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ARTICLE INFO ABSTRACT

Keywords: Renewable resources are most effective for sustainable development of society and economically
Power quality efficient for small-scale power generation. However, grid integration is challenging because of the
FACTS . randomness of the source effects on power system parameters. This work proposes power quality
Etrzindewable hybrid system enhancement by incorporating Static VAR Compensator (SVC) in a grid-integrated renewable
sve hybrid power system. SVC is one of the shunt type Flexible AC Transmission Systems (FACTS)

devices that is adopted in this system for the compensation of reactive power requirement. The
proposed hybrid system for the Rohingya Refugee camp is energized by a wind and solar based
sources. The objective is to enhance the overall bus voltage profile by minimizing both real and
reactive power losses as well as boost the power transmission capability of the entire system.
Different case studies have been considered by changing the source availability and generation
supply for load flow analysis using ETAP software. Moreover, critical system parameters such as
bus voltage, power transfer capacity, and power losses have been reported during the inactive
time of one or both renewable sources. The results obtained without SVC have been compared
against the ones with the presence of SVC. Our analysis reveals that, as a result of using SVC, the
voltage profile improves by 2.9-3.3%, branch loss reduces by 2.1-2.4%, and power transfer
capability enhances by 7.5-9 units.

Rohingya refugee camp

1. Introduction

Renewable energy development is significant in this new era from different perspectives like modern technology, assessment of
resources, system design, etc. and few countries have reached the double-digit share of renewable energy in power generation [1].
Bangladesh is a developing country with more than 160 million people where the power generation mostly depends on non-renewable
energy rather than renewable energy [2]. The overall power generation efficiency varies between 34.9% and 36.3% in the period 2007
to 2016 and the renewable energy shares vary from 0.62% to 1.64% within this period [3]. Access to clean, reliable, and affordable
energy is a basic human need at a household level. But it is difficult to fulfill the power demand as per expectation in a developing
country. So, there is no alternative to renewable energy in places where electricity facility either unavailable or insufficient to meet the
electricity demand. Hence, renewable energy generation has huge potential for sustainable development in this region [4-6]. To make
the renewable energy (RE) system more reliable, one of the most important factors is power quality, and FACTS is amongst the most
outstanding power electronics devices that contribute to power system stability in an efficient manner [7-9]. Earlier part of this
research work depicted the feasibility analysis of the adopted site [10,11] by the same authors. This paper emphasizes on the power
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quality issue for the chosen power systems architecture.

1.1. Literature review

The power quality of a solar-wind based power system was studied in Ref. [12], where voltage mitigation, sag, swell and voltage
stability were identified as the major challenging issues. The reason for these problems is the randomness and non-linear character-
istics of renewable sources due to discontinuity of supply which depends entirely on nature. Due to these problems, it becomes
challenging to rely solely upon renewable energy based generating schemes for obtaining electricity. Moreover, this also introduces
challenges while the necessity of grid integration arises. To overcome these problems, extensive amount of research were conducted
for introducing advanced technologies in the form of power electronics devices like FACTS. A modern optimization technique, namely
Atom search optimization (ASO) was adopted to design a fractional-order proportional integral derivative (FOPID) controller for
unified power quality conditioner (UPQC) in a renewable hybrid system [13]. The work succeeded to achieve a reduced overall power
loss and total harmonic distortion (THD) for the system under consideration. The ASO-UPQC combination was also proposed for
optimizing the power quality issues of a grid-integrated hybrid renewable energy system (HRES) [14]. Reactive power based sensi-
tivity indices was proposed to identify the voltage instability issues in renewable energy based power system [14,15]. With the aid of
the proposed indices, the enhancement in renewable energy penetration level into the grid was justified. Application of Static Syn-
chronous Compensator (STATCOM) was proposed to improve the voltage profile of a wind-solar based renewable hybrid farm [16]. It
was identified that the STATCOM could compensate for the necessary reactive power required by the HRES and increase the system
reliability. Ref. [17] presented an analytical approach for examining the power quality related techno-economic issues of a renewable
energy based power system incorporating FACTS devices. The analysis attempted to minimize the financial losses occurring due to
various power quality indices such as voltage sag, voltage imbalance, cost associated with different harmonic mitigating solutions and
relevant payback. The effectiveness of a number of FACTS devices such as SVC, STATCOM, and Static Synchronous Series Compensator
(SSSC) was analyzed for maintaining voltage profiles in photovoltaic (PV) systems utilizing PV diagram [18]. The SVC technology was
adopted for enhancing system voltage profile, reducing reactive power loss, and suppressing voltage fluctuation in the power system
[19]. The SVC was integrated with two different IEEE benchmark power systems and the results showed significant improvement of the
aforesaid parameters after installing SVC. Incorporation of Thyristor Controlled Series Compensator (TCSC), SVC, and STATCOM into
renewable hybrid system improved the overall power quality [20]. A two area interconnected power system was tested for improving
the power quality using voltage sources converter based FACTS devices like STATCOM, SSSC, and Unified Power Flow Controller
(UPFC) [21]. The results indicated that with the incorporation of FACTS, the power loss got reduced and the system responses became
faster compared to the system without FACTS. The allocation of FACTS device based on evolutionary algorithms in standard IEEE
benchmark systems was studied in Ref. [22]. It was depicted that the introduction of FACTS enhanced the voltage stability margin of
the entire system. A MATLAB/Simulink based grid-tied wind energy generation system was studied where improved bus voltage
profile and increased system efficiency was obtained by the adoption of STATCOM [23]. The impacts of renewable energy sources’
power flow control by incorporating SVC and TCSC was investigated in Ref. [24]. The work emphasized on the effectiveness of existing
transmission lines for bulk power transfer which gave better performances by the inclusion of FACTS. A linear quadratic regulator
(LQR) was utilized to eradicate the power quality related issues of a grid-integrated PV system feeding power to a non-linear load [25].
The analysis was conducted in MATLAB/Simulink environment which showed that the PV inverter compensated for the reactive power
issues, reduced the THD, and yielded near-unity power factor. An extensive review on FACTS based power quality improvement for
on-grid and off-grid renewable energy systems was conducted in Ref. [26]. The work demonstrated the adoption of a variety of
conventional and adaptive algorithms to control the Distribution FACTS (DFACTS) with an aim to enhance the utility power quality
with renewable energy penetration.

1.2. Contribution of paper

In this research, a FACTS device called SVC is used in the proposed grid-connected renewable hybrid system which stabilizes and
enhances the bus voltage, compensates for the reactive power, and reduces the active power loss to ensure enhanced power trans-
mission. The obtained outcome is compared to the results without using SVC. This proposed grid-connected renewable hybrid system is
a power crisis solution for Teknaf nayapara Rohingya refugee camp. In this Camp 3733 family lives according to Refugee Relief and
Reprobation Commission (RRRC) registration [11]. Considering 150 W load for each family this grid-connected hybrid system is
proposed by incorporating the FACTS device. This Rohingya camp is located near the coastal area where renewable resources are
available. To the best of the authors’ knowledge, no previous work proposed the adoption of FACTS based renewable energy system for
improving the power quality issues of the Rohingya refugee camp of Teknaf. Hence, the novelty of this study is to offer a reliable power
supply solution for the refugees through the use of FACTS based renewable energy system.

1.3. Formation of paper

The remainder of the paper is organized as follows. Section 2 presents the details about the methodological formulation, basic
structure, and characteristics of SVC. Section 3 discusses the proposed hybrid system configuration. Simulation results of the conducted
case studies along with the critical discussions of the obtained results are described in Section 4. Section 5 concludes the present
research and provides some future direction of the current work.
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2. Mathematical modeling

In this proposed system the primary components are renewable generation sources (solar and wind), load, and FACTS devices. The
details are discussed in the following subsections.

2.1. Solar PV system

The use of solar energy in power generation has been widely observed in recent years as it is a readily available renewable energy
source in nature. Compared to other renewable energy sources, it became more popular around the world due to a range of technology
introduced for converting solar energy into electricity. Using the photovoltaic effect, solar radiation is converted to electricity. Ac-
cording to the International Energy Agency under its ‘Net Zero by 2050’ report, about 20% of the world’s total electricity generation
will be contributed from solar energy. At present, China has the most solar plants installed [27].

A solar cell or photovoltaic cell is a combination of a p-type and n-type semiconductor called a p-n junction which is made of a thin
layer of semiconductor material. An equivalent circuit of a solar cell is represented in Fig. 1 where a current source (Ipy), a diode, a
series resistor (Rg), and a parallel resistor (Rg,) are included.

The characteristic of the solar panel used in this work is shown in Figs. 2 and 3. These figures describe the relationship between
power vs. voltage (P-V) and current vs. voltage (I-V) of the solar panel, respectively [28].

The electrical characteristic data of the solar panel as obtained from Figs. 2 and 3 are given in Table 1.

2.2. Wind energy system

Wind energy is one of the best renewable energy sources around the world. Wind energy is converted into electrical energy through
the mechanical system. For the conversion of wind energy into electricity, various types of wind turbines are used like synchronous
generators, permanent magnet synchronous generators (PMSG), induction generators, and doubly-fed induction generators. The
extractable power from the wind is expressed as in Eq. (1) [29]:

1
Pa\fztilzi*p*A*V3*C[1 (1)
where p is the density of air, A is swept area of turbine blades, V is the wind speed, and C,, is the power coefficient. The blade swept are
can be expresses as in Eq. (2):
A=nr 2
where the radius(r) is the turbine blade length.
No wind turbine can convert more than 59.3% of the kinetic energy of the wind into mechanical energy by turning a rotor as per
German physicist Albert Betz in 1919. Hence, this value (59.3%) serves as the upper limit of wind energy conversion and termed as the
Betz limit. However, in practice, the Betz limit is difficult to attain even with the best-designed wind turbine, and the practical value of

power coefficient lies within 35%-45%. In addition to this, there are many other factors of an entire wind power generation scheme
like generators, converter, gearbox, shaft, and so on. By considering all of this, only 10-30% of wind power is converted into useable
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Fig. 1. The equivalent circuit of the solar cell.
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Fig. 3. I-V curve of the solar panel.
Table 1
Electrical parameters of solar panel.
Electrical characteristics at a standard temperature condition
Maximum Power (Pyax) 260.2 W
Power Tolerance 0~+7.7W
Panel efficiency 14.2%
Current at maximum power point (I,p) 7.97 A
Voltage at maximum power point (Vip) 32.65V
Short Circuit Current (I ) 8.49 A
Open Circuit Voltage (Vo) 40.57 V
Solar Radiation [10,11] 4.76 kWh/m2/day
electricity.
2.3. Load

Constant PQ (real and reactive) load has been considered in this work. The power factor is a very important issue; according to the
Bangladesh power system (BPS) the power factor varies from 0.85 to 0.95 [30]. The power factor at the load buses has been chosen as
0.95, lagging in this work.
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2.4. Static VAR Compensator (SVC)

Shortage of reactive power causes voltage sag which ultimately leads the system to voltage instability. Shortage of reactive power
provides a reduced level of voltage, and on the other hand, surplus reactive power causes the power loss of the transmission line. To
provide controlled reactive power in the system, the shunt FACTS device like SVC can be used. It provides reactive power in a
controlled manner which in turn increases the system capacity of power transmission as well as the stability [31].

SVC is a controlled shunt susceptance device that can inject or absorb reactive power depending on the necessity. The control
objective of the SVC is to maintain a desired voltage level in the system. As observed in Fig. 4, since the value of reactive power (+Qcap)
provided by the fixed capacitor (FC) is constant, the resultant reactive power (Qngr) injected into the system is controlled by the level
of reactive power (Qinp) absorbed by the thyristor controlled reactor (TCR). The firing angle of the anti-parallel thyristor can produce
variable reactance [32].

The SVC can operate in two separate modes: one is voltage control mode and the other is VAR control mode. When it operates in
voltage regulation mode, it follows the following characteristic curve shown in Fig. 5.

The fundamental component of the TCR current, Igyc is obtained by Fourier analysis. The analytical expression of Igyc can be given
as in Eq. (3):

Isye =Brcr (0)U; 3)

where, 6 = 2 (IT — &), XL = oL, Brcr(c) denotes an adjustable fundamental-frequency susceptance, ¢ is the angle for which a thyristor
conducts, and « is the firing or delay angle. The dependence of Brcr(6) on ¢ is shown in Eq. (4):

Brer = (6 —sin 6) / nX 4
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Fig. 4. Basic construction of SVC [30].
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3. Proposed hybrid system configuration

This proposed system is mainly focused to improve the voltage profile, enhance the active power transfer capability, and reduce the
branch losses in the network. The variability of renewable sources introduces an unwanted fluctuation in system voltage. Moreover, as
most of consumers’ demand is inductive in nature, the reactive power absorbed from the distribution system causes a dip in the voltage
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Fig. 6. Single line diagram of proposed grid-connected PV-Wind renewable hybrid system using SVC.




M.N. Absar et al. Heliyon 9 (2023) e17915

profile. Due to reactive power reduction in the system, transmission loss increases and the system becomes inefficient. FACTS device is
a great innovation for improving the power quality. Therefore, in this work, the inclusion of a FACTS device named Static VAR
Compensator (SVC) in the network system is proposed. The single line diagram (SLD) of the proposed system is shown in Fig. 6.

In this grid-connected hybrid system, an 11/.440 kV distribution system is proposed with 4 buses as of Fig. 6. This system is
proposed for Teknaf Nayapara Rohingya refugee camp where 3732 families registered as per the Refugee Relief and Reprobation
Commission (RRRC) report. Approximately 1.5 MW grid-connected solar wind hybrid system is designed considering an 80-W fan, two
energy bulbs of 30 W, and other 10-W loads for each household. The system consists of four PV arrays, each rated 245.6 kW. The output
of each PV array is fed through a 250 kVA inverter for necessary conversion from DC to AC. Moreover, ten wind turbines, each rated 50
kW, are installed at the voltage control bus 4, while the utility is used as the slack or swing bus 1. Two lump loads of 581 kVA and 594
kVA rating are connected at load bus 2 and 3, respectively. The wind turbine and solar panel sizes are selected from an earlier case
study where the authors simulated a cost-effective 1.5 MW grid-connected hybrid system for the same location using HOMER software
[11]. Furthermore, a distribution transformer used has a rating of 1.5 MVA. The two SVCs (rating of 2 VAR inductive and 3 VAR
capacitive) are placed at bus 3 & 4 where voltage fluctuation is more. The SVC rating is selected through extensive simulation where
the given rating provided the best result. The location of the SVCs are decided based on the seven scenarios conducted for this study.
Design data are provided in Table 2.

According to the availability of the sources, the following configurations are simulated for finding the power quality (Parameters)
of the proposed system. Tables 3 and 4 represent case studies 1 and 2 comprising of 7 different scenarios based on the availability and
output percentage variation of adopted resources.

The main purpose of study 1 is to observe the system response when two renewable sources are completely out of service or one
source is out of service and the other is in service.

Study 2 is to observe the system when two renewable sources are in service, but the output is changing due to the variation of
nature.

4. Simulation result & discussion

In this research, the combination of the solar PV panel and wind turbine is used for designing a grid-connected hybrid renewable
energy system. The complete proposed system analysis representations are given below.

4.1. Simulation tools

In this work, ETAP (Electrical Transient Analyzer Program) simulation software has been used. This simulation module has many
features such as power system analysis, real-time simulation monitoring, and optimized control. It is the most comprehensive analysis
software made especially to design and apply tests of power systems. This software was developed by Operation Technology Inc. [28,
33]. ETAP software is used in this research for power flow analysis and monitoring the different power quality of the designed system.

4.2. Load flow analysis

The main purpose of analyzing load flow in ETAP is to get detailed information about the characteristics of the power system under
various supply and load conditions with the presence and absence of SVCs. From this load flow simulation, the information of voltage
regulation, power loss in the transmission network, and current flow of the system have been obtained. Seven cases were considered
under the two study observations, which are shown in Figs. 7-20 and Tables 5-11.

4.2.1. Scenario -1

When wind turbine and PV array are active, the parameters of average bus voltage, average active power flow, and average voltage
drop are 99.2%, 256.7 kW, and 1.39% respectively. After the addition of SVCs, the average bus voltage improves to 99.6%, the average
active power increases from 256.7 kW to 257.0 kW, and the average branch voltage drop is reduced by 0.31%.

Table 2

System parameters connected at each bus.
Source Quantity Rating Bus Number
Transformer 1 1500 kVA 1&2
PV Arrayl 1 245.6 KW 4
PV Array2 1 245.6 KW 4
PV Array3 1 245.6 KW 4
PV Array4 1 245.6 KW 4
Wind Turbine 10 50.0 KW 4
svC 2 2 VAR inductive and 3 VAR Capacitive 4
Lumped Loadl 1 581 kVA 2
Lumped Load2 1 594 kVA 3




M.N. Absar et al. Heliyon 9 (2023) e17915

Table 3
Case study-1 depending on connectivity.
Study:1 WTG PV array Power Grid Details
Scenario-1 In service In service In service All the sources are working
Scenario-2 out of service In service In service Wind turbines are out of service, PV array, and grid supply the required power
Scenario-3 In service out of service In service Only grid and wind turbine supply the demand
Scenario-4 out of service out of service In service Only grid fulfill the load requirement
Table 4
Case study-2 depending on percentage (%) of renewable energy contribution.
Study:2 WTG PV array Power Grid Details
Scenario-5 WTG output 40% PV array output 90% In service Considering peak supply from the renewable sources
Scenario-6 WTG output 20% PV array output 35% In service When wind speed is reasonable and the weather is gloomy
Scenario-7 WTG output 5% PV array output 20% In service Minimum output considered from renewable sources
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Fig. 7. Load flow analysis of scenario-1 when SVCs are inactive.

4.2.2. Scenario -2

When the PV array is active and the wind turbine is inactive, the parameters of average bus voltage, average active power flow, and
average voltage drop are 99.2%, 267.7 kW, and 1.31% respectively. After the addition of SVC, the average bus voltage improves to
99.4%, the average active power remains the same, and the average branch voltage drop is reduced by 0.39%.

4.2.3. Scenario -3

When the wind turbine is active and the PV array is inactive, the parameters of average bus voltage, average active power flow, and
average voltage drop are 96.4%, 374.3 kW, and 2.89% respectively. After the addition of SVC, the average bus voltage improves to
99.3%, the average active power increases from 374.3 kW to 381.8 kW, and the average branch voltage drop is reduced by 2.11%.

4.2.4. Scenario -4

When wind turbine and PV array are inactive, the parameters of average bus voltage, average active power flow, and average
voltage drop are 95.9%, 415.8 kW, and 3.31% respectively. After the addition of SVC, the average bus voltage improves to 99.2%, the
average active power increases from 415.8 kW to 424.8 kW, and the average branch voltage drop is reduced by 2.43%.
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Fig. 11. Load flow analysis of scenario-3 when SVCs are inactive.

4.2.5. Scenario -5

When the wind and PV array is active but the output of the wind turbine is 40% and PV array output is 90%, at that time the
parameters of average bus voltage, average active power flow, and average branch voltage drop are 100.1%, 302.3 kW and 2.28%
respectively. After the addition of SVC, the average bus voltage decreases a little bit, the average branch voltage drop is reduced by
0.16%, and the average active power increases slightly.

10
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Fig. 13. Load flow analysis of scenario-4 when SVCs are inactive.

4.2.6. Scenario -6
When wind and PV array is active but the output of the wind turbine decreases to 20% and the PV array output decreases to 35%, of
the average bus voltage, average active power flow, and average branch voltage drop are 99.2%, 266.0 kW and 1.32% respectively.

After the addition of SVC, the average bus voltage and the average active power increases slightly, and the average branch voltage drop
is reduced by 0.38%.

11
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Fig. 15. Load flow analysis of scenario-5 when SVCs are inactive.

4.2.7. Scenario -7
When wind and PV arrays are active but wind turbine and PV arrays output is further reduced to 5% and 20% respectively, then the
values of average bus voltage, average active power flow, and average voltage drop are 98.2%, 320.5 kW, and 1.61% respectively.

After the addition of SVC, the average bus voltage improves to 99.5%, the average active power increases from 320.5 kW to 324.0 kW,
and the average branch voltage drop is reduced by 0.80%.
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Fig. 16. Load flow analysis of scenario-5 when SVCs are active.
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Fig. 17. Load flow analysis of scenario-6 when SVCs are inactive.
4.3. Performance analysis of all seven scenarios
FACTS device has outstanding performance in power system control, transient and steady-state stabilization that increases the
efficiency of operation and functionality of existing power transmission and distribution systems. To maintain bus voltage magnitude

in shunt compensation Static VAR Compensator (SVC) is used in this proposed system, which is one kind of FACTS device.
A summary of all seven scenarios without SVC is given in Table 12. Active generation sources are denoted by +/ while the inactive
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Fig. 18. Load flow analysis of scenario-6 when SVCs are active.
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Fig. 19. Load flow analysis of scenario-7 when SVCs are inactive.

sources are denoted by X.

The system responses after the introduction of SVC are depicted in Figs. 21-25. The obtained value of bus voltage, without SVC and
with SVC is shown in Figs. 21 and 22. It is observed that the average voltage increases from 98.3% to 99.5% with SVCs. Moreover, the
average active power transfer capability increases from 314.7 kW to 317.7 kW, and branch losses decrease by 0.94% after using SVC.
Details are given in Figs. 23-25.
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Fig. 20. Load flow analysis of scenario-7 when SVCs are active.
Table 5
Scenario-1: Comparative result of load flow analysis with and without SVCs.
Bus No Voltage Profile (%) From Bus To Bus Active Power (kW) Voltage Drop (%)
Without SVC With SVC Without SVC With SVC Without SVC With SVC
Busl 100.0 100.0 Busl Bus2 489.0 490.0 1.21 0.93
Bus2 98.8 99.1 Bus2 Bus3 22.4 22.6 0.96 0.16
Bus3 97.8 98.9 Bus4 Bus2 85.4 84.6 1.21 1.53
Bus4 100.0 100.6 Bus4 Bus3 430.0 431.0 217 1.69
AVG 99.2 99.6 256.7 257.0 1.39 1.08
Table 6
Scenario-2: Comparative result of load flow analysis with and without SVCs.
Bus No Voltage Profile (%) From Bus To Bus Active Power (kW) Voltage Drop (%)
Without SVC With SVC Without SVC With SVC Without SVC With SVC
Busl 100.0 100.0 Busl Bus2 589.0 589.0 0.99 0.87
Bus2 99.0 99.1 Bus2 Bus3 66.1 66.4 1.13 0.53
Bus3 97.9 98.6 Bus4 Bus2 29.6 29.5 0.99 0.87
Bus4 100.0 100.0 Bus4 Bus3 386.0 386.0 212 1.40
AVG 99.2 99.4 267.7 267.7 1.31 0.92
Table 7
Scenario -3: Comparative result of load flow analysis with and without SVCs.
Bus No Voltage Profile (%) From Bus To Bus Active Power (kW) Voltage Drop (%)
Without SVC With SVC Without SVC With SVC Without SVC With SVC
Busl 100.0 100.0 Busl Bus2 905.0 919.0 2.00 0.43
Bus2 98.0 99.6 Bus2 Bus3 207.0 212.0 4.78 1.34
Bus3 93.2 98.2 Bus4 Bus2 145.0 151.0 3.50 0.35
Bus4 94.5 99.2 Bus4 Bus3 240.0 245.0 1.28 0.99
AVG 96.4 99.3 374.3 381.8 2.89 0.78
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Table 8
Scenario -4: Comparative result of load flow analysis with and without SVCs.
Bus No Voltage Profile (%) From Bus To Bus Active Power (kW) Voltage Drop (%)
Without SVC With SVC Without SVC With SVC Without SVC With SVC
Busl 100.0 100.0 Busl Bus2 1011.0 1029.0 211 0.30
Bus2 97.9 99.7 Bus2 Bus3 254.0 260.0 5.56 1.61
Bus3 92.3 98.1 Bus4 Bus2 203.0 210.0 4.46 0.75
Bus4 93.4 99.0 Bus4 Bus3 195.0 200.0 1.11 0.86
AVG 95.9 99.2 415.8 424.8 3.31 0.88
Table 9
Scenario -5: Comparative result of load flow analysis with and without SVCs.
Bus No Voltage Profile (%) From Bus To Bus Active Power (kW) Voltage Drop (%)
Without SVC With SVC Without SVC With SVC Without SVC With SVC
Busl 100.0 100.0 Busl Bus2 61.1 61.6 1.49 1.60
Bus2 98.5 98.4 Bus2 Bus3 173.0 174.0 1.12 1.06
Bus3 99.6 99.5 Bus4 Bus2 339.0 339.0 3.82 3.44
Bus4 102.3 101.8 Bus4 Bus3 636.0 636.0 2.70 2.38
AVG 100.1 99.9 302.3 302.7 2.28 2.12
Table 10
Scenario -6: Comparative result of load flow analysis with and without SVCs.
Bus No Voltage Profile (%) From Bus To Bus Active Power (kW) Voltage Drop (%)
Without SVC With SVC Without SVC With SVC Without SVC With SVC
Busl 100.0 100.0 Busl Bus2 576.0 577.0 1.02 0.89
Bus2 99.0 99.1 Bus2 Bus3 60.7 61.0 1.11 0.49
Bus3 97.9 98.6 Bus4 Bus2 36.5 36.2 1.02 0.94
Bus4 100.0 100.1 Bus4 Bus3 391.0 391.0 2.13 1.43
AVG 99.2 99.4 266.0 266.3 1.32 0.94
Table 11
Scenario -7: Comparative result of load flow analysis with and without SVC.
Bus No Voltage Profile (%) From Bus To Bus Active Power (kW) Voltage Drop (%)
Without SVC With SVC Without SVC With SVC Without SVC With SVC
Busl 100.0 100.0 Busl Bus2 765.0 773.0 1.25 0.51
Bus2 98.8 99.5 Bus2 Bus3 144.0 147.0 2.60 0.85
Bus3 96.2 98.6 Bus4 Bus2 67.9 68.9 0.82 0.51
Bus4 97.9 100.0 Bus4 Bus3 305.0 307.0 1.78 1.36
AVG 98.2 99.5 320.5 324.0 1.61 0.81

5. Conclusions

This research explored the effectiveness of a Static VAR Compensator (SVC) in a grid integrated solar-wind hybrid system. Load
flow analysis was carried out using ETAP for observing the improvement of power quality after the installation of SVCs in the proposed

Table 12
Summary of all seven scenarios without SVC.
Wind Turbine PV Array Grid Analysis

Study-1 System response with at least one renewable source unavailable
Scenario-1 v v v Under voltage at bus 2 and bus 3.
Scenario-2 X v v Similar response to case 1.
Scenario-3 v X 4 Under voltage at Buses 3 and 4, increased branch loss.
Scenario-4 X X v The entire network is in low voltage.
Study-2 System response with variable renewable source outputs
Scenario-5 Output 40% Output 90% v Overvoltage at the bus nearest to the wind turbine.
Scenario-6 Output 20% Output 35% v Same as scenarios-2
Scenario-7 Output 5% Output 20% v Under voltage at bus 3 and bus 4.
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Fig. 22. Average voltage profile (%) Improvement of each scenario.

network. Two different case studies involving seven scenarios were conducted based on the source availability status and output
variations. It was observed that, with the variation in the output of the power generation sources, the voltage profile of different buses
changed, causing increased real and reactive power losses and reduced power transfer capacity. With the use of SVC, the average
voltage profile improved by 1.12%, the power transfer capability enhanced from 314.7 kW to 317.7 kW, and the branch losses reduced
by 0.94%. Moreover, the power quality improvement was found to be more pronounced during the absence of one or both of the
renewable generation sources, which proves the efficiency and reliability of the proposed system. In future, a prototype model of the
proposed setup can be implemented in the laboratory followed by the real life implementation at the site under study.
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Fig. 24. Enhancement of average power transfer of all scenarios.
Author contribution statement
Mohammad Nurul Absar: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data;
Wrote the paper.
Md. Fokhrul Islam: Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote the paper.
Ashik Ahmed: Analyzed and interpreted the data; Wrote the paper.

Data availability statement

The data that has been used is confidential.

18



M.N. Absar et al. Heliyon 9 (2023) e17915

w

3.5
3
g s
g
S 2
&
£ 15
2
1
. [ [ - [

Average of all

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 Scenarios
result
m Without SVC 1.39 131 2.89 331 2.28 1.32 1.61 2.02
m With SVC 1.08 0.92 0.78 0.88 2.12 0.94 0.81 1.07
W Reduced Voltage drop (%) 0.31 0.39 211 2.43 0.16 0.38 0.81 0.94
Scenarios

Fig. 25. Average branch losses (%) of all scenarios.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to

influence the work reported in this paper

Acknowledgment

The authors are grateful to the Department of Electrical & Electronic Engineering (EEE), at the Islamic University of Technology

(IUT), Gazipur 1704, Bangladesh, an Organization of Islamic Co-operation (OIC) for the support to carry out this research work.

References

[1]
[2]

[3

—

[4]
(5]
[6]
71

[8]

[9]

[10]

[11]

[12]
[13]
[14]

[15]

Poul Alberg Stergaard, Neven Duic, Younes Noorollahi, Hrvoje Mikulcic, Soteris Kalogirou, Sustainable development using renewable energy technology,
Renew. Energy 146 (2020) 2430-2437, https://doi.org/10.1016/j.renene.2019.08.094.

Saiful Islam, Md. Ziaur Rahman Khan, A review of the energy sector of Bangladesh. 1st International Conference on Energy and Power, 14-16 December 2016,
RMIT University, Melbourne, Australia, Energy Proc. 110 (2017) 611-618, https://doi.org/10.1016/j.egypro.2017.03.193.

Shahariar Hossain, Hemal Chowdhury, Tamal Chowdhury, Jamal Uddin Ahamed, R. Saidur, Sadiq M. Sait, Marc A. Rosen, Energy, exergy, and sustainability
analyses of Bangladesh’s power generation sector, Energy Rep. 6 (2020) 868-878, https://doi.org/10.1016/j.egyr.2020.04.010.

Mohammad Faruque Hossain, S. Hossain, Muhammad Jasim Uddin, Renewable energy: prospects and trends in Bangladesh, Renew. Sustain. Energy Rev. 70
(2017) 44-49, https://doi.org/10.1016/j.rser.2016.11.197.

Md Abdullah Hil Baky, Md Mustafizur Rahman, A.K.M. Sadrul Islam, Development of renewable energy sector in Bangladesh: current status and future
potentials, Renew. Sustain. Energy Rev. 73 (2017) 1184-1197, https://doi.org/10.1016/j.rser.2017.02.047.

P.K. Halder, Norottom Paul, Mohammad U.H. Joardder, Moinuddin Sarker, Energy scarcity and potential of renewable energy in Bangladesh, Renew. Sustain.
Energy Rev. 51 (2015) 1636-1649, https://doi.org/10.1016/j.rser.2015.07.069.

S.K. Srivastava, S.N. Singh, K.G. Upadhyay, FACTS Devices and Their Controllers: an Overview, in: National Power Systems Conference, NPSC, 2002,

pp. 468-473.

Amin Mohammad Saberian, Payam Farzan, Mohsen Fadaee Nejad, Hashim Hizam, Chandima Gomes, Mohammad Lutfi, B. Othman, Mohd Amran Mohd Radzi,
Mohd Zainal Abidin Ab Kadir, Role of FACTS Devices in Improving Penetration of Renewable Energy, in: 2013 IEEE 7th International Power Engineering and
Optimization Conference (PEOC02013), Langkawi, Malaysia, 2013, https://doi.org/10.1109/PEOCO.2013.6564587.

Amaranth Sanyal, Archita Ghosh, Raju Basak, Sourish Sanyal, Subhasree Chatterjee, Dipayan Biswas, An article on flexible A.C transmission system, Int. Res. J.
Eng. Technol. (IRJET) 3 (5) (2016) 3125-3130.

Mohammad Nurul Absar, Md Fokhrul Islam, Performance analysis of monthly averages solar radiation estimation models for Teknaf, Bangladesh, in: 5th
International Conference on Advances in Electrical Engineering (ICAEE), Dhaka, Bangladesh, IEEE, 2019, pp. 218-222, https://doi.org/10.1109/
ICAEE48663.2019.8975552.

Mohammad Nurul Absar, Md Fokhrul Islam, A case study on efficient grid-connected hybrid energy system for Rohingya Refugees, in: 5th International
Conference on Advances in Electrical Engineering (ICAEE), Dhaka, Bangladesh, IEEE, 2019, pp. 240-245, https://doi.org/10.1109/
ICAEE48663.2019.8975444.

G.B. Ezhiljenekkha, M. Marsaline Beno, Review of power quality issues in solar and wind energy, Mater. Today: Proc. 24 (2020) 2137-2143, https://doi.org/
10.1016/j.matpr.2020.03.670.

Ch Rami Reddy, B. Srikanth Goud, Gundala Srinivasa Rao, Edson C. Bortoni, Power quality improvement in HRES grid connected system with FOPID based atom
search optimization technique, Energies 14 (2021) 5812, https://doi.org/10.3390/en14185812.

Gundala Srinivasa Rao, B. Sriknath Goud, Ch Rami Reddy, Power Quality Improvement using ASO Technique, in: 2021 9th International Conference on Smart
Grid (ICSmartGrid), Setubal, Portugal, 2021, pp. 238-242, https://doi.org/10.1109/icSmartGrid52357.2021.9551226.

Bukola Babatunde Adetokun, Joseph Olorunfemi Ojo, Christopher Maina Muriithi, Reactive power-voltage-based voltage instability sensitivity indices for power
grid with increasing renewable energy penetration, IEEE Access (2020), https://doi.org/10.1109/ACCESS.2020.2992194.

19


https://doi.org/10.1016/j.renene.2019.08.094
https://doi.org/10.1016/j.egypro.2017.03.193
https://doi.org/10.1016/j.egyr.2020.04.010
https://doi.org/10.1016/j.rser.2016.11.197
https://doi.org/10.1016/j.rser.2017.02.047
https://doi.org/10.1016/j.rser.2015.07.069
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref7
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref7
https://doi.org/10.1109/PEOCO.2013.6564587
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref9
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref9
https://doi.org/10.1109/ICAEE48663.2019.8975552
https://doi.org/10.1109/ICAEE48663.2019.8975552
https://doi.org/10.1109/ICAEE48663.2019.8975444
https://doi.org/10.1109/ICAEE48663.2019.8975444
https://doi.org/10.1016/j.matpr.2020.03.670
https://doi.org/10.1016/j.matpr.2020.03.670
https://doi.org/10.3390/en14185812
https://doi.org/10.1109/icSmartGrid52357.2021.9551226
https://doi.org/10.1109/ACCESS.2020.2992194

M.N. Absar et al. Heliyon 9 (2023) e17915

[16]

[17]
[18]
[19]
[20]
[21]

[22]

[23]

[24]
[25]

[26]
[27]
[28]
[29]
[30]
[31]

[32]
[33]

Emad Jamil, Salman Hameed, Basharat Jamil, Power quality improvement of distribution system with photovoltaic and permanent magnet synchronous
generator-based renewable energy farm using static synchronous compensator, Sustain. Energy Technol. Assessments 35 (2019) 98-116, https://doi.org/
10.1016/j.seta.2019.06.006.

Mohammad Ghiasi, A technical and economic evaluation of power quality performance using FACTS devices considering renewable micro-grids, Renew. Energy
Focus 29 (2019) 49-62, https://doi.org/10.1016/].ref.2019.02.006.

Samo Gasperic, Rafael Mihalic, Estimation of the efficiency of FACTS devices for voltage-stability enhancement with PV area criteria, Renew. Sustain. Energy
Rev. 105 (2019) 144-156, https://doi.org/10.1016/].rser.2019.01.039.

Bindeshwar Singh, Garima Agrawal, Enhancement of voltage profile by incorporation of SVC in power system networks by using optimal load flow method in
MATLAB/Simulink environments, Energy Rep. 4 (2018) 418-434, https://doi.org/10.1016/j.egyr.2018.07.004.

Honey Baby, J. Jayakumar, A probe into reactive power management in renewable energy systems using FACTS devices, Int. J. Innovative Technol. Explor. Eng.
(WJITEE) 8 (12) (2019), https://doi.org/10.35940/ijitee.J9255.1081219.

Shazly A. Mohamed, N. Luo, T. Pujol, L. Pacheco, Voltage source converter (VSC) based on multiple FACTS controllers for the improvement of power quality, in:
International Conference on Renewable Energies and Power Quality (ICREPQ’18) Salamanca (Spain), 2018, https://doi.org/10.24084/repqj16.213.

Sidnei do Nascimentoa, Maury M. Gouvéa Jr., Voltage stability enhancement in power systems with automatic facts device allocation, 3rd International
Conference on Energy and Environment Research, ICEER 2016, 7-11 September 2016, Barcelona, Spain, Energy Proc. 107 (2017) 60-67, https://doi.org/
10.1016/j.egypro.2016.12.129.

Emad Jamil, Qurratulain, Salman Hameed. STATCOM-based voltage regulation in grid integrated wind farms under variable loading conditions. 2017 14th IEEE
India Council International Conference (INDICON 2017).

Velamuri Suresh, S. Sreejith, Power flow analysis incorporating renewable energy sources and FACTS devices, Int. J. Renew. Energy Resour. 7 (1) (2017).
R. Vinifa, A. Kavitha, A. Inmanuel Selwynraj, Control of power in the grid integrated solar photovoltaic system using a linear quadratic regulator, Mater. Today:
Proc. (2020), https://doi.org/10.1016/j.matpr.2020.03.045.

Gajendra Singh Chawda, Abdul Gafoor Shaik, Sanjeevikumar Padmanaban, Jens Bo Holm-Nielsen, A comprehensive review of distributed FACTS control
algorithms for power quality enhancement in utility grid with renewable energy penetration, in: IEEE Power & Energy Society Section, 2020, https://doi.org/
10.1109/ACCESS.2020.3000931.

IEA, Net Zero by 2050, IEA, Paris, 2021. Retrieved from, https://www.iea.org/reports/net-zero-by-2050 (Accessed on 14th October 2021).

Electrical Transient Analyser Program (ETAP), Ver. 16.0.0, OTI, 2016. Available Online: https://www.etap.com. Available Online:.

A.W. Manyonge, R.M. Ochieng, F.N. Onyango, J.M. Shichikha, Mathematical modeling of a wind turbine in a wind energy conversion system: power coefficient
analysis, Appl. Math. Sci. 6 (91) (2012) 4527-4536.

Nexant. Power System Master Plan Update, Ministry of Power, Energy and Mineral Resources, Asian Development Bank TA No. 4379-BAN Power Sector
Development Program II, Component B, Section-3, 2005.

B.S. Joshi, O.P. Mahela, S.R. Ola, Reactive power flow control using static VAR compensator to improve voltage stability in the transmission system, in:
International Conference on Recent Advances and Innovations in Engineering (TCRAIE-2016), IEEE, Jaipur, India, 2017.

M.M. Biswas, K.K. Das, Voltage level improving by using static VAR compensator (SVC), Global J. Res. Eng. 11 (5) (2011).

E.S. Ibrahim, A comparative study of PC-based software packages for power engineering education and research, Int. J. Electr. Power Energy Syst. 24 (10)
(2002) 799-805.

20


https://doi.org/10.1016/j.seta.2019.06.006
https://doi.org/10.1016/j.seta.2019.06.006
https://doi.org/10.1016/j.ref.2019.02.006
https://doi.org/10.1016/j.rser.2019.01.039
https://doi.org/10.1016/j.egyr.2018.07.004
https://doi.org/10.35940/ijitee.J9255.1081219
https://doi.org/10.24084/repqj16.213
https://doi.org/10.1016/j.egypro.2016.12.129
https://doi.org/10.1016/j.egypro.2016.12.129
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref24
https://doi.org/10.1016/j.matpr.2020.03.045
https://doi.org/10.1109/ACCESS.2020.3000931
https://doi.org/10.1109/ACCESS.2020.3000931
https://www.iea.org/reports/net-zero-by-2050
https://www.etap.com
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref29
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref29
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref30
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref30
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref31
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref31
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref32
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref33
http://refhub.elsevier.com/S2405-8440(23)05123-X/sref33

	Power quality improvement of a proposed grid-connected hybrid system by load flow analysis using static var compensator
	1 Introduction
	1.1 Literature review
	1.2 Contribution of paper
	1.3 Formation of paper

	2 Mathematical modeling
	2.1 Solar PV system
	2.2 Wind energy system
	2.3 Load
	2.4 Static VAR Compensator (SVC)

	3 Proposed hybrid system configuration
	4 Simulation result & discussion
	4.1 Simulation tools
	4.2 Load flow analysis
	4.2.1 Scenario -1
	4.2.2 Scenario -2
	4.2.3 Scenario -3
	4.2.4 Scenario -4
	4.2.5 Scenario -5
	4.2.6 Scenario -6
	4.2.7 Scenario -7

	4.3 Performance analysis of all seven scenarios

	5 Conclusions
	Author contribution statement
	Data availability statement
	Declaration of competing interest
	Acknowledgment
	References


