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ABSTRACT

Power Electronics (PE) have significantly transformed the energy sector by advancing generation,
transmission, and distribution systems. These technologies enable precise control and efficient energy
conversion, playing a vital role in enhancing energy management and grid stability while supporting the
integration of Renewable Energy (RE) sources. In power generation, PE improves the efficiency and
reliability of RE sources such as wind and solar, making them more sustainable. In transmission,
technologies like Flexible AC Transmission Systems (FACTS) and High-Voltage Direct Current (HVDC)
utilize PE to facilitate efficient and reliable long-distance power transfer. In distribution, PE underpins smart
grids, microgrids, and advanced load management systems, thereby improving energy efficiency and
system resilience. By enabling real-time monitoring and control, PE contributes to the development of
modern energy infrastructures capable of meeting rising demand and sustainability targets. This paper
examines the transformative role of PE in modernizing and sustaining energy infrastructure, highlighting
its critical contribution to building a more efficient and resilient energy future.
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INTRODUCTION
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Modern infrastructure has been profoundly
Professor, Department of Electrical and influenced and shaped by Power Electronics (PE),
Electronics Engineering, Mahendra Engineering which have firmly established their significance

across multiple domains. Renowned for their
effectiveness in transforming and managing
electrical power, these versatile technologies have
a substantial impact on various aspects of
infrastructure development. PE continues to play
an unparalleled and crucial role in the
advancement of intelligent transportation
networks and the optimisation of energy
distribution systems. This section presents an in-
depth overview of their diverse applications, with
43 a focus on the ongoing need for innovative and
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sustainable practices in this dynamic industry. A
global shift towards cleaner, technologically
advanced, and more efficient infrastructure is
underway, with PE serving as a driving force
behind this evolution. Their role extends beyond
the mere conversion of electricity; PE drives
innovation by enabling infrastructure designs that
address the needs of a rapidly changing world.
The subsequent sections will examine how PE
enhances sustainability, improves efficiency, and
fosters innovation in contemporary infrastructure
(Kassakian et al., 2023). Exploring real-world
applications and identifying emerging trends will
shed light on their essential functions, as well as
the opportunities and challenges they present.
This analysis ultimately underscores the necessity
for advancements in PE to ensure the flexibility,
long-term  viability, and  resilience  of
infrastructure systems in an ever-changing
environment.

The integration of Renewable Energy (RE) sources
into the electrical grid is essential for reducing
greenhouse gas emissions and achieving a
sustainable energy future. PE has been
instrumental in enabling this transformation.
Smart grids, powered by advanced PE
technologies, facilitate the seamless integration of
RE sources such as solar and wind into power
systems. However, the inherent variability and
intermittency of RE pose significant integration
challenges. PE-based control systems, including
converters and inverters, regulate the flow of
electricity from renewable sources into the grid by
adjusting voltage and frequency to maintain a
stable and reliable power supply. Additionally,
PE enables bidirectional energy flow, allowing
excess electricity generated during periods of high
renewable output to be stored or fed back into the
grid when required. The ability to dynamically
adapt supply and demand is further enhanced by
advanced control algorithms and communication
networks supported by PE.

A critical area in which PE plays a major role is
High-Voltage Direct Current (HVDC)
transmission, which is essential for efficient long-
distance electricity transfer, particularly when
connecting remote RE sources to urban load
centres. Power electronic converters in HVDC
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systems convert AC to DC, enabling more
efficient energy transmission over extended
distances (Inci et al, 2021). One of the key
advantages of HVDC technology is the reduction
of energy losses in long-distance transmission,
making it ideal for interconnecting power grids
across large geographical areas or even national
borders. Furthermore, HVDC systems enhance
grid reliability by enabling multidirectional
power flows, which improve demand-supply
balance between interconnected regions. This is
especially valuable for integrating renewable
energy generated far from major consumption
centres.

Reducing conversion losses from AC to DC
further boosts the efficiency of HVDC networks,
particularly when employing advanced PE
technologies such as innovative converter
topologies and high-performance semiconductor
devices. Control algorithms ensure precise
regulation of voltage and frequency, contributing
to the stability and efficiency of HVDC operation.
As the need for remote power transmission and
large-scale RE integration continues to grow, the
role of PE in HVDC systems is becoming
increasingly significant. Ongoing research and
technological development aim to enhance the
capacity and efficiency of HVDC systems, thereby
ensuring the long-term  reliability and
sustainability of global power networks
(Hatziargyriou et al., 2020).

LITERATURE REVIEW

Dileep (2020) provided a detailed explanation of
the smart grid’s definition, architecture,
operational principles, and potential applications.
Judge et al. (2022) presented a contemporary
analysis of smart grid performance, impacts, and
the integration of renewable energy (RE) sources.
Several other studies have extensively examined
specific components of the smart grid. Alotaibi et
al. (2020) offered a comprehensive review of RE
integration, while Kawoosa and Prashar (2021)
conducted an in-depth review of cybersecurity
within the smart grid, addressing classifications,
risks, and recommended mitigation strategies.
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In the field of power quality disturbance analysis,
Lassi Aarniovuori et al. (2019) proposed a method
combining the Wigner-Ville distribution with
convolutional neural networks to enable
separation of voltage disturbances under multi-
scene and multi-node conditions. Similarly,
Aviyente et al. (2019; 2021) introduced a
multivariate analysis method for assessing phase-
amplitude couplings, employing a reduced-
interference Rihaczek distribution to improve the
accuracy of  capturing  phase-amplitude
interactions.

In power system stability assessment, Yusuff et al.
(2021) developed a technique that utilises voltage
amplitude changes at the load bus to identify
clusters of weak nodes, based on simultaneous
reactive power changes across all loads. Zhang et
al. (2021) applied Phasor Measurement Unit
(PMU) amplitude measurements and line reactive
power loss benchmarks to estimate line
parameters. Their study examined the effects of
measurement error and parameter deviations,
proposing an online detection method for reactive
power loss measurement anomalies.

Focusing on theoretical modelling, Ye et al. (2022)
applied the principle of superposition by
decomposing steady-state power grids into active
disturbance equilibrium circuits and reactive
power disturbance equilibrium circuits. By
modelling the generator node as a controlled
current source and a voltage source, they
developed a Thevenin equivalence for PQ
perturbation decomposition, enabling more
precise analysis.

From a network reliability perspective, Metwaly
and Teh (2020) explored the simultaneous
implementation of demand response, dynamic
thermal rating (DTR) systems, and battery energy
storage (BES) to manage peak loads and improve
distribution network reliability. Their research
investigated how DTR and demand response can
reduce the required BES capacity. They proposed
a risk-based management methodology to
optimise the performance of transmission lines
integrated with DTR systems. Additionally, they
presented a hybrid approach to analyse both
aleatory and epistemic uncertainties in the failure

modelling of transmission lines equipped with
DTR, evaluating their reliability impact. Their
work also highlighted the role of DTR systems in
enhancing overall power system stability.

RESEARCH METHODOLOGY

A power electronic switch is a device capable of
opening or closing in response to a control signal.
Based on controllability, these switches can be
categorised into two primary types. The basic
power electronic switches are illustrated in Figure
1.

1. Line-Commutated Switches: These switches
turn on when the gate receives an appropriate
triggering signal and there is a positive anode-
cathode voltage. Once conduction begins, they
cannot be turned off until the anode-cathode
voltage becomes negative and the current
approaches zero. The only controllable parameter
for such switches is the firing angle “a,”
determined from the zero-crossing point of the
voltage waveform. The silicon-controlled rectifier
(SCR) is the most well-known example of this
category.

2. Self-Commutated Switches: These switches
are activated when the emitter-collector voltage is
positive and the gate receives a suitable control
signal. Unlike line-commutated switches, they can
be switched off simply by removing the control
signal, providing an additional control parameter.
Key examples include the Insulated Gate Bipolar
Transistor (IGBT), Gate Turn-Off Thyristor (GTO),
and Integrated Gate-Commutated Thyristor
(IGCT).

Anode Collector

(ate )
Cathode! " Gate

(a) SCR or thyristor

Emitter
(b) IGBT

Fig. 1 Power electronic switches
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AC/DC Voltage Source Converter (VSC): An
AC/DC Voltage Source Converter (VSC) is used
to transfer electrical energy between a three-phase
AC system and a DC system. On the DC side,
capacitors act as a variable current source. When
paired with antiparallel freewheeling diodes,
IGBT switches allow bidirectional current flow.
Switching frequencies are selected as odd
multiples of the fundamental frequency and
operate in the kilohertz range. Pulse-Width
Modulation (PWM) control is used to generate a
primary frequency voltage on the AC side from
the DC bus, adjusting its phase and amplitude as
required.

Shunt Connection

Static Var Compensator (SVC): The SVC was
introduced into power systems more than a
decade before the Flexible AC Transmission
Systems (FACTS) concept. It connects in shunt to
the AC system through a step-up transformer. Its
primary function is to stabilise voltage magnitude
by absorbing or supplying reactive power on the
high-voltage side of the transformer. It consists of
a parallel arrangement of Thyristor-Switched
Capacitors (TSC) and Thyristor-Controlled
Reactors (TCR). The TCR variably absorbs
reactive power within its design limit (Equation 1)
but generates harmonic currents due to phase
control. Triple harmonics are blocked by
connecting the TCR in a delta configuration, while
higher-order harmonics (6k + 1 and 12k + 1) are
mitigated through passive filters. The TSC, on the
other hand, avoids harmonic distortion during
steady-state operation by providing reactive
power in discrete steps, using thyristor pairs as
on/ off switches.

Static  Compensator (STATCOM): The
STATCOM is the modern counterpart to the SVC,
performing the same basic role of regulating
voltage by supplying or absorbing reactive power
at the high-voltage side of its transformer. Its core
system comprises a PWM control unit, interface
transformer, smoothing inductor, and VSC
(Figure 2). Available in both two-level and multi-
level converter configurations, the STATCOM
offers higher operational efficiency than the SVC.
Unlike the SVC, which functions as a variable
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shunt susceptance, the STATCOM acts as a
controllable voltage source, operating similarly to
a fast synchronous condenser without mechanical
components. This design eliminates the need for
large inductors or capacitor banks to generate or
absorb reactive power.
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Fig. 2 STATCOM schematic
representation
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Thyristor Switched Series Compensator
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Fig. 3 TSSC Diagram Representation

The TSSC consists of multiple series-connected
capacitor-thyristor modules designed to adjust
the apparent electrical length of a transmission
line. When the thyristor valve is deactivated, the
associated capacitor remains active; otherwise, it
is bypassed. This design ensures that no
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harmonics are produced. Compensation is
controlled in discrete steps, with the series
capacitive level increasing as more modules are
engaged (Figure 3).

Thyristor Controlled Series Compensator
(TCSC):

The TCSC operates similarly to the TSSC but
offers continuous control. It enhances system
stability margins, mitigates Subsynchronous
Resonance (SSR), and dampens power
oscillations. Each TCSC module consists of a
capacitor in parallel with a TCR (Figure 4).
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Fig. 4 Diagrammatic illustration of the TCSC
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Fig. 5 VSCs based DC/DC converter

In the past two decades, IGBT-based power
converters have become key interfaces between
the grid and intermittent, asynchronous
renewable sources. This began with integrating
STATCOMs into older fixed-speed wind farms
with induction generators to provide dynamic

reactive power support and meet stringent low-
voltage ride-through grid codes. Subsequently,
more robust and mechanically efficient variable-
speed turbines emerged, such as the Doubly-Fed
Induction Machine (DFIM) with a rotor-side
fractional converter, and the Permanent Magnet
Synchronous Machine (PMSM) fed via a full-scale
stator-side converter. Figure 5 shows a DC/DC
VSC-based converter configuration.

Transmission

A typical transmission system layout is shown in
Figure 6, illustrating how PE components perform
various control functions in high-voltage
transmission. Two common functions are reactive
power injection and voltage/power flow control.
However, these are mutually exclusive when
implemented by a shunt controller. Optimal
results are achieved by applying shunt VAR
correction at a system node located electrically
near the midpoint of the transmission system.
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Fig. 6 Flexible Transmission System
Components

Distribution

In distribution networks, individual loads are
often non-ideal, causing unbalanced sinusoidal
currents that reduce power quality through low
power factor, imbalance, and waveform
distortion. To prevent such issues and maintain
high power quality, utilities enforce strict grid
connection requirements. The conventional
method of mitigating these disturbances involves
an isolated DC bus combined with a shunt-
connected AC/DC VSC (Figure 7).
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Fig. 7 Flexible power devices are shown in a
distribution network

RESULT AND DISCUSSION

The continued advancement of Voltage Source
Converter-based High-Voltage Direct Current
(VSC-HVDC) technology is expected to
significantly influence the future of transmission
systems. Current developments indicate that
VSC-HVDC systems can operate at capacities of
up to 1.8 GW and voltage levels of +500 kV. In
comparison, conventional HVDC systems based
on thyristor technology are capable of handling
up to 8 GW and +800 kV without difficulty.

One of the key challenges for the coming years lies
in the development of HVDC circuit breakers that
are both simpler to operate and more efficient. In
present point-to-point HVDC configurations, AC
circuit breakers are generally employed to clear
DC faults. However, this method is unsuitable for
multi-terminal HVDC networks, as it can
compromise the stability of interconnected AC
systems.

Furthermore, the integration of remote HVDC
transmission lines with existing AC grids poses
potential stability challenges due to AC-DC
interactions. Addressing these issues will require
fundamental research into methods for seamless
coordination between HVDC and AC systems.
Such research should focus on developing
advanced control strategies capable of ensuring
stability under dynamic operating conditions, as
well as improving protection systems to manage
faults more effectively.
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In addition, the design of HVDC networks must
consider the evolving needs of renewable energy
(RE) integration. Large-scale RE sources, often
located far from demand centres, require efficient
long-distance transmission solutions. VSC-HVDC
offers distinct advantages in this context,
including flexible control of active and reactive
power, black-start capability, and the ability to
connect asynchronous grids. However, to fully
exploit these benefits, further innovation is
needed in converter topologies, semiconductor
device  performance, and  system-level
coordination.

Overall, while conventional HVDC systems still
maintain an advantage in maximum capacity and
voltage ratings, VSC-HVDC technology presents
a more adaptable solution for future grid
applications, particularly those involving high
levels of RE penetration and complex
interconnections. Advancements in this field will
play a decisive role in shaping the resilience,
reliability, ~and sustainability =~ of future
transmission systems.

CONCLUSION

This paper presents a comprehensive analysis of
modern power electronic technologies employed
in the generation, transmission, and distribution
sectors of power systems. These technologies,
broadly classified as High-Voltage Direct Current
(HVDC) and Flexible AC Transmission Systems
(FACTS), offer precise, near real-time control of
various grid parameters, enabling exceptional
operational flexibility and cost efficiency.

As AC and DC systems become increasingly
integrated within power networks, the distinction
between HVDC and FACTS technologies is
gradually diminishing. To address current and
emerging challenges, a systematic approach has
been proposed, starting from the fundamental
principles of power electronic valves and
progressing to their practical applications.

The successful development of smart grid systems
depends on close collaboration between power
system engineers and power electronics
specialists. Such cooperation is vital to harness the
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full potential of electronically controlled AC and
DC components, particularly in the context of a
decarbonised energy future. Both communities
must remain aware of the capabilities, limitations,
and evolving applications of these technologies.

A more coordinated and dynamic interaction
between these disciplines will be essential to meet
the growing demands for efficiency, reliability,
and sustainability in global energy infrastructure.
By fostering this collaboration, the widespread
adoption of advanced power electronic solutions
can be accelerated, ensuring resilient and future-
ready power systems.
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