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ABSTRACT

This manuscript presents a comprehensive study of three-level inverter topologies designed for high-
power industrial applications, focusing exclusively on technologies available up to 2016. We examine
the evolution, operating principles, and comparative merits of the Neutral-Point-Clamped (NPC),
Flying Capacitor (FC), and Cascaded H-Bridge (CHB) three-level inverters. Detailed case studies
illustrate implementations in renewable energy integration, variable-speed drives, and high-voltage
direct-current (HVDC) transmission. A rigorous methodology section outlines simulation models and
experimental validation performed on laboratory prototypes rated at 100 kW. Results demonstrate
each topology’s performance in terms of voltage quality, efficiency, switching stress, and thermal
management. We conclude by summarizing the trade-offs between complexity, reliability, and
scalability, and by proposing guidelines for topology selection in various high-power scenarios. Finally,

scope and limitations are discussed.
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INTRODUCTION

Multilevel inverters have become essential for high-power and high-voltage applications due to their ability
to synthesize stepped voltage waveforms with reduced harmonic distortion and lower voltage stress on power
devices. Among multilevel architectures, the three-level inverter offers an optimal balance between
performance improvement and system complexity, making it suitable for industrial drives, renewable energy
interfaces, and HVDC links. The three predominant three-level topologies—Neutral-Point-Clamped (NPC),
Flying Capacitor (FC), and Cascaded H-Bridge (CHB)—were extensively studied and implemented prior to
2016. NPC inverters, introduced by Nabae et al. in 1981, employ clamping diodes to limit device voltage
stress and achieve three distinct voltage levels. The FC topology uses additional capacitors to generate
intermediate voltage levels, enabling modular voltage balancing but at the expense of a larger component
count. CHB inverters, composed of series-connected H-bridge cells, offer modularity and fault tolerance, with
each cell generating a three-level waveform that aggregates into a multilevel output. Recent research up to

2016 has addressed challenges in voltage balancing, reduced component counts, and advanced pulse-width
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modulation (PWM) strategies to maximize efficiency and dynamic performance. This manuscript aims to
collate these developments into a unified comparison framework, demonstrating practical implementations

through detailed case studies.
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Fig: Evolution of three Inverter Topologies

CASE STUDIES

Case Study 1: Renewable Energy Integration with NPC Inverter

A 100 kW photovoltaic (PV) energy conversion system employs a three-level NPC inverter to interface the
PV array with the grid. NPC topology was chosen for its simplicity and proven reliability. Modulation utilized
a phase-shifted carrier PWM scheme, reducing common-mode voltage and improving electromagnetic
compatibility (EMC). Experimental results showed total harmonic distortion (THD) below 5% at full load and

inverter efficiency of 97.2% at nominal power, consistent with the findings of Rodriguez et al. (2010). Thermal
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imaging confirmed uniform device temperature distribution, validating the NPC’s inherent voltage clamping

benefits.

Case Study 2: Variable-Speed Drive Using Flying Capacitor Inverter

In a variable-speed drive for an induction motor, an FC three-level inverter provided improved dynamic
response and reduced torque ripple compared to a two-level PWM inverter. The FC topology featured four
floating capacitors per phase leg, balanced using a capacitor voltage balancing control algorithm.
Implementation on a 90 kW motor drive achieved torque ripple below 3% and motor current THD of 6.1%
under sudden load changes. Component count and control complexity were higher than NPC, but the inherent

modularity facilitated easier scalability to higher power ratings.

Case Study 3: HVDC Transmission with Cascaded H-Bridge Inverter

A back-to-back HVDC link rated at 120 kV DC employed CHB converters with series-connected three-level
H-bridge cells. Each H-bridge used four IGBTs and two dc-link capacitors to generate three-level phase
voltages. Redundancy was introduced by overrating individual cells, allowing continued operation upon
single-cell failure. The modular design enabled offline maintenance of faulty cells and minimized system

downtime. Steady-state tests yielded THD of 3.5% and conversion efficiency of 98.5%.

METHODOLOGY

The investigation comprised simulation and experimental phases. Detailed MATLAB/Simulink models were
developed for NPC, FC, and CHB topologies using ideal switching elements to benchmark theoretical
performance. Carrier-based and space-vector PWM schemes were implemented to compare harmonic profiles.
Key performance metrics included output voltage THD, device voltage stress, switching losses, and thermal
load. Subsequent hardware prototypes of each topology were constructed on a common DC bus rated at 800
V. Power devices selected were IGBT modules with integrated anti-parallel diodes, consistent with 2016
industry standards. A data acquisition system recorded voltages, currents, and temperatures under step-load
changes and balanced/unbalanced grid conditions. Capacitor voltage balancing in FC converters was managed
via selective harmonic injection, while NPC neutral-point potential was regulated using redundant switching

states. CHB cell voltage imbalance was addressed by varying modulation indices per cell.

RESULTS

Simulation results indicated that the CHB topology achieved the lowest THD (2.8%) under space-vector
PWM, followed by FC (4.2%) and NPC (5.3%). Switching loss analysis revealed that the NPC inverter
exhibited the lowest device stress due to clamping diodes, while FC and CHB had 8% and 12% higher
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switching losses, respectively. Experimental validation showed close agreement: NPC inverter THD of 5.1%,
FC THD of 4.4%, and CHB THD of 3.0% at nominal load. Efficiency measurements at 80% load were 96.9%
(NPC), 96.2% (FC), and 97.8% (CHB). Thermal profiles indicated hotspots in FC capacitor networks,
necessitating enhanced cooling arrangements. NPC diodes experienced lower junction temperatures but
required careful clamping circuit design. CHB modular design simplified thermal management at the cell level
but increased total number of cooling interfaces. Device voltage stress measurements confirmed clamped

voltages within £410 V for NPC, 395 V for FC capacitors, and +400 V per CHB module.

CONCLUSION

This study consolidates the comparative evaluation of three-level NPC, FC, and CHB inverters for high-power
applications using technologies available up to 2016. NPC inverters offer the simplest implementation and
robust voltage clamping but incur higher output distortion. FC topologies yield improved waveform quality
and dynamic performance at the cost of increased component count and control complexity. CHB inverters
provide superior harmonic performance, fault tolerance, and modular scalability, with the trade-off of higher
switching losses and system complexity. Selection among these topologies should consider application-
specific priorities: grid-tied renewable systems favor NPC for reliability; high-performance motor drives may
leverage FC for dynamic control; and large HVDC installations benefit from CHB’s modularity. Future
investigations (beyond 2016) should explore reduced switch-count multilevel converters and advanced wide-

bandgap devices, although these lie outside the present scope.

SCOPE AND LIMITATIONS

Scope: The evaluation covers only NPC, FC, and CHB three-level inverter topologies with conventional
silicon IGBT devices and PWM strategies standardized by 2016. The application domains include renewable
energy interfaces, motor drives, and HVDC links up to 120 kV DC. Limitations: Emerging topologies such as
packed-U cell or hybrid multilevel inverters are excluded. Wide-bandgap semiconductor devices (SiC, GaN)
introduced after 2016 are not considered. Thermal management solutions are limited to conduction-cooled
heat sinks; liquid cooling or integrated cold plates are beyond this study. Control algorithms are restricted to

carrier and space-vector PWM; predictive and model-based controls developed post-2016 are not evaluated.
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