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ABSTRACT

Over the past two decades, Renewable Energy Sources (RESs) have gained global popularity. Control
issues are becoming more difficult as the system inertia decreases due to the absence of typical
synchronous generators. Innovative methods like fault current limiters, energy storage devices, and
alternative control systems are utilized to deal with these difficulties. This study provides a summary of the
challenges associated with incorporating high-level RESs into the existing grid. The increased penetration
of the RESs has a negative impact on the system oscillations and harmonics, generating the need for power
quality improvement techniques, such as adaptive control, adding energy systems, power stream
assessment, or weight stream examination. This paper presents a framework of the power stream issue, its
arrangement as well as different game plan methods. The power stream model of a power structure can be
built using the significant association, weight, and age data.

Keywords-Renewable Energy Sources (RESs); high-level RES penetration; power quality; shunt capacitor

I.  INTRODUCTION

Emissions from fossil fuel-based power plants, including
carbon dioxide, sulfur dioxide, and nitrogen oxide, have raised
multiple environmental concerns recently. Renewable Energy
(RE) generation technologies, in contrast to conventional
synchronous machine-based power generation approaches, are
regarded as cleaner and less expensive. As a result,
governments and a wide range of organizations are striving to
boost RE production in order for it to replace the power
generation based on fossil fuels [1, 2]. The International
Renewable Energy Agency claims that there is a plan for
integrating RE around the world up until 2030, with Renewable
Energy Sources (RESs) being expected to supply 36% of the
world's energy needs by that time [3]. The most promising
RESs are the solar and wind energy harvesting systems, which
can determine maximum power points over a broad range of
variations in wind and solar irradiation. Until 2009 more
money was invested in wind power generation [4, 5], a fact
which, however, has been reversed.

High-level integration of RESs into the utility grid may
cause problems with system stability and reliability because of

the stochastic nature of power generation, due to the
fluctuations in wind speed and solar irradiance. RESs'
intermittent and unpredictable nature could be effectively
modeled to reduce the detrimental influence on system stability
[6, 7]. A number of modeling approaches for uncertainties in
RE are described in the literature. The Power Electronic (PE)
converters connected to the RESs must be carefully regulated
in order to allow for stable operation during transients and
variations in the AC system parameters. RESs should remain
connected during system failures in accordance with grid code
requirements. [8-10]. Therefore, it is essential to enhance the
RE conversion systems' fault ride. The literature has provided
numerous methods for ameliorating the capabilities of grid-
connected solar and wind energy systems. [11, 12]. Expensive
PE converters are required for power conditioning in RE
conversion systems. This type of converter needs to be
safeguarded from an economic and stable perspective [13, 14].
Conversely, as the number of RESs increases, short-circuit
power levels increase. To keep the fault current below the
allowable limits, various solutions have been proposed,
including fault current limiters, energy storage devices, and
dynamic voltage restorers.
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IL

THE KUNDUR SYSTEM
The "Power System Stability and Control" textbook by

Prabha Kundur [17] is the source of the two-area system test
case. It provides a standard for researching oscillation damping,
power exchange, dynamic stability, and related topics. Eleven

buses and two areas make up the system, which is connected by
a weak tie between buses 7 and 9. Buses 7 and 9 have two
loads applied to them, and these buses are also connected to
two shunt capacitors. The system consists of two identical areas
connected by a weak tie and it runs at a fundamental frequency

of 60 Hz. Table I shows the power flow data of the system.

TABLE L. PSSE POWER FLOW DATA
Bus no. Bus name Base kV Area no. Area name Zone no. Code Voltage (pu) Angle (deg)
1 GEN Gl 20 1 LEFT 1 2 1.03 20.07
2 GEN G2 20 1 LEFT 1 2 1.01 10.31
3 GEN G3 20 2 RIGHT 1 3 1.03 -7
4 GEN G4 20 2 RIGHT 1 2 1.01 -17.19
5 Gl 230 1 LEFT 1 1 1.0065 13.61
6 G2 230 1 LEFT 1 1 0.9781 3.52
7 LOAD A 230 1 LEFT 1 1 0.961 -4.89
8 MID-POINT 230 1 LEFT 1 1 0.9486 -18.75
9 LOADB 230 2 RIGHT 1 1 0.9714 -32.35
10 G4 230 2 RIGHT 1 1 0.9835 -23.94
11 G3 230 2 RIGHT 1 1 1.0083 -13.63
. . PV energy Voltage drop status
A. Simulation Results 55% 0.1637423038482666 stable
The impact of high renewable energy generation (and 56 % 0.15722447633743286 stable
Voltage at bus 8) (line fault from bus 7 to 8) can be seen in 57% 0.12031149864196777 unstable
58 % 0.11727101355791092 unstable

Figure 1. In Figure 2, we can see the system response when it
becomes unstable. The clearing time is 0.07 s (line fault from
line 7 to 8).
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Fig. 1. Voltage comparison at bus 8 for high renewable energy generation.
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Fig. 2. Voltage Bus 8 for system fault.
The Voltage drops in this case can be seen in Table II.

TABLE IL VOLTAGE DROP BETWEEN 55% TO 58%

The power flow result in the case when not using capacitors
can be seen in Table IIL.

TABLE III. POWER FLOW WITHOUT CAPACITORS IN 60%
PV
NO Pv energy (without Cap)
BUS NAME BASKV VOLT ANGLE

1 GEN G1 20 1.03000 19.8

2 GEN G2 20 1.03000 10.2

3 GEN G3 20 1.03000 -7

4 GEN G4 20 1.03000 -17.2
5 Gl 230 1.01277 13.4
6 G2 230 0.98094 3.4

7 LOAD A 230 0.96392 -5

8 MID POINT 230 0.95062 -18.8
9 LOAD B 230 0.9721 -323
10 G4 230 0.98388 -239
11 G3 230 1.00843 -13.6

II. POWER QUALITY ISSUES

PE converters serve as the core of RE systems, managing
harmonic injection and ensuring high-quality voltage signals.
The power quality of RESs is improved by the use of various
devices, such as auxiliary devices and more beneficial control
strategies. To address power quality issues in PV/wind systems,
more advanced filtering technologies are utilized, such as
active and passive filters. However, as converter power ratings
increase, passive filters become costlier, larger, and heavier,
making them ineffective for advanced technologies. To
compensate for reactive power and current harmonics and
enhance power quality, Shunt Active Power Filters (SAPFs)
are a promising alternative. As RE penetration increases, the
size of Active Power Filters (APFs) grows accordingly. Hybrid
APFs offer a solution by reducing filter size and cost. These
hybrid filters combine SAPFs to eliminate lower-order
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harmonics and passive filters to address higher-order
harmonics. Harmonics at switching frequency and its multiples
pose challenges for RE converters, prompting the proposal of
higher-order active filters with minimal voltage drop and
compact component size [15, 16].

The hybrid generalized integrator controller is employed in
an enhanced high frequency harmonics rejection approach. The
controller lowers disturbances, subharmonics, and inter-
harmonics despite a trade-off between accuracy and
convergence speed. A dynamic state estimate based sliding
mode control is presented for grid-connected solar farms that
can improve power quality and decrease unnecessary converter
switching. For hybrid PV/wind systems with no filter or
auxiliary devices, some control strategies for improving power
quality are offered. To achieve fundamental load component
extraction and harmonic compensation, a new Least Mean
Mixed Norm (LMMN) control approach is adopted [16].

Various Flexible AC Transmission Systems (FACTS)
devices like Thyristor-Controlled Series Capacitors (TCSCs),
Static VAR Compensators (SVCs), and Static Synchronous
Compensators (STATCOMs) are proposed to mitigate
harmonics, voltage dips, power factor and electrical oscillations
in renewable energy systems. Gaps in methodologies are
identified, providing insights for future research. Additionally,
energy storage technologies, such as batteries, super capacitors,
and flywheel energy storage are utilized to smooth power
fluctuations. A sophisticated power allocation system between
PV and battery storage is developed in order to support reactive
power and prevent overvoltage at the Point of Common
Coupling (PCC). Power quality for PV systems is enhanced by
integrating battery storage with the DC link of the PV energy
conversion system [18, 19].

However, to address the limitations of battery storage, a
hybrid energy storage system combining batteries and super
capacitors is proposed for smoothing power fluctuations in
solar energy integrated systems. This approach leverages the
high energy density of batteries and the high-power density of
super capacitors. By deploying a two-level power reference
signal distribution technique along with self-adaptive wavelet
packet decomposition, this system lessens the fluctuations in
grid power that are brought about by variations in PV speed.
Even though the super capacitor and battery parameters were
chosen based on the study's experience, power quality can still
be enhanced by economic optimization [20].

By charging and discharging the High-Temperature
Superconducting (HTS) coil in accordance with the PV array
output and utility electricity quality, Superconducting Magnetic
Energy Storage (SMES) improves the power quality of PV and
Distributed Face-Green (DFIG) systems. Although power
quality has been enhanced, the SMES coil's high current flow
might make its deployment more difficult in practice. To
address this issue, better control techniques or parallel linking
of multiple SMES units could be explored in future studies.

Various technologies, including electric springs, Dynamic
Voltage Restorers (DVRSs), and soft computing-based methods,
are utilized to enhance the power quality of RE systems. For
instance, a fuzzy logic-controlled DVR mitigates harmonics in

a hybrid PV/DFIG system. It is important to note, though, that
the voltage deviation at the Point of Common Coupling (PCC)
and the harmonic content of voltage signals are not used as
inputs to the fuzzy controller in this proposed method. It might
be feasible to enhance harmonics even further by keeping these
factors in mind [20, 21].

TABLE IV. TECHNIQUES THAT IMPROVE POWER QUALITY
Filters Control FACTS Devices Energy Storages
Passive .

Filters Adaptive Control STATCOM Battery
Active

Power Sliding Mode Control SvC Shunt capacitor
Filters

Hybrid Comprehensive TCSC Flywheel Energy
Filters Control Storage

A. Shunt Capacitors

In a power distribution system, an electrical engineer
installs a connector parallel to the transmission. This gadget is
known as a shunt capacitor. Power factors, low voltage
regulation, and poor reliability are just a few of the power
transmission problems that the shunt capacitor lessens. It is
further separated into LV and HV capacitors.

B. Connection of The Shunt Capacitor

This study minimizes energy-dissipated losses during
electrical power supply by presenting an ideal methodology
based on the use of shunt capacitors to mitigate the effects of
increasing renewable energy penetration. It incorporates a
method of cooperative learning that makes use of the best
possible answer in order to enhance search skills. There are two
distinct scenarios looked into. To reduce power losses, the
recommended approach is first applied with only the shunt
capacitors taken into account, attached in multiple locations.

Nonetheless, capacitors are primarily used in three
applications:
e FElectric pole-mounted capacitors: Usually, these are

installed on electric poles as fixed or movable units. The
typical range of capacitor units mounted on poles is 300—
3000 kVAR; these variations are helpful for power loads
that fall between 460 and 33 kV.

e EHV shunt capacitor banks: High voltage substations
supply power to load centers in large quantities.
Transmitting power loads at high points usually results in
significant voltage drops on these lines. Therefore, anytime
reactive power is needed, the EHV capacitors are used.

e Capacitor banks are installed in substations to function at
voltages ranging from 2.4 to 765 kV. The parties involved
carefully inspect the load flow and stability of the banks
before installation.

In addition to these places, additional locations for
capacitors are also used as needed. The star connection and the
delta connection are the two most common methods of
connection. Moreover, the cords' interchangeable points are
connected to one another. There is a neutral or star point on the
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connection, and the line and phase currents are the same. This
connection is mostly used in transmission networks and can
receive up to 230 V from each curve. Even better, power
distribution networks usually use this connection more
frequently because each series can receive a maximum of 414
V. Because of this, this connection requires a lot of insulation
to shield it from the harmful effects of high-power voltages.

C. Voltage Level Enhancement with the use of Shunt
Capacitors
The impact of shunt capacitors (Voltage at bus 8) (line fault
from line 7 to 8) can be seen in Figure 3 and the Voltage drop

after adding capacitors in 57% pv energy can be seen in Table
V.
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Fig. 3. Voltage comparison at Bus 8.
TABLE V. VOLTAGE DROP BETWEEN 55% TO 58% AND
57% WITH CAPACITORS
PV energy Voltage drop status
55% 0.1637423038482666 stable
56% 0.15722447633743286 stable
57% 0.12031149864196777 unstable
58% 0.11727101355791092 unstable
57% with cap 0.15372972190380096 stable

A comparison of the voltage drop in the system with and
without shunt capacitors (Voltage at bus 8) (line fault from line
7 to 8) is shown in Figure 4.
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Fig. 4. Voltage drop in the system with and without shunt capacitors.

The Integrating PV units with capacitor banks resulted in a
major reduction in grid power supply and a significant
reduction in CO, emissions, even though the emissions were
not considered as a mathematical objective. Thus, in
subsequent work, it is advised that this is formulated as an
additional objective function or constraint.

IV. CONCLUSION

The grid's integration of high concentrations of Renewable
Energy Sources (RES) presents a number of challenges,
including low inertia, reduced power quality, and high
levels of uncertainty. In addition to outlining the main
obstacles and possibilities related to RES grid integration,
this paper also emphasizes the impact of the growing RES
penetration on the power system grid. The increased use of
renewable energy has a detrimental effect on the system's
harmonics and oscillations. The need for techniques to
improve power quality, like energy systems and adaptive
control, is emphasized. Power system planning and
operation are benefited greatly from power flow analysis,
also known as load flow analysis. An overview of the
power flow problem, its formulation, and different
approaches to solving it are provided in this study. A power
system's power flow model must be constructed using
pertinent network, load, and generation data.

REFERENCES

[1] O. B. Adewuyi, R. Shigenobu, T. Senjyu, M. E. Lotfy, and A. M.
Howlader, "Multiobjective mix generation planning considering utility-
scale solar PV system and voltage stability: Nigerian case study,"
Electric Power Systems Research, vol. 168, pp. 269-282, Mar. 2019,
https://doi.org/10.1016/j.epsr.2018.12.010.

[2] K. J. Warner and G. A. Jones, "The 21st Century Coal Question: China,
India, Development, and Climate Change," Atmosphere, vol. 10, no. 8,
Aug. 2019, Art. no. 476, https://doi.org/10.3390/atmos10080476.

[3] V. P. Rajderkar and V. K. Chandrakar, "Security Enhancement through
the Allocation of a Unified Power Flow Controller (UPFC) in a Power
Network for Congestion Management," Engineering, Technology &
Applied Science Research, vol. 13, no. 4, pp. 11490-11496, Aug. 2023,
https://doi.org/10.48084/etasr.6075.

[4] M. Y. A. Khan, U. Khalil, H. Khan, A. Uddin, and S. Ahmed, "Power
Flow Control by Unified Power Flow Controller," Engineering,
Technology & Applied Science Research, vol. 9, no. 2, pp. 3900-3904,
Apr. 2019, https://doi.org/10.48084/etasr.2587.

[S] M. A. Zdiri, B. Dhouib, Z. Alaas, and H. H. Abdallah, "Optimizing Solar
PV Placement for Enhanced Integration in Radial Distribution Networks
using Deep Learning Techniques," Engineering, Technology & Applied
Science Research, vol. 14, no. 2, pp. 13681-13687, Apr. 2024,
https://doi.org/10.48084/etasr.6818.

[6] D. Glasberg, S. Stratila, and I. Malael, "A Numerical Analysis on the
Performance and Optimization of the Savonius Wind Turbine for
Agricultural Use," Engineering, Technology & Applied Science
Research, vol. 14, no. 1, pp. 12621-12627, Feb. 2024,
https://doi.org/10.48084/etasr.6543.

[71 M. A. Hossain, H. R. Pota, M. J. Hossain, and F. Blaabjerg, "Evolution
of microgrids with converter-interfaced generations: Challenges and
opportunities," Intemational Journal of Electrical Power & Energy
Systems, vol. 109, Pp- 160-186, Jul. 2019,
https://doi.org/10.1016/j.ijepes.2019.01.038.

[8] M. Hajiakbari Fini and M. E. Hamedani Golshan, "Frequency control
using loads and generators capacity in power systems with a high
penetration of renewables," Electric Power Systems Research, vol. 166,
pp. 43-51, Jan. 2019, https://doi.org/10.1016/j.epsr.2018.09.010.

www.etasr.com

Altarjmi et al.: Using Shunt Capacitors to Mitigate the Effects of Increasing Renewable Energy ...



Engineering, Technology & Applied Science Research Vol. 14, No. 4, 2024, 15320-15324 15324

[9] M. A. Hossain, H. R. Pota, W. Issa, and M. J. Hossain, "Overview of AC
Microgrid Controls with Inverter-Interfaced Generations," Energies, vol.
10, no. 9, Sep. 2017, Art. no. 1300, https://doi.org/10.3390/en10091300.

[10] H. Su et al., "A systematic method for the analysis of energy supply
reliability in complex Integrated Energy Systems considering
uncertainties of renewable energies, demands and operations," Journal
of Cleaner Production, vol. 267, Sep. 2020, Art. no. 122117,
https://doi.org/10.1016/j.jclepro.2020.122117.

[11] K. P. Kumar and B. Saravanan, "Recent techniques to model
uncertainties in power generation from renewable energy sources and
loads in microgrids — A review," Renewable and Sustainable Energy
Reviews, vol. 71, pp. 348-358, May 2017, https://doi.org/10.1016/
j-rser.2016.12.063.

[12] A. O. Muhammed and M. Rawa, "A Systematic PVQV-Curves
Approach for Investigating the Impact of Solar Photovoltaic-Generator
in Power System Using PowerWorld Simulator," Energies, vol. 13, no.
10, Jan. 2020, Art. no. 2662, https://doi.org/10.3390/en13102662.

[13] M. S. Ayaz, R. Azizipanah-Abarghooee, and V. Terzija, "European LV
microgrid benchmark network: Development and frequency response
analysis," in 2018 IEEE International Energy Conference
(ENERGYCON), Limassol, Cyprus, Jun. 2018, pp. 1-6,
https://doi.org/10.1109/ENERGYCON.2018.8398759.

[14] S. Leitner, M. Yazdanian, A. Mehrizi-Sani, and A. Muetze, "Small-
Signal Stability Analysis of an Inverter-Based Microgrid With Internal
Model-Based Controllers," IEEE Transactions on Smart Grid, vol. 9, no.
5, pp. 5393-5402, Sep. 2018, https://doi.org/10.1109/TSG.2017.
2688481.

[15] G. Rashid and M. Hasan Ali, "Bridge-type fault current limiter for
asymmetric fault ride-through capacity enhancement of doubly fed
induction machine based wind generator," in 2014 IEEE Energy
Conversion Congress and Exposition (ECCE), Pittsburgh, PA, USA,
Sep. 2014, pp. 1903-1910, https://doi.org/10.1109/ECCE.2014.6953651.

[16] M. B. Sliemene and M. A. Khlifi, "Persistent Voltage Control of a Wind
Turbine-Driven Isolated Multiphase Induction Machine," Engineering,
Technology & Applied Science Research, vol. 13, no. 5, pp. 11932—
11936, Oct. 2023, https://doi.org/10.48084/etasr.6330.

[17] P. S. Kundur, Power System Stability and Control, First Edition. New
York, NY, USA: McGraw Hill, 1994.

[18] I. H. Smaili, D. R. Almalawi, A. M. Shaheen, and H. S. E. Mansour,
"Optimizing PV Sources and Shunt Capacitors for Energy Efficiency
Improvement in Distribution Systems Using Subtraction-Average
Algorithm," Mathematics, vol. 12, no. 5, Jan. 2024, Art. no. 625,
https://doi.org/10.3390/math12050625.

[19] E. S. Ali, S. M. Abd Elazim, S. H. Hakmi, and M. I. Mosaad, "Optimal
Allocation and Size of Renewable Energy Sources as Distributed
Generations Using Shark Optimization Algorithm in Radial Distribution
Systems," Energies, vol. 16, no. 10, Jan. 2023, Art. no. 3983,
https://doi.org/10.3390/en16103983.

[20] M. M. Alam, T. Alshahrani, F. Khan, J. Hakami, S. M. Shinde, and R.
Azim, "Al-based efficiency analysis technique for photovoltaic
renewable energy system," Physica Scripta, vol. 98, no. 12, Aug. 2023,
Art. no. 126006, https://doi.org/10.1088/1402-4896/ad0bb4.

[21] A. T. Hachemi et al., "Modified reptile search algorithm for optimal
integration of renewable energy sources in distribution networks,"
Energy Science & Engineering, vol. 11, no. 12, pp. 4635-4665, 2023,
https://doi.org/10.1002/ese3.1605.

www.etasr.com Altarjmi et al.: Using Shunt Capacitors to Mitigate the Effects of Increasing Renewable Energy ...



