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About Journal 

JGERI 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. 
JGERI 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: 

• 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. 

• 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. 

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

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

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

• 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 

Each manuscript will go through a rigors peer-review process. you can visit our 
Instructions for Authors page for information on preparing your manuscript. 
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Guide for Authors 

1. Important points and rules for manuscript submission and publication 

-Submitting a manuscript to a journal means that the manuscript is not under review or 
has not been published anywhere in any other language before. 
-The submission of the manuscript for publication by the author, implicitly or explicitly, 
implies the approval of the organization or body where the author works and has used 
its affiliation. 
-By submitting the manuscript, all authors officially declare their agreement to grant the 
copyright of the manuscript in case of acceptance to Arak University and JGERI. 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 JGERI 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. 
- JGERI 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 (https://creativecommons.org/licenses/by-nc/4.0/). This certificate allows others 
to use the authors' work in a non-commercial way and utilize it in their research work, 
although in the new work, they need to acknowledge the authors and mention its non-
commercial nature. 
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2. Initial submission of the manuscript 

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

• JGERI_Guideline_for_Main_Manuscript 
• JGERI_Guideline_for_Cover_Letter 
• JGERI_Form_for_Copyright_Transfer_Statement and Conflict_ of_ Interest_ Disclosure  

3. Submission of the revised manuscript  

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.         

https://jgeri.araku.ac.ir/contacts?_action=loginForm
https://jgeri.araku.ac.ir/data/jgeri/news/JGERI_Guideline_for__Main__Manuscript.pdf
https://jgeri.araku.ac.ir/data/jgeri/news/JGERI_Guideline_for__Cover__Letter.docx
https://jgeri.araku.ac.ir/data/jgeri/news/JGERI_Form_for_Copyright_Transfer_Statement_and_Conflict__of__Interest__Disclosure.docx
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• JGERI_Guideline_for_Revised_Manuscript 
• JGERI_Form_for_Title_Page_ and_ Authorship 
• JGERI_Guideline_for_Response_to_the_Reviewers_Comments 

4. After the final acceptance of the manuscript 

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

5. After publication on the journal's website 

After announcing the initial acceptance, the information of the article without its content 
will be indexed in the Articles in the Press section of the website. After including the 
article in the issue selected by the journal, the desired article will be indexed in the 
Current Issue unit along with Vol, No, and pp. Also, the electronic file of the article can be 
introduced in all scientific references through the DOI link. The important point is that, 
after acceptance and indexing, the names of the authors cannot be changed, that is, it will 
not be possible to add, delete, or change the order of the names of the authors and their 
organizational affiliations. 
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Article type: 
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In electrical distribution networks, inefficiencies and instabilities 
often arise from inductive loads like motors and transformers, 
which exhibit a lagging power factor. This reduces system capacity, 
increases losses, and can lead to lower voltage levels. To address 
these issues, integrating parallel capacitors proves effective, 
enhancing the power factor, improving voltage profiles, and 
reducing overall system losses and costs. This research explores 
the optimal placement of parallel capacitors within a distribution 
network to manage reactive power effectively, thereby minimizing 
losses and improving voltage stability and system efficiency. 
Utilizing DigSILENT Power Factory and MATLAB, a genetic 
algorithm optimizes the location and sizing of capacitors in a 33-
bus distribution network, considering scenarios with and without 
distributed generation (DG) and the impact of harmonic currents. 
The study finds that incorrect sizing or placement of capacitors can 
worsen voltage deviations when higher harmonic levels are 
present. However, the optimization method accurately determines 
the best parameters for capacitor installation, ensuring compliance 
with voltage and harmonic constraints. Deploying more than three 
to four capacitors does not significantly affect outcomes, while a 
single busbar capacitor often fails to meet operational standards. 
In conclusion, strategic capacitor placement and sizing can 
significantly reduce losses, enhance voltage stability, and mitigate 
inefficiencies caused by inductive loads. Attention to harmonics is 
crucial to avoid negative impacts on the network. This approach 
offers a replicable framework for similar optimizations in other 
distribution systems, advancing smart grid technology 
implementation. 

1. Introduction

The integration of wind turbine DGs into the electrical grid represents a sustainable

energy advancement, albeit accompanied by significant technical challenges. Notably, the 

power converters within these turbines are sources of harmonic distortion that may 

jeopardize grid stability and damage electrical equipment [1]. Harmonics can be 

conceptualized as undesirable electrical "noise" that interferes with the seamless flow of 

Journal of Green Energy Research and Innovation 1(4) (2024) 1–16 
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power, analogous to static on a radio signal. The severity of this distortion is influenced 

by multiple factors such as the type of converter, its control mechanisms, and the inherent 

robustness of the grid [2, 3]. A weak grid, akin to a fragile clothesline, might sustain light 

winds (low wind power) but could falter under strong gusts (high wind power), leading 

to instability. Additionally, the intrinsic variability of wind energy contributes to further 

challenges, as inconsistent wind speeds can lead to fluctuations in grid frequency and 

voltage [4]. 

The issue of optimal capacitor placement within distribution systems has also garnered 

considerable attention due to the diverse benefits that capacitors offer, including 

reduction in power losses [5], enhancement of voltage profiles, augmentation of system 

capacity and reliability, and improvement of power factor. To address this complex 

problem, a variety of analytical, heuristic, and metaheuristic methods have been 

employed to effectively site and size capacitors. Early research efforts centered on 

articulating the core problem using simplified system models and constraints [5-7]. 

Sensitivity analyses were employed to pinpoint potential capacitor locations [5], and 

methods such as gravitational search algorithms were utilized to determine near-optimal 

capacitor sizes. Additionally, innovative heuristic techniques based on interior point 

nonlinear programming relaxation have been developed to swiftly identify high-potential 

buses for capacitors [6]. 

Further advances have seen the integration of analytical screening with metaheuristic 

global search strategies, such as the use of loss sensitivity factor analysis for selecting 

capacitor sites and ant colony optimization for determining optimal sizes [7]. These 

hybrid methodologies have effectively narrowed the search space, yielding high-quality 

solutions. Moreover, various metaheuristic approaches tailored for the capacitor 

placement challenge have been proposed, including particle swarm optimization [8], 

simulated annealing [9], genetic algorithms [10], discrete particle swarm optimization 

[11], ant colony search [12], clustering-based optimization [13], and teaching-learning-

based optimization [14]. Despite their intensive computational demands, these methods 

are adept at handling complex, nonconvex constraints across extensive, multidimensional 

solution spaces. 

Recent research has increasingly focused on integrating practical considerations into 

problem formulations, such as the incorporation of existing capacitors, discrete capacitor 

sizes, time-varying loads, harmonics, and the costs associated with installation and 

operation [15]. Other considerations include reliability indices [16], voltage regulation 

[17], loss reduction [18], and multiobjective trade-offs [19]. Advanced power flow 

analysis techniques, such as backward/forward sweep and radial distribution power flow, 

have been pivotal in evaluating complex problem formulations under realistic operating 

conditions. Test scenarios range from standard IEEE benchmark systems with 13 and 33 

buses to large-scale distribution networks with over 200 buses, demonstrating the 

effectiveness of optimized approaches on extensive operational infrastructures. 

In sum, the quality of electricity delivery is generally assessed by ensuring that 

frequency, waveform, and voltage level parameters remain within standardized and 
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acceptable limits. Disturbances or harmonic effects primarily manifest through voltage 

harmonics, although harmonic currents can also induce issues like telephone interference 

and may influence the network remotely [20]. Although the frequency of electricity 

supplied by power plants is controllable and unaffected by consumers, the waveform and 

voltage levels are directly influenced by the loads within the network, especially nonlinear 

loads that introduce harmonics [21]. 

This research develops an advanced optimization framework for strategically placing 

capacitors in distributed networks, particularly those integrating wind energy-based DG 

sources and experiencing harmonic distortions. The study introduces a multi-objective 

optimization problem, targeting both power loss reduction and voltage profile 

enhancement, while also considering voltage limits and harmonic levels. A genetic 

algorithm, implemented in DigSILENT software, is employed to address this complex 

problem, enabling detailed evaluation of various scenarios including those without DGs 

or harmonic impacts, and others focusing solely on loss reduction or voltage 

improvement. 

The evaluation highlights the crucial role of harmonics in capacitor placement. It finds 

that incorrect capacitor sizing or location can lead to worse voltage deviations when 

harmonics are present, underscoring the need for incorporating harmonic mitigation in 

the optimization process. Additionally, the study establishes that installing more than 

three to four capacitors offers diminishing returns in a 33-bus test system, providing 

practical insights for system operators on the limits of capacitor utility. 

The paper is organized into several sections: Section 1 provides an introduction, 

background, and motivation for the research; Section 2 details the formulation of the 

optimization problem, including definitions of variables, objective functions, and 

constraints; Section 3 describes the solution methodology using a genetic algorithm and 

the software tools employed; Section 4 discusses the results of simulations under various 

scenarios, including those without DGs/harmonics and those focusing on loss or voltage 

profiles, as well as scenarios incorporating DGs/harmonics. Finally, Section 5 summarizes 

the key findings and conclusions of the study. 

 

2. Problem formulation  

2.1.       Optimization problem variables 

The variables of the optimization problem include the size of capacitor units, the 

maximum number of capacitor units that can be installed at each busbar or node, and the 

maximum number of busbars or nodes considered for capacitor placement. 

 

2.2.       Objective function 

The objective function of this program is to reduce losses and improve the voltage 

profile. Although users can also input their desired objective function, voltage, and 

harmonic constraints are added to the objective function by large penalty coefficients. 
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2.3.       Optimization problem constraints 

The constraints of the optimal capacitor placement problem include the permissible 

voltage range of busbars, the maximum loading limit of distribution network lines, and 

the permissible harmonic range of voltage at network busbars. If the capacitor is installed 

at the consumer's location, the power loss reduction after installation in the feeder is 

obtained from Equation (1): 

 

In this equation, (IL) represents the load current, (IC) denotes the capacitor current, and 

(RLF) is the reactive load factor. Reducing losses has the following advantages: 

• Reduction of maximum load (demand) losses 

• Energy savings thanks to energy loss reduction 

• Reduction of maximum reactive load 

• Voltage improvement 

By employing capacitors in a system, an increase in system voltage will be achieved 

from the installation to the generation points. In a system with a leading power factor, the 

voltage increases because capacitors can reduce the reactive current transfer of the 

system. As a result, the reactive and resistive voltage drop in the system decreases [22]. 

Several formulae are available to estimate the voltage increase caused by capacitors, but 

typically the following formula is used: 
 

∆𝑉 =
(𝐾𝑣𝑎𝑟)(𝑋1)

10(𝑘𝑣)2
 (2) 

∆𝑉: The amount of voltage increase at capacitor point 

𝑘𝑣: Line-to-line voltage of the system without using a capacitor 

𝐾𝑣𝑎𝑟: Three-phase nominal reactive power of the capacitor bank 

𝑋1: Inductive reactance of the system at the place of installation of the capacitor, Ohm 

Voltage constraint can be expressed as in Equation (3): 
 

Vmin ≤ Vi ≤ Vmax: i = 1 … Nn                         (3) 
 

Nn is the number of buses or nodes. 

The condition of the allowed line currents can be expressed as follows in Equation (4): 
 

  Imin ≤ Ij ≤ Imax: j = 1 ... Nb                        (4) 

 

Where Nb is the number of lines or branches. 

3. Solution methodology 

3.1.       Genetic algorithm 

In this study, a genetic algorithm and DigSILENT are used. The algorithm is a random 

search method based on natural selection. This algorithm consists of a population, where 

each individual in the population (chromosomes) represents a sample solution, and each 

𝐿𝑅 = 𝑅[2𝐼𝐿(𝑅𝐿𝐹)𝐼𝑐 − 𝐼𝐶
2] (1) 
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component of the chromosomes (genes) represents a specific variable of the problem. A 

new generation is produced by considering the fitness function of individuals and using 

genetic operators (crossover and mutation), and the fitness function improves over the 

iterations of the algorithm [23]. 

In the first step of solving the problem, a random population is used. The genetic 

algorithm improves the initial population by applying operators on chromosomes and 

provides it to the next generation. These operators include evolution, crossover, mutation, 

and shuffling. Through the evolution operator, chromosomes with the highest fitness in 

each generation are selected and sent to the next generation. Exchange of multiple points 

is performed among the chromosomes that have reached the previous generation, such 

that a certain percentage of similar genes between two parent chromosomes are 

randomly selected and exchanged, creating two new chromosomes. As a result, no 

defective chromosomes are created due to the crossover operation [24]. 

A mutation is performed on a limited number of random bits of the chromosomes that 

have reached the previous generation, and these bits are randomly changed to new, 

random numbers. This way, the likelihood of the optimization algorithm getting stuck in 

local optimum points is reduced. In this study, the genetic algorithm available in the 

MATLAB software is used. 

3.2.       Software packages 

In this work, DigSILENT software is used, and communication with MATLAB is 

established through a DigSILENT programming language (DPL) program. Initially, the 

MATLAB program is executed, which receives initial information, including the number of 

candidate busbars for capacitor locations, the number of considered busbars, and the size 

of capacitor units, from the user. Then, the genetic algorithm is invoked. After receiving 

the capacitor placement vector containing the location and size of capacitors, it calls the 

second DPL file. 

In this file, the capacitor placement vector is exported to DigSILENT in the form of a 

data file and waits for the response. After receiving the software response, which includes 

the value of the objective function, the results are stored for the next iteration in the first 

DPL file. 

After receiving the file containing the information about the location and size of 

capacitors in the software, it performs capacitor placement in the network, calculates the 

objective function, and sends it to MATLAB. The objective function of this program is to 

reduce losses while considering voltage and harmonic constraints. Although the user can 

also input their desired objective function, voltage, and harmonic constraints are added 

to the objective function by large penalty coefficients. This approach ensures that the 

genetic algorithm distances itself from capacitor placement in busbars that may lead to 

severe voltage drop or worse harmonic conditions. 

The second DPL is used to calculate losses. This program calculates losses and the 

objective function after optimal capacitor placement. It is worth mentioning that in the 

DigSILENT software, the total network losses or losses of individual lines are not 
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calculated in the presence of harmonics. Therefore, these calculations need to be 

programmed. Figure 1 shows the flowchart of problem-solving steps. 

 

4. Simulation and results 

4.1.       Base case analysis 

In this section, simulation results of optimal capacitor placement in a standard 

distribution network are presented. The set of software and developed programs is 

capable of determining the location and number (size) of capacitor banks for a 

hypothetical network with harmonics in a way that minimizes the objective function. The 

objective function is a combination of user-defined coefficients for losses and voltage 

profiles. 

The network under study is a standard IEEE 33-bus distribution network with a base 

voltage of 11 kV. The linear single-line diagram of the IEEE 33-bus network and the 

locations of each busbar are illustrated in Figure 2. 
 

 
Figure 1. The flowchart of problem-solving steps. 

START

Initialization includes 

candidate point and the 

number of bank at each point

Control of the final 

condition (no significant 

change in the objective 

function or reaching the 

maximum repetition)

Capacitance at specified 

points and calculation of the 

objective function 

(calculation of losses voltage 

profile, line, load percentage, 

voltage level)

Generating new population 

using evolution, exchange, 

mutation and perturbation

END

YES

NO
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Figure 2. Single-line view of the 33-bus network. 

 

 
Figure 3. Summary of the standard 33-bus network. 

 

In this study, the standard distribution network is modelled in DigSILENT Power 

Factory software. Additionally, MATLAB software is used for optimization calculations 

and the genetic algorithm. A program is written in the DPL to establish communication 

between the network and the genetic algorithm. A summary of the standard network 

report is shown in Figure 3. As illustrated, the total losses of the network are equal to 

202.68 kW. 

To consider the effects of DG and harmonics resulting from nonlinear loads, the 

following modifications, according to reference [25], were applied to the standard 

network. These modifications include adding DG at busbars 7, 24, 25, and 32, and 

replacing the existing linear load with a nonlinear (harmonic) load at busbars 6 and 27. 

Simulation results indicate that in the first stage, with the introduction of DG and a total 

generation of 800 kW, network losses decrease to 172.8 kW. In the next stage, with an 

increase in load, network losses increase to 510.45 kW. To consider the effects of 

harmonics, according to Table 1, the harmonic model of the six-pulse converter was added 

to DG and nonlinear loads. The harmonics of the six-pulse converter are illustrated in 

Figure 4. The network losses with harmonics present will be 518.18 kW, indicating an 

increase of 8 kW compared to the harmonic-free condition. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 20 21 22

23 24 25

26 27 28 29 30 31 32 33
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Table 1. Test network changes compared to the standard network. 

Busbar No. P (kW) Q (kVar) Type of Harmonic Type of change 

7 200 97 6 pulse converter 

Adding a DG 
24 200 97 6 pulse converter 

25 200 97 6 pulse converter 

32 200 97 6 pulse converter 

6 1000 750 6 pulse converter 
Alternative Load 

27 1000 750 6 pulse converter 

 

 
Figure 4. Spectrum of current harmonics of six-pulse converter. 

 

 
Figure 5. Sample output of a MATLAB program for a capacitor-compensated busbar. 

 

To place capacitors using the genetic algorithm, MATLAB software has been employed. 

For program execution, the number of candidate capacitor busbars and the size of 

capacitor units are specified as inputs. In this study, simulations were performed 

assuming 1 to 4 capacitor busbars. 

4.2.       Capacitor placement without harmonic load 

Without considering harmonic loads and DG, capacitor placement is performed to 

reduce losses and improve voltage profile. In the first stage, capacitor placement is done 

solely with the objective of loss reduction. The output of the program is illustrated in 

Figure 5. Therefore, if there is one candidate busbar capacitor with the loss reduction 

objective, then busbar number 30, with a size of 1400 kVA, will be the optimal busbar. In 

this case, network losses will decrease from 202.68 kW to 143.6 kW. The complete results 

are shown in Table 2. Each of the solutions converged to an answer after approximately 

6000 iterations. 

1.00 5.00 11.0 17.0 23.0 29.0 35.0 41.0 47.0

125.00

100.00

75.00

50.00

25.00

0.00

[%]

DG-24: Harmonic Distortion (Current)
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Next, capacitor placement to improve the voltage profile has been carried out. In this 

case, the percentage of voltage drop or rise in all network busbars has been selected as 

the objective function. A decrease in this value implies that the voltage at busbars is 

approaching unity. The results of running the program are shown in Table 3. 

According to Figure 6, using the objective function to improve the voltage profile 

(reduce the distance of voltages from unity) has been achieved successfully through 

capacitor placement. However, a crucial point to consider is the comparison of network 

losses before and after capacitor placement. The network losses with this capacitor 

placement approach have reached approximately 540 kW, showing an increase close to 

170% compared to network losses without capacitors. Therefore, it can be concluded that 

the voltage index alone may not be sufficient. 
 

Table 2. Capacitor placement for loss reduction in test network without dg and harmonic loads. 

Capacitor-placed 

busbars 

Capacitance 

placement per 

busbar in each 

order (kVAR) 

Total capacitance 

placement 

(kVAR) 

Losses 

(kW) 

Number of candidate 

busbars for capacitor 

placement 

- - 0 68/202 0 

30 1400 1400 6/143 1 

11-30 550-1150 1700 7/135 2 

24-13-30 550-500-1100 2150 2/132 3 

5-24-12-30 1000-500-250-400 2150 2/132 4 
 

Table 3. Results of capacitor placement for voltage profile improvement in test network without 
DG and harmonic loads. 

Capacitor-

placed 

busbars 

Capacitance placement 

per busbar in each 

order (kVAR) 

Total 

capacitance 

placement 

(kVAR) 

Voltage 

profile 

index 

Number of candidate 

busbars for capacitor 

placement 

- - 0 1/170 0 

8 5000 5000 5/45 1 

13-28 1500-4350 5850 7/14 2 

12-24-30 3650-2300-2450 8490 4/12 3 

25-26-31-16 1650-4250-1100-900 7900 0/9 4 
 

 
Figure 6. Standard network bus voltages after capacitor placement to improve voltage profile. 
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Considering that the proximity of busbar voltages can create a good margin of 

confidence for network utilization, it is possible to use the sum of two indices, losses, and 

voltage profile, for optimal capacitor placement. It should be noted that in some research, 

the voltage placement index within the normal range (0.5 to 0.95 per unit (p.u.)) has been 

considered as the voltage share in the objective function. This index, considering load 

variations, will not provide a suitable safe range for the operator. In Table 4, simulation 

results considering both loss and voltage indices simultaneously are presented. 

As shown in Figure 7, considering the objective function with a combined index, in 

addition to reducing losses, the voltage is also within the permissible range (above 0.95 

p.u.). In this case, network losses amount to 145 kW, which is a reduction compared to the 

base case (202 kW). In Figure 7, the voltage profile status is depicted for two scenarios 

with the objective function of loss index and the objective function of voltage index. 
 

Table 4. Results of capacitor placement to reduce losses and improve voltage profile in the test 
network without the presence of DG and harmonic loads. 

 

Capacitor-

placed busbars 

Capacitance 

placement per 

busbar in each 

order (kVAR) 

Total capacitance 

placement 

(kVAR) 

Total index 

(losses + 100 

times the sum 

of voltage 

deviations) 

Number of 

candidate 

busbars for 

capacitor 

placement 

- - 0 8/372 0 

7 3750 3750 9/291 1 

14-30 800-1500 2300 244 2 

7-30-14 1150-500-1150 2800 9/235 3 

24-7-30-14 
600-900-1200-

550 
3250 8/232 4 

 

 

Figure 7. Comparison of bus voltages to simultaneously reduce losses and improve voltage 
profile in the standard network. 
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4.3.       Capacitor placement with harmonic loads and DG 

Taking harmonic loads into account in the network, harmonic reduction can be added 

to other capacitor placement objectives. If capacitor placement is done incorrectly in a 

harmonic-rich network, it can worsen harmonic distortion conditions. For example, 

Figure 8 shows the result of incorrectly placing a capacitor in the test network at only 50 

kW at busbar number 6. As illustrated, harmonic distortion has significantly increased 

after capacitor placement. In practice, such a situation can lead to the fuse of the capacitor 

bank burning out. 

The occurrence of intensification is near harmonic number 49. Also, the change in the 

behavior of the impedance observed from busbar number 6 with the presence of 50, 100, 

and 1000 kVar capacitor banks in this busbar, based on the change in the frequency 

coefficient, is shown. 

Given the mentioned content, it can be concluded that capacitor placement in harmonic 

networks should be done with precision and sufficient study. Therefore, reducing 

harmonic distortion can also be added to the objective function of optimal capacitor 

placement. Considering the direct relationship between losses and harmonics, if the 

objective function is chosen as losses, it is expected that harmonic distortion in the 

network will decrease. Thus, the level of harmonic distortion and bus voltages can be 

considered as constraints, and the objective function can be selected as losses. Table 5 

presents the results of optimal capacitor placement to reduce losses, with a constraint on 

voltage drop or increase not exceeding 5% and a maximum overall voltage distortion of 

5%. 

 

 
Figure 8. Frequency scan of the impedance of bus No. 6 for various capacitor sizes. 
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The examination of Table 5 indicates that using a single capacitor bank does not 

provide the possibility of reducing losses. However, employing two or more capacitors for 

installation can reduce losses in the harmonic network. The voltage and harmonic status 

of the capacitors are illustrated in Figures 9 and 10, respectively. As shown in Figure 9, it 

was not possible to meet the voltage constraint in buses 26 to 33 using a single capacitor. 

In other cases (utilizing more than one capacitor), the voltage constraint has been 

achieved. The results in Figure 10 demonstrate that, despite having a single capacitor for 

capacitive placement, the reduction of total voltage distortion in buses 26 to 33 was not 

feasible. 

Table 5. Capacitor placement to reduce losses and constraints on harmonic distortion in the 
presence of DG. 

Capacitor-placed 
busbars 

Capacitance placement per 
busbar in each order (kVAR) 

Total capacitance 
placement (kVAR) 

Total Losses 
Index (kW) 

Number of candidate 
busbars for 

capacitor placement 

- - 0 18/518 0 

9 4750 4750 17/558 1 

11-292800-2250 5050 400 2 

30-13-72350-1050-1950 5350 5/347 3 

15-32-7-29800-1400-2050-7505000 6/325 4 

Figure 9. Busbar voltages to reduce losses and constraints on voltage and harmonic distortion. 

Figure 10. Total voltage distortion in network busbars with the presence of harmonic sources 
and DG. 
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     However, in other capacitor placement scenarios, the overall voltage distortion 

remained below the standard limit (5%). Simulation results in this study have been 

compared with the reference [25], and the comparison is presented in Table 6. 

 

5. Conclusion 

The key achievements and findings from this study on the optimal placement of 

capacitors in distributed networks, particularly those incorporating wind energy-based 

DGs and experiencing harmonic distortions, are significant. Notably, the study found that 

when harmonic loads were not considered, optimization could effectively reduce network 

losses by up to 33% compared to baseline scenarios. However, targeting capacitors solely 

to enhance voltage profiles led to increased network losses, underscoring the necessity of 

integrating both loss reduction and voltage stabilization in the optimization objectives. 

Employing a combined index objective function that addressed both losses and voltage 

deviations enabled the optimization to secure a 28% reduction in losses while 

maintaining voltage levels above 0.95 p.u. This highlights the effectiveness of a multi-

objective approach in achieving comprehensive system enhancements. In scenarios 

involving harmonic-generating loads and wind-based DGs, inappropriate capacitor 

placement significantly exacerbated harmonic distortions, which could damage 

equipment. 

The optimization methodology developed in this research successfully identified 

capacitor locations and sizes that minimized losses and maintained both voltage and 

harmonic distortion within acceptable limits. The analysis showed that using a single 

capacitor bank was inadequate for meeting both voltage and harmonic constraints. 

Conversely, the deployment of two or more optimally placed capacitors led to a 37% 

reduction in losses relative to the baseline with harmonics, while keeping voltages above 

0.95 p.u. and the THD below 5%. 

These outcomes affirm the robustness of the proposed optimization framework in 

determining optimal capacitor placements that balance the critical objectives of reducing 

losses, regulating voltage, and mitigating harmonic disturbances in distributed networks 

with renewable energy sources. Ultimately, this research delivers substantial 

advancements in addressing the complexities of capacitor placement in modern 

distribution grids amid growing DG penetration and power electronic loads, offering 

network operators a viable, efficient, and reliable solution to improve system 

performance, efficiency, and quality. 
 

Table 6. Comparison of simulation results with the results of the reference [25]. 
Reference [25] Proposed method 

Results After Capacitor 
Placement 

Before Capacitor 
Placement 

After Capacitor 
Placement 

Before Capacitor 
Placement 

250 452 325 518 𝑷𝑳𝒐𝒔𝒔(𝑲𝑾) 

4.98 7.41 4.8 10 𝑻𝑯𝑫𝒎𝒂𝒙(%) 

1.0500 1.05 1.05 1.05 𝑽𝒎𝒂𝒙(𝒑𝒖) 

0.992 0.957 0.95 0.88 𝑽𝒎𝒊𝒏(𝒑𝒖) 
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Renewable wind energy is a significant source of green energy 
supply that has gained considerable attention and development in 
numerous countries in recent years. These systems are utilized as 
islanded units in circumstances where it is not feasible to establish 
a connection to the network. Various structures exist for these 
systems, but the focus of many studies has been on wind energy 
conversion systems based on a squirrel cage induction machine 
with back-to-back converters. When operating in islanded mode, 
this structure necessitates specific control requirements, with the 
most crucial being the supplying of the desired voltage and 
frequency of the load. In this paper, two control structures are 
proposed and constructed to regulate the load voltage by 
controlling the load-side converter. Two control loops have been 
implemented in the first control structure. The inner loop utilizes 
the state feedback input-output method to control the voltage, 
while the outer loop employs the sliding mode method to control 
the power components. The objective is to derive the control law 
for the reference biaxial voltage of the load-side converter. The 
second proposed structure incorporates the voltage controller 
sliding mode control method in the inner loop and then the state 
feedback input-output method is employed in the outer loop to 
control the current components of the load-side converter, thus 
designing the system control input. The simulation results of both 
structures in MATLAB software have been compared by 
introducing various disturbances to assess the control systems' 
resilience to each other and the common proportional-integral 
linear control structure. In the suggested method, voltage and 
current variations manifest concurrently in the control structure 
predicated on power components. 

1. Introduction

1.1.       Problem Statement 

The widespread utilization of fossil fuels during the 20th and 21st centuries has led to 

both climate change and global warming. The provision of electrical energy from 

renewable sources such as solar, hydro, wind, etc. as green energy has consistently been 

regarded as such [1]. Over the previous years, the utilization of wind energy to generate 
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clean power for countries has experienced significant growth. It is projected that by the 

end of 2030, at least 50% of the world's electricity demand will be met by this method [2]. 

Currently, wind energy conversion systems (WECS) are implemented in diverse 

structures as depicted in Figure 1 [3]. Each of these constructions can be operated either 

onshore or offshore. Meanwhile, the squirrel cage induction generator (SCIG), while 

requiring power converters with full capability, has significantly reduced maintenance 

costs, a smaller size, and a more affordable price compared to doubly-fed induction 

machines [4, 5]. The use of type F of these buildings, particularly in onshore WECS, has 

gained significant acceptance in recent years (Figure 2) [6]. 

 

 
Figure 1. Types of structures used in WECS [3]. 

 
 

 
Figure 2. The rate of adoption of various wind turbine structures by the end of 2020 worldwide 

[6]. 
 

Type A

Gearbox

Low-speed 

shaft

High-speed 

shaft

Generator 

(SCIG) Transformer

Main grid

Type B

Gearbox

Low-speed 

shaft

High-speed 

shaft

Generator 

(WRIG) Transformer

Main grid

Variable 

resistor

Type C

Gearbox

Low-speed 

shaft

High-speed 

shaft

Generator 

(WRIG) Transformer

Main grid

Convertor

Type D

Low-speed 

shaft Low-frequency 

side

Generator 

(PMSG/EESG) Transformer

Main gridConvertor Grid-frequency 

side

Type E

Low-speed 

shaft
Medium/High 

frequency side

Generator 

(PMSG/EESG) Transformer

Main gridConvertor

Grid-frequency 

side

Gearbox

Medium/High 

speed shaft

Type F

Low-speed 

shaft
High 

frequency side

Generator 

(SCIG) Transformer

Main gridConvertor

Grid-frequency 

side

Gearbox

High speed 

shaft



19 A. Sotoudeh et al. 

 

 

 Journal of Green Energy Research and Innovation 1(4) (2024) 17-34 
 

1.2.       Literature review 

The design of a control structure that aligns with the control objectives for both the 

machine-side converter (MSC) and network-load side converters becomes crucial in 

systems with back-to-back converters. These control objectives can vary in each of the 

modes, whether grid-connected or grid-disconnected modes. One objective that has been 

the focus of numerous studies in grid-connected mode is to maximize the power 

generated by the WECS [7] or control the power injected into the grid. The authors of this 

paper provided a robust control design for the mentioned objectives [8]. During islanded 

mode, a primary objective of the MSC is to effectively regulate the state variables of the 

generator to meet the energy demands of the load. Conversely, voltage and frequency 

controls are a highly important control target for the load side converter, as stated in [9-

11]. These objectives are particularly crucial when dealing with nonlinear and unbalanced 

loads, as well as transient conditions [12]. In recent research, a variety of control 

approaches, such as linear, nonlinear, a combination of linear and nonlinear methods, and 

techniques based on artificial intelligence, have been employed to accomplish the stated 

objectives [13]. The proportional-integral (PI) linear control approach is widely utilized 

in research because of its simplicity. However, identifying the ideal coefficients for this 

method is a significant difficulty [14,15]. This method can be transformed into a nonlinear 

method called fractional-order PI by changing the order of its integral part. Similar to the 

PI method, the fractional-order PI method can be used in conjunction with other linear 

and nonlinear control methods. It has been observed to exhibit superior performance in 

transient states compared to traditional PI methods [16]. In the context of nonlinear 

control systems, it is worth noting the existence of sliding mode control, which can be 

further categorized into sub-branches such as high-order sliding mode control or 

fractional-order sliding mode control [17-20]. Also, in some articles, the discussion of 

wind turbines has been discussed only from the point of view of steady-state and 

efficiency improvement and cost reduction [21,22]. In addition, numerous research 

studies have also explored the use of input-output feedback linearization (IOFL) methods 

and the backward control approach [8,20]. The primary differentiation between linear 

and nonlinear approaches lies in their treatment of transient states. Generally, linear 

control methods have a straightforward design, but their ability to respond to different 

dynamic transient states is significantly less compared to nonlinear control systems. 

Moreover, linear methods often function just as regulators and exhibit a resistant 

behavior towards states. The lack of robust transitivity in many circumstances leads to 

the loss of system stability [16]. 

1.3.       Research gaps 

According to the reviewed references, there are the following research gaps in the past 

research: 

• Most of the proposed methods have not given appropriate responses to different 

modes of fluctuations in the network. 



Robust Control of Load Voltage in an Islanded Wind Energy Conversion System ... 20 
 

 

 Journal of Green Energy Research and Innovation 1(4) (2024) 17–34 
 

• Most of the references have used methods based on the PID control method, which 

does not perform well against transient changes. 

1.4.       Innovations and research contributions 

To solve the disadvantages and gaps stated in the previous part, in this article, a two-

stage control method is presented, the innovations of which are as follows: 

• Using the sliding mode control method to control the outer loop, 

• Using the input-output method to control the inner loop, 

The following text presents an introduction to the system being studied. Subsequently, 

two control systems are constructed for the load-side converter, to control the load 

voltage using nonlinear approaches. The stability of these control systems is also 

demonstrated. In Section 4, the performance of these structures has been evaluated by 

simulation in the MATLAB software coding environment. The comparison was made 

between the structures themselves and the linear PI technique [14] in various transient 

states. 

2. Modeling of the system under study 

This paper examines a WECS operating in off-grid mode, utilizing a SCIG as shown in 

Figure 3. Within this configuration, back-to-back converters operate to supply electrical 

power to the load through an LC filter to minimize the presence of output harmonics. The 

MSC and load-side converter (LSC) are interconnected via a capacitor known as the DC-

link capacitor. To optimize data storage and enhance simulation speed, the average model 

of converters is utilized. Furthermore, this system assumes that the load's power demand 

is consistently lower than the wind system's power generation and that any losses 

incurred during the switching process are disregarded for the converters. The wind 

turbine is modeled using a direct current (DC) mechanical prime mover.  
 

2.1.       Squirrel-cage Induction Generator (SCIG) 

The dynamic equations of the generator based on the state variables of flux and stator 

current in the dq synchronous reference frame are as follows [23]: 
 

(1) d
sd sd s sd e sqdt

d
sq sq s sq e sddt

V R I

V R I

 = − + 


 = − −   

 
Figure 3. The schematic diagram of an off-grid WECS based on SCIG. 
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I

L L
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L

   
−  − +  −  +    

   =
  
  − − +  
   


  
−  − −  −  +   

   =
 
 − − − 
    

where sdq
,

sdqV ,
sdqI , and 

rdqV are the fluxes, voltages, stator biaxial currents, and rotor 

biaxial voltages, respectively. Also, the ohmic resistances and inductances of the stator 

windings are defined as
sR ,

rR ,
sL , and

rL , respectively. Also, 
mL  is known as the mutual 

inductance of the rotor and stator and 21 / = − s r mL L L  is the leakage factor. e
is the 

synchronous speed and r
is the electrical speed of the rotor, for which the dynamic 

equation is as follows similar to the last state variable of the machine: 

(3) ( )
1

2

d
r e m rdt

P
T T D

J
 = − − 

 

mT ,
eT , J , D and P  are respectively the mechanical torque and the electromagnetic 

torque of the generator, the accumulated moment of inertia (including the moment of 

inertia of the generator and the mechanical prime mover), the accumulated damping 

factor, and the poles of the generator. 

2.2.       Load and DC Link 

At the load terminal, due to the use of the RC filter, the dynamic equations of the load 

voltage in the biaxial dq synchronous frame can be written as follows in Equation (4): 

(4) 

1
-

1
-

d
fd fd Ldq e f fq vddt

f

d
sq fq Lq e f fd vqdt

f

V I I C V
C

V I I C V
C


 = +  +  



  = − +  
  

In the above equations, fdqV , fdqI , and LdqI are the output biaxial voltage and currents of 

the LSC and the biaxial currents of the load connected to the system. Also, vdq denotes the 

cumulative uncertainty vectors affecting the voltage dynamics, which are caused by 

parametric and modeling uncertainties, and fC is the filter capacitor. On the other hand, 

the following dynamic equations can be derived for the biaxial currents of the output 

convertera as in Equation (5): 

(5) 

1
-

1
-

d
fd id f fd fd e f fq iddt

f

d
fq iq f fq fq e f fd iqdt

f

I V R I V L I
L

I V R I V L I
L


 = − +  +  



  = − − +  
  
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Similar to the load voltage vectors, for the biaxial currents of the LSC, idq
are defined as 

uncertainty vectors. Also, fR and fL are the resistance and inductance of the filter. 
idqV are 

the output biaxial voltages of the LSC. On the other hand, for the DC link, according to the 

dynamics of the capacitor C placed between the two LSC and MSC the following equation 

can be written as Equation (6): 

(6) ( )
1

d
dc dc odt

V I I
C

= −
 

dcI is the input current to the DC link through the MSC and oI is the output current from 

the DC link to the LSC. If the real and reactive power of the load is represented by fP and

fQ , we can write Equation (7) as: 

(7) 
3

2

fd fqf fd

fq fdf fq

V VP I

V VQ I

    
=    

−         

and the instantaneous active power produced by the generator ( − gP ) can be calculated 

as Equation (8): 

(8) ( )1.5g sd sd sq sqP V I V I= +
 

The currents used in Equation (6) can be calculated through the following equations: 

(9) 

/

/

dc g dc

o L dc

I P V

I P V

= −


=  

 

3. Design of the Control Structure 

This study utilizes the control structure described in [23] for the MSC. The objective of 

this research is to build the control design for the LSC using two different approaches. The 

primary objective on the load side is to control the voltage magnitude and frequency 

delivered to the load. To fulfill the control objectives described above, the converter in 

this section should be controlled accordingly. 

3.1.       Load voltage controller using the first proposed method 

This approach utilizes two cascade controllers. The primary objective of the first 

controller is to control the magnitude of the load voltage by employing the state feedback 

input-output technique. 
 

(10) 

*

*

vd fd fd

vq fq fq

e V V

e V V

= −

= −
 

 

The synchronous dq frame on the load side is considered in such a way that the voltage 

vector is only in the direction of the d axis, and for this purpose *

fdV  is 239 V and *

fqV is zero. 

In the following, the design process of a positive definite Lyapunov function is designed 

and defined as follows: 
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(11) 
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1 1

2 2
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fdq
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In Equation (11), v  is an always-positive coefficient. The difference vector of the actual 

value of the accumulated uncertainties affecting the voltage dynamics with their 

estimated value, shown by 
~

vdq , is calculated according to Equation (12): 

(12) 

~

~

ˆ

ˆ

vd vd vd

vq vq vq


 =  − 

 =  − 

 

ˆ
vdq

 is the estimated value of biaxial voltage uncertainties. Next, the derivative of the 

Lyapunov function defined in Equation (11) can be written in the following form: 

(13) 

~ ~
*

* ~ ~fdq

vd vdfdfd

V i

fqfq
vq vq

VVd d d d
W

VVdt dt dt dt

   
        = − +                    

 

Considering that the derivative of the voltage reference values is zero and on the other 

hand 
~

ˆ
vdq vdq

d d

dt dt
 = −  , by choosing the estimation rules according to [24] from Equation 

(14): 

(14) 

ˆ

ˆ

Vfd Vfdv

VfqfVfq

ed

edt C

    
= −   

      

and by inserting Equation (4) into Equation (13), the control input, which is the 

reference currents of the LSC, can be designed as follows with a positive coefficient vk : 

(15) 

*

*

Ld e f fq vd v vdfd

Lq e f fd vq v vqfq

I C V k eI

I C V k eI

− − +   
=   

+  −  +      

With this control law, the derivative of the designed Lyapunov function becomes 

negative semi-definite, and in this way, according to Barbalat's lemma [25], the 

asymptotic stability of the control system of the first part can be proved. The second 

controller in this cascade system is supposed to be designed to control the power 

components and legally extract control for the reference voltage of the LSC. Having the 

reference currents from Equation (15), the reference values of active and reactive powers 

can be calculated using Equation (7): 

(16) 

* *

* *

3

2

fd fqf fd

fq fdf fq

V VP I

V VQ I

    
=    

−         

Now, by defining the error of the power components through Equation (17), the 

process of designing the control system of this section begins: 

(17) 

*

*

f

f

P ff

ffQ

e PP

QQe

     
= −     
        
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In this section, the design of the controller is done using the sliding mode method. Thus, 

the sliding surfaces are selected as follows: 

(18) 
0

d
f f

f f

tP PP

spq

Q Q Q

e eS
k

S e e

    
= +     
        


 

In this equation, spqk is an always-positive coefficient. In the following, if the derivative 

of Equation (18) is taken, we have: 

(19) 

* *

* *

f f

f f

P PP ff f f

spq spq

Q ff f fQ Q

e eS PP P Pd d d d
k k

S QQ Q Qe edt dt dt dt

      −   
= + = − +         

−                 

In Equation (19), to simplify the relations of the control system, the instantaneous 

derivative of the reference power values is considered equal to zero. For the derivative of 

power components, it can be derived from Equation (7) as follows: 

(20) 
3 3

2 2

f fd fq fd fqfd fd

f fq fd fq fdfq fq

P V V V VI Id d d

Q V V V VI Idt dt dt

        
= +        

− −             
 

By placing Equations (4) and (5) in the above equation, we can write: 

(21) 
3

2

f P P fd fq id

f Q Q fq fd iqf

P G H V V Vd

Q G H V V Vdt L

         
= + +         

−           

where PG , QG
, PH , and QH

are defined as follows: 

(22) ( ) ( )( )
3

- -
2

P fd Ld e f fq vd fd fq Lq e f fd vq fq

f

G I I C V I I I C V I
C

= + +  + − + 

 

(23) ( ) ( )( )
3

- -
2

Q fq Lq e f fd vq fd fd Ld e f fq vd fq

f

G I I C V I I I C V I
C

= − +  − + + 

 

(24) ( ) ( )( )
3

- -
2

P f fd fd e f fq id fd f fq fq e f fd iq fq

f

H R I V L I V R I V L I V
L

= − + +  + − − + 

 

(25) ( ) ( )( )
3

- -
2

Q f fd fd e f fq id fq f fq fq e f fd iq fd

f

H R I V L I V R I V L I V
L

= − + +  − − − + 

 
By inserting Equation (21) into Equation (19), the derivative of the sliding surfaces of 

the power components will change as follows: 

(26) 
3

2

f

f

PP P P fd fq id

spq

Q Q Q fq fd iq Qf

eS G H V V Vd
k

S G H V V V edt L

          
= − − − +           

−               

In this way, a certain positive definite Lyapunov function is expressed as follows in the 

continuation of the design process: 

(27) 
1

0
2

T

P P

PQ

Q Q

S S
W

S S

   
=    

     

The derivative of this function is: 

(28) 

T

P P

PQ

Q Q

S Sd d
W

S Sdt dt

   
=    
     
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By inserting Equation (26) into Equation (28), the derivative of the function PQW is 

extracted according to Equation (29): 

(29) 
3

2

f

f

T

PP P P fd fq idq

PQ spq

Q Q Q fq fd iq Qf

eS G H V V Vd
W k

S G H V V V edt L

            
= − − − +            

−                

Now, to guarantee the stability of the control system, the control inputs idqV  are 

designed as the reference voltages of the LSC in such a way that the derivative of the 

negative semi-definite function PQW is obtained: 

(30) 

1*

*

( )2

( )3

f

f

Pfd fq P P Pfid

spq satpq

fq fd Q Q Qiq Q

eV V G H sat SLV
k k

V V G H sat SV e

−             
= − − +           

−                 

 

satpqk is also a control positive gain coefficient in Equation (30). With the above control 

law, the asymptotic stability of the controller can be guaranteed following Barblat's 

lemma, and as a result, the derivative of the designed Lyapunov function will be equal to: 

(31)    
( )

( ) ( ) 0
( )

T

P P

PQ satpq satpq P P satpq Q Q

Q Q

S sat Sd
W k k S sat S k S sat S

S sat Sdt

     
= − = − −     

       

The voltage obtained from Equation (30) will be applied to the LSC with synchronous 

frequency, and thus the load frequency will be set at its nominal value. 

3.2.       Load voltage controller using the second proposed method 

In this method, two cascade controllers are used. The first controller of this method is 

designed to control the size of the load voltage. Therefore, considering Equation (10), the 

design of the control system with the sliding mode control method is described below. For 

this purpose, two sliding surfaces ( vdS  and vqS ) are considered as follows: 

(32) 
0

d
tvd vd vd

sv

vq vq vq

S e e
k

S e e

     
= +      

     


 

where svk
 is a positive control gain coefficient. By Equation (32), we can write: 

(33) 

* *

* *

vd vd fd vdfd fd fd

sv sv

vq vq fq vqfq fq fq

S e V eV V Vd d d d
k k

S e V eV V Vdt dt dt dt

   −       
= + = − +          

−               

Considering that the derivative of voltage reference values is zero, by inserting 

Equation (4) into Equation (33), the derivative of sliding surfaces will be equal to: 

(34) 
( )

( )

-

-

fd Ld e f fq vdvd vd

sv

vq vq
fq Lq e f fd vq

I I C VS ed
k

S edt I I C V

 +  +    
 = − +   
 − +       

According to the sliding mode control method, a positive definite Lyapunov function is 

selected for the sliding surfaces as follows: 

(35) 
1

0
2

T

vd vd

Vdq

vq vq

S S
W

S S

   
=    

     

By taking the derivation of function VdqW   and inserting Equation (34) into it: 
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(36) 

( )

( )

-

-

T

fd Ld e f fq vdvd vd

Vdq sv

vq vq
fq Lq e f fd vq

I I C VS ed
W k

S edt I I C V

  +  +      = − +    
 − +         

Now, if the biaxial reference currents of the LSC as the control input are designed as 

follows, the stability of the controller can be guaranteed: 

(37) 

*

*

( )

( )

Ld e f fq vd sv vd satv vdfd

Lq e f fd vq sv vq satv vqfq

I C V k e k sat SI

I C V k e k sat SI

− − + +   
=   

+  −  + +      

As a result, Equation (36) will be changed as follows by inserting Equation (37) into it: 

(38) 
( )

( ) ( ) 0
( )

T

vd satv vd

Vdq satv vd vd satv vq vq

vq satv vq

S k sat Sd
W k S sat S k S sat S

S k sat Sdt

   
= − = − −    

     

In Equations (37) and (38),
satvk is the positive gain coefficient of the control. In this way, 

since  VdqW is a positive definite function and its derivative is negative semi-definite and 

continuous, according to Barblat's lemma, the asymptotic stability of the designed 

controller can be guaranteed [25]. 

Now it is time to design the second controller using the IOFL method. Having the 

reference currents from Equation (37), the biaxial currents error of the LSC can be defined 

as follows: 

(39) 

*

*

fd

fq

I fdfd

fqfqI

e II

IIe

     
= −     
        

Next, a positive definite Lyapunov function is designed: 

(40) 

2~
2

22 ~

1 1

2 2

fd

fdq

fq

I id

I i

I
iq

e
W

e

 
   
 = +   
     

 

In the above equation,  i  is a positive number and 
~

idq  shows the difference between 

the actual value ( idq ) of the accumulated uncertainty vectors affecting the flow dynamics 

and their estimated value ( ̂idq ): 

(41) 
~

ˆ
idq idq idq− =    

In this way, the derivative of Equation (40) can be written as follows: 

 

(42) 

~ ~
*

* ~ ~fdq

id idfdfd

I i

fqfq
iq iq

IId d d d
W

IIdt dt dt dt

   
        = − +                    
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Table 1. Values of studied system parameters and control coefficients. 
Rated power of the 

machine and converters 

(Pn) 

746 W DC-link voltage 400 v svk 0.245 

Rated voltage of the 

system (Vn) 
415 V 

DC-link

capacitor (C) 
1650 µF satvk 0.05 

Stator resistance (Rs) 9.919 Ω 
Filter resistance 

(Rf) 
0.25 Ω spqk 1000 

Rotor resistance (Rr) 4.628 Ω 
Filter 

inductance (Lf) 
0.006   H satpqk 5 

Stator inductance (Ls) 0.9291 H 
Filter 

capacitance (Cf) 
41 µF vk 0.245 

Rotor inductance (Lr) 0.9291 H Resistive load 173 W ik 180 

Magnetizing inductance 

(Lm) 
0.8895 H 

Resistive-

inductive load 

70W+546 

VAR 
v 1.681×10-7

Number of poles (P) 4 
Inertia moment 

(J) 

0.0525 

kg.m2 
i 0.0036 

Considering that 
~

ˆ
idq idq

d d

dt dt
 = −  and choosing the estimation rule from the following 

equations [24]: 

(43)
ˆ

ˆ

Ifd Ifdi

IfqfIfq

ed

edt L

    
= −   

    

If the reference voltages of the LSC ( idqV ) are designed as the control input of the second 

controller to control the output currents of the LSC, as follows: 

(44)

* *

* *

ˆ

ˆ

fd fd fq Ifd Ifdid fd

f f f i

fq fq fd Ifqiq fq Ifq

I V I eV Id
R L L k

I V I eV Idt

 −           
= + +  + + −            

                

and are placed in Equation (42) together with Equation (43), it can be shown that 

0
fdqI

d
W

dt
 and, according to Barblat's lemma [23], the asymptotic stability of the 

controller is guaranteed. It should be noted that in the above control law, ik is a positive 

control coefficient. 

As in the previous part, the voltage obtained from Equation (44) will be applied to the 

LSC with the synchronous frequency, and in this way, the load frequency will be set at the 

desired nominal value. 

4. Simulation and analysis of results

In this section, the initial settings of system parameters are presented based on Table

1. The specified parameters are selected from [14]. Given that the control system

structures designed in the previous section are nonlinear, three disturbances have been

taken into account to assess the robustness of these structures.

These disturbances include uncertainty in the system parameter, change in the 

operating point of the system, and a disturbance with a large amplitude, each is 
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individually scrutinized. However, to assess the effectiveness of proposed method 1 and 

proposed method 2, the simulation results were compared with each other and with the 

results of the traditional PI linear control system mentioned in [14]. In simulation results, 

the term "Proposed" refers to the proposed control structure 2, "PI" refers to the PI 

control structure [14], and "SMC-PQ" refers to the proposed structure 1.  

The simulations were conducted using the MATLAB software coding environment on a 

personal computer equipped with an Intel® Core™i7 processor operating at a frequency 

of 2.5GHz. The computer had 8 GB of RAM and ran on a 64-bit operating system version 

10. 

4.1.       Parametric uncertainty 

At the 0.5 s mark, a 10% rise is regarded as an uncertainty in the stator resistance. It is 

important to mention that this uncertainty is just applicable to the system model. Figure 

4 (a) depicts the load voltage changes graph, which demonstrates that all three 

approaches exhibited robust behavior. However, the proposed method 2 displayed far 

fewer transient states and returned to its previous value at a faster rate. Furthermore, as 

depicted in this diagram, the power components are determined by the multiplication of 

the output voltage and current of the LSC. Consequently, any changes in the voltage 

directly impact the performance of the internal power control loop. As a result, the 

fluctuations observed in the proposed method 1 are more pronounced compared to the 

other two methods.  

Figures 4(b) and (c) depict the variations in the active and reactive output power of the 

LSC. The uncertainty in the parameter has resulted in a temporary change in the output 

power components of the grid-side converter. Although the transitory state of the findings 

from proposed method 2 is not particularly important, the results from PI techniques and 

proposed method 1 have returned to their prior value after a transient state. Figure 4(d) 

illustrates the variations in the DC-link voltage. The introduction of parameter uncertainty 

does not have a substantial impact on the output active power.  

The voltage quickly returns to its initial value after a satisfactory transient state in all 

three methods. However, the results from proposed method 2 demonstrate a faster 

convergence rate. Figures 4(e) and (f) display the flux and torque of the machine, 

respectively. The results obtained from nonlinear methods 1 and 2 are indistinguishable, 

whereas the PI method exhibits a distinct transient state.  

The findings from Figures 4(a) to (f) validate that the proposed method 2, apart from 

its robustness against parameter uncertainties, exhibits superior efficiency compared to 

both the linear PI technique and the proposed method 1. 

 
 

 

 

 

 

 
 



29 A. Sotoudeh et al. 

 

 

 Journal of Green Energy Research and Innovation 1(4) (2024) 17-34 
 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 4. Simulation results when applying parametric uncertainty, respectively, for load 
terminal voltage, active power injected into the load, load reactive power, DC-link voltage, 

stator flux and electromagnetic torque of the machine for three control structures . 
 

4.2.       Changing the system’s operating point 

In this scenario, the impedance of the balanced resistive load increases by 5% from the 

moment of 1.5 s. Figure 5 shows the behavior of important system parameters on the load 

side and the machine side. Figure 5(a) demonstrates that the load voltage in proposed 

method 2 exhibits a reduced transient state and a greater convergence speed. 
 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

 

Figure 5. Simulation results when changing the operating point of the system, respectively, 
for the load terminal voltage, active power injected into the load, load reactive power, DC-link 

voltage, stator flux and electromagnetic torque of the machine for three control structures. 
 

 Furthermore, due to its suitability for adjustment rather than tracking, the PI 

technique has not yet reached its final value within the range of the given shape. While the 

suggested control method 1 shows a faster convergence speed compared to the PI 

technique, its transient state is more severe than that of proposed method 2. Figures 5(b) 

and (c) depict the variations in the active and reactive powers of the LSC. It is evident that 

in all three approaches, the power components reach their new reference values after a 

temporary period. However, the suggested method 2 demonstrates superior speed and 

transient state performance compared to the other techniques. Figure 5(d) displays the 

variations in the DC-link voltage. The outcomes of all three approaches are nearly identical 

to one another. Nevertheless, approach 2 has superior transitivity. Figures 5(e) and (f) 

additionally illustrate the alterations in the flux and torque of the machine. It is evident 

that there have been no substantial fluctuations in the machine flux, and the outcomes of 

both suggested nonlinear approaches are in agreement with each other. The torque of the 

machine is decreased in all three approaches to restore the equilibrium between power 

production and consumption in response to load variations. 

4.3.       Large disturbance 

In this section, at the moment of 2.5 s, the total impedance of the load reaches 30% of 

its nominal value and returns to its normal state after half a power cycle (0.01 s). This 

situation can be considered similar to a symmetrical three-phase short circuit at the load 

terminal. 
 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

 

Figure 6. Simulation results during large disturbances in the system for load terminal voltage, 
active power injected to load, load reactive power, DC-link voltage, stator flux and machine 

electromagnetic torque for three control structures. 
 

Figure 6(a) illustrates the variations in load voltage following the application of short 

circuit conditions. Despite experiencing a significant decrease during short circuits, all 

three methods exhibit this behavior. However, in proposed method 2, the load voltage 

reaches its nominal value more efficiently and rapidly, displaying a more appropriate 

transient state and speed. Figures 6(b) to (d) depict the output power components of the 

LSC and the DC-link voltage, respectively. These figures illustrate that the occurrence of 

short-circuit circumstances has resulted in a significant transient state in all three ways. 

However, the proposed technique 2 has achieved faster convergence of the indicated 

variables to their previous levels. Figures 6(e) and (f) display the flux and torque of the 

machine. There are no substantial alterations in the flux of the machine in proposed 

techniques 1 and 2. The machine's torque has returned to its original value after a 

transient state in all three techniques. However, the proposed method 2 exhibits a faster 

rate of convergence compared to the other two methods. 

 

5. Conclusion 

This work presents two nonlinear robust control architectures for the LSC of a SCIG-

based WECS operating in off-grid mode. A comparison has been made between the 

simulation results of the two suggested systems and the PI technique under three 

common disturbances: parametric uncertainty, system operating point change, and major 

disturbance. Both proposed structures exhibit superior suitability and resilience 

compared to the PI technique. However, the performance of control structure 2 

demonstrates a more favorable reaction in transient states induced by disturbances, in 

contrast to method 1. The cause for this can be elucidated as follows: in suggested method 

1, voltage and current variations manifest concurrently in the control structure 

predicated on power components, but in proposed method 2, these fluctuations manifest 

solely in each control loop individually. In summary, the obtained results are as follows: 

• Designing and implementing a hybrid control method to control SCIG-based WECS 

operating in off-grid mode. 

• Optimal and flexible control to balance and stabilize the load voltage.   
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In recent decades, because of some main and principle world 
problems such as increasing the population, global warming, 
climate changes, and fossil fuel sources reduction, the using of 
renewable energies has impressively increased that can solve and 
reduce the caused problems by traditional power plants, and also 
can control power system the important indexes such as losses, 
voltage drop, transferring capacity. Reactive power has an 
important role in controlling and minimizing of losses, the optimal 
distribution of reactive power in presence of Distributed 
generation (DG) units in distribution networks is an important and 
key problem. In this paper, for uncertainties modelling of DG units 
and optimizing the reactive power, the statistical-quality based 
Taguchi method and Genetic algorithm are used, respectively.  The 
simulation of this paper is checked and done in MATLAB and 
MINITAB using IEEE 57-bus standard network, and simulation 
results show 5.5 MW reduction of the distribution network losses. 

1. Introduction

In addition to the active power, optimal reactive power distribution (ORPD) and

voltage control are some of the most important issues in the power system that play a key 

role in the economic operation and loss control of the network, that means the set of the 

voltage of the generators, the position of the taps, and also the number of reactive 

compensators of the network, set at the best values then the amount of losses in the 

network reaches its minimum value [1]. In the normal and steady state of the network, 

determining the optimal state of these elements is sufficient to have the optimal answer. 

But when uncertainties are applied to the network, the state of uncertainty affects the final 

answer and the position of the network elements to the extent that this problem must be 

resolved again, taking into account the sources of uncertainty. This issue is non-convex 

and non-linear in nature. Hence, many classical methods such as the gradient method have 

been used [2]. In [2], reactive and active powers are separated and then the optimization 

problem is solved. Dynamic programming [3], Lagrange function and Cohen-Tucker 

conditions [4], linear programming [5], marine predators’ algorithm (MPA) [6], modified 
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jellyfish search optimizer (MJSO) [7], African Vultures Optimization Algorithm (AVOA) [8] 

and modified version of Artificial Hummingbird Algorithm (MAHA) [9] for the ORPD 

problem are also presented. In addition, in [10] a multi-objective ORPD is proposed for an 

IEEE 69-bus distribution network, considering different load levels and the uncertainty of 

load models and demand. It introduces an optimization approach based on a modified 

grey wolf optimizer and multi-level Pareto analysis, demonstrating its effectiveness. In 

[11-13] the problem is done in the form of a programming mixed with integer and using 

GAMS software. Also, using the above software in [14,15], it has performed the two 

objectives of reactive power programming in order to reduce losses and voltage 

deviations and in [16], the voltage remains stable by active power control. In addition, 

uncertainties due to load and wind are considered in it. Also, in [17] a stochastic 

programming method is presented for coordinated operation of distributed energy 

resources in an unbalanced IEEE 34-bus three-phase active distribution network (ADN), 

effectively reducing system cost and co-optimizing active and reactive power. Allocation 

and sizing are also very important to reduce losses. In [18] a two-layer methodology that 

utilizes a two-stage stochastic programming algorithm is proposed for the allocation and 

sizing of Static Var Compensators (SVCs) in IEEE 33 and 69 radial distribution systems, 

effectively addressing uncertainties in PV and load powers and compares optimization 

algorithms such as Particle Swarm Optimization (PSO) and Genetic Algorithm (GA) to 

demonstrate the effectiveness of the proposed methodology on the systems. In recent 

years, many papers based on evolutionary algorithms have been presented. The ability of 

evolutionary algorithms to solve nonlinear problems has been the main reason for all 

researchers to solve this problem with these algorithms [19]. An improved differential 

evolution algorithm is used in which discrete and continuous variables are considered 

with the aim of reducing losses [20]. Reactive power control programming is performed 

in distribution networks and includes wind generation uncertainties. Other references 

such as genetic algorithm [21], particle aggregation algorithm [19,22], evolutionary 

programming [23], differential evolution [24-26], metal annealing [27], search engine 

optimization algorithm [28, 29], propeller algorithm [30] The Gray Wolf Algorithm [31], 

the Teaching and Learning Algorithm [32] and the Combined Particle Swarm Algorithm 

[33], have solved the problem that none of the mentioned articles have examined the 

effect of uncertainties. However, recent studies have explored the application of various 

algorithms to address the issue of loss reduction in distribution networks, including the 

use of Cuckoo and Cultural Algorithms [37], the combination of Improved Taguchi Method 

and Dandelion Algorithm [38], and the correlation of Taguchi Method and Genetic 

Algorithm [39]. 

In this paper, the ORPD problem and voltage control using GA are done in a situation 

where the effect of uncertainty caused by WTs is considered. Obviously, conventional 

unloading methods can no longer be used when uncertainty arises. Therefore, to solve this 

problem, the probabilistic optimal power flow (POPF) method is used.  

The significant advantages of this paper are summarized as blow: 

1) Solving ORPD problem considering uncertainties of DG units and Time-varying load. 
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2) Applying the Taguchi method for modeling load, solar irradiance, and wind speed 

uncertainties. 

3) Comparing the result of the Taguchi method with the POPF method such as: 

Scenario-Based, LHS, and 2PEM for answering the problem. 

 

2. Expression of the ORPD 

      The objective function is expressed in Equation (1) [34]. 

(1) min𝑃𝐿 = ∑ 𝑃𝐿𝑜𝑠𝑠,𝑙
𝑛𝑙
𝑙=1    

Where PL is the total network loss. This optimization problem has some constraints. 

Equations (2) and (3) show equal limits in the network. Equations (4) and (5) express 

unequal constraints.  
 

(2) 𝑉𝑖∑𝑉𝑗

𝑁

𝑖=1

(𝐺𝑖𝑗 cos 𝛿𝑖𝑗  + 𝐵𝑖𝑗  sin 𝛿𝑖𝑗 ) + 𝑃𝐷𝑖 − 𝑃𝐺𝑖 − 𝑃𝑤𝑖 = 0 

(3) 𝑉𝑖∑𝑉𝑗

𝑁

𝑖=1

(𝐺𝑖𝑗 sin 𝛿𝑖𝑗  + 𝐵𝑖𝑗  cos 𝛿𝑖𝑗 ) + 𝑄𝐷𝑖 − 𝑄𝐺𝑖 − 𝑄𝑐𝑖 = 0 

(4) 𝑉𝑖
𝑚𝑖𝑛 ≤ 𝑉𝑖 ≤ 𝑉𝑖

𝑚𝑎𝑥 
 

(5) |𝑇𝑖| ≤ 𝑇𝑖
𝑚𝑎𝑥 

 

2.1.       Load demand uncertainty Modeling 

Generally, the uncertainty or in other words (random variable) RVs of load demand can 

be modelled using the normal or Gaussian probability density functions (PDFs) Equations 

(6): 
 

(6) 𝑃𝐷𝐹𝐿(𝑆𝐿) =
1

√2πσ𝐿
exp (−

(𝑆𝐿 − 𝜇𝐿)
2

2σ𝐿
2 ) 

2.2.       Wind energy uncertainty modelling  

The Weibull PDF is usually to define speed distribution by Equations (7) that is shown in 

Figure 1: 

 

(7) 𝑃𝐷𝐹𝑉(𝑣) =
𝛽

𝛼
 (
𝑣

𝛼
)
𝛽−1

exp (− (
𝑣

𝛼
)
𝛽

) 

Further, the output power from a wind power plant is expressed by Equations (8): 
 

 

(8) 𝑃𝑊(𝑉) =

{
 
 

 
 
            0                    𝑉 ≤ 𝑉𝑖 𝑎𝑛𝑑 𝑉𝑜 ≤ 𝑉

  

(
𝑉3 − 𝑉𝑖

3

𝑉𝑟
3 − 𝑉𝑖

3)𝑃𝑟   𝑉𝑖 ≤ 𝑉 ≤ 𝑉𝑟    

𝑃𝑟                     𝑉𝑟   ≤ 𝑉 ≤ 𝑉𝑜 }
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Figure 1. Wind turbine production capacity [28]. 

3. Orthogonal Arrays 

An orthogonal array (OA) is a type of fractional factorial matrix in which the rows 

reflect the levels of random variables (RVs) in each experiment, while the columns 

indicate specific factors.  Historically, the concept of OA was referred to as magic squares. 

The term "orthogonal" is used to describe OAs due to the independent examination of each 

column. The orthogonal array (OA) is comprised of a matrix, as depicted in Table 1, 

whereby numerical values are organized systematically in both horizontal rows and 

vertical columns. Each row within the matrix represents an individual experiment, while 

each column corresponds to a random variable (RV). Therefore, the dimensions of the 

matrix may be expressed as "("N" _"exp” * 𝑁)" multiplied by N. The symbol "L" represents 

the level assigned to the i^th variable in the "j" ^"th” experiment [26, 36].  

 

4. POPF with TM 

      In POPF, the relationship between input and output RVs is according to Equation (9): 

Yin = 𝑓 (Xout) (9) 
 

The input and output RVs vectors are Yin and Xout, respectively, and 𝑓 is a nonlinear 

function. In POPF, the factors are called as RVs.  In the POPF the whole details of Taguchi 

method are shown in Figure2 and explained in [39].  

 

5. Simulation Results 

      The utilization of the 57-bus IEEE standard network is used to attain the efficacy of the 

Taguchi method. The system under consideration is equipped with a total of seven 

generators and eighty transmission lines, out of which seventeen lines are equipped with 

a tap changer. Additionally, three pieces of reactive power compensating equipment have 

been placed at bases 15, 25, and 53 for the purpose of compensation. The network 

experiences an initial loss of 33 MW in the absence of wind turbines. The performance 

range of the variables is shown in Table 1, while additional network information may be 

found in reference [19].  
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Figure 2. Taguchi and POPF flowchart [39].   

 

Table 1. Orthogonal array 𝑂𝐴𝑁𝑒𝑥𝑝  (𝑁𝐿)
𝑁. 

Experiment number 
Level of each variable 

RV1      RV2     …     RVN 

1 L11 L12 … L1N 

2 L21 L22 … L2N 

…. …. …. … …. 

𝑁𝑒𝑥𝑝  L𝑁𝑒𝑥𝑝1 L𝑁𝑒𝑥𝑝2 … L𝑁𝑒𝑥𝑝N 

 

The methodology is executed using the MATLAB and MINITAB software platforms. The 

present scenario entails the existence of a wind farm located in bus 38, possessing a 

nominal capacity of 100 MW. In order to replicate the operations of this wind farm, wind 

velocity data obtained from the North Dakota site and the Watford area have been 

employed [25]. The mean wind velocity within this region is recorded as 8.5 meters per 

second, with a corresponding standard deviation of 5.55. Figure 2 displays the 

distribution of wind speeds over a one-year period, revealing a noticeable right skewness 

in the data. Table 2 presents the outcomes according to the control variables. The findings 

presented in Table 3 indicate that the observed values for the variables fall within the 

acceptable range. Figures 2 to 9 provide diagrams illustrating the changes in several 

factors, such as generator voltage, tap position, and control equipment production. These 

diagrams offer improved control over the condition of the variables. The findings indicate 

the allowable range of values for all variables throughout the 500 iterations of the 

algorithm. It is evident that initially, there is significant variability among all variables.  
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However, as the number of repetitions increases, there is a progressive attainment of 

relative convergence among all variables. Additionally, Figure 9 presents the output 

voltage of all the buses, illustrating the permissible range of values for their output 

voltage. Table 4 presents several approaches for predicting postoperative pancreatic 

fistula (POPF), including point estimate, Taguchi, Scenario-based, and Latin hypercube 

sampling, along with their respective outcomes. 
 

Table 2. Limitations of control variables. 
Step Min [p.u.] Max[p.u.] Variable 

 --- 0.94 1.06 VG 

 --- 0.94 1.06 V 

0.01 0.9 1.1 T 

 --- 0 1.0 QC18 

 --- 0 0.059 QC25 

 --- 0 0.063 QC53 

 
Table 3. Results for system variables. 

VG1 VG2 VG3 VG6 VG8 VG9 

1.06 1.058 1.044 1.035 1.055 1.037 

T21-20 T24-25 T24-25 T24-26 T7-29 T34-32 

12 5 8 12 8 4 

VG12 T4-18 T4-18 T11-41 T15-45 T14-46 

1.033 1.06 1.058 1 8 7 

T10-51 T13-49 T11-43 T40-56 T39-57 T9-55 

12 5 8 12 8 4 

QC18 QC25 QC53 - - - 

1 8 7 - - - 

 
Table 4. Values of μ and σ using other alternative techniques approaches. 

Entire losses TM Scenario LHS 2PEM 

μ [MW] 27.5 40.8 48.36 36.1 

σ 9.10 19.17 28.42 13.2 

 

 

Figure 3. Wind speed frequency diagram [40]. 
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Figure 4. Trend of voltage changes of 
generators 1 to 4   

         
  
 

 
   Figure 6. Trend of transformers 1 to 6 

transformers. 

          
  
 

         

Figure 8. The process of changing the Taps 
of transformers 13 to 17.7 

Figure 9. Trend of compensating 
equipment changes. 

Figure 10. Voltage profile of all buses.    Figure 11. Convergence of loss optimization 
by GA. 

         Figure 5. Trend of voltage changes of 
generators 5 to 7. 

 

Figure 7. Trend of transformers 7 to 12 
transformers. 
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Figure 12: IEEE Standard 57-bus Network. 

 

6. Conclusion 

      This article discusses the issues of reactive power distribution and voltage 

management in the presence of distributed generator units using an evolutionary genetic 

algorithm and statistical quality based on orthogonal arrays. It has been shown that this 

approach can solve the OPRD problem when used to the IEEE 57-bus standard network. 

The findings indicate that when DG unit output capacity is uncertain, there is a reduction 

in overall network losses as opposed to when it is not. In addition, all control variables 

remain inside their permitted range both during the issue solving process and at the 

conclusion of the method. The value of the system losses from the test, 27.5 MW, is the 

optimal load flow that can be acquired from the Taguchi method test using the genetic 

algorithm. The levels set by the TM are also obtained; however, the answer obtained for 

losses of the same system from the normal OPF by the Newton-Raphson load flow method 

is 33 MW. This suggests that the TM modifies the POPF of factor levels so that the system 

experiences the fewest losses possible and minimizes the difference between 33 and 27.5, 

which is equal to 5.5 MW, a noteworthy amount. 
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The demand for non-renewable energy sources in power 
generation is crucial for residential and commercial uses, 
significantly impacting national development. However, with the 
depletion of fossil fuels, there is a shift towards renewable energy 
sources such as solar, water, and wind, which have seen a surge in 
use over recent decades. In Iran, despite abundant fossil fuel 
resources, solar energy is vital due to the country's favorable 
geographic conditions for solar exploitation. This study applies the 
analytic network process (ANP) and Genetic algorithm (GA) to 
identify optimal locations for Solar Power Plant Stations in Markazi 
province, Iran. Key morphological factors considered include slope, 
elevation, and solar radiation. The research identified the 
northwest and northern parts of Markazi province as the most 
suitable for solar photovoltaic systems, primarily due to their 
simpler topography. Using a genetic algorithm, which 
outperformed the ANP, it was found that about 24,000 km² in these 
areas are apt for solar power facilities, categorized into highly 
suitable (2,429.312 km²), moderately suitable (16,818.49 km²), 
and suitable (5,029.007 km²). Saveh showed the highest potential, 
while Ashtian, Khondab, and Shazand had the least. These findings 
provide crucial insights for stakeholders looking to develop solar 
energy projects in Markazi province. 

1. Introduction

Throughout history, renewable energy has been utilized and is currently

acknowledged as essential in light of the finite nature of fossil fuels and growing 

environmental apprehensions [1,2]. Burning fossil fuels leads to pollution and an increase 

in CO2 emissions, but this can be mitigated by shifting towards renewable energy sources 

[3]. The demand for energy holds significant importance on both national and 

international levels. Presently, the primary sources of energy in Iran, as well as in many 

other countries, are fossil fuels like oil, natural gas, and coal. Given their lengthy natural 

formation process and limited availability, these nonrenewable resources are expected to 

become increasingly expensive as their reserves diminish. In light of these factors, there 

is a growing need for an energy transition towards renewable sources [4]. The increasing 

utilization of solar energy in urban environments has become a common practice, 

Journal of Green Energy Research and Innovation 1(4) (2024) 47–63 

www.jgeri.araku.ac.ir

https://jgeri.araku.ac.ir/
a-kazemi@araku.ac.ir
https://orcid.org/0009-0009-7279-4085
https://orcid.org/0000-0003-0950-7150
https://orcid.org/0000-0002-3557-3680
http://jgeri.araku.ac.ir


Optimal Site Selection of Solar Power Plant Stations Using GIS-ANP ... 48 
 

 

 Journal of Green Energy Research and Innovation 1(4) (2024) 47–63 
 

emphasizing the significance of accurate tools and methods for assessing land potential 

for solar power generation at the local level [5]. 

Numerous studies have focused on analyzing solar power plants and selecting optimal 

sites using different methods. However, not much attention has been given to the Markazi 

province in Iran. Selecting optimal locations for building a solar power plant is a critical 

decision as it can result in higher energy output, improved efficiency, as well as better 

economic advantages. 

Al Garni et al. [6] studied several applications of the geographical information systems 

(GIS) and an analytical hierarchy process (AHP) technique to assess the factors and 

calculate a land suitability index (LSI) for analyzing potential locations in Saudi Arabia. 

Merrouni et al. [7] evaluated the appropriateness of the Eastern area of Morocco for 

accommodating extensive Concentrating Solar Power facilities through a merger of GIS 

and AHP. Habib et al. [8] identified the optimal sites for setting up photovoltaic plants in 

Egypt through a combination of GIS, Remote Sensing (RS), and Multi-Criteria Decision 

Making (MCDM). Hassaan et al. [9] developed a GIS model for conducting a multi-criteria 

suitability analysis to identify the best locations for photovoltaic plants in Kuwait. Mirzaei 

et al. [10] attempted to identify the most suitable site for establishing a solar power plant 

using six distinct criteria among five cities in southern Turkey. This was done through 

three widely recognized MCDM approaches, namely ANP, AHP, and PROMETHEE. 

A nation's prosperity is linked to its ability to achieve energy self-sufficiency, thus 

reducing reliance on foreign energy supplies. The socioeconomic soundness and stability 

of a country are closely connected to its energy independence and efforts to diversify 

domestic energy sources. Even if a country possesses abundant primary energy resources, 

efficient conversion of these resources into secondary energy requires advanced 

technology and expertise. Cost-effective utilization of readily available domestic natural 

resources such as hydropower is achievable through less sophisticated technologies at 

minimal costs. It is essential to prioritize sustainability and minimize greenhouse gas 

emissions in this process [11]. Markazi province, situated in Iran, is recognized as a 

significant industrial hub. The third largest fossil fuel power plant in Iran with significant 

greenhouse gas emissions is located in this province. Given its considerable potential for 

solar power plant construction, a comprehensive assessment of suitable locations for such 

facilities is crucial. This study introduces a new method for evaluating the viability of 

renewable energy sources in Markazi province. By integrating ANP with a genetic 

optimization algorithm, the research identified the most suitable sites with high potential 

for establishing PV systems in the study area. The study explored the suitability of ANP 

and genetic algorithms (GA) in site selection for solar power through a qualitative method 

rather than using predefined metrics. The effectiveness and accuracy of GA were 

compared and evaluated against ANP for each region individually. 

2. Data and methodology 

2.1.       Study area 

Markazi province is located in the center of Iran, with an area of 29530 km2, covering 

latitudes 33°23’–35°33’ N and longitudes 48°56’–51°3’ E. It is made up of 12 counties, 35 
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cities, and 13,941 villages. Markazi covers 1.82% of Iran’s expanse, with a population of 

1,429,475, which is 1.6% of Iran’s total population. It has a complex geomorphology, with 

elevations of 950 m in the north and 3,388 m in the southwest. Markazi’s climate is semi-

arid continental, and its summers are sunny and warm and its winters are generally rainy 

and cool.  

Notable distinctions in the region are influenced by its characteristics and elevation, with 

the northern section exhibiting a semi-desert climate, the eastern section exhibiting 

altitude-driven coldness, and the southern section being home to freezing highlands [12]. 

As an industrial hub, this province is perfect for constructing solar farms for several 

reasons, including strategic location, ample solar radiation year-round, numerous 

expansive plains, diverse geographical features enabling the use of various modern panel 

mounting structures, and a growing population that requires more electricity. Solar farms 

can benefit the region by reducing power imports, creating a self-sufficient province, 

improving its energy-based sustainability, combating air pollution, and boosting public 

health. Presently, energy imports cannot meet the province’s demand, which shows the 

urgency of establishing such plants. Figure 1 demonstrates the location of the study area. 

2.2.       The GIS Database 

The research data was gathered from a variety of sources, each of which is 

comprehensively described.  
 

 
Figure 1. (a) Map and geographical coordinates of Iran, (b) elevation map of the study area. 
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2.2.1. Solar radiation 

Optimal locations for photovoltaic power generation were primarily identified based on 

solar irradiance levels [13]. Solar radiation data for Markazi was derived from Shuttle 

Radar Topography Mission data at a 30 × 30 m resolution. The analysis revealed an 

average annual solar radiation of 1,574 kWh/m2, indicating the province's potential for 

establishing solar farms. Surface solar radiation values were computed for 1000 random 

points across the study area using ArcGIS 10.8 and later interpolated with Kriging 

Interpolation. The resulting data showed that in Markazi province, the annual minimum 

solar radiation was 1,374 kWh/m2, and the maximum value was 1,776 kWh/m2, making 

it suitable for installing solar panels. Figure 2 illustrates a raster classification dividing 

suitability into five classes, while Table 1 shows the classified solar radiation values across 

the research area. 

2.2.2. Digital Elevation Model (DEM) 

The elevation of a region can have a significant effect on its industrial sites. The height 

above sea level has an inverse correlation with atmospheric density [14]. Greater 

elevations lead to increased expenses and challenges in transporting infrastructure and 

labor. DEM enables analysis of the fundamental topographic features (such as elevation, 

aspect, slope, and sky view). In complex terrains, solar radiation distribution undergoes 

significant changes. A digital elevation model and a geometric approach that depends on 

DEM resolution accuracy can be used to assess topographic effects. DEM provides an 

artificial horizon and the sun's relative position for each point. The Shuttle Radar 

Topography Mission's DEM provides data on elevation, solar radiation, slope, and aspect 

for the study area. Figure 2 illustrates the digital area elevations while Table 1 displays 

classified research-area elevations. 

2.2.3. Slope 

When choosing the best place for establishing solar power plants, it is important to 

analyze its slope [15]. How much sunlight an area gets can change based on how steep it 

is, which also influences where to put solar panels to collect energy from the sun. In this 

study, we made a map of the area's slope using ArcGIS 10.8 and data from SRTM with a 

detail level of 30 m DEM. We then split these slopes into five different categories shown 

in Figure 2 and Table 1. 

2.2.4. Aspect 

Aspect is very important for PV farms because the direction they face greatly affects how 

much sunlight they get [16]. The east, west, and south sides get more sunlight than the 

north. Areas that are flat or face south get the most sun throughout the year [16]. 

2.2.5. Distance from residential areas 

Constructing solar power plants near residential areas can affect their environment and 

future developments. Locations within 30 km or more than 3 km are deemed most 

suitable. Areas with a distance of over 50 km but fewer than 3 km are considered least 

suitable [17]. 
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2.2.6. Distance from rivers 

The proximity to running water is another important feature. There is a river network in 

this region, which was derived from SRTM DEM to be used in generating a distance map 

via the Euclidean distance toolbox in ArcGIS.  

As per existing literature, the raster data was categorized into five classes, with details 

available in Table 1. Figure 2 demonstrates the map of distance from rivers. 

2.2.7. Distance from roads 

The next important feature for site selection is roadways. These networks play a 

significant role in transporting equipment, providing site access, facilitating regular 

maintenance, and monitoring farm operations. An optimal site must be situated at specific 

distances from the roads. Figure 2 shows a map of the study area’s road network. The 

distances were determined using the Euclidean distance toolbox. Table 3 presents 

information related to proximity to roads. 

2.2.8. Air temperature 

In this study, a Land Data Assimilation System product for 2020 is used to analyze air 

temperature with a resolution of 0.1 degrees. The resulting raster is resampled to match the 

resolution of other data at 30 m and divided into five categories. The air temperature map of 

the research region can be seen in Figure 2, and statistical information for this thematic layer 

is provided in Table 1. 

2.2.9. Distance from transmission lines 

The main transmission line passing through the main cities is provided in a grid file. The 

polylines were created and cropped to the study area using ArcGIS. Proximity calculations 

for these polylines were categorized into five classes, as shown in Figure 2, with statistical 

details provided in Table 1. 

2.2.10. Land use 

An optimal solar power plant site should have flat terrain, no shading, and be located in 

non-agricultural areas. In our study area, we created a land use and land cover (LU/LC) 

map through Sentinel-2 imagery with a high resolution in the Google Earth Engine (GEE). 

Support Vector Machine algorithm was used to classify different LU/LC classes in the 

study area. The LU/LC map shows four classes which are detailed in Table 1, and visually 

presented in Figure 2. 

2.2.11. Methodology 

The study used GA and the ANP to identify suitable locations for establishing PV systems. 

The genetic algorithms were fed with the ANP outputs. Hence, these outputs were used to 

train ANP for weighing the related criteria, effectively integrating ANP information to 

enhance its performance in site selection. Selecting locations for large-scale solar farms 

and turbine systems can be a complex problem whose solution calls for examining various 

variables [15]. Solar potential is not the only factor to consider, rather land suitability and 

disposal are also important [16]. The research data was obtained in different formats from various 
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sources.  Spatial data modeling, coding, and image processing were performed using a range of 

applications. LU/LC were obtained from GEE, and satellite imagery was analyzed using JavaScript.  
 

Table 1. Statistical data on the research criteria. 

Criteria 
Ranking 
Values 

Classes 
Area 

percentage (km2) 
Suitability 

Solar 
Radiation 

(kWh/m2) 

1 
2 
3 
4 
5 

1374–1470 
1470–1662 
1662–1686 
1686–1746 
1746–1776 

 

30.6 
18.5 
26.5 
9.4 
15 

Unsuitable 
Very less suitable 

Less suitable 

Moderately suitable 

Highly suitable 

 

Elevation (m) 

5 

4 
3 
2 
1 

2500–3300 
2000–2500 
1500–2000 
1000–1500 
800–1000 

2.9 
29.4 
50.4 
15 
2.3 

Unsuitable 
Very less suitable 

Less suitable 
Moderately suitable 

Highly suitable 

Slope (%) 

5 
4 
3 
2 
1 

25–49 
20–25 
15–20 
10–15 
0–10 

2.8 
2.4 
4.7 
8.5 

81.6 

Unsuitable 
Very less suitable 

Less suitable 
Moderately suitable 

Highly suitable 

Aspect 

1 
5 
2 
3 
4 

North 
Northwest, west 

Northeast 
East 

South, Southeast, 
Southwest, 

12.7 
23.3 
13.7 
11.7 
38.6 

Unsuitable 
Very less suitable 

Less suitable 
Moderately suitable 

Highly suitable 

Distance to the 
residential 
area (km) 

1 
5 
4 
3 
2 

0–5 
30–50 
20–30 
10–20 
5–10 

7.8 
1.9 

10.1 
30.5 
49.7 

Unsuitable 
Very less suitable 

Less suitable 
Moderately suitable 

Highly suitable 

Distance to 
river (m) 

1 
5 
4 
3 
2 

0–500 
3500–7000 
2500–3500 
1500–2500 
500–1500 

23 
14 
11 
19 
33 

Unsuitable 
Very less suitable 

Less suitable 
Moderately suitable 

Highly suitable 

Air 
temperature 

(c°) 

1 
2 
3 
4 
5 

1–5 
6–10 

11–16 
17–21 
22–27 

50.4 
9.2 
11 

21.8 
7.6 

Unsuitable 
Very less suitable 

Less suitable 
Moderately suitable 

Highly suitable 

Distance to 
road (km) 

1 
5 
3 
4 
2 

0-5 
30–40 
30–20 
10–20 
5–10 

51 
1 
2 

19 
27 

Unsuitable 
Very less suitable 

Less suitable 
Moderately suitable 

Highly suitable 

Land use/land 
cover 

1 
2 
3 
4 
5 

Vegetation 
Barren lands 

Urban 
Snow 
Water 

71 
23 
0.5 
0.6 
4.9 

Unsuitable 
Highly suitable Unsuitable 

Unsuitable 
Unsuitable 

Distance to the 
transmission 
line (km) 

1 
2 
3 
4 
5 

>70 
50–70 
30–50 
15–30 

<15 

13.2 
15.6 
19.5 
21 

30.7 

Unsuitable 
Very less suitable 

Less suitable 
Moderately suitable 

Highly suitable 
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Figure 2. Criteria map used in this research; (a) solar radiation, (b) elevation, (c) slope, (d) 
aspect, (e), distance from residential area, (f) distance from river, (g) distance from road, (h) air 

temperature, (i) land use/land cover, (j) distance from transmission line. 
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ArcGIS (V10.8) was used for preparing the necessary input for site selection, modeling, 

and ultimate map outputs. Super Decision was employed to calculate criteria weights, 

while MATLAB's genetic algorithm optimized site selection. The research flowchart can 

be seen in Figure 3. 

2.3.1. GIS-based multi-criteria analysis 

For selecting sites in large-scale PV projects, various social, technological, economic, and 

environmental factors must be taken into account [18]. Researchers and policymakers use 

MCDM to effectively address this challenge. By using these techniques, decision-makers 

can identify and select appropriate locations. Figure 3 illustrates the connection between 

criteria, objectives, and options. GIS-based studies typically use MCDM methods for 

suitable site identification and selection based on their objectives. These methods include 

ANP, Analytic Hierarchy Process, Technique for Order of Preference by Similarity to Ideal 

Solution (TOPSIS), Simple Additive Weighting (SAW), Ordered Weighted Averaging 

(OWA), and Weighted Linear Combination (WLC). ANP is particularly popular since it is 

more flexible, simple, and transparent when it comes to site selection in GIS. On the whole, 

ANP proves an effective tool for GIS-based decision-making problems thanks to its ability 

to pinpoint optimal sites and, in the case of this study, boost solar energy production. 

 

 
 

Figure 3. The methodology workflow. 
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2.3.2. Analytic Network Process (ANP) 

Developed by Saaty in 1996, ANP is a method for multi-criteria decision-making [19]. It 

calculates priority scores based on relative assessments rather than absolute numbers. 

ANP is valuable for evaluating decision problems as it reveals the level of interdependence 

between criteria and alternatives [20]. 

The process of using ANP to make decisions is comparable to AHP, except for a few 

distinctions. AHP uses a source node (main goal) alongside a sink node (alternative goals), 

as well as a linear top-down structure without feedback from higher to lower levels. In 

contrast, in ANP no specific order is in place for arranging clusters, and the network can 

expand in every direction allowing influence to be extended within a cluster as well. ANP’s 

alternative cluster can have feedback to other clusters or not [20]. 

2.3.3. Weighted Linear Combination (WLC) 

WLC is a geographic information systems-based multicriteria assessment model 

commonly utilized to analyze whether or not different locations are suitable for the 

purpose under consideration. It can prioritize site selection and land use through value 

standardization, weighting, and overlaying [21].  

GIS-based WLC can help clarify and consider criteria for selecting ideal locations for 

specific development activities [22]. WLC combines factors, sub-factors, and constraints 

to determine the overall land suitability. It uses weights to combine parameters affecting 

landslides. The main challenge of this method lies in assigning individual weights to each 

parameter separately [23]. The mathematical definition of weighted linear combination 

is represented as Equation (1). 
 

𝑊𝐿𝐶 = ∑ 𝑊𝑖
𝑁
𝑖=1 × 𝐾𝑖                                                                                                                                       (1) 

 

Where 
WLC is the Weighted Linear Combination 
Wi is the Normalized weight of factor i 
Ki is the criterion score of factor i 
N is the number of factors. 
 

2.4.       Genetic algorithm 

GA can model genetic selection and natural elimination in biological evolution [24]. Wu 

and Shan (2000) conducted significant research in this area, narrowing the search space 

to find optimal solutions [25]. Unlike conventional AI optimization algorithms, GA 

automatically collects information about the search space and controls the entire search 

process in a self-adaptive manner using random optimization techniques [26]. As a result, 

finding the best global solution becomes more likely without facing the overwhelming 

increase in possibilities caused by ignoring important information within the search space 

[27].  

Genetic algorithms are known for their simplicity, robustness, and adaptability to parallel 

processing and numerous applications. They have been successfully employed to solve 

combinatorial optimization problems (COPs) as well as non-linear problems that have 

complicated constraints or an objective function that is not differentiable [28].  
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In GA, candidate solutions are ranked based on their quality, and any unqualified member 

is eliminated based on a specific fitness value. Acceptable solutions undergo genetic 

operations such as crossover, mutation, inversion, and translocation to generate new 

candidate solutions for the next generation. This process is iterated until reaching a 

specific convergent condition. The traditional knapsack problem serves as an illustration 

of this principle and its algorithm [25]. 

Sites are selected considering the specific purposes pursued, which should be aligned with 

the different considerations (economic, environmental, etc.) of the study area. The 

integration of MCDM and MODM with GA is employed to achieve practical and coherent 

outcomes. A fitness function is utilized to determine proper sites for establishing solar 

farms by taking into account multiple factors.  

GA pursues two main objectives, namely to minimize or maximize factors. Factors to be 

minimized consist of distance from transmission lines, roads, and population centers, 

elevation, and slope. Meanwhile, factors to be maximized are LST, solar radiation, and air 

temperature. By incorporating these goals into the evaluation process through fitness 

scores given to potential solutions given their performance in fulfilling both criteria; 

feasibility is assessed by minimizing the determined factors while maximizing others. 

When using genetic algorithms to solve a problem, a fitness function is needed for each 

chromosome. This function returns a non-negative value indicating the merits or abilities 

of the chromosomes [29]. 

 

3. Results and discussion 

3.1.       ANP-based PV maps using WLC 

The research data underwent processing and categorization to generate PV potential 

maps. ANP helped to determine the importance of different layers in the weighting 

process. These computed weights were then used to create PV potential suitability maps 

based on nine criteria, three of which were prioritized in the ANP process. The metrics for 

pairwise comparison and the obtained criteria weights can be seen in Tables 2 and 3. 

3.2.       Potential sites for solar power plants 

ANP helped to identify the main areas with solar energy potential in the southern and 

eastern parts of Markazi province. The calculated weights of the layers significantly 

affected the results obtained by ANP.  

According to ANP, higher weights were assigned to solar radiation, slope, and aspect, 

respectively, considering their suitability in receiving higher amounts of solar radiation 

in southern parts.  

The northwestern and northern parts of the research area were not suitable due to higher 

topographic heterogeneity. The spatial distribution of the identified potential locations 

can be seen in Figures 4 and 5. 
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Table 2. Comparison matrix for solar power plant site selection. 
Criteria C1 C2 C3 C4 C5 C6 C7 C8 C9 

Solar Radiation (C1) 1 3 1.3 3 5 3 5 3 5 

Elevation (C2)  1 3 1.3 1.3 1.3 1.2 3 1.2 

Slope (C3)   1 1 5 3 5 3 3 

Aspect (C4)    1 3 3 3 3 3 

Distance from residential area (C5)     1 1.3 1 1.3 1 

Air temperature (C6)      1 3 1 3 

Distance from road (C7)       1 1.3 1 

Land use/cover (C8)        1 1.3 

Distance from transmission line (C9)         1 

 
Table 3. Obtained weights for solar power plant criteria. 

Criteria C1 C2 C3 C4 C5 C6 C7 C8 C9 Total 

Weights 0.221 0.049 0.156 0.142 0.131 0.074 0.112 0.036 0.079 1 

 

 
Figure 4. Land suitability map for solar energy potential based on ANP. 

 

 
Figure 5. The area of lands with solar power potential in different counties based on ANP. 
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3.3.       GA results  

GA can be used for determining proper weights and ultimately selecting potential sites. In 

this study, the results of the GA method outperformed those of ANP. ANP outputs were 

used to train a genetic algorithm. Then, the values of nine effective factors (namely, land 

use, slope, elevation, aspect, air temperature, solar radiation, distance from transmission 

lines, distance from residential areas, and distance from roads) were extracted for 1000 

random points across the study area. The suitability value of the ANP results was also 

determined. Two specific records were introduced to improve GA’s performance in 

selecting optimal locations.  

These included optimal values for each variable (highest suitability), and unfavorable 

values for lowest suitability. This data helped to identify the less favorable site selection 

criteria. By incorporating these outlier cases into the training dataset, our goal was to 

teach the GA optimization algorithm how to identify and give priority to the best locations. 

Therefore, the training data, which included these records, was imported into MATLAB to 

train the GA. As a result, the algorithm learned how to adjust itself and make better 

decisions in site selection. Table 4 displays the weights assigned to each layer. 

3.4.       GA-based potential sites for solar power plants 

The genetic algorithm's findings indicated that morphological factors significantly 

influence the suitability of the area. Specifically, slope, elevation, and solar radiation had 

a strong impact on the GA results. A comprehensive investigation of the genetic algorithm 

output revealed that potential locations with lower topographic complexity are 

predominantly located in the northwestern and northern parts of the study area. 

Furthermore, the potential increased from east to west across the province. Figures 6 and 

7 show the GA-based potential locations. 

 

 
Figure 6. GA-based map of solar energy potential. 
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Figure 7. The area of lands with solar power potential in different counties based on GA. 

 
Table 4. GA-based weights for the criteria. 

Criteria C1 C2 C3 C4 C5 C6 C7 C8 C9 Total 

Weights 0.201 0.069 0.149 0.128 0.131 0.084 0.119 0.046 0.073 1 

 

4. Discussion 

      The study's findings indicate that GA yielded more precise results compared to ANP. 

The GA-derived weights were utilized to pinpoint suitable locations for PV systems in the 

research area. GAs excel over ANP by encompassing a broader set of selection criteria. A 

comparison of the research results showed their alignment with those of other studies, 

including Mirzaei and Nowzari (2021) [10], Awasthi (2017) [6], and Merrouni et al. 

(2018) [7]; these studies assessed various approaches for a comparable issue through the 

use of GIS methods, MCDA, and optimization algorithms. The research revealed that 

morphological factors such as elevation, slope, and solar radiation had a substantial effect 

on site suitability. In the present study, areas with the highest potential for establishing 

solar power plants were located in the northwestern and northern regions of the Markazi 

province, which have less topographic complexity.  

Noorollahi et al. [30], Van Hoesen and Letendre [31], and LEE [32] assessed the influence 

of topographic factors on solar power site suitability, yielding similar results to this 

research. These findings are important as they provide insights to policymakers and 

investors. They can serve as a guide for advancing large-scale solar projects in the 

province to expand renewable energy use while decreasing reliance on fossil fuels; 

however, it is worth noting that certain limitations such as overlooking socio-economic 

factors could hinder project development in these areas. Additionally, close attention 

must be paid to the expenses associated with building transmission lines to connect these 

sites to the national grid (Figure 8). 
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Figure 8. Comparison of GA and ANP outputs regarding potential areas for establishing solar 

power plants. 
 

5. Conclusion 

      This study integrated GA with ANP in an attempt to identify and select optimal sites for 

establishing solar power plants. ANP played a vital for in training the genetic algorithm, 

enabling effective optimization using valuable information derived from the ANP. GA and 

ANP were compared to assess the accuracy of each region's selection without using 

particular factors. 

The research findings indicate that the ANP approach identified specific areas in the 

Markazi province with high potential for solar power plant development. For instance, 

Saveh in the northwest and Zarandieh in the north of the province had the highest 

potential, respectively. According to ANP, Saveh had the most potential areas for PV 

systems, followed by Tafresh, Farahan, Komijan, and Zarandieh, whereas Khondab and 

Shazand had the least potential. According to the outputs of the genetic optimization 

algorithm, Saveh and Zarandieh had the highest potential. Both GA and ANP identified 

Saveh as a suitable area for establishing solar energy plants. Overall, GA favored northern 

sections as high-potential sites. 

This research illustrated that the integration of ANP and evolutionary algorithms can 

enhance the precision and effectiveness of sites identified for renewable energy 

initiatives. The combination of these techniques enables the stakeholders and decision-

makers to more effectively pinpoint and prioritize sites that are suitable for solar power 

installations. The results underscored the significance of a methodical approach in 

determining the best areas for developing green energy resources. 

This research examined the potential for implementing renewable energy plants in the 

Markazi province and emphasized the advantages of utilizing solar power to address the 

country's energy demand. Due to substantial differences in the capacity of different areas 

for solar energy, policymakers should concentrate on promising regions and create the 

necessary infrastructure to support the development of solar farms in these areas.  
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Common sources of electricity production, such as fossil fuels, 
create a large amount of pollution; furthermore, these sources will 
run out in the future. Therefore, the use of new sources and 
renewable energies are very vital for electricity production. This 
paper provides a comprehensive study to explore and analyze new 
and renewable electrical energy sources for the production of 
electricity. The study assesses the awareness, perceptions, and 
preferences of individuals regarding innovative technologies and 
sources that have the potential to reshape the landscape of 
electrical power generation. In this research, various types of novel 
and renewable sources for electricity production are explained and 
the challenges, advantages, and disadvantages of each of these 
methods are discussed. 

1. Introduction

Using new and renewable sources of energy instead of traditional fossil fuels is

increasing every year in the world. In this paper, different types of these renewable 

sources of energy are discussed. Furthermore, some challenges and the solution to each 

challenge are explained. 

The investigation of renewable energy sources for generating electricity is on the rise as 

a viable and environmentally friendly substitute for conventional fossil fuels. Wind power, 

solar system, and geothermal heat are examples of such sources, offering the benefit of 

emitting minimal CO2 into the air [1]. The use of renewable energy can help address the 

energy crisis and reduce traditional sources like oil, gas, and coal [2]. It also has a great 

effect on air pollution and many problems of using traditional fuels. The impact of 

renewable energy on carbon emissions and sustainability is complex. Factors such as per 

capita GDP, urbanization, and the percentage of total renewable energy reliance can 

influence the carbon intensity of electricity production [3]. Policymakers need to consider 

the time frame required for new energy policies to have a full impact on carbon emissions 

from electricity generation [4].  

The diversity of renewable energy sources and individual country-level approaches in the 

world highlights the ongoing energy transition and the importance of supportive 

measures.      
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Renewable energy sources are being increasingly explored for electricity production as a 

sustainable solution to address the challenges of climate change and energy security. The 

depletion of conventional energy sources and the need for clean energy have led 

researchers to focus on alternative energy sources such as wind, solar, hydropower, and 

biomass. These sources offer advantages such as low-cost, high-energy efficiency, and 

fewer polluting gases [5,6]. Some studies have shown that renewable energy can 

contribute to reducing carbon emissions and achieving sustainable development [7]. 

However, the implementation of renewable energy projects still faces challenges such as 

logistics, conversion technologies, financing, regulation, and social acceptance. These 

challenges decrease the speed of development of new sources of energy especially in poor 

and advancing countries. The challenges are different in each area. The first challenge is 

logistics. Developing renewable energy projects often requires extensive logistical 

planning, especially for large-scale installations such as wind farms or solar parks [8]. This 

includes transportation of equipment, materials, and personnel to remote or difficult-to-

access locations. The second problem is conversion technologies. While renewable energy 

sources like sunlight and wind are abundant, the technologies used to convert these 

sources into usable electricity are still evolving. Improvements in efficiency, reliability, 

and cost-effectiveness of conversion technologies are needed to make renewable energy 

more competitive with fossil fuels. Another challenge of renewable energy sources is 

related to financing issues [9]. The upfront costs of renewable energy projects can be 

significant, and securing financing can be challenging, particularly for smaller-scale 

projects or in regions with limited access to capital. Financial incentives, subsidies, and 

innovative financing mechanisms are often necessary to attract investment in renewable 

energy. Another problem of expanding renewable energy sources is called regulation: 

Regulatory frameworks play a crucial role in shaping the development and deployment of 

renewable energy projects. In some cases, outdated regulations or bureaucratic hurdles 

can impede progress, while in others, supportive policies such as feed-in tariffs or 

renewable energy mandates can drive investment and innovation [10]. Finally, each new 

technology such as new source of energy must be accepted by society and each nation. 

In this paper, different new sources of energy are discussed. The challenges and the 

solutions to each challenge of these renewable sources of energy will be explained 

technically in another part of the paper. Addressing these challenges requires a multi-

faceted approach involving collaboration between governments, industry stakeholders, 

financial institutions, and research institutions. By overcoming these obstacles, we can 

accelerate the transition to a more sustainable and environmentally friendly energy 

system powered by renewable sources.  

Renewable sources of energy are progressing in the world every year. The European 

Union (EU) has set targets to increase the share of electricity from low-carbon sources, 

leading to significant changes in electricity production in EU countries [11]. Countries like 

India, the United States, China, and Germany have made significant progress in utilizing 

renewable energy for electricity generation, primarily from agricultural and forestry 

waste.  Overall, the exploration of renewable energy sources for electricity production is 

crucial for achieving a sustainable and environmentally friendly energy system. The next 

parts of this paper provide an overview of the current state of electrical energy 
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production, highlighting the challenges associated with traditional sources and the need 

for exploring new alternatives. There are various types of new electrical energy sources 

that researchers are exploring to meet the increasing demand for sustainable and cleaner 

energy.  

This paper is organized as follows: in section two, some traditional power energy sources 

are explained. Section three is the main part of the paper that presents renewable sources 

of energy. In section four the challenges of new sources of energy and the solution of each 

are discussed. Renewable energy sources in Iran are explained briefly in section five. 

Finally, the conclusion is reported in the last section.  

 

2. Traditional energy sources 

      Crude oil, natural gas, and coal are some of the most popular and traditional sources to 

produce electrical power. Coal is the cheapest option for electricity production, while 

natural gas is more expensive but more efficient. However, almost it does not specifically 

mention crude oil as a popular source of power generation [12]. The main challenge of 

these sources of energy is related to air pollution. The air pollution caused by energy 

generation, including the burning of fossil fuels like crude oil, natural gas, and coal is a big 

problem in large cities. The pollutants have become a leading environmental hazard and 

cause many different illnesses [13]. Therefore, using new sources of energy and 

renewable sources of energy plays a great role in modern countries and it is one of priority 

of each advanced area. 

 

3. New sources of electrical energy 

3.1.       Solar power 

Advancements in solar cell technologies, such as perovskite solar cells, tandem solar cells, 

and flexible solar panels, have shown promise in improving efficiency and lowering costs. 

Tandem solar cells, which combine different types of sub-cells, have achieved high power 

conversion efficiencies, with recent studies reporting efficiencies of up to 32.5% [14]. 

Perovskite-based tandem solar cells have also demonstrated high efficiency, with one 

study achieving an efficiency of 29.8% [15]. Additionally, perovskite-based solar cells 

offer higher conversion efficiency at lower costs compared to standard market 

options [16]. Flexible solar panels, such as those based on perovskite materials, provide a 

lightweight and sustainable solution for photo voltaic [17]. These advancements in solar 

cell technologies have the potential to significantly improve the efficiency and cost-

effectiveness of solar energy generation. 

3.2.       Wind power 

Wind power is a form of renewable energy that has the potential to contribute 

significantly to the global energy mix. The uncertainty associated with wind power 

generation poses challenges for its effective utilization. Various methods have been 

developed to address this issue, including the use of generative models to accurately 

describe the uncertainty of wind power output [18]. Additionally, advancements in wind 
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turbine technology, such as shrouded wind turbines, have been made to improve the 

efficiency of wind power generation [19]. Furthermore, innovative power generation 

mechanisms, such as those utilizing planetary gear sets, have been proposed to enhance 

the conversion rate of wind energy into electric energy [20]. Forecasting methods have 

also been developed to optimize the management of wind power systems, with a focus on 

short-term forecasting to evaluate production possibilities [21]. Overall, these 

advancements and forecasting methods contribute to the efficient control and utilization 

of wind energy resources. To better provide this new source of electricity power it is 

necessary to increase turbine efficiency, advancements in offshore wind technology, and 

research on vertical-axis wind turbines are notable developments. Onshore wind turbines 

refer to placing them on land to harness wind energy. Furthermore, installed in bodies of 

water, typically in the ocean, they capture strong and consistent winds. 

3.3.       Hydropower 

This type of energy is based on the energy potential of water.  Focus on innovative turbine 

designs, such as fish-friendly turbines, and advancements in small-scale hydropower 

systems. Hydropower is one of the oldest power generation technologies and remains 

responsible for most of the renewable electricity generation globally. It has advantages 

such as providing sustainable energy and increasing production flexibility. However, its 

development has been accompanied by environmental and social challenges. Sustainable 

hydropower projects are possible with good planning and careful system design. The 

impact of power generation on existing hydropower varies from region to region, but 

globally it is expected to be small or slightly positive. Hydropower can contribute to a 

reduction in system electricity price and price volatility, especially at higher percentiles. 

It also has the potential to increase energy storage and play a significant role in mitigating 

power generation and changing water availability. However, it is important to address the 

environmental and social costs associated with hydropower [22]. 

Hydropower can be divided into some groups. Traditional hydropower utilizes the energy 

of flowing or falling water to generate electricity. Another form of this energy is based on 

tidal and wave energy that captures energy from the motion of tides or waves in oceans 

and seas[23]. 

The majority of hydropower dams in North America and Europe were constructed before 

1975. However, in recent years, the focus of new dam construction has shifted towards 

Asia and South America. This trend has been particularly prominent over the last two 

decades. According to the World Resources Institute (WRI) database, out of the 7,155 

hydropower dams listed, approximately 6,200 were built before 2001. Among these, 

around two-thirds are situated in North America (2,063) and Europe (1,922) [24].  

     Some researchers published a paper that is related to the potential impact of 

hydropower on local communities. This study presents a comprehensive assessment of 

the global effects of dam construction, utilizing various global spatial databases. 

Specifically, it offers valuable insights into the repercussions on the economy, population, 

and environmental quality resulting from the establishment of around 600 newly 

constructed hydropower dams, categorized by region and size. The findings reveal a 

significant decline in the local economy, population, and greenery within a 50-kilometer 
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radius of the dam sites, particularly in regions belonging to the Global South. These 

outcomes contradict the notion that dams enhance the well-being of individuals and 

ecosystem services. Consequently, this research underscores the necessity for policy 

interventions aimed at mitigating the impacts on populations and urban areas adjacent to 

small and medium-sized dams [25]. 

Hydropower dams play a crucial role in both the economy and population, despite 

covering a small portion of the total land area. This outcome is not entirely unexpected, 

given that humans have historically settled in areas with convenient access to water 

sources. Fang and Jawitz [26] conducted a study on the distance of human populations to 

water sources in the United States between 1790 and 2010, highlighting the increasing 

importance of water in determining settlement patterns after industrialization. 

Additionally, Kummu et al. [27] demonstrated that over half of the global population 

resides within a 3-km radius of a freshwater body, while only 10% live beyond a 10-km 

distance. It is worth noting the regional disparities, with North America and Europe 

leading in both economic output and population density in near of across nearly all dams, 

and South America significantly surpassing other regions in terms of economy and 

population in a circular boundary within 50 km of a dam for recently constructed dams. 

3.4.       Geothermal power 

Geothermal energy is a reliable and sustainable source of renewable energy that has the 

potential to contribute significantly to the generation of electricity. It offers advantages 

such as low-carbon emissions, constant availability, and a lower cost of electricity. 

Geothermal reservoirs can serve as the base load demand for local grid systems, reducing 

dependence on fossil fuels [27]. Using enhanced geothermal systems (EGS) and the 

utilization of low-temperature geothermal resources for direct-use applications is one of 

the preparations for this source of energy. Another way of employing this source is related 

to geothermal heat pumps. They use the earth's consistent temperature beneath the 

surface to heat and cool buildings.  The last technology is geothermal power plants that 

extract heat from the earth's interior to generate electricity. 

3.5.       Nuclear power 

Nuclear power is considered a potential source of electricity generation, but it comes with 

various considerations and challenges. It has been used to meet power needs in many 

countries, but there are legal implications, high initial capital investment, and 

environmental consequences associated with its use. Nuclear energy is often seen as a 

backup alternative to renewable energy sources to reduce CO2 emissions and maintain 

energy stability [28]. However, the main problem with nuclear energy lies in the 

management of nuclear waste [29]. Additionally, implementing a nuclear power plant 

(NPP) in countries with small economies and electricity grids can be challenging due to 

financial constraints and the need for grid modifications. Despite these challenges, 

research has been conducted on developing new types of nuclear batteries that can serve 

as low-power sources. Overall, nuclear power has its advantages and disadvantages, and 

its suitability as a new source of electricity power depends on various factors and 

considerations. 
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For the better advance of this type of energy, some preparations can be made. Exploration 

of advanced reactor designs, including small modular reactors (SMRs) and Generation IV 

reactors, aiming for improved safety and efficiency. Furthermore, using advanced nuclear 

reactors that Include designs with enhanced safety features, increased efficiency, and 

reduced nuclear waste. Sometimes this type of power is referred to as fusion power [29]. 

Advanced reactor designs encompass a range of innovative approaches to nuclear energy 

production, addressing safety, efficiency, and sustainability concerns [30,31].  

These designs include Generation IV reactors, small modular reactors, accident-tolerant 

fuels, and new research reactor concepts. Advanced modeling and simulation techniques 

play a crucial role in optimizing these designs, enabling the incorporation of more physics, 

higher fidelity models, and diverse computing hardware. The development of new reactor 

types like fast-neutron reactors, high-temperature gas-cooled reactors, molten salt 

reactors, and small modular reactors is reshaping the nuclear industry [32]. Additionally, 

the consideration of safeguards and security early in the design process is a key principle 

guiding the deployment of new and advanced reactors. As the industry transitions 

towards automation, remote operation, and fewer operators, human factors in reactor 

design are becoming increasingly important for the successful deployment and operation 

of these advanced systems. 

Small Modular Reactors (SMRs) are gaining global attention due to their innovative design 

features and potential benefits.  SMRs offer advantages such as modularity, passive safety 

systems, and suitability for cogeneration, making them competitive with large reactors 

(LRs) despite higher specific capital costs. SMRs are seen as a solution for limited grid 

capacities in developing countries and can address energy needs efficiently due to shorter 

build times and design simplification [33].  

However, challenges like understanding nuclear fuel behavior, waste management, and 

ensuring safety through probabilistic risk assessment and nuclear safeguards need to be 

addressed for the successful deployment of SMRs [34]. Additionally, considering SMRs as 

sociotechnical systems is crucial to understanding their potential societal impacts and 

role in reshaping energy production and markets. Overall, SMRs represent a promising 

technology with the potential to enhance resilience and security in power supply system's 

[35]. 

Generation IV reactors represent a new generation of nuclear reactor designs with 

enhanced safety, sustainability, and efficiency features [36]. These reactors aim to address 

various energy needs, from electricity generation to process heat and waste minimization. 

The six main types of Generation IV reactors include Gas-Cooled Fast Reactors (GFR), 

Lead-Cooled Fast Reactors (LFR), Molten Salt Reactors (MSR), Sodium-Cooled Fast 

Reactors (SFR), Supercritical-Water-Cooled Reactors (SCWR), and Very-High-

Temperature Reactors (VHTR). Research and development efforts are focused on 

advancing these reactor systems to be sustainable, safe, reliable, economically 

competitive, and proliferation-resistant. Power-cycle alternatives for Generation IV 

reactors, such as VHTRs and GFRs, are being explored to maximize their efficiency and 

performance [37,38].  

Nuclear power can be divided into fission and fusion. Nuclear fission is a reaction in which 

the nucleus of an atom splits into two or more smaller nuclei. The fission process often 
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produces gamma photons and releases a very large amount of energy even by the 

energetic standards of radioactive decay. Fusion power or nuclear fusion is a process such 

as the sun's process that combines hydrogen atoms to release energy, offering a 

potentially limitless and clean energy source.  

Fusion could generate four times more energy per kilogram of fuel than fission (used in 

nuclear power plants) and nearly four million times more energy than burning oil or coal. 

Fusion offers a potential long-term energy source that uses abundant fuel supplies and 

does not produce greenhouse gases or long-lived radioactive waste [39]. Fusion energy 

offers the potential for an inexhaustible source of energy that does not deplete natural 

resources or produce greenhouse gases. The EU-DEMO project aims to be the first 

demonstrative power plant based on nuclear fusion, with a focus on the feasibility and 

realization of the power electrical systems [40].  

3.6.       Biomass 

Biomass is a significant source of renewable energy for electricity production. Advances 

in bioenergy technologies include the development of more efficient biofuel production 

methods and the utilization of waste materials for energy production. Bioenergy means 

converting organic materials such as wood, crop residues, and waste into electricity or 

heat. Furthermore, biogas refers to captures methane from organic waste for electricity 

generation. It includes various organic materials such as agricultural residues, forest 

residues, and municipal wastes [41].  

Biomass can be converted into useful forms of energy through processes like Torre 

faction, pyrolysis, and gasification. These processes can produce charcoal, petroleum oil, 

natural gas, and liquid and gaseous biofuels from biomass. 

The energy potential of biomass residues is substantial, with the ability to generate 

renewable electrical energy for small-scale electricity generation. Biomass power plants 

offer economic and environmental benefits, providing an eco-friendly alternative to fossil 

fuels [42]. The use of biomass for electricity production can reduce dependency on non-

renewable energy sources and contribute to a better environment 

Producing biomass creates a lot of air pollution that can impact human health. China and 

Brazil are two important countries that generate electricity from biomass. However, they 

have distinct patterns of fuel sources. China relies heavily on biomass residues from 

agriculture and waste-to-energy facilities that burn refuse. Figure 1 indicates some 

countries with the highest biomass energy production in 2022. 
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Figure 1. Countries with the highest bioenergy capacity in 2022. 

 

3.7.       Electrochemical cells 

They are used to produce electricity by combining hydrogen and oxygen, with water as 

the byproduct. This process is a form of renewable energy for generating electricity. 

Water electrolysis is a technique that can be used to produce hydrogen without emitting 

any pollutants, and the hydrogen can then be used to generate electricity using a fuel cell 

[43]. Renewable sources of energy like solar and wind can be used to generate surplus 

electricity, which can then be used to produce hydrogen through water electrolysis. 

Hydrogen can be stored and used as fuel for generating electricity during times when 

renewable resources are not available or are less available [44]. This approach is part of 

the push to reduce carbon dioxide emissions and develop low-cost fuels from renewable 

sources to replace fossil fuels [45]. 

3.8.       Flywheel energy storage 

Flywheel energy storage systems use a spinning rotor to store and release energy. The 

rotor is a fast-rotating mass that stores energy in the form of mechanical energy [46]. 

These systems have various applications, including smoothing uneven torque in engines 

and machinery. More recently, flywheels have been developed to store electrical energy, 

enabled by directly mounted brushless electrical machines and power conversion 

electronics [47]. Flywheel energy storage systems have advantages such as high charge 

power, longer lifecycle, the ability to feed power back into the grid, and easy 

transportability [48]. They are also compared to other energy storage technologies, such 

as lithium-ion batteries, and are found to have great potential for rapid response, short 

duration, and high cycle applications. However, cost reduction is necessary for wider 

adoption, which can be achieved through the use of low-cost. 

3.9.       Battery storage 

To save more energy in battery it is necessary to advance in battery technology for 

efficient energy storage and release. Also progress in battery technologies, including 
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lithium-ion batteries, solid-state batteries, and flow batteries. For saving a lot of energy 

they must use grid-scale energy storage solutions. 

    Battery energy storage systems (BESSs) are being used to store and release energy from 

renewable power sources such as wind and solar. These systems help to address the 

intermittent nature of renewables and ensure a steady and stable supply of electricity. 

BESSs can handle unexpected problems with renewable energy sources and play a crucial 

role in power generation by assisting other energy sources in meeting load requirements 

[49]. They can also reduce the negative effects of network congestion on the power system 

and decrease operational costs [50]. By integrating BESSs with renewable generation 

units, power fluctuations can be smoothed out, improving the stability, reliability, and 

power quality of power grids. Optimizing the planning and operation of BESSs is 

important to control their output power and improve profitability considering technical 

and lifetime constraints [51]. 

3.10.       Smart grids 

Smart grids enable the efficient integration of variable renewable energy sources into the 

power grid.  It adjusts electricity usage in response to changes in supply and demand. 

Some papers such as [52] discuss the integration of renewable energy sources, such as 

wind and solar, into smart grids using wireless power transfer technology. Smart grid 

technology is crucial for the effective utilization of distributed energy resources and can 

help address the challenges of integrating renewable energy into the grid. Technologies 

such as dynamic compensation and dynamic line rating can improve grid management in 

areas with a high concentration of renewable energy sources [53]. 

Denizli in Turkey serves as a successful example of smart grid implementation, where an 

IoT-enabled smart grid application effectively utilizes electric vehicles as mobile storage 

to maintain energy consistency [54]. This particular case study demonstrated uptimes 

exceeding 100%, underscoring the significant potential of such innovative applications. 

Overcoming challenges related to integrating renewable energy sources, such as the 

variability and intermittency of solar and wind generation, requires comprehensive 

planning and evaluation studies to determine viable integration capacities [55]. 

Furthermore, the study underscores the significance of interdisciplinary research in 

smart grid technologies, emphasizing the necessity for heightened awareness and 

collaboration across diverse fields to expedite adoption and establish a sustainable and 

efficient energy landscape [56]. 

Another example of using the smart grid for renewable energy is Copenhagen, Denmark. 

It serves as an exemplary case study for successful smart grid implementation, aligning 

with sustainable energy goals. By integrating renewable sources like wind and solar 

power into its smart grid [57], Copenhagen has significantly reduced its carbon footprint 

and reliance on fossil fuels. The smart grid technology enables efficient electricity 

management and distribution, optimizing renewable energy utilization. Additionally, the 

city's smart grid system showcases benefits like improved energy efficiency, enhanced 

reliability, and effective integration of distributed energy resources [58]. This holistic 

approach not only ensures a cleaner and more sustainable energy supply but also 
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demonstrates the potential of smart grids in achieving environmental goals and 

enhancing overall energy sustainability. 

The integration of renewable energy sources indeed comes with challenges that impact 

power grids. Challenges include the intermittency, variability, and uncertainty of solar 

and wind generation affecting operational economics [59]. As renewable energy sources 

replace conventional synchronous generators, grid strength decreases, posing stability 

challenges during integration. Converter-based sources, like wind and solar photovoltaic, 

are asynchronously connected to the grid, lacking ancillary services and affecting inertia 

and system strength, necessitating practical methodologies for evaluation [60]. To combat 

these challenges, planning, and evaluation studies are crucial to identify feasible 

integration capacities, analyze power system flexibility, and ensure stability through 

proper design considerations[61]. Countermeasures, such as battery energy storage 

systems, are utilized to cope with the variability and uncertainties of renewable energy 

sources albeit presenting technical challenges. 

3.11.       Piezoelectric and thermoelectric technologies 

Piezoelectricity is a phenomenon where certain materials generate an electric charge in 

response to applied mechanical stress. This property is harnessed in various applications. 

Thermoelectric technology was mainly used to mitigate urban heat island effects and 

pavement rutting; piezoelectric technology can power low-power electronics such as 

wireless remote sensors for pavement disease and traffic condition monitoring; solar 

pavement has multiple functions based on its large power density. Future studies should 

focus on the durability, safety, and life cycle cost of energy generation 

technologies through a systemic approach [62]. 

3.12.       Ocean thermal energy conversion (OTEC) 

Ocean Thermal Energy Conversion (OTEC) refers to a process that uses temperature 

differences between warm surface water and cold deep water to generate power. Its 

plants pump large quantities of the deep cold sea or ocean water and warm surface them 

to run a power cycle and produce electricity. It is a new and clean energy source, 

environmentally sustainable, and capable of providing massive levels of energy. This new 

source of energy was first used in the 1880s and the first working power plant was built 

in Cuba. After that additional demonstration units were built periodically since 1930 [63]. 

In the case of OTEC, the need for a big temperature difference is balanced by the 

essentially infinite reservoirs of ocean water that can act as free fuel, so the low efficiency 

due to an average temperature difference of only 20°C is not as important. The Caribbean 

Islands are in the best location to be the test bed for scaling up OTEC. This technology can 

help support the system integration of high penetrations of variable renewable energy 

sources such as wind and solar [64]. 

This type of renewable energy has never become a mass-market technology to produce 

large amounts of electricity, because of the geographical limitations. However, there are 

countries in the Caribbean and elsewhere in the world that use this new source of energy 

to produce electricity power.  
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3.13.       Kinetic energy harvesting 

Kenotic energy harvesting refers to capturing energy from motion, such as vibrations or 

footsteps. It is the process of capturing and converting the energy generated by motion 

into usable electrical power. It involves the use of various mechanisms such as 

piezoelectric, electromagnetic, and electrostatic transduction to extract electrical power 

from vibrating or moving systems. Adaptive kinetic energy harvesting is a recent 

development that aims to increase the operating frequency range of kinetic energy 

harvesters by tuning the resonant frequency of the generator and widening its bandwidth 

[65]. Different devices and systems have been proposed for kinetic energy harvesting, 

including tubular-shaped magnet housings with wire coils and central magnets [66], 

rotating shells with fixing shafts and driving assemblies, and portable devices with 

magnets and movable wire coils [67]. These systems can generate alternating current, 

which can be converted into direct current using rectifiers and used to charge batteries or 

power portable electronic devices [68]. Additionally, advancements have been made in 

wearable kinetic energy harvesting, where energy is harvested from human motion to 

power autonomous wearable devices. 

3.14.       Other emerging technologies  

The most traditional and new sources of electricity power have been mentioned before. 

However, some other types of new sources can be used for this purpose. RFID Energy 

Harvesting is one of them. It is a technology that extracts energy from radio frequency 

signals. This energy can be recycled and used to power low-energy devices in various 

applications. Despite all previous methods, this energy can be used in low scale 

consumption. Therefore, it cannot be mentioned as a new source of electricity sources. 

However, in this part of the paper, it is mentioned to complete the research of this paper 

[69]. 

     Another type of new emerging technology is the Vertical Axis Wind Turbine (VAWT). It 

is an alternative design to the traditional horizontal axis of wind turbines. VAWTs have 

been proposed for use in generating electricity on highways, where the rapid movement 

of vehicles can drive the turbines and produce power for street lighting and toll plazas 

[70]. Although VAWTs have lower efficiency compared to Horizontal Axis Wind Turbines 

(HAWTs), they have the potential to play a significant role in future power production 

[71]. Small Scale Wind Turbine (SSWT) is another type of wind turbine. It is designed for 

decentralized energy generation. Small-scale wind turbines (SSWT) are designed to 

generate power in low wind speed regions. They face challenges such as low power 

coefficient and start-up difficulty. SSWTs can achieve a power coefficient of 43% at a wind 

speed of 3 m/s, but a wind speed of 5 m/s is needed to produce 600 W of power for 

household consumption [72]. Advanced solar technologies, such as emerging photo 

voltaic (EPVs) and ultrathin organic solar cells, offer flexible, lightweight, and 

conformable properties [73]. Life cycle assessments (LCAs) are necessary to evaluate the 

environmental sustainability of these technologies, considering the entire product life 

cycle. EPVs have the potential to penetrate various application areas, including portable 

devices, building-integrated power generation, and the transport industry [74]. 
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Chalcopyrite and kieserite thin film solar cells have shown advancements in composition 

grading, surface passivation, and buffer enhancements. To increase the adoption of solar 

power, high-efficiency solar cells, and low-cost energy storage technologies are crucial. 

Multiple junction solar cells have demonstrated high efficiencies, with the theoretical 

potential to reach more than 70%. Overall, advanced solar technologies hold promise for 

achieving sustainable and efficient solar power generation [75]. 

Another type of new source of electric power is named as Concentrator Photo Voltaic 

(CPV). It uses lenses or mirrors to focus sunlight onto small, high-efficiency solar cells. 

Photovoltaic solar-energy conversion is one of the most promising technologies for 

generating renewable energy, and the conversion of concentrated sunlight can lead to 

reduced cost of solar electricity. Photovoltaic conversion of concentrated sunlight ensures 

an efficient and cost-effective sustainable power resource [76].  

 

4. Challenges of renewable energy sources  

      The transition to new sources of renewable energy presents several challenges. Many 

renewable energy sources, such as solar and wind, are intermittent and variable in nature, 

meaning they depend on factors like weather conditions and time of day. Integrating large 

amounts of renewable energy into existing electricity grids can strain grid infrastructure 

and present technical challenges such as voltage and frequency regulation, grid stability, 

and grid congestion. Developing cost-effective and scalable energy storage technologies 

is crucial for enabling the reliable and efficient integration of renewable energy into the 

grid. Challenges include improving the energy density, cycle life, and cost-effectiveness of 

battery storage systems, as well as exploring alternative storage technologies such as 

pumped hydro, compressed air energy storage, and thermal energy storage [77].  

Deploying large-scale renewable energy infrastructure, such as solar farms and wind 

turbines, requires significant land and resource utilization. Balancing the need for 

renewable energy deployment with land use considerations, environmental impacts, and 

competing land-use interests (e.g., agriculture, conservation) is a complex challenge. 

Inconsistent or inadequate policy and regulatory frameworks can hinder the deployment 

of renewable energy projects and investment in clean energy technologies. Establishing 

supportive policies, such as renewable energy targets, incentives for renewable energy 

deployment, and carbon pricing mechanisms, is essential for fostering a conducive 

environment for renewable energy development [78]. 

While the cost of renewable energy technologies has declined significantly in recent years, 

they may still face challenges competing with conventional fossil fuels in some regions, 

particularly where fossil fuel subsidies exist or where renewable energy resources are 

less abundant. Continued cost reduction through technological innovation, economies of 

scale, and supportive policies is necessary to enhance the cost competitiveness of 

renewable energy [79]. 

Infrastructure and Supply Chain are other challenges. Scaling up renewable energy 

deployment requires significant investments in infrastructure and supply chain 

development, including manufacturing facilities, transportation networks, and workforce 
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training. Building the necessary infrastructure and ensuring a resilient and diversified 

supply chain is critical for the sustainable growth of the renewable energy industry. 

The most important problem is social acceptance and stakeholder engagement. 

Renewable energy projects can face opposition from local communities, environmental 

groups, and other stakeholders due to concerns related to visual impact, noise pollution, 

land use conflicts, and perceived health effects. Engaging with stakeholders, addressing 

community concerns, and ensuring transparency and participatory decision-making 

processes are important for fostering social acceptance and support for renewable energy 

projects [79]. Addressing these challenges requires a holistic and integrated approach 

involving policymakers, industry stakeholders, researchers, and communities. 

Collaboration, innovation, and sustained commitment to the transition to renewable 

energy are essential for achieving a sustainable and resilient energy future. Table 1 

illustrates the challenges of each new method to produce electrical power. Table 1 

indicates the challenges of each type of renewable energy source. However, the challenges 

can be reviewed independent of the type of energy source. In other words, all types of 

renewable energy sources have some main challenges that can be considered. Table 2 

shows these main challenges and their solution [80-83]. 
 

Table 1. Challenges of using some renewable and new sources of energy. 
Method Challenges 

Solar Power Issues related to intermittent energy production and the need for effective 
energy storage solutions. Integration with the existing power grid also poses 
challenges. Energy reduction in winter and cloudy and rainy days 

Wind Power Concerns related to the impact on avian wildlife, intermittency, and the need for 
efficient energy storage solutions to handle variable wind conditions. Instability 
of energy production due to wind changes 

Hydropower Environmental concerns regarding river ecosystems, sedimentation, and the 
impact on fish migration patterns 

Geothermal Power Site-specific limitations and the need for improved drilling technologies to 
access deeper and hotter geothermal reservoirs 

Nuclear Power Public perception issues, concerns about nuclear accidents, and the management 
of nuclear waste remain significant challenges. 
 

Biomass Competition with food crops for land, concerns about deforestation, and the 
need for sustainable feedstock sources 

Energy Storage Cost, energy density, and environmental impacts of battery production and 
disposal 

Piezoelectric Finding suitable piezoelectric materials, sensitive to temperature, fatigue, and 
degradation over time, 
cost. 

Thermoelectric 
generators 

high temperatures, Thermal Stability and Reliability, durability and robustness 
of thermoelectric materials, integration into the traditional system 

Smart Grids Grid stability, cyber security concerns, and the need for updated infrastructure 
to accommodate decentralized energy sources. 

Battery Storage Cost, Batteries degrade over time, Safety concerns, Charging Time, 
Environmental Impact 

Flywheel Energy 
Storage 

lower energy density, mechanical stress, providing a vacuum or near-vacuum 
environment for Friction, Safety, Temperature, Cost 

Ocean Thermal 
Energy Conversion  

Technological Complexity, High Capital Costs, Environmental challenges, 
Transmission and Distribution, small scales 

Kinetic Energy 
Harvesting 

Low Power Density, Durability and Reliability, Environmental Impact, Variable 
and Unpredictable Sources 
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Table 2. Essential challenges and their solutions for using a renewable energy source. 
Challenges Comment Solutions 

Uncertainty 
[83] 

Renewable energy sources 
such as solar and wind are 
intermittent, meaning their 
output fluctuates based on 
weather conditions. This 
poses challenges for 
maintaining a reliable energy 
supply. 

Energy Storage: Developing cost-effective energy 
storage solutions such as batteries, pumped hydro 
storage, and thermal storage can store excess energy 
during periods of high production for use during low 
production periods. 
 
Smart Grids: Implementing advanced grid 
technologies to balance supply and demand in real-
time, optimizing the use of renewable energy and 
traditional sources. 

Grid 
Integration 
[84] 

Integrating large amounts of 
renewable energy into 
existing grids can strain 
infrastructure and require 
significant upgrades. 

Grid Modernization: Upgrading infrastructure to 
accommodate bidirectional power flows and 
decentralized generation from renewable sources. 
 
Microgrids: Establishing microgrids that can operate 
independently or connect to the main grid when 
necessary, enhancing resilience and flexibility. 

Location 
Constraints 
[85] 

The best renewable energy 
resources are often located in 
remote areas, far from 
population centers where 
energy demand is highest. 

Transmission Infrastructure: Investing in 
transmission infrastructure to transport renewable 
energy from remote areas to urban centers efficiently. 
 
Distributed Generation: Promoting distributed 
generation closer to demand centers through rooftop 
solar, small wind turbines, and community-based 
renewable energy projects. 

Cost and 
Financing  
[86] 

While the cost of renewable 
energy has decreased 
significantly in recent years, 
upfront costs can still be a 
barrier to adoption. 

Incentives and Subsidies: Providing financial 
incentives, tax credits, and subsidies to make 
renewable energy investments more attractive. 
 
Power Purchase Agreements (PPAs): Offering long-
term contracts between renewable energy developers 
and consumers, guaranteeing a stable revenue stream 
for developers and predictable energy prices for 
consumers. 

Resource 
Variability 
[83] 

The availability of renewable 
energy resources varies 
geographically and 
seasonally. 

Hybrid Systems: Combining multiple renewable 
energy sources (e.g., wind and solar) to mitigate 
variability and increase reliability. 
 
Weather Forecasting: Utilizing advanced weather 
forecasting technologies to anticipate renewable 
energy generation and optimize energy management. 

Policy and 
Regulatory 
Challenges 
[84] 

Inconsistent policies and 
regulations can create 
uncertainty for renewable 
energy developers and 
investors. 

Policy Stability: Establishing long-term policies and 
regulatory frameworks that provide certainty and 
support for renewable energy development. 
 
Carbon Pricing: Implementing carbon pricing 
mechanisms to internalize the environmental costs of 
fossil fuel use and level the playing field for renewable 
energy. 

Environmental 
Concerns [86] 

While renewable energy 
sources are generally cleaner 
than fossil fuels, they can still 
have environmental impacts 
such as habitat disruption 
and land use. 

Siting and Planning: Conducting thorough 
environmental assessments and engaging stakeholders 
in the siting and planning of renewable energy projects 
to minimize negative impacts. 
 
Technological Innovation: Investing in research and 
development of low-impact renewable energy 
technologies and practices. 
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 Using these solutions requires collaboration among governments, businesses, 

communities, and academia to foster innovation, investment, and deployment of 

renewable energy technologies. 

The challenges of producing and using new sources of energy are more complicated than 

those that are listed in Table 1. For example, for most of them, it is necessary to provide 

the necessary conditions and temperature levels. Most renewable energy technologies 

can supply heat at low and medium temperatures [84]. Among different renewable 

energies, solar energy has the highest potential to be incorporated into this sector. 

Nevertheless, using solar energy entails a larger area of land and adequate solar resources 

to produce the required heat [85].  

The concentrated solar energy system can generate heat at a temperature of 550 Celsius 

at the industrial level. Studies on solar energy have reached temperatures at 1000 Celsius 

using advanced laboratory facilities [86]. Table 3 indicates the level of temperature for 

some groups of renewable energy sources [85].  

Another challenge of the production of energy from renewable sources is related to 

complicated technology. Table 3 shows the technology type that is required for each kind 

of renewable energy source. Most renewable energy technologies currently deliver low- 

or medium-temperature process heat and are thus only applicable for some process 

requirements [85]. Concentrated solar power technology is showing promising results 

but requires larger land availability and sufficient solar resources. Currently, commercial 

applications of concentrated solar power can achieve process heat temperatures of up to 

550 ◦ C. 

 

5. Renewable energy sources in Iran 

      Renewable energy sources in Iran have been studied extensively in many researches 

[87,88]. They mentioned that Iran has a potential of 42000 MW for the use of renewable 

energies by 2020, but the capacity of renewable power stations constructed in Iran is only 

800 MW [88].  

Different regions of Iran have high wind, solar, and geothermal energy potential that has 

not been fully utilized to meet electricity needs. The country's energy matrix consists 

mostly of hydrocarbons, but there is a potential for a larger amount of renewable power, 

including bioenergy, to be incorporated [88].  

The use of renewable energy in power generation in Iran has been prioritized using a 

multi-criterion decision-making approach, with solar PV identified as the most preferable 

technology for utility-scale power generation [89]. Overall, while Iran has the potential 

for significant renewable energy utilization, there is a need for further development and 

implementation of renewable power generation systems in the country. Table 4 shows 

the potential value of some types of renewable energy sources in Iran [90]. 
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Table 3. Types of technologies and their temperature levels [85]. 
Category Technology type Temperature levels 

 

 

 

 

Renewable source 

Biomass, boiler Low 

Biomass, high-temperature Medium 

Biomass, combined-heat-and-power High 

Biogas, anaerobic digestion Low 

Solar PV High 

Wind High 

Heat pump Low 

Geothermal direct use Low 

Deep geothermal Medium 

 

Energy storage 

Solar thermal N/A 

Hydrogen N/A 

Pump storage N/A 

Battery storage N/A 

 

Table 4. Potential production values of some types of renewable energy sources in Iran [90]. 
Renewable Energy Potential (MW) 

Hydropower 26000 

Solar energy 86198 

Wind energy 18000 

Biomass and biogas 19 

Geothermal energy 187 

 

6. Conclusion and future work 

This paper provides a comprehensive study of new sources and renewable types of 

electricity power. Renewable energy sources, such as wind, solar, hydropower, etc. are 

crucial for meeting climate change targets, increasing energy security, and reducing 

reliance on fossil fuels. The development and utilization of these renewable sources have 

been growing rapidly, with 41.4% of energy generated from renewables in 2022 [91]. 

However, the intermittent and unpredictable nature of renewable energy poses 

challenges for the secure and stable operation of the electricity system. Attracting 

investors, integration into traditional power, and some other reasons such as time of 

acceptance and adaptation to society are other challenges of new technologies. To address 

this, new power systems based on renewable energy are being studied which can not only 

improve environmental sustainability but also save electricity costs and increase energy 

utilization. The investment in renewable power plants is encouraged due to their minimal 

running costs and potential economic benefits. The future of renewable energy lies in 

further advancements in wind power, hydropower, solar photovoltaic, etc. The 

environmental damages of some of these new energies are very small compared to fossil 

fuels and they are attractive in this sense.   
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This research presents a comprehensive analysis of the 
performance of direct power control (DPC) for doubly-fed 
induction generator (DFIG) under both balanced and unbalanced 
network voltages. Voltage unbalance in three-phase systems 
results in the presence of positive and negative sequences in both 
voltages and currents. This unbalance leads to many issues, 
including active power ripple, reactive power ripple, and an 
increase in the Total Harmonic Distortion (THD) of the stator 
current. Therefore, it is crucial to have efficient control of the 
system to reduce power fluctuations. This research presents two 
solutions that aim to mitigate the fluctuations in both active and 
reactive power. The first strategy employs PI regulators within the 
controller system. A high selectivity filter (HSF) is employed to 
separate the fundamental component of stator phase currents from 
the harmonic components. The second option utilizes DPC (Direct 
Power Control) based on stator flux. The suggested method 
computes the active and reactive powers that correspond to 
positive sequence variables. Since grid unbalance has a smaller 
impact on stator flux compared to stator voltage, it can be 
demonstrated that the second suggested controller exhibits 
superior performance to the conventional DPC controller in 
unbalanced situations. To evaluate the effectiveness of the 
suggested techniques, a simulation is conducted on a 2MW Doubly-
Fed Induction Generator (DFIG) system using the 
MATLAB/Simulink environment. The results demonstrate that 
both of the suggested DPC control approaches outperform the 
conventional DPC controller in terms of control system 
performance, even under unbalanced situations. Furthermore, 
these improvements are achieved without significantly increasing 
the complexity of the control system. 

1. Introduction

In recent years, the capacity of installed wind power plants has increased rapidly. Wind

energy conversion systems can be classified into two main categories: fixed-speed 

turbines and variable-speed turbines. Variable-speed turbines operate at or near the point 

of maximum aerodynamic efficiency. Among the main features of variable speed wind 

turbines are increased annual energy production due to adaptation of turbine speed to 

wind speed leading to maximum turbine output power, reduced mechanical stress on 
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turbine, smooth power injection to network under fault conditions, reduced noise, and 

higher power quality [1]. Despite the significant benefits of a variable-speed wind turbine, 

its performance incurs additional expenses. Furthermore, a power electronic converter 

increases the complexity between the network and the generator. Nevertheless, its 

utilization is increasing due to its advantageous features. For variable-speed wind 

turbines, a power electronic converter is used between the wind generator and the grid. 

Doubly-Fed Induction Generators (DFIGs), permanent magnet synchronous generators, 

and wound rotor synchronous generators are the most commonly used types of machines 

in variable speed wind systems. DFIG has numerous advantages over other generators [2] 

due to its variable speed operation capability and low-cost partial scale converter, among 

others. Figure 1 shows a DFIG connected to the network. The rotor side converter controls 

the active and reactive powers of the stator while the grid side converter controls the DC 

link voltage and the reactive power exchanged. 

Despite DFIG's numerous advantages, its primary drawback is that grid disturbances 

affect the machine due to the stator's direct connection to the grid. If no measures are 

taken, unbalanced network voltages may result in oscillations in active power, reactive 

power, and electromagnetic torque [2]. DFIG control methods can be classified into two 

categories: field-oriented control (FOC) and direct power control (DPC). A wide range of 

combinations, each with its specific advantages and disadvantages can be utilized [3-9]. 

Applying direct torque control (DTC) to DFIG in 2002 [9] was a solution to address control 

drawbacks and simplify PI controller tuning in the vector control method. The DTC control 

structure consists of an estimation block, hysteresis controllers, and a DTC switching 

table. The main control variables are the values of electromagnetic torque *

eT  and rotor 

flux *

r  [9]. Just like the DTC, the DPC was developed over a decade ago primarily for 

controlling three-phase rectifiers [10]. In the DPC method, the main controlled variables 

are the stator active power sP  and stator reactive power sQ  [10]. Furthermore, DPC does 

not require estimation of the control variables as the stator's active and reactive powers 

may be computed using the stator's voltages and currents. Figure 2 shows the diagram of 

direct power control.  

 
Figure 1. Schematic of a DFIG-based wind turbine connected to the grid. 
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Figure 2. DPC controller structure. 

 

Several researchers have been studying DPC and DTC for DFIG to minimize output 

ripple and maintain a constant switching frequency on the rotor side converter. These 

methods include space vector modulation (SVM) [11], discrete space vector modulation 

technique (DSVM), and predictive direct power control (PDPC) method [12]. All of these 

approaches have the potential to enhance the performance of DPC but at the cost of 

increased complexity. Although DPC has a fast response, its main limitation lies in the 

variable switching frequency. This issue can be resolved by replacing hysteresis 

controllers with PI controllers or implementing space vector modulation. 

A model utilizing predictive control, a subset of space vector modulation, is employed 

in [12]. This model employs Predictive Direct Power Control (PDPC) to determine active 

and reactive power errors at the start of the sampling period. Following this phase and 

upon completion of the sampling time, the active and reactive power errors should be 

eliminated. Space vector modulation is utilized to generate the necessary switching 

pulses. The primary drawbacks of PDPC are the online computing issues of 

microprocessors and the complexity of control. 

In [13], the required rotor voltage vectors over a constant period are applied using 

space vector modulation. Although this method leads to constant switching frequency, the 

calculation of duty ratios of each voltage vector increases the mathematical computation. 

Space vector modulation can be performed based on voltage and virtual flux. The DPC 

controller is characterized by the absence of current loops and the ability to directly 

control active and reactive powers. The power estimation block is comparable to that of 

conventional DPC. Direct power control with space vector modulation combines the 

benefits of direct power control, such as fast dynamic response, with the advantages of 

vector control, such as a reduced switching frequency. However, the control algorithm's 

complexity and slower dynamic response compared to direct power control are the main 

disadvantages of this method. The discrete SVM technique [14] utilizes three rotor voltage 
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vectors throughout the switching period. These vectors are chosen by the implementation 

of a modified lookup table and a 5-level hysteresis comparator. 

A study is conducted in [15-17] on model predictive DPC (PDPC) control under 

unbalanced grid voltage conditions. In [15] a low-complexity model predictive control 

(LC-DPC) based on three voltage vectors is proposed. The results showed that LC-MPDPC 

can mitigate the current harmonics and reduce power and torque ripples. Reference [16] 

employs the principle outlined in reference [15]. This paper demonstrates the 

enhancement of the steady state and dynamic response of the machine by incorporating 

a second-order generalized integrator (SOGI). Reference [17] utilizes four voltage vectors 

instead of three, with one voltage vector being applied within a fixed sampling period. In 

this method, there is no requirement to estimate the rotor flux, and the selection of voltage 

vector sequences is determined by a straightforward algorithm. While the suggested 

control strategy exhibits a smoother response under both balanced and unbalanced 

voltage conditions, it is more complicated compared to previous (PDPC) techniques. A 

more advanced method for controlling the DFIG in the synchronous reference frame is 

proposed in [18]. This method is designed to work effectively under both balanced and 

unbalanced voltage conditions. The direct-resonant method employs a dual-frequency 

frequency to effectively eliminate negative sequence and harmonic components, resulting 

in the generation of sinusoidal currents. 

The performance is enhanced in [19] through the integration of a disturbance observer 

and a proportional controller. PI controllers are employed to eliminate the second 

harmonic oscillatory component of power. Despite the improved power control 

demonstrated by the simulation results under unbalanced conditions, controller gains 

must still be adjusted due to the use of PI controllers. On the other hand, the control 

structure is highly complicated, which necessitates complicated computations and can be 

quite costly. A proposal was suggested in [20] to integrate vector control and direct torque 

control to optimize the performance of current, flux, and electromagnetic torque. This 

approach is preferred over using direct torque control or vector control alone. It 

ultimately improves the machine's performance in situations where the network is 

balanced. Compared to the DTC method, the power oscillations are reduced and a 

smoother response is observed. Compared to the vector control method, it demonstrates 

a faster dynamic response and reduced dependence on system parameters.  

Despite demonstrating enhanced dynamic response and reduced torque and power 

fluctuations, it still encounters power fluctuations when exposed to unbalanced voltage 

conditions. In addition, the system utilizes hysteresis controllers leading to a variable 

switching frequency. Direct power control based on voltage and virtual flux is proposed 

in [21] for unbalanced voltage and distorted network conditions. By utilizing virtual flux 

rather than voltage to calculate power, the proposed method eliminates the effect of 

unbalanced voltage on instantaneous power and, consequently, oscillating active power. 

However, there are still fluctuations in reactive power. 

Two four-switch three-phase converters (FSTPCs) have been implemented in place of 

two six-switch three-phase converters (SSTPCs) on the rotor and grid side converters 
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[22]. This method will generate four unbalanced voltage vectors. Three distinct targets 

are applied to compensate for active and reactive power, electromagnetic torque, and 

stator current to achieve balance among these four voltage vectors during unbalanced 

grid voltage conditions. While these objectives result in a reduction of active and reactive 

power fluctuations, the mitigation of electromagnetic torque variations, and the 

achievement of balanced stator currents, power oscillations remain. While using FSTPCs 

lowers costs and switching losses, there are drawbacks to this approach as well. For 

instance, the voltage gain is decreased for the same rated power, which results in an 

additional issue. A proposal is made in [23] to combine vector control and direct power 

control. The combination control method offers the advantages of both vector control and 

direct power control. The benefits of combining vector and direct power control over the 

conventional DPC method include a decrease in current THD, enhancement of both active 

and reactive powers, and fast dynamic response. However, this method exhibits higher 

THD and power oscillations compared to vector control. Additionally, its performance 

during voltage dips is deemed unsatisfactory. An investigation was conducted in [24] to 

study the control of electromagnetic torque and reactive power under unbalanced grid 

voltage conditions. The study focused on using a stator-flux-oriented reference frame and 

obtaining the stator flux through an observer. The controller produces sinusoidal currents 

that are injected into the grid. In the case of an unbalanced grid voltage, the authors of 

[25] suggest a Voltage Modulated (VM)-DPC approach for DFIGs that makes use of the 

extended power theory. The absence of sequence extractions causes fluctuations under 

unbalanced conditions, even though the combination of PI and VM-DPC strategy slightly 

improves control in normal situations. 

A simplified DPC of DFIGs under both normal and unbalanced grid voltage conditions 

in a stationary reference frame is presented in [26]. This approach offers the advantages 

of eliminating the decomposition process, axes transformation, and compensation power 

terms. Stator active and reactive powers are controlled using Vector proportional-integral 

(VPI) controllers and the performance is compared with proportional-integral-resonant 

(PIR) controllers through simulations. In [27] a VM-DPC is designed to improve steady-

state and transient performances under unbalanced grid voltage conditions. In 

conjunction with the VM-DPC, a parallel compensator regulates negative-sequence stator 

current, resulting in improved waveforms for stator current, stator active power, and 

stator reactive power. For the stator current and voltage, this technique necessitates the 

extraction of positive and negative sequences. To calculate positive and negative 

sequences, the authors of [28] devised a mixed integrator, which is a combination of 

second and third-order integrators. The hysteresis controllers of rotor currents and grid 

currents generate switching patterns for the rotor side converter and grid side converter, 

respectively. This method is claimed to possess superior capability in tracking reference 

currents when compared to the conventional DPC method. Additionally, it eliminates the 

requirement of tuning eight PI current regulators. A low-complexity model predictive 

direct power control method is proposed in [29]. This method aims to reduce power 

ripples and utilizes the extended reactive pq theory. This has decreased the computational 
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burden of the controller as it now only requires one prediction to determine the voltage 

vector for the next step. This approach offers several advantages, including the reduction 

of total harmonic distortion in grid current, fast dynamic response, and robustness to 

parameter variations. 

When it comes to control methods, direct power control offers the fastest dynamic 

response at the lowest cost. Nevertheless, there are a few downsides to this approach, 

such as increased power ripples and variable switching frequency. Table 1 represents and 

compares the performance of the different control methods. Different aspects are 

considered in this comparison, such as dynamic response, power ripple, dependence on 

machine parameters, converter switching frequency, computational burden, and cost. 

Low power ripple and a constant switching frequency characterize the FOC method. In 

contrast to DPC, however, it has several drawbacks, including a sluggish dynamic 

response, a heavy dependence on machine parameters, and a greater computational 

burden. Although direct torque control offers fast dynamic response and minimal 

dependence on machine parameters, it is not without its limitations, including variable 

switching frequency and relatively higher power ripples. Both DTC and FOC require 

measurements of rotor current, which raises the cost of the control system.  

High dynamic response and variable switching frequency are typical characteristics of 

controllers based on switching tables. DPC-SVM combines the advantages of DPC and FOC. 

DPC-SVM's key features are a constant switching frequency, straightforward 

implementation, a lower cost compared to alternative controllers, and a low power ripple. 

Predictive direct power control (P-DPC) has the potential to address the primary 

challenges associated with DPC. Nevertheless, its implementation is costlier due to the 

computational burden imposed by the control algorithm's complexity and the 

requirement for rotor current information. As an alternative to DTC, DPC eliminates the 

requirement to measure rotor currents, thereby decreasing the cost of control.  

 

Table 1. Comparison of different control methods for DFIG. 

 
 

Control 

method 

Dynamic 

response 

Power 

Ripple 

Dependence 

on machine 

parameters 

Switching 

frequency 

Ease of 

implementation 

Output 

current 

THD 

Cost 

FOC Slow Low High Constant Complicated Low High 

DTC Fast 
Very 

High 
Low Variable Simple Normal High 

DPC Fast High Very Low Variable Simple Normal Low 

SVM-DPC Fast Low Low Constant Simple Normal Low 

Predictive Fast Low Very High Constant Complicated Low High 
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However, similar to DTC, higher power ripple and variable switching frequency are the 

primary drawbacks of DPC employing a switching table. 

The key contributions of this paper are outlined below: 

• Conducting a thorough examination of DFIG performance in the presence of 

unbalanced grid voltage conditions 

• Presenting two strategies aimed at mitigating active and reactive power 

oscillations 

• Introducing a high selectivity filter (HSF) to separate the fundamental component 

of stator phase currents from the harmonic components 

• Demonstrating the effectiveness of the proposed method compared to traditional 

DPC controllers through extensive simulations 

The structure of this paper is as follows: The second section examines the dynamic 

model of DFIG. Direct power control, various hysteresis band controllers, and switching 

tables are examined in the third section. The performance of DFIG in an unbalanced 

voltage condition was addressed in the fourth section. In the fifth section, proposed 

control approaches are outlined and compared to standard DPC. Finally, in sections six 

and seven, the simulation findings and conclusions are presented. 

 

2. Structure and Dynamic Modeling of DFIG 

Given the presence of feedback loops in the DFIG control system, it is important to take 

into account its dynamic behavior. DFIG control methods, such as DPC and FOC, are 

discussed using a two-axis model. The DFIG equivalent circuit can be defined in various 

reference frames, including the stator reference frame, rotor reference frame, and 

synchronous reference frame [30]. The rotor voltage equations are written in the rotor 

(natural) reference frame since the DFIG is controlled from the rotor side by the rotor side 

converter. The DFIG equivalent circuit in the rotor reference frame is depicted in Figure 

3. It is important to mention that the model neglects saturation and core loss effects. 

Additionally, the grid is simplified as a pure voltage source, meaning the internal Thévenin 

impedance of the grid is not taken into account. 

 

 
Figure 3. DFIG equivalent circuit in the rotor reference frame [30]. 
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3. Conventional Direct Power Control Principles 

Referring to Figure 3, the stator active and reactive power expressions can be derived 

in the rotor reference frame. Active power consumed and reactive power injected by the 

stator of the machine are taken to be positive [31]. Accordingly, the input active power of 

the stator from the network side, neglecting the stator resistance, is as follows: 

 

(1) 
*3

Re{( ) }
2

r r r

s s m s sP j i  = + 
 

Similarly, the output reactive power is calculated as follows: 

(2) 
*3

Im{( ). }
2

r r r

s s m s sQ j i  = − +
 

The relative position of the stator and rotor flux space vectors in the rotor reference 

frame is shown in Figure 4, where 
  is the spacial angle between the stator and rotor flux 

space vectors. 

As shown in Appendix A, Equation (1) and (2), can be rewritten as follows: 

(3) 
3

sin
2

r rm
s s s r

s r

L
P

L L
   


= −

 

(4) 
3

( cos )
2

r r rs m
s s r s

s r

L
Q

L L



   


= −

 

Since there is a direct connection to the network, which is assumed to have a positive 

sequence only in this case, the magnitude of the stator flux space vector can be taken to 

be constant. The time derivatives of Eqauation (3) and (4) then yield: 

(5) 

( sin )3

2

( cos )3

2

r

rrs m
s s

s r

r

rrs m
s s

s r

ddP L

dt L L dt

ddQ L

dt L L dt





 
 



 
 



= −

=

 

Therefore, fast changes in active and reactive powers are possible with corresponding 

changes in sinr

r    and cosr

r   , respectively. In Figure 4, sinr

r   and cosr

r    

represent, respectively, the components of the rotor flux perpendicular and in the 

direction of stator flux space vector.  

 
Figure 4. Stator and rotor flux space vectors in rotor reference frame [31]. 

Q

D
ωm

ωSlip

θΨr θΨs
θΨ

ψ
r
r sin θψ  

ψ
r
r cos θψ  

ψ   
s

r
 

ψ   
r

r
 



A New Method for DFIG Control under Unbalanced Grid Voltage Conditions 94 
 

 

 Journal of Green Energy Research and Innovation 1(4) (2024) 86–116 
 

Therefore, if the rotor flux changes in the direction of the stator flux space vector, then 

cosr

r    and accordingly the stator reactive power sQ  changes; on the other hand, the 

change in rotor flux space vector is perpendicular to the stator flux, then sinr

r    and 

stator active power sP  is modified. 

The rotor side converter is a three-phase voltage source converter with two switches 

for each leg. In Figure 5, aS , bS  and cS  represent the switching functions of every leg of 

the inverter. If the upper switches are connected, the positive DC voltage is applied, and if 

the lower switches are connected the applied voltage will be zero. 

According to the combination of switching states, two null vectors ( 0 7,V V ) and six 

active vectors ( 1 6−V V ) can be generated. By neglecting the voltage drop on the rotor 

resistance, the rotor voltage equation in its natural reference frame can be expressed as 

follows in Equation (6) [31]: 

(6) 

r r
r r

r r
r rr

d d
v R i

dt dt

 
= + 

 

The above expression shows that the rotor flux vector moves in the direction of the 

voltage vector applied to the rotor and its velocity is proportional to the magnitude of the 

applied voltage vector. It is thus possible to adjust the rotor flux velocity by choosing 

appropriate voltage vectors.  

Figure 6 shows the stator flux and rotor flux space vectors in a rotating plane attached 

to the rotor with eight possible rotor voltage vectors. If the position of the stator flux is 

known, the effect of using sinr

r    and cosr

r    can be determined for each voltage 

vector. Figure 7 shows the initial position of rotor flux at moment 1t  and the final position 

of rotor flux at moment 1 + t t , assuming that the rotor flux is located in the first sector 

of the rotor reference frame. It may be noted that 
r

r  is drawn ahead of
r

s  as the 

generating mode of operation has been considered. 
 

 
Figure 5. Schematic of a rotor-side VSI. 

to rotor winding

Sa Sb ScdcV

arv brv crv



95 M. N. Hashemnia et al. 

 

 

 Journal of Green Energy Research and Innovation 1(4) (2024) 86-116 
 

Using 2v  and 6v  leads to the increase of the final rotor flux and increases the stator-

generated active power. Using 1v  and 5v  leads to the decrease of the final rotor flux and 

decreases the stator-generated active power. Using 3v  and 4v  does not affect the stator 

active power. 
 

 
Figure 6. Voltage space vectors applied to the converter. 
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Figure 7. Effect of active vectors on active power, a: 2v and 6v ,b: 1v and 5v , c: 3v and 4v . 
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Table 2. Effect of voltage vectors on stator input active power and output reactive power. 

3kv +  2kv +  1kv +  kv
 1kv −  2kv −  

K=1, 2, 

3,  .., 6 

   

 

  

Ps 

      

Qs 

 

Table 2 illustrates the effect of different voltage vectors on active and reactive powers. 

The angle between the stator flux and rotor flux may increase or decrease by applying a 

zero-vector depending on the operating mode of the machine. For sub-synchronous mode, 

the stator flux movement reduces the angle between the rotor flux and the stator flux             

( 2 1  ), which causes active power reduction and reactive power increment. In other 

cases, the stator flux movement increases the angle between the rotor and the stator flux 

( 2 1  ), which causes active power increment and reactive power reduction. 

3.1.       Flux estimation methods 

Multiple techniques exist for determining the position of the rotor flow vector. The 

estimation of the rotor and stator flux is performed by incorporating the rotor angular 

position in [32]. One drawback of this technology is its dependence on rotor currents. 

Machine parameters are required to calculate flux, which reduces the speed of estimation 

and adds to the complexity of the control. This approach provides a more precise 

estimation of the angle of flux. 

An alternative approach for determining the rotor flux angle involves utilizing the 

stator flux. The stator voltage is utilized in [31] to determine the stator flux angle. This 

approach assumes a small angle between the stator and rotor flux and considers the 

position of the rotor and stator flux inside the same sector. The stator flux is estimated in 

the stator reference frame by integrating the stator voltage while neglecting the stator 

resistance. This method can accurately estimate the stator flux due to the harmonic-free 

and constant frequency nature of the stator voltage. Integration is typically implemented 

by employing a low pass filter in practical applications. 

In this work, the rotor flux angle is estimated using the stator flux. The voltage vector 

applied to the rotor windings is determined by the position of the rotor flux and the 

different active and reactive power states. 

3.2.       Direct Active and Reactive Power Control 

In this section, the computed active and reactive powers are compared to their 

respective reference values, resulting in the generation of error signals, fed to two 

hysteresis comparators. Two-level, three-level, or four-level hysteresis controllers can be 

used which yield different switching tables for control of the rotor side converter. In [33], 
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a two-level hysteresis controller for active and reactive powers is used. In [34] a three-

level controller is used for active power: 

(7) 

1

1

P 0

ref

ref

ref ref

P P P dp

P P P dp

P P or P P P dp

 +  → =

 −  → = −

 −   +  → =
 

and a two-level controller is used for reactive power, as: 

(8) 

1

1

ref

ref

Q Q Q dq

Q Q Q dq

 + → =

 − → = −
 

In Equation (7) and (8), P  and Q  represent the hysteresis bandwidth. The values 

1/-1 indicate the need to increase/decrease stator active and reactive powers to approach 

the reference value. 

A three-level hysteresis controller is employed in [31] to regulate both active and 

reactive powers. The three-level controller incorporates a greater number of switching 

states, resulting in improved accuracy of the control system for active and reactive power 

regulation. 

A study was undertaken in [35,36] to investigate the impact of active and reactive 

power hysteresis bands on the performance of DPC drives. The study reveals that the 

hysteresis band has a significant influence on the THD of the stator current and the 

oscillations in the control system. The study conducted in [37] found that a narrower 

hysteresis band leads to an increase in switching frequency. Alternatively, when the 

hysteresis band is increased to 25% of rated power, the switching frequency decreases to 

500 Hz. Therefore, by utilizing the output signals of hysteresis comparators ( pS
 and qS

) 

in conjunction with the angular information of the rotor flux space vector, an optimal 

switching table is created. 

3.3.       The effect of different switching tables 

For a long time, switching table designs for DPC and DTC have been of interest. In [38-

43], the differences between various switching tables are examined and reviewed. Since 

the majority of researchers have focused on analyzing DPC performance under balanced 

network voltage, the development of switching tables has primarily been done under this 

specific condition. The initial switching table developed by Noguchi is currently regarded 

as a standard for evaluating other tables [44]. This table exhibits significant fluctuations 

in both active and reactive power as a result of an incorrect choice of voltage vectors [38]. 

Later on, Malinowski introduced a new table for three-phase rectifiers [45]. Utilizing zero 

vectors in this table mitigates power fluctuations and enhances the performance of the 

control system. Researchers subsequently introduced novel switching tables. New tables 

significantly enhanced the dynamic and steady-state performance of the DPC in 

comparison to conventional tables by suppressing active and reactive power fluctuations 

more effectively [21]. One of the reasons that reactive power error in some tables was 

overlooked is due to the higher priority given to reducing ripple for active power [21]. In 
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general, the switching tables are classified according to their accuracy in power 

regulation, the amount of active power ripple, the current THD, the switching frequency, 

and the response time. In [40], a study is conducted on a switching table that utilizes active 

vectors. In this table, the elimination of zero vectors is based on their negligible impact on 

active and reactive powers. While this switching table has led to a faster response time, it 

has also caused an increase in power ripple, current THD, and switching frequency. 

In this paper, a three-level hysteresis comparator is utilized for both active and reactive 

powers. A switching table of 54 different entries for voltage vectors is employed, as per 

the reference [31], which is presented in Table 3. Zero voltage vectors are utilized when 

there are no errors in both active and reactive power. 

 

4. Performance Analysis under Unbalanced Voltage Conditions 

Supplying DFIG with unbalanced grid voltage can have detrimental effects on its 

performance. These effects include increased losses, reduced efficiency and torque, and 

higher machine temperatures with uneven distribution [46]. The intensity of these effects 

is directly influenced by the severity of the unbalanced voltage in the machine terminals. 

For this reason, control system performance is crucial. Under unbalanced network 

conditions, three-phase quantities like voltage, current, and flux are separated into 

positive and negative sequence components by ignoring the zero sequence. 

In [47], voltage, current, and flux in the stator reference frame have been separated 

into positive and negative sequence components as follows in Equation (9): 
 

(9) 
( ) ( )

( ) ( ) ( ) . .s sj t j t
F t F t F t F e F e

   

    
+ −+ − +

+ − + −= + = +  

where  +  and  −
 are phase shifts related to the positive and negative components. As 

shown in Figure 8, in the dq+ reference frame, the d +  axis is fixed to the positive voltage 

vector rotating at the speed of s . For dq−  reference frame, the d −  axis rotates at the 

opposite direction at the speed of s−  and its phase angle related to the   axis is s− [45]. 

 

Table 3. Switching Table for the DPC [31]. 

Sp Sq I  II  III  IV  V  VI  
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According to Figure 8, the transformation rules between  , +dq  and −dq  reference 

frames are as follows in Equation (10): 

(10)    
. , .s sj t j t

dq dqF F e F F e
 

 

− ++ −= =
 

(11)    
2 2

. , .s sj t j t

dq dq dq dqF F e F F e
 − ++ − − += =

 

F variables can be expressed as positive and negative sequence components [46]: 

(12)    5 7  dq dq dq dq dqF F F F F+ + + + +

+ − − += + + +
 

According to Equation (12), under unbalanced and distorted grid voltage, variable F 

consists of 5 and 7 harmonics, which rotate in the dq  reference frame. In Equation (12), 

the superscripts “+” and “-” refer to the positive and negative reference frames, and the 

subscripts “+” and “-” refer to the positive and negative sequence components. Using 

Equation (11), Equation (12) can also be written as: 

(13) 
2 6 65 7

5 7
s s sj t j t j t

dq dq dq dq dqF F F e F e F e
  − − ++ + − − +

+ − − += + + +
 

 

As shown in Equation (13), in the +dq  reference frame, F contains a dc term and 

oscillating components. As a result, Equation (13) can be represented as Equation (14): 

(14) 
d d d

q q q

F F F

F F F

+ + +

+

+ + +

+

= +

= +
 

where: 

     (15)  
5 5 7 7

5 5 7 7

5 5 7 7

5 5 7 7

( cos 2 sin 2 ) ( cos 6 sin 6 ) ( cos 6 sin 6 )

( cos 2 sin 2 ) ( cos 6 sin 6 ) ( cos 6 sin 6 )

d d s q s d s q s d s q s

q q s d s q s d s q s d s

F F t F t F t F t F t F t

F F t F t F t F t F t F t

     

     

+ − − − −

− − − −

+ − − − −

− − − −

= + + + + −

= − + − + +

 

Therefore, stator voltage and current in the dq+  reference frame, neglecting 5 and 7 

harmonics, are as follows: 

 (16) 

2

2

s

s

j t

sdq sdq sdq

j t

sdq sdq sdq

v v v e

i i i e





−+ + −

+ −

−+ + −

+ −

= +

= +
 

Power relations are written as follows: 

(17) 

3

2

3

2

d d q q d d q q

q d d q q d d q

d d q q d d q q

q d d q q d

v i v i v i v iP P P

Q Q Q v i v i v i v i

v i v i v i v i

v i v i v i

+ + + + − − − −

+ + + + − − − −

+ + + + − − − −

+ + + + − − − −

+ + + + + + + +

+ + + +

+ + + + + +

+ + +

 + + + + 
 = =  

+ − + −       

+ + +
+

− + d qv i+ +

+

 
 

−    

 
Figure 8. Relation between 𝒅𝒒+  and 𝒅𝒒− reference frames [47]. 
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The oscillating components of active and reactive power cause DC link voltage and 

electromagnetic torque ripples. To minimize these ripples, the oscillating terms of active 

and reactive powers in Equation (17) should be zero, as shown below in Equation (18): 

(18) 
3

20

0

d d q q d d q q

q d d q q d d q

d d q q d d q q

q d d q q d d q

v i v i v i v i
P

v i v i v i v iQ

v i v i v i v i

v i v i v i v i

+ + + + − − − −

+ + + + − − − −

+ + + + − − − −

+ + + + − − − −

+ + + + + + + +

+ + + +

+ + + + − − − −

+ + − −

 + + + 


 
− + −

  = 
  + + +
 


   − + −








   

Consequently, active and reactive powers can be written as follows in Equation (19): 

(19) P P P Q Q Q= + = +
 

As mentioned before, 
+

+dqv , +

+dqi , 
−

−dqv  and −

−dqi  are DC terms while ~dqv +
and ~dqi +

 are 

oscillating terms with frequency of 2 s . Constant power terms ( P  and Q ) are due to the 

interaction between constant components of voltage and current in the synchronous 

frames. It should be noted that the 5th and 7th harmonics of the grid voltage have been 

neglected in this paper for the sake of simplicity. 

 

5. Improving DFIG performance under unbalanced conditions 

DFIG voltage and flux equations are written in the rotor reference frame concerning 

Figure 4 as follows: 

(20) 

r r
r r r r r

s r
s s r rs m s r

d d
v R i j v R i

dt dt

 
 = + + = +

 

(21) 
r r r r r r

r s s rr r m s s mL i L i L i L i = + = +
 

Since the stator side is connected to the grid and the stator voltage is unbalanced, 

Equation (20) and (21) also include the positive and negative sequence components. 

Therefore, stator active and reactive powers take the following form: 

(22) s s s s s sP P P Q Q Q= + = +
 

Equation (22) shows that the stator power under unbalanced conditions has DC and 

oscillating components. Our strategy in this paper is to reduce the oscillation of active and 

reactive powers of the rotor side converter under unbalanced voltage conditions. In this 

paper, two strategies are proposed to mitigate the effect of unbalanced voltage on active 

and reactive power ripples. 

One method to detect and isolate harmonic components of current is the so-called 

instantaneous power p–q theory [47,48]. In this method, harmonics from the load 

currents are extracted by the computation of instantaneous power and using (HPF) 

and/or (LPF). This method is no longer used because of the complex computation of 

voltage and current. A more common method is described in [49]. In this method, only the 

currents are measured and the harmonic part is extracted. The main problem in this 

scheme is the lack of selective harmonic detection because of using (LPF) [50]. In [51] a 
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new time-domain harmonic detection method was proposed based on (HSF). This method 

requires current measurement and isolates a particular harmonic or separates the 

harmonic components from the fundamental component and current references can be 

calculated. In this paper, we propose (HSF) instead of conventional (LPF) to extract the 

fundamental component of stator current. 

5.1.       Direct power control with PI regulator 

This section will address the implementation of direct power control with a PI 

regulator in the presence of unbalanced conditions. The simulation findings demonstrate 

that while the proposed method introduces complexity to the control system structure 

compared to the conventional DPC method, it effectively reduces power ripple in the 

presence of unbalanced voltage conditions. The controller structure is shown in Figure 9. 

In the first step, active and reactive powers are compared with their respective reference 

values, and calculated errors are passed to the PI controller. The output signals are 

considered as reference values for stator or rotor currents. To calculate rotor currents in 

the dq+  reference frame, rotor currents should first be transformed to the synchronous 

reference frame. A PLL is used to calculate the reference frame angle. Instead of the rotor 

currents, stator currents can be used in the positive synchronous reference frame. In this 

case, only the angle of the positive sequence stator current ( +

s ) is estimated using PLL.

After comparison of the stator currents with their reference values, the outputs are given 

to hysteresis comparators. Similar to the conventional DPC method, the output signals 

from two hysteresis comparators are applied to the switching table to select the 

appropriate voltage vector. As mentioned before under unbalanced voltage conditions the 

stator current contains fundamental and harmonic components, that is: 

(23)
2 6 65 7

5 7
s s sj t j t j t

sdq sdq sdq sdq sdqi i i e i e i e
  − − ++ + − − +

+ − − += + + +

Figure 9. Structure of DPC with PI regulator under unbalanced grid voltage conditions. 
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In Equation (23) 
+

+sdqi , 
−

−sdqi , 
5

5

−

−sdqi and 
7

7

+

+sdqi  are DC values. This means that the stator 

currents in the dq+

 reference frame include DC and oscillating components. The HSF filter 

only passes the DC component in the positive synchronous frame (
+

+sdqi ); therefore, in this 

control method, the reference d and q stator currents are directly compared with 

corresponding DC components generated by the HSF filter. The details of the proposed 

filter are given in the following. 

5.1.1. High selectivity filter (HSF) 

A high selectivity filter (HSF) is used to separate the fundamental component of the 

signal instead of conventional (LPF) and (HPF) filters. Hong-sock Song in [52] shows that 

the integral in the synchronous reference frame is given as Equation (24): 

(24)( ) ( )s sj t j t

xy xyV t e e U t dt
 −

= 
Where 

xyU and 
xyV  are the instantaneous signals, before and after integration in the 

synchronous reference frame, respectively. Equation (24) can be expressed by the 

following transfer function after Laplace transformation: 

(25)2 2

( )
( )

( )

xy s

xy s

V s s j
H s

U s s





+
= =

+

In Equation (25), constant K is introduced in the transfer function ( )H s , to obtain an 

HSF with a cut-off frequency. So, the previous transfer function becomes: 

(26)2 2

( ) ( )
( )

( ) ( )

xy

xy c

V s s k j c
H s k

U s s k





+ +
= =

+ +

Replacing ( )xyV s with 
dqX and ( )xyU s with ˆ

dqX , Equation (26) is rewritten as Equation 

(27): 

(27)

2 2 2 2

2 2 2 2

( )ˆ ( ) ( ) ( )
( ) ( )

( )ˆ ( ) ( ) ( )
( ) ( )

c
d d q

c c

c
q d q

c c

k s k k
X s X s X s

s k s k

k k s k
X s X s X s

s k s k



 



 

+
= −

+ + + +

+
= − +

+ + + +

Where X can be current or voltage. Therefore, the above equation is written as 

Equation (28): 

(28)

ˆ ˆ ˆ( ) [ ( ) ( )] ( )

ˆ ˆ ˆ( ) [ ( ) ( )] ( )

c
d d d q

c
q q q d

k
X s X s X s X s

s s

k
X s X s X s X s

s s





= − −

= − −

The (HSF) block diagram for the separation of the fundamental component ( ˆ
dqX ) from

dqX in the synchronous reference frame is shown in Figure 10. In this paper, we consider 

k=40 for good dynamic response. 
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Figure 10. The block diagram of the HSF filter [52]. 

5.2.       DPC using stator flux 

In this section, the calculation of stator active and reactive powers in terms of stator 

flux is discussed. The relation between stator voltage and stator flux in the synchronous 

reference frame is shown in Figure 11 [53]. The stator apparent power can be expressed 

in terms of quantities in the stationary reference frame as follows: 

(29) 
*3

2

s s

s s sS v i=
 

According to the stator voltage equation in the stationary reference frame, if stator 

resistance losses are neglected, the flux and voltage can be related as follows: 

(30) 
s s

s s

d
v

dt
=

 

(31) 
sj ts e

s s e
 =

 

(32) 
sj ts e

s s s

d
j e

dt

 =
 

Substitution of Equation (31) and Equation (32) in Equation (29), yields: 

(33) 
*

* *3 3 3 3
{( ) } {( ) ( ) } {( ) ( ) }

2 2 2 2

s s s s sj t j t j t j t j ts s s s e e e e e

s s s s s s s s s s
S v i i e i e e j e i e

    
   = =  =  = +   

More manipulation of Equation (33) gives: 

 (34) 

*3
{(( ) ( )) ) (( )) ) }

2

3
{ ( ) ))(( )) )}

2

s s s

s s

j t j t j t

s ds qs s ds qs ds qs

j t j t

ds qs s ds s qs ds qs

S j e j j e i ji e

e j j i ji e

  

 

    

    −

= + + +  +

= + + − −
 

Further simplification yields: 

(35) 
3

( )
2

s ds ds qs qs s qs ds s ds qs ds qs qs ds s qs qs s ds ds
S i i i i j i i j i j i       = + − + − + + +  

In the above equation, terms containing derivatives are neglected because they are 

constant in the synchronous reference frame. Thus, Equation (35) is simplified as follows: 

(36) 
3

{ ( )}
2

s s qs ds s ds qs s qs qs s ds dsS i i j i i   = − + + +
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Figure 11. The relation between the flux and stator voltage space vectors [53]. 

 

Stator input active and reactive powers can be expressed in terms of the stator flux by 

separation of Equation (36) into its real and imaginary components, given in Equation 

(37) and Equation (38) [21, 32]: 

(37) 
3

( )
2

s s ds qs qs dsP i i  = −  

(38) 
3

( )
2

s s ds ds qs qsQ i i  = +  

Equation (37) and (38) are derived assuming balanced grid voltage conditions. Under 

these conditions, the stator flux space vector in the positive synchronous reference frame 

will be a DC value, therefore it acts as a constant coefficient in the derivation as given in 

Equation (32).  

As demonstrated in the preceding equations, active and reactive powers are less noisy 

and the output current is less distorted as a result of the reduced distortion in the stator 

flux compared to the case of voltage-based DPC implementation. This makes it possible to 

use a lower sampling frequency than what is used in DPC.  

However, the required sampling frequency is still much higher than what is needed for 

FOC and SVM-DPC [54-57]. Equation (30) can be thought of as a first-order filtering of the 

stator voltage, yielding the stator flux linkage. Therefore, the unbalanced voltage effect on 

the stator flux is reduced [35].  

The proposed stator flux-based DPC approach offers numerous advantages compared 

to conventional DPC. Several advantages include reduced noise in the output power, 

decreased current distortion, and lower sampling frequency. However, when compared 

to FOC, the proposed method suffers from variable switching frequency. Figure 12 depicts 

the block diagram for the stator flux-based DPC approach. 
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Figure 12. Block diagram of the proposed stator flux-based DPC method. 

6. Computer simulation 

This section will examine the performance of a grid-connected DFIG system using three 

controllers: the conventional DPC technique, as well as two DPC methods described in the 

article. The performance of the DFIG will be examined under both balanced and 

unbalanced grid voltages. The simulation is performed based on direct power control for 

the rotor side converter. For this purpose, MATLAB/ Simulink® software is used. The 

control of the grid-side converter is not addressed in this study. The DFIG parameters are 

presented in Table 4. 

6.1.       Direct power control under balanced conditions 

In this case, the network voltage is considered balanced. For simplicity, a DC voltage 

source is used as the DC link in the simulations; in other words, the effect of the grid-side 

converter is neglected in this study. Figure 13 illustrates the tracking of stator active and 

reactive powers for a simulation time of four seconds. In the simulation, the stator active 

and reactive powers are set to -1200 KW and 0 KVAR, respectively. After two seconds, an 

active power step is applied with a value of 800 KW. Figure 13 demonstrates that the 

active and reactive powers reach their steady-state values within approximately 0.3 

seconds. The rotor speed is taken to be constant throughout the simulation. This 

controller results in active and reactive powers that track their reference values with 

some fluctuations; nevertheless, the fluctuations are less than those caused by 

implementing a direct torque controller. The advantages of this controller include fast 

dynamic response and a simpler structure than other control algorithms. The following 

section will evaluate control performance under unbalanced voltage conditions. 
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Table 4. Simulation Parameters. 
84.7e-3 H Magnetizing inductance 300 V Line-to-line RMS voltage 

60 Hz Grid frequency (Hz) 0.531   Stator resistance 

0.02 Kg.m2 Moment of inertia 0.408   Rotor resistance 

0.01 . . sec/N m rad  Frictional coefficient 2.5e-3 H Stator leakage inductance 

100 V DC link voltage 2.5e-3 H Rotor leakage inductance 

 

 
(a)       (b) 

Figure 13. measured and reference stator a) active power b) reactive power by conventional 
DPC controller (balanced conditions). 

6.2.       Direct power control under unbalanced conditions 

This section investigates the performance of DFIGs using DPC controllers under 

unbalanced voltage conditions. Voltage unbalance can occur in the amplitude or phase 

angle of voltages. In this section, we will run simulations for both unbalances occurring 

simultaneously. Thus, as illustrated in Figure 14 unbalanced conditions occur within 

seconds 1-1.5 of simulation. Figures 14(a) and 14(b) show the three-phase stator voltage 

and current variations, respectively. It has been observed that unbalanced voltages cause 

harmonic components in stator current. Figure 14(c) depicts the rotor current of one 

phase. After one second of simulation, it is clear that unbalanced voltages caused 

deformation and harmonic components in the rotor current. 

Figure 15(a) depicts the stator active power under unbalanced conditions, while Figure 

15(b) depicts the stator reactive power under unbalanced conditions using conventional 

direct power control. Figure 15(a) and 15(b) show that a voltage dip (at second 1) caused 

severe active and reactive power oscillations, which could affect the rotor side converter, 

given that the converter's rated power is 25-30% of the generator power. After recovering 

from the voltage dip (at second 1.5), the controller achieves satisfactory performance in 

terms of tracking the reference powers. Figure 16 illustrates the performance of the 

proposed DPC method with a PI regulator. As previously stated, the stator current 

contains some harmonic content when the voltage is unbalanced. In this method, the 

stator current is first transformed into a positive-synchronous reference frame with the 

angle determined by the PLL. The proposed (HSF) filter separates the main component 

from the harmonic components. Only the positive sequence component of the stator 

current will be passed to the controller, resulting in less active and reactive power 

oscillations in Figure 16(a) and 16(b). 
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 (a)                                                                                   (b) 

 
(c) 

Figure 14. a) abcsv  b) abcsi  c) ari : before and after voltage unbalance. 

 

 
(a)                                                                               (b) 

Figure 15. Measured and reference stator a) active power b) reactive power using conventional 
DPC controller (unbalanced conditions). 

 
(a)                                                                                (b) 

Figure 16. Measured and reference stator a) active power b) reactive power using the proposed 
DPC method with PI regulator (unbalanced conditions). 

 

The main advantages of this method are 1) accurate control with less stator harmonic 
current than conventional DPC, and 2) reduced stator power ripple. The main 
disadvantages of this method are increased implementation costs and a reduction in 
simulation speed due to the use of PI controllers. Figure 17 shows the positive, negative, 
and zero sequence components of the stator current. It is observed that the proposed 
control approach has resulted in stator currents with negligible negative and zero 
sequence components. 
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(a)                 (b) 

 
(c) 

Figure 17. a) positive sequence, b) negative sequence, and c) zero sequence components of 
stator current. 

 

Figure 18 depicts the stator and rotor currents for the proposed DPC method with a PI 

regulator under unbalanced voltage conditions. This method significantly reduces stator 

current distortion and produces sinusoidal currents. Figure 18(b) shows less rotor 

current deformation after 1 second compared to Figure 14(c), indicating superior control 

performance. Figure 19(a) and 19(b) illustrate the measured stator active and reactive 

powers using the proposed stator flux-based DPC method. As shown in the figures, the 

proposed control performs better with less oscillation than the conventional DPC. 

The active and reactive power ripples have been significantly reduced, eliminating the 

need for positive and negative sequence separation. This controller can be used to 

stabilize the DC link voltage and regulate power exchange with the network and 

converter. The simulation results also show that the stator current has a lower THD. 

Unbalanced voltage has a smaller effect on stator flux than stator voltage, so power ripple 

is reduced. Figure 20 depicts a three-phase stator current and single-phase rotor current 

under unbalanced voltage conditions. 

 
(a)                                  (b) 

Figure 18. DFIG a) stator current b) rotor current using the proposed DPC with PI regulator 
under unbalanced conditions. 
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(a)            (b) 

Figure 19. Measured and reference stator a) active power b) reactive power using the proposed 
stator flux-based DPC controller under unbalanced conditions. 

 
(a)            (b) 

Figure 20. DFIG a) stator current b) rotor current using the proposed stator flux-based DPC 
controller under unbalanced conditions. 

 

The proposed method leads to less distortion of stator and rotor currents in 

comparison to Figure 14. Figure 21(a) and 21(b) show the stator current THD under 

unbalanced conditions for the conventional DPC method and the proposed DPC method 

with PI regulator, respectively. As shown in the figure, the stator current THD with the 

proposed DPC method with PI regulator is significantly lower than with the conventional 

DPC method. The main harmonics in DPC with PI regulator are the third, fifth, and seventh. 

The main harmonics for the stator flux-based DPC method are the third and fifth 

harmonics, as Figure 21(c) illustrates. This figure shows that THD is significantly lower 

than with the conventional DPC method under unbalanced grid voltage conditions. While 

the conventional DPC method experiences power and torque fluctuations under 

unbalanced voltage conditions, the proposed methods provide a smoother, less 

fluctuating, and faster dynamic response in the event of voltage unbalanced or dip 

conditions. 
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(b) 

 
(c) 

Figure 21. stator current THD under unbalanced conditions, a) Conventional DPC method, b) 
Proposed DPC method with PI regulator, c) Proposed stator flux-based DPC method. 

 

In this paper, in the first proposed method, a novel HSF filter was proposed to extract 

the fundamental component of stator current and inject it into the controller during fault 

conditions; it was observed that the proposed controller can mitigate power and torque 

fluctuations while also reducing stator current THD. Using hysteresis comparators 

resulted in faster dynamic response and greater robustness than PWM techniques. The 

flux-based stator DPC method was the second alternative to the conventional DPC 

method. The simulation results demonstrate the efficacy of this method. Table 5 is 

provided for a comprehensive comparison of the approaches. The table differentiates 

between the structure and performance of the proposed PI-DPC method and the stator 

flux-based DPC method compared to the conventional DPC method. 
 

Table 5. comparison of the proposed PI-DPC method and Stator flux-based DPC method with the 
conventional DPC method. 

Stator flux-based DPC PI-DPC 

Lower Lower Generator power ripple 

Lower Lower Rotor speed ripple 

No No RSC PWM 

- Two Number of PI controllers 

Higher Higher Controller bandwidth 

Smoother Smoother Steady-state response 

Faster with less overshoot 

and fluctuations 

slower with less overshoot 

and fluctuations 
Transient response 

Similar More Complexity 

Lower Lower Current THD 
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7. Conclusion

This paper described theoretical improvements in DFIG-based wind energy conversion

systems under balanced and unbalanced grid voltage conditions. A dynamic model based 

on space vector relations in the rotor reference frame was examined. In the next step, the 

performance of DFIG under unbalanced voltage conditions was investigated. It was 

demonstrated that unbalanced voltages result in both positive and negative components 

in the current and voltage, which contribute to an increase in active and reactive power 

ripple as well as current THD. Methods for improving DFIG performance were briefly 

introduced. Direct power control with a PI regulator results in better performance and 

less power ripple due to the injection of positive sequence components of stator current 

into the controller under unbalanced voltage conditions. Stator flux-based DPC combines 

the advantages of DPC and FOC.  These benefits include a low THD of the output currents 

and a straightforward implementation process (in comparison to predictive DPC). 

Additionally, this controller is more cost-effective than other options that were examined, 

and it also produces lower power ripples. Simulation results confirmed an improvement 

in control system performance compared to conventional DPC without requiring 

significant changes to the controller structure. The THD of stator current under 

unbalanced conditions was found to be approximately 82% for the conventional DPC 

method, while it was reduced to approximately 27% and 31% for the proposed DPC 

methods with PI regulator and stator flux-based method, respectively. The direct power 

control method is compared to other control methods, including predictive control, vector 

control, direct torque control, and DPC-SVM. Although it improves control and reduces 

oscillations in power and switching frequency, it also increases controller complexity and 

slows dynamic response. To enhance the reactive power capability and voltage stability 

of the wind turbine system, it is recommended to integrate a static compensator 

(STATCOM) at the connection point in future work.  

APPENDIX A: 

The moduli of stator flux ( r

s ) are constant due to direct connection to the grid. The 

following expressions are used: 
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The active power expression can be simplified as follows: 

(a2)
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This can also be written in terms of the moduli of stator flux, moduli of rotor flux, and 

the angle (  ) between them: 
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Similarly, replacing (a1) in (2) gives: 
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Stator reactive power can be written as (a4): 
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