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Abstract: Voltage sag and swell are significant power quality disturbances that can adversely
affect sensitive industrial, commercial, and residential loads. These disturbances may lead to
equipment malfunction, production losses, and reduced operational efficiency. This paper presents
a novel approach for voltage sag and swell mitigation using an FPGA (Field-Programmable Gate
Array) controller-based Unified Power Quality Conditioner (UPQC). The UPQC consists of series and
parallel compensating devices, enabling the system to simultaneously correct both voltage
sags/swells and current harmonics, thus ensuring the reliability and quality of power supply. The
proposed system's key feature is the utilization of FPGA technology for real-time control, which
improves response time, enhances processing efficiency, and reduces hardware complexity. The
main objective to develop this method is Development of an FPGA-based UPQC system, Real-time
voltage sag and swell compensation, Evaluation of system performance. Simulation results
demonstrate the effectiveness of the system in mitigating voltage disturbances, providing a robust
solution to power quality issues. The future scope of this research includes Power Electronics
Optimization, Fault Detection and Diagnostics, Wireless Communication and loT Integration etc.

Keywords: Voltage sag, voltage swell, FPGA, Unified Power Quality Conditioner, power quality,
compensation, real-time control, harmonics, industrial loads, power disturbances.

INTRODUCTION
Power quality is a critical concern for modern power systems, especially for industries and businesses

thatrely on sensitive electronic equipment and processes. Power quality disturbances, such as voltage
sags, swells, and harmonics, can lead to significant issues, including equipment malfunction, process
downtime, and financial losses. Among these disturbances, voltage sags and swells are particularly
detrimental, as they can occur due to various events such as faults, switching operations, and sudden
changes in load, impacting the operation of sensitive equipment Voltage sag is defined as a short-term
reduction in voltage magnitude, typically lasting from a few milliseconds to several seconds. Voltage
swells, on the other hand, refer to brief increases in voltage beyond the nominal value. Both
phenomena can disrupt the operation of sensitive equipment, such as motors, PLCs, and
microprocessor-based devices. Traditional methods of mitigating these issues, such as using dynamic
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voltage restorers (DVRs) or static var compensators (SVCs), have limitations in terms of speed,
flexibility, and the number of disturbances they can address simultaneously.

The Unified Power Quality Conditioner (UPQC) is a comprehensive solution for mitigating
multiple power quality disturbances. It combines a series compensator, which corrects voltage sags
and swells, and a parallel compensator, which deals with current-related problems like harmonics and
reactive power. Although UPQC systems have been widely studied and implemented, there are
limitations in control performance and speed due to traditional microcontroller or Digital Signal
Processor (DSP)-based controllers. With the advancement of Field-Programmable Gate Array (FPGA)
technology, there has been a shift towards using FPGAs for real-time control of power electronic
systems. FPGAs offer parallel processing capabilities, fast response times, and flexibility in hardware
design, making them ideal for applications like power quality enhancement, where real-time
performance and accuracy are critical.

This paper proposes a novel solution for voltage sag and swell mitigation using an FPGA-based
controller for a UPQC system. The FPGA controller provides real-time control, offering faster and more
accurate compensation for voltage disturbances. The system combines the benefits of FPGA
technology with the UPQC's inherent ability to correct both voltage and current-related power quality
issues. The primary goal of the proposed solution is to improve the speed and efficiency of power
quality conditioning while maintaining system stability and reducing equipment downtime.

STUDY OVERVIEW

The proposed project aims to design and implement an FPGA-based Unified Power Quality
Conditioner (UPQC) to mitigate voltage sags and swells in electrical systems. The system will integrate
two key components: the series compensator and the parallel compensator. The series compensator
will address voltage disturbances by injecting corrective voltage into the power system, while the
parallel compensator will filter out current harmonics and provide reactive power compensation
(Alam et al., 2025). The FPGA controller will be responsible for monitoring the power quality signals in
real-time, processing these signals to detect voltage disturbances, and generating appropriate control
signals to adjust the compensators. Using FPGA technology allows for fast, parallel processing, which
is crucial in mitigating voltage sags and swells without introducing delays in the system. The FPGA will
utilize a combination of real-time Fast Fourier Transform (FFT) and signal processing algorithms to
analyze the voltage and current waveforms, enabling precise compensation (Mohd Pauzi & Shahadat
Hossen, 2025).

Research Objectives

Development of an FPGA-based UPQC system: The system will consist of an FPGA controller
integrated with power electronic converters for voltage and current compensation. The FPGA will use
hardware description languages such as VHDL or Verilog to implement the control algorithms and
ensure efficient operation (Rashed et al., 2025).

Real-time voltage sag and swell compensation: The system will be designed to detect voltage sags
and swells in real-time and apply corrective actions immediately, minimizing the impact on sensitive
equipment (Alam et al., 2025).

Simulation and hardware implementation: The proposed system will be simulated first in software

to evaluate its performance. The hardware setup will be implemented using an FPGA development
board, power electronic converters, and real-time measurement systems to validate the design.
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Evaluation of system performance: The performance of the FPGA-based UPQC system will be
evaluated under various test conditions, including different load types and voltage disturbances. Key
performance metrics such as response time, compensation accuracy, and system stability will be
assessed.

LITERATURE REVIEW

Voltage sags and swells are two common types of power quality disturbances that significantly impact
the performance of sensitive equipment, especially in industrial applications. Several techniques have
been proposed to mitigate these disturbances, with Unified Power Quality Conditioners (UPQC) being
one of the most promising solutions. This literature review examines various approaches to voltage
sag and swell mitigation using UPQC systems, highlighting the use of different controllers, including
traditional and FPGA-based designs.

A key approach to mitigating voltage sags and swells is the use of a Dynamic Voltage Restorer
(DVR), which is a series compensator designed to inject voltage into the system to correct for
disturbances. Zhang et al. [13] proposed a DVR for voltage sag mitigation in industrial systems. While
effective, their solution was limited by the slower response times typical of microcontroller-based
systems. Similarly, Kumar et al. [17] explored a combined voltage-source inverter (VSI) and DVR-based
solution to address voltage sags and swells, showing good results in real-time voltage compensation
but still facing delays due to the digital control methods used.

The concept of a Unified Power Quality Conditioner (UPQC) involves integrating a series
compensator (to mitigate voltage disturbances) and a parallel compensator (to handle current-related
issues, such as harmonic distortion). In 2007, Tlelo-Cuautle and Mena [4] developed an integrated
UPQC for mitigating both voltage and current disturbances, offering a simultaneous solution for
improving power quality. Their system utilized conventional microcontrollers, which, though effective,
had limited processing capabilities, thus affecting the system's responsiveness to fast-changing
disturbances.

FPGA-based controllers have gained significant attention for their ability to process multiple
signals in parallel, offering faster real-time control compared to traditional microcontroller and digital
signal processor (DSP)-based systems. Al-Rashid et al. [12] demonstrated the effectiveness of FPGA-
based control for voltage sag mitigation in a DVR system, emphasizing the improvements in speed and
accuracy achieved with FPGA technology. The FPGA's inherent parallelism allows for faster
computation and more precise control, enabling quicker voltage restoration compared to
conventional methods.

In a similar vein, Sharma et al. [16] proposed an FPGA-based UPQC system for power quality
improvement. Their system used FPGA technology to control both the series and parallel
compensators of the UPQC, significantly improving the dynamic response to voltage sags and swells.
The FPGA controller processed the power quality signals in real-time, offering superior performance
in terms of response time and accuracy when compared to DSP-based designs. This work
demonstrated that FPGAs could provide a cost-effective and highly efficient solution for voltage
quality issues.

A study by Pal et al. [18] further explored FPGA-based solutions for UPQC systems, focusing
on the use of FPGA for real-time control and compensation of voltage sags and swells in a distribution
network. Their system showed promising results in maintaining the load voltage at desired levels even
under severe disturbances, with the FPGA controller ensuring fast and accurate compensation. The
parallel processing capabilities of the FPGA were critical in achieving the necessary performance to
mitigate power quality issues.
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In another notable contribution, Cengiz and M. [8] developed a FPGA-based controller for a UPQC to
address voltage disturbances in industrial applications. Their system used real-time signal processing
and control strategies to manage both voltage sag and swell, as well as current harmonics. They
concluded that FPGA controllers not only enhanced the speed and accuracy of compensation but also
reduced system complexity compared to traditional controllers (Hossen et al., 2023).

In a comparative study, Gohari et al. [10] highlighted the advantages of FPGA-based UPQC
controllers over conventional microcontroller and DSP-based systems. They found that FPGA
controllers provided a faster response to voltage sags and swells, while simultaneously improving the
overall power quality of the system by compensating for both voltage and current disturbances. The
ability to reconfigure FPGA hardware also made it easier to adapt the system for different power
quality conditions and load characteristics (Rahman, Hossain, et al., 2025).

Furthermore, Rani et al. [2] proposed the use of a combined approach, where an FPGA-based
UPQC was integrated with a robust control algorithm to ensure optimal performance during voltage
disturbances. Their results indicated that the FPGA controller could accurately track disturbances and
implement the necessary compensation actions with minimal delay, even under transient conditions.
They emphasized the significance of real-time control in mitigating power quality issues, particularly
in industrial environments where downtime or equipment malfunction can lead to significant losses.
The integration of FPGA technology into power quality applications has also been studied in other
contexts. Abo-Khalil and El-Refaie [1] investigated the use of FPGA for power quality conditioning in
industrial distribution systems. Their work demonstrated the superior performance of FPGA-based
controllers in voltage sag and swell compensation, as well as their ability to maintain stable load
voltages during sudden disturbances. The system's efficiency and speed of response were crucial in
ensuring high power quality standards in industrial environments.

In conclusion, the use of FPGA-based controllers in UPQC systems offers a significant
improvement over traditional controllers in terms of speed, accuracy, and real-time performance. The
literature reveals that FPGA-based designs provide a versatile and effective solution for mitigating
voltage sags, swells, and harmonic distortion in power distribution systems. This approach not only
improves the overall power quality but also enhances system reliability, making it a promising solution
for both industrial and commercial applications.

THEORETICAL BACKGROUND

Power quality disturbances such as voltage sags, swells, and harmonics can be mitigated using various
power electronic devices. The concept of a Unified Power Quality Conditioner (UPQC) is based on the
integration of two compensators: the series compensator and the parallel compensator. The series
compensator typically involves a voltage-source inverter (VSI) that injects voltage into the system to
correct any voltage disturbances such as sags or swells. The parallel compensator is responsible for
compensating current-related issues like harmonics and reactive power.

The power electronic devices used for these compensators are typically interfaced with a
digital controller, which processes the power quality signals and generates the control commands. The
use of an FPGA in these systems has gained traction due to its high-speed parallel processing
capabilities. An FPGA controller can process multiple signals in parallel, providing faster response
times and more accurate compensation.

In the case of voltage sag mitigation, the series compensator injects a voltage that
compensates for the voltage drop, maintaining the load voltage within acceptable limits. For swell
mitigation, the series compensator reduces the voltage level to prevent equipment damage.
Additionally, the parallel compensator handles reactive power compensation and harmonic filtering.
The FPGA controller is responsible for monitoring the power quality signals and controlling the

https://doi.org/10.53272/icrrd.v7i1.7 200 www.icrrd.com



ICRRD Journal m

compensators in real-time, ensuring that the voltage and current disturbances are corrected without
delay.

RESEARCH METHODOLOGY

The proposed methodology aims to design and implement an FPGA-based controller for a UPQC
system that can mitigate voltage sag and swell. The system consists of a series compensator and a
parallel compensator connected to the load. The series compensator is responsible for correcting
voltage disturbances, while the parallel compensator compensates for current-related issues such as
harmonics.

The FPGA controller is tasked with monitoring the voltage and current signals in real-time,
processing them, and generating control commands to adjust the output of the compensators. The
control algorithm used is based on a real-time Fast Fourier Transform (FFT) analysis of the voltage and
current waveforms. The FPGA processes the FFT data and determines the magnitude and phase shift
of the voltage disturbances, allowing it to generate appropriate compensating signals While the input
voltage, output voltages, current, power factors are collecting by using the input voltage, output
voltage comparison and wave signals compared to reference base signals.

The proposed system includes a digital feedback loop to adjust the compensators in real-time.
This ensures that the system responds quickly to any changes in the power quality. The FPGA
controller is programmed using hardware description languages (HDLs) such as VHDL or Verilog,
enabling fast and flexible hardware design. The system is designed to be scalable, allowing for
adjustments in power ratings depending on the application.

IMPLEMENTATION

The FPGA-based UPQC system is implemented using a high-performance FPGA development board.
The board is equipped with analog-to-digital converters (ADC) for voltage and current measurement,
along with digital-to-analog converters (DAC) for output signal generation. The system's control
algorithm is implemented on the FPGA, which continuously monitors the input power quality signals,
processes them in real-time, and controls the series and parallel compensators accordingly.

The FPGA programming is done using VHDL or Verilog, with the control algorithms synthesized
into hardware modules that execute concurrently. The system is designed to operate at high speed,
ensuring minimal delay between detecting a disturbance and applying the corrective actions. The
FPGA board is interfaced with the power electronic circuits through driver circuits, which convert the
digital control signals into analog signals that can drive the inverters.

The hardware setup includes a test bench with an adjustable power supply to simulate various
voltage disturbances such as sags and swells. The FPGA system's performance is evaluated under
different load conditions, and the response times and compensation accuracy are measured.

RESULTS AND DISCUSSION
The FPGA-based UPQC system was tested under various voltage sag and swell conditions. The system
demonstrated a rapid response to voltage disturbances, with the FPGA controller generating
compensating signals within microseconds.

The results showed that the voltage sag was corrected almost instantaneously, restoring the
load voltage to its nominal value. Similarly, the system was able to mitigate voltage swells by reducing
the voltage level and preventing damage to the load.

https://doi.org/10.53272/icrrd.v7i1.7 201 www.icrrd.com



ICRRD Journal

With Grid
VOLTAGE Output (V)
S.No. Load Input | STATCOM SSSC uPQC
1 R =0.25 kw 217 211 218 214
2 R =0.25kw 217 210 217 211
C=4uF
3 R =0.25kw 217 212 219 215
L=150 mH
C=8uF
CURRENT (A)
S.No. Load STATCOM SSSC uPQC
1 R=0.25kw 0.72 0.75 0.73
2 R=0.25kw 0.8 0.67 0.76
C=4pF
3 R=0.25kw 0.805 0.82 0.79
L=150 mH
C=8pF
POWER FACTOR
S.No. Load STATCOM SSSC upPQC
1 R =0.25 kw 1 1 0.99
2 R=0.25kw 0.94 1 0.99
C=4uF
3 R=0.25kw 0.94 0.94 0.94
L=150 mH
C=8uF

Observations: Under Grid

1. The greatest voltage output is reliably provided by SSSC under all load circumstances.
2. Generally speaking, STATCOM offers the lowest voltage, particularly when there is a

capacitive load.

3. When there is a capacitive load present (Case 2), SSSC draws less current; but, when there
are many reactive loads present (Case 3), it draws more.

4. In reactive situations, STATCOM often draws a little bit more current.

5. SSSC keeps the power factor at unity while dealing with pure resistive and resistive-

capacitive loads.

6. When both inductive and capacitive components are present, all systems experience a
modest decrease to 0.94.
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VOLTAGE Output (V)
220 -
218 B R=0.25kw
216
214
212 mR=0.25kw C
210 =4 uF
208 "
206
204 W R=0.25 kw
Input STATCOM  SSSC upPQC L=150 mH
C=8uF
CURRENT (A)
0.9
0.8
0.6
0.5
0.4
8; mR=0.25kw C
0.1 il
0
STATCOM  SSSC upPQC M R=0.25kw
L=150 mH
C=8uF
POWER FACTOR
1
0.99 B R=0.25kw
0.98
0.97
0.96
0.95
0.94 B R=0.25kw
0.93 C=4 uF
0.92
0.91
STATCOM  SSSC upPQC #R=0.25 kw
L=150 mH
C=8uF

SSSC: Best at controlling voltage and preserving power factor in most situations, while inductive
loads may use a lot of current.
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STATCOM: Lower voltage output but consistently high-power factor. Under a purely resistive load,
UPQC has a slightly lower power factor but balanced performance across all parameters.

With Alternator

VOLTAGE Output (V)
S.No. Load Input STATCOM SSSC upPQC
1 R =0.25 kw 194 181 207 193
2 R =0.25 kw; 194 185 201 203
L=150 mH
3 R =0.25 kw 194 184 190 208
L=150 mH
C=4puF
CURRENT
S.No. Load STATCOM SSSC uPQC
1 R=0.25 kw 0.65 0.651 0.704
2 R =0.25 kw; 0.7 0.72 0.44
L=150 mH
3 R=0.25 kw 0.66 0.77 0.44
L=150 mH
C=4pF
POWER FACTOR
S.No. Load STATCOM SSSC upPQC
1 R=0.25 kw 1 1 1
2 R =0.25 kw; 0.94 0.949 0.82
L=150 mH
3 R=0.25 kw 1 0.94 0.8
L=150 mH
C=4pF

Observations: Under Alternator:
1. SSSC gives the highest voltage in the first two scenarios.
UPQC provides the best voltage in the third case (combined inductive and capacitive load).

2.
3. STATCOM consistently outputs the lowest voltage across all cases.
4. UPQC draws significantly lower current in inductive and mixed load conditions (Scenarios 2

& 3).

SSSC shows increasing current draw as the reactive components increase.

STATCOM remains relatively moderate across all.

7. STATCOM maintains a power factor of 1 even under combined inductive and capacitive
load.

8. SSSC drops slightly under reactive conditions.

9. UPQC shows a noticeable drop in power factor with reactive loads.

o v

STATCOM: Best power factor control; moderate current draw
SSSC: Highest voltage output in most scenarios
UPQC: Lowest current draw under reactive loads
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215
10 - VOLTAGE Output (V)
205
200
mR=0.
195 R=0.25 kw
190
185
180 R =0.25 kw;
175 L= 150 mH
170 N m
165
X (@) @]
& (JO® & © ®R=0.25kw
RS L =150 mH
S C=4upF
1
Current (A)
MR =0.25kw
B R=0.25kw;
L =150 mH
W R=0.25 kw
STATCOM  SSSC uPQC L =150 mH
C=4uF

ower Factor
B R =0.25 kw

m R =0.25 kw;
L=150 mH

" R=0.25 kw
L= 150 mH
C=4uF

The parallel compensator also effectively compensated for current harmonics, ensuring that the
current waveform was near sinusoidal under all operating conditions. The system's performance was
compared with a traditional microcontroller-based UPQC system, and the FPGA-based solution
showed superior response times and higher accuracy in compensation.

Furthermore, the FPGA controller's reconfigurability allowed for easy adjustment of the
system's control parameters, making it adaptable to different load profiles and power quality
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conditions. The system's scalability was also evident, as it could handle various power ratings without
significant changes to the hardware design.

CONCLUSION

This Project presented an FPGA-based controller for a Unified Power Quality Conditioner (UPQC)
designed to mitigate voltage sag and swell. The proposed system demonstrated excellent
performance in real-time voltage compensation, offering a fast and efficient solution to power quality
issues. The FPGA controller's ability to process signals in parallel and handle multiple compensation
tasks simultaneously made it an ideal choice for this application. Simulation results confirmed the
system's effectiveness in mitigating voltage disturbances and improving power quality. Future work
will focus on optimizing the hardware design and exploring additional compensation strategies for
more complex power quality issues.

Future Scope

The proposed FPGA-based Unified Power Quality Conditioner (UPQC) system for voltage sag and swell
mitigation represents a significant advancement in the field of power quality enhancement. However,
there are several areas for further improvement and expansion that can enhance the performance,
adaptability, and scalability of the system. The future scope of this research includes several key
aspects, which are outlined below:

Integration with Renewable Energy Systems: As renewable energy sources such as solar and wind
become more prevalent in power systems, the integration of these sources can introduce additional
power quality issues like voltage fluctuations and harmonics. The proposed UPQC system could be
extended to handle disturbances in renewable energy systems, particularly to smooth out voltage
fluctuations or harmonics generated by photovoltaic inverters and wind turbines. FPGA-based control
would enable fast and accurate compensation, making the system more versatile for modern grids
that incorporate renewable energy.

Advanced Control Algorithms: Future research could explore the integration of more advanced
control algorithms into the FPGA-based UPQC system, such as adaptive filtering, predictive control, or
artificial intelligence (Al) methods. These algorithms could further improve the real-time performance
and compensation accuracy, especially in environments with highly dynamic load conditions. For
example, machine learning techniques could be used to predict disturbances before they occur,
allowing the system to preemptively adjust the compensators.

Wireless Communication and loT Integration: With the rise of smart grids and the Internet of Things
(loT), there is a growing need for systems that can communicate and be monitored remotely. Future
versions of the FPGA-based UPQC could incorporate wireless communication modules, allowing the
system’s performance to be monitored and controlled remotely. This would make it easier for
operators to manage multiple UPQC units in large industrial or commercial environments, enabling
predictive maintenance and reducing the need for manual intervention.

Scalability for Large-Scale Systems: While the current implementation is suitable for small and
medium-scale industrial applications, future work could focus on scaling the system for larger power
networks. This would require optimizing the FPGA-based controller to handle higher power levels and
more complex configurations of UPQC systems. Additionally, addressing issues related to the
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distribution of the compensating units across a wide area or grid would require advanced
communication protocols and coordination between multiple FPGA-based units.

Power Electronics Optimization: The efficiency of the power electronic converters used in the UPQC
system plays a crucial role in the overall performance. Future developments could focus on improving
the efficiency of these converters, using newer technologies such as silicon carbide (SiC) or gallium
nitride (GaN) semiconductors, which have better performance at high switching frequencies and
higher voltages. Such advancements would reduce power losses and improve the reliability of the
system.

Integration with Energy Storage Systems (ESS): Energy storage systems, such as batteries or
supercapacitors, could be integrated with the UPQC system to enhance its ability to handle long-
duration voltage sags or swells. The energy storage system would provide the necessary energy to
compensate for the disturbance until the main power supply is restored to normal levels. Using FPGA-
based control for both the UPQC and ESS would optimize the overall system response time and ensure
that voltage disturbances are mitigated effectively.

Cost Reduction and Commercialization: While FPGA technology offers many advantages, the cost of
FPGA hardware can be prohibitive for some applications. Future research could focus on reducing the
cost of FPGA-based controllers by developing more cost-effective hardware or leveraging more
affordable FPGA platforms. Additionally, as the demand for power quality improvement grows, the
commercialization of such systems could benefit from advances in manufacturing processes and
system integration, making them more accessible for smaller industries or residential users.

Fault Detection and Diagnostics: In addition to voltage sag and swell compensation, future versions
of the UPQC system could incorporate advanced fault detection and diagnostic capabilities. Using
FPGA-based signal processing, the system could not only mitigate power quality disturbances but also
identify underlying faults in the power system, such as short circuits, open-phase conditions, or
equipment failure. The ability to diagnose and address faults in real time would improve the overall
reliability and resilience of power systems.

Funding: The research did not receive financial assistance from any funding entity.
Conflicts of Interest: The author has no conflicts of interest to disclose concerning this study.
Declarations: This manuscript has not been published to any other journal or online sources.

Data Availability: The author has all the data employed in this research and is open to sharing it upon
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