Journal of Computational Analysis and Applications VOL. 33, NO. 8, 2024

10.48047/jocaaa.2024.33.08.277

A Comprehensive Review and Performance Analysis of Power
Converters in Renewable Energy Integrated Microgrids

Nishi Gandha Anupam
Assistant Professor, Electrical Engineering Department, Purnea College of Engineering,
Purnea, Bihar
E-mail- nganupamee@gmail.com
Satyam Kumar Singh
Assistant Professor, Electrical Engineering Department, Purnea College of Engineering,
Purnea, Bihar
E-mail-satyam.iitdhanbad@gmail.com
Piyush
Assistant Professor, Electrical Engineering Department, Purnea College
of Engineering, Purnea, Bihar
E-mail- piyush.dba.2006@gmail.com

Received: 08.07.2024, Revised : 17.08.2024, Accepted: 12.10.2024
Abstract

The global energy paradigm is shifting towards decentralized, resilient, and sustainable
systems, with microgrids at the forefront of this transition. The integration of
heterogeneous renewable energy sources (RES) and energy storage systems (ESS) into a
stable microgrid is fundamentally enabled by power electronic converters. This paper
presents a comprehensive review and a detailed performance analysis of various power
converter topologies critical for modern AC, DC, and hybrid microgrids. It systematically
categorizes converters based on their functions: generation-side (e.g., for solar PV and
wind), grid-interfacing, and storage-integration. A key finding is the superior efficiency of
three-level Neutral Point Clamped (NPC) inverters (>98%) compared to standard two-
level voltage source converters (VSCs) (~96.5%) for medium-voltage applications, albeit
with increased control complexity. Furthermore, the paper analyzes the impact of different
control strategies—including classical PI, hysteresis, and modern Model Predictive
Control (MPC)—on Total Harmonic Distortion (THD) and transient response.
Simulations, with code provided in Python, quantify that MPC can reduce grid-injection
THD to below 2%, significantly outperforming PI controllers under non-linear load
conditions. The synthesis of reviewed literature and original analytical results underscores
that the optimal selection and advanced control of power converters are pivotal for
enhancing the power quality, reliability, and overall stability of renewable-energy-based

microgrids.
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1. Introduction
The escalating concerns over climate change, coupled with the rising demand for energy
security and the declining cost of renewable technologies, have catalyzed the global
adoption of renewable energy sources (RES) like solar photovoltaic (PV) and wind power
(International Energy Agency [IEA], 2022). However, the inherent intermittency and
variability of these sources pose significant challenges to the stability and power quality
of the traditional centralized grid. Microgrids have emerged as a viable solution, defined
as localized groups of electricity sources and loads that typically operate connected to and
synchronous with the traditional centralized grid (macrogrid), but can disconnect and
function autonomously as physical and/or economic conditions dictate (Bidram &
Davoudi, 2012).
The core enabler of this flexibility and functionality is power electronics, specifically
power converters. These devices act as the indispensable interface between the variable
DC or AC output of RES, energy storage systems, and the local loads or the main grid
(Blaabjerg, Yang, Ma, & Wang, 2020). They perform critical functions such as DC-DC
conversion for maximizing energy harvest (via MPPT), DC-AC inversion for grid
integration, AC-DC rectification for charging storage, and maintaining power quality
through advanced control algorithms (Rocabert, Luna, Blaabjerg, & Rodriguez, 2012).
Despite extensive research on individual converter topologies, a systematic analysis
linking specific converter architectures and their control strategies to quantifiable
performance metrics in a microgrid context is still a subject of intense research. This
paper aims to bridge this gap by providing a findings-based review and analysis. The
primary objectives are:

1. To systematically classify and review power converter topologies used in

different segments of a microgrid.
2. To present original analytical findings on the performance of different

inverter topologies and control strategies using Python-based simulations.
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3. To quantify key performance indicators (KPIs) such as efficiency, THD,

and transient response, and discuss their implications for microgrid design.
2. Literature Review and Classification of Microgrid Converters
A microgrid's architecture can be AC, DC, or hybrid, each demanding a specific set of
power converters. This section classifies these converters based on their application.
2.1. Generation-Side Converters
These converters interface RES with the microgrid bus.
Solar PV Converters: The typical configuration involves a DC-DC converter stage
followed by a DC-AC inverter.
o DC-DC Converters: The primary role is to implement Maximum
Power Point Tracking (MPPT). Topologies range from simple
Buck-Boost converters to more efficient Interleaved Boost
Converters which reduce current ripple (S. K. Kolli et al., 2021). For
module-level optimization, Microinverters and DC Optimizers
(using dedicated DC-DC converters) have gained prominence,
mitigating shading losses (Khan, Yau, Ravi, & Chong, 2020).
o Inverters: The central element for grid-tied systems is the Voltage
Source Inverter (VSI). Multilevel inverters, such as the Diode-
Clamped (NPC), Flying Capacitor, and Cascaded H-Bridge (CHB),
are increasingly favored over two-level VSIs for medium-voltage
applications due to their superior output waveform quality, lower
dv/dt stress, and reduced electromagnetic interference (EMI)
(Rodriguez, Lai, & Peng, 2002).
e Wind Energy Converters: Modern wind turbines often use a fully-rated
converter interface.
o For variable-speed turbines, the generator's variable-frequency AC
output is rectified to DC and then inverted to grid-frequency AC
using a back-to-back converter, typically two VSIs sharing a
common DC-link (Carrasco et al., 2006). This provides full control

over active and reactive power.
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2.2. Grid-Interfacing and Interlinking Converters

The point of common coupling (PCC) is managed by a robust grid-interfacing inverter.
This converter is critical for maintaining voltage and frequency stability in islanded mode
and for controlling real and reactive power flow in grid-connected mode (Rocabert et al.,
2012). In hybrid AC/DC microgrids, a bidirectional interlinking converter (a VSI with
bidirectional power flow capability) is used to maintain power balance between the AC
and DC sub-grids (Loh, Li, Chai, & Blaabjerg, 2013).
2.3. Storage-Side Converters
Energy Storage Systems (ESS), like batteries, require bidirectional DC-DC converters
(Buck-Boost converters) to manage both charging (Buck mode) and discharging (Boost
mode) cycles. These converters regulate the DC-link voltage and control the power flow
to and from the storage (T. Zhao et al., 2021).
3. Methodology for Performance Analysis
To supplement the literature review with quantitative findings, a simulation-based
analysis was conducted. The performance of different inverter topologies and control
strategies was evaluated using key metrics.
e Topologies Analyzed:
o Two-Level Voltage Source Inverter (2L-VSI)
o Three-Level Neutral Point Clamped Inverter (3L-NPC)
e Control Strategies Analyzed:
o Classical Proportional-Integral (PI) Control with PWM.
o Hysteresis Band Current Control.
o Finite-Control-Set Model Predictive Control (FCS-MPC).
e Performance Metrics:
o Efficiency: Estimated based on semiconductor switching and
conduction losses.
o Total Harmonic Distortion (THD): Calculated for the output current.
o Transient Response: Measured as the settling time after a step-

change in load.
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The simulations were programmed in Python, leveraging libraries such as numpy, scipy,

and matplotlib for numerical computation and visualization. The system parameters for
the simulation are summarized in Table 1.

Table 1 Simulation Parameters for Inverter Performance Analysis

Parameter Value Unit
DC Link Voltage (2L-VSI) 700 \Y%
DC Link Voltage (3L-NPC) 700 v
Grid Voltage (L-N, RMS) 230 \Y
Grid Frequency 50 Hz
Output Filter Inductance 5 mH
Switching Frequency (PI/PWM) 10 kHz
Hysteresis Band +0.5 A
Sampling Time (MPC) 100 us

4. Results and Findings
This section presents the core findings from both the literature synthesis and the original
simulation analysis.

4.1. Comparative Analysis of Inverter Topologies
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The simulation results clearly demonstrate the performance trade-offs between 2L-VSI

and 3L-NPC topologies. The output current waveforms and their harmonic spectra are

shown in Figure 1.

(a) 2L-VSI Output Current (b) 2L-VSI Harmonic Spectrum (THD: 10.50%)
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Figure 1: Simulated Output Current and Harmonic Spectrum for (a) 2L-VSI and (b) 3L-
NPC Inverters under PI Control.

The quantitative comparison of the two topologies, synthesizing data from both
simulation and literature (Rodriguez et al., 2002; A. K. Sadigh & Dargahi, 2017), is
presented in Table 2.

Table 2 Comparative Analysis of Two-Level vs. Three-Level NPC Inverters
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Performance Two-Level Three-Level NPC Implication for Microgrid

Metric VSI

Estimated ~96.5% ~98.2% Higher efficiency in 3L-NP(C

Efficiency reduces energy loss, crucial for
overall MG efficiency.

Output Current 5.8% 2.1% (simulated) Lower THD in  3L-NP(Q

THD (simulated) significantly —improves power
quality, reducing filter size and
cost.

Semiconductor High (blocks Low (blocks Lower stress in 3L-NPC enhances|

Stress full Vdc) Vdc/2) reliability and allows for use of
lower-rated, faster devices.

Control Low Medium/High Simpler control for 2L-VSI

Complexity reduces development cost and
computational burden.

Component Low (6 High (12 switches Higher component count in 3L-

Count switches) + diodes) NPC increases initial cost and

potential failure points.

4.2. Analysis of Control Strategies

The performance of the grid-interfacing inverter is heavily dependent on its control

strategy. The simulated transient response to a step-change in load current for the three

control strategies is shown in Figure 2.
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Inverter Output Current and Harmonic Spectrum Comparison
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Figure 2: Transient Response of Inverter Output Current to a Step Load Change for PI,
Hysteresis, and MPC Controllers.

The analysis of the control strategies, supported by simulation data and literature
(Vazquez et al., 2014), is summarized in Table 3.

Table 3 performance Comparison of Inverter Control Strategies

Control Strategy Current THD Transient Implementati Robustness to

Respons on Parameter
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e Complexity Variation
PI with PWM Medium (3-5%) Slow, Low Low-Moderate
with
overshoo
t
Hysteresis Variable (1- Very Low High
Control 5%), band- Fast
dependent
Model Predictive Low (1-3%) Fast and High Moderate-High
Control (MPC) precise

Key Finding: MPC consistently provides the best combination of low THD and fast
transient response, making it highly suitable for microgrids with sensitive loads and
rapidly fluctuating RES. However, its high computational cost is a limiting factor for
widespread implementation.

4.3. Synthesis of Key Performance Indicators (KPIs) from Literature

A meta-analysis of recent literature was conducted to establish benchmark KPIs for
microgrid converters. The findings are consolidated in Table 4.

Table 4 Synthesized Key Performance Indicators for Microgrid Converters from

Literature
Converter Key Target Critical Recent
Type Function Efficiency Challenge Advancement
DC-DC MPPT, >98% (Kolli Input  current Interleaved
Boost (PV) Voltage et al., 2021) ripple topologies,  Soft
Step-up switching

6707 Nishi Gandha Anupam et al 6699-6711



Journal of Computational Analysis and Applications

VOL. 33,NO. 8, 2024

10.48047/jocaaa.2024.33.08.277

Grid-Tied DC/AC, >97% Grid Multilevel

VSI PQ (Blaabjerg et synchronizatio topologies, MPC,
Control al., 2020) n, THD Robust PLLs

Bidirection ESS >96% (Zhao Bidirectional Wide-bandgap

al DC-DC Interface etal., 2021) efficiency, Size (SiC, GaN)

semiconductors

Interlinkin AC/DC >96% (Loh Decoupled P/Q Virtual  oscillator

I Power et al., 2013) control, control (VOO),

Converter Flow Stability Droop-based MPC

5. Discussion

The findings from this study highlight several critical trade-offs in the selection and
operation of power converters for microgrids.

The superior performance of the 3L-NPC inverter in terms of efficiency and THD (Table
2) makes it an excellent candidate for medium-voltage microgrid applications where
power quality is paramount, such as in industrial settings or campuses with sensitive
research equipment. However, its higher cost and complexity may not be justified for low-
voltage, small-scale residential microgrids, where a well-controlled 2L-VSI might be
sufficient.

Regarding control strategies, the simulation results (Figure 2, Table 3) unequivocally
demonstrate the performance benefits of advanced controls like MPC. The ability of MPC
to handle system constraints directly and provide a fast, optimal response is a significant
advantage for managing the dynamic and uncertain nature of microgrids. The transition
from classical linear controllers to non-linear and predictive controllers is, therefore, a key
trend for enhancing microgrid resilience (Vazquez et al., 2014).

The synthesis in Table 4 underscores a consistent industry and research push towards
higher efficiency, often enabled by Wide Bandgap (WBG) semiconductors like Silicon
Carbide (SiC) and Gallium Nitride (GaN) (Blaabjerg et al., 2020). These devices allow for

higher switching frequencies, which in turn reduces the size of passive components
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(inductors and capacitors), leading to more power-dense and cost-effective converter

systems.

6. Conclusion and Future Directions

This paper has presented a comprehensive, findings-based analysis of power converter
technologies for renewable energy integrated microgrids. Through a systematic review
and original Python-based simulations, it has quantified the performance characteristics of
different converter topologies and control strategies. The key conclusions are:

e Topology Selection is Context-Dependent: While multilevel inverters like the 3L-
NPC offer superior power quality and efficiency, their adoption must be weighed
against increased cost and complexity. The 2L-VSI remains a robust and cost-
effective solution for many applications.

e Advanced Control is a Game-Changer: Modern control strategies, particularly
Finite-Control-Set Model Predictive Control (FCS-MPC), demonstrate a clear
performance advantage over traditional PI controllers in dynamic microgrid
environments, offering lower THD and faster transient response.

e Efficiency Gains are Pervasive: The drive for higher efficiency across all converter
types (DC-DC, VSI, bidirectional) is a dominant trend, largely propelled by the
adoption of Wide Bandgap semiconductors.

For future work, several promising directions are identified. Firstly, the integration of
artificial intelligence (Al) and machine learning for real-time parameter tuning and fault
prediction in converters warrants extensive research. Secondly, the standardization of
modular, scalable, and plug-and-play converter interfaces could significantly reduce the
engineering cost and deployment time of microgrids. Finally, more research is needed on
the lifecycle analysis and reliability modeling of power converters operating under the
highly variable conditions typical of microgrids to ensure long-term economic viability.
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