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Abstract

Multilevel converters play a vital role in medium-voltage AC drive system and grid con-

nected system applications, as they provide a high conversion efficiency while sub-

stantially reducing total harmonic distortion (THD) in the output voltages and currents,

thereby enhancing overall power quality and performance of the system. This thesis

presents a comprehensive study of the efficiency, power losses, and THD characteris-

tics of the three-phase multiplexed multilevel converter in comparison with the con-

ventional three-phase three-level neutral-point-clamped (NPC) converter. Simulation

models are designed using MATLAB®Simulink (R2024b), leveraging its advanced electro-

thermal semiconductor models to accurately compute conduction and switching losses

for both topologies under various operating conditions. Although the three-level NPC

converter offers advantages such as simpler topology, fewer semiconductor components,

and lower implementation cost, it exhibits inferior output voltage quality due to higher

THD and high dv/dt stress. In contrast, the multiplexed multilevel converter achieves su-

perior power quality and reduced harmonic content. The simulation results validate the

THD for NPC converter is 54% higher, at medium load 75% higher and at lower load 57%

higher, power losses in semiconductors are for NPC converter are: 13% higher at higher

load, 18% higher at medium load, 39% higher and efficiency metrics for both, three-

phase three-level NPC converter and the three-phase multiplexed multilevel converter,

enabling a detailed comparative evaluation of their performance.
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RES Renewable Energy Source

DC Direct Current

AC Alternating Current

UPS Uninterruptible Power Supplies

EV Electrical Vehicles
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GaN Gallium Nitride
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PDPWM Phase Disposition Pulse Width Modulation
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APODPWM Alternate Phase Opposite Disposition Pulse Width Modulation

SVPWM Space Vector Pulse Width Modulation

EMI Electromagnetic Interference

NPC Neutral Point Clamped Converter

FC Flying Capacitor

3ϕ7LMLMX 3-phase 7-levels multilevel Multiplexed

PWM Pulse Width Modulation

SPWM Sinusoidal Pulse Width Modulation

FC Flying capacitor

IGBT Insulated Gate Bipolar Transistor
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Chapter 1:

Introduction

1.1 Literature Review and Thesis Objectives

The multilevel converters are widely used in applications likes: DC and AC power

transmissions [1], motor drives [2], renewable energy systems (RESs) integrations [3],

energy storage system [4], uninterruptible power supplies (UPS) [5], power chargers [6],

and electric vehicles (EVs) [7]. The 2-level converter has simple topology and modulation

scheme; however, it suffers from high switching losses at higher switching frequencies

[8, 9]. To cope with this issue, the engineers proposed two solutions. One way is to

use advanced silicon carbide (SiC) and gallium nitride (GaN) switches, which have high

switching frequency, but there are some operating constraints, and the cost of the sys-

tem will increase [10]. The second way is to use multilevel converter topologies based

on conventional semiconductor switches [11]. The multilevel converters have the ad-

vantages of better power quality, lower voltage ratings of semiconductors, lower filter

size, and low redundancy in the system. In the last few decades, several topologies of

multilevel converters have been introduced in the literature [12].

The increased demand for multilevel converters in medium voltage applications is

pushing the advancements and the state of the art in their design, notably in terms

of improving efficiency and reductions in THD [13]. Traditional H-bridge two-level con-

verters in medium and high-power applications are frequently restricted by the voltage

limitations of commercially available power switches. When these switching devices do

not fulfill the voltage rating requirements then series-connected switches are used to

increase the voltage stress requirement of the converter. However, this strategy creates

many issues in terms of dynamic voltage sharing between the switches [14]. To solve the

above problems, multilevel converters were designed and developed [15, 16], offering

several advantages over conventional H-bridge two-level converters, including:
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• The characteristic waveforms of multilevel converters have lower harmonic con-

tents at lower switching frequencies, which reduces the need for expensive filters

[17].

• They can handle medium and high-voltage applications using ordinary commer-

cial power devices and they eliminate the need for series-connected switches that

are used in conventional 2-level converters and the associated dynamic voltage-

sharing problem [18].

• Multilevel converters can operate at lower switching frequencies because of many

level in the voltage and current waveforms, which will minimize the power losses

in the semiconductors and maintain higher power efficiency of the converter [19].

Because of the many advantages of multilevel converters, these converters are the

preferred choice for medium- and high-voltage applications [20, 21]. Recently, in [22, 23,

24, 25, 26] the most widely used multilevel converter structures and their advantages

have been reviewed with a focus on evaluating their efficiency and THD. It is essential to

choose the appropriate conversion topology and technology to improve the THDs of the

output currents, output voltages, efficiency, power losses, and other attributes of multi-

level converters [27, 28]. The fundamental properties of multilevel converters like DC bus

neutral point voltage balancing and flying capacitor (FC) voltage balancing techniques

that influence the performance of multilevel converters are discussed by the authors in

[29, 30]. Recent developments have introduced new multilevel converter topologies [31],

specifically designed for medium-voltage applications. Modular multilevel converters

(MMCs) have been extensively reviewed in [32], highlighting their unique capabilities, op-

erational principles, and advantages in high-power and high-voltage applications. These

converters are widely recognized for their scalability, modularity, and ability to deliver

superior power quality with reduced harmonic distortion. The practical application of

MMCs in medium-voltage electric drives has been demonstrated in [33], showing their

effectiveness in industrial and commercial applications. A comprehensive analysis of

the FCs architecture, specifically tailored for MMCs, is provided in [34]. This study delves

into the operational nuances of FCs, emphasizing their role in ensuring proper voltage

balancing across the FCs. One of the major challenges associated with MMCs is the
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charging or discharging of FCs to keep the voltage balanced, a critical issue that can

impact both the performance and stability of the converters. This challenge has been

effectively addressed through innovative and cost-efficient methods, as outlined in [35].

These methods not only simplify the capacitor charging/discharging process but also

integrate seamlessly with various converter topologies. Furthermore, the exploration of

multilevel converter topologies has extended beyond AC applications to include DC-DC

applications, as detailed in [36, 37].

Power electronics research is heavily reliant on the development of novel multilevel

converters topologies, and many new topologies have been developed to meet require-

ment of the variety of applications. Regarding the new topologies the common and basic

questions of are discussed in [38] from where the new topologies are developing, from

a generic topology of multilevel converters, or is there a common way to derive a new

topology from basic multilevel converter topologies. There are three main types of multi-

level converters topologies that are used in industry: cascaded H-bridge (CHB) converter,

FC converter, and neutral point clamped (NPC) converter. The NPC converter does not

have any FC and separate DC voltage supply compared with other two basic topologies

of multilevel converters, so it can be best choice among other two topologies. The 3ϕ3L

NPC converter, which consists of two conventional two-level converters [39], is config-

ured with the first inverter one above the other converter and two diodes are clamped

in series between the upper and lower inverters at the neutral point (N). Over the past

thirty years, these inverters have been widely used in industrial applications requiring

approximately 6 kV. The FC converter represents another type of multilevel converters

[40, 41]. Unlike other multilevel converter topologies such as the NPC converter, the FC

converter does not require any clamping diode. The FC converter is implemented by

connecting a series of capacitors to a clamped switching cell, allowing these capacitors

to facilitate voltage division across the semiconductors in a phase leg. This division

enables the delivery of smaller, discrete, and required voltage levels to semiconductors,

ensuring smoother operation and overall improved performance. Two FC converters and

one NPC converter are employed in the three-phase seven-level multilevel multiplexed

(3ϕ7LMLMX ) converter described in [42] to achieve seven voltage levels. In this archi-

tecture, the positive and negative half-cycles of the output waveform are generated by
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the FC converters stage, while the NPC converter combines these half-cycles to produce

a continuous sinusoidal output.

It is noteworthy that the NPC stage of the 3Φ7LMLMX converter shares the same

structural topology as the conventional 3Φ3L NPC converter. Furthermore, the voltage

stress on the IGBTs remain identical in NPC stage of 3Φ7LMLMX converter and conven-

tional 3Φ3L NPC converter. As a matter of fact, even if the 3Φ7LMLMX converter is a

seven-level converter, the voltage stress on the switches of the NPC stage is Vdc/2. From

this point of view, it seems that the 3Φ7LMLMX converter appears inferior converter

compared to the conventional 3Φ3L NPC converter, as it has additional switches (the

switches of upper FC converter stage and lower FC converter stage) without reducing

the voltage stress on the NPC stage of 3Φ7LMLMX converter. The comparison of both

converters is shown in Table 1.1.

Table 1.1: Comparison table of multilevel converters.
Converter Topology Number of

Semiconductors
Number of power
semiconductors
with 1/6 Vdc

Number of power
semiconductors
with 1/2 Vdc

3ϕ3L NPC converter 12 + 6 clamping
diodes

- 12 + 6 clamping
diodes

3ϕ7L FC converter 36 36 -
3ϕ7LMLMX
converter

24 + 6 clamping
diodes

12 12 + 6 clamping
diodes

However, with the use of the upper FC converter and lower FC converter can lead to

advantages in terms of THD and efficiency of the 3Φ7LMLMX converter. The aim of this

thesis is to deeply compare the 3Φ7LMLMX converter and the 3Φ3L NPC converter from

an efficiency and THD point of view, in order to evaluate and quantify the benefits of the

3Φ7LMLMX converter. One also has to note that the voltage stress on the switches

of the both FC converters stages is Vdc/6 across all the switches; therefore, even if the

3Φ7LMLMX converter has additional switches compared to a conventional NPC con-

verter, the additional cost and complexity associated with FC converter stages remain

relatively minor and therefore 3Φ7LMLMX converter could be a promising converter

comparatively.

In this thesis, two types of multilevel converters are designed, and compared for
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better efficiency and THD performances. The one is 3ϕ3L NPC converter and other is

3ϕ7LMLMX converter. The 3ϕ7LMLMX converter derived from two basic topologies

of multilevel converters and has two stages. The first stage has two FC converters and

second stage has one NPC converter as shown in the Figure 1.

Battery

Cdc/2

Cdc/2

Upper FC Converter

Lower FC Converter

NPC Converter

Lo
ad

Figure 1.1: Schematic diagram of 3ϕ7LMLMX converter

A brief introduction to the modulation schemes of 3ϕ7LMLMX converter and 3ϕ3L

NPC converter, following the objectives of thesis, are show in below sections.

1.2 Modulation Techniques for Multilevel Converters

All the multilevel converters operate in switching mode, meaning each semiconduc-

tor device within a converter repeatedly has to turn on and turn off. This action of

switching ensuring lower switching and conduction losses. For controlling the on and

off switching of the converter, various modulation techniques are used. There are many

types of modulations used for different topologies of the converter. Also, their mutual

interaction can be used to enhance the performance of the converter in terms of switch-

ing losses, distortion, harmonic content, and complexity of the algorithm used. There

are 3 PWM techniques that can be used for multilevel converters. (1) Programmed PWM,

(2) Carrier-Based PWM, and (3) Space Vector PWM.

1.2.1 Programmed Pulse Width Modulation

This type of modulation technique is being called the off-line modulation. Which

means, that turning-on and turning-off points of PWM for the switches are already pro-

grammed. The result of such calculations is just a set of switching instants. Such early
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calculations of switching instants can help, properly removing the harmonic contents

from output voltage or current. As a results of these properly computed switching in-

stants, two useful criteria of the modulation exists: (1) Harmonic Elimination PWM (2)

Minimum Harmonic Distortion PWM Additionally, H-bridge type multilevel inverters are

only employed with programmed PWM.

1.2.2 Pulse Width Modulation Techniques for Multilevel Converters

The widely used Pulse Width Modulation (PWM) technique for controlling the multi-

level converters is Sinusoidal Pulse Width Modulation (SPWM). In this modulation tech-

nique, the carrier signal with the frequency that of switching frequency of the converter

compared with the modulation/control signal and generate a PWM signal. When a con-

trol signal is higher than the carrier signal it generate high PWM signal and whenever the

control signal is lower than the carrier signal it generates zero PWM signal. The SPWM

control approach was introduced with the primary goal of reducing switching losses. This

technique also improved multilevel converter’s performance. There are various SPWM

techniques based arrangement of carrier signal for multilevel converters. For this tech-

nique, there are 3 SPWM techniques.

1.2.2.1 Phase Disposition PWM (PDPWM)

With this method, all carrier signals have the same frequency and amplitude and are

synced in phase; the only differences are in the vertical level shifts. PDPWM is ben-

eficial because it allows for the use of higher switching frequencies and provides ef-

fective control over neutral point voltage. The PDPWM is used in 3ϕ3L NPC converter

and 3ϕ7LMLMX converter because It provides reference voltage levels for converter to

follow.

1.2.2.2 Phase Opposition Disposition PWM (PODPWM)

In PODPWM, all the carrier waveforms above the zero axis, should have zero phase dif-

ference with same FSW and amplitude. While, carrier signal below zero axis should also

have same FSW and amplitude. Overall, carrier signals above and below the zero axis

should have 180◦ phase difference between each other. As shown in Figure 1.3.
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Figure 1.2: Phase disposition pulse width modulation for multilevel converters.

1.2.2.3 Alternate Phase Opposition Disposition PWM (APODPWM)

In APODPWM, every adjacent carrier waveforms should have 180◦ phase difference as

shown in Figure 1.4. The frequency and amplitude will be same among all carrier wave-

forms.

1.2.3 Space vector Pulse width Modulation

Space vector pulse width modulation (SVPWM) is a form of PWMmodulation. It is also

only being called space vector modulation (SVM) or carrier less PWM. The main advan-

tage of SVM over carrier based PWM is that explicit identification of pulses placements.

The principle of SVM can easily be understand using 2-level or 3-level H-bridge inverter.

Because it contains only eight switching vectors which are easily and simple to under-

stand implement. The six switching vectors are active vectors and remaining two are null

vectors Actually these vectors are the phase voltages of the phases transformed in alpha

and beta as shown in Figure 1.5. For 3ϕ7LMLMX converter the the SVPWM will more

complicated because it need more switching vectors than 3 level converter.

1.3 Objectives of Thesis

The primary objective of this thesis is to investigate and compare the efficiency per-

formance of advanced multilevel converter topologies for medium-voltage AC applica-
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Figure 1.3: Phase opposite disposition pulse width modulation technique for multilevel
converters.

tions, with a focus on enhancing power quality, reducing power losses, and optimiz-

ing system design. It is worth noting that the NPC stage of the 3ϕ7LMLMX converter

shares the same structure as the 3ϕ3L NPC converter. Furthermore, the voltage stress

on the switches is identical in both cases. Indeed, although the 3ϕ7LMLMX converter

is a seven-level converter, the voltage stress on the switches of the NPC stage remains

V dc/2. From this perspective, the 3ϕ7LMLMX converter may appear inferior to the stan-

dard NPC, since it introduces additional switches in the FCC stages without reducing the

voltage stress on the NPC stage. However, the inclusion of the FCC stages offers potential

advantages in terms of THD and converter efficiency. Therefore, the aim of this thesis

is to rigorously compare the 3ϕ7LMLMX and 3ϕ3L NPC converters from an efficiency

and THD standpoint, in order to evaluate and quantify the benefits of the 3ϕ7LMLMX

topology. To achieve this, the following specific objectives are pursued:

• To conduct a comprehensive comparative analysis: Perform detailed simulations

using MATLAB® Simulink 2024b to calculate switching and conduction losses, THD

in output voltages and currents, and overall efficiency for both the 3ϕ7LMLMX

converter and 3ϕ3L NPC converter under low voltage, medium-voltage and high-

voltage conditions.

• To assess topological advantages: Examine the structural integration in the 3ϕ7LMLMX
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Figure 1.4: Alternate phase opposite disposition pulse width modulation technique for
multilevel converters.

converter, which combines two four-level FC converter with a three-level NPC con-

verter stage to generate seven levels of voltage (±Vdc/2,±Vdc/3,±Vdc/6, and 0), and

compare it to the simpler 3ϕ3L NPC design, highlighting benefits such as reduced

harmonic content at lower switching frequencies, elimination of series-connected

switches, despite the increased component count (24 switches plus 6 clamping

diodes versus 12 switches plus 6 clamping diodes).

• To validate control strategies: Implement and analyze flying capacitor voltage bal-

ancing control techniques for the FC converter stages of the 3ϕ7LMLMX converter

using cost function minimization based on redundant switching states, alongside

carrier-based pulse-width modulation (PWM) strategies to ensure stable operation,

voltage regulation, and minimal deviation from reference values.

• Quantify performance metrics: Validate simulation results to demonstrate how the

3ϕ7LMLMX converter achieves superior THD reduction and efficiency improve-

ments over the 3ϕ3L NPC converter, while addressing challenges like capacitor

voltage imbalance, system complexity, and cost-effectiveness, thereby providing

evidence-based recommendations for the adoption of multiplexed topologies in

high-power, medium-voltage applications.

Through these objectives, this thesis contributes to the advancement of multilevel con-
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Figure 1.5: Space vector pulse width modulation technique for multilevel converters.

verter technologies by offering substantiated insights into design optimizations that bal-

ance efficiency, power quality, and practical implementation feasibility.

1.4 Thesis outline

This thesis is organized into six chapters that sequentially address the key elements

of the research topic, as detailed below.

Chapter 2: It discusses the different types of multilevel converters and explains their

working principles in detail. This chapter compares the required number of switches for

each topology and also their switching operation. It also examines the number of FCs

units, role and quantity for clamping diodes used. Voltage levels across each FCs are

analyzed for each stage of multilevel converters. The voltage stress across insulated-

gate bipolar transistors (IGBTs) is also compared. This analysis highlights the trade-offs
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between different converter designs.

Chapter 3: Flying capacitors voltage balancing can be achieved using different meth-

ods. One approach is redundant switching state selection, where appropriate states are

chosen to maintain voltage across the FCs. Another method relies on feedback control

loops that continuously regulate capacitor voltages. Predictive control techniques are

also applied to forecast voltage deviations and correct them in advance. Hysteresis-

based balancing can be used to keep capacitor voltages within predefined limits. Cost

function–based optimization is another effective strategy, often employed in model pre-

dictive control. Hybrid approaches combine two or more of these methods to improve

performance. The choice of method depends on the converter topology, control com-

plexity, and desired efficiency.

Chapter 4: In this chapter, the results obtained from 3ϕ3LNPC converter and 3ϕ7LMLMX

converter are presented and discussed. The performance of each converter is evaluated

under the same operating conditions. Comparative analysis is carried out to highlight

similarities and differences in their behavior. The power losses, efficiency and THD are

interpreted to demonstrate the strengths and limitations of each topology. This discus-

sion provides a basis for assessing the efficiency and THD suitability of the converters

for practical applications.

Chapter 5: In this chapter, the conclusion of the thesis is presented.
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Chapter 2:

Multilevel Converters Topologies
This chapter introduce, describe, and analyse the principal topologies of multilevel

converters comprehensively. Over recent decades, multilevel converter technology has

gained significant attention due to its advantages in high-power and medium-voltage

applications. These benefits include reduced electromagnetic interference (EMI), im-

proved waveform quality, and reduced voltage stress on semiconductor switches. As a

result, multilevel converters work well with a range of commercial, industrial, and RESs.

The three most popular multilevel converter topologies— NPC converter, FC con-

verter and Multiplexed multilevel converter—are the subject of this chapter. Each of

these topologies has distinct operating principles, performance trade-offs, and struc-

tural features. Notably, the multiplexed multilevel converter topology is presented as an

emerging configuration, attracting interest for its increased flexibility and modularity in

large-scale applications.

This chapter provides an in-depth overview of circuit construction, switching strate-

gies, operation, and the benefits and drawbacks of each topology. The purpose of this

comprehensive comparison study is to compare the NPC converter topology and mul-

tiplexed multilevel converter topology in terms of operation, complexity, number of

switches and how to choose and best suit each topology for specific application needs.

2.1 Flying Capacitor Multilevel Converter

The FC converter was initially proposed by the author of [1, 2]. It is named after the

structure that relies on multiple FCs to achieve higher output voltages [3]. This topology

can be derived from a general topology. FC converter can perform similarly to NPC con-

verter but it has no clamping diode. These converters can used in applicatiosn where

high power density and reduced harmonic distortion are required commonly used in
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electric vehicle (EV) applications and battery management system (BMS) [4]. In order to

ensure proper operation of the FC converter, the voltages at FCs must be carefully reg-

ulated to minimize voltage stress on each switching device during every commutation

step [4]. In each phase leg of three-phase FC converter, the FCs undergoes rapid charg-

ing and discharging to maintain voltage balancing across each FCs of the FC converter.

Its charging and discharging processes must typically be kept constant within a single

switching period [5].

An N-level FC converter consists of multiple power cells connected in series, with

each cell contributing one voltage level to the output. Each cell consists of pair of an

IGBT and a FC, except for first cell which is directly connected to the DC supply terminals.

For example, the first cell typically includes the switching devices first IGBT and last IGBT,

along with the first FC. The same structural arrangement is applied to the remaining cells,

with each cell responsible for generating or regulating one of the intermediate voltage

steps required to synthesis the desired multilevel output voltage waveform.

To generate a seven-level output voltage waveform, six power cells are required, in-

cluding one for the zero-voltage level. Thus, as the number of output voltage levels

increases, the total number of cells and associated FCs increases proportionally. This

modular structure enables the converter to produce good-quality waveforms with re-

duced harmonic distortion, thereby improving performance of multilevel converters in

medium- and high-voltage applications. In each phase leg of an N-level FC converter,

there are N−2N FCs that works as clamping elements to maintain required voltage levels.

These FCs are essential in forming the voltage across the multilevel converters as stair-

case levels and serve as voltage buffers between switching states. The voltage across

each FCs must be appropriately regulated based on its location in the multilevel con-

verter, since each supplies a distinct proportion of the overall DC-link voltage [5]. The

following is an expression for calculating the FCs voltage levels:

Vcxn = k
Vdc

n− 1
, x ∈ {a, b}, k = 1 . . .n− 2 (2.1)

Where x is the phase of FC converter, n is the number of voltage levels, Vdc is supplied

DC voltage and Vcxn is voltage of the FC. The current flowing through FC Cxn depends on

the neighboring switching states of the capacitor and direction of current which can be
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either a positive current or a negative current.

The 3ϕ7L FC converter requires a total of 36 switches and 15 FCs for three-phase sys-

tem. Compared to other multilevel converter topologies, this results in a significantly

higher component count, increased complexity, many challenges in balancing the volt-

ages across the FCs, and overall high complexity in implementation.

Battery

C1

S1a

S1b

CN-2 Co

S(N-1)aS(N-2)a

S(N-2)b S(N-1)b

Cell 1 Cell N-2 Cell N-1

Load

Figure 2.1: Basic topology of N-Levels FC converter.

The FC converter used in this thesis is four-level FC converter as top FC converter

and bottom Fc converter. The converter leg structure is composed of three cascaded

power cells. Each cell contains a pair of complementary switching devices along with a

FC, resulting in a total of three FC distributed throughout the phase leg. These FCs estab-

lish the intermediate voltage steps required to synthesis the multilevel converter output

waveform. The operating principle of the four-level FC converter relies on the controlled

charging and discharging of each FC in a switching period. By properly sequencing the

switching states, the converter can generate discrete levels of output voltage at its out-

put terminal. The voltages across the FCs must remain proportional to the overall DC-link

voltage and balanced to ensure proper operation. Maintaining this equilibrium prevents

excessive stress on power semiconductor devices and ensures symmetrical output wave-

forms with low harmonic distortion during proper converter operation. Under dynamic

operating conditions, including sudden load variations and transient phenomena, main-

taining proper voltage balance across the FCs is highly critical. If the FC voltages deviate

from their target values, the resulting output voltage levels become distorted. This leads

to increased switching power losses, diminished efficiency, and increases thermal stress

on the switching devices. Consequently, various modulation and control strategies—such

as redundant switching-state selection and capacitor-charge feedback regulation—are

commonly implemented to stabilize the FC voltage levels. The balanced voltages across
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the inner FCs can be represented as follows:

VFC1 = Vdc/3 and VFC2 = 2Vdc/3 (2.2)

The converter is capable of generating four distinct voltage levels between phase

terminal and the neutral point. Table 2.1 presents the output voltage levels of the 4-level

FC converter along with the corresponding switching states.

State of IGBTs
V o Level

S1 Sp2 S3 S4 Sp5 S6 CF1 CF2
1 1 1 0 0 0 N N Vdc 3

1 1 0 1 0 0 C (i > 0)
D (i < 0) N

2Vdc
3

2
1 0 1 0 1 0 D (i > 0)

C (i < 0)
C (i > 0)
D (i < 0)

0 1 1 0 0 1 N D (i > 0)
C (i < 0)

0 0 1 0 1 1 D (i > 0)
C (i < 0) N

Vdc
3

1
0 1 0 1 0 1 C (i > 0)

D (i < 0)
D (i > 0)
C (i < 0)

1 0 0 1 1 0 N C (i > 0)
D (i < 0)

0 0 0 1 1 1 N N 0 0
C: Charging D: Discharging N: No Change

Table 2.1: Switching states and output voltage levels of 4L FC converter

The sub-circuits during each switching state of 4-L FC converter are discussed in be-

low subsections.

2.1.1 State 1

State 1 represents a first switching configuration from the Table 2.1 of the FC converter.

The topology for this converter consists of 6 switches from S1 through S6 in a leg clamped

though the FCs CF1 and CF2. The voltage across the FCs is distributed precisely, where

upper FC has maintain a voltage of 2/3Vdc, while lower FC maintain a voltage 1/3Vdc of

the total DC-link voltage. This voltage division of total DC-link voltage is very essential

to achieve levels of the total output voltage. In this state of converter a particular com-

bination of the switches is activated by PWM creating a defined conduction conduction
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path through the converter. During the first state of voltage level switches S1, S2, and S3

are turned on that causes the current flow from Vdc to output of FC converter. During this

state of FC converter, no FC is being charged or discharged and there is no redundant

switching state of the converter. Due the the conduction of switches the voltage across

the load is full supplied. The switches that are turned-off during this state are S4, S5 and

S6 and have voltage stress of Vdc/3. The Figure 2.2 illustrates the first switching state of

FC converter.

S4

S1

S3

S2

S5

S6

CF1CF2

1/3Vdc2/3Vdc

Vdc

Figure 2.2: First switching state operation of 4L FC converter.

2.1.2 State 2

During this switching state of FC converter, an IGBT S1 remain turned off, while only

IGBTs S2 and S3 are turned on. In this state FC CF2 gets discharged into the load and

there is no effect on the FC CF1. The current follow the path from CF2 through S2 and

S3 to the load. The other complementary IGBTs perform switching as per the operation

of these IGBTs. Because of the conduction of S2 and S3 the load the voltage remains at

level of 2Vdc/3. The switches that are turned-off during in this state are S1, S4 and S5

and have voltage stress of Vdc/3.
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S4

S1

S3

S2

S5

S6

CF1CF2

1/3Vdc2/3Vdc

Vdc

Figure 2.3: second switching state operation of 4L FC converter.

2.1.3 State 3

State 3 represents a specific switching configuration of the FC converter, as illustrated

in Figure 2.4. The topology for this converter consists of 6 switches from S1 through S6

in a leg clamped though the FCs CF1 and CF2. The voltage across the FCs is distributed

precisely, where upper FC has maintain a voltage of 2/3Vdc, while lower FC maintain a

voltage 1/3Vdc of the total DC-link voltage. This voltage division of total DC-link voltage

is very essential to achieve levels of the total output voltage. In this state of converter a

particular combination of the switches is activated by PWM creating a defined conduction

conduction path through the converter. In this switching state of FC converter, the IGBTs

S1, S5 and S3 remain turned on, while other remaining IGBTs will be complementary to

these IGBTs. In this state FCCF2 gets charged from the battery andCF1 will be discharged

into the load. The current follow the path from battery, to CF2 to CF1 and the to the load.

The other complementary IGBTs perform switching as per the operation of these IGBTs.

Because of the conduction of S1 and S3 the load the voltage remains at level of 2Vdc/3

the same as that of state 2 but this state is the redundant of second state. The switches
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that are turned-off during this state are S2, S4 and S6 and each have voltage stress of

Vdc/3.

S4

S1

S3

S2

S5

S6

CF1CF2

1/3Vdc2/3Vdc

Vdc

Figure 2.4: third switching state operation of 4L FC converter.

2.1.4 State 4

State 4 represents a specific switching configuration of the FC converter, as illustrated

in Figure 2.5. The topology for this converter consists of 6 switches from S1 through S6

in a leg clamped though the FCs CF1 and CF2. The voltage across the FCs is distributed

precisely, where upper FC has maintain a voltage of 2/3Vdc, while lower FC maintain a

voltage 1/3Vdc of the total DC-link voltage. This voltage division of total DC-link voltage

is very essential to achieve levels of the total output voltage. In this state of converter a

particular combination of the switches is activated by PWM creating a defined conduction

conduction path through the converter. While following the path, the IGBTs S1, S2 and

S4 will be turned on to get the required output voltage during this state, while other

remaining IGBTs will be complementary to these IGBTs. In this state only, FC CF1 gets

charged from the battery and CF2 will have no effect of charging discharging into the

load. The current follow the path from battery, to CF1 and then to the load. Because of

Shafquat Hussain 23



Chapter 2: Multilevel Converters Topologies Ph.D. Thesis

the conduction of S1, S2 and S4 the load the voltage remains at level of 2Vdc/3 again is

the redundant of the state 2. The switches that are turned-off during this state are S3,

S5 and S6 and have voltage stress of Vdc/3.

S4

S1

S3

S2

S5

S6

CF1CF2

1/3Vdc2/3Vdc

Vdc

Figure 2.5: fourth switching state operation of 4L FC converter.

2.1.5 State 5

In this switching state of FC converter, the IGBTs S1, S4 and S5 will be turned on to

get the required output voltage during this state, while other remaining IGBTs will be

complementary to these IGBTs. In this state only, FC CF2 gets charged from the battery

and CF1 will have no effect of charging discharging into the load. The current follow the

path from battery, to CF1 and then to the load. Because of the conduction of S1, S5 and

S4 the load the voltage remains at level of Vdc/3. The switches that are turned-off during

this state are S2, S3 and S6 and each have maximum voltage stress of Vdc/3.

2.1.6 State 6

In this switching state of FC converter, the IGBT S3, S5 and S6 will be turned on to

get the required output voltage during this state, while other remaining IGBTs will be
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S4

S1
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S2

S5

S6

CF1CF2

1/3Vdc2/3Vdc

Vdc

Figure 2.6: fifth switching state operation of 4L FC converter.

complementary to these IGBTs. In this state only, FC CF1 gets discharged and CF2 will

have no effect of charging or discharging into the load. The current follow the path from

battery, to CF1 and then to the load. Because of the conduction of S3 , S5 and S6 the

load the voltage remains at level of Vdc/3. The switches that are turned-off during this

state are S1, S2 and S4 and each have maximum voltage stress of Vdc/3.

2.1.7 State 7

In this switching state of FC converter, the IGBT S2, S4 and S6 will be turned on to

get the required output voltage during this state, while other remaining IGBTs will be

complementary to these IGBTs. In this state only, FC CF1 gets charged and CF2 will

be discharging. The current follow the path from battery, to CF2 and then to the load.

Because of the conduction of S2, S4 and S6 the load the voltage remains at level of

Vdc/3. The switches that are turned-off during this state are S1, S3 and S5 and each have

maximum voltage stress of Vdc/3.
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Figure 2.7: sixth switching state operation of 4L FC converter.
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Figure 2.8: seventh switching state operation of 4L FC converter.
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2.1.8 State 8

This switching state is the total complementay to the first state because it gives same

but negative voltage as that of the first state of FC converter. The IGBT S4, S5 and S6 will

be turned on to get the required output voltage during this state, while upper 3 IGBTs

will be complementary to these IGBTs. In this state only, the FC CF1 and CF2 will have no

effect of charging or discharging into the load and negative peak voltage appears across

the load. The current follow the path from batter to the load directly through turned on

IGBTs. Because of the conduction of S4, S5 and S6 the load the voltage remains at level

of 0V . The switches that are turned-off during this state are S1, S2 and S3 and each have

maximum voltage stress of Vdc/3.

S4

S1

S3

S2

S5

S6

CF1CF2

1/3Vdc2/3Vdc

Vdc

Figure 2.9: Eighth switching state operation of 4L FC converter.

2.2 Neutral-Point Clamped Multilevel Converter

The diode clamped multilevel converter was proposed earlier than other multilevel

converter topologies in 1981 and can be used in applications like motor drives where
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lower voltage ripple THD are required and in integrating the RESs with the gird [6]. The

Figure 2.10 shows the circuit diagram of 3-phase 3-level NPC converter. The two DC-link

capacitors connected at input of a NPC converter split the DC input voltage (Vdc) and get

the mid of supplied voltage. The common point of the DC-link capacitors is connected

to the ground, therefore the converter is named after that, is neutral point clamped

converter. In order to obtain the different levels of voltage in NPC converter, the clamping

diodesD1x andD2x are used. There are three operating modes of this topology. The first

Battery

C1

C2

RL Filter

S1a

S2a

S3a

S4a

S1b

S2b

S3b

S4b S4c

S3c

S2c

S1c

D1a

D2a D2b

D1b D1c

D2c

Figure 2.10: Basic topology of 3ϕ3L NPC converter.

operating mode produce the positive half of voltage, second operating mode creates

zero or no voltage and third operating mode creates negative half of voltage. The each

operating mode of the 3-level converter has current flowing either in positive of negative

direction.

2.2.1 State 1

In this state of the converter, each leg comprises four active switches (S1a, S2a, S3a,

S4a) arranged in series, each with an anti-parallel freewheeling diode. These switches,

typically maybe IGBTs or MOSFETs, control the voltage level at the output terminal. Two

clamping diodes (D1a and D2a) connect the circuit to the neutral point and are funda-

mental to the NPC topology, enabling access to the intermediate voltage level while en-

suring that each switch experiences only half the DC-link voltage stress. The DC-link con-

sists of two series-connected capacitors (C1 and C2) that divide the voltage Vdc equally,

with their junction forming the neutral point at potential Vdc/2. In the Figure 2.11 switch-
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ing state, switches S1a and S2a are turned on, connecting the output terminal to the pos-

itive DC rail. The current path, highlighted in red, shows positive current I > 0 flowing

from the positive DC rail through the closed switches S1a and S2a to the output terminal.

This configuration produces an output voltage of +Vdc/2 with respect to the negative DC

rail. In this state, switches S3a and S4a remain off, and the clamping diodes are reverse-

biased and do not conduct. Each of the inactive switches (S3a and S4a) blocks a voltage

of Vdc/2, demonstrating the voltage-sharing characteristic of the NPC topology.

Battery

S1a

S2a

S3a

S4a

I>0

C1

C2

D1a

D2a

Vdc

Figure 2.11: Per phase sub circuit of 3ϕ3L NPC converter during +Vdc/2 and I > 0.

2.2.2 State 2

In this state of the converter, two clamping diodes (D1a and D2a) provide the es-

sential connection to the neutral point formed by the junction of two series-connected

DC-link capacitors (C1 andC2). These clamping diodes are fundamental to the NPC topol-

ogy, allowing the output to access the midpoint voltage while ensuring that each switch

experiences only half the DC-link voltage stress during blocking states. In the depicted

switching state, the inner switches S2a or S3a are turned on while the outer switches

S1a and S4a remain off. The current path, highlighted in red, shows positive current I>0

flowing from the neutral point through clamping diode D1a and closed switch S2a to the

output terminal. This configuration produces an output voltage of zero (0V ) with respect

to the neutral point, or equivalently Vdc/2 with respect to the negative DC rail. The posi-
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tive current direction determines that D1a conducts to provide the path from the upper

capacitor C1 to the output, while D2a remains reverse-biased. During this state, switch

S1a blocks voltage Vdc/2 from capacitor C1, and switch S4a blocks voltage Vdc/2 from

capacitor C2.

Battery

S1a

S2a

S3a

S4a

I>0

C1

C2

D1a

D2a

Vdc

Figure 2.12: Per phase sub circuit of 3ϕ3L NPC converter during 0V and I > 0.

2.2.3 State 3

All active switches of this converter are arranged in series, each with an anti-parallel

freewheeling diode. Two clamping diodes (D1a and D2a) provide connection to the neu-

tral point formed by the junction of two series-connected DC-link capacitors (C1 and

C2). These capacitors divide the voltage Vdc equally, with their midpoint serving as the

reference for the intermediate voltage level that characterizes the NPC topology. In the

depicted switching state, the lower switches S3a and S4a are turned on while the upper

switches S1a and S2a remain off. The current path, highlighted in red, shows positive

current I > 0 flowing from the output terminal through closed switches S3a and S4a to

the negative DC rail, and returning through the lower capacitor C₂ to complete the circuit.

This configuration produces an output voltage of −Vdc/2 with respect to the neutral point,

or equivalently 0V with respect to the negative DC rail. In this state, the clamping diodes

D1a and D2a are reverse-biased and do not conduct. The inactive upper switches S1a

and S2a block voltages from the DC-link, with S1a blocking the full voltage across C1 and
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S2a blocking the combined voltage contribution from its position in the series string.

Battery

S1a

S2a

S3a

S4a

I>0

C1

C2

D1a

D2a

Vdc

Figure 2.13: Per phase sub circuit of 3ϕ3L NPC converter during −Vdc/2 and I > 0.

A Table 2.2 is created to represent the switching states, output voltage and current

flowing through the semiconductors for 3-level NPC converter.

VAO S1 D1 S2 D2 S3 D3 S4 D4 D5 D6

i >= 0 Vdc/2 1 1
i >= 0 0 1 1
i >= 0 −Vdc/2 1 1

Table 2.2: Switching of semiconductors, current and load voltage during operation of
3ϕ3LNPC converter

2.2.4 State 4

The converter leg comprises four active switches arranged in series, each with an anti-

parallel freewheeling diode. Two clamping diodes (D1a and D2a) provide connection to

the neutral point formed by the junction of two series-connected DC-link capacitors (C1

and C2). These capacitors divide the voltage Vdc equally, with their midpoint serving as

the reference for the intermediate voltage level that characterizes the NPC topology. In

the depicted switching state, switches S1a and S2a are turned on while switches S3a and

S4a remain off. However, unlike the positive current case, the current direction is now

reversed with I < 0, meaning current flows into the output terminal rather than out of
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it. The current path, highlighted in red, shows negative current flowing from the output

terminal through the anti-parallel freewheeling diodes of switches S2a and S1a to the

positive DC rail, and then returning through upper capacitor C₁ to complete the circuit.

Despite the switches S1a and S2a being in the on-state, the actual current conduction oc-

curs through their body diodes due to the reverse current direction. This configuration

still produces an output voltage of +Vdc/2 with respect to the negative DC rail, main-

taining the same voltage level as in the positive current case with the same switching

state.

Battery

S1a

S2a

S3a

S4a

I<0

C1

C2

D1a

D2a

Vdc

Figure 2.14: Per phase sub circuit of 3ϕ3L NPC converter during +Vdc/2 and I < 0.

2.2.5 State 5

The converter leg comprises four active switches arranged in series, each with an anti-

parallel freewheeling diode. Two clamping diodes (D1a and D2a) provide the essential

connection to the neutral point formed by the junction of two series-connected DC-link

capacitors (C1 andC2). These clamping diodes enable access to the intermediate voltage

level, and their conduction behavior is inherently dependent on the direction of current

flow through the converter.In the depicted switching state, the inner switches S2a and

S3a are turned on while the outer switches S1a and S4a remain off. With negative current

I < 0 flowing into the output terminal, the current path, highlighted in red, shows current

entering from the output terminal, flowing through the anti-parallel freewheeling diode

Shafquat Hussain 32



Chapter 2: Multilevel Converters Topologies Ph.D. Thesis

of switch S3a, then through clamping diode D2a to reach the neutral point, and finally

returning through lower capacitorC2 to complete the circuit. This configuration produces

an output voltage of zero (0V ) with respect to the neutral point. The negative current

direction determines that D2a conducts to provide the path to the neutral point, while

D1a remains reverse-biased and does not conduct.

Battery

S1a

S2a

S3a

S4a

I<0

C1

C2

D1a

D2a

Vdc

Figure 2.15: Per phase sub circuit of 3ϕ3L NPC converter during 0V and I < 0.

2.2.6 State 6

The converter leg comprises four active switches arranged in series, each with an anti-

parallel freewheeling diode. Two clamping diodes (D1a and D2a) provide connection to

the neutral point formed by the junction of two series-connected DC-link capacitors (C1

and C2). These capacitors divide the voltage Vdc equally, maintaining the voltage levels

necessary for three-level operation. In the depicted switching state, the lower switches

S3a and S4a are turned on while the upper switches S1a and S2a remain off. However,

with negative current I < 0 flowing into the output terminal, the current path, high-

lighted in red, shows current entering from the output terminal and flowing through the

anti-parallel freewheeling diodes of switches S3a and S3a to the negative DC rail, then re-

turning through lower capacitor C2 to complete the circuit. Despite switches S3a and S4a

being commanded on, the actual current conduction occurs through their body diodes

due to the reverse current direction. This configuration produces an output voltage of
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−Vdc/2 with respect to the neutral point, maintaining the same negative voltage level as

would occur with positive current through the same switching state.

Battery

S1a

S2a

S3a

S4a

I<0

C1

C2

D1a

D2a

Vdc

Figure 2.16: Per phase sub circuit of 3ϕ3L NPC converter during −Vdc/2 and I < 0.

VAO S1 D1 S2 D2 S3 D3 S4 D4 D5 D6

i < 0 Vd/2 on on
i < 0 0 on on
i < 0 −Vd/2 on on

Table 2.3: Switching of semiconductors, current and load voltage during per phase oper-
ation of 3ϕ3LNPC converter

The number of output voltage levels depends on number of DC-link capacitors, clamp-

ing diodes, and IGBTs of the topologies. An additional pair of complementary IGBTs with

DC-link capacitor and clamping diodes increases with an increase of one extra level of

output voltage. The main issue here in this converter is the cost and the high voltage

ratings of the clamping diodes and balancing of voltage across each DC-link capacitor

[7]. For a 3-level NPC converter, only two IGBTs will be turned on instantaneously and

other two will remain turned off to get the three levels of output voltage. If 7-level NPC

converter compared with 3ϕ7LMLMX converter and 7-level FC converter, the 7-level NPC

converter has series of 6 DC-link capacitors, and maintaining balanced voltages between

them gets progressively challenging at higher levels. In contrast, the FC architecture ben-

efits from redundant switching states, which allow for more natural or self-balancing of
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its FCs, making it easier to handle without additional hardware.

2.3 Multiplexed Multilevel Converter

The 3ϕ7LMLMX converter is used for medium voltage application like motor drives,

integrating RESs with the grid and is presented in [8], incorporates two 3ϕ4L FC converters

and one 3ϕ3L NPC converter to achieve seven voltage levels. In this topology, the two

3ϕ4L FC converters generate the positive and negative half cycles of the waveform, while

the 3ϕ3L NPC converter combines these half cycles to produce a continuous sinusoidal

output. The 3ϕ7LMLMX converter has 24 switches, which are the combination of a 3ϕ3L

NPC converter and two 3ϕ4L FC converter topologies. The first 3ϕ4L FC converter on top

manages the voltage on the top side of the power converter, while the second 3ϕ4L

FC converter on the bottom manages the voltage on the lower side of the converter as

shown in Figure 2.17.
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S2c

S3c

S4cS4b

S3b

S2b

S1bS1a

S2a

S3a

S4a

D2b

D1bD1a

D2a D2c

D1c

Figure 2.17: Topology of 3ϕ7LMLMX converter.

Consequently, the top side FC converter and bottom side FC converter of 3ϕ7LMLMX

converter, generate positive and negative half-cycles of output AC voltage, respectively.

The NPC stage of 3ϕ7LMLMX functions as amultiplexer to generate the complete AC sine

wave by combining positive and negative half cycles generated from FCC stages, giving
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rise to the term multiplexed multilevel converter. Four voltage levels are offered by both

top and bottom FCs for the 3ϕ4L FC converters. The FCs for 3ϕ4L FC converter generates

voltage levels of: 0, 1/2Vdc, 1/3Vdc, and 1/6Vdc, which generate the same levels of voltages

at the output of upper FCC which are: 0, 1/2Vdc, 1/3Vdc, and 1/6Vdc, and negative voltage

levels 0, −1/2Vdc, −1/3Vdc, and −1/6Vdc on the bottom side of FC converter. As a result,

the 3ϕ NPC converter will generate 7-levels of output voltage (0, ±1/2Vdc, ±1/3Vdc, and

±1/6Vdc). The main advantage of this topology is the absence large number of DC-link

capacitors (C1 and C2) between the FC converter stage and NPC stage.

2.3.1 Operation of Multiplexed Multilevel Converter

The operation of the 3ϕ7LMLMX converter can be understood by examining the di-

rection of current flow in different switching states, particularly during specific modula-

tion sectors of the converter. There are 10 switching sectors are selected for 3ϕ7LMLMX

converter depending on the transitions of the switching voltages in each phase of the

converter. In following subsection the all ten switching sectors of 3ϕ7LMLMX con-

verter are explained and illustrated with Figures. These diagrams help explain how the

converter synthesizes the required output voltages and ensures smooth commutation

between switching states while minimizing switching losses. The three positive levels of

output voltages are produced at the output of upper FC converter, while three negative

levels of output voltage levels are produced at the output of the lower FC converter stage,

3ϕ3L NPC multiplexed the positive and negative three level voltages of both upper and

lower FC converters and generates an output of seven levels of voltage.

2.3.1.1 Sector 1 of 3ϕ7LMLMX converter

In this sector, the reference voltage of Phase A is near zero and begins to increase posi-

tively, while Phase B and Phase C are in negative and positive regions, respectively. The

instantaneous switching voltages are:

VA(sw) = 0 → +
1

6
Vdc

VB(sw) = −1

3
Vdc → −1

2
Vdc

VC(sw) = +
1

3
Vdc → +

1

6
Vdc

(2.3)
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This sector represents the initial region of the positive half-cycle for Phase A, where its

voltage begins to rise from zero. Two main current flow conditions are identified in this

sector:

At this instant, the output of Phase A is maintained at zero volts. The NPC leg of Phase

A is clamped to the neutral point through the lower clamping diode, so the phase current

of Phase A flows through this diode and returns to the neutral point of the converter.

Although the top FC stage of converter sustains a voltage of+1
3VBUS and feeds the phase

of the NPC stage, this voltage is not applied to the load because of the clamped condition.

Across the phase B a negative voltage of approximately −1
3Vdc appears and its current

therefore flows from the load back into the converter, through the lower FC stage and

NPC lower leg, to the negative DC bus. Conversely, Phase C delivers a positive voltage of

+1
3Vdc and its current flows from the positive DC bus, through the upper FC stage and

upper NPC switches, and out to the load. Thus, in this switching state of the converters,

Phase C acts as the source supplying the current to the load side, Phase B acts as the

sink returning current to the lower DC bus, and Phase A remains in the neutral clamped

state completing the current loop through its clamped diodes as shown in Figure 2.18.
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Figure 2.18: Switching operation of 3ϕ3L NPC converter during sector 1a.

As the modulation reference of Phase A increases, the switch (S1a) of the NPC stage
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turn on, connecting the output of phase A to the intermediate voltage of +1
6Vdc. The

current of Phase A now flows from the positive of CF2 and upper NPC switches (S1a and

S2a) to the phase of load. In this state, Phase C continues to operate at +1
3Vdc it still

delivers current from the positive DC bus, while Phase B remains at −1
2Vdc it receives

the returning current through its lower FC converter. Consequently, the three phases

together form a balanced current path from the upper DC bus (through Phases A and C)

to the lower DC bus (through Phase B). The commutation of current in Phase A from the

clamping diode to the conducting switches occurs under low-current conditions, thereby

minimizing switching losses and ensuring smooth transition between voltage levels. The

switching circuit is shown in Figure 2.19
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Figure 2.19: Switching operation of 3ϕ3L NPC converter during sector 1b.

2.3.1.2 Sector 2 of 3ϕ7LMLMX converter

The instantaneous switching voltages in this sector are:

VA(sw) = +
1

6
Vdc → +

1

3
Vdc

VB(sw) = −1

6
Vdc → −1

3
Vdc

VC(sw) = +
1

6
Vdc → 0

(2.4)
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In sector 2 of the 3ϕ7LMLMX converter, as illustrated in Figures below, the system

operates within the reference voltage window corresponding to a transition from the one

voltage of converter up to the other positive level of output voltage of Phase A, while

Phases B and C occupy distinct roles in each state. This sector features two fundamental

switching states, each impacting current flow and capacitor utilization differently:

State 1:
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Figure 2.20: Switching operation of 3ϕ3L NPC converter during sector 2a.

The switching operation of first state of Sector 2 is shown in Figure 2.20. Phase

A is progressing towards its positive peak as the voltage is rise from zero towards the

peak voltage. The phase current from A comes from the the upper FC converter stage

and holds a voltage of +1
6Vdc, though it is not directly delivered to the load. At the

same time, Phase B is sending return current from the load to a negative output of FC

with voltage stress of −1
6Vdc by returning current to the negative DC bus via its lower FC

converter stage. Phase C, on the other hand, delivers a positive output at +1
6Vdc, with

current sourced from the positive DC bus and conducted through its FCs of upper FC

stage and NPC switches (S1c and S2c) to the phase C of the load. Thus, in this first state,

the converter ensures smooth supply of positive and negative voltages to the load while

maintaining FCs voltages balanced.
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State 2:

During the second state of Sector 2, by Phase A make a transition from one voltage

level to another, releasing its switch and enabling the FCs of top FC’s stage output to be

synthesized at the load. This allows Phase A to rise from +1
6Vdc up to +1

3Vdc, with the

phase current now flows through the upper FC converter stage and corresponding phase

switches of NPC stage to reach at the load. The phase voltage at the output is thus rise

from +1
6Vdc to +1

3Vdc and delivered to the load, actively engaging the FCs in charge or

discharge dynamics for voltage balancing across the FCs. Meanwhile, Phase B continues

as before with rise of negative output voltage of −1
6Vdc to −1

3Vdc, and Phase C clamped

to the neutral point of 3ϕ7LMXML converter and has zero output voltage at the load

side as shown in Figure 2.21.
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Figure 2.21: Switching operation of 3ϕ3L NPC converter during sector 2b.

2.3.1.3 Sector 3 of 3ϕ7LMLMX converter

The instantaneous switching voltages in this sector are:

VA(sw) = +
1

3
Vdc → +

1

2
Vdc

VB(sw) = −1

6
Vdc → 0

VC(sw) = −1

6
Vdc → 0

(2.5)
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State 1:

With Phase A’s reference between+1
3Vdc, one FC that is CF2 in upper FC stage with S2,

S3 switches and first leg of NPC stage with switches S1a and S2a are engaged to synthesize

+1
3Vdc at the output. For phase B and C both have the same voltage of −1

6Vdc by turning

on the switch S10 from lower FC converter stage and switches S3b, S4b, S3c and S4c in NPC

stage. The current flow direction follows the paths of switches that are turned on during

the operation as shown in Figure 2.22.
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Figure 2.22: Switching operation of 3ϕ3L NPC converter during sector 3a.

State 2: In phase A, during second switching state in sector 3 output voltage is changed

from +1
3Vdc to +1

2Vdc by turning on a S1 switch from upper FC converter stage. Phase B

and Phase C make a transition from −1
6Vdc to 0V by clamping to neutral point of the

converter through specific clamping diodes as illustrated in Figure 2.23. A brief redun-

dant state may be present as the output transitions from FC conduction to NPC clamping

approaching zero crossing. Modulation toggles specific FC and NPC switches to establish

a safe transfer to the next sector.
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Figure 2.23: Switching operation of 3ϕ3L NPC converter during sector 3b.

2.3.1.4 Sector 4 of 3ϕ7LMLMX converter

The instantaneous switching voltages in this sector are:

VA(sw) = +
1

3
Vdc → +

1

6
Vdc

VB(sw) = 0 → +
1

6
Vdc

VC(sw) = −1

3
Vdc → −1

6
Vdc

(2.6)

State 1:

During the state 1 of sector 4 for phase A, the switches S2, S3 from upper FC stage and

switches S1, S2a from NPC stage, are turned on which help to appear voltage of +1
3Vdc

across the phase A. The phase has 0V since its connected with neutral point through a

clamping diode, which helps the load current to flow from load to the neutral point of the

3ϕ7LMXML converter. Phase C has voltage of −1
3Vdc when switches S10, S11 from lower

FC stage and switches S3a, S4a from NPC stage, are turned on. FCs are fully bypassed

for the clamped phase, while the two other phases provide their respective positive and

negative output voltages. This neutral clamping is essential for minimizing common-

mode voltage and enabling waveform symmetry.
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Figure 2.24: Switching operation of 3ϕ3L NPC converter during sector 4a.

State 2: In second state of the sector 4 for 3ϕ7LMXML converter, phase A receives
1
3Vdc voltage. For this voltage at phase A, the switches S2, S3 from upper FC stage and

switches S1a, S2a from NPC stage are turned on. In phase B, there is 0V because its

connected to the neutral point through a clamping diode and switch S3a. The phase

receives −1
3Vdc voltage from DC link to lower FC converter stage and finally through NPC

stage. The switching operation during this state is: the switches S10 and S11 from lower

FC stage, and switches S3c, S4c from NPC stage as shown in Figure 2.25.

2.3.1.5 Sector 5 of 3ϕ7LMLMX converter

In Sector 5, the converter produces the following instantaneous switching voltages:

VA(sw) = 0 → +
1

6
Vdc

VB(sw) = +
1

3
Vdc → +

1

6
Vdc

VC(sw) = −1

2
Vdc → −1

3
Vdc

(2.7)

This sector corresponds to a region where both Phases A and B share the positive DC

bus, while Phase C operates at a negative potential. The current flow patterns in this

sector are described as follows:
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Figure 2.25: Switching operation of 3ϕ3L NPC converter during sector 4b.

State 1:

During state 1 of sector 5, Phase A is held at 0V by the clamping diode of its NPC leg,

while Phase B is active and produces a positive voltage of +1
3Vdc, its current flows from

the positive DC bus through the upper FC converter stage, NPC stage and to the load.

Phase A, being clamped, carries its current through the diode toward the neutral point

without significant voltage contribution. Phase C, which operates in the negative region

at −1
3Vdc conducts current from the load back to the converter side, returning it through

the lower FC converter stage to the negative DC bus. Hence, during this state, Phase B

supplies current from the upper DC bus and upper FC converter stage, Phase C returns

current to the lower DC bus through a lower FC stage, and Phase A provides a neutral

path through its clamping diode, maintaining the midpoint potential as shown in Figure

2.26.

State 2:

In state 2, As the reference voltage of Phase A is set +1
6Vdc, its upper NPC switches

and upper FC converter begin to conduct. The current of Phase A now flows from the

positive DC bus, through its FC converter and NPC leg, and out to the load. At the same

time, the reference of Phase B decreases, causing its output to fall toward +1
6Vdc from
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Figure 2.26: Switching operation of 3ϕ3L NPC converter during sector 5a.

+1
3Vdc. Phase C becamemore negative from−1

3Vdc to the−1
2Vdc. This balanced exchange

of current among the three phases stabiles the neutral-point potential and maintains

equal voltage sharing across the FCs as illustrated in Figure 2.27.
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Figure 2.27: Switching operation of 3ϕ3L NPC converter during sector 5b.
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2.3.1.6 Sector 6 of 3ϕ7LMLMX converter

The instantaneous switching voltages in this sector are:

VA(sw) = 0 → −1

6
Vdc

VB(sw) = +
1

2
Vdc → +

1

3
Vdc

VC(sw) = −1

3
Vdc → −1

6
Vdc

(2.8)

State 1:

The switching circuit of 3ϕ7LMXML converter in second state of the 6th sector is

shown in Figure 2.28. The phase A clamped to diode and has zero voltage across the

load. The phase B of the converter receives the voltage of +1
2Vdc across the load. During

this state all upper switches (S1, S2, and S3) of upper FC stage are turned on while S1b

and S2b are turned on in the NPC stage of the 3ϕ7LMXML converter. In phase C, voltage

is −1
3Vdc, because of the conduction of switches S10, S11 in lower FC stage and switches

S3c, S4c in the NPC stage.
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Figure 2.28: Switching operation of 3ϕ3L NPC converter during sector 6a.

State 2:

In this state of the sector 6, the phase A make transition from 0V to the −1
6Vdc by
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the conduction of switches S10 and S3a, S4a of the lower FC stage and NPC stage of the

3ϕ7LMLMX converter. The conduction of switches S2, S3 and S1b, S2b in upper FC stage

and NPC stage make the current flow from CF2 to the phase B and appears a voltage of

+1
3Vdc. Similarly for phase C, switches S10, S3c and S4c conducts and voltage across the

phase C appears to be −1
6Vdc.
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Figure 2.29: Switching operation of 3ϕ3L NPC converter during sector 6b.

2.3.1.7 Sector 7 of 3ϕ7LMLMX converter

The instantaneous switching voltages in this sector are:

VA(sw) = −1

6
Vdc → −1

3
Vdc

VB(sw) = +
1

6
Vdc → +

1

3
Vdc

VC(sw) = −1

6
Vdc → 0

(2.9)

State 1:

Phase A during the sector 7 in first switching state, has negative voltage of −1
6Vdc and

turned on switches during this operation are: S9 of lower FC converter stage and S3a, S4a

are turned on. The voltage across the CF1 is +1
6Vdc which is supplied to the phase B in

sector 7. The current follows the path from CF1 to the phase B when S3, S1b and S2b are
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turned on. In phase C is the same output voltage as that of the phase A that is −1
6Vdc

with switches S3c, S4c and S10 are in the conduction mode.
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Figure 2.30: Switching operation of 3ϕ7LMXML converter during sector 7a.

State 2: In sector 7, during state 2, the voltage at phase A is −1
3Vdc because the

switches of NPC stage S3a, S4a receives a current from lower Fc converter stage or negative

of DC-bus voltage (−Vdc/2). The voltage +1
3Vdc appears at the phase B, when S2, S3 from

upper FC converter stage and S1b, S2b from NPC converter stage are turned on. Phase C

clamped to the neutral point through a clamping diode and voltage at the phase C is 0V .

2.3.1.8 Sector 8 of 3ϕ7LMLMX converter

The instantaneous switching voltages in this sector are:

VA(sw) = −1

3
Vdc → −1

3
Vdc

VB(sw) = 0 → +
1

6
Vdc

VC(sw) = 0 → +
1

6
Vdc

(2.10)

State 1:

In sector 8 during the first state, the voltage at phase A is −1
3Vdc, because switches

in that path are turned on like in NPC stage S3a, S4a are conducting, while in lower FC
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Figure 2.31: Switching operation of 3ϕ3L NPC converter during sector 7b.

converter stage switches S10, S11 are conducting. The phase B and phase C have the

same output voltages of 0V that are connected with neutral point of the 3ϕ7LMLMX

converter through a clamping diode.

State 2:

In state 2 of sector 8, the phase A voltage is −1
2Vdc which directly connected with DC-

link capacitor without connecting with any FCs. The switches operation during this state

are: S10, S11, S12 of lower FC converter stage and S3a, S4a of the NPC stage of 3ϕ7LMLMX

converter. The phase B and phase C hase the same positive voltage of +1
6Vdc. The switch

S3 in upper FC converter stage and switches S1b, S2b and switches S1c, S2c of phase B and

phase C respectively are turned on to get the voltage of +1
6Vdc.

2.3.1.9 Sector 9 of 3ϕ7LMLMX converter

The instantaneous switching voltages in this sector are:

VA(sw) = −1

6
Vdc → −1

3
Vdc

VB(sw) = −1

6
Vdc → 0

VC(sw) =
1

2
Vdc →

1

3
Vdc

(2.11)
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Figure 2.32: Switching operation of 3ϕ3L NPC converter during sector 8a.

State 1:

In first state of sector 9, the output voltage at phase A is negative voltage of −1
6Vdc.

The switch S10 in lower FC converter stage and switches S3a, S4a in NPC stage are con-

ducting. Phase B has the same voltage as that of phase A but conducting switches in

NPC stage are S3b andS4b.

State 2:

The output voltage of phase A, in second state of the sector 9 is −1
3Vdc. The current

flows from the negative DC-link voltage from lower FC converter stage to the NPC stage

and finally to the phase A. The switches S11, S10, S4a, and S3a in lower FC converter and

NPC stages are conducting. In phase B there is zero voltage because its connected with

the neutral point through a clamping diode. Since, phase C has positive voltage of+1
3Vdc

at output. The conducting switches in NPC stage are: S1c and S2c while in the upper FC

converter stage switches S2 and S3 are conducting.
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Figure 2.33: Switching operation of 3ϕ3L NPC converter during sector 8b.
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Figure 2.34: Switching operation of 3ϕ3L NPC converter during sector 9a.

2.3.1.10 Sector 10 of 3ϕ7LMLMX converter

The instantaneous switching voltages in this sector are:

VA(sw) = −1

6
Vdc → 0

VB(sw) = −1

6
Vdc → −1

3
Vdc

VC(sw) =
1

2
Vdc →

1

3
Vdc

(2.12)
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Figure 2.35: Switching operation of 3ϕ3L NPC converter during sector 9b.

State 1:

In first state of the sector 10, the phase A has voltage of −1
6Vdc. The switch S10 in the

FC converter stage is conducting while in NPC stage are S3a and S4a are conducting. The

phase B also have same voltage as of phase A but switches conduction is different in

NPC stage that are S3b and S4b. The phase C has output voltage of +1
2Vdc with interacting

with any FCs.

State 2:

In second state of the sector 10, the phase A voltage is 0V because its connected

with neutral point through a clamping diode. The phase B has negative voltage of −1
3Vdc.

The switches operation is in this is, switch S10, S11 in the lower FC converter stage and

switches S3b, S4b are conducting. In case of phase phase C, the switches S2, S3 in upper FC

converter stage and S1c, S2c in NPC stage are conducting and produce a positive voltage

of +1
3Vdc.

The voltage make a transition form state 1 to state 2 in each phase, in a sector is

shown in Table 2.4.
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Figure 2.36: Switching operation of 3ϕ3L NPC converter during sector 10a.

Table 2.4: Sector states and output voltages in 3ϕ7LMLMX converter
Sector State 1: Output Voltage State 2: Output Voltage

1 Va = 0, Vb = −1
3Vdc, Vc = +1

3Vdc Va = 0, Vb = −1
3Vdc, Vc = +1

3Vdc

2 Va = +1
6Vdc, Vb = −1

6Vdc, Vc =
+1

6Vdc

Va = +1
3Vdc, Vb = −1

3Vdc, Vc = 0

3 Va = +1
3Vdc, Vb = −1

6Vdc, Vc =
−1

6Vdc

Va = +1
2Vdc, Vb = 0, Vc = 0

4 Va = +1
3Vdc, Vb = 0, Vc = −1

3Vdc Va = +1
3Vdc, Vb = 0, Vc = −1

3Vdc

5 Va = 0, Vb = +1
3Vdc, Vc = −1

6Vdc Va = +1
6Vdc, Vb = +1

6Vdc, Vc =
−1

2Vdc

6 Va = 0, Vb = +1
2Vdc, Vc = −1

3Vdc Va = 0, Vb = +1
2Vdc, Vc = −1

3Vdc

7 Va = −1
6Vdc, Vb = +1

6Vdc, Vc =
−1

6Vdc

Va = −1
3Vdc, Vb = +1

3Vdc, Vc = 0

8 Va = −1
3Vdc, Vb = 0, Vc = 0 Va = −1

2Vdc, Vb = −1
6Vdc, Vc =

−1
6Vdc

9 Va = −1
6Vdc, Vb = −1

6Vdc, Vc =
+1

2Vdc

Va = −1
3Vdc, Vb = 0, Vc = +1

3Vdc

10 Va = −1
6Vdc, Vb = −1

6Vdc, Vc =
+1

2Vdc

Va = 0, Vb = −1
3Vdc, Vc = +1

3Vdc
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Chapter 3:

Balancingof FlyingCapacitors forMultiplexed

Multilevel Converter
FC multilevel converters are widely employed in medium- and high-power applica-

tions due to their ability to produce high-quality output voltages with significantly re-

duced harmonic distortion and lower dv/dt stress. By generating a large number of

voltage levels, these converters minimize THD, reduce filtering requirements, and lower

switching stress on semiconductor devices, thereby decreasing both switching losses and

electromagnetic interference (EMI). The reduced per-switch blocking voltage also enables

the use of faster, lower-loss devices with improved conduction characteristics. These ad-

vantages collectively result in enhanced efficiency, improved power quality, and greater

reliability, making FC multilevel converters a preferred choice for applications such as

renewable energy systems, medium-voltage drives, and grid-connected power conver-

sion.

A defining feature of FC multilevel converters is the incorporation of multiple FCs

connected across the switching devices within each phase leg. These capacitors must be

precisely regulated at their respective nominal voltage levels (typically fractional mul-

tiples of the total DC-link voltage) to ensure correct synthesis of the desired multilevel

output waveform and balanced voltage distribution among the power semiconductors.

Accurate voltage balance across the FCs is therefore essential for reliable and distortion-

free operation of the multilevel converters. However, during dynamic operation, these

FCs naturally experience unequal charging and discharging, leading to voltage drift. If the

capacitor voltages deviate from their ideal values, the converter may produce distorted

output waveforms, suffer increased switching losses, and experience potential overstress

or failure. Therefore, ensuring accurate and stable capacitor voltage balancing is essen-

tial for reliable converter performance. In literature there are many types of FCs voltage

balancing algorithms are discussed but few of main algorithms are discussed here.
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3.1 Types of capacitor voltage balancing algorithms

3.1.1 Redundant Switching State Selection Methods

A redundant switching method is fundamental method for balancing voltage across

the FCs[1]. In which there are several switching sequence are provided to MLCs to acquire

a specific voltage level. The main concept is that there are several switching sequences

for the converter to perform switching for a voltage level but each sequence has their

own impact on the charging and discharging of the FCs of the MLCs. A controller is

used which continuously observing the switching sequence of the MLCs and select a

more optimal one, which effectively drives the voltage across the capacitors near the

reference voltage. This can be achieved by choosing the switching sequence that helps

achieve the required voltage level across the FCs that may do charging or discharging

depending on its voltage deviations. The voltage should have minimum deviation after

accessing the size and sign of deviation in voltage and compare it with the particular

reference voltage for each FC. However, at higher modulation indices (m = 0.98) or unity

power factor (pf = 1), when the available redundancy is less often used, [2] showed that

traditional redundant state selection might become ineffective. In order to cope with

this issue, sophisticated algorithms like Redundant Level Modulation (RLM) add more

output voltage levels throughout a switching cycle, giving the FC voltages more flexibility

without changing the basic output waveform [3].

3.1.2 PWM-Based Balancing Algorithms

This method of stabilizing the voltage across the FCs utilizes an inherent property of

PWM schemes as a PD-PWM scheme, and PS-PWM scheme in order to achieve a naturally

balancing of voltage. The idea behind this is that, average current flowing through the FCs

in normal conditions is equal to zero, then modulation scheme will ensure that the FC is

charged or discharged equally in a complete switching period [4]. However, the natural

balancing method is particularly effective in symmetrical topologies of the multilevel

converters and balanced condition of loads. The effectiveness of the natural balancing of

the FCs can be destroyed under the influence of unbalanced loads of during the transient

period in the MLC. To cope with these issues, the active feedback or offset injection into
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the schemes can enhance the balancing of voltage across the FCs. These enhancements

allow the modulation index or carrier phase to be dynamically adjusted, providing a

robust and adaptive balancing mechanism [5].

3.1.3 Predictive Control Algorithms

Model predictive control algorithms represent amodel-based approach to FCs voltage

balancing. Using the mathematical model of the MLCs and load, the model predictive

control algorithms predicts the future evolution of voltage across the FCs. Within each

switching period, the predictive control algorithm check all possible switching sequence

of themultilevel converters and select the particular switching sequence of the converter

which gives lower value of the cost function or difference of the reference value and

actual value of voltages across the FCs. The cost function consists of two controlled

variables one is voltage across the FCs and other is the current across the FCs and both

controlled variables are weighted through a weighting factor. This method of controlling

voltage across the FCs has fast dynamic response and precise voltage regulation, as the

controller can anticipate and counteract disturbances before they manifest. The block

diagram for model predictive control for balancing the voltage across the FC is shown in

Figure 3.1. The measurement blocks take model data like FCs voltages and FC currents,

Figure 3.1: MPC control for FC voltage balance for FC converter [6].

then estimates that data for removing any error, the prediction step predict the controlled

variable and obtained new predicted value based Euler backward or forward methods.

The cost function is minimized, which means set the minimum difference between the

actual and reference values of the FC’s voltages. In [6] the model is demonstrated for

predictive control can simultaneously optimize the voltage across the FCs and quality
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of output voltage waveforms, though it needs a exact model of the MLC or load and

significant computational time to solve the optimization problem in real-time.

3.1.4 Hysteresis Based Algorithms

The Hysteresis-based controller operate in such a way that, upper and lower voltage

thresholds around reference voltage of each flying capacitor as per the levels of FC con-

verter. In case when the voltage across the FC is changed from the reference value of the

voltage, then hysteresis controller switches the switching sequences of the multilevel

converter to induce a current that brings the voltage across the FCs close to reference

value of the FC voltage. The block diagram of hysteresis control is shown in Figure.
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Figure 3.2: Hysteresis control based FC voltage control of FC converter [7].

In Figure 3.4, Vc1, Vc2 are the voltages across the FC1 and FC2. IL is load current while

Vc1ref and Vc2ref are the reference/required voltages of FCs. The hysteresis control gen-

erated the control signals for modulator which generate PWM signals for FC converters.

This bang-bang control strategy is theoretically simple and does not require complex

modulation or state estimation. The hysteresis based control is illustrated in below Fig-

ure.

The diagram of hysteresis based control is presented in Figure 3.3. It consists of four

main blocks, (i) redundant state selection (RSS) table, (ii) phase-locked loop (PLL), (iii)

output voltage compensator and (iV) a base level calculation. The PLL determines the
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Figure 3.3: Hysteresis based FC voltage control of 1ϕ4L FC converter [8].

phase angle of the input voltage, output of voltage compensator is the magnitude of

reference current. Vca1, Vca2, Vcb1, and Vcb2 are the voltages across the FCs of the con-

verter. Vas, and Ias are the phase voltage and phase current of the converter. However,

as shown by [8] the switching frequency becomes variable and depends on the rate at

which capacitor voltages cross their thresholds, which can lead to increased switching

losses and EMI if not properly managed. Recent work by [9] has further refined hysteresis

control to improve its performance in wide output voltage applications.

3.1.5 Feedback Loop-Based Algorithms

The feedback loop based controllers like proportional integral (PI) controller employ

the continuous feedback loop to regulate the voltage across the FCs of the converter.

The PI controller in feedback with the multilevel converter takes the measured output

voltages of FCs and compare it with the required output voltage. The PI controller gen-

erates the control signal based on input error signals. The control signal can adjust the

switching action of the converter. In classical control theory, the control law is designed

to minimize the error signal so that measured voltage should as close as possible to

the reference voltage in order to ensure the robust and stable operation of the con-

verter during the load transient and parameters mismatch. A feedback loop-based PI

controller is proposed in [10] to regulate the voltage across FCs of-level FC converter.
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The block diagram of the controller is shown in Figure 3.4.

Figure 3.4: PI based FC voltage control of 1ϕ4L FC converter [9].

There are three controllers used in this approach, one PI controller to regulate the

output voltage of the converter, the remaining two P-controller used to control the volt-

age across the FCs. Its challenging to control FC converter because of the coupling effect

of the three control loops. Some simple design steps proposed to design the controller,

first step is to decoupled voltage balancing control are designed then design the voltage

regulating controller for output voltages.

3.1.6 Sliding Mode Control

The sliding mode controller (SMC), has been widely implemented in the field of power

electronics converters. It offers the key benefits of: robust to system uncertainties and

disturbances, fast dynamic response of voltage balancing across the FCs, and easy to

implement. In SMC, the controller defines a sliding surface based on the FCs voltage

errors and applies discontinuous control to force the trajectory of system to remain on

this surface, ensuring convergence of the FCs voltages to the reference FCs voltages even

under any disturbance or model error. However, SMC has some drawbacks including

chartering effect, and need of high gains. The high gain is effective in fast convergence

and handling of uncertainties in the system but leads to significant issues in practical

applications [11].
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Method Idea Complexity Pros Cons
Redundant
states

Chooses among
possible switch
states each cy-
cle to minimize
capacitor voltage
error using a cost
function.

Medium Fast, robust bal-
ancing; effective
at all loads.

Requires voltage
measurement
and control logic.

PWM natu-
ral balanc-
ing

Uses
phase/level-
shifted PWM
so the average
charge on each
capacitor is zero,
relying on sym-
metry.

Low Very simple and
requires no extra
sensors.

Slow to correct
imbalanced volt-
age and weak
during asymmet-
rical loads.

Predictive
control

Predicts the FC’s
each voltage lev-
els for all switch-
ing actions and
chooses the best
predicted values.

High fast dynamic
response and
precise; supports
multi-objective
control.

Requires a model
of multilevel con-
verter and load; it
also takes signifi-
cant computation
time.

Hysteresis
control

Switches only
when a capacitor
voltage leaves a
defined window
and restores it
inside the band.

Low Simple and ro-
bust control; it
is also responsive
to errors.

Variable switch-
ing frequency;
increased ripple.

PI / feed-
back

Uses capacitor
voltage error to
adjust the PWM.

Medium Possess a good
accuracy and
minimizes the
steady-state er-
ror.

Requires tuning
and has slow dy-
namic response.

Sliding
mode con-
trol

Uses the non-
linear laws for
robust, rapid
convergence of
error under any
perturbations.

High Highly robust and
fast response.

Complex to de-
sign and imple-
ment.

Table 3.1: Comparison of flying capacitor voltage balancing methods

3.2 Cost function-based voltage balancing algorithm

In this thesis, cost function based balancing of FC is used to balance the FC converter

stage of 3ϕ7LMXML converter. The 3ϕ7LMXML converter has two stages of 1ϕ4L FC
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converter. The upper FC converter stage and lower FC converter stage. Each FC of up-

per and lower FC converter will be balanced by cost-function based voltage balancing

algorithm. Before implementing a control algorithm for 3ϕ7LMXML converter, first to

understand the operation of 1ϕ4L FC converter.

Sx3 Sx1

CF1

S'x1

ICx3
Ix
VxCDC

Battery

S'x2

Sx2

CF2

S'x2

ICx3

Figure 3.5: Topology of 1ϕ4L FC converter.

The schematic of one phase leg of 4LFC converter is shown in Figure 3.5. The sub-

script X indicates the phase of the 3ϕ4L FC converter that is X = a, b, c. During the

operation of the FC converter, the mean value of voltage across each FC of both upper

and lower FC converter stage are: Vdc/6, and Vdc/3. where Vdc is the DC-bus voltage. The

voltage across each switch in both stages of FC converter is Vdc/6. By applying Kirchhoff’s

voltage law and current law, the line to ground voltage and current [12] through the FCs

can be written as:

vx0 =s4Vdc + (s3 − s4) vC3 + (s2 − s3) vC2 + (s1 − s2) vC1

iC1 =(s2 − s1) i1

iC2 =(s3 − s2) i2

iC3 =(s4 − s3) i3.

(3.1)

Where Sz is the switch control function, where z is the particular switch of FC converter

in a leg z = {1, 2}. The value of switch control function can be either 0 or 1 which means

either switch is on or off. The 6 switches of 4L FC converter operates in complementary

way according the operation. In the case of a 3L FC converter, voltage across the FCs
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of the converter are relatively straightforward and manageable to regulate as per the

desired voltage levels during each switching period. This is because the two available

redundant switching states can be easily alternated effectively to maintain the voltage

levels of the FCs separately. However, as the topology level up to high output voltage

levels for FC converter with more levels (n > 3), the complexity of the control algorithm

increases voltage balancing increases significantly. In these cases, a similar approach to

voltage balancing can be applied, but it becomes much more intricate due to the need to

regulate additional FCs voltage levels. Furthermore, the increased number of available

switching states introduces more variables and scenarios that must be carefully man-

aged to ensure proper operation and voltage stability of the FCs. The higher number

of levels necessitates advanced control strategies to handle the additional degrees of

freedom and maintain consistent voltage levels across all FCs, which is crucial for re-

liable performance of the FC converter. Each redundant condition in the charging and

discharging of FCs voltages produces dynamically changing impacts, which is the primary

cause of voltage imbalance across FCs. This imbalance can adversely affect the overall

performance, stability, and efficiency of the 1ϕ4L FC converter, making it a critical issue

to address in the design and operation of such topologies of power electronic converters.

For the proper balancing of the FCs, the redundant switching states should be carefully

selected to ensure proper balancing of the voltage across the FCs. This selection pro-

cess often involves the implementation of advanced control algorithms that uses a cost

function to prioritize the balancing the of FC voltage. The cost function evaluates the im-

pact of each possible switching state and determines the optimal sequence to maintain

consistent voltage levels across the FCs. By minimizing the deviation from the desired

voltage levels, the control strategy ensures that the converter operates reliably and effi-

ciently. Moreover, the use of such optimization techniques can help mitigate the impact

of external disturbances, load variations, and other dynamic factors that could other-

wise exacerbate the voltage across the FCs. This approach is especially vital in multilevel

converters with a higher number of voltage levels, where the complexity of managing the

redundant switching states increases significantly [13]. An equation for minimization of

the cost function to balance the FCs is
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Jxz =
1

2

n−2∑
j=1

Cxj

(
VCxj − V ∗

Cxj

)2 (3.2)

Where x identifies the FC converter (i.e., x = u for upper FC converter of the 3ϕ7LMLMX

converter and x = l for lower FC converter of the 3ϕ7LMLMX converter) and z represents

the switching state, with z = 1, ..., 8. The index (j) is used to identify each FC. In this paper

j = 1, 2. The V ∗
cxj is the reference voltage, and Vcxj is a specific FC of the upper and lower

FC converters stages of 3ϕ7LMLMX converter. When the voltages across all the FCs are

equal to their reference/desired values, the cost function shown in Equation (1) will be

equal to zero. To achieve a proper desired voltage across each FC, it must be reduced

during each switching time. The differential Equations (3.3) and (3.4) derived equation

(3.2) show the minimized differential equations:

d

dt
Jxz =

d

dt

1

2

n−2∑
j=1

Cxj

(
VCxj − V ∗

Cxj

)2 (3.3)

d

dt
Jxz =

n−2∑
j=1

(∆vCxjiCxj) ≤ 0 (3.4)

where∆vCxj is the deviation of any specific FC voltage from the referenced voltage value

of any FC. Since ∆vCxj = VCxj − V ∗
Cxj , the current in each FC can be represented as iCxj ,

which depends on the selected redundant switching states of the converter and the

output FC current of the upper FC converter and lower FC converter, as shown in Table 2.

Table 2 illustrates the redundant switching states for voltage levels±1/2Vdc, ±1/3Vdc,

and ±1/6Vdc that produce distinct current routes across any FCs of upper and lower FC

converters stages and, therefore, have a unique impact of charging and discharging on

the FCs of upper and lower FC converters. A phase leg of four-level upper and lower

FC converters that incorporate FCs are schematically shown in Figure 2. The mean volt-

age values of FCs Cx1 and Cx2 for upper FC converter should be kept at Vdc/6 and Vdc/3

respectively, during regular operation. The upper FC converter has four output voltage

levels, but the zero voltage level will be omitted by always closing the switch S3, and the

output voltage will be produced: Vdc/6, Vdc/3, and Vdc/2. The same is true for the lower

FC at voltage levels of -Vdc/6, -Vdc/3, and -Vdc/2. The switching state that minimizes the
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Table 3.2: Four-level upper and lower FCC: voltage levels, switching states, FC currents,
and effects on FC voltages.
Voltage
Leve

Switch States FC Current FC Voltage

z S1 S2 S3 ICF1 ICF2 VCF1 VCF2

+
Vdc
2 8 1 1 1 0 0 X X

7 1 1 0 0 ix X ↑
+

Vdc
3 6 1 0 1 ix −ix ↑ ↓

5 0 1 1 −ix 0 ↓ X

4 1 0 0 ix 0 ↓ X

+
Vdc
6 3 0 1 0 −ix ix ↑ ↑

2 0 0 1 0 −ix X ↓
0 1 0 0 0 0 0 X X

Voltage z S7 S8 S9 ICF3 ICF4 VCF3 VCF4

Level

− Vdc
2 8 1 1 1 0 0 X X

7 1 1 0 0 ix X ↑
− Vdc

3 6 1 0 1 ix −ix ↑ ↓
5 0 1 1 −ix 0 ↓ X

4 1 0 0 ix 0 ↓ X

− Vdc
6 3 0 1 0 −ix ix ↑ ↑

2 0 0 1 0 −ix X ↓
0 1 0 0 0 0 0 X X

Note: The charging and discharging effects in FC are given: assuming that ix is positive with the following
notations:
↑ Increasing capacitor voltage.
↓ Decreasing capacitor voltage.
X No change in capacitor voltage.

cost function is chosen for every voltage level and each switching period. For example,

Ju6 is the estimated cost function of the 6th switching state for upper FC converter, i.e.,

S1=1, S2=0, and S3=1 (or 1 0 1). The overall structure of the FCs balancing using the cost

function minimization technique is shown in Figure 3.6. For a specific reference volt-

age level, more redundant states may be possible. For each redundant state, the cost

function is calculated. Then, the redundant state corresponding to the minimum cost

function is applied.

The Figure 3.6 consists of five blocks which constitute a complete FC voltage balancing

algorithm.

3.2.1 Reference voltage generation

In Figure 3.6, the left top block is the three-levels reference voltage. A reference

sinusoidal signal is compared with the 6 triangular carriers to generate the reference

Shafquat Hussain 66



Chapter 3: Balancing of Flying Capacitors for Multiplexed Multilevel Converter Ph.D. Thesis

Carr 2

Carr 1

Carr 4

Carr 6
Carr 5

Vref

Carr 3

Generation of
 PWM Signals

S1

S2

S3

S7

S8

S9

Voltage 
Levels

Lower FCC

Upper FCC

Calculation of 
cost function

Sort out 
minimum 

valued cost 
function 

S/H

+
-

S/H

VCX

V*
CX

iCX

Redundant 
Switching 

States

V

Figure 3.6: Voltage balancing algorithm for 3ϕ7LMLMX converter.

levels of voltage for both upper and lower FC converter stages of 3ϕ7LMLMX converter.

Based on these reference voltage levels, particular switching sequences are applied to

both upper and lower FC converter stages to perform voltage balancing across the FCs of

the FC converter stages. The waveform in red color is the reference triangular waveform

used to generate reference voltage levels for upper FC converter stage which generate

positive half cycle of the 3ϕ7LMLMX converter. The triangular waveform in blue color

is the reference triangular waveform for lower FC converter stage and used to generate

a negative half cycle of the 3ϕ7LMLMX converter. The final generated reference voltage

for the FC converter stages of the 3ϕ7LMLMX converter are shown in Figure 3.7.

3.2.2 Calculation of cost function

In the part, the error signal generated from reference voltage of FCs and actual voltage

of FCs which feed to the cost function block to minimize the error between actual value

of voltage between the FC and reference voltage. In case of upper FC converter and lower

FC converter the voltage across the FCs like CF1, CF2, CF3 and CF4 are compared with

reference voltage which generates error signal. The squared error based cost function

calculates the minimum value of cost function for each of the FC.
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Figure 3.7: Reference voltages levels for upper and lower FC converter stages.

3.2.3 Bubble and sort algorithm

The capacitor voltage balancing sorting algorithm first monitor the values of voltages

across the FCs of upper and lower FC converters. The Figure 3.8 shows the sorting mech-

anism for lower valued cost function. As can be seen from the Figure 3.8, that there are

Figure 3.8: Sorting algorithm of FC voltages of upper and lower FC converter stages.

six values of voltages with different values and sorting algorithm sort the the values in

a way that it set the minimum value to maximum value. In this way it choose minimum
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value of cost function for each of the voltage across the FCs.

3.2.4 Selection of redundant switching state

In this part of the voltage balancing algorithm for FCs, a particular switching state

with lower value of the cost function is chosen. For example in a voltage level there are

three redundant switching states with different values the state with lower valued cost

function is chosen and applied to the converter.

3.2.5 Carrier-Based PWM for multiplexed multilevel Converter

The common PWM modulation techniques used in multilevel converters are the car-

rier based PWM. Where carrier signal can be a sawtooth wave or triangular wave depends

on the implementation required. The carrier signal then compared with sinusoidal mod-

ulation signal to generate a PWM signals for the multilevel converters. In case of tri-

angular carrier signal, the PWM modulation occurs when a modulation signal is greater

than the triangular carrier signal then output is on state and when the modulation signal

lower than the carrier signal then output will in off state. This results in a series of pulses

whose widths vary in proportion to the amplitude of the modulation signal, hence the

name PWM.

Figure 3.9: Sawtooth carrier based sinusoidal pulse width modulation

The sawtooth based carrier based PWMworks in the same way but linearly ramping of

sawtooth carrier can influence the converter switching frequency and harmonic contents.
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With the help of carrier-based PWM the control of the output voltage, reduce the THD,

and improve overall efficiency can be improved in multilevel converters. This technique

is widely preferred because of its simplicity, ease of implementation, and effectiveness

in producing high-quality voltage waveforms.

Figure 3.10: Triangular carrier based sinusoidal pulse width modulation

In paper, the classical PWM technique has been extended for diode clamped mul-

tilevel inverters. however, the same PWM technique can extended to the FC multilevel

converters. In the case of multilevel converters there is only one sinusoidal signal while

there there many carrier signals as per the required voltage levels of the converter. For

the N-level converter there should be N-1 carrier signals are required. The required car-

rier signals should have the same frequency, and same peak to peak amplitude. In case

of multi-carrier method is the same PWM generation, like in classical method where car-

rier signal compared with sinusoidal signal. There are N-1 carrier signals and their PWM

signal after comparing with sinusoidal signal in each carrier band is the connection to

the nearest higher level if the reference signal is higher than the carrier one or the con-

nection to the nearest lower level if the modulation signal is lower than the carrier one.

The phase disposition based modulation for 3ϕ7LMLMX converter is illustrated in

Figure 3.6. The PD-SPWM has been used to control switches of 3ϕ7LMLMX converter. In

the Figure, Car1, Car2, and Car3 are the carriers from 0.5 to 1, used for generating PWM

signals for upper FC converter stage of the 3ϕ7LMLMX converter. Car6, Car7, and Car8

are the carrier signals from -0.5 to -1, used for generating PWM signals for the lower FC
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Figure 3.11: Carrier based modulation of 3ϕ7LMLMX converter.

converter stage of the 3ϕ7LMLMX converter. Car4 and Car5 signals from -0.5 to 0.5 used

for generating PWM signals for NPC stage of the 3ϕ7LMLMX converter. The 3ϕ7LMLMX

converter operate depending upon the magnitude of the modulation signals. If its lower

than 0.5 then only NPC stage of the 3ϕ7LMLMX converter will operate while the upper

and lower FC converter stage will not operate and just send the input same voltage across

the input terminals of the NPC stage of the 3ϕ7LMLMX converter. When the modulation

signals are greater the 0.5 then upper, lower stage of FC converter stage along with the

NPC stage will be in operation. In detail, whenm < 0.5 then upper and lower FC converter

stages provides ±1/3VDC . In the upper FC converter stage, the switches S3, S5, and S6

are turned on while in the lower FC converter stage, S7, S8, and S10 are closed. In the NPC

stage of the 3ϕ7LMLMX converter, the modulating signal (Vref ) and two carrier signals

(Car4 and Car5) between amplitude of −0.5 and +0.5 are compared to produce the PWM

signals for the power semiconductors as shown in Figure 3.11. When modulations signals

are greater than 0.5 (m > 0.5) it is possible to notice that modulation signals make a

transition between upper FC converter, lower FC converter, and NPC converter stage of

the 3ϕ7LMLMX converter. In each stage when the modulation signals are compared

with the carrier signals from Carr1 to Car8. The positive top peak of modulation signals

compared with Car1, Car2, and Car3, modulation signals from +0.5 to -0.5 compared with

Car4, and Car5 for NPC converter operation. Negative peak of the modulation signals

is compared with Car6, Car7 and Car8 and generate PWM signals for lower FC converter
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stage of the 3ϕ7LMLMX converter.
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Chapter 4:

Power Losses and Efficiency Calculations
The modeling of power losses in multilevel converters are beneficial in optimal de-

sign of multilevel converter and maximize their efficiency around any operating point.

Usually, the modeling of power losses for multilevel converters is more complicated that

have many, inductors, capacitors, and semiconductors [1, 2]. Under the normal oper-

ating conditions, the mostly occurring power losses are: FCs losses, inductors losses,

semiconductors switching losses and semiconductor conduction losses. The following

section includes the modeling and calculations of these losses.

4.1 Semiconductor power losses

The semiconductors in themultilevel converters perform switching action which helps

to converter the voltage from one form to another form. The power losses calculation

in semiconductors are very crucial because they higher in quantity which can lead to

higher power losses. The power loss dissipation in semiconductors can be categorized

into two categories and explained in below subsections.

4.1.1 Conduction losses in semiconductors

The conduction losses in semiconductors occurs because of the semiconductors have

some resistance to the flow of current which causes some amount of voltage drop across

the semiconductors during the conduction state of the semiconductors. The technology

used for calculating the conduction losses in this thesis is the IGBT. The energy lost during

a conduction loss in an IGBT can computed as [3]:

Econ, IGBT =

∫ t

0
Rdson · i(t)2dt (4.1)
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The total conduction power losses of the IGBT (Pcon, IGBT ) can calculated as:

Pcon, IGBT = Econ, IGBT/t; (4.2)

Where Econ is the energy dissipated during the conduction state of IGBT, Rdson is the

resistance offered by an IGBT during the conduction of current in its on state and i(t)

instantaneous current flowing through an IGBT at the instant of time t. The conduction

power losses in IGBT are represneted as Pcon,IGBT The conduction losses in a body diode

[3] of the IGBT can computed as in below equation.

Econ, diode = Udiode · Idiode ·
(
trise
2

+
tfall
2

+ tdon + tdead

)
(4.3)

Pcon, diode = Econ, diode/(trise + tfall + tdon + tdead) (4.4)

Where, Ediode in energy drop across the body diode, Pdiode is the total power loss in

diode, Udiode and Idiode are the forward voltage drop and current through the body diode.

The trise, tfall, tdon, and tdead are the rise, time, fall time, on-off delay time, and dead time

(that is between turn on of one switch and turn-off of other switch) of the body diode.

In the inductive circuits, when an IGBT turn on or turn off the circuit or may interact

with circuital parasitic inductance. In these circuits the lower time is required to change

the state of switching which might produce high voltage spikes that can damage an IGBT.

To cope with this issue an IGBT comes with a bode diode that help the current to flow

when IGBT commutates to a blocking state.

4.1.2 Switching power losses

Switching losses in the semiconductors occurs when it change its state from blocking

state to conduction state and vice versa. Switching losses of any IGBT are the function of

supplied voltage, current and required switching time in a period. Every switching time

when an IGBT change its state, the energy dissipated in the system [4]. That energy lost is

give by the energy lost during turn-off and turn on of the IGBT. When an IGBT turn on, its

free-wheeling diode has some losses that is reverse recovery loss (Eoff,Diode) within that

diode and an additional loss (Eoff,Diode−IGBT ) depends on additional reverse recovery
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current flows inside the IGBT. The overall switching losses of an IGBT can be calculated

as [5]:

Esw = Eoff,IGBT + Eon,IGBT + Eoff,Diode + Eoff,Diode−IGBT

Eoff,IGBT = Eon,Diode =
1

4
· Vin · I

trise + tfall
2

· Vin;

Eoff,Diode =
1

4
.Qrr.V in;

Eoff,IGBT = .Qrr.V in;

Poff,IGBT = Eoff,IGBT /(trise + tfall);

Pon,IGBT = Eon,IGBT /(trise + tfall);

Psw,IGBT = Poff,IGBT + Pon,IGBT ;

(4.5)

Where, Esw are the switching losses of the converter, Vin is the input supplied voltage,

Qrr is the diode reverse recovery charge, trise, tfall are the rise time and fall of the IGBT,

Poff,IGBT and Pon,IGBT are power losses during off and on transition, and Psw,IGBT are

total switching losses of the IGBT.

4.2 Losses in flying capacitors

In FC converters, the FCs are subjected to charging and discharging currents during

switching operations, resulting in power losses primarily due to their equivalent series

resistance (ESR) [5]. These losses are generally smaller than semiconductor conduction

and switching losses but can be significant in high-power applications or when using

capacitors with non-negligible ESR. The power loss in an individual FC is calculated as

[6].

PCf
= I2Cf ,rms · ESRf (4.6)

wherePCf is the power loss in a FC, ICf ,rms is the root-mean-square (RMS) current

through the FC, and ESRf is its equivalent series resistance (typically provided in the

capacitor datasheet and frequency-dependent). The conduction losses in all normal FCs
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CF1 and CF2 can be calculated by:

Pcf , total =
∑
k

I2Cfk,rms · ESRfk (4.7)

Where, Pcf , total is the total power loss in the FCs k indicates the number of FCs, Ifk

is the current flowing through each FC and ESRfk is the ESR in each FC of the converter.

4.3 Total Losses

By adding the each losses of the individual component, the total losses of the 3ϕ7LMLMX

converter can be calculated by:

PlossesT = Pcon,IGBT + Psw,IGBT + Pc,total + Pcon,diode (4.8)

Where, Pcon is conduction power loss of an IGBT, Psw is the switching power loss

across an IGBT, Pc,total is the total power loss in FCs of the converters.

4.4 Calculations of power losses and efficiency

The simulations are performed using MATLAB®Simscape (R2024a or later), which in-

corporates an advanced semiconductor device library that allows direct importation of

detailed datasheet parameters for Hitachi high-voltage IGBT modules directly from the

manufacturer’s official website. This integrated workflow eliminates the need for man-

ual curve fitting and significantly enhances the modeling accuracy and real behavior of

the semiconductors. In MATLAB®Simulink R2024, the power loss summary of the semi-

conductors used in the multilevel converters can be used generated using specialized

functions like ”ee_getPowerLossSummary” or ”ee_getPowerLossTimeSeries” on simula-

tion log data (e.g., simlog_YourModel) to get average losses or time-varying losses for

components like diodes, IGBTs, etc., providing insights into conduction and switching

losses for thermal analysis or efficiency studies. An example summary of the losses of

all components used in multilevel converters are calculated and shown in Figure 4.1.

The efficiency of converter can also be calculated easily using ”ee_getefficiency (loa-
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Figure 4.1: Power losses calculation for multilevel converter.

didentifier,node)”. This command is verified and compared with manual conventional

way of calculating the efficiency of converter.
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Results and Discussion
In this thesis an in-depth comparative analysis is conducted to evaluate the perfor-

mance of the 3ϕ7LMLMX converter with the conventional 3ϕ3LNPC converter topolo-

gies. The investigation focuses on several critical electrical and thermal parameters,

including the voltage balancing dynamics across the FCs, characteristic output voltage

and current waveforms, voltage stress distribution across the IGBTs, total power losses

(comprising conduction losses and switching losses), and overall efficiency of the con-

verter. These performance metrics are rigorously examined under a wide range of oper-

ating conditions, specifically at high, medium, and low modulation indices, to provide a

comprehensive understanding of the converters’ behavior across the entire modulation

range. For the 3ϕ7LMLMX converter topology, appropriate IGBT devices are selected

for the upper FC converter stage, lower FC converter stage and the NPC stage. Specifi-

cally, the Hitachi 5SNG0900R120590 IGBT, rated to block Vdc/6, is employed in the both

upper and lower FC converter stages, whereas the Hitachi 5SNA1000G650300 IGBT, de-

signed for a blocking voltage of Vdc/2, is utilized in the NPC stage. These device selections

align with the voltage stress requirements inherent to each sub-module within the hy-

brid seven-level structure. All simulations are performed using the Simscape Electrical

toolbox within the latest release of MATLAB®. This advanced simulation environment

incorporates detailed physical modeling of semiconductor devices, including accurate

thermal networks that account for junction temperature variations under realistic oper-

ating conditions. Furthermore, the built-in loss calculation and efficiency estimation fea-

tures of Simscape enable precise quantification of conduction losses, switching losses,

and reverse-recovery effects, thereby facilitating a robust and reliable comparative as-

sessment of the two converter topologies.

The parameters for 3Φ3L NPC converter and 3Φ7LMLMX converter are shown in

Table 5.1. The switching losses, conduction losses, efficiency, and THD are evaluated
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according to the parameters shown in Table 5.1 for 3Φ3LNPC and 3Φ7LMLMX converters.

The detailed electrical and operational parameters for both 3ϕ3L NPC converter and

the 3ϕ7LMLMX converter are comprehensively presented in Table 5.1. These parameters

include, DC-link voltage (Vdc), FCs capacitance values, output filter inductance (L), load

specifications (R), switching frequency (Fsw), and modulation strategy employed in the

simulation study.

Table 5.1: Parameters for a 3ϕ7LMLMX converter.
Parameter Value

DC-Bus voltage (Vdc) 5000 V
Switching frequency (Fsw) 3000 Hz

Fundamental frequency (Fm) 50 Hz
Load inductance per phase (L) 20 mH
Load resistance per phase (R) 5Ω

Figure 5.1 shows the calculated THD in the load current against the load current for

3Φ7LMLMX converter and 3Φ3L NPC converter. The 3Φ7LMLMX converter has lower

THD at lower, medium, and higher load currents. For the 3Φ7LMLMX converter, the THD

values are calculated as 0.6% at a higher load current of 173A, 0.6% at 145A, 0.7% at 112A,

0.8% at 73A, 0.7% at a load current of 58A and 1.7% at a lower load current of 29A. In

contrast, for the 3Φ3L NPC converter, the THD values are 1.4% at 173A, 1.8% at 145A, 2.3%

at 112A, 2.8% at 73A, 3% at 58A, and 3.5% at a lower load current of 29A.

Figure 5.1: THD in the load current of 3Φ3L NPC converter and 3Φ7LMLMxC converter.
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The voltage stress across the IGBTs and voltage during switching in the upper FC con-

verter stage of the multiplexed converter is just Vdc/6. The voltage stress across each

IGBT in the NPC stage and FC converter stage of the 3ϕ7LMLMX converter is Vdc/2. The

voltage during switching in the FC converter stage is Vdc/6, while in the NPC stage, it

varies depending on the switches: S1a = Vdc/3, S1b = Vdc/6, and similarly for their com-

plementary switches in each phase, as detailed in Table 5.2. The voltage stress across

Table 5.2: Voltage stress across the switches of 3Φ7LMLMX converter.
FCC Stage of 3ϕ7LMLMX converter

Switch Number Voltage Stress Voltage during switching

S1-S12 Vdc
6

Vdc
6

NPC Stage of 3ϕ7LMLMX converter

S1a, S4a Vdc
2

Vdc
3

S2a, S3a Vdc
2

Vdc
6

S1b, S4b Vdc
2

Vdc
3

S2b, S3b Vdc
2

Vdc
6

S1c, S4c Vdc
2

Vdc
3

S2c, S3c Vdc
2

Vdc
6

the IGBTs and voltage during switching for each IGBT of the conventional 3Φ3L NPC con-

verter are shown in Table 5.3. Both voltages are same and it has higher voltage during

switching and voltage stress of Vdc/2 compared with the 3Φ7LMLMX converter which

causes more switching losses in 3Φ3L NPC converter than the 3Φ7LMLMX converter.

Table 5.3: Voltage stress across the switches of 3ϕ3L NPC converter.
3ϕ3L NPC converter

Switch Number Voltage Stress Voltage during switching

S1a - S4a
Vdc
2

Vdc
2

S1b - S4b
Vdc
2

Vdc
2

S1c - S4c
Vdc
2

Vdc
2

Figures 5.2 and 5.3 represent the waveform of the voltage across the IGBTs for the NPC

stage and both FC converter stages of 3ϕ7LMLMX converter respectively, where voltage

during switching and voltage stress can be seen from the waveforms for switches. For

3ϕ3L NPC stage the waveforms of only upper switches of one leg are shown. For FC
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Figure 5.2: Voltage across the IGBTs of S1a, S2a, and D1a in the NPC stage of 3Φ7LMLMX

converter.

converter stage the waveforms of upper switches in the upper FC converter stage of

3ϕ7LMLMX converter are shown.

Figure 5.3: Voltage stress across IGBTs of S1, S2 and S3 in upper FC converter stage of
3ϕ7LMLMX converter.

The four-level upper and lower FC converters of 3Φ7LMLMX converter will act like

3-level converters by always closing the switch S3 from the upper FC converter stage and

S10 from the lower FC converter stage. This is because the zero voltage level will be

generated by the NPC stage of 3Φ7LMLMX converter. The output voltage from upper FC

converter stage and lower FC converter stage are shown in Figure 5.4. The red waveform

indicates the output voltage of the upper FC converter stage, and blue waveform is the

output voltage of the lower FC converter stage. At higher load current the converter

operates at higher modulation index and has maximum voltage of ±Vdc/2 across the FC
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converter stages. During medium load current of 145A the voltage across the upper and

Figure 5.4: Output voltage across the FC converter stages of 3ϕ7LMLMXC converter dur-
ing a high load current of 173A.

lower FC converters stages of 3Φ7LMLMX converter are shown in figure 5.5. The switch

S1 is always opened because voltage Vdc/2 is clipped out and voltage Vdc/3 is the peak

voltage. The switch S2 will perform switching as the output voltage, while the switch

S3 will always remain closed. For lower FC converter stage, the switch S7 will always

remain open, switch S8 will perform switching as output voltage of lower FC converter

stage while S9 will always remain closed. The red and blue waveforms indicate the output

voltage across the upper FC converter stage and lower FC converter stage. In this medium

current stage the modulation index decrease accordingly and maximum voltage across

the FC converter stage is ±Vdc/3.

Figure 5.5: Output voltage across the FC converter stages of 3ϕ7LMLMX converter during
a medium load current of 145A.
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During the lower load current of 58A or 28A in 3Φ7LMLMXC so, as explained earlier,

it is verified from the Figure 5.6 that switches S3, S5, and S6, will remain closed while in

lower FC converter part S7, S8, and S10, will be closed which will allow only Vdc/6 voltage

from FC converter stage to NPC stage of the 3Φ7LMLMX converter.

Figure 5.6: Output voltage across the FCC stage of 3ϕ7LMLMXC converter during a low
load current of 58A.

The losses of the 3Φ7LMLMX converter and 3Φ3L NPC converter are evaluated

based on the converter’s parameters shown in the Table 5.1 and results are reported

in Figure 5.7 to Figure 5.9. The voltages during switching in the upper FC converter, lower

FC converter and NPC stages of the 3Φ7LMLMX converter are lower than the conven-

tional 3ϕ3L NPC converter. So, the switching losses are much lower in 3Φ7LMLMX con-

verter. The switching power losses, power conduction losses, and total power losses of

the 3Φ7LMLMX converter and 3ϕ3L NPC converter at higher, medium, and lower mod-

ulation indexes are shown in Figure 5.7, Figure 5.8 and Figure 5.9 respectively. In Figure

Figure 5.7: Losses of IGBTs in 3ϕ7LMLMX and 3ϕ3L NPC converters during a load current
of 173A.
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5.8 the 3ϕ7LMLMX and 3ϕ3L NPC Converters operate at the same load current and load

parameters. Compared with the 3ϕ3L NPC Converter, the 3ϕ7LMLMX converter exhibits

more conduction losses because of the large number of switches, while it has lower

switching losses. But the total losses of the 3ϕ7LMLMXC are lower comparatively. The

Figure 5.8: Losses of IGBTs in 3ϕ7LMLMXC and 3ϕ3L NPC converters during load current
of 145A.

same case for medium and smaller load currents. The total losses of the 3ϕ7LMLMX

converter are less than the 3ϕ3LNPC converter under similar load conditions and switch-

ing frequency. Tables 5.2 and 5.3 present the voltage across the switches and the voltage

Figure 5.9: Losses of IGBTs in 3ϕ7LMLMXC and 3ϕ3L NPC converters during load current
of 58A.

during switching for the 3Φ3L NPC converter and the 3Φ7LMLMxC . While the voltage

stress across the switches is identical in both converters, the voltage during switching is

higher in the conventional 3Φ3L NPC converter. It is evident from Figures 5.7, 5.8, and 5.9

that the switching losses are higher in the 3Φ3L NPC converter. However, its conduction
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losses are lower due to the reduced number of switches compared to the 3Φ7LMLMxC .

As a result, 3Φ7LMLMxC has slightly higher efficiency.

Table 5.4: Comparison of 3ϕ3L NPC converter and 3Φ7LMLMX converter.

Parameter 3Φ3L NPC
3Φ7LMLMX converter

FC stage of
3Φ7LMLMXC

NPC stage of
3Φ7LMLMXC

Number of
switches

12 + 6 clamping
diodes

12 12 + 6 clamping diodes

S1 = Vdc/6 S1 = Vdc/3

Voltage during
switching

S1 = Vdc/2 S2 = Vdc/6 S2 = Vdc/6

S3 = Vdc/6 D1 = Vdc/6

Voltage stress Vdc/2 Vdc/6 Vdc/2

Voltage levels 3 7
Efficiency 97.9% 98.1%

The Table 5.4 summarize the detailed comparison of two converters as:

• The 3ϕ3L NPC converter requires 12 switches plus 6 clamping diodes, while the

3Φ7LMLMX converter uses 12 switches in its FC stage and 12 switches plus 6

clamping diodes in its NPC stage.

• In the 3ϕ3L NPC topology, switches experience a voltage stress of Vdc/2 during

switching operations.

• The FC stage of the 3ϕ3LNPC converter distributes voltagemore evenly, with switches

S1, S2, and S3 each handling Vdc/6, resulting in lower voltage stress of Vdc/6.

• The NPC stage of the 3ϕ3LNPC converter has S1 experiencing Vdc/3, S2 experiencing

Vdc/6, and diode D1 handling Vdc/6, with an overall voltage stress of Vdc/2.

• The 3ϕ3L NPC converter generates 3 distinct voltage levels for output waveform

synthesis.

• The 3ϕ3L NPC converter produces 7 voltage levels, providing better harmonic per-

formance and smoother output waveforms compared to the 3-level topology.

• The 3ϕ3L NPC achieves an efficiency of 97.9%, while the 3Φ7LMLMX converter

demonstrates improved efficiency at 98.1%.
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• The multilevel approach in the 3Φ7LMLMX converter reduces switching losses

and voltage stress on individual components, contributing to the higher efficiency

despite increased complexity.
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Chapter 6:

Conclusion
This thesis has presented a comprehensive comparative study of the conventional

3ϕ3L NPC converter and the 3ϕ7LMLMX Converter. The analysis focused on critical per-

formance indicators, including THD of the output voltage and current, conduction losses,

switching losses, voltage stress across semiconductors during commutation, semicon-

ductors count, and overall power efficiency under different modulation indices and load

conditions. Simulation results, obtained using the electro-thermal modeling capabili-

ties of MATLAB®Simscape library, conclusively demonstrate the superior performance of

the 3ϕ7LMLMX converter topology in several key aspects. Notably, the transitions volt-

age across individual semiconductors in the 3ϕ7LMLMX converter is significantly lower

than in the 3ϕ3L NPC converter and that is limited to Vdc/6 in the FC converter stage

and Vdc/6 in the NPC stage—compared to the full Vdc/2 blocking voltage in the conven-

tional 3ϕ3L NPC converter. In FC converter stage the semiconductors have maximum

voltage stress of Vdc/6 which much lower than the conventional NPC converter while

NPC stage of multiplexed converter has voltage stress during switching is just Vdc/6. This

reduced voltage stress during transition state contributes in 3ϕ7LMLMX converter to

lower switching losses, decreased dv/dt stress, improved electromagnetic compatibility

and does not cost much as compared with conventional 3ϕ3L NPC converter. Despite re-

quiring a higher switch counts (30 active switches in 3ϕ7LMLMX converter and 18 in the

3ϕ3L NPC), the 3ϕ7LMLMX converter exhibits superior output power quality. The THD

remains consistently low and nearly independent of load current variations, whereas

the 3ϕ3L NPC shows a pronounced increase in harmonic distortion at lighter loads.

This robustness in waveform quality across the operating range makes the 3ϕ7LMLMX

converter topology particularly advantageous for applications with variable or dynamic

loading, such as RESs integration and variable-speed drives. In terms of efficiency, the

3ϕ7LMLMX converter achieves marginally higher values than the 3ϕ3L NPC across the
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different modulation range, primarily due to reduced switching losses enabled by lower

switch voltage stress and optimized switching transitions although it has more switch

counts.

In summary, the 3ϕ7LMLMX converter represents a compelling advancement over

the conventional 3ϕ3L NPC topology, delivering enhanced output power quality, lower

THD, lower switch stress, and improved efficiency, albeit at the cost of increased design

complexity. These attributes position it as a highly suitable candidate for next-generation

medium- and high-power conversion systems, including grid-tied photovoltaic inverters,

wind power converters, medium-voltage motor drives, and flexible AC transmission sys-

tems (FACTS) devices.
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