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ABSTRACT Multilevel inverters (MLIs) have emerged as a key technology in modern power 

electronics due to their ability to synthesize high-quality output voltages, reduce 

electromagnetic interference, and enhance power conversion efficiency. Their performance 

advantages make them highly suitable for medium- and high-power applications such as 

renewable energy systems, electric vehicles, hybrid energy storage, and HVDC transmission. 

Over the past two decades, innovations in topology design, modulation techniques, switching 

devices, and control strategies have significantly improved inverter efficiency, thermal 

management, and reliability. This review provides a detailed examination of major multilevel 

inverter topologies—including diode-clamped, flying-capacitor, cascaded H-bridge, modular 

multilevel converters, and emerging hybrid structures—and evaluates their performance 

characteristics, advantages, and limitations. The paper also analyzes switching and modulation 

strategies such as SPWM, SVPWM, SHEPWM, and predictive control methods, focusing on 

parameters like harmonic distortion, switching losses, thermal stress, and semiconductor 

utilization. Performance assessment metrics including THD, efficiency, voltage balance, fault 

tolerance, and dynamic response are discussed with reference to recent experimental and 

simulation studies. Applications across industrial drives, renewable energy, FACTS devices, 

and electric mobility are examined to highlight real-world relevance. Finally, key challenges 

such as capacitor voltage balancing, device stress, and control complexity are addressed along 

with future trends such as AI-driven control, wide-bandgap devices, and grid-interactive 

intelligent inverters. This review aims to provide a consolidated understanding of the functional 

and performance aspects of MLIs to support further research, optimization, and industrial 

deployment. 
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1. Introduction 

Multilevel inverters (MLIs) have become one of the most significant innovations in power 

electronics because they offer improved power quality, lower harmonic distortion, and reduced 

switching stress compared to the traditional two-level inverters. Their ability to handle higher 

voltages without increasing device ratings makes them especially attractive for medium-

voltage industrial drives, HVDC transmission, renewable energy integration, and electric 

vehicle propulsion systems (Rodríguez et al., 2007). Over the last decade, multilevel converters 

have become the preferred technology for megawatt-scale applications due to their modular 

structure, fault tolerance, and scalability (Lesnicar & Marquardt, 2003). The performance of 

MLIs is determined by a combination of topology, modulation strategies, semiconductor 

devices, control techniques, and application requirements. As power electronics move toward 

higher efficiency and integration with renewable systems, understanding the performance 

differences among topologies and their operational behavior becomes essential for designing 

advanced energy conversion systems (Ahmed & Mekhilef, 2011). 

The increasing adoption of wide-bandgap semiconductor devices such as SiC and GaN has 

influenced the dynamic performance and switching capabilities of MLIs, allowing higher 

frequencies, better thermal performance, and compact converter designs (Palmour et al., 2014). 

Meanwhile, modern control strategies based on model predictive control (MPC), artificial 

intelligence, and digital PWM have further enhanced inverter accuracy, responsiveness, and 

harmonic performance (Kouro et al., 2009). This review synthesizes contemporary findings on 

the performance of multilevel inverters, emphasizing topology selection, modulation strategies, 

switching behavior, and application-specific considerations. By consolidating experimental 

and theoretical developments, the paper provides a comprehensive understanding of MLIs and 

their role in next-generation power electronic systems. 

 

2. Classification of Multilevel Inverters 

Multilevel inverters are primarily categorized into three classical topologies: (i) Diode-

Clamped Multilevel Inverter (DCMLI), (ii) Flying Capacitor Multilevel Inverter (FCMLI), and 

(iii) Cascaded H-Bridge Multilevel Inverter (CHB-MLI). In addition, emerging variants such 

as modular multilevel converters (MMC) and hybrid or reduced-switch topologies have 

evolved to meet advanced application requirements (Marquardt, 2010). 

2.1 Diode-Clamped Multilevel Inverters 
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The diode-clamped or neutral-point-clamped (NPC) inverter is the oldest and most widely used 

topology in industrial applications. In this architecture, diodes are used to clamp voltage levels 

across switches, creating multiple output steps. The topology offers high efficiency and low 

switching stress but requires a large number of diodes as the level count increases, leading to 

impractical complexity beyond 5-level conversions (Agelidis et al., 2008). Maintaining voltage 

balancing across the DC-link capacitors is a major challenge, often requiring sophisticated 

control algorithms (Peng, 2001). 

2.2 Flying Capacitor Inverters 

Flying capacitor (FC) inverters use capacitors instead of diodes to achieve voltage levels. They 

offer better voltage balancing flexibility and improved fault tolerance but suffer from large 

capacitor count and complex charging/discharging management (Meynard et al., 1992). The 

modular nature enables multi-megawatt applications, but energy balancing among capacitors 

significantly affects performance. 

2.3 Cascaded H-Bridge Inverters 

The CHB inverter is widely recognized for its modularity and reduced component count. Each 

H-bridge generates three voltage levels using isolated DC sources that can be derived from PV 

modules, batteries, or fuel cells (Chiasson et al., 2004). Its design simplicity and scalability 

make it ideal for renewable energy integration and electric vehicles. However, the requirement 

of isolated DC sources is a major drawback in grid applications. 

2.4 Modular Multilevel Converters (MMC) 

MMC has emerged as the preferred topology for HVDC transmission and large industrial 

drives due to its exceptional harmonic performance, low switching frequency, and fault 

tolerance. The architecture consists of multiple submodules cascaded to create a smooth 

staircase waveform. It offers excellent scalability and is considered the most efficient among 

MLIs (Marquardt, 2010). 
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Figure 2.1: Diode-Clamped (NPC) Multilevel Inverter Topology 

 

3. Performance Parameters of Multilevel Inverters 

Evaluating the performance of MLIs involves analyzing harmonic distortion, switching losses, 

efficiency, semiconductor stress, voltage balancing, and thermal behavior. These parameters 

determine the suitability of a specific topology for high-power or fast-dynamic environments. 

3.1 Harmonic Distortion (THD) 

One of the most significant advantages of MLIs is reduced total harmonic distortion (THD). 

Due to the stepped nature of their output waveform, they can achieve near-sinusoidal voltage 

output with low-frequency switching, resulting in reduced filtering requirements (Holmes & 

Lipo, 2003). 

3.2 Switching Losses 

Switching losses decrease as MLIs operate at lower switching frequencies. The distribution of 

voltage among multiple switches also reduces dv/dt stresses, enhancing device longevity 

(Mohan et al., 2002). 

3.3 Efficiency 

Efficiency plays a critical role in high-power systems. Studies show that MLIs outperform two-

level inverters by 2–3% due to reduced switching losses and improved voltage sharing across 

devices (Babaei, 2008). 
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3.4 Voltage Balancing and Stability 

Capacitor voltage balancing is a major challenge, especially in FCMLI and MMC systems. 

Unbalanced voltages can lead to distorted output and device failure, requiring sophisticated 

feedback control mechanisms (Song & Huang, 2014). 

 

TABLE 1: Comparison of Major MLI Topologies 

Topology Advantages Limitations Best 

Applications 

NPC / Diode-

Clamped 

Simple structure, high 

efficiency, mature 

technology 

Requires many diodes, 

complex voltage 

balancing 

Industrial drives, 

UPS 

Flying 

Capacitor 

High reliability, fault 

tolerance 

Large capacitor count, 

complex control 

High-voltage 

drives 

Cascaded H-

Bridge 

Modular, scalable, low 

THD 

Requires isolated DC 

sources 

PV, EV drives 

MMC Best harmonic 

performance, high 

scalability 

High cost, complex 

control 

HVDC, mega-

watt drives 

 

4. Modulation Techniques in Multilevel Inverters 

Modulation plays a central role in determining inverter performance. Three major categories 

are used in MLIs: sinusoidal PWM (SPWM), space vector modulation (SVM), and selective 

harmonic elimination (SHE). 

4.1 Sinusoidal PWM (SPWM) 

SPWM is widely used due to its simplicity and ease of implementation. In multilevel structures, 

multiple carrier signals are compared with a reference wave to generate switching pulses 

(Mohan et al., 2002). Although SPWM provides good harmonic performance, it has limitations 

in high-power applications due to increased switching losses. 

4.2 Space Vector Modulation (SVM) 

SVM offers improved DC-link utilization and lower THD by considering inverter switching 

states geometrically. For MLIs, SVM becomes computationally intensive but achieves better 

performance in dynamic conditions (Houldsworth & Grant, 1984). 

4.3 Selective Harmonic Elimination (SHE) 
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SHE eliminates specific harmonics by optimally selecting switching angles. It is highly 

efficient for high-power applications where switching frequencies must be kept low (Chiasson 

et al., 2004). 

 

TABLE 2: Comparison of Modulation Techniques 

Technique Switching 

Frequency 

Harmonic Performance Suitability 

SPWM High Moderate Low- to medium-power 

SVM Moderate High Dynamic applications 

SHE Low Excellent High-power applications 

 

 

Figure 4.1: Sinusoidal PWM (SPWM) Carrier-Based Modulation for Multilevel 

Inverters 

 

5. Applications of Multilevel Inverters 

Multilevel inverters are widely used in: 
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5.1 Renewable Energy Systems 

PV-based cascaded H-bridge inverters have become popular because they allow energy 

harvesting at individual module level (Xiong et al., 2015). 

5.2 Electric Vehicles (EVs) 

MLIs reduce inverter losses and improve reliability in traction drives. Their modularity allows 

integration with battery packs (Zhang & Chau, 2009). 

5.3 FACTS Devices 

MLIs are widely used in STATCOM and SSSC devices for reactive power compensation due 

to their ability to provide fine voltage steps (Hingorani & Gyugyi, 2000). 

5.4 HVDC Transmission 

MMC has revolutionized HVDC technology with reduced harmonics, fault tolerance, and 

modularity (Marquardt, 2010). 

 

6. Challenges in Implementing Multilevel Inverters 

Despite advantages, MLIs face several challenges: 

• Complex Control Algorithms 

• High Component Count 

• Capacitor Voltage Balancing Issues 

• Thermal Management 

• High Initial Cost 

Studies highlight the need for advanced digital controllers, predictive algorithms, and improved 

semiconductor technologies to overcome these challenges (Song & Huang, 2014). 

 

7. Future Trends 

Future innovations in MLIs are driven by the advancement of power electronics and intelligent 

control systems: 

7.1 Wide-Bandgap Devices 

SiC and GaN devices allow higher switching frequencies, reduced losses, and smaller converter 

architectures (Palmour et al., 2014). 

7.2 AI-Based Control Mechanisms 

Neural networks and fuzzy logic improve modulation accuracy, fault detection, and voltage 

balancing (Kouro et al., 2009). 

7.3 Grid-Interactive Smart Inverters 
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MLIs integrated with IoT and smart grids offer real-time monitoring, adaptive power flow, and 

enhanced stability (Yaramasu & Wu, 2017). 

7.4 Reduced Component Topologies 

Researchers are developing hybrid MLIs with fewer switches while maintaining performance 

(Babaei, 2008). 

 

8. Conclusion 

Multilevel inverters have transformed power electronics by offering high-quality voltage 

output, reduced switching losses, and superior efficiency. Their performance depends heavily 

on topology selection, modulation strategy, semiconductor technology, and application 

requirements. While challenges such as voltage balancing and control complexity persist, 

ongoing research, coupled with advancements in wide-bandgap devices and intelligent 

algorithms, continues to improve inverter performance. MLIs are expected to play a central 

role in future energy systems, especially as renewable energy adoption expands globally. 
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