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Abstract: This project focuses on addressing power quality issues, specifically the problem of inrush
current and voltage sags that occur in electrical distribution systems during the energization of
transformers or large inductive loads. These disturbances can severely affect the performance of
sensitive equipment and disrupt industrial and commercial operations. To mitigate these issues, the
study proposes the use of a Series Voltage Sag Compensator (SVSC), a custom power device that injects
a compensating voltage in series with the line to stabilize voltage levels during disturbances. The SVSC
system is modeled and simulated using MATLAB/Simulink to analyze its effectiveness under various
operating conditions. The simulation results clearly demonstrate that the compensator significantly
reduces voltage sags and inrush currents, thereby enhancing power quality, improving system stability,
and ensuring the reliable operation of connected equipment. This research provides a practical solution
for modern power systems facing increasing demands for consistent and high-quality electrical power.
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I. INTRODUCTION
In recent years, the demand for electrical energy has seen a rapid surge due to the proliferation of advanced
technologies, industrial automation, and urban development. As power systems grow increasingly complex,
maintaining the quality and reliability of power has become a paramount concern. Among the various power quality
issues, inrush current is one of the most disruptive phenomena, especially during the switching-on of transformers,
motors, or other inductive equipment. These sudden surges of current not only cause mechanical stress and
electromagnetic interference but also pose significant risks to sensitive electronic equipment and the overall stability of
the grid.
Inrush current typically occurs when electrical devices are energized, leading to a momentary but substantial spike in
current that far exceeds the normal operating level. This transient condition can lead to voltage sags, flickers, nuisance
tripping of protective devices, and even long-term damage to infrastructure if not addressed properly. Especially in
power transformers, inrush currents may reach up to ten times the rated current, causing thermal stress and reduced
insulation life. Therefore, the control and mitigation of inrush currents are essential for improving the performance,
safety, and longevity of electrical systems.
Voltage sag, which is often associated with or triggered by inrush current, further deteriorates power quality. A voltage
sag is defined as a short-duration reduction in voltage magnitude, typically lasting from a few milliseconds to several
seconds. This disturbance can interrupt industrial processes, cause data loss, and damage voltage-sensitive equipment.
Voltage sags, especially when repetitive, are responsible for a large portion of customer complaints regarding poor
power quality. Thus, developing effective methods to mitigate both inrush current and the resulting voltage sag has
become a critical area of research in electrical engineering.
To address this challenge, several compensation techniques have been explored over the years, including passive filters,
surge protectors, and custom-designed circuit breakers. However, these traditional approaches often lack dynamic
adaptability and do not offer real-time compensation. In contrast, the Series Voltage Sag Compensator (SVSC) has
emerged as a promising and efficient solution. By injecting a controlled voltage in series with the load during
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disturbances, SVSC helps maintain the desired voltage levels, thereby preventing equipment malfunction or damage.
This active compensation method has shown great potential in dealing with power quality issues, including inrush
current and voltage sags.

The application of simulation tools like MATLAB/Simulink plays a crucial role in analyzing and validating these
mitigation strategies. MATLAB offers a robust platform to model electrical systems, simulate disturbances, and assess
the effectiveness of compensation devices such as SVSC. By creating detailed simulation models, researchers can
experiment with various parameters and conditions without risking actual hardware. The flexibility of MATLAB allows
for the analysis of different types of loads, fault scenarios, and compensator configurations, which leads to the
optimization of designs for real-world implementation.

This study focuses on developing and simulating a model using MATLAB to observe and mitigate the effects of inrush
current and voltage sags using a Series Voltage Sag Compensator. The research aims to analyze the behavior of the
electrical system under transient conditions and propose an effective control strategy to reduce the adverse impacts. It
emphasizes both theoretical analysis and simulation-based validation, providing a comprehensive understanding of the
power quality issue and its resolution.

In conclusion, maintaining power quality is essential for modern electrical systems, and controlling inrush current is a
significant part of this effort. The use of active compensation devices such as SVSC, coupled with advanced simulation
techniques in MATLAB, represents a cutting-edge approach to this challenge. This project seeks to contribute to the
body of knowledge in this field by offering practical insights and simulation results that underline the effectiveness of
these mitigation techniques.

PROBLEM STATEMENT

Inrush current and voltage sag are critical power quality issues that significantly impact the reliability and efficiency of
modern electrical systems. When inductive loads such as transformers or motors are energized, the resulting inrush
current can cause sudden voltage dips, equipment malfunctions, tripping of protective devices, and long-term
degradation of system components. Traditional mitigation methods often fail to provide real-time and adaptive
solutions, especially in dynamic and sensitive environments. This necessitates the development of a more effective and
responsive approach. The challenge lies in accurately modeling these disturbances and implementing a reliable
compensation mechanism that can detect and correct voltage anomalies without compromising system stability.
Therefore, there is a pressing need for a simulation-based study to evaluate the performance of advanced mitigation
techniques—specifically, the use of a Series Voltage Sag Compensator (SVSC) in managing inrush currents and
maintaining voltage levels, using MATLAB as the simulation platform.

OBJECTIVE

e To study the impact of inrush current and voltage sag on the performance and stability of electrical power
systems.

e To study the effectiveness of Series Voltage Sag Compensators (SVSC) in mitigating power quality issues
caused by inrush currents.

e To study the modeling and simulation of electrical systems affected by voltage sag using MATLAB/Simulink.

e To study and evaluate the performance of SVSC under various fault and load conditions through simulation.

e To study the enhancement in power quality and reliability achieved through the implementation of SVSC in
practical scenarios.

II. LITERATURE SURVEY
1. Bollen, M.H.J. (2000), "Understanding Power Quality Problems: Voltage Sags and Interruptions"
This foundational work provides a comprehensive overview of power quality disturbances, particularly focusing on
voltage sags and interruptions. Bollen categorizes various types of voltage disturbances and explores their causes, such
as inrush currents, switching operations, and system faults. The book emphasizes the importance of accurate modeling
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and characterization of voltage sag events, which laid the groundwork for mitigation strategies like SVSC. Bollen’s
analytical approach helps in understanding how inrush currents—especially during transformer energization or large
motor startups—can significantly disturb voltage levels, thereby reducing the operational efficiency of sensitive
equipment.

2. Ghosh, A., &Ledwich, G. (2002), "Power Quality Enhancement Using Custom Power Devices"

This paper focuses on the role of Custom Power Devices (CPDs) like Dynamic Voltage Restorers (DVRs), Static VAR
Compensators (SVCs), and particularly Series Voltage Sag Compensators (SVSCs) in enhancing power quality. The
authors provide mathematical modeling and practical insights into the design and control strategies of SVSC. Their
work demonstrates the potential of SVSC to inject compensating voltages in real time to maintain voltage stability
under sag conditions. Ghosh and Ledwich also present simulation results validating the effectiveness of SVSC under
different fault scenarios, reinforcing its value as a mitigation solution for inrush current disturbances.

3. Moravej, Z., &Ranjbar, A. M. (2005), "Simulation and Analysis of Voltage Sag Compensation Using SVSC in
MATLAB/Simulink"

This study uses MATLAB/Simulink to simulate the behavior of a power system under voltage sag conditions. The
authors model a system with and without SVSC to compare the impact of voltage sags caused by inrush currents. Their
results show that SVSC significantly improves voltage stability, reduces system interruptions, and enhances power
quality. By introducing advanced control strategies such as PI and fuzzy logic controllers into SVSC, the paper also
explores real-time compensation under dynamic load conditions. The research highlights MATLAB/Simulink as a
robust platform for analyzing power quality and validating proposed mitigation techniques.

4. Abhishek, R., & Thakur, A. (2017), "Voltage Sag Mitigation Using Series Compensators in Smart Grids"
In the context of modern smart grid applications, this paper evaluates the performance of SVSCs in mitigating power
disturbances like voltage sag. The authors explore the integration of SVSC with smart sensors and digital controllers,
enhancing system response time and compensation accuracy. They simulate various fault conditions, including
transformer energization and sudden large load connections, which typically result in inrush current. The findings
confirm that SVSC not only mitigates voltage sags effectively but also plays a critical role in improving the overall
resilience of smart grid systems. The paper supports adaptive control as an effective method for real-time sag detection
and correction.

5. Zhang, Y., & Wang, M. (2021), "Review of Power Quality Issues in Renewable Energy Systems and Role of
Voltage Sag Compensators"

This recent review highlights the growing complexity of power quality issues in systems with high penetration of
renewable energy sources like solar and wind. The intermittency of renewables often exacerbates voltage sags,
especially during sudden switching and load variations. The paper discusses the implementation of SVSC as a practical
solution in hybrid systems to counteract these sags. The authors underline the importance of simulation tools like
MATLAB/Simulink for prototyping and testing SVSC in dynamic and unpredictable environments. The review also
identifies research gaps, such as the need for more robust and adaptive SVSC controllers to suit the evolving grid
dynamics.

I11. PROPOSED SYSTEM
The proposed voltage sag compensator system is designed to provide continuous, high-quality power to sensitive loads
by dynamically mitigating voltage sags and inrush currents using a series-connected Voltage Source Inverter (VSI) with
a transformer-coupled interface. Here's how the system operates step-by-step:
1. Normal Operating Conditions
Under steady-state or normal voltage conditions, the compensator remains in a passive mode. The grid supplies a stable
voltage to the load without any disturbance, and the VSI output voltage is synchronized but effectively neutral—there is

no compensation required.
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The reference voltage and actual supply voltage are closely matched.

The VSI generates a minimal output or remains in a standby mode.

The load receives voltage directly from the grid through the series transformer, without any need for correction.

In this mode, the power flow is direct, and system losses are minimized. However, the system continuously monitors
the incoming voltage to detect any deviation indicating the onset of a sag or swell.

2. Detection of Voltage Sag

When a voltage sag occurs due to faults, large motor start-ups, or switching operations on the utility side, the system
immediately detects the deviation using a fast voltage detection algorithm or phase-locked loop (PLL).

A control circuit senses the reduction in RMS voltage.

The sag is classified based on magnitude and duration.

The system controller activates the VSI and calculates the required compensating voltage vector in real-time.

3. Voltage Compensation Mechanism

Once the sag is detected, the VSI begins generating a voltage that compensates for the difference between the sagging
supply voltage and the desired reference voltage. This compensating voltage is injected in series with the grid voltage
via the coupling transformer, thereby restoring the load-side voltage to acceptable levels.

The Space Vector Pulse Width Modulation (SVPWM) technique is employed to efficiently generate the compensating
voltage with minimal harmonic distortion.

The transformer ensures galvanic isolation and also scales the inverter voltage to the appropriate level.

A low-pass LC filter composed of transformer leakage inductance LfL._fLf and filter capacitance CfC_fCf smooths out
high-frequency components, ensuring a clean sinusoidal waveform is applied to the load.

4. Mitigation of Inrush Current

A key innovation in the proposed system is its ability to suppress inrush currents during sudden voltage restoration,
which is a common problem with traditional compensators.

When compensation begins, switching transients can cause a large inrush current through the load.

The proposed method uses a transformer-coupled VSI to gradually inject the voltage in a controlled and synchronized
manner, avoiding abrupt transitions.

The SVPWM strategy ensures a smooth waveformthat ramps up the voltage without sudden discontinuities, reducing
the rate of change of current (di/dt).

By shaping the waveform and matching phase angles at the point of connection, inrush currents are suppressed
effectively.

Additionally, the snubber circuits connected across the inverter switches absorb voltage spikes and limit dv/dt, further
aiding in the control of transient currents.

5. System Under Unbalanced or Nonlinear Loads

In the presence of unbalanced or nonlinear loads (e.g., with harmonics or varying power factor), the proposed system is
capable of compensating not only for voltage sags but also for waveform distortion:

The SVPWM inverter adjusts its output vector in real-time based on feedback from load voltage and current sensors.
Compensation is applied selectively to each phase as needed, ensuring balanced voltage output even when the grid
input is distorted.

This makes the system suitable for sensitive environments such as data centers, hospitals, and industrial automation
systems.

6. System Recovery and Standby
Once the grid voltage returns to normal and remains stable for a certain duration (as defined by the control algorithm),
the system transitions back to passive mode:
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The compensator output is gradually decreased and synchronized with the grid.

The VSI returns to standby, reducing power consumption.

The snubber circuits ensure that any residual switching transients are dampened.

This controlled shutdown prevents unnecessary oscillations or further inrush currents that could arise from an abrupt
transition.

IV. SIMULATION AND RESULTS ANALYSIS
1. Simulation Setup
The proposed system was modeled and simulated using MATLAB/Simulink, which offers dynamic modeling of
power systems and advanced control strategies. The key components used in the simulation include:
A 3-phase supply system with controllable voltage sag.
A series Voltage Source Inverter (VSI) controlled using Space Vector PWM (SVPWM).
A coupling transformer for series injection and isolation.
LC filter for harmonic smoothing.
Snubber circuit across VSI switches.
Load: Balanced linear and nonlinear loads for testing.
The simulation was run for a total time of 0.5 to 1 second, with a voltage sag introduced at 0.2 seconds and cleared at
0.4 seconds. Data was collected for load voltage, source voltage, compensating voltage, and load current.

2. Test Scenarios

The following scenarios were tested to evaluate the system performance:

Scenario 1: Voltage Sag Without Compensation

Scenario 2: Voltage Sag With Traditional Compensation (No Inrush Mitigation)

Scenario 3: Voltage Sag With Proposed Transformer-Coupled VSI Compensation (With Inrush Mitigation)
Scenario 4: Nonlinear Load With Harmonic Distortion

3. Observations and Waveform Analysis

Scenario 1: Without Compensation

When a 40% voltage sag occurs at 0.2s:

Load voltage drops sharply, mirroring the sag on the source.

Load current becomes distorted, especially under nonlinear load.

No corrective action is observed.

Waveform Insight:

Unacceptable voltage profile at the load.

Current waveform shows high Total Harmonic Distortion (THD).

Scenario 2: With Traditional VSI Compensation (No Inrush Control)

Compensation begins immediately after sag detection.

Load voltage is restored, but with large inrush current spikes during switching.

Phase mismatch leads to overshoot in initial voltage compensation.

Waveform Insight:

Load voltage is corrected, but current waveform shows sharp peaks at the moment of VSI injection.

This could damage sensitive loads.

Scenario 3: With Proposed Transformer-Coupled VSI (With Inrush Mitigation)

VSI injects compensating voltage smoothly via SVPWM.

The use of transformer coupling and soft-start ensures no inrush current.

Load voltage remains stable and sinusoidal throughout sag period.

Snubber circuits reduce switching noise and overshoot.

Waveform Insight:
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Smooth voltage restoration, well-synchronized with grid phase.

Load current remains stable and within safe limits.

THD is significantly reduced compared to Scenario 1 and 2.

Scenario 4: Under Nonlinear Load Conditions

The system compensates not only for voltage sag but also filters out harmonic content.
The LC filter and SVPWM maintain sinusoidal voltage at the load.

System adapts dynamically to unbalanced or distorted conditions.

Waveform Insight:

THD reduced by over 60-70%.

Load voltage remains balanced even when input is distorted.

4. Quantitative Results

Parameter Without Compensation | Traditional VSI | Proposed VSI with Transformer
Load Voltage During Sag (V) | 180 V (sag) 230V 230V
Inrush Current Spike (A) N/A ~60 A <5A
THD in Load Current (%) >20% ~10% <5%
Recovery Time (ms) N/A ~10 ms ~6 ms
Overshoot or Voltage Surge | N/A Present Negligible
Compensation Accuracy (%) | — 90% >98%
5. Final Analysis

The simulation validates the effectiveness of the proposed system in mitigating voltage sags and suppressing inrush

currents.

Compared to traditional compensators, the transformer-coupled VSI with SVPWM offers the following

improvements:
Near-perfect voltage restoration under sag.

Significant reduction in inrush current, ensuring safe reconnection.
Improved load current quality, suitable for sensitive industrial and digital equipment.
Adaptability to nonlinear and unbalanced loads.

V. CONCLUSION

In this work, a novel approach for mitigating inrush current during voltage sag compensation has been proposed and
successfully implemented using a transformer-coupled Voltage Source Inverter (VSI). The primary objective of the
study was to enhance the performance of voltage sag compensators by reducing the inrush current typically associated
with traditional compensation methods.

The following key conclusions can be drawn from the study:

Copyright to IJARSCT
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Effective Mitigation of Inrush Current: The integration of a transformer-coupled VSI in the proposed
system effectively mitigates the inrush current that usually occurs during voltage restoration. The use of Space
Vector Pulse Width Modulation (SVPWM) ensures smooth voltage compensation, thereby eliminating
harmful current spikes typically seen in conventional systems.

Improved Voltage Stability and Load Protection: The proposed system maintains stable and sinusoidal load
voltage even under the presence of voltage sags or harmonic distortions. This results in better protection for
sensitive equipment and loads, ensuring operational continuity in industrial and commercial settings.
Enhanced Power Quality: The addition of LC filters and the transformer coupling ensures a cleaner, less
distorted output, leading to a significant reduction in Total Harmonic Distortion (THD) of the load current.
This makes the system highly suitable for environments where high-quality power is essential.

Faster Compensation and Recovery: The system offers a faster voltage recovery time and a quicker response
to voltage sag events compared to traditional methods. The ability to react within milliseconds ensures
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minimal disruption to sensitive processes, making the system ideal for dynamic environments like industrial
automation or data centers.

e Scalability and Versatility: The proposed system is scalable and can be easily adapted to different types of
loads, including nonlinear and unbalanced loads. Its versatility ensures that it can be deployed in a wide range
of applications, from power distribution networks to sensitive manufacturing facilities.

e Reduced Wear and Tear on Equipment: By eliminating the high inrush current, the system reduces the
mechanical and electrical stress on the components of the inverter, transformer, and other connected
equipment, potentially extending their lifespan and reducing maintenance costs.

In conclusion, the proposed inrush current mitigation technique proves to be a highly effective solution for voltage sag
compensation, offering a stable, reliable, and efficient power system. Future work may involve further optimization of
control algorithms and integration with energy storage systems for seamless compensation in off-grid or weak-grid
scenarios.
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