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Abstract 

Multilevel converters have attracted a great deal of interest in recent years since they offer 

a number of advantages in many high voltage and high power applications, such as 

adjustable speed electric motor drives and power systems through Flexible Alternating 

Current Transmission Systems (FACTS) controllers and active harmonic filters. They can 

reach high voltages with low harmonics without the use of transformers or series- 

connected synchronised switching devices by their unique structures. Along with proper 

Pulse-Width Modulation (PWM) control scheme, they can also provide lower cost, higher 

performance, lower Electro-Magnetic Interference (EMI), and higher efficiency than the 

traditional PWM converters. 

However, switching losses become a serious issue in high power applications. In order to 

improve the efficiency and reliability of the system, and reduce the size of the output 

filter, the stresses on the semiconductors and the development and manufacturing costs, 

reducing the switching frequency and associated losses of multilevel PWM converters and 

systems needs to be properly addressed. 

The thesis gives an overview on multilevel converter topologies and control schemes. It 

then presents mathematical analysis towards further understanding of the Neutral-Point- 

Clamped (NPC) and the Flying Capacitor (FC) converters. The Fundamental Frequency 

Simisoidal PWM (FF-SPWM) control method is examined as a potential "carrier" based 

approach in reducing the converter switching frequency and associated losses. The 

performance of multi-modular parallel connected systems based on the NPC and FC 

converters as a building block is reported along with the influence of the multicarrier 

PWM techniques. The voltage-unbalancing problem of the FC converter is addressed and 

a solution is provided. DSP based controllers for the three-level and the five-level FC 

converters have been developed and experimentally verified. Results taken from the 

laboratory prototype are presented to suppoft. the, theoretical part of the project. 
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Chapter 1: Introduction 

1.1 Background 

Recent advances in fully-controllcd semiconductor switching capability and increases in 

their power ratings combined with the desire to improve the cfficiency and performance of 

power electronic systems have been making these enabling technologies a fast-growing 

field. Nowadays, power electronic technologies influence the design of every system, from 

office equipment and home appliances to high-speed transportation systems and satellites 
to name just a few. Applications in both light and heavy industry, such as computer 

networks, electronic equipment, telecommunications industry, etc. are improved with 

power electronics support and use [I]. 

Power electronic circuits function by using semiconductor devices as digital switches, 

thereby controlling and/or modifying voltages and currents. They convert electric power 
from one form to another by matching the voltage and current requirements of the load to 

the available source. These power electronic circuits are commonly known as static 

converters. 
Converters are generally classified by the relationship between the type of input and 

output as follows: 

Rectifiers (AC-DC). 

Inverters (DC-AC). 

Choppers (DC-DC). 

Cyclo-converters; (AC-AC). 

The inverter circuits can be mainly divided into two classes with respect to the type of 

source used at the input as follows: Current-Source Inverters (CSIs) and Voltage-Source 

Inverters (VSls) where the DC input to the inverter is an inductor or a capacitor 

respectively. Some of the most promising technology for medium power levels is based on 

VSI technology. CSI-based systems remain the only alternative to extra high power 

electric motor drives mainly due to their inherent characteristic that protects them against 

short-circuit. 
The VSls can be divided into two general categories in terms of the control methods 

employed: Pulse-Width Modulated (PWM) and square-wave inverters. Among these 

inverters, PWM inverters show superiority and have wide applications [1]. In such 
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inverters, the input DC voltage is essentially constant in magnitude; therefore, the inverter 

must control the magnitude and the frequency of the AC output voltage. This is achieved 
by applying the so-called PWM control to the inverter switches. There are various schemes 

to control the inverter switches in order to shape the output AC voltage to be as close to a 

sinusoidal waveform as possible. 
In terms of the characteristics of the output phase voltage typically defined between the 

phase mid-point and the neutral point of the DC bus, the converters can be classified into 

two broad categories, namely, the conventional converters (also known as two-level 

converters) and multilevel converters where the phase voltage waveform has m levels or 

steps (mý! 3). 

1.2 Conventional VSIs 

LZI Topologies of Conventional VSIs 

Conventional VSIs refer to two-level inverters in which the phase voltage defined between 

the midpoint of each leg and the fictitious neutral point of the DC bus has only two values. 
In these inverters the mid-point of the DC bus may not be available for a number of 

applications, but it is technically created by splitting the DC bus capacitor into two. In 

three-phase four-leg systems such point may be used to regulate the neutral currents but in 

this study such cases will not be considered. For conventional inverters, there are three 

basic configurations as follows: the single-phase half-bridge inverter, the single-phase full- 

bridge inverter, and the three-phase inverter, which are shown in Figs. 1.1,1.2, and 1.3 

respectively. 
A single-phase half-bridge VSI consists only of one "leg" with two switches and two 

antiparallel diodes. It is the basic building block of any other switch mode VSI- 

Specifically, the combination of the switching blocks (Si and the anti-parallel diode DI) 

and (S2 and D2) can be used as a "leg" to build three-phase and other type of converters 

with paralleling of "legs". A single-phase full-bridge VSI consists of two "legs". The load 

is connected between the midpoints of the inverter "legs". The three-phase inverter has 

three "legs", which is commonly known as six-pulse inverter. 
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LZ2 Limitations of Conventional VSIs 

A number of drawbacks can be identified when the standard two-level, six-pulse inverters 

are used in high voltage, high power applications, e. g. in utility applications (2]. Firstly, 

when the power handling capability of a two-level converter exceeds the ratings of an 
individual switching device, the six-pulse inverter must use series connected devices in 

order to be able to block the DC bus voltage. The number of devices, which can be placed 
in series, is limited by the need for dynamic and static voltage sharing. To ensure the 
dynamic voltage sharing, large snubber components are used and the turn-off time of each 
device must be carefully controlled so that all devices share equally the voltage stresses. 
Turn-on and turn-off coordination of long strings of semiconductor devices become 

difficult. The number of devices that can be successfully connected in series in this fashion 

is limited and device utilisation is generally poor. The snubber losses can also become 

significant [2]. 

Secondly, the harmonic performance of the inverter is poor unless the PWM control 

method with high switching frequencies is used. For converters designed to be used in 

utility applications, when high switching frequencies are employed, the switching losses 

can be comparatively high. 

In order to overcome the limitations of a single inverter topology, six-pulse inverters 
have been connected together through zigzag arrangement transformers. This solution has 

been used in medium and high power applications. This arrangement, also called multi- 

pulse inverter, can reduce their harmonic content and combine their output power. 
However, the required custom-built transformers: [3] 

(1) are the most expensive equipment in the system; 

(2) produce about 50% of the total losses of the system; 
(3) occupy a large area of real estate, i. e. about 40% of the total system; 

(4) cause difficulties in control due to DC magnetizing and DC over-voltage of the 

inverters resulting from saturation of the transformers; 

(5) are usually unreliable. 

1.3 Multilevel Inverters 
In order to address the previously mentioned problems, an alternative type of inverters 

known in the technical literature as multilevel inverters have been proposed [3]-[6]. The 

key properties of a multilevel structure are as follows [7]: 
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1. Its structure allows it to process high voltages while generating low harmonics without 
the use of transformers or series-connected synchronised switching devices. 

2. The efficiency is much higher and can be more than 90%. In the technical literature [8], 

it is indicated that the multilevel converter has an efficiency greater than or equal to 

96% for loads greater than 10% of rated power, whereas the two-level PWM inverter 

does not achieve 90% efficiency until it is loaded to greater than 30% of rated power. 
The multilevel converter had efficiency greater than 98% for loads greater than 40% of 

rated power, but the PWM inverter had a maximum efficiency of 95.6% which was 

achieved at a loading factor of 95%. The efficiency for a single multilevel inverter is 

greater than 90% over most of its operating range. 
3. It generates an m-step staircase waveform of output voltage with the line frequency 

switching and without converter transformers for an m-level converter, thus reaching 

an almost pure sinusoidal output voltage by increasing the number of levels. 

4. Electro-Magnetic Interference (EMI) level is much lower because dvldt at switching is 

11(m-1) of that of the conventional two-level converters. 
5. It can increase the voltage handling capability. If the devices operate at their full safe 

operating limit, then the total operating voltage will be multiplied by the number of 

steps in the output (m-1 steps foi m level inverter). For example, a five level converter, 

using devices capable of blocking Vd, 14 volts will generate a total voltage Of Vdc- 

In summary, multilevel inverter technology along with proper PWM control scheme 

can provide lower cost, higher performance, lower EMI, and higher efficiency than its 

traditional two-level counterpart. 

1.4 Literature Survey 

The results of a patent search showed that multilevel inverter circuits have been around for 

more than 25 years [9]. An early traceable patent appeared in 1975 [10], in which the 

cascade inverter was first defined with a format that connects separately DC-sourced full- 

bridge cells in series to synthesise a staircase AC output voltage. Through manipulation of 

the cascade inverter, with diodes blocking the sources, the diode-clamped multilevel 

inverter was then derived [ 11]. The diode-clamped inverter was also called the Neutral- 

Point Clamped (NPC) inverter when it was first used in a three-level inverter in which the 

mid-voltage level was defined as the neutral point 0 as illustrated in Fig. 1.4. 
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Fig. 1.4: A three-phase three-level NPC inverter. 

The term multilevel starts with the three-level inverter introduced in 1980 by Nabae et 

aL [12]. In this circuit, a neutral-point diode clamp was realised in order to limit the 

voltage stress of one device to the value of the divided DC intermediate voltage. The leg- 

voltage can take three different levels. Moreover, the main switches when turning off are 

exposed to the stresses of Vd, 12 thus making it applicable to high power applications. Later 

in 1983, Bhagwat and Stefanovic extended the three-level to multilevel topologies [13]. 

The contributions by these researchers on multilevel topologies gave a new idea for 

developing high voltage and high power converters. 
Additionally, the availability of improved technology of fully controlled 

semiconductors suitable for high-voltage high-power applications and the development of 

related technology such as microcomputer and control methods offered new opportunities 
in converter technology [14]. Since the early 1980s, it has become a popular research topic 

in many areas including high power electric drives and VAr compensation through FACTS 

controllers. This affected not only the developed theories and associated topologies but 

also the commercial products offered by industry in this area of technology. 

In the last two decades, various multilevel concepts, topologies and control methods 
have been introduced [5], [16]-[21], [37]-[39]. A number of multilevel converters have 

been reported in the technical literature [12]-[17]. Specifically, the most promising ones 
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are as follows: the NPC converter [12), the Flying Capacitor (FC) converter [2], [5], [15] 

and the cascaded converter with separate DC sources [5], [10], [22], [23]. 

The three-level NPC converter effectively doubles the device voltage level without 

precise voltage matching, thus this topology prevailed in the 1980s. The application of the 

NPC converter and its extension to multilevel structures was found in [24]. 

Although the cascaded converter was invented earlier, its applications did not prevail 

until the mid-1990s. Two major patents [25], [26] were filed to indicate the superiority of 

cascaded inverters for motor drive and utility applications. Due to the great demand of 

medium-voltage high-power inverters, the cascaded converter has drawn tremendous 

interest ever since. For instance, several patents were found for the use of cascaded 

inverters in regenerative-type motor drive applications [27]-[29]. 

The last entries for U. S. multilevel converter patents, which were defined as the 

capacitor-clamped multilevel inverters, came in the 1990s [30], [31]. 

The converter technology highly relies on control as well. On this front numerous 

technical papers have been written in the last two decades. The two multilevel PWM 

methods most discussed in the literature are multilevel carrier-based PWM and multilevel 

Space-Vector PWM (SV-PWM). Both are extensions of traditional two-level PWM 

strategies to several levels. Some investigators have proposed carrier-based multilevel 

sine-triangle PWM schemes for control of a multilevel diode-clamped inverter used as a 

motor drive or STATic var COMpensator (STATCOM) [37]-[39]. Others have generalised 

the SV-PWM theory for use with multilevel inverters [2 1 ]. 

The applications under research cover large motor drives for electric trains [41], 

Thyristor Controlled Series Compensator (TCSQ, High Voltage Direct Current (HVDC) 

systems [42], [43], renewable energy [44], STATCOMs [45] [46], controllers for Flexible 

Alternating Current Transmission Systems (FACTS) [47] and so on. Today, multilevel 

inverters are also extensively used in high-power applications with medium voltage levels. 

The field applications include use in laminators, mills, conveyors, pumps, fans, blowers, 

compressors, and so on [9]. 

Many well-known international electric companies such as ABB, Siemens, and 

Toshiba have developed three-level NPC-based products which are applied to high power 

electric motor drives, reactive power compensation, switched source etc. The first Unified 

Power Flow Controller (UPFC) in the world was based on the three-level NPC inverter 

[48]. GEC Alstom T&D has commercialised the cascaded multilevel converter for reactive 

power compensation/generation [9]. 
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Even though in different fields of applications, multilevel inverters represent a high 

potential for realisation of high power controllable conversion systems of different nature 

such as, rectifiers, inverters, high power amplifiers etc., with certain topologies the number 

of achievable voltage levels is limited due to voltage unbalance problems, voltage 

clamping requirements, circuit layout, and packaging constraints [5]. Such problems have 

been addressed and a number of solutions are available either 'via improved control 

techniques [ 18]-[2 1] or topologies [5]. 

The voltage unbalancing problem exists in all the three multilevel topologies 

previously mentioned to different extent. The voltage unbalancing problem and the 

mechanism of the NPC converter were discussed in [50]. Reference [6] suggested that the 

voltage-unbalancing problem could be solved by using a back-to-back rectifier/inverter 
system and proper balancing control. Reference [4] suggested the use of additional voltage 
balancing circuits, such as a DC chopper. The cascaded inverter has inherent self-balancing 
characteristics because of the circuit component losses and limited controller scheme, 

which ensures DC voltage balance [6]. For the FC inverter, voltage unbalancing is 

relatively complicated and in many cases could become troublesome. ( 15] [5 1 ]. 
A number of references have addressed the voltage unbalance issue with the flying 

capacitors [4], [5l]-[58]. A direct staircase angle control for balancing the capacitor 

voltage in cases where the typical PWM control does not exist, such as Direct Torque 

Control (DTC), sliding mode control and control by hysteresis was introduced in [52], 

[54], [55]. A swap technique was employed together with Carrier Disposition Multi-carrier 

Sinusoidal PWM (CD-MSPWM) methods to ensure capacitor voltage balancing in [53]. A 

spontaneous clamping capacitor current control loop under the Phase-Shifted Multi-carrier 

Sinusoidal PWM (PS-MSPWM) was applied to the three-level FC converter [51]. The 

additional voltage balancing circuit serving as DC chopper was proposed in [4]. However, 

most of the previously mentioned work focuses on the open-loop control and analysis of 

the control method properties applied to the ideal circuit. Very limited information is 

available regarding a possible closed-loop control to address this issue. 

A number of multilevel converters have been reported in the technical literature [12]- 

[21], but mainly focus on their concepts, topologies and control methods as well as the 

harmonic performance. Little work deals with switching losses reduction. However, 

switching losses become a serious issue in the high power applications. In order to 

improve the efficiency and reliability of the system, reducing the switching frequency and 

associated losses of multilevel PWM converters and systems is very important. 
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This project, funded by EPSRC, was aimed at reducing the switching frequency and 

associated losses of multilevel PWM converters and systems. This was expected to reduce 

the size of the output filter if it provides a higher bandwidth and simultaneously to reduce 

the stresses on the semiconductors and the development and manufacturing costs besides 

improving the efficiency and reliability of the system. Furtherinore, it could make the 

converter and system more competitive as a commercial product using Insulated Gate 

Bipolar Transistors (IGBTs) or similar technology. 

1.5 Thesis Objectives 

The objectives of the thesis based on the project research can be surnmarised as follows: 

To give an overview on multilevel converter topologies and control schemes (Chapter 

2). 

9 To develop a further understanding of both the NPC converter and the FC converter 

circuits (Chapters 3 and 4). 

* To develop an understanding of multi-modular converter systems based on the NPC 

and FC converters as basic modules (Chapter 6). 

o To investigate the parallel-connected multi-modular multilevel NPC and FC converter 

systems (Chapter 6). 

9 To compare the performance of each system under higher switching frequency 

generated by the Sinusoidal PWM (SPWM) and the Fundamental Frequency SPWM 

(FF-SPWM) control and address critical implementation issues (Chapter 6). 

* To reduce the switching frequency and associated losses in PWM multilevel converters 

using a simple carrier-based method (Chapter 3). 

* To investigate different multi-carrier based SPWM control methods' influence on the 

perfonnance of the NPC converter (Chapter 3). 

9 To contribute to the understanding of the PS-MSPWM control scheme suitable for the 

FC converter topology (Chapter 4). 

* To address the voltage-unbalancing problem associated with a typical five-level FC 

converter (Chapter 5). 

* To verify experimentally with laboratory prototypes the theoretical part of the project 

(Chapter 7). 

In summary, this has been a challenging project, which involved analysis, design and 

implementation of multilevel PWM converters. 
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1.6 Thesis Organisation 

This thesis is organised into chapters in the following way. 
Chapter one introduces the background of the research work, gives the literature survey 

and summarises the project motivation and aims. This is followed by a section on the thesis 

organisation. 
Chapter two gives an overview on multilevel converter topologies, along with their 

features and applications. The switching modulation strategies are reviewed and the 

SPWM is described in detail. 

Chapter three focuses on the NPC converters and suitable control strategies. Firstly, the 

modelling of the NPC converter in both the rectifier and inverter mode is presented. 
Secondly, the operation principles of the NPC are described. Thirdly, different Multi- 

carrier SPWM (MSPWM) methods based on the CD-MSPWM switching strategy suitable 
for the NPC converter are analysed and compared. Attention is paid on the influence of the 

individual control method on the switching losses of the converter, and harmonic 

performance. Finally, in order to minimise the switching losses, the FF-SPWM technique 

is proposed and investigated. 

Chapter four focuses on the FC converters and suitable control strategies. First, the 

principles of operation and the mathematical modelling of the FC converter are described. 

Then, four kinds of multi-carrier-based PWM techniques when applied to the five-level FC 

converter are presented. The effects of each PWM technique on each switch utilisation, 

switching losses of the converter, the self-balancing property for flying capacitor's voltage, 

and harmonic spectrum of the output line-to-line voltage are investigated. Finally, 

simulation results based on the performance of a five-level FC converter under different 

PWM techniques are given. 
Chapter five proposes the Modified Phase-Shifted SPWM (MPS-SPWM) method 

which combines the phase-shifted SPWM with a new voltage balancing control algorithm. 

This method is expected to solve the voltage unbalancing problem. 

Chapter six extends the NPC and FC converters to the parallel connected multi- 

modular converter systems. Two multi-modular systems (i. e., NPC based and FC based) 

are compared with FF-SPWM and higher switching frequency SPWM control methods. 

Simulation results for the multi-modular system based on the three-phase five-level NPC 

and FC converter are presented. 
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Chapter seven describes the construction and operation of the laboratory prototypes as 
follows: one three-phase three-level converter and one single-phase five-level converter. 
The Digital Signal Processor (DSP) based controllers are described in detail. The design 

and construction of the control boards, the software development methodology as well as 

experimental results are included. 

Finally, chapter eight summarises and concludes the work of this project and gives an 

outlook for future work. 

1.7 Thesis Contributions 

The contributions of the thesis are directly linked to the thesis objectives. Specifically, the 

originality of this thesis can be supported by the following points. 

" The influence of different control methods on the switching losses of the NPC 

converter is investigated and some factors associated with switching losses are found 

and reported. One important conclusion is that the switching losses are directly affected 
by the chosen control method, independently of the number of levels of the converter 
(Chapter 3). 

" The FF-SPWM control scheme applied to the NPC converter is examined. Its 
feasibility range is confirmed (Chapter 3). 

"A detailed analysis of the PS-MSPWM scheme is made and its suitability for the FC 

converter is explained. It is confirmed that the PS-MSPWM method has a self- 
balancing property when applied to the FC converter (Chapter 4). 

"A closed-loop control method is proposed to solve the voltage unbalancing problem in 

the five-level FC converter. This closed-loop control consists of PI controllers and a 

novel balancing control algorithm based on the PS-MSPWM method. Its validity has 

been verified by simulations (Chapter 5). 

A multi-modular system based on the three-phase five-level FC converter is examined 

and compared with the NPC converter based multi-modular system. Control schemes 

applied on these systems are investigated (Chapter 6). 

DSP based controllers for the three-level and five-level FC converters are designed and 

tested experimentally (Chapter 7). 
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1.8 Thesis Publications 

Publications at international conference proceedings have been generated from this 

manuscript and the chronological list is as follows. 

1. C. Feng and V. G. Agelidis, "A DSP-Based Controller Design for Multilevel Flying 

Capacitor Converters, " IEEE 191h Annual Applied Power Electronics Conference and 

Exposition (APEC 2004), Anaheim, California, USA, February 22-26,2004, pp. 1740- 

1744. (Chapter 7). 

2. C. Feng, V. G. Agelidis, and J. Liang, "Multimodular Systems Based on Multilevel 

Flying Capacitor Converters, " IEEE International Conference on Power Electronics 

and Drive Systems (PEDS 2003), Singapore, November 17-20,2003, pp. 386-391. 

(Chapter 6). 

3. C. Feng, J. Liang, and V. G. Agelidis, "A Novel Voltage Balancing Control Method For 

Flying Capacitor Multilevel Converters, " 291h Annual Conference of the IEEE 

Industrial Electronics Society (7ECON 2003), Roanoke, Virginia, USA, November 2-6, 

2003, pp. 1179-1184. (Chapter 5). 

4. C. Feng and V. G. Agelidis, "PWM Control Methods for Five-level Flying Capacitor 

Multilevel Converters", ;? 'h International Conference on Modeling and Simulation of 

Electric Machines, Converters and Systems (ELECTRIMACS 2002), Montreal, Canada, 

August 18-21,2002, CD Proceedings. (Chapter 4). 

5. C. Feng and V. G. Agelidis, "On the Comparison of Fundamental and High Frequency 

Carrier-Based PWM Techniques for Multilevel NTC Inverters", IEEE 33d Annual 

Power Electronics Specialists Conference (PESC 2002) Proceedings, Caims, 

Australia, June 23-27,2002, Vol. 2, pp. 520-525. (Chapter 3). 

One further paper has been published at a national conference: 

1. C. Feng and V. G. Agelidis, "Multimodular System Based on Multilevel Neutral. -Point- 
Clamped Converters, " Postgraduate Research Conference in Electronics, Photonics, 

Communications & Networks, and Computing Science (PREP 2004) sponsored by 

IEEE, EPSRC, IEE and Institute of Physics, Hertfordshire, UK, April 5-7,2004. 

(Chapter 6). 
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Chapter 2: Multilevel Converter Topologies and 

2.1 Introduction 

Control Methods 

Multilevel converter technology using fully controlled semiconductor switches such as 
IGBTs for medium power and Gate Turn-Off Thyristors (GTOs) for high power 

applications has been attracting a great deal of research interest. The general idea behind 

multilevel converter technology is to create a sinusoidal voltage from several levels of DC 

voltages, typically obtained from capacitor voltage sources. As the number of voltage 
levels increases, the output waveform can be formed by more steps, producing a staircase 

wave which approaches the sinusoidal wave. 
Fig. 2.1 shows a schematic diagram of an inverter phase leg with different number of 

levels. Here the action of the power semiconductors is represented by an ideal switch with 

several positions. For an m level converter, its output can be connected to m different 

levels from m-1 voltage sources as illustrated in Fig. 2.1(c). Fig. 2.1(a) shows the diagram 

of a conventional two-level inverter. Fig. 2.1(b) shows the three-level circuit which 

generates an output voltage with three values (levels) with respect to the negative terminal 

of the DC bus. 
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Fig. 2.1: One phase leg of an inverter with: (a) two-level; (b) three-level; (c) m-level. 
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Multilevel converters have different configurations that are illustrated in Fig. 2.2. They 

can also be grouped into categories according to the modulation methods employed, shown 
in Fig. 2.3. 

In the following sections, three types of multilevel converters including their structures, 
features and applications as well as the switching strategies will be described in detail. 

Multilevel 
Converters 

Separate 
DC Sources 

Common 
DC Source 

Cascaded Diode Clamped Flying Capacitor 
Converters Converters Converters 

Fig. 2.2: Types of multilevel converters. 

Multilevel Converter 
Modulation Techniques 

PWM 

Fundamental 
Switched 

Modulation Carrier Based II Space Vector 

Fig. 2.3: Classification of multilevel modulation techniques. 
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2.2 Multilevel Converter Topologies 

Multilevel inverters can generate more than two levels of the phase output voltage 

waveforms, which are achieved by virtue of their structures. There are three major 

multilevel topologies: Cascaded inverters with separate DC voltage sources, NPC 

inverters, and FC inverters. 

ZZ1 Cascaded Converters with Separate Voltage Sources 

The basic structure of this inverter is made up of multiple units connected in series in the 
AC terminal voltages. Each unit is actually a single-phase full-bridge inverter. Fig. 2.4 

shows a nine-level cascaded inverter with four units. The phase output voltage is the sum 

of four inverter outputs, that is, vAO ': --VCon1a + VCon2a + VCon3a + VCon4a 
* Here, each single- 

phase full-bridge inverter with unipolar PWM control scheme can generate three level 
Outputs) +vdc) 01 -Vdc- 

It is noted that to comply with the definition of the NPC inverter and FC inverter, the 

level in a cascaded inverter with separate DC voltage sources is defined by m =2s+ 1, where 

m is the output phase voltage level, and s is the number of DC sources. For example, a 

nine-level cascaded inverter with separate voltage sources will have four separate DC 

voltage sources and four bridges. For a three-phase system, the output voltages of the 

cascaded inverters can be obtained in either Y(wye) or A(delta) configuration. 

The great feature of this type of converters is its modularity, since the circuit is made 

up of identical units, which simplifies the manufacturing for commercial production. 
Another feature is that it has separate DC sources and can achieve any voltage potentially 

provided the unit isolation can be maintained. 
Generally the advantages and disadvantages of the cascaded inverter with separate DC 

voltage sources, together with its applications can be summarised as follows: 

Advantages: 

* It can solve the size-and-weight problems of conventional transformer-based multi- 

pulse inverters and the high component-count problem of the multilevel diode-clamped 

and flying capacitor inverters. The reason being that the topology requires the lowest 

number of components among all multilevel converters to achieve the same number of 

voltage levels. Table 2.1 shows a comparison of the power components needed per 

phase leg for all the topologies. This comparison is based on the assumption that all 

devices have the same voltage ratings, and that the cascaded inverter uses a full- 
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Fig. 2A A nine-level cascaded inverter with separate DC voltage sources. 
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bridge in each level as compared to the half-bridge version used in the other two types. 

9 The structure of separate DC sources is well suited for various renewable energy 

sources such as fuel cells, and photovoltaics. 

9 Modularised circuit layout and packaging is possible and much easier to be 

implemented because of the simplicity of the power structure and lower component 

count. 
Disadvantages: 

Transformer with multiple secondary windings [22] is usually employed in practical 

applications such as the motor drive industry to obtain the isolated supplies. 

Transformers bring about some problems as mentioned before. 

e For real power conversion, separate DC sources are necessary, and thus limiting its 

applications. 

9 For reactive power conversion, it has the same problem as that of the conventional two- 

level converter. The capacitor bank needs to be large to avoid excessive voltage 

fluctuation. 
The modular nature of this type of inverter has received much interest from motor drive 

manufacturers in recent years. It is currently in commercial production and a transformer is 

used to provide the multiple supplies to the cells [22]. With sufficient isolation between the 

cells, the final output voltage can be taken far beyond any of the conventional techniques, 

which has promoted interest in its use for power factor correction in HV grid system [6] 

and utility applications [59]. Here the problems of obtaining the isolated supply become 

less significant since no real power transfer occurs. The separate DC sources nature makes 
it suitable for space and satellite AC generation systems, where the isolated supplies can be 

obtained naturally from the solar cells [60]. Other cases include AC rectification for 

electric trains [61]. 
Table 2.1: Comparison of power component requirements per phase leg among the three 

multilevel voltage source converters (m-level) 

Converter type NPC FC Cascaded 

Main switches (m-l)x2 (m-l)x2 (m-I)x2 

Antiparallel diodes (m-I)x2 (m-I)x2 (m-l)x2 

Clamping diodes (m-I)x(m-2) 0 0 

DC bus capacitors (M-1) (M-1) (m-1)12 

Balancing capacitors 0 (m-l)x(m-2)/2 0 
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ZZ2 Neutral-Point-Cfamped (NPQ Converters 

An m level diode-clamped converter typically consists of m-1 capacitors on the DC bus. 

Fig. 2.5 shows a single-phase half bridge five-level NPC inverter in which the DC bus 

consists of four capacitors. For a DC bus voltage Vd,, the voltage across each capacitor is 

Vd, 14, and each device voltage stress will be limited to one capacitor voltage level through 

the clamping diodes. 

To explain how the staircase voltage is synthesised, let us take a five-level inverter 

shown in Fig. 2.4 as an example. The negative DC rail N is considered as the output phase 

voltage reference point. There are five switching combinations to synthesise a five level 

voltage from A to N. Table 2.2 lists the voltage levels and the corresponding switching 

states. (Here, I stands for switch being on, whereas, 0 for switch being ofo. There exist 
four complementary switch pairs in each phase. They are (S"j, SaO, (Sal Sa6)1 (Sal Sa7)V 

(Sa4, Sa8). The complementary switch pair is defined such that turning on one of the pair 

switches will exclude the other from being turned on. 

VAN 

Fig. 2.5: A single-phase half bridge five-level NPC inverter. 
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Table 2.2: Five-level single-phase NPC inverter voltage levels and switch state 

Output Switch State 
v4N Sal Sa2 SO Sa4 Sa5 Sa6 SO I Sa8_ 

Vdc I I I 1 0 0 0 0 

3 Vd, 14 0 1 1 1 1 0 0 0 
Vdc12 0 0 1 1 1 1 0 0 

Vd, 14 0 0 0 1 1 1 1 0 

0 0 0 0 0 1 1 1 1 

For a single-phase full-bridge five-level NPC inverter, the phase voltage VBN of another leg 

B is created in the same way. Then the output voltageVAB = VAN - VBNwavefonn can take 

nine-levels. Generally speaking, an m-level converter has an m-level output phase voltage 

and a (2m-1)-level line-to-line output voltage. 

This type of converters have three features as follows [59]: 

e For the clamping diodes, a high voltage rating is required. Although each active 

switching device is only required to block a voltage level of Vdl(m-l), the clamping 
diodes need to have different voltage ratings for rev, ýrse voltage blocking, for example, 

some of the interconnection diodes have to block voltage up to (m-2)VdW(m-l). 

4p Unequal device rating: From Table 2.2, it can be seen that switch S,,, conducts only 
during VAN-"": Vdc while switch SO conducts over the entire cycle except during the 

VAN"": O- Such an unequal conduction duty requires different current ratings for 

switching devices. 

* Capacitor voltage unbalance: In most applications, the power converter needs to 

transfer real power from AC to DC (rectifier operation) or DC to AC (inverter 

operation). When operating at unity power factor, the charging time for rectifier 

operation (or discharging time for inverter operation) for each capacitor is different, 

resulting in unbalanced capacitor voltages between the different levels. However, when 

operating at zero power factor, the capacitor voltages can be balanced by equal charge 

and discharge in one half cycle. This indicates that the converter can theoretically 

transfer pure reactive power without the voltage unbalance problem. 
In summary, the advantages and disadvantages of the NPC inverter are as follows [59]: 

Advantages: 

9 Reactive power flow can be controlled. 
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The control method is simple for a back-to-back intertie system. 
Disadvantages: 

Large numbers of clamping diodes are required when the number of levels is high. 

These clamping diodes not only raise cost but also cause packaging problems and 

exhibit parasitic inductances, thus the number of levels for a multilevel NPC inverter 

may be limited to seven or nine in practice. 

* If the inverter runs under PWM control, the diode reverse recovery of these clamping 

diodes becomes the major design challenge in high power high voltage applications. 

e It is difficult to do real power flow control for the individual converter. 
This circuit has seen more interest than any other topology for multilevel applications since 

1980. Most commercial products are based on the three-level circuit. Some research work 

regarding the five-level circuit has also been reported [6], [7]. 

2.2.3 Flying Capacitor Converters 

Fig. 2.6 illustrates the fundamental building block of a single-phase half-bridge flying 

capacitor based five-level inverter. For a full-bridge, each phase leg has an identical 

structure. Assuming that each of the capacitors has the same voltage ratings as that of each 

of main switches, the number of capacitors connected in series indicates the voltage level 

between the clamping points. The capacitors connected to phase leg A are independent of 

those of phase leg B. Both phase legs share the main DC bus capacitor. For an m-level FC 

converter, a total of (m-I)x(m-2)12 auxiliary capacitors per phase leg are required in 

addition to (m-1) main DC bus capacitors, with the assumption that all capacitors have the 

same voltage rating. However, an m-level NPC converter only requires (m-1) capacitors. 

The features of this type of the converter can be summarised as follows [59]: 

The voltage synthesis in a FC inverter has more flexibility than that in a NPC inverter. 

Taking a five-level FC as an example, Table 2.3 lists one of the possible switching 

combinations. Table 2.4 lists all possible combinations. 
There also exist complementary switch pairs that, however, are different from those in 

the NPC inverter. For the circuit shown in Fig. 2.6, the four complementary switch 

pairs are (S,,,, Sa8)j, (Sal SaA, (Sal Sa6) and (Sa4, Sa5) respectively. 
Both real and reactive power flow can be controlled, although with real power flow, the 

capacitor voltages are unbalanced. In order to balance the capacitor charge and 

discharge, two or more switch combinations for middle voltage levels (3Vd, 14, Vd,, 12, 
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Vd, A) in one or several fundamental cycles may be employed. Thus, by proper 

selection of switch combinations, the converter may be used in real power conversion. 

However, in this case, the selection of a switch combination becomes very 

complicated, and the switching frequency needs to be higher than the fundamental 

frequency. 

A large number of storage capacitors are required for this topology, causing packaging 

problems and increasing the size of the inverter. 

D., 
---i S , + . 

Vd.: 

4 
Pa2 

+ Sa2 
Vdc 

4 
DO 

+ + SO 

Vdc Vdc 

4 
D,, 4 

+ + + 
Sa4 

Vdc Vd 

Vdc 4 
cA 

4 
Da5 

Vd 
+ Sa5 

c Vdc 

4 
Da6 

+ S. 
6 Vdc 

4 

D 
O 

+ 
SO 

Vdc 

4 

S. 8 

VAN 

N 

Fig. 2.6: A single-phase half-bridge flying capacitors based five-level inverter. 
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Table 2.3: One of a possible switching combinations of the five-level FC converter 

Output Switch Statc 
VAN Sa I Sa2 SO Sa4 Sa5 Sa6 SO Sag 

Vdc 1 1 1 1 0 0 0 0 

3 Vd, 14 I I 1 0 1 0 0 
Vdc12 I 1 0 0 1 1 0 

Vd, 14 1 0 0 0 1 1 1 

0 0 0 0 0 1 1 1 1 

Table 2.4: Five-level FC converter voltage levels and their switch state 

Output Switch State 
VAN Sal Sa2 SO Sa4 Sa5 Sa6 SO I Sa8_ 

Vdc 1 1 1 1 0 0 0 0 

3 Vd, 14 1 1 1 0 1 0 0 0 

11 1 0 11 0 11 0 0 

i. .0 1 1 o oI i o 
0 1 1 1 0 0 0 1 

Vdc12 1 1 0 0 1 1 0 0 

1 0 1 0 1 0 1 0 

0 1 1 0 1 0 0 1 

1 0 0 1 0 1 1 0 

0 1 0 1 0 1 0 1 

0 0 1 1 0 0 1 1 

Vd, 14 1 0 0 0 1 1 1 0 

0 1 0 0 1 1 0 1 

0 0 1 0 1 0 1 

0 0 0 1 0 1 1 1 

0 0 
10 

0 0 
11 

1 
11 

1 
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From Table 2.3, it can be seen that one of the switching combinations in the FC converter 
is the same as that of the NPC converter, which implies that the switching strategies 

suitable for the NPC converter can also suit the FC converter. In other words, NPC and FC 

topologies have the same output characteristics under the same switching strategy. The FC 

also has unequal device duty problems when the above switch combination is chosen. 
From Table 2.4, it can be concluded that FC has more switching redundancy than NPC 

topology. For example, there are four switching combinations for voltage level Vd, 14 and 
3 VdW4, and six switching combinations for Vd, 12. 

In summary, the advantages and disadvantages of the FC inverter are as follows [59]: 

Advantages: 
" The large amount of flying capacitors provides extra ride through capabilities during 

power outages. 

" The switch combination redundancy provides the higher degrees of freedom for 

balancing different voltage levels. 

" Both real and reactive power flow can be controlled, making it a possible candidate for 

HVDC power transmission. 

Disadvantages: 

" An excessive number of storage capacitors are required when the number of inverter 

levels is high. High-level systems are more difficult to package and more expensive 
due to the required bulky capacitors. 

" The inverter control will be very complicated, and the switching frequency and 

switching losses will be high for real power transmission. 

Little research has been done on this topology, with most interested parties taking the view 

that the control of the capacitor voltages through the switching strategy is too complex to 

be achieved on-line without excessive computational power [5]. It has been proposed by 

[64] that the switching pattern can be predetermined whilst still maintaining the correct 

voltage on the capacitors. After originally being discussed for motor drive applications 

with a simple RL load, a more recent publication has seen a change of application to 

sinusoidal rectification [65]. This slightly simplifies the control since the frequency 

becomes fixed, and the capacitors will only have to supply current for a predetermined 

interval before the direction reverses. 
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2.3 Switching Strategies for Multilevel Converters 

Z3.1 Fundamental Switched Modulation 

Fundamental switched modulation offers the simplest pattern, similar to the quasi-square 

wave pattern from the early conventional inverters. These methods that work with low 

switching frequencies generally perform one or two commutations of the power 

semiconductors during one cycle of the output voltages, generating a staircase waveform. 

The feature of this modulation method is that the harmonics of the output are linked to 

the fundamental and large low order harmonics (significantly 5 th 
,7 

th and 11th, 13'h, the 

triple harmonics cancel between phases) are produced. Representatives of this family are 

the multilevel selective harmonic elimination [66] [67], and the space-vector control [68]. 

During early work on multilevel converters, when the switching speed of the devices was 

limited, this was a commonly used technique. 

2.3.2 Harmonic Switched Modulation 

With the development of the power semiconductor switches technology, the high-speed 

switches appeared and thus making the use of the PWM a standard technique. Usually, a 

very popular method in industrial applications is the classic carrier-based SPWM- This 

method can be divided into basic SPWM methods applied to conventional converters and 

MSPWM methods. 

SPWM Control Methods 

In inverter circuits, the inverter output is expected to be sinusoidal with magnitude and 

frequency controllable. To reach this goal, the so-called SPWM control method is 

employed [87]. In this scheme, the PWM signals are generated from the comparison of a 

fundamental sinusoidal waveform and a high frequency carrier waveform, as shown in Fig. 

2.7. The frequency of the triangular waveform establishes the inverter switching frequency 

and is generally kept constant along with its amplitude. 

The amplitude modulation ratio m,, is defined as the ratio of A, the amplitude of the 

modulating signal and ý,,, the amplitude of the carrier (triangular) signal. 
A 

Ma = 
Ao (2-1) 
Ac 

The SPWM scheme has the following important basic features: (when m,:! ýl) 
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* The amplitude of the fundamental frequency component is proportional to the 

amplitude modulation ratio m,,. 
For a single-phase half-bridge inverter, the peak amplitude of the fundamental 

frequency component VAO, is expressed by: 

P 
-: Ma 

Vdc 

AOI -- 2 
(2-2) 

where Vd, is the DC voltage. For a single-phase full-bridge inverter, the line-to-line 
A 

voltage output peak amplitude of the fundamental frequency component 
VABI 'S 

expressed by: 

VABI 
' de Ma V (2-3) 

For a three-phase two-level conventional inverter, the line-to-line voltage output peak 

amplitude of the fundamental frequency component PABI is expressed by: 

NG PABI 
Ma*2 Vdc (2-4) 

a The hannonics in the inverter output voltage waveform appear as sidebands, centred 

around the switching frequencyf, and its multiples, that is, around harmonicsf,, 2f,, 3f, 

and so on. Theoretically, the frequencies at which voltage harmonics occur can be 

indicated as 

fk = Pf, ± k'fl (2-5) 

where fi is the fundamental frequency, j and k are integers. When j is odd, k is even. 

Whenj is even, k is odd. 

For a single-phase half-bridge inverter shown in Fig. 1.1, a so-called bipolar SPWM 

scheme can be employed, which is illustrated in Fig. 2.7 [49]. 

For a single-phase full-bridge inverter shown in Fig. 1.2, two types of SPWM schemes 

can be chosen. One is SPWM with bipolar voltage switching in which the diagonally 

opposite switches S, and S4 switch on and off simultaneously (i. e., they are regarded as a 

switch), S2 and S3 are regarded as another complementary switch pair of S, and S4 switches. 

The output voltage changes between +Vd, and -Vd,, the waveform is similar to the output 

voltage in half-bridge inverter, as shown in Fig. 2.8 [49]. Another is SPWM with unipolar 

voltage switching. With this type of scheme, the switches in the two legs are not switched 

simultaneously. The legs A and B are controlled separately by comparing one triangular 

signal with two sinusoidal control signals respectively as shown in Fig. 2.9 [49]. The 
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output voltage changes between +Vd, and zero or zero and -Vd,. This scheme has the 

advantage of effectively doubling the switching frequency as far as the output harmonics 

are concerned, compared to the bipolar voltage-switching scheme. The harmonics can be 

written as: 

f4 =j-(2-f, )±k-fl (2-6) 

wherefi is the fundamental frequencyj and k are integers. Whenj is odd, k is even. When 

is even, k is odd. 
Also, the voltage jumps in the output voltage at each switching are reduced to Vd,, as 

compared to 2 Vd, in bipolar voltage switching scheme. 
For a three-phase inverter shown in Fig. 1.3, to obtain balanced three-phase output 

voltages, the same triangular voltage waveform. is compared with three sinusoidal control 

voltages that are 120* out of phase, as shown in Fig. 2.10 [49]. 

Multi-Carrier SPWM Control Methods 

MSPWM methods are derived from the basic SPWM method only with multiple carriers 

forming a continuous set. The comparison of the sinusoidal modulation wave with the 

different triangular carriers determines the corresponding switches action. Basically, there 

are two MSPWM strategies. One is the CD-MSPWM method; another is the PS-MSPWM 

method. They will be dealt with in the following chapter (Section 3.3). 
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Fig. 2.7: Bipolar SPWM method applied to the single-phase half-bridge inverter. (a) 
Reference (sinusoidal) and carrier (triangular) signals (1ý=15fj and m,, =0.8). (b) Output 
voltage waveform vAo. (c) Normalised harmonic amplitude of the voltage waveform vAo. 
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Fig. 2.8: Bipolar SPWM method for the single-phase full-bridge inverter. (a) Reference 
(sinusoidal) and carrier (triangular) signals (f, =15f, and Ma=0.8). (b) Output voltage 
waveform VAB. (c) Normalised harmonic amplitude of the voltage waveform VAB- 
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signals (sinusoidal) and one carrier (triangular) signal (f, =15f, and Ma=0.8). (b) Output 

voltage waveform v,, N. (c) Output voltage waveform vBm. (d) Output voltage waveform VAB. 

(d) Normalised harmonic amplitude of the voltage waveform yAB. 
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Fig. 2.10: Bipolar SPWM for the conventional two-level three-phase inverter. (a) 
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Output voltage wavefon'n yAN. (c) Output voltage waveform vBN. (d) Output voltage 
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Z3.3 Space Vector PWM 

The SV-PWM technique refers to a special switching scheme for three-phase power 

converters. It has the following distinguished features: good utilisation of DC-link voltage, 
low current ripple, and relatively easy hardware implementation in a DSP. These features 

make it suitable for high-voltage high-power applications [69]. 

Fig. 2.11 shows space voltage vectors and switching patterns representative diagram 

for the traditional three-phase two-level converters. P and N represent the possible output 

phase terminal voltages of the inverter shown in Fig. 1.3, respectively, + Vd, 12 and - Vd, 12 if 

0 is the ground reference. (NNP) denotes the S4, S6 and S5 switches in Fig. 1.3 are on states 

and the other switches are off states. V* is a desired reference output vector. 

bq 

V3 (7VPN) 
- 

(PPN) 

V* 

v V, 
4 

(NPP) (PNN) 

V5 

/(A 

ýN F6 (PNP) 

c 

a, d 

Fig. 2.11: Space voltage vectors and switching patterns representative diagram for three- 

phase two-level converters. 

It can be seen from Fig. 2.11 that there are eight basic space vectors for two-level 

converters. The objective of the SV-PWM method is to approximate the desired reference 

voltage vector V* by a combination of these basic space vectors. Vý at any given time, 

falls in one of the six sectors. Thus, for any PWM period, it can be approximated by the 

vector sum of two vector components lying on the two adjacent basic vectors. For 

example, when the reference vector V* falls into the region shown in Fig. 2.11, it can be 

synthesised by: 
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V* = 
(Vltl + V2t2 + VA 

(2-7) Tlamp 

T =t +t +t (2-8) samp 120 

where T,,. p is the sampling time period, ti, t2 and to are the corresponding dwell times of 

VI, V2 and VO in the period T,,,. p. The inclusion of zero vector VO helps to control the value 

of the reference generated. 
The SV-PWM technique can be easily extended to all multilevel inverters [69]-[76]. 

Fig. 2.12 shows a space vectors representative diagram for the three-phase three-level 

inverters shown in Fig. 1.4. P, 0 and N represent the possible output phase terminal 

voltages of the inverter respectively, +Vd, 12,0 and -Vd, 12 if 0 is the ground reference. The 

output of the three-level converter has 19 independent space vectors among 27 different 

vectors. 

q 
b 
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(NPP) (opfr\ 

(7vop) 
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---- Vj, V* -- 
ý\(PON) 

Vv j I(ONN) (PNN, 
Xruuý 

(PNO) 

--------- ....................... 
(ONP) (PNP) 

Fig. 2.12: Space voltage vectors and switching patterns representative diagram for three- 

phase three-level converters. 
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These vector diagrams are universal regardless of the type of multilevel inverter. In 

other words, Fig. 2.12 is valid for the three-level diode-clamped, capacitor-clamped, or 

cascaded inverter. The adjacent three vectors can synthesise a desired voltage vector V* by 

* 
(V 

v itj + Vj+ltj+l + VJ+2tj+2 

(2-9) 
T 
.,. MP 

Where, tj, tj+,, and ti+2 are the corresponding dwell times of Vj, Vj+1 and VJ+2 in the period 
T'amp. 

The SV-PWM technique has become the standard control method for the conventional 
inverter with the microcontroller because it is simple to implement. However, as the 

number of levels increases, redundant switching states and the complexity of selecting 

switching states increase dramatically. It becomes very complicated and difficult to 

implement when three-levels are exceeded. Some researchers have used decomposition of 

the five level space-vector diagram into two three-level space-vector diagrams with a phase 

shift to minimize ripple and to simplify the control [72]. Additionally, a simple space- 

vector selection method was introduced without duty cycle computation of the adjacent 

three vectors [73]. 

2.4 Simulation Software 

Computer simulations are commonly used in research to analyse the behaviour of circuits, 

which leads to improved understanding. In industry, they are used to shorten the overall 
design process, since it is usually easier to study the influence of a parameter on the system 
behaviour in simulation. They can be used to calculate the circuit waveforms, the dynamic 

and steady state performance of systems, and the voltage and current ratings of various 

components. In general, there are two basic types of simulators: circuit-oriented simulators 

and equation solvers. With the former, the user needs to supply the circuit topology and the 

component values. Simulators internally generate the circuit equations that are totally 

transparent to the user. The circuit-oriented simulators are much easier and therefore are 

more widely used than the equation solvers. 

There are several general-purpose, circuit-oriented simulators such as SPICE, EMTDC, 

SABER and so on. The PSCAD/EMTDC software package has been employed in this 

research. 
PSCAD is a collection of programs, providing a very flexible interface -to 

electromagnetic transients simulation software. EMTDC is the library of power system 
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component models and procedures that constitute the simulation software provided with 
PSCAD. Together, these two software packages are referred to as "PSCAD/EMTDC". 

The PSCAD/EMTDC software package has the following features: 

" EMTDC is structured so that electric circuit parameters are easily addressed by the user 
during the course of a time domain simulation. 

" Fourier analysis of output is sometimes desirable and MULTIPLOT is used in PSCAD 

to carry out this task. 

" The user is able to build his/her own subroutines if models are not readily available. 

It should be noted that the selection of the Time Step is very important in simulation. It 

must be chosen to be much smaller (at least order of two) than the shortest time constant of 
interest in the circuit. 

2.5 Conclusions 

This chapter gives an overview of multilevel Voltage Source Converter (VSC) topologies 

with their structure features, advantages and disadvantages as well as their applications. 

The review of switched modulation methods applied to multilevel converters is presented. 
The simulation software PSCAD/EMTDC used in the project is briefly introduced. 

Three topologies introduced here are the main multilevel converter circuits which have 

received research and development interest from both academia and industry. Each one has 

its own particular advantages and disadvantages. No one is necessarily the best one for any 

application. Therefore, the choice of topology depends on the application. Cascaded 

converters with separate DC sources are favoured by the motor drive industry and for 

renewable energy conversion systems. They are used in medium voltage high power motor 

drives. NPC converters seem to have received more interest than the other two topologies 

since the 1980s. But most work on the NPC is focused on the three-level. The three-level 

NPC converter has been commercially available for many applications. The FC topology 

was the latest one to be introduced. The structure of the FC is similar to that of the NPC, 

generating a multilevel output wavefon-n from different capacitor voltage sources, only 

with different clamping components. The FC uses the capacitor clamping, while the NPC 

uses the diode clamping. 

Accompanying the topologies is a range of switching strategies which are derived from 

basic switching strategies used in conventional converters. These are the fundamental 

switched modulation, sub-harmonic PWM and space vector PWM modulation. 
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Fundamental switched modulation is still a useful and probably the best technique in the 
high power application because it minimises switching losses. Space vector PWM 

modulation has advantages such as increasing the linearity range of the output voltage, 
lower current ripple and easy hardware implementation on the DSP based controller. But 

this advantage is lost when the number of levels increases. Sub-harmonic PWM is widely 

used in industry because it is easy to implement for any levels. This type of PWM includes 

CD-MSPWM technique and PS-MSPWM technique. 
It is expected that different switching strategies are suitable for different topologies and 

this will be explored in the forthcoming chapters. The switching strategies considered in 

this project are based on the sub-harmonic PWM modulation. 
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Chapter 3: Neutral-Point-Clamped Converters 

3.1 Introduction 

The NPC converter topology and the associated control methods are discussed in detail in 

this chapter. First, the mathematical modelling of the NPC converter is presented in 

Section 3.2. It includes two modes of operation, namely, the rectifier mode and the inverter 

one. The neutral-point voltage variation remains a challenging issue in NPC converters that 

needs to be addressed and therefore is also described. In Section 3.3 several Multi-carrier 

Sinusoidal Pulse-Width Modulation (MSPWM) control strategies are discussed. The 

importance of the semiconductor power losses especially in high-powcr applications is 

introduced. The effects of the different CD-SPWM techniques on the switching losses and 

the harmonic performance of the NPC converter are investigated and reported. The 

fundamental frequency SPWM method is proposed in Section 3.4 as a potential method to 

minimise the switching losses of the converter. This method is compared with high 

frequency MSPWM switching strategies in Section 3.5. Finally, a critical discussion on the 

challenges of this technology and conclusions are given in Section 3.6 and Section 3.7 

respectively. 

3.2 Modelling of the NPC Converter 

Typically, an m level NPC converter consists of m-1 capacitors on the DC bus and 

produces a phase voltage with m levels. Fig. 1.4 shows a three-phase three-levcl NPC 

converter in which the DC bus consists of two capacitors. For a given value of the DC bus 

voltage Vd,,, the voltage across each capacitor is Vd, 12, and each device voltage stress will 

be limited to one capacitor voltage level through the structure of the converter employing 

extra clamping diodes. Table 3.1 shows the NPC converter voltage levels and associated 

switching states for a three-level phase leg. 

The modelling of the NPC converter is carried out mathematically in order to 

understand its basic principles of operation. Any switch-mode Voltage Source Converter 

(VSC) has a bi-directional power flow between the DC side and the AC side. The same 

applies for the NPC converter. Therefore, it has two modes of operation: rectifier (power 

flows from the AC side to the DC side) and inverter (power flows from the DC side to AC 

side). In the following sections, the modelling of the converter in both modes is presented. 
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Table 3.1: Voltage levels and associated switch states for a three-level NPC phase-leg 
OUtPUt VAO Switch states 

Sa I Sa2 SO Sa4 

Vd, 12 I 1 0 0 

0 0 1 1 0 

Vdc12 0 0 1 1 

The following assumptions are made in order to derive a state-space averaged model of the 

NPC converter: 
(1) All switching devices are ideal with identical characteristics. 
(2) All parasitic elements of circuit components, such as the capacitor equivalent series 

resistance are negligible. 
(3) All snubber circuit components are omitted for simplicity. 
(4) The SPWM method is employed. The frequency of the carrier is high enough so that 

the reference signal value can be regarded as constant. 

3. ZI Modelling of the NPC Converter in Rectifier Mode 

Fig. 3.1 illustrates the schematic diagram of the three-phase three-level converter working 
in the rectifier mode. It is assumed that the converter is connected to the AC mains through 

linked reactors L, The resistor R, is used to represent the effective line resistance. A pole 

of the three-level converter can be regarded as a multiplexer which may be switched to any 
DC side potentials according to the multilevel PWM strategy employed. The source 

voltages are assumed ideal and balanced. 
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Fig. 3.1: Schematic circuit of the three-phase three-level inverter in the rectifier mode. 
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Switching functions Sj (i=a, b, c) are introduced to represent the semiconductor 
switching states shown in Table 3.1 which are determined by the PWM control technique. 

Si is defined as: 
1 Sil andSi2are on, Si3andS, 4are off 

Si 0 Si2andS, 3are on, Sil andS14are off 
1 Si3andSi4are on, S,, and S, 

2 are off 
For simplicity, breaking Sj further into Sip, Sj,, Sj,, the relationship between switching 
functions and switching states can be defined as shown in Table 3.2. 

Table 3.2: Relationship between switching functions and switch states 
Switching Functions Switch States 

Si S ip Si, sin Sal Sa2 SO SA 

1 1 0 0 1 1 0 0 

0 0 1 0 0 1 1 0 

-1 0 0 1 0 0 1 1 

sip + sjý + si" =I 
Sij =0 or I 

(3-2) 

where i--abc and j--pon. Therefore, the modelling of the three-phase three-level 

converter can be described using the following equations. 

di L ýýsa R, 
dt 

Ls 
disb 

=V -R -V dt sb s 
isb 

sbn 

Ls 
di.,, 

=V -i -V dt c 
Rs 

sc scn 

V=V+ VO,, san saO 

V,. 
O 

Sap Vdcl + San Vdc2 

KsbO Sbp Vdcl + Sbn Vdc2 

, 

V. 
cO 

Scp Vdcl + Scn Vdc2 

Since the source voltages from the mains are assumed ideal and balanced, so 

(3-3) 

(3-4) 

(3-5) 
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Vsa + Vsb + Vsc 
-: 

0 

(3-6) 'sa + 'sb + isc ý-- 0 

Incorporating eq. (3-6) and eq. (3-3) into eq. (3-4), VO, is given by: 

V0+ Vsb0 + VscO 
VO. =-ý Sau 

3 
(3-7) 

By combining eq. (3-4), eq. (3-5) and eq. (3-7), the following expressions are obtained: 

V, =s 

Sap + Sbp + Sp 
Vdc 

I+_ 

Sam + Sbn + Sen 
Vdc 

2 -P 3 
(S. 

" 3 

Výbn = Sbp 
Sop + Sbp + Sep 

Vdcl + Sbn - 
S. 

" 
+ Sb" + S"' 

Vdc2 (3-8) 
33 

Sap + Sbp + Sep San + Sbn + Scn 

, cn K= 
(SCP 

3 
Vdcl + 

(Sll- 

3 
Vdc 

2 

For node P, 

*= 
dVdl 

lp Cd 

dt + i. (3-9) 
'p = Sap "sa + Sbp * 'sb + Sep * ise 

For node 0, 

Cd 
dVdl 

+ Cd 
dVdc2 

'0 -(cl +42) 
dt 

Jt 
(3-10) 

'0 Sao * 'so + Sbo "sb + Sco 'isc 

For node N, 

-: " 
dVde2 

'cl -'o ' 
Cd 

dt 
io 

'. = S. 
n 

"sa + Sbn * isb + Scn * isc 

For the load on the DC side, 

Ldi* =-R. i. +Vd,, I- 
Vdc2 (3-12) 

dt 

Thus the mathematical modelling of the three-phase three-level NPC converter operating 

as a rectifier can be written as the following state equation: 

C. ±=A-X+B-e (3-13) 

Here, C= diag[L, L, L, Cd Cd L] 

X= [Isa 'sb 'sc Vdcl Vdc2 io ]T 
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-Rs 00 Sap 
- 

Sap + Sbp + Sep 

- 
San 

- 

San + Sbn + SCR 
0 

33 

0 -Rs 0 sbp 
- 

Sap + Sbp + Sep 

- 
Sbn 

- 

San + Sbn + Sn 
0 

33 

00- Rs 
(Scp 

_ 

Sap + Sbp + Scp 

_(S cn _ 

San + Sbn + Sen 
0 

33 
Sap Shp S-1P 00 -1 

S. 
n 

Sb" S", 001 

0001 
-1 -R_ 

B= diag[l 1100 0] 

e= diag[V,. Vsb Vsc 00 0] 

If the AC mains supply is balanced, the voltage sources are given as: 

V, 
a cos(w t+a 

V, b cos(co t+a- 120* (3-14) 
VC 

-cos(co 
t +a + 120* 

Here, co is the angular speed, a is the initial phase angle of the phase .4 of the voltage 

source, P, is the peak value of the line-to-neutral voltage of the mains. 

3.22 Modelling of the NPC Converter in Inverter Mode 

Similarly, the modeling of the three-phase three-level converter in the inverter mode as 
illustrated in Fig. 3.2, can be described using the following equations: (The load is 

assumed to be an RL load in this case) 

Vdý 

N 

Fig. 3.2: Schematic circuit of the three-phase three-level NPC converter operating in the 

inverter mode. 
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In the AC load side, 

L 
di 
dt 
I 

JLýLb 
Vb,, 

-R-ib- Vn, O (3-15) 
dt 

L 
di 

'R 
dt 

'10 
= sap .V +S -V V 

dcl an dc2 

VbO = Sbp 'Vdcl + Sbn 'Vdc2 (3-16) 
VcO = Scp * Vdcl + Scn * Vdc2 

If the load is balanced and the harmonic components generated by the switching operation 

are assumed to be negligible, the following equation is true: 

+ 'b (3-17) 

Substituting eq. (3-16) and eg. (3-17) into eq. (3-15), then eq. (3-16), V., O is derived as: 

V. 
0 = 

Sap + Sbp + SCP Sari + Sbm + Sen 

(3-18) 
3 

Vdcl +3 Vdc 
2 

For the node P: 

i -- c 
dVdl 

_ ii -i cl dp 
dt (3-19) 

, 
lp Sop '. + Sbp "b + Scp 

-i c 

For the node N- 

1., 
2 = Cd 

dVde2 

dt (3-20) 
in = s"n 

- i. + sbn - ib + Sý', 
' - i, 

For the neutral point of the DC side node 0: 

'0 -= 'cl + 'c2 -= Cd ' 
dVdl 

+ Cd 
dVdc2 

dt dt (3-21) 
io =S 

ao *ia +Sbo *ib +Sco 'ic 

The above equations can be written using the state equation as follows: 

C-±=A. X+B-e (3-22) 

Here, C= diag[L LL Cd Cd 0] 

ki 'b 'c Vdcl Vdc2 ii IT 
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A=l 
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3.2.3 Equivalent Circuit ofNPC Converter at Fundamental Frequency 

As mentioned before, the switching functions Sip, Sj,, Sj,, (i=a, b, c) are determined by the 

PWM control technique. Taking phase A as an example, if the reference control signal is a 

pure sinusoidal wave, which is expressed as: 
A 

V_f = Ao -sin cot (3-23) 

Here, ýO is the amplitude of the modulating waveform with the range of (0< Since 

the sinusoidal wave is repetitive, it is possible to replace the cot term by the angle 0, in the 

range of 0: 5 0 <27r. Then the modulation patterns (i. e., switching functions) at fundamental 

frequency for three nodes shown in Fig. 3.3 can be obtained as: 

S, (0) = 
20 

- sin 0, 10, 

Sao (0) = 
1-2, -sin0, 

ll+ 

.. sin0, 

0: 5 0 <; r (3-24) 
;r :ý0< 27r 

0: 5 0 
; r:! g 0<2; r 

(3-25) 

S. 
" 
(0) = 

0, 
A 

0: 5 0 <; r (3-26) 
-A. -sin 0, r <0 <2; r 

Assuming the load is linear and reactive, the load current i,, can be taken as being purely 

sinusoidal and be expressed as: 

i� (0) =I- sin(0 + 0) (3-27) 

Here, ! is the current peak value, ý is the phase shift angle between the current and the 

output voltage at fundamental frequency. Then the currents drawn from the three nodes of 
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Fig. 3.3: Modulating waveforms for the switching functions. 

the capacitor bank are the product of the phase current and the respective switching 
functions. The equations are given: 

iP (0) =q (0) - SV (0) 
10 (0) =& (0) - S. (0) (3-28) 
& (0) = i. (0) -& (0) 

By integrating the instantaneous current over the modulation cycle, the mean current of 

each node can be derived as: 
A 

I 2x A01 
Ip =T 

, 
fi. (0) - Sp (0) - dO Cos 0 

21r 04 
2x 

.=I fi,, (0) - S,,. (0) - dO =- 
A-I 

cos 0 (3-29) 
2; r 04 

1 
2x 

fi,, (0) - S,,,, (0) - dO =0 21r 
0 

42 



It can be seen that the neutral point current in the DC link has a mean value of zero; the 

positive point current has the same mean value as the negative point current except for 

opposite direction. It should be noted again that eq. (3-28) and eq. (3-29) are based on a 

single phase of the NPC converter. 
According to the voltage and current eqs. (3-8)-(3-11), (3-16)-(3-21) and (3-29), the 

fundamental frequency equivalent circuit can be drawn out in Fig. 3.4. 

Týree-Level NPC Converter 
--------------- LI ------------------------------- V. RisV:,. If 

lip 
p 

................. + I 

VL Cd 
sb Rs 'sbo. 

sV 
Vdcl-- 

sbn 0 
+ 

cI sc d VL dc2 

n0 

V, R, Lc 
s sc sV+ 

A 
Vscn 

In N 

AC Side DC Side 
L --------------------------------------------- 

Fig. 3A Fundamental frequency equivalent circuit of the three-level NPC converter. 

It can be seen that the three-level NPC converter can be modelled as a set of voltage 

controlled voltage sources in the AC side and current controlled current source on the DC 

side in the fundamental frequency domain. All these controlled sources are related to the 

switching functions, no matter what kind of sources they are. 

3. Z4 Influence ofthe Current on the Neutral-Point Voltage 

The influence of the current io on the inverter can be seen from eq. (3-30) derived from eq. 

(3-21). 

'cl + 42 ý- CddV 
d(lVdcl I- lVdc2 1) 

(3-30) del + CddV Cd dc2 '0 
dt dt dt 

It can be seen that the neutral point current io is related with the DC link capacitor voltage 

balancing. If I Vdj I =1 Vd, 21 at any time, io =0. Actually, io cannot be zero all the time due to 

the switching action of the converter legs. Therefore, the capacitor voltage is allowed to be 

on perturbation within the error band. Derived from eq. (3-30), 

1 
(3-31) lvdcl It 

-Ivdc2 
It 

ýIvdcl 
Io 

-Ivdc210 +- 
fO 

'dt Cd 
0 
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It can be seen from eq. (3-3 1) that the value of the DC bus capacitors affects the variation 

of voltage. The higher the capacitance value, the lower the voltage variation. As analysed 
before, the mean current drawn from the neutral point over a modulation cycle is zero and 

the neutral point potential remains constant under normal operation. However, during 

transient operation, or if there is any imbalance in the output switching pattern, or 

imbalance in the characteristics of the circuit components, and/or non-ideal features of 

switching devices and their operation all will contribute to a non-zero mean current drawn 

at the neutral-point, thus resulting in variation of the neutral point voltage. Therefore, 

regulation is required to ensure that balance is maintained during disturbances. 

One solution is to use a closed-loop control method. For example, if the values of the 

I Vdj I, I Vd, 21 and io are known as well as the direction of io by measurement, the voltage 

balancing of the DC capacitors according to equation (3-3 1) can be controlled. Other 

solutions include the addition of zero sequence components into the modulation pattern 

[16], [17], [77], [78] and use of an optimal PWM [19], [79], [80], through the selection of 

states similar to SV-PWM. 

3.3 Multi-carrier SPWM Techniques 

Up to now, numerous MSPWM control techniques have been used to control the NPC 

inverters. They have been analysed mathematically and a number of papers have discussed 

their advantages and their harmonic performance [37]-[39], [8l]-[83]. However, there is no 

detailed information available in the technical literature regarding the performance of each 

technique with respect to switching losses. So far only the carrier phase angle's effect on 

the switching losses has been reported [81]. 

It has been recognised that different MSPWM methods are suitable for different 

multilevel topologies. For instance, the PS-MSPWM method is suitable for flying 

capacitor converters and cascaded converters, while CD-MSPWM methods are suitable for 

the NPC converter [37], [38]. 

So the MSPWM techniques including the CD-MSPWM, the PS-MSPWM and a 

Hybrid MSPWM (H-MSPWM) technique [8] are described and investigated with respect 

to their potential application for the NPC converter. 

First, in order to describe and evaluate the different methods, some definitions are 

given below: 

a The frequency modulation ratio mf, 
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F 

-fc 
0 

(3-32) 

wheref, is the frequency of the carrier signal andfi, is the frequency of the modulating 

signal. 

9 The amplitude modulation ratio m,,, with m,, defined for each modulation technique in 

Table 3.3, where ýO is the amplitude of the modulating signal and ý, is the amplitude 

of the carrier (triangular) signal, m is the number of the voltage level. 

* The displacement angle 9 between the modulating signal (sinusoidal) and the first 

positive triangular carrier signal. In this thesis only 9=0 is considered. 

Table 3.3: Definition of m,, for the various MSPWM techniques 

CD-MSPWM PS-MSPWM H-MSPWM 
A 

Ao 
A 

Ao 
A 

Ao 
Ma 

(m - 1) - Ac Ma= 
Ac 

Ma= 2- Ac 

3.3.1 Carrier Disposition Multi-carrier SPWM Techniques 

For an m-level converter, m-1 carriers with the same frequency f, and same amplitude 

Ac are disposed such that the bands they occupy are contiguous. The reference, or 

modulation, waveform has amplitude ý,, and frequencyf,, and it is centred in the middle 

of the carrier set. The reference is continuously compared with each of the carrier signals. 
If the reference is greater than a carrier signal, then the active device corresponding to that 

carrier is switched on, and if the reference is less than a carrier signal, then the active 
device corresponding to that carrier is switched off. 

According to the different dispositions of carrier bands, there are three methods, 
provided that the number of levels of an inverter is an odd number: in-Phase Disposition 

(PD), Alternative Phase Opposition Disposition (APOD), and Phase Opposition 

Disposition (POD). 
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e In-Phase Disposition Control Method 

In this method, all the carriers are in phase. For this technique, significant harmonic energy 
is concentrated at the carrier frequencyf,, but since it is a co-phasal component, it does not 

appear in the line-to-line voltage. Fig. 3.5 illustrates the PD strategy, the output voltage 

waveforms and their spectrum. 
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Fig. 3.5: The PD technique at ma: --0.8, mr2l, f, =-50 Hz, m=5. (a) Carrier waveforms and 

modulating signal. (b) Phase voltage and its spectrum. (c) Line-to-line voltage and its 

spectrum. 
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* Alternative Phase Opposition Disposition Control Method 

In this method, each carrier band is shifted by 180* from the adjacent bands. With this 

method, the most significant harmonics are centred as sidebands around the carrier 

frequencyf,. No harmonics occur atf, Figure 3.6 illustrates the APOD strategy, the output 

voltage waveforms and their spectra. 
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Fig. 3.6: The APOD technique at ma=0.8, mT2l, f, =50 Hz, m=5. (a) Carrier waveforms 

and modulating signal. (b) Phase voltage and its spectrum. (c) Line-to-line voltage and its 

spectrum. 
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e Phase Opposition Disposition Control Method 

In this method, the carriers above the zero reference are in phase, but shifted byl8O* from 

those carriers below the zero reference. The significant harmonics are located around thef, 

for both the phase and line-to-line voltage waveform. Fig. 3.7 illustrates the POD strategy, 

the output voltage waveforms and their spectrum. 
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modulating signal. (b) Phase voltage and its spectrum. (c) Line-to-line voltage and its 

spectrum. 

48 



3.3.2 Phase Shifted MSPWM Technique 

For an m-level inverter, m-1 carriers with the same frequencyf, and same amplitude A. are 

phase shifted by some degrees. They are compared with the modulation sinusoidal signal. 
For example, for a five-level FC converter, the sinusoidal modulation signal is compared 

with four triangular carrier signals that are phase shifted by 90 degrees (i. e., time shifted by 

T, 14, where T, is the period of these carrier signals). The intersections of carrier and 

modulation signal determine the instants of switching commutations. When the sine value 
is larger than the carrier value, the switch turns on and otherwise turns off. The resulting 
four PWM signals are used to control the corresponding switches on the upper leg. The 

complementary PWM signals then control the switches on the lower leg. The significant 
harmonics are located around the (m-I)f, for both the phase and line-to-line voltage 

waveform. Fig. 3.8 illustrates the PS-MSPWM strategy, the output voltage waveforms and 

their spectrum. 
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