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ABSTRACT

The global electric power infrastructure, largely based on century-old
principles, is undergoing a paradigm shift to accommodate high
penetration of intermittent renewable energy sources, energy storage
systems, and emerging technologies. Traditional electric grids
composed of synchronous generators, transformers, and AC
transmission lines, rely on fundamental control techniques such as
grid synchronization, load-frequency control, and voltage-reactive
power compensation. However, these conventional systems face
challenges in maintaining stability and efficiency due to increasing
energy demands and the integration of distributed energy resources.
This paper explores the role of power electronics in shaping future
electric power grids, from generation to consumption. It discusses
advanced Flexible AC Transmission Systems (FACTS), smart grids,
and the impact of quantum-dot computing and wireless
communication in grid modernization. Furthermore, the paper
addresses the challenges of implementing grid-level power
electronics, including efficiency, cost, and operational reliability. The
transition to next-generation electric power networks will require
fundamental advancements in power electronics, intelligent control
systems, and real-time monitoring technologies.
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1. INTRODUCTION

Global electric power systems now in place need to
undergo significant modifications in order to
accommodate the high penetration of intermittent
renewable energy and other emerging technologies,
such energy storage [1-2]. These modifications will
bring about a fresh development in theory as well as
crucial equipment for next electric power networks.
Many nations have had electric power grids for a
considerable amount of time. The majority of grids are
older than sixty years. One hundred years ago, the
foundations of system design and operation were
established. Transformers, transmission lines, AC
loads, and three-phase synchronous generators make
up the majority of them [3-4]. Basic control tactics
include grid synchronization, load-frequency control,
and voltage-reactive power compensation [5].

Grid of Electric Power The world's largest human-
made system is the electric power grid. Thomas A.

Edison created the first electric power system in
history in New York City in 1882 using a DC power
system [1]. Between 1885 and 1893 [1], three-phase
AC electric power systems supplanted DC electrical
power systems in the first major transformation of the
electric power system. The key to the many uses of
AC power systems was the accessibility of
transformers. Since then, the voltage level and
connections have seen the most changes in electric
power networks, leading to the system's expansion,
strengthening, and increased dependability.
Transmission lines and other passive components
made up the majority of power systems during this
period. Similar to typical compensating equipment,
FACTS enhances transmission line performance, but
it does it considerably faster and with greater
flexibility. New FACTS that have the potential to
directly control power flow have been discovered
recently [3]. Intelligent Grids In recent years, smart
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grid technology has advanced significantly. In order to
enable electric power grid applications including
demand response, distribution automation, bulk or
distributed renewable generation integration, broad
area monitoring and control, and communications, it
will use cutting edge monitoring, computing, and

industries will completely utilize cutting-edge
computing, communication, and information systems
with the proposal of smart grids to enhance the
performance of current power grids. In the Fig. 1
represent the concept of Distribution power system
with machine and AC/DC converter.

information technologies [4-6]. The electric power
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Fig. 1: Basic concept of Distribution power system with machine and AC/DC converter
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A. Evolution of Electric Power Grids

The electric power grid is one of the largest human-made systems, evolving from Thomas A. Edison's first
DC power system in New York City in 1882 to modern three-phase AC electric power systems, which
became dominant between 1885 and 1893 [1]. The introduction of transformers revolutionized AC power
transmission, enabling long-distance power delivery and grid expansion. Over the decades, voltage levels
increased, and the system grew stronger and more reliable. However, the core infrastructure of most global
power grids is now over 60 years old, necessitating significant upgrades to support modern energy demands [7].

B. Need for Grid Modernization

The increasing adoption of renewable energy sources, such as wind and solar power, requires significant
modifications to traditional electric grids. Unlike conventional generation, renewables are intermittent and
decentralized, making grid stability and power quality critical challenges [8-9]. Additionally, energy storage
technologies, real-time monitoring, and intelligent grid management systems must be integrated to improve
system efficiency.

C. Role of Power Electronics in Future Grids

Power electronics is set to play a transformative role in modernizing electric power grids. From FACTS
devices that enhance transmission efficiency to smart grids that utilize advanced computing and
communication technologies, power electronics will be fundamental in managing power flow, voltage
stability, and grid reliability [10-12]. Emerging technologies such as Quantum-dot Cellular Automata
(QCA), wireless sensor networks, and artificial intelligence-driven control mechanisms will further enhance
grid operations by enabling real-time monitoring, adaptive energy distribution, and predictive maintenance
[3-4]. Advancements in wide-band gap semiconductors and AI-driven control systems will further enhance
grid efficiency, reliability, and sustainability in the transition to next-generation power networks [13-16].

D. Challenges in Implementing Power Electronics at the Grid Level

Despite its potential, integrating power electronics at the grid level presents challenges such as high
implementation costs, thermal management issues, electromagnetic interference, and cybersecurity risks.
Moreover, scalability and reliability remain key concerns, requiring advancements in semiconductor materials,
converter topologies, and fault-tolerant designs [17].

This paper explores recent electric power grid innovations, discusses the role of power electronics in
modernizing global grids, and analyzes the challenges and opportunities in integrating renewable energy,
energy storage, and intelligent control systems into the next generation of power networks.

2. Literature Review

Multilevel inverters have gained significant attention in recent years due to their ability to improve power
quality, reduce total harmonic distortion (THD), and enhance efficiency in high-power applications. Unlike
conventional two-level inverters, multilevel inverters generate stepped voltage waveforms that closely
approximate sinusoidal waveforms, reducing the need for large filters and minimizing switching losses [18].
Various topologies, such as the diode-clamped, flying capacitor, and cascaded H-bridge inverters, have been
extensively studied for their advantages and implementation in different power conversion systems [19].
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The concept of multilevel inverters was introduced to address the limitations of traditional inverters in handling
high voltages and power ratings. Rodriguez et al. [1] conducted an extensive survey of multilevel inverter
topologies, control techniques, and their applications, highlighting their advantages in renewable energy systems
and motor drives. Escalante et al. [2] demonstrated the benefits of flying capacitor inverters in direct torque
control (DTC) motor drives, emphasizing their capability to achieve better dynamic performance. Similarly,
Peng [3] proposed a generalized multilevel inverter topology that offers self-voltage balancing, reducing the
complexity of external control circuits.

In industrial applications, Tolbert et al. [4] investigated the use of multilevel converters for large electric drives,
proving their effectiveness in reducing voltage stress on power devices. Wu [5] further explored high-power
converters and AC drives, discussing their integration into modern grid systems. Holtz [6] provided an in-depth
analysis of pulse-width modulation (PWM) techniques, which play a crucial role in controlling multilevel
inverters to achieve optimal performance.

The neutral-point-clamped (NPC) inverter, first introduced by Nabae et al. [7], is widely used in medium-voltage
applications due to its ability to balance capacitor voltages efficiently. Malinowski et al. [9] presented a detailed
study on cascaded multilevel inverters, emphasizing their scalability and modular design, which makes them
suitable for high-power applications. Furthermore, advancements in power semiconductor devices, such as wide
bandgap materials like GaN and SiC, have significantly improved the efficiency and switching speed of power
converters. Bose [8] discussed the role of modern power electronics in AC drives, underlining the impact of
semiconductor technology on inverter performance.

With the increasing demand for smart grids and renewable energy integration, multilevel inverters continue to be
a critical component in power electronics. Future research is expected to focus on hybrid topologies, artificial
intelligence-based control strategies, and the adoption of GaN and SiC devices to further enhance inverter
efficiency and reliability [20-24].

3. Multilevel Inverter

Multilevel inverters are gaining significant traction in high-power, medium-voltage applications due to their
distinct advantages over conventional two-level inverters. These benefits include lower electromagnetic
interference (EMI), improved total harmonic distortion (THD), reduced voltage stress on switching devices, and
lower bearing currents [25-26]. The most widely adopted multilevel inverter topologies include the Flying
Capacitor (FC), Cascaded H-Bridge (CHB), and Diode-Clamped (Neutral-Point-Clamped, NPC) configurations.
Beyond these conventional topologies, researchers have explored various novel multilevel inverter designs,
including hybrid configurations that combine features of the primary topologies [1]. Most multilevel inverter
designs generate a hexagonal space vector structure, which is further divided into multiple triangular sections to
facilitate multilevel operation [27]. While multilevel inverters offer superior harmonic performance compared to
two-level inverters, their effective implementation requires an open-end winding induction motor [28].

This study introduces an innovative topology that utilizes a Pulse Width Modulation (PWM) approach based on
the sampled amplitude of reference voltages for speed control. This technique allows for the use of standard
induction motors as the load [6]. Additionally, harmonic performance is further enhanced by modifying the
PWM switching sequence within a carrier cycle. The evaluation of different PWM switching strategies is
conducted using the concept of "harmonic flux trajectories,” as initially introduced in [7].

Multilevel Inverters in High-Power Applications

Multilevel inverters are gaining significant traction in high-power, medium-voltage applications due to their
distinct advantages over conventional two-level inverters. These inverters offer improved power quality, reduced
harmonic distortion, lower voltage stress on switching devices, and higher efficiency. They are widely used in
industrial drives, renewable energy systems, and power grids [29-30].

A. Advantages of Multilevel Inverters
> Reduced Total Harmonic Distortion (THD) — Multilevel inverters generate output waveforms that are
closer to sinusoidal, minimizing the need for complex filtering.

» Lower Switching Stress — The voltage stress on semiconductor devices is significantly reduced, allowing
the use of lower-rated components.

» Improved Efficiency — Due to lower switching losses, multilevel inverters exhibit higher efficiency, making
them suitable for high-power applications.
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» Scalability for High Voltage Applications — These inverters are capable of operating at medium and high
voltages without requiring bulky transformers.

B. Types of Multilevel Inverter Topologies
» Diode-Clamped (Neutral-Point Clamped - NPC) Inverter — Uses diodes to divide the DC bus voltage into
multiple levels.

» Flying Capacitor (FC) Inverter — Utilizes capacitors for voltage balancing and control.

» Cascaded H-Bridge (CHB) Inverter — Composed of multiple H-bridge cells, providing modularity and
redundancy.

C. Applications of Multilevel Inverters in High-Power Systems
» Renewable Energy Systems — Used in solar and wind power conversion to integrate clean energy into the
grid.

» Industrial Motor Drives — High-power drives for pumps, conveyors, and compressors benefit from their
efficiency and smooth operation.

» HVDC and FACTS - Applied in high-voltage DC transmission and Flexible AC Transmission Systems for
improved power flow control.

4. Space Vector PWM for the Topology

It is widely acknowledged that carrier-based techniques are the most straightforward means of achieving space
vector modulation [9]. Nevertheless, one drawback of carrier-based techniques is that they lack the flexibility to
choose switching combinations as desired [28-31]. The manner in which the switching the carrier cycle in which
sequences are applied is a significant factor in affecting the harmonic performance the framework [10]. This
paper's approach preserves the simplicity of carrier-based space vector approaches while providing the flexibility
to select the desired switching sequences. As seen in Fig. 2a, the space vector diagram is divided into numerous
triangular sections for multilevel operation. The timings corresponding to the vectors (vertices) of various
triangles are determined for the current hexagonal sector by mapping the timings acquired for basic two-level
operation from the measured amplitudes of the reference voltages into the triangles inside a hexagonal sector.
The table 1 represents the Different ways to generate phase-A pole voltages

Table 1: Different ways to Generate phase-A pole voltages

Pole Voltage Levels (VDC) Method of Generation Effect on C1 Effect on C4
0.183 Vc4 No effect Discharging
0.183 0.366VDC-Vc4 No effect Charging
0.366 0.366VDC No effect No effect
0.366 Vel Discharging No effect
0.5 VDC-Vcl Charging No effect
0.5 Vcl+Vc4 Discharging Discharging
0.5 0.366VDC+Vcl1-Vc4 Discharging Charging
0.683 VDC-Vcl+Vc4 Charging Discharging
0.683 1.366VDC-Vcl-Vc4 Charging Charging
0.683 0.366+Vcl Discharging No effect
0.866 1.366VDC-Vcl Charging No effect
0.866 VDC No effect No effect
1 VDC+Vc4 No effect Discharging
1.183 1.366VDC-Vc4 No effect Charging
1.183 1.366VDC No effect No effect
1.366 0 No effect No effect
0 0 No effect No effect
Where: Vel (0.5VDC) and Vc4 (0.183VDC) are the voltage across the floating capacitor C1 and
C4 respectively.

5. Implementation

The drive scheme's hardware implementation is done on a DSP-FPGA platform. A TMS320F28335 DSP
platform is used to perform an open loop V/f control. The synchronous frequency is what the user feeds into the
DSP. The DSP generates and calculates reference voltage vectors and timing. The DSP's PWM hardware module
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generates PWM signals after the timing settings are determined. Using voltage and current sensors, the six
capacitor voltages, the DC-link voltage, and the phase currents are detected and measured by the ADC within the
DSP. These numbers are utilized by the DSP's CHB and FC capacitor balancing mechanism. The PWM signals
are decoded by the FPGA (Xilinx Spartan3E XC3S200), which then produces the gating signals for the inverter.
The obtained results pertain to Vac = 200V. The steady-state voltages that result are VCx1=100V and
VCx2=28.For no load, 9V waveforms are obtained in order to obtain the worst-case current ripple. The Vertex
device family's Xilinx 14.1i performs all experiment analysis. Fig. 2, Block diagram of FC & CHB inverter
module work. This tool's main benefit is its low memory requirements along with fast circuit and analysis
processing. The primary design factors for any reversible logic circuit are as follows: Digital circuits require
fewer circuits to operate. There must be fewer multilevel inverters in these circuits. Similarly, the intended
circuits need to be adjusted in order to reduce the quantity of trash outputs.

Speed Reference

i TMS3I20F28334 DSP Xilinx Spartan XC35200 FPGA
¥
Trnangle .
[denti ﬁE':‘_ & Triangle To Vector To
V/f Controlf— Timing » Vector [™ Switching
C'llcul'lléfun Decoder State Decoder
¥ ¥
CHB S
, . . wnchmﬂ
Gapactor [, | 1wt | S
f'ni?lll‘ghf:r ' . Gating Pulse
¥
Flying Capacitor r Dead Time
Voltage Controller Insertion

. A A : ;=
Las Us e 1 Vigies Vi

FC & CHB [4—=
Inverter 24
Modules

Fig.2 Block diagram of FC & CHB inverter module work

A. DG units

Utilize a variety of renewable energy sources for power generation, as this is a crucial step in the utilization of
renewable energy [1]. Due to their randomness, several DG units linked into the main grid will cause stability
issues. Due to their great dependability and flexibility, microgrids are a crucial connection between distributed
generation and the main grid [2]. A microgrid can function in both islanding and grid-connected modes. The main
grid assumes control of the voltage and frequency when the microgrid is in grid-connected mode. The distributed
generator (DG) can then be operated in maximum power tracking mode to provide the maximum amount of
power injection to the main grid. Conversely, in the event of a malfunction or a decline in the power quality of the
main grid, the microgrid demand for load in the microgrid. An effective method for DG units to distribute power
appropriately is droop control. Which regulate the DG's output voltage and frequency in accordance with its real
and reactive power production [3]-[5].
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Power generation must match load demand in order for droop control to be implemented [6]. Due to the erratic
power generation of distributed generation units and growing loads, microgrid’s may encounter supply and
demand imbalances. In this situation, a microgrid needs to generate additional electricity or shed some of the load.
An efficient way to balance power is via an energy storage system, which regulates battery charging and
discharging. However, because they require a large initial expenditure, the building of ancillary devices is not the
best option. Curtailment of load is another technique [7, 8]. Demand side management and load shedding have
both been applied to increase system operating reliability.

B. Regarding the load

The process of turning a load on or off will complicate the microgrid emergency operation scheme and cause
serious stability issues. Many loads use converters because power quality and control flexibility are important
considerations. They are typically regarded as continuous power loads in traditional control schemes. To change
their power usage, they can also be managed as an active load using control converters. Therefore, appropriately
controlling the consumption of active loads in accordance with the microgrid's operating condition is a more
adaptable approach to maintaining the supply-demand balance. In order to keep the microgrid's supply and
demand in balance, a coordinated control strategy for DG units and active power electronics loads was put forth in
this work. It was decided to use a flexible control approach to manage the active

C. Transformative Role of Power Electronics

Power electronics plays a crucial role in modernizing electrical systems by enabling efficient conversion,
control, and management of electrical energy. With the increasing demand for renewable energy integration,
smart grids, and high-efficiency power conversion, power electronics has become a fundamental technology for
the future of global energy systems.

D. Key Transformations Brought by Power Electronics
»> Renewable Energy Integration: Power electronics facilitates the seamless integration of solar, wind, and
other renewable sources into the power grid.

» Grid Modernization and Smart Grids: Power electronics-based Flexible AC Transmission Systems
(FACTS) and High-Voltage DC (HVDC) transmission improve power flow control and reliability.

» Electrification of Transportation: The rise of electric vehicles (EVs) is heavily dependent on power
electronics for battery charging, motor drives, and energy management.

» Industrial and Consumer Applications: High-efficiency power converters are used in industrial motor
drives, data centers, and household appliances to minimize energy losses. Semiconductor advancements like
Silicon Carbide (SiC) and Gallium Nitride (GaN) are revolutionizing power electronics by increasing
efficiency and reducing size.

> Energy Storage and Microgrids: Power electronics enables the integration of energy storage systems,
improving grid resilience and allowing decentralized energy generation. Microgrids, powered by power
electronic converters, provide localized energy solutions for remote and urban areas.

E. Role of power electronics

6. Simulation and Results

A MATLAB/Simulink simulation of a microgrid was constructed to confirm the effectiveness of a flexible power
electronics control method. The permitted minimum voltage is 205V, the preset threshold frequency is 49.85Hz,
the allowable minimum frequency is 49.8 Hz, and the actual and reactive power ratings of DG1 and DG2 are
1.5kW and 200var, respectively. The power electronics load in the simulation is an AC-DCAC converter load
with a 3kW power rating. Ta contains a list of the simulation's specific parameters. Only the power electronics
load is connected to the bus prior to t =0.2 s [5].

In order to formulate an accurate compact model and produce accurate terminal behavior, one must have a
thorough grasp of the device's physical behavior. Commercial TCAD simulators can be used to characterize the
device under different bias situations and to provide a proper knowledge of the device behavior. This study uses
ATLAS-Silvaco, a well-liked TCAD simulator for semiconductor process design that is generally accessible in
academic institutions. It is utilized to demonstrate the qualitative device behavior for the high-voltage GaN gate
injection transistor (GIT). Fig.4 depicts the approximate device structure of a high-voltage enhancement-mode
GIT [6]. Fig. 5 displays the matching energy-band diagram for it. The AlGaN/ hetero structure generated Two-
dimensional electron gas (2DEG) at the junction with extremely high carrier mobility in the restricted quantum
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well is produced by the GaN material system in huge concentrations. The behavior of hetero junctions, like group
III-V nitrides, has been extremely effectively utilized for RF devices; nevertheless, because of the high carrier
concentration at the hetero junction, these devices are by default depletion-mode devices. As shown in the
diagram, a ptype cap layer with majority-holes is utilized below the gate. These holes mix with the electrons from
the AlGaN layer below the gate to deplete the channel of carriers needed for the current from the drain-source to
condense while lifting the gate [4].

HEMT structure with p-type GaN gate layer
Data from ganfotex07 0.str

2 -1 0 1 2 3 4 5 8 7 8
Loteral direction [microns)

Fig. 4: Approximate enhancement-mode device structure for high voltage GAN devices-1.

Band Diagram of HEMT with p-type GaN gate layer

Energy (eV)

005 01
Vertical Dimension (micron)

Fig.5 Energy-band diagram for the high voltage GAN device structier-2

015 02 025 03

Conductivity modulation is another effect that the device manufacturer claims to have; this is examined for the
previously shown device structure. Once the applied gate voltage with respect to the source overcomes the
forward voltage drop of the P-N junction formed by the gate electrode and the AlGaN cap layer, the hole injection
from the p-type cap layer with the increasing gate bias causes a significant increase in the electron movement
towards the drain [4-7]. This displays the channel's electron concentration as a function of the gate bias that was
applied following TCAD device-level simulations using ATLAS for the device architecture.

7. Conclusion
In conclusion, multilevel inverters will continue to

a five-level multilevel inverter, emphasizing its
advantages in modern power electronics applications.

play a crucial role in the advancement of power
electronics, facilitating the transition towards more
efficient, reliable, and sustainable energy conversion
systems. This work provided a comprehensive
analysis of the design, operation, and performance of

Multilevel inverters have proven to be highly
effective in improving power quality, reducing total
harmonic distortion (THD), and enhancing the
efficiency of power conversion systems. By
leveraging different topologies such as cascaded H-
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bridge and flying capacitor inverters, the research
demonstrated their suitability for high-power
applications, including renewable energy systems,
electric drives, and power grids. The work
highlighted the role of various control schemes,
switching strategies, and capacitor effects in
optimizing inverter performance. Through steady-
state and transient analysis, the proposed multilevel
inverter exhibited stable operation across different
frequency ranges, validating its reliability and
efficiency in real-world applications. Furthermore,
the elimination of lower-order harmonics through
advanced modulation techniques reinforced the
potential of multilevel inverters to meet the growing
demand for high-performance power -electronic
systems. With continuous advancements in power
semiconductor technologies, including the integration
of wide bandgap materials like GaN and SiC,
multilevel inverters are expected to achieve even
higher efficiency, reduced switching losses, and
improved power density. Future research should
focus on hybrid inverter topologies, intelligent control
algorithms, and the implementation of artificial
intelligence (Al)-based techniques to further optimize
performance and adaptability in smart grid and
industrial applications.
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