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ABSTRACT

Multilevel inverters (MLIs) are widely recognized for their ability to improve output
waveform quality and enhance system efficiency in high-power applications. However,
conventional topologies like the Cascaded H-Bridge (CHB) require numerous switches and
isolated DC sources, leading to increased system cost, complexity, and space requirements.
This research addresses these limitations by exploring a more compact and efficient
alternative; the Transistor Clamped H-Bridge (TCHB) MLI. The TCHB inverter offers a
cost-effective solution by achieving multiple voltage levels with fewer components, making
it well-suited for modern motor drive systems. This study proposes the development and
implementation of a Nearest Level Control (NLC) technique for a three-phase 13-level
symmetrical TCHB inverter fed Permanent Magnet Synchronous Motor (PMSM) drive. The
13-level configuration is specifically chosen to balance output quality, control complexity,
and hardware feasibility. The core problem addressed is the reduction of Total Harmonic
Distortion (THD) without compromising drive performance, particularly in space- and
efficiency-constrained environments such as electric vehicles and industrial automation. A
Field-Oriented Control (FOC) strategy, integrated with a Proportional-Integral (PI)
controller, is applied for precise speed and torque control. The methodology involves both
MATLAB/Simulink-based simulation and hardware implementation using dSPACE. NLC
is selected for its low switching frequency, simple implementation, and suitability for high-
power applications. Key performance indicators, including THD, efficiency, and dynamic
response, are thoroughly analyzed. Experimental results validate the effectiveness of the
proposed inverter, achieving a THD of 4.2% in compliance with IEEE 519-2014 and closely
matching simulation outputs. The system exhibits robust speed tracking and stable stator
current under dynamic torque conditions, confirming its reliability across varying loads and
operational scenarios. This research demonstrates the potential of integrating NLC with
TCHB MLI and FOC to deliver a compact, efficient, and high-performance solution for
advanced PMSM drives, with strong relevance to future electric vehicle and industrial drive
applications.



PEMBANGUNAN DAN PELAKSANAAN INVERTER BERbilang ARAS TCHB TIGA
FASA MENGGUNAKAN TEKNIK NLC UNTUK APLIKASI PMSM DRIVE

ABSTRAK

Penyongsang berbilang peringkat (MLI) diiktiraf secara meluas kerana keupayaan mereka
untuk meningkatkan kualiti bentuk gelombang keluaran dan meningkatkan kecekapan sistem
dalam aplikasi berkuasa tinggi. Walau bagaimanapun, topologi konvensional seperti
Cascaded H-Bridge (CHB) memerlukan banyak suis dan sumber DC terpencil, yang
membawa kepada peningkatan kos sistem, kerumitan dan keperluan ruang. Penyelidikan ini
menangani batasan ini dengan meneroka alternatif yang lebih padat dan cekap; Transistor
Clamped H-Bridge (TCHB) MLI. Penyongsang TCHB menawarkan penyelesaian kos efektif
dengan mencapai tahap voltan berbilang dengan komponen yang lebih sedikit,
menjadikannya sangat sesuai untuk sistem pemacu motor moden. Kajian ini mencadangkan
pembangunan dan pelaksanaan teknik Kawalan Tahap Terdekat (NLC) untuk penyongsang
TCHB simetri 13 peringkat tiga fasa yang diberi pemacu Motor Segerak Magnet Kekal
(PMSM). Konfigurasi 13 peringkat dipilih secara khusus untuk mengimbangi kualiti output,
mengawal kerumitan dan kebolehlaksanaan perkakasan. Masalah teras yang ditangani
ialah pengurangan Herotan Harmonik Keseluruhan (THD) tanpa menjejaskan prestasi
pemanduan, terutamanya dalam persekitaran yang terhad ruang dan kecekapan seperti
kenderaan elektrik dan automasi industri. Strategi Kawalan Berorientasikan Medan (FOC),
disepadukan dengan pengawal Proportional-Integral (PI), digunakan untuk kawalan
kelajuan dan tork yang tepat. Metodologi ini melibatkan simulasi berasaskan
MATLAB/Simulink dan pelaksanaan perkakasan menggunakan dSPACE. NLC dipilih untuk
frekuensi pensuisan yang rendah, pelaksanaan yang mudah dan kesesuaian untuk aplikasi
berkuasa tinggi. Penunjuk prestasi utama, termasuk THD, kecekapan dan tindak balas
dinamik, dianalisis dengan teliti. Keputusan eksperimen mengesahkan keberkesanan
penyongsang yang dicadangkan, mencapai THD sebanyak 4.2% dengan mematuhi IEEE
519-2014 dan output simulasi yang hampir sama. Sistem ini mempamerkan penjejakan
kelajuan yang mantap dan arus stator yang stabil di bawah keadaan tork dinamik,
mengesahkan kebolehpercayaannya merentas beban yang berbeza-beza dan senario
operasi. Penyelidikan ini menunjukkan potensi untuk menyepadukan NLC dengan TCHB
MLI dan FOC untuk menyampaikan penyelesaian yang padat, cekap dan berprestasi tinggi
untuk pemacu PMSM lanjutan, dengan perkaitan yang kukuh dengan aplikasi pemacu
industri dan kenderaan elektrik masa hadapan.
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CHAPTER 1

INTRODUCTION

1.1  Research Background

The expansion of renewable energy sources, electric cars, and industrial applications
has led to a large increase in demand for power electronic systems with high power, high
efficiency, and low harmonic distortion in recent years (Blaabjerg et al., 2011). These
applications often require reliable and high-performance converters that can deliver clean
and stable power to sensitive loads and motor drives. Multilevel inverters have emerged as
a promising solution to address these demands by offering improved performance
characteristics compared to conventional two-level inverters (Rodriguez, Lai and Peng,
2002). Multilevel inverters utilize multiple levels of DC voltage to synthesize an AC output
waveform, thereby reducing harmonic distortion, minimizing voltage stress on power
semiconductors, and enhancing system efficiency (Kouro, Malinowski, K Gopakumar, et al.,
2010). This is particularly important in scenarios where power quality is critical, such as
electric vehicles, smart grids, and high-performance motor control systems.

Among the primary multilevel inverter topologies are the Neutral-Point-Clamped
(NPC), Flying Capacitor (FC), and Cascaded H-Bridge (CHB) inverters. The NPC inverter,
characterized by its ability to mitigate common-mode voltage issues and reduce switching
losses, has found extensive application in medium to high-power grid-connected systems
(Mechouma, Azoui and Chaabane, 2012). On the other hand, FC inverters, known for their

simplicity and reduced component count, are often employed in low to medium-power



applications such as renewable energy systems and motor drives (Swamy and Venkatesan,
2019). Meanwhile, CHB inverters, with their scalability and fault-tolerance operation, are
widely utilized in high-voltage applications including electric vehicles and high-power
motor drives (Rodriguez et al., 2007). Additionally, emerging topologies like the Transistor-
Clamped H-Bridge (TCHB) and Modular Multilevel Converter (MMC) offer further
advancements in performance and flexibility. These modern topologies are gaining attention
due to their improved harmonic suppression, modularity, and fault-tolerant behavior. The
TCHB topology, integrating carrier-based modulation with H-Bridge cells, enhances the
inverter's harmonic performance and voltage quality, making it suitable for high-power grid-
tied applications (Maheswari et al., 2021). Similarly, MMCs, featuring modularity and
scalability, are extensively employed in high-voltage direct current (HVDC) transmission
systems and flexible AC transmission systems (FACTS) due to their superior voltage
waveform quality and fault-tolerant operation (Kazmierkowski, 2020).

Modulation techniques play a crucial role in shaping the output waveform of
multilevel inverters, directly impacting their performance in terms of harmonic content, and
switching losses. Pulse Width Modulation (PWM) is a widely used technique where the
width of the pulses determines the amplitude of the output voltage. PWM offers precise
control over the output voltage and is effective in minimizing harmonic distortion (Chen and
Zhao, 2016). Space Vector Pulse Width Modulation (SVPWM) is an advanced technique
that optimally utilizes the available voltage vectors, resulting in reduced harmonic content
and improved efficiency (Ali et al., 2024). Selective Harmonic Elimination (SHE) aims to
eliminate specific harmonics by solving a set of nonlinear equations, offering superior

harmonic performance at the expense of increased computational complexity (Zolfagharian,



Dastfan and Marzebali, 2024). Nearest Voltage Control (NVC) and Nearest Level Control
(NLC) techniques are designed to mitigate specific harmonics by introducing notches in the
output voltage waveform, thus enhancing harmonic suppression capabilities (Rao, Kumar
and Babu, 2013). High switching frequency (HSF) modulation techniques, such as PWM
and SVPWM, offer better harmonic performance but may incur higher switching losses due
to increased switching frequency (Blaabjerg, Chen and Kjaer, 2004). Conversely, low
switching frequency modulation techniques like SHE, NVC, and NLC can reduce switching
losses but may lead to higher harmonic distortion (Buccella et al., 2022). Therefore, the
selection of modulation technique and switching frequency depends on the specific
requirements of the application, balancing harmonic performance and switching losses to
achieve optimal system efficiency and reliability.

Harmonics are a critical factor influencing not only the performance but also the
reliability and longevity of power converters, particularly in multilevel inverter systems.
Harmonics refer to the presence of frequency components that are integer multiples of the
fundamental frequency, leading to distortions in the output voltage waveform. These
distortions degrade power quality, which can result in serious issues such as overheating of
equipment, increased iron and copper losses, premature insulation failure in motors,
misfiring of protection devices, malfunctioning of sensitive electronics, and reduced overall
system lifespan. Total Harmonic Distortion (THD) is a quantitative measure used to assess
the level of harmonic distortion in the output waveform relative to the fundamental
frequency. In multilevel inverters, the presence of multiple voltage levels and switching
states offers inherent advantages in mitigating harmonics compared to traditional two-level

inverters. However, careful design and selection of modulation techniques are crucial to



further minimize harmonic distortion and enhance system performance (Goswami, 2009).
Additionally, advancements in control strategies and modulation techniques continue to play
a significant role in improving harmonic performance and overall system efficiency in
multilevel converter applications.

MLIs with reduced switch count, ensuring cost optimization, are increasingly sought
after for motor drive applications. Furthermore, the design of an appropriate modulation
scheme, particularly the NLC scheme, which stands out as one of the most desirable firing
methods for MLIs, is deemed indispensable for newer MLI topologies. The efficacy of any
NLC scheme for MLIs is evaluated based on various criteria such as ease of implementation,
addressing issues of series capacitor voltage balancing, and loss calculations tailored to
specific topologies. Despite the introduction of MLI technology dating back to the 1990s,
efforts to render MLIs entirely feasible for practical applications persist, particularly in the
realm of motor drive applications such as electric vehicles (EVs) (Quraan et al., 2023).
According to a Adam intiligance ‘EV Motor Materials Monthly Report 2022°, it is projected
that 91% of all EVs in the foreseeable future will adopt PMSMs due to their superior power
density. MLIs hold particular promise for EV applications, as multiple batteries can be
harnessed in an EV to supply power to each module of an MLI, thereby potentially extending
the vehicle's range (Mittal et al., 2012).

Permanent Magnet Synchronous Motors (PMSMs) are widely used in various
industrial applications due to their high efficiency, high power density, and excellent
dynamic response. Effective control strategies are essential for achieving optimal
performance and efficiency in PMSM drive systems. Field-Oriented Control (FOC) is a well-

established control technique that enables precise control of the motor flux and torque by





