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Abstract

Multi-level converters that provide more than two levels of voltage to achieve an output
waveform closer to sinusoidal waveform with less distortion are very attractive to power
applications. This thesis investigates several multi-level converter topologies and different
modulation strategies such as pulse-width modulation and space vector modulation. Attention is
paid in particular to SVM strategy. Although SVM strategy is applicable for N-level converter,

this thesis only focuses on five-level and three-level diode clamped converter (DCC).

Despite their appealing harmonic spectrum and low losses, multi-level converters are known to
suffer from inherent voltage imbalance on their dc side. The thesis presents a method in order to
balance the dc side capacitor voltages for an N-level converter. The presented balancing method
is based on minimizing a cost function which is related to voltage divergence of the dc

capacitors. This method is used for a three-level SVM to overcome the voltage drifting problem.
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Chapter 1

Introduction

1.1 Motivation

In recent years a new breed of power electronic converters, commonly referred to as voltage-
source converters, is being pursued for application in power systems. A conventional voltage
source converter topology, known as a two-level converter, has so far been the most widely used

converter in power system applications; however it creates several harmonic components beside
the fundamental frequency component and has a high % switching stress, both leading to power

quality and loss issues. The switching losses generated by two-level converters increase when
higher quality waveforms are generated. This effectively plagues the use of this topology for
high-power applications where excessive losses cannot be tolerated.

Significant improvements in the output voltage quality and converter losses can be obtained by
increasing the voltage levels generated at the converter output. A multi-level converter is a power

electronic circuit capable of generating such voltages. In comparison with a two-level converter,

. . . . dv S . .
a multi-level converter has less harmonic distortion and less o switching stress. By increasing



the number of levels, the output waveform of a multi-level converter becomes smoother and
closer to a sine wave; however with more levels both the circuit component count and
complexity increase.

In the literature several types of multi-level converter topologies have been proposed. The
earliest topology was the three-level diode clamped converter, which was also known as neutral
point clamped converter [1]. In this topology the intermediate dc link has a total voltage of Vg
which is divided to N-levels via N-1 capacitors. There are also other multi-level topologies such
as flying capacitor converter and cascaded converter. A flying capacitor converter is similar to a
diode clamped converter; however it uses capacitors instead of clamping diodes, which makes
this topology a bulky and expensive converter. The cascaded converter needs an isolated dc
source for each bridge. It should be noted that all the multi-level topologies will be explained in
detail in Chapter 2 of this thesis.

Among these topologies, the diode clamped converter is the most exploited and analyzed in the
literature so far, particularly for electric power transmission [2-6]. Control and modulation
methods for diode clamped converters and voltage balancing strategies for the dc-side capacitors
are the main research focus for this topology. Because of these reasons, the attention is paid to

diode clamped converter in this thesis.

1.2  Problem Definition

For proper operation, multi-level converters need to receive equal dc voltages on their dc side. If
dc sources, i.e. batteries, are used, it is relatively straightforward to ensure that the dc side
voltages remain equal during the operation of the converter. This luxurious case, however, does

not normally exist in reality. DC side voltage is often provided with passive capacitors [7].



Therefore these dc capacitors need to have equal shares of the dc voltage. One of the main
drawbacks of the multi-level diode-clamped converters is that they experience unequal and
drifting voltages on their dc sides, which leads to malfunction of the converter and distortion of
the ac-side voltage waveform.

The current solutions to the problem can be categorized into circuit-based solutions and control
and switching modifications. In the literature a number of approaches have been proposed for
voltage drift phenomena, including the following:

- In order to maintain the capacitor voltages at their desire value, use of isolated dc sources for
each capacitor is proposed in [8]. The switching pattern for this approach is not very
complicated; however, using isolated dc sources adds to the cost and complexity of the system.

- In order to balance the dc capacitor voltages, use of auxiliary converters to inject current to the
dc side intermediate branch is proposed in [9-12]. Using an auxiliary converter requires
supplementary hardware, which makes the system expensive and complex.

- In order to balance and maintain the dc capacitor voltages, modifications to the switching
pattern of the converter are proposed in [13-15].

For the first two approaches, additional power hardware is needed, which makes the converter
circuitry expensive and more complex. In comparison with these two approaches, the third
approach provides an economically reasonable method to solve the voltage balancing problem;
however it requires a more complicated switching strategy.

This thesis proposes a method to equalize the dc capacitor voltages based on the switching
pattern modification for an N-level diode clamped converter and then verifies this method for a

three-level diode clamped converter by using computer simulation.



1.3

Thesis Objectives

The main objectives of this thesis can be divided into three parts, as follows.

1.

1.4

A literature survey on several multi-level topologies and different modulation strategies.
This thesis explains the most typical multi-level converter topologies and discuses their
advantages and disadvantages; at the same time, it documents general concepts about
commonly used switching techniques, e.g. pulse-width modulation (PWM) and space-
vector modulation (SVM).

Multi-level converters present inherent problems with regards to balancing the voltages
on the dc-side capacitors. Another objective of this work is to present a voltage balancing
method for multi-level diode clamped converter, which is arguably the most common
topology at the present time. Also, the solution is verified using extensive computer
simulations using the PSCAD/EMTDC transient simulation program for a three-level
diode clamped converter.

Another objective of this thesis is to develop accurate, yet computationally efficient,
models for multi-level converters. The thesis aims to develop a SVM model for the multi-

level converters in the PSCAD/EMTDC transient environment.

Thesis Outline

Following this introductory chapter, this thesis is divided into the following chapters.

Chapter 2. Multi-level converter topologies



An expanded introduction for the main multi-level converter topologies is provided in this
chapter. At the same time, the merits and drawback of each topology in comparison with other
topologies is described and discussed.

Chapter 3. Switching strategies for multi-level converters

Different modulation strategies are explained in this chapter. In the first section the pulse-width
modulation strategy for multi-level converter is presented. This chapter then talks about space
vector modulation strategy. This part elaborates principles of operation of space vector
modulation (SVM) and also a method for calculation of the duty cycles for the vectors is
presented. After explaining this concept, it explains the method for three-level SVM. The three-
level SVM is also implemented and all the outputs are shown. At the end of this chapter a brief
introduction about over-modulation is presented.

Chapter 4. Space vector modulation for five-level Converter

At the first section of this chapter, space vector modulation for five-level converter is explained
in detail. Then this chapter proposed a new method to implement the five-level SVM. At the end
simulation results for implemented five-level converter are provided.

Chapter 5. Balancing techniques for N-level converters

This chapter introduces a dc-side capacitor voltage balancing method for multi-level converters.
After explaining the concept for an N-level converter, it elaborates the capacitor balancing
method for three-level converter. At the end, in order to verify the balancing method, simulation
results for various conditions are shown.

Chapter 6. Conclusions and future work

A summary of the conclusions of this thesis and some recommended future directions are

presented in this chapter.



Chapter 2

Multi-Level Converter Topologies

2.1 Introduction

Recently the multi-level converters have become very attractive for the medium and high power
applications [16]. Increasing the number of levels in the multi-level converters leads to nearly
sinusoidal output voltage, less converter losses and smaller dv/dt. These characteristics make
multi-level converters very popular for the power industry [1, 8, 17-19].

The focal task of multi-level converters is to synthesize a sinusoidal voltage from several levels
of voltages. As the number of levels increases, the synthesized output waveform includes more
steps; therefore it approaches to an actual sine wave. This implies a better harmonic spectrum
compared with the classic two-level topology.

The main shortcomings of multi-level converter are: (i) they need a large number of semi-
conductor devices, i.e. diodes and controlled switches, than their two-level counterparts[20, 21];
(i) using such number of devices leads to further complexity in the control and firing pulse

generation circuits; (iii) in multi-level converters, capacitors are usually used instead of dc



voltage sources. Voltage balancing of these capacitors is a challenging task in this area [11, 22-

26];

2.2 Multi-level converter topologies

Although there are a large number of multi-level converter topologies in the literature [16, 27-
30], four different major converter structures will be explained in this chapter. Before continuing
further, it should be illustrious that the term “multi-level converter” is used to refer to a power
electronic circuit that may operate as an inverter or a rectifier. The most typical multi-level
topologies are:

- Diode-clamped converter (DCC)

- Flying capacitor converter (FCC)

- Cascaded converter

- Modular multi-level converter (MMC)

A brief description of each converter topology is presented next.

2.2.1  Diode clamped converter

In 1981, A. Nabae, I. Takahashi and H. Akagi introduced a new neutral-point-clamped PWM
inverter (NPC-PWM inverter) [1]. This converter had better harmonic spectrum compared with
conventional two-level inverter. Fig. 2.1 shows a typical output voltage waveform for a two-level

converter.
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(a) Converter tolopology (b) Typical voltage waveform

Fig. 2.1 A two-level converter (one phase shown)

The voltage consists of a fundamental frequency component and several harmonic components.
Presence of harmonics leads to power quality and loss issues, particularly when the harmonic
content of the waveform mostly lies in the low frequency spectrum [31]. Moreover, in two-level
converter each transistor should tolerate a voltage stress equal to Vg¢./2 (see Fig. 2.2).

In the new converter, two additional transistors per phase are deployed (see Fig. 2.3a). Therefore,
each transistor tolerates a voltage equal to V4/4. Therefore, by using identical transistors with the

ones used in two-level converter, the dc link could be equal to 2V.



C1

Fig. 2.2 schematic of a two-level converter

Fig. 2.3(b) and Fig. 2.4(b) show typical voltage waveforms that can be obtained through the
operation of three-level and five-level converters, respectively. As seen the voltage waveforms
comprise several levels that can be suitably used to create waveforms with more resemblance to
an actual sine wave. This implies a better harmonic spectrum without having to incur significant

switching losses.

I

Sa2 |+ Sh2 [ Sea i
— %z —L& 5z —& =& Va Vdc/2

Vdc

] — >
54 K x4 K x4 i
C1:: Sasl Shal Seal
{ i —K iy —K iy -Vde/2
(a) Converter tolopology (b) Typical voltage waveform

Fig. 2.3 Three-level Diode-Clamped Converter
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This topology has been extended for higher level converter to achieve more levels in the output

phase voltage with respect to zero. Fig. 2.4a shows a five-level edition of DCC type converter.

All the possible switching configurations for three-level and five-level configurations can be

seen in Table 2.1

In general for N-level DCC topology, N-1 adjacent switches of each leg must be in the on-state.

As a result, the output phase voltage takes N discrete values in the range of Vy./2 and —V./2 [32].

T

Vdc

m

R

_D,_

(a) Converter tolopology

Vo

Vdc/2

Vdc/ 4

J ¢

Vdc/2

-Vdc/!

(b) Typical voltage waveform

Fig. 2.4 Five-level Diode-Clamped Converter (one phase shown)
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TABLE 2.1 Possible switching in (a) three-level and (b) five-level DCC

Switch State
Voltage Vao

Sal Sa2 Sas Sa4

Ve/2 ON ON OFF OFF

0 OFF ON ON OFF

-Vge/2 OFF OFF ON ON

(@)

Switch State
Voltage Vao

Sal Sa2 Sa3 Sa4 Sa5 Sa6 Sa? SaS

Vge/2 ON ON ON ON OFF OFF OFF OFF

Vic/4 OFF ON ON ON ON OFF OFF OFF

0 OFF OFF ON ON ON ON OFF OFF

-V /b OFF OFF OFF ON ON ON ON OFF

-Vic/2 OFF OFF OFF OFF ON ON ON ON

(b)

2.2.1.1 Advantages and disadvantages of the DCC topology

The main advantages of diode-clamped converter in comparison with other multi-level
topologies are:
- The number of capacitors that are used in DCC is lower than other topologies. Although
it needs some extra clamping diode, but its low number of reactive devices is very
important from the standpoint of cost [33].

- They can be connected to only one dc link voltage as can be seen in Fig. 2.3.

12



- When the number of levels is high enough, harmonic content is negligibly small, which
can be used to avoid or reduce the need for extensive filtering.

However, practical experiences with this topology reveal some technical difficulties that
complicate its application for high power converters; these include:

- The issue of maintaining the voltage balance of the capacitors for the converters with
more than three levels has been shown to be impossible for some operating
conditions[34]. These problems appear when working with low modulation indices and
high power factor.

- For converters with more than three levels the clamping diodes are subjected to high
voltage stress equal to Vg(n-2)/(n-1). Therefore, series connection of diodes is required.

This complicates the design and cost concerns.

2.2.2  Flying capacitor converter

Flying capacitor converter (FCC) was introduced by Meynard and Foch in 1992 [35] and has
been considered to be the most technically viable alternative to the diode-clamped topology.
Compared with other multi-level converter topologies, it presents advantages and disadvantages

[35, 36]. Fig. 2.5 illustrates the three-level version of this topology.

13
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Fig. 2.5 Three-level Flying Capacitor Converter

Each phase-leg of this topology has an identical structure, which is similar to diode clamped
topology except that instead of using clamping diodes, capacitors are used. The voltage synthesis
in this topology has more flexibility than the diode-clamped converter. One advantage of the
flying capacitor converter is that its inner voltage level can be achieved by different
combinations. Table 2.2 shows a list of all combinations of phase voltage levels that are possible

for the five-level circuit.
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TABLE 2.2 Flying capacitor five-level converter redundant voltage levels
Output Voltage Vqo Switch State
Sai Sa2 Sa3 S Su S22 Sz Sw

Va0 = Vg2 (no redundancies)

Vie/2 1 1 1 1 0 0 0 0
Va0 = Vg/4 (3 redundancies)

Vae/2 - Vyold 1 1 1 0 0 0 0 1

Vac/4 0 1 1 1 1 0 0 0

Vic/8 - Vy/8 + Vg /4 1 0 1 1 0 1 0 0

Vio/d - Vy/8 + Vyc/8 1 1 0 1 0 0 1 0

Va0 = 0 (4 redundancies)

Vic/d - Vyla 1 1 0 0 0 0 1 1

Vac/8 - Vgc/d + Vyc/8 1 0 0 1 0 1 1 0

-V4c/8 + Vyc/d - Vyc/8 0 1 1 0 1 0 0 1

-V4e/8 + Vye/8 - Vy/8 + Vyc/8 0 1 0 1 1 0 1 0

0 0 0 1 1 1 1 0 0
Va0 =- Vge/4 (3 redundancies)

Vyc/8 -3V /8 1 0 0 0 0 1 1 1

-Vgo/8 +V /8 - Vg /4 0 1 0 0 1 0 1 1

-Vge/4 +Vdc/8 - Vdc/8 0 0 1 0 1 1 0 1

-V /4 0 0 0 1 1 1 1 0

Va0 =-Vge/2 (no redundancies)
-Vyc/2 0 0 0 0 1 1 1 1

2.2.1.1 Advantages and disadvantages of FCC topology

The main advantages of the flying capacitor converter are:
- In this topology phase redundancies are available to control the dc link capacitor voltage

compared with other multi-level topologies.

15



Both real and reactive power flow can be controlled in opposed to cascaded converter [8,

37, 38]

This topology has a few disadvantages as follows:

2.2.3

By increasing the number of levels, a large number of capacitors are required. This fact is
important due to the cost of these devices.

Switching losses is high and efficiency is poor for real power transmission [39].

Flying capacitors require being set up to the same voltage level, presenting difficulty in

pre-charging the capacitors and converter startup.

Cascaded Converter

The cascade converter or full bridge converter is formed by two single-phase inverters with

separated voltage sources [40]. In Fig. 2.6 a basic three-phase three-level cascaded converter is

shown.

VDC

3 =
3 |E

Sh1

s

i

Sh2

Sh2'

Sa

—

Ser

N

1

Sc2

—

ScZ'

Fig. 2.6 Three-phase three-level Cascaded converter

Considering the three-level basic cell for phase a, it is clear that by using different combination

of the four switches Sa1, Sa2, Saf, and S,3, it can produce three different level output voltage

16



+Vyc, 0, and -Vgc. In order to achieve -V, switches Sy; and S,5 are turned on, while +Vg. can be
achieved by turning on switches S,; and S,1. The output voltage is 0, when S, and Sy, or S,y and
S.s are turned on [8].

To build a multi-level cascaded converter, one can easily connect this three-level converter in
series. In order to build an N-level (N is odd) cascaded converter, (N-1)/2 three-level units are
needed. Fig. 2.7 shows two three-level cascaded converters in series to build a five-level
cascaded converter. It should be pointed out that each three-level unit needs an independent dc

voltage source.

Sal Sa2

—t A — N

N -
Voo .
Sar | | Seo | |
— A |—n
Sus B Sas | |
— /N — /N
N - -
Ve ] E—
Ses | | Sas | |
—t A |—n

Fig. 2.7 Five-level cascaded converter (single phase shown)

In conventional cascaded converter, all the dc voltage sources have exactly the same value.

However, different dc voltage sources level can be applied in order to achieve different output

17



voltage level; this is one of the most advantageous features of this approach. The number of
levels in the output voltage can be increased without using any new component. For instance, in
Fig.2.8 by using two different voltage sources, V4 and 2 Vy, the cascaded converter can generate

seven-level (0, +/- V¢, +/- 2 Vg, +/- 3 Vy) in the output voltage.

T

Sar! | Sa
) @z

+ i
R

Fig. 2.8 Seven-level cascaded converter (single phase shown)
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2.2.4  Modular Multi-level Converter

A next generation multi-level converters is the modular multi-level converter (MMC) [41-43],
which was first introduced in 2001 [44]. The MMC is suitable for high power conversion (e.g.
HVDC-Plus [45]), network interties on power generation and transmission, and also medium
voltage converters [46, 47] due to its easy assembly and flexibility in the power circuit [46]. Fig.

2.9 shows one-phase of a three-level modular multi-level converter.

D

g
o sxll
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T

Sa1 %

il = Vg2
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Dus
T Vg2

Sas Su
- %DM |

Fig. 2.9 Three-level modular converter (single phase shown)
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In Fig. 2.9 in each leg i, there are four complimentary pairs of switches, (Si1, Sx1), (Si2, Sx2), (Sis,
Sx3), and (Sis, Sxa), Where S; switches are the main switches and Sx ones are the auxiliary
switches. For the complimentary switching pair, turning on one of the switches implies the other
one has to be turned off; for example, turning on Sj; means Sx; should be turned off. Moreover, in
a three-level configuration, at each instant of time, two of the main switches and two of the
auxiliary ones must be turned on. Clearly by using different combinations of the four switches,
three different levels of output voltage can be achieved. For instance, when the switches S,; and
Sa2 (main switches) and Sxs and Sy4 (auxiliary switches) are turned on, the output voltage is Vyo =
V/2. Similarly, the output voltage is Vqo = -Vy4/2 when Sgz and S,4 (main switches) and Sy; and
Sk (auxiliary switches) are turned on. To achieve the output voltage V, = 0, there are four
different switching combinations. Table 2.3 summarises different voltage levels and their
corresponding switching states for a three-level modular converter.

TABLE 2.3 Possible switching states for a three-level modular converter

Switch State
Voltage Vao
Sal Sa2 Sa3 Sa4 le SxZ Sx3 Sx4
Vgc/2 ON ON OFF OFF OFF OFF ON ON

ON OFF ON OFF OFF ON OFF ON

OFF ON ON OFF ON OFF OFF ON

OFF ON OFF ON ON OFF ON OFF

ON OFF OFF ON OFF ON ON OFF

-Vic/2 OFF OFF ON ON ON ON OFF OFF
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For a three-phase N-level modular converter, the total number of needed capacitors is 6(N-1),
and the number of switches per phase is 4(N-1).

In this chapter several multi-level converter topologies were introduced. In order to achieve
desired output voltage, different switching configurations have been proposed in the literature. In
the next chapter attention is paid to modulation strategies — pulse width modulation and space

vector modulation - for the diode clamped converter.
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Chapter 3

Switching Strategies for Multi-Level
Converters

3.1 Introduction

In a previous chapter, different multi-level converter topologies were discussed. In order to
produce the desired output voltage, different switching methodologies exist for different
converter topologies. Modulation strategies are responsible for switching control in the
converter. Several modulation strategies have been proposed in the literature [48-52]. Pulse
Width Modulation (PWM) and Space Vector Modulation (SVM) are two popular modulation

strategies, which will be explained in this chapter.

3.2 PWM Modulation

3.2.1  Principles of operation of PWM modulation

The simplest PWM technique compares a reference waveform at low frequency F, with a

triangular or saw-tooth carrier at a higher frequency Fs (sampling frequency). If the magnitude of
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the reference signal is greater than that of the carrier signal, the switch will be turned on;

otherwise it will be turned off.

Sinusoidal PWM (SPWM), in which the reference waveform is a sinusoidal waveform, is the
conventional PWM method to control the switchings of a voltage source converter. In Fig. 3.1 a
sinusoidal reference signal is modulated using a triangular carrier to obtain a high frequency
PWM pulse train. SPWM controls each phase independently of other phases. Therefore, for a
three phase converter, three separated SPWM controllers with reference waveforms that are 120°

out of phase are needed. The carrier waveform remains the same for all phases.

i
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converter output voltages

Fig. 3.1 Conventional two-level PWM (a) reference and carrier waveform (b) output voltage
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Moreover, multi-level PWM can be obtained using more than one triangular carrier. For an N-
level diode clamped converter, N-1 triangular carries are needed. All the triangular carriers have
the same frequency and amplitude, and the generated output voltage is shaped in contiguous
levels in the range of —(N-1)Vy/2 to (N-1)V4/2. Several Multi-carriers PWM methods are
proposed in the literature [53]. As an example, a five-level PWM scheme is shown in Fig 3.2.
The phase disposition (PD) method is used in this case. As shown the reference sinusoidal
waveform is compared with four triangular carriers to create the output voltage pulses. If the
reference waveform is greater than the upper triangular carrier, the output voltage will be 2V,
however if it is less than the upper triangular carrier and greater than second up triangular carrier
the output is Vyc. The output is O when the reference vector is less than second up triangular and
greater than second low triangular carrier. While the reference vector is less than second low
triangular and greater than the lower one, the output voltage will be reached to - Vg, The output

voltage is equal to -2 V4. when the reference vector is less than the lower triangular carrier.
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Fig. 3.2 Five-level PWM (a) carriers and reference (b) output voltage waveform

3.3  Space Vector PWM

3.3.1  Principles of SVM modulation

A schematic representation of an N-level diode-clamped converter is shown in Fig. 3.3.

In SVM, the converter is controlled through the concept of converter states. Each combination or
switching state corresponds to a defined set of three phase voltage. The total number of
switching states for an N-level converter is N3, Fig. 3.4 represents the space vector (SV) diagram

for the two-level converter.
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Fig. 3.3 Schematic representation of an n-level diode-clamped converter (adapted from [33])

010 Vs 110

V5 V6

Fig. 3.4 SV diagram for a two-level converter

26



Any set of balanced three phase voltages in the abc frame can be represented into a dg-plane by
applying Clark’s transformation [54, 55]. In the same way, any set of reference phase voltages
Va, Vb, and V. can be mapped into two dimensional plane as V¢ by using the same

transformation as follows.

Vier =203 (V, (0 +V, (06 2™ + V(e 77) (3.1)

In two-level SVM, there are eight possible states (2°=8). States are numbers in the binary from
000 to 111, where the digits from left to right show the states of phases a, b, and c, respectively.
As shown in Fig. 3.4 the six active vectors V; to Vg (100, 110, 010, 011, 001, 101) have equal
lengths and are separated by 60° in the plane. The other two vectors lie in the origin because of
their null lengths (000,111). These two vectors produce the same line-to-line voltage, therefore

they are redundant states.

As the number of levels at the converter output increases, the number of redundant space vector
increases. For three-level and five-level converters there are seven and thirty-seven redundant
vectors, respectively. Fig. 3.5 shows a SV diagram of the three-level converter. As shown the
three-level converter has six double vectors which each one has two different redundant states
and one triple vector in the origin which has three different redundant states. Proper selection of
these redundant vectors will help to achieve desired performance characteristics and can also be

used in capacitor voltage balancing.
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Fig. 3.5 SV diagram for the three-level converter

Computational burden to synthesize the reference voltage waveform is mostly associated with

tragicomic calculations for:

Q) Identification of the sector and triangle where the tip of the reference vector lies
(i) Identification of adjacent switching voltage vectors of the reference voltage

(iti)  Calculation the on-duration time intervals of the switching vectors

Moreover, in the conventional SVM, each triangle has its own equations for the calculation of
on-duration time interval. For the three-level SVM and five-level SVM, there are four and

sixteen triangles in each sector, respectively.

3.3.2  Calculation of the duty cycle

In SVM, the reference voltage vector, which rotates in the dg-plane at the desired output voltage
frequency of f, is sampled at the sampling frequency Fs=F.f in each period where Fg, is
normalized sampling frequency. The normalized sampling frequency Fs, must be chosen as an
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integer multiple of 6 (the hexagon has six equal sub-sections) in order to avoid non-characteristic

harmonics.

This section will introduce a simple method for calculation of the on-duration time intervals of
the switching vectors for multi-level converter. The method for calculation duty cycles is based
on determining projections of the reference vector. At any sampling instant, the tip of the voltage

vector lies in a triangle formed by the three switching vector adjacent to it, as shown in Fig. 3.6.

In Fig. 3.6, vectors m,and m, are the projections of V. onto the vectors V, —V;andV; -V,

respectively.

»2»—————~~Vref

I
|
/

d

Fig. 3.6 Projections of reference vector Vs

Hence, the reference vector can be written as follows.

\7ref = rﬁl + mz +\7 (3-2)
or
Vier =My (V, - Vo) 1 m, (V3 - Vi) 1, +V, (33)
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where 1; and I, are the lengths of the vectors V, —Vjand V, —V;, respectively. Therefore,

(3.3) can be written as follows.

Vit =My Vol Ik my N/l +(V; — m. o/ 1 —my, Vil (3.4)
or
\7ref :\72 (m/ 1)+ \73(m2/|2) +\71(1_ my/ 1 —my/l,) (35)

According to (3.5) the duty cycle of the vectors are as follows.
D,=1-m/ 1 -myl,, D,=m,/1, and D= m,/l, (3.6)

where D;, D,, and D; are the duty cycles for vector V,, V,, and \73, respectively. In order to

simplify the calculation of these duty cycles, the length of the vectors in the triangular regions

for the balanced SV diagram are normalized to unity; in other words 1;=1,=1.

Therefore, equations (3.5) and (3.6) can be modified as follows.

Vit =V, mp+Vam, +V; (1— my —m,) 3.7)
and
D,=1-m -m,, D,=m,, and Dy=m, (3.8)

Similarly, if the tip of the reference voltage vector lies in any other triangle, the duty cycles of
the switching vectors can be calculated similarly. In the next section, this method will be used to

calculate the duty cycles for the three-level SVM.
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3.4  Three level converter

3.4.1  SVM operation for three level converters

The task of the modulator is to find the triangle in which the tip of the reference vector lies, and
calculate the durations needed (duty cycles) of each vector in order to synthesize the reference

vector by using the nearest three vectors, as follows.

Viet = Vi D+ V,D, +V3D, (3.9)
In Fig. 3.7 the space vector diagram of a three-level converter is shown. In order to find the
nearest three vectors to the reference vector, the diagram is divided into six separate sectors

(similar to highlighted sector) and each sector is further separated into four triangular regions.

ond
sector
020 120 220
1st
sector
3d 114 3
sector 0 271
0 1 210
Vref
000,
100 1
0 921 3 4 1 200
22 A\ 2\
4th
sector gh
012 sector
1
81 31 201
002
102 202
gh
sector

Fig. 3.7 Space vector diagram of a three-level converter
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As mentioned before, for two-level VSC, states numbering are from 000 to 111. For three-level
VSC the states are numbered from 000 to 222. Each digit shows the level of the voltage for the
respective leg (a, b, c from left to right). That is, 0 means that the phase voltage is switched to

—Vy/2, 1 means it is switched to 0, and 2 means it is switched to Vy./2.
In Fig 3.7 four different groups of vectors can be distinguished:

1) The “zero vectors” at the origin (000, 111, and 222)

2) The “large vectors” (200, 220, 020, 022, 002, and 202), which generate either the highest
or the lowest output voltage for the converter. In comparison with the two-level
converter, these vectors are equivalent to the active vectors.

3) The “medium vectors” (210, 120, 021, 012, 102, and 201), whose length defines the

7

amplitude of the reference voltage vector. The length of these vectors is 73of the large

vectors.
4) The “short vectors” (100, 211, 110, 221, 010, 121, 011, 122, 001, 112, 101, and 212),

which have half of the length of the large vectors.

3.4.2  Calculation of the duty cycles for three-level converter

According to the symmetry of all the six sectors, it is easier to reflect the reference vector to the
first sector in order to simplify the calculation. Moreover, in any of six sectors the amplitude of
the reference vector must be normalized to fit into the diagram. Note that the length of each side

of the triangles is unity.

In Fig. 3.8, the maximum possible length for the reference vector (V) is two units; nevertheless

its length is limited to/3. If the lengths of the reference vector go longer than/3, over-
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modulation is produced (over-modulation will be explained at the end of this chapter). This is
because at such values, the tip of the reference vector will exit the hexagon at some portion of

the revolution.

1Vref| max =V3

200

Fig. 3.8 Maximum possible length for normalized reference vector in three-level SVM

Basically modulation index m uses values in the interval m €[0,1]. Therefore, the length of the

normalized vector will be as follows.

Vref = \/§m

220

Fig. 3.9 Projection of the V¢ in region 1, for three-level converter
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In Fig. 3.9 the normalized reference vector is projected into m;, and m, (section 3.3.2)

The solution for the lengths of m; and m, can be shown to be.

m, =V,,;( c0s0—sin 6/+/3) (3.10)

m, = 2V ¢ (Sin 6/+/3) (3.11)
The first step for the modulator is to determine that in which triangle the tip of the reference
voltage lies. After projecting the normalized reference vector into m;andm,, it is clear that the
tip lies in the region 1, if m; >1 (Fig. 3.9). Similarly the condition for region 2 is that m, and
m, <1, and m; +m, >1 (Fig. 3.10). The tip of the reference voltage lies in region 3 if m, >1

(Fig. 3.11). Finally the conditions for region 4 are m; andm, <1, and m; +m, <1 (Fig. 3.12).

Table 3.1 summarizes the conditions needed to determine the region where the reference vector

lies.

TABLE 3.1 conditions needed to ascertain the region for SVM three-level

Region Condition
1 m;>1
mp </
2 my </
mp + my >1
3 my>1
mp </
4 my <1
my+m, <]/
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After determining the region, the next step is to calculate the duty cycles of the nearest vectors in

the first sector. For instance, in region 1, according to equation (3.8), the duty cycles are as

follows.
Dog =m; -1

(3.12)
Do =m,

Digo,211 =2—-m —m,

The equations for every single triangle regions (1, 2, 3, and 4) are different. Fig. 3.10 shows the

projection of the reference vector in region 2.

Fig. 3.10 Projection of the V¢ in region 2, for three-level converter
The duty cycle for this region can be calculated as follow:
Dioo211 =1-m,

Diig201 =1-my (3.13)
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Similarly for region 3, where the tip of the reference vector lies in the upper triangle, the duty

cycles are as follows.

220

200

Fig. 3.11 Projection of the V¢ in region 3, for three-level converter
Doy =my
Dy =M, —1
Digo,211 =2—mM; —My

And finally for the region 4, the equations are expressed as follows.

220

Fig. 3.12 Projection of the Ve in region 4, for three-level converter
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Digo211 =My

(3.12)

D110,221 =M,

Dooo111,220 =1—m; —m,

Simulation results

3.4.3

The simulation results of a two-level and a three-level DCC are shown for different values of

modulation index (m) and switching frequency (Fs,) in the PSCAD/EMTDC simulation

environment. The dc link voltage of the converter is taken as 1000 V. Fig. 3.13 shows simulation

-level converter.

abejjoA au

waveform of the ac side line to line voltage for a two

-0.8
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0.01

Time(s)

Fig. 3.13 The ac side line voltage and for a two-level converter;

=24

0.8, Fsn

m=
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Figs. 3.14 through Fig. 3.16 show the PSCAD/EMTDC based simulation results for a three-level
DCC, and for different modulation index values. Fig. 3.14 shows the line to line ac side output
voltage waveform and its spectrum for m = 0.8 and sampling frequency Fsequal to 24 times of
the output frequency, f. As can be seen in this figure the output voltage waveform has main
harmonic at the f=50. The other harmonics are around the switching frequency and its multiples
beside the main harmonic. For instance, 29-th and 31-st harmonics have a large value. Figs. 3.15
and Fig. 3.16 show the line to line output voltage at the ac side for a three-level converter for m =
0.65 and m= 0.4, respectively. It is clear that as the level of the converter increases the line

voltage appears closer to the desired sinusoidal waveform.
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Fig. 3.16 The ac side line voltage of a three-level converter; m

Over-modulation

As mentioned before, among different topologies of multi-level converter, the three-level neutral
point clamped converter (diode clamped converter) is a widely used topology. However, in this

3.9



topology, for certain switching states, the neutral point fluctuates. This problem is well explained
in the literature [56]. The neutral point fluctuation deteriorates the performance of the converter
at high modulation indices and over-modulation region.

In section 3.4.2, it was mentioned that the maximum possible length for normalized reference

vector in three-level SVM is /3 (or m=1), which happens when it reaches the boundary of the
hexagon (see Fig. 3.8). Any further increase in the modulation index leads the normalized
reference vector to be partially outside the hexagon. This condition means the converter goes to
the over-modulation mode of operation and ceases to be in a linear mode. Several schemes are
proposed in the literate to compensate for the over-modulation region [57-64]. Over-modulation
compensation aims to increase the linear mode of operation of the space vector modulation [65].

In this section one of these approaches is explained for the three-level DCC.

3.5.1  Operation of a three-level DCC in linear and over-modulation
mode

Based on the value of the modulation index m, there are three modes of operation: linear mode,
over-modulation mode I, and over-modulation mode II. In Fig. 3.17, the dashed line shows the
trajectory of the normalized reference vector which is circular. Note that only the first sector is
shown; it can be easily applied to other sectors. By increasing the modulation index, the length of
the reference vector increases until at m=1, it reaches its maximum allowance length, in the other
words; the circular trajectory becomes inscribed by the hexagon. It occurs at the reference vector
anglea=x/3. This is the upper limit for the linear mode of operation. The on-duration time for

this region was previously explained in this chapter.
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Fig. 3.17 Different modes of operation in three-level SVM
Any further increase in the modulation index leads to the over-modulation mode. In order to
achieve continuous control over the voltage in over-modulation mode, this region is divided to
two different modes [62, 66]. The maximum value for modulation index in mode I and mode 11
have been selected at Mpaxi= 1.05 and mpaxo= 1.1, respectively [67]. The upper limit for mode 1 is
at M= Mpax1 and Mpaxe 1S Maximum possible modulation index. The operation at the m=mpax; is
called as six-step operation. The calculations of on-duration time for each mode is proposed in

[67, 68]
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Chapter 4

Space Vector Modulation for Five-Level

Converters

4.1  Five-level DCC

4.1.1  Principles of operation

Fig. 4.1 shows a schematic diagram of a three-phase, five-level diode clamped converter. At the
dc side, it consists of four capacitors C;- C4. For the DC side voltage of V., ideally each
capacitor has the voltage equal to V4/4. On the other hand, at the ac side the output phase
voltage has five separated levels of voltage, i.e. Vyc/2, Vyc/4, 0, - Vgc/4, and -Vyc/2. As shown in
the Fig. 4.1 in each leg there are four complimentary pairs of switches, (Sz1, S1), (S2, S2), (S3, Sa),
and (S4, S4). For the complimentary switching pair, turning on one of the switches means the

other one has to be turned off.
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Fig. 4.1 Schematic diagram of a three-phase, five-level diode clamped converter

In this section the SVM method explained earlier will be applied to the five-level diode-clamped
converter. The SV diagram for five-level DCC topology is shown in Fig. 4.2. The goal of this
method is to find the triangle in which the tip of the reference vector lies. Each sector, which
includes sixteen small triangles, is divided into four large triangles. Each of these large triangles
is then considered as one sector of a three-level hexagon. Note that the large triangles in the five-
level SVM have the same order of numbering that was used for the three-level SVM. For
example, in the three-level SVM the nearest triangle to the origin is numbered as region 4 (Fig.
3.7), and similarly, in the five-level SVM the large triangle number 4 is the nearest triangle to the

origin as well (Fig. 4.2).

44



In this method, similar to the three-level SVM, the large triangle that contains the tip of reference

vector is found based on the projection of the normalized reference vector.

2nd
Sector

040 140 240 340 440

043 03 410
O4A 3 2 400
yAWA 4 3
242
023 0
034 1 23
4" 024 ) 3 3
Sector W
014\/&\ 1 M 403  Sector
004 104 204 304 404
5th
Sector

Fig. 4.2 Five-level vector diagram divided into big regions

Fig. 4.3 shows the case for which the normalized reference vector is located in the region 4 of
the large triangle 1. The projections of the reference voltage, m;and m,, are also shown. As seen,

all the large triangles have four regions. Therefore the first step to find the triangle in which the

tip of the reference vector lies is to determine the large encompassing triangle.
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Fig. 4.3 Projection of the normalized reference vector into triangle 1, region 4

Eventually in order to find the region where the tip of the reference vector lies, each of these
large triangles is divided into four different region (see section 3.4), and each of these regions is
then considered as a sector similar to those in a two-level SVM (Fig. 3.4). Similarly, by
decomposing the normalized reference vector, the region that bounds the tip of the reference
vector will be found. Fig 4.4 shows the cases where the normalized reference vector is located in

regions 1, 2, and 3 of the large triangle 1.
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Fig. 4.4 Projection in triangle 1, regions 1, 2, and 3

Table 4.1 summarizes the conditions needed to ascertain the large triangle where the tip of the

reference vector lies.
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TABLE 4.1 Summery of conditions of regions and triangles of vectors in the first sector

Large triangle | Condition Region condition
1 m,>3
2 m <3 & m,<1 & m;+m, >3
1 m,>2
3 m,>1
4 m <3 & m,<l & m +m, <3
1 m; <1
m; <2
2 m>1& m,>1& m; +m, <3
2 m, <2
3 m, <1
m;+m, >2
4 m>1 & m,>1& m;+ m, >3
1 m,>1
2 m<1& m,<3 & m;+m,>3
3 m,>2
3 m, >3
4 m<1& m,<3 & m +m,<3
1 m,>1
m, <2
2 m<1& m,<3 & m; + m,>1
4 m, <2
3 m,>1
m;+m, <2
4 m=<1&m,<l&m+m,<l1
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4.1.2  Calculation of the duty cycle
In Fig. 4.5, the theoretical maximum length for the reference vector (Vi) is four-unity value;

nevertheless its length is limited to 2+/3 to ensure operation in the linear range. If the length of

the reference vector is larger than 2+/3, over-modulation is produced.

000
11

22
33

Fig. 4.5 Maximum amplitude of the normalized reference vector

According to the general method described in section 3.3.2, the components m, and m, describe

the duty cycles of the vectors. For example in Fig 4.4a, the tip of the normalized reference vector

lies in region 1 of large triangle 1. Therefore, the duty cycles for this region are as follows.

Dygo =m; -3

Dy o=m, (4.2)

Digo41= 4-My - M,
Fig 4.4 (b), shows the case that the tip of the reference vector lies in Region 2 of big triangle 1.

The duty cycles for this region are as follows.

D310.421= 3-My
4.2)

D300,41= 1-M;
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Dyo=m; + m, -3

Table 4.2 shows the duty cycles for the vectors in all the regions of every single of four triangles.

TABLE 4.2 Triangles and regions of the vectors in first sectors

Large triangle Region Duty cycles
D400 = mlf 3

1 D= M,

D3go.411= 4 — (ml + m2)

Dsgosnn=1-m,

2 D3ig1=3-mMy
Dso= M+ m, —3
1
Dyso= M, 2
3 Dsjp=m, -1
Dsioaz=4—(My + My)
D3goa11= My -2
4 Dsi0422= M,
Daoo11,422= 3 — (My+ My)
Daiog21422=2— M,
1 D220331442=1— My
Ds20431=(My+ My) -2
Dagan= My -1
) 2 Daxoasmn= M, —1

D210:321,432 = 3- (m1+ my )

Dioos11,422=1—- M,
3 Daigao1422=2—- My

Dsi42=(My + M,) -2

4 Dsipu1=2—- M,
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Dsyus=2- My

Dso=(My + m,) -3

D420= mlfl
D430: m2—2

D3zo431= 2 — (ml + mz)

Da2043:1= 3-m 2
Dasaa=1- m,

D430= ml + m2 —3

Dazo=My
Dagp=m, -3

D33 a1 =4 — (ml + m2)

Dszg431= My
Dasp4a= M, — 2

D220,331,442= 3 — (m1+ my )

Dago311,422= My —1
D210321,452= M,

Di0o211,320433= 2 — (ml +my )

Digo211,322433= 1 —-M,
D 110,221,330,443= 1-M;

D1032143= My + My -1

D210:321,43= My
D220 331,402= My —1

Di10221332443= 2 — (Mg + M)

Digo211,322433= My
D110221,332,443= My

Dooo,111,222,333.444 = 1 — (ml +my )
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4.1.3 Extending the calculation for all sectors

Since all the calculations for the SVM algorithm have been done only for the first sector, the next
step is applying the equations to the other sectors. According to the symmetry of all six sectors,
these calculations can be applied for other sectors using only minor adjustments. It can be

performed by simply interchanging the states of the output phases.

For example, as shown in Fig. 4.6a the tip of the normalized reference vector lies within the
shaded triangle in sector 3. Fig. 4.6a illustrates that the adjacent switching states of the reference
voltage in sector 3 are (020, 131, 242), (031, 142), and (030, 141). Mapping this shaded triangle
in sector 3 to sector 1 results in another shaded triangle in sector 1. As shown in Fig. 4.6 (b)
adjacent mapped switching states in sector 1 are (200, 311, 422), (310, 421), and (300, 411).
Based on both adjacent switching states of V¢ and corresponding switching state in sector 1, we

can detect the following relation:

Sector 3: (020, 131, 242), (031, 142), (030, 141),

T ¢ T T T T 7
Sector 1: (200, 311, 422), (310, 421), (300, 411)

As explained before the switching state (xyz) shows the state of phase-a, phase-b, and phase-c
respectively (abc). Therefore, each switching state of sector 1 (abc) corresponds to voltages v,
Vp, and V.. Then its equivalent switching pattern in sector 3 can be easily deduced by
interchanging the order of switching state to v, va, and vy, .i.e. (cab). The relationship between
switching states indicates that based on switching states for sector 1, by interchanging the output
states, the switching states for sector 3 can be deduced. For instance for switching states (200) in

sector 1, switching states (020) in sector 3 can be deduced by interchanging phase-a to phase-b,
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phase-b to phase-c, and phase-c to phase-a. Similarly this rule can be applied to switching state

(421) in sector 1, to deduce its equivalent switching state in sector 3 as (142).

This relation is valid for all corresponding switching in sector 1 and sector 3.

2
Sector

N/

h

Sé{ctor\/\/\A/\/ ét:ctor Se(ﬁor WW Segtor

h h
Sector §ector

Fig. 4.6 Adjacent switching states of Vs (a) in sector 3, (b) in sector 1

The visual inspection implies that this relationship between the switching states of sector 1 and
sector 3 also exists between the switching state of sector 1 and the other sectors. Table 4.3 shows
the interchanges of the output states between first sector and other sextants. It should be noted
that the sequence of the vectors obtained in the other sectors maintains the same switching

frequencies that are defined in the first sector.

TABLE 4.3 Interchanging the output states between sextants

1%sector | 2"sector | 3“sector | 4Msector | 5" sector | 6™ sector
a a—->b a—>b a->c a—->c a
b b->a b->c b b->a b->c
c c cC—>a cC—>a c—>b c—>b




4.1.4 Developed Model and Simulated Result

In this section, a digital model of an SVM modulated for a five-level voltage source converter is
presented. Digital implementation and SVM testing are conducted in the simulation program

PSCAD/EMTDC [69].

Phase angle and normalized magnitude (modulation index) of the voltage reference vector, and
sampling frequency are the controllable factors of the output waveforms. Fig 4.7 shows the

PSCAD component for a five-level voltage source converter.

" Five-Level Space Vector C
Modulator

Fig. 4.7 Developed five-level SVM in PSCAD

Output signals of this component are the reference waveforms that are used to generate the
gating signals for the phase-a, phase-b, and phase-c of the converter, respectively. For example,
in order to generate the gating signals for phase-a (Fig. 4.8a, gl to g8), the output signal is

compared with some constant values (Fig. 4.8b). Fig 4.8a also shows the diode-clamped VSC.
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Fig. 4.8 (a) Five-level VSC model in PSCAD, (b) Generation the gate signal for phase-a

The simulation results of a five-level DCC for different values of modulation index at the
normalized sampling frequency Fs, of 36 and dc-link of 800 V are presented in Figs 4.9 to 4.11.
Fig. 4.9a and Fig. 4.9b show the line voltage and line current of the ac side for m=0.9. In Fig.
4.9b, since the load is inductive, higher order harmonics of the current are reduced by the load
and the current waveform is nearly sinusoidal. As shown in Fig. 4.9c, the first group of the

harmonic components is centered around the 36™ harmonic.
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Fig. 4.9 AC side (a) line voltage, (b) line current (c) harmonic order of a five-level DCC; m= 0.9,
Fsn =36
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Two other graphs, Figs. 4.10 and 4.11, show the ac side voltage and current waveforms of a five-
level DCC for m=0.4 and m=0.6, respectively. As seen, by decreasing the modulation index m,
the magnitude of the line voltage will be decreased and also the shape of the waveform is less
similar to sinusoidal shape. However, because the load still has an inductive nature, the higher
order harmonics of the current are filtered and the current output waveform is still sinusoidal in
its general shape. In Fig 4.10, because the modulation index is low, i.e. m=0.4, the five-level

converter acts similar to a three-level converter (Fig. 3.15).
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Fig. 4.10 AC side voltage waveform of a five-level DCC; m = 0.4, F¢, = 36
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Chapter 5

Balancing Techniques for MLevel

Converters

A voltage balancing criterion for selecting the redundant vectors is explained in this section.
Although this method has been proposed earlier, in the existing body of literature it is not clearly
described and also there is not enough evidence that verifies this method for all the conditions.
This chapter explains the balancing method in detail first and then applies it to a three-level

diode clamped converter.

In an N-level diode clamped converter (DCC), the total electrical energy stored in (N-1) dc

capacitors is as follows.

_ 1 n-1 2
E= = CZVCk (5.1)
2 k=1
where
n-1
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and V¢, is the voltage across the k-th capacitor. The assumption is all the capacitors (C) are

identical and have the same capacitance, i.e. C; = C, = ... = C,1= C. The total energy E reaches
its minimum when all the capacitors have the reference voltage Vgc/n-1. Therefore, to achieve

voltage balancing the control system should minimize the energy E. Hence, by changing the

. Vv ) .
variable from Ve, to (VCk —ﬁ), a new parameter P is defined as follows.

1 n-1
P= = CY AV, > (5:3)
2 kA
— Vd
where, AV, = Ve, - " —Cl

AV, is voltage deviation of capacitors. In (5.3) since both the parameters C and AVckz are

positive, thus P always has a positive value. P can be minimized, if capacitor voltages are
maintained at the reference voltage Vqc/n-1 [70]. In order to minimize (5.3), the mathematical

condition is as follows.

P_ S Ve, S AV, i <0 (5.4)
= =T

61



n-1
A ic(n»l) in-1

Cn-l

n'ZL—
! in—2
ic(x+1)}
i |
Cys1 |

\J
o

Cx T li, (n-x-1)/(n-1)
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N-level

. X
| converter
Vdc o)

Fig. 5.1 Distribution of the branch current in the capacitors (adapted from [33])

where ic, is the current through capacitor Cy. The current in the dc link capacitors (ic, ) is

related to dc-side intermediate branch current (i, ). According to Fig 5.1 and considering the

superposition principle, the current in the dc-link capacitors can be expressed as follows.

. K1 x . m2n-x-1.
Io,= 22—~ 2 I

x=n—1" = n-1 ~

(5.5)

or

. 1 n2 02
le,= — 22X, — 2.1
Ck n—1 ><Z=:1 X xék X (5.6)
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Substituting (5.6) into (5.4), the following balancing condition is deduced as follows.

n-1 n-2 n-2

> Vg, (X %, ~(n-1) T, ) <0 (5.7)
k=1 x=1 x=Kk

imposing

n-1

> AVe, =0 (5.8)
k=1

Replacing the voltage of capacitorAVC(n_l)from (5.8) into (5.7) the balancing condition is

simplified as follows.

n-2 n-2
kZ:leVCk(gkix)z 0 (5.9)

By applying the averaging operator over one sampling period (Tn,) to (5.9), the following

equation is deduced.

1 (+1)Tmn-2

n-2
— [ XAV, (Xi)dt>0 (5.10)
T T k=1 ¢ x=k

If T, is adequately small compared with the dynamics of capacitor voltages, then the capacitor

voltages can be assumed as constant during one modulation period. Therefore, the best

combination of the vectors is such that maximize the following equation.

n-2 on=2 1 (+)Tm

S AV (Y = [iydt)>0 (5.11)
k=1 x=k Ty T

or

n-2 . n=2_

A7, 00T 50)20 5.12
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where Ave, () is the voltage deviation of capacitor Cy over the sampling period j, and i, (j) is

the average of dc-side intermediate branch current over the sampling period j. These currents can

be expressed as follows.

i = DSiy, (5.13 a)

where iphz[ia i, ] (5.13b)

S;+S¢ S,+S; S,+Ss (5.13¢)
S;3+S, S5+S5 S, +S,

where S; defines the sector that the tip of the reference vector lies, such as follows.

1 V. liesin thesectori
' 710 V, lies in other sectors

and in (5.13 a) D will be expressed as follows.

N z [d(n—2)jk _di(n—2)(n—2)] B Z [di(n—2)k_d(n—2)j(n—2)] N Z [dij(n—Z)_d(n—Z)(n—Z)k]_
ijk#n-2 ij,k=n—2 ij,k=n-2
i>j>k i>j>k i>j>k
D= _.Z [dek_diZZ] __Z [di2k_d2j2] “Z [dij2_d22k]
ij,k#2 ij,k#2 ij,k=2
i>j>k i>j>k i>j>k
__Z [dljk — iy ] ,_Z [diw _dljl] __Z [d ijl_dllk]
ij,k =1 ij,k=1 ij,k =1
i>j>k i>j>k i>j>k

vi, j,k €{012,...,.n-1}

Elements of the matrix D indicate the on-duration time intervals of the switching vectors for

sectorl. For example D for a five-level converter can be written as follows.
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D11 D12
D= D21 D22
D31 D32

where

D11 =Ds3go+ D3io+ Daxp+Dair+ D3y —Dagzs+ Dax
D12=D430+ D431+ Dz
D13=D443-D330-Das2-Daat

D21 =-Du4x+Doo+Dopo-Dsx+Don

D22 =D321+ D4z + D421 + Dagpo
D23=Dys2+Duas2-Dopo+Dzzo— Do
D31=-D411+Dig—D2i1-Disn

D32=Dyio+ D3ig+ Do

D33=Du21+ Dzt +Dasn+D3pi+ Dasi—Dio+ Do
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5.1  Voltage balancing for a three-level converter

This section considers the performance of the modeled three-level DCC system of Fig. 5.2b.

Sal smF smF
fK N fK N

~
=g}

Saz2— Sh2j— Sc2i—

7}1 N N *K iy iy

=g}
~
=g}

vde imp
.

s DI
|
L

Sa3| Sh3| SCSF
ic2 x
& <o
— — —_—
Three-level Space Vector c
- Modulator
c1 Sad| sba Sca—
— & — 5 —

/
k k (a) (b)

Ny ]

Fig. 5.2 (a) schematic of a three-level DCC, (b) modeled three-level DCC in PSCAD/EMTDC

All the voltage balancing expression in previous section can be applied to the three-level

converter. In the particular case of n=3, cost function P in equation (5.3) becomes as follows.

2
_1 CYAVe,” (5.15)
2 k=

V, : T
where AV, = V¢, —%. Based on proper selection of redundant vectors, P can be minimized

when the capacitor voltages are balanced [71]. In order to minimize (5.15), the mathematical

condition is as follows.

dp 2
T -csay
dt kz=:1 Ck

2
=X AV, ick <0 (5.16)
k=1

According to Fig. 5.2a
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ez =l + imp (5.17)

2
Considering that > AV, =0, (5.16) can be simplified as follows.
k=1

AV (i) 20 (5.18)
By applying the averaging operator and assuming that modulation period, Ty, is adequately

small, the balancing condition is simplified as follows.

AVey()ing) 20 (5.19)
where 47 (j) is the voltage deviation of capacitor C; at the sampling period j, and fmp(j) is the

average value of the mid-point current. Hence, in order to achieve the balancing condition at the
dc side, the best combination of the nearest vectors to the reference vector should be checked for

each sampling period.

According to expression (5.13a), in order to calculate (5.19), the average mid-point current can

be evaluated as follows.

imp = DS, (5.20a)
where

=l by i (5200
and

S;+Sg S, +S; S, +Ss

S=[S5,+S; S +S, S;+S¢

S;+S, Sg+S5 S, +S,
(5.20c)

and
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D=[D, D, Ds] (5.21)
D; and D, and D3 denote the on-duration time intervals of the redundant switching voltage

vectors, such as:

D1 = D100 — D211 (522&)
Dz = D210 (522b)
D3 = D221 — Do (5.22¢)

Elements of matrix S define the sector which in the tip of the reference vector located on, such as

follows.

1 V. liesin thesectori
' 710 V, lies in other sectors

ref

Assuming that the reference vector lies in the first sector, one will have:

w

I
o O -
o+~ O
= O O

For each sampling period, based on the value of the averaged mid-point current fmp, which is

calculated from (5.20), the equation (5.19) will be evaluated for different adjacent redundant

vectors to the reference voltage vector.

5.1.1 Simulated results

Simulated results are obtained for the three-level diode clamped converter (Fig. 5.2a) in the
PSCAD/EMTDC environment. Two case studies are presented in this section. The studies are

conducted to show the effectiveness of the explained capacitor voltage balancing strategy. The

68



first case investigates the conventional SVM strategy on a three-level converter. Line voltage and
its harmonic spectrum under the inductive load are considered in this case. Capacitor voltages

are also shown for different values of modulation indices.

For the second case the performance of the proposed voltage balancing strategy on a three-level
converter is evaluated. Capacitor voltages are considered under the same load condition. Line

voltage and its harmonic are also shown in this study.

Study 1: The developed model of a three-level converter (Fig 5.2b) is used to simulate the
operation at m=0.9 for two different conditions. In the first case the initial values for capacitor C;
and C; are equal, and in the second case those values are different. In both cases the dc-side is
supplied by a dc source Vg.= 8 kV and the normalized sampling frequency is kept constant at

Fsn=36.

Case 1: Fig. 5.3a shows the pole voltage for m=0.9 while the initial values for both capacitor
voltages are equal to 4 kV. It is evident that the pole voltage has three levels as expected,
however the positive side and negative side are not symmetric, i.e. the positive side is greater
than Vy./2 and negative side is less that Vy./2. Fig. 5.3b and Fig. 5.3c show the line voltage and

phase current, respectively.
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Fig. 5.4a and Fig. 5.4b show the capacitor voltages and harmonic spectrum for this case. As can
be seen in Fig. 5.44a, both capacitors have the same initial values equal to 4 kV. This figure shows
that if the proper combination of switching is not chosen in the conventional SVM, the capacitor
voltages will be drifting. Fig 5.4b also shows that the ac-side voltage harmonic as well as the dc

side capacitor voltages is influenced by the selected switching combination.
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Fig. 5.4 (a)dc capacitor voltages, (b)harmonic spectrum of the ac side line voltage, for a three-
level DCC; m=0.9 and Fs,=36
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Case 2: The only different between this case and casel is that the initial values for capacitor
voltages are set to different values such as Vi = 6 kV, and for Ve, = 2 kV. After 5 ms, both
capacitor are connected to one dc source V4=8 kV. The reason of this study is to find out that if
there is any imbalance in the system, whether the conventional SVM is able to solve the

imbalances and bring the capacitor voltages back together or there still will be imbalances.

Fig. 5.5a shows that after 5 ms the capacitor voltages tend to be equal, but because of the
switching pattern the voltages still diverge. Ideally speaking, the capacitor voltages should both
stay at 4kV at the end, however obviously they drift. Fig. 5.5b shows the line voltage for this

case.

Capacitor Voltages
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Fig. 5.5 (a) dc capacitor voltages, (b) line voltage, for a three-level DCC; m=0.9 and Fs,=36,
unequal initial capacitor voltages
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Study 2: This study shows the effectiveness of the explained voltage balancing method for a
three-level converter under various conditions. In the first case, initially capacitor voltages have
equal values at Vci1=Vco= 4 kV. After 10ms, both capacitors will be connected to one dc source

Vic= 8 kV.

Casel: Fig. 5.6 and Fig. 5.7 show the performance of the explained voltage balancing strategy
when the three-level converter operates at m=0.9. As shown in Fig. 5.6a, the pole voltage varies
between —Vg4/2 and Vq4/2. Two other figures, Fig. 5.6b and Fig. 5.6¢c show the ac-side line

voltage and ac-side current, respectively.
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Fig. 5.6 (a)pole voltage, (b)line voltage, (c) phase current for a three-level DCC with using the
voltage balancing method; m=0.9 and F,=36; equal initial capacitor voltages



Fig. 5.7a shows the capacitor voltages for this condition. As can be seen the capacitor voltages
remain at their normal value, i.e. 4kV. Fig. 5.7b shows the harmonic spectrum of the ac side line
voltage for this case. As shown in this figure, the first group of harmonics is shifted around the
36™ harmonic. It should be noted that, in contrast with the study 1 (Fig. 5.4b), in this case the

36™ harmonics is automatically eliminated.
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Fig. 5.7 (a) dc capacitor voltages, (b) line voltage, for a three-level DCC with using voltage
balancing method; m=0.9 and Fs,=36; equal initial capacitor voltages
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Case 2: This case illustrates the performance of the explained dc capacitor voltage balancing
criteria while the three-level DCC system operates at m=0.9. Initially the DC capacitor voltages
of the three-level converter have unequal values at Vci1=6 kV, and Vc,=2kV. After 10 ms both
capacitors will be connected to one dc source Vg =8kV. Fig. 5.8a shows the pole voltage for this
condition. As can be seen, clearly it has three levels at the end. Fig. 5.8b and Fig. 5.8c also show

the ac side line voltage and current, respectively.
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Fig. 5.9 shows the capacitor voltages for the three-level DCC. As can be seen, capacitor voltages
converge to their normal value Vci = Ve = 4 kV; however initially they have unequal voltage

values.
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Fig. 5.9 dc capacitor voltages for a three-level DCC with using voltage balancing method;
m=0.9and Fs,=36; unequal initial capacitor voltages

Comparing study 1 and study 2 concludes that without a proper switching pattern the DC
capacitor voltages for a three-level DCC system will diverge from their desired values (Fig 5.4a
and Fig. 5.5a); however by choosing proper redundant switching states based on the voltage

balancing criteria the voltage drift phenomenon is counteracted.

Although the proposed balancing technique is not a new approach to overcome the dc capacitor
voltage drifting phenomenon in diode clamped multi-level converters, in the literature there was
not enough evidence to verify this method for all the conditions. Simulation results in this
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chapter demonstrate that using this balancing condition will lead to dc capacitor voltage
balancing even if the dc capacitors of the converter do or do not have the same initial voltage

levels.
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Chapter 6

Conclusions, Contributions and Future

Work

6.1 Contributions and Conclusions

The main contributions and conclusions of the thesis are summarized below:

1. A through and comprehensive study of the different multi-level converter topologies and
different modulation strategies are provided in this thesis.

2. In this thesis, an SVM model for two-level diode clamped converter is developed in the
PSCAD/EMTDC transient simulation program.

3. Besides the two-level converter component, the SVM models for three-level and five-
level converters have also been implemented in the PSCAD/EMTDC transient simulation
program. These components are able to operate for different modulation indices as well
as different sampling frequencies. For the five-level SVM, this thesis proposed a method
to calculate the on-duration time intervals for switching vectors based on expanding the

three-level SVM. In the new method each sector of the five-level SVM can be divided
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6.2

into four large triangles instead of sixteen small triangles. Each of these large triangles is
then considered as a sector of a three-level SVM.

In general, as the number of levels in the converter increases, consequently, the number
of redundant switching states increases. This thesis has provided a dc capacitor voltage
balancing method for multi-level diode clamped converters that in each sample of time
selects the proper redundant switching states to solve the voltage drifting problem at the
dc capacitors.

The dc capacitor voltage balancing method is developed for the three-level SVM. From
the simulation results, it is observed that the developed method is able to equalize the dc
side capacitor voltages without using any additional power circuits.

In this thesis, the three-level SVM is simulated for different switching strategies. Based
on the simulations, it is shown that among all the switching strategies, the provided
balancing method leads to better capacitor voltage balancing at the side and also better

harmonic spectrum for output voltage at the ac side.

Future work

A number of additional future research topics are suggested as follows.

1.

Laboratory implementation of the developed strategies for simulation verification is an
important complementary task that is important to be pursued.

More research could be done on other types of multi-level converters than the diode
clamped converter, such as flying capacitor, cascaded converter and modular multi-level
converter. Their advantages and disadvantages for different power applications should be
analyzed in order to find the best topologies in each case.
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3. In this thesis, three-level SVM and five-level SVM have been implemented in the
PSCAD/EMTDC transient simulation program in two different components. Additional

work can be done in order to design a single component which operates for different

converter levels.
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