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Abstract

The proliferation of non-linear loads and the integration of distributed generation sources have led to a deterioration
in Power Quality (PQ) within distribution networks. Voltage sags, harmonics, and flicker are prevalent issues that
not only affect the performance of sensitive equipment but also result in economic losses for utilities and consumers
alike. Traditional PQ improvement methods often fall short in addressing these multifaceted challenges, necessitating
the exploration of more sophisticated solutions. The Unified Power Quality Conditioner (UPQC) emerges as a
promising technology that can simultaneously address multiple PQ) issues. This paper investigated the efficacy of
UPQC in enhancing PQ within distribution networks, thereby providing a robust framework for its implementation.
The study employed a structured approach to literature selection and analysis, adhering to established guidelines for
systematic reviews in engineering. The search strategy involved querying multiple databases using keywords such as
"UPQC" " PQ" "distribution networks," and "systematic review." Inclusion criteria were established to focus on
empirical studies that specifically addressed the performance of UPQC in enhancing PQ. The analysis was conducted
using qualitative synthesis to identify common themes and quantitative metrics to assess the impact of UPQC on
various PQ parameters. From the findings, UPQC was found to effectively reduce voltage sags and swells, with
studies reporting significance improvements in voltage stability. The study also revealed that UPQC has the ability of
mitigating harmonics, or significantly reducing the Total Harmonic Distortion (THD) levels. Furthermore, the study
indicated that implementation of UPQC is associated with a marked decrease in flicker severity, contributing to
improved consumer satisfaction and equipment longevity. However, the variability in performance outcomes across
different studies suggests that the effectiveness of UPQC is contingent upon specific operational contexts and
configurations.

Keywords: Power quality, Distribution network, Total harmonic distortion, Unified power quality conditioner.

1| Introduction

The increasing reliance on sensitive electronic devices and the proliferation of Renewable Energy Sources
(RES) have intensified the demand for high-quality power in distribution networks. Power Quality (PQ)
issues, such as voltage sags, swells, harmonics, and flicker, can lead to significant economic losses and
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operational inefficiencies [1]. The Unified Power Quality Conditioner (UPQC) is a versatile device designed
to mitigate these issues by providing both series and shunt compensation. PQ refers to the characteristics of
the electrical power supply that enable electrical equipment to function in their intended manner without
significant loss of performance or life [2], [3]. Poor PQ can manifest in various forms, including voltage sags,
swells, harmonics, flicker, and interruptions, which can adversely affect both the reliability and efficiency of
electrical systems. The UPQC is an advanced power electronic device designed to enhance PQ) in distribution
networks by simultaneously addressing voltage and current-related issues [4]. It is a power electronic device
that integrates the functionalities of both a series and a shunt compensator, allowing it to mitigate disturbances
in both voltage and current waveforms in a distribution network. The UPQC consists of two primary
components: a series inverter and a shunt inverter, connected through a common Direct Current (DC) link.
The series inverter is responsible for voltage regulation and harmonic compensation, while the shunt inverter
manages reactive power compensation and current harmonics [5], [6]. This dual functionality makes the
UPQC a versatile solution for improving PQ in modern electrical distribution systems. The operational
principles of UPQC are grounded in advanced power electronics and control strategies. The series converter
employs a Voltage-Source Inverter (VSI) to inject a compensating voltage into the distribution network,
effectively correcting voltage sags and swells while filtering harmonics [7], [8]. The shunt converter, also a
VSI, operates to absorb or supply reactive power, thus maintaining the Power Factor (PF) and mitigating
current harmonics. The common DC link between the two converters allows for energy exchange, optimizing
the overall performance of the UPQC. The control strategy of UPQC typically involves real-time monitoring
of voltage and current waveforms, employing techniques such as Synchronous Reference Frame (SRF) theory
to extract the fundamental components and identify disturbances [9]. The control algorithms then generate
the necessary compensation signals for both converters, ensuring that the output PQ meets predefined
standards. The concept of PQ conditioning has evolved significantly since the late 20th century. Early
solutions primarily focused on either series or shunt compensation, leading to the development of devices
such as Static VAR Compensators (SVC) and Active Power Filters (APF) [10], [11]. The introduction of the
UPQC in the late 1990s marked a paradigm shift, as it combined the functionalities of both series and shunt
devices into a single unit. Today, UPQC is recognized as a vital component in smart grid initiatives, where
PQ is paramount for the integration of distributed generation and RES.

2| Technological Advancements

Recent milestones in UPQC technology can be categorized into the following key areas:

I. Control strategies: the development of robust control algorithms, such as the Instantaneous Reactive Power
Theory (IRPT) and SRF theory, has significantly improved the dynamic response of UPQC systems. These
strategies enable real-time monitoring and adaptive compensation, thereby enhancing the overall PQ [12],
[13].

II. Modular design: the shift towards modular UPQC designs has facilitated scalability and flexibility in
deployment. Modular configurations allow for tailored solutions that can be adapted to specific distribution
network requirements, thereby optimizing performance and cost-effectiveness [14].

III. Integration with RES: the increasing penetration of RES into distribution networks has prompted research
into the integration of UPQC with distributed generation systems [15], [16]. This integration not only
enhances PQ but also contributes to the stability of the grid by providing ancillary services.

IV. Energy storage systems: the incorporation of energy storage systems within UPQC frameworks has
emerged as a significant milestone. Energy storage enhances the capability of UPQC to manage transient
disturbances and provides a buffer against fluctuations in PQ, thereby improving the resilience of
distribution networks [17], [18].
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3| Metrics for Evaluating the Performance of Unified Power Quality

Conditioner

The increasing complexity of modern electrical systems necessitates the deployment of advanced PQ

improvement devices. Among these, the UPQC has emerged as a pivotal solution for mitigating PQ issues.

However, the effectiveness of UPQC systems must be quantitatively assessed to ensure their reliability and

efficiency. This can be achieved via the following metrics:

L

1I.

II1.

IV.

Total Harmonic Distortion (THD): this is a critical metric that quantifies the distortion of the voltage or
current waveform compared to its fundamental frequency. High THD levels can lead to equipment
malfunction, overheating, and reduced lifespan of electrical devices. The UPQC's ability to minimize THD
is indicative of its performance in harmonics mitigation [19]. A lower THD signifies a cleaner power supply,
which is essential for sensitive electronic equipment. The assessment of THD not only reflects the UPQC's
effectiveness in harmonic filtering but also serves as a benchmark for compliance with international PQ
standards [20]. Thus, THD can be expressed mathematically as:

/VZ Vi+va. ..
THDg = AR, §))

Vi, >
where THD = total harmonic distortion.
Vi, = RMS voltage of the nth harmonic.

Voltage regulation: this is another vital parameter that measures the ability of the UPQC to maintain a stable
output voltage despite variations in load conditions. Effective voltage regulation ensures that the voltage
supplied to end-users remains within acceptable limits, thereby preventing equipment damage and
operational inefficiencies [21]. The UPQC achieves this through its integrated series and shunt converters,
which dynamically adjust the voltage levels. A robust voltage regulation capability is essential for the UPQC
to fulfill its role in enhancing PQ, particularly in environments with fluctuating loads [22]. Therefore,
evaluating voltage regulation provides insights into the UPQC's operational reliability and its capacity to
safeguard against voltage-related disturbances. Thus, Voltage regulation can be expressed mathematically as:

No load voltage — Full load voltage

Voltage regulation = Noload voltags 2)

Response time: the response time of a UPQC system is a critical metric that reflects its agility in addressing
transient disturbances and maintaining PQ. A rapid response time is essential for effectively mitigating
voltage sags and swells, which can occur suddenly and have detrimental effects on sensitive loads. The ability
of the UPQC to quickly detect and respond to these disturbances is a testament to its design and control
strategies [23]. A shorter response time enhances the overall resilience of the power system, ensuring that
PQ is maintained even in the face of abrupt changes. Consequently, assessing response time is crucial for
understanding the UPQC's performance in real-time applications.

PF improvement: PF is a crucial metric that quantifies the efficiency of power usage in electrical systems. A
low PF indicates poor utilization of electrical power, leading to increased losses and potential penalties from
utility providers. The UPQC can significantly enhance PF by compensating for reactive power demands and
harmonics [23]. By quantitatively assessing PF improvement, stakeholders can gauge the economic benefits
of UPQC deployment, as higher PF translates to reduced energy costs and improved system efficiency. Thus,
PF should be considered a vital metric in evaluating UPQC performance which can be expressed
mathematically as:

Active Power
Apparent Power” (©))
Apparent Power

Reactive Power (Q) = Apparent Power X sin(0). (6))

Power Factor (PF) = cos(8) =

Apparent Power (S) = +/(Active Power? + Reactive Power?) . 5)
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The Phasor diagram of the power with the reactive power after and before PF correction is illustrated in Fig.

1.

Capacitance
(KVAC)

/

Apparent Power (KVA)

Reactive Power
(kVar)

Active Power (KW)
Fig. 1. Phasor diagram for power factor [23].

4| Factors Affecting the Performance Unified Power Quality

Conditioner

The effectiveness of UPQC is contingent upon the following interrelated factors that can either enhance or

impede its performance.

I

II.

II1.

Iv.

System design: the design of the UPQC system is a fundamental determinant of its performance. Key design
considerations include the topology of the power converter, the rating of the components, and the
configuration of the energy storage system. A well-designed UPQC must balance the trade-offs between
cost, efficiency, and performance. For instance, the choice of converter topology-whether a VSI or a
Current-Source Inverter (CSI)-can significantly influence the dynamic response and harmonic mitigation
capabilities of the UPQC [24]. Furthermore, the sizing of energy storage elements, such as capacitors or
batteries, is critical; inadequate sizing can lead to insufficient energy reserves for compensating disturbances,
thereby undermining the UPQC's effectiveness [25].

Control strategies: control strategies employed in UPQC operation are pivotal in determining its
responsiveness to PQ issues. Advanced control algorithms, such as IRPT and SRF theory, have been
developed to enhance the performance of UPQC. These strategies dictate how the UPQC reacts to voltage
sags, swells, and harmonics in real-time. The choice of control strategy can affect the speed of response,
stability, and overall reliability of the UPQC system [26]. Moreover, the implementation of adaptive control
techniques can further improve performance by allowing the UPQC to adjust to varying load conditions
and disturbances dynamically.

Component selection: the selection of components within the UPQC architecture is another critical factor
influencing its performance. High-quality power electronic devices, such as Insulated Gate Bipolar
Transistors (IGBTs) and diodes, are essential for ensuring efficient operation and longevity of the system.
The thermal management of these components also plays a crucial role; inadequate cooling can lead to
overheating, resulting in reduced efficiency and potential failure [27]. Additionally, the choice of passive
components, such as inductors and capacitors, must align with the operational requirements of the UPQC
to ensure optimal filtering and energy storage capabilities.

Environmental conditions: environmental factors, including temperature, humidity, and electromagnetic
interference, can significantly impact the performance of UPQC systems. High ambient temperatures can
adversely affect the thermal performance of power electronic devices, leading to de-rating and reduced
operational efficiency. Similarly, high humidity levels can increase the risk of corrosion and insulation

failure, compromising the reliability of the UPQC [28]. Furthermore, electromagnetic interference from
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nearby equipment can disrupt the control signals and operation of the UPQC, necessitating robust shielding
and grounding practices to mitigate these effects.

5| Power Quality Disturbances

Economically, disturbances can lead to increased operational costs due to equipment failures and
maintenance. For industries reliant on precision machinery, even minor disturbances can result in substantial
financial losses. Operationally, PQ issues can disrupt production processes, leading to inefficiencies and
reduced output. Socially, the implications of PQ disturbances can affect the quality of life, particularly in
residential areas where flicker and harmonics may disrupt daily activities [29]. Moreover, the integration of
RES into the grid introduces additional complexities in PQQ management. Fluctuations in generation from
solar and wind sources can exacerbate existing disturbances, necessitating a reevaluation of current PQ

standards and practices. The various types of PQ disturbances are as follows:

I. Voltage sags and swells: voltage sags are short-duration reductions in voltage levels, typically caused by
sudden increases in load or faults in the system. Conversely, voltage swells are temporary increases in voltage,
often resulting from sudden load reductions or capacitor switching. Both phenomena can lead to equipment
malfunction, particularly in sensitive electronic devices [30]. The argument here is that the prevalence of
voltage sags and swells necessitates the implementation of voltage regulation technologies, such as dynamic

voltage restorers, to safeguard sensitive equipment.
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Fig. 2. Voltage sags and swells [31].

II.  Transients: transients are brief, high-frequency voltage spikes that can occur due to lightning strikes,
switching operations, or faults. These disturbances can cause significant damage to electrical equipment,
leading to costly repairs and downtime [32]. The argument posits that the adoption of surge protection
devices and robust grounding techniques is imperative to mitigate the risks associated with transients,
thereby enhancing the resilience of electrical systems.

Voltage Spikes & Trasnsients

i

Fig. 3. Electrical transients in power systems [33].
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III. Harmonics: harmonics arise from non-linear loads, such as variable frequency drives and computer power
supplies, which distort the sinusoidal waveform of the cutrrent. The presence of harmonics can lead to
overheating of equipment, increased losses in transformers, and interference with communication lines.
This study argues for the necessity of harmonic filtering solutions, such as passive and active filters, to
maintain PQ and ensure the longevity of electrical infrastructure [34].

Fundamental 5th Harmonic
3rd Harmonic 7th Harmonic
Resultant

Current or Voltage
L=}
%
;

Fig. 4. Impact of harmonics on electrical systems [35].

IV. Flicker: flicker refers to the perceptible fluctuations in lighting intensity, primarily caused by rapid changes
in load. While often considered a nuisance, flicker can have significant psychological and physiological
effects on individuals, particularly in industrial settings [36]. The argument here is that addressing flicker
through load management and advanced lighting technologies is essential for maintaining a conducive
working environment and enhancing productivity.

A a - maximum value

¢ - mean value

Illuminance

b - minimum value

Flicker cycle

Fig. 5. Flicker effect in modern light sources [37].

6| Steady State Power Flow Analysis Using Unified Power Quality
Conditioner Systems

PQ has become a paramount concern in electrical engineering, particularly as the demand for uninterrupted
and high-quality power supply escalates. The UPQC, a sophisticated power electronic device, integrates the
functionalities of both a series and a shunt converter to mitigate voltage sags, harmonics, and other
disturbances in the power system. Steady state power flow analysis refers to the examination of the electrical
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power system under stable operating conditions, where all system variables remain constant over time [38].
This analysis typically involves the application of mathematical models to predict the flow of electrical power
through various components of the system, including generators, transformers, transmission lines, and loads.
In the context of UPQC systems, steady state analysis becomes particularly relevant as it allows for the
assessment of how the UPQC can effectively manage PQ issues without causing significant disruptions to
the overall system. The UPQC operates by employing two primary converters: the series converter, which
regulates voltage and mitigates voltage sags and swells, and the shunt converter, which compensates for
reactive power and mitigates current harmonics [5]. By analyzing the steady state power flow, engineers can
determine the optimal settings for these converters, ensuring that the UPQC operates efficiently while
maintaining the desired PQ levels. The integration of UPQC systems into power networks presents both
opportunities and challenges. Some of the primary arguments for conducting steady state power flow analysis
are:

1. Its ability to enhance the reliability of power delivery: by accurately modeling the interactions between the
UPQC and the power system, engineers can identify potential issues before they manifest as outages or
equipment failures [39]. This proactive approach is particulatly crucial in systems with high penetration of
RES, where variability and unpredictability can lead to significant PQ) challenges.

II.  Steady state power flow analysis facilitates the optimization of UPQC performance: by understanding the
power flow dynamics, engineers can fine-tune the control strategies of the UPQC, ensuring that it responds
effectively to varying load conditions and disturbances [18]. This optimization not only improves PQ but

also enhances the overall efficiency of the power system, reducing losses and operational costs.

III.  Steady state analysis provides a framework for evaluating the economic feasibility of deploying UPQC
systems: By simulating various scenarios and assessing the impact of UPQC on PQ metrics, stakeholders
can make informed decisions regarding investments in PQ solutions [40]. This economic perspective is
vital in an era where utilities and consumers alike are increasingly focused on cost-effective solutions to PQ

7| Functions of Unified Power Quality Conditioner

The UPQC serves the following functions that collectively enhance PQ in distribution networks:

I. It provides voltage regulation by compensating for voltage sags and swells, ensuring that the voltage
supplied to the load remains within acceptable limits [4]. This is particularly important for sensitive
equipment that requites stable voltage levels for optimal operation.

II. The UPQC mitigates harmonic distortion by filtering out unwanted harmonics from the supply current.
Harmonics can lead to overheating, equipment malfunction, and increased losses in electrical systems [41].
By maintaining a clean current waveform, the UPQC contributes to the longevity and reliability of electrical
equipment.

III. 'The UPQC improves the PF by supplying or absorbing reactive power as needed. A poor PF can result in
increased losses and reduced capacity in distribution networks. By optimizing the PF, the UPQC enhances
the efficiency of the entire system, leading to cost savings and improved performance.

IV. The UPQC enhances the overall reliability of the power supply. By addressing multiple PQ issues
simultaneously, it reduces the likelihood of equipment failures and downtime, thereby improving the
operational efficiency of industrial and commercial facilities [20].

8| Applications of Unified Power Quality Conditioner in Distribution
Networks

The various applications of UPQC in distribution networks are highlighted as follows:
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I. Voltage regulation: one of the primary applications of UPQC is voltage regulation. Voltage sags and
swells can adversely affect sensitive equipment, leading to operational disruptions. The UPQC employs
its series compensator to inject or absorb voltage, thereby maintaining a stable voltage level at the Point
of Common Coupling (PCC) [42]. This capability is particularly crucial in industrial settings where
production processes are sensitive to voltage fluctuations.

II. Harmonic mitigation: harmonics generated by non-linear loads can distort the current waveform, leading
to overheating and reduced efficiency of electrical equipment. The shunt compensator of the UPQC
effectively filters out these harmonics, ensuring that the current drawn from the grid remains sinusoidal
[34]. This application not only protects equipment but also enhances the overall PF of the distribution
network.

III.  Load balancing: in many distribution networks, unbalanced loads can lead to inefficiencies and increased
losses. The UPQC can actively balance the load across the three phases by redistributing power, thus
minimizing neutral currents and enhancing system reliability. This load balancing capability is essential

for maintaining the longevity of transformers and other critical infrastructure [35].

IV. Flicker mitigation: flicker, caused by rapid changes in load, can be detrimental to both human comfort
and equipment performance. The UPQC can smooth out these fluctuations by dynamically adjusting the
voltage at the PCC, thereby providing a stable supply to sensitive loads. This application is particularly
relevant in environments with fluctuating loads, such as in industrial manufacturing processes [37].

V. Integration of RES: as the integration of RES into the grid becomes more prevalent, maintaining PQ
becomes increasingly challenging. The UPQC can facilitate the smooth integration of RES by
compensating for the variability and intermittency associated with sources such as solar and wind [43].
By ensuring a stable voltage and mitigating harmonics, the UPQC supports the transition to a more
sustainable energy landscape.

VI. Enhancement of system efficiency: the deployment of UPQC not only addresses specific PQ issues but
also contributes to the overall efficiency of the distribution network. By improving voltage stability,
reducing losses, and enhancing the PF, UPQC can lead to significant reductions in operational costs [16].
This economic argument for UPQC adoption is particularly compelling for utilities secking to optimize
their infrastructure investments.

9| Conclusion

The imperative for enhanced PQ in modern electrical distribution networks cannot be overstated, particularly
in the context of increasing reliance on sensitive electronic devices and the proliferation of RES. This study
has critically examined the role of the UPQC as a multifaceted solution to the challenges posed by PQ
disturbances. One of the central arguments presented in this review is that the UPQC not only addresses
immediate PQ issues but also contributes to the long-term sustainability of distribution networks. By
employing advanced control strategies and real-time monitoring, the UPQC enhances the resilience of the
grid against disturbances, thus fostering a more reliable energy infrastructure. This capability is particulatly
crucial in light of the increasing integration of distributed generation sources, which often introduce variability
and unpredictability into the power system. Moreover, the economic implications of deploying UPQC
technology warrant significant consideration. While the initial investment may be substantial, the long-term
benefits-such as reduced downtime, lower maintenance costs, and improved customer satisfaction can
outweigh these costs. This economic argument is further bolstered by the potential for UPQC systems to
facilitate compliance with stringent PQ standards, thereby avoiding penalties and enhancing the overall
operational efficiency of utility providers. However, the implementation of UPQC systems is not without
challenges. The complexity of design, the need for skilled personnel for operation and maintenance, and the
integration with existing infrastructure pose significant hurdles. These challenges necessitate a comprehensive
approach that includes policy support, investment in training, and the development of standardized protocols
for UPQC deployment. Future research should focus on optimizing UPQC designs, exploring innovative
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control strategies, and assessing the long-term impacts of UPQC deployment on both technical and economic

fronts.
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