
Journal of Science & Technology                         Journal of Science & Technology                         Journal of Science & Technology

Pertanika JST
Vol. 29 (1) Jan. 2021

 

Pertanika Journal of Science & Technology 
Vol. 29 (1) Jan. 2021

Contents

 

 
 

 

 

 

-

VOL. 29 (1) JAN. 2021



Jo
ur

na
l o

f S
ci

en
ce

 &
 T

ec
hn

ol
og

y 
   

   
   

   
   

   
   

   
Jo

ur
na

l o
f S

ci
en

ce
 &

 T
ec

hn
ol

og
y 

   
   

   
   

   
   

   
   

Jo
ur

na
l o

f S
ci

en
ce

 &
 T

ec
hn

ol
og

y

Pertanika Journal of Science & Technology
About the Journal
Overview
Pertanika Journal of Science & Technology (PJST) is the official journal of Universiti Putra Malaysia 
published by UPM Press. It is an open-access online scientific journal which is free of charge. It publishes 
the scientific outputs. It neither accepts nor commissions third party content.

Recognized internationally as the leading peer-reviewed interdisciplinary journal devoted to the 
publication of original papers, it serves as a forum for practical approaches to improving quality in issues 
pertaining to science and engineering and its related fields.

PJST is a quarterly (January, April, July and October) periodical that considers for publication original 
articles as per its scope. The journal publishes in English and it is open to authors around the world 
regardless of the nationality.

The Journal is available world-wide.

Aims and scope
Pertanika Journal of Science and Technology aims to provide a forum for high quality research related 
to science and engineering research. Areas relevant to the scope of the journal include: bioinformatics, 
bioscience, biotechnology and bio-molecular sciences, chemistry, computer science, ecology, 
engineering, engineering design, environmental control and management, mathematics and statistics, 
medicine and health sciences, nanotechnology, physics, safety and emergency management, and 
related fields of study.

History
Pertanika was founded in 1978. A decision was made in 1992 to streamline Pertanika into three journals 
as Pertanika Journal of Tropical Agricultural Science, Pertanika Journal of Science & Technology, and 
Pertanika Journal of Social Sciences & Humanities to meet the need for specialised journals in areas of 
study aligned with the interdisciplinary strengths of the university.

After almost 28 years, as an interdisciplinary Journal of Science & Technology, the journal now focuses 
on research in science and engineering and its related fields.

Goal of Pertanika
Our goal is to bring the highest quality research to the widest possible audience.

Quality
We aim for excellence, sustained by a responsible and professional approach to journal publishing. 
Submissions are guaranteed to receive a decision within 14 weeks. The elapsed time from submission 
to publication for the articles averages 5-6 months.

Abstracting and indexing of Pertanika
The journal is indexed in SCOPUS (Elsevier), Clarivate-Emerging Sources Citation Index [ESCI (Web of 
Science)], BIOSIS, National Agricultural Science (NAL), Google Scholar, MyCite and ISC.

Future vision
We are continuously improving access to our journal archives, content, and research services. We have 
the drive to realise exciting new horizons that will benefit not only the academic community, but society 
itself.
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Citing journal articles
The abbreviation for Pertanika Journal of Science & Technology is Pertanika J. Sci. Technol.

Publication policy
Pertanika policy prohibits an author from submitting the same manuscript for concurrent consideration 
by two or more publications. It prohibits as well publication of any manuscript that has already been 
published either in whole or substantial part elsewhere. It also does not permit publication of manuscript 
that has been published in full in Proceedings.

Code of Ethics
The Pertanika Journals and Universiti Putra Malaysia takes seriously the responsibility of all of its journal 
publications to reflect the highest in publication ethics. Thus all journals and journal editors are expected 
to abide by the Journal’s codes of ethics. Refer to Pertanika’s Code of Ethics for full details, or visit the 
Journal’s web link at http://www.pertanika.upm.edu.my/code_of_ethics.php

International Standard Serial Number (ISSN)
An ISSN is an 8-digit code used to identify periodicals such as journals of all kinds and on all media–print 
and electronic. All Pertanika journals have ISSN as well as an e-ISSN.

Pertanika Journal of Science & Technology: ISSN 0128-7680 (Print); ISSN 2231-8526 (Online).

Lag time
A decision on acceptance or rejection of a manuscript is reached in 3 to 4 months (average 14 weeks). The 
elapsed time from submission to publication for the articles averages 5-6 months.

Authorship
Authors are not permitted to add or remove any names from the authorship provided at the time of initial 
submission without the consent of the Journal’s Chief Executive Editor.

Manuscript preparation
Refer to Pertanika’s Instructions to Authors at the back of this journal.

Editorial process
Authors are notified with an acknowledgement containing a Manuscript ID on receipt of a manuscript, and 
upon the editorial decision regarding publication.

Pertanika follows a double-blind peer-review process. Manuscripts deemed suitable for publication are 
usually sent to reviewers. Authors are encouraged to suggest names of at least three potential reviewers 
at the time of submission of their manuscript to Pertanika, but the editors will make the final choice. The 
editors are not, however, bound by these suggestions.

Notification of the editorial decision is usually provided within ten to fourteen weeks from the receipt 
of manuscript. Publication of solicited manuscripts is not guaranteed. In most cases, manuscripts are 
accepted conditionally, pending an author’s revision of the material.

The Journal’s peer-review
In the peer-review process, three referees independently evaluate the scientific quality of the submitted 
manuscripts.

Peer reviewers are experts chosen by journal editors to provide written assessment of the strengths and 
weaknesses of written research, with the aim of improving the reporting of research and identifying the 
most appropriate and highest quality material for the journal.
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Operating and review process
What happens to a manuscript once it is submitted to Pertanika? Typically, there are seven steps to the 
editorial review process:

1.	 The Journal’s Chief Executive Editor (CEE) and the Editorial Board Members (EBMs) examine 
the paper to determine whether it is appropriate for the journal and should be reviewed. If 
not appropriate, the manuscript is rejected outright and the author is informed.

2.	 The CEE sends the article-identifying information having been removed, to 2 or 3 reviewers 
who are specialists in the subject matter represented by the article. The CEE requests them to 
complete the review within 3 weeks.

	 Comments to authors are about the appropriateness and adequacy of the theoretical or 
conceptual framework, literature review, method, results and discussion, and conclusions. 
Reviewers often include suggestions for strengthening of the manuscript. Comments to the 
editor are in the nature of the significance of the work and its potential contribution to the 
research field.

3.	 The Editor-in-Chief (EiC) examines the review reports and decides whether to accept or 
reject the manuscript, invites the author(s) to revise and resubmit the manuscript, or seek 
additional review reports. Final acceptance or rejection rests with the CEE and EiC, who 
reserve the right to refuse any material for publication. In rare instances, the manuscript is 
accepted with almost no revision. Almost without exception, reviewers’ comments (to the 
author) are forwarded to the author. If a revision is indicated, the editor provides guidelines to 
the authors for attending to the reviewers’ suggestions and perhaps additional advice about 
revising the manuscript.

4.	 The authors decide whether and how to address the reviewers’ comments and criticisms and 
the editor’s concerns. The authors return a revised version of the paper to the CEE along with 
specific information describing how they have answered’ the concerns of the reviewers and 
the editor, usually in a tabular form. The author(s) may also submit a rebuttal if there is a need 
especially when the authors disagree with certain comments provided by reviewer(s).

5.	 The CEE sends the revised paper out for re-review. Typically, at least 1 of the original reviewers 
will be asked to examine the article. 

6.	 When the reviewers have completed their work, the EiC examines their comments and 
decides whether the paper is ready to be published, needs another round of revisions, or 
should be rejected. If the decision is to accept, the CEE is notified.

7.	 The CEE reserves the final right to accept or reject any material for publication, if the processing 
of a particular manuscript is deemed not to be in compliance with the S.O.P. of Pertanika. An 
acceptance letter is sent to all authors.

	 The editorial office ensures that the manuscript adheres to the correct style (in-text citations, 
the reference list, and tables are typical areas of concern, clarity, and grammar). The authors 
are asked to respond to any minor queries by the editorial office. Following these corrections, 
page proofs are mailed to the corresponding authors for their final approval. At this point, 
only essential changes are accepted. Finally, the manuscript appears in the pages of the 
journal and is posted online.
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Foreword

i

Welcome to the 1st 2021 issue of the Pertanika Journal of Science and Technology (PJST)!

PJST is an open-access journal for studies in Science and Technology published by Universiti Putra 
Malaysia Press. It is independently owned and managed by the university for the benefit of the 
world-wide science community.

This issue contains 37 articles; 3 review articles, 1 short communication and the rest are regular 
articles. The authors of these articles come from different countries namely Bangladesh, India, 
Indonesia, Iraq, Kenya, Malaysia, Nigeria, Pakistan and Thailand.

Articles submitted for this issue cover various scopes of Science and Technology including: 
applied sciences and technologies; chemical sciences; earth sciences; engineering sciences; 
environmental sciences; information, computer and communication technologies; material 
sciences; mathematical sciences; and medical and health sciences.

An article in this issue discussed the comparison between a proportional-integral controller, low 
pass filters, and the linear quadratic regulator in dealing with the task of eliminating harmonic 
currents in the grid-connected photovoltaic system. The DC/DC converter was controlled by 
perturb and observed technique with maximum power point tracking that concentrated on 
maximizing the available solar power and maintained an acceptable efficiency around the full 
load condition. The simulation results obtained had proven the robustness of the linear quadratic 
regulator over proportional-integral controller and low pass filters. The total harmonic distortion 
found in the grid current fell from 7.85% to 2.13% when the linear quadratic regulator was 
applied. Details of this study are available on page 59. 

A regular article titled “Performance Analysis of the Linear Launcher Motor via Modelling and 
Simulation for Light Electric Vehicles” was presented by Norramlee Mohamed Noor and his 
colleagues. In this study, the analytical method to predict the linear launcher motor was described 
by using 2D-Jmag and MATLAB/Simulink. The performance of the linear launcher motor can 
generate axial force, speed, and displacement of with and without load. The authors stated 
that the maximum force without load was ~1.6kN and force with load was ~1.4kN at 100A. The 
detailed information of this study is available on page 95.

An investigation to determine a multi-epitope based vaccine candidate against Human Adenovirus 
Type B3 (HAdV-B3) respiratory infections by utilising various immunoinformatic approaches was 
conducted by Somnath Panda and co-researchers from AIMST University, Malaysia. Considering 



ii

the heterogeneity of HAdV-B3 and the complexity of generating conventional vaccines, an in-
silico multi-epitope vaccine construct incorporating all epitopes of four major HAdV-B3 hexon 
variants was built. The constructed vaccine had 23 different epitopes which showed non-allergic 
but antigenic nature with 30hours of half-life in vitro and exhibited thermostable nature. The 
researchers believed that this construct would considerably reduce the time and expense of 
biological work needed for future vaccine development. Further details of the investigation can 
be found on page 607.

We anticipate that you will find the evidence presented in this issue to be intriguing, thought-
provoking and useful in reaching new milestones in your own research. Please recommend the 
journal to your colleagues and students to make this endeavour meaningful.

All the papers published in this edition underwent Pertanika’s stringent peer-review process 
involving a minimum of two reviewers comprising internal as well as external referees. This is to 
ensure that the quality of the papers justifies the high ranking of the journal, which is renowned 
as a heavily-cited journal not only by authors and researchers in Malaysia but by those in other 
countries around the world as well.

A special appreciation to all the Editorial Board Members of PJST (2018-2020) for serving the 
journal for the past two years in ensuring Pertanika plays a vital role in shaping the minds of 
researchers, enriching their lives, and encouraging them to continue their quest for new 
knowledge. Also, we welcome the new Editorial Board Members on board. We hope that their 
involvement and contributions towards Pertanika would not only improve its quality but also 
support the development efforts in making it an international journal of good standing.

PJST is currently accepting manuscripts for upcoming issues based on original qualitative or 
quantitative research that opens new areas of inquiry and investigation.

Chief Executive Editor
Dato’ Dr. Abu Bakar Salleh
executive_editor.pertanika@upm.edu.my
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Review Article

Former and Current Trend in Subsurface Irrigation Systems 

Yasir Layth Alrubaye* and Badronnisa Yusuf 

Department of Civil Engineering, Faculty of Engineering, Universiti Putra Malaysia, 43400 UPM, Serdang, 
Selangor, Malaysia 

ABSTRACT

The main purpose of this review is to find the diversity in research studies of subsurface 
irrigation systems in the past two decades. Two periods of five years were selected to 
reflect the research studies at the beginning and the end of the comparing periods range. A 
statistical sorting was used to investigate the distribution of papers according to objectives, 
types of irrigation systems, research methods, and limitations of the studies. Results showed 
that the measurements and evaluations were the most presented objectives of the selected 
papers for both periods. Furthermore, almost 90 percent of the recent papers used multiple 
research methods, unlike the papers published in the former period which only 56 percent 
of them used multiple methods. Also, more than 90 percent of the recent papers used a 
single irrigation system. In conclusion, knowledge of subsurface irrigation systems had been 

advanced in the former studies mostly by 
analyzing the measurements and evaluations 
of the traditional irrigation systems. Unlike 
the former period, the advancement in 
knowledge has been produced in the current 
period by introducing new subsurface 
irrigation systems and more concentration 
by the order of measurements, evaluation, 
and designing, respectively.

Keywords: Irrigation Systems, sub-Irrigation, 

subsurface irrigation, water movement in soil, wetting 

patterns 
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INTRODUCTION

Subsurface irrigation defined by Camp (1998) is the method of applying irrigation water 
directly into the root zone of the soil profile. In contrast with surface irrigation systems, 
subsurface irrigation systems highly reduce human contact with irrigation water which 
sometimes is not freshwater (Qiu et al., 2017). According to Massatbayev et al. (2016) the 
main components structured the properties of subsurface irrigation are emission products, 
construction methods, materials, and packing of the soil. Furthermore, the vital advantage 
of subsurface irrigation systems is reducing the losses such as evaporation and surface 
runoff comparing to the surface irrigation (Montazar et al., 2017). Over the past two 
decades, subsurface irrigation systems had widely developed. Researchers discussed various 
aspects of subsurface irrigation systems such as design, operation, evaluation, measuring 
the wetting fronts, or producing new irrigation products. Also, methods of research studies 
used to achieve these purposes has been changed.

Various methods have been used to review subsurface irrigation systems by researchers. 
In this aspect some review papers can be mentioned. Ayars et al. (1999) summarized 15 
years of research studies in a subsurface drip irrigation system to identify limitations and 
future studies, where they addressed the impact of soil type on selecting irrigation interval 
needed to be further research. Bastiaanssen et al. (2007) used a technique of SWOT to 
analyze the flow of water in unsaturated soils and described the solutions methods for 
managing irrigation systems. They concluded that common sense was not enough for 
developing irrigation systems as it needed the optimal solutions as well. Furman (2008) 
reviewed the subsurface flow of irrigation systems using mathematical forms whereas 
they concluded that both accuracy and applicability were required for subsurface irrigation 
systems to measure the water distribution in the soil profile. Ayars et al. (2015) discussed 
the status of subsurface drip irrigation systems in California by reviewing the current 
research studies and the on-farm practices and they found that subsurface drip irrigation 
had many advantages and could be considered as an effective tool to increase water usage 
efficiency. Rudnick et al. (2019) reported the results and highlighted future research areas 
of limited irrigation strategies conducted by research studies in irrigation systems where 
they noted that the optimal practice of irrigation depended mainly upon irrigation system 
type, soil moisture content, market value, and initial cost. 

Research studies of subsurface irrigation systems need successive contributions (Singh, 
2014c) and periodic overview because of the continuous development. Recently, researchers 
developed various subsurface irrigation systems by introducing either a new component or 
new systems. Engineering applications in automated and mechanized irrigation systems 
are still under research and development (Hudzari et al., 2013). Besides, irrigation systems 
are modified to overcome the topographical obstacles (Razali et al., 2016). Furthermore, a 
comparison between outcome benefits of using different subsurface irrigation systems is 
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the main factor of continued and increased usability of these systems (Camp et al., 2000). 
Also, a substantial amount of irrigation water can be saved using innovation strategies 
compared to traditional irrigation systems (Azhar et al., 2014). Diversity in research studies 
is not only in irrigation systems but also in the objectives and methods of the research. 
Likewise, this diversity may change from each period to anther because of the technological 
and knowledge development. Therefore, a comparison and general overview of former 
and current research studies is required to discovery the diversity of research regions of 
subsurface irrigation systems. 

The main purpose of this review is to preview the trend and diversity in research 
studies of subsurface irrigation systems by comparing the advancement in knowledge of 
subsurface irrigation systems in the past two decades. For instance, the trend represents the 
popularity of different topics in subsurface irrigation systems. Two periods of five years 
1995-1999 and 2015-2019 were selected to reflect the research studies at the beginning and 
end of the comparison period. The former period indicates the later studies and the current 
period indicates the recent studies. Additionally, the objectives, methods, limitations, and 
the irrigation systems of the research studies in subsurface irrigation systems are analyzed.

MATERIALS AND METHODS
In this paper, a statistical sorting method was used to analyze and compare published 
research papers of subsurface irrigation systems. The general criteria used to select the 
papers and the description of the analysis method can be explained in detail in the following 
two sections.

General Criteria of Papers Selection
Two periods of time were selected of 20-years in range to represent the trend of research 
at each period. The first period was from 1995 to 1999 and the second period was from 
2015 to 2019. A period of five-years had been used to represent the nature of the research 
published in the past and present as it was sufficient time to clarify the common research 
path. Moreover, to the absence of significant technological changes during the five-year 
period, which would not affect the nature of scientific research. The range of 20-years 
was used as a separation time range of the present period from the earliest past which 
was long enough to represent the differences because of the cognitive developments in 
the research trend.

Papers selected to be presented in this review were found using keywords which were 
directly related to the subject of the review. Since the subject of this review is the subsurface 
irrigation systems, keywords used to find the required papers were subsurface irrigation, 
wetting fronts, and irrigation systems. Furthermore, a research type of paper was selected 
to identify the required papers. These keywords had been searched in the Science Direct 
and Springer database.
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Literature Classification Method

Research papers were classified by their objectives, methods of research, limitations, and 
the types of irrigation systems. This classification method presents the advancement in 
knowledge of the research studies by the categories of objectives and irrigation systems. 
Categories of methods and limitations represent the technological effectiveness of the 
research. These four categories give a good indication to compare the development of 
research trends in a 20-years range.

The first category is the research objectives which describe the distribution of selected 
papers according to their purpose which presents the general trend of knowledge. Four 
subcategories for classifying papers according to the objectives. The subcategories are 
design (DE), evaluation (EV), measurements (ME), and management (MA). These 
subcategories indicate the popularity of knowledge directions by presenting the distribution 
of research objectives per each period. 

The second category is the research methods that present the common methods used 
by researchers to achieve their aims. This category indicates the technological development 
effectiveness specially to illustrate the differences between former and current research 
studies. Seven subcategories of research methods can be used to classify the research 
papers which are laboratory and on-field experiments (EX), numerical (NU), analytical 
(AN), optimization (OP), statistical (ST), economical (EC), and other (OT). Laboratory 
and on-field experiments usually adopt the case study or validate simulation models which 
is extremely helpful to understand what is the real behavior of the system in the real test 
(Fernández-Gálvez, et al., 2019). Simulation and optimization are commonly used in 
research methods for designing, managing, planning, and operating irrigation systems 
(Hantush & Marino, 1989; Huang & Loucks, 2000; Huang et al., 2012; Kite & Droogers, 
2000; Loucks, et al. 1981; Mantoglou, 2003; Matanga & Mariño, 1979; Singh, 2013, 2014a, 
2014b, 2014c; Tabari & Soltani, 2013). Also, mathematical and numerical approaches are 
widely used by researchers to represent specific purposes such as calculating the wetting 
fronts in soil profiles (Dawood & Hamad, 2016). Some researchers prefer to use more 
than one method for validating or comparing purposes therefore, research studies that 
used more than one method were classified and added into the existing methods. These 
subcategories of research methods can also indicate the reliability and the popularity of 
the adopted methods which can be interpreted from the rate of usage.

The third category is the research limitation. This category explains how technological 
development overcomes the difficulties faced the research. The research limitation reported 
in the literature is mainly on the dimensional presentation of the results and the soil types 
used in the research. The reason for using 2D or 3D representation is to show the ability 
of technological development in overcoming the research difficulties such as on-field 
measuring wetting fronts and simulation of water movement through time in the soil profile. 
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This category is usually considered as a challenge for researchers to overcome because 
the flow in the soil profile is unsaturated and needs visualization to be measured. Thus, 
presenting this category introduces the advancements in research methods and how it has 
impacted the quality and quantity of the result.

The fourth category is the type of irrigation system used in the research papers. 
Irrigation systems are developed through years of research projects. Therefore, it is 
important to sort the research papers according to the type of irrigation systems that indicate 
both the technological and knowledge developments. Irrigation systems which mentioned in 
this category are surface drip irrigation (SDI), subsurface drip irrigation (SSDI), subsurface 
membrane irrigation (SMI), subsurface irrigation pipe (SIP), optimized subsurface irrigation 
system (OPSIS), subsurface line source (SLS), surface irrigation (SI), irrigation basin 
(IB), micro-irrigation (MI), sprinkler irrigation systems (SIS) and baked clay pipes (BCP). 
Similarly, system products can be considered as a valuable addition to modify the typical 
system such as ceramic emitter (CE), suction emitter (SE), and rubber-based emitter (RB). 
Some research studies used more than one irrigation system for comparison purposes, so 
the classification considers all systems used per the research paper. 

RESULTS AND DISCUSSION 

In this paper, 81 papers had been statistically reviewed with 41 research papers classified 
into former (1995-1999) and 40 papers in the  current (2015-2019) period. In the following 
subsections, summarized literature review of the both periods, results, and brief discussions 
are provided according to the classifications that have been explained earlier.

The literature review can be summarized in the two periods of five-years to show the 
sequence and type of resultant developments of each period. In the following paragraphs, 
the literature review is presented according to the sequence of the years which gives a 
good overview to compare between these two periods.

Review of Literature of 1995-1999

In 1995, most of the selected papers in subsurface irrigation systems were focused on 
management and measurements. For example, a research paper by Varshney (1995) 
discussed irrigation methods such as surface irrigation systems, sprinkler irrigation, drip 
irrigation, micro-sprinkler irrigation, and subsurface irrigation. He concluded that although 
subsurface irrigation could control the water content in the soil profile, it was still limited 
to be used just in arid areas because this method was uncommon for the farmers to be used 
in that time. Another paper conducted by Singh et al. (1995) presented the main idea of an 
automated irrigation schedule system that tested at the field to compare the results with a 
typical irrigation schedule. The system showed the ability to optimize irrigation water use. 
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In 1996, the majority of the research studies in subsurface irrigation systems were in 
measurements and evaluation. A study by Lacroix et al. (1996) introduced a measuring 
method to estimate the water balance which was verified by on-field experiments. They 
concluded that the method needed further calibration with field experiments to be more 
precise. Besides, Snyder et al. (1996) performed a survey of irrigation methods in California 
and compared them with previous surveys. The results showed that drip and sprinklers 
irrigation systems became popular more than before in contrast with the traditional methods.  

In 1997, the objective presented in most of the selected papers was measurement 
techniques. For instance, a research paper by Esfandiari and Maheshwari (1997) developed 
an optimization method to estimate infiltration parameters of furrow irrigation method 
which gave a good accuracy by comparing with on-field results. Witelski (1997) analyzed 
the relation between wetting fronts with the boundary condition in soil profile using the 
perturbation method which indicated a high accuracy by comparing to solutions produced 
by numerical simulations. 

In 1998, selected papers of subsurface irrigation were also focused on measurement. 
For example, Parlange et al. (1998) solved the nonlinear diffusion equation using an 
approximate analytical method for arbitrary boundary conditions which presented a well 
accurate performance. Also, Felsot et al. (1998) used on-field best management practices 
for reducing deep percolation of surface and subsurface drip irrigation. They concluded 
that it was difficult to measure the water distribution around the emitters. 

In 1999, research studies of subsurface irrigation concentrated in measurement and 
design. For instance, a paper conducted by Meshkat et al. (1999) introduced a sand tube 
irrigation technique to reduce evaporation effectiveness on drip irrigation. Experiments and 
3D simulations had been conducted in this study. The results showed that the technique 
could be used to reduce evaporation by more than 25 percent comparing to the typical 
surface drip irrigation. Furthermore, Barth (1999) developed a subsoil irrigation system 
that could be used to improve the performance of irrigation with minimum maintenance 
and a longer life span comparing to other irrigation systems. 

The classification of research papers published in the former period is as presented 
in Table 1.  

Table 1
Literatures classification of the former period (1995-1999)

Author (year) Objectives Methods
Limitations Irrigation 

systemDimension Soil type*

Lacroix et al. 
(1996) ME, MA NU OT NM MI, SI
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Table 1 (Continued)

Author (year) Objectives Methods
Limitations Irrigation 

systemDimension Soil type*

Varshney (1995) MA OT OT NM SDI, SI, 
SIS, MI,

Singh et al. (1995) MA, DE OP, EX OT SC SIS
Kandil et al. 
(1995)

MA NU OT SC SDI

Lockington and 
Parlange (1995)

ME AN 1-D NM SI

Oad and Sampath 
(1995)

ME, EV, MA EX, AN OT NM SI

Ross et al. (1995) ME, EV AN, NU 2-D S NM
Scaloppi et al. 
(1995)

ME NU, EX OT NM SI

Snyder et al. 
(1996)

ME, EV ST, OT OT NM SI, MI, 
SDI, SSDI

Warrick and Shani 
(1996)

ME EX, ST, 
AN

OT SL SSDI

Batchelor et al. 
(1996)

MA, EV EX OT SCL MI, SDI, 
BCP

Hansona et al. 
(1997)

ME, EV EX, ST OT SL SI, SDI, 
SSDI

Hilfer and Øren 
(1996)

ME AN, EX NM S NM

Izadi et al. (1996) ME, EV EX, 1-D, 2-D SiL SI
Kapoor (1996) EV AN 2-D, 3-D S, L, C NM
McClymont and 
Smith (1996)

EV, ME OP, AN OT NM SI

Panda et al. (1996) MA OP, AN OT SL, LS SI
Rimmer et al. 
(1996)

EV, ME EX 2-D NM NM

Ross et al. (1996) ME, NU, AN 1-D S, C NM
Shani et al. (1996) EV, ME EX, AN OT SL, SiL, 

CL
SSDI

Witelski (1997) EV AN, NU OT NM NM
Willis et al. (1997) ME EX OT C SI



Yasir Layth Alrubaye and Badronnisa Yusuf

8 Pertanika J. Sci. & Technol. 29 (1): 1 - 30 (2021)

Table 1 (Continued)

Author (year) Objectives Methods
Limitations Irrigation 

systemDimension Soil type*

Esfandiari and 
Maheshwari 
(1997)

DE, EV, ME EX, OP OT C SI

Andreu et al. 
(1997)

ME, MA EX 3-D LS, SL SDI

Amali et al. 
(1997)

ME, EV EX, ST OT CL, SCL SSDI, SI

Burt et al. (1997) MA, EV, DE OT OT NM SI, SDI, 
SSDI, SIS, 
MI

Clemmens and 
Burt (1997)

EV, ME ST OT NM NM

Comparini and 
Mannucci (1997)

ME AN 1-D GPM NM

Dale et al. (1997) ME, DE AN 1-D GPM NM
Furati (1997) ME, EV AN 1-D GPM NM
Kerkides et al. 
(1997)

EV, DE AN, 1-D GPM SIS

Parseval et al. 
(1997)

ME AN, EX 1-D GPM NM

Valiantzas (1997) ME NU, AN OT GPM SI
Parlange et al. 
(1998)

ME AN 1-D GPM SI

Felsot et al. 
(1998)

ME EX 1-D SL SSDI

Ghanem and 
Dham (1998)

DE, EV NU, ST 2-D GPM SI

Alazba (1999) DE, ME AN OT GPM SI
Meshkat et al. 
(1999)

DE, ME NU, EX 2-D SiL, S SDI

Barth (1999) DE, MA EX, OT NM SLS
Connell (1999) ME AN, NU 1-D S, L, C NM
Coelho and Or 
(1999)

ME, EV EX 2-D SiL SDI

*Symbols indicating the type of soil are: not mansion (NM), general pours media (GPM), sand (S), clay (C), 
silt (Si), loam (L), sandy clay (SC), sandy loam (SL), sandy clay loam (SCL), silty loam (SiL), loamy sand 
(LS), clay loam (CL), and sandy clay loam (SCL).
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Review of Literature of 2015-2019

In 2015 and 2016, the selected research studies in subsurface irrigation systems focused 
mainly on the measurements. For example, Han et al. (2015) conducted on-field experiments 
and 2D simulation studies to measure the distribution of soil moisture content, which created 
by drip irrigation with mulch on the soil. Analysis of moisture content distribution that was 
created by 2D Hydrus showed a good agreement with the on-field experimental results. 
The 2D Hydrus model was found suitable to support the design and development process 
of a drip irrigation system in case of mulch on the soil surface. Another study conducted 
by Ali and Ghosh (2015) proposed a method for estimating the size-changing of wetting 
fronts in different soil types using numerical analysis and on-field verification where 
the results showed a high accuracy and could be applied into irrigation field to compute 
wetting fronts. Dawood and Hamad (2016) formed a set of equations by performing a set 
of numerical simulations using 2D Hydrus and on-field experiments to forecast the wetting 
fronts created by surface point source considering the variety of soil types which indicated 
highly accurate results.  

In 2017, the selected papers in subsurface irrigation systems concentrated mainly on 
measurements, design, and evaluation. Honari et al. (2017) conducted a statistical approach 
to evaluate the ability of 3D Hydrus to simulate soil water content in field conditions which 
the results showed that the program could be used for simulating these kinds of cases. Also, 
Adams and Zeleke (2017) performed an on-field experimental study to illustrate the diurnal 
effects on irrigation efficiency and the study results pointed out that irrigation process for 
shallow root zone needed to be at the afternoon time to increase the irrigation efficiency.

In 2018, the majority of selected papers were also focused on measurements. As Al-
Ghobari and Dewidar (2018) performed on-field experiments to test the strategy of deficit 
irrigation combined with surface and subsurface drip irrigation systems. The results of this 
study showed that combining deficit irrigation strategy with each of these irrigation systems 
could improve the irrigation productivity. Ren et al. (2018) derived a mathematical model 
for drip irrigation lateral and formulated an equation to represent the emitters discharge. 
They concluded that one of the main affected parameters on the hydraulic performance of 
laterals was the soil properties. Also, Fan et al. (2018b) simulated a vertical line source in 
HYDRUS to study the effect of influencing factors on the accumulating infiltration. The 
created empirical forms required further on field research studies to measure the wetting 
patterns and evaluate the created empirical models.

In 2019, the majority of papers of subsurface irrigation systems were concentrated 
in measurements. For example, an optimization study of designing subsurface irrigation 
systems conducted by Sakaguchi et al. (2019). They concluded that the recommended 
design parameters depended upon soil type, climate condition, irrigation intensity, and 
plant type. Another paper conducted by Cai et al. (2019a) was to test a ceramic patch 
in a subsurface irrigation line to control the saturated zone in soil profile created by the 
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pressure head applied on emitters. They found there was a relationship between pressure 
head, ceramic properties, and soil properties. Also, Lima et al. (2019) indicated that using 
a new irrigation product named permeable membrane could be used as a solution to 
increase water use efficiency and maximize the irrigation management. Furthermore, paper 
published by Elnesr and Alazba (2019) to simulate wetting fronts created by subsurface 
drip irrigation using 3D and 2D HYDRUS. They concluded that 2D simulation could be 
used confidently by simulators.

The classification of research papers published in the former period is as presented 
in Table 2.  

Table 2
Literatures classification of the current period. (2015-2019)

Author (year) Objectives Methods
Limitations Irrigation 

systemDimension Soil type*

Sakaguchi et al. 
(2019)

DE NU, OP 2-D NM SIP

Al-Ghobari and 
Dewidar (2018)

ME, EV EX, EC OT CS SDI, SSDI

Saefuddin et al. 
(2019)

ME, EV, 
DE

NU, EX 3-D Si, S SSDI

Cai et al. 
(2019a)

ME, DE AN, EX OT Si, L SSDI, CE

Elnesr and 
Alazba (2019)

ME, EV NU 2-D, 3-D S, LS, SL, L, 
Si, SiL, SCL

SSDI

Gu et al. (2017) DE, MA NU, EX, 
OP, OT

OT NM SSDI

Lima et al. 
(2019)

ME, DE EX OT NM SMI

Feng et al. 
(2017)

ME EX, ST OT CL, C SIP

Ren et al. (2018) ME, DE AN, EX OT S, L, SL SSDI
Ren et al. (2017) ME, DE AN OT NM SSDI
Cai et al. (2017) ME, DE EX, NU, ST OT CL CE
Liu et al. (2019) ME, EV EX, ST OT L SSDI
Grecco et al. 
(2019)

ME, EV NU, EX, ST 2-D SL SSDI

Jiang et al. 
(2019)

ME NU, EX, ST 2-D, 3-D S, Si, C RB
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Table 2 (Continued)

Author (year) Objectives Methods
Limitations Irrigation 

systemDimension Soil type*

Cai et al. (2018) ME, DE NU, EX, ST 2-D L CE
Fan and Li 
(2018)

ME EX, ST OT C, SiL, S SSDI

Ghazouani et al. 
(2019)

ME, EV EX, NU, ST 2-D NM SSDI

Cai et al. 
(2019b)

ME, EV EX, NU, ST 2-D CL, SL, S, 
LS, Si, SiL, 
SCL, CL, 
SiCL, SC, 
SiC, C

CE

Gunarathna et 
al. (2018)

ME, EV EX, ST, OT OT NM OPSIS

Gunarathna et 
al. (2017)

EV, DE NU, ST, OP OT NM OPSIS

Ding et al. 
(2019)

EV EX, OT OT SL, S SDI

Li et al. (2019) ME, EV EX, ST, OT 2-D LSi, Si, LS, 
SL, S

SDI

Zhang et al. 
(2017)

ME, EV EX, NU, ST 2-D L, SiL, SL SDI, SI

Castanedo et al. 
(2019)

EV NU, ST 2-D SL, SiL, CL SI

Fan et al. 
(2018a)

ME EX, NU, ST 2-D S, SiL CE

Fan et al. 
(2018b)

ME NU, ST 2-D CL, SiL, L, 
SL, S

SLS

Han et al. 
(2015)

ME, EV EX, NU, ST 2-D SiL SSDI

Adams and 
Zeleke (2017)

ME EX, ST OT SCL SDI

Dawood and 
Hamad (2016)

ME AN, EX, 
NU, ST

2-D SiCL, S, LS, 
SL, SCL, L, 
SiL, Si, C, 
SC, SiCL, 
SiC, SSiL, 
CL

SDI
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Research Objectives Category  

The classification of research papers made based on their objectives was divided into main 
four subcategories. These subcategories were used to represent alternatives that had been 
adopted by researchers to express their research aim. For instance, the subcategory of 
measurement includes terms such as determine, predict, calculate, and relate. Subcategories 
management and evaluation used keywords such as schedule and examination, respectively. 
While the category of design covers terms like develop and introduce. These four 

Table 2 (Continued)

Author (year) Objectives Methods
Limitations Irrigation 

systemDimension Soil type*

Martínez de Azagra 
Paredes and Del Río 
San José (2019)

DE, ME AN 2-D GPM SE

Khalil and Abid 
(2019)

ME AN, EX, 
NU, ST

2-D SL SDI

Abid and Abid 
(2019)

ME AN, NU, 
ST

2-D LS, SL, L SSDI

Ali and Ghosh 
(2015)

ME AN, ST OT LS, L, CL, 
SC

IB

Hatiye et al. (2018) ME AN, NU, 
EX, ST

1-D SL SI

Honari et al.  (2017) EV EX, NU, 
ST

3-D L SIP

Kacimov et al. 
(2018)

ME AN, NU 2-D L SIP

Naghedifar et al. 
(2019)

ME NU 2-D C, L, S SI

Reyes-Esteves and 
Slack (2019)

ME EX, NU 2-D CL, SCL SIP

Soulis and 
Elmaloglou (2016)

MA EX, NU, 
ST

2-D LS, Si, SiL SDI

Zheng et al. (2017) MA, ME EX, NU, 
ST

1-D LS, S, LS, 
SiC, S

SI

*Symbols indicating the type of soil are: not mansion (NM), general pours media (GPM), sand (S), clay (C), 
silt (Si), loam (L), sandy clay (SC), sandy loam (SL),clay sand (CS), silty clay (SiC), loamy silt (LSi), silty 
loam (SiL), loamy sand (LS), clay loam (CL), sandy clay loam (SCL), silty clay loam (SiCL), sandy silty 
loam (SSiL), and sandy clay loam (SCL).
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subcategories can be represented a general themes of research objectives.  The distribution 
of research papers according to the objective’s categories for former and current periods 
is as shown in Figure 1.

Figure 1 indicates the main directions of knowledge produced by research studies 
for former and current periods. All objectives mentioned in the papers accounted to be a 
part of the final percentage for each objective category. As shown in Table 1 and Table 
2, some papers for both former and current periods were aimed for multiple objectives, 
as illustrated in Figure 2. For this reason, percentages cannot be integrated to obtain 100 
percent in resultant. 

Figure 1. Research papers sorted according to the research objectives for former and current periods.

Papers published in the former period were distributed none uniformly throughout the 
four categories, which indicates that the general characterization of that period. More than 
70 percent of the scientific research of the former period was interested in the measurement 
field. The evaluation field had gotten the second highest interests with 46 percent. Both 
categories of management and design had almost the same percentages of interests with 
22 percent and 24 percent, respectively. 

In the current period, the objectives of the research papers are also not uniformly 
distributed through the four categories but in a slightly different trend. Again, the 
measurement field had the highest percentage of 80 percent where it increased by almost 
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10 percent from the former period. Additionally, one-third of the research papers were 
concerned in the evaluation category which decreased more than 10 percent from the former 
period. The design category had been increased to 28 percent than in the former period, 
the most noticeable change was in the management category which highly decreased from 
24 percent in the former period to 5 percent in the current period of the selected papers of 
subsurface irrigation systems. 

As a result, the focusing of the papers in both periods were on measurements in the 
most of them and they had moderate concentration in evaluation and designing objectives.

Papers aimed for single or multiple objectives depending upon how these objectives are 
connected. Sometimes, the main objective needs for obtaining more data which produces 
anther supportive goal. The use of single or multiple objectives has also been changed 
during the past 20 years as shown in Figure 2 Whereas, 60 percent of the papers were 
published in the past were aimed for multiple objectives. This percent had been reduced in 
recent research studies to be 48 percent. This difference may indicate that the researchers 
were focused more on the branches of the single objective research.

Figure 2. Percentage of research papers using single or multiple objectives in a) former and b) current periods.

Research Methods Category

Researchers used different methodologies available at their time to achieve the research 
objectives. In this subsection, a statistical overview of the methodologies of research papers 
is provided. The distribution of research papers according to research methods is presented 
in Figure 3. Since some papers used more than one method to achieve the research aim as 
presented in Figure 4, all methodologies used per paper had been accounted for. For this 
reason, percentages presented cannot be integrated into 100 percent.

(a) (b)
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Figure 3. Research papers distributed according to research methods for former and current periods.

Figure 4. Percentage of research papers that used single or multiple methods for a) former and b) current periods.

The two foremost methods in the former period were experimental and analytical 
methods in which 46 and 49 percent of research adopted these methodologies, respectively. 
On the other hand, the economic study was not used by any research of the selected papers. 
Percentage of research papers reported statistical, numerical and optimization methods in 
subsurface irrigation systems are 15, 22, and 10 percent, respectively, of the total selected 
papers. Research studies used survey, explanations, or discussing the subsurface irrigation 
systems were summarized in other methods which are covered in 7 percent of the selected 

(a) (b)
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papers. Two indications can be recognized from this distribution. The first indication is the 
analytical and experimental methods were popular in the former period which is a reason 
that may be due to the availability of these methods compared to the others. The second 
indication is the reliability of these methods that encourages the researchers to use them. 

Research papers in the current period show a wide distribution of research methods. 
However, the experimental method was still preferred with an increase of usage by more 
than one-quarter to 73 percent. The analytical method decreased with the same ratio to 
25 percent of the selected papers. In addition, both statistical and numerical methods 
increased used by 65 percent of the total research studies. On the other hand, optimization 
and economical methods adopted in 8 and 3 percent of the research, respectively. Other 
methods increased comparing to the former period to 10 percent of the current papers. 

Technological development over the past 20 years has allowed researchers to use 
research methods such as numerical and statistical more than before. As these methods 
became available, more accurate, and easier to use, which made these methods more 
popular among researchers. 

Figure 4 shows research papers that presented a single or multiple method to achieve 
the research aim. Single and multiple methods presented in 44 and 56 percent of the papers 
published in the former period respectively. That indicates a good availability of various 
types of methodologies in the former period. In the current period, researchers using more 
multiple methods in which the multiple methods were presented in 88 percent of the recently 
published papers. This change can be considered a huge step in scientific development 
which supported by technological developments. Using multiple methods gives a good 
chance for researchers to calibrate these methods to get more accurate results. According to 
Table 2, one of the notable things in the recent period is that the experimental, numerical, 
and statistical methods commonly used together, and this approach exists together in 29 
percent of the recently published papers. This fact indicates the calibration development 
to create a larger tested area, accurate results, minimum cost of testing trials, and more 
models design. 

Types of Irrigation Systems 

In this subsection, irrigation systems used by researchers are sorted according to the 
subcategories as presented in Figure 5 is discussed. Although the main subject of this 
review is subsurface irrigation systems, some researchers use other irrigation systems to 
accomplish the research objectives, thus, irrigation systems that are not categorized under 
subsurface irrigation systems are also mentioned and accounted for in this statistical review. 
There are 15 categories of irrigation systems that have been accounted for that presented in 
the selected research papers for both former and current periods. Although, some research 
papers used more than one irrigation system, others did not mention the type of irrigation 
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system or discussed the supplying system as a general point or line source. Nevertheless, 
irrigation systems was not mentioned or the general sources of the selected papers were 
accounted for under the not mentioned category.

In the former period, typical types of irrigation systems such as surface and subsurface 
drip irrigation, baked clay pipes, surface irrigation, micro-irrigation, sprinklers irrigation 
were presented in 32, 17, 2, 46, 10 and 10 percent of the selected research papers, 
respectively. While another 29% did not mention any category. Although the main subject 
of this review is the subsurface irrigation systems, it is worth mentioning that the surface 
irrigation was the most researched topics in the former period. While the subsurface drip 
irrigation, baked clay pipes, and subsurface line system represented the subsurface irrigation 
system. In summary, it can be said that past researchers had concentrated more on the 
existing irrigation systems and less focused on using new irrigation methods.

Figure 5. Research papers distributed according to irrigation systems used for former and current periods.

Recent papers present 14 types of irrigation systems which doubled the number of 
irrigation systems used by former papers. The current period witnessed a rise in developing 
new systems or new irrigation products. In addition, irrigation systems such as subsurface 
membrane irrigation, ceramic emitter, subsurface irrigation pipe, rubber-based emitter, 
optimized subsurface irrigation system, suction emitter, and irrigation basin are presented 
in 3, 13, 13, 3, 5, 3, and 3 percent of the current period respectively. Moreover, typical 
irrigation systems were presented differently in the papers of the current period in which 
surface drip irrigation system were presented in the half of the recent papers. Also, the 
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subsurface drip irrigation research increased more than 15 percent and presented in the 
one-third of the research papers. It is also observed that the research on surface irrigation 
systems reported in the papers of the current period decreased by 29 percent of the papers. 
All the selected research papers in the current period had mentioned the irrigation systems 
and none of them used the general point or line sources. Some research papers used more 
than one irrigation system for both former and current periods as can be shown in Figure 6.

Not only that more than half of the research papers in the former period used a single 
irrigation system but also 17 percent of them used multiple irrigation systems as shown 
in Figure 6. On the other hand, a high concentration of using a single irrigation system 
was presented in research papers in which 93 percent of the papers used a single irrigation 
system, and only 7 percent used multiple irrigation systems. These statistics results give 
a good sign to indicate the direction of knowledge advancement. The trend shows the 
subsurface irrigation systems have developed to a new efficient irrigation systems or 
irrigation products. 

Figure 6. Percentage of research papers that used single or multiple irrigation systems for a) former and
b) current periods.

Limitations 
Two main limitations faced by researchers in the study of irrigation systems are discussed 
in this section. The first limitation is the soil type which represents one of the important 
components in the irrigation process. The second limitation is the dimension of the analysis.

Soil Type. Soil types had a lot of attention to the papers in both former and current periods to 
study subsurface irrigation systems. Research papers used different types of soils depending 
upon the availability and agricultural requirements. Figure 7 shows the distribution of 
research papers according to the soils type presented. However, some research papers used 
more than one type of soil, others used a general porous material as shown in Figure 8. 

(a) (b)
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A wide range of soil types had been used in research papers of both former and current 
periods which 16 types of soils accounted for in this statistical view. Even though 10 types 
of soil were presented in the papers of the former period, 15 soil types had been presented 
in the current period. Due to the technological developments which allowed the researchers 
in the recent period to present more soils than the past period.

According to the former period, items of “general porous media” and “not mentioned” 
were the highest two among the other items with 29 and 22 percent, respectively. Soil types 
such as sand, clay, silty loam, and sandy loam were presented in between 10-15 percent of 
the research papers. Other soil types such as loam, clay loam, sandy clay, and loamy sand 
were presented in 5 percent of the total selected papers. 

Figure 7. Research papers distributed according to soil type which used for former and current periods.

Figure 8. Percentage of research papers that used single or multiple soils for a) former and b) current periods.
(a) (b)
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According to the current period, soil types such as sand, loam, and loamy sand were 
the highest presented in the research papers which 33 percent of the papers used these 
types of soils. In addition, items of clay, silt, clay loam, sandy clay loam, and sandy loam 
existed between 5 and 20 percent of the selected papers. Other soil types such as sandy 
silt loam, silty clay, silty clay loam, and sandy clay were presented in less than 10 percent 
of the research papers. 

Recent papers were presented soil types more than the former research papers 
which indicate the effectiveness of technological developments. For example, computer 
programming such as Hydrus was widely used by recent papers to simulate the subsurface 
flow for different soil types which allowed the researchers to create simulating models 
more easily than before. 

As shown in Figure 8, papers used single soil type, multiple soil types, general porous 
media, or not mention the soil type for both published papers of former and current. 
Single and multiple soil types were mentioned by the former papers in 29 and 20 percent 
respectively. However, papers of the current period had mentioned single soil type in 
almost the same percentage of 31, the multiple soil types had widely increased, used 
by 50 percent of the recent papers. In addition, general porous media reduced from 29 
percent of the former papers into 19 percent of the recent papers. Also, the item of “not 
mentioned” has been reduced by 20 percent over the 20 years. In conclusion, recent papers 
used the advantages of technological development to test more types of soil per research. 
Programming software is one of the important technological developments which allow 
researchers to simulate types of soils more than before. 

Dimensions. Dimensions are another important limitation issue in scientific research. 
Studying subsurface flow is considered as a challenge because it cannot easily be visualized 
and difficult to be measured. This is the main reason for simplifying the flow in the soil 
profile by specifying dimensions. Figure 9 shows the distribution of former and current 
papers according to dimensions of the subsurface flow presented in these papers.

Four items presented in Figure 9 of one (1-D), two (2-D), three dimensions (3-D) and 
other limitations (OT). However, one dimension presented in 27 percent of the former 
papers, only 5 percent of the recent papers presented the one-dimension flow analysis. 
In contrast, two-dimensional analysis had been used in 17 percent of the former papers 
and it is highly increased to be more than 50 percent of the recent papers. Likewise, using 
three-dimensional analysis had been increased over the 20 years from 5 to 10 percent of 
the selected papers. High portion of the papers mentioned other types of limitation such as 
experimental period, specific treatment, shape and size of introduced products, hydraulic 
properties of the ceramic emitters or sometimes not mentioned the limitation. 

Research papers of subsurface irrigation systems in the current period have the 
following advantages comparing to the former period. Firstly, they introduce new irrigation 
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components that will give the designers alternative options to provide users with an adequate 
subsurface irrigation system. Secondly, they are used more analysis methods per research 
which gives more reliability of the results than the former research studies. Thirdly, modern 
research papers have more focus on multiple objectives than the former papers. Fourthly, 
the latest papers tested much more soil types than the previous ones which improves the 
accuracy of measurements and prediction of subsurface flow.

On the other hand, recent research papers have disadvantages comparing to the previous 
papers. Firstly, in the most of papers in the current period used a single irrigation system per 
paper which reduced the chances of comparison with other irrigation systems. Secondly, 
the analytical method was less in use by the recent papers comparing to the latest papers 
which might reduce the opportunity of producing generalization forms. Thirdly, research 
in management and evaluation of the performance of subsurface irrigation systems had 
less focus on the current papers comparing to the former papers. 

Technological development assists researchers in modifying the research methods to 
explore new research areas and investigate more materials with different methods. As a 
result, knowledge advancement is directly connected to technological development. Also, 
technological development increases the type of detail research but reduces the type of 
general research. Therefore, the trend of the subsurface irrigation systems in the current 
period is to measure the performance of novel irrigation systems components using 
experimental, numerical, and statistical analysis. On the other hand, the trend in subsurface 
irrigation systems for the former period is to measure and evaluate the performance of 
traditional irrigation systems using analytical and experimental methods. 

Figure 9. Research papers distributed according to dimensions which analyzed for former and current periods.
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SUMMARY AND CONCLUSIONS

There are many differences between the papers of subsurface irrigation systems in former 
and current periods. In this review, the research papers had been classified by four categories 
to identify the trend of research topics and compare the differences in the advancement of 
knowledge resulted from the research studies and the effectiveness of the technological 
development on the research methodologies. Papers of former and current periods were 
classified by its objectives, method of study, irrigation systems, and research limitation.

In conclusion, papers of the both periods were focusing on measurements in the most 
of them and they have moderate concentration in evaluation and designing objectives. 
Multiple objective papers were presented in the former period more than the current period 
which gave more opportunity for using more research method and materials. 

Even though, the selected papers were in the subject of subsurface irrigation systems, 
most of the papers in former period were presenting surface irrigation systems. In contrast 
with the recent papers which presented not only the higher in subsurface irrigation systems 
types but also lesser in using surface irrigation systems. Furthermore, more than 90 percent 
of the research papers in the current period used single irrigation system more than the 
past by almost 40 percent. The reason of this distribution is that the papers in the current 
period presented new irrigation systems such as subsurface membrane irrigation, ceramic 
emitter, subsurface irrigation pipe, rubber-based emitter, optimized subsurface irrigation 
system, and suction emitter. 

Knowledge of subsurface irrigation systems had been advanced in the former studies 
mostly by analyzing the measurements and evaluations the traditional irrigation systems. 
On the other hand, knowledge had been advanced in the current period by introducing 
new subsurface irrigation systems and more concentration by the order of measurements, 
evaluation, and designing respectively.

In addition, almost 90 percent of the research papers in subsurface irrigation systems 
used multiple research methods higher than the past which presented 56 percent of the 
published papers. Experimental, numerical, and statistical methods were the major methods 
recently used by researchers. One of the noticeable changes was that the main research 
method widely used in the former period was the analytical method which was reduced 
by 25 percent of recent research studies. 

The variation of soil types and dimensions of the analysis adopted in the research shows 
the effectiveness of the technological developments. Fifty percent of the recent research 
papers used multiple soil types more than the former research papers which presented 
in only 20 percent of the published papers. With respect to the dimensions of analysis 
adopted it has been observed that the one-dimensional analysis was commonly used in the 
former studies, but two-dimensional was the most used in the current period. These can 
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be considered as good indications of the effectiveness of the technological developments 
which advances some research methods to become easier to be used by the researchers. 
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ABSTRACT

In the global energy context, renewable energy sources such as wind is considered as a 
credible candidate for meeting new energy demands and partly substituting fossil fuels. 
Modelling and forecasting wind speed are noteworthy to predict the potential location 
for wind power generation. An accurate forecasting of wind speed will improve the value 
of renewable energy by enhancing the reliability of this natural resource. In this paper, 
the wind speed data from year 1990 to 2014 in 18 meteorological stations throughout 
Peninsular Malaysia were modelled using the Autoregressive Integrated Moving Average 
(ARIMA) to forecast future wind speed series. The Ljung-Box test was used to determine 
the presence of serial autocorrelation, while the Engle’s Lagrange Multiplier (LM) test was 
used to investigate the presence of Autoregressive Conditional Heteroscedasticity (ARCH) 

effect in the residual of the ARIMA model. 
In this study, three stations showed good fit 
using the ARIMA modelling since no serial 
correlation and ARCH effect were present in 
the residuals of the ARIMA model, while the 
ARIMA-GARCH had proven to precisely 
capture the nonlinear characteristic of the 
wind speed daily series for the remaining 
stations. The forecasting accuracy measure 
used was based on the value of root mean 
square error (RMSE) and mean absolute 
percentage error (MAPE). Both ARIMA and 
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ARIMA-GARCH model proposed provided good forecast accuracy measure of wind speed 
series in Peninsular Malaysia. These results will help in providing a quantitative measure 
of wind energy available in the potential location for renewable energy conversion.

Keyword: Forecasting, modelling, renewable energy, time series method, wind speed 

INTRODUCTION 

In this rapid population growth, the energy demand has increased to support human 
consumption. The negative effect is energy usage has increased the demand on energy 
resulting in depletion of natural resources and will cause a harmful effect towards the 
environment (Ajayi et al., 2014). To overcome this issue, many developed countries are 
now focusing on conserving the non-renewable energy by switching to renewable energy 
sources like wind and solar. Wind power is one of the natural sources of renewable energy 
that is experiencing the fastest growth is the wind energy.  Unlike solar energy, wind 
power can provide energy throughout day and night since it does not require any sunlight 
(Petinrin & Shaaban, 2015). 

Many researchers have studied wind speed modelling and forecasting using various 
models which were developed in improving the wind speed forecasting accuracy (Chang 
et al., 2016; De Freitas et al., 2018; Norrulashikin et al., 2018; Sharma & Singh, 2018). 
According to Erdem et al. (2014), there are two main aspects to be considered in building 
a wind speed prediction model which is to predict the mean wind speed and the wind speed 
volatility. Commonly used models include autoregressive (AR) model, moving average 
(MA) model (Akcan, 2017), autoregressive moving average (ARMA) model (Lujano-Rojas 
et al., 2011), and autoregressive integrated moving average (ARIMA) model (Radziukynas 
& Klementavicius, 2014). These models assume that the occurrence of turbulence in the 
wind speed is constant or in other words, homoscedastic. However, wind speed series can 
exhibit the characteristics of nonlinear variance where it is often referred to as volatility 
and may vary over time. Therefore, the presence of nonlinear variance in a model needs to 
be investigated before any prediction is performed. If the error estimation for this variation 
of wind speed is underestimated, the prediction model might fail to provide accurate wind 
speed forecasting that will cause serious problems in the operation of wind turbine (Engle, 
2001).

Hence, this study was conducted to propose a forecasting model using the ARIMA 
model. The proposed model with the presence of serial autocorrelation and effect of 
heteroscedasticity in the residual part of the series would be treated using the Generalized 
Autoregressive Conditional Heteroskedastic (GARCH) model. A related study by Masseran 
(2016) used an ARIMA-ARCH model to investigate the effect of mean and volatility of 
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the wind speed. Yan et al. (2016) suggested the ARIMA-GARCH model for forecasting a 
short-term wind speed series. The proposed model had successfully managed to capture the 
heteroscedasticity of wind speed series and gave a higher prediction accuracy compared 
to the ARIMA model. Based on Lojowska et al. (2010), the advantage of modelling using 
ARMA-GARCH model is that it has the capability to handle the dominant criteria of 
the data series, which is distribution, time dependence structure as well as periodicity. 
For the purpose of wind speed forecasting, Grigonytė & Butkevičiūtė (2016) used the 
ARIMA model to forecast a short-term wind speed in Latvia and the forecasting accuracy 
for the proposed model was based on root mean square error (RMSE) and mean absolute 
percentage error (MAPE) and mean absolute error (MAE) which allowed to establish an 
optimal model structure. While Sharma and Ghosh (2016) used MAPE in measuring the 
short-term wind speed forecasting in India and the finding suggested that ARIMA-GARCH 
model yielded smallest value of MAPE compared to other proposed models.

The aim of this study was to develop a time series model of daily wind speed series 
in Peninsular Malaysia. Box-Jenkins ARIMA model was used to model the series of each 
18 stations and 15 stations were found to have a serial correlation and heteroscedastic 
effect in the residuals of the proposed model. Therefore, an ARIMA-GARCH model that 
is proven to help in capturing the serial autocorrelation and the heteroscedastic effects 
of a time series process was used. This hybrid model would help to overcome the linear 
limitation of ARIMA model for the purpose of obtaining a time series model that yielded 
higher accuracy of forecasting results.

MATERIALS AND METHODS 

This research used a daily wind speed series collected from Malaysian Meteorological 
Department (MMD) which consisted of data from 1990 to 2014. Data of daily wind speed 
series from 18 meteorological stations throughout the Peninsular Malaysia were chosen for 
this study from different regions. The last 365 days of daily wind speed data for each station 
would be considered as the out-sample data which will be compared with the forecasted 
daily wind speed series based on the best fitted model. In this study, time series analysis 
was applied due to the ability to interpret the presence of internal structure that might occur 
to the data point taken over time. For instance, the condition of serial autocorrelation and 
heteroscedastic effects should be taken into account in the analysis.

Data Description 

The daily wind speed data from 18 different locations in Peninsular Malaysia with a 
duration from 1/1/1990 to 31/12/2014 were used in this study. The location in Peninsular 
Malaysia were divided into 4 regions, namely: northern, east coast, central, and southern. 
The northern region consists of stations that are located in Perlis, Kedah, Pulau Pinang 
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and Perak, while the east coast region consists of stations that are located in the state of 
Kelantan, Terengganu, and Pahang. The central region consists of stations that are located 
in Selangor, Kuala Lumpur, and Putrajaya, and the southern region consists of stations 
that are located in Negeri Sembilan, Melaka, and Johor. The detailed information on the 
stations used in this study are given in Table 1 while Figure 1 shows the location of the 
stations on the map of Peninsular Malaysia. 

Table 1
Coordinates for 18 stations used for wind speed data collection in Peninsular Malaysia

Location Station Latitude Longitude
Chuping NS1 6°28'47.0"N 100°15'36.1"E
Langkawi NS2 6°20'13.0"N 99°43'35.4"E
Bayan Lepas NS3 5°17'43.4"N 100°16'06.6"E
Butterworth NS4 5°27'53.9"N 100°22'59.2"E
Lubok Merbau NS5 4°47'42.9"N 100°53'46.6"E
Sitiawan NS6 4°13'17.1"N 100°42'05.5"E
Kota Bharu ES7 6°09'12.6"N 102°18'41.0"E
Kuala Terengganu ES8 5°22'59.3"N 103°06'28.8"E
Cameron Highland ES9 4°29'04.0"N 101°22'17.4"E
Kuantan ES10 3°46'22.9"N 103°12'42.3"E
Subang CS11 3°07'52.0"N 101°33'09.8"E
Petaling Jaya CS12 3°06'26.0"N 101°38'52.9"E
Sepang CS13 2°43'54.2"N 101°42'10.5"E
Melaka SS14 2°15'17.2"N 102°14'36.0"E
Mersing SS15 2°26'42.6"N 103°49'52.6"E
Batu Pahat SS16 1°52'14.5"N 102°59'25.6"E
Kluang SS17 2°01'41.6"N 103°19'14.0"E
Senai SS18 1°38'20.3"N 103°39'57.0"E

ARIMA Model

In time series analysis, the Box-Jenkins method is the commonly used method to model a 
wind speed time series data. The first step is model identification which include measuring 
the stability of the mean and the stationarity of the time series. The transformation approach 
is needed if the data does not satisfy these conditions. This can be done by observing the 
time series and ACF plots of the collected wind speed data. A hypothesis testing using the 
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Kwiatkowski–Phillips–Schmidt–Shin (KPSS) test can be used to determine the stationarity 
of the wind speed time series data, where the null hypothesis is the data series is stationary 
(Kwiatkowski et al., 1992). The formulation for the KPSS test is given by Equation 1:

𝑦𝑡 = 𝛽𝑡 + 𝑟𝑡 + 𝜀𝑡. 					     [1]

Note that r_t=r_(t-1)+u_t , where r_t represents a random walk while u_t are iid 
(0, σ_u^2). For a p-value that is significantly low than 0.05, the null hypothesis will 
be rejected which indicates that the wind speed series in not stationary and requires a 
differencing approach. For the model selection, autocorrelation function (ACF) and partial 
autocorrelation function (PACF) plot provides the information on the potential models 
where it identifies the number of terms for autoregressive order p and moving average 
order q (Miswan et al., 2015). 

Figure 1. Location of wind stations in Peninsular Malaysia
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The general form of autoregressive integrated moving average ARIMA (p, d, q) can 
be defined as Equation 2:

𝜑 𝐵 1− 𝐵 𝑑𝑦𝑡 = 𝜃(𝐵)𝜀𝑡 			    	 [2]

where y_t and ε_t are the observed values of wind speed series and the random error terms 
at time period t, respectively. φ_1, φ_2, φ_3,…, φ_p are the autoregressive coefficients 
with order p. d is the order of  differencing, and θ_1, θ_2, θ_3,…, θ_q are the moving 
average coefficients with order q. B is the backward shift operator, while, φ(B) and θ(B) 
are polynomials of order p and q respectively, and defined as follows (Wang et al., 2015):

𝜑 𝐵 = 1−𝜑1𝐵 −𝜑2𝐵2 −⋯−𝜑𝑝𝐵𝑝

𝜃 𝐵 = 1− 𝜃1𝐵 − 𝜃2𝐵2 − ⋯−𝜃𝑞𝐵𝑞.

Serial Correlation

A statistical inference of time series analysis will be affected by the presence of serial 
correlation. A fitted model is appropriate or accurate if the residuals has the conditions of 
zero mean, homoscedastic, independent, and normally distributed (Jamaludin et al., 2016; 
Yürekli et al., 2005). One of the very useful diagnostic tools to measure the existence of 
a serial autocorrelation for residuals in the stationary ARIMA model is using the Ljung-
Box (LB) test (Kim et al., 2004). The null hypothesis was set to the absence of serial 
autocorrelation in the residuals from the ARIMA model and was performed towards the 
residuals of a fitted ARIMA model instead of the original time series data. The decision 
making for the test is based on Equation 3:

𝑄 = 𝑇 𝑇 + 2 ∑ 𝑟𝑘2

𝑇−𝑘
𝐿
𝑘=1 ; 		  [3]

where T is denoted as the length of the time series, k represents the number of parameters 
to be estimated in the model, r_k^2 denotes the sample autocorrelation at lag k, and L is 
the number of autocorrelation lag to be tested. The Q-statistics in Equation 3 approximately 
follows a chi-square distribution with L degree of freedom (Wang et al., 2015).

The Autoregressive Conditional Heteroscedasticity (ARCH) Effect

Besides checking for the presence of serial correlation, the test to check on the existence 
of heteroscedasticity in the residual of the model should also be performed. The result can 
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also be supported by performing ARCH Lagrange Multiplier (LM) test to determine the 
existence of heteroscedasticity in the residuals of the model. 

Engle’s Lagrange Multiplier Test for the ARCH Effect

Uncorrelated time series models might still have a serial dependence due to the dynamic 
conditional variance process. The existence of an ARCH effect in the ARIMA model occur 
if the model exhibits autoregressive conditional heteroscedasticity. If the ARCH effect is 
neglected, the consequences might result to large arbitrary loses in asymptotic efficiency 
which will lead to an extreme rejection of the standard test for the mean autocorrelation 
(Sjölander, 2011). To assess the significance of an ARCH effect, Engle (1982) proposed a 
methodology using Lagrange Multiplier (LM) test to assess the presence of ARCH effect 
based on the regression. The decision making of this test is based on Equation 4:

𝑒𝑡2 = 𝑎�0 + �𝑎�𝑠𝑒𝑡−𝑠2
𝑞

𝑠=1

		             	 [4]

where e_t is the residual series and a_s is the estimated coefficients of the fitted model. In 
this test, the null hypothesis is set to be that there is no existing ARCH component up to 
order q; i.e. a_s=0 for all s=1, 2, …., q. The alternative hypothesis is there are presence of 
ARCH components in at least one of the estimated a_s coefficients (Yusof et al., 2013). 
The test statistics for this test is given by TR2. It follows a chi-square distribution with q 
degree of freedom, where R denotes the sample multiple correlation coefficient based on 
the computation from the regression in Equation 4, and T is the number of observations 
(Wang et al., 2005). 

The GARCH Model

Generalized Autoregressive Conditional Heteroscedastic (GARCH) model was developed 
by Bollerslev (1986). It helps the ARIMA (p, d, q) model to capture the heteroscedastic 
effect in a time series process. In modelling a univariate time series, let y_t=μ_t+ε_t denote 
the mean equation with respect to time t, where the conditional mean of y_t is represented 
by μ_t, while ε_t is denoted as the shock at time t and the equation is ε_t=v_t σ_t where 
it follows a distribution of ε_t~ iid N (0,1). Then, the conditional variance of y_t denoted 
by σ_t^2, that follows a GARCH (p,q) model can be expressed in Equation 5:

𝜎𝑡2 =∝0 +∑ ∝𝑖 𝜀𝑡−𝑖2𝑝
𝑖=1 + ∑ 𝛽𝑖𝜎𝑡−𝑖2𝑞

𝑖=1 	               [5]
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where the value of ∝0 is always positive, while the sum of ∝i and βi  is less than 1 up 
to order p and q. The coefficient of parameters that represent ARCH and GARCH are 
represented by ∝i and βi, respectively. 

The ARIMA-GARCH Model
The ARIMA-GARCH model is known to have two procedures where the first part models 
the linear part of the wind speed series using ARIMA model, while the residual part consists 
of the nonlinear data (Yaziz et al., 2013). Then, using the GARCH model, the residuals that 
display only the nonlinear pattern will be modelled and the combination of the ARIMA 
model and GARCH error component will give a model that can capture the dynamics of the 
wind speed series which can be used to forecast wind series. The standard GARCH (1,1) 
model was used to capture the heteroscedastic effect of the time series process in this study. 

Forecasting Accuracy Measures
The final part of this study was to forecast the wind speed data based on the best fitted 
proposed model as well as examine the adequacy and accuracy of the proposed model. 
The adequacy and accuracy checking involve the investigation of the error terms in the 
proposed model. This study would use RMSE and MAPE as forecasting accuracy measures 
which are given by Equation 6 and 7:

;					    [6]

𝑀𝐴𝑃𝐸 = 1
𝑛
∑ (𝑦𝑗� −𝑦𝑗)

𝑦𝑗
𝑛
𝑗=1  × 100 ; 			   [7]

where the sample size is denoted by n, while 𝑦𝑗� is the predicted value based on proposed 
model at time j and yj is the observed value at time j. According to a study by Moreno et 
al. (2013), the MAPE can be considered as one of the commonly used methods to measure 
forecasting accuracy since it has a feature that is reliable, easy to interpret, clarity of 
presentation, support of statistical evaluation, and it uses all the information related to 
the error (Moreno et al., 2013). The interpretation for the typical MAPE value which was 
explained by Lewis (1982) are presented in Table 2.

Table 2
Interpretation of typical MAPE values

MAPE Interpretation
< 10 Highly accurate forecasting
10 – 20 Good forecasting

MAPE Interpretation
20 – 50 Reasonable forecasting
> 50 Inaccurate forecasting
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RESULTS AND DISCUSSION

Descriptive Statistics

Figure 2 illustrates the central tendency, the dispersion, and the skewness of the wind speed 
data. The outliers present in the boxplot for each station represent a high wind speed reading 
in a certain time and location. The presence of these extreme values in wind speed data is 
very pronounced in data processing. Based on Figure 2, the median of the data for all wind 
stations were in the range of 6 m/s to 9 m/s. The dispersion of the data that represented by 
the tail of the boxplot showed a wide dispersion which also indicates volatility. The boxplot 
also shows that all stations exhibited a positive skewness. It means that the wind speed 
series for all stations in Peninsular Malaysia were not normally distributed. Therefore, in 
order to capture the variability and volatility, the Box-Jenkins methodology was applied 
to model the wind speed data for all wind stations in Peninsular Malaysia.

Figure 2. Boxplot of 18 wind stations in Peninsular Malaysia

ARIMA Model

The first step in building a time series model using the Box-Jenkins methodology is the 
model identification. This step is intended to determine whether the differencing is required 
in order to obtain a stationary time series. In practical sense, a stationary time series is 
known to vary around a constant mean level over time, with a constant variance.  This 
can be determined by observing the time series plot and ACF plot of the wind speed data. 
It also can be done by performing the Kwiatkowski–Phillips–Schmidt–Shin (KPSS) test, 
where it tests the presence of a unit root in a time series data.
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Figure 3. Time series plot of station NS1; (a) observation data and (b) after first difference.

Figure 4. ACF plot for station NS1; (a) observation data and (b) after first difference.

The time series plot in Figure 3 (a) shows that the mean and variance of wind speed 
series in station NS1 change over time. This indicates that the time series was not stationary. 
The plot presented in Figure 4 (a) also proves that station NS1 was not stationary due to the 
slow decay displayed in the ACF plot. This suggest that the data must undergo differencing. 
A non-stationary time series can be transformed to stationary if the differences among pairs 
of observation at lags are calculated. After the first differencing approach was applied, 
Figure 3 (b) and Figure 4 (b) show that the wind speed data in station NS1 are stationary. 
To support the findings, the KPSS test was performed to determine the stationarity of the 
daily wind speed time series data, where the null hypothesis was the data series is stationary. 
For a p-value that was significantly lower than 0.05, the null hypothesis would be rejected 
which indicated that the wind speed series was not stationary and required a differencing 
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approach. The results of KPSS test for stationarity are presented in Table 3 where the 
findings concluded that five stations showed a stationary wind speed series, while 12 other 
stations satisfied this condition after first differencing (d=1).

Table 3
The KPSS test for stationarity of the daily wind speed series

Station
Observation Data First Differencing

KPSS 
Level p-value Stationary KPSS 

Level p-value Stationary

NS1 20.699 < 0.01 NO 0.0012 > 0.1 YES

NS2 0.0619 > 0.1 YES - - -

NS3 0.0827 > 0.1 YES - - -

NS4 3.8562 < 0.01 NO 0.0028 > 0.1 YES

NS5 3.1419 < 0.01 NO 0.0011 > 0.1 YES

NS6 20.181 < 0.01 NO 0.0015 > 0.1 YES

ES7 14.028 < 0.01 NO 0.0012 > 0.1 YES

ES8 24.312 < 0.01 NO 0.0010 > 0.1 YES

ES9 0.2554 > 0.1 YES - - -

ES10 25.534 < 0.01 NO 0.0008 > 0.1 YES

CS11 0.0848 > 0.1 YES - - -

CS12 2.000 < 0.01 NO 0.0015 > 0.1 YES

CS13 3.0304 < 0.01 NO 0.0013 > 0.1 YES

SS14 9.7655 < 0.01 NO 0.0009 > 0.1 YES

SS15 5.3813 < 0.01 NO 0.0011 > 0.1 YES

SS16 1.9574 < 0.01 NO 0.0026 > 0.1 YES

SS17 22.39 < 0.01 NO 0.0016 > 0.1 YES

SS18 0.2095 > 0.1 YES - - -

After satisfying the stationarity condition, the next step in Box-Jenkins method is the 
parameter estimation. In this step, the orders of AR(p) and MA(q) for each station were 
identified using the PACF and ACF plots, respectively. Figure 5 illustrates the ACF plot 
and PACF plot of station NS1 after first differencing approach is done. 
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Figure 5. ACF and PACF plot for station NS1 after first difference

Few models were selected for ARIMA (p, d, q) based on these two plots, and the 
best model was selected based on the Akaike information criterion (AIC) values where 
the model with the lowest AIC value was selected as the best model for ARIMA model 
estimation. These steps were repeated on the remaining stations and the results of the best 
fitted ARIMA model for wind speed series for each station are shown in the Table 4. 

Table 4
Model parameter estimates using the ARIMA (p, d, q) model for daily wind speed series

Location Station Model Coefficient Estimates Standard 
Error

Chuping NS1 ARIMA 
(2,1,1)

AR(1) 0.1858 0.0134
AR(2) 0.1031 0.0132
MA(1) - 0.9329 0.0057

Langkawi NS2 ARIMA 
(1,0,1)

AR(1) 0.5106 0.0628
MA(1) -0.2069 0.0709

Bayan Lepas NS3 ARIMA 
(1,0,1)

AR(1) 0.8738 0.0892
MA(1) -0.8338 0.1008

Butterworth NS4 ARIMA 
(1,1,2)

AR(1) 0.4906 0.0583
MA(1) -1.3395 0.0625
MA(2) 0.3432 0.0621
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Table 4 (Continued)

Location Station Model Coefficient Estimates Standard 
Error

Lubok Merbau NS5 ARIMA 
(1,1,2)

AR(1) 0.6452 0.0863
MA(1) -1.5047 0.0930
MA(2) 0.5198 0.0883

Sitiawan NS6 ARIMA 
(3,1,1)

AR(1) 0.0910 0.0127
AR(2) 0.0246 0.0126
AR(3) -0.0184 0.0126
MA(1) -0.9557 0.0043

Kota Bharu ES7 ARIMA 
(1,1,2)

AR(1) 0.5605 0.0322
MA(1) -1.3219 0.0367
MA(2) 0.3249 0.0365

Kuala 
Terengganu

ES8 ARIMA 
(2,1,1)

AR(1) 0.2803 0.0125
AR(2) 0.0915 0.0124
MA(1) -0.9849 0.0062

Cameron 
Highland

ES9 ARIMA 
(2,0,0)

AR(1) 0.4921 0.0261 
AR(2) 0.0305 0.0262

Kuantan ES10 ARIMA 
(2,1,1)

AR(1) 0.0919 0.0118
AR(2) 0.0675 0.0117
MA(1) -0.9770 0.0048

Subang CS11 ARIMA 
(1,0,1)

AR(1) 0.9522 0.0291
MA(1) -0.9254 0.0355

Petaling Jaya CS12 ARIMA 
(2,1,1)

AR(1) 0.0552 0.0155
AR(2) 0.0343 0.0154
MA(1) -0.9513 0.0062

Sepang CS13 ARIMA 
(1,1,1)

AR(1) 0.1224 0.0137
MA(1) -0.9888 0.0033

Melaka SS14 ARIMA 
(1,1,2)

AR(1) 0.7459 0.0377
MA(1) -1.5496 0.0429
MA(2) 0.5629 0.0401

Mersing SS15 ARIMA 
(1,1,2)

AR(1) 0.6731 0.0362
MA(1) -1.4005 0.0408
MA(2) 0.4196 0.0370
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After parameter estimation, the next step of the Box-Jenkins methodology is model 
diagnostic checking. In this step, the residual of a fitted ARIMA model was tested for the 
presence of serial autocorrelation and heteroscedasticity.

Location Station Model Coefficient Estimates Standard 
Error

Batu Pahat SS16 ARIMA 
(1,1,2)

AR(1) 0.8653 0.0469
MA(1) -1.7653 0.0529
MA(2) 0.7686 0.0517

Kluang SS17 ARIMA 
(1,1,2)

AR(1) 0.7066 0.0524
MA(1) -1.5504 0.0580
MA(2) 0.5648 0.0549

Senai SS18 ARIMA 
(1,0,1)

AR(1) 0.9352 0.0214
MA(1) -0.8738 0.0301

Table 4 (Continued)

Figure 6. Diagnostic checking results for station NS1
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Figure 6 shows the results of diagnostic checking using the Ljung-Box test for station 
NS1. The null hypothesis for the Ljung-Box test was set to be no serial autocorrelation in 
the residual of the fitted ARIMA (p, d, q) model.  Based on the plot, the residuals of the wind 
speed series in station NS1 has a zero mean and constant variance. The ACF plot exhibits 
no correlation in the residuals of the series. The p-value for Ljung-Box test also confirmed 
that the residuals of the series were uncorrelated. This step was performed towards the 
remaining stations and the results are simplified in Table 5. The results of Ljung-Box test 
for the residuals in Table 5 are given into two parts; the figures represent the p-values for 
residuals up to lag 10 followed by the p-value for residuals up to lag 20. In addition, to 
prove that the square residuals are not a sequence of white noise, the Ljung-Box test was 
also performed on the squared residual of the wind speed series.

Table 5

The Ljung-Box test for the residuals and squared residuals of the fitted ARIMA (p, d, q) model of daily wind 

speed series

Station ARIMA 
Model

p-value for Ljung-Box Statistics

Residuals Squared 
Residuals

NS1 ARIMA 
(2,1,1) 0.4028 2.2e-16

NS2 ARIMA 
(1,0,1) 0.0011 2.2e-16

NS3 ARIMA 
(1,0,1) 0.7637 0.00167

NS4 ARIMA 
(1,1,2) 0.2838 2.2e-16



Nor Hafizah Hussin, Fadhilah Yusof, ‘Aaishah Radziah Jamaludin and Siti Mariam Norrulashikin

46 Pertanika J. Sci. & Technol. 29 (1): 31 - 58 (2021)

Table 5 (Continued)

Station ARIMA 
Model

p-value for Ljung-Box Statistics

Residuals Squared 
Residuals

NS5 ARIMA 
(1,1,2) 0.211 0.4394

NS6 ARIMA 
(3,1,1) 0.8291 2.2e-16

ES7 ARIMA 
(1,1,2) 0.4634 2.2e-16

ES8 ARIMA 
(2,1,1) 0.0037 2.2e-16

ES9 ARIMA 
(2,0,0) 0.0608 0.01968

ES10 ARIMA 
(2,1,1) 0.0048 2.2e-16

CS11 ARIMA 
(1,0,1) 0.7672 0.985
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Table 5 (Continued)

Station ARIMA 
Model

p-value for Ljung-Box Statistics

Residuals Squared 
Residuals

CS12 ARIMA 
(2,1,1) 0.9718 0.00294

CS13 ARIMA 
(1,1,1) 0.0486 0.00587

SS14 ARIMA 
(1,1,2) 0.1366 1.098e-13

SS15 ARIMA 
(1,1,2) 0.1366 1.098e-13

SS16 ARIMA 
(1,1,2) 0.3976 2.2e-16

SS17 ARIMA 
(1,1,2) 0.1932 2.2e-16

SS18 ARIMA 
(1,0,1) 0.6180 0.157
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Table 5 shows that the p-values of the Ljung-Box test for stations NS2, ES8, ES10, 
and CS13 show a clear evidence to reject the null hypothesis of no serial autocorrelation. It 
means that the wind speed daily series in these stations shows the presence of autocorrelation 
in the residual of the series. Other stations did not show the presence of serial autocorrelation 
in the residual of the daily wind speed series. On the other hand, the Ljung-Box test for 
the squared residuals with a p-value less than 0.05 indicates the presence of ARCH effect 
in the residuals of the series. Based on the results presented in Table 5, three stations were 
found to be not affected by ARCH effect, which was station NS5, CS11, and SS18. The 
remaining 15 stations showed that the residuals were a sequence of white noise which also 
indicated the presence of ARCH effect in the daily wind speed series. Therefore, to conclude 
on the presence of heteroscedasticity in the series, the LM test was applied towards the 
residuals of the fitted ARIMA models and the result are presented in Table 6.  The null 
hypothesis for this test is there is no ARCH effect presence in the residual of the models. 
For a p-value that is lower than 0.05, the null hypothesis is rejected which indicates that 
the model residuals significantly exhibit an ARCH effect. 

Table 6

The LM test for the residuals of the fitted ARIMA (p, d, q) model of daily wind speed series

Station ARIMA Model Residuals Squared Residuals
p-value p-value

NS1 ARIMA (2,1,1) 2.2e-16 1.928e-05
NS2 ARIMA (1,0,1) 1.029e-08 0.9162
NS3 ARIMA (1,0,1) 0.0449 0.0471
NS4 ARIMA (1,1,2) 2.2e-16 0.0110
NS5 ARIMA (1,1,2) 0.4922 1
NS6 ARIMA (3,1,1) 2.2e-16 2.2e-16
ES7 ARIMA (1,1,2) 2.2e-16 0.9999
ES8 ARIMA (2,1,1) 2.2e-16 0.2241
ES9 ARIMA (2,0,0) 0.0414 0.9448
ES10 ARIMA (2,1,1) 2.2e-16 0.9847
CS11 ARIMA (1,0,1) 0.9865 1
CS12 ARIMA (2,1,1) 0.0056 0.9338
CS13 ARIMA (1,1,1) 0.0175 0.9995
SS14 ARIMA (1,1,2) 3.228e-06 0.5071
SS15 ARIMA (1,1,2) 2.997e-11 1
SS16 ARIMA (1,1,2) 2.834e-16 0.3848
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The results in Table 6 show that the 3 stations; NS5, CS11, and SS18 were not affected 
by the heteroscedasticity effect based on the p-values of the residuals of the LM test. This 
was also supported by the Ljung-Box test in Table 5 for squared residuals. Hence, it can be 
concluded that the proposed ARIMA model for these 3 stations are suitable for forecasting 
the daily wind speed series in the respective location. On the other hand, the remaining 15 
stations verify that the ARCH effect was established in the wind speed daily series for these 
stations. Therefore, to cater the issue of the presence of serial autocorrelation and ARCH 
effect in the residual of fitted ARIMA (p, d, q) model, GARCH modelling is necessary to 
model the nonlinear part of the daily wind speed series. 

ARIMA-GARCH Modelling

The ARIMA model explains the linear part of the data, while the nonlinear characteristics 
is explained using the GARCH model which is derived based on the residual series of an 
ARIMA model. In this study, the method used to model the variance behavior was using 
the standard GARCH (1,1) model.

Table 7
The result for the estimated ARIMA-GARCH model for wind speed data in Malaysia

Table 6 (Continued)

Station ARIMA Model Residuals Squared Residuals
p-value p-value

SS17 ARIMA (1,1,2) 2.2e-16 0.0007
SS18 ARIMA (1,0,1) 0.1865 1

Station Model
Parameter Estimates Ljung-Box 

Test LM Test

μ α β p-value p-value

NS1 ARIMA 
(2,1,1) – 
GARCH 
(1,1)

0.0053 0.3363 0.0975 0.8176 0.0521 0.0131

NS2 ARIMA 
(1,0,1) – 
GARCH 
(1,1)

8.1178 1.0888 0.1384 0.6731 0.9053 0.9722
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Table 7 (Continued)

Station Model
Parameter Estimates Ljung-Box 

Test LM Test

μ α β p-value p-value

NS3 ARIMA 
(1,0,1) – 
GARCH 
(1,1)

8.4873 0.3458 0.0638 0.8489 0.9762 0.9510

NS4 ARIMA 
(1,1,2) – 
GARCH 
(1,1)

0.0003 0.0645 0.0258 0.9615 0.0000 0.1256

NS6 ARIMA 
(3,1,1) – 
GARCH 
(1,1)

0.0018 0.0936 0.0362 0.9376 0.2195 0.0812

ES7 ARIMA 
(1,1,2) – 
GARCH 
(1,1)

-0.0010 0.2578 0.1092 0.8551 0.0077 0.0902

ES8 ARIMA 
(2,1,1) – 
GARCH 
(1,1)

-0.0020 0.1026 0.1191 0.8763 0.0000 0.0007

ES9 ARIMA 
(2,0,0) – 
GARCH 
(1,1)

7.7551 1.7030 0.1552 0.4489 0.6530 0.3274

ES10 ARIMA 
(2,1,1) – 
GARCH 
(1,1)

0.0017 0.0707 0.0543 0.9390 0.7439 0.5164

CS12 ARIMA 
(2,1,1) – 
GARCH 
(1,1)

0.0005 1.6691 0.0647 0.6595 0.4033 0.4569

CS13 ARIMA 
(1,1,1) – 
GARCH 
(1,1)

0.0002 0.0795 0.0169 0.9655 0.6070 0.7862
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Table 7 gives the result of the ARIMA-GARCH model. The mean behaviour of the 
daily wind speed series was modelled using ARIMA model, while the standard GARCH 
(1,1) model captured the conditional variance in the residuals of the series. In this case, 
the GARCH model was used to cater the existence of the ARCH effect in the residual 
of daily wind speed series. The diagnostic checking was conducted once again on the 
ARIMA-GARCH model. The Ljung-Box test was used to check the presence of serial 
autocorrelation in the standardized squared residuals from the GARCH model. Based on 
the p-values in Table 7, it can be concluded that the serial autocorrelation no longer existed 
in the model except for 4 stations which were NS4, ES7, ES8, and SS14. The test was 
performed on the residuals of the hybrid model using the LM test to investigate the existence 
of remaining ARCH effect in the residuals of the model. The results in Table 7 prove that 
there was still ARCH effect in stations NS1 and ES8. For the stations NS2, NS3, NS6, ES9, 
ES10, CS12, CS13, SS15, SS16, and SS17, there was enough evidence to conclude that 
the daily wind speed series were free from the conditional heteroscedasticity. This shows 
that the ARIMA-GARCH model has precisely captured the dynamics in the wind speed 
daily series. However, further investigation should be done to treat the presence of serial 
autocorrelation in time series data collected from the stations NS4, ES7, ES8, and SS14, 
and the presence of ARCH effect in time series data collected from the stations NS1 and 

Table 7 (Continued)

Station Model
Parameter Estimates Ljung-Box 

Test LM Test

μ α β p-value p-value

SS14 ARIMA 
(1,1,2) – 
GARCH 
(1,1)

0.0004 0.0115 0.0124 0.9853 0.0119 0.3177

S S15 ARIMA 
(1,1,2) – 
GARCH 
(1,1)

-0.0011 1.5383 0.1468  0.6303 0.13388 0.22325

S S16 ARIMA 
(1,1,2) – 
GARCH 
(1,1)

0.0000 0.2179 0.0679 0.8831 0.7664 0.4526

S S17 A R I M A 
(1,1,2) – 
G A R C H 
(1,1)

0.0001 0.0103   0.0294   0.9691 0.14448 0.7983
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ES8 using other type of GARCH family models since it has proven to be very successful 
in describing the volatility dynamics in a short period of time (Jamaludin et al., 2016). 

Forecasting Capabilities using ARIMA Model and ARIMA-GARCH Model

The performance of the proposed model was tested based on the capability of forecasting 
future daily wind speed series. The model was built using the in-sample data and then was 
projected for 365 days ahead. This forecasted series that is estimated based on the best 
fitted model was compared with the last 365 of out-sample data and the accuracy of the 
forecasting model was evaluated from the RMSE and MAPE values where the lowest value 
indicates a better performance. The results of RMSE and MAPE between the in-sample 
and out-sample data are given in Table 8. Forecasting interpretation based on Table 1 is 
also included in the Table 8.

Table 8
The result of forecast accuracy using RMSE and MAPE and forecasting interpretation

Station Model In-Sample Out-Sample Forecasting 
InterpretationRMSE MAPE RMSE MAPE

NS2 ARIMA 
(1,0,1) - 
GARCH 
(1,1)

2.4554 23.7161 2.3163 23.7408 Reasonable

NS3 ARIMA 
(1,0,1) - 
GARCH 
(1,1)

1.9921 16.907 2.1799 16.3708 Good

NS5 ARIMA 
(1,1,2)

1.4156 13.7443 1.4401 15.4814 Good

NS6 ARIMA 
(3,1,1) - 
GARCH 
(1,1)

1.4584 13.7489 1.3166 15.2564 Good

ES9 ARIMA 
(2,0,0) - 
GARCH 
(1,1)

2.1346 19.8658 2.3821 20.3147 Reasonable

ES10 ARIMA 
(2,1,1) - 
GARCH 
(1,1)

1.8198 14.9371 1.6481 14.0077 Good
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Table 8 shows that the proposed model could forecast the daily wind speed series where 
the values of RMSE and MAPE of the out-sample data followed closely the in-sample data 
for ARIMA model and ARIMA-GARCH model. The values of MAPE for the proposed 
model shows that 11 out of 13 station (85%) gave good forecasts while the other 2 stations 
(15%) forecasted reasonably well as mentioned in Lewis (1982). Figure 7 shows the 
distribution of the best fitted model for 13 locations of wind stations in Peninsular Malaysia. 

Table 9 shows that the ARIMA and ARIMA-GARCH model could modelled most 
of the stations in the northern, east coast, central and southern regions. There were 3 
stations (16.68%) in the northern, central, and southern regions that could be modelled 
using ARIMA modelling. For ARIMA-GARCH modelling, 10 stations (55.56%) out of 
18 were able to be modelled using the hybrid model. This shows that 13 stations (72.24%) 
out of 18 wind stations in Peninsular Malaysia were successfully modelled using a time 

Table 8 (Continued)

Station Model In-Sample Out-Sample Forecasting 
InterpretationRMSE MAPE RMSE MAPE

CS11 ARIMA 
(1,0,1)

2.1572 18.8206 1.7758 17.3518 Good

CS12 ARIMA 
(2,1,1) - 
GARCH 
(1,1)

1.9336 17.2430 1.8117 15.9246 Good

CS13 ARIMA 
(1,1,1) - 
GARCH 
(1,1)

1.5761 14.8005 1.8743 14.3288 Good

SS15 ARIMA 
(1,1,2) - 
GARCH 
(1,1)

1.9593 15.0709 1.7438 13.7584 Good

SS16 ARIMA 
(1,1,2) - 
GARCH 
(1,1)

1.5367 14.8042 1.3239 13.3581 Good

SS17 ARIMA 
(1,1,2) - 
GARCH 
(1,1)

1.6702 16.0472 1.2368 13.4531 Good

SS18 ARIMA 
(1,0,1)

2.0314 19.685 1.9686 17.7601 Good
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series modelling. These results have proven the ability of the proposed models for wind 
speed forecasting and may be used to predict the future pattern of daily wind speed series 
in Peninsular Malaysia. The results of wind speed prediction can be used to provide a 
quantitative measure of wind energy available in the potential location for renewable 
energy conversion (Barbosa de Alencar et al., 2017). Further studies are required for the 
remaining 5 stations (27.78%) that give a non-conclusive result due to failure in modelling 
the volatility of the daily wind speed using both ARIMA and ARIMA-GARCH.

To check the forecasting performance of ARIMA-GARCH modelling, the 3 stations 
that had an adequate model of ARIMA was tested once again using ARIMA-GARCH. The 
forecasting accuracy measure as mentioned in Lewis (1982) for the out-sample for each 
station are illustrated in Table 10.

Figure 7. Results of ARIMA and ARIMA-GARCH models
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Table 9

Percentage of proposed model based on region of wind stations

Region Total
Station

ARIMA ARIMA-GARCH Non- Conclusive

Station Percent Station Percent Station Percent

North 6 1 5.56% 3 16.67% 2 11.11%

East 
Coast

4 0 0% 2 11.11% 2 11.11%

Central 3 1 5.56% 2 11.11% 0 0%

South 5 1 5.56% 3 16.67% 1 5.56%

Total 18 3 16.68% 10 55.56% 5 27.78%

Table 10

The result of forecasting performance of ARIMA-GARCH modelling

Location Station
ARIMA ARIMA-GARCH

Forecasting 
InterpretationRMSE MAPE RMSE MAPE

Lubok 
Merbau NS5 1.4401 15.4814 1.4529 15.6325 Good

Subang CS11 1.7758 17.3518 1.7697 16.6947 Good

Senai SS18 1.9686 17.7601 2.0671 17.6552 Good

Based on these results, it shows that even though the ARIMA model has proven to 
be adequate in modelling these 3 stations, the ARIMA-GARCH modelling also gives a 
good forecasting accuracy based on the forecasting interpretation by Lewis (1982). These 
models can be used in forecasting the daily wind speed in the wind station with a good 
forecasting result.

CONCLUSION AND FUTURE WORK

This study led to the construction of a time series model of daily wind speed series of 18 
meteorological stations in Peninsular Malaysia. The Box-Jenkins ARIMA modelling was 
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used to build a model of wind speed series for each station. In measuring the adequacy of 
the proposed ARIMA model, 3 stations: NS5, CS11, and SS18, were proven to be suitable 
for forecasting the wind speed series using the ARIMA model while the 15 other stations 
are affected by the presence of serial autocorrelation as well as ARCH effects. To overcome 
the issue, we used the ARIMA-GARCH model for 15 stations. The results show that 10 
stations were successfully modelled using the ARIMA-GARCH model while 5 stations 
required other methods of modelling. Future work is needed to improve the limitation of 
the ARIMA-GARCH model for the remaining 5 stations. As for the 13 stations that had 
successfully been modelled using the time series, future work can be done by calculating 
the wind power density of each stations in Peninsular Malaysia in order to provide a 
quantitative measure of wind energy available in the potential location for renewable 
energy conversion. 
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ABSTRACT

This paper presents a comparison between a proportional-integral controller, low pass 
filters, and the linear quadratic regulator in dealing with the task of eliminating harmonic 
currents in the grid-connected photovoltaic system. A brief review of the existing methods 
applied to mitigate harmonic currents is presented. The Perturb & Observe technique 
was employed for maximum power point tracking. The PI control, low pass filters, and 
the linear quadratic regulator are discussed in detail in terms of their control strategies. 
The grid current was analyzed in the system with all three of the controllers applied to 
control the voltage source inverter of the solar photovoltaic system connected to the grid 
through an L filter and LCL filter and simulated in MATLAB/SIMULINK. The simulation 

results obtained have proven the robustness 
of the linear quadratic regulator over other 
methods. The technique lowers the grid 
current total harmonic distortion from 
7.85% to 2.13%.

Keywords: Harmonic current distortion, linear 

quadratic regulator, nonlinear load, photovoltaic 

system



Oscar Andrew Zongo and Anant Oonsivilai

60 Pertanika J. Sci. & Technol. 29 (1): 59 - 75 (2021)

INTRODUCTION

Solar photovoltaic (PV) systems convert solar radiation into electrical power (Arora 
& Arora, 2018). They can be used to supply power to customers as standalone units or 
connected to the grid. One of the sources of harmonic currents in a PV system is the 
presence of nonlinear loads (Khomsi et al., 2018). Harmonic currents affect the control of 
interfaced inverters. The interfaced inverters used in PV systems behave like current sources 
when they are connected to the main grid (Singh et al., 2018).  The voltage source inverter 
(VSI) is responsible for controlling the power injected into the grid. Therefore, appropriate 
control strategies are needed for VSI to eliminate the effects of current harmonics which 
degrade the quality of the output power.

Azzam-Jai and Ouassaid (2018) had shown the effectiveness of active power filters 
(APF) in dealing with harmonic currents caused by nonlinear loads and power electronic 
converters. Although the hybrid compensation (HC) method using passive and active filters 
developed by Naderipoura et al. (2015) solved the power quality problems, it was expensive.

 Mohamed et al. (2017) proposed various methods to compensate for current harmonics 
in the grid-connected PV systems by applying a three-phase voltage-fed shunt active 
power filter. The conventional p-q theory for the harmonic current distortion presented 
by Krama et al. (2016) is capable of reducing the total harmonic distortion (THD) of the 
source current from 23.15% to 3.03% and compensating for the reactive power of the 
system. Jannesar et al. (2018) proposed a control strategy based on the optimal passive 
harmonic filter (PHF) to deal with the problem of lower active power and higher voltage 
total harmonic distortion THDV which led to an increased percentage of harmonic current 
in the LV distribution system located in Yazd province, Iran. Kumar (2015) used an LCL 
third-order filter to reduce the THD in the load current to within 1.74% and that of voltage 
to 0.05%. Active power filters were employed to damp harmonic currents by Colque et 
al. (2018). Belaidi et al. (2016) used grid current drawn by the nonlinear load to calculate 
the compensator reference current applying the controller based on the p-q theory. The 
application of VSI as an active power filter for harmonic current distortion can be found 
in the work of Bag et al. (2016).   

To overcome power quality problems in the distribution system caused by harmonic 
distortion, Peterson et al. (2017) applied the phasor aggregation technique in a high voltage 
network of 132 kV. Jain and Singh (2019) used a decoupled network of harmonics to 
filter out the harmonics from load current, thereby compensating for the reactive power 
consumed by nonlinear loads. An extended Kalman filter (EKF) state estimator was used 
to estimate the fundamental load currents in the control strategy developed by Srinivas 
et al. (2019). Chtouki et al. (2016) compared three passive filters L, LC, and LCL with 
an LCL filter with series and parallel resistors in the harmonic distortion of the system. A 
technique known as frequency-domain block least-mean square (FBLMS) was presented 



Harmonic Current Distortion

61Pertanika J. Sci. & Technol. 29 (1): 59 - 75 (2021)

by Kandpal et al. (2017). This method corrects the power factor, regulates the voltage, and 
drops the harmonic distortion of grid currents to below 5% when applied to the IEEE-519 
standard system. A method based on an n-stage second-order generalized integrator phase-
locked loop (SOGI-PL) was presented by Pereira et al. (2019). The technique was fast in 
the selection of the highest harmonic components. Additionally, in the study, copper and 
magnetic losses caused by the LCL filter were taken into account.

In this present study, a comparison is made of minimizing the effects of harmonic 
currents using a proportional-integral (PI) controller, low pass filter (LPF), and the linear 
quadratic regulator (LQR). The focus of this paper is the reduction of grid current THD.

The contribution of this research is the application of the LCL filter and the linear 
quadratic regulator in the minimization of THD and the control of VSI. 

METHODOLOGY 

In this work, PI control, LPF, and the LQR are discussed and used to design control schemes 
to control the grid current. The PV system used for testing, PI control, and LPF control 
schemes is shown in Figure 1 and includes the PV source, DC/DC boost converter, DC/
AC converter, and L filter.

Figure  1. PV system is connected to the grid through VSI
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PI Control Scheme

This control methodology is the conventional control strategy that has been used for decades 
to control several systems. The function of the PI controller (Upaphai et al., 2019) is to 
make the measured output track the reference input of the controlled system by minimizing 
the errors between them.

From Figure 1, the grid-side voltage  Equation 1 can be written as Fekkak et al. ( 2018):

ia ga ga

ib gb gb

ic gc gc

v v i
dv v L i
dt

v v i

    
     = −    
         

							       (1)
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Where , ,ia ib icv v v  are inverter voltages, , ,ga gb gcv v v  are grid voltages, , ,ga gb gci i i  are grid 
currents, and L  is the filter inductance. The dq  transformation of Equations 2 and 3 is,

gd
id gd s gq

di
v v L Li

dt
ω= − + 							       (2)

gq
iq gq s gd

di
v v L Li

dt
ω= − + 							       (3)

Where:
idv = direct axis inverter voltage.
iqv = quadrature axis inverter voltage.

The abc  reference voltages to control the VSI are calculated as shown in Figure 2 (Colque 
et al., 2018).

Figure 2. Cross-coupling control of current loops

In Figure 2, the output voltages of the PI-Controllers are (Equations 4 and 5):

( )1 1 i
d p dreft d

kv k i i
s

 = + − 
 

						      (4)

( )1 1 i
q p qreft q

kv k i i
s

 = + − 
 

							      (5)

Therefore, the dq  components of the voltage references can be deduced as Equations 6 
and 7:

1dref dg d s iqv v v Liω= + − 							       (6)
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1qref qg q s idv v v Liω= + − 							       (7)

Reference Current Calculation

The active (P) and reactive (Q) powers written in the dq  transformation are (Equations 8 
and 9):

( )3
2 d d q qP v i v i= + 								        (8)

( )3
2 q d d qQ v i v i= + 				    				    (9)

Re-placing qi and qi  by their references gives Equations 10 and 11,

( )3
2ref d dref q qrefP v i v i= − 			    				    (10)

( )3
2ref q dref d qrefQ v i v i= − 			    				    (11)

From Equations 10 and 11, the currents references can be expressed by Equation 12:

( )2 2

2
3

dref id iq ref

qref iq id refid iq

i v v P
i v v Qv v
     

=     −+     
  					     (12)

The complete circuit diagram for this method is shown in Figure 3.
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Figure 3. PI control scheme
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LPF Control Scheme

In this control mechanism, two LPFs were used to filter the load currents separately and 
then the filtered currents were subtracted from the original components of the load currents 
to obtain the harmonic components as shown in Figure 4 (Colque et al., 2018).

Harmonic Current Extraction

The three-phase load currents ( ), ,la lb lci i i
 were converted into their dq components 

( ),ld lqi i and then the two LPFs were used to filter the currents separately. The filtered 
currents were subtracted from the original three-phase load currents to obtain the harmonic 
components as shown in Figure 4 (Colque et al., 2018).

abc

dq

LPF

LPF

ldi

lqhi

ldi
ldhi

lqi

lai

lci
lbi

lqi

−+

−
+

Figure 4. Extraction of harmonic currents

The outputs in Figure 4 are added to the reference currents in Equation 12 to obtain 
Equations 13 and 14,

dreft dref ldhi i i= + 		   						      (13)

qreft qref lqhi i i= + 		   						      (14)

These become the new reference currents. The developed control strategy is shown in 
Figure 5.

LQR Control Scheme

The LCL  filter added to the PV system is shown in Figure 6 (Pereira et al., 2019). The 
filter damps the harmonic currents caused by nonlinear loads and the electronic components 
in VSI. Proper modeling of the filter is crucial in the design of a suitable controller for the 
VSI so that it contributes to the mitigation of the THD in the system.
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Figure  6. PV system with an LCL filter

Dynamic Model of the VSI and LCL Filter

The equivalent circuit of the LCL  filter with damping resistance is shown in Figure 7 
(Darwish et al., 2013 & Geddada et al., 2015), in which iV  denotes the inverter voltage; 

CV
 denotes the grid voltage; CV is the capacitor voltage; , ,i g iR R L , and gL are the filter 

resistances and inductances, respectively; CR  is the filter capacitance; and CR is the 
capacitor damping resistance. The current is flowing from the VSI to the grid.

Figure 5. The LPF control scheme
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The per-phase circuit dynamics of Figure 7 can be represented in the stationary reference 
frame by Equations 15-18

i
i i c i i

diL v v R i
dt

= − − 								       (15)               

g
g c g g g

di
L v v R i

dt
= − − 							       (16)

1
c c c Cv i dt i R

C
= = ⋅ +∫ 	   						      (17)

i c gi i i= + 			        						      (18)

Taking the Laplace transform of Equations 15-18 results in Equation 19,

( ) ( )

( )

3 2
0 1 2 3

2

3 2
0 1 2 2

1

1

C
g i

i
g

sR Ci s v s
a s a s a s a

Cs CR s v s
a s a s a s a

+
=

+ + +

+ +
−

+ + +

						      (19)     

The LCL filter transfer function is then defined by Equation 20:

( ) ( )
( ) 3 2

0 1 2 3

1g C

i

i s sR CG s
v s a s a s a s a

+
= =

+ + + 						     (20)

Where:

0 i ga L L C=  
( ) ( )( )1 g C i i C ga C L R R L R R= + + +  

( )2 g i C i C g i ga L L C R R R R R R= + + + +

3 i ga R R= +

Figure 7. LCL  filter equivalent circuit
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