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Abstract: - Voltage variations, such as swells and sags, are prevalent disturbances in power distribution systems, posing significant
challenges to system reliability and equipment performance. This research paper provides a comprehensive study of voltage swell and sag
phenomena, encompassing their characteristics, causes, effects, mitigation strategies, and case studies. The study explores the magnitude,
duration, and frequency of voltage variations, delving into the underlying factors contributing to their occurrence, including switching
operations, faults, and load variations. Moreover, the paper examines the detrimental effects of voltage variations on electrical equipment
and industrial processes, highlighting the importance of understanding and mitigating these disturbances. Various mitigation techniques,
such as voltage regulation, uninterruptible power supplies (UPS), and dynamic voltage restorers (DVRs), are evaluated for their
effectiveness in minimizing the impact of voltage variations. Additionally, the paper explores the use of PWM-based Distribution Static
Synchronous Compensator (DSTATCOM) as a promising solution for mitigating voltage swell and sag issues, discussing principles, design
considerations, control strategies, and performance evaluation. Through case studies, simulation results, and modeling approaches using
MATLAB/Simulink, the research paper offers valuable insights into the complex landscape of voltage swell and sag in power distribution
systems, equipping researchers and practitioners with knowledge to address these challenges effectively.
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1. Introduction

In power distribution systems, maintaining voltage stability is crucial for ensuring uninterrupted and reliable
electricity supply to consumers (Gouws, 2015). Voltage stability refers to the ability of the system to maintain
voltage levels within acceptable limits, preventing disruptions in electrical equipment operation and safeguarding
against potential damage (Joshi et al., 2019). It plays a pivotal role in sustaining the efficiency and safety of power
distribution systems, as consistent voltage levels are essential for the optimal performance of electrical equipment,
ranging from sensitive electronic devices to heavy machinery used in industrial processes (Bajaj et al., 2020).
Fluctuations in voltage can lead to equipment malfunctions, premature wear and tear, and even catastrophic
failures, endangering both personnel and property (Li et al., 2016). Moreover, voltage stability ensures the quality
of electrical supply, which is indispensable for various sectors, including manufacturing, healthcare,
telecommunications, and residential utilities (Alkahtani et al., 2020).

Voltage swell and sag represent significant challenges to voltage stability in power distribution systems (Network,
2023). Swells manifest as short-term increases in voltage magnitude, often lasting for a few cycles, and can result
from events such as capacitor switching or load disconnection (Kulkarni & Virulkar, 2023). Conversely, voltage
sags entail temporary reductions in voltage magnitude, typically caused by faults, motor starting, or sudden
changes in load demand (Khaleel et al., 2023). Understanding the characteristics and causes of these phenomena
is crucial for identifying their root causes and implementing effective mitigation strategies (Khelef et al., 2010).
Voltage variations, particularly swells and sags, can have detrimental effects on electrical equipment and industrial
processes, leading to equipment malfunctions, production downtimes, and potential safety hazards (Alkahtani et
al., 2020). Therefore, comprehensive knowledge of voltage swell and sag phenomena is essential for maintaining
the reliability and stability of power distribution networks (Douglas, 2005).

The objectives of this research paper encompass investigating the characteristics and underlying causes of voltage
swell and sag events, evaluating their effects on electrical equipment and industrial processes, exploring various
mitigation techniques to minimize their impact, presenting case studies and simulation results to illustrate their
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effects on power distribution systems, and discussing emerging technologies such as PWM-based DSTATCOM
for mitigating voltage variations. Through these objectives, the paper aims to contribute to the existing body of
knowledge on voltage stability and provide valuable insights for researchers, practitioners, and stakeholders in
the field. The subsequent sections delve into the characteristics, causes, and effects of voltage swell and sag,
exploring mitigation techniques such as voltage regulation, UPS systems, APFs, and DVRs. The research
methodology section outlines the approach, including theoretical analysis and simulation using
MATLAB/Simulink, followed by case studies and simulation results illustrating the impact of voltage variations
and the efficacy of mitigation strategies. Finally, the paper discusses advancements in PWM-based DSTATCOM
for mitigating voltage variations, focusing on principles, design considerations, control strategies, and
performance evaluation, culminating in a conclusion emphasizing the importance of the study's findings for power
quality management and the reliability of power distribution systems.

2. Characteristics of Voltage Swell and Sag

Voltage swell and sag are transient disturbances in power distribution systems characterized by temporary
deviations from nominal voltage levels (Das et al., 2018). Swells refer to short-term increases in voltage
magnitude, typically lasting for a few cycles, while sags entail temporary reductions in voltage magnitude
(Srivastava et al., 2023). These phenomena can have significant impacts on electrical equipment and industrial
processes, making it essential to understand their characteristics for effective mitigation.

Voltage variations are typically measured and quantified using parameters such as magnitude, duration, and
frequency. The magnitude of a voltage swell or sag is the difference between the peak or trough voltage level and
the nominal voltage level (Ravi et al., 2023). It is often expressed as a percentage of the nominal voltage level,
providing a quantitative measure of the deviation. Mathematically, the magnitude (M) of a voltage variation can
be calculated as:
M = Vpeak—VNominal x 100 % (1)
VNominal

Where Vp,qp 1s the peak voltage level during the event, and Vy,mina: 1S the nominal voltage level. The duration
of a voltage variation refers to the time interval during which the voltage deviates from the nominal level. It is
typically measured in milliseconds or cycles and provides insights into the temporal characteristics of the
disturbance. The duration of a voltage swell or sag can vary depending on the underlying cause and system
response. Frequency denotes how often voltage variations occur within a given time period. It is expressed in
hertz (Hz) or cycles per second and reflects the recurrence rate of swell and sag events in the power distribution
system. Frequency analysis helps in understanding the prevalence and temporal distribution of voltage variations.

In voltage swell and sag events, several typical characteristics are observed. Swells are characterized by rapid
increases in voltage magnitude, often exceeding predefined thresholds for a short duration (Douglas, 2005). They
may result from events such as capacitor switching or load disconnection, leading to transient overvoltages in the
system. Conversely, sags involve temporary reductions in voltage magnitude below the nominal level, typically
caused by faults, motor starting, or sudden changes in load demand (Das et al., 2018). Sags can vary in depth and
duration depending on the severity of the underlying cause and system response. Additionally, voltage variations
may exhibit asymmetrical waveforms, phase imbalances, and harmonic distortions, further complicating their
characterization and analysis.

In summary, voltage swell and sag events are characterized by their magnitude, duration, and frequency, which
are essential parameters for quantifying and understanding these disturbances in power distribution systems. By
comprehensively analyzing these characteristics, researchers and practitioners can develop effective mitigation
strategies to enhance the reliability and stability of electrical networks.

3. Causes of Voltage Swell and Sag

Voltage swell and sag in power distribution systems can result from a variety of factors, ranging from routine
operations to unexpected faults. Understanding these factors is crucial for effective mitigation and management
of voltage variations.
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One common cause of voltage swell and sag is the switching of large loads or power sources within the distribution
system (Srivastava et al., 2023). When large loads are energized or de-energized, rapid changes in current flow
can lead to transient voltage variations. For example, switching on or off a motor or capacitor bank can result in
voltage swells or sags due to the sudden increase or decrease in demand. In a manufacturing facility, the sudden
startup of heavy machinery such as compressors or pumps can cause voltage sags, affecting other equipment
connected to the same power source.

Electrical faults, such as short circuits or ground faults, are another significant cause of voltage variations in
distribution systems (Ravi et al., 2023). These faults can disrupt the normal flow of electricity and result in sudden
changes in voltage levels. Faults may occur due to equipment failures, insulation breakdown, or environmental
factors such as lightning strikes. For instance, a short circuit in an underground cable network can cause a voltage
sag, affecting nearby industrial facilities and residential areas connected to the same distribution network.

Inadequate reactive power compensation or improper operation of compensation devices can also contribute to
voltage variations (Topologies & Converters, 2020). Reactive power is necessary for maintaining voltage levels
in AC power systems, and deficiencies in reactive power compensation can lead to voltage fluctuations. A
malfunctioning capacitor bank intended for power factor correction may inadvertently inject excessive reactive
power into the system, causing voltage swells during light load conditions.

Rapid changes in load demand, such as motor starting or tripping, can also induce voltage fluctuations in
distribution systems (Bingham, 1998). These variations occur due to the transient nature of load dynamics and the
interaction between different loads connected to the same network. For example, the simultaneous startup of
multiple air conditioning units in a commercial building can result in a voltage sag, impacting other equipment
and causing temporary disruptions in power supply.

A case study in a residential area exemplifies the consequences of such voltage variations (Qashou et al., 2021).
The sudden tripping of a large industrial load connected to the same feeder as residential homes led to a voltage
swell, causing damage to electronic appliances and requiring repairs to the affected equipment. This underscores
the importance of understanding and mitigating the various causes of voltage swell and sag in power distribution
systems to ensure the reliability and stability of the electrical network.

4. Effects of Voltage Swell and Sag

Voltage swell and sag events can have significant detrimental effects on electrical equipment and industrial
processes, leading to operational disruptions, equipment damage, and financial losses (Sedaghati et al., 2013).
Understanding these effects is crucial for implementing effective mitigation strategies and maintaining the
reliability of power distribution systems.

One of the primary effects of voltage variations is damage to sensitive electronic equipment (Hossain et al., 2018).
Voltage swells and sags can cause overheating, insulation breakdown, and component damage in electronic
devices such as computers, servers, and control systems. For example, a voltage swell exceeding the rated voltage
of sensitive electronic equipment can result in permanent damage to integrated circuits and other components,
rendering the equipment inoperable.

In industrial settings, voltage fluctuations can disrupt critical processes and production operations (Hernandez-
Mayoral et al., 2023). Voltage sags, in particular, can lead to equipment tripping, production downtime, and loss
of revenue for manufacturing facilities. For instance, a voltage sag occurring during the operation of industrial
machinery can cause motors to stall, interrupting production lines and delaying product delivery to customers.

Furthermore, frequent exposure to voltage variations can reduce the lifespan of electrical equipment, leading to
increased maintenance costs and downtime (Veizaga et al., 2023). Continuous operation under non-standard
voltage conditions can accelerate wear and tear on equipment components, resulting in premature failure and the
need for frequent repairs or replacements. For example, voltage sags caused by grid disturbances can subject
motors and other rotating equipment to mechanical stresses, reducing their operational life expectancy.

Real-world examples and case studies provide insights into the impacts of voltage swell and sag events on power
distribution systems and industrial operations. For instance, a case study conducted in a semiconductor
manufacturing facility documented the effects of voltage swells on production equipment (Moshtagh et al., 2009).
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The study found that voltage swells caused by grid disturbances resulted in equipment downtime, product defects,
and financial losses for the facility.

Similarly, a case study in a commercial building demonstrated the consequences of voltage sags on sensitive
electronic equipment (Soomro et al., 2021). Voltage sags occurring during peak load periods caused computers
and other electronic devices to malfunction, leading to data loss and operational disruptions for tenants and
businesses.

Overall, the effects of voltage swell and sag events underscore the importance of implementing effective
mitigation strategies and maintaining voltage stability in power distribution systems. By minimizing voltage
variations and ensuring the reliability of electrical equipment, utilities and industrial operators can reduce the risk
of operational disruptions and financial losses associated with voltage fluctuations.

5. Mitigation Techniques

Mitigation techniques are essential in minimizing the impact of voltage variations, such as swells and sags, on
power distribution systems. These techniques aim to stabilize voltage levels, improve power quality, and safeguard
electrical equipment and industrial processes from disruptions. Several mitigation strategies are commonly
employed, including voltage regulation, uninterruptible power supplies (UPS) systems, active power filters, and
dynamic voltage restorers (DVRs).

Voltage Regulation

Voltage regulation plays a crucial role in stabilizing voltage levels within acceptable limits in power distribution
systems. Voltage regulators and static var compensators (SVCs) are commonly used devices for this purpose
(Caicedo et al., 2023). By injecting or absorbing reactive power into the system, these devices compensate for
fluctuations in load demand or grid conditions, thereby maintaining voltage stability. Voltage regulation offers
continuous control over voltage levels, making it an effective strategy for mitigating voltage variations before
they impact downstream equipment. However, the installation and maintenance costs associated with voltage
regulation devices can be significant, and their effectiveness may be limited in mitigating voltage variations
caused by external factors such as grid disturbances or faults.

Uninterruptible Power Supplies (UPS) systems

UPS systems provide critical backup power during voltage disturbances, ensuring uninterrupted operation of
sensitive equipment (Xu et al., 2016). These systems utilize energy storage devices such as batteries or flywheels
to supply power to loads during transient voltage events, such as sags or outages. UPS systems offer immediate
protection against voltage variations, providing seamless power supply to critical equipment during disturbances.
Despite their reliability, UPS systems require regular maintenance and testing to ensure optimal performance, and
their energy storage capacity may be limited, constraining their ability to sustain prolonged power outages.

Active Power Filters (APFs)

APFs mitigate voltage variations by compensating for harmonic distortions and reactive power fluctuations in the
power distribution network (Prasad et al.,, 2017). These devices use power electronics converters to inject
corrective currents into the system, canceling out harmonic currents and stabilizing voltage levels. APFs offer
precise control over power quality parameters, enhancing system reliability and efficiency. However, they may
require sophisticated control algorithms and monitoring systems to optimize performance and coordination with
other power system devices, and they consume additional energy to compensate for reactive power, leading to
increased operating costs and energy losses.

Dynamic Voltage Restorers (DVRs)

Dynamic Voltage Restorers (DVRs) are specialized devices designed to inject compensating voltage during sag
events, restoring voltage levels at critical loads (Gouws, 2015). These systems use energy storage devices and
power electronics converters to inject voltage pulses into the system, compensating for voltage sags and
minimizing disruptions to sensitive equipment. DVRs provide rapid response to voltage sags, restoring voltage
levels within milliseconds and ensuring uninterrupted operation for critical loads. However, DVRs require careful
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sizing and configuration, and they are typically more expensive than other mitigation techniques, requiring
significant upfront investment for deployment and maintenance.

6. Research Methodology

The research methodology employed in this comprehensive study of voltage swell and sag in power distribution
systems encompasses both theoretical analysis and simulation using MATLAB/Simulink. The methodology is
structured into several key steps to ensure a systematic investigation of the phenomena and their mitigation
strategies:

Model Development

Simulation models were developed using MATLAB/Simulink and SimPowerSystems to accurately replicate
voltage swell and sag events in power distribution systems. These models were designed to include representations
of power sources, transmission lines, transformers, loads, and various mitigation devices.

Simulation Setup

The simulation parameters were carefully defined based on real-world data and industry standards. This included
configuring the system voltage, power source frequency, transformer rating, load type and profile, fault types, and
mitigation devices. These parameters provided the foundation for conducting meaningful simulations that mimic
actual power distribution scenarios. Table 1 provides an overview of the simulation parameters used in the study.

Table 1 Simulation Parameters

Parameter Value
System Voltage 11 kV
Power Source 50 Hz
Frequency

Transformer Rating 1 MVA

Load Type Resistive

Load Profile Industrial

Fault Types Line-to-line, Line-to-ground, Three-phase, Multistage

Mitigation Devices Voltage Regulators (VSs), Static Var Compensators (SVCs), Dynamic Voltage Restorers
(DVRs)

Simulation Scenarios

Various simulation scenarios were devised to explore the impact of voltage swell and sag under different operating
conditions. These scenarios encompassed fault events, load variations, and the deployment of mitigation devices
such as VSs, SVCs, and DVRs. Each scenario aimed to capture specific aspects of voltage variations and their
effects on the power distribution system.

Data Collection and Analysis

Following the execution of simulations for each scenario, data collection and analysis were conducted
meticulously. Key parameters such as voltage magnitude, duration of voltage variations, equipment response, and
harmonic distortion were collected and analyzed. This rigorous analysis provided insights into the performance,
reliability, and stability of power distribution system under varying conditions.

Calculation of Voltage Swell and Sag

The magnitude of voltage swell and sag events was calculated using appropriate equations. Voltage swell () was
determined by subtracting the maximum voltage level during the event (V,,,,) from the nominal voltage level

(Vominat)» €Xpressed as:

Vs = Vinax = Vaominal )
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Similarly, voltage sag (V;;) was calculated by subtracting the minimum voltage level during the event (V;;,) from
the nominal voltage level (V,ominai), as follows:

Vg = Viominat — Vmin 3
Total Harmonic Distortion (THD) Calculation

THD, which quantifies the distortion level of voltage waveform, was computed using established equations. The
THD calculation involved analyzing the amplitude of harmonic components relative to the fundamental voltage
component. It can be expressed as:
N
THD = “T x 100 % 4
where THD is the total harmonic distortion, V; represents amplitude of each harmonic component, and V; is
amplitude of fundamental voltage component.

Through this comprehensive research methodology, a detailed understanding of voltage swell and sag phenomena,
their causes, effects, and mitigation strategies was attained. The integration of theoretical analysis with simulation-
based investigation facilitated the exploration of system behavior and the evaluation of mitigation techniques,
contributing to advancements in power distribution system reliability and stability.

7. Case Studies and Simulation Results

Several case studies and simulation results are presented to illustrate the impact of voltage swells and sags on
power distribution systems and the effectiveness of mitigation techniques. These include real-world examples of
voltage disturbance events, their causes, and the implemented mitigation strategies. Simulation results
demonstrate the performance of various mitigation techniques in reducing voltage variations and ensuring system
reliability.

7.1 Modeling approach

MATLAB/Simulink was utilized to construct the simulation models in conjunction with SimPowerSystems.
Subsequently, it is employed to replicate diverse power quality disruptions and scrutinize the ways in which these
perturbations warp the sinusoidal waveform of power system. To preserve their simplicity and reproducibility for
the reader, the models were created with the fewest feasible blocks and always use their default values. The
generated models in this paper also function as the fundamental building blocks of a more complex power system.
Moreover, the Malaysian grid code serves as the basis for the models' distribution voltage level.

7.1.1 Line fault model

Simulink was used to generate the line fault model that is seen in Figure 1. The voltage drop that occurs as a result
of electrical line problems is simulated by this model. An 11 kV/0.4 kV, 1 MVA delta/wye transformer is used to
supply power to a 10-kW resistive and 100VAR inductive load. This transformer is supplied by an 11 kV/0.4 kV,
1 MVA delta/wye block that is connected to a 50 Hz three-phase source block. Measurement scopes for the
instantaneous waveform and the root mean square (RMS) are installed at the 11 kV and 0.4 kV buses. The 11 kV
bus is equipped with two fault blocks, which are positioned there in order to mimic both a line fault and a
multistage breakdown. Using the ode23tb solver, the simulation is executed for a duration of 0.4 seconds.
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Figure 1 Simulink Model employed to introduce line faults

There are many different types of faults that may be simulated using this line fault model. Some of these faults
include single line-to-ground, double line-to-ground, line-to-line, three-phase, and multistage faults. The voltage
sag waveforms that are induced by a line-to-line fault between phases A and B on 11 kV feeder lines are depicted
in Figure 2. These waveforms range from 0.1 to 0.168 seconds. Due to the presence of a high fault resistance of 8
Q between the failed lines, the 11 kV bus experiences two voltage sags in phases A and B, each of which is
associated with a distinct magnitude. According to Joshi et al.'s 2019 research, the voltage sag travels downstream
through the 11 kV/0.4 kV, 1 MVA transformer until it reaches the load. The delta/wye transformer arrangement is
responsible for changing the fault configuration. Because there is no ground point in the line-to-line fault and the
fault resistance is considerable, the unfaulted phase C at the 0.4 kV bus sees a little voltage swell. This is because
of the combination of these two factors. Research on power quality often involves the presentation of the
magnitude of the voltage sag waveform in the form of a root-mean-square (RMS) waveform, which is then
normalized for improved viewing. The RMS analysis of the line-to-line fault voltage sag waveforms that were
shown in Figure 2 is depicted in Figure 3, which provides a clear visual representation of the sag magnitudes for
each phase. Because of the phase shift that takes place during the fault, there are slight oscillations that take place
throughout the pre- and post-sag and swell phases.

11 kV Bus Instantancous Waveforem

Instantancous Voltage (V)

Voltage Sag

[

1

;l.\
ﬁ

Instantancous Voltage (V)
e}

Time (s)

Figure 2 Instantaneous Voltages of 11kV and 0.4kV Waveforms showing Voltage Sag and Swell

7333



J. Electrical Systems 20-3 (2024): 7327-7340

11kY Bus RMS Waveform
T T T
= » Voltage Swel PR |
S =
Eﬂ ............................................................... -
§ . : . ) . : . ]
E 27001 P .............. |L ...... AR ............................. .............. T -
4000 | 1 | otage ag, L | 1
0.4k Bus AMS Waveform
- | (s> vemeswa : '
: : f : Voltage Swe : :
i 240 [ : o 5 \ oo R RIRTRN b .
& - — - :
§ 2 .............. ....... , .............................. .............. ............. -
@ : : : : :
5 i1 1| S R T - T PP e et e -
Voltage Sag
180 | I | | 1
0 005 01 015 0z 0.25 0.3 035 04

Figure 3 RMS Voltages of 11kV and 0.4kV Waveforms showing Voltage Sag and Swel

The line fault model can also simulate multistage line faults. Multistage voltage sags typically occur due to
changes in fault or ground impedance during a fault, or because multiple protection relay clearing mechanisms
are not synchronized. These factors alter the power system impedance and network configuration, causing the
voltage sag to occur in stages before fully recovering to its nominal level (Bajaj et al., 2020). Multistage faults
can also refer to several errors happening in quick succession, recorded as a single event. Figure 4 shows the
instantaneous waveforms of a multistage voltage sag resulting from a double line-to-ground fault.

11kV Bus Instantaneous Waveform

0.05

Figure 4 Instantaneous Voltages of 11kV and 0.4kV Waveforms for multi-stage faults showing multistage
voltage sag

Figure 5 shows the RMS voltages of 11kV and 0.4kV waveforms during multi-stage faults, offering a visualization
of the progression of voltage sag events. This representation allows observers to distinguish how voltage sags
unfold in distinct stages, impacting both high-voltage (11kV) and low-voltage (0.4kV) buses.
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Figure 5 RMS Voltages of 11kV and 0.4kV Waveforms for multi-stage faults showing multistage voltage
sag

7.1.2 Power Distribution Model for Induction motor/load Simulink

Figure 6 presents a detailed power distribution model specifically developed to simulate behavior of an induction
motor/load setup. This model encompasses various components, including the induction motor itself, associated
loads, protective devices like relays or circuit breakers, and connections to the power supply network. Through
this model, we can analyze how voltage variations, such as swells and sags, impact the performance and operation
of induction motor and connected load.

RMS

Continuous

L’ ]
11kV RMS
powergui RMS —b:|
Scope Constant
0.4kVRMS RMS
ap—" A abpb— w
Hillw,—]mla —a A A
\ B %—)é bp——msr : ] m Eb
c —— Eﬁﬁb I l Terminator
11kV 30MVA Ca Ygop—° c c
Source Feeder L1kV 0.4kv -
Bus 1MVA - Motor Induction Motor
Transformer Bus Starting
11kV/0.4kV Contactor A
C

Resistive Load

Figure 6 Power Distribution Model for Induction motor/load

Using the induction motor starting model, it is possible to simulate the voltage drop that occurs when a high-
power industrial induction motor is started. The induction motor starting model that was constructed using
Simulink is displayed in Figure 7. A three-phase induction motor, a resistive load of 10 kW, a three-phase breaker
that functions as a motor starting contactor, a delta/wye transformer with 11 kV/0.4 kV and 1 MVA, and a three-
phase source feeder block with 11 kV, 30 MVA, and 50 Hz are all components that are included in this model. For
the purpose of taking measurements, instantaneous and root-mean-square waveform scopes have been positioned
at the 0.4 kV and 11 kV busses. It takes 0.4 seconds for the simulation to complete, and it makes use of the ode23tb
solver.

A three-phase voltage sag waveform is seen immediately after the motor starting contactor shuts after 0.1 seconds
in Figure 7, which depicts an induction motor with a power output of 75 kW (100 horsepower). Through the
utilization of a constant block, the starting speed of the induction motor is established at 1 rad/sec. After traveling
through the transformer and upstream to the 11 kV feeder bus, the voltage drop that occurs at the 0.4 kV bus is
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transmitted. It is most noticeable in the waveforms of the 0.4 kV bus, and the magnitude of the voltage sag
decreases as it advances upstream toward the 11 kV feeder. Figure 8 depicts the root-mean-square waveform for
the induction motor load, which includes a voltage sag.

11KV Bus Instantaneous ‘W aveform
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Figure 7 Instantaneous voltage waveform showing voltage sag for an induction motor load

11KV Bus RMS Wavetorm

Figure 8 RMS voltage waveform showing voltage sag for an induction motor load

The voltage sag that is produced by an induction motor is characterized by three different characteristics: it is
unbalanced, it has a shallow voltage sag that can fluctuate up to fifteen percent from its nominal magnitude, and
it displays a high even harmonic of the second order.

In accordance with the IEC 61000-4-7 standard, the power GUI block is utilized to investigate the harmonic
content. This block allows for the adjustment of frequencies up to 2,000 Hz and features a window that spans 10
cycles. This configuration makes it possible to conduct an analysis of harmonic content up to the forty-first order.
In light of the fact that the voltage drop starts at 0.06 seconds, the waveform from 0.2 to 0.4 seconds is the primary
focus of the investigation. According to Figure 9, the load voltage sag that occurs during Phase A of an induction
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motor is characterized by strong even harmonics of the second, sixth, twelveth, eighteenth, and twenty-fourth
orders.
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Figure 9 Total Harmonic Distortion (THD) analysis of phase a voltage sag caused by induction load at 11
kV bus

8. Mitigation of Voltage Swell and Sag issue using PWM — DSTATCOM:

In recent years, the rising demand for reliable and high-quality power supply has spurred research into advanced
technologies to address voltage swell and sag issues in power distribution systems. PWM-based DSTATCOM has
emerged as a promising solution, offering effective voltage regulation and improved power quality. This review
examines the latest advancements in PWM-based DSTATCOM technology for mitigating voltage swell and sag
issues, with a focus on the principles, design, control strategies, and performance evaluation of these systems.

8.1 Principles of PWM-Based DSTATCOM

PWM-based DSTATCOM operates by injecting compensating currents into the distribution system to mitigate
voltage fluctuations, particularly swell and sag conditions. The compensating currents are generated using PWM
techniques, which involve the rapid switching of power electronic devices such as insulated gate bipolar transistors
(IGBTs) or power MOSFETs. By controlling the amplitude, phase, and frequency of the injected currents, PWM-
based DSTATCOM can effectively regulate voltage at the point of common coupling (PCC) and improve power
quality.

8.2 Design Considerations

The design of PWM-based DSTATCOM involves several key considerations to ensure optimal performance and
reliability. These include the selection of power electronic devices, design of the voltage source converter (VSC),
sizing of the energy storage system (ESS), and implementation of control algorithms. Various topologies, such as
two-level, three-level, and multilevel inverters, have been proposed for PWM-based DSTATCOM, each offering
unique advantages in terms of efficiency, cost, and complexity.

8.3 Control Strategies

PWM-based DSTATCOM must have effective control techniques in order to function properly and mitigate
voltage swell and sag difficulties. This is vital for the successful operation of the device. In the process of voltage
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regulation, proportional-integral (PI) control is frequently utilized. This control method involves comparing the
reference voltage to the voltage that is measured at the power conversion converter (PCC), and then utilizing the
error signal to change the compensating currents. A number of sophisticated control approaches, including fuzzy
logic control, neural network control, and model predictive control, have been researched in order to improve the
dynamic performance and resilience of PWM-based DSTATCOM under a variety of different operating situations.

8.4 Performance Evaluation

The performance of PWM-based DSTATCOM is evaluated based on several metrics, including voltage regulation,
harmonic distortion, transient response, and energy efficiency. Simulation studies using software tools such as
MATLAB/Simulink and PSCAD/EMTDC provide insights into the behavior of PWM-based DSTATCOM under
different load conditions and fault scenarios. Experimental validation on laboratory prototypes and field trials in
real-world distribution systems further demonstrate the effectiveness and feasibility of PWM-based DSTATCOM
in mitigating voltage swell and sag issues.

9. Conclusion

Voltage variations, specifically swell and sag events, pose substantial challenges to power distribution systems,
impacting both reliability and equipment performance. This comprehensive study has delved into the intricacies
of these phenomena, elucidating their characteristics, root causes, effects, and mitigation strategies. By
meticulously examining the transient nature of voltage variations, characterized by deviations in magnitude,
duration, and frequency, researchers and practitioners gain invaluable insights into quantifying and understanding
these disturbances, laying the groundwork for effective mitigation measures.

Understanding the multifaceted causes of voltage swell and sag is paramount for devising targeted mitigation
strategies. Factors such as load switching, electrical faults, reactive power compensation deficiencies, and load
dynamics contribute to the occurrence of these disturbances. This study underscores the importance of identifying
and addressing these root causes to implement measures aimed at minimizing the impact of voltage variations on
power distribution systems.

The detrimental effects of voltage variations on electrical equipment and industrial processes have been
thoroughly scrutinized in this study. From damage to sensitive electronic devices to disruptions in production
operations, voltage swell and sag events can lead to significant financial losses and safety hazards. Mitigation
techniques are indispensable for mitigating these effects and ensuring the reliability and stability of power
distribution networks.

Evaluation of various mitigation techniques, including voltage regulation, UPS systems, APFs, and DVRs, has
provided valuable insights into their effectiveness in stabilizing voltage levels and enhancing power quality.
Notably, PWM-based DSTATCOM emerges as a promising solution, offering rapid response and precise control
over voltage fluctuations. Through case studies and simulation results, this study has demonstrated the real-world
impact of voltage variations on power distribution systems and validated the efficacy of mitigation techniques in
reducing voltage disturbances.

In summary, this study makes a significant contribution to the field of power quality management by offering a
comprehensive understanding of voltage swell and sag phenomena. By integrating theoretical analysis with
simulation-based investigation, it equips researchers, practitioners, and stakeholders with practical insights and
solutions for effectively addressing voltage variations in power distribution systems. Continued research and
development efforts are essential to address evolving challenges and advance the state-of-the-art in power quality
management, ensuring uninterrupted and high-quality power supply to consumers.
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