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PREFACE

This book deals with a new methodology to present an important class of electri-
cal devices, that is, power electronics converters. The common approach to teaching
converters is to consider each type individually, in a separate and isolated fashion.
The direct consequence is that the learning process becomes passive since the power
electronics configurations are presented without consideration of their origin and
development. Since the teaching process is based on the topology itself, students do
not develop the ability to construct new topologies from the conventional ones.

A systematic approach is taken to the presentation of multilevel and
back-to-back converters, instead of showing them separately, which is normally done
in a conventional presentation. Another special aspect of this book is that it covers
only subjects related to the converters themselves. This will give more room for
exploring the details of each topology and its concept. In this way, the method of con-
ceptual construction of power electronics converters can be highlighted appropriately.

While presenting the basics of power devices, as well as an overview of the
main power converter topologies in Chapter 2, this book focuses primarily on con-
figurations processing ac voltage through a dc-link stage. This text is ideally suited
for students who have previously taken an introductory course on power electronics.
It serves as a reference book to senior undergraduate and graduate students in elec-
trical engineering courses. However, due to the content in Chapter 2, it is expected
that even students who the lack knowledge of power devices and basic concepts of
converters can understand the subject.

Although the primary market for this text is heavily academic, electrical engi-
neers working in the field of power electronics, motor drive systems, power systems,
and renewable energy systems will also find this book useful.

The organization of the book is as follows: Chapter 1 is the introductory
chapter. Chapter 2 presents the basics of power devices as well as an overview of
the main power converter topologies. Chapter 3 provides a brief review of the main
power electronics converters that process ac voltage; additionally, it furnishes the
introduction to the power blocks geometry (PBG), which will be used to describe the
power converters described in this book. In fact, this chapter brings up a compilation
of the topologies explained throughout this book. The fundamentals of PBG and
its correlation to the development of power electronics converters are presented
in a general way. Multilevel configurations are presented from Chapters 4-7.
Neutral-point-clamped, cascade, flying capacitor, and other multilevel configura-
tions are presented in Chapters 4—7, respectively. Chapter 8 deals with techniques
for optimization of the pulse width modulation (PWM), considering the fact that the
number of pole voltages is higher than the number of voltages demanded by the load.
After describing many topologies throughout Chapters 2—7, highlighting the circuits

Xi



Xii  PREFACE

themselves, as well as PWM strategies in Chapter 8, Chapter 9 handles control
actions needed to keep a specific variable of the converter under control. Chapter 9 is
strategically placed before the presentation of the back-to-back converters (Chapters
10 and 11) due to their need for regulation of electrical variables. Single-phase
to single-phase back-to-back converters are presented in Chapter 10, and the final
chapter deals with three-phase to three-phase back-to-back converters.

Euzeli Cipriano Dos Santos Jr.
Edison Roberto Cabral Da Silva



CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Power electronics may be considered a revolutionary field in electrical engineer-
ing because of the new insights obtained during its development. This has actually
been the case from the beginning, when mercury arc rectifiers and thyratrons were
employed in grid-controlled circuits. After this first generation of power devices and
converters, power electronics with silicon power diodes and thyristors was developed
to overcome many of the problems of the first generation, such as the operation in low
efficiency. As mentioned in Reference 1, the so-called power electronics, with gas
tube and glass-bulb electronics, was known as industrial electronics, and the power
electronics with silicon-controlled rectifiers began emerging in the market in the early
1960s.

The different definitions of power electronics lead to the same concept or idea:
that the control of power flow between an apparatus that furnishes electrical energy
and another one that demands electrical energy. For instance, the definition given
in References 2 and 3 say, respectively: ... power electronics involves the study of
electronic circuits intended to control the flow of electrical energy. These circuits can
handle power flow at levels much higher than the individual devices ratings ... " and
“...power electronics deal with conversion and control of electrical power with the
help of electronic switching devices.”

Power electronics involves several academic disciplines creating a complex
system, including semiconductor physics, control theory, electronics, power systems,
and circuit principles. The comprehensive aspect of power electronics makes the pre-
sentation of its contents difficult. The interdisciplinary nature of power electronics
requires the integration of the practices and assumptions of all the academic dis-
ciplines involved, as well as calling for significant prerequisites on the part of the
students enrolled for the course. Figure 1.1 illustrates this by analogy, with the pre-
requisite skills needed for a power electronics course being shown as the roots of a
tree, the various power electronics devices as the trunk, and the resulting technologies
and applications (power quality, renewable energy systems, etc.) as the branches.

Since the dawn of solid-state power electronics, the use of semiconductor
devices has been the major technology to drive power processors. A comparison

Advanced Power Electronics Converters: PWM Converters Processing AC Voltages,
Forty Fifth Edition. Euzeli Cipriano dos Santos Jr. and Edison Roberto Cabral da Silva.
© 2015 The Institute of Electrical and Electronics Engineers, Inc. Published 2015 by John Wiley & Sons, Inc.
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of the semiconductor devices formerly used in controlled rectifiers with new
technologies underlines this dramatic development. In addition to the improvement
of power switches, there has also been great activity in terms of circuit topology
innovations.

A power electronic converter is the centerpiece of many electrical systems.
Common applications include, but are not limited to, motor drive systems, renew-
able energies, robotics, electrical and hybrid vehicles, and circuits promoting power
quality. These applications have required considerable research worldwide to develop
semiconductor devices, configurations that process ac and dc variables, control and
diagnosis, fault-tolerant systems, and the like.

In addition to the technical side mentioned already, the educational aspects have
considerable importance, as students usually consider power electronics courses to
be particularly difficult, perhaps because of their interdisciplinary nature. Achieving
student motivation is thus a fundamental task of educators involved in the field of
power electronics.

In this context, this book discusses a novel methodology for presenting an
important set of power electronics converters, that is, topologies that process ac
voltage. The common approach to teaching converters is to consider each type
individually, in a separated and isolated manner. The direct consequence is that the
learning process becomes passive as the power electronics configurations are pre-
sented without any consideration of their origin and development. Since the teaching
process is based on the topology itself, students develop no ability to construct
new topologies, different from the conventional ones. Section 1.2 outlines this new
methodology.
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1.2 BACKGROUND

Although presenting the basics of power devices as well as an overview of the main
power converter topologies in Chapter 2, this book focuses primarily on configura-
tions processing ac voltage through a dc-link stage. This book is ideally suited for
students who have already taken an introductory course in power electronics. It also
serves as a reference book to senior undergraduate and graduate students in electrical
engineering courses. However, students can easily manage despite the lack of knowl-
edge of power devices and basic concepts of converters, because they are explained
in Chapter 2.

Systems with power electronics conversion have been used to guarantee grid
and load requirements in terms of controllability and efficiency of the electrical
energy demanded, especially in industrial applications. Power electronics topologies
convert energy from a primary source to a load (or to another source) requiring any
level of processed energy.

Classifications of the power electronics topologies can be done in terms of the
type of variable under control (i.e., ac or dc), as well as the number of stages of
power conversions used, as observed in Fig. 1.2. Figure 1.2(a) shows, in a general
way, many of the possibilities related to energy conversion. Figure 1.2(b) highlights
a direct ac—ac conversion, which converts an ac voltage (v, ) with a specific frequency
(f1) to another ac voltage with a different (or same) voltage (v,) and frequency (f>);
this converter is normally called a cycle converter. Figure 1.2(c) depicts the ac—dc
or dc—ac conversion, while Fig. 1.2(d) shows a dc—dc converter. Even admitting

@) @e@ @-)
iWiinved Ji

dc dc dc dc dc dc
Va) | < [ vy Va) | S [ () < vy

)= @GP () 6
0 A

dc dc dc dc dc dc
Vo) | < [ (V) o) | S [ vy W) | > [ v)

(d) (e) ()
Figure 1.2 Power conversion: (a) all possibilities of conversion, (b) cycle converter,
(c) rectifier or inverter, (d) chopper, (e) ac—dc—ac, and (f) dc—ac—dc.
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that Fig. 1.2(e) and 1.2(f) could be considered as extended versions of the previous
cases, those conversion systems (ac—dc—ac and dc—ac—dc) are presented in Fig. 1.2
because of the large use in different applications.

Special attention is given to the conversion systems presented in Fig. 1.2(c)
and 1.2(e), dealing with configurations that process ac voltage (at input and/or output
converter sides) with one dc stage. A systematic approach is taken for the presenta-
tion of those configurations, instead of just showing them separately, as is normally
done in a conventional presentation. Another aspect of this book is that only the sub-
jects related to the converters themselves will be considered, which means that the
contents dealing with either ac filters or transformers will be omitted. This will give
more room for exploring the details of each topology and its concept. In this way, the
method of conceptual construction of power electronics converters can be highlighted
appropriately.

1.3 HISTORY OF POWER SWITCHES
AND POWER CONVERTERS

Configurations of power electronics converters have provided an attractive alterna-
tive for the applications needing energy processing, considering the acceptable level
of losses associated with the conversion process itself, as well as improvement in
reliability. As previously mentioned, power electronics converters must control the
power flow, which means that the development of the devices used in those convert-
ers is crucial to guarantee the expected features. In this section, a historic view of
the power electronics devices will be furnished, highlighting the main events that
contributed to the current development.

The history of power electronics predates the development of the semiconduc-
tor devices employed nowadays. The first converters were conceived in the early
1900s, when the mercury arc rectifiers were introduced. Until the 1950s the devices
used to build power electronics converters were grid-controlled vacuum tube recti-
fier, ignitron, phanotron, and thyratron. There were two important events in the power
electronics development: (i) in 1948, when Bell Telephone Laboratories invented the
silicon transistor, with applications in very low power devices such as in portable
radios and (ii) in 1958, when the General Electric Company developed the thyristors
or SCR, first using germaniums and later silicon. It was the first semiconductor power
device.

Besides these two events, many developments have been achieved in terms
of switching development. Between 1967 and 1977, the gate turnoff (GTO)
(gate-controlled switch) and gate-assisted turnoff thyristor (GATT) (gate-assisted
turnoff switch) were invented. Power transistors, MOSFETs (metal oxide semi-
conductor field-effect-transistors), MCTs (MOS-controlled thyristor) and IGBTs
(insulated-gate-bipolar transistors) have been invented since the end of 1970s. In
addition, it is worth mentioning that the area of power electronics was deeply
influenced by microelectronics development, and the history of power electronics is
closely related to advances in integrated circuits to control switching power supplies.
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Figure 1.3 Timeline of historical events in the power electronics devices evolution.

Figure 1.3 depicts the timeline showing the development of power electronics
devices.

An important chapter in the history of power electronics converters was the
development of switching power suppliers. In 1958, the IBM 704 computer, which
was developed for large-scale calculations, used as a switching power supplier the
primitive vacuum tube-based switching regulator. But the revolution in power sup-
plier concepts came in the late 1960s, when the switching power supplies replaced the
linear ones. In a linear power supply, regulated dc voltages are obtained from the ac
utility grid throughout the following sequence of steps: (i) 60 Hz power transformer,
to converter 120 ac voltage at the primary transformer side to low voltage at secondary
transformer side; (ii) such voltage is converted to dc with a simple diode rectifier; and
(iii) a linear regulator drops the voltage to a desired value. Indeed, it is possible to
identify many problems related to this technology, such as low efficiency (50—65%
of the power is wasted as heat), and it was heavy and large (mainly due to the low
frequency transformer, heatsink and fans to deal with the heat). The advantages are
that it has a very stable output voltage and the conversion system is noise-free.

To overcome the disadvantages of the linear regulators, General Electric pub-
lished a design of an early stage switching power supply in 1959.

The concept of switching power suppliers is very different from linear regula-
tors. Instead of conducting power 100% of the time (i.e., turning excess power into
heat), the switches and passive elements are connected to rapidly turn the power on
and off. Unlike linear regulators, the ac utility voltage is converted directly to dc volt-
age, and the gating signal controls the time of the switching, regulating the average
voltage desired at the output converter end.
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Another important development in power electronics configurations was the
controlled rectifiers, especially with the production of the silicon-controlled rectifier
(SCR or thyristor). Such a device allowed the control of high power by just changing
the signal applied to its gating circuit with higher efficiency rather than the older
technology of employing a mercury arc rectifier.

1.4 APPLICATIONS OF POWER ELECTRONICS
CONVERTERS

The range of applications for power electronics converters is so large that it goes
from low power residential applications to high power transmission lines. Many of
those applications can be considered as traditional ones (e.g., rectification circuits and
motor drive systems). On the other hand, a few emerging applications have generated
wide interest (e.g., renewable energy systems). A brief discussion matching the power
electronics converters with those applications will be introduced here, with the details
of those applications being presented throughout the chapters.

Figures 1.4 and 1.5 summarize some examples that demonstrate the presence
of power electronics in a wide range of applications. Figure 1.4(a) shows schemati-
cally the application of power electronics in hybrid/electric vehicles. From the power

CPU

+, Power electronics
., apparatus
'\
y

Single-phase
% utility grid
N

Energy-control-
center

(©) (d)

Figure 1.4 Applications of power electronics using converters that process ac voltage.
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Figure 1.5 Application of power electronics in a distributed generation system. C stands for
converter.

electronics point of view, the hybrid and fully electric automobiles differ one from
another, mainly due to the power ratings of the inverters used. While a typical inverter
rating is about 50 kW for the hybrid vehicle, the inverter rating for a fully electric
vehicle is about 200 kW. The inverter motor drive system that furnishes energy to the
power-train is by far the most important power electronics system used in this kind of
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application, but the battery charge and other peripheral systems are also crucial. The
main features expected in this application are high efficiency performance, compact
on-board energy storage, and low manufacturing cost for market competition with
conventional thermal-engine vehicles.

Desktop and laptop computers can be considered as systems with on-board
distribution schemes where different dc bus voltages are required. Inside these equip-
ment can be found many power electronics converters, as seen in Fig. 1.4(b). An
ac—dc converter produces a dc voltage bus from an ac utility grid, which will be
employed by different dc—dc converters to supply the microprocessor, disk drive,
memory, and so on. In the case of laptops, a battery charger is added with a power
management system to control sleep modes, which guarantees extension in battery
life via power consumption reduction.

Figure 1.4(c) shows the application of the power electronics converters in
renewable energy systems, which nowadays is a hot topic in the political agenda
of many industrialized countries, mainly due to environmental issues and as an
alternative way to establish a decentralized generation system. It is worth mentioning
that, besides the advantages of renewable energy, this kind of system presents a high
price energy generation, especially when it is compared to conventional sources such
as hydroelectric power and coal. In this sense, power electronics converters must
deal with efficiency, reliability, and cost reduction, in order to make those alternative
sources of energy more competitive.

Figure 1.4(d) shows a trolley bus, which is an electric bus that receives electrical
energy directly from overhead wires (generally suspended from roadside posts) by
using spring-loaded trolley poles.

A well-defined traditional power distribution system has a radial topology and
unidirectional power flow to feed end-users. However, in the last few years, there has
been research and development in replacing this paradigm by a new and complex
multisource system with active functions and bidirectional power flow capability. In
this new scenario, the utility grid is supposed to guarantee load management and
demand side management, as well as using market price of electricity, and forecasting
of energy (e.g., based on wind and solar renewable sources) in order to optimize the
distribution system as a whole.

A microgrid can be defined as a localized grouping of electricity generation,
energy storage, and loads that are normally connected to a traditional centralized
grid (macrogrid), as seen in Fig. 1.5. Figure 1.5 shows a microgrid with a dc bus,
where the power converters (represented generically by the letter C) interface dis-
tributed sources and loads with the dc bus. The point of common coupling (PCC)
between micro- and macrogrid can be disconnected, which means that the microgrid
can then operate autonomously. In this case, an island detection system is necessary,
which safely disconnects the microgrid. The interface between micro- and macrogrid
is possible due to advances made in the power electronics

The important equipment in this scenario is the Energy-Control-Center (ECC),
consisting of a bidirectional ac—dc (or dc—ac) power conversion converter used to
interface the utility ac grid and dc bus. The multiple dispersed generation sources
and the ability to isolate the microgrid from a larger network would provide highly
reliable electric power.
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Another important area in which power electronics is becoming more and more
common is in aerospace industry. Many loads classically powered by hydraulic net-
works were replaced by electrical power loads (e.g., pumps and braking). Besides
facing the common challenges, the power electronics converters must deal with harsh
environment constraints in terms of temperature, low pressure, humidity, and vibra-
tions.

1.5 SUMMARY

Following the introduction, this chapter presents in Section 1.2 the background of the
book, highlighting the type of configurations that this book will deal with (i.e., dc—ac
and ac—dc—ac converters). Section 1.3 gives a brief history of the power electronics
devices and power electronics converters, focusing on the development of switch-
ing power suppliers and SCR rectifiers. Finally, some applications are considered in
Section 1.4 to show the wide range of applications of power electronics converters.
Readers can find further discussion from References 4 to 13.
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CHAPTER 2

POWER SWITCHES
AND OVERVIEW OF BASIC
POWER CONVERTERS

2.1 INTRODUCTION

The basic principles and characteristics of the main power switches are presented
in this chapter. Furthermore, an overview of the principal power electronics
converters is furnished, highlighting the main characteristics for each type of
topology. Semiconductor power devices are the center piece of the power elec-
tronics converters. While the knowledge about such devices is crucial to design
a power converter with specific characteristics for a given application, the study
of different topologies brings up new possibilities to improve the energy process
system.

Before dealing specifically with pulse-width modulation (PWM) converters
processing ac voltage, which is the core of this book, this chapter considers a large
variety of power conversion possibilities. The converters studied in this chapter
include dc—dc, dc—ac, ac—dc, and ac—ac converters, as well as voltage-, and
current-source converters.

As the objective is to furnish an overview of the different types of switches
and converters, a deep analysis of the converters described in this chapter is omit-
ted. However, the following chapters present a systematic description of both power
converters, called Power Block Geometry, and the advanced PWM converters pro-
cessing ac voltage (e.g., multilevel converters and back-to-back converters) to the
smallest detail.

This chapter is organized as follows: Section 2.2 presents the ideal charac-
teristics of the major power switches available in the market, highlighting their
static and dynamic features; Section 2.3 shows the real characteristics of such
semiconductor devices, sorted in terms of dynamic characteristics; Section 2.4
describes basic power electronics converters, and finally, Section 2.5 summarizes the
chapter.

Advanced Power Electronics Converters: PWM Converters Processing AC Voltages,
Forty Fifth Edition. Euzeli Cipriano dos Santos Jr. and Edison Roberto Cabral da Silva.
© 2015 The Institute of Electrical and Electronics Engineers, Inc. Published 2015 by John Wiley & Sons, Inc.
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2.2 POWER ELECTRONICS DEVICES AS IDEAL
SWITCHES

The design and construction of power semiconductor devices focus on how to
improve their performance toward the hypothetical concept of an ideal switch.
Figure 2.1 shows the power switches and the year of development of each switch.
The performance of a given power switch is normally measured by its static and
dynamic characteristics. An ideal switch must have the following characteristics:
(1) infinite blocking voltage capability, (ii) no current while the switch is off,
(iii) infinite current capability when on, (iv) drop voltage equal to zero while on, (v)
no switching or conduction losses, and (vi) capability to operate at any switching
frequency.

There are different ways to classify a power switch. In this book, two differ-
ent ways are considered: static characteristics and dynamic controllability. The main

—

Ideal switch

Silicon carbide (SiC)

GalliumARsenide (GAAS)
technology

technology

BCT - Bilateral conduction
thyristor (1999)

ETO - emitter turn-off
(1998)

IGCT - Integrated gate-
commutated thyristor (1996)

MTO — MOS turn-off

SITH static induction thyristor, (1995)

normally “on” (1983)

IGBT - insulated gate
MOSFET — metal-oxide field bipolar transistor (1983)

effect transistor (1975)
TRIAC (1963)

RCT (1963)

GTO (1960)
SCR - silicon-controlled BJT — bipolar

rectifier, thyristor (1956) junction transistor (1950)
Magnetic
amplifier

(1947) Ignitron (1930)

Mercury arc Thyratron (1920)
rectifier (1902)

Figure 2.1 Development of the power switches toward the concept of the ideal switch.
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figures of merit for the static characteristics are the graphs describing the current
versus voltage behaviors (/-V). On the other hand, for the dynamic features, the
capability to change the states on and off through either an external signal (gat-
ing command) or by the variables of the circuit in which the switch is connected
is considered. For example, there is no gating signal to turn on and off a diode,
its conduction or blocking depends upon the voltage and current imposed by the
circuit.

2.2.1 Static Characteristics

The static characteristics of the power semiconductor devices are related to their abil-
ity to either conduct or block one or two polarities, as shown in Fig. 2.2.

Figure 2.2(a) and 2.2(b) shows the ideal /—V characteristic for the blocking
and conducting states, respectively. Figure 2.2(c)—2.2(g) depicts the voltage versus
current (/-V) ideal characteristics for the main devices found in the market.

The semiconductor devices can, therefore, operate with either unidirectional or
bidirectional (UniC or BidC) current, and with either unidirectional or bidirectional
voltage (UniV or BidV). For example: (i) diode, bipolar junction transistor (BJT),
and insulated bipolar junction transistor (IGBT) are unidirectional voltage and cur-
rent type of devices, (ii) SCR is an unidirectional current and bidirectional voltage
device, (iii) TRIAC and bidirectional controlled thyristor (BCT) are bidirectional in
current and voltage, and (iv) MOSFET is unidirectional in voltage and bidirectional
in current.

The characteristics presented in Fig. 2.2(c)-2.2(g) play an important role for
the specification and design of the power electronics converters. These graphs are
in fact approximations of the real /—V characteristics of the device. For example,
Fig. 2.2(c) is an approximation of the real characteristics of a power diode, which is
presented later in this chapter.

2.2.2 Dynamic Characteristics

The dynamic characteristics of a specific device are related to the behavior of voltage
and current when there is a change either from conduction to blocking state or from
blocking to conduction. Such a change is known as commutation or switching. The
commutation (or switching) from the blocking state to the conduction state is referred
to as either turn-on or conduction. The commutation from the conduction state to the
blocking state is referred to as either turn-off or blocking. For the /—V characteristic
curves (shown in Fig. 2.2), the commutation process corresponds to going from the
operating point on an axis to another one. For example, for a switch UniC/UniV with
direct voltage as in Fig. 2.2(c), the blocking procedure makes the variables of the
switch (voltage and current) go from the /-axis to the V-axis.

In fact, the commutation process can be spontaneous or controlled, as shown
in Fig. 2.3. Four cases are presented as follows:

e Spontaneous conduction (SC)—see Fig. 2.3(a);

e Spontaneous blocking (SB)—see Fig. 2.3(b);
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] i

v v
Blocking state Conducting state
(@) (b)
s Iy
v v
Unidirectional current (UniC) Unidirectional current (UniC)
Unidirectional (reverse) voltage Unidirectional voltage(UniV)
(UniV-r) (d)
(c)
ti ti
v . v
Unidirectional current (UniC) Bidirectional current (BidC)
Bidirectional voltage (BidC) Unidirectional voltage (UniV)

(e) ()

Bidirectional current (BidC)
Bidirectional voltage (BidV)
(9)

Figure 2.2 Ideal /-V characteristics for blocking and conduction states of the power
switches available in the market.

e Controlled conduction (CC)—see Fig. 2.3(c);
e CB—see Fig. 2.3(d).

In the case of spontaneous commutation (i.e., conduction and blocking), the
change of state is defined by the variables of the power circuit, while for the controlled
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- characteristics of an ideal device
considering its commutation
process. (a) Spontaneous turn on,
(b) spontaneous turn off, (c)
controlled turn on, and (d)
(c) (d) controlled turn off.
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commutation, the change of state is guaranteed via a gating signal (command
signal).

Figure 2.4 shows the behavior of the voltage and current in time-domain (left
side) and dynamic characteristics (right side) for SC, SB, CC, and CB. The points (P1,
P2, and P3) along with the axes in Fig. 2.4 illustrate the behavior of the variables when
the switching process occurs for both spontaneous and controlled commutation. For
example, in Fig. 2.4(a) P1 indicates the operation point when the switch is blocked,
which means that such a device is submitted to a negative voltage while its current is
zero. The operation point P2 shows the device’s behavior while its voltage has been
reduced. Finally, P3 shows the values of voltage and current when the switch is turned
on. This commutation process occurs, for example, in a rectifier circuit with diodes
where the circuit itself allows the state change from blocking to conduction. A similar
analysis can be done for SB in Fig. 2.4(b).

On the other hand, a controlled commutation device must have a control elec-
trode, usually called a gate or base, in addition to the two main terminals. A control
signal applied to the gate or base, while the voltage applied between the main termi-
nals is positive, results in change of state in a desirable manner, that is, from one axis
to another, as shown in Fig. 2.4(c) and 2.4(d).

In terms of dynamic characteristics, the ideal power devices can be classified
as follows:

e SC/SB;
CC/SB;
CC/CB;
SC/CB.
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(b)
P2
—
P1 E
i : t
P1 ;
—t
P2
©
P1
f P2
i ‘ t
: —6—
i P2
| Figure 2.4 Comparison on time-domain
P1 t and dynamic characteristics during the

commutation process. (a) SC, (b) SB,
(d) (c) CC, and (d) CB.
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2.3 MAIN REAL POWER SEMICONDUCTOR DEVICES

The most common power electronics devices are diodes, thyristors, and power tran-
sistors. Usually they have two power terminals (anode/cathode, or collector/emitter or
drain/source) and one or more command terminals ( gate/ base). Unlike the ideal char-
acteristics presented earlier, real devices have practical limits for rated voltage and
current, as well as for their operation frequency. Such limits are normally specified by
the datasheet furnished by manufacturers. Therefore, the device characteristics and
their specification are crucial to choose a particular power device instead of others.
The most common nonideal device characteristics are

(a) The Forward and Reverse Voltage Capability. The main limiting ratings are as
follows:

(b)

(c)

I

iii.

iv.

Forward Blocking Voltage. The maximum repetitive forward voltage that
can be applied to the power terminals of the device (normally from anode to
cathode, from collector to emitter, from drain to source) so that the device
blocks the current flow (blocking state) in the direct sense, unless com-
manded to turn on.

ii. Reverse Blocking Voltage. The maximum repetitive reverse voltage that can

be applied to the power terminals of the device (from cathode to anode, for
instance) so that the device blocks the current flow in the reverse sense.

Maximum Peak Nonrepetitive Forward and Reverse Voltage. The maximum
nonrepetitive forward and reverse voltages, respectively, under transient
conditions.

V4 and Vp. Maximum continuous direct (forward) and reverse blocking
voltages, respectively. This is the maximum dc voltage that the diode can
withstand in reverse-bias mode on a continual basis.

. Forward Voltage Drop. This is the instantaneous value of the drop voltage,

which is normally dependent on the temperature.

The current capability while the device is on (conducting) is junction
temperature-dependent. The main limiting ratings are the following:

i.

ii.

iii.

iv.

On-State Current. It is the average value of the conduction current.

On-State Root Mean Square (RMS) Current. It is the RMS value of the
conduction current.

Peak Repetitive Forward Current. It is the maximum repetitive current that
can flow through the device.

Peak Surge Forward Current. It is the maximum nonrepetitive forward cur-
rent that can flow through the device under transient conditions.

It should be noted that when blocked, the device still conducts a leakage current
that can be forward or reverse, depending on the device state.

The switching is not instantaneous, so there are limits in the switching fre-
quency, as follows:

i.

Turn-On Time. It is the time required to complete the turn-on process.
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ii. Turn-Off Time or Recovery Time (t,.). it is the minimum interval of time
required from the instant the conduction current is decreased to zero so that
the device is capable of withstanding the forward voltage without turning
on.

iii. dv/dt. It is the maximum variation rate of the forward voltage that can
be applied to the device in the blocking state without starting a nonpro-
grammed turn-on.

iv. di/dt. Itis the maximum variation rate of the forward current during turn-on
that can be applied to the device; higher di/dt than the one specified by the
manufacturer may destroy the component.

(d) The maximum switching frequency depends on the recovery time of the device.

(e) Power Losses. There are three main components of losses in a semiconductor
device: (i) switching losses (turn-on and turn-off), (ii) conduction losses, and
(iii) reverse conduction losses.

The most used devices in industrial applications are considered in the following
section. Such switches are sorted in terms of their dynamic characteristics.

2.3.1 Spontaneous Conduction/Spontaneous Blocking

The conventional diode and the Schottky diode have the characteristic of SC and SB,
as presented in the sequence.

The Conventional Diode The conventional diode is a silicon p—n junction device
with two terminals, anode (A) and cathode (K), that conducts current from A to K and
blocks the reverse current. The rating of the voltage goes up to 9 kV with 4.8 kA and
5 kV with 13 kA. Its symbol is presented in Fig. 2.5(a) and its real /—V characteristic
is given in Fig. 2.5(b). The diode conducts when v, > 0, the current being limited by
the external circuit, its typical direct voltage drop is 0.7 V. Generally speaking, it can
be said that they recover their reverse blocking capability when the forward current i,
goes to zero and a reverse voltage is applied across its terminals, for an interval of time
longer than the reverse recovery time ¢, obtained in its technical data sheet. In reality,
after reaching zero, the current reverses its direction, reaching a reverse peak called
“peak reverse recovery current” that is comparable to the forward current. Snubber

Figure 2.5 The diode: (a) symbol and
(a) (b) (b) I-V characteristic.
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circuits are essential for the adequate protection of the diode. The snubber circuit will
protect it from overvoltage spikes, mainly due to the junction capacitance and leakage
inductance from terminals and circuit connections. The basic snubber circuit is com-
posed of a capacitor in series with a resistor connected in parallel with the diode. The
size of the snubber circuit is reduced for the fast (z,, < 1 ps) and ultrafast recovery
diode (z,, < 100 ns), with ratings reaching: (i) 600 V, 30 A and ¢, = 50 ns, and (ii)
1200 V, 120 A, t,, = 85 ns. Recent development in the silicon carbide material allows
reducing the diode reverse recovery time up to 16 ns.

The Schottky Diode Unlike the standard diode presented previously, the Schottky
diode is formed by a metal—semiconductor junction (the p material is replaced by
metal). It has a lower conduction drop voltage (typically 0.5 V) and faster switching
time than the standard diode (less than 100 ps), which allows its operation in higher
frequency. However, it has lower blocking voltage (typically up to 200 V) and higher
leakage current. Its silicon carbide (SiC) version is promising and has been already
tested to withstand 1.2 kV with 60 A.

2.3.2 Controlled Conduction/Spontaneous Blocking Devices

The main devices in this group are the silicon-controlled rectifier (SCR) and the TRI-
ode AC (TRIAC).

The SCR The SCR is a silicon p—n—p—n device with three terminals: two power
terminals, anode (A) and cathode (K) through which the current flows, and a control
terminal, named the gate terminal (G). It is unidirectional in current and blocks in
both forward and reverse directions (UniC/BidV). The device is triggered by a posi-
tive gate current pulse. When the gate is not triggered the SCR blocks the current in
the forward direction even with v, > 0. If i, > 0 while v, > 0, the SCR conducts
the current from anode to cathode imposed by the circuit in which the SCR is inserted.
Its voltage drop in conduction is from 1 to 4 V. Once in conduction, the SCR behaves
like a diode and it can only be turned off when the anode current becomes zero. After
the current reaches zero, a reverse voltage should be applied across its terminals in
order to accelerate the capability of forward blocking. Note that the gate loses con-
trol over the SCR during its conduction. The symbol and real /—V characteristics are
shown in Fig. 2.6(a) and 2.6(b), respectively. The direct and reverse voltages across
its terminals are symmetrical in the conventional SCR (there are SCRs with asym-
metrical voltage characteristics, the ASCR) and can reach 5 kV with 5 kA and 12 kV
with 2.3 kA, or even 5 kV with 8 kA. Unexpected turn-on can occur due to a high
dv/dt. For these reasons a snubber circuit with a capacitor can be used to avoid both
triggering by dv/dt and overvoltage spikes, a resistor that limits the current peak, and
an inductor that limits the di/dt rate.

The TRIAC The TRIAC is a thyristor that operates as two SCRs monolithically
integrated connected in antiparallel. Such a device can conduct and block in both
forward and reverse directions (BidC/BidV). It has two power terminals, 7 and T,
and one gate G. Its symbol and its /—V characteristic are presented in Fig. 2.7(a) and
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Figure 2.6  The SCR: (a)
symbol and (b) /-V
(a) (b) characteristic.

2.7(b), respectively. When vy = vy — vy, is positive (quadrant I) and the TRIAC is
turned on by a positive gate current pulse. But when the v; is negative (quadrant III)
it is turned on by a negative gate current pulse. The operation in quadrants IT and IV
is also possible but the gate triggering is less sensitive in these cases. Also, the dv/dt
is poorer than that of SCRs.

Other CC/SB devices are the light-activated SCR (LASCR), the reverse con-
ducting thyristor (RCT), which functions as an SCR with an inverse-parallel diode
(BidC/UniV), and the BCT, in which two SCRs are also connected in antiparallel,
but differently from the TRIAC, each one acting independently with its independent
gate control (BidC/BidV).

2.3.3 Controlled Conduction/Controlled Blocking Devices

The main CC and CB devices are (1) basic transistors, like the BJT and the metal oxide
semiconductor field-effect transistor (MOSFET); (2) basic thyristors, like the gate
turn-off (GTO); (3) mixed transistors, like the IGBT; and (4) mixed thyristors, like
the MOS-controlled thyristor (MCT) and the Integrated gate commutation thyristor
(IGCT).

Bipolar Junction Transistor (BJT) Unidirectional in current, the BJT can be
either n—p—n or p—n—p and it has asymmetric blocking, only withstanding some
tens of reverse blocking voltage (UniC/UniV). Its symbol and static characteristics

ir

Figure 2.7 The TRIAC: (a)
symbol and (b) I-V
(a) (b) characteristic.
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. cC lic o
B
— TIB
B
E B=0 Figure 2.8 The BIT: (a)
Yce  symbol and (b) I-V
(a) (b) characteristic.

are shown in Fig. 2.8. It has three terminals, the collector (C) and emitter (E) through
which the current (i) flows and the base (B) that controls the amplitude of i.. Unlike
lower power BJT devices, the power devices operate in the quasi-saturated region,
which reduces the stored charge, avoiding the long recovery time obtained when
operated in the saturated region. As its dc current gain (hy,) is much lower than its
signal level counterpart (in general as low as 5), the Darlington connection is more
common because its dc current gain is higher. A disadvantage of this arrangement
is its drop voltage and leakage current. BITs with forward blocking voltage up to
1 kV are available.

The MOSFET Application of the metal oxide semiconductor (MOS) technology to
the field-effect transistor resulted in the power MOSFET. It has three terminals, the
drain (D), the source (S), and the gate (G).

Its symbol and /-V characteristics are shown in Fig. 2.9. It is an n—p—n, or
p—n—p, device in which its two p—n, or n—p, layers are connected through a metal,
so that a capacitor is formed between G and D. The MOSFET is turned on by a
voltage pulse. The MOSFET acts as a resistance while conducting and behaves
like a transistor before being turned on. Similar devices have been developed
under different names, depending on the manufacturer, such as the HEXFET
(“hexagonal-field-effect-transistor””), SIPMOS (“Siemens-Power Metal Oxide
Silicon”) and TMOS (“T flowing current metal oxide silicon”). Its forward blocking
voltage is in the range of 1kV and it can operate in high frequency. Since it has
an intrinsic diode in antiparallel connection, it operates with forward and reverse
current and can be classified as a BidC/UniV device. It has replaced the BJT in the
range of low voltage and high frequency but its disadvantage comes from its high
conduction resistance that increases with the voltage.

liD T”GS

S 6s=0  Fioure 2.9 The MOSFET:
Yps (a) symbol and (b) I-V
(a) (b) characteristic.
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(a) (b) characteristic.

However, it has been demonstrated that SiC MOSFET can have extremely low
on-resistance, thus saving energy. It has been predicted that in some applications the
SiC MOSFET will replace the Si-IGBT in the voltage range of more than 1 kV.

The IGBT The IGBT promoted a great revolution in power electronics as it uses
a mixed bipolar-MOSFET technology. It combines the advantages of the MOSFET
and the BJT Darlington, with controlled turn-on and turn-off. Like the MOSFET it
has a high input impedance and needs low energy to be switched on. Its symbol and
I-V characteristics are given in Fig. 2.10. The IGBT conduction drop voltage is small
(from 2 to 3 V in a device of 1 kV). The conventional device is unidirectional in cur-
rent and only blocks forward voltage (Unil/UniV) with a voltage of 6.5 kV for 750 A,
or 1.7 kV for 3.6 kA for dv/dt of order from 50, 000 V /ps to 100, 000 V /ps. The type
NPT (“nonpunch-through”) can reach 3.5 kV and 2 kA. Its typical turn on and turn
off time is from 200 ns to 1 ps. It is possible to design it to block the voltage in both
directions, forward and reverse voltages. Such a device has been recently introduced
in the market with the name of reverse blocking IGBT but for lower voltage (1.7 kV)
and current (25 A), 1200 V /40 A, 600 V /200 A. As for the MOSFET, the SiC tech-
nology is also designing SiC—IGBT, which has reached the high blocking voltage
of 15 kV.

The GTO The GTO did appear to give thyristors the option to control its turn-off.
Its symbol and /-V characteristics are given in Fig. 2.11 and it is, normally, a
UniC/UniV device. For turning on, it only needs a small pulse of positive current at
the gate. However, its turn-off current gain of the negative current pulse is typically
3-5, which means that for turning off a 6 kV/6 kA GTO, it needs a negative gate

iA‘

YAk

Figure 2.11 The GTO: (a)
symbol and (b) I-V
(a) (b) characteristic.
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current pulse of 1.5 kA. The reverse blocking GTO can withstand reverse voltage
of 4.5kV with 3 kA. Also, the GTO needs snubbers when used with inductive
load.

The MCT The MCT is also called MOS-GTO and combines the characteristics of
the FET integrated with the p—n—p—n structure of a thyristor. It is a UniC/UniV
device. When designed, it was expected that it would be able to handle more than
200 kVA and more than 1 MVA in subsequent years. In conduction, it approximates
to the SCR characteristics. Its blocking is obtained through the turn-off gate. How-
ever, even though it reached values of 2 and 3 kV and hundreds of amperes, its
acceptance by the market is still undefined at the moment. Its symbol is given in
Fig. 2.12(a).

The IGCT The IGCT was introduced in 1997 and it is a high voltage, high power,
asymmetric blocking device, with a structure very similar to a GTO thyristor. As it is
designed with a monolithically integrated antiparallel diode, it is a BidC/UniV type
of device. Its symbol is given in Fig. 2.12(b). It is a device with unity turn-off current
gain. This means that a 4.5 kV IGCT with a controllable anode current of 3000 A
requires a turn-off negative gate current of 3 kA. So it needs a great amplification
for turn off and, also, the gate driver must have an ultralow leakage inductance in
order to have short duration and very large di/dr. With this purpose, the gate drive
circuit is built in and such integration between the command and the device results
in high turn-off speed (1 ps) and basically eliminates the problem of dv/dt found in
GTOs permitting snubberless operation. In IGCTs the cathode current is diverted to
the gate before any distribution of current between gate and anode is observed so that
the structure p—n—p—n can be converted to a p—n—p structure. As a result, the IGCT
conducts as a GTO but turns off as an IGBT, combining the characteristics of these
devices. Other parameters superior in the IGCT as compared to the GTO are the con-
duction drop voltage and gate-driver loss. Its typical frequency is around 500 Hz it can
reach 1 kHz. The device has been applied in power system installations of 100 MVA
and medium power (up to 5 MW) industrial drives. Like the GTO and IGCT, the
reverse blocking IGCT (RBIGCT), symmetric, has been recently developed, and can
withstand 5 kV.

2.3.4 Spontaneous Conduction/Controlled Blocking Devices

Two devices can be classified as SC/CB, that is, the static induction transistor (SIT)
normally-on and the Static Induction Thyristor (SITH) normally-on.

A
G j

K G Figure 2.12  Symbol of the: (a) MCT and
(a) (b) (b) IGCT.
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A K
G

S g Figure 2.13  Symbol of: (a) SIT and
(a) (b) (b) SITH.

The SIT The SIT, also known as Junction Field-Effect Transistor (J-FET), is an
n-type field-effect transistor, voltage driven. Its symbol is given in Fig. 2.13(a). Itis a
UniC/UniV device with ratings of 1.2 kV and 300 A and can operate up to 100 kHz.
It conducts when v;g = 0 and its drain current can be controlled by the gate-source
voltage, v;g. However, the gate-source voltage required for turning off the device is
high and it is not uncommon that a voltage as high as 40 V (negative) is needed. This
characteristic of normally turned on with controlled turn-off classifies the device as
SC/CB (the SIT normally-off has been already developed, with limited performance).
However, its high forward voltage makes it unsuitable for most power electronics
applications, unless radio frequency operation is needed. Additionally, the difficulty
in manufacturing it raises concerns about its mass production. This device has been
shown to be more promising with the SiC technology reaching ratings of 1.2 kV/17 A
and 6.5 kV/5 A. Its range of power operation is up to 50 kW. It has been shown
that a SiC SIT of 125 V /2.2 kW can operate in the ultrahigh frequency range up to
450 MHz. However, the gate-source voltage required for turning this device off is
about Vg = =30 V. Although SiC SIT is a normally-on device, recently a SiC SIT
normally-off has been developed with ratings of 1.2 kV and 35 A, with a turn-off V5
of only —2.5 V.

The SITH The SITH, or SIThy, a device unidirectional in voltage, is a combination
of an n-channel SIT and a p—n—p transistor. Its symbol is given in Fig. 2.13(b). It is
a normally-on device with turn-off controlled by negative gate voltages and it does
not have reverse blocking capability. It can handle currents in the range of 300 A to
2 kA with a recovery time from 2 to 4 ps and it is a device rated with 1.5 kV /300 A
and has a rated frequency of 10 kHz but it is expected to be applied to power sources
up to 10 MHz. Although it can operate at higher frequencies compared to the GTO,
its higher drop voltage and lower current gain are its main disadvantages. As for the
SIT, the complexity of the manufacture process and the high negative gate voltage
for turning it off are its major drawbacks.

Exercise 2.1

The simple circuit presented below allows the power flow control between the
voltage source (V4 = 1 kV) and the resistive load (R,), by turning-on and -off
the switch S with switching frequency equal to f;. From the ratings of the
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switches given in this chapter determine the appropriate power device to be
employed as the switch S, considering the following conditions:

(a) fy =1kHzand R, = 0.6

(b) f,=50kHz and R, = 2.5

(¢) f, =200 kHz and R, = 10.
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2.3.5 List of Inventors of the Major Power Switches

The list of inventors of the major power devices available in today’s market is pre-

sented here:

Diode pn. The first semiconductor diode, a germanium-made device, was cre-
ated in 1952, 200 V/35 A, by R.N. Hall. Its counterpart in silicon was invented
by Russell Ohl at Bell Laboratories, 500 V.

BJT. In 1947, W. Shockley, J. Bardeen, and W. Brattain built a germanium
point-contact transistor. The BJT was created by W. Shockley from Bell Lab-
oratory in 1948 and developed in 1950 for 500 V/20 A. The first commer-
cially available silicon devices (grown junction) were manufactured in 1954 by
Gordon Teal.

SCR (Thyristor). The SCR or thyristor was proposed by William Shockley in
1950. It was theoretically described in 1954 and 1955 by J.L. Moll from Bell
Laboratory but it was not well accepted until GE manufactured a feasible device
in 1957. Its commercial version was available in 1958 and was championed by
G. E.’s Frank W. “Bill” Gutzwiller (300 V/16 A).

GTO. The GTO thyristor was created in 1962 by R. Aldrich and N. Holonyak
from GE. It was used until the 1970s when it was replaced by the silicon power
MOSFET and IGBT. This happened because the GTO was limited to low cur-
rent. For instance, in 1967 its maximum rates were 500 V/10 A. However, an
improved Hitachi GTO was developed in 1981 allowing for higher voltage and
current (2500 V/1000 A).

TRIAC. The bidirectional triode thyristor was created by F. W. Gutzwiller, from
GE, in 1963. It reached 40 A experimentally but the first commercial Triacs
were the SC40 and SC45, rated 200 V, 6 A, and 10 A, in 1965 and 1966,

respectively, following basic research steps developed by GE’s Aldrich and
Nick Holonyak (1958), and Finis E. Gentry and Tuft (1963).

RCT. The RCT was created in 1970 by Kokosa and B. Tuft from GE.
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e MOSFET. The first metal-oxide field-effect transistor was created in 1958 and
reported in 1960 by D. Kahng and M.M. Atalla, from Bell Laboratory. How-
ever, the first successfully commercialized power MOSFET was from Interna-
tional Rectifier.

e SITH or FCT (Field-Controlled Thyristor). The SITH was proposed by
J. Nishizawa from Mitsubishi Electric Corporation in 1975 (700 V); in the
same year a similar device that received the name of FCT was reported by
D.E. Houston.

e /GBT. The first IGBT with substantial current ratings was developed in 1982
by J. Baliga, from GE, with a symmetric blocking voltage of 600 V for 10 A
(6 kVA). It was also reported by J.P. Russel in 1983 under the name of COM-
FET, reaching 400 V and 30 A.

e SIT (normally “on” or JFET) was introduced by J. Nishizawa in 1975, 300 V,
2 A, with an output power of 5 W at 1 GHz, 36W at 200 kHz and 40 W at
100 MHz.

e BCT. The bilateral controlled thyristor was created by ABB in 1998, having
voltage and current ratings of 6.5 kV and 1390 A.

e /GCT. The IGCT was conceived in 1993 at ABB and reported in 1996 by P.K.
Steimer, H. Gruning et al. from ABB for 4.5 kV and 3 kKA. It was also reported
in 1996 by J. Sakano et al. from Hitachi and was able to block 4 kV.

o MTO. The MOS turn-off thyristor was invented in 1995 by D.E. Piccone et al.
from Silicon Power Corporation, with rated values of 6000 V and 500 A.

2.4 BASIC CONVERTERS

As mentioned earlier, a power electronics converter interfaces a source and a load
(or another source). The source can be either of voltage type or current type. Also,
the load can be of either voltage type (e.g., a capacitive load) or current type (e.g.,
an inductive load). The connection between a source and a load should obey the
following sequences: (i) voltage (V)—current (I)—voltage (V)—current (I), or (ii)
current (I)—voltage (V)—current (I)—voltage (V). Four connections between source
and load are then possible, as shown in Fig. 2.14, which establishes the following
connections, V-1, -V, V-V and I-I. Notice that, for the V-V connection
as in Fig. 2.14(c), the power converter interfacing load and source are expected

+ + + +
Power Power Power Power
3 converter converter bR converter y converter

(@) (b) (©) (d)

[+—1]

Figure 2.14  Four possibilities of connection between source and load.
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to have an inductor element inside that block. The same rationale applies for
Fig. 2.14(d).

Only sources and loads of different types can be directly connected, that is: (i)
a voltage source can be directly connected to a current-type load and (ii) a current
source can be directly connected to a voltage-type load. Such a restriction comes
from the need to avoid, for example, a parallel connection between two voltage-type
elements, and so preventing short-circuit between these two elements.

Except for the case of resistive load, the minimal number of switches that
allows interconnecting a source and a load is two, which is called basic commutation
cell. In fact such a commutation cell can be obtained with two different arrange-
ments, as seen in Figs 2.15 (Cell I) and 2.16 (Cell II). Cell I in Fig. 2.15(a), also
known as leg when it is arranged as presented in Fig. 2.15(b), can be used to con-
nect a voltage source to an inductive load. In Fig. 2.15(c), the source is connected
between points M and N while the load is connected to the point A, named as pole.
Instead, in Cell II in Fig. 2.16(a), or its leg representation [Fig. 2.16(b)], the cur-
rent source connected to point A allows feeding a capacitive load connected between
points M and N (voltage-type load), as shown in Fig. 2.16(c). It should be noticed
that while one of the switches is conducting, the other one is turned off. Note that
the pole (point A) can be connected to either point M or point N, so that it can only
assume the potential of those points. For this reason, both cells are said to be two-level
cells.

Figure 2.15 Basic cell employed to connect voltage source to current-type load.

M M r
S
A e g l A H
Sz
S2 S2 Figure 2.16 Basic cell
N I | employed to connect
N N
current source to
(a) (b) (©) voltage-type load.
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Figure 2.17 Principles for building power converters.

Figure 2.17 shows how different types of sources and loads can be connected
through the basic cells presented in Figs 2.15 and 2.16. As mentioned earlier,
sources and loads of the same type can only be connected through an intermediate
coupling circuit. For example, to connect a voltage source to a voltage-type load,
it is necessary to employ a current-type element (inductor) between the source
and load [see Fig. 2.17(c)]. For duality, the voltage-type element is a capacitor
that is used to connect both current source and current-type load, as shown in
Fig. 2.17(d).

The basic cells permit the basic converters used to convert energy from
dc-to-de, dc-to-ac, ac-to-dc, and ac-to-ac (or simply dc—dc, dc—ac, ac—dc, and
ac—ac) and also to extend them to more complex structures, in a more systematic
way. This will be in fact the approach employed in this book.

Depending of the application, it is possible to define two scenarios: (i) one
load supplied by one or more sources and (ii) one source supplying one or more
loads. Consider first the case in which there is only one load supplied from one or
more sources. Each source can be connected to either a switch (corresponding to the
point M in Fig. 2.15, for example), as shown in Fig. 2.18(a)—2.18(d), or to the pole
(midpoint of the leg, i.e., point A), as shown in Fig. 2.18(e) and 2.18(f). Similarly, for
the second scenario, when there is only one source and the load is constituted by one
or more elements, each part of the load can be connected to either a switch (point M,
for example), as shown in Fig. 2.19(g) or to the midpoint of the leg (A), as shown in
Fig. 2.18(h) and 2.18(i).

Notice from Figs 2.15-2.18 that the power switches, sources, and loads are
represented generically. The procedure to choose first the appropriate power switch
and the converter with desirable characteristics depends on the type of source and
load that have been considered, as well as the requirements for a specific application.
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Figure 2.18 Different ways to connect source(s) to the load(s).

The following technical characteristics are used for choosing the appropriate switch
and converter: (i) UniC or BidC, (ii) UniV or BidV, (iii) SC or CC, and (iv) SB or CB.
Other essential features are switching frequency, voltage and current ratings, and cost.

2.4.1 dc-dc Conversion

Buck Converter The buck converter is presented in Fig. 2.19(a), which comprises
(1) a dc voltage source (V) (ii) a basic cell as in Fig. 2.15(a) with switches S| and
S,, (iil) energy storage component (L) due to the interface between two voltage-type
elements, and (iv) a resistive load with voltage V. As demanded for this application,
both switches S; and S, should be (a) UniC and UniV and (b) CC and CB. However,
notice that S, must be complementary to S, to avoid a short circuit of the dc source
(V4c)> which means that when S| is on, S, should be off, and when S, is on, S, should
be off.
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Figure 2.19 Buck converter with: (a) basic cell and (b) real switches. (¢) TS 1. (d) TS 2. (e)
Diode voltage.

This means that the circuit will have the same functionality if a SC/SB type
of switch (i.e., diode) is employed for S,. Then, the circuit will be as shown in
Fig. 2.19(b).

There are two topological states (TSs) for the buck converter:

TS 1—The switch Q is on and conducts the inductor current, while the diode
is off, as shown in Fig. 2.19(c).

TS 2—When Q is turned off, the diode conducts the inductor current, as shown
in Fig. 2.19(d).

Example 2.1

Explain why a buck converter such as the one presented in Fig. 2.19 requires
two power switches with UniC and UniV characteristics.

Solution

As the output voltage is dc, the load current is also dc, which leads to a dc
current for /;. During the TS 1, the switch Q will carry this unidirectional
type of current (UniC) and during the TS 2 the diode will carry /;. When both
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switches are turned off their current will be zero. In terms of the voltage applied
to those devices, it is also UniV, as the voltage will be either zero or Vi, for QO
and either zero or -V, for D.

Figure 2.19(e) shows the diode voltage, which is the voltage applied to the LC
filter. While the time domain representation—as in Fig. 2.19(e)—provides a good
understanding of the topology itself, the frequency domain with the Fourier series
allows identification of the frequency components. In general terms, the expansion
of a periodical waveform f(¢) in Fourier series is given by

- 1 - .
n=F + = —-a, + a, cos(nwt) + b, sin(nwt 2.1
£ (,Z‘Tﬁ,()zog{n()n()} 2.1)
where F,, = 1/2(a,) is the average value and
1 2
a,=— f(®) cos(nwt)d(wt) forn=0, ...,00 2.2)
7 Jo
1 2
b, = — f(@) sin(nwt)d(wt) forn=1, ... ,00 2.3)
T Jo

In the case of Fig. 2.19(e), the average value F, in (2.1) is given by

Vo — Tor’}Vdc

s

= dVy, withd =T, /T, (2.4)

where T, is the interval of time with the switch S; on, T is the switching period
(Ton + Tog), and d is known as duty cycle.

Notice that the input voltage of the LC filter has infinite components of fre-
quency [see equation (2.1)], which must be filtered allowing, ideally, an output volt-
age V, with only the zero frequency component, as in equation (2.4).

Example 2.2

Assume the inductor voltage waveform and the information that this energy
storage component is in fact a passive element to deduce equation (2.4) without
the expansion in Fourier series.

Solution

The graphs below show the inductor waveforms (voltage and current) assum-
ing a continuous conduction mode (i.e., i; is always higher than zero). As the
inductor is a passive component, the average power on this device is zero, lead-
ing to an average voltage also equal to zero. It turns out that:(Vy, — V)T, =
VT and consequently: V, /V,. =T,,/T =d.
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Exercise 2.2

By using equations (2.2) and (2.3) calculate the Fourier coefficients a, and b,
from O to the seventh harmonic for two waveforms of the diode voltage with
buck converter operating with d = 0.5 and 0.75. Also, consider a switching
frequency equal to 50 kHz. If the LC filter in Fig. 2.19 is designed with a cut
frequency equal to 20 kHz (3dB), find out if this filter can cut the switching
frequency of the buck converter for both cases: d = 0.5 and 0.75?

Boost Converter The boost converter with the representation of the real semi-
conductor devices is presented in Fig. 2.20(a). Its TSs are given in Fig. 2.20(b) and
2.20(c).

TS 1—In this mode, the switch is on and the diode is off. The input voltage
is then applied to the inductor with a consequent increase in its current i .
Since D is off, the load current is provided by the capacitor C.

TS 2—This mode starts when the switch is turned off and consequently the
diode is on. At this moment, the energy stored at the magnetic field of the
inductor is released to the capacitor and load.

The average output voltage of the boost converter is given by

V
Vo — dc
(1-4a)

(2.5)
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Figure 2.20 Boost converter and its topological states.

The characteristics of the boost converter are the following:

1. Its output average voltage value is greater than the input voltage source.

2. Its input current is continuous with a ripple that depends on the value of the
input inductance and switching frequency.

3. The output voltage is positive.

Exercise 2.3

A boost converter as in Fig. 2.20 aims to obtain a dc output voltage of 120 V
from a voltage source with 24 V. The resistive load is 120 Q, switching fre-
quency is equal to 50 kHz and the converter operates at continuous conduction
mode (i; > 0). Determine: (a) duty cycle d, (b) average load current, (c) aver-
age source current, and (d) inductor value to guarantee a current ripple less
than 5%.

Other Basic dc-dc Converters 1In addition to the buck and boost converters pre-
sented previously, there are four other basic nonisolated dc—dc converters that can
control the output voltage, as shown in Fig. 2.21. The absolute value of their average
output voltage is given by

dVy,

T U=

(2.6)

For all of the topologies in Fig. 2.21, the average of the output voltage can be
either smaller or greater than that of the voltage source, depending on the value of d.
The main characteristics of the configurations presented in Fig. 2.21 are presented in
the sequence.
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Figure 2.21 Four basic dc—dc converters: (a) buck-boost, (b) cuk, (c) zeta, and (d) SEPIC.
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(i) Buck-Boost Converter. This converter is shown in Fig. 2.21(a) and can connect
a voltage source to a voltage type load. The characteristics of the buck-boost
converter are the following:

1. Both input current and the current ij, are discontinuous.
2. The output voltage is negative.

(ii) Cuk Converter. This converter is shown in Fig. 2.21(b) and can connect a cur-
rent source to a current-type load. The characteristics of the Cuk converter are
the following:

1. Both input current and output current are continuous.
2. The output voltage is negative.

(iii) Zeta Converter. This converter is shown in Fig. 2.21(c) and can connect a volt-
age source to a current-type load. The characteristics of the Zeta converter are
the following.

1. The input current is discontinuous and the output current is continuous.
2. The output voltage is positive.

(iv) Single-Ended Primary-Inductor Converter (SEPIC) Converter. The SEPIC
converter is based on the scheme of Fig. 2.21(d) and can connect a current
source to a voltage type load. The characteristics of the Zeta converter are the
following:

1. The input current is continuous and the current ij, is discontinuous;

2. The output voltage is positive.

2.4.2 dc-ac Conversion

The circuits that permit a conversion from dc to ac are also known as inverters.
They can be voltage-source inverters (VSIs), current-source inverters (CSIs)
and impedance-source inverters (ZSIs). The fundamental concepts and main
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Figure 2.22  (a) Half-bridge inverter and (b) its output voltage and current waveforms for
d=0.25.

characteristics of the VSI and CSI are given in the sequence, while the ZSI is
considered in Chapter 8 (Section 8.6.2).

Voltage Source Inverter (VSI) The simplest way to generate an ac voltage from a
dc source is with the arrangement as in Fig. 2.18(b) with the load connected between
the basic cell and two sources. Figure 2.22 shows the same converter with the repre-
sentation of real switches.

Half-Bridge When the switch ¢, is on, the voltage source +V,./2 is applied
to the load. The load current then increases exponentially. When ¢, is turned off (¢, is
on), the current is obliged to decrease via diode d,, and a negative voltage is applied
to the load. A similar operation but related to d; and g, starts when g, is turned
off. When d =T, /T, = 0.5, a square wave is generated at the inverter output. The
output voltage is depicted in Fig. 2.22(b) along with the load current. The expansion
in Fourier series of the output voltage is given by

4V [ . 1. 1 . 1 .
Uy = e [sm (@f) + = sin(Bwr) + = sin(5a1) + = sin(Jwr) + ] 2.7)
T 2 3 5 7

Equation (2.7) allows calculating the amplitude of the output fundamental volt-
age as well as the existing odd harmonics.

The sinusoidal variation of the duty cycle d inside the switching interval T
allows shifting the harmonics to the high frequency region. The order of the most
significant ones is around the frequency modulation index, defined as

my = JZ (2.8)
where f; is the frequency of the carrier signal that defines the switching frequency
(e.g., triangular waveform) and f,, is the frequency of the modulating signal (e.g.,
sinusoidal signal).

This technique is known as sinusoidal pulse-width modulation (SPWM). Its
implementation is achieved by comparing a sinusoidal (modulating signal) with a
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Figure 2.23  Sinusoidal modulation: reference (top) and pole voltage waveform (bottom).

triangle waveform (carrier signal), the frequency of the modulating signal being the
fundamental one and the carrier frequency defining the switching frequency. The
main waveforms of the SPWM are presented in Fig. 2.23 (top), while Fig. 2.23 (bot-
tom) shows the waveforms for the output voltage.
The relationship between the amplitude of modulating signal, V. and that of
the carrier signal, V,, defines the amplitude modulation index, m,,, that is
m, = V—:O 2.9
a Vt N
For the sinusoidal modulation (SPWM), the amplitude of the fundamental volt-
age is given by
VaO Vdc _ Vdc

Vo = — £ = < 2.10
b= Yo Ma— (2.10)

This means that the amplitude of the fundamental is directly proportional to the
amplitude modulation index (m,) for a given dc bus value (V).

Example 2.3

For a half-bridge inverter as presented in Fig. 2.22(a) supplying a resistive
load of 5Q, switching frequency of 10 kHz and V., = 100 V (duty cycle equal
to 50%), calculate: (a) the RMS of the output voltage assuming all harmonic
frequencies, (b) the RMS of the output voltage at the fundamental frequency,
and (c) output power as well as voltage and current processed by each
switch.
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Solution

(a) By definition, the RMS value of a periodic function f(¢) with period T is

given by
LT
Jrms = 7/0 QIR

Applying this equation for the waveform of the voltage presented in
Fig. 2.22(b), gives an output RMS voltage equal to
V RMS = 50 V

0.

(b) As observed in equation (2.7), the fundamental component of the output
voltage is given byv,,, = 2V,./z(sin(wt)), consequently the RMS value
of the fundamental voltage will be given by V, pms = 2V4e/ 71'\/_ =
4515 V.

(c) The output power is given by P, = VjRMs /R = 500 W. The blocking volt-
age and current processed by each switch is given by 100 V and 20 A,
respectively.

Exercise 2.4

Repeat the last example with a converter operating with a switching frequency
equal to 20 kHz and a RL load with R = 5Q and L = 15 mH.

Full-Bridge The circuit of the single-phase full-bridge inverter is given in
Fig. 2.24(a). The output voltage can be written as a function of the pole voltages, as

Ugp = Vg0 =~ Upp (2.11)

The main waveforms of the converter are shown in Fig. 2.24(b). In this case the
pole voltages v, and vy, are phase-shifted by180 electrical degrees.

As in the half-bridge with duty cycle equal to 50%, the output voltage includes
odd harmonics components, that is, third, fifth, seventh, and so on, as d = 0.5.

When the pole voltages are phase-shifted of § degrees, as shown in Fig. 2.25(a),
four of the eight modes of operation are given in Fig. 2.25(b)—2.25(e). In Mode 1,
switches ¢, and g, conduct the increasing positive load current (f, < ¢ < t,), then g,
is turned off forcing ¢, to conduct the load current along with d; in a free-wheeling
mode (Mode 2, t; <t < t,) until g, is turned off (z,). From this moment on, Mode
3 starts with d5 and d, conducting together; the load voltage becomes negative and
the load current is then forced to zero (¢, <t < t3). The zero crossing determines
the beginning of Mode 4, in which the current increases in the negative direction.
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Figure 2.24 (a) Single-phase full-bridge inverter. (b) Main waveforms.
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Figure 2.25 Single-phase full-bridge inverter. (a) Gating signals and main waveforms. (b)

Mode 1. (c) Mode 2. (d) Mode 3. (¢) Mode 4.

When ¢, is turned off, g5 starts conducting with d;, and so on, until the cycle is

completed.

The strategy of adding the phase-shift angle & modifies the amplitude of the
fundamental and harmonics of the load voltage, which is given in equation (2.12)
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Figure 2.26 Behavior of
the fundamental and

y harmonics of the output
0 20 40 60 80 100 120 140 160 180 voltage as a function of y.

as a function of y = 7 — 6. Figure 2.26 depicts the behavior of the fundamental and
harmonics components of the load voltage as a function of y. It can be observed that
for y = 120° the amplitude of the third harmonic is zero, although the 5th, 7th, 11th,
13th harmonics are still present.

4V,
Vi = n—;‘C sin (%) 2.12)

Another way to reduce the low frequency harmonic components for the out-
put voltage is to apply a PWM strategy for the gating signals, as previously done
for the half-bridge converter. There are different ways to generate the PWM signals
for the full-bridge converter, such as: (i) bipolar modulation—when the sinusoidal
references for pole 1 and pole 2 are in phase, (ii) unipolar modulation—when the
sinusoidal reference voltages are phase-shifted by 180°, and (iii) a third possibility
is to operate one of the legs with PWM signal while the other one is operated at the
fundamental frequency; this corresponds to the unipolar modulation with clamped
voltage. Details about the PWM for the full-bridge converter are furnished in Chapters
5 and 8.

Three-Phase Inverter A dc—ac three-phase converter is shown in Fig. 2.27.
The gating signal generation for the power switches can be obtained as done pre-
viously by either changing y to eliminate specific harmonics components or with a
PWM approach, which will push the harmonics to higher frequencies components.
First, assuming the pole voltages with phase-shift equal to 120° from each other, the
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line-to-line voltages can be calculated as
Uab = Va0 — Upo
Upe = Upp ~ U (2.13)
Uca = Uco — Ugo
As the load is Y-connected, it turns out that
1
Uan = §(2Ua0 — Upo — UCO)
v, = 1(2U v U,)
bn = F\&Uo = Ucp =~ Ugo
"3 oo (2.14)

1
Uen = g(zvco — Va0 — UbO)

Also, it can be shown that the relationship between the load neutral and the
midpoint of the dc bus for a balanced three-phase system is given by

1
Uy = g(UaO + Upo + UCO) (215)

The corresponding waveforms for equations (2.13)—(2.15) are shown in
Fig. 2.28.

As the line-to-line voltage in Fig. 2.28(b) was obtained with y = 120°, then
neither third harmonic nor its multiples are measured in these voltages. This is an
important characteristic for three-phase systems, as the natural phase angle displace-
ment among the phases (120°) allows elimination of harmonics.

It can be seen from Fig. 2.28 that there are six modes of operation. These modes
are highlighted in Fig. 2.29(a)-2.29(f). In addition to these six modes of operation,
there are two other modes of operation that apply zero voltage to the loads. These
are the free-wheeling configurations presented in Fig. 2.29(g) and 2.29(h), where
three bottom or upper switches conduct at the same time. Note that for simplifica-
tion purposes the operation modes of the three-phase circuit are presented with ideal
switch.
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Figure 2.28 Waveforms of
three-phase inverter. (a) Pole
voltages; (b) line-to-line
voltage; (c) load phase voltage;
and (d) zero-sequence voltage.

Another way to eliminate harmonics for the output voltage is to generate a
SPWM signal for the gating of the switches, as presented in Fig. 2.30, which shows
three reference signals phase-shifted by 120° compared to a carrier signal. This figure
shows also the pole voltages as a result of the sine-triangular comparison.

Example 2.4

Draw the waveforms of the pole voltages (v,q, Uy, and v,g), line-to-line volt-
age (v,;,), and load phase voltage (v,,) considering a SPWM strategy applied
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to dc—ac three-phase converter with the switching frequency and modulating
frequency equal to 10 kHz and 60 Hz, respectively. Also prove that m, — oo.

Solution

As the amplitude modulation index (m,) is infinite, from equation (2.9) it
means that the amplitude of the modulating signal is infinitely higher than the
amplitude of the carrier signal, which leads to a pole voltage and load voltages
as presented in Fig. 2.28.
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Figure 2.30 Three-phase
inverter waveforms with
PWM approach.

Exercise 2.5

The three-phase inverter in Fig. 2.27 (V. = 300 V) is operated with a sinu-
soidal PWM approach with a modulation index m, = 0.9. The ratio between
the frequency of the carrier and modulating signals () is high enough to
guarantee sinusoidal load currents when the three-phase load is constituted by
R =5 Q and L = 20 mH (per phase). The frequency of the modulating signal
is 50 Hz.

(a) What is the RMS value of the voltage v, at the fundamental frequency?
(b) What is the RMS value of the voltage v, at the fundamental frequency?
(¢) What is the RMS value of the current in each phase?

(d) CSI

The three-phase version of the CSI is shown in Fig. 2.31. As the current source
is unidirectional, the switches are of UniC type. However, due to the bidirectional
load voltage type, the switches must be of BidV type. In fact, the CSI is dual to the
VSI. Because of this, the line-to-line output voltage waveform of a VSI is equiva-
lent to the line output current waveform of a CSI. Using this knowledge, the CSI
can be controlled by the same PWM techniques used to control the VSI. However,
practical aspects such as dead-time generation follows different rules for both types
of converters.
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2.4.3 ac-dc Conversion

Ac—dc converters are also known as rectifiers. Such converters can be sorted as
uncontrolled or controlled rectifiers. An overview about this type of converter is pre-
sented here.

Uncontrolled Rectifiers Notice that a sinusoidal waveform as those obtained on
the utility grid has average voltage equal to zero. Some applications, such as dc motor
drive systems, require a waveform with average voltage different from zero.

If a resistive load is employed, the simplest way to satisfy the condition of
non-null average voltage is to use a power converter able to cut, for instance, the
negative part of the sinusoidal waveform, as presented schematically in Fig. 2.32(a).
A power switch series connected between the source and load will implement this
rectifier circuit with no need to use the basic cells as in Figs 2.15 and 2.16. It is
evident that the output voltage and output current are unidirectional, which leads to
a device with the following characteristics SC/SB/UniC/UniV-r, that is, diode. There
are two TSs defined by the variables of the circuit as there is no gating signal control.
The TSs are shown in Fig. 2.32(b).

However, for an RL type of load [see Fig. 2.33(a)] the sinusoidal input volt-
age obliges the current to become zero somewhere between wt = = and wt = 37/2

(a) (b)

Figure 2.32  Single-phase half-bridge diode rectifier with resistive load: (a) circuit; (b)
operation modes.
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(a) (b)
Figure 2.33  Single-phase half-bridge diode rectifier with inductive load: (a) circuit; (b)
operation modes.

(depending of the load power factor), thus turning off the diode. During the diode con-
duction after wt = x, the negative input voltage is applied to the load. Even dealing
with negative voltage, the diode will turn off only when both conditions are satisfied:
reverse voltage and zero current [see section “The Conventional Diode”]. In this case,
the average of the output voltage will vary with the load power factor, which is some-
times an undesirable condition. The output voltage varying with the power factor of
the load can be avoided by using a diode in parallel with the load (free-wheeling
diode), that, in fact, clamps the negative part of the load voltage at zero, as shown
in Fig. 2.34. The arrangement of two diodes as presented in this figure is indeed a
particular case of the basic cell shown in Fig. 2.15. In this case, the output voltage
will be equal to

V,=—" (2.16)

where V,, is the amplitude of the sinusoidal waveform.

Example 2.5
Deduce equation (2.16).

Notice from Fig. 2.34 that due to the inductive load, the arrangement of diodes
is in fact a basic cell (as in Fig. 2.16) constituted by diodes.

While a single-phase full-bridge diode rectifier is presented in Fig. 2.35(a), the
three-phase version is presented in Fig. 2.35(b). Both circuits are also one of the cases
presented in Fig. 2.18 with higher output dc voltage than the half-bridge, as in Figs
2.32-2.34.
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(a) (b)
Figure 2.34 Single-phase half-bridge diode rectifier with inductive load and free-wheeling
diode: (a) circuit; (b) operation modes.

(a) (b)

Figure 2.35 Diode rectifier: (a) single-phase and (b) three-phase circuits.

Controlled Rectifiers The controlled rectifiers can also be either half-bridge or
full-bridge topologies. Their control can be obtained either by phase control or by
PWM control, depending on the type of switch employed in the circuit.

Phase Control Considering a sinusoidal (bidirectional) voltage source
feeding a unidirectional inductive load, as shown in Fig. 2.36(a), the type of
switch for §; and S, can be given respectively by: CC/SB/UniC/BidV (SCR) and
SC/SB/UniC/UniV-r (diode), as in Fig. 2.36(b). The SCR is turned on at a given
angle « in relation to the moment that the SCR voltage becomes positive on its
terminals. Unlike the previous rectifiers, the angle control allowed by the gating
circuit of the SCR permits varying the output average voltage by changing a. This
technique is known as phase control.
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Figure 2.36 (a) Controlled ac—dc converter using a switching cell. (b) Single-phase rectifier
with SCR.

The average of the output voltage (\_/m,), as a function of both a and the ampli-
tude of the sinusoidal voltage, is given by

- V
Voo = ﬁ(l + cos ) (2.17)

It can be seen from equation (2.17) that when a = 0°, the value of the output
voltage is the same as in equation (2.16), as the SCR is equivalent to the diode when
a=0.

Exercise 2.6

Deduce the expression for the average of the output voltage as in
equation (2.17) of the controlled rectifier as presented in Fig. 2.36.

The single split-phase half-bridge rectifier is shown in Fig. 2.37(a), in which
the sinusoidal voltage sources v,.; and v,., are phase-shifted 180° to each other, as
shown in Fig. 2.37(b). Suppose that the load current is continuous (i.e., always above
zero) and that the SCR T, is turned on at a given angle « after v,,; becomes positive.
This voltage is then applied to the load. From wt = x, v,.; becomes negative while
U,e» becomes positive allowing 7, to be turned on when w? = 7 + . Until this time
the load current is furnished by v,., as shown in Fig. 2.37(c). From wt = 7 + « on,
U, feeds the load current, as shown in Fig. 2.37(d).

Note that when a free-wheeling diode is added as in Fig. 2.38(a), the negative
part of the output waveform is clamped to zero as in Fig. 2.38(b) and the output
average voltage is calculated from equation (2.17).

The three-phase and six-phase half-bridge rectifiers are shown in Figs 2.39 and
2.40, respectively. In the results presented in Figs 2.39(b) and 2.40(b) their output
voltages are obtained for @ = 30°. The general expression for the average output
voltage for a n-phase half-bridge rectifier considering a = 0° is given by (2.18).
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Figure 2.37 Single split-phase rectifier: (a) power circuit, (b) waveforms, and (c¢) and (d)
modes of operation.

V,="sin (E) (2.18)

Examples of the full-bridge rectifiers for single-phase and three-phase circuits
are presented in Fig. 2.41(a) and 2.41(b), respectively. The output voltage wave-
form of the full-bridge single-phase bridge is similar to that of the single split-phase
half-bridge rectifier. The output voltage waveform of the three-phase bridge is similar
to that of the six-phase half-bridge.

PWM Control A three-phase PWM converter with bidirectional power flow
capability, sinusoidal grid current, and power factor control is presented in Fig. 2.42.
Each phase can employ the boost principle so that the output voltage is higher than
the amplitude of the input voltage. This topology is discussed in detail in Chapter 9.
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Figure 2.38  Single split-phase rectifier with a free-wheeling diode: (a) power circuit and (b)
main waveforms.
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2.4.4 ac-dc Conversion

An example of a simple ac—ac converter is presented in Fig. 2.43(a), where the switch
is a TRIAC (or two SRCs in antiparallel), for a resistive load. By varying the switch
turn-on angle «, the RMS value of the fundamental component of the output voltage
is varied as well. During the positive semicycle of the input voltage, when turned
on, the TRIAC conducts from M, to M, and during the negative semicycle of the
input voltage, when turned on, it conducts from M, to M,. The voltages are shown in
Fig. 2.43(b). The need for a device of BidV type is confirmed from the waveform of
the voltage across the device. The RMS of the output voltage is given by

v .
V,, = 7’1\/1 (;: —a+ S‘“;“) (2.19)
2 T

The circuit shown in Fig. 2.44(a) is a single-phase ac—ac converter, referred to
as a cycloconverter. The switches must be of the type CC/SB and BidV/UniC as in
this figure. The positive (P) and negative (N) converters are controlled to achieve an
output voltage with variable amplitude and a variable frequency, as in Fig. 2.44(b).

Another ac—ac converter is the matrix converter, which consists of an array of
bidirectional switches that directly connect the load to the source. The three-phase
to three-phase conversion is given in Fig. 2.45(a) with ideal switches. The practical
realization of the matrix converter is presented in Fig. 2.45(b).




50 CHAPTER2 POWER SWITCHES AND OVERVIEW OF BASIC POWER CONVERTERS

=
o
o

v

Vac@ E; Yo

v

Figure 2.43  Simple ac—ac
converter: (a) circuit and
(b) (b) phase control.

i /\/\/\/\/\/\y
8 L15] | gy
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Figure 2.44 (a) Single-phase cycloconverter. (b) Waveforms of the circuit: (top) grid
voltage and (bottom) load voltage with dashed line.

The back-to-back converter is another way to generate a controlled ac voltage
from the utility grid voltage. Such a converter is also known as indirect ac—dc—ac
conversion, as there is a dc link between both ac stages, as in Fig. 2.46. This converter
is described in detail in Chapters 10 and 11. The ac—dc—ac converter can also be
implemented with a current source configuration.

2.5 SUMMARY

This chapter first classified the static (unidirectional or bidirectional features in
terms of current and voltage) and dynamic (spontaneous or controlled turn-on and/or
turn-off) characteristics of the ideal power switches. Then a summary of the main
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Figure 2.46 Indirect converter: ac—dc—ac conversion.

real power semiconductor devices available in the market was given, taking into
account the static and dynamic characteristics. It was outlined their limit values for
current, voltage, and switching frequency. The bedrock for the following chapters
was given by introducing the concept of basic switching cell, from which it is pos-
sible to generate the basic converter topologies used in power electronics. By using
these switching cells, a general discussion on the principles of power conversion
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from dc sources (dc—dc and dc—ac conversion) and ac sources (ac—dc and ac—ac)
is furnished. Also the principle of operation of the main converter topologies is
explained. It is expected from this chapter to provide the reader a systematic way of
deciding which type of power semiconductor is the most appropriate choice for a
given application based on: (i) the static and dynamic characteristic, (ii) voltage and
current ratings, and (iii) on the frequency of operation. In addition to the generation
of conventional power electronics topologies, the concept of cell can be applied
to conceive other topologies used by researchers and by related industry. These
other topologies, named in this book as advanced power electronics converters,
are introduced in the following chapters. Details on the topics can be found from
References 1 to 77. As will be presented from Chapter 3 onwards, this text will focus
on advanced power electronics converters that process AC voltage by using PWM
strategies as the gating signal control of the power switches.
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CHAPTER 3

POWER ELECTRONICS
CONVERTERS PROCESSING
ac VOLTAGE AND POWER
BLOCKS GEOMETRY

3.1 INTRODUCTION

This chapter provides a brief review of the main power electronics converters that pro-
cess ac voltage and an introduction to power blocks geometry (PBG), to understand
the power converters described later in this book. In fact, this chapter has a compi-
lation of the topologies studied throughout this book. The fundamentals of PBG and
its correlation to the development of power electronics converters are presented in a
general way; details regarding each converter are presented in the following chapters.
This approach is called geometry because it deals with interconnection of geometric
shapes following specifics axioms and conjectures.

The main goal of the PBG is to provide an alternative and systematic approach
for the presentation of the power converters used to process ac voltage. This strategy
employs formal methods based on a simple geometrical representation with estab-
lished rules. A universe with axioms and conjectures is defined in order to establish
a formation law. Through this method, which is called PBG, power electronics con-
figurations observed in the technical literature, especially the traditional ones, can be
obtained by following the proposed rules with a high level of abstraction. The PBG
method is a general approach that can be employed for the creation and develop-
ment of dc—ac and ac—dc—ac converters from two levels to n levels. It is demon-
strated that different types of converters processing ac voltage can be easily built by
using PBG.

The converters studied in this book have at least one stage that synthesizes
ac voltage (v,), as observed in Fig. 3.1(a). This kind of converter should be able to
create ac waveforms from a dc voltage, with at least two levels, as in Fig. 3.1(b).
Figure 3.1(c) shows a pulse width modulation (PWM) waveform for the output con-
verter, also with two levels, but with reduced harmonic distortion compared to that in

Advanced Power Electronics Converters: PWM Converters Processing AC Voltages,
Forty Fifth Edition. Euzeli Cipriano dos Santos Jr. and Edison Roberto Cabral da Silva.
© 2015 The Institute of Electrical and Electronics Engineers, Inc. Published 2015 by John Wiley & Sons, Inc.
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Figure 3.1 (a) Power converter able to synthesize ac voltage. (b) ac Output voltage with two
levels. (c) PWM ac output voltage with two levels. (d) Approach employed to determine the
pulsed voltage source.

Fig. 3.1(b). The focus of this book is topologies dealing with PWM voltages with two
or more levels obtained from a dc stage. Indeed, the block in Fig. 3.1(a) that processes
a PWM ac voltage can also be referred to as a pulsed voltage source. Figure 3.1(d), in
turn, shows the approach employed throughout this book to obtain the pulsed voltage
sources systematically. First, the PBG is considered to define what a single leg looks
like (LEG in Fig. 3.1(d) — circuit constituted by a set of switches able to generate
a waveform with two or more levels). Then the table of variables will be employed
to define both the model of the converter and the PWM strategy. Such a leg can be
defined from the PBG, considering different figures of merit, for example, number of
levels, quantity of semiconductors and passive elements desired.

This chapter is organized as follows: Section 3.2 introduces the concept of
PBG with the concepts, axioms, and postulates defining a systematic way to present
power electronics converters; Section 3.3 describes each power block (PB) used in
the PBG; Sections 3.4 and 3.5 describe the application of the PBG for multilevel and
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back-to-back configurations, respectively. Finally, Section 3.6 summarizes the entire
chapter.

3.2 PRINCIPLES OF POWER BLOCKS
GEOMETRY (PBG)

By definition, engineering is the application of science to practical uses, and one of the
most important approaches employed in engineering is the act of abstracting, that is,
simplifying a complex system in a simple statement or simple equation. An example
of abstraction is in analog and digital electronics where

OpAmp and Inverter Logic symbols are considered abstract elements that
describe the behavior of electrical variables. There is a high level of abstraction from
the physical elements to the symbols. Such a level of abstraction is crucial to the
development of important devices such as computers and satellites, as the designer
can focus on the functionality of each element (high level consideration) instead of,
for instance, either the interactions of atoms or operation of internal transistors (low
level consideration).

Also, the presentation of power electronics converters can involve some level
of abstraction, with the power switches (e.g., insulated-gate-bipolar transistor (IGBT)
and metal oxide semiconductor field-effect-transistors (MOSFETs)) being consid-
ered as a simple and ideal (loss-free) two-state switch, on (1) or off (0). In this sense,
the goal of the PBG is to bring a higher level of abstraction to the concept of convert-
ers by furnishing a set of concepts, axioms, and postulates, as presented in the rest of
this chapter.

Propositions, as considered in general statements of geometry relationships, are
basically divided into two types: (i) those assumed to be true, and (ii) those proven
to be true. The former are called (in Euclid’s terminology) axioms if they deal with
quantities and postulates if they deal with geometrical figures, while the latter are
called theorems. In this way, to axiomatize a particular system is to show that its
influences can be defined by a short set of sentences. Hence, it is possible to use
some concepts, axioms, and postulates to define a formation law for many power
electronics converters that process ac voltage as follows.

Concepts

Concept 1. PB is a basic unit of the power electronics configurations. There are
six different PBs, which are able to represent a large number of topologies
by just changing their arrangement.

Concept 2. Shape is either a slot or tooth with triangular or square geome-
try. Each block is constituted by either three or four shapes. Triangular and
square shapes are used to represent specific types of variables, that is, dc or
ac. On the other hand, slot and tooth are employed in the PBG to bring up
the intuitive aspect of mechanical connection among blocks.

Concept 3. PB—dc (PB which processes dc variables) is a PB with at least
one triangular shape. If a PB presents one or more triangular shapes, it is
considered a unit that processes dc voltage.
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Concept 4. PB—ac (PB which processes ac variables) is a PB without any tri-
angular shape. If a PB presents only square shapes, it is considered a unit
that processes ac voltage.

Axioms
Axiom 1. Every PB is constituted of at least three shapes.
Axiom 2. Every mechanical connection between PBs is an electrical connection.

Axiom 3. A dashed line denotes ac variable and a solid line denotes dc variable.

Postulates
Postulate 1. A triangular shape connects only with another triangular shape.
Postulate 2. A square shape connects only with another square shape.
Postulate 3. The triangular shape is associated with dc variables.

Postulate 4. The square shapes could be associated with either dc or ac
variables.

Regarding these concepts, the axioms and postulates described above, it is pos-
sible to construct a large number of configurations proposed in the technical literature
that process ac voltage.

Normally, power switches are considered the basic elements or cells for
construction of power electronics converters. Figure 3.2 shows different topologies
conceived for different applications, but with the same number of controlled power
switches (i.e., four power switches).

While Fig. 3.2(a) depicts an H-bridge configuration, Fig. 3.2(b) and 3.2(c) show
a leg for the three-level NPC and flying capacitor topologies, respectively; finally
Fig. 3.2(d) shows an ac—dc—ac single-phase half-bridge (at both sides) configura-
tion. It is worth mentioning that the configurations in Fig. 3.2 also process ac voltage

X5
X5

B

(a) (b) (©) (d)

Figure 3.2 Configurations employing four controlled switches: (a) H-bridge, (b) three-level
NPC, (c) three-level flying capacitor, and (d) ac—dc—ac single-phase half-bridge.
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through a dc stage and have the same number of switches. The conventional way to
present power converters with the switches as basic cells assumes the configurations
in Fig. 3.2 as distinct categories. As a consequence, students are unable to under-
stand how those configurations were created. A similar situation can be observed in
Fig. 3.3.

Also, in this figure, an isolated presentation hides the understanding of creation
of the topologies. In this case the configurations have six controlled power switches
and Fig. 3.3(e) shows a different type of topology (as compared to those presented in
Fig. 3.2) named nested converter.

To overcome such a difficulty, the conception of topologies by using the prin-
ciples of the PBG brings up a systematic presentation with a simple and familiar
concept of connecting blocks. Such an approach guarantees a formal outline needed
for a generalized and didactic presentation. It is worth emphasizing that with PBG it
is possible to create a large number of topologies from two- to n-level, just following
simple rules. The PBs used in the PBG is shown in Fig. 3.4. Figure 3.4(a) and 3.4(b)
shows three PB-dc and three PB-ac, respectively. See Concepts 3 and 4.

Each PB constitutes a set of power switches, which guarantees specific char-
acteristics for the blocks. Figure 3.5 shows what is obtained inside each PB. Dur-
ing the process of creation of the configurations the PBs are considered in their
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Figure 3.4 Basic units (power blocks — PB) used in the power blocks geometry (PBG):
(a) PB-dc and (b) PB-ac.
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higher level (i.e., with strong abstraction from the details inside the blocks). The
connections among the PBs, considering the postulates mentioned previously, will
be employed for construction of the classical and nonconventional configurations, as
considered in the next sections. In fact, the topologies showed in Figs 3.2 and 3.3 are
obtained from the PBs following the rules presented in Section 3.2, as observed in
Fig. 3.6.

3.3 DESCRIPTION OF POWER BLOCKS

The first PB-dc [see Fig. 3.5(a)] is constituted only by diodes, which means that there
is no generation of gating signals.

On the other hand, there is at least one controlled power switch inside all other
PBs, which requires some understanding. Figure 3.7 shows the variables associated
with the second PB-dc, as well as the table with their related variables, called Table
of Variables. In this table, g is the state of the controlled switch (¢ = 1 means closed

switch, while ¢ = 0 means open switch), v,, Vp, and V, are the output voltage,
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VP _13
Va
(a) (b)

row q iy v

1 1 >0 v,

2 1 <0 vp

3 0 >0 Vv,

4 0 <0 v, Figure 3.7 Variables associate.‘,d with the

second PB-dc and Table of Variables.

positive terminal of the input voltage, and negative terminal of the input voltage,
respectively.

In principle, considering Postulate 4, it is possible to generate an ac output
voltage, since a square tooth is observed at the output of this block. Since the desir-
able scenario indicates that the output voltage could be defined by the switching
state independent of the load current, there is no full control associated with the first
PB-dc.

Hence, taking into account the possibilities shown in the Table of Variables (see
Fig. 3.7), some restrictions related to the controllability of the output voltage (v,) are
observed. When the output current is negative (rows 2 and 4) the output voltage is
always V,,, independent of ¢, which means that there is no control of the output voltage
in this case (i.e., i, < 0). Then, considering the PB-dc operating alone, as depicted in
Fig. 3.7, the full controlled cell is obtained only when i, > 0. Equation (3.1) describes
the behavior of the output voltage for the second PB-dc when i, > 0.

v, =4V, + ({1 -qV, 3.1)

A similar restriction is observed in the third PB-dc, when i, > 0, which means
that the full controlled output voltage is obtained when i, < 0, as observed in Fig. 3.8.
In this case it turns out that

v, =qV,+(1-q)V, (3.2)

Although such current restriction observed in Figs 3.7 and 3.8 can prohibit the
application of those blocks to process ac voltage, their associations will guarantee the
use of these blocks to generate multilevel circuits able to process ac voltage.
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Vo
v, 2
(b)
row q lo Yo
1 1 >0 v,
2 1 < 0 vn
3 0 >0 vn
4 0 0 v Figure 3.8 Variables associated with
= d the third PB-dc and Table of Variables.
Vo
Yo
Vn
(b)
row q o Vo
1 1 > 0 vp
2 1 <0 A
3 0 >0 Vy
4 0 <0 v Figure 3.9 Variables associated with
n the first PB-ac and Table of Variables.

On the other hand, the current restriction does not appear in the PBs that process
ac voltage (PB-ac). Figure 3.9 shows the variables associated with the first PB-ac, as
well as its Table of Variables. Since there are two controlled switches, there is no
restriction in terms of the controllability of the output voltage, even in the case of
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qZJ J C_h _ _DO
v, V,
(a) (b)
row | Qi | G2 I Vo
1 0 <0 0
2 0 >0 0
3 0 1 <0 V,-V,
4 0| 1 >0 Vo=V
5 1 0 <0 Vo-Vy
6 1 0 >0 Vo -V
7 1 1 0 0 . . . .
= Figure 3.10 Variables associated with
8 1 1 >0 0 the first PB-ac and Table of Variables.

positive and negative currents. In this case, equation (3.1) is valid for any value of
i,, and g is complementary to g (i.e., ¢ = 1 — g) to avoid a short-circuit between V,
and V,,. The second PB-ac [see Fig. 3.5(e)] is in fact a particular case of the first
instance with the ability to control positive and negative currents due to the antiseries
connection of the switches.

The third PB-ac [see Fig. 3.5(f)] has four controlled switches ¢, and ¢, and
their complementary switches g, and g,. Like the first PB-ac, the output voltage is
a function of only the state of switches (g, and g,). But unlike the case in Fig. 3.9,
Fig. 3.10 shows that the output voltage has three different values, or three levels (V,, —
V,, 0, V, —V,), and in this case the output voltage is given by

Up = (ql - q2)vp + (qZ - ql)Vn (33)

The process of building power electronics converters processing ac voltage
by using the PBG does not take into account the switching states, just the geom-
etry of the blocks and the connections among them, which make possible the
process of topologies creation. The Table of Variables presented in Figs 3.7-3.10
and equations (3.1)—(3.3) will be employed for the generation of the PWM
waveforms, discussed in the following chapters. The next section of this chapter
will deal only with the creation of the configurations by using the axioms and
postulates.
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Example 3.1

Assume a dc motor drive system requires a converter with controlled voltage at
the output converter side and demanding positive currents only. (a) Choose one
of the PBs with minimum components able to deal with these requirements.
(b) If the motor average current is given by 7, = 50 A and the dc-link voltage
is given by V,, =200V (with V,,, = V), — V) specify the switches employed
in this converter in terms of voltage and current values.

Solution

(a) Since the output has a positive dc current and there is a need for a
controlled output voltage, the PB with fewer components will be the
first PB-dc [i.e., configuration constituted by a controlled switch ¢ and a
diode — see Fig. 3.7(a)].

(b) Considering the operation of this PB: (1) when g = 1 the output current (/,)
will be going through the controlled switch, the diode current will be zero,
the controlled switch voltage will be zero and the reserve diode voltage

will be V,,,; (2) when g = 0 the output current (/,) will be going through

the diode, the controlled switch current will be zero, the controlled switch
voltage will be V,,, and the diode voltage will be zero. The specification of
the voltage and current for both devices (controlled switch and diode) are

200 V and 50 A.

Example 3.2

A battery formation apparatus is constituted by circuits that aim to generate a
specific voltage waveform in order to guarantee the charge and discharge pro-
cess until the battery is considered formed. Sometimes the discharge process is
obtained by burning the stored energy with resistors (i.e., inefficient process).
To overcome this problem, it is possible to employ power electronics solutions
to charge and discharge the battery by sending energy back to the primary
source of energy with higher efficiency, as observed below. Choose one of the
PBs with minimum components that can deal with these requirements.

/
v Bat
. P I Bat
Primary ¥ Power ¥
source of Vpn | electronics | V, = Vg,
energy e converter _;_T
v, Battery
under

formation
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Solution

The power electronics converter for this particular application must generate
controlled output voltage either for positive or negative current, which means
that both PB-ac (half-bridge or H-bridge configurations) could be used.

3.4 APPLICATION OF PBG IN MULTILEVEL
CONFIGURATIONS

Multilevel converters were first conceived for high voltage and high power appli-
cations, beginning with the neutral-point-clamped (NPC) inverter. Since that time,
many configurations have been proposed to establish the highly desirable character-
istics for high power applications such as low blocking voltage by switching devices
and reduced waveform distortion. The number of levels can be increased as far as
necessary, limited by both the complexity of the control and the price of the con-
verter itself, due to the increased number of semiconductor devices. To figure out
the advantages of waveforms with increased number of levels, Fig. 3.11 shows the
total harmonic distortion (THD) versus modulation index (or amplitude-modulation
ratio) for two-, three-, and four-level waveforms. As defined in the previous chapter,

THD (total harmonic distortion)

g - Two-level
(Modyjay: . . P~ Three-level
ation index) 09 40 7 Fourlevel

Figure 3.11 THD versus modulation index for voltages with two, three, and four levels.
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Figure 3.12 Output converter voltage with two-, three-, and four-level.

the modulation index (m,,) is a relationship between the amplitude of the sinusoidal
waveform (also called modulating or control voltage — V,,) and triangular waveform
(also called carrier voltage — V,), that is, m, = V,,/V,. It can be seen from Fig. 3.11
that the increase in the number of levels results in THD reduction for a given value
of m,. Figure 3.12 depicts the waveforms produced by converters with two-, three-
and four-levels, respectively. From this figure it is easy to understand the behavior
shown in Fig. 3.11 with better THD for a higher number of levels — notice that the
waveforms in Fig. 3.12 become closer to a sinusoidal voltage.

The most employed multilevel configurations, with industry interest, are
diode-clamped (or NPC), cascade, and flying capacitor multilevel inverters. Those
multilevel configurations will be considered throughout this book as the conven-
tional ones, while different multilevel topologies presented in the technical literature
will be treated as nonconventional solutions. The nonconventional converters are
important in power electronics basically because they may provide an alternative
solution to improve a specific aspect of the conversion system. Furthermore, such
nontraditional power electronics converters play an important role in teaching
students due to the extra effort required in modeling and dealing with specific
requirements.

3.4.1 Neutral-Point-Clamped Configuration

Considering the PBG, the constructions of the NPC configurations can be presented
in a systematic way, as described briefly in this subsection. Chapter 4, however, will
provide details of this configuration. With two PBs-dc cells [see Fig. 3.5(b) and 3.5(c)]
and the first PB-ac cell [see Fig. 3.5(d)], and connecting them following the Postulates
1 and 2 presented previously, it is possible to generate the three-level NPC configu-
ration, as observed in Fig. 3.13(a). This is a three-level converter because the blocks
(and consequently the switches) are connected in such a way that one of the three
inputs can be selected to appear at the output converter side.

Other levels can be obtained following the same strategy, that is, connecting
a triangular slot (or tooth) with a triangular tooth (or slot) (i.e., following Postulate
1); and connecting a square slot (or tooth) to a square tooth (or slot) (i.e., following
Postulate 2).
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| g?— |

Figure 3.13  Construction of NPC multilevel legs using PBs: (a) three-levels, (b) four-levels,
and (c) five-levels.

From the four-level NPC configuration onward there are always two or more
possibilities of connections among the triangle slots and teeth. For instance, consid-
ering the configuration in Fig. 3.13(b), the triangle slot of PB 1 is connected to the
triangle tooth of PB 4, while the slot of PB 3 is connected to the tooth of PB 2. There
are other ways to connect the blocks differently from that shown in Fig. 3.13. These
different ways and the PWM approach are considered in Chapter 4.
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Example 3.3

Write the Table of Variables for the three-level NPC configuration; see
Fig. 3.13(a). Prove that the switching devices can be represented by a binary
variable, with q; = 1 used when the switch is on and q; = 0 when the switch
is off (with j = 1,2, 3, and 4), as highlighted below.

Vi

1

Solution

Since there are four switches with two states each, there are sixteen (22 = 16)
possibilities for the total switching states, as shown below:

row | 4, D | B | U v,

1 0 0 0 0 Undefined
2 0 0 0 1 Undefined
3 0 0 1 0 Undefined
4 0 0 1 1 v,

5 0 1 0 0 Undefined
6 0 1 0 1 Undefined
7 0 1 1 0 0

8 0 1 1 1 Short-circuit
9 1 0 0 0 Undefined
10 1 0 0 1 Undefined
11 1 0 1 0 Undefined
12 1 0 1 1 0

13 1 1 0 0 v,

14 1 1 0 1 v,

15 1 1 1 0 | Short-circuit
16 1 1 1 1 Short-circuit
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Notice that many of the states obtained in this Table are prohibited since
they are either undefined or short-circuit, and so must be avoided. In this
context, undefined means that the output voltage is not defined exclusively by
the switching states. Without taking into account the prohibited states, this
converter can generate three different voltages at its output (i.e., V,,,0, V) for
either positive or negative currents.
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Example 3.4

Many of the switching states in Example 3.3 cannot be applied since they are
prohibited states. Since there are only three inputs and those inputs should be
selected to appear at the output converter side (v,), determine: (a) the mini-
mum number of independent switching states to select any input voltage at the
output converter side (b) how those switching states can be associated with the
converter in Fig. 3.13(a) with four switches to generate a three-level output
voltage.

Solution

(a) As there are three inputs and the requirement is to use the switching states
to select each of these inputs at the output, the minimum number of inde-
pendent switching states is 2, since 2> = 4.

(b) As observed in Fig. 3.13(a), the three-level NPC topology requires four
switches to guarantee an output with three levels. On the other hand, with
two independent switching states (as concluded previously) it is possible to
select three inputs available (V,,, 0, V), defining the complementary switch-
ing states as ¢, and ¢,, where ¢, = 1 — ¢, and g, = 1 — ¢,. Below is pre-
sented the three-level NPC topology, using only two independent switches,
as well as its Table of Variables. The converter as presented below is able to
select any input by using two independent switches.
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State | q, | q, v,
1 0 0 v,
2 0 1 0
3 1 0 Undefined
4 1 1 v,

3.4.2 Cascade Configuration

As the number of levels increases, the practical control limits observed in the NPC
multilevel converter restrict its use, due to capacitor voltage control issues. Such oper-
ation limits are presented in Chapter 4. Another topology that deals with generation
of multilevel voltages without dramatically increasing the control complexity is the
cascade configuration, since it normally uses isolated dc sources. A high power motor
drive system with high level reliability is one of the applications where this kind of
converter is popular.

The construction of the cascade multilevel configurations are observed in
Fig. 3.14, with the direct use of the third PB-ac (see Fig. 3.5) following Postulate 2
with the connection of the teeth in a series arrangement. Dashed lines at the output
of these converters mean that they will deal with ac variables, while solid lines at the
input side of the converter mean dc variables. Details of the cascade configuration
are furnished in Chapter 5.

Example 3.5

For the converter presented below [as in Fig. 3.14(a)], write the Table of Vari-
ables for the case in which the dc-link voltage of the converters are given by
Vie1 = Vg and Vg, = 2V, and then determine how many levels will be gen-
erated at the output converter side with §j =1- q; andj=1,2,3,4.
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Figure 3.14 Construction of cascade multilevel legs using PBs with: (a) two power blocks
and (b) three power blocks.
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Solution

The Table of Variables for this converter is presented below. The output voltage
will have seven levels given by 0, +V., +2V,. and +3V..

row | ¢, D | B | 94 v,

1 0 0 0 0 0

2 0 0 0 1 AR
3 0 0 1 0 | =2V,
4 0 0 1 1 0

5 0 1 0 0 Vie
6 0 1 0 1 3V,
7 0 1 1 0 Ve
8 0 1 1 1 Vie
9 1 0 0 0 Vi
10 1 0 0 1 Ve
11 1 0 1 0 | =3V,
12 1 0 1 1 —Vye
13 1 1 0 0 0
14 1 1 0 1 2V,
15 1 1 1 0 2V,
16 1 1 1 1 0

Example 3.6

Considering two cells of the first PB-ac, as presented in Fig. 3.5(d) and Pos-
tulates 2 and 4, draw a different configuration from the ones presented so far
with three inputs and one output and write the possible output voltages.

Solution

The postulates applied for two cells of the first PB-ac as presented in Fig. 3.5(d)
allow a possible solution as depicted below.

Yo

After the process of defining the topology, it is possible to write the out-
put voltages, taking into account the switches inside each block, as shown
below.
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Here, the output voltages are given respectively by
e v,=V,wheng, =¢g3=1andg, =¢4, =0
e v,=V,wheng, =¢g3=1landg; = ¢4, =0
® v,=Vywhengy=1landg =¢,=¢3=0

3.4.3 Flying Capacitor Configuration

There are some drawbacks associated with both multilevel topologies (NPC and cas-
cade) presented earlier. One of the disadvantages of the NPC topology is the need
to control dc-link capacitor voltages. On the other hand, an obvious drawback for a
cascade topology is the high number of dc voltage sources required.

The flying capacitor converter is another topology that can generate multilevel
voltages. Although needing additional flying capacitors (FCs), the capacitance values
are smaller than the dc-link capacitor and there are two switching states to control
the charging and discharging of FC. Unlike the NPC topology, in which just one
switching state is available to obtain zero voltage at the output converter side, the FC
converter has two states to generate zero voltage at the output.

In practical implementation of the NPC topology there is only one dc voltage
available; so two dc-link capacitors are normally used to guarantee three voltages
at the input converter side, as in Fig. 3.15(a). Figure 3.15(b) shows the Table of
Variables when two capacitors are used to generate three levels. For a symmetrical
three-level output voltage [as in Fig. 3.12(b)] each capacitor voltage should be
the same, for example, V¢ =V, =V, /2. A control scheme should be added
to guarantee this requirement, but as shown in Fig. 3.15(b), there is a missing
switching state (State 3) ¢, = 1 and g, = 0, which reduces the degree of freedom
for controlling capacitor voltage. This problem is minimized for the capacitor
flying topologies since there are two switching states to generate zero voltage at the
output.

The PBG approach can also be employed to systematically obtain the flying
capacitor converters. For example, Fig. 3.16(a) brings up the three-level flying
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State 91 92 Yo
1 0 Veo
2 1 0
3 1 0
4 1 1 Veq

Figure 3.15 (a) NPC topology with a single dc voltage source and two dc-link capacitors.

(b) Table of Variables.

capacitor topology under PBs representation. The converters with four and five
levels are depicted in Fig. 3.16(b) and 3.16(c), respectively. Details about this circuit

are given in Chapter 6.

(b)

Example 3.7

Solution

Write the Table of Variables for the converter given below, which is based on
the three-level flying capacitor topology, with a dc voltage source instead of
flying capacitor. Prove also that the switching devices can be represented by a
binary variable, that is, q; = 1 is used when the switch is on and g; = 0 when
the switch is off (with j = 1,2, 3, and 4).

Since there are four switches with two states each, there exist sixteen possibil-
ities for the total switching states, as shown below:
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Figure 3.16 Construction of flying capacitor multilevel legs using PBs: (a) three-level, (b)
four-level, and (c) five-level.
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ow | 4, | 9 | 95 | 94 Yo

1 0 0 0 0 Undefined
2 0 0 0 1 Undefined
3 0 0 1 0 Undefined
4 0 0 1 1 Ve

5 0 1 0 0 Undefined
6 0 1 0 1 0

7 0 1 1 0 | Short-circuit
8 0 1 1 1 Short-circuit
9 1 0 0 0 Undefined
10 1 0 0 1 Undefined
11 1 0 1 0 0

12 1 0 1 1 Ve

13 1 1 0 0 Vie

14 1 1 0 1 Vie

15 1 1 1 0 | Short-circuit
16 1 1 1 1 Short-circuit

Notice that many of the states obtained in this table are prohibited,
that is, either undefined or short-circuit, and so must be avoided. Without
taking into account the prohibited states, this converter can generate three
different voltages at its output (i.e., =V, 0, V) for either positive or negative
currents.

Example 3.8

(a) Considering Example 3.7, what is the minimum number of independent
switching states that still allows three levels at the output converter side?
b) Draw the power converter with this minimum number of independent
switches to guarantee a three-level output voltage.

Solution

(a) If there are three input voltages and the requirement is to use the switching
states to select each input, the minimum number of independent switching
states is 2, since 2% = 4.

(b) As observed in Fig. 3.16(a), the three-level flying capacitor topology
requires four switches to guarantee an output with three levels. Moreover,
as shown earlier, with two independent switching states (g; and g,) it
is possible to select the three inputs available (V. 0,—V,.), which ends
up with the definition of the complementary switching states g; and g,
(g =1—gq; and ¢, = 1 — q,). Below is presented the three-level flying
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capacitor configuration, using only two independent switching states and
the complementary switching states, as well as the Table of Variables.
Comparing this Table with that in Fig. 3.15, there is no prohibited state for
this topology, and this degree of freedom is used to control the voltage of
the flying capacitor.

State | q, | q, v,
1 0 0 | =V
2 0 1 0

3 1 0 0
4 1 1 Ve

3.4.4 Other Multilevel Configurations

Although the configuration obtained in Example 3.6 can generate an output voltage
with three levels, it is clearly a nonconventional topology, since it is not identified
as NPC, cascade, or flying capacitor converter. This section presents briefly some
nonconventional converters and Chapter 7 provides the necessary details.

Figure 3.17(a) shows a possible four-level topology by using the first and
second PBs-ac. Since this is a four-level converter, one of its counterparts is the
four-level NPC configuration shown in Fig. 3.13(b). Considering just the number of
semiconductor devices employed for both circuits, it favors the nonconventional one
in Fig. 3.17(a) due to the elimination of four diodes.

In addition to the drawbacks of the NPC converters mentioned earlier, such
topologies present unequal loss distribution among the semiconductor power devices.
The active NPC (ANPC) achieves a better loss distribution and wider semiconductor
devices utilization. ANPC configurations can also be presented following the PBG
approach (basically considering Postulates 2 and 4), as depicted in Fig. 3.17(b) for
three-level and in Fig. 3.17(c) for four-level output voltage.

Many of the nonconventional configurations proposed in the technical literature
can be obtained by following the axioms and postulates of the principles of the PBG,
as in Fig. 3.18.
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Figure 3.17 Construction of nonconventional converters. (a) Nested multilevel converter. (b)
Three-level ANPC multilevel legs using PB. (c) Four-level ANPC multilevel legs using PB.
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Figure 3.18 Construction of multilevel legs using PBs.

3.5 APPLICATION OF PBG IN ac-dc-ac
CONFIGURATIONS

Another important class of configuration that processes ac voltage is the one with
two conversion stages, that is, with both rectification (ac—dc conversion) and
inversion (dc—ac conversion) stages connected through a dc-link capacitor link.
Such topologies are normally called ac—dc—ac configurations (or back-to-back
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configurations) and are usually described as three-phase to three-phase (3ph—3ph),
single-phase to single-phase (1ph—1ph), and single-phase to three-phase (1ph—3ph)
conversions. Although each power conversion system (3ph—3ph, Iph—1ph or
1ph—3ph) presents many possibilities of implementation in terms of the topology
structure employed, the ac—dc—ac configurations can be formulated considering the
principles of the PBG.

Many applications require this kind of converter: (i) three-phase motor drive
system with active power factor correction [see Fig. 3.19(a)], (ii) universal active
power filter with a combination of series and shunt active filters [see Fig. 3.19(b)],
and (iii) wind generation system [see Fig. 3.19(c)].

3.5.1 Three-Phase to Three-Phase Configurations

A three-phase back-to-back converter feeds a three-phase load from a three-phase
grid employing six legs (twelve switches) with one leg connected to each phase of
the system, as shown in Fig. 3.20(a). Considering the PBs and the geometry involving
them, the dashed line means that all input and output variables are of ac type, while
the solid line represents the dc variables of the dc-link voltage.

Some other topologies can be derived from the conventional one in Fig. 3.20(a),
especially when it is necessary to reduce the number of semiconductor devices. In
this way, both dc-link midpoint and shared-leg connections have been employed as
an approach to reduce the power switches. It means that at least one of the legs,
constituted by two power switches, is no longer used for the solutions presented in

Three-phase Non-linear
utility grid load
ac—dc—ac three-phase to
three-phase converter %

Three-phase
ac motor

Three-phase
utility grid

ac—dc-ac three-phase to
three-phase converter

(b)

Three-phase
Gearbox X }JE }JT jjm] utility grid
/]

A
Wind turbine 454y M}

Induction
machine ac—dc—ac three-phase to
three-phase converter

(©
Figure 3.19 Applications of the ac—dc—ac three-phase to three-phase converter: (a) ac

motor drive system, (b) active power filter, and (c) double-fed induction generation system
used in wind turbines.
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Figure 3.20 Three-phase to three-phase ac—dc—ac power conversion topology: (a) Direct

solution with six legs, (b) one shared leg, (c) one dc-link midpoint connection, (d) two
dc-link midpoint connections, and (e) shared-leg and dc-link midpoint connections.
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Fig. 3.20(b)—3.20(e). However, regarding cost reduction, this approach make sense
if what is saved by the number of power semiconductor devices is not lost in higher
device ratings and higher values of electrolytic capacitor.

Figure 3.20(b) shows a solution with a shared leg between input-output con-
verter sides. Figure 3.20(c) presents a full-bridge configuration at the input side (left
side), and a half-bridge configuration at the output side (right side).

Although using the same number of power switches, the configuration in
Fig. 3.20(e) has advantages compared to that in Fig. 3.20(d). Notice from Fig. 3.20(e)
that one of the converter sides presents full-bridge characteristics (no connection
with the dc-link midpoint capacitors). On the other hand, in Fig. 3.20(d), both
converter sides are half-bridge. The topologies presented in Fig. 3.20 are discussed
in detail in Chapter 11.

Exercise 3.1

The common principle behind the topologies proposed in Fig. 3.20 is the inher-
ent redundancy of the three-phase systems. For a set of balanced three-phase
voltages, the relationship among the voltages is given by v; + v, + v3 =0,
which means that if two voltages are defined, the third one will be indirectly
defined (they are linearly dependent). Considering the three-phase load con-
nected to a voltage source with only two phases [v, = V,cos(wtf + ®@,) and
vp = Vpcos(wt + Dp)], as depicted below, define the amplitude of the volt-
ages (V, and Vp) and the values of phases (¥, and @) to guarantee a balanced
three-phase load voltage given by v; = V cos(wt), v, = V cos(wt + 120), and
v = V cos(wt — 120).

In addition to reducing the number of power switches to reduce costs, it is also
possible to increase the number of semiconductor devices, as depicted in Fig. 3.21
paralleling back-to-back converters, to reduce the amount of power processed
by each conversion stage and improve the quality of the waveform generated by
converters.
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Figure 3.21 Paralleling back-to-back converters: (a) PB representation and (b)
representation with switches.

3.5.2 Single-Phase to Single-Phase Configurations

As in the three-phase to three-phase ac—dc—ac configurations, it is possible to
establish a systematic presentation for generation of single-phase to single-phase
ac—dc—ac configurations, as in Fig. 3.22. Note that the approach of using shared-leg
and dc-link capacitor midpoint are still used to guarantee the component count
reduction. The single-phase back-to-back converters, including their model, PWM
strategy, and analysis are addressed in Chapter 10.

3.6 SUMMARY

This chapter shows that the proposed PBG strategy could be used to establish a sys-
tematic method for the presentation of many of the power electronics converters that
process ac voltage through a dc stage. A compilation of the main configurations was
done under the PBG point of view. Instead of considering power switches as the basic
elements in the process of converter construction, the PBs are employed as a higher
level component, with descriptions of the details inside the blocks. The connection
among the PBs, using the postulates and axioms, furnishes a simple and familiar con-
cept of geometrical blocks. Such a strategy was employed for construction of classical
and nonconventional configurations.

As a result of the PBG approach, different configurations are now presented as
a part of the same set of converters (i.e., topologies dealing with ac voltage with at
least one dc stage). Besides bringing a systematic presentation, the PBG technique
will play an important role in the process of topology construction. Even in the case
in which practical applications are not directly addressed for a specific configuration
obtained with PBG, this configuration still will be considered in this book since it
provides challenges in terms of converter understanding itself and creativity in devel-
oping its model and control strategies.

Each configuration presented in this chapter is deeply studied in the following
chapters, with the development of comprehensive model and PWM strategies. Further
details can be found in References from 1 to 21.
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Figure 3.22  Single-phase to single-phase ac—dc—ac power conversion topology: (a) Direct
solution with four legs, (b) one shared leg, (c) one dc-link midpoint connection, (d) two
dc-link midpoint connections, and (e) shared-leg and dc-link midpoint connections.
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CHAPTER 1

NEUTRAL-POINT-CLAMPED
CONFIGURATION

4.1 INTRODUCTION

In this chapter, the neutral-point-clamped (NPC) configuration, also known as
diode-clamped configuration, is considered under the power blocks geometry (PBG)
point of view. The introduction and fundamental concepts of NPC configurations
from three-level to n-level, as well as a detailed description of these circuits,
including its model, pulse width modulation (PWM), and control strategies, are
addressed in this chapter.

The three-level NPC configuration is one of the most common topologies for
medium and high voltage applications, especially in motor drive systems, because
of reduced dv/dt, reduced total harmonic distortion (THD), and especially its ability
to deal with high voltage demand without connecting switches in series. However,
it is also possible to employ this kind of topology in lower power applications, as in
photovoltaic energy systems where other factors such as voltage with low distortion
and reduced leakage current are important factors.

This chapter is organized as follows: in Section 4.2 the three-level NPC
topology is once again obtained from the PBs and also treated in the level of power
switches. Its model is obtained by deducing an equation to describe the voltage
behavior at the ac side. Such an equation is achieved from the Table of Variables,
which also plays an important role in the PWM development. In Section 4.3 the
simplest PWM approach is detailed for the half-bridge single-phase three-level con-
verter. The concepts presented previously are expanded to full-bridge single-phase
and three-phase converters in Sections 4.4 and 4.5, respectively. Section 4.6 brings
up nonconventional converters demonstrating how those topologies can be easily
constructed by using PBG. The inherent problem of the unbalanced capacitor
voltages in NPC topologies is addressed in Section 4.7. NPC configurations with
number of levels higher than three are presented from Section 4.8—4.11. Section 4.12
provides a summary of the chapter.

Advanced Power Electronics Converters: PWM Converters Processing AC Voltages,
Forty Fifth Edition. Euzeli Cipriano dos Santos Jr. and Edison Roberto Cabral da Silva.
© 2015 The Institute of Electrical and Electronics Engineers, Inc. Published 2015 by John Wiley & Sons, Inc.
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(a)

(d)

Figure 4.1 (a) Three-level (V,, V,, V) NPC configuration with PBs. Activation of the PBs
to obtain the level: (b) v, =V,. (c) v,=V,.(d) v,=V;.

4.2 THREE-LEVEL CONFIGURATION

As already seen, the power blocks (PBs), can be connected following a systematic
approach to guarantee the creation of NPC multilevel configurations. The first
and direct arrangement of the blocks is repeated in Fig. 4.1(a), with triangular
shape connected to triangular shape and square shapes connected to each other.
Figure 4.1(b)—4.1(d) show the ways used to obtain each specific level (V{, V5, V3) at
the output converter side. Figure 4.1(b) illustrates that it is necessary to activate PBs
1 and 3 to obtain v, =V, while v, = V3 is obtained when PBs 2 and 3 are activated
[see Fig. 4.1(d)]. On the other hand, the voltage V, appears at the output side (v,),
when just PB 3 is fully activated, as observed in Fig. 4.1(c). To generate an output
waveform with three levels, it is necessary to activate the PBs in a sequence as
observed in Fig. 4.2.

Since v, can assume just one input voltage V,, V,, or V5 at any time, it is pos-
sible to write an equation to describe the output voltage v, as a function of input
voltages and two independent binary variables (¢, and g,). Since there are three inputs
to be selected, the minimum number of binary variables employed to select those
inputs is two. These three inputs must appear at the output converter side through the
use of two binary variables, which means that one possible combination to achieve
this goal is given in Table 4.1.

Defining complementary variables (g; and g,) asq; =1 — ¢, and g, = 1 — g,,
the output voltage can be defined as follows:

Vo = q192V3+ 419:V2 + 192V, 4.1

Developing (4.1) we get
Uy = =g =q)V3 + (1 = q)8: V2 + 414,V (4.2)
Vo, =1 =g, =q)Vs+ @ Vo + q19,(V3 =V, + V) (4.3)
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Figure 4.2 Generation of a three-level output voltage for generic values of V,, V, and V;.

TABLE4.1 Table of Variables for the Converter

in Fig. 4.1(a)

State q, q, v,
1 0 0 V,
2 0 1 v,
3 1 0

4 1 1 v,

Normally the waveform presented in Fig. 4.2 must be symmetrical, which
means that V, =V, V, =0 and V; = -V, and then it turns out that

U, =(q1 + 9, — DV 4.4

It is worth mentioning that the binary variables considered in Table 4.1 are
related to the switching states inside the blocks in Fig. 4.1. Figure 4.3 shows the
same topology presented in Fig. 4.1 along with the binary variables describing the
state of the switches for both positive and negative output currents (i,,).

Notice that, unlike PB-dc operating alone (see Figs 3.7 and 3.8), the NPC
topology is able to generate the desired output voltage for both positive and nega-
tive currents, which means that each voltage value V,, V,, and V; can be obtained
at the output converter side independent of the current values. In other words any
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Vi

Figure 4.3 Generation of levels: (a) V|, (b) V,, and (c) V; independent of the output current.

desired output voltage is obtained for both cases i, >0 and i, <0, as observed in
Fig. 4.3.

Example 4.1

Considering the Tables of Variables presented below, place each switch (g,
4>, q,, and g,) in the correct position in the circuit below to guarantee the
generation of the levels as demanded in the following tables.

State | q, | q, | v, State | q, | q, | v, Vi
! 0 0 ! 0 0 Position 1
2 0 1 2 0 1
3 1 0 3 1 0
4 ! ! 4 ! ] 4 Position 2
V, e—e Vo
x
Position 3
Position 4
V3
Solution

To guarantee an output voltage v, as demanded in the first Table of Variables,
the switches ¢, g5, g;, and g, should be placed, respectively, in the positions
3,4, 1, and 2 as below. There is no possible combination for the second table.
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State | q, | q, | v, State | q, | q, | v,

1 0] 0|V 1 0] 0|V

2 0| 1| - 2 ol 11V,

3 110 |V, 3 1|10 |V

4 1 1|V 4 1 | -
Example 4.2

Build the Table of Variables for the circuits presented below, with respect to
the position of each switch.

Vi

V3

Solution

The Table of Variables for each circuit is given, respectively, by

State | q, | q, v, State | q, | q, v,
1 0|0 Vs 1 010 v,
2 0 1 undefined 2 0 1 undefined
3 1 0 | undefined 3 1 0 | undefined
4 1 1 Vs 4 1 1 | undefined

Exercise 4.1

Considering the tables presented in Example 4.2, show through equivalent cir-

cuits and assuming positive and negative currents, why some of the states are
undefined.
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Notice that for the two arrangements in Example 4.2 there are more than one
undefined states, which means that there is no way to obtain three levels at the output
converter side, as seen in Fig. 4.3. Such a characteristic is not desirable for a power
converter processing ac voltage.

4.3 PWM IMPLEMENTATION
(HALF-BRIDGE TOPOLOGY)

If the aim is to generate an ac voltage at the output converter side with both ampli-
tude and frequency controllable, a PWM strategy is applied to generate the switching
gating signals. From a converter processing ac voltage, ideally an output sinusoidal
voltage is expected. However, due to the characteristics of the NPC converter pre-
sented in Fig. 4.2, the number of levels is limited to three. Hence, the aim of the
PWM strategy is to guarantee that the three-level voltage at the output of the converter
emulates the desirable sinusoidal voltage. The average value of the square output
waveform must be equal to a sinusoidal reference (inside the switching period) as
presented in the figure below.

o RN
| ARAN Vi
N v " vip=Cw)
I '
- Switching
frequency

Normally, the switching frequency is kept high (compared to the modulating
signal) to increase the accuracy of v; ~ v} In fact many works in the technical lit-
erature have proposed solutions in terms of modulation approaches applied for NPC
converters to improve different aspects of the converter. In this chapter, the simplest
way to generate the PWM waveforms is considered. However, an optimized PWM
approach is derived in Chapter 8.

Figure 4.4 shows a simple analog solution, in which the states of the four
switches are determined by a comparison among a sinusoidal waveform (v7; ) and
two high frequency triangular waveforms (v, and v7,). Such PWM can be expanded
for NPC converters with higher levels, which uses N — 1 (N is the number of levels)
triangular carrier signals with just one modulating signal. The sinusoidal waveform
is given by v, = V;sin(w;t), where V; is the amplitude and w; is the angular fre-
quency desired to the load. The block mentioned as driver must guarantee the levels
of voltage and current in the switch’s gate circuit needed to operate the power devices
adequately as well as guarantee galvanic isolation.

Notice from Fig. 4.4(c) and 4.4(d) that when the switches ¢, and g, are chang-
ing their states (during the positive half cycle of v7; ), switch g, is on and switch g,
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Figure 4.4 (a) PWM generation circuit for switches: (a) ¢, and g,; and (b) ¢, and g,.

(c) Variables associated with switches ¢, and g, (from top to bottom) — reference voltages,
gating signal of switch ¢, and gating signal of switch g,. (d) Variables associated with
switches ¢, and g, (from top to bottom) reference voltages, gating signal of switch ¢, and
gating signal of switch g,.

is consequently off for the entire half cycle, while in the negative half cycle of v7, ,
when switches ¢, and g, are changing their states, switch ¢, is off and switch g,
is on.

The modulation presented in Fig. 4.4 describes the states in Table 4.1, when ¢,
is on and g, can be either off (State 2 in Table 4.1) or on (State 4 in Table 4.1). In the
same way, when ¢, is off, g, can be either off (State 4.1 in Table 4.1) or on (State 2
in Table 4.1). Also, this modulation approach avoids the undesired State 3.

Figure 4.5(a) shows the half-bridge three-level configuration, in which the
load is connected between the dc-link midpoint and the center point of the leg.
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Figure 4.5  (a) Three-level NPC half-bridge converter. (b) (from top to bottom) v7; , vy}, v

gating signal of switch ¢,; gating signal of switch g,; load voltage and load current.

* .
2’

Figure 4.5(b) depicts (from top to bottom) PWM reference waveforms, gat-
ing signal of switches ¢, and ¢g,, load voltage, and load current, respectively.
The parameters employed in these simulation tests were: V,, =200V, R=5Q
and L=5mH, and switching frequency equal to 500Hz. For the sake of com-
parison, the same parameters are used for the other simulation results in this
chapter.

Sometimes in practical applications just one dc source is available, which
means that both dc sources shown in Fig. 4.5(a) are changed by capacitors connected
to a single dc source. In this sense, it is necessary to guarantee the control voltage
for both capacitors. This specific issue is considered later on in this chapter.

4.4 FULL-BRIDGE TOPOLOGIES

The three-level NPC topology with two legs, that forms a full-bridge single-phase
converter, can be obtained from PBG by connecting the PBs given in Fig. 4.1 appro-
priately, as seen in Fig. 4.6(a). Following this approach it is also possible to build
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Vi ] =
Vor
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Figure 4.6 NPC three-level topology with: (a) two legs (full-bridge single-phase load),
(b) three legs (three-phase load), and (c) four legs (three-phase four-wire load).

configurations with n legs. Figure 4.6(b) shows a three-level NPC topology with
three legs for applications demanding a three-phase system (e.g., three-phase motor
drive systems or three-phase rectifier converter), while Fig. 4.6(c) shows a three-level
NPC topology with four legs to be employed, for instance, in a three-phase four-wire
system. These three configurations in Fig. 4.6 are described in the following
sections.

Figure 4.7(a) presents the full-bridge single-phase converter [as in Fig. 4.6(a)]
highlighting the connections of the switches. It is worth mentioning that even though
the full-bridge topology in Fig. 4.7(a) is constituted by three-level legs, the output
voltage has five levels.

Figure 4.7(b) shows (from top to bottom) pole voltage (voltage between the
midpoint of the leg and the dc-link capacitor midpoint v ) of the first leg with three
levels, pole voltage of the second (v,) also with three levels, load voltage, and load
current, respectively. Comparing Figs 4.5 and 4.7, it is evident that the increased
number of levels observed on the load voltage of the full-bridge topology guarantees
a ripple reduction on the load current for the full-bridge topology. In this case the
output voltage is given by

Vo = (G1a + 924 — 916 — 926) Ve 4.5)

The number of levels considered in this chapter for conventional topologies is
defined by the pole voltages. For instance, both converters in Figs 4.5 and 4.7 are
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Figure 4.7 (a) Three-level NPC full-bridge converter. (b) (from top to bottom) pole voltage

of the first leg (v,,), pole voltage of the second (v,,), load voltage and load current.

considered as single-phase three-level NPC topologies, although they present differ-

ent number of levels for the load voltages.

Example 4.3

generation circuit to guarantee the waveforms shown in Fig. 4.7(b).

Solution

Considering the topology presented in Fig. 4.7(a), find a solution for the PWM

A set with a reference sinusoidal and two triangular waveforms plus two
OpAmps for each leg (as seen in Fig. 4.4 for the half-bridge topology) can be
employed for the PWM signal generation for the full-bridge topology. Since
the control of both legs is independent, those sinusoidal waveforms should
have 180° of phase apart to guarantee a maximum output voltage.
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Example 4.4

What happens if different phase displacements are employed for both reference
sinusoidal waveforms?

Solution

The figure below shows a phase or diagram representation for the pole voltages
v,0 and vy, (just for the sinusoidal components) as well as for the load voltage
v, =V, — Upo- The output voltage is a function of the phase displacement of
the pole voltages, meaning that the maximum output voltages will be obtained
when this phase displacement angle is equal to 180°.

A Vao A
Vi=Vao = Vbo Vi=Va0— Vho Vao = Vho
N Vao

180 v, =0
-\-.\I l

__/ 900 Oo

]
Vbo

¥ Vbo

4.5 THREE-PHASE NPC CONVERTER

A three-phase three-level full-bridge NPC configuration is depicted in Fig. 4.8(a) by
employing switches. Notice that this circuit was easily obtained by just connecting
the PBs as seen in Fig. 4.6(b). Figure 4.8(b), in turn, shows some variables associated
with this converter, that is, (from top to bottom): pole voltage, voltage between the
load neutral point (NP) (n) and dc-link midpoint connection (0), load phase voltage,
and load current, respectively. The pole voltages can be written as follows:

Va0 = (910 + 924 = DVc (4.6)
Upo = (q1p + 925 = DVc 4.7
Ueo = (QIC + 49— 1)Vdc 4.8)

The load phase voltages are given by

Ua = Ua0 — Ung (4.9)
Up = Upo = Uno (4.10)
U, = Uy — Uy (4.11)

Considering a balanced three-phase condition (v, + v, + v, =0), the voltage
between the NP of the three-phase load () and the dc-link midpoint can be defined
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Figure 4.8 (a) Three-phase NPC converter. (b) (from top to bottom) pole voltage, voltage

v, load voltage, and load current.

analytically by
1
Uy = E(Uao + Upo + UCO) (412)

Substituting (4.10)—(4.12) into (4.13), we have

Vi
Upo = TC(Cha‘lea+Q1b+42b+‘]1c+42c)— Ve (4.13)

From (4.13), the voltage for each phase of the three-phase load can be written
as follows:

Uy = (EQM + qua - 16Ilb - lqzb - lqlc - 142C) Vie
3 3 3 3

3 3 (4.14)
= (=~ Lt 2+ 2~ L= )V
b 341a 3612a 3%17 36121; 3Q1c 342c de (4.15)
1 1 1 1 2 2
U, = <—§611a - 542(1 - 50111; - gfhh + gCIlc + 54%) Vie (4.16)

In the case of a balanced three-phase load, the load voltages depend only of the
state of the switches and of the dc-link voltage as considered in (4.15)—(4.17).
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The control circuit for the three-phase converter can be obtained as seen in
Fig. 4.4. The difference is the number of modulating signals needed; in this case
there are three references: v:inl =V, sin(wt), v:im = V;sin(wt + 120°) and U’;n3 =

V, sin(wt + 240°), where V; and w; are the desired peak voltage and frequency for the
load, respectively.

Exercise 4.2

Create a table relating all states of the switches (64 possibilities) to find the
number of levels for v,, and the number of levels for the phase voltage v, for
the converter shown in Fig. 4.8.

Application (High Voltage Motor Drive System)

The three-phase NPC multilevel configuration can be employed in medium voltage
(MV) drives to reach a high voltage level without using switching devices in series
connection. The switching frequency for MV high power application is normally low
as compared to the two-level converter in order to reduce the power losses (it is
usually limited to a few hundred hertz) without compromising the quality of the wave-
forms generated due to the number of levels. Normally, special modulation tech-
niques are needed to produce the minimum harmonic distortion for the motor cur-
rent for a large range of speed and torque. The main applications are in pumps,
fans/exhausts, compressors, mixers, agitators, conveyors, cement mills, steel mills,
winders/unwinders, sugar mills, refiners, banburys, and extruders. The figure below
shows a common scheme with an NPC topology employed in MV drives.

Utility
grid

Switch gear Transformer

MV induction
motor
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Figure 4.9 Three-level NPC converter supplying a three-phase load connected in A
arrangement.

Exercise 4.3

An MYV three-phase motor has line-to-line and active power given, respectively,
by 2.3kV and 150 kW (with power factor 0.85). Assuming that this motor will
be supplied by a three-leg NPC topology, determine the voltage and current
ratings of the switches for this configuration.

Figure 4.9 shows the NPC three-phase power converter topology supplying
a A- connected three-phase load. The main difference between Figs 4.9 and 4.8(a)
is related to the values of voltages and current demanded by the load, as well as
the number of levels measured on the load voltages. In this case (A-connected)
the load phase voltage has only five levels, as seen from the equations given
below:

Uy = (910 + 920 = 916 — 926 Vac (4.17)
Uy = G1p + 925 — 91 — 920) Ve (4.18)
U, = (qlc + 92c =910 — an)Vdc (419)

4.6 NONCONVENTIONAL ARRANGEMENTS BY
USING THREE-LEVEL LEGS

It is possible to combine the NPC leg with two-level legs already presented in this
chapter to establish a nonconventional single-phase multilevel converter, as seen in
Fig. 4.10. In this case, it is used four PBs with the output load connected between
blocks 3 and 4. Since the output of block 3 has three levels (V, V5, and V;) and the
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Figure 4.10  Five-level single-phase converter
% }3 -| obtained by the combination of NPC and
conventional legs — block representation.

TABLE4.2 Table of Variables for the Converter in Fig. 4.10

State P ar, qy Output of PB 3 Output of PB 4 v,

1 0 0 0 — Ve — Ve 0

2 0 0 1 —Vge Ve -2V,
3 0 1 0 0 = Vg Vie
4 0 1 1 0 Ve -V
5 1 1 0 Vie = Ve 2V,
6 1 1 1 Vie Vie 0

output of block 4 has two levels (V| and V3), it leads to an output voltage with five
levels (0, V, = V5, V, =V, V, = V3, V3= V)).

For a symmetrical output voltage generation, the input voltages should have the
following parameters: V| =V, V, =0, and V3 = — V., meaning that the output volt-
age will be with the following values 0, + V., +2V,.. For the converter in Fig. 4.10
it is necessary for three independent binary signals (q,,, ¢, and ¢;,) to synthesize
the desired output voltage since there are five levels. Table 4.2 shows the voltage v,
as a function of q,,, ¢,,, and q,.

Equations to describe the pole voltages (v, and v,,) and output voltage v, as a
function of the input voltages and as a function of three independent binary variables
(914> 924> and q,;) are given below, respectively:

Vg0 = (qla + 4rq — l)vdc

(4.20)
Upo = (2q1, — DV “21)
Up = (qla + 92qa — 2QI}))Vdc (422)

The binary variables considered in both Table 4.2 and in equation (4.22) are in
fact the switching states inside the blocks, which means that the topology presented
in Fig. 4.10 can be considered in its lower level representation (switches instead of
blocks), as in Fig. 4.11.
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J 623

Figure 4.11  Five-level
single-phase converter obtained by
the combination of NPC and
conventional legs with switches.

Exercise 4.4

employed in Fig. 4.11.

Assuming all switching states given in Table 4.2, write a Table showing
the blocking voltages and current through the switches for the six switches

It is also possible to generate a four-level topology with the same PBs as in
Fig. 4.10, but with a different arrangement as presented in Fig. 4.12. Notice that
the capacitors in Fig. 4.12(a) are used to guarantee the NP needed by the NPC leg.
Figure 4.12(b) shows the same configuration with the switches. In this case, it needs
three dc sources with the advantage of using all switches with the same blocking
voltage, as discussed in this section.

Vo

Vi

n'I“J »t

Figure 4.12 Four-level single-phase converter: (a) block representation and (b) circuit with

switches.
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TABLE 4.3 Table of Variables for the Converter in Fig. 4.12

State 91a 924 91 v,

1 0 0 0 v,

2 0 0 1 —V,-V,
3 0 1 0 —V,n2
4 0 1 1 V,/2

5 1 1 0 V,+V,
6 1 1 1 v,

The converter in Fig. 4.12 has six switches (., 914> 920> 920> 915> a0d G1p)s
two clamping diodes, three dc sources, and two dc-link capacitors. Considering all
possible switching states available and eliminating the prohibited ones, the output
voltage is determined in Table 4.3. To guarantee that all power switches will oper-
ate under the same blocking voltage as well as a symmetrical output voltage, it is
necessary to establish V; =V; =V, /4 and V, =V /2.

The modulation strategy for the converter shown in Fig. 4.12 can be determined
assuming a combination of the two-level and three-level PWM approaches, which
means that, for the two-level leg [PB 4 in Fig. 4.12(a)] only one triangular carrier
signal will be employed, while for the three-level leg [PBs 1, 2, and 3 in Fig. 4.12(a)]
two triangular carrier signals will be employed, as observed in Fig. 4.13(a). Since the
triangular waveform is proportional to the dc-link voltage associated with each leg,
the voltages U:‘] s U;kz, and Uz can be obtained as shown in Fig. 4.13(b). In this sense,
the two-level leg will deal with one-third of the output voltage while the three-level
leg will deal with two-third of the desired output voltage.

The pole voltage for the three-level, two-level legs and output voltage is given
respectively by

Va0 = (14 + G20 — D2V, (4.23)
Upo = (2q1, — DV (4.24)
Vo =(q14 + 924 — 2915 — DV (4.25)

Figure 4.14(a) and 4.14(b) shows the output voltage and current for a switching
frequency equal to 500 Hz and 1 kHz, respectively.

Although the configuration shown in Fig. 4.12 can generate a four-level output
voltage, it needs either three independent dc voltages or an auxiliary circuit to obtain
three controlled voltages from a unique dc voltage source, as in Fig. 4.14(c) — top.
Figure 4.14(c) — bottom shows the equivalent topological states when the switches
in the auxiliary circuit are turned on and off simultaneously. A duty cycle of 50%
should be generated to guarantee a desired capacitor voltage in the dc-link of the
converters.

Using the three-level NPC topologies and a three-phase load type, it is possible
to create a three-phase NPC topology with both two- and three-level characteristics
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Figure 4.13 PWM generation: (a) analog implementation and (b) waveforms.

for the pole voltage. In this case, the dc-link of the three-phase converter is connected
to two PB-dc blocks, as depicted in Fig. 4.15. Figure 4.15(a) shows such hybrid topol-
ogy with the PBs perspective, while Fig. 4.15(b) depicts this topology by using power
switches. For a symmetrical waveform generation, it is necessary to define the input
voltages as follows: V| =V, V, =0, and V3 =— V..

The operation of this converter takes into account the fact that it is possible to
obtain different levels per phase, depending on the values for the reference voltages.
For instance, Fig. 4.16(a) — top shows the desired phase voltages (v, v, and v7)
divided by sectors. The first sector is defined by the interval of time in which v is
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Figure 4.15 Hybrid topology: (a) power blocks and (b) switching representation.

maximum, UZ is minimum, and v} is in-between. It means that: (i) phase a can be
modulated as a three-level leg (with pole voltage v,, between V. and 0), since it
is expected to generate the maximum voltage; (ii) phase » can be modulated as a
three-level leg (with pole voltage v, between 0 and — V,.); and finally (iii) phase ¢
can be modulated as a two-level leg (with the pole voltage between V4, and — V).

The modulation strategy for the leg dealing with the highest and smallest
voltages (three levels) are obtained by comparing the desired waveforms with two
triangular waveforms (with level-shift approach) as shown in Fig. 4.4, while the
modulation for the leg dealing with middle voltages (two levels) is obtained through
a comparison between the reference voltage and one triangular waveform.

Still considering nonconventional configurations, a half-bridge three-phase
NPC topology is shown in Fig. 4.17(a).
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Figure 4.16 (a) Desired reference voltage and pole voltages. (b) Load current.

As in the case of previous nonconventional topologies, it is necessary to adapt
the PWM strategy [see Fig. 4.17(b) and 4.17(c)] employed to guarantee the gener-
ation of a balanced three-phase load voltage. The challenge in this case is that the
three-phase currents of the load must be regulated in a balanced way, even though
there are only two legs available to do it. Two load currents are directly controlled
by these two legs, and the third one is indirectly controlled, since i, +i;, +i. =0. The
maximum amplitude of the line-to-line reference voltages (v;. = v; — v7) and (v;, =
v, — v;) is limited by the amplitude of the triangular waveforms, as in Fig. 4.17(c).
In these, the triangular waveforms have a frequency of 1 KHz.

As this topology cannot be considered conventional, there are some restrictions
in its practical application. However, it could be employed in fault-tolerant systems,
as a backup configuration in the case of a fault of the three-leg conventional topology
(Fig. 4.8).

4.7 UNBALANCED CAPACITOR VOLTAGE

If there is only one dc voltage source available, the NP required for the NPC con-
figuration can be obtained with two capacitors in a series connection, as seen in
Fig. 4.18(a). When a leg of the converter is connected (or clamped) to the NP, as in
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Figure 4.17 (a) Half-bridge three-level three-phase NPC converter. (b) PWM strategy.

(¢) (from top to bottom) reference waveforms for leg a (v} — vy, vy, and v},), reference
waveforms for leg b (v; — vy, v}, and v7,) and load currents.
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Figure 4.18 (a) NPC three-level topology with one dc voltage source. (b) Circuit showing
the currents in the capacitors. (c) Capacitor voltages.

Fig. 4.18(b), its current is injected at this point. The NP current (iyp) can be expressed
by the following equation

INP = D2a1ala + Db 1bip + G2cicle (4.26)

Notice that the NP is a floating point. In an open-loop operation and without
a specific PWM strategy, there is no guarantee that v, and v, will converge to the
desired voltage, that is, V./2. Considering the simple modulation strategy presented
in this chapter, the capacitor voltages are unbalanced, as in Fig. 4.18(c), which brings
up asymmetry at the output voltage of the converter.

To explain this capacitor voltage behavior it is necessary to observe the vari-
ables responsible for charging and discharging C, and C, highlighting the start-up
transient. From equation (4.25) it is seen that each component of the NP current
INpy = G291, (Withx=a, b, ¢) is a function of load current and switching states.

For example, Fig. 4.19(a) shows two currents associated with phase a, (i.e., i,
and iyp,). Notice that iyp, [the first portion of equation (4.26)] is actually the current
i, multiplied by the state of the switches ¢,, and g,,. As expected, such a current has
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Figure 4.19  (a) i, and iyp,. (b) ixp,» ixpy> and iyp,.. (€) iy and i,.

an average value equal to 0. The behavior of the currents iyp,, ixpp,, and ixp, is shown
in Fig. 4.19(b).

The capacitor currents i, and i, are functions of iyp,, inpp. and ixp,., as seen in
Fig. 4.19(c). The reason why the capacitor voltage v, goes down and v, goes up in
Fig. 4.18(c) is because i, starts with a negative value while i, starts with a positive
value, that is, initially C; is discharged and C, is charged but always maintaining the
Uy + U, constant and equal to V.. There are different strategies to regulate vy and
U by either using feedback controllers or with specific PWM approaches.
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Vi

Figure 4.20 (a) Four-level NPC configuration with PBs. (b) v, =V,.(c) v, =V,. (d) v, =V;.
@ev,=V,.

4.8 FOUR-LEVEL CONFIGURATION

Following the axioms and postulates involving the PBs, presented in the previous
chapter, the four-level (NPC) leg can be easily obtained as seen in Fig. 4.20(a).
Figure 4.20(b)—4.20(e) shows the ways used to obtain each specific level (V;, V,, V3,
and V,) at the output converter side. Figure 4.20(b) illustrates that it is necessary to
activate the PBs 1, 3 and 5 to obtain v, = V|, while v, =V, is obtained when PBs 2,
4, and 5 are activated [see Fig. 4.20(e)]. On the other hand, the intermediate voltages
V, and V5 are obtained at the output side when PBs 3 and 5, and PBs 4 and 5 are
activated, respectively. In general terms, to generate an output waveform with four
levels as in Fig. 4.21 (bottom), it is necessary to activate the PBs in a sequence as
observed in Fig. 4.21 (top).

Since v, is supposed to assume just one input voltage V|, V,, V3, or V, at a
time, an equation to describe the output voltage v, as a function of the input voltages
can be obtained from the independent binary variables (g, ¢,, and g3). As in the
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Figure 4.21 Generation of a general four-level output voltage.

TABLE 4.4 Table of Variables for the Converter in Fig. 4.20(a)

State q, q, qs v,
1 0 0 0 v,
2 0 0 1 V3
3 0 1 0
4 0 1 1 v,
5 1 0 0
6 1 0 1
7 1 1 0
8 1 1 1 V|

three-level NPC topology, the binary variables considered in Table 4.4 are related to
the switching states inside the blocks in Fig. 4.20.
In this case, the output pole voltage is given by

Vo = 419243Vs + 19293V3 + 419203V + 419295V 4.27)

Whereal =1 _ql’aZ =1 — >, anda:; =1 —q3.
Normally the waveform shown in Fig. 4.21 must be symmetrical, which means
that Vl = VdC’ V2 = Vdc/3, V3 == VdC/3’ and V4 == Vdc’ and
( ——— 4D | DD
v, = —_—

01929 ~ 73 + 3 + fh‘]z%) Vie (4.28)

If any other combination of output voltages associated with the switching states
is considered, instead of the Table of Variables presented in Table 4.4, it will lead to
undesired states, as presented shown in Example 4.2.
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Figure 4.22  Generation of the level: (a) V|, (b) V,, (c) V3, and (d) V, independent of the
output current.

The four-level NPC configuration has no restriction in terms of the generation
of desired output voltage and the values of currents, which means that each desired
voltage value V,, V,, V3, and V, can be obtained at the output converter side for any
values of current (i, > 0 or i, <0) as in Fig. 4.22.
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Figure 4.23  Four-level NPC topology — control circuit and signals for the switches.

4.9 PWM IMPLEMENTATION (FOUR-LEVEL
CONFIGURATION)

Figure 4.23 shows the analog solution for the PWM generation of one leg. The states
of the six switches are determined by a comparison among three high frequency tri-

angular waveforms (U; , U;“z, and v;;) and a sinusoidal waveform (U:i“).
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It can be seen from Fig. 4.23 that these three triangular waveforms (v}, v}, and
vy,) are intentionally level-shifted to guarantee four levels at the output converter side.
During the interval of time in which ¢, and g, are in operation (i.e., turning on and
off) g, and g5 are always on and consequently g, and g5 are always off. This is exactly
what is expected from Table 4.4, rows 8 and 4, that is, when the switching sequence
is changed from (g,.,9,.q3) = (1,1,1) to (¢.9».93) = (0,1,1) the output voltage will
change from V; to V,. On the other hand, during the interval of time in which g, and
g, are in operation (turning on and off) g, is always off and g5 is always on, which
is expected from Table 4.4, rows 2 and 4. In this case, when the switching sequence
is changed from (q,,4,.q3) = (0,0,1) to (¢.,9»,93) = (0,1,1) the output voltage will
change from V; to V,. Finally, for the interval of time in which ¢; and g5 are in
operation (turning on and off) ¢, and g, are always off, which is also expected from
Table 4.4, rows 1 and 2. When the switching sequence is changed from (q,,9,.93) =
(0,0,0) to (¢;,92.93) = (0,0,1) the output voltage will change from V, to V;.

Figure 4.24 shows the power converter and waveforms for a half-bridge
four-level configuration. If only one dc source is available, as in Fig. 4.18, additional

vdc1 b

Ve

Vies

Vies 5

0.2 0.225 0.25
(b)
Figure 4.24  (a) Four-level NPC half-bridge converter. (b) (from top to bottom) v7; , vy,
vy,; gating signal of switch g, ; gating signal of switch g,; gating signal of switch ¢5; load
voltage and load current.

*
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capacitors can be employed to obtain four voltage levels. However, the challenge to
control the capacitor voltages from a single dc source increases with the number of
levels of the converters. From four levels onwards, an auxiliary circuit is normally
needed to guarantee the control of such capacitors for a large range of load power
factor.

It is worth mentioning that the number of triangular waveforms increases pro-
portionally to the number of levels. For a converter with n levels n— 1 triangular
waveforms are needed at the output of the converter. As a consequence of the high
number of triangular waveforms, such converters must be designed to operate at high
modulation index to guarantee the desired amount of levels at the output converter
side. Figure 4.25 shows the influence of the modulation index (r,) in the converter
waveforms. Such a figure highlights the control (top) and output converter (middle
and bottom) waveforms for three different values of m,. When m, is decreased, the

200 T T T

—200 L " !

0 0.02 0.04
(@)

1 T T ;
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o AYVVVVV/AAANNAAAYYVVVANANN VVNAAAY V‘VWV‘
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VVVVV

200 T T T

—200 . ! !

0 0.02 0.04
(b)

Figure 4.25 (top) Sinusoidal and triangular waveforms, (middle) load voltage and (bottom)
load current: (a) m,=0.8, (b) m,=0.45, and m,=0.2.
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0.02 0.04

Figure 4.25 (Continued)

number of levels reduces as well, as observed in the sequence of Fig. 4.25(a), 4.25(b),
and 4.25(c), respectively. The output voltage is reduced to a two-level waveform when
the modulation index is equal to 0.2.

4.10 FULL-BRIDGE AND OTHER CIRCUITS
(FOUR-LEVEL CONFIGURATION)

The full-bridge single-phase converter using four-level NPC legs is shown in
Fig. 4.26(a). This topology could be of interest in single-phase applications when
the quality of the output voltage is an important aspect of the design since the load
voltage (v, = v,y — Up) has almost sinusoidal behavior. Figure 4.26(b) shows (from
top to bottom) pole voltage v,,, pole voltage v, load voltage, and load current,
respectively.

A three-phase three-level full-bridge NPC configuration is depicted in
Fig. 4.27(a), while Fig. 4.27(b) shows some variables associated with this converter,
that is, (from top to bottom) pole voltage (v,), voltage between load NP and
dc-link midpoint connection (v,,), load phase voltage (v,,), and load current (i,),
respectively.

Figure 4.28 shows a half-bridge three-phase four-level NPC topology. In this
case, a similar approach employed for the three-level topology, in terms of the PWM
circuit, is also considered for this configuration.

A four-level topology can be obtained for a three-phase machine with
open-end windings following the pattern of the circuit given in Fig. 4.12, and shown
in Fig. 4.29. This is an open-end winding motor drive system, which requires access
to six terminals of the machine. A four-level voltage appears in each phase of the
machine.
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Figure 4.26 (a) Four-level NPC full-bridge converter. (b) (from top to bottom) pole voltage

v, pole voltage v,,, load voltage, and load current.

4.11 FIVE-LEVEL CONFIGURATION

Following the same approach presented before for the three- and four-level configura-
tions, the five-level converter is shown in Fig. 4.30(a). As done for the previous NPC
topologies. Notice that just two types of PBs are employed. Figure 4.30(b) shows the

five-level configuration with the traditional representation, using switches.

In addition to the capacitor voltage balancing problem, another challenge
appears when the number of levels increases for an NPC topology. The blocking
voltage for each clamping diode changes and it depends on its position in the circuit.

The diode voltage can be written as

vp=N—-1=-x)N -1V, (4.

29)
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voltage between load NP and dc-link midpoint connection, load voltage, and load current.
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where N is the number of levels, x changes from 1 to N—2 and V. is the dc-link
voltage of the whole dc source. For high voltage applications, such different blocking
voltage characteristics could bring up operational limits for the converter. To solve
this problem and guarantee the same blocking voltages for all diodes, it is necessary
to add more clamping diodes in series.

By adding the first PB-dc shown in Fig. 4.31(a), it is possible to find a topology
with the same blocking voltages for all diodes with a pyramid structure as proposed
by Yuan and Barbi [14] and depicted in Fig. 4.31(b).

Theoretically, the number of levels in an NPC topology can be increased as
necessary, and to do so the PB-cc blocks must be stacked as in Fig. 4.32.
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(d)

Figure 4.32  Generation of the n-level NPC topologies: (a) three-level, (b) four-level,
(c) five-level, and (d) n-level.
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4.12 SUMMARY

This chapter is dedicated to NPC configurations. Further details about NPC topolo-
gies can be found in References from 1 to 14. The topologies are presented in a
systematic way in the following sequence: (i) PBs connections obtained from the
rules presented in Chapter 3; (ii) once the topology is established, the Table of Vari-
ables is obtained; (iii) the next step is modeling the converter by writing the output
voltage to describe what was obtained in the Table of Variables; and (iv) and finally
the PWM approach is developed from the Table of Variables. The same systematic
approach has been applied for both conventional and nonconventional topologies.

More than bringing new possibilities for power electronics converters in differ-
ent applications, nonconventional converters play an important role in the learning
process and ensure a deep understanding of the subject.
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CHAPTER 5

CASCADE CONFIGURATION

5.1 INTRODUCTION

The PBG is employed in this chapter to describe the cascade multilevel configura-
tions, also known as H-bridge series connected configurations. The introduction and
fundamental concepts are furnished for a single H-bridge topology, followed by the
connection of other H-bridge converters for generation of topologies with more lev-
els. Such configurations deal with attractive characteristics common for multilevel
circuits, such as low electromagnetic interference (EMI), reduced total harmonic dis-
tortion and high relationship between the number of levels per number of switches.
Comparing this multilevel configuration with the neutral point clamped (NPC) topol-
ogy described earlier, it is possible to sort some advantages such as (i) simple pack-
aging and physical structure with no neutral point clamping circuits, (ii) modular
structure (more or fewer H-bridge cells can be cascaded depending on the desired
power quality), and (iii) possibility to operate even with partial failure. On the other
hand, the main disadvantages are associated with (i) greater number of dc sources
and (ii) control complexity.

The previous chapter was organized with the sections divided in terms of the
number of levels of the converter, that is, three levels, four levels, and so on. In
this chapter, on the other hand, the organization (labeling scheme) of the sections
considers the number of H-bridge converters instead of number of levels. The main
reason for that is, depending on the values of the dc voltage sources and modulation
approach, the same topology can generate different number of levels.

Accordingly, Section 5.2 presents the description of a single H-bridge converter
along with its Table of Variables. The pulse width modulation (PWM) implementa-
tion is derived from the Table of Variables, as highlighted in Section 5.3. The fol-
lowing section presents the three-phase version with a single H-bridge converter per
phase. Sections 5.5, 5.6, and 5.7 deal with two H-bridge converters in series, with the
sequence given respectively by power converter construction, PWM approach, and
three-phase version. After showing how it is possible to guarantee post-fault oper-
ation with this type of converter in Section 5.7, Section 5.8 demonstrates that two
H-bridge converters can be employed to generate an output voltage with either seven
or nine levels, by employing the correct relationship between the dc-link voltages.

Advanced Power Electronics Converters: PWM Converters Processing AC Voltages,
Forty Fifth Edition. Euzeli Cipriano dos Santos Jr. and Edison Roberto Cabral da Silva.
© 2015 The Institute of Electrical and Electronics Engineers, Inc. Published 2015 by John Wiley & Sons, Inc.

125



126 CHAPTER5 CASCADE CONFIGURATION

Vv, —_
vo
(a)
v, —_ —
v v
Vo A ___°

(© (d)
Figure 5.1 (a) One H-bridge configuration with PBs. (b) v, =V, = V,. (c)v, =V, = V.
(duv,=0.

Section 5.9 presents different arrangements and PWM solutions for three H-bridge
converters connected in series. Finally, Section 5.10 introduces the generalization and
other possible converters characterized by series arrangements of H-bridge circuits.
This chapter has been written with the help of References from 1 to 14.

5.2 SINGLE H-BRIDGE CONVERTER

Considering the power blocks (PBs), no connection is needed among PBs to obtain
an H-bridge topology, since there is a block that represents this converter directly,
as observed in Fig. 5.1(a). Figure 5.1(b), 5.1(c) and 5.1(d) illustrates the methods
used to obtain three levels at the output converter side (V; = V,, V, =V, 0). In
general terms, to generate an output waveform with three levels as in Fig. 5.2 (bot-
tom), it is necessary to activate the PBs in a sequence as observed in this figure
(top).

Notice that instead of selecting one of the input voltages V,, V,, and V; as
done for the NPC topology considered in the previous chapter, the three-level output
voltage in Fig. 5.2 is a combination of two voltages V| and V, available at the input
converter side. Despite the three-level voltage in Fig. 5.2, it is convenient to start the
analysis of the cascade multilevel topologies by assuming just two levels (V| — V,,
V, — V) at the output converter side, as in Fig. 5.1(b) and 5.1(c).

Since v, can assume just one combination of the input voltages each time, it is
reasonable to write an equation to describe the output voltage v, as a function of both
input voltages and an independent binary variable. As the number of input voltages
to be selected is two, the minimum number of binary control variable is one. This
binary variable should be used to select one combination of the inputs to appear at
the output converter side, which means that one possible solution to achieve this goal
is given in Table 5.1.

From ¢, and its complementary signal g; = 1 — ¢,, the output voltage can be
obtained as follows:

v, =qi (Vi = Vo) +q,(V, = Vy) 5.D
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Figure 5.2  General three-level output voltage.

TABLE5.1 Converter in Fig. 5.1(a) Operating as
a Two-Level Converter

State q, v,
1 1 V=V,
2 0 Vv, -V,

If Vv, =V, = Vg, then (5.1) can be written as follows:
v, =2q, — DV (5.2)

As seen in the previous chapter, these control variables (¢, and g,) are in fact the
states of the switches inside the blocks. Comparing Table 5.1 with Fig. 5.2 (bottom)
it is evident that just one binary control variable (g,) and its complementary signal
(g,) are not enough to select three levels at the output converter side.

If the number of levels for the output voltage is expected to be three (+V.,0),
the minimum number of binary variables in this case should be two, which are used
to select a desired output voltage, meaning that one possible combination to achieve
this goal is given in Table 5.2.

The output voltage can be written as

Vo = =4192Vae + 291 Ve (5.3)

where g, = 1 — ¢,. Substituting the complementary variables, the previous equation
becomes

U, =—(1=q1)gVae + (1 = q2)q Ve (5.4)
U, =(q1 — 92)Vyc (55
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TABLE5.2 Converter in Fig. 5.1(a) Operating as
a Three-Level Converter

State q, q, v,

1 0 0 0
2 0 1 Ve
3 1 0 Vie
4 1 1 0

Figure 3.10 shows the same configuration presented in Fig. 5.1, along with
binary variables describing the state of the switches for positive and negative
output currents (i,). Notice that there is no restriction in terms of state of the
switches and the values of currents, which means that each voltage value can be
obtained at the output converter independent of the current values (i, > 0 and
i, <0).

Example 5.1

Considering the previous analysis, place each switch (g;, g, ¢,, and g,) in
the correct position in the following circuit to guarantee the generation of the
levels as shown in Table 5.2.

J Position 1 J Position 2

Vo ! +

Position 3 K Position 4

Solution

For the generation of a voltage v, with three levels, as in Table 5.2, g, should
be placed, for example, in position 2, while ¢, should be placed in position 1.
Consequently g, and g, should be placed in positions 4 and 3, respectively.
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5.3 PWM IMPLEMENTATION OF A SINGLE H-BRIDGE
CONVERTER

If a single H-bridge converter is operating with two or three levels independently,
the ultimate control goal is to guarantee a regulated voltage at its output side. The
output voltage is regulated in terms of amplitude and frequency, obtained through
PWM strategies. Many works in the technical literature have proposed solutions in
terms of modulation approach applied to cascade converters. A simple sinusoidal
carrier-based PWM strategy is considered in this chapter.

Figure 5.3 shows an analog solution for implementation of PWM, in which
the states of the four switches are determined by a comparison between one high
frequency triangular waveform (v;) and a sinusoidal waveform (v, ). Note that this
modulation strategy generates the waveforms with two levels as seen in Table 5.1.
In Fig. 5.3(a) (top) the same gating signals are sent to ¢, and g,, while the same
complementary signals are sent to ¢, and g, which implies that the pair of switches
q, — ¢, and g, — q, are always turned on and off simultaneously. Figure 5.3(a) (bot-
tom) shows the power part of the converter, and Fig. 5.3(b) shows the waveforms of
the PWM and gating signals.

While Fig. 5.4(a) shows an H-bridge converter supplying a single-phase RL
load, Fig. 5.4(b) shows (from top to bottom) PWM reference waveforms (U’Skin and v}),
gating signal of switch ¢, gating signal of switch g,, load voltage and load current,
respectively. The parameters employed in these simulation results were Vy, =200V,
R =5Q, and L = 5mH, and switching frequency was equal to 1000 Hz. These same
parameters have been used for other simulation outcomes in this chapter.

The modulation strategy presented in Figs 5.3 and 5.4 seems to have low prac-
tical interest due to a two-level voltage generation, which means reduced THD as
compared to the three-level option. However, it permits applicability in photovoltaic
systems due to common mode voltage and current reduction.

As indicated by Fig. 5.2 and Table 5.2, an H-bridge converter is also able to
generate a three-level voltage by just changing the PWM control signals.

Figure 5.5 shows two PWM approaches used to control the H-bridge converter.
A direct comparison between the results obtained in Fig. 5.5 highlights some advan-
tages and drawbacks for each method used to generate three levels at the output
converter side. For instance, with two high frequency waveforms (v} and vy,) [see
Fig. 5.5(a) and 5.5(c) — Method 1] it is possible to operate the converter with reduced
power converter losses, since one leg will modulate (turning the switches on and off)
while the other one will be clamped. Method 1 is also known as level-shift PWM strat-
egy. On the other hand, the operation with one high frequency waveform (v}) and two
modulating signals (v}, | and v}, ,) [see Fig. 5.5(b) and 5.5(d) — Method 2] guaran-
tees lower harmonic distortion, which can be verified by the reduced current ripple.
In this case, both legs modulate during the whole period of the sinusoidal waveforms;
as a consequence, the harmonic content of the high frequency components is twice
that of the switching frequency.

In Method 1 [Fig. 5.5(a) and 5.5(c)] just two states in Table 5.2 are employed
per half of the sinusoidal period, that is, states 1 and 3 for the positive half of the
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Figure 5.3 (a) PWM generation for switches ¢,, ¢,, ¢,, and g,. (b). (from top to
bottom) — reference voltages, gating signal of switch g,, and gating signal of switch g,.

sine, and states 1 and 2 for the negative half of the sine. In this method, state 4 with
both switches on is never employed. On the other hand, in Method 2 all states are
employed.

Figures 5.4 and 5.5 highlight that the same average voltage and consequently
the same amplitude (in terms of average values) of the load current is obtained at the
output converter side, independent of the modulation strategies employed.

The frequency-domain representation, using the Fourier transformation of the
output voltage, is an important tool to understand the differences between the PWM
strategies in Fig. 5.5.

Figure 5.6(a) and 5.6(b) shows the waveforms presented in Fig. 5.5, with both
time- and frequency-domain for Methods 2 and 1, respectively. Notice that the pole
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1 1.025 1.05
(b)

Figure 5.4 (a) Two-level H-bridge converter. (b) (from top to bottom) v7; , v; gating signal

of switch ¢,; gating signal of switch g,; load voltage and load current.

voltages for Method 2 have two main frequency components, that is, one related to
the sinusoidal and another related to the triangular waveform. Since v, = vy — Uy
and there is just one triangular waveform, such a frequency component is cancelled
for v,. Although not shown in this figure, there are higher frequency components. On
the other hand, there are two sinusoidal waveforms with phase shift equal to 180° for
Method 2, which explains why the amplitude of the sine frequency component for v,
is twice that for v, and v,,. Such a characteristic also explains the higher switching
frequency observed for v, in the time domain. For Method 1 [Fig. 5.6(b)], each pole
voltage has dc components that are cancelled for v, but the triangular frequency com-
ponents are not cancelled. Since this waveform was obtained by employing different
carrier signals, it is clear why the switching frequency components for v, in Method
1 are equal to the switching frequency component observed in the pole voltages.

Exercise 5.1

Determine all topological states (equivalent circuits) for the switching states
in both strategies presented in Fig. 5.5. Assume both positive and negative
currents.
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Figure 5.6 Waveforms for time and frequency domains for: (a) Method 2 and (b) Method 1.

In general terms, for a PWM strategy obtained from a comparison between
sinusoidal and triangular waveforms as presented in Figs 5.3 and 5.5(b), the peak
amplitude of the fundamental component for the pole voltage V() [see equation

(2.10)] is given by

*
sin Vdc Vdc
=m -

V]O(]) = =

v, 2 92

(5.6)
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It turns out that the fundamental component can be written by v;o,(1) =
m,(Vy./2) sin(wt) with m, < 1. The harmonic components can be calculated using
the Fourier series as follows:

o) = Vi) + ZUIO(h)(t) (5.7
h=1

with Zvlo(h)(t)— Z{ah cos(hwt) + b, sin(hwt)}. Note that a, are the cosine

components in the Fourler series, while b, are the sine components, see equations
(2.1)-(2.3).

Indeed the harmonic for the pole voltage comes out as side-bands centered on
the switching frequency and its multiples. The figure below shows the amplitude of
the normalized harmonic component V., /(V4./2) versus the harmonics, obtained
from equation (5.6) for three values of modulation indexes: m, = 1, 0.6, and 0.4, and
with mg > 21 for all cases.

V1o
1 mg=10 mg>21
0.60
0.32 | 0.32 0.21 0.21 0.06 0.06
002 002 003 o4p0.ie 0.03 0.15 10.11 | 0.15
. ! . o ! 00474 104" T40.04
S —tls '
! m,—2 m,+2 ) 2my=1 2my+ amy-3 a2, Harmonic
m-4 my+4 am-3  2m+3 3my—4 3my+4
2my-S 2m+5 3m,6 3my+6
V1o
1.00 —
mg=0.6  mp21
0.60
037 0.37 0.20 0.20
0.13[0.13 -
ot [0 0 %07] | 9070 000410087004 0
L me-2 2 2’”r 1 2’”f+1 am gm f3m+2 Harmonic
e my+4 2m-3 2mg+3 3m—4 3m;+4
Vv ! am-5 2my+5 3m,-6 3my+6
104 s f f
mg=0.4 mg>21 |
0.40
032 0.32 0.13 0.13
I 0006 0069 0002| [o0g2o 00,019 %¢?4001 ¢
! m,—2 Tmp+2 2m—1 2’”f+1 3m,_g famp+2 Harmonic
m-4 my+4 it Ed G 3my—4 3my+4
U M+ 3m;—6 3m;+6

It can be seen from this figure that the pole voltage has an interesting charac-
teristic, that is, there is only odd harmonics. The even harmonics disappear if m; is
an odd integer bigger than 9. This is due to odd symmetry with v;y(—t) = —v;,(?).
Also, the a;, (cosine elements in the Fourier series) are equal to zero, while the terms
by, (sine elements) can be different from zero.
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The pole voltage is plotted below to demonstrate the effect of an even value
for my as compared to an odd one. Note that when my = 8, an asymmetric waveform
is obtained at the pole voltage, since the comparison of the peaks and valleys
of the sinusoidal voltage along with the triangular one is different. On the other
hand, when my = 9 (an odd number for mf) a symmetric waveform is obtained
since the comparison is symmetric for all periods, as highlighted in the peaks and
valleys.

e m,=09andm, =8

m,=0.9and m;=8

s

Vsin Vi
V1o

Asymmetrical waveform

e m,=09andm; =9

m,=0.9andm;=9

Symmetrical waveform

Other harmonic component elimination can be obtained when both sinusoidal
(U:in) and triangular (v,) waveforms are synchronized for my < 21. If my > 21, no
synchronization is needed due to low gain.

Application (Photovoltaic Systems)

A typical photovoltaic (PV) power system is composed of a set of PV arrays with one
central inverter, which can be implemented transformerless or with an isolated trans-
former as shown below. The last solution is sometimes avoided due to size, weight,
and price of the low frequency transformer.
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1/ Y Utility
grid

y
Inverter ‘ 7

Transformerless

[ [ ]

PV arrays

Due to high frequency on the inverter, a common mode voltage (vcy ) Is gener-
ated with respect to the ground, which will induce a circulating current between the
PV panels and the grid through the inverter. Notice that such a current does not exist
when a transformer is used.

Due to safety requirements the PV module frame is connected to the ground,
as represented in figure below (left side). Since the panels have a planar structure
and module glass, it results in capacitance to the ground. In fact, the individual PV
cells have distributed stray capacitance to the ground, as depicted in the middle of the
figure below. The distributed capacitance throughout the module can be characterized
by an equivalent lumped capacitance highlighted in the right figure below.

PV panel P(+) NG) P(+)
I PV panel T =
Distributed L—‘ Panel
stray Cpv
P(+) capacitance “‘ I
Lumped
N(-) stray
capacitance
SR AT y —1
“.Individual Cev T
PV cell = N(-)

Assuming this equivalent circuit for the PV along with the stray capacitances, it

is possible to obtain the circuit below (top). Without an isolated transformer there is a
galvanic connection between the grid and PV arrays represented in this figure by the
circulating current iy gy, oc- The bottom-lefi-side figure below shows a simplification
of this circuit with a block representing the panels and the inverter. In this case,
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Sor simplification purposes, just one Cpy is considered between the point N and
the ground. If an H-bridge topology (bottom-right-side figure below) is chosen to
implement the grid-tie inverter, it is possible to define two voltages as function of
U1y = qVpy and vy = q,Vpy as follows:

o Differential voltage: vpy = U1y — Uans

o Common mode voltage: vcy = (U + Uay) /2.

Dc-link
capacitances " P L
: 1
v
Grid-tie
L Inverter
- L. 2
2
C PV ==# ,"== CPV N
. P
'y TS
Stray 1} eakage
capacitance
1 b : .
PV array + q 1J QZJ
inverter
Lo e
2 ——o2
) ]
. )
lLeakage N .

Using both voltages vpy and vy, it is possible to model the block describing
PV array + Inverter above with the circuit presented below.

PV array + inverter

P

vDM/2

M
W)

—Vpu/2

A5

@)

N

CPV' 3

- o

s

|
i
I
i
|
-
T
i

2

<

lLeakage
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As observed in the figures above, the leakage current varies particularly with

Uewms or by using other words, ILcakage IS @ function of the common mode voltage given

by vey = (g1 + 92) Ve /2. From the Table presented in the sequence, it is quite clear
that if the modulation strategy selects only states 2 and 3, vcy is always equal to
Vpn /2, which means constant voltage applied to the capacitor Cpy and consequently

null circulating current (1.e., i cqxa0e = 0). The direct consequence of cancelling icy
is that the number of levels at the output converter side will be two, instead of three.
See Table 5.1 as well as Fig. 5.3.

State | q, q, Uem
1 0 0 0
2 0 1 Von/2
3 1 0 Von/2
4 1 1 Von

Example 5.2

For the H-bridge topology shown in Fig. 5.4(a) with V4, =600V, m, = 0.6,
switching frequency: 1950Hz and v}, = 180sin(27501), calculate the root
mean square (RMS) values of the fundamental and most important harmonics
(with at least 10% of the amplitude of the biggest harmonic) for the pole
voltage v, assuming Method 2 in Fig. 5.5.

Solution

The amplitude of the fundamental and harmonics can be obtained from the
figure below that shows the relationship between V), /(V,./2) and the har-
monics.

V1o
1.00 i
m,=0.6 mge21 |
0.60
0.37 0.37 0.20 0.20
0.13/0.13
0.07 0.07 0.08
oo 0 ¢ y O 00'.04T39 P4 o
e — = m: | .
I 1 2 fmf+2 ) 2rgr1 2m£+1 i 3m-2 fgmf',g Harmonic
o my+4 M met 3m, 3me+4
fail 2me5 2me5 3m6 I f+3m,+6

So, the amplitude of the harmonic AV, is given by

Voo = Viom Ve
00 = \Vee2) 2

The RMS value can be obtained directly as follows:

b (Vi) Vae
L0(HRMS — \/E Vdc/2 2
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Since m, =0.6 and m; = f,/f, = 1950/50 = 39, it is possible to
write:

1 600
]’l =1- VIO(I)RMS = % . 06 . T = 127V

1 600
h= 39—>V10(39)RMS = E -1 - = 212V

h=37,41 > Vigaranpms = = - 013+ 52 =27V

Sl-

1 600
h= 77, 79 g V10(77’79)RMS = % . 037 . T = 78V
L
V2
All the other harmonics will not be considered since their amplitude is
less than 10%.

h=115,119 = Vio115 1190 = 5 - 02+ 3¢ =42V

Example 5.3

Determine the RMS voltage value for the fundamental and for the harmonic
number 39 of the output voltage assuming the conditions of the last example;
assume both PWM strategies shown in Figs 5.4 and 5.5(b).

Solution

Since the output voltage of the PWM approach shown in Fig. 5.4 has the same
shape of the pole voltage [see Fig. 5.4(b)] it is possible to keep using the tem-
plate furnished in the figure Y100 versus harmonics. However, the RMS values

Vd(:/2
are given by
VlO(h)
o= () e
L .0.6-600 =254V

(DRMS = /5

h=39>V,50 0 = % -1-600 = 424V

h=1-V,

On the other hand, for the PWM technique given in Fig. 5.5(b) the out-
put voltage presents a different shape from the pole voltage, which means
that it is possible to use the template in figure Vo, /(Vy./2) versus harmon-
ics. Although v, has three levels instead of two, the fundamental component
(h = 1) should be the same as for the PWM in Fig. 5.3 since in both cases the
converter is operating under the same conditions in terms of V., m,, and my.
Then: h =1 - V,)pue =254 V.

For the harmonic 39, it turns out that V, 0, [see Fig. 5.6(a)].

(BIRMS —
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Exercise 5.2

Repeat Examples 5.1 and 5. with m, = 1.0 instead of 0.6. The other operation
conditions are the same as in the previous examples.

5.4 THREE-PHASE CONVERTER —ONE H-BRIDGE
CONVERTER PER PHASE

A three-phase configuration by using one H-bridge converter per phase is depicted in
Fig. 5.7(a). It is worth mentioning that both converter and three-phase load are con-
nected in a Y arrangement. The converter pole voltages can be written as a function
of the states of switches, as follows:

Va0 = (G14 — 920) Ve (5.8)
Upo0 = (915 — 925)Vac (5.9)
Uep = (qlc - qZC)Vdc (510)

Considering a balanced three-phase system, it turns out that the voltage between
the neutral of the load and the point “0” is given by

V4
Vo = Tc(qm_QZa+CI1b_Q2b+CI1c_q2c) (5.11)

Compiling equations (5.8)—(5.11), it is possible to write the load voltages v
Upy» and v,,, in @ matrix representation, as shown below:

an’

[2 2 11 =1 177, 1]

ol - - _— - 91a
v 3.3 33 3 3|lg,
- - =2 =1 1 |{qy
ol=velzt L 222 = _ (5.12)
v 3 3 33 3 3| 9%
cn

_1 1 11 2 -2 qic

(3 3 33 3 3 1L%]

The power converter constituted by the arrangement of H-bridges topologies,
as in Fig. 5.7(a) allows different connections for the H-bridge converters. Such a
characteristic is not observed for the converters shown in the previous chapter. In fact,
for a given three-level NPC topology, different arrangements can be addressed for the
load side with either Y or A connections of the three-phase load, but the connections
of the converter itself cannot be changed, since all legs are connected to the same
dc-link source. On the other hand, due to its modular feature, H-bridge converters
can be changed in order to deal with specific requirements. In this sense, Fig. 5.7(b)
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Vdc Vdc
= = — —
G1a Gia g
L= q 1a, q 1a
Q2a 52a
VdC L R
oo | | L T —MW—
—
= V.
q an
1b q 1
0 Q2 Q2 L R "
=
V s Vbn
= = — —
f C_’jc_l G L i J1c C_7 L R
—— = | 1il
= Ven v
e 92 Qzc Q¢ o
f—
Veo

Figure 5.7 (a) Three-phase H-bridge configuration connected in a Y arrangement.
(b) Three-phase H-bridge configuration connected in a A arrangement.

shows a solution in which the converters are arranged in a A connection. There is
also a possibility to connect a three-phase load in A for the converters depicted in
Fig. 5.7(a) and 5.7(Db).

Exercise 5.3

Fill a table to show the number of levels of the load phase voltage v, for both
topologies given in Fig. 5.7 as a function of the switching states.

To highlight the influence of the PWM strategies presented in Fig. 5.5
(Methods 1 and 2) for the three-phase configuration as in Figs 5.7(a), 5.8(a), 5.8(b)
show the waveforms related to Methods 1 and 2, respectively. In the three-phase
case, the waveforms for the line-to-line voltage obtained through Method 1 have
an interesting characteristic with the same dv/dt, while Method 2 presents a
line-to-line voltage with the levels not well defined as in Fig. 5.8(a). As a conse-
quence v, in Fig. 5.8(a) is closer to a sine waveform than in Fig. 5.8(b). Note that
Fig. 5.8(c) highlights the advantages of Method 1 with a voltage presenting the
same dv/dt.
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Method 1
Vab T, same
dv/dt
c——"/ v
Method 2
Vab " Different
.~ dvadt

©
Figure 5.8  (from top to bottom) Voltages: v, v,,, and v,, and load currents for (a)
Method 1, (b) Method 2, and (c) levels of line-to-line voltage.
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As described in the previous chapter, there is a possibility to supply a
three-phase load by using a converter able to supply only two phases, since the third
phase will be indirectly controlled, due to the redundancy inherent in the balanced
three-phase systems (i, + i, + i, = 0 and v, + v, + v, = 0).

Exercise 5.4

Assuming all possibilities in terms of converter and three-phase load connec-
tions as given in the table below, specify the switches of the converters in terms
of voltage and current requirement, assuming the same RL load and dc-link
voltage for all connections below. Also, disregard any safety margin while
specifying the components.

Converter Load

Connection | Connection | Figure
Y Y 5.7(a)
A Y 5.7(b)
Y A -

A A -

Figure 5.9(a) shows the configuration with only two H-bridges connected to
phases a and b, while Fig. 5.9(b) shows the waveforms related to this configuration.
This kind of topology seems to have low practical interest, but in a fault-tolerant
system it could be interesting due to its ability to maintain the three-phase voltage
applied to the load on the post-fault operation. In this scenario, the “healthy” config-
uration is changed to the post-fault one after fault identification in the third phase of
the converter.

The PWM control of the configuration presented in Fig. 5.9(a) needs to be
adapted. The amplitude of voltage applied to the load is reduced by \/5 and its dis-
tortion harmonic increased. However, the converter is still able to supply a three-phase
load with balanced currents as in Fig. 5.9(b) with i, ij,, and i, having the same ampli-
tude and a phase shift equal to 120°.

Exercise 5.5

Does the connection shown in Fig. 5.9 affect the number of levels of the load
phase voltage? To answer this question, write a table to show the load voltages
as a function of the switching states and compare with the results obtained in
Exercise 5.3.
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Vdc
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Figure 5.9 (a) Configuration supplying only two phases of the three-phase load. (b) (from
top to bottom) v,,, v, U,,, and load currents.

cn’

5.5 TWO H-BRIDGE CONVERTERS

Connecting H-bridge converters in series, as in Fig. 5.10(a), allows the generation
of voltage with a higher number of levels. Such a cascade converter is in fact a very
popular topology in high voltage motor drive applications, especially due to its mod-
ular characteristic.

As discussed previously, each H-bridge converter can generate a maximum of
three levels at its output, which means a maximum of nine levels at the output of two
connected H-bridges series. All levels are considered in Table 5.3 for each switch-
ing state. The levels are: {0,+V,+V,,-V, -V, =V, +V,,V,=-V,,V,+V,}.
Figure 5.10(b)-5.10(j) show the combination used to obtain each specific level at
the output converter side.
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Figure 5.10 (a) Two H-bridges configuration with PBs. (b) v, =V, + V,. (¢)
v,==-V, -V, dv,=V,-V,.(e)v,=-V, +V, . DHv,=V,_.(9v,=-V,.(bh)v, =V,

()v,=-V,. (v, =0.
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From the expression for the output voltage of one H-bridge converter given in
(5.5), the output voltage v, of the converter presented in Fig. 5.10(a) can be written
as a function of the binary variables presented in Table 5.3, as follows:

Vo =10 = D)Va + @15 — 92V

(5.13)
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TABLE 5.3 Table of Variables for the Converter in Fig. 5.10

State 91a 92 91 92 Y,

1 0 0 0 0 (]

2 0 0 0 1 -V,

3 0 0 1 0 v,

4 0 0 1 1 0]

5 0 1 0 0 v,

6 0 1 0 1 —w,-v,
7 0 I I 0 -, v,
8 0 1 1 1 -V,

9 1 0 0 0 v,

10 1 0 0 1 "
1 1 0 1 0 W4V,
12 I 0 I 1 v,

13 1 1 0 0 (]

14 1 1 0 1 -V,
15 1 1 1 0 v,

16 1 1 1 1 (]

Although it is possible to generate nine levels at the output of the converter in
Fig. 5.10, this section will start with the analysis to obtain five levels followed by
seven and nine.

Example 5.4

What should be the relationship between V,, and V,, to reach the maximum nine
levels (the maximum number of levels) at the output converter side?

Solution

To generate the maximum number of levels at the output converter side it is nec-
essary to guarantee either V, = 3V, or V, = 3V,. Other numbers of levels can
be obtained with other relationships of the input voltages. For instance, seven
levels is obtained with V| = 2V, or V, = 2V, while five levels is obtained with
V=V,

5.6 PWM IMPLEMENTATION OF TWO CASCADE
H-BRIDGES

PWM control strategies are also employed for a converter with two cascade H-bridge
topology to guarantee controlled voltage and frequency at its output. Since there
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are more switches to generate the desired output voltage as compared to the single
H-bridge topology, it is also expected to have ways to implement the PWM strategies.
This section explores some of these PWM approaches.

Figure 5.11 shows the analog solution with phase shift multicarrier modulation
technique, in which the states of the eight switches are determined by a comparison
between two high frequency triangular waveforms (v7, and v}, carrier signals) and
two sinusoidal waveforms (u;’“in and —U:in, control signals) for the case where V, =
V}, = Vg The voltages v, and v7, are shifted by 90°. In this case the converter is
able to generate a five-level waveform at its output. As mentioned previously, the

driver
o— driver

driver
o— driver

(a)

V;in
> Lo o o
b
e A T

Q2p

~Vgin D —mﬂ Q2p _
d1b
oLt |7
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_ Q1a
T2 Gpa—i

Q2q

Q2q _
A1a

Q24

RINEN

I
Q
=

O

i M\h,.""/\’ i

—200

Figure 5.11 (a) PWM strategy with phase-shift method. (b) (top) PWM waveforms and
(bottom) output converter voltage.
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block named driver must guarantee the levels of voltage and current needed to operate
(turning on and off) the power switches adequately, as well as isolate the control
(signal) and the power circuits.

It is evident that the phase shift between v7; and vy, plays an important role in
the PWM approach as in Fig. 5.11. In fact, the influence of this parameter is depicted
in Fig. 5.12, which shows triangular (v7, and U;kz) and sinusoidal (v, ) voltages (top);
load voltage (middle); and load current (bottom). The parameters employed in these
simulation results were: input voltage — V, = 100V and V;, = 100V; load - R = 5Q
and L = 5mH; and switching frequency — 1kHz. Figure 5.12(a) shows those vari-
ables with phase shift between v, and v}, equal to 0°. Other phase shifts are consid-
ered, that is, 45°, 90°, and 180°, as in Fig. 5.12(b), 5.12(c) and 5.12(d), respectively.
Considering the waveforms of the load voltage and load current, it is evident that 90°
reduces the harmonic distortion for both voltage and current. Although changing the
high frequency components and consequently the THD of the variables, the phase
shift does not influence the value of voltage applied to the load.

In fact, the phase angle displacement of 90° between v* and vy, guarantees an

1
optimum output voltage because it generates a sequence of switching states with the

(@) (b)

<A

(c) (d)

s

Figure 5.12  Triangular (v}, v},) and sinusoidal (v, ) waveforms (top); load voltage
(middle); and load current (bottom): with phase shift of (a) 0°, (b) 45°, (¢) 90°, and
(d) 180°.
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levels well defined as in Fig. 5.8. For instance, during the peaks it is expected that the
output voltages change from V. to 2V, while during the valleys the voltages should
change from -2V, to —V,.. Figure 5.13 shows the sequence of the switching states
when 07, is around its peak. Since V,, =V, = V., States 3,9, 15, and 12 in Table 5.3
generate the same output voltage equal to V.. On the other hand, there is only one
way to generate 2V, which is through State 11. Note that any other phase shift will
generate a sequence different from the one in Fig. 5.13.

Another way to implement the PWM strategy for the converter employing two
H-bridge cells in series is presented in Fig. 5.14. Such a technique is called level-shift
(or level dispositions), where all carrier signals are in phase but with different offsets.

For a symmetrical (same dc-link voltages) cascade multilevel converter, the
quantity of the carrier signals is defined by the number of levels desired at the output
converter side, that is, for N levels (N — 1) triangular carriers are required.

Figure 5.15 shows a comparison between two-level shift PWM approaches.
Note that other outcomes are obtained when all triangular carriers have the same
peak-to-peak voltage, but there is a phase shift of 180° between any two adjacent
carrier waves.

5.7 THREE-PHASE CONVERTER — TWO CASCADE
H-BRIDGES PER PHASE

A three-phase configuration employing two H-bridge converters per phase is depicted
in Fig. 5.16(a), with both converter and load connected in a Y arrangement. The
waveforms associated with this configuration are depicted in Fig. 5.16(b). These load
voltages present high quality with reduced THD due to the high number of levels. The
PWM strategy employed in the results of Fig. 5.16 were obtained with the level shift
approach, as in Fig. 5.14.

The converter voltages can be written as a function of the states of switches, as
follows:

Va0 = (@10 = 924 + 930 — 94a) Ve (5.14)

Vb0 = (q1p = Gop + G35 — Gap) Ve (5.15)
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V;in
x JL J_r driver [ G1a
"R @10 —
INAN driver > G1
AN 2 92a
G2a
. driver [~ 92a _
S anan "l
ANV driver [ G2a

VAVAYA
Vi3 driver [ Q1
—1 d1p —I
driver > G Qop
— +—
driver [ 92 _
(AR —_:|>—E Gy —
driver [ G2b

(b)

Figure 5.14 (a) PWM strategy with phase disposition (PD) method. (b) (top) PWM
waveforms and (bottom) output converter voltage.

Uep = (qlc G T q3. — q4c)Vdc (516)

Considering a balanced three-phase system, the voltage between the neutral of
the load “n” and the point “0” is given by

1% c
Uno = %Z(qlx — ot G5 — q4x) (517)

X=a
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Figure 5.15 Comparison between two-level shift PWM techniques.

Compiling equations (5.14)—(5.17), and assuming a balanced scenario, it is
possible to write the load voltages v and v, as a function of both switching
states and dc-link voltages.

As mentioned previously, one of the main advantages of the cascade configura-
tions is their modularity, which brings benefits in terms of fault tolerance capability.
The fault compensation is achieved by reconfiguring the power converter topology to
keep the system in operation, even with a different number of H-bridges per phase.
Figure 5.17(a) shows one phase of the three-phase converter as in Fig. 5.16(a) under
“healthy” operation and generating a five-level voltage at the output. For the sake
of illustration, let us assume that a fault occurs in the switch ¢,,, as highlighted in
Fig. 5.17(b). Such a fault can be characterized as either a permanent short-circuit [see
Fig. 5.17(c)] or a permanent open-circuit [see Fig. 5.17(d)]. The fault detection sys-
tem must be able to identify where the fault has occurred (determining which switch
is at fault), and also the type of fault (short- or open-circuit). Sometimes it is necessary
to use fuses to deal with the reconfiguration of the power converter, which will help
to isolate part of converter under fault. For simplification purposes, the fuse devices
are not presented in Fig. 5.17.

The first action to be taken for a short-circuit failure [Fig. 5.17(c)] in the switch
q1, 1s to keep the complementary switch g,, open. As a consequence, the voltage
generated at the output of this H-bridge converter v, ,,, = v, — U,, can assume only
two values 0 or V, thatis, vy, = {0, V4. }. Another scenario is with an open-circuit
failure as shown in Fig. 5.17(d). In this case, the complementary switch g, must be
on to avoid current discontinuity. Consequently, the voltage generated at the output of
this H-bridge converter can also assume only two values, that is, v},,, = {0, =V}
Both cases of failure lead to a voltage generation at the output of the H-bridge under
fault with just one polarity: positive polarity {0, V,.} for short-circuit failure and neg-
ative polarity {0, =V, } for open-circuit failure. This represents a restriction for the
amount of voltage generated by the phase under fault. However, a sinusoidal voltage
with smaller amplitude and only three levels {0, =V} can still be generated by these
two H-bridge converters in series.

Although the faults presented in Fig. 5.17, there are some failures that
damage the whole H-bridge converter. For example, it is quite common to have

an> Ubn>
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two switches inserted in the same package constituting a leg, and likely one
switch will be affected if a malfunction has happened to another switch in the
same leg. Another example of malfunction that deteriorates the whole H-bridge
cell (in terms of capacity to generate any voltage) is when a fault occurs in
the dc-link. There is no way to generate any desired voltage at the output of
any H-bridge without dc-link voltage. The fault compensation when the entire
H-bridge is suffering from a fault is achieved by reconfiguring the power converter
topology along with additional devices, such as triacs, as shown in Fig. 5.18(a).
The triacs #; and f, are open under “healthy” operation and must be turned on
if a fault is detected, to isolate the whole H-bridge under fault. Figure 5.18(b)
shows the post-fault topology with the H-bridge converter isolated by using the
triac ¢;.

The post-fault operation requires a new PWM approach to keep a set of bal-
anced three-phase voltages applied to the load. There exist different ways to generate
the PWM signals for the post-fault topology as in Fig. 5.18(b), since there are two
converters per phase (in phases b and ¢) and just one converter in the phase a to synthe-
size the desire three-phase load voltage. One possibility to maintain the three-phase
balanced voltage is to turn on the triacs #; and #5 to make this topology equal to that
presented in Fig. 5.7(a). This means that the two H-bridge per phase configuration
will be changed to a single H-bridge per phase. Also the rated voltage is reduced to
half of the pre-fault operation. Another possibility is to keep the post-fault topology
as presented in Fig. 5.18(b), that is, phase a with one H-bridge and phases b and ¢
with two H-bridges. To guarantee a balanced three-phase voltage among the phases,
the modulation index for phases b and ¢ should be reduced to 50% of the modulation
index employed for phase a.

Exercise 5.6

Determine the number of levels of the post-fault topology in Fig. 5.18(b) con-
sidering the case in which the modulation index for phases b and c is reduced
by 50%.

As done before, the connection of the converters can be changed in order
to deal with specific requirements of the load. For instance, Fig. 5.19 shows a
solution in which the converters are arranged in a A connection. There is also
a possibility to connect a three-phase load in the A connection.

If the three-phase load is an electrical machine, it is also possible to connect
this machine with an open-end winding arrangement as seen in Fig. 5.20. Open-end
winding motor structure is obtained by opening the neutral point of the conventional
induction or synchronous machine and does not require any design change for the
machine itself. In fact, a three-phase machine with six terminals available is needed.
In this case the model of the converter is given by

Uginl = (%a - ('IZa)Vdc (518)
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Opin1 = (q1p — 92p) Ve

Uctnl = (CIlc - QZC)Vdc

and
Ugon2 = (q3a - q4a)vdc

Upon2 = (G35 = 44p) Ve
Veanz = (@3¢ = 44 Ve
Then the voltage applied to the machine’s phases are given by
Ugia2 = Vaint ~ Va2n2 T Unin2
Up1b2 = Upint ~ Up2n2 T Unin2

Uele2 = Uctnt = Va2 + Ui

(5.19)

(5.20)

(5.21)
(5.22)

(5.23)

(5.24)
(5.25)

(5.26)
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with v,,;,, given by
Untn2 = Ugint T Optnt t Vcint = Va2n2 — Vp2n2 — Vean2 (5.27)

The open-end winding arrangement of the three-phase machine allows another
series connection of the converter, as presented in Fig. 5.21(a). This is a three-phase
motor drive system employing two three-leg inverters. Since the three-phase machine
is in series with both converters, this is also considered a series connection arrange-
ment among converters and machine. One of the advantages of the system presented
in Fig. 5.21(a) is its fault tolerance capability. Two cases can be considered:

Case 1. The fault compensation is achieved by reconfiguring the power con-
verter topology without any additional devices such as triacs. The post-fault
configuration guarantees a Y connection of the motor.

Case II. The fault compensation is achieved by reconfiguring the power con-
verter topology with devices such as triacs. The post-fault configuration
guarantees a delta connection of the motor.

Both fault-tolerant strategies (Cases I and II) are based on the open-end winding
machine and can be compensated for (i) dc-link capacitor failure; (ii) short-circuit
failure; and (iii) open-circuit failure of the power switches. As previously presented,
fault compensation is achieved by reconfiguring the power converter topology when
a failure is detected.

Inverter 1 , .

.Fﬁe va "
L ot oot f- |
Vo 10 " -
JJ aled ||
1 FEER

. \

1

vaFVE [ /
1 Va= Vb Vi s
il A Vi

Vae T 102 ) = "
letlexle
1
Inverter 2
(a) (b)

Figure 5.21 (a) Pre-fault configuration—open-end winding motor drive system. (b) PWM
waveforms (top) and motor phase voltage (bottom).



5.7 THREE-PHASE CONVERTER—TWO CASCADE H-BRIDGES PER PHASE 159

A modulator with two carriers can be used for the PWM generation of the
“healthy” open-end winding motor drive system [Fig. 5.21(a)], as observed in
Fig. 5.21(b). The comparison between v}, and vfl defines the state of the switch g,
while the comparison between vy, and vy, defines the state of the switch g,,. Each
inverter also has a fuse for isolation purposes. As seen in Fig. 5.21(b) the motor
phase voltage (v,) has also multilevel characteristics.

For Case I, the reconfiguration approach is obtained by using the other power
switches not affected by the fault to create a neutral for the machine. Figure 5.22(a),
5.22(b), and 5.22(c) show the procedure to create a post-fault configuration in the
case of open-circuit failure, short- circuit failure, and dc-link failure, respectively.
Note that, in the case of dc-link failure, the creation of the neutral of the machine
can be accomplished by either upper or lower switches of the converter under
fault. In this strategy (Case I) the motor voltage value after the fault is reduced
by 50%.

Open-circuit failure

Fuse

J |4 Y connection

(a)
Short-circuit failure

Fuse

(b)

Figure 5.22  Post-fault configuration for: (a) open-circuit failure, (b) short-circuit failure,
and (c) dc-link failure.
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DC-link failure

Fuse

Figure 5.22 (Continued).

On the other hand, for Case II, the fault compensation is achieved by reconfig-
uring the power converter topology along with reconfiguration devices (triacs). The
pre-fault configuration is depicted in Fig. 5.23(a). In order to increase the voltage
applied to the machine, the reconfiguration approach aims to guarantee a delta con-
nection of the motor after the fault. Two actions must be managed by the control
system: isolate the source of the converter under fault and turn on all triacs, as depicted
in Fig. 5.23(b). Despite using more devices (three triacs — ¢, #,, and ¢,.) than the solu-
tion presented in Case I, the values for the motor phase voltage after the fault are
reduced by just 13.4%, due to the A connection.
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Jqﬂ) TC L=T1=-.]
! a ?} R RAN

¢ vaE VE,EVSE "It: ztl? zt?'_

Fuse . s

2a 2b 2¢

Vdc—"_l)?o - 2
T fetletk

Inverter 2

&

(a)
Figure 5.23  Fault-tolerant strategy—Case II. (a) Pre-fault configuration. (b) Fault
reconfiguration procedure to make a delta connection of the machine considering a
short-circuit failure.
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Figure 5.25 Motor phase voltage (top) and current (bottom) with a fault occurring at
t=0.1s. (a) Case I and (b) Case II.

Figure 5.24 shows a simplified schematic of the control strategy for Cases
I and II. The fault can be identified by comparing the reference voltage with the
measured ones. After the fault occurrence, the reconfiguration procedure changes
from the open-end winding motor (“healthy” configuration) to a post-fault converter.
Figure 5.25 shows simulated results with a fault (open-circuit failure) occurring in
switch gy, at t = 0.1s. The variables in this figure are motor phase voltage (v,) and
motor currents (i,, i, and i.). Figure 5.25(a) shows the results for Case I, while
Fig. 5.25(b) shows the results for Case II. In this case, the switching frequency was
2kHz and the dc-link voltage of each dc source was 50 V.

5.8 TWO H-BRIDGE CONVERTERS (SEVEN- AND
NINE-LEVEL TOPOLOGIES)

The PWM approach previously presented for two H-bridge converters connected in
series generates the gating signals to guarantee a five-level voltage at the output of the
converter. Such a converter structure is also known as symmetric cascade multilevel
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TABLE5.4 Table of Variables for the Cascade Converter Operating with Seven Levels

State 91a 92 q1p 92 Y,
1 0 0 0 0 0
2 0 0 0 1 -V,
3 0 0 1 0 v,
4 0 0 1 1 0
5 0 1 0 0 -2v,
6 0 1 0 1 -3V,
7 0 1 1 0 -V,
8 0 1 1 1 =2V,
9 1 0 0 0 2v,
10 1 0 0 1 v,
11 1 0 1 0 3V,
12 1 0 1 1 2V,
13 1 1 0 0 0
14 1 1 0 1 -V,
15 1 1 1 0 v,
16 1 1 1 1 0

inverter, since it uses the same dc-link voltages. An asymmetric cascade multilevel
inverter using unequal dc sources in each phase can be employed to generate either a
seven-level or a nine-level waveform.

From Table 5.3 and considering V, = 2V, it turns out that the number of lev-
els for v, will be seven: {0,+V,,+2V,,+3V,}, as presented in Table 5.4. Note that
equation (5.28) describes the voltage at the output converter side as a function of the
switching states.

Vo = 2414 = 2920 + 915 — 920) Vs (5.28)

Although increasing the number of levels, asymmetric cascade multilevel
inverters operate with switches dealing with different blocking voltages and also
require different dc-link voltages, which could restrict their applications.

A higher number of levels can be obtained when V,, = 3V,. Table 5.5 shows
nine levels for the output voltage as a function of the state of the switches. In this
case the nine levels are {0,+V),,+2V,,+3V,,+4V, }. Another possible restriction of the
unsymmetrical cascade multilevel topology is related to the lack of redundancy for
generation of each level. Such a redundancy brings a degree of freedom to optimize
the converter’s operation.

A comparison between Tables 5.4 and 5.5 shows the generation of the level 2V,
is obtained with two switching states (States 9 and 12 in Table 5.4) for the seven-level
configuration, while the generation of the same level for a nine-level configuration is
done with just one switching state (State 10 in Table 5.5).
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TABLE 5.5 Table of Variables for the Cascade Converter Operating with Nine Levels

State 91a G2 91 92 Y,
1 0 0 0 0 0
2 0 0 0 1 -V,
3 0 0 I 0 v,
4 0 0 1 1 0
5 0 1 0 0 -3v,
6 0 1 0 1 —4v,
7 0 1 1 0 —2v,
8 0 1 1 1 -3V,
9 1 0 0 0 3V,
10 1 0 0 1 2V,
B 1 0 1 0 4v,
12 I 0 1 1 3V,
13 1 1 0 0 0
14 1 1 0 1 -V,
15 1 1 1 0 v,
16 1 1 1 1 0

TABLE 5.6 Different Switching States to Generate the Same Output Level 2V,

State 914 D2 9w 9 91 9o 0,
1 1 0 1 0 0 0 2V,
2 1 0 1 0 1 1 2V,
3 1 0 1 1 1 0 2V,
4 1 0 0 0 1 0 2V,
5 0 0 1 0 1 0 2V,
6 1 1 1 0 1 0 2V,

5.9 THREE H-BRIDGE CONVERTERS

Multilevel configurations with three H-bridges can be obtained easily just
following the axioms and postulates of the power blocks geometry (PBG).
Figure 5.26(a) shows a single-phase topology with three H-bridges series connected.
Figure 5.26(b), 5.26(c), and 5.26(d) present three-phase solutions with H-bridges
Y-connected, A-connected, and with open-winding machine arrangement, respec-
tively. Figure 5.26(e) shows another possibility of connections with A arrangements
for the outer converters.

With the increase of the number of H-bridge cells, the number of switching
states and levels increases. For example, assuming that V,, V,, and V. have the same
value V., there are six ways to generate the level 2V, as presented in Table 5.6.
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Vsin = Vi1 Vis Vis Vi2 Vi5 Via

300 - R « ]
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Figure 5.27 (a) Phase-shift modulation with (top) PWM signals, (middle) output voltage
and (bottom) output current. (b) Zoom of the PWM and output voltages.

In a general way, the output voltage of the three symmetrical H-bridge config-
uration can be written as

Vo = (10 = 02V + (q1p = @2) Vi + (q1c — 92V, (5.29)

Figure 5.27 shows the waveforms for the configuration in Fig. 5.26(a) supplying
a single-phase RL load. Figure 5.27(a) top presents the PWM signals with phase-shift
multicarrier modulation. Six triangular carrier signals (v;, U:‘Z, U;g, U;;, U;ks, and u;*())
are required since 7 levels are expected at the output. There is a phase shift between
any two adjacent carrier waveforms given by 360°/(N — 1), where N is the number
of levels.

Figure 5.27(b) shows details (zoom) for the voltages presented in Fig. 5.27(a).
The control circuitries as well as the power part of the converter (with the power
switches) are presented in Fig. 5.28.

Note that the control waveforms (U:in and v;, U;%, U;‘3, v;"2, U;ks, U:‘4) and the ana-
log circuit as presented in Fig. 5.28 generate a desired sequence of pulses at the output
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voltage with seven levels, all of them with the same dv/dt. If another PWM signal is
employed (different from that presented in Fig. 5.27), changes are also expected in
the analog circuit solution. For example, Fig. 5.29 shows the level-shift multicarrier
PWM modulation for the three H-bridge converter with six triangular carrier signals
vertically disposed. In this case, all carrier signals are in phase with each other. Such a
technique is also known as in-phase disposition (IPD). In addition to the approach pre-
sented in Fig. 5.29 there are other possibilities: alternate phase opposite disposition
(APOD) and phase opposite disposition (POD). In the APOD approach all carriers
are alternately in opposite disposition, while for the POD all carriers below zero are
in phase, but in phase opposition with those above the zero axis.

Figure 5.30 shows the control and power part of the converter to generate a
seven-level output voltage as presented in Fig. 5.29. A direct comparison between
phase shift and level shift strategies (presented in Figs 5.27 and 5.29, respectively)
reveals that the phase shift approach has advantages in terms of reduced harmonic
distortions.

It is also possible to combine the solutions presented in Figs 5.27 and 5.29,
as presented in Fig. 5.31. Such a combination results in a phase shift and level shift
multicarrier approach.
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Figure 5.29 Level shift multicarrier modulation: (top) PWM signals (from top to bottom):
U, Usgs Ugs, Uggs Uy, and v, (middle) output voltage v, and (bottom) output current i,,.
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Figure 5.31  Phase shift/level shift multicarrier modulation: (top) PWM signals: v,, U5, U;s,
U,6» Uy, and v,,. (b) Output voltage v, and (c) output current .

5.10 FOUR H-BRIDGE CONVERTERS AND
GENERALIZATION

A converter with four H-bridges and also the generalization of the cascade converters
are presented in Fig. 5.32(a). Figure 5.32(b) shows another type of series connection
converter with a combination of the conventional three-phase converter and H-bridges
topologies.

5.11 SUMMARY

This chapter dealt with configurations and PWM techniques for connected H-bridge
converters series. After discussing the single-phase converter, the three-phase version
was presented using a single H-bridge converter per phase. Also, it was shown how to
increase the number of levels with two H-bridge converters connected in series, bring-
ing up the sequence given respectively by power converter construction, model, PWM
approach, and three-phase version. Different multicarrier based schemes were pre-
sented and various associated aspects discussed. For instance, the direct comparison
between phase shift and level shift strategies revealed that the phase shift approach
has advantages in terms of reduced harmonic distortions. One special issue treated
in this chapter was the possibility of guaranteeing post-fault operation with cascaded
H-bridge converters. In addition, it was shown that two H-bridge converters can be
employed to generate an output voltage with seven and nine levels, employing the
correct relationship between the dc-link voltages. Finally, different arrangements and
PWM solutions for three connected H-bridge converter series were introduced based
on the PBG approach. The chapter is enriched with Table of Variables and analog
control circuitries for most cases.
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Figure 5.32  Four H-bridges and generalization. (b) Hybrid topology combining H-bridge
and conventional three-phase inverter.
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CHAPTER 6

FLYING-CAPACITOR
CONFIGURATION

6.1 INTRODUCTION

A type of multilevel configuration known as flying capacitor (FC) converter is
presented in this chapter under powerblock geometry (PBG) point of view. The
introduction and fundamental concepts of configurations with three and more
levels employing a FC approach, as well as a detailed description of these circuits,
are addressed in this chapter. FC converters present higher degrees of freedom
(redundant states) to synthesize a specific output voltage and employ a lesser number
of semiconductor power devices than the neutral point clamped (NPC) topology.
Such redundant states are used to regulate the FC voltage. Unlike the cascade
configuration presented in Chapter 5, there is no need for isolated dc sources.

The main challenge of the FC configuration is to keep the FC voltage under a
desired level, avoiding distortion at the ac part of the converter. Part of this chapter will
be dedicated to discussing strategies to balance the FC voltage. For the sake of illustra-
tion, the analysis starts with the FC being substituted by a dc voltage source. A simple
pulse width modulation (PWM) approach is employed to generate a three-level out-
put voltage. It is demonstrated that the PWM approach affects the voltage ripple of
the FC voltage. In fact, there are different strategies to regulate the capacitor voltage,
which can be sorted into two main types: natural-balancing and active schemes. The
natural-balancing approach employs solutions in terms of PWM strategies without
any voltage and current sensors, while the active method employs feedback regula-
tion and control algorithms to maintain the voltage constant. It is worth mentioning
that different aspects affect the capacitor voltage balancing, for example, the type of
load (linear or nonlinear). This chapter is organized considering the number of levels
generated by each circuit, as done in Chapter 4 for NPC circuits.

Subsequent to this introduction, Section 6.2 presents the power blocks (PBs)
and the circuit with switches for the FC three-level topology, as also the model and
Table of Variables. Section 6.3 deals with a simple PWM strategy applied for the
three-level circuit. The FC voltage regulation is presented in Section 6.4. Sections 6.5
and 6.6 show the FC topologies for single-phase (full-bridge) and three-phase appli-
cations, respectively. Other circuits of three-phase converters appear in Section 6.7.

Advanced Power Electronics Converters: PWM Converters Processing AC Voltages,
Forty Fifth Edition. Euzeli Cipriano dos Santos Jr. and Edison Roberto Cabral da Silva.
© 2015 The Institute of Electrical and Electronics Engineers, Inc. Published 2015 by John Wiley & Sons, Inc.
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Four-level topologies are considered in Section 6.8. Finally, Section 6.9 presents the
generalization and Section 6.10 summarizes this chapter.

6.2 THREE-LEVEL CONFIGURATION

The PBs, as described in the Chapter 3, can be connected in a systematic appro-
ach to guarantee the creation of FC multilevel configurations. An arrangement
using two PB-ac blocks is depicted in Fig. 6.1(a), which follows Postulate 2.
Figure 6.1(b)—6.1(e) shows the ways used to obtain each specific level at the output
converter side v, referred to as the point “0”, that is, V|, (V| = V,),(V, = V3),=V;5,
respectively. Figure 6.1(c) and 6.1(d) illustrates that it is necessary to activate two
PBs to obtain v, = (V; — V,) and v, = (V, — V3), while v, = V|, and v, = —V; are
obtained activating only one PB as in Fig. 6.1(b) and 6.1(e), respectively.

[
el

o
I-AAA.AA*MA—MAI
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o
o
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hansganaal
1
1

o |_
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o
.

(d) (e)

Figure 6.1 (a) Three levels FC configuration with PBs. Arrangement to obtain: (b) v, = V.
©@uv, =V, =V, dv,=V,=Vs.(e)v, ==V;.
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e S e e 50

Figure 6.2 Generation of a general three-level output voltage.

In general terms, to generate an output waveform with three levels it is nec-
essary to activate the PBs in a sequence as observed from the waveform of v, in
Fig. 6.2 (bottom). Since this is a three-level converter, V, — V, =V, — V;, which
means V, = (V| + V3)/2. It is worth emphasizing that with FC topology it is possi-
ble to generate the V, level with two different circuit arrangements (i.e., topological
states), as observed in Fig. 6.2 (top). This is an important characteristic of the FC
topologies, which will be explored later in this chapter.

Since v, can assume just one voltage value V;, (V; — V3)/2 or —V; at each
instant of time, it is possible to establish an equation to describe the output voltage
v, as a function of the input voltages V|, V], V; [where V| = V|, V] = (V| = V3)/2,
and Vé = —V;] as well as a function of two independent binary variables (¢, and g,).
Following the same approach employed previously in this book, these binary vari-
ables define the states of the switches inside the blocks. In this sense, since there are
three inputs to be selected (V/, Vé, and Vé), the minimum number of binary variables
employed to select those inputs is two. Considering that there are three input voltages
to be selected by using these binary variables, the output voltage can be obtained as
presented in Table 6.1.
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TABLE 6.1 Table of Variables for the Converter in Fig. 6.1(a)

State q, q, v, v,
1 0 0 -V, V]
2 0 1 i 3 & v,
3 1 0 % 3 £ v,
4 1 1 v, 4

An equation used to describe the behavior presented in this table is given below:
v, =51§2V§+51‘12V£+91§2Vé+611512vl, (6.1)
where g, = 1 — ¢, and ¢, = 1 — g,. In this case, (6.1) becomes

v, =1 =gl =g)Vi+ (1 =g, Vy + q1(1 = g)V5 + 19,V (6.2)

Normally, there are some requirements associated with total harmonic
distortion (THD) minimization for the output voltage, which ends up with a sym-
metrical waveform at the converter output, and consequently V{ = Ve Vé =0, and
Vé = —V,.. In this case it is possible to write equation (6.2) as follows:

U, =(q1 + 49, — DV (6.3)

The binary variables considered in Table 6.1 are in fact the switching states
inside the blocks, which means that the topology presented in Fig. 6.1 can be treated
at its lower level presentation (switches instead of blocks), as in Fig. 6.3.

Note that the FC configuration is bidirectional, which means that each voltage
value V|, V], V. can be obtained at the output converter side independent of the cur-
rent, that is, any desired output value is obtained for both cases i, > 0 and i, < 0, as
observed in Fig. 6.3.

I 4 a4
Ve Ve
—[ 492
| Vdc - io
1L+
Ve B VaeT
G Tl
I

(@) (b) (©)

Figure 6.3 Generation of levels: (a) V|, (b) and (c) V}, and (d) V; independent of the output
current.
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Exercise 6.1

(a) Assuming the FC configuration with four independent switches (¢, ¢,, g3,
and g,) as presented below, fill the table below eliminating the prohibited states
caused by either undefined states (e.g., all switches off) or short-circuit of the
dc-link source (or FC). (b) Eliminate all undefined states in this table and find
a logic relationship among ¢, g,, g3, and g,.

I o

State q, q, s q, v,
1 0 0 0 0
2 0 0 0 1
3 0 0 1 0
4 0 0 1 1
5 0 1 0 0
6 0 1 0 1
7 0 1 1 0
8 0 1 1 1
9 1 0 0 0

10 1 0 0 1

11 1 0 1 0

12 1 0 1 1

13 1 1 0 0

14 1 1 0 1

15 1 1 1 0

16 1 1 1 1
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6.3 PWM IMPLEMENTATION
(HALF-BRIDGE TOPOLOGY)

A desired output voltage with regulation of both voltage and frequency can be
obtained for the FC converter with PWM strategies. As considered for the other
topologies, such a strategy is able to synthesize a square waveform with an average
value (at the switching frequency) equal to a sinusoidal waveform.

Figure 6.4 shows one possible analog solution for the PWM implementation
known as level-shift, in which the states of the four power switches are determined
by a comparison among two high frequency triangular waveforms (v}, and v7,)

2
and a sinusoidal waveform (v:in). The block marked “driver” must guarantee the

Vsin ]
;:If || driver a1 .
Vi Vsin
K32
Vi
1 fver]
i
(@) (b)
.
0 v y
1 \Vﬂ ~Vsin

ATE T T
AT TR T

0.2 0.225 025
(c)

1

} AN I
o Q= W W

o TI=___JTTL__JITI
0.2 0.225 0.25
(d)

Figure 6.4 (a) PWM generation for switches ¢, and g,. (b) PWM generation for switches ¢,
and g,. (c) Variables associated with switches ¢, and g, (from top to bottom) — reference
voltages, gating signals of switches ¢, and g,. (d) Variables associated with switches ¢, and
g, (from top to bottom) — reference voltages, gating signals of switches ¢, and g,.

- O
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levels of voltage and current at the gate circuit needed to operate the power switches
adequately.

Note that when the switches ¢, and g, are in operation (on and off during the
positive half cycle of v, ) the switch g, is on and consequently the switch g, is off
for the whole half period. This is equivalent to states 2 and 4 in Table 6.1, which
generates the levels Vé and V{, respectively. On the other hand, on the negative half
cycle of 0%, , when the switches g, and g, are in operation (alternating on and off)
the switch ¢, is off and consequently the switch g, is on. This is equivalent to states
1 and 2 in Table 6.1, which generates the levels Vé and Vé, respectively.

The PWM presented in Fig. 6.4(a) is able to generate the output voltage with
the desired number of levels (V|, V], and V}) using such a simple implementation.
However, State 3 in Table 6.1 has not been used in this simple strategy, which means
that there is still a degree of freedom to be explored, as seen in the following sections.

Figure 6.5(a) shows the half-bridge three-level configuration, in which the
load is connected between the dc-link mid-point and the center point of the leg.
Figure 6.5(b) depicts (from top to bottom) PWM reference waveforms, gating signals
of switches ¢, and ¢,, load voltage, and load current, respectively. The parameters
employed in these simulation tests were: V,;,. =200 V,R =5 Q, and L = 5 mH, and
switching frequency equal to 500 Hz.
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000 4 O 4 o=
- :

o
o
o
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(V)

0.225 0.25
(b)
Figure 6.5 (a) Three-level FC half-bridge converter. (b) (from top to bottom) v* , v*, v¥;

in’ lI >
gating signal of switch ¢, ; gating signal of switch g,; load voltage and load curresznt
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6.4 FLYING CAPACITOR VOLTAGE CONTROL

In order to simplify the analysis of an FC converter, the FC was substituted by a dc
voltage source, as in Fig. 6.5(a). However, in practical circuits the center dc voltage
source in Fig. 6.5(a) is replaced by a capacitor, as in Fig. 6.6(a). In this case, it is
necessary to guarantee the control voltage of this capacitor.

For example, if the level-shift PWM approach presented in Fig. 6.4 is applied
to the half-bridge converter presented in Fig. 6.6(a), the results for the capacitor vari-
ables (v and i) are as presented in Fig. 6.6(b). Even with the average value of v,
equal to 200 V (as desired), there are variations for the voltage v~ which will bring
up low frequency distortion at the output converter side.

From the node between the switches ¢, and g, in Fig. 6.6(a) it is possible to
determine the capacitor current as follows: i = i,; — i 5, and assuming the level-shift
modulation approach, it can be seen that:

When 07, > 0:

70 =1

iq2 = io

iql = qlio
...ic = (ql - l)l()

50 O e ﬂ ' i 'l
Lo L lO
0 = b = -
50 J l’ L ic P P g
250 ; : : : : : Figure 6.6 (a) Half-bridge

—— ” converter with flying
200 Cx_f/—/_/: capacitor. (b) Control and
150 . . . . . . . . power variables for the

1 1.01 102 half-bridge circuit with
(b) level-shift PWM.




180 CHAPTER 6 FLYING-CAPACITOR CONFIGURATION

When v* < 0:
s

g =0

iy =0

iq2 = q2i0
lC = _quo

From the current i obtained previously, it is possible to determine directly the
capacitor voltage, since: v, = é [icdt.

Exercise 6.2

In order to deeply understand the mechanism behind the FC voltage control,
draw the topological states considering the switching signals and capacitor
waveforms in steady-state operation for the circuit in Fig. 6.6(a), as highlighted
below. Consider each of the intervals of time below (from 1 to 17).

, __ _ J‘Ch |
LI

vo | — |
le L~
DEe @@ @ @@ 0@ "0 [ [

To guarantee the capacitor voltage control with reduced variation, another
PWM strategy can be considered, as seen in Fig. 6.7. A phase-shift has been
considered in this case, which leads to a capacitor charging and discharging at the
switching frequency. This plays an important role in keeping v with reduced ripple.
The polarity of the capacitor current in Fig. 6.6(b) has changed with the sinusoidal
frequency, which increases the ripple for v.. Note from Fig. 6.6(b) that the FC is
discharged during the entire positive half of the sinusoidal voltage (v, ) since i¢ is
either zero or negative. On the other hand, the FC during the negative half of the
sinusoidal voltage is charged because i is either zero or positive.
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1 1.01 1.02

Figure 6.7 Control and power waveforms for the half-bridge circuit with level-shift PWM.

On the other hand, in the PWM technique shown in Fig. 6.7, the charging/
discharging occurs on the switching frequencys; this keeps the capacitor voltage ripple
smaller.

The PWM techniques able to reduce the ripple on the FC are fundamental for
reducing the distortion of the output voltages. Figure 6.8(a) and 6.8(b) shows the load
voltage for the level-shift and phase-shift approaches, respectively. Figure 6.9 in turn
shows the start-up transient for the FC voltage.

6.5 FULL-BRIDGE TOPOLOGY

Full-bridge three-level FC converters for both single-phase and three-phase loads are
obtained by connecting the blocks in Fig. 6.1 as observed in Figs 6.10(a) and 6.10(b),
respectively. Figure 6.10(c) shows the option in which the three-phase four-wire sys-
tem is required.

The full-bridge single-phase three-level FC converter is presented in
Fig. 6.11(a) by using switches instead of blocks (lower level representation).
Figure 6.11(b) shows (from top to bottom) pole voltage of the first leg (with switches
q,, and g,,), pole voltage of the second (with switches g, and g,,), load voltage,
and load current, respectively.

Comparing the load voltage in Figs 6.5(b) and 6.11(b), it is quite clear that the
increased number of levels observed in the load voltage of the full-bridge topology
guarantees the ripple reduction of the current and consequently a better quality of the
voltage delivered by the converter.

In this case the output voltage is given by

Vo = Q14+ 920 — 916 — 926) Ve (6.4)
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Figure 6.8 Influence of the PWM technique for distortion reduction at the output voltage.

200
Ve
100
0 . - - : : Figure 6.9  Start-up transient for
0 3 6 the flying capacitor voltage (v,.).

As mentioned previously, the number of levels considered in this chapter is
defined by the voltage between the midpoint of the leg and the dc-link midpoint,
that is, through the pole voltage. For instance, both converters in Figs 6.6 and 6.11
are considered as single-phase three-level FC configurations, even though the load
voltage in the full-bridge topology presents five levels.
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Figure 6.10 (a) Single-phase full-bridge three-level FC converter. (b) Three-phase
full-bridge three-level FC converter. (c¢) Three-phase four-wire three-level FC converter.

6.6 THREE-PHASE FC CONVERTER

A three-phase three-level FC configuration is depicted in Fig. 6.12(a), while
Fig. 6.12(b) shows some variables associated with this converter, that is, (from top to
bottom) pole voltage, voltage between the load neutral point and dc-link mid-point
connection, load phase voltage, and load current, respectively.

The pole voltages for the three-phase converter can be written as follows:

Uao = (qla +4q — 1)Vdc (65)
Vo = (q1p + 92 = DVie (6.6)
Uep = (qlc + 4o — 1)Vdc (6.7)

Considering a balanced three-phase load, the voltage v,, can be defined ana-
Iytically by

Vs
Upo = TC(‘Ila + G0+ 915+ Gop + Gic + 9oc) = Ve (6.8)

From (6.8), and considering all 64 switching states, the voltage v, depicted
in Fig. 6.12(b) is responsible for increasing the number of levels in v,,. The phase
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Figure 6.11 (a) Three-level NPC full-bridge converter. (b) (from top to bottom) pole voltage

of the first leg (¢,, and g,,), pole voltage of the second (¢,, and g,,), load voltage, and load
current.

voltage for each phase of a balanced three-phase load is given by

2 2 1 1 1 1
Vg = <§611a t 3%~ 39~ 392~ 39~ §‘12c) Vac 6.9)
1 1 2 2 1 1
Up = <—§(11a ~ 3% 390t 392~ 341 5(12c> Ve (6.10)
1 1 1 1 2 2
v, = <—591a = 3%~ 391 = 392 + 371 + §QZC> Vae (6.11)

In this case (balanced three-phase load) the load voltages depend only on state
of the switches and dc-link voltage.

Notice that the control circuit is obtained as seen in Fig. 6.4, replicating the
PWM control for the other two phases with the following sinusoidal references:
v =V, sin(wn), vf =V, sin(wt + 120°), and vk, =V, sin(wr + 240°), where

V, 1s the peak voltage desired for the load.
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Figure 6.12 (a) Three-level NPC converter. (b) (from top to bottom) pole voltage, voltage
v, load voltage and load current.

Figure 6.13(a) shows the same power converter topology supplying a
three-phase load connected in A arrangement. The way the load is connected to the
FC topology plays an important role for the converter’s design and specification.
Figure 6.13(b) shows the impact of the load’s connection (i.e., A or Y) on the FC
voltage ripple of the phase a (v.,) with Fig. 6.13(b) — top showing the result for
Y connection and Fig. 6.13(b) — bottom showing the same result under the same
conditions for A connection. A FC of 100 pF was considered for both cases in
Fig. 6.13. Since the A connection implies higher load currents, it also leads to higher
FC voltage fluctuation, as highlighted in Fig. 6.13(b) — bottom. Another significant
difference expected with the type of load connection (Y or A) is in terms of the
number of levels obtained on the load phase as follows:

Uy = (910 + 920 = 916 — 926) Ve (6.12)
Uy = (Q1p + 925 — 91c — 926 Ve (6.13)

Ve = (q1c + @oc = 910 — D20)Vac (6.14)
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Figure 6.13 (a) Three-level FC converter supplying a three-phase load connected in A
arrangement (b) FC voltage with (top) wye and (bottom) delta load connection.

6.7 NONCONVENTIONAL FC CONVERTERS
WITH THREE-LEVEL LEGS

The goal in this section, as in other chapters in this book, is to present different power
circuits obtained by changing the way the switches are arranged. Even assuming that
those configurations may not be considered as traditional ones, they are useful in pro-
viding a learning intervention. In this sense, following the possibilities regarding the
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connection between the blocks that define a conventional two-level leg and those for
FC three-level leg, it is possible that five- and four-level topologies can be obtained,
as in Fig. 6.14(a) and 6.14(b), respectively.

In fact, despite using three dc voltage sources and having lesser levels at the out-
put converter side, the converter in Fig. 6.14(b) has the advantage of operating with
switches under the same blocking voltage. To guarantee that all power switches oper-
ate under the same blocking voltage and to guarantee a symmetrical output voltage,
it is necessary to make V; = V5 = V. and V, = 2V,

Considering all possibilities of switching states available (that is, eliminating
the prohibited states), the output voltage is determined by Table 6.2. From this
table and avoiding the undesired states, there are four levels for v,,. It is evident that
Fig. 6.14(a) is a particular case of the converter with four levels with V, = V; =0,
which will lead necessarily to a converter with irregular blocking voltage among the
switches.

As can be observed in Fig. 6.14(b), the single-phase load is connected between
the points a and b of the converter, which leads to an output voltage given by

Uy = (2qla + 2q2a - qu - l)Vdc (6.15)

The modulation strategy for this converter can be decided, assuming a com-
bination of the two-level and three-level PWM approaches, which means that one
triangular carrier signal (v};,) is employed for the two-level leg, and two triangular
carrier signals (v}, and v7;) are used for a three- level leg. Since each leg is capable of
synthesizing different values of voltages, that is, 2V, for the two-level leg and 4V,
for the three-level leg, the sinusoidal waveforms employed to define PWM signals
should follow the same ratio. Indeed, there are two requirements: the reference volt-
age for the three-level leg must be twice as big as the two-level leg and their difference
must be the desired voltage (v7; ), which leads to

. 2\ .
o= (5) vin (6.16)
oy ==(3) vin 6.17)

Figure 6.14(c) shows the analog implementation of the PWM approach for
the proposed converter. Note that the level-shift technique has been applied to the
FC three-level leg. Figure 6.14(d) shows the PWM signals with three triangular
waveforms (v, and vy employed for the three-level leg and vy, used for the two-level
leg) and two sinusoidal waveforms, as in equations (6.16) and (6.17).

Figure 6.15(a) shows the three-phase version of the FC four-level converter
presented in Fig. 6.14(b) by using an open-end motor drive system. Again, this
configuration presents all switches processing the voltage with the same blocking
voltage. The model and PWM strategy for this topology can be adapted directly
from Fig. 6.14(c). Figure 6.15(b) presents the machine phase voltage for phase 1
(v,). The three-phase two-leg FC topology is depicted in Fig. 6.16.
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0.2 0.225 0.25
(d)
Figure 6.14 (a) Five-level FC topology. (b) Four-level FC topology. (¢) PWM strategy for
the four-level circuit and (d) its waveforms.
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TABLE 6.2 Output Voltage Considering All
Switching States Available

State {91,929} v,

1 {000} Ve
2 {001} =3V,
3 {010} Ve
4 {011} Vie

5 {100}

6 {101}

7 {110} 3V
8 {111} Vie

V= Three-phase K § 9 JG RALS JG RAC
machlne
9 J@ 9b Jf} Qa2 Pwhas“ J{" e JG 9| K F9el

Phase 2 a+
Vo T b+

J[ﬂ 9c JG T J[;} qa\_"\{q_'a'?e\_s_"_/ 1%, JG b JGC;ZC
V3—-|- %: G1a J%} Gip J[;} T1c

200

—200

(b)
Figure 6.15 (a) Three-phase version of the four-level FC converter with open-end winding
three-phase motor. (b) Machine phase voltage.

6.8 FOUR-LEVEL CONFIGURATION

Following the axioms and postulates involving the PBs, presented in the Chapter 3,
the four-level FC leg can be obtained as seen in Fig. 6.17(a). Figure 6.17(b)—6.17(1)
shows the methods used to obtain the levels at the output converter side, specified in
Table 6.3. Figure 6.17(b) illustrates that it is necessary to activate the PBs 2 and 3 to
obtain v, = —V,, while v, = V| is obtained when PBs 1 and 2 are activated.
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Figure 6.16 Three-phase
two-leg FC converter.

TABLE 6.3 Table of Variables for the Converter in Fig. 6.17(a)

State q, q, qs v,

1 0 0 0 -V,

2 0 0 1 V=V,

3 0 1 0 -Vi+V,-V,
4 0 1 1 V,-V,

5 1 0 0 =V, +V,

6 1 0 1 Vi=V,+V,
7 1 1 0 =-Vi+V,

8 1 1 1 v

The other levels are: v, =V; -V, [Fig. 6.17(c)], v,==-V3;+V, -V,
[Fig. 6.17(d)], v, = V, — V, [Fig. 6.17(e)], v, = =V, + V, [Fig. 6.17(H)], v, = V5 —
V, +V, [Fig. 6.17(g)], v, = —V3; + V, [Fig. 6.17(h)], and v, =V, [Fig. 6.17(1)].
In general terms, to generate an output waveform with four symmetrical levels as
in Fig. 6.18, it is necessary to activate the PBs in a sequence as observed in the
same figure, with V| = 1.5V, V, =2V, V3 =1V, and V, = 1.5V,.. Table 6.4
shows the symmetrical levels as a function of the switching states. The interme-
diate levels (—=0.5V,, and 0.5V,.) can be obtained with three different circuits;
such a characteristic can be employed to guarantee the FC voltage with reduced
ripple.

The equation employed to describe the output voltage v,, as a function of both
the input voltages and the binary variables (q,, ¢,, and g5) is presented below. The-
oretically, it is possible to guarantee each input voltage at v, using only two binary
variables, since 2 = 4. However, it is necessary to associate each binary variable to
a switching state of the four-level configuration, which means a minimum of three
binary variables (g, g,, and g3).
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(h) ()

Figure 6.17 (a) Four-level FC configuration with PBs. (b) v, = =V,. (c)v, = V; = V,.
Dv, ==V, +V,=V,.0v,=V,=V,,Ho, ==V, +V,.(9)v, =V, =V, + V. (h)
v,==V;+V.()v,=V,.

In this sense, the output pole voltage is given by

Uy = q19293(=1.5V4) + 41G295(=0.5Vy.) + G192G3(—=0.5V.)
+419293(0.5Vyo) + 419293(=0.5Vyo) + 41945(0.5V,)
+ qIQ2a3(O.5VdC) + 511‘12‘13(1~5Vdc) (618)

where gy =1-¢;,¢, =1—-¢y,and g3 = 1 - g;.
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~0.5Vy, -

15V, -

Figure 6.18 Generation of a general four-level output voltage.

TABLE 6.4 Table of Variables for the Converter in Fig. 6.18(a)
with 1.5V, 0.5V, —0.5V, , or —1.5V

State q, q, qs v,

1 0 0 0 —1.5V,,
2 0 0 1 =05V,
3 0 1 0 =0.5V,,
4 0 1 1 0.5V,
5 1 0 0 -0.5V,,
6 1 0 1 0.5V,
7 1 1 0 0.5V,
8 1 1 1 1.5V,

Developing (6.18) it is possible to write v, as follows:

As in the three-level FC configuration, the four-level one is able to generate the
desired output voltage either for positive or negative voltage.
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Figure 6.19 Modulation strategy for gating signal generation.

Considering the need for generation of an output waveform with reduced har-
monic distortion, Fig. 6.19 shows the analog solution for the PWM signal gener-
ation. The states of the six switches are determined by a comparison among three
high frequency triangular waveforms (v, v, and v7;) and a sinusoidal waveform
(v%. ). Such a comparison will allow the generation of the levels as in Table 6.4.

Figare 6.20 shows the power converter and waveforms for a half-bridge four-level
configuration.

Although the topologies in Figs 6.17—6.20 present the conventional way to
obtain a four-level voltage by using FC configuration, it is also possible to obtain a
four-level output voltage with only two PBs, that is, with four switches per leg, as
seen in Fig. 6.21(a). In this case, it is necessary to guarantee the following relation-
ship among the input voltage sources: V| = V3 =2V, and V, = V. and adapt the
PWM generation to assure an output voltage with four levels. The pole voltage is
given by

v, =g + 4, = 2)Vy (6.20)

Figure 6.21(b) shows the desired sinusoidal voltage that must be synthesized
by the studied converter. This waveform is intentionally separated into four sectors.
To synthesize the desired voltage in each sector it is necessary to activate the switches
q, and g, as described in Fig. 6.21(b) — bottom. While Fig. 6.22(a) shows the analog
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1'5VdC -

1.5Vye =

lO
-50
0.2 0.225 0.25
(b)
Figure 6.20  (a) Four-level FC half-bridge converter. (b) (from top to bottom) v7, , v7, V7,
vy;; gating signal of switches ¢, g,, and ¢5; load voltage and load current.

g1 P Vao
0 0 _2Vdc
0 1 Ve
1 0 Vdc
Figure 6.21 (a) Four-level FC
1 1 2Vye converter with four switches

(b) Desired waveform divided
(a) in sectors.



6.8 FOUR-LEVEL CONFIGURATION 195

Vao = {Vae, ~Vacl Va0 = {Vae, —Vacl

Va0 = (Vaer 2V} l Va0 = Ve 2Ve) l

Desired
sinusoidal
voltage
[Sector 1] [Sector 2 IWctoy Sector 4]
qi=1 q1={0,1} q1=0 g1 ={0,1}
g, =1{0,1} g, ={0,1} g, =1{0,1} g, ={0,1}

(b) Figure 6.21 (Continued)
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Figure 6.22 (a) Four-level FC converter with four switches (b) Desired waveform divided in
sectors.
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Figure 6.23 (a) Single-phase full-bridge four-level FC converter. (b) Three-phase four-level
FC converter. (c) Three-phase four-wire four-level FC converter.

circuit for the four-level topology in Fig. 6.21(a), Fig. 6.22(b) shows its PWM signals.
Notice that the voltages v |, U s Ucarrierl> @0d Ugypriern furnish the switching states
necessary for a symmetrical output voltage with four levels.

Full-bridge four-level FC converters for both single-phase and three-phase
loads are obtained by connecting the PBs as in Fig. 6.23(a) and 6.23(b), respectively.

Figure 6.23(c) shows the option in which a three-phase four-wire system is required.

6.9 GENERALIZATION

Following the same approach as for the three- and four-level configurations, the
N-level converter can be obtained as in Fig. 6.24(e) for an odd value for N, and
in Fig. 6.24(f) for an even value for N. Theoretically, the number of levels in an
FC topology can be increased as far as necessary, although practical limitations do
appear when the number of levels is higher than five. Note that the evolution from
three to N levels is presented in Fig. 6.24(a) to Fig. 6.24(f). It is worth mentioning
that the PBG brings a simple and intuitive aspect of connecting blocks for creation
of FC topologies from three to N levels. The model and PWM strategy applied for
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Figure 6.24 Generation of the n-level FC topologies: (a) three-level, (b) four-level, (c)
five-level, (d) six-level, (e) N-level (with N odd), and (f) N-level (with N even).

the configurations with number of levels higher than four can be easily adapted from
the previous discussion in this chapter.

6.10 SUMMARY

This chapter was dedicated to the multilevel topologies that are characterized by the
presence of the FC employed to generate different levels. For the sake of simplifica-
tion, first the FC was substituted by a DC source and then the circuit with capacitor
was presented along with the analysis to keep v, with minimum ripple. As in the
case of other configurations in this book, such as neutral-point-clamped and cas-
cade arrangements, FC topologies were presented in a systematic way following this
sequence: (i) PB connections obtained from the rules presented in Chapter 3, (ii)
once the topology was established the Table of Variables was obtained, (iii) model-
ing the converter by writing the output voltage to describe what was obtained in the
Table of Variables, and (iv) developing the PWM approach from the Table of Vari-
ables. As a learning intervention, nonconventional converters were also employed in
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this chapter. There is an extensive technical literature on this topic some of which is
given as References from 1 to 9.
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CHAPTER /.

OTHER MULTILEVEL
CONFIGURATIONS

7.1 INTRODUCTION

After dealing with either conventional power circuits for multilevel topologies or non-
traditional configurations based on the three most used circuits (neutral point clamped
(NPC), cascade, and flying capacitor (FC)), this chapter presents some other topolo-
gies obtained independently. Such power circuits are also easily obtained from the
axioms and postulates of the power blocks geometry (PBG) presented in Chapter 3.

Although many of the circuits presented in this chapter have not been con-
sidered in industrial applications, such converters have characteristics that bring up
specific advantages as compared to the traditional circuits. Furthermore, the noncon-
ventional multilevel configurations presented in this chapter have an important role
in helping to understand how new topologies have been conceived in the literature.
Such NPCs are presented, following the same procedure as before, with the following
steps: (i) consider the PBs and the rules to determine the connection of blocks and
consequently the connection of the power switches, (ii) determine a Table of Variables
to associate the output voltage with binary variables (switching states), (iii) find an
equation to describe the Table of Variables and consequently model the converter,
and (iv) determine a simple pulse width modulation (PWM) approach to obtain the
gating signals of the switches.

The sections in this chapter deal with different types of nontraditional con-
verters and are organized as follows: Section 7.2 presents the nested configuration
achieved by connecting only the first and second PB-ac in an appropriate way. Section
7.3 shows an alternate way to obtain a multilevel output voltage with a coupled
inductor placed at the output of the converter, as well as a topology known as mod-
ular multilevel converter (MMC). Section 7.4 presents the ANPC topology, high-
lighting its thermal stress reduction among the power switches. A series of other
topologies are included in Section 7.5, which brings up a review stressing how the
multilevel circuits proposed in the technical literature can be in fact obtained eas-
ily from the Power Block Geometry approach. Finally, Section 7.6 summarizes this
chapter.

Advanced Power Electronics Converters: PWM Converters Processing AC Voltages,
Forty Fifth Edition. Euzeli Cipriano dos Santos Jr. and Edison Roberto Cabral da Silva.
© 2015 The Institute of Electrical and Electronics Engineers, Inc. Published 2015 by John Wiley & Sons, Inc.
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Figure 7.1 Nested multilevel configurations with the block representation: (a) three-level,
(b) four-level, (c) five-level, and (d) six-level.

7.2 NESTED CONFIGURATION

This section presents multilevel topologies based on the concept of nested arrange-
ment. Such topologies are called nested multilevel converters because the external
connections of the blocks involve the internal ones. Figure 7.1(a) shows a three-level
circuit obtained with the first PB-ac and second PB-ac. Figure 7.1(b), 7.1(c), and
7.1(d) depict a four-, five-, and six-level converters, respectively. Once the topolo-
gies are obtained via the power blocks, the circuits can be considered in their lower
level (representation with switches), as presented in Fig. 7.2. Figure 7.2(a) and 7.2(b)
show three- and four-level converters, respectively. The converters presented in this
figure show both single-leg and three-phase versions of the nested configuration.
Figure 7.2(c) shows the evolution from five to seven levels.

When compared to the NPC topologies, the nested configurations can be con-
sidered as an interesting option due to the reduced number of power diodes. A draw-
back would be different blocking voltage per switch.

Although Figs 7.1 and 7.2 present topologies able to generate a number of lev-
els between 3 and 7, the analysis in this section will be focused on the four-level
converter, which is enough to give the reader a comprehensive idea of how to deal
with this family of multilevel converters.

The converter leg in Fig. 7.2(b) (left side) is constituted by two controlled
switches (¢, and g,) and two bidirectional controlled switches (g, and g3). For the
version of the converter with three legs, required in three-phase systems, there are six
controlled switches (g, and g4, — x = a,b, and ¢) and six bidirectional controlled
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Figure 7.2 Nested multilevel configurations with the switches representation: (a)
three-level, (b) four-level, and (c) evolution from five- to seven-level.

switches (g,, and g3,). The Table of Variables for the leg of the nested topology with
four levels is presented in Table 7.1.
Such a table can be described by the following equation:

Vo = 41929394V1 + 41929394 V> + 41929394 V3 + 41929394 Vs (7.1

with §y =1- gy fory=1,2,3, and 4.
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TABLE 7.1 Table of Variables for the Four-Level
Nested Converter

State q, q q3 a4 Uy
1 1 0 0 0 v,
2 0 1 0 0 v,
3 0 0 1 0 v,
4 0 0 0 1 v,

For the generation of a symmetrical waveform with the maximum output volt-
age given by V., the input voltage can be obtained as follows: V| =3V, /4, V, =
Vie/4 V3 = =V, /4, and V, = =3V, /4. In this case, it turns out that equation (7.1)
becomes

b = (91929394 + 91929394 — 91929394 — 391929394 Vac
° 4
Figure 7.3(a)-7.3(d) shows the positive and negative currents through the
switches ¢, g5, q3, and g, when these switches are turned on, respectively. Notice
that the bidirectional controlled switches (g, and g;) have been employed on the
inner leg, while the switches (g, and g,) have been used on the outer leg.

(7.2)

Exercise 7.1

Explain what would happen if the positions of the switches placed on the inner
and outer legs are switched, for example, if the figure below is used instead

of Fig. 7.1(b). Justify your answer by using equivalent circuits such as in
Fig. 7.3.

From the Table of Variables (Table 7.1), it is possible to determine a PWM
solution as shown in Fig. 7.4. Notice that the PWM approach for the nested topology
can be obtained with only one modulating signal and three carrier signals with a level
shift technique.

Figure 7.5 shows the simulated results for the nested configuration with four
levels for a three-phase application. The waveforms presented in Fig. 7.5(a) and 7.5(b)
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are: (a) pole voltages; (b) from top to bottom: output line voltage, pole voltage, and
phase current.

Exercise 7.2

Compare the nested and the NPC topologies in terms of the blocking voltage
for the switches employed in one leg. Assume that both topologies have four
levels and are generating the same output voltage. Disregard any safety margin
while specifying the voltages for each power switch.
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four-level nested
configurations: (a) pole
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the converters with a higher

number of levels, the nested topology allows its generation with N levels for both

cases, N being an odd and an even number. Figure 7.6

presents a generalization of

the nested multilevel converters for an odd [see Fig. 7.6(a)] and even [see Fig. 7.6(b)]

number of levels.
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(a) (b)

Figure 7.6  Generalization of nested multilevel converter with (a) odd and (b) even number
of levels.

7.3 TOPOLOGY WITH MAGNETIC ELEMENT
AT THE OUTPUT

A three-level voltage can be obtained either by using the nested topology (as described
in Section 7.2) or by employing any of the conventional circuits (described in previous
chapters). All circuits considered so far for generation of a three-level voltage at
the output of the converter have been achieved by placing switches, sources, and/or
capacitors appropriately, as seen in Fig. 7.7(a)-7.7(c).

The figures of the NPC, H-bridge, and FC configurations are repeated here
in order to compare their principles with an alternate way to generate a three-level
voltage. Observing such topologies, it is possible to use different strategies to generate
the same number of levels at the output converter side. For instance, Fig. 7.7(a) shows
an NPC topology that creates three different paths to connect the input voltages V|,
V,, and V; to the output (v,). The H-bridge circuit shown in Fig. 7.7(b) combines both
inputs to obtain the desirable three-level output voltage, that is, V, = V,, 0, V, — V|.
On the other hand, the FC topology in Fig. 7.7(c) associates sources (or sources and
capacitors) in series to obtain the desirable levels at the output.

By employing a different approach, Fig. 7.7(d) shows another way to imple-
ment a three-level power converter. Such an arrangement, using a split-wound cou-
pled inductor at the output converter side, guarantees a three-level output voltage
with only two PBs-dc. The lower level representation of this converter is furnished
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Figure 7.7 Three-level configurations: (a) NPC, (b) cascade, (c) flying capacitor, (d)
configuration with two PB-dc and split-wound coupled inductors, and (e) representation of
the converter in Fig. 7.7(d) with switches.

in Fig. 7.7(e), which highlights the connections of the power switches and coupled
inductor.

It is assumed that the currents through the coupled inductor are in continuous
conduction mode, that is, the current is always higher than zero. Figure 7.8(a), 7.8(b),
7.8(c), and 7.8(d) shows the equivalent circuit for the leg when (¢q;,q,) are given by
(0,0), (0,1), (1,0), and (1,1), respectively. Table 7.2 shows the Table of Variables for
this converter. Notice that the output voltage has three levels, as explained later.

The voltages v, and v, [voltages from the points 1 and 2 to the dc-link capac-
itor midpoint — “0” in Fig. 7.7(e)] can be expressed as a function of the state of the
switches g, and g,, as follows:

v
v = 2q; — 1)% (7.3)

Uy = R2qy — 1) (7.4)

dc
2
The pole voltages as in equations (7.3) and (7.4) lead to the model presented in
Fig. 7.9(a). Then the output voltage v, with respect to “0” can be in turn written as

1
UO = E(UIO + U20) (75)

Substituting (7.3) and (7.4) in (7.5) it is possible to write v, as a function only
of the state of the switches and dc-link voltage

V C
0, = (@1~ 4" (7.6)
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TABLE7.2 Pole Voltage as a Function of the
Switching States

9 P Vo Uy v,

0 0 —V,/2 Ve /2 0

0 1 —V,./2 —V,./2 —V,./2
1 0 Vie/2 Vi /2 Vi /2
1 1 V,./2 —V,./2 0

From the Table of Variables presented in Table 7.2 it is possible to define the
PWM strategies as in Fig. 7.9(b). Figure 7.9(c) shows the main waveforms associated
with this circuit.
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Figure 7.9 (a) Model of converter in Fig. 7.7(e). (b) PWM circuit. (¢) Waveforms for
generation of a three-level voltage.

Example 7.1
Deduce equation (7.5) for the three-level topology presented in Fig. 7.7(e).

Solution

The output voltage v, can be written with respect to the point “0” in two differ-
ent ways, v, = —v,y + vy and v, = v,, + Uy, where v,; and v,, are the drop
voltages on the coupled inductor for the upper and lower parts of the inductor,
respectively. Adding both equations v, is easily obtained as (v, + vy)/2 for
the symmetrical case (v, = v,9).
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Figure 7.10 Five-level topology with coupled inductor placed at the output converter side:
(a) PBG representation, (b) representation with switches, and (c) three-phase version.

More levels can be obtained by combining the solution with coupled inductor
and NPC converter. The circuit depicted in Fig. 7.10 is a five-level topology with a
PBG representation [see Fig. 7.10(a)] and with a representation using switches [see
Fig. 7.10(b)]. Its three-phase version is presented in Fig. 7.10(c). Notice that in this
converter the number of levels is higher than the input voltages available (Vp, 0,V,),
which follows the same characteristics of the three-level version in Fig. 7.7(e) — in
the three-level case there are three levels obtained from only two voltages.

Although many of the converters presented so far in this and previous chapters
are suitable for high voltage high power applications, the MMC combines excellent
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& converter with PBs.

output voltage waveforms, very high efficiencies and an overall high blocking
voltage capability with reduced stress on the switching devices of each submodule.
Those characteristics are desirable in applications such as high power motor drives.
Figures 7.11 and 7.12 show this configuration with power blocks and switches,
respectively. There are some challenges related to the operation point of view of
this converter. They are capacitor voltage ripple control for each module as well as
circulating current regulation.

Each phase of the converter shown in Figs. 7.11 and 7.12 constitutes two
branches of half-bridge converters (also known as submodules), series connected
to dc terminals V| and V,. Those branches are connected through inductors. The
ac terminals (v,, v,, and v,) are connected to the middle point of the inductors. In
general terms, the ac voltage is controlled by changing the number of half-bridge
converters connected to each leg. From Fig. 7.12 i, and the circulating current (i)
can be written, respectively, by

ia = ial - iaz (77)
_ ial + ia2
cc T 2

Consequently the currents i,; and i,, can be expressed as a function of both
circulating current and output ac current as follows:

i

(7.8)

i +i
i = 5 (7.9)

a (7.10)

1 ,=
a2 2

The circulating current is associated to the energy exchange between the phase
leg and the dc-link source. In fact, the control strategy applied for this converter
should guarantee the capacitor voltage control for each submodule as well as desired
output voltages v,,, v, and v,.
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representation with switches.

7.4 ACTIVE-NEUTRAL-POINT-CLAMPED CONVERTERS

The converter presented in Fig. 7.13 shows another arrangement using only the first
PB-ac, which is called ANPC configuration. Figure 7.13(a) shows the three-level
topology, while Fig. 7.13(b) presents the four-level version of the ANPC circuit. Yet
more levels can be reached by adding more blocks as done in Chapter 4 for the NPC
converter. Notice that for this family of multilevel converters controlled switches are
employed instead of power diodes (as in NPC configurations) to obtain zero voltage
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Figure 7.13  ANPC configuration: (a) three-level circuit, (b) four-level circuit, (c) zero
output voltage with positive current, (d) second path for zero output voltage with positive
current, and (e) zero output voltage with positive current for NPC converter.
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at the output of the converter. The main advantages as compared to the conventional
NPC topology [see Fig. 7.7(a)] is a better balance distribution of losses, which allows
an increase in the maximum output power.

In general terms, the design of a multilevel power electronics converter can be
established by limiting the switching frequency in order to meet the maximum allow-
able losses. In this sense and assuming a high power density scenario, a topology such
as NPC, with irregular power losses distribution, presents unequal junction tempera-
ture distribution on the power converter circuit. As a direct consequence, some power
devices become hotter than others, restricting the switching frequency even more.

On the other hand, due to the presence of controlled power switches, the ANPC
topology can allow alternative paths to obtain the same zero voltage at the output
converter side. It turns out that it is possible to manage the losses distribution of
the switches by changing these paths. For example, Fig. 7.13(c) depicts the ANPC
topology for the case in which a zero voltage is obtained for positive output current.
On the other hand, Fig. 7.13(d) shows the same case as before (zero voltage obtained
at the output with positive current) reached by using an alternative circuit. Finally,
Fig. 7.13(e) shows that for the NPC converter there is only one path to obtain zero
level voltage at the output of the converter with a positive current.

Since the heat sink is essential for the thermal stability and lifetime of the
semiconductor devices and for operation of the power converter as a whole, its specifi-
cation must guarantee heat transfer capability for the switches, especially those under
the highest thermal stress. Indeed, such a characteristic of the ANPC topology pre-
sented in Fig. 7.13(c) and 7.13(d) plays an important role in the thermal design of this
converter. The irregular junction temperature among diodes and power switches of the
NPC topology is presented in Fig. 7.14(a). The components d, g,, g5, d;, and d, are
the semiconductor devices in Fig. 7.13(e). To avoid such irregular junction tempera-
ture among the power switches while synthesizing the desired voltage, Fig. 7.14(b)
shows one leg of the ANPC topology with a PWM defined by the temperature of the
devices, which means that the hot points can be avoided by using alternative paths
highlighted in Fig. 7.13(c) and 7.13(d).

o

=1

L Vsin = —>q>5
e NUWVWWWWA

g N TT— pwm [
5 Approach[ >4
5 T3,Tg —> —>Q5
é e~ G2 —>(s

(@) (b)

Figure 7.14  (a) Junction temperature among the semiconductor devices. (b) PWM strategy
for the ANPC topology.
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TABLE 7.3 Table of Variables for the ANPC Topology

q; 4, q3 44 qs 03 v,
1 1 0 0 0 0 Vie
0 1 0 0 1 0 0
0 0 1 0 0 1 0
0 0 0 1 0 1 Ve

As mentioned previously, such irregular losses distribution can be avoided with
the ANPC topology and a regulated loss-balancing system. This loss control strategy
can be achieved by either measuring or estimating the junction temperature. From
Table 7.3 it is possible to establish a PWM strategy, depending on the temperature
either measured or estimated from each semiconductor device.

7.5 MORE MULTILEVEL CONVERTERS

Since the goal of this section is to demonstrate that many topologies can be repre-
sented by PBG, their presentation is limited to the description of the circuits with both
blocks and switches. All analysis in terms of Table of Variables, model, and PWM can
be obtained by the reader following a similar approach as in the previous chapters.

Also, this section aims to reiterate that the power blocks and the rules and
postulates presented in Chapter 3 are an interesting way to understand how the mul-
tilevel configurations have been presented in the technical literature. By following
the rules and using specific blocks, it is possible to, for example, obtain the config-
uration depicted in Fig. 7.15, which has been named by the authors as active switch
NPC (ASNPC). Figure 7.15(a) shows this converter under PBG representation, which
employs four PBs-ac. The equivalent lower-level representation using power switches
is presented in Fig. 7.15(b). The improvement brought up by this converter lies on
the reduction of the average switching frequency for all power devices.

The three-level configuration obtained using just the second PB-ac comes
up with two different implementations as presented in Fig. 7.16(a) and 7.16(c).

Ve Vi
| 3 K¢
¢ {3
ﬂﬂEH Vs, [
/A S——
. I
b)

(@) (

Figure 7.15 Three-level configuration ASNPC (a) blocks and (b) switches.
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Figure 7.16 Three-level topologies using the second PB-ac only.

Figure 7.16(b) shows the same topology with switches. Considering the representa-
tion with the power switches as in Fig. 7.16(d), it is evident that the four switches
between the v, and V, can be simplified by only two antiseries switches as in
Fig. 7.16(e). Indeed, Fig. 7.16(a) and 7.16(c) end up with the same topology, as
presented in Fig. 7.16(b) and 7.16(e).

Figure 7.17 shows a family of multilevel topologies known as mixed NPC/FC
converters. Figure 7.17(a) depicts such a mixed three-level converter using both
PB-dc and PB-ac, while Fig. 7.17(b) shows it with only PBs-ac. The representa-
tion with switches for those converters is presented in Fig. 7.17(c) and 7.17(d),
respectively. Higher levels can be easily obtained by stacking more elements as in
Fig. 7.17(e)-7.17(h).

Another way to merge a FC with the first PB-ac is presented in Fig. 7.18.
Figure 7.19 depicts a similar configuration using a second PB-ac instead of the first
one. Finally, Fig. 7.20(a) shows that two PBs-ac can be vertically stacked, which
creates a differential converter, and Fig. 7.20(b) and 7.20(c) present different ways to
generate a four-level converter.



216 CHAPTER7 OTHER MULTILEVEL CONFIGURATIONS

2 Vi
v %
Vo <V .
V3 Vs
(b)

d
3 J | J J 3
Vo4 == ° A == °
% | XKt
J

(@)
Figure 7.17 Mixed NPC/FC converter.
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Figure 7.18 Mixed NPC/FC converter using flying capacitor and first PB-ac.
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Figure 7.19 Mixed NPC/FC
converter using flying capacitor
(a) (b) and first/second PB-ac.
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Figure 7.20 (a) Differential converter. (b) Four-level converter obtained with the first PB-ac.
(c) Asymmetrical four-level topology.

7.6 SUMMARY

This chapter dealt with of nontraditional multilevel converters. The approach used,
with the PBG, shows that there is a high number of possibilities for generation
of multilevel topologies and such an approach helps to understand how many of
these topologies have been desscribed in the technical literature. Although not
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all possibilities have been deeply examined, three of them have been analyzed,
considering the PBs and the rules to determine the connection of blocks, Table of
Variables and model of the converter. There is an extensive number of possibilities of
multilevel topologies to which this technique can be used. Some of them, indicated
in References from 1 to 26 have been used in this chapter.
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CHAPTER 8

OPTIMIZED PWM APPROACH

8.1 INTRODUCTION

Many pulse width modulation (PWM) approaches have been proposed by authors
throughout the years for the systems studied in this book, that is, dc—ac and ac—dc—ac
power conversions. In general terms, it is possible to sort the PWM strategies into
two main categories: (i) sinusoidal pulse width modulation (SPWM) and (ii) space
vector modulation (SVPWM). In SPWM, introduced by Schonnung in 1964 [1], to
produce the output voltage waveform, a sinusoidal control signal (modulating signal)
is compared to a triangular signal (carrier signal). SVPWM uses a complex voltage
vector to define the pulse widths. Although one of the first suggestions for employing
complex voltage vectors in a PWM control was made by Jardan [2], the SVPWM
technique was first published by Busse and Holtz [3] followed by Pfaff et al. [4], in
the same year.

The majority of the PWM approaches presented in the previous chapters of this
book can be classified as SPWM. For each of the configurations studied so far, inten-
sive research has developed PWM strategies, bringing different levels of optimization
in terms of the THD of the waveforms generated and also in terms of the efficiency
of the converter. As a direct consequence of the high volume of research devoted
to this topic, several improvements have been observed since the first studies. For
instance, modification of the modulating signal has introduced many improvements
to the SPWM technique, resulting in nonsinusoidal carrier-based PWM (CPWM)
techniques [5—8]. After the reports by Buja and Indri [9] it has been gradually rec-
ognized that the addition of an adequate third-harmonic zero-sequence component
to each of the reference pole voltage increases 15.5% of the fundamental component
of the output voltages in a three-phase converter. As concluded by Depenbrock [10],
more than introducing the benefit of 15.5%, the zero sequence component can be used
to reduce the number of times the switches are turned on and off, by clamping each
pole voltage during 60° of the sinusoidal waveform.

This chapter presents some techniques for optimization of the PWM approach
considering the fact that the number of pole voltages is higher than the number of
voltages demanded by the load, and then there is a degree of freedom to be explored.
For instance, in Fig. 8.1 there is one degree of freedom for the H-bridge converter
supplying a single-phase load. There are two pole voltages available (v|; and v,)

Advanced Power Electronics Converters: PWM Converters Processing AC Voltages,
Forty Fifth Edition. Euzeli Cipriano dos Santos Jr. and Edison Roberto Cabral da Silva.
© 2015 The Institute of Electrical and Electronics Engineers, Inc. Published 2015 by John Wiley & Sons, Inc.
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Figure 8.1 Converter with two
legs supplying a single-phase load.

at the converter side and just one voltage (v,) must be controlled. Following this
introduction, this chapter is organized in seven sections. Sections 8.2 and 8.3 show
an optimized PWM strategy for converters with two and three legs, respectively. For
both sections, a PWM approach is presented with both analog and digital implemen-
tations, and finally the influence of the parameter u is addressed for the quality of
the waveform generated as well as for the losses of the converter. Section 8.4 deals
with space vector modulation for a three-phase converter, while Section 8.5 presents
the CPWM for both a three-leg converter feeding a two-phase symmetrical machine
and a four-leg converter supplying a three-phase four-wire load. The CPWM is also
employed in non-conventional converters (Section 8.6), such as split-wound coupled
inductors, Z-source converter, and open-end winding motor.

8.2 TWO-LEG CONVERTER

8.2.1 Model

A two-leg converter, as seen in Fig. 8.1, consists of four power switches g, g;, ¢,,
and g,. Note that the circuitry necessary to generate the gating signals is not presented
in this figure. The upper (¢, and g,) and bottom (g, and ¢,) switches are complemen-
tary, which means that ¢, = 1 — g, and g, = 1 — ¢,. As considered in the previous
chapters, the conduction state of all switches can be represented by the binary vari-
able with ¢, = 1 indicating a closed switch and ¢, = 0 indicating an open one (with
x =1and2).

The pole voltages vy, and v,, can be defined as a function of the switching
states, as follows:

\%
V1o = (2q; — 1)% 8.1)

\%
vy = (2q — 1)% (8.2)
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TABLE 8.1 Voltages and Currents of the Switches as a Function of the
Switching States

Switching Voltages Across the Currents through the
States Switches Switches

q, 5 Vg1 Uz Up2 ) Iy i ip i

0 0 Vie 0 Vie 0 0 i, 0 i,

0 1 Vie 0 0 Vie 0 i, i, 0

1 0 Ve Ve 0 i, 0 0 i,

1 1 Vie 0 Vie i, 0 i, 0

The output voltage is given by

U, = Ujg — Uy (8.3)
v, =(q1 — 42)Vyc (8.4)

Note that there are two control variables (switching states g, and g,) to define
just one output voltage (v,). While the load voltage is generated by the converter, the
load current (i,) depends on the load connected to the converter (i, = v,/Z, where
Z is the impedance for a linear load). The voltages across the switches and currents
through the switches are presented in Table 8.1.

From Table 8.1, the following equations can be used to define the voltage and
currents of the switches:

Vg = (1 =g Vy (8.5)
Uz = 4 Ve (8.6)
iqx =gq,, (8.7)
iz = (1 = qi, (8.8)

withx =1, 2.

8.2.2 PWM Implementation

From equation (8.3) it is possible to define the desired output voltage as a function of
the reference pole voltages, as follows:

v, = U}, — Uy, (8.9)

A reference voltage [v) = V) cos(w,t)] must be synthesized through two refer-
ence pole voltages (v}, and v ), which means one degree of freedom to be explored.
Then, an auxiliary variable (v}) can be defined to allow some level of improvement.
In this case it is possible to write:

vy = U, + U, (8.10)

V3 = U (8.11)
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Equation (8.9), in principle, is satisfied for any value of vy. However, the aux-
iliary voltage must be obtained in order to guarantee that the reference pole voltages
are limited as follows:

Ve _ . _Va

> c < VYo < 7‘: (8.12)
—Va « _Va
TC < U20 < —= (813)

When equations (8.12)—(8.13) are satisfied, it is said that the converter is oper-
ating in its linear region. The following development in this subsection aims to deter-
mine an analytical expression for v}, and consequently defining v} and v} ) for PWM
implementation.

Substituting (8.10) and (8.11) into (8.12) and (8.13), it is possible to write:

(@) Inequality 1. v, > —de g

. * _Vdc .
(b) Inequality 2. vy > —
Vdc

(¢) Inequality 3. UZ < - vh;

. % Vdc

(d) Inequality 4. vy < -

As long as v} is a sinusoidal waveform, it can assume either positive or neg-
ative values; then we have two cases, Case 1: when v > 0 and Case 2: for v} < 0.
Figure 8.2 shows the hatched area (feasible region) relative to inequalities 1 and 2 for
Case 1, while Fig. 8.3 shows the same inequalities for Case 2. Even with v} being a
sinusoidal waveform, it appears in the following analysis (Figs 8.2—8.5) as a constant
due to the short interval of time considered.

Note that in Case 1 (Fig. 8.2) the inequality 1 is predominant over inequality 2
(since satisfying inequality 1, the inequality 2 will be necessarily satisfied), while in
Case 2 inequality 2 is predominant.

Then, equation (8.14) is enough to succinctly describe both scenarios presented
in Figs 8.2 and 8.3:

vf > 2d° — MAX{v*,0} (8.14)

Equation (8.14) is a generic way to present inequalities 1 and 2, and it is equiv-
alent to the graphical analysis depicted in Figs 8.2 and 8.3.

A similar approach can be used for inequalities 3 and 4. Figure 8.4 shows the
hatched area (feasible region) related to inequalities 3 and 4 for Case 1, while Fig. 8.5
shows the same inequalities for Case 2. Note that in Case 1 inequality 4 is predomi-
nant, while in Case 2 inequality 3 must be satisfied. Then, it is possible to write v} in
a short way as presented in

Vdc

—° = MIN{z.0} (8.15)
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Figure 8.2 (a) Limits of v; when v; > 0 (Case 1). (b) Feasible region for inequality 1 (left)
and inequality 2 (right).
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Figure 8.4 (a) Limits of v; when v} < 0. (b) Feasible region for inequality 3 (left) and
inequality 4 (right).
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Figure 8.5  (a) Limits of v; when v} < 0. (b) Feasible region for inequality 3 (left) and
inequality 4 (right).
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As in equation (8.14), equation (8.15) can be used instead of employing
the graphical analysis depicted in Figs 8.4 and 8.5. Hence, it is possible to write
equations (8.14) and (8.15) together, as:

_VdC K * VdC *
7 MAX{v,,0} < v, < - MIN{v;,0} (8.16)
or
-V \%
2dc Viax < U < Td -V (8.17)

where V,, = MAX{v},0} and V,,,;, = MIN{v,0}.

For the operation inside a linear region [see equations (8.12) and (8.13)] UZ
must be considered between the limits presented in equation (8.17) and observed in
Fig. 8.6(a). Note from this figure that the lower and upper values for v} are V; and
V,, respectively. These voltages are defined as follows: V| = (=V./2) — V., and
Vy = (V4o /2) = Viin- It is possible to create an index yu (distribution factor) in such a
way that the voltage vy can be changed proportionally as a function of y, as observed
in Fig. 8.6(b), with 0 < u < 1. Therefore, the equation of the line in Fig. 8.6(b) can

be defined as follows:
i) =V, + (Vy = Vi (8.18)

By developing equation (8.18),

) 1
vl = Ve (u - 5) =DV, — Vi (8.19)
M v
S ————— V, = ’2dc ~Viin
0 l >t
__ = Voo _
V1— 2 max

Figure 8.6  (a) Limits of v}. (b) v; as a
(b) function of the distribution factor.
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With v} defined as in (8.19), the reference pole voltages (v}, and v ) presented

in (8.10), (8.11) are used either to compare with a high frequency triangular waveform
(in the analog solution) or to generate timer counters (in the digital solution).

Example 8.1

Determine the waveforms for v?, and 1);0 when pu = 0.5 (distribution factor)
and assuming v} = V¥ cos(w,1?).

Solution

To determine the waveforms for UTO and U;O, from (8.10) and (8.11), it is nec-
essary to find v}, as in equation (8.19). Equation (8.19) with u = 0.5 becomes
U*

h
MIN({v},0}, which means that:
(a) When v} >0, V,
(b) When v} <0, Vo =0and V,;, = v

Therefore, v*, = Lyt and v = —%U;. The waveforms for v
sinusoidal waves with the same amplitude but 180° apart.

10

=—1/2(V>. + V5. As defined earlier, Vy,,, = MAX{v7,0} and V,;,, =

— y¥ —
max — Vo and Vmin =0

min

Hence, v} is equal to —1/2(v;) for both cases v >0 and v; <O0.

To and v* are two

10 20 20 20

8.2.3 Analog and Digital Implementation

Figure 8.7 shows the analog implementation of the PWM solution for the two-leg
converter as depicted in Fig. 8.1. Note that the reference pole voltages, obtained from
equations (8.10)—(8.11) are compared to the carrier signal v} with amplitude equal
to V,. The relationship between the amplitude of the modified voltages v;.ko (.e., Vj”‘0
—with j = 1,2) and V, defines the amplitude modulation ratio (m, = VJ’B /V,). On the
other hand, the relationship between the switching frequency (f; — frequency of the
carrier signal) and the frequency of the sinusoidal waveform (f,) defines the frequency
modulation ratio (m; = f, /f,).

V, Vi
o f;\ 10 >_ o
0 =
V2o
3 ) >_ g
- 2
Vinax | Ve =
MAX = b Do— @
nlgetdy LY
MIN| & = B
MIN = Figure 8.7 Analog PWM

—
=

implementation.
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Example 8.2

Considering p = 0.5, determine the load voltage v, assuming the amplitude
modulation ratio (m,) equal to infinite.

Solution

By definition m, is given by VJB /V,, which means that for a modulation ratio
equal to infinite the amplitude of the sinusoidal waveform is always higher
than the carrier signal amplitude. Then, g; = 1 if v}, > O and ¢; = 0 if v}; <0

Jjo J JjO
with j = 1, 2. Then the load voltage will be a square waveform with the same
frequency of v} and with amplitude equal to V..

The equivalent digital solution can be obtained as an alternative for the analog
PWM implementation by defining the time in which the switches (g, and g,) are on.
For determination of the pulse widths, used to define when the switches are either
on or off (i.e., emulating the OpAmp operation in Fig. 8.7), it is assumed that the
modified reference voltages v*, and v} are constants over the switching period 7.

10 20
From Fig. 8.8, this hypothesis (i.e., v7, and v constants over T,) becomes more

accurate as the switching frequency belcoomes Il’fl(ich higher than the frequency of the
modulating signal (i.e., f; > f,).

Then, assuming that the triangular frequency is high enough to guarantee the
condition in Fig. 8.8(b), the average values of v, and v,, over T should be equal to
the medium values of v}, and v5,, respectively. Figure 8.9 shows the waveforms for
the first leg highlighting that the medium values of v}, and v, must be equal. Hence,

it is possible to write

1 t+T 1 t+Ty
i /t u’l‘o(t)dt= Ts /t vo()dt (8.20)
1 +7T . 1 t+T
Ts /t U5 (Ddt = i /t Uyo(D)dt (8.21)

Since v, and v}, are assumed to be constant over 7,

* Vd Vd 1

UIO = [—ZC T — —2C (TY - Tl)] —Ts (822)
* Vd Vd 1

U20 = [—ZC Ty — —2C (TY - TZ)] _Ts (823)

where 7, and 7, are the time in which the switches g, and g, are on.
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(@)

Figure 8.8 Comparison of high frequency triangular and sinusoidal waveforms: (a) low
frequency modulation ratio and (b) high frequency modulation ratio.

V1o

— avg {vio} = Ay-A-Ag

Figure 8.9  Average value of v,
equal to the average value v j,.

From expressions (8.22)—(8.23) it is possible to calculate the time intervals in
which the switches ¢, and g, are on, that is

v* 1 )
10
r=(L+2)T (8.24)
! <Vdc 2 *
vk 1 )
20
n=(2+2)7T (8.25)
g <Vdc 2 '

After the definition of the pulse widths (z; and 7,), it is necessary to pro-
gram timers for implementation with either a digital signal processing (DSP) or a
field-programmable gate array (FPGA) device, for instance.
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Exercise 8.1

Assume a single-phase dc—ac converter as in Fig. 8.1 with V. = 100 V. Also
consider two ways to generate the PWM signals: (i) analog implementation
with OpAmps with maximum voltage allowed equal to 15V (due to operation
restrictions of the OpAmps), that is, maximum voltage for UTO, 1);0, and vy,
must be equal to 15V; and (ii) digital implementation with the code written in
C++ for a DSP, with U’I‘O = 50sin(wt) and v5, = S50 sin(w? + 180°). Question:
Is it possible to generate a desirable ac output voltage with amplitude
equal to 100V for both analog and digital implementations as described
before?

8.2.4 Influence of u for PWM Implementation

The parameter y and consequently v, play an important role in the PWM imple-
mentation described already. As mentioned earlier, the distribution factor () can be
employed to optimize the converter operation. For instance, to emphasize such an

*
V20

0.1 0.11 0.12

Figure 8.10 Waveforms obtained with y = 0.5.

1
,/
x /
0 Voo . 1
P
-1 V20 1

0.1 0.1 0.12 0.1 0.11 0.12

Figure 8.11 Waveforms obtained with x = 0.0.
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Figure 8.12 Waveforms obtained with p = 1.0.

optimization, a set of the main converter’s variables are shown in Figs 8.10, 8.11, and
8.12 for u equal to 0.5, 0.0, and 1.0, respectively. Notice that those results are normal-
ized and the maximum value is always one for both power and control waveforms.
Figure 8.10 shows the case with symmetrical waveforms (v}, and v} )) obtained with
1 = 0.5, which represents the best option in terms of the total harmonic distortion
(THD).

Note that the ripple of the current in this result is lower than that shown in Figs
8.11 and 8.12. On the other hand, 4 = 0 and y = 1 generate asymmetrical waveforms
(see Figs 8.11 and 8.12) with the main advantage related to the switching losses reduc-
tion. There is a large period of time (180° of the modulating signal) in which there is
no switching for either v, or vy.

It is important to highlight that although p plays an important role creating
waveforms with distortions to deal with either THD improvement or loss reduction,
these parameters (4 and consequently v;) will not change the lengths of the active
states, as observed in Fig. 8.13.

Example 8.3

Why does the load current (i) for all values of u have the same average value?
Does it change if another value for u is chosen rather than 0.5, 0.0, or 1.0, for
example ¢ = 0.3?

Solution

Even with different instantaneous load voltages due to different values of vy,
as observed in Figs 8.10—8.12, the average values of v, should be the same
since the common term v} is cancelled [see equation (8.9)]. That is why the
amplitude value of the load current is kept constant. Another explanation can
be obtained from Fig. 8.13, which shows the unchanged active vector length
by either using UZ or not, that is, if the same active vectors are applied, the
same amplitude for the currents is expected.
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Figure 8.14 Three-leg converter supplying a three-phase load.

8.3 THREE-LEG CONVERTER AND THREE-PHASE LOAD

8.3.1 Model

A three-leg converter, as seen in Fig. 8.14, is constituted by six power switches ¢,
41> 92> 92» 43, and g. For simplification purposes, the circuitry necessary to generate
the gating signals is not presented in this figure; instead just the power part of the
circuit has been presented. The upper (¢, ¢,, and g3) and bottom (g,, ¢,, and g3)
switches are complementary, which means that ¢, = 1 — g, (with x = 1,2, 3). The
conduction state of all switches can also be represented by a binary variable with
q, = 1 indicating a closed switch and ¢, = 0 indicating an open one.
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The pole voltages v, 5, and vz, can be defined as a function of the switching
states, as follows:

Vdc

vy =(2q, — 1)7 (8.26)

_ Vdc
Uy = (2, — 1)7 (8.27)

_ Vdc
U3 = (293 — 1)7 (8.28)

The output voltages (v;, v,, and v3) are given by

Ul = U]O - Uno (829)
U2 == 020 - Uno (8.30)
U3 = U30 - Uno (8.31)

Considering a balanced three-phase system (i.e., v; + v, + v3 = 0) and from
(8.29)—(8.31), it is possible to define v, as in equation (8.32):

1

Uy = 5(1)10 + Uy + U30) (832)

Substituting (8.32) into (8.29)—(8.31), we get

2 1 1

v = §U10 - §U20 - 5030 (833)

1 2 1
U2 = —gvlo + gvzo - §U30 (8.34)

1 1 2
U3 = —EUIO - gl)zo + §U30 (8.35)

Note that it is possible to explore the redundancy inherent in a three-phase sys-
tem. When two voltages are controlled, the third is indirectly controlled, such as:
vy = —(v] + y).

Substituting (8.26)—(8.28) into (8.33)—(8.35), it is possible to write the output
voltages only as a function of the state of the switches:

2 1 1
o =[50 - 30 - 305 Vae (8:36)
1 2 1
Uy = [—géh + 392~ 543] Vie (8.37)
U3 = =01 — Uy (8.38)

The three-leg converter supplying a three-phase load (Fig. 8.14) also presents
a degree of freedom. Note that there are only two output voltages to be controlled (v,
and v, — or any other combination of two voltages among v, v,, and v3) throughout
three controlled variables ¢, ¢,, and g;.

While the load voltages are generated by the converter, the load currents (i}, i,,
and i) depend on the load connected to the converter. In the case of a linear load, it can
be written as i, = v, /Z,, where Z, is the load impedance for phase x; withx = 1,2, 3.
The voltages and currents through the switches are presented in Table 8.2.
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TABLE 8.2 Voltages and Currents of the Switches as a
Function of the Switching States

Switching Voltages of the Currents of the
States Switches Switches
4x Vg Ugix I iy
0 Ve 0 0 i
1 Vie 0 i 0

From Table 8.2, the following equations can be used to define the voltage and
currents of the switches, respectively.

Vg = (1= q)Vy (8.39)
Uz = 4 Ve (8.40)
iy = 4, (8.41)
iz, = (1= qi, (8.42)

withx =1,2,3.

8.3.2 PWM Implementation

From equations (8.29)—(8.31) it is possible to define the desired output voltages as a
function of both reference pole voltages and voltage v’ , as follows:

P N (8.43)
vy = Uy = Uy (8.44)
D (8.45)

The voltage U:O can be considered as an auxiliary variable (UZ) which is
expected to bring a level of optimization for the converter, as for the single-phase
converter presented previously. If the desired balanced three-phase voltages are
given by v} = Vj cos(w,1), U5 = V; cos(w,t + 120°), and v} = V; cos(w,t — 120°),
the reference pole voltages can be defined by:

Vi, = U] + U (8.46)
U5y = U5 + U (8.47)
V3 = U3 + U (8.48)
with .
vE =V (,u - 5) + (= DV = 1V (8.49)
where V.. = MAX{UT, v;, v;‘} and V,;, = MIN{UT, v;, v§}; u is the distribution

factor and determines how the free-wheeling time interval can be distributed through-
out the switching period.
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Equations (8.19) and (8.49) are identical equations, just changing the terms
Vimax and Vi, Infact, v}, is a generalized expression that can be employed in different
power converters processing ac voltage, as discussed later in this chapter.

8.3.3 Analog and Digital Implementation

Figure 8.15 shows the analog implementation of the PWM solution for the three-leg
converter depicted in Fig. 8.14. The reference pole voltages are obtained as in
equations (8.46)—(8.48) and compared to the carrier signal vy

Following the same approach employed for the single-phase converter, it is
possible to calculate the time intervals in which the switches ¢, ¢,, and g5 are on,
that is

Vg 1 )
= —+= )T, (8.50)
! <Vdc 2
Uy 1 )
Th=|—+= )T (8.51)
: <Vdc 2
Uy 1
=|—=—+=-)T. 8.52
& <Vdc 2 ’ ( )

After defining the pulse widths (7, 7,, and 73), it is necessary to program three
timers associated with each leg.

8.3.4 Influence of u for PWM Implementation in a Three-Leg
Converter

As considered for the two-leg converter, the voltage v, can be used to optimize spe-
cific parameters such as weighted total harmonic distortion (WTHD) and losses.
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Figure 8.15 Analog PWM implementation for the three-leg converter.
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Figure 8.16 Waveforms obtained with: (a) # = 0.5 and (b) u = 1.0.
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Figure 8.16(a) and 8.16(b) shows the main waveforms for x4 equal to 0.5 and 0, respec-
tively. While Fig. 8.17 shows the WTHD of the load phase voltage as a function of
u, Fig. 8.18 shows the same waveforms as in Fig. 8.16 with y changing from O to
1 six times per period. Note that = 0.5 generates symmetrical waveforms with the
benefit of better WTHD. On the other hand, = 0 leads to benefits in terms of loss
reduction due to the clamped pole voltages. One way to bring up the benefits of both
u=0.5and 4 = 1.0 is to change the parameter y from O to 1 many times inside
the sine period. This will guarantee an average value of 0.5 while keeping the pole

voltages clamped.
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Figure 8.18 Waveforms with y changing from O to 1.

8.3.5 Influence of the Three-Phase Machine Connection
over Inverter Variables

Traditionally, a three-phase machine is designed to be connected in a wye (Y) or delta
(A) arrangement depending on the voltage level available from the utility grid. In a
motor drive system, the connections of the three-phase machine can still be defined
as a function of the voltage level available on the dc-link capacitor. If the dc-link
voltage for a given application is not restrictive, the choice between both possibil-
ities of machine connections [Y — see Fig. 8.19(a) or A — see Fig. 8.19(b)] favors
the Y connection, as shown. The following analysis is obtained with the assumption
that the same power switches and dc-link capacitors are employed for both motor

ot KA

3.
== 2
Vdc 0
1 +
— Ca L 1
°T kot ke J@ 1
(a)
ot Kod JDJ%} J@
”
) L V3
VacT 0 2 +
1
oy . .
Figure 8.19 Ac motor drive

system with a three-phase machine
in a: (a) Y connection and
(b) (b) A connection.
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drive systems (Y and A), which is reasonable due to the range of IGBTs available
in the market. For instance, there is a class of IGBTs that operates at 600 V, the fol-
lowing IGBT available deals with 1200 V. As a consequence, the same IGBT can be
employed for a three-phase system with 220V, (phase voltage) for both Y and A,
since a Y arrangement would require power switches with 539V (peak), while a A
arrangement 311V (peak).

This section aims to show the advantages and disadvantages of the Y and A
connections of the three-phase machine in a motor drive system, highlighting the
influence of these connections on the converter variables. Some parameters of the
inverter will be considered in this analysis, that is, (i) dc-link voltage requirement,
(i) RMS current of the dc-link capacitor, (iii) WTHD of the motor voltages, (iv)
converter losses, and (v) fault tolerance capability.

The dc-link voltage of a voltage source inverter (VSI) can be defined as a func-
tion of the rated voltage demanded by the motor, as given in (8.53) and (8.54) for wye
and delta connection, respectively

Vae = \/§Vph (8.53)
Ve = Von (8.54)

where V,;, is the amplitude of the motor phase voltage.

The dc-link voltage requirement of the motor drive system in Fig. 8.19(a) is
\/5 times higher than that in the Fig 8.19(b), considering the motor phase voltage is
the same.

On the other hand, the dc-link capacitor current of the system with Y and A
connections are given by (8.55) and (8.56), respectively:

ic = ‘hil + Q2i2 + Q3i3 (855)
i =q(i5 — 1))+ qo(i] —ip) + q5(i; — i3) (8.56)
2
15 .
= Fig. 8.19(a)
-~ 0.5 5 : +
% 20 40 60 80 100
2
= 157 Fig. 8.19(b)
E 1
" 05
0

0 20 40 60 80 100
Frequency (kHz)

Figure 8.20 Capacitor current spectrum: (a) Y connection and (b) A connection.
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Figure 8.20 shows the spectra of the dc-link capacitor current. As expected in
(8.55) and (8.56), the amplitude of the harmonic components is higher in A, which
means that the dc-link capacitor losses will be also higher and consequently the lifes-
pan is expected to be lower for a A connection.

The quality of the waveform generated at the output converter side can be mea-
sured by WTHD, which can be calculated by

100

WTHD = — (8.57)
a
1 .
- 08 Fig. 8.19(a)
i " Fig. 8.19(b)
O 0.6
T
(= =
= 04
A 02703 04 05 06 0.7 08- 09 1
" Fig. 8.19(a) - Ma Fig. 8.19(b)
400 - 400" ‘
200 200 | ‘
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_ Three-phase
J Machine
1y ket ket Jot—
34 5
0 2 - “l
1 .
» +
T Rkl
|

(b)
Figure 8.21 (a) (top) WTHD of the phase voltage (v,) as a function modulation index.

(bottom) Phase voltages with m, = 0.5. (b) Solution with two dc voltages available. (c) THD
of the motor current as a function of the modulation index.
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Figure 8.21 (Continued)

where a; is the amplitude of the fundamental voltage component, g; is the amplitude
of the ith harmonic, and p is the highest harmonic taken into consideration.

An interesting result is shown in Fig. 8.21(a) (top). This figure shows the
WTHD of the phase voltage (v;) as a function of the modulation index (m,) for
both systems shown in Fig. 8.19. Note that independent of the three-phase motor
connections (wye or delta) the WTHD of the phase voltages are exactly the same,
although the waveforms of the motor phase voltages are different, as seen in
Fig. 8.21(b) (bottom). Even with the phase voltage of a three-phase machine, Y
connection presents five levels instead of three in a A connection; such levels have
higher dv/dt in their peaks and valleys as compared to the three-level voltage,
which reduces the WTHD. Therefore, even with higher levels, both voltages are
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equal under the WTHD point of view. A VSI able to drive a three-phase induction
motor with reduced THD for a wide range of m, is shown in Fig. 8.21(b). When
the range of the motor voltage is from 100% to 50%, the switch g, must be turned
on to guarantee the dc-link voltage equal to v + v, and the modulation index
goes from 1 to 0.5 (1 <m, <0.5). On the other hand, when the range of the
motor voltage is from 50% to 0%, the switch g, must be turned off to guarantee
the dc-link voltage equal to v, and the modulation index range goes back to
1 <m, <0.5. It is worth mentioning that, even considering the operation at reduced
output voltage range, the power converter in Fig. 8.21(b) operates with a high
modulation index, which means reduced THD. Figure 8.21(c), in turn, shows the
THD behavior of the motor current from 10% to 100% of rated voltage applied to the
machine.

Another important feature affected by the connection of the machine is the con-
verter’s losses. Figure 8.22 shows the comparison of conduction, switching, and total
(conduction + switching) losses of the VSI. In this figure the switching frequency of
the converter is 10 kHz. The converter power losses are higher when the machine is
connected in a A arrangement, due to the higher level of currents. Figures 8.20 and
8.22 indicate why a Y connection is the primary option for a three-phase machine
connection in a motor drive system.

Exercise 8.2

When the machine is A connected, the reference pole voltages for the PWM
generation can be defined as follows:

V] = —U] + U,
V3o = Uy

v =53+
with v} =V cos(w,t) and v; =V, cos(w,t+120°) and v; given by
equation (8.49) with Vyjax = {—07,0,05} and Vyyy = {-v7}, 0,05} Explain
why these equations guarantee a balanced three-phase voltage applied to the
machine. What would happen if equations (8.46)—(8.48) are applied for the
three-leg converter with a three-phase machine in a A arrangement?

Total
10 kHz 10 kHz losses
S 200 Total | & 9 Switching
S Switching losses \;_, 00 losses
(%] losses (7}
2 2
g 100 ) & 100 |conduction Figure 8.22 Converter
| Conduction | losses .
losses losses of the ac motor drive
ol N 0 system with a switching
Y connection A connection

frequency equal to 10 kHz.
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8.4 SPACE VECTOR MODULATION (SVPWM)

The nonsinusoidal CPWM techniques described earlier in this chapter could be
implemented in either an analog or a digital way. On the other hand, the space
vector modulation is an inherent digital way to generate the gating signals for ¢,
q,, and ¢g5. These three independent gating signals lead to eight possible switching
combinations for a three-phase inverter.

From the electrical machine and reference-frame theory analyses, it is possible
to define a transformation to represent the original three-phase variables in a sim-
ple system with variables in quadrature. Such a transformation changes the variables
with no physical connotation. Hence, a three-phase system can be considered to form
stationary vectors in the dg complex plane. The transformation of variables can be
defined as _

Df)d = PU\p (8.58)

where U, are the voltages in the original three-phase system, Uadq are the voltages in
the dg complex plane plus zero sequence component represented by “o”; the super-
script “s” stands for stationary reference-frame, as the stator variables in a three -phase

ac machine. P is the transformation of variables with

Sl-

1
v v} V2

1
2 V2
= _ |, = _ |, D _ 2 1 1
Uodg =|Va|> Uiz =|0s|> and P= 5 1 -3 -5 |
vy U5 0 M3 _\3
2 2
The dg voltages in the stationary reference-frame can be obtained from Ul, 2
and v}, by using the matrix P, as follows:
. 2 1, 1
vy = 5(051—5032—511;) (8.59)
V¥ = L(US ) (8.60)

q 27 Y3
V2
Since it is assumed a balanced case (U + U + U = () the term v}, is null.

Equations (8.59)—(8.60) can be written as functlons of the states of the sw1tches [see
equations (8.36)—(8.38)], as follows:

2 | 1
vy = \/; <q1 — 5% 543) Ve (8.61)

. 1
V= —(q, — q3)V, 8.62)
g \/5(% 93)Vqc (
Table 8.3 shows the vectors in the dg plane V§ = V; +jVév x=12,....,8)
associated with each switching state. Each vector means a topological circuit for the
converter, as shown in Fig. 8.23.
Note from Table 8.3 that there are two null (0 and 7) and six non-null (1, 2,
3,4, 5, and 6) vectors — active vectors, which will be used to synthesize the desired
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TABLE 8.3 PWM Vectors as a Function of the
Switching States

Vector q, q, q3 Vi
0 00 ] o0]oO
1 1|0 | 0| +2/3v,
2 [0 [ Ve
310 | 0| VoV /V2
4 0 | 1 [ 1 | =v2/3V,
SOl o o | 1| Ve/Ve-jV/V2
6 | 1o |1 ] e/ Vo=V /V2
7 1|11 |o0

( / g1 7Y § q1] 9z /
v, v, v,
b V2 s V2 - V2
—* V3 —* Vs =V,

{ 9z F / ( 92] 93 ( a3 [
vy vy vy
boree—rd V2 —_ V2 " v2
—— V3 p— V3 p—o v3
(d) (e) ®
g1 /93 g1] 927 g3

V4 4

r—u V2 r—u V2

— V3 ——o VS

(9 (h)

Figure 8.23 Topological circuits as a function of the switching states: (a) Vector 0, (b)
Vector 1, (c) Vector 2, (d) Vector 3, (e) Vector 4, (f) Vector 5, (g) Vector 6, (h) Vector 7.
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Figure 8.24 Graphical analysis for the space vector PWM showing the (a) vectors and (b)
sectors (c) Losses associated to the switching states change A reference voltage in (d) Sector
1, and (e) Sector 2.

load voltage. All vectors V3 (x = 0,2, ... ,7) are shown in Fig. 8.24(a) as a graphical
representation of Table 8.3. The area between two adjacent non-null vectors defines
a sector as depicted in Fig. 8.24(b), which leads to six vectors.

It is possible to go from one vector to its adjacent one with just a single change
for the switching state. For instance, from Vector 1 to Vector 2, g, is changed from
0 to 1, while g, and g5 are kept constant. In the same way, from Vector 2 to Vector
3, g, is changed from 1 to 0, while ¢, and g5 are kept constant. It means that it is
possible to reduce the number of changes in the switching states by using adjacent
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vectors to synthesize a specific value of the desired voltage. The strategy of applying
adjacent vectors plays an important role for converter losses reduction, since losses
appear each time it is necessary to change the switching states, as seen in Fig. 8.24(c).

To reduce the switching losses, if the desired voltage is inside Sector 1, the
Vectors 1 and 2 should be chosen [see Fig. 8.24(d)]. In the same way, if the desired
voltage is inside Sector 2, Vectors 2 and 3 should be chosen [see Fig. 8.24(e)], and
SO on.

All pairs of adjacent vectors available in a three-leg converter are: (V| and V3),
(V; and V;), (Vg and Vi), (Vi and Vg), (V; and Vé), and (Vg and Vf). Notice that
it is possible to define such a set of adjacent vectors in a generic way by using (V}
and V;), withk=1, ..., 6,and [ =k+1ifk <5;and [ =1 if k = 6. The vectors
V/f and Vf have their dg components (see Table 8.3), that is, V]‘: = V;k + jV;k and
Vi=V,+ jV;l. The reference voltage v‘;’; can be obtained from a set of three-phase
reference voltages (v]3,) by using the transformation P given in (8.58). As mentioned

earlier, a switching sequence for g, ¢,, and g5 should be chosen to allow the converter
to synthesize a given reference voltage v**, which is constant in the switching period

dq’
(T,). In terms of average values, it is possible to write
1 T 1 I 1 i
— vhdt=— [ Vidt+ — [ Vidt (8.63)
Ts 0 K Ts 0 Ts 0
o _ Ty o Uys
Uy = ?V" + FVZ (8.64)

where #; and 7; are intervals of time for application of the vectors V; and V], respec-
tively. Rewriting (8.64) in terms of dg components, we get

t t
vy = Vit =V (8.65)
s N
s _ Ik U s
vy = Vit Vi, (8.66)
s N

Equations (8.65) and (8.66) show that the reference voltages can be obtained
from the interval of time for application of two adjacent vectors. From (8.65) and
(8.60) it is possible to write

VSRV — pSEVS
kd " lg — Vld " gk
o Vi o Vi,
tl = WTV (868)
kd " lg — Vid" gk

To keep the switching frequency of the converter constant, it is necessary to
guarantee that the sum of the time for the application of the vectors is equal to 7.
Then, the null vectors (Vectors 0 and 7 in Table 8.3) can be used to keep the switch-
ing frequency constant, that is, #;, + 1, +t, = T, and then 7, = T, — t; — t,. Note that
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there is a degree of freedom for #,, meaning that this time could be divided between
the beginning (7,; = ut,) and the end [7,, = (1 — p)t,, 0 < p < 1] of the sampling
interval, as presented in Fig. 8.25. Note that this approach brings benefits in terms of
THD reduction, since the pulse can be centered inside the sampling period.

A summary of the SPWM is presented in Fig. 8.26, which also shows the
algorithm for the implementation of the space vector modulation by using a MAT-
LAB code.

8.5 OTHER CONFIGURATIONS WITH CPWM

Although the SPWM approach represents one of the most popular options in indus-
trial applications, the CPWM is able to generate PWM signals with the same benefits
as in the SPWM. Furthermore, the expression derived in (8.19) is a generic way to
represent the auxiliary voltage v} Such expressions can be employed in different con-
verters with at least one degree of freedom, that is, the number of voltages available
at the converter side higher than the number of voltage(s) demanded by the load. In
the following sections, a symmetrical two-phase motor drive system and a converter
for application in three-phase four-wire systems are employed as examples of the
comprehensiveness of the CPWM.

8.5.1 Three-Leg Converter — Two-Phase Machine

Two-phase motors can be found in home appliances, industrial tools, or small power
applications. Such a motor is often used in fixed speed drives. However, a dc—ac
power converter can be used when a variable motor speed operation is required. The
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(8.67) and (8.68)

vsl_ref=V*cos(ws*t);

vs2_ref=V*cos(ws*t - 2*pi/3);
vs3_ref=V*cos(ws*t + 2*pi/3);

%

Ps=sqrt(2/3)*[1/sqrt(2) cos(0) -sin(0);1/sqrt(2)
cos(0-2*pi/3) =-sin(0-2*pi/3);1/sqrt(2) cos(0-
4*pi/3) -sin(0-4*pi/3)];:

%

vsdq ref=inv (Ps)*[vsl_ref;vs2 ref;vs3 ref];
%

if{vsl_ref>=vs2 ref && vs2_ref>=vs3 ref)
sector=1;

vsdk=sqgrt (2/3) *Vdc*cos (0) ;
vsgk=sqrt (2/3) *Vdc*sin (0);

vsdl=sqgrt(2/3) *Vdc*cos (pi/3);
vsgl=sqrt (2/3) *Vdc*sin(pi/3);

%

tk=((vsgl*vsd_ref-
vsdl*vsg_ref) *hpwm) / (vsdk*vsql-vsdl*vsgk) ;
tl=((vsdk*vsqg_ref-

vagk*vsd_ref) *hpwm) / (vsdk*vsql-vsdl*vsqgk) ;
to=hpwm -tk - tl;

toi=mu*to;

tof=(l-mu)*to;

end
¥definition of the states of switches
if (sector == 1)%Setor 1:V0,V1,V2,V7

if (cont>=0&&cont<=toi)
gl = 0; g2 = 0; g3 = 0;
end
if (cont>toi&&cont<=(toi+tk))
ql =1; g2 = 0; g3 = 0;
end
if (cont>(toi+tk) &&cont<=(toi+tk+tl))
gl = 1; g2 = 1; g3 = 0;
end
if (cont>{toi+tk+tl)&écont<=(tl+toi+tk+tof))
ql = 1; g2 = 1; g3 = 1;
end
end

Figure 8.26 Algorithm for implementation of the SVPWM.

symmetrical two-phase motor can be considered as an interesting alternative for frac-
tional horsepower variable-speed drive, due to its characteristic of no pulsating torque

produced as observed in single-phase motors.

Since a symmetrical two-phase motor is a three-terminal electrical apparatus, a
three-leg converter can be used to supply it. Figure 8.27 shows a three-leg converter
supplying a two-phase symmetrical machine. Since this type of machine demands

two voltages in quadrature (v} and u;), the reference pole voltages are as follows:

*

where v,

and Vmin = MIN{U; U;’O}'

can be obtained directly from equation (8.49) with V.

vy = Uy + U, (8.69)
Uy = UZ + v (8.70)
Uy = U (8.71)

max

= MAX{U:,U;,O}
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machine.

Exercise 8.3

Comparing the three-leg converter supplying a three-phase load (as in
Fig. 8.14) with the same converter supplying a two-phase load (as in
Fig. 8.27), determine the changes in the specification of the power switches
assuming that both machines have the same phase voltage, active power,
and power factor. Disregard any safety margin while specifying the power
switches.

8.5.2 Four-Leg Converter

Note that the three-phase and two-phase motor drive systems require the same topol-
ogy in terms of the number of switches employed. The difference is related to the
load (e.g., type of machine) connected to the converter and also in terms of control
considered for PWM and feedback strategies (if needed).

Similarly, the same CPWM approach can be employed for dc-ac converters
with four legs considered in different applications. Figure 8.28 shows a four-leg
converter feeding a three-phase four-wire system. In this type of application, there

q1 lq

o} o3 o

Figure 8.28 Four-leg converter supplying a three-phase four-wire load.
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Figure 8.30 Four-leg converter supplying four-phase machine.

are two different scenarios: balanced three-phase voltages, as in Fig. 8.29 (left-hand
side), and unbalanced three-phase voltages, as in Fig. 8.29 (right-hand side). The
latter case is employed for applications such as dynamic-voltage-restorer and
series-active-power-filter.

On the other hand, Fig. 8.30 shows the same four-leg converter supplying a
four-phase machine. The PWM strategy with the inclusion of the voltage vy is still
valid for the converter with four legs, even considering the different applications
highlighted previously. The use of a four-phase machine drive system brings some
advantages such as eliminating the common mode, reducing the ratings of the power
switches, and providing fault tolerance characteristics for the drive system.



8.5 OTHER CONFIGURATIONS WITH CPWM 251

Exercise 8.4

(a) Write the PWM equations (reference pole voltages) for the four-leg con-
verter presented in Fig. 8.28 assuming both cases with balanced and unbal-
anced requirement. (b) Write the PWM equations for the four-leg converter
supplying a four-phase machine with balanced voltages. (c) Also, draw a block
diagram as in Fig. 8.15 for the (a) and (b) questions.

Application (Dynamic Voltage Restorer)

Dynamic voltage restorer (DVR) can be used to minimize the effect of operational
malfunction of the electric power grid, which can lead to sags or swells. The DVR’s
benefits of sustaining and restoring the voltage supply are especially important in
applications with critical loads requiring a regulated voltage. The operation principle
of this electrical apparatus is as follows: during the normal operation of the grid, the
static switch Qs is turned on, while during sags or swells the switches Q, and Q, are
turned on to either add or subtract the grid voltage, as compensation voltage from
the DVR.

65%
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W
¥ e i
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L ¥# : ¥
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The figure below shows the compensation requirement for a typical situation
that shows a trend of deeper voltage sags with shorter duration, while moderate sags

Distribution Load

E B
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occur for a longer period of time. The information provided in the graph below plays
an important role for designing the charger of the DVR.

The figure below presents the dynamic operation of the DVR highlighting the
grid voltage with a 100 ms sag duration. Note that this figure shows a sag with bal-
anced voltages, but it is quite common to have an unsymmetrical sag, which requires
a DVR implemented by a three-phase four-wire dc-ac converter.

Grid voltage

DVR voltage

100 ms
Load voltage

8.6 NONCONVENTIONAL TOPOLOGIES WITH CPWM

8.6.1 Inverter with Split-Wound Coupled Inductors

A converter having the same number of controlled power devices (six IGBTSs) as in
the conventional three-leg converter (Fig. 8.14) but with higher number of levels is
presented in Fig. 8.31. Such a converter was presented in Section 7.3 with another
PWM approach, consisting of two carrier and one modulating signal per phase. The

Figure 8.31 Three-phase PWM inverter with split-wound coupled inductors.
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CPWM is presented in this section for the converter in Fig. 8.31 as an alternative
option. The main advantages of this converter when compared to the solutions pre-
sented in the technical literature are higher number of levels for the pole voltages and
no dead-time requirement for the converter’s operation.

Such a PWM inverter with split-wound coupled inductors is constituted by
switching power devices (g, — ¢,,, With x = a, b, ¢), six diodes (d,; — d,,), and three
split-wound coupled inductors. The characteristics and the operation modes of this
converter are presented in Section 7.3.

The voltages v, and v, (voltages from the points x1 and x2 to the dc-link
capacitor midpoint) can be expressed as a function of the state of the switches ¢, and
4., respectively as follows:

1%

Voo = g, — 1)% (8.72)
-V

Vo = 2qn—1) 2dc (8.73)

It means that each leg can be modeled as in Fig. 8.32(a). Then the pole voltages
v, Will be given by

1
Uy = z(vxl() = Uyp) (8.74)

Hence from (8.72)—(8.74) it is possible to write v, as a function only of the
state of the switches and dc-link voltage, as follows:

v
Uy = (qy — qxz)% (8.75)

or
U.XO = le - sz (8.76)

where v, = ¢, Vy./2and vy = g5V /2.

From (8.76) it is possible to model the three-phase converter as depicted in
Fig. 8.32(b).

If the desired voltage in the three-phase load is given by vy, vy, and vf, then
the reference pole voltage can be written as

vl = Uy + U, (8.77)
Vyo = Up + U (8.78)

o =Uet+u; (8.79)

UCO

where v, can be obtained directly from equation (8.49). Once the reference pole volt-
ages UZO, UZO, and Ujo are defined from (8.77)—(8.79), the voltages from the points x;,
and x, (with x = a, b, ¢) with respect to 0 are given by

U*

vl = TXO (8.80)
U*
vt = —%0 (8.81)

The PWM signals generation from equations (8.80) and (8.81) can be done as
presented in Fig. 8.32(c).
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Figure 8.32 (a) Leg model. (b) Model of the three-phase PWM inverter with split-wound
coupled inductors. (c) Analog PWM implementation.

8.6.2 Z-Source Converter

The PWM dc—ac power converters presented in this book are predominantly char-
acterized as a voltage-source converter. However, in general terms, dc—ac power
converters can be divided into two main groups: voltage-source and current-source
converters, each one with its particular characteristics. The impedance-source con-
verter is an alternative type of power converter, which provides the unique feature of
buck and boost operation capability with the same number and same arrangement of
the semiconductor devices. Such a converter employs an impedance circuit to con-
nect the converter to the primary energy source, as seen in Fig. 8.33, and it is also
known as Z-source inverter.

Unlike the conventional dc—ac converter in which there is a need for dead time
to avoid short-circuit of the dc-link source, in the Z-source converter such short-circuit
(named as shoot-through zero state) is required to guarantee the boost operation of
the converter. In fact the Z-source converter is a buck-boost dc-ac converter with the
operation mode (buck or boost) defined by the PWM strategy.
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Figure 8.33 Z-source converter.

The circuit operates, boosting the input voltage (V) if there is a short-circuit
time between two switches of the same leg for one, two, or three legs. On the other
hand, if there is no short-circuit time (as in a conventional converter) the circuit
will operate as a buck converter. Figure 8.34(a) and 8.34(b) show the equivalent
circuits considering the dc source (V) point of view when the inverter is creating
a short-circuit and without a short-circuit, respectively. Note that when there is no
short-circuit, the inverter is represented by a current source i;, since it is assumed that
the load has inductive characteristics.

Considering an ideal and symmetrical circuit withL; =L, = Land C; = C, =
C, it leads to

VC] = VCZ = VC (882)

From Fig. 8.34(a), that is, during the short-circuit time (z,), it is seen that

by =2Ve (8.85)
;=0 (8.86)

On the other hand, from Fig. 8.34(b), during the conventional operation (zy),
it yields

UL = VdC - VC (8.87)
vy =V, (8.88)
v, = 2Ve — V. (8.89)

From equations (8.84)—(8.86) and (8.87)—(8.89) and since the average value
of the inductor voltage into one switching period (7) should be zero, it leads to

=+ Vet ty(Vge =V,
n=l/ vy = et 2 Ve, (8.90)
T T
sdt

N

where T =ty + 7,,.
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Figure 8.34 (a) Equivalent circuit during the short-circuit. (b) Equivalent circuit during the
conventional operation.

Working on equation (8.90) it becomes

V
Je_ W (8.91)
Vdc IN— T
The average voltage of the input converter side is given by
™
V.= Vv 8.92
i v —1, dc ( )
Finally, the peak dc-link voltage can be obtained as follows:
v; =2V = Vg (8.94)
Ui = 1 VdC = B . VdC (8.95)

B 1- 2T{)/Ts

where B is the boost factor of the Z-source converter. Equation (8.95) means that for
any 7, different from O the voltage value of the input side of the converter will be
higher than the voltage at the source side (V) that is, boost operation. The capacitor
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voltages can also be obtained as a function of the shoot-through time (z,):

1- TO/TS

Ver=Ve = Vie (8.96)

=271,

To generate the PWM signals for the Z-source converter allowing the boost
operation it is necessary to include the short-circuit time (shoot-through). The CPWM
technique presented throughout this chapter can be applied to this type of converter as
well. In this case, in order to facilitate the demonstration of the PWM signal genera-
tion, the voltage of the input converter side (v;) is divided into two parts, thus creating
a virtual zero point (“0”), as observed in Fig. 8.35(a).

Then, the pole voltages are defined as the voltage from the central point of the
leg to the point “0”. The pole voltages are: v, v}, and v,. Figure 8.35(b) shows the
generation of pole voltages through the comparison between the triangular and sinu-
soidal waveforms for the conventional (left-side) and Z-source (right-side) inverters.
The shoot-through zero states can be evenly distributed among the three-phase legs,
while the equivalent active vectors are unchanged. It can be seen from Fig. 8.35(b)
that 7; and 7, (time intervals of active vectors) have the same values for the conven-
tional and Z-source converters. During the shoot-through zero state intervals of time
the pole voltages are equal to zero, since v; = 0.

Exercise 8.5

Assuming that the circuit in Fig. 8.33 (Z-source topology) should be designed
to operate boosting this input voltage from 100V to 150V, what is the maxi-
mum modulation index (r,) obtained in this scenario?

8.6.3 Open-End Winding Motor Drive System

As mentioned in previous chapters of this book, besides the A and Y connections
there is another way to connect a three-phase machine in motor drive systems, which
is called open-end winding connection. Such a connection consists of a series arrange-
ment of two conventional two-level converters (inverters 1 and 2 in Fig. 8.36) through
the open-end windings of a three-phase machine. Note that in this case it is necessary
to have access to six terminals of the machine.

The converter pole voltages depend on the conduction states of the power
switches, that is

14

Vg0, = 24, — 1) ;C’ (8.97)
14

vy, = 24y — 1)% (8.98)
14

Voo, = 24y — 1) ;“’ (8.99)

where [ = 1 and 2.



258 CHAPTER8 OPTIMIZED PWM APPROACH

Vo J J Jfe-

vi=E

sm—tp——

2
0
+
“Virtual”  E

P ¢
zeropomtTE J J J

(a)
vieoova v % (VSR P VA 4
: " \:
: : : i
v, f : : h
a0y € : Ty x
E : . i ] E
2 : T 2
0 ; it 0 t
_E . : M _E
2 . - . I 2
. s § 1
V - 5 . ] v
bol ; « Tp » by
E : * . [l E
2 ‘ e i 2
of— —t 0 :
_= : » 1 -_
2 . . : i 2
' : . 1
Veo4 L, E Veo
E A R e E
2 : : i 2[
. ]
0 - - — 0 t
_E : : ) _E
2 : . : 1 2
l. Ty T Tp .I ]
>1I
Ts

(b)
Figure 8.35 (a) Inverter highlighting the virtual zero point “0”. (b) Generation of pole
voltages through sine-triangle modulation for conventional (left-side) and Z-source
(right-side) inverters.
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Figure 8.36 Open-end winding machine supplied by two inverter series connected.

The motor phase voltages can be written as a function of the pole voltages and
as a function of the difference between the dc-link capacitor midpoints:

Uq = Uq,0, ~ Vay0, T 0,0, (8.100)
Ub = Ublol - Ub202 + 1)0102 (8101)
UC = UC]0| - UL.202 + UOIOZ (8102)

where, for a balanced case it becomes

C C
1
Yo,0, = 3 Zvjlol - Zvjzoz (8.103)
j=a j=a

Both power converters must generate appropriate reference voltages (v, v,
and v7) for the three-phase machine. Due to the inherent redundancy of the voltages
demanded by a three-phase machine, the converters actually need to generate inde-
pendently two line-to-line voltages (e.g., v,, = v, — v, and v, = v, — v,). For the
system presented in Fig. 8.36 there are four degrees of freedom in terms of the PWM
generation, since the converter has six legs and it needs to generate just two voltages.
Considering that the voltages v”, and vy, should be imposed by the converter, four

auxiliary variables are introduced as presented in equations (8.104)—(8.109)

v, = U:101 - U;';lol - U:202 + vzzoz (8.104)
Vea = Uy 0, F V0, F Varo, = Vo, (8.105)
Vho = UZIOI - Uzzoz (8.106)
vy = UZZOZ (8.107)
Uiy = U0, (8.108)
vhy =05, (8.109)

It can be seen from these equations that both desired and auxiliary voltages
have been written as a function of the reference pole voltages. However, for the PWM
generation purposes, it is necessary to define the reference pole voltages as a function
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of the desired and auxiliary voltages as follows:

UZIOI = vy, + U, (8.110)
UZ|01 = -0 + v+ U, (8.111)
Vy0, = Vea + Upo + Up3 (8.112)
UZZOZ =0, (8.113)
Uyrop = Ups (8.114)
szoz = U3 (8.115)
It is also possible to define effective reference pole voltages since

UZIZO = 02101 - UZZOZ (8.116)

UZQO = UZ]0| - UZZOZ (8.117)

0:120 = 0:101 - U;Oz (8.118)

Another convenient way to write the effective reference pole voltages is as
follows:

U:uo =0y, (8.119)
UZuO =-uv" + U}, (8.120)
00120 Uy + U (8.121)

Equations (8.122)—(8.124) lead to a straightforward way to write the PWM
equations:

UZ]OI = leo + vy, (8.122)
02101 = b120 + v}, (8.123)
Ujlol = Uclzo + vy, (8.124)
02202 =), (8.125)
vzzoz =0, (8.126)
U;Oz =