasing rate * Equivalent production

In these equations, CPF is a coefficient given by Iran’s Grid Management Co. (IGMC)
every hour of the day. This coefficient varies for different hours of the day and for days,
weeks, and months of the year. In fact, this coefficient is used to pay the cost of being ready
to produce wind power to the producer. Pure hourly production refers to the wind energy
generated per hour in kilowatt-hours. The contract purchasing rate is equal to the rate
quoted in the contract between SATBA and the wind energy producer, and the adjustment
factor is used to compensate for the effects of currency depreciation and inflation.

In this study, the adjustment coefficient is ignored since the aim is to compare the wind
energy produced in one year. For this study, CPF from June 21, 2016 to June 21, 2017,
which are available on IGMC’s website, was used [28].

3. Case Study and Results

This study used the real data of a 1.5 MW WT installed by the Behin Ertebat Mehr Co.
in Khaf as a case study. The installed turbine is a WD77-1.5MW model of WINDEY
Company, with a cut-out speed, cut-in speed, and nominal speed of 25, 3, and 11 m/s,
respectively, and a tower height of 80 meters. The simulation used the recorded data in
10-minute intervals of the average wind speed and direction at an 80-meter height at Khaf
farm. Also, the settings for tracking the turbine based on information from the Khaf
turbine are as follows:

Yaw velocity: 0.47 degrees per second

Maximum yaw error: 5 degrees
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Yaw lag: 4 minutes
Maximum angle: 80 degrees

Launch time: 2 minutes

3.1. Forecasting output power for a 1.5 MW WT

Figure 2a displays the recorded monthly data of generated energy. According to this
data, the total annually generated energy is 6653.031 MWh. Without considering wind
direction and its variation and using QPC equations, the common method of previous
studies, the estimated generated energy would be 7568.794 MWh. Figure 2b shows the
monthly estimated generated energy using Equation (1) and the proposed method.
According to this estimated data, the total annually generated energy is 6833.365 MWh.
The results for annually generated energy in various modes are presented in Table 1.
Accordingly, without wind direction calculations, the estimated power output will highly
deviate from the actual generated power (about 14%). In fact, the energy generation
estimated by this method (without considering wind direction and generation
interruption) is the maximum energy that the turbine can generate, in which the wind is
assumed to be perpendicular to the turbine plate at all moments, and there are no failures
or interruptions for the turbine. The results on the proposed approach are very close to
the real power output of the WT so that the difference is only about 2.5%, which is a
relatively small error. This low error indicates the efficacy of this approach. Moreover, the
energy generated by the proposed method, regardless of the interruption effect, is also
calculated, representing the impact of the wind direction on the turbine power output
calculations.
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Figure 2. Annually generated energy: (a) recorded and (b) estimated by the proposed method.

MWh
8 8

Journal of Green Energy Research and Innovation 1(1) (2024) 34-47



The Impact of Wind Direction on Wind Farms’ ...

Table 1. Annual energy generation and estimated error in each scenario.
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3.2. Interactive effect of wind direction and speed on wind power production

The difference between the two conventional methods and the proposed method, without
considering the variations in wind direction in the calculation of produced energy of the
Khaf turbine, indicates the effect of wind direction variations. Table 2 presents this
difference (as a percentage of the real energy produced in each month) and the average
wind speed. Wind power generation is highly sensitive to wind speed. Hence, it is expected
that the higher the wind speed, the higher the generated power. However, the evaluation
of Figure 2 and Table 2 indicates interesting results. The output power is low in October
and November despite high average wind speed. The reasons for the low power
generation in these two months can be found in Table 2, which shows that wind direction
variations are very high in these two months. The high wind direction variations reduce
wind power production despite the high wind speed in these months. These calculations
show the significant role of wind direction and variations in WT power output. The
important conclusion is that to potentiate the wind power of an area, one should not only
evaluate wind average speed but also consider wind direction and its changes over time.
This factor is not only effective but also decisive.

Table 2. The difference in the estimated energy between the proposed method and the
conventional method in Khaf.

Ave. wind D.i ff. in
Month speed (m/s) estimated
energy (%)
Mar. 6.2 9.82
Apr. 7.5 4.46
May. 8.5 1.96
Jun. 11.2 0.77
Jul. 13.5 0.89
Aug. 15.2 5.75
Sep. 15.0 11.57
Oct. 14.7 26.28
Nov. 10.2 12.87
Dec. 9.6 16.52
Jan. 6.4 14.58
Feb. 6.2 8.55
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3.3. Estimating energy generation and WF income in Iran

This section analyzes the energy production and income of an identical WF (identical
in installed capacity and turbines) in four regions of Iran, including Manjil, Kahak,
Binalood, and Khaf. These WFs are located in Gilan, Qazvin, Khorasan Razavi, and
Khorasan Razavi provinces, respectively. These zones are the only areas in Iran where
WFs have been built. Among these areas, Khaf in Khorasan Razavi is an exceptional zone
in terms of potential wind energy. These zones are analyzed using the previous method
(without considering wind direction) and the method proposed in this paper (without
considering interruption in energy production).

For this purpose, data on wind speed and direction at a height of 40 meters and in 10-
minute intervals are used. Moreover, the identical WF consists of 66 x 1.5 MW turbines
(turbines with the same characteristics as the Khaf turbine). So, the total capacity of WF
is 99 MW. In this calculation, the effect of turbines on each other is ignored, and the wind
speed and direction of the whole site are assumed to be identical for all turbines. Table 3
summarizes the results.

Table 3. Annually generated energy and income of a 99MW WEF.
Khaf Manjil | Binalood | Kahak

459.186 | 361.918 | 370.396 | 306.424

Net
Production
(GWh)

499.723 | 357.641 | 412.362 | 359.761

Equivalent

Previous Method
Production
(GWh)

169.906 | 121.598 | 140.203 | 122.319

Income
(Billion
Toman)

407.290 | 319.092 | 339.355 | 254.167

Net
Production
(GWh)

449.063 | 313.537 | 381.085 | 299.544

Production
(GWh)

Proposed Method
Equivalent

152.682 | 106.602 | 129.569 | 101.845

Income
(Billion
Toman)

Diff. (Billion

T 17.224 14.996 10.634 20.474
oman)
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According to Table 3, the difference in energy production and revenue calculated for
the two methods are the highestin Kahak and the lowest in Binalood due to wind direction
variations in these areas.

Most of the Kahak WF production is during peak demand hours. So, CPF is often higher
than 1, so its equivalent production is significantly higher than its net production.
Therefore, although Kahak WF’s net production is much lower than that of the other areas,
its income is appropriate. Unlike Kahak WF, just a fraction of Manjil wind production is
during grid peak hours.

Therefore, CPF is often lower than 1, and its equivalent production is significantly
lower than its net production. So, although Manjil WF’s net production is appropriate, its
income is not that good. Khaf and Binalood WF’s equivalent production is 10.26% and
13.20%, respectively, which is higher than net production due to the predominance of
CPFs greater than one.

4. Conclusions

A precise prediction of the power output of a WF is a great help in facing the variability
and uncertainty of wind energy. The present work modified the quadratic power curve
equation according to wind direction and its variation. Using the modified quadratic
power curve equation and yawing system of WT, a method was developed for predicting
the power output of a WT. To solve the problem of the lack of access to data on long-term
and high-resolution wind speed and wind direction, historical data and probabilistic
distribution functions were used to produce wind data for intervals with no recorded
data.

In this method, wind direction and its variation were considered. The suggested
method was applied to the actual recorded values, and the results supported the efficiency
of the proposed method. Also, they showed a significant impact of the wind direction and
its variations on the turbine power output. Another important result of this study is that
to study the potential wind power of an area, besides wind speed, the wind direction and
its variations over time should be taken into account.

The potential wind power of the four regions of Manjil, Khaf, Binalood, and Kahak was
estimated based on the proposed methodology and considering the common effect of
wind speed and direction. It was determined that the Khaf zone had a great potential wind
power. On the other hand, despite the high average wind speed in the Kahak zone, the
potential wind power was lower than that of the other regions due to high wind direction
variations.

The correlation between wind power production and grid peak hours was another
main result of this study, which highly influences WF income. So, WFs that are more
productive at the grid peak hours can earn more because of applying CPF greater than
one. In this regard, among the studied regions, Kahak is the best. But, Manjil has the worst
situation among the four studied areas.
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Future researchers are recommended to consider the effect of wind direction on
reliability indices. It is also suggested to model wind direction and its variations in various
methods for predicting wind power, both parametric and nonparametric. Furthermore, it
is advised to employ the proposed methodology to investigate the potential of wind power
in a particular region.
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ABSTRACT
This research designed and simulated CIGS/CIGS back-to-back
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solar cells using Silvaco-Atlas software. We considered CIGS
absorbing layer thickness and sub-cells as critical parameters to
optimize the performance of the CIGS/CIGS tandem solar cell. The
research comparatively examined the effect of different electrode
metals, such as molybdenum, aluminum, titanium, and silver, on
the efficiency. The electrical parameters of the best CIGS/CIGS
tandem solar cell configuration were a short-circuit current
density (Jsc) of 15.65 mA/cm?, an open-circuit voltage (Voc) of 1.86
V, a fill factor (FF) of 86.04%, and a conversion efficiency (1) of

27.12%. The optimal CIGS absorbing layer thickness of the top and
bottom cells corresponding to the maximum conversion efficiency
obtained were 0.17 and 6.3 pum, respectively. In contrast, the
optimal thickness of the Cds layer was 0.04 pm. Silver had the best
performance in connecting layers between several metals. The
results can be used to develop low-cost and high-efficiency solar
cells.
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1. Introduction

Solar energy is a renewable energy that has the potential to produce energy for future
generations. Every hour, Earth receives about four times as much solar energy as humans
consume in a year. Therefore, if it can be converted into usable energy, such as electrical
energy, we will no longer need to worry about the lack of energy in the world. In this
regard, efforts in investigating and manufacturing solar cell devices have been growing in
recent years [1]. Despite all the merits of thin-film cells compared to silicon cells, they
suffer from the drawback of the amount of crystal defects, which increases electron-hole
recombination in these cells. In thin-film solar cells, by calculating the appropriate
thickness for the active layer versus the absorption coefficient, a process can be created
to absorb all the wavelengths of light that shine on the cell. In the same vein, the
propagation length of the electron-hole production created in the absorbent layer must
be greater than the thickness of the absorbent layer in order to obtain a sufficient amount
of electron-holes. Accordingly, choosing the suitable material with the proper thickness
for thin-layer cells is very important. Amorphous silicon (a-Si), CIGS, and CdTe perform
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best among various materials investigated in this field. These materials are used as
absorbent layers in all thin-film cells due to their direct energy gap, high absorption
coefficient, and compatibility of electrons with layers with higher energy gaps, such as CdS
[2]. CIGS is one of the best candidates for making solar cells due to its unique properties,
such as direct and controllable band gap energy, high radiation endurance, and the ability
to deposit on flexible surfaces, such as metal foils [3]. The CIGS compound material has
exceptional advantages, such as a high optical absorption coefficient (105 cm1) [4], a
modifiable band gap from 1.02 eV for CulnSez (CIS) up to 1.68 eV for CuGaSez (CGS) |5],
long-term stability, and high theoretical efficiency. High-efficiency CIGS-based devices can
be made using many different manufacturing techniques [4]. The highest absorption
coefficient in the CIGS layer is obtained when there is no gallium in the structure; that is,
the layer acts as a CIS. Due to the high absorption coefficient of this layer, which is around
99%, the incoming photons are absorbed into this layer, and this absorption process
occurs up to a depth of about one micron. This is why a thickness of one to two microns
suffices when making a solar cell from this layer [6]. This becomes important if we need
about three hundred microns of silicon to make a solar cell with silicon. The important
thing is that although CulnSe2 has a high absorption power, it has a small band gap energy.
This problem can be solved by adding gallium. Some gallium atoms will replace indium,
and the composition will be CulnxGal-xSe2, which will achieve the highest efficiency by
optimizing the amount of gallium to indium in this structure [7]. In today's world, the
importance of solar cells has increased, so the goal is to make solar cells with higher
efficiency and lower cost. Thin-film solar cells have a lower manufacturing cost than
silicon solar cells, but their efficiency is lower. Therefore, this work aimed to optimize the
performance of the double junction tandem solar cells based on CIGS/CIGS and extract the
optimal electrical parameters of the structure studied. In this context, a numerical
simulation of CIGS/CIGS tandem solar cell as a function of the CIGS absorbing layer
thickness and its band gap of the sub-cells was performed using a two-dimensional device
simulator Silvaco-Atlas in order to get the best structure simulated configuration, which
corresponds the higher values of Voc for top and bottom cells and the good current
matching between them.

2. Structure and simulation method

The CIGS/CIGS tandem solar cell structure considered in this study, which is
schematically presented in Figure 1, consists of a double junction solar cell based on a
CIGS connected optically and electrically with a ZnO layer as a transparent conducting
oxide layer. The doping concentrations and thicknesses for different layers composing the
structure simulated here are displayed in Figure 1. The detailed design of the CIGS top cell
consists of a n-type ZnO transparent contact layer, a n-type CdS buffer layer, and a p-type
CIGS absorbing layer. On the other hand, the bottom cell structure consists of a layer set
composed of an n-ZnO window layer to ensure the electrical and optical connection
between the two sub-cells, an n-CdS buffer layer, a p-CIGS absorbing layer, and finally, a
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silver layer on a glass substrate usually used as the back contact. We used the TCAD Atlas
simulator in Silvaco to simulate the solar cell. Atlas is a physically based two- and three-
dimensional device simulator, which allows for solving Poisson's equation numerically
coupled with the continuity equations for both electrons and holes under steady-state
conditions. Physical models, such as Shockley-Reid-Hall (SRH) mechanisms, Auger and
Langevin mechanisms of recombination, have been applied. In order to obtain the photon
production rates along with the continuity equations, the solar spectra (AM1.5G) were
imported into Atlas using the BEAM statement [8]. The change of current density versus
voltage (J-V) under light was obtained, from which the main PV parameters were
extracted, and Jsc, Vog, fill factor (FF), and PCE were calculated. Then, the effect of the
electrode metal and the thickness of the CIGS layers in the upper and lower cells were
investigated and the most optimal state of the structure was obtained.

3. Simulation Results and Discussion

The CIGS/CIGS tandem solar cell structure obtained by Silvaco-Atlas is shown in Figure
2. The current density-voltage characteristics (J-V) of the CIGS/CIGS tandem cell are
plotted in Figure 3 for the input base parameters given in Table 1.

Zn0O (0.2um)

N-CdS 10'8 em (0.04pm)

P-CIGS 2% 10 cn® (0.17um)

Zn0O (0.2um)

N-CdS 10! em (0.04pm)

P-CIGS 2x10'¢ cm™ (6.3um)

Silver (0.5um)

Figurel. The schematic structure of the CIGS/CIGS tandem solar cell.
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Figure 2. The Silvaco-Atlas structures Figure3. The J-V characteristics of the
file of the CIGS/CIGS tandem solar cell. CIGS/CIGS tandem cell before optimization.
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Table 1. Material parameters used in the simulation.

Layer properties Zn0 Cds CIGS
Eg (eV) 3.3 2.4 1.13
&r 9 10 13.9
xe (eV) 4.1 4.5 4.8
un(cm?/Vs) 100 100 100
up(cm2/Vs) 25 25 25
Nc (cm3) 2.2x1018 2.2x1018 2.2x1018
Nv (cm-3) 1.8x101° 1.8x101° 1.8x101°
Gaussian Defect States
NDG, NVG(cm3) D: 1017 A: 1018 D: 1014
EA,ED (eV) Mid gap Mid gap Mid gap
WG (eV) 0.1 0.1 0.1
ge (cm?2) 10-12 10-17 5x10-13
oh (cm?) 10-15 10-12 1015
Surface recombination velocity for electrons (holes) (cm.s 1)
At CdS/CIGS interface 105 105 105
At CdS/CIGS interface 105 105 105
at front contact 105 105 105
at back contact 105 105 105

By matching the values of the short-circuit current density of the CIGS top cell and those
of the bottom cell, we can determine the optimal CIGS absorbing layer thickness for the
CIGS top cell, which corresponds to the good current matching between the sub-cells and
leads to the maximum efficiency of the CIGS tandem cell. We varied the CIGS absorbing
layer thickness of the CIGS top from 0.17 um to 0.26 um, and the thickness of the CIGS
bottom cell from 5 pm to 6.3 pm. When the CIGS top cell is thicker, it absorbs more light,
leaving less light to the CIGS bottom cell. Therefore, the CIGS bottom cell exhibits poor
performance. For CIGS, the bottom cell's thicker layer means more light absorbance.
Figure 4 indicates that Jsc increases by decreasing top CIGS and increasing bottom CIGS
layer thickness. Figure 4(c) also illustrates that a thicker CdS buffer layer will allow more
current to pass between the two cells. Using Silvaco software, we investigated the effect
of the electrode and compared different materials, such as molybdenum, aluminum,
titanium, and silver, on solar cell efficiency. As shown in Figure 5, silver metal performs
best among the metals used in the solar cell structure under discussion. After that,
aluminum, molybdenum, and finally, titanium are more suitable. According to the
investigations in the previous sections, the optimal thickness for different layers was
calculated, and the suitable metal for the electrodes was considered. Finally, electrical
parameters Jsc, Voc, FF, and n were calculated and compared with previous research.
According to Table 2, we improved the structure.
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Figure 5. The J-V characteristics for different electrode metals.

Table 2. Electrical parameters of CIGS/CIGS tandem cell.

Jsc Voc FF% 1]%

Simulation [9] 16.35 1.80 85.09 25.11

Simulation [10] 16.89 1.77 82.54 27.03

Manufacture [11] 8.24 1.13 65.6 6.11

Our Simulation 15.65 1.86 86.04 27.12
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4. Conclusions

CIGS/CIGS tandem cells with different thicknesses of CIGS absorber layers and

different CdS for top and bottom cells were numerically simulated using Silvaco-Atlas to
find the best CIGS/CIGS tandem solar cell configuration and select the optimal CIGS device
parameters. After optimization, the conversion efficiency improved from 27.03% to
27.12% for a CIGS/CIGS tandem cell. The Voc value was equal to 1.86 V. It is equal to the
sum of the separate voltages of the upper and lower cells. By matching the short-circuit
current density values between the sub-cells (Jsc=]sct=]scb), we determined an excellent
current match of 15.65 mA/cm? provided by the CIGS/CIGS tandem cell, increasing the
performance of the simulated structure.
We considered the thickness of the CIGS absorber layer and Cds layer to improve the
performance of the CGIS/CIGS tandem cell. It was found that the thickness of the optimal
CIGS absorbing layer was 0.17 um for the upper cell and 6.3 pm for the lower cell, and the
thickness of the Cds layer was 0.04 um. The most suitable metal for connecting was the
silver electrode.
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ARTICLE INFO ABSTRACT

Keywords: Microgrids (MGs), which can incorporate renewable energies such
Microgrid, as wind and solar, can be divided into several sub-MGs with
Power equation, multiple connection points (MCPs) to the grids. However, this
Passive and Active, configuration is not ideal for MG operation due to the lack of
Islanding detection. adequate protection and operation mechanisms that ensure the

safe and reliable functioning of distributed generation. A key issue
with these MGs is the identification of islanding, which is
challenging due to the presence of a broad non-detection zone

Article history: - 2 D o

Received: 19 December 2023; (NDZ). Passive islanding 1dent1f1cat_1on approaches primarily
Revised: 10 January 2024; depend on over/under voltage protection (OVP/UVP), over/under
Accepted: 21 January 2024; frequency protection (OFP/UFP), and monitoring metrics, such as

phase jump at the point of common coupling (PCC). This study
examines the power equations for real and reactive power in
renewable-energy-based MGs (referred to as renewable MGs) with
multiple connections to different grids and MGs, which are of
significant size. The analysis focuses on the NDZ of OVP/UVP and
OFP/UFP approaches. Passive approaches observe the changing
system parameters that occur when the MG is isolated, while active
methods depend on the system's reaction to a minor disturbance
introduced to identify the isolation situation. Traditional passive
islanding detection approaches exhibit a significant NDZ that may
compromise the accuracy of islanding detection in these types of
MGs. Even if one grid is disconnected, the MG remains connected to
other grids, preventing islanding. Consequently, typical active
islanding detection methods are unable to identify the off-grid
status.

Article type:

Research Article

1. Introduction

I[slanding identification is crucial in the process of connecting microgrids (MGs) to
electrical grids. The detection approaches are primarily categorized into remote and local
methods, which depend on electrical signal measurements taken at the grid and MG sides,
respectively. MGs are capable of harnessing renewable energies for power generation.
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They can be divided into smaller sub-MGs with MCPs to the rest of the grids. However, the
current network protection systems and operations do not support the immune and
dependable operation of distributed generation, making them unsuitable for MG
operation [1-3]. The majority of remote techniques used for islanding identification
depend on the connectivity between the power grid and the MG. Remote methods lack a
non-detection zone (NDZ) and are, hence, significantly reliable techniques for detecting
islanding. Although the implementation of remote methods can be costly for small MGs,
they offer significant advantages for large MG practices |[4-6]. Local islanding
identification is conducted by passive, active, and hybrid techniques by finding grid
parameters at the MG side, including voltage, frequency, current, and harmonic distortion.
Passive approaches observe the changing system characteristics when the microgrid is
isolated. On the other hand, active methods depend on the grid's reaction to a minor
injected disturbance to detect the islanding condition. The hybrid strategy is a fusion of
the active and passive techniques used to overcome NDZ [7-19]. Islanding in a power
network can only occur when there is an equilibrium between the active and reactive
powers. The equations for P and Q, as well as the NDZ of the MG for grid connection, are
developed and investigated in the references [20, 21]. The utilization of power equations
for NDZ in islanding detection of MG with several connection points to grids and/or other
MGs is thoroughly studied in reference [22]. This study investigates the power equations
for real and reactive power in the presence of NDZ wusing OVP/UVP
(overvoltage/undervoltage protection) and OFP/UFP (over-frequency/under-frequency
protection) approaches. The analysis focuses on significant-size renewable MGs that are
connected to several grids and other MGs. Traditional passive islanding identification
approaches have a significant non-detection zone (NDZ), potentially compromising the
accuracy of islanding identification in these specific kinds of MGs. Even if one grid is
disconnected, the MG remains connected to other grids, preventing islanding.
Consequently, typical active islanding identification methods are unable to identify the
off-grid status. The paper presents active, reactive power equations and procedures for
OVP/UVP and OFP/UFP and analyzes the NDZ area for MGs. The results show the broad
NDZ area for OUP and OVP methods in different types of MGs.

The rest of the paper is organized as follows: Section 2 explains the MGs, MCPs, and
islanding techniques. Section 3 describes and analyzes passive method equations of
islanding. Then, the paper is focused on relation criteria and thresholds of frequency,
active power, and reactive power. Concluding remarks are finally presented in Section 4.

2. Microgrids with MCPs to Grids and/or Microgrids

Nowadays, renewable MGs are developed and use different kinds of energy, such as
solar energy, to produce power. Some power consumers, such as hospitals and airports,
are some examples of MGs with MCPs to grids constituting several large and important
sub-MGs that should always be in service. Therefore, the stability of such unified MGs is
so important while all low-voltage cells are connected and synchronized. One example of
large MGs with two connection points to other grids is illustrated in Figure 1, but islanding
identification in this kind of MGs is more complicated compared to other MGs, as
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mentioned in [1-3]. The primary limitation of passive and active techniques lies in their
reliance on the fluctuations of measured quantities, which may not be substantial,
especially in scenarios such as i) microgrids with NCPs to the grid, ii) microgrids
connected to multiple grids, and iii) microgrids with numerous smaller sub-microgrids.
Figure 2 depicts a highly sophisticated low-voltage grid network capable of functioning as
a unified MG, where all low-voltage cells are interconnected and synchronized.
Alternatively, the network is divided into separate autonomous cells. Using local passive
and active islanding identifications is not recommended here since these kinds of MGs

have a large NDZ.

|

R

1 %= g1
I

L‘;.x
21

Figure 1. Topologies for grids; (a) Traditional grid,
(b) large renewable MG with two connection points to grids.

DG has communication interface

Bulk Supply ;

Communication 480 Volt Grid

\\
Connection ——_/ N Path Network
.2k~ T ‘/
R 1 N T M Bulk Supply
el / o Ld N LJ LJ Connection
@‘[j_ KN N (13.2k)
S N M Oy M e H R O)
1 I . - -
R [ A [
! e S~s N e P i N
\ S~/ P i |
\ » L \ 1
\ / g , \ |
AU \ )/ L, \ 1 ]
“\ L J T L] -]
A\ \ N2 \ SRR I
Bulk Supply, .\ / N 1---1 Master
Connection \ | L/ .7 . Bulk Supply ) T . controller
132k m (aY ~._ | Connection AN >
r:l /:/[](131 Kv) / [}4 ! [] ]
/e - / ! - //
// ,’// ‘ : ’ // //
0 M M 1
- /l—' . J // Bulk Supply
- ’ Connection

High speed, low voltage sectionalizing device -~

special modified protectors

,
,
y |,

All network transformers have/V

: (13.2 kv)

Figure 2. A renewable MG divided into several sub-MGs with
MCPs to the rest of the grids; similar to figures 2-11 given in [1].
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3. Power Equations for Non-Detection Zone in Renewable Microgrids with
MCPs to Grids and/or Microgrids
Figure 3 illustrates a universal method for examining islanding in a renewable MG with
MCPs connected to distinct grids and other MGs. A regional RLC load is placed at the point
of common coupling (PCC). The resonant frequency f and power quality Qf is defined as
follows |20, 21]:

1
= 2mVLC ()
C
Qf =R Z (2)
VZ
QL= 2nfL (3)
Qc = 2nfCV? (4)

where f(Hz), L(H), C(F), R(Q2), V(v), Q. (kVAR) and Q.(kVAR) are frequency, reactance,
capacitance, resistance, voltage, reactive power of reactance, and reactive power of
capacitance, respectively. In Figure 3, the power mismatch AP + jAQ is observed between
MG generation and RLC load. Prior to removing Grid 1, the power is supported by grids

and the rest of the MGs. For simplicity, suppose every MGs and grids equally supply this

. . . . AP+jA
power mismatch. So, every MG and grid supply power mismatch is "l:—r]l_Ql,

denote the number of MGs and grids, respectively. In Figure 4, Grid 1 is disconnected from
AP+jAQ
m+n—1
AR.AL.AC. The frequency and voltage values are modified to Vnew and fhew,
correspondingly. Nevertheless, the limited magnitude of these changes can be attributed

to the interconnection between MG and the other power systems.

wherem and n

the network, and the power mismatch can be represented as mismatch loads

P+j
B1 v f 1Q B\Z B\S S

. -
(AP+jAQ)/(m+n-1) (m+n-2)x(AP+jAQ)/(m+n-1)

l P+AP+ j(Q+AQ)

j Microgrid 1(") Gfid2+, .
R L C

Microgrid 2, ...,m

Grid1

Figure 3. A renewable MG with MCPs to grids for islanding study.
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Figure 4. Circuit breaker 1 (B1) opens and mismatch power P represented by

AR.AL.AC.
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1

new = 2/ (L + AL)(C + AC) ()
1 1
frnew — f _ 27'[\/(L + AL)(C + AC) B 2mVLC
f 1
2mVLC
1 1
_2m/(L+AL)(C+AC)  27VIC
= . - 2my
2mVLC m
B VLC ~
- JL+ADC + 40 (6)

In order to use f,4, and f;,n, as thresholds for under/over frequency (UF/OF), the
following criteria need to be satisfied:

fmin_fS \/R _1Sfmax_f
f V(L +AL)(C + AC) f
Jmin _ 1 vic g g fmax
f J(L +AL)(C + AC) f

fmin< \/E <fmax
f Ja+anc+ac) f

(fr;m) ST+ ALsfc A0) S (fw;lfx)
(fmin)z - LC - (fmax>2
f ) TLC+LAC+CAL+ALAC =\ f

(7)

where f,q and f,i, are maximum and minimum frequency, respectively. Simplifying
with the approximation of ALAC = 0:

(fr;m) =i+ Lig T CAL S (f"}ax)

2

2
( ) SLC+LAC+C'ALS(]C.>
(fn}ax)z . ELfA_L B f ;)fm
f”}ax 2 ACC ALL fr}in
<fmax) “lsgtTs (fml-n) -1 (8)

mismatch can be shown as:
m+n—1
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AQ 5
mtn—1_" 2nf(L+AL)_2”f(C+AC)>
V2 ! —2nfC (1 + AC)
p— 7'[ —
2nfL (1+ ALL ¢
_ (> 2
- |6 - e 1+ )
QL AC
AL\
(148 ¢ 9
Based on Q definition:
QrxP=0Q,=0c (10)
Normalize — in Equation (9) based on P:
QL
0 ()2
(m+n—-1P AL P C
¢ J;Q 7) .
— f —_
B (1+5) Qf(1+ c)
L
_ 0 1 (1 N AC)
) e
b AL AC
_, -+ (+T)
=0 AL
1+ I
AC AL AL _AC
- T AT T)
= Qr
AL
1+ I
= Qf AL (11)
1+ T
Simplified with approximation of ALAC = 0 and 1 + AL—L ~1:
AQ (AC AL) 12
m+n—1P Qr L (12)

From Equation (8) and Equation (12), NDZ of reactive power is:

2 2
(f,,ix) —l= —Qf(mA-I-Qn—l)P (f,fm> -1

2 . 2
O <(fn{) - 1) (m + = np = <(1%) - 1) ()
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Finally,

Qf<1_(/%)2>sﬁsczf<1_( f )z> "

f max

By the same token, the correlation between the voltage and active power is deduced.
Prior to the disconnection of Grid 1, the MG active power is V2 /R. After disconnecting Grid
1, the load active power is V2 /(R + AR). If it is assumed that the system is under constant
power regulation, then the equilibrium of active power may be expressed as:

Viw (V+AV)? V2

= = (15)
R + AR R + AR R
Equation (15) can be simplified as:
(V+AV)> R+AR
vz~ R
V2 +2VAV + AV? AR
V2 ~ "R
_I_ZAV_I_AV2 B 1+AR
v ooovz o R
AV (AV)Z _ AR
v \v/) R (16)
Before disconnecting Grid 1 from the system, Grid 1 supplies miiq to the RLC load:
AP V2 &
= —— (17)
m+n—-—1 R+AR R
Normalize ——— with P = .
m+n—1 R
V2 vz RVZ—(R+AR)V?
AP R¥AR_E___ (R+ARR
(m+n-1)P vz vz
R R
AR AR
_R—(R+AR) _ AR R N
R + AR R+ AR R;AR 1+A}TR (18)

Substituting Equation (16) into Equation (18) and simplifying the equation with V},,,, =
AV +V , it is obtained:
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AP % 2%%%)2
(m+n—1)P__1+%__1+§A7V+(ATV)2 |
1257+ () -1 (GF+1) -1
1A (A (AL
_1—(¥+1)2_ 1
T AV 2 AV 4 VN2
(52+1) (VZV ) b
zm_1=%_1=<vnew) - (19)

To ensure that V,,,,, falls between the voltage thresholds, V,,;, and V,,4,, the following
condition must be satisfied, resulting in the non-disruptive zone (NDZ) of active power:

2

( 4 )2 1< AP < ( 4 ) 1
1< < - 2
Vmax (m +n— 1)P Vmin ( 0)

where Vyin, Vinax are minimum and maximum voltage, respectively. Therefore, the NDZ
for UV/OV and UF/OF approaches to one MG and one grid m =1 and n =1 can be

observed in Figure 5. Mathematically approach, in Equations (14) and (20), power
AQ
+n—
and the power mismatch of the MG is lesser. Therefore, the region of the NDZ increases.
For example, based on standard IEEE 1547 |[15] in Equations (14) and (20) for

Qr = 1. finin = 0.99f. finax = LOIf. Vypiy = 0.9V Vo = 1.1V :

, AP
mismatch and —

— T are smaller than AP and AQ when m and n are larger than 1,

(=2.03%)x(mMm+n—-1) < % <(197%)x (m+n—-1) (21)
AP
(-1736%) x (m+n—-1) < 5 < (23.46%)x (m+n—1) (22)

Considering Equations (21) and (22), The region of NDZ in passive islanding
identification approaches, as shown in Figure 5, expands due to the compensation of AP
and AQ by other grids and MGs. Consequently, no discrepancies appear in the frequency
and voltage. As a result, the passive islanding identification approaches will exhibit
significant NDZs for these particular kinds of MGs. Furthermore, the connection of many
grids to the MG ensures that even if one grid is disconnected, islanding can be prevented.
Consequently, typical active islanding identification approaches will be unable to identify
the off-grid status.
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Figure 5. The NDZ of OV/UV and OF/UF for MG in Figure 3. m =n=1,mandn > 1.

4. Conclusions

MGs that are presented constitute some sub-MGs with MCPs to different grids. As a
consequence of a large NDZ area in these kinds of MGs, traditional methods cannot always
detect islanding. OVP/UVP and OFP/UFP are primarily employed as passive islanding
detection techniques, monitoring parameters such as voltage amplitude and frequency at
the PCC. This study presents a derivation and analysis of the equations for real and
reactive power, as well as the procedures for OVP/UVP and OFP/UFP. The presented
equations can be applied to any type of multi-terminal microgrid. The findings indicate
that the NDZ of the OVP and UVP methods is very broad across different types of MGs.
Identifying islanding in renewable microgrids can be complex due to their ability to
remain stable by connecting to many grids. Additionally, local islanding identification
methods often have a significant NDZ. Even if one grid is disconnected, the renewable
microgrid remains connected to other grids, preventing islanding. Consequently,
conventional active islanding identification methods are unable to detect the off-grid
condition.
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In this study, optimal energy management is addressed in the
residential building. The residential building is equipped with
renewable energies including wind turbines (WT) and
photovoltaic (PV) systems. Stochastic programming is used to
model the uncertainty of renewable energy resources. To manage
these uncertainties and reduce the total daily cost of energy, the
load control program is adopted. In this respect, five different types
of loads are modeled in the building, including interruptible,
uninterruptible, constant-energy, constant-power and movable
loads. The above charges are properly adjusted and shipped to
minimize energy costs and address the uncertainties of renewable
energy by hybrid sine cosine shuffled frog leaping algorithm. The
residential building is considered as later active in the network,

which transfers energy from network to the building and vice
versa. The simulation results show that the proposed model can
efficiently harness all the energy possible from WT-PV systems,
manage uncertainties, minimize total daily costs and operate as an
island. All of these objectives are achieved by optimal load
distribution and control within the proposed load control program.

Article type:

Research Article

1. Introduction

The integration of energy resources is one of the interesting problems of electrical
engineering and several types of energy resources have been modeled and studied for
good integration [1]. In real networks, the grid is often equipped with different types of
renewable and non-renewable energy, such as wind turbines, photovoltaic systems and
hydropower systems as renewable energy sources, as well as micro-turbines, internal
combustion engines (ICE), and the fuel cell (FC) as non-renewable energy resources. It is
therefore useful to study the correlation and the cogeneration of these resources. This
problem has been approached in different ways, for example by combining hydro, WT and
PV [2, 3], WT and PV [4], WT and PV-thermal [5], MT, FC and ICE [6], PV-FC [7], and PV-
thermal [8]. Studies show that such a correlation exerts a significant influence on the
network and that it is necessary to take this element into account in the problem.

The correlation of renewable energy sources can also be studied in the problem of
household energy management. This problem manages energy consumption in homes
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and the building. Domestic energy management has been well taken into account,
including various renewable and non-renewable energy resources such as WT [9], PV [ 10,
11], geothermal biomass [12]. In addition, the management of domestic energy has been
approached from different angles, such as reduction of emissions to the environment [6],
operation and management of wireless networks [13], control analysis the load [14], the
comfortable lifestyle [15] and electrical systems loading [8] and increasing of energy
performance [16]. Energy storage systems are also useful technologies that can be used
properly in energy management |6, 8].

Load control (demand response) is one of the preferred methods for managing energy
exchange in buildings. Load control is a broad term that offers a variety of methods to
improve the operation of the system by managing demand rather than generation |17,
18]. Loads and their models are one of the main components of load control. There are
different types of loads, such as interruptible loads [19], constant power or power loads
[20], and switchable loads [21]. Thus, the load control program, as a demand management
method (DSM), optimally adjusts and modifies loads to meet loads, while minimizing total
daily energy costs.

This study presents an optimization strategy aimed at minimizing the total daily energy
costin the residential building. Despite the fact that this building is equipped with WT and
PV systems as an internal renewable energy source, it is connected to the distribution
network. This means that the building can receive its energy from the internal generation
system or the distribution network (network) and also sends its surplus energy to the
grid. Such an operation can help the building to reduce energy costs because it can sell
energy to the upstream network at high-cost periods. It is assumed that the building
comprises five types of loads, namely interruptible load, constant power load, constant
energy load, uninterrupted load, and load that can be moved. Optimization programming
manages energy in the building subject to the correlation of WT and PV energy resources
as well as the load control program such as the DSM. The uncertainty of the WT and PV
generation systems is managed by proper charge control and the total daily cost of the
energy is minimized. So, the contribution of this paper is complete model of various parts
in the system with consideration of renewable energy uncertainties. Also new
optimization algorithms are improved and applied on the system.

The rest of this study is organized as follows. Section 2 describes the proposed model.
Section 3 discusses the mathematical modeling used in this study. Section 4 provides the
data required for simulation studies. In Section 5, numerical results are given. Finally,
Section 6 presents conclusions and recommendations for future work.

2. The Proposed Method

The schematic structure of the proposed model is shown in Figure 1. In spite of
considering WT and PV systems as internal production units, the building is also
connected to the distribution network (network).
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Meter

Total loads

(Interruptible, Uninterruptible, Constant power, Constant energy, Shiftable)

Figure 1. Schematic structure of the proposed model for energy management in building.

There is a counter between the building and the network to record the reception and
sending energies. Energy management in the building is carried out by controlling loads
and surplus produced energy can be send to the grid and make profits at the right time of
the operation horizon. There are five different types of loads in the building and the plan
can properly adjust the loads to manage energy and minimize the total daily energy cost
in the building.

3. Mathematical Modeling
3.1. Optimization Programming

The energy management tool given in the residential building minimizes the total daily
cost of energy in the building, as defined by Equation (1) as an objective function. It
calculates the expected value of the cost in all the performance scenarios related to the
uncertainty of the WT and PV generation systems. It should be noted that the probability
of each scenario is less than one and the sum of all probabilities is equal to one, as
indicated by the Equations (2) and (3).

N 24 (1)
TC = (Ponse X ps X )

s=1t=1
0<p;<1 2)
N
Z po=1 (3)
s=1

The energy exchange between the building and the distribution network is calculated
by the Equation (4). The load is a positive variable Equation (5) and is modeled by five
different load types, including loads 1 to 5 Equation (6), which are modeled and described
in subsections 3.2 to 3.6 The building can send power to the grid or receive power from
the grid. If this calculated power is negative, the building sends electrical energy to the
grid, otherwise the network sends electrical energy to the building.
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As a result, the exchange power between the building and the grid can be positive or
negative, as shown in Equation (7). However, the line capacity between the building and
the network limits this exchange power, as indicated by the Equation (8).

Pyn.st = Proaat = Ppv,st = Pwr,st (4)
Piogar =0 (5)
Pioaat = Proaa1t + Pioadz,t + Poaas,t + Ploadat + Proads,t (6)
— =< Pyyst < +00 (7)
|Pyn.stl < Prinemax (8)

3.2. Interruptible Load

One of the load types in this study is interruptible loads. The energy consumed by
interruptible loads is not required to be continued. This type of loads can consume energy
at different times with several start and stop commands. Such operation can be defined
for certain devices such as electric motors. Load 1 is an interruptible load and it is a
positive variable, as the Equation (9) shows. A binary variable is defined as Equation (10)
and it is fixed as Equation (11). Then, the load profile of the interruptible load is modeled
by Equation (12).

Ploadl,t =0 (9)
Bloadl,t € {011} (10)
24
D Bioaare = NL1 (1)
t=1
Ploadl,t = Bloadl,t X Ploadl,rated (12)

3.3. Constant Energy Load

Another load types considered in this study is constant energy loads. This load type
uses fixed energy level during the day, regardless of the operating time. Such a procedure
can be considered as operation of billable devices. They can be loaded at intermittent
intervals with different powers. Charge 2 is a constant energy charge and it is a positive
variable, as the Equation (13) shows. The energy of the load is defined in Equation (14)
and its power is limited by Equation (15).

Ploadz,t =0 (13)
24
> Piogaze Xt = EL2 (14)
t=1
Ploadz,t < Ploadz,rated (15)
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3.4. Constant Power Load

Constant power loads follow a constant profile during the hours of the day, such as
lighting demand. Load 3 is a constant power load and it is a positive variable, as the
Equation (16) shows. The constant charge is defined by Equation (17).

Pload3,t =0 (16)
24
z Pload3,t = Pload3,rated (17)
t=1

3.5. Uninterrupted Load

Some loads must have consecutive and uninterrupted operation such as the washing
machine. This means that the operation of these devices cannot be interrupted before the
end of their work. Load 4 is modeled as a load with a consecutive operation. It is a positive
variable like Equation (18). A binary variable is defined as Equation (19) and the
uninterrupted operation is modeled by Equation (20). The loading profile for this load is
modeled by Equation (21).

Pload4,t =0 (18)
Bload4,t € {0»1} (19)
i1+NL4

" Buoaase = NL4 (20)
t=i
Pload4,t = Bload4,t X Pload4,rated (21)

3.6. Shiftable Load

The usage time of certain charges can be changed during the day. This means that the
operation of these devices is not limited to specific hours. Load 5 is modeled as a load with
varying duty cycle as movable loads. It is a positive variable like Equation (22). A binary
variable with a maximum limitation is defined as Equation (23) and the load profile for
this load is modeled by Equation (24).

Pioqas,e = 0 (22)
Bioqas, € {0,1} (23)
Pload4,t = Bloads,t X PloadS,rated (24)

4. Data and Setting of Problem

Figure 1 shows the schematic structure of the residential building. A photovoltaic
system of 20 kW WT and one of 20 kW are installed for this building [2]. The electric
powers produced by the WT and PV systems are illustrated in Figures 2 and 3,
respectively [2]. The nominal power of the load 1 since the interrupted load is 20 kW, it
must work 8 hours a day. The nominal energy of the load 2 being constant, it is 50 kWh
and its nominal power of 5 kW [4]. The nominal power of the load 3 with a constant load
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power is 25 kW and its load profile is given in Figure 4 [4]. Since the nominal power of
the load 4 is a continuous load of 15 kW, it must operate for 6 consecutive hours per day
[4]. It is assumed that 90% of the total load is considered a load that can be moved (load
5). The line capacity between the network and the building is 42 kW. The price of electric

energy is changed throughout the day and three levels are taken into account, as shown
in Figure 5 [20].

25

N
o

ol

1
1

12

3 4 5 6 7 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (hour)

Electrical power by WT (kW)
o

(&3]

Figure 2. Electrical power by WT [2].
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Figure 3. Electrical power by PV [2].
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Figure 4. Daily load profile for Load 3 [2].
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Figure 5. Daily electrical price [20].

5. Numerical Results

The introduced model is simulated on the given residential building by using hybrid
sine cosine shuffled frog leaping algorithm (HSC-SFLA) based on hybrid shuffled frog
leaping algorithm (HSFLA) [8] and sine cosine algorithm (SCA) [22]. In the first step,
Table 1 presents the energy cost of residential buildings with and without renewable
resources. The use of the WT system and the PV system reduces the energy cost from
98,687 ($ / day) to 7,607 ($ / day), which is a reduction 0f 91.08 ($ / day). The proposed
model can correctly exploit all the possible energy of the WT and PV systems and
manage the energy via the given load control program. Such an operation reduces the
energy costs specified below by 92.29%.
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The electrical energy exchanged between the building and the network is illustrated
in Figure 6 for two cases with and without renewable resources. The building receives
total energy from the grid when renewable resources are not installed. On the other
hand, when the renewable resources are connected, the profile of the electrical energy
is considerably changed. The plan exploits all the energy of the WT and PV systems to
minimize energy costs. In addition, planning sends energy to the grid at costly times,
such as 8 to 18 hours, reducing the building's energy costs. The results verify that
energy is received from the grid for low-cost periods and that surplus energy is sent to
the distribution grid at high-cost periods.

The results of the load control program are listed in Table 2. The optimal
programming of the distribution of the five loads is obtained and listed below. Load 1
is an interruptible load and there are some interruptions in the operation. Planning
runs the load in low-cost hours to minimize operational costs. The load 2 is the constant
energy load and its operation is optimized, while the required energy (50 kWh) is
reached. Load 3 is a constant power load and follows its defined pattern. Charging 4 to
6 hours of consecutive operation and is powered by scheduling in the low-cost hours.
Load 5 is the specified percentage of each load type, as explained in Section 4. Planning
optimizes the distribution of all loads to minimize the total energy cost of the building
and to optimize the use of energy resources renewable.

Table 1. Energy cost for residential building with and without renewable resources.
With WT-PV | Without WT-PV

Total daily cost ($) 98.687 7.607

50
40
30

20

10

o

Electrical power (kW)

-10

123456 7Ia|a!o|1|z||4|5|e!71192215223!

-20 .
Time (hour)

m Electrical power (kW) with PV-WT = Electrical power (kW) without PV-WT

Figure 6. Exchanged electrical power between building and utility network with and without
renewable resources.
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Table 2. Optimal daily load control.
Time (hour) | Load 1 (kW) | Load 2 (kW) | Load 3 (kW) | Load 4 (kW) | Load 5 (kW)

1 20 5 1.250 15 37.125
2 20 5 1.250 15 37.125
3 20 5 1.250 15 37.125
4 20 5 1.250 15 37.125
5 20 5 1.250 15 37.125
6 20 5 1.250 15 37.125
7 20 5 2.500 0 24.75
8 0 0 6.250 0 5.625
9 0 0 11.25 0 10.125
10 0 5 16.25 0 19.125
11 0 0 21.25 0 19.125
12 0 0 20.00 0 18

13 0 0 21.25 0 19.125
14 0 0 18.75 0 16.875
15 0 0 16.25 0 14.625
16 0 0 13.75 0 12.375
17 0 0 15.00 0 13.5

18 0 0 17.50 0 15.75
19 0 0 21.25 0 19.125
20 0 0 25.00 0 22.5

21 0 0 22.50 0 20.25
22 0 0 17.50 0 15.75
23 20 5 12.50 0 33.75
24 0 5 7.500 0 11.25

5.1. Line Capacity Analysis

The line capacity between the distribution network and the building plays a significant
role. To analyze this role, two cases with a line capacity of 42 kW as case A and a line
capacity of 32 kW as case B are simulated and discussed. The results for these two cases
are shown in Table 3. It shows that the decrease in line capacity increases the total
energy cost by 51.68%. The electrical energy exchanged between the building and the
distribution network is illustrated in Figure 7 in two cases. Comparing Figures 6 and 7,
the decreasing line capacity forces the building to receive power from the utility
network at expensive times such as periods 8,9, 10, 15, 16, 18, resulting in an increase
in energy costs of the building. On the other hand, a larger line capacity allows the
building to provide its energy at low-cost times. Not only does the building not receive
grid energy at the costly times mentioned, but it also sends energy to the upstream grid
and generates profits. Table 4 summarizes the optimal load distribution in case B. The
interruptible operation of the load 1 is optimized. The energy required for the load 2 is
also satisfied while its operation is optimized. The load 3 follows its constant pattern
and the load 4 displays 6 consecutive hours of operation. The charge 5 is offsets that
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can be shifted. It should be noted that the optimal load distribution in Case A is
presented earlier in Table 2.

Table 3. Energy cost under different line capacities.
| Case A |

Totaldailycost($)| 7.607 | 15.743

Case B

Table 4. Optimal daily load control for Case B.

Time(hour) | Load 1 (kW) | Load 2(kW) | Load 3(kW) | Load 4 (kW) | Load 5(kW)
1 0 5 1.25 15 19.125
2 0 5 1.25 15 19.125
3 0 5 1.25 15 19.125
4 0 5 1.25 15 19.125
5 0 5 1.25 15 19.125
6 0 5 1.25 15 19.125
7 20 5 2.5 0 24.75
8 20 5 6.25 0 28.125
9 20 0.95 11.25 0 28.98
10 20 0.75 16.25 0 33.3
11 0 0 21.25 0 19.125
12 0 0 20 0 18
13 0 0 21.25 0 19.125
14 0 0 18.75 0 16.875
15 20 0 16.25 0 32.625
16 20 0 13.75 0 30.375
17 0 0 15 0 13.5
18 0 0 17.5 0 15.75
19 0 0 21.25 0 19.125
20 0 0 25 0 22.5
21 0 0 22.5 0 20.25
22 0 0 17.5 0 15.75
23 20 3.3 12.5 0 32.22
24 20 5 7.5 0 29.25

40
§ 30
% 20 § g
a 10
_‘g‘i o EE il AL EEEESLLEEELENER
E 10 123456728910 Il IZ I3 I4 1516 17 18 19 20 21 22 23 24
w

-20

Time (hour)
m Electrical power (kW) with PV-WT & Electrical power (kW) without PV-WT

Figure 7. Exchanged electrical power between building and utility network under different line
capacities.
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5.2. Uncertainty Analysis and Island Operation

During planning, the uncertainties associated with the WT and PV systems are
managed by the proposed load control program. The charges are correctly adjusted by
the program to deal with such uncertainty. The results of the simulation show that the
total cost of energy is $ 7,607 and $ 3,295 per day, with and without uncertainty about
renewable energy, respectively.

The grid with renewable energy uncertainty has to manage this uncertainty through
a load control program, which increases the energy cost. On the other hand, when
renewable energy uncertainty is not included, the charges are not adjusted to manage
the uncertainty of renewable energies, but they are to minimize the total cost of energy.
As a result, the energy cost is reduced beyond the level reached by the case, including
the uncertainty related to renewable energies.

The island operation of the building requires more WT and PV systems. Thus, the
WT and PV systems have gone from 20 kW to 24 kW and 25 kW, respectively. Figure 8
shows the energy of the building in connected and island operations. In connected
mode, most of the energy is provided by the WT and PV systems and a small part comes
from the distribution network. In island mode, WT and PV respectively provide 70%
and 30% of the charges. It should be noted that the total daily operating cost of an island

is increased by 62%.

= WT =PV « Utility = WT =PV

A: Connected operation B: Island operation
Figure 8. Energy of building under connected and island operations.
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6. Conclusions

This document presents optimal energy management in the residential building,
including different types of loads. Five types of loads, including interruptible, constant
energy, constant power, uninterruptible and switchable loads, are modeled. The
building is also equipped with renewable energy sources, including WT and PV
systems. The building is connected to the distribution network and the electrical energy
is exchanged between the building and the distribution network.

The simulation results show that the renewable energy assembly reduces the energy
cost from 98.687 ($ / day) to 7.607 ($ / day), which represents a reduction of about
92.29%. The building without renewable energy must receive its energy from the grid,
while the building with renewable resources uses all the energy of the WT and PV
systems and even sends energy to the utility network at expensive hours such as hours.
8-18. The load control program successfully adjusts all building loads to minimize the
total daily cost of energy, as well as the uncertainties associated with the management
of renewable energy resources.

The results show that the reduction of the capacity of the line between network and
building from 42 kW to 32 kW increases the cost by 51.68%. Under such conditions
(limited line capacity), the building must be supplied with power by the utility network
at expensive times, such as time periods 8,9,10,15,16,18, resulting in an increase in the
building's daily energy costs to meet the costs.

The impact of renewable energy uncertainty on the cost of energy is also studied and
it is shown that neglecting this uncertainty reduces the cost by about 56%, because the
charges are adjusted only to minimize the total cost of energy. energy. Finally, it is
shown that building island operation requires more WT and PV systems to meet the
loads, and that connected operation reduces the total energy cost by 62% compared to
island operation. For future work, it is recommended to use different types of
renewable and non-renewable energy resources.
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