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Irfan Kaymaz ("), Turkey

Vahid Kayvanfar (%), Qatar
Krzysztof Kecik (%), Poland
Mohamed Khader (%), Egypt
Chaudry M. Khalique {2, South Africa
Mukhtaj Khan (), Pakistan
Shahid Khan ("), Pakistan
Nam-Il Kim, Republic of Korea
Philipp V. Kiryukhantsev-Korneev (),
Russia

P.V.V Kishore(®, India

Jan Koci(2), Czech Republic
Toannis Kostavelis (), Greece
Sotiris B. Kotsiantis (=), Greece
Frederic Kratz(), France
Vamsi Krishna (9, India

Edyta Kucharska, Poland
Krzysztof S. Kulpa (), Poland
Kamal Kumar, India

Prof. Ashwani Kumar (), India
Michal Kunicki (%, Poland
Cedrick A. K. Kwuimy (), USA
Kyandoghere Kyamakya, Austria
Ivan Kyrchei (), Ukraine
Marcio J. Lacerda(»), Brazil
Eduardo Lalla(®), The Netherlands
Giovanni Lancioni (), Italy
Jaroslaw Latalski ("), Poland
Hervé Laurent (), France
Agostino Lauria (), Italy

Aimé Lay-Ekuakille (), Italy
Nicolas J. Leconte (#), France
Kun-Chou Lee ("), Taiwan
Dimitri Lefebvre (%), France
Eric Lefevre (I°), France

Marek Lefik, Poland

Yaguo Lei (), China

Kauko Leiviska (%), Finland
Ervin Lenzi (%), Brazil
ChenFeng Li(%), China

Jian Li(), USA

Jun Li(®, China

Yueyang Li(2), China

Zhao Li(»), China

Zhen Li(, China

En-Qiang Lin, USA

Jian Lin (%), China

Qibin Lin, China

Yao-Jin Lin, China

Zhiyun Lin (%), China

Bin Liu(®), China

Bo Liu(), China

Heng Liu (), China

Jianxu Liu (), Thailand

Lei Liu@®), China

Sixin Liu (), China

Wanquan Liu(#), China

Yu Liu(®), China

Yuanchang Liu (), United Kingdom
Bonifacio Llamazares (2, Spain
Alessandro Lo Schiavo (1), Italy
Jean Jacques Loiseau (), France
Francesco Lolli(1»), Italy

Paolo Lonetti (), Italy

Antoénio M. Lopes (), Portugal
Sebastian Lopez, Spain

Luis M. Lépez-Ochoa (%), Spain
Vassilios C. Loukopoulos, Greece
Gabriele Maria Lozito (1), Italy
Zhiguo Luo (), China

Gabriel Luque (), Spain
Valentin Lychagin, Norway
YUE MEI, China

Junwei Ma (>, China

Xuanlong Ma (), China
Antonio Madeo (1), Italy
Alessandro Magnani (), Belgium
Toqeer Mahmood (i), Pakistan
Fazal M. Mahomed (1), South Africa
Arunava Majumder (), India
Sarfraz Nawaz Malik, Pakistan
Paolo Manfredi (), Italy

Adnan Magsood (%), Pakistan
Muazzam Magqsood, Pakistan
Giuseppe Carlo Marano (), Italy
Damijan Markovic, France
Filipe J. Marques (), Portugal
Luca Martinelli(®), Italy

Denizar Cruz Martins, Brazil
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Francisco J. Martos (), Spain

Elio Masciari (), Italy

Paolo Massioni ("), France
Alessandro Mauro (1), Italy
Jonathan Mayo-Maldonado (), Mexico
Pier Luigi Mazzeo (1), Italy

Laura Mazzola, Italy

Driss Mehdi("), France

Zahid Mehmood (), Pakistan
Roderick Melnik (%), Canada
Xiangyu Meng (), USA

Jose Merodio (%), Spain

Alessio Merola (), Italy

Mahmoud Mesbah (), Iran
Luciano Mescia (), Italy

Laurent Mevel (), France
Constantine Michailides (), Cyprus
Mariusz Michta (), Poland

Prankul Middha, Norway

Aki Mikkola (%), Finland

Giovanni Minafo (1), Italy
Edmondo Minisci (), United Kingdom
Hiroyuki Mino (i), Japan

Dimitrios Mitsotakis (*), New Zealand
Ardashir Mohammadzadeh (), Iran
Francisco ]. Montdns (|2}, Spain
Francesco Montefusco (1), Italy
Gisele Mophou (%), France

Rafael Morales (%), Spain

Marco Morandini (), Italy

Javier Moreno-Valenzuela (2, Mexico
Simone Morganti (), Italy

Caroline Mota (), Brazil

Aziz Moukrim (i), France

Shen Mouquan (%), China

Dimitris Mourtzis(*), Greece
Emiliano Mucchi (), Italy

Taseer Muhammad, Saudi Arabia
Ghulam Muhiuddin, Saudi Arabia
Amitava Mukherjee (), India

Josefa Mula (%), Spain

Jose ]. Mufioz(2), Spain

Giuseppe Muscolino, Italy

Marco Mussetta (), Italy

Hariharan Muthusamy, India
Alessandro Naddeo (1), Italy

Raj Nandkeolyar, India

Keivan Navaie (), United Kingdom
Soumya Nayak, India

Adrian Neagu (), USA

Erivelton Geraldo Nepomuceno (), Brazil
AMA Neves, Portugal

Ha Quang Thinh Ngo (), Vietnam
Nhon Nguyen-Thanh, Singapore
Papakostas Nikolaos (), Ireland
Jelena Nikolic (%), Serbia

Tatsushi Nishi, Japan

Shanzhou Niu (), China

Ben T. Nohara (5, Japan
Mohammed Nouari (), France
Mustapha Nourelfath, Canada
Kazem Nouri(#), Iran

Ciro Nufez-Gutiérrez (1), Mexico
Wlodzimierz Ogryczak, Poland
Roger Ohayon, France

Krzysztof Okarma (1), Poland
Mitsuhiro Okayasu, Japan

Murat Olgun (), Turkey

Diego Oliva, Mexico

Alberto Olivares (), Spain

Enrique Onieva(:), Spain

Calogero Orlando (%), Italy

Susana Ortega-Cisneros(2), Mexico
Sergio Ortobelli, Italy

Naohisa Otsuka (%), Japan

Sid Ahmed Ould Ahmed Mahmoud (),
Saudi Arabia

Taoreed Owolabi (%), Nigeria
EUGENIA PETROPOULOU (5), Greece
Arturo Pagano, Italy
Madhumangal Pal, India

Pasquale Palumbo (1), Italy

Dragan Pamucar, Serbia

Weifeng Pan (%), China

Chandan Pandey, India

Rui Pang, United Kingdom

Jurgen Pannek (©), Germany

Elena Panteley, France

Achille Paolone, Italy
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George A. Papakostas(2), Greece
Xosé M. Pardo (), Spain

You-Jin Park, Taiwan

Manuel Pastor, Spain

Pubudu N. Pathirana (i), Australia
Surajit Kumar Paul (%), India

Luis Paya (), Spain

Igor Pazanin (2), Croatia

Libor Pekaf (), Czech Republic
Francesco Pellicano (1), Italy
Marecello Pellicciari (), Italy

Jian Peng (), China

Mingshu Peng, China

Xiang Peng (), China

Xindong Peng, China

Yuexing Peng, China

Marzio Pennisi(?), Italy

Maria Patrizia Pera (), Italy
Matjaz Perc(]), Slovenia

A. M. Bastos Pereira (1), Portugal
Wesley Peres, Brazil

F. Javier Pérez-Pinal (©), Mexico
Michele Perrella, Italy

Francesco Pesavento (1), Italy
Francesco Petrini (), Italy

Hoang Vu Phan, Republic of Korea
Lukasz Pieczonka (), Poland
Dario Piga (), Switzerland

Marco Pizzarelli (), Italy

Javier Plaza (), Spain

Goutam Pohit (), India

Dragan Poljak (i), Croatia

Jorge Pomares (), Spain

Hiram Ponce (2}, Mexico
Sébastien Poncet (), Canada
Volodymyr Ponomaryov (), Mexico
Jean-Christophe Ponsart (), France
Mauro Pontani (), Italy
Sivakumar Poruran, India
Francesc Pozo (2}, Spain

Aditya Rio Prabowo (©2), Indonesia
Anchasa Pramuanjaroenkij (), Thailand
Leonardo Primavera (), Italy

B Rajanarayan Prusty, India

Krzysztof Puszynski (%), Poland
Chuan Qin (), China

Dongdong Qin, China

Jianlong Qiu (), China

Giuseppe Quaranta (), Italy

DR. RITU RAJ (), India

Vitomir Racic(), Italy

Carlo Rainieri (), Italy
Kumbakonam Ramamani Rajagopal, USA
Ali Ramazani(), USA

Angel Manuel Ramos (%), Spain
Higinio Ramos (2}, Spain
Muhammad Afzal Rana (%), Pakistan
Muhammad Rashid, Saudi Arabia
Manoj Rastogi, India

Alessandro Rasulo (9, Italy

S.S. Ravindran (), USA
Abdolrahman Razani (), Iran
Alessandro Reali (), Italy

Jose A. Reinoso(2), Spain

Oscar Reinoso (2}, Spain

Haijun Ren (), China

Carlo Renno (19, Italy

Fabrizio Renno (1), Italy

Shahram Rezapour (), Iran
Ricardo Riaza ([, Spain

Francesco Riganti-Fulginei (), Italy
Gerasimos Rigatos (), Greece
Francesco Ripamonti (), Italy
Jorge Rivera(ls), Mexico

Eugenio Roanes-Lozano (2}, Spain
Ana Maria A. C. Rocha((?), Portugal
Luigi Rodino (9, Italy

Francisco Rodriguez (), Spain
Rosana Rodriguez Lopez, Spain
Francisco Rossomando (1)), Argentina
Jose de Jesus Rubio (i), Mexico
Weiguo Rui(), China

Rubén Ruiz (), Spain

Ivan D. Rukhlenko (1), Australia
Dr. Eswaramoorthi S. (%), India
Weichao SHI(%), United Kingdom
Chaman Lal Sabharwal (), USA
Andrés Séez (), Spain
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Bekir Sahin, Turkey
Laxminarayan Sahoo (), India
John S. Sakellariou (%), Greece
Michael Sakellariou (), Greece
Salvatore Salamone, USA

Jose Vicente Salcedo (), Spain
Alejandro Salcido (), Mexico
Alejandro Salcido, Mexico
Nunzio Salerno (i), Italy

Rohit Salgotra (), India
Miguel A. Salido (), Spain
Sinan Salih (), Iraq
Alessandro Salvini (), Italy
Abdus Samad (), India

Sovan Samanta, India
Nikolaos Samaras (), Greece
Ramon Sancibrian (%), Spain
Giuseppe Sanfilippo (1), Italy
Omar-Jacobo Santos, Mexico

] Santos-Reyes (), Mexico
José A. Sanz-Herrera(), Spain
Musavarah Sarwar, Pakistan
Shahzad Sarwar, Saudi Arabia
Marcelo A. Savi(), Brazil
Andrey V. Savkin, Australia
Tadeusz Sawik (), Poland
Roberta Sburlati, Italy
Gustavo Scaglia (2), Argentina
Thomas Schuster (), Germany
Hamid M. Sedighi (", Iran
Mijanur Rahaman Seikh, India
Tapan Senapati(), China
Lotfi Senhadji(®), France
Junwon Seo, USA

Michele Serpilli, Italy

Silvestar Sesni¢ (), Croatia
Gerardo Severino, Italy

Ruben Sevilla (%), United Kingdom

Stefano Sfarra(), Italy

Dr. Ismail Shah (%), Pakistan
Leonid Shaikhet (), Israel

Vimal Shanmuganathan (), India
Prayas Sharma, India

Bo Shen (), Germany

Hang Shen, China

Xin Pu Shen, China

Dimitri O. Shepelsky, Ukraine
Jian Shi(#, China

Amin Shokrollahi, Australia
Suzanne M. Shontz (), USA
Babak Shotorban (), USA
Zhan Shu(?), Canada

Angelo Sifaleras (), Greece
Nuno Simdes (2, Portugal
Mehakpreet Singh (1), Ireland
Piyush Pratap Singh (®), India
Rajiv Singh, India

Seralathan Sivamani(), India
S. Sivasankaran (i), Malaysia
Christos H. Skiadas, Greece
Konstantina Skouri (%), Greece
Neale R. Smith (%), Mexico
Bogdan Smolka, Poland
Delfim Soares Jr.(), Brazil
Alba Sofi(1»), Italy

Francesco Soldovieri (), Italy
Raffaele Solimene (1), Italy
Yang Song(5), Norway

Jussi Sopanen (%), Finland
Marco Spadini (), Italy

Paolo Spagnolo (), Italy
Ruben Specogna (), Italy
Vasilios Spitas(2), Greece
Ivanka Stamova (), USA
Rafal Stanistawski (), Poland
Miladin Stefanovié¢ (), Serbia
Salvatore Strano (1), Italy
Yakov Strelniker, Israel
Kangkang Sun (), China
Qiugin Sun(?), China
Shuaishuai Sun, Australia
Yanchao Sun (), China
Zong-Yao Sun(), China
Kumarasamy Suresh (%), India
Sergey A. Suslov (2, Australia
D.L. Suthar, Ethiopia

D.L. Suthar (%), Ethiopia
Andrzej Swierniak, Poland
Andras Szekrenyes (), Hungary
Kumar K. Tamma, USA
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Recently, the authority for electricity regulations in Oman introduced a new regulation for grid-connected photovoltaic (PV)
systems. One of the main concerns is how the penetration of the grid-connected PV systems would affect the Mazoon Electricity
Company’s (MZEC) load behavior, especially at peak times. This paper presents the behavior of grid-connected loads considering
the MZEC, which is one of the power distribution companies in Oman. The Al Bashir primary substation load distribution
network was used as a case study. The MZEC peak load pattern was considered with respect to solar PV connection regulations in
Oman. Furthermore, the various timings for electricity billing and the expected incentives were also used in evaluating the
economical benefits of integrating the solar PV systems into the power grid. Data were collected for two years for the feeder and
distribution transformers in the power grid. The export and import average power generation within the period of the study were
also investigated. The behavior of the grid loads was investigated before and after installing the PV systems. The variables of the
average power, load import, and export for different periods were used to evaluate the system performance. The obtained results
reflect that with proper synchronization of the solar PV systems in the power grid, the maximum load of the primary substation
decreased from 80% to 40%, considerably saving cost. Consequently, more consumers could be fed with the excess solar power,

with less distribution transformers in the power grid.

1. Introduction

Recently, the integration of renewable energy is on the rise,
due to its numerous benefits, such as clean energy, cheaper
form of electricity supply, zero carbon emissions, and eco-
friendly in nature, with no harmful environmental pollution.
The penetration of renewable energy resources in the power
grid would encourage distributed generation, in order to
manage electricity demand and generate clean on-site
power. This would improve the reliability of the power
system and mitigate the system losses that are bound to
occur. In addition, the integration of renewable energy into
the power grid would encourage the government’s energy
policies in any country, in view of reducing carbon emis-
sions, and improving energy supply, thereby promoting
more competitive markets [1, 2]. Amongst the various

renewable energy resources, solar energy is widely used due
to its abundance, especially in the Middle East, where the
Gulf Corporation Countries (GCC) are located [3, 4].

The world market for solar photovoltaic (PV) systems
has increased significantly [4, 5]. Recently, solar PV module
prices have decreased while emerging market prices have
increased [6-8]. In 2020, global cumulative solar PV capacity
amounted to 773.2 Gigawatts, with 138 Gigawatts of new PV
capacity installed in that same year [9, 10]. The drivers for
this increase are the need to reduce gas emissions, diversify
energy sources, energy efficiency, lower capital costs, and
shorter construction time. With high levels of residential
grid-connected solar PV and the planned utility scale solar
PV units that will be connected to the grid, it becomes
necessary to study the impact on the power networks.
Photovoltaic generating units connected to power networks
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may have several impacts on the power system, such as
voltage rise at the load bus, increasing the current in the
conductor, and power quality issues. The voltage rise can be
limited by controlling the active and reactive power injected
by solar PV or by reducing the voltage level at the substa-
tions. Based on the solar PV size, grid-connected PVs can be
classified into three categories: utility scale (megawatt),
medium scale (100kW to 1 MW), and small scale (up to
100 kW) [11-13].

The Amal East and West solar projects by the Petroleum
Development Company of Oman [14, 15], are some of the
signs that Oman is pushing forward with its renewable energy
goals. These solar farm projects have very high solar power
generating capacities in the region. Also, there is a 50 MW
wind farm project [16] in Salalah, which is generating power
on the Omani grid and at the same time creating employment
opportunities in the country. Based on the literature, Oman is
an attractive location for the conversion of renewable energy
to power supply because of its geographical structure and
coastline, with immense solar radiation outreach [17, 18]. The
average solar radiation range of Oman is between 5.5 and 6
kWh/m? in July to 2.5-3 kWh/m” in January [19].

The market structures for electricity systems in Oman
are: the Main Interconnected System (MIS), the rural sys-
tem, and the Salalah power system [16]. The peak demand in
the MIS (the main grid covering much of the northern half of
Oman) is projected to rise 4 percent annually in the expected
case to reach 8,371 MW in 2027 [20]. As reported in [21], the
electricity demand for the MIS for the various governorates
in the Sultanate would grow by 7-11%, although some
shortcomings are expected in the integration of renewable
energy sources [22], in order to achieve this target. The
Sultanate of Oman’s production of electricity increased by
7.9% by the end of September 2021 to reach 32,411.8 GWh
compared to the end of September 2020, when the total
production was 30,043.1 GWh [23]. [24-27] reported that
the highest renewable energy penetration in Oman could be
achieved with the help of solar energy.

There are institutions and policies regarding the pene-
tration of renewable energy sources into the power grid in
the GCC region. The latest version of the Grid Code in
Oman contains technical requirements and criteria for
connecting renewable energy systems to the power grid. In
the literature, a lot of work has been done regarding large-
scale solar PV and wind power plants already connected to
the Oman power grid, based on the guidelines, and technical
requirements for connecting renewable energy systems, as
set out by the stipulated grid codes [28]. Al Riyami et al. in
[29] carried out a study on the connection of a 500 MW
photovoltaic power plant to the Oman grid at Ibri. In this
study, a technoeconomic evaluation of a 500 MW solar
power plant connected to the main interconnected and
transmission system of Oman at Ibri was investigated. The
reason was to ascertain the required investment on the basis
of ensuring a rigid and well-structured power transmission
network in Oman for effective operation. The authors
proposed and compared connection strategies considering
cost and performance based on the grid codes in conjunction
with environmental factors. In [30], a detailed grid impact
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analysis of the penetration of the Dhofar wind farm in the
southern part of Oman on the transmission system has been
reported in the literature. The authors developed a model of
the entire power system of Oman for steady-state and dy-
namic studies with the intention of building confidence in
the integration of the first wind farm into the Oman grid,
considering the planning criteria and stipulated require-
ments of the grid codes and the transmission security
standards in Oman presented in [31]. The Doubly Fed In-
duction Generator (DFIG) and the technology of the
asynchronous generator with a fully rated converter were
used in the study. The obtained results for the load flow and
stability analyses of the model system reflect that the con-
nection of the first wind farm to the Dhofar power network
would not result in any adverse effects. A further study was
carried out in [32], regarding the power quality of the Dhofar
50 MW wind farm. The main factors influencing the power
quality performance of the Dhofar power grid as a result of
the integration of the wind farm were reported by the au-
thors in this work. A review of fundamental aspects influ-
encing the power quality with respect to the grid codes
performance presented in [28, 31], were taken into con-
sideration. The power quality assessment is imperative as
part of the license obligation for a transmission operator and
is paramount to the wind farm developers in Oman for filter
design and compensation sizing. In [33], the authors ex-
panded the study carried out in [29] to a 1700 MW Sohar-3
power station in the Oman power grid. The options for
connecting the Sohar generating plant to the Main Inter-
connected Transmission System (MITS) were assessed, and
the most efficient financially, technically, and lower-risk
option was selected as the best for the effective operation of
the power system.

This paper presents the effects of photovoltaic integra-
tion on the behaviour of grid-connected loads. The work
considered the load behaviour of the Mazoon Electricity
Company (MZEC) at peak and off-peak times, before and
after the integration of solar PV into the power grid, based
on the new regulation scheme for renewable energy pene-
tration in Oman. The MZEC is primarily undertaking the
regulated business of distribution and supply of electricity to
some governorates in Oman under a license issued by the
Authority for Electricity Regulations (AER) in Oman. The
study covered the growth of the MZEC peak load demand
over the years, from 2008 to 2019, and the concept of Oman
regulation regarding solar PV connection to the national
power grid, based on the incentive charges approved by the
AER for peak and off-peak periods. The Al Bashir primary
substation load was considered in the study to investigate the
effect of solar PV integration on its load behavior. The
variables of the average load import and export for two
consecutive years were used in the evaluation of the per-
formance of the system. The study reflected that the behavior
of the loads, in the power grid under study changed after the
installation of the solar PV system. Also, from the study, it
could be ascertained that the best time to export power to the
grid is during the day. Moreover, there is no need to invest
more in distribution transformers in the power grid since
there would be a possible reduction in the average load on
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the network with the solar PV installations. Therefore, in the
near future, new consumers could be fed from the excess
solar PV power in order to save cost.

2. The Mazoon Electricity Company

MZEC is a closely held Omani joint stock company regis-
tered under the commercial companies’ law of Oman. The
establishment and operations of the company are governed
by the provisions of the law for the regulation and privat-
ization of electricity and related water sectors (the sector
law), promulgated by Royal Decree 78/2004 and subsequent
amendments. The company is primarily undertaking the
regulated business of distribution and supply of electricity in
southern Batinah, Dakhiliyah, southern Shargiyah, and
northern Shargiyah governorates of Oman, under a license
issued by the authority for electricity regulations in Oman, as
illustrated in Figure 1 [34].

The company commenced its commercial operations on
the 1st of May 2005, following the implementation of a
decision by the Ministry of National Economy (issued
pursuant to Royal Decree 78/2004). The company is to
function as a major distribution operator of the system and
act as a supplier of electricity. The following are some of the
major roles of the company. First and foremost, to provide
financial responsibilities; operation; maintenance; develop-
ment and expansion of the 33 kV, 11 kV distribution and low
tension side networks, based on relevant performance se-
curity standards and safety measures. Also, the company is
to contain all the demand for electricity supply in areas
within its reach. Furthermore, it is expected that the com-
pany would carry out meter readings, generate electricity
bills for consumers and ensure payment of such bills.

The company’s distribution network consists of various
voltage levels; 33kV, 11kV and 0.433 kV, respectively. The
network consists of 33/11kV primary substations, 11/
0.433kV distribution substations, 33/0.433 kV substations,
and the cables and overhead lines at these voltage levels.
MZEC has experienced an average growth of 6.4% in load
annually. Figure 2 shows the trend of growth in customers
from 2008 (with 990 MW) to 2019 (with 2,233 MW) for the
Mazoon electrical network during the period of this study.

3. The Solar PV Model

The dynamics and mathematical model formulation of a
solar PV module are clarified based on the physical model of
a silicon solar cell [35]. The steady-state and dynamic
performance of solar PV is imperative to understand the PV
characteristics for the stability of the overall PV system.
There are two main types of models in solar PV cells; the
single-diode and double-diode models. These models take
solar PV irradiance and temperature as input factors and
create the I-V and P-V output characteristics [36].
Figure 3(a) shows the equivalent circuit of a single-diode
model for PV cells. The output current depends on the
characteristics of the semiconductor material used in the cell
and other factors like the area of the cell, solar irradiation,
and temperature. The performance of the single-diode

model depends on the diode reverse saturation current (I,),
photocurrent (I,y), series resistance (R;), and shunt resis-
tance (R,). The series resistance is the internal loss due to
current flow and affects the relationship between the P-V
open-circuit voltage and maximum power. The shunt re-
sistance is connected in parallel with the diode and deter-
mines the leakage current to the ground. Usually, the values
of Ry and R, are assumed to be zero. The output current (I)
can be expressed mathematically as (1) for characterizing the
I-V performance of a single-diode [36].

oI aV+IR)
I=1,, Ir|:exp( KT, Al-1|. (1)

In (1), q is the electron charge constant value
(1.6x107”C) and K (1.38 x 107 *J/K) is Boltzmann’s
constant current, V and I are the cell terminal voltage and
current, respectively. T is the temperature of the cell in
Kelvin. The current produced mainly depends on solar
radiation and cell temperature, as expressed in (2) as follows:

Iph = [ISC(Tref) + ki(Tcell - T"Ef)]H' 2)

From (2), I (T.f) is the short circuit current at 25°C
reference temperature and H is the solar isolation in kW/m?.
The reverse saturation current can be written as follows:

_ Tcell 1/Tref - 1/Tcell>
I = I“(T )[exp(qEGkA ,

ref

— Isc (Tref)
* [exp(q* VIKAT )]

(3)

The output current equation for the single-diode model
could be expressed as follows [36]:

~ V + IR, V + IR,
I=1,,-1I)|exp av, -1|- R, ) (4)

where I, is current generated by the incidence light, I is
the reverse saturation current, V is the thermal voltage, V =
kT /g and a is the diode ideality factor. Hence, the ter-
minal voltage (V,.) in open circuit where I=0 is

v, =<—“kT°e“>1n(1 +I—> (5)
q I,

The single-diode model is considered to be a constant
value and close to unity at higher voltages, while the re-
combination in the device is subject to the surfaces and the
bulk areas. The connection recombination is modelled by
adding the second diode in parallel with the first diode as
shown in Figure 3(b) and setting the ideal factor charac-
teristically to the value of two. The output current equation
of the two-diode model is given as [36, 37]

I=1,-1 [ <V Al IRS) 1]
= h exp —
P o a Vo,
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FIGURE 3: Solar PV cell model. (a) Single-diode model PV cell. (b) Double-diode model PV cell.

where I, and I, are the reverse saturation currents of diode 4, The PV Power Conditioning Model
1 and 2, respectively, V., and V., are the thermal voltages of

the respective diodes, a, and a, are the diode ideality =~ One of the main issues of grid-connected solar PV systems is
constants. how to achieve optimal compatibility of the solar PV arrays
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stage inverter structure.

with the power grid. The solar PV array produces an output
DC voltage having variable amplitude; thus, an extra con-
ditioning circuit is necessary in order to achieve the am-
plitude and frequency requirements of the AC power grid
for proper synchronization. Due to the fact that the output of
solar PV panels is direct current, the solar PV power con-
ditioning system has a DC-AC inverter for the conversion of
the DC output current from the solar PV arrays into an AC
synchronized sinusoidal waveform.

The procedure used for power extraction of solar radi-
ation by the solar PV is another major concern in grid-
connected PV systems. This concern is influenced by the
nature of PV arrays, since the PV modules are nonlinear
systems and atmospheric conditions, such ase solar radiation
and temperature affect its output power. Therefore, a
maximum power point tracking (MPPT) technique would
help transfer the maximum solar array power that can be
achieved to the power grid during operation. Consequently,
grid-connected solar PV systems should carry out proper
extraction of maximum output power from the PV array and
dissipate sinusoidal current into the power grid.

In light of the above, the power conditioning system of a
solar PV could be grouped with respect to the number of

power stages as; single-stage, dual-stage, and multi-stage
schemes, in Figure 4 [38]. The single-stage topology
(Figure 4(a)) connects the solar PV array directly to the DC
bus of the power inverter. Therefore, the MPPT of the solar
PV and the inverter current and voltage control loops are
done in a single-stage. A DC-DC converter known as a
chopper acts like an interface between the solar PV array and
the inverter in the dual-stage structure in Figure 4(b). The
extra DC-DC converter between the solar PV and the in-
verter carries out the control of the MPPT. In the multi-stage
structure in Figure 4(c), a DC-DC converter connects each
string of the solar PV modules to the inverter system.
Therefore, a DC-DC converter does the MPPT control of
each string, while a power inverter handles the current and
voltage control loops.

In recent distributed energy applications, the dual-stage
solar PV power conditioning system is employed because of
the high power quality, reliability, and flexibility of the solar
PV system requirements. Thus, a better operation of the
grid-connected PV system based on degree of freedom is
obtained in the dual-stage structure than in the one-stage
structure. This is because an additional DC-DC boost
converter would help achieve various control objectives such
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TaBLE 1: Periods of electricity billing approved by authority of electricity regulations Oman.

Time T1 Time T2 Time T3 Time T4
Time of the day register identification Off-peak Weekday-peak Night-peak Weekend day-peak
02:00 to 13:00 13:00 to 17:00 22:00 to 02:00 13:00 to 17:00
Time slot 17:00 to 22:00 4Hrs 4Hrs 4Hrs
16 hrs
TaBLE 2: Incentive charge approved by authority of electricity regulations Oman.
Months Off- peak—(Omani Weekday-peak-(Omani Night-peak-(Omani Weekend day-peak-(Omani
Baisa) Baisa) Baisa) Baisa)
January-March 12 12 12 12
April 14 14 14 14
May-July 17 67 26 39
August- 15 26 21 19
September
October 14 14 14 14
as reactive power compensation, voltage control, and power on (260 KUARBS.AS  S|Z
. . . . . o130 (NSO 540 =
osc1lla'F10ns d.amplng. Although th@ case study used in .thls aus qyuaom 4O siom
paper in Section 6 employed the single-stage configuration. x50z s iz,
000K 55 1V ass 7 r?fg)::l
. . 100xvA  =[F100 Kva P sl
5. Concept of Oman Regulation for Grid- 1000 380 M 500 h | B50 MIy100e a0 m N/O) 77 S| o
ICH 185 MM DOG DOG ~ DOG pog|y DOG DOG < | =
=y [=] SABSES
Connected Solar PVs H . Dl meenson
) ) mramsgjz ) _mgd - f 3CX1851
The concept of Oman regulation for solar PV connection to sl soonvdmre BIE
the national power grid is divided into two schemes; me- ACHEOMM [
chanical design and supply charges. The mechanical scheme = e ; =
entails that the support structures and arrangements for z =|z

installing the solar PV units should comply with the reg-
ulations, standards, and construction requirements. Provi-
sions must be placed in ascending order of the solar PV
modules to pass them with the maximum expansion-con-
traction of the units at expected operating temperatures,
according to the manufacturer’s applicable regulations. The
current mounting structures, cables, and ducts are also
included in this regulation. Solar PV group support struc-
tures must comply with local standards, industry standards,
and regulations with loading characteristics. The second
scheme of the PV connection regulation is about supply
charges. In this study, the power export cost is the total cost
of the power procurement from customers, which is col-
lected based on certain periods and priced at different rates
as shown in Tables 1 and 2 respectively [34, 39]. The data
were collected based on the time of the day considering four
scenarios; oft peak, weekday peak, night peak and weekend
day peak, considering the various timings shown in Table 2.
From Table 2, the highest supply charges by the electricity
regulation authority happen between the months of May and
July for off-peaks, weekday peaks, night peaks, and weekend
day peaks. Also, from Table 2, a 100 Omani Baisa note is
currently worth 26 cents (USD).

6. The Al Bashir Load Case Study

The number of customers installing solar PV systems based
on the new regulation scheme in MZEC, in the Sultanate of
Oman, is on the rise. These customers are connected to the
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FIGURE 5: Al Bashir primary substation load distribution network
(case study).

MZEC network in different areas. In addition, the maximum
capacity of the solar PV system is different for each cus-
tomer, depending on the connected loads on the premises.
The salient part of this study is to compare the load behavior
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TaBLE 3: Load of Al Bashir primary substation and distribution transformer-52 in 2018 and 2019.

Al Bashir 11kV feeder-1

Distribution transformer-52, 1000 kVA

Month 2018—average kW 2019—average kW 2018—average kW 2019—average kW
January 950 1000 271 285
February 960 1000 274 285
March 1500 1627 428 463.6
April 1800 2200 513 627
May 2500 2391 713 384.3
June 3000 2777 852 380.8
July 3100 2655 884 427.5
August 3200 2815 912 520
September 2800 2356 798 342.2
October 2000 1605 570 168.8
NH1 NH1 NH1 NH1 NH1 NH1 NH1 NH1
125A 125A 125A 125A 125A 125A 125A 125A
gg 1 Eg 2 gg 3 §§ 4 Eg 5 é-—g 6 %5 7 SPARE
X5 o=} ® o3 Lol Lol o=} Lol
3 - €9 E3 3 E3 3
£ E g £ E e E g E g E g
< g2 < g g - -
O E QE Q E QE QE QE Qg
¥ 2 ¥ 5 ¥ 2 ¥z ¥ 5 ¥ 5 ¥ 5
Inv 1 Inv 2 Inv3 Inv 4 Inv 5 Inv 6 Inv 7
Inverter SMA v v v v v v v
STP-60
T T T T T T
I I I I I I
l l l l l l
2% 2 4% 21% 213 22 21
2 2 2 2 2 2 2
12 12 12 12 12 12 12
PV PV PV PV PV PV PV
Generator enerator Generator Generator Generator Generator Generator
Detail 1-12 1-12 1-12 1-12 1-12 1-12 1-12
etai

F1GURE 6: Single line diagram of the Al Bashir solar PV farm system connection.

of the MZEC network before and after installing a solar PV
system. In this study, the Al Bashir farm load was used in
investigating the behavior of the system variables before and
after installing solar PV. The Al Bashir farm is located in
Wilayat Adam in Al Dakhiliyah governorate and the total
connected load of the premises is 740 kW. It is fed from Al
Bashir primary substation by 2x6 MVA from feeder-1 as
shown in the single line diagram of Figure 5 [39]. The silicon
monocrystalline technology of solar cells is used in the solar
PV plants under study because as the performance of the
solar cell technology differs widely, so does power output
throughout the day.

The Al Bashir primary substation is 2 x 6 MVA, and is
fed from Adam’s grid at 2 x40 MVA. The expected load

for this primary substation is 5.2 MVA (at 33kV side),
which is classified as class B in the Distribution System
Security Standard (DSSS). The Al Bashir primary sub-
station feeds a 35-distribution transformer with different
capacities. The Al Bashir farm fed from distribution
transformer 52, which has a 1000-kVA capacity. This
transformer feeds multiple customers, including the Al
Bashir farm with the highest load. The average power kW
of Al Bashir primary substation and the distribution
transformer-52, for the period of investigation used in
this study (January to October, 2018 and 2019, respec-
tively) are shown in Table 3. From Table 3, the average
load of the Al Bashir network varies in both years for the
considered months.
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TaBLE 4: Export and import of average power from May to October 2019.
Month Export—average power (kW) Import—average power (kW)
May 43 87
June 20 124
July 25 110
August 48 70
September 29 114
October 43 74
Average load kW - Import kW VS Export kW on 1 June 2019
200.00
180.00
160.00
140.00
Z 120.00
)
+ 100.00
1%
5 80.00
=7
60.00
40.00
20.00
0.00 “—
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Hours

Export - (KW)
Import - (KW)

FIGURE 7: Average load kW-Import kW versus Export kW on 1 June 2019.

In mid May 2019, the Al Bashir farm’s PV system started
operation to cover its loads and export the surplus power to
the national power grid. The solar PV system consists of
seven panels with individual inverters as shown in Figure 6.
The single-stage inverter configuration described in
Figure 4(a) is employed in the Al Bashir solar farm. The
connection point between the PV system and the MZEC
network is at the meter panel at the customer boundary. The
smart meter measures the export and import load from the
customer to the power grid or vice versa. Table 4 shows the
average power kW from the months of May to October 2019,
in the course of the study.

7. Evaluation of the System Performance

In order to understand the impact of the penetration of the
solar PV system into the power grid, it is required to analysis
the load behavior of the customers. After energizing the Al
Bashir farm’s solar PV system in mid May 2019, most of the
loads of the customers were supplied by the installed solar
PV system. Figure 7 shows the load behavior of Al Bashir
farm from 1% June 2019 to 30 June 2019, after installing the
solar PV system in the month of June 2019. It is obvious
from Figure 7, that the customers still import power from
the grid system and sometimes export some power to the
grid during the day. It is apparent from Figure 7 that the
customers export power to the grid from 9:00 a.m. to 6:00
p-m. and import power from the national power grid, the
rest of the day. This behavior can be understood by

mentioning the fact that the daily consumption of the
customers is low at daytime because most of people are in
their various places of work. On the other hand, the load
becomes high at night because most of the consumers are
backing home. This scenario would almost be repeated all
day, as shown in Figure 8. Figure 9 reflects that the maxi-
mum export power happened in August 2019, after installing
the solar PV system in May 2019, and the minimum export
power was in June 2019. The responses in Figure 9 were due
to the customers’ consumption behavior.

Figure 10 shows the average load at Al Bashir distri-
bution transformer without solar PV in 2018, and with solar
PV in 2019. In Figure 10, the response of the average load in
the distribution transformer DTX-52 is slightly different for
the years 2018 and 2019, respectively. Based on the instal-
lation of the solar PV in May 2019, the load decreased to
400 kW, as compared to 2018, when the load was 700 kW.
This difference shows that most of the Al Bashir farm’s load
is fed from the solar PV system, except some power exported
to the power grid as discussed earlier.

Figure 11 shows the average load at Al Bashir primary
substation without solar PV in 2018 and with solar PV in
2019. The change in the load curve at Al Bashir primary
substation between 2018 and 2019 is clearly observed in
Figure 11. The load started to drop in May with the
penetration and synchronization of the solar PV system
into the power grid. The average peak load decrease from
2018 to 2019, after installing the solar PV system, is
around 2%.
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FIGURE 8: Al Bashir load behaviour after installing PV system.
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FIGURE 9: Average load import versus export.
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FIGURE 10: Average load at Al Bashir distribution transformer without (2018) and with (2019) solar PV.
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Average load at Al Bashir primary substation -Feeder1_2018 VS 2019
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FIGURE 11: Average load at Al Bashir primary substation without (2018) and with (2019) solar PV.

Based on the above analysis, this study has been able to
deduce the following. The response of the load behavior in
the power grid changed after the installation of the solar PV
system. The best time to export power is during the day
between 9 a.m. and 6 p.m. The maximum load of Al Bashir
primary substation decreased in 2019 and that will give spare
power to feed more customers, which will be reflected in the
Capital Expenses (CAPEX) cost. This means, there is no
need to invest more in distribution transformers, thus, re-
ducing their installations in the power grid. This is apparent
since there would be a possible reduction of the load in the
network from 80% in 2018, when there were no solar PV
installations in the power grid, to 40% in 2019, with the
penetration of solar PV in the power grid, based on Fig-
ures 10 and 11. Consequently, in the near future, new
consumers could be fed from the excess solar PV power in
order to save cost.

8. Conclusions

In this paper, a study of the effect of the penetration of solar
PV on the load behavior in a grid-connected system was
carried out. The loads in the Al Bashir power substation,
connected to the Mazoon Electrical Company (MZEC)
power grid in the Sultanate of Oman were used as a case
study. The system variables of the grid were analyzed before
and after installing the solar PV system. The obtained results
demonstrate that installing solar PV systems on the power
grid may affect the load behavior, which consequently affects
MZEC’s investment plans. In addition, the export of power
from the solar PV system may affect the electrical network
components like distribution transformers. The maximum
load of the primary substation employed in the case study
was decreased when the solar PVs were installed. Conse-
quently, creating room for excess power to feed more
customers, and the same time saving cost. The results

obtained could help in drawing plans that are beneficial to
the electricity companies, in reducing the number of dis-
tribution transformers in the power grid due to the pene-
tration of solar PV systems.
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The data used to support the findings of this study are in-
cluded within the article.
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This paper presents the challenges of optimal measurement devices placement (MDP) in the distribution system by considering
the improvement of accuracy and speed for state estimation (SE) in the presence of distributed generations (DGs). We assumed
that active and reactive power measurements (both injection and flow) with voltage magnitude measurements were used to
estimate the power system’s state. The paper employed phase measurement unit (PMU) and smart meters, which are the two
commonly used measuring devices. For numerical evaluation of the system, the power system states are based on the angle and
magnitude of voltages at every bus. The issues normally experienced in the optimal measurement devices placement in dis-
tribution networks were investigated using the binary dragonfly algorithm (BDA), in this study. As a way forward to proffer
solutions to these issues, a fair compromise between accuracy, speed, and the number of measurements (NoMs) was reached, and
the proposed solution was tested in two different scenarios applied in the IEEE 33-bus distribution test system. The results
illustrate that by increasing the accuracy, NoMs and the cost are going to rise as well. On the other hand, by escalating the speed,

NoMs decrease and the accuracy falls dramatically.

1. Introduction

Recently, distribution networks are becoming more intel-
ligent in several ways, in order to improve their performance
and effective management. State estimation is one of the
most favorite tools in the power system to enhance the
monitoring process. Therefore, accurate and robust state
estimations are always needed in every sector of a power
system. By finding the states of a power network, other tasks,
such as optimal power flow, will be benefited from a reliable
and accurate process. PMUs and micro-PMUs are mea-
surement devices enhancing the state estimation process by
sending the measurements from the power system for es-
timating the states of the smart grids [1]. For performing a
state estimation, the voltage of every bus in the system is
driven, and the active and reactive power flowing in the
system are able to be calculated by power flow [2]. Although
the distribution system is on its way to be modernized, the

mentioned network under radial operations still has a large
number of unbalanced loads in each phase with a high r/x
ratio. In the distribution system, lack of measurements has
made the system to become hardly observable, and the
distribution system state estimation (SE) seems to be one of
the problem-solving paths to the mentioned issue. While
minimizing the number of measurements (NoMs) is a vitally
important task to conduct, the accuracy and speed of the SE
are both decisive features. Measurement devices placement
(MDP) strategy behaves as a binary problem that calculates
the being or nonexistence of the measurement unit as binary
variables. Therefore, an optimization algorithm capable of
handling binary problems should be proposed that can
perform multiple-goal optimization.

Dragontfly algorithm (DA) proposed by Mirjalili [3] is an
ongoing swarm intelligence method that mirrors the five
crude standards of the amassing behavior of dragonflies. The
dragonflies depend on detachment to evade crashes between
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people in the multitude, an arrangement to principle train
the speed of all people in the multitude, attachment to relate
dragonflies to an area, fascination in moving dragonflies
towards the food source, interruption to move dragonflies a
long way from the adversaries. These five standards require
five boundaries to be controlled that are separation (S),
alignment (A), cohesion (C), fascination towards the food
source (F), and interruption from the enemy (E). The DA is
applied effectively to tackle a few optimization issues, for
example, economical dispatch [4], hybrid energy distributed
power system [5], power flow management [6], picture
division [7, 8], stress circulation [9], synthesis of concentric
circular antenna arrays [10], basic optimization of edge
structures [11], structural design optimization of vehicle
components [12], filter design issue [13], newborn child cry
classification [14], intent of vehicles [15], mobile sales rep
problem [16], remote hub limitation in PC networks [17],
0-1 rucksack issues [18], and artificial intelligence [19]. A
binary form of DA (called binary dragonfly algorithm
(BDA)) was proposed in [3]. In BDA, a transfer function is
utilized to plan the consistent inquiry space into binary.
BDA was at first applied to the feature selection (FS) issue in
[20], and the technique delivers top-notch results. As of late,
a novel FS approach that utilizes an improved BDA was
proposed in [19].

In [21], Singh proposed an algorithm for measurement
devices selection problem using an ordinary optimization
method. A multiobjective algorithm for both number and
placement of the MDP leading to better accuracy is proposed
in [22]. Das [23] proposed a simple rule-based algorithm for
placing the devices in a radial distribution system by taking
network reconfiguration into account. A comprehensive
survey on MDP in power system state estimation was
demonstrated in [24] by using a mixed-integer linear.

Optimization algorithm. The optimal location of PMU
was presented in [25] for detecting cyber-attacks on the
devices. A multiobjective method has been proposed in [26]
to find the optimal placement of PMUs and intelligent
electronic devices (IEDs). In reference [27], zonal SE was
considered by optimal PMU placement. In reference
[28, 30], optimal PMU placement based on GA and a binary-
coded GA is proposed by considering observability and
reliability, respectively. Due to their promising performance,
swarm intelligence techniques are still attracting researchers
and have been applied in several fields of power system
analysis [31-34]. Mahari [35] applied a binary imperialistic
competition algorithm in the optimal placement of PMU to
maintain system observability. The optimal location of PMU
with a limited number of channels was presented by the
authors of [36]. The weight least square (WLS) technique for
SE was first proposed by Ali Abur in [37], and the authors of
[38], and a linear-based optimization technique for optimal
MDP was proposed. In reference [29], the author used GA
for PMU placement in the distribution system for observ-
ability and load loss using WLS. In reference [39], the au-
thors used an integer-arithmetic algorithm for observability
analysis of systems with SCADA and PMU measurements.
Recently, the optimal location of PMUs and m-PMUs for the
observability of system in the fault locations is gaining
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interest [40, 41]. Besides that, many papers only target full
observability by using measurements such as the phasor
measurement unit (PMU). A few of them performed the
derivative-free optimization algorithm such as the genetic
algorithm (GA) [42] and a heuristic optimization like
particle swarm algorithm (PSO) [40, 43, 44] to optimize the
cost function of their proposed problems which is the NoMs.
The author of [42] employs a derivative-free optimizer, that
is, a generalized pattern search. This algorithm is counted
with GA in the MATLAB optimization library regarding the
derivative-free optimizers. The authors of [30, 45] present
the use of genetic algorithms (GAs) to place a minimum
number of PMUs around the power network considering
topological observability. The latter used a hybrid method by
combining GA and BBA. m-PMUs performance in distri-
bution systems is fully studied in [1]. In [46, 47], the authors
used the interior-point method, which is a subfield of linear
programming, to solve the optimal PMU placement problem
in the power systems. A comparison between different MDP
objectives in some previous studies in the literature is given
in Table 1.

In this paper, a novel method has been proposed to solve
the MDP problem by taking the accuracy, speed, and
number of measurement units into consideration. Real-time
measurements derived from IEEE standard systems play an
important role in the convergence of the SE. The accuracy
and speed of the state estimation depend on standard
measurements, and for a more realistic scenario, the devi-
ation of measurements was considered.

The rest of the paper is organized as follows: section 2
defines the WLS state estimation and its formulation. In
Section 3, the mentioned BDA is introduced as an opti-
mization method to aid in finding the best placement for
measuring devices. Section 4 describes a new formulation of
minimizing the number of measurements while the accuracy
and speed are within the acceptable limits and formally
introduce the flowchart of the mentioned method and
optimization algorithm. Section 5 illustrates the simulation
process and case studies in which two different scenarios are
proposed and then applied in IEEE 33-bus radial distribu-
tion network with presenting the acceptable accuracy range
for SE. This paper is concluded in Section 6.

2. Wight Least-Square State Estimation

State estimate is extensively used as a method to assess the
current real-time time grid parameters. State estimation
algorithms may suffer divergence below stressed system
conditions. The minimum singular worth of gain matrix is
projected to measure the space between the in-operation
purpose and state estimation divergence.

A state estimator is capable of filtering the knowledge to
supply an additional correct image of the state of the system.
The state estimation may be outlined as a method that
determines the in-operation state of the system to permit the
system operator to form selections geared toward main-
taining the protection of the system. The WLS method is
often used for estimating the state of the system. The normal
objective of the state estimation is to cut back on activity
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TaBLE 1: A comparison between different MDP objectives in the literature.

Refs 2]  [21] [22]

(23]

[24] [25] [26] [27] [28] [29]  This paper

Optimal NoMs v v
Quality

Optimal accuracy of states v v v
Cost 4 4
Presence of distributed generations (DGs)

v

v
v

v v v
v v v
v v v
v v v

ANANENEN
SSNRNENEN

errors by utilizing the redundancy obtainable within most
activity systems. The root mean square metric, in particular,
is used to reduce estimate variance and improve overall
efficiency.

The SCADA information, measurement information,
network model, and also the pseudo-measurements are
types of the input for the power system SE method. The
applications, such as contingency analysis, security analysis,
optimal power flow, are enhanced by using the states esti-
mated by SE.

All the SE equations in this section are derived from [37].
The process of WLS ES is illustrated in Figure 1.

3. Dragonfly Algorithm

The dragonfly algorithm (DA) fundamentally in-towers the
conduct of chasing (called static multitude (feeding)) and
relocation instruments of glorified dragonflies administra-
tors [3]. In nature, the dragonflies fly in little gatherings
looking for food sources which are called chasing.

Bigger gatherings of dragonflies fly with one another one
way, so the multitude relocates in a cycle called the
movement component. The two instruments of chasing and
taking care of the amassing conduct of dragonflies when
searching are delineated in Figure 2.

The dragonflies amassing conduct is described by five
administrators:

(1) Separation is the component that guarantees to get
the inquiry specialists far from one another in the
area. The numerical demonstration of the detach-
ment conduct has appeared.

N
S;= - ) X-Xi (1)
j=1

(2) Alignment shows how the speed of a particular in-
quiry specialist is coordinated with the speed of other
pursuit operators in the area. The numerical dem-
onstration of the arrangement conduct has appeared.

N .

Here, V; represents the speed of the jth neighbour.

(3) Cohesion shows how people fly from the neigh-
bourhood region to the focal point of mass. It alludes
to the propensity of people to fly towards the
neighbouring focus of mass. The numerical dem-
onstration of the Cohesion conduct is introduced.

Start iterration
withk =1

Initialize the state
vector x*

Calculate G (x¥)

Calculate t* = HT
R1[z-h (x)]

Find Axk

Test for
convergance

If didnt converge,
K = Axkeak k=
k+1

FIGURE 1: The WLS state estimation process.

N .
¢ -2k ()

(4) Attraction speaks to how the food source draws in
the people that fly towards it. The numerical dem-
onstration of this conduct has appeared.
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FiGure 2: Chasing and taking care of amassing conduct of dragonflies when searching [3].

FizFloc_X’ (4)

where Fj,. represents the position of the food source.

(5) Distraction alludes to the inclination of people to
take off from a foe. The interruption between the ith
arrangement and the adversary is numerically
demonstrated.

E, =E,+X, (5)

where Ej,. symbolizes the enemy’s position.

During the hunting cycle in the dragonfly algorithm,
the wellness of the food source and the area are refreshed
utilizing the competitor with the best wellness. Besides,
the most noticeably terrible applicant updates the
wellness and the area of the adversary. This resulted in
the uniqueness of excellent hunting zones and moving
indefinitely from poor hunting locations. The nonex-
clusive system of the particle swarm optimization al-
gorithm is utilized by the dragonfly algorithm as it
utilizes two vectors to refresh the situation of a dragonfly:
the progression vector (AX) that is like the particle
swarm optimization speed vector and the position vec-
tor. The progression vector (displayed in (6)) serves to
change the dragonflies’ development.

AX,,, = (sS; +aA; + cC; + fF; + etEi) + wAX,, (6)

where s, a, ¢, f, and e are loads of the partition Si, ar-
rangement A;, attachment C; development speed into the
food source F;, and the foe aggravation level E; of the ith
individual separately. Figure (7) shows how these bound-
aries are adaptively tuned during the advancement cycle to
keep up a decent harmony between investigation and ex-
ploitation. W is the latency weight, which is derived based
on (8). More insights regarding the estimations of these
boundaries and their impact on the dragonfly algorithm
conduct can be found.

s =2Xr X pct

a=2xr X pct

c=2xrXpct (7)
f=2xr
et = pct,
0.9-0.4
W =09 Iters 02704 (8)
Max;ter

where pct is calculated as shown in (8).

0.2 x iter . .
0.1 - —————, if (2 x iter) <max_iter
max_iter

pet = , (9
0, (OAY

where r is an arbitrary number in the time period of [0,1].
The situation of an individual is refreshed as shown in

9).
X, = X, +AX,,,. (10)

Here, t is the present step.

Figure 3 shows the pseudo-code of the dragonfly algo-
rithm. At first, the algorithm makes an arbitrarily created
population and instates it with step vectors haphazardly.
Iteratively, the algorithm executes the accompanying strides
until an end basis is met. Initially, a CO is utilized to assess
every person in the populace. Second, the algorithm re-
freshes the primary coefficients (i.e., s, w, a, ¢, f, and e). Later,
the administrators, separation (S), alignment (A), cohesion
(C), food source (F), and enemy €, are adjusted utilizing
equations (1) to (5). At long last, equations (6) and (10) are
utilized to refresh the progression vectors and the dragonfly
position. Subsequently, the best arrangement got so far is
returned.
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Initialize AX; (i=1,2,...,n)
while (end condition is not satisfied) do Evaluate each dragonfly
Update (F) and (E)
Update the main coefficients (i., w, s, a, ¢, f, and et)
Calculate S, A, C, F, and E (using Egs. (1) to (5))
Update step vectors (AX,, ) using Eq. (6)
Update X, using Eq. (10)

Return the best solution

FiGure 3: Dragonfly algorithm process.

3.1. The Binary Dragonfly Algorithm (BDA). A binary op-
timization issue is taken into account by a feature selection
optimization. The solution space is shaped as a hypercube,
where an individual area is distinguished inside the pursuit
space utilizing the position vector x = {xy, x,,. .., x4}. DA is
initially proposed to deal with continuous optimization
issues. The individual position is updated by adding the
current position vector to the progression vector. This
technique must be changed to deal with parallel optimiza-
tion issues. Angular transfer function is utilized to change
over the nonstop qualities into binary which is drawn as
shown in Figure 4.

By utilizing the transfer functions, the positions are
changed over from continuous to binary by using two stages.
To start with, the value of the dth measurement of the ith
step vector (speed) inside the current iteration () is utilized
as a contribution to equation (11) to get the likelihood to set
the component to binary integers (0 or 1). Second, the
component is set as an incentive to 0 or 1 upheld equation
(12).

N A0
T(V:, () = : ; (11)
¥>00) V(v o))
X(t+1)= X r<T(40) (12)

X, rzT(v};(t)) ’

where r could be a function that generates a random number
between 0 and 1. The value of r plays a crucial role to decide
whether the value of X, is flipped. When the value of T
(Vi (1)) is little, the possibility of flipping the new value X
(t+1) is going to be also small.

4. Problem Formulation

The optimal MDP for SE in the distribution system solution
is going to be conducted by a method in which a binary
upper triangular matrix called measurement matrix (M) is
proposed. By encoding the M, the placement of the mea-
surements in the test system will be illustrated. Therefore, a
binary optimization method called BDA is employed to find
the optimal form of M. The solution space is divided into two
sections, buses, and lines. In this article, line measurements
are attached near to the superior bus, and by taking that
assumption into account, diagonal elements of M are rep-
resenting the bus measurement units, and nondiagonal

elements introduce the line measurement units. As an ex-
ample, M,, =1 means that there is a bus measurement device
(smart meter) in the second bus measuring the voltage
magnitude and active/reactive power injection, and M,;=1
means there is a line measurement in the line which connects
the second bus to the third one measuring active and reactive
power flows in the line. BDA generates n variable binary
digits in which # is the sum of the number of buses and lines.
After that, the first nb (number of buses) digits are con-
sidered to be bus measurement device placements, and the
other n;, + 1 to n, + n; (number of lines) digits illustrate line
measurement device placement. By taking this process into
account, when BDA generates a binary number, this process
is able to locate the measurement devices in the power grid.
Figure 5 illustrates the flowchart of the proposed method.
The problem formulation is as follows:

[
minzZcostxMijwhenM(i,j)zb, (13)

i=1 j=1

where b is a unit vector [48].

Table 2 shows the two types of measurement devices
considered for SE.

The sampling rate for both is 120 samples per second in a
60 Hz distribution network [1]. Smart meters can only be
installed in buses, but PMUs are able to be installed in lines
too.

5. Model System Case Study

The IEEE 33-bus distribution test system is employed to
examine the proposed method in two different scenarios. In
one of which, the DGs are installed in some buses. It is worth
noting that the one with the DGs scenario is slightly similar
to that of [29]. The mentioned system is working with a
three-phase symmetric structure and balanced operation
and accuracy.

Two scenarios are introduced in Table 3, and the
comparison between entering DGs and system performance
without DGs is argued in this section while the simulation
process is carried out by MATLAB 2018a in MACOS 10.15.6
with 4 GB of RAM.

As mentioned above, in scenario 1, there are no DGs
installed in the grid, and the accuracy range of SE is from 92
to 94 percent, meaning that the tolerance of 0.08 to 0.06 from
the standard data is acceptable. A speed limit for each part is
assumed to make the simulation results more realistic. For
being more comparable to prior works, DGs are included in
the second scenario. In the end, by using the proposed
method, the optimal MDP for the test system under the
impact of both scenarios is established. It is worth noting
that the speed limit (0.04s) is less than half of the con-
vergence speed of the load flow method for the distribution
system. In global optimization algorithms, a term called
efficiency is used to evaluate the performance of the method
with respect to computational costs [49]. As we mentioned, a
speed limit is set for the state estimation to perform faster
than traditional load flows decreasing the computational
cost of the state estimation compared to load flow. Another
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FIGURE 5: Proposed flowchart of the scheme.
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TaBLE 2: Measurement devices in which V and I are voltage and current phasor while P and Q are active and reactive power, respectively.

Measurement type

Measuring unit

Measured quantities

Branch PMU V,P, Q
Injection Smart meter Abs(V), P, Q
TasLE 3: Different scenarios performed in the IEEE 33-bus system.
DGs installed DGs placements (bus) Accuracy range (%) Speed limits (for each accuracy)
Scenario 1 No — 92 to 94 0.04
Scenario 2 Yes 14, 30 92 to 94 0.04

Convergence curve-first scenario

16 ! ! ! !
14

12 -

10 - -

Average Best So Far

6 | | | |

0 20 40 60 80

100 120 140 160 180 200
Iteration

Convergence curve-second scenario

18 ! ! ! !

Average Best So Far
G
T

12 1 1 1 1
0 20 40 60 80

i i i i i
100 120 140 160 180 200
Iteration

FIGUre 6: Convergence curve shows a minimized number of measurements with 94% accuracy from both scenarios.

term, which is also mentioned in [49], is effectiveness which
is a key index that counts the algorithm’s ability to find
optimality.

The cost of PMU is assumed to be 2000 $, and the smart
meter depends on its inputs, which are from 1000 to 3000 $
[50].

The base parameters of the mentioned system are 11kV
for voltage, I00MVA for power, 1.21 ohm for impedance,
and 60 Hz for frequency. The standard deviation for bus
measurements is 0.008, and for line, measurements are
0.004.

For BDA, the iteration limit is 200, and the number of
particles is 200, while the number of variables is 65, and sums
of nb and nl are 33 and 32, respectively.

Although SE works in the static space, the speed of
convergence is a crucial element giving an advantage to the
SE over the customary load flow. Therefore, with less ac-
curacy, lower speed limitations are assumed in the test
scenarios. The number of measurements and accuracy are
poles apart, similar to speed and accuracy, meaning that by

minimizing the NoMs, SE will be less accurate, so some
boundaries are implemented in the method, such as accu-
racy range and speed limit.

Figure 6 describes the BDA algorithm’s efficiency, the
convergence speed towards optimality, and success in op-
timizing the problem. As mentioned before, the comparison
between BDA and GA took place in Tables 4 and 5, illus-
trating the simulation results of the test system under first
and second scenarios influences. It is worth mentioning that
GA method results are driven from [29].

Figure 7 illustrates 3D figures from scenarios 1 and 2.
The figure illustrates how the number of measurements
changes with different accuracies when there are no DGs
implemented in the test system and the number of repeats
needed for SE to find the answer by the given accuracy in the
first scenario.

By describing the MDP in IEEE 33-bus distribution
system, Figures 8 and 9 are dedicated to simulation results
for both scenarios. It is assumed that some primary mea-
surement devices are placed in the test system, and both
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Figure 7: 3D figure from both scenarios representing the changes of accuracy, speed, and NoMs.
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FIGURE 8: Measurement devices placement in the first scenario with 92% of accuracy.

proposed measurement devices are implemented, as shown
in the mentioned figures. Therefore, the comparison be-
tween BDA and GA became possible.

DGs active power injections are 200 and 300 kW and are
installed in buses 14 and 30, respectively, and the related
measurements extracted from forward-backward load flow
results in IEEE 33-bus with the installation of two DGs.

The first scenario convergence curve with 94% accuracy
is shown in Figure 6, and the effectiveness of the proposed
algorithm is shown with measurements per iteration in the
mentioned plot. As it is visible, it is proposed in [3] that the
BDA algorithm benefits from fast iteration and a sharp
convergence curve. Figure 6 also describes the convergence
curve of the second scenario with the given accuracy per-
centage. The term called effectiveness is also fully under-
standable in Figure 6.

While DGs are not connected to the test network, it is
observed that with the same speed limit, when SE becomes
more accurate, optimized NoMs increase, and for less ac-
curacy, fewer measurement devices are needed to achieve the
accuracy goal. The speed needed for SE to converge each
stage of accuracy has been shown in Figure 7. For the first
scenario, the mentioned figure describes that with more
optimized NoMs, the speed of SE declines.

For less accuracy, however, while optimized NoMs de-
crease, the speed of SE slightly increases, which is logical
because, with a smaller number of measurements, the speed
of convergence raises dramatically, but with numerous
measurements, the speed of convergence decreases.

When two DGs are implemented in the test system, it is
observed that NoMs in high accuracy scenarios have
changed significantly while the speed of convergence for SE
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FIGURE 9: Measurement devices placement in the first scenario with 94% of accuracy.
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FIGURE 10: Measurement devices placement in the second scenario with 92% of accuracy.

decreased and exceeded the mentioned limit, as it is ob-
servable in Figure 7. As accuracy falls, NoMs drop.

The impact of traditional measurements is significant,
and while for the first scenario, there are 20 prior mea-
surements, and in the second scenario, there are 15.

The convergence speed in the second scenario rose
sharply at the cost of the lower accuracy, and similar to the
prior scenario, when NoMs decrease, SE can converge with
more acceleration, and as shown in Figure 9, simulation
results for the DG scenario describe the same data. Due to a
low variety of voltage (between 0.99 and 0.92 p.u), for high
accuracies, NoMs changed significantly.

Figures 8 to 11 show the place of devices in the IEEE 33-
bus distribution system.

A significant fact about Figures 10 and 11 is that in buses
14 and 30, in which DGs are installed, a smart meter is
implemented, which shows that the system observability
depends highly on those buses.

Tables 4 to 7 illustrate a remarkable achievement by BDA
compared to GA and mixed-integer linear programming
(MILP), which shows that even with the highest accuracy,
the optimized solution proposed by BDA is less than the
lowest accuracy proposed solution GA. This is because of
MDP in two DG-implemented buses presented by the BDA
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FIGURE 11: Measurement devices placement in the second scenario with 94% of accuracy.
TABLE 4: Second scenario with 92% accuracy.
NoMs Cost
[29] 10 28000%
This paper 9 24000$
TaBLE 5: Second scenario with 94% accuracy.
NoMs Cost
[29] Not observable N/A
This paper 12 32000$
TaBLE 6: First scenario with 94% accuracy.
Quality NoMs Cost
2] 6158703 11 22000$
This paper 9432851 6 15000$
TaBLE 7: First scenario with 92% accuracy.
Quality NoMs Cost
[2] 6197340 6 12000$
This paper 8463721 5 10000$

algorithm. It is worth noting that linear programming is also

used in [46, 47].

It is illustrated from Tables 6 and 7 that when NoMs

decrease, quality falls dramatically, and

in the second sce-

nario with higher accuracy, BDA finds an optimum

placement. However, the WLS SE surpasses the speed limit,
so the answer is not valid when the speed of the method is

vitally important.

The cost of devices, compared to others, decreased due to
more optimum NoMs by using BDA, showing that the study
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FIGURE 12: Active power, reactive power, and voltage magnitude for each bus at the second scenario with 94% of accuracy.

method in cases of quality, cost, accuracy, and the minimum
number of measuring devices has excellent achievements.

Figures 12 and 13 show the test system voltages and
active and reactive powers for each bus derived by using load
flow and WLS state estimation techniques for 94% and 92%
accuracy in the second scenario.

In light of the above results, for both scenarios within the
case of different accuracies, BDA optimum answers for
lower accuracy were 5 and 9 NoMs, respectively. In refer-
ences [2, 29], NoMs were 6 and 10 for low accuracy. For
higher accuracy as observable, by using the proposed
method, NoMs are significantly lower than [2] 6 and 11,
respectively. In the second scenario, the author of [29] was

not able to find an optimized answer. Although the speed
burdens were surpassed, this article was carried out to find
the optimal answer.

It is understandable from Figure 12 that the peak de-
viation from the standard value was about 0.05 for the active
power of bus 15 and the reactive power of bus 14. In Fig-
ure 13, the deviation reaches its highest point at bus 13 and
10 in active and reactive power, respectively.

In this article, the cost and quality in the first scenario
were lower than those in [2]. The cost of measurement
devices in the second scenario was lower too for the pro-
posed method, which is one of the salient achievements of
this paper.
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6. Conclusion

The key contribution of this article is that the methodology
employed is accustomed to find adequate MDP for SE in the
distribution network by considering the DG installation.
BDA solves the optimization problem, and the SE problem is
approached by the WLS method while the IEEE 33-bus
distribution standard test system is employed to examine the
mentioned method with relevant network observability
under different situations and different accuracies with a
speed limit which is included in the simulation for power
system state estimation.

The application of the PMUs at the distribution systems
can bring numerous benefits to distribution system man-
agement in a very way that overcomes the scarcity of
measurements and improves the distribution system state
estimation performance. However, the main obstacle to be
tackled is that the PMUs are relatively costlier than smart
meters. The authors thank GPS antennas and time signal
distributions.

The simulation result of two different case studies shows
that observability under the DG influence needs more
measurement devices than the other scenario in which no
DGs are installed in the tested system. When the high

accuracy is implemented in SE, the number of measurement
devices slightly increases in both scenarios. While the ac-
curacy of SE is assumed to be lower, the optimization al-
gorithm suggests a smaller number of measurement units to
reach the desired accuracy for the test system observability.

This article showed how BDA outperformed GA and
linear optimization algorithms. In the case of operation costs
and cost of measurement devices, the mentioned method
found a more economical answer than the other techniques.
Concerning output quality, which was considered in the first
scenario, BDA found answers with more quality of results.
Therefore, the proposed method in terms of data quality,
cost, and NoMs surpassed other methods.

Note that the PMU performance criteria might vary
within the structure and parameters of distribution systems.
The key contribution of this paper is that the methodology is
accustomed find adequate PMU for better state estimation
accuracy and their installation sites, which will improve the
distribution state estimation performance and overall ac-
curacy. In the end, the PMU accuracy at specific sites is often
selected in accordance with the current PMU standards.

Unbalanced three-phase loads and operation are not
taken into account in this article, along with observability
during faults and dynamic state estimation. Consequently, as
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part

of future work, our focus will be on dynamic state

estimation and its applications such as observability of a
system, while a fault occurs, and cyber-attack in the dis-
tribution system.

Abbreviations

BDA: Binary dragonfly algorithm

DG: Distributed generation

GA: Genetic algorithm

Iter: Iteration

MDP: Measurement devices placement

MLE: Maximum likelihood estimation

NoMs: Number of measurements

PMU: Phasor measurement unit

PSO: Particle swarm optimization

SE: State estimation

WLS: Weight least square

e: Error vector

h(x): Nonlinear function

k: Number of iterations

m: Number of measurements

nb: Number of buses

nl: Number of lines

s, a, ¢, f, and et: Weights of the separation

X State vector

z: Measurement vector

o, Standard deviation

A: Alignment

C: cohesion

E: Enemy disturbance level

F: Food source

Floc: Food location

J(x): Jacobian matrix

M: Measurement matrix

R: Diagonal matrix of standard deviation

S: Separation

\%E Speed of the jth neighbor

Z: The input of the algorithm generated by
DA.
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