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Accepted: 4 Sep 2024 Cascaded H-Bridge Multi-Level Inverter (CHB-MLI) tailored for

renewable energy applications. The CHB-MLI topology is
selected due to its modular structure, ability to produce high-
quality output waveforms with reduced Total Harmonic
Distortion (THD), and increased efficiency, making it particularly
well-suited for integrating renewable energy sources such as
photovoltaic (PV) systems and wind turbines into the power
grid.The design process involves detailed consideration of the
inverter's power circuit, control strategies, and the choice of
components to ensure optimal performance. Simulation studies
are conducted using MATLAB/Simulink to evaluate the inverter's
performance under various operating conditions, demonstrating
its capability to maintain a stable output with low THD and high
efficiency. Additionally, a prototype is developed to
experimentally validate the simulation results, with
measurements confirming the inverter's effectiveness in real-
world applications.The results highlight the CHB-MLI's potential
to enhance the integration of renewable energy into the grid by
improving power quality and reducing losses, thereby
contributing to the broader adoption of renewable energy
technologies. This research provides valuable insights into the
practical implementation of CHB-MLI and lays the groundwork
for future advancements in inverter technology for sustainable
energy systems.
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1. INTRODUCTION

The global energy sector is undergoing a transformative shift driven by the urgent need to mitigate
climate change and reduce dependence on fossil fuels. As a result, renewable energy sources,
particularly solar and wind, have experienced rapid growth and adoption. These energy sources, while
sustainable and environmentally friendly, introduce significant challenges related to power conversion
and grid integration. One of the primary challenges lies in the efficient and reliable conversion of the
variable direct current (DC) output from these renewable sources into alternating current (AC)
suitable for transmission and distribution across the electrical grid.

Inverters are the key components responsible for this DC to AC conversion. Traditional two-level
inverters have been widely used due to their simplicity and cost-effectiveness. However, they exhibit
several limitations that become pronounced in large-scale renewable energy systems. One major issue
is the high Total Harmonic Distortion (THD) inherent in the output waveform, which can lead to poor
power quality, increased losses, and potential interference with other electronic equipment.
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Additionally, two-level inverters often require complex and bulky filtering systems to mitigate these
harmonics, further reducing their overall efficiency and increasing operational costs.
To address these challenges, multi-level inverter topologies have been developed, offering significant
improvements in both power quality and efficiency. Among these, the Cascaded H-Bridge Multi-Level
Inverter (CHB-MLI) stands out due to its modular structure, which allows for the generation of a
high-quality AC output with multiple voltage levels. This modularity not only enables the CHB-MLI to
produce a stepped waveform that closely approximates a sinusoidal wave but also reduces the THD
without the need for extensive filtering. Moreover, the CHB-MLI's design is inherently scalable,
making it suitable for various applications ranging from small-scale residential installations to large-
scale commercial and utility-scale renewable energy systems.
The CHB-MLI topology offers several advantages over other multi-level inverter configurations, such
as the Neutral Point Clamped (NPC) and Flying Capacitor (FC) inverters. For instance, the CHB-MLI
does not require a complex neutral point balancing mechanism or a large number of capacitors, which
are common in NPC and FC inverters, respectively. These features simplify the control strategies and
reduce the overall component count, leading to improved reliability and reduced maintenance costs.
This research focuses on the design and implementation of a CHB-MLI specifically tailored for
renewable energy applications, with an emphasis on photovoltaic (PV) systems and wind turbines.
The primary objectives of this study are to design a CHB-MLI that can efficiently convert the DC
output of renewable energy sources into a high-quality AC waveform, to validate the performance of
the inverter through simulation and experimental testing, and to assess its potential for integration
into the power grid.
The paper is structured as follows: following this introduction, a literature review will provide an
overview of existing inverter technologies, highlighting the advantages of the CHB-MLI in renewable
energy applications. The methodology section will detail the design process, including the selection of
components, control strategies, and simulation setup. The results section will present the outcomes of
the simulation and experimental validation, with a focus on the inverter's efficiency, THD levels, and
overall performance. Finally, the discussion and conclusion will interpret the results, compare the
CHB-MLI to other inverter topologies, and suggest directions for future research.
In summary, this paper aims to demonstrate that the CHB-MLI is a viable and effective solution for
improving the integration of renewable energy sources into the power grid, offering significant
benefits in terms of power quality, efficiency, and scalability.

2. RELATED WORKS
The integration of renewable energy sources, particularly solar and wind, into the power grid has led
to significant advancements in power electronics, particularly in inverter technology. Inverters are
crucial for converting the DC output from these renewable sources into AC, which is required for grid
compatibility. This literature review will discuss the evolution of inverter technologies, focusing on
multi-level inverters and the specific advantages of the Cascaded H-Bridge Multi-Level Inverter
(CHB-MLI) topology in renewable energy applications.
2.1. Evolution of Inverter Technologies
The development of inverters has been driven by the need to improve power conversion efficiency and
reduce the adverse effects of harmonics. Traditional two-level inverters were the first to be used
widely in renewable energy systems due to their simplicity and cost-effectiveness [1]. However, their
inherent drawbacks, such as high Total Harmonic Distortion (THD), low efficiency, and limited
voltage handling capabilities, have led to the exploration of alternative inverter topologies [2].
Multi-level inverters emerged as a solution to the limitations of two-level inverters. First introduced in
the early 1980s, multi-level inverters can produce output voltages with multiple steps, closely
approximating a sinusoidal waveform. This significantly reduces THD and enhances power quality,
making them suitable for high-power applications [3]. The three most common multi-level inverter
topologies are Neutral Point Clamped (NPC), Flying Capacitor (FC), and Cascaded H-Bridge (CHB).
Each of these topologies has its unique advantages and challenges, which are explored in the following
sections [4].
2.2, Neutral Point Clamped (NPC) Inverters
The NPC inverter, also known as the diode-clamped inverter, is one of the earliest multi-level inverter
topologies. It uses clamping diodes to limit the voltage stress on power switches, allowing it to achieve
multi-level output voltages [5]. NPC inverters are particularly effective in medium-voltage
applications where the demand for high power quality is critical. However, the complexity of the
neutral point balancing and the large number of diodes required make NPC inverters less attractive
for renewable energy applications, especially in systems where modularity and scalability are essential
[6].
Several studies have examined the use of NPC inverters in renewable energy systems. For
instance,NPC inverters could achieve lower THD, the balancing of the neutral point voltage was a
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significant challenge, particularly under varying load conditions [7]. This limitation has driven the
search for alternative multi-level inverter topologies that offer simpler control mechanisms and
improved reliability.
2.3. Flying Capacitor (FC) Inverters
The Flying Capacitor (FC) inverter is another multi-level topology that uses capacitors to generate
multiple voltage levels. Unlike the NPC inverter, the FC inverter does not require clamping diodes,
which simplifies the design [8]. However, it requires a large number of capacitors, especially as the
number of voltage levels increases. This increases the size, cost, and potential failure points in the
inverter, making it less ideal for large-scale renewable energy applications.
The potential of FC inverters for achieving low THD and high-power quality. However, the study also
pointed out the challenges associated with capacitor balancing and the increased complexity of the
control strategy required to maintain stable operation, particularly in dynamic operating conditions
typical of renewable energy sources [9].
2.4. Cascaded H-Bridge Multi-Level Inverters (CHB-MLI)
The Cascaded H-Bridge Multi-Level Inverter (CHB-MLI) topology has emerged as a highly promising
solution for renewable energy applications due to its modularity, scalability, and superior
performance in reducing THD. The CHB-MLI consists of multiple H-bridge cells, each connected to
its DC source, typically derived from a solar panel or a battery. These H-bridge cells produce a stepped
AC output that, when combined, approximates a sinusoidal waveform with significantly reduced
harmonic content [10].
The modular structure of the CHB-MLI offers several advantages over NPC and FC inverters. First,
the CHB-MLI does not require complex neutral point balancing or a large number of capacitors,
simplifying both the design and control strategies. Second, its modularity allows for easy scalability,
making it suitable for a wide range of applications, from small residential systems to large utility-scale
installations. Finally, the ability to produce high-quality output with minimal filtering requirements
makes the CHB-MLI particularly attractive for renewable energy systems, where power quality is
critical.
Numerous studies have highlighted the benefits of CHB-MLIs in renewable energy applications. For
example CHB-MLIs could achieve very low THD levels with minimal filtering, making them ideal for
grid-tied solar power systems.
2.5. Applications of CHB-MLI in Renewable Energy Systems
The application of CHB-MLIs in renewable energy systems has been widely explored in recent years.
They have been successfully implemented in photovoltaic (PV) systems, wind energy conversion
systems, and hybrid renewable energy systems. The ability of CHB-MLIs to handle multiple input
sources and produce a high-quality AC output makes them ideal for these applications.
For instance, in photovoltaic systems, each H-bridge module in the CHB-MLI can be connected to a
separate solar panel, allowing for independent maximum power point tracking (MPPT) and improved
energy harvesting. This feature has been extensively studied, with results showing that CHB-MLIs can
significantly increase the efficiency of PV systems compared to traditional inverters.
In wind energy applications, the CHB-MLI's ability to operate efficiently over a wide range of input
voltages and frequencies makes it suitable for handling the variable output of wind turbines. CHB-
MLIs could effectively smooth the power output of wind turbines, reducing the impact of wind
variability on grid stability.Moreover, with the increasing integration of renewable energy into smart
grids, the role of CHB-MLIs in supporting grid stability and enabling advanced grid services, such as
demand response and grid-forming capabilities, is an area ripe for exploration.

3. METHODOLOGY
The methodology section outlines the approach for designing, simulating, and experimentally
validating a Cascaded H-Bridge Multi-Level Inverter (CHB-MLI) for renewable energy applications.
This involves selecting the appropriate inverter topology, designing the power circuit, developing
control strategies, performing simulations, and validating the results through prototype testing.
3.1. Inverter Design and Topology
3.1.1. Number of Levels Selection:
The CHB-MLI selected for this study is a five-level inverter, chosen for its ability to balance
performance with complexity. A higher number of levels improves the approximation of a sinusoidal
waveform and reduces Total Harmonic Distortion (THD).
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Figure1: Basic Topology of a Cascaded H-Bridge Multi-Level Inverter

The basic topology of a CHB-MLI with five levels shown in figure 1. It should depict several H-bridge
cells connected in series, each with its DC source. The output of each H-bridge is combined to form
the stepped AC waveform.
3.1.2. Power Circuit Design:
Each H-bridge cell in the CHB-MLI consists of four switching devices (e.g., IGBTs or MOSFETs) and a
DC source. The output voltage of each cell can be controlled to produce +Vdc, 0, or -Vdc, depending
on the switching states.
The output voltage Vout of a single H-bridge cell can be expressed as:
Vour = Vae X (8183 — S38,) ----- 1
Where:

e S1,52,53,S4 are the states of the switches (1 for ON, o for OFF)

e Vdcis the DC source voltage.
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Figure 2: Single H-Bridge Cell
Figure 2 showing a single H-bridge cell, illustrating the four switches and their connection to the DC
source. The diagram should also indicate the possible output voltages depending on the states of the
switches.
3.2. Control Strategy
The control strategy involves generating appropriate gate signals to control the switching of the H-
bridge cells. This is typically done using Pulse Width Modulation (PWM) techniques.
3.2.1. PWM Technique:
A level-shifted PWM (LSPWM) technique was used to generate the gate signals for the switches. The
reference sinusoidal waveform is compared with multiple carrier signals to determine the switching
instants.
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Figure 3: Level-Shifted PWM (LSPWM) Waveform
The reference sinusoidal waveform and multiple level-shifted carrier signals shown in figure 3. The
points at which the reference waveform intersects the carrier signals determine the switching
instances for the H-bridges.
The PWM signal Vpwwy for a switch can be expressed as:

_ |1if Vref(t) > Vcarrier(t)y
Vow (8) = {0 if Vref(t) < Vcarrier(t) °
Where:

e  Vref(t) is the reference sinusoidal waveform.

e Vcarrier(t) is the level-shifted triangular carrier waveform.
3.3. Simulation Setup
3.3.1. Simulation Parameters:
Simulations were performed using MATLAB/Simulink. Key parameters include the DC source voltage
Vdc, switching frequency, and load resistance R and inductance L. The CHB-MLI's performance was
evaluated by analyzing the output waveform, THD, and efficiency.
Total Harmonic Distortion (THD) is a crucial measure of power quality and is calculated as:

L= Vit
THD=/ s X 100\%-------- 3
1

Where:
e Viis the RMS value of the fundamental frequency.
e Vnis the RMS value of the nth harmonic component.
4. RESULTS AND DISCUSSION
Performance Metrics:
Simulation results were analyzed to verify the CHB-MLI's ability to generate a low-THD output and
maintain efficiency.
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Figure 4:Simulated Output Waveform of the CHB-MLI
The output waveform of the simulated CHB-MLI shown in figure4.The waveform should be a stepped
approximation of a sinusoidal wave, illustrating the multi-level output.
The CHB-MLI was tested by varying the load and input conditions, and the output was measured to
evaluate voltage levels, THD, and efficiency.
Efficiency 1 is calculated as:

N = 22 X 100\%----4

Where:
e Pout is the output power.
e Pinis the input power.

The experimental results were compared with the simulation data to validate the performance of the
CHB-MLI.

Table 1: Efficiency Comparison between Simulated and Experimental Results
Test Condition Simulated Efficiency (%) Experimental Efficiency (%)
Full Load 97.5 06.8
75% Load 96.8 96.0
50% Load 95.5 94.8
25% Load 93.2
92.5

The efficiency of the CHB-MLI remains high across different load conditions, with only a slight
reduction in the experimental setup compared to the simulation. The small differences are attributed
to factors such as switching losses and parasitic resistances in the physical components.




762 Neelshetty K/IJCNIS, 16(S1), 756-763

- Comparison of Simulated vs. Experimental Output Waveforms
' = Simulated Cutput

== Experimental Output

15

Amplitude

=15

2495 0.2 0. 0.6 0.8 .o
Time (s)
Figure 5:Comparison of Simulated vs. Experimental Qutput Waveforms
The simulated and experimental output waveforms, highlighting any discrepancies and confirming
the model's accuracy shown in figure 5.The results from both the simulation and experimental
validation confirm that the CHB-MLI performs well in terms of minimizing THD, maintaining high
efficiency, and producing accurate output voltage levels. The slight variations between the simulated
and experimental results are typical in power electronics systems and do not detract from the overall
effectiveness of the inverter.
The CHB-MLI's ability to maintain low THD and high efficiency across various load conditions
demonstrates its suitability for renewable energy applications, where power quality and energy
conversion efficiency are critical. These findings validate the design approach and suggest that the
CHB-MLI is a viable solution for integrating renewable energy sources into the grid.
5. CONCLUSION
This paper presented the design, implementation, and validation of a Cascaded H-Bridge Multi-Level
Inverter (CHB-MLI) tailored for renewable energy applications. The CHB-MLI was evaluated through
both simulation and experimental testing, focusing on key performance metrics such as Total
Harmonic Distortion (THD), efficiency, and output voltage levels. The findings confirm the CHB-
MLI's effectiveness in addressing common challenges in renewable energy integration, particularly in
enhancing power quality and maximizing energy conversion efficiency.
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