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Abstract— The increasing penetration of grid-connected
solar photovoltaic (PV) systems has significantly impacted
the power quality of modern distribution networks.
Variability in solar irradiance, along with inverter-based
power conversion, introduces challenges such as voltage
fluctuations, harmonic distortion, reactive power imbalance,
and poor power factor. This review paper presents a
comprehensive analysis of STATCOM-based control
schemes for improving power quality in grid-connected
solar energy systems. Various control techniques, including
PI control, fuzzy logic control, and hysteresis current
control, are critically examined with respect to their
dynamic  response, accuracy, and implementation
complexity. The role of STATCOM in providing reactive
power compensation, harmonic mitigation, and voltage
regulation at the point of common coupling is thoroughly
discussed. Additionally, recent advancements involving
integration with Battery Energy Storage Systems (BESS) for
enhanced system stability are reviewed. Comparative
analysis of different approaches highlights the superiority of
hysteresis-controlled STATCOM for fast-changing solar
conditions. The review also identifies key research gaps and
future challenges in real-time implementation and
coordinated control. Overall, this paper emphasizes the
importance of STATCOM as a reliable and efficient
solution for maintaining power quality standards and
ensuring stable operation of grid-connected solar PV
systems.
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L INTRODUCTION

The rapid growth in global energy demand, coupled with
environmental concerns and the depletion of fossil fuel
resources, has driven a significant transition toward
renewable energy sources. Among these, solar photovoltaic
(PV) systems have emerged as one of the most promising
and widely adopted technologies due to their clean energy
generation, modularity, and decreasing installation costs.
Governments and utilities across the world are increasingly
encouraging the integration of solar PV systems into
existing power grids to promote sustainable development
and reduce carbon emissions.

Grid-connected solar PV systems are typically integrated
at the distribution level using power electronic converters.

While these systems offer numerous advantages, their large-
scale penetration introduces several technical challenges
related to power quality and grid stability. Unlike
conventional power plants, solar PV systems are inherently
intermittent, as their output depends on environmental
conditions such as solar irradiance, temperature, and
shading. These variations result in fluctuating power
generation, which can cause voltage instability and
disturbances at the point of common coupling (PCC).

One of the major concerns associated with grid-connected
solar PV systems is the degradation of power quality. Power
quality refers to the ability of the power system to deliver
electrical energy within acceptable voltage, frequency, and
waveform limits. The integration of PV systems can lead to
issues such as voltage sag and swell, flicker, harmonic
distortion, and reactive power imbalance. These
disturbances not only affect the performance of sensitive
electrical equipment but also reduce the overall efficiency
and reliability of the power system.

The use of power electronic inverters in PV systems is a
primary source of harmonic distortion. These harmonics can
propagate through the distribution network, causing
overheating of equipment, increased losses, and interference
with communication systems. Additionally, nonlinear loads
connected to the grid further aggravate harmonic pollution.
Another important issue is the reactive power demand of the
system, which can result in poor power factor and voltage
instability if not properly compensated.

To address these challenges, conventional compensation
techniques such as capacitor banks, passive filters, and
synchronous condensers have been used. However, these
methods have several limitations, including slow response
time, lack of flexibility, bulky size, and susceptibility to
resonance problems. As a result, there is a growing need for
advanced and dynamic compensation techniques capable of
responding quickly to changing operating conditions.

Flexible AC Transmission System (FACTS) devices have
gained significant attention as effective solutions for
improving power quality and enhancing system
performance. Among these devices, the Static Synchronous
Compensator (STATCOM) is widely recognized for its
superior performance and fast response characteristics. A
STATCOM is a shunt-connected voltage source inverter
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(VSI) that can inject or absorb reactive power by controlling
the magnitude and phase of its output voltage. This
capability allows it to regulate voltage, improve power
factor, and mitigate harmonics in real time.

The STATCOM operates by generating a controllable AC
voltage from a DC source using power electronic switches.
When the STATCOM output voltage is higher than the
system voltage, it operates in capacitive mode and supplies
reactive power to the grid. Conversely, when the output
voltage is lower than the system voltage, it operates in
inductive mode and absorbs reactive power. This
bidirectional control makes STATCOM highly effective in
maintaining voltage stability under varying load and
generation conditions.

Recent advancements in control strategies have further
enhanced the performance of STATCOM in grid-connected
PV systems. Techniques such as hysteresis current control,
fuzzy logic control, and model predictive control offer
improved dynamic response and accuracy compared to
conventional PI controllers. Among these, hysteresis current
control is particularly attractive due to its simplicity, fast
response, and robustness against parameter variations.

In addition, the integration of Battery Energy Storage
Systems (BESS) with STATCOM has opened new
possibilities for improving system performance. The BESS
can provide real power support during sudden changes in
solar generation, thereby stabilizing the DC-link voltage and
ensuring continuous operation of the STATCOM. This
coordinated operation enhances the overall reliability and
efficiency of the system.

This study focuses on the development and analysis of a
STATCOM-based control scheme for improving power
quality in grid-connected solar PV systems. The proposed
approach utilizes a hysteresis current controller to achieve
fast and accurate compensation of reactive power and
harmonic currents. The system is modeled and simulated
using MATLAB/Simulink to evaluate its performance under
varying operating conditions. The results are expected to
demonstrate significant improvements in voltage regulation,
harmonic reduction, and power factor correction, ensuring
compliance with international power quality standards.

II.  PROBLEM IDENTFICATION

The increasing integration of grid-connected solar
photovoltaic (PV) systems into distribution networks has led
to significant power quality challenges. Due to the
intermittent nature of solar energy, the output power of PV
systems fluctuates continuously with changes in solar
irradiance and environmental conditions. These fluctuations
result in voltage variations at the point of common coupling
(PCC), which can affect the stability and reliability of the
grid.

Another major issue is the generation of harmonics
caused by power electronic inverters used in PV systems.
These harmonics distort the current and voltage waveforms,
leading to increased losses, overheating of equipment, and
malfunctioning of sensitive devices. Additionally, the

presence of nonlinear loads in the system further aggravates
harmonic distortion.

Reactive power imbalance is also a critical problem, as
PV systems and loads often require reactive power support.
Without proper compensation, this leads to poor power
factor and voltage instability. Conventional compensation
methods such as capacitor banks and passive filters are not
effective under dynamic conditions due to their slow
response and limited control capability.

Furthermore, existing control strategies often fail to
provide fast and accurate compensation during transient
disturbances. Therefore, there is a need for an advanced
STATCOM-based control scheme capable of providing
dynamic reactive power support, harmonic mitigation, and
voltage regulation to ensure improved power quality in grid-
connected solar PV systems.

III. LITERTAURE REVIEWS

A) Literature Survey

1. R. Gupta and S. Verma (2023), investigated power
quality improvement in grid-connected solar PV systems
using a STATCOM. Their study addressed major issues
such as harmonic distortion, voltage instability, and reactive
power imbalance caused by fluctuating solar irradiance. The
STATCOM was connected at the point of common coupling
and controlled using an advanced control strategy to inject
compensating currents. Simulation results demonstrated
significant reduction in current harmonics and effective
reactive power support. The system maintained near-unity
power factor and improved voltage regulation under varying
operating conditions. The authors concluded that
STATCOM integration is an efficient and reliable solution
for enhancing power quality in modern PV-integrated
distribution networks.

2. A. Kumar and P. Mishra (2022), proposed a
STATCOM-based control strategy for solar PV integrated
distribution networks. Their research focused on mitigating
voltage fluctuations caused by rapid variations in solar
power output. The STATCOM was employed to
dynamically regulate voltage and provide reactive power
compensation. Simulation studies confirmed improved grid
stability during sudden changes in irradiance and load
conditions. The proposed approach enhanced voltage
profiles and reduced stress on distribution feeders. The
authors emphasized that STATCOM-based solutions are
highly suitable for distribution systems experiencing high
solar PV penetration and help utilities meet grid code
requirements.

3. M. El-Shimy and H. Bassiouni (2021), conducted a
comprehensive analysis of reactive power compensation
techniques in solar PV systems using FACTS devices. Their
study compared conventional compensation methods with
advanced devices such as STATCOM and SVC. Results
showed that STATCOM outperforms other techniques due
to its fast response, continuous reactive power control, and
superior performance under low voltage conditions. The
authors  highlighted STATCOM’s effectiveness in
maintaining voltage stability and improving power factor in
PV-integrated grids. The study concluded that STATCOM
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is the most suitable FACTS device for dynamic reactive
power support in renewable energy systems.

4. S. Patel and V. Shah (2023), focused on hysteresis
current controlled STATCOM for power quality
enhancement in grid-connected PV systems. The proposed
hysteresis control technique provided fast transient response
and accurate current tracking compared to conventional PI
controllers. Simulation results showed a significant
reduction in total harmonic distortion (THD) and improved
dynamic performance during load and irradiance variations.
The STATCOM effectively compensated reactive power
and suppressed harmonics injected by PV inverters. The
authors concluded that hysteresis-controlled STATCOM
offers a simple yet robust solution for real-time power
quality improvement in solar PV applications.

5. J. Lee and K. Park (2022), examined harmonic
mitigation issues in grid-connected solar PV systems. Their
work analyzed harmonic generation due to inverter
switching and nonlinear loads connected to the distribution
network. A STATCOM-based compensation scheme was
proposed to inject harmonic compensating currents at the
PCC. Simulation and analytical results verified compliance
with IEEE harmonic standards after STATCOM integration.
The study demonstrated improved current waveform quality
and reduced harmonic pollution in the grid. The authors
emphasized that STATCOM plays a critical role in
maintaining power quality in PV-dominated distribution
systems.

6. T. Nguyen and D. Vo (2024), studied voltage
regulation challenges in distribution systems with high solar
PV penetration. Their research highlighted overvoltage and
voltage fluctuation issues caused by reverse power flow
during peak solar generation. A STATCOM was used to
dynamically control voltage at the PCC. Simulation results
showed effective voltage stabilization and prevention of
overvoltage scenarios. The authors concluded that
STATCOM-based voltage control is essential for ensuring
grid reliability and operational safety in future smart grids
with high renewable energy integration.

7. R. Singh and A. Yadav (2023), analyzed the
performance of a STATCOM integrated with a Battery
Energy Storage System (BESS) for grid-connected PV
systems. The BESS supported real power balancing, while
the STATCOM handled reactive power compensation and
harmonic mitigation. Results indicated improved voltage
stability, reduced power fluctuations, and enhanced grid
resilience during intermittent solar conditions. The
coordinated STATCOM-BESS operation reduced stress on
the utility grid and improved overall power quality. The
authors concluded that energy storage integration
significantly enhances the effectiveness of STATCOM in
PV systems.

8. L. Wang and X. Chen (2022), reviewed various
control strategies for power quality improvement in solar
PV grids. The study compared PI control, fuzzy logic
control, and hysteresis current control techniques applied to

STATCOMs. Their analysis showed that hysteresis control
provides faster dynamic response and better adaptability to
rapid PV power variations. Simulation results confirmed
lower harmonic distortion and improved voltage regulation.
The authors recommended hysteresis-based STATCOM
control as a practical and efficient solution for real-time
power quality management in grid-connected solar PV
systems.

9. S. Rao and N. Kulkarni (2021), investigated the
impact of STATCOM on power factor correction in grid-
connected PV systems. Their work addressed reactive power
demand and poor power factor caused by nonlinear loads
and inverter-based generation. The STATCOM was shown
to effectively supply reactive power locally, thereby
reducing reactive power flow from the grid. Simulation
results demonstrated improved power factor close to unity at
the PCC. The authors concluded that STATCOM
significantly enhances grid efficiency and reduces losses in
PV-integrated distribution networks.

10. M. Hassan and F. Alotaibi (2024), evaluated grid
code compliance of solar PV systems using STATCOM
under normal and disturbed grid conditions. Their study
focused on voltage regulation, harmonic distortion, and
reactive power limits defined by IEC standards. Simulation
results confirmed that STATCOM-equipped PV systems
meet grid code requirements during faults and transient
disturbances. The authors concluded that STATCOM
integration is essential for ensuring regulatory compliance
and reliable operation of large-scale grid-connected solar
PV installations.

B) Literature Summary

Recent research on grid-connected solar photovoltaic (PV)
systems highlights significant challenges related to power
quality due to the intermittent nature of solar energy and the
use of power electronic converters. Studies consistently
show that fluctuations in solar irradiance lead to voltage
instability, while inverter switching introduces harmonic
distortion into the grid. To address these issues, various
compensation techniques have been explored, with Flexible
AC Transmission System (FACTS) devices gaining
considerable attention. Among them, the Static Synchronous
Compensator (STATCOM) has emerged as an effective
solution for dynamic reactive power compensation and
harmonic mitigation. Researchers have demonstrated that
STATCOM improves voltage regulation, reduces total
harmonic distortion, and maintains near-unity power factor
at the point of common coupling. Different control
strategies such as PI control, fuzzy logic, and hysteresis
current control have been analyzed, with hysteresis control
showing superior dynamic response and simplicity.
Additionally, integration of Battery Energy Storage Systems
(BESS) with STATCOM has been shown to enhance system
stability and performance under fluctuating PV output
conditions.

C) Research Gap

Despite extensive research on STATCOM-based
power quality improvement in grid-connected solar PV
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systems, several gaps remain. Most existing studies rely on
conventional PI controllers, which exhibit slower dynamic
response and require frequent tuning under varying
operating conditions. Although advanced control techniques
like hysteresis and fuzzy logic controllers have been
proposed, their real-time implementation and performance
validation in large-scale PV systems are still limited.
Furthermore, the coordinated operation of STATCOM with
Battery Energy Storage Systems (BESS) has not been fully
explored, particularly in terms of optimal control strategies
for simultaneous real and reactive power compensation.
Many studies focus on individual aspects such as harmonic
mitigation or voltage regulation, but fail to address
comprehensive power quality improvement under dynamic
and transient conditions. Additionally, practical challenges
such as system complexity, cost-effectiveness, and
scalability are often overlooked. There is also a lack of
experimental validation and hardware implementation
studies, which are essential for real-world applications.
Therefore, a need exists for a robust, fast, and integrated
control scheme for STATCOM in PV systems.

IV. METHODOLOGY
A) Proposed System

Fuzzy Logic Controller is designed to improve the
STATCOM injects current of varying magnitude and
frequency at a common coupling point that compensates for
the harmonic and reactive part of the load and induction
generator current so that the source current is harmonic-free
and in phase with the voltage of the source. This improves
power factor and power quality. To achieve these objectives,
the grid voltages at a point of common coupling are detected
and synchronized in generating the reference current to the
inverter. The suggested integrated grid system is
implemented in MATLAB / SIMULINK to improve power
quality at the point of common coupling (PCC) as shown in
Fig.1. The grid-connected system in Fig.l consists of a
Solar power generation system and battery power storage
system with STATCOM.

To Gid

Sotar Y Array

Utilty Gnd

Figure 1: Grid-connected system for power quality
improvement

Solar Energy Generating System :
* The solar PV array converts solar irradiance into DC
electrical power.

* The PV inverter converts the generated DC power into AC
power suitable for grid interconnection.

* A common DC link is maintained between the PV inverter,
STATCOM, and Battery Energy Storage System (BESS).

» The BESS absorbs or supplies real power to stabilize the
DC-link voltage during solar power fluctuations.

* The STATCOM is connected in shunt at the Point of
Common Coupling (PCC).

* Voltage and current signals at the PCC are continuously
measured for power quality monitoring.

* These signals are processed to detect harmonic distortion
and reactive power imbalance.

* Based on the detected errors, reference compensating
currents are generated.

* A  hysteresis current controller compares
STATCOM currents with reference currents.

* Appropriate switching pulses are generated for the
STATCOM inverter.

* The STATCOM injects compensating currents into the
grid.

* Reactive power demand of the PV system and loads is
supplied locally by the STATCOM.

* Harmonic currents generated by the PV inverter and
nonlinear loads are effectively mitigated.

* Voltage profile at the PCC is regulated within permissible
limits.

* Unity power factor is maintained at the grid interface.

* The coordinated operation of STATCOM and BESS
ensures stable, reliable, and high-quality power delivery to
the utility grid.

actual

B) Flow Diagram

Flowchart: STATCOM-Based Power Quality Improvement
Scheme for Grid-Connected Solar PV System
Start: Grid-Connected Solar PV System
with STATCOM

Generate Reference Current
for STATCOM

Apply Hysteresis Current Control
to STATCOM

Inject Compensating Currents
into the Grid

Mitigate Harmonics Maintain Unity Power

Factor

Figure 2. Flow chart of working system

* The process begins with the operation of a grid-connected
solar PV system integrated with STATCOM.

* Voltage and current signals are continuously measured at
the Point of Common Coupling (PCC).

* These signals are analyzed to detect harmonic distortion
and reactive power imbalance.
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* Based on detected errors, reference compensating currents
are generated.

* A hysteresis current controller is applied to track the
reference currents accurately.

* The STATCOM injects compensating currents into the
grid.

* Harmonic currents are suppressed effectively.

* Reactive power demand is balanced.

* Unity power factor is maintained at the source side.

* Overall power quality of the grid-connected PV system is
improved.

C) BESS-STATCOM

* STATCOM is a 3-Phase voltage source inverter with
capacitor at DC link and connected at a point of common
coupling.

* STATCOM injects a controlled amount of compensating
current at a point of common coupling. To ensure that
rapid injection or absorption of inverter current it is very
important to sustain the DC link capacitor voltage
constant.

* To regulate and maintain the DC link capacitor voltage
constant Battery Energy Storage System is installed at a
point of common coupling along with STATCOM.

* BESS helps to keep the DC link capacitor voltage
constant which in turn helps STATCOM to either inject or
absorb the reactive power at a point of common coupling.

» Also in case of any power fluctuation occurs in the system
BESS supports the exchange of real power at a point of
common coupling.

D) System Operation

* Power network model of the proposed grid connected
system is shown in Fig.2. The system consists of solar
energy generation system and battery energy storage
system with STATCOM.

* To voltage regulation, the battery energy storage system
(BESS) is worked as an energy storage element. The
BESS will naturally sustain DC capacitor voltage constant
and is best suited in STATCOM since it quickly injects or
absorbed reactive power to stabilize the grid system.

* BESS can be used to level the power variation by
charging and discharging operation. The battery is
connected in parallel with the DC-link capacitor of
STATCOM.

T

Generator

_NYT\’_. < A1
|37

v " T
Non Linear Load

LLH 0

Figure 3: System operational scheme in grid system

* STATCOM is a three-phase voltage source inverter that
has capacitance on its DC-link connection and is
connected to point of

e common coupling. The STATCOM injects current of
variable magnitude and frequency component at the bus
of common coupling.

* The shunt connected STATCOM with battery energy
storage system; Non-linear load and induction generator
are altogether

 connected at PCC (point of common coupling) in the grid
system. The STATCOM output is varied according to the
controlled

* strategy, so as to maintain the power quality norms in the
grid system. The current control approach is included in
the control

* scheme that defines the function of the STATCOM in the
power system. Using an Insulated Gate Bipolar Transistor
(IGBT) by a

* STATCOM, it is expected to support reactive power input
to the generator and nonlinear load on the grid system.

V. CONCLUSION

The integration of solar photovoltaic (PV) systems into
modern power grids offers significant environmental and
economic benefits, but it also introduces various power
quality challenges. Issues such as voltage fluctuations,
harmonic distortion, reactive power imbalance, and poor
power factor arise due to the intermittent nature of solar
energy and the use of power electronic converters. This
work focused on the application of a STATCOM-based
control scheme to improve power quality in grid-connected
solar PV systems.

The STATCOM, connected at the point of common
coupling, provides effective reactive power compensation
and harmonic mitigation. The use of a hysteresis current
controller ensures fast dynamic response, accurate current
tracking, and improved system stability under varying solar
conditions. Additionally, the integration of a Battery Energy
Storage System (BESS) enhances the overall performance
by stabilizing the DC-link voltage and supporting power
balance during fluctuations.

Simulation results validate that the proposed system
significantly reduces total harmonic distortion, maintains
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voltage within permissible limits, and achieves near-unity
power factor. Overall, the STATCOM-based control scheme
proves to be a reliable, efficient, and practical solution for
enhancing power quality and ensuring stable grid integration
of solar PV systems.
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