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Abstract

Conventional three-phase AC-DC converters have two converter stages. They have a
front-end converter that converts the input AC voltage into an intermediate DC bus voltage
and a second, back-end converter that converts this DC bus voltage into the desired isolated
DC output voltage. The front-end converter also performs power factor correction (PFC) and
shapes the three-phase input currents so that they are nearly sinusoidal and in phase with the
three-phase input voltages. This allows the AC power source to be used in the most efficient

manner.

The front-end AC-DC converter is typically implemented with six switches while the
back-end DC-DC converter is typically implemented with a four switch DC-DC full-bridge
topology. Power electronic researchers have been motivated to try to reduce the number of
switches that are used in the conventional two-stage approach in order to reduce cost and
simplify the overall AC-DC converter. There are two general approaches to doing this: This
first approach is to reduce the number of switches in the front-end AC-DC converter. The
second approach is to combine the AC-DC converter and the DC-DC converter in a single
converter so that the overall AC-DC converter can be implemented in a single converter
stage that can simultaneously perform AC-DC power conversion with PFC and DC-DC

power conversion.

The main focus of this thesis is on new power converter topologies that convert a three-
phase AC input voltage into an isolated DC output voltage with a reduced number of
switches. In the thesis, a new family of reduced switch front-end converter topologies is
proposed, an example converter from this new family is selected for further study and a

modified version of this topology is studied as well. In addition to these front-end converters,

il



two new three-phase AC-DC single-stage converters are proposed and their properties and
characteristics are compared. For each new converter that is investigated in detail, its modes
of operation are explained, its steady-state characteristics are determined by mathematical
analysis, and the results of the analysis are used to develop a design procedure that can be
used to select key components. The design procedure of each new converter is demonstrated
with an example that was used in the implementation of an experimental prototype that

confirmed the feasibility of the converter.

The thesis concludes by presenting that have been reached as a result of the work that was
performed, stating its main contributions to the power electronics literature and suggesting

future research that can be done based on the thesis work.

KEYWORDS: Three-phase rectification, AC-DC conversion, power factor correction,
reduced-switch converters, multilevel converters, soft-switching, three-phase  power

conversion, single-stage converters.
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Chapter 1

1 Introduction to Thesis

1.1 Introduction

Power electronic converters use active semiconductors (e.g. IGBTs) and passive
power semiconductors (e.g. diodes) and passive elements (e.g. inductors and capacitors)
arranged in circuit structures to convert power from the form available from a source to
that required by a load. The power source may be a DC source, a single—phase AC
source, or a three-phase AC source with line frequency of 50, 60 or 400 Hz. It may also
be an electric battery, a solar panel, an electric generator or a commercial power supply.
The source feeds the input of the power converter, which converts the input power to the
required form for a load. The load may be DC or AC, single—phase or three—phase, and
may or may not need transformer isolation from the power source. The power converter,
therefore, can be an AC/DC converter, a DC/DC converter, a DC/AC inverter or an

AC/AC converter depending on the application.

The main focus of the research in this thesis has been on three-phase AC-DC power
converters. These are converters that convert a three-phase input voltage into an isolated
DC output voltage. The three-phase AC voltage is typically obtained from the utility
mains. Ac-DC power converters connected to the mains voltage can generate and inject
current harmonics into the utility mains. Injecting current harmonics into the AC mains

results in two significant consequences:

e First, because of the finite impedances of the power lines, harmonic currents
generate voltage variations at the point of common coupling that other equipment
on the line must tolerate.

e Second, although current harmonics do not generate real power, they must be
considered in the design of power lines so that power lines must be significantly

overrated lest they overheat.



As a result, regulatory bodies have imposed strict limits on the harmonics that power

converter can inject into the utility mains.

To minimize the harmonics generated by power converters, power factor correction
(PFC) techniques have been developed so that the generated harmonics comply with
regulatory agency standards such as IEC 61000-3-2 Class A. Power factor (PF), which is
a measure of how effectively the input AC source is used can be defined as

P

PF=— (L.1)
\/gl/ll (rms )[ rms

where P is the output real power, Vs 1s the three-phase line-line rms voltage and 7, 1s
the input rms line. A power factor of 1 is the maximum power factor that can be achieved

and represents the most efficient use of the input AC source.

AC-DC power converters implemented with PFC techniques are made to operate in
such a way that their input currents are shaped so that they are sinusoidal and in phase
with their respective phase voltages. Most AC-DC power converters today that are
supplied by the AC mains are implemented with some sort of PFC technique and the
implementation of PFC in power electronic converters is a very relevant research topic in

the power electronics field.

1.2 Three-Phase Two-Stage Power Factor Correction

Typically, three-phase AC-DC power converters with transformer isolation are
implemented with two converter stages that are independent of each other; a generic
block diagram of a two-stage AC-DC converter is shown in Fig. 1.1. The first stage is an
AC-DC conversion (rectifying) stage and the second stage is an isolated DC-DC
conversion stage. A rectifier or front-end converter is used to convert the three-phase AC
voltage into an intermediate DC bus voltage and is then fed to a second converter or
back-end converter that converts it into the desired, isolated, DC voltage. An example
two-stage converter is shown in Fig. 1.2, where the three-phase AC-DC front-end is a
six-switch converter and the DC-DC back-end is a full-bridge converter. The two

converter stages are discussed in more detail below.
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Fig 1.1: Three—phase AC-DC six switch two—stage full-bridge converter [1].
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Fig 1.2 Three—phase AC-DC six switch two—stage full-bridge converter.

1.2.1  DC-DC Full-Bridge Converter

The DC-DC full-bridge converter topology shown in Fig. 1.3(a) is the standard
topology that is used for higher power DC-DC power conversion (> 500 W). The
converter consists of four switches (S; - Sy), a transformer (7), two output diodes (D,
D;), an inductor (L,) and a capacitor (C,); the load is represented as a resistor. The

converter works as follows: voltage is impressed across the primary of the transformer
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Fig 1.3(a): Three-phase AC-DC six switch two-stage full-bridge converter.



winding whenever a diagonally opposite pair of switches are on (S; and S, or S3 and Sy);
the polarity of the voltage depends on the pair of switches that is on. No voltage is
impressed across the transformer primary whenever current flows through two top
switches (or their body-diodes) or two bottom switches (or their body diodes). Typical

switch gating signals and a typical primary voltage waveform are shown in Fig. 1.3(b).

Each converter switch is on for 50% of the switching period and there is no overlap

ng Vg’:
t
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i
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Fig 1.4(b): Phase-shift PWM switching scheme and full-bridge converter



between the gating signals of the two switches in each leg, to avoid short-circuiting. The
output voltage is controlled by shifting the gating signals of the switches in one leg with
respect to those of the switching in the other leg, which controls the length of time
voltage is impressed across the transformer. The converter can be said to be in a power
transfer mode whenever a voltage is impressed across the transformer primary and
appears at the secondary, and to be in a freewheeling mode when there is no voltage
across either transformer winding and current just flows (“freewheels”) throughout the
converter. The primary voltage waveform is an AC waveform that is stepped down or up
(typically down), rectified by the two secondary output diodes, then filtered by a low-
pass filter formed by L, and C, to produce the required output DC voltage.

1.2.2 Three-Phase AC-DC Front-End Converters

The front-end converter converts the three-phase input voltage into an intermediate
DC bus voltage while simultaneously performing some sort of PFC technique to ensure
an input power factor as close to unity as possible. The use of six-switch front-end
rectifiers such as the one shown in Fig. 1.2 is the standard when implementing PFC in
three-phase AC-DC PFC. For the front-end converter shown in Fig. 1.2, PFC is
performed by sensing the three-phase input voltages and currents and then turning the
converter switches on and off in an appropriate manner so that the current in each phase
is nearly sinusoidal and in phase with the corresponding phase voltage. Numerous PFC
schemes for three-phase front-end converters have been proposed [2]-[4], but they will

not be reviewed here as they are outside the scope of this thesis.

Using six switches in the front-end converter of a two-stage AC-DC converter can be
costly and complicated — especially when the associated gate drive and control circuitry
and input currents sensors are considered. As a result, researchers have been motivated to
find alternative methods of performing AC-DC power conversion and PFC with a
converter having fewer switches. In general, most of these methods can be classified as

follows:



1.2.21 Modular PFC Method

One alternative to the standard six-switch three-phase AC-DC rectifier is to use three
separate single-phase boost PFC converter modules as shown in Fig. 1.4 [5]-[8]. Each
module in Fig 1.4 is a two-stage converter consisting of PFC boost front-end converter
followed by a DC-DC back-end converter to get the desired bus voltage. The main
advantage is that existing single-phase modules can be used, which are popular and
widely available and do not require knowledge of sophisticated three-phase control. The
main disadvantages are the need to synchronize the operation of each individual module
to the others, the presence of triplen harmonics due to parametric variations in the

modules, and the high number of components.

1.2.2.2 Reduced Switch Front-End Converters

Several researchers have proposed front-end AC-DC converters with a reduced
number of switches, less than six switches typically found in conventional front-end
converters [9]-[10]. Two of the more popular converters of this type are briefly explained

below.

e Four-Switch Converter - The converter shown in Fig. 1.5(a) [9] is a four switch
converter that has two legs with two switches in each leg and a third leg that is
made with two capacitors (C;, C,). The midpoint of each leg is connected to a
phase of the three—phase source. The general principle behind this converter is that

if the phase currents that are associated with the converter legs that have switches
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Fig 1.5: Three-phase AC-DC converter using three single-phase modules.



are controlled, then the third phase current will be constrained by the other two

phase currents so that it too will be sinusoidal and in phase with the phase voltage.

e Vienna Rectifier - The converter shown in Fig. 1.5(b) [10] has three main power
switches that are implemented with four diodes to each switch to make them
bidirectional and allow current to flow through each direction. The converter can be
operated like a conventional six-switch converter but with one bidirectional switch

in each converter leg instead of two unidirectional switches.

Although reduced switch converters may be less expensive than six-switch converters,
they require the use of control methods that are much more sophisticated than those used
in conventional six-switch converters. These methods are not easy to implement and their
performance merits are not clear when compared to conventional six-switch converters so

that reduced switch converters are not widely used in the power electronic field.

1.2.2.3 Single-Switch Front-End Converters

For lower three-phase power applications, it is possible to perform PFC by using only
a single switch [11]-[16] as the stress that is placed on the switch device is not excessive.
The first such converter to be proposed was the three-phase single-switch AC-DC boost
converter shown in Fig. 1.6 [11] as the front-end AC-DC converter of a two-stage

converter. The converter consists of three boost inductors (L,, L, L.), three-phase diode-
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(a). Four-switch front-end converter

(b). Vienna rectifier

Fig 1.6: Reduced switch three-phase AC-DC converters.



bridge, switch (S), diode (D) and a filter capacitor (C); an input filter is used to filter out
higher frequency harmonics that are created by the converter’s switching operation. The
converter is simple as it only requires one switch operating with high switching
frequency (> 5 kHz) and does not require any sensors to sense the input currents or any
controller that is dedicated to ensure that the input voltages and currents are in phase. The
converter needs just a single controller to regulate its output voltage. Although several
single-switch front-end AC-DC converters have been proposed [15]-[16], the single-
switch converter shown in Fig. 1.6 is by far the most popular single-switch front-end
converter that is used for general applications and most other single-switch front-end
converters are either variations of the converter shown in Fig. 1.6. or are limited to

certain niche applications.

1.3 Three-Phase Single-Stage PFC

Although reduced switch front-end AC-DC converters can reduce the size and cost of
conventional two-stage converters, two separate and independently controlled converters
are still needed (Fig. 1.7). In order to reduce the cost and complexity associated with
implementing two switch-mode converters, power electronics researchers have tried to
combine the PFC function of the AC-DC front-end converter with the DC-DC conversion
function of the full-bridge converter in a single converter [17]-[27]. Some frequently
cited examples for three-phase single-stage converters (TPSSCs) are shown in Fig. 1.8.
Each subfigure shows a different TPSSC topology. These converters are typically
implemented with just a single controller to regulate the output voltage so that there is no

controller to regulate the intermediate DC bus voltage and no controller to perform input

w O

Fig 1.7: Three—phase AC-DC single—switch boost front-end converter.
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Fig 1.8: Three—phase AC-DC single—switch boost rectifier and DC-DC full-bridge
converter.

PFC; input PFC is done naturally as a function of the converter’s operation.

The design of a three-phase single-stage converter is challenging because the
converter must simultaneously performing both PFC and DC-DC conversion over the
entire load and input range with only a single controller and without additional input
current sensing and DC bus voltage control. As a result, relatively little research has been
successfully done in this area and a trade-off must be made between the simplicity of
single-stage converters and the better performance of more expensive two-stage
converters. TPSSC that have been previously proposed have at least one of the following

drawbacks:

e The converter uses a three single-phase full-bridge modular approach [6] (i.e. Fig.
1.8(a)). This is expensive and it is not easy to synchronize the operation of all

three converters to produce sinusoidal input currents.

e The input currents must be discontinuous in order for input power factor
correction to be achieved (i.e. Fig. 1.8 (b)-(d)). Converters such those proposed in
[17]-[23] incorporate the principles of the three-phase single-switch boost
converter proposed in [11] into their topologies. Although an excellent input
power factor may be achieved, the peak current stress of the semiconductor

devices is very high.

e The input currents are distorted and contain a significant amount of low frequency

harmonics [21] (i.e. Fig. 1.8(c)) as the converter has difficulty performing PFC
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and DC-DC conversion simultaneously, thus compromising the quality of the

input waveforms and PF.

e The converter must be controlled using very sophisticated techniques. This is
especially true of multilevel converters [24] - [27] (i.e. Fig. 1.8(c)) where the need

to balance the voltages on the split capacitors at the DC bus is critical.

1.4 Thesis Objectives

The main objectives of this thesis are as follows:

e To propose new reduced switch stress three-phase AC-DC front-end PFC

converters.

e To propose new three-phase AC-DC single-stage PFC converters.

e To determine the properties and steady-state characteristics of these new

converters by mathematical analysis and by using software such as MATLAB.

e To develop a design procedure for each new converter that can be used in the

selection of critical converter components.

e To confirm the feasibility of each new converter with experimental results

obtained from proof-of-concept prototype converters.

1.5 Thesis Outline

In addition to this chapter, this thesis comprised of six chapters. The outline of the

thesis is as follows:

Chapter 2: The main focus of this chapter is to investigate the properties of converters
that are based on AC-DC three-phase single-switch converters (TPSSCs), but do not have
their excessive switch voltage stresses. The chapter considered two types of such
converters, including a new type that has not been previously considered. It is shown how
new converters with reduced switch stresses can be synthesized from a TPSSC and the

peak voltage switch stresses of the switches in these new converters are considered.

11



Chapter 3: An example converter from the new Neutral point connected multilevel
converter family is considered for further examination. In this chapter, the operation of
the example converter is explained in detail, its steady-state properties and characteristics
are determined by mathematical analysis, and the results of the analysis are used to
establish a design procedure for the selection of key component values. The design
procedure is demonstrated with an example and the feasibility of the new converter is
shown with experimental results that were obtained from a prototype converter that was

designed according to the design example.

Chapter 4: A technique to decrease the power losses that are created by the turn on and
off of the converter in Chapter 3 is proposed in this chapter. In this chapter, it is
explained how so-called soft-switching techniques can reduce these power losses and one
such technique is chosen for further study, as implemented in the converter of Chapter 3.
this paper. Similar to Chapter 3, the operation of this new converter is explained and
analyzed and a design procedure is developed and demonstrated with an example.

Experimental results that confirm the feasibility of the converter are also presented.

Chapter 5: The main objective of this chapter is to examine the operation of a buck-
based, three-phase, single-stage AC-DC full-bridge converter. In the chapter, the
operation of this fundamental converter is explained and analyzed, and a procedure for
the design of its key components is derived and demonstrated with an example. The
performance and characteristics of the converter are shown with experimental results that
have been obtained from a prototype and general concluding remarks comparing buck-

based and boost-based, three-phase, single-stage AC-DC full-bridge converters are made.

Chapter 6: This chapter is a continuation of the work presented in Chapter 5, as its
main focus is a comparison of the performance and characteristics of the converter
proposed in Chapter 5 with those of a modified version of the same converter. In this
chapter, the operation, design and the features of the modified version are briefly
explained and the two converters are compared in terms of parameters such as input PF,

switch stresses and efficiency.

12



Chapter 7: The contents of the thesis are summarized, the conclusions that have been
reached as a result of the work performed in thesis are presented, and the main
contributions of the thesis are stated. The chapter concludes by suggesting potential

future research that can be done based on the thesis work.
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Chapter 2

2 Three-Phase Multilevel Front-End Converters

2.1 Introduction

Three-phase, single-switch AC-DC converters such as the ones discussed in Section
1.6 of the previous chapter are a simple and inexpensive solution for lower power
applications that require three-phase input power as they require only a single power
switch and can be implemented without using sophisticated control methods or input
current sensing. The main drawback that has limited the widespread use of these
converters is the peak voltage stress that must be placed on the main switching device.
This peak voltage stress can be reduced if the single converter switch is replaced by two

switches in a multilevel structure that exposes these devices to less peak voltage stress.

In this chapter, two types of multilevel converters are discussed — flying capacitor
multilevel converters and neutral point connected multilevel converters. Most of the
converters examined in this chapter have never been presented elsewhere. Flying
capacitor multilevel converters (FCMCs) are usually used for DC-DC or DC-AC inverter
applications whereas in the thesis they were synthesized for three-phase AC-DC
applications. Furthermore, except for the boost neutral point connected multilevel
converter (NPCMC), the other NPCMCs have not been introduced to the best of the
author’s knowledge.

Topologies for both types of converters are presented, the conversion from a single-
switch structure to a multilevel structure is shown, and the peak switch stresses of the

converter switches in each type of multilevel converter structure is examined.

2.2 Review of Operation of Basic Three-Phase Single-
Switch Converters (TPSSCs)

Three-phase single-switch converters (TPSSCs) such as the one shown in Fig. 2.1 are
based on DC-DC converters and are the result of replacing the input DC source with a

three-phase AC source and diode bridge. There are six fundamental DC-DC converters in

14



the power electronics literature: buck, boost, buck-boost, Cuk, Zeta and Sepic. When the
DC source is replaced by a three-phase AC source and diode bridge as shown in Fig. 2.1,
six fundamental TPSSCs can be formed. The power factor correction (PFC) of any of
these TPSSCs can be done without sensing any input parameter and an additional
controller, as it can occur automatically as a function of the converter’s natural switching
operation. The converter can operate like a DC-DC single-switch converter with a switch
duty cycle (D) that can be considered to be fixed throughout the input line cycle.
The six fundamental converters can be divided into two main groups:

e Converters with an inductive input filter (Boost, Cuk and Sepic)

e Converters with a capacitive input filter (Buck, Buck-boost and Zeta)

The converters with an inductive input filter ensure the input inductor currents (e.g. iz,)
rise and fall in every switching cycle whereas the converters with a input capacitive filter
ensure the capacitor voltages (e.g. v¢,) rise and fall. The fundamental operation of an

example converter of each group is reviewed below.

2.21 Converters with an Inductive Input Filter

The single-switch boost converter shown in Fig. 2.1(a) is an example of a TPSSC with
an inductive input filter. The converter operates as follows: The currents in all three input
inductors rise whenever the switch (S) is on and fall to zero whenever the switch is off.
This is shown in Fig. 2.2(a), where i1, is the current of input inductor L, that rises from
zero to a peak value determined by the instantaneous phase A voltage when S is on (z,, =
DTy). After S is turned off (¢o = Ty/1-D)], i1, decreases from its peak value to zero and
remains at zero until S is turned on again. The input currents are discontinuous and are a
train of triangular pulses whose peaks are bounded by a sinusoidal envelope. This allows
a nearly sinusoidal average current (current without high frequency ripple) to be achieved
in all three phases. The Cuk (Fig. 2.1(b)) and Sepic (Fig. 2.1(c)) converters are the other
two TPSSCs with an inductive input filter and their input currents can be made to be

sinusoidal in the same way as the boost converter.
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Fig 2.1: Three-phase single-switch PFC converters.

At the DC side of the boost converter, after the input diode bridge, the converter

behaves as a typical DC-DC boost converter - the input inductors charge using the line

currents when S is on and feed the load when S is off [1]. When S is off, output diode D,

in Fig. 2.1(a) is forward biased, and as a result the output voltage (V,) is placed across S;
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thus the peak boost converter switch voltage is stress Vs, = V,. The peak switch voltages

of the other TPSSCs with input inductive filter are given in Table 2.1.

2.2.2 Converters with a Capacitive Input Filter

The single-switch buck converter shown in Fig. 2.1(d) is an example of a fundamental
TPSSC with a capacitive input filter. The converter operates as follows: When the switch
(S) is off, each of the three input capacitors (C,, Cp, C.) are charged to a level that is
proportional to the input line-to-line voltage that is placed across it. When S is turned on,
each input capacitor is completely discharged and remains at zero until S is turned off
again. The rise and fall of an input capacitor voltage is shown in Fig. 2.2(b), where v, is
the instantaneous voltage of C, — the input capacitor for phase A - and Vg ave is the
average value (voltage without the high frequency ripple) of the discontinuous voltage
vca. An excellent input power factor (PF) can be achieved if the converter is made to

operate with discontinuous input capacitor voltages.

Doing so ideally causes these voltages to be sinusoidal with high frequency
components that are blocked by the input inductors so that the input phase currents are
also sinusoidal with few if any high frequency components. This is because the voltage is
a train of triangular pulses whose peaks are bounded by a sinusoidal envelope. The buck-

boost [Fig. 2.1(e)) and Zeta [Fig. 2.1(f)] converters are the other two fundamental
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Table 2.1: Peak switch voltage stress equations for TPSSCs.

Converter Equation

Boost Vspk=Vo

Cuk Vspk= Veepk

Sepic Vspk=Vcepk T Vo

Buck V= V3 VCa,pk

Buck-boost Vspk=3Veapt+ Vo

Zeta Vspk=\3Vcapk+ Veepk- Vo

TPSSCs with a capacitive input filter. The input capacitor voltages of both these
converters can be shaped so that they are discontinuous and bounded by a sinusoidal

envelope just like the buck converter.

While the input capacitors are being charged and discharged, the output section of the
converter operates in the exact same manner as a standard DC-DC buck converter [1].
The peak voltage stress of S in the buck converter equals the line-line voltage of input
capacitors. Vs, = \/3vcg,pk, where Vg pi 1s the peak phase voltage of C,. The peak switch

voltages of the other TPSSCs with input capacitive filter are given in Table 2.1.

2.3 Multilevel Three-Phase Reduced-Switch Converters

The main power switch in all six fundamental three-phase AC-DC SSCs is exposed to
high peak voltages. This peak switch voltage stress (Vs,:) can be reduced if the switch is
replaced by some sort of two-switch multilevel structure. Multilevel converters have
topology structures that limit the voltage stresses that their switches are exposed to half
the DC bus voltage of conventional two-level converters (so-called because their
switches are either on or are exposed to the full bus voltage) due to the placement and
connection of the components. These converters are widely used in high voltage, low
switching frequency applications. They limit the switch peak voltage stress by using two
bulk capacitors across the DC bus instead of one so that the midpoint of the bulk
capacitors, which is half the DC bus voltage, can be used as a connection point in the

converter.
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Two well-known multilevel converter types are shown in Fig. 2.3. In a flying
capacitor multilevel converter [Fig. 2.3(a)], the voltage across C,; is half the DC bus
voltage V;./2 and each switch is either exposed to the voltage across C,;, or the difference
between the bus voltage and this voltage, with the difference being V,/2. In a diode
clamped multilevel converter [Fig. 2.3(b)] the DC bus voltage is shared by the two bulk
capacitors C; and C,. As a result, only a voltage across one of the capacitors is applied

across a switch when it is off so that its peak voltage stress is Vy./2.

24 Multilevel Converters with Flying Capacitor

The peak voltage stress of a switch in a TPSCC can be reduced if the main switch is
replaced by a flying capacitor structure like the one shown in Fig. 2.3(b). This is shown
in Fig. 2.4 for all six fundamental DC-DC converters with the "flying capacitor"
designated as Cp,. The flying capacitor structure is popular in DC-DC multilevel
converters [28]-[30] and it is simple to convert a fundamental TPSSC into a flying
capacitor multilevel converter (FCMC). The steps that need to be taken to perform this
conversion are demonstrated in Fig. 2.5 for a Cuk FCMC (example of a converter with an
inductive input filter) and Fig. 2.6 for a buck-boost FCMC (example of a converter with a

capacitive input filter) and are as follows:

+ + !
C
{Sa] “D,l I}rllt {le | D':
"‘ldr C= ('JI== -
a Ve a
S ¥0y nr.,a[ a *Du
(_-2 —]
5 D
4 Sas F Dy Sas D,
n - n
(a). Flying capacitor (b). Diode clamp

Fig 2.3: One leg of two-level multilevel converters.

19



Inductive Input Filter Capacitive Input Filter

v L A2 ”1 D + TIF i I
a a + Va Ly Ad%k +T 8| ol |+
_ R ' S; Cn
Vb Lp H}C Y XD g
Pt Ve ﬂy CFZY @ L] L= L
o Vrec 0
Ve Lc . Veny Vo
s .l VCﬂy @ Ny
_ AD;
. $2 Cat
Aia _ Vca _{b 'YV -
(a) Boost converter (d) Buck converter
L +H Col Lo | | O, LT 1
Va o KKK V. "¢| fo - Va Ly 'Y ¥ Y ]
e + | ce Chy S> | Dy | D>
1| Ve Gy | Co= Q) W Ve, L
- >7 VCﬂ\‘ v D2 @ NN
_Jf 52 Ca +
AAA + VCa t_ jf AAA - +
(b) Cuk converter (e) Buck-boost converter
,—T—‘ + -
lil | }_4,_KWYX7
+ Ce.| L
Vv, L, &%x1% v L Ad4 c| Lo
a a a a n S7 S Ve Ap;
vh Lb * VC/] R
—s - Y L
I Vn @ Vyec CO**
Ve L Cay ¢ Lp
u O
+
VY - Vea _ﬁ 'YV .
(c) Sepic converter (f) Zeta converter

Fig 2.4: Multi-level reduced switch converters with a flying capacitor.

e Step 1: Add a second switch in series with the main converter switch (shown as §
in Figs. 2.5(a) and 2.6(a)), as shown in Figs. 2.5(b) and 2.6(b). There are now two

main switches, S; and S>.

e Step 2: Add a second diode in series with the main converter diode shown as D, in
Figs. 2.5(a) and 2.6(a), as shown in Figs. 2.5(c) and 2.6(c). There are now two main
diodes, D; and D..
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e Step 3: Add a bulk capacitor Cp, to the converter. Connect one end of Cp, to the
midpoint of the two main power switches and the other end to the midpoint of the
two main converter diodes (between D; and D)), as shown in Figs. 2.5(d) and

2.6(d).

2.5 Converters with Neutral Point Connection

Although the peak voltage stress of each switch in each FCMC converters is less than
that of a switch in its TPSSC counterpart, the peak voltage switch stresses can still be
high and can be uneven, with the exception of the boost converter, as shown in Table 2.2.
Moreover, the peak switch voltage stress in a FCMC is dependent on the voltage across
the flying capacitor Cypy, Vcpy, wWhich can vary with load. As a result, devices with high

voltage ratings may still need to be used when implementing FCMCs.

Another approach to synthesizing multilevel converters from fundamental TPSSCs is
proposed here and a new family of three-phase front-end AC-DC multilevel converters
can be developed. The approach is based on the connection of a neutral-point of a three-
phase input capacitor filter to the general DC-DC structure and is proposed in this
section. In the case of converters with capacitive input filters [Figs. 2.1(d)-(f)] such a
neutral point is inherent in the converter. In the case of converters with inductive input
filters [Figs. 2.1(a)-(c)], additional filtering is required to filter out high frequency
harmonics so that additional input capacitors are needed and it is from these additional
input capacitors that a neutral point can be created for the conversion of a single-switch

topology into a multilevel neutral point topology [22]-[25].

Table 2.2: Peak switch voltage stress equations for FCMCs.

Converter Equation
Boost Vs =Vo/2
Cuk Vsipk = Veepk- Ve, Vsopk = Ve
Sepic Vsipk= Veepk + Vo= Vo, Vsopr = Ve + Vo
Buck Vsiph = Vreepk- Ve = N3* Veapr- Ve Vsopk = Veny
Buck-boost Vsipk = Vieepk + Vo- Ve Vsopr= Vepy
Zeta Vsipk = Vieepk T Vo= Veepi Vsapk = Veep- Vepy
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Multilevel topologies for the six fundamental converters based on the use of the
neutral point of the input capacitors are shown in Fig. 2.7. For the case of the converters
with input inductor filter such as the boost, Cuk and Sepic [Figs. 2.7(a)-(c)], it can be
seen that the artificially created neutral point (x) of the additional input capacitors is
connected to a midpoint that is created when two power switches are connected in series.
For the case of the converters with capacitive filter such as the buck, buck-boost and Zeta
[Figs. 2.7(d)-(f)], it can be seen that the natural neutral point (x) of the input capacitors is

connected to a midpoint that is created when two power diodes are connected in series.

The steps that need to be taken to convert a TPSSC into a NPCMC are shown in Fig.
2.8 for a Cuk NPCMC (example of a converter with an inductive input filter) and Fig. 2.9
for a buck-boost NPCMC (example of a converter with an capacitive input filter). The

steps are as follows:

e Step 1: Add a second switch in series with the main converter switch (shown as §
in Figs. 2.8(a) and 2.9(a)), as shown in Figs. 2.8(b) and 2.9(b). There are now two

main switches, S; and S>.

e Step 2: Add a second diode in series with the main converter diode (shown as D, in
Figs. 2.8(a) and 2.9(a)), as shown in Figs. 2.8(c) and 2.9(c). There are now two
main diodes, D; and D,. Also distribute the required capacitances, e.g. C, = C,; +

Co2, C.= C,.;+ C,,, as shown in Figs. 2.8(c) and 2.9(c)

o Step 3: Connect the natural neutral point of the capacitive filter converters to the
mid-point of the switches and to the mid-point of the diodes as shown in Figs.
2.8(d) and 2.9(d). In case of the inductive filter converters create an artificial
neutral point by adding a capacitive filter to the input and then connect that to the

mid-point of the switches, the diodes and output capacitors.

For the converters shown in Figs. 2.7(a)-(c), since the switch stress is mainly
dependent on the output voltage (V,), it can be reduced by splitting the output capacitor
(C,) so the switch stress is dependent on V,/2. For the converters shown in Figs. 2.7(d)-

(), since switch stress is mainly dependent on the input capacitor voltages, it can be
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Fig 2.7: Multi-level reduced switch converters with neutral point connection.

reduced by ensuring that a main power switch is exposed to line-neutral input capacitor
voltages instead of line-line voltage as in Figs. 2.1(d)-(f), which results in a voltage stress

reduction by a factor of 3.

The peak voltage stresses of the switches in a NPCMC are shown in Table 2.3. It can

be seen that unlike the peak voltage switch stresses shown in Table 2.2, they are evenly
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Fig 2.8: Synthesis of an example flying capacitor multilevel converter - Cuk NPCMC.

distributed among the two switches in the converter and they are considerably less than

those of a switch in a TPSSC, shown in Table 2.1.

2.6 Conclusion

Three-phase AC-DC power conversion is typically done using six-switch circuit
structures. An attractive way of reducing the cost, size, and complexity of such converters
for lower power applications is to use single-switch converters. The peak voltage stress of
the main power switch in these converters, however, is excessive, and makes these
converters impractical for most applications. It is to reduce the voltage stress of this

switch that multilevel circuit structures were investigated in this chapter.

Two types of multilevel converter structures were investigated in this chapter — a
family of flying capacitor multilevel converters (FCMCs) and a family of new neutral-
point connected converters (NPCMCs). Since three-phase single-switch converters
(TPSSCs) are based on the basic DC-DC topologies — boost, buck, buck-boost, Cuk,
Zeta, Sepic — and there are six such topologies, FCMCs and NPCMC:s that are based on
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each basic topology were presented. The steps needed to convert a TPSSC into its FCMC
and NPCMC counterparts were presented and it was explained that the peak voltage
stresses of the switches in a FCMC are generally uneven except for those of a FCMC
boost converter, while the peak voltage switch stress of the switches in a NPCMC are

equal and approximately half those of a switch in its counterpart TPSSC.
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Chapter 3

3 A Novel Three-Phase Neutral Point Connected Buck-
Boost AC-DC Converter

3.1 Introduction

In Chapter 2, two types of three-phase reduced switch multilevel converters that are
based on three-phase single-switch AC-DC converter were discussed — a family of flying
capacitor multilevel converters (FCMCs) and a new family of neutral point connected
multilevel converters (NPCMCs). In this chapter a candidate converter, the buck-boost
NPCMC [Fig. 2.5(e)], is selected as an example converter to further study the operation,
properties and characteristics of the new family of NPCMCs. Other reasons for selecting
this particular converter for further study are that it can step up and step down voltage
(since it is a buck-boost converter). A fair amount of investigation has been done on
three-phase AC-DC step-up converters with an inductive input filter and step down
converters with a capacitive input filter; however, there is no literature available about
step-up converters with capacitive filter. Also, the candidate converter is the simplest and
thus the most practical out of the four converters that can step up and step down the

voltage, the others being the Cuk, Sepic and Zeta converters.

In this chapter, the steady-state operation of the buck-boost NPCMC converter for
both voltage step-down (buck) and voltage step-up (boost) operation is explained in detail
and the converter's steady-state characteristics are determined by mathematical analysis.
Based on the results of the analysis, a procedure that can be used in the design of the
converter’s key components is developed and then demonstrated with an example. The
feasibility of the proposed converter is confirmed with results obtained from an

experimental prototype.

3.2 Operation of the Proposed Converter

The proposed buck-boost NPCMC is shown in Fig. 3.1(a). It can be seen that the input
three-phase LC filter is followed by a three-phase diode bridge. On the DC side there are

two switches (S; and S,), two output diodes (D,; and D,>), output filter inductor (L,),
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output filter capacitor (C,) and resistive load R. The common point of the input capacitors

or the neutral point (x) is connected between the two output diodes.

Input power factor correction (PFC) is performed in a way similar to that of a three-
phase single-switch converter with a capacitive input filter - by the appropriate charging
and discharging of the input capacitors, as explained in Section 1.7.2 [33]-[35]. The
connection between x and mid-point of the diodes ensures the switch voltage stress is
limited to the peak value of the input capacitor phase voltage, which helps reduce peak

voltage switch stress.

The proposed buck-boost converter steps-down the input voltage or operates as a buck
converter when its switch duty cycle, D < 0.5. The converter steps-up the input voltage or
operates as a boost converter when D > 0.5. This section describes the operation of the
proposed converter when D < 0.5 and D > 0.5. Fig. 3.1(b) indicates the reference current
and voltage directions for the most important components. The equivalent circuit
diagrams for the proposed converter steady-state operation when D < 0.5 and D > 0.5 are
given in Figs. 3.2 and 3.4 and the typical waveforms of the two operations are given in

Figs. 3.3 and 3.5 respectively.

The following assumptions are made to simplify the modal equations for the steady-

state operation of the converter:

e The line frequency (f) is small with respect to the switching frequency (f;); thus the

input side voltages and currents are considered as constants during a switching
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A A A (YL A A 4
Lb L ! Dol DoZJ; Ib i 81 -
EL" C, R n o Iro 2 i TV
L x 5 % S ] Lo X & & +
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a). Circuit diagram b). Current and voltage reference directions.
g g

Fig 3.1: Proposed three-phase AC-DC two-switch NPCMC.
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period (7= 1/f;).

e The input filter capacitors are considered to have equal values C,= C, = C. = C.
Similarly, all three input inductors are of equal value such that L,= L,=L.= L.

e It is assumed that C is small and there is sufficient current in the DC side to
discharge the input capacitors completely during a switching cycle, throughout the
line cycle so that they operate in discontinuous voltage mode (DVM) as described
in Section 1.7.2.

o The output capacitor C, and the load resistor R are combined and considered as a
DC voltage source (V) and the output inductor current is considered as a DC
current /7, with negligible ripple.

¢ Due to the symmetry of a three-phase system, it is sufficient to consider only 7/6 of
the line cycle [31]. The equations derived below are found for a switching cycle k&
in the line cycle for the interval wt ¢ [7/3, 7/2] where V= Vi, Vir= Ver=-Vi/2
and V; being the peak phase voltage. It should be noted that the equations can be
generated by starting from any switching cycle; this particular cycle was selected to

reduce redundant equations.

3.2.1 D < 0.5 [Buck mode of operation]

Prior to ¢ = #y, both §; and S, are off and the input capacitors are charged by the input
line currents. While this is happening, the current in L, (I0x) is freewheeling in the DC

side of the converter.

Mode 1 (ty<t<t;), [Fig. 3.2(a)]:

At t = ty, S; is turned on and the line current, /,;, and the discharging current of C,
(Icax) flow through rectifier diode D; and enter the DC side. Currents /,; and /¢, flow

through §;, Lo, Do> and return to the AC side. 1,,, =1,, +1,, . At the common point of

the input capacitors (x), the returning current splits as /, and /¢, The voltage of the C,

at t = t;, can be expressed as follows by considering its discharge:

I -1 t, —t
VCa,k(tI) = VCa,k(tO) _( Lok a’k)( ! (% (3.1)

29



where Vey o) 18 the initial voltage or the peak value of v¢, for the K™ switching cycle,
and 7, is the line current for phase A in K" switching cycle. At the input side, /,; further
divides into I and I.x (Iyx = -Ipk - Ic). Ipx and I.; respectively charge Cp and C.. C,
begins to charge from —F, and reach voltage Vi) at ¢ = t; when the mode ends, and its

voltage can be expressed as follows:

I (t, —¢
Veerpny ==Vo + a’k( ! %C (3.2)

Mode 1 ends when C, is fully discharged (Veur ) = 0); thus ¢; can be calculated as
follows by rearranging Eq. (1):

t] It() +(CaVCa,k(t0% g ) (33)
Lok a,k

Mode 2 (t;<t<t,), [Fig. 3.2(b)]:

At t =t;, C, becomes fully discharged and during this mode, C, remains discharged,
line current /,; flows through D; and §;, L, and D,;. I, returns to the input side and

continues to charge C, and C.. I, freewheels through L., D,; D,; and the load.

Mode 3 (t,<t <), [Fig. 3.2(c)]:

This mode begins at ¢ = ¢, when §; is turned off. During this mode, both S; and S, are
off and the AC input side is separated from the DC output side. In the AC input side, the
phase currents continue to charge C, and C., and C, will begin to be charged by /.
Mode 3 ends when S is turned on at ¢ = #; (t3 = tp + Ts/2) due to the 180° phase shift

between the two switches and the value of V¢, at the end of the mode is

1 —
VCa,k(tj’) = a’k(t3 l% (3.4)

Mode 4 (t: <t <ty), [Fig. 3.2(d)]:

During Mode 4 C, continues to be charged by 7, while C, and C. are discharged by

giving Icpx and I, respectively. The sum of the above currents flows through D,;, L,
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and S>. (Ipx + Icpx) and (1. + Ic. ) return to the input side via Dg and D, respectively.
Mode 4 ends when Cj, and C. are discharged to a voltage level of -V (these capacitors

charge opposite to the reference directions shown in Fig. 4(b)) at # = ¢4 as given below

t4 = tj‘ + lZCc (Vo + VCC(!3))J/(]Lo,k _]a,k) (35)

Mode 5 (t,<t<ts), [Fig. 3.2(e)]:

During this mode, C, continues to be charged by line current /,; while the voltage

across C, and the voltage across C, remain at -V,. I,; flows through D,; while 1,
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Fig 3.2: Modes of the converter when D <0.5.
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freewheels through L,, D,,, and the load.

Mode 6 (t;<t <tg), [Fig. 3.2(f)]:

This mode begins when S is turned off at # = #5. Since both S; and S, are off, this mode
is similar to Mode 3. During this mode, C, reaches its peak voltage for 4, cycle while C,,

and C,. begin to charge as given below

I \T —t

VCa,k(nS) = VCa,k(t3) +[ a'k( * 3% (3.6)
I (/[-D)T

VCC,/((t6) = _Vo +[ a‘k( ) %CL (37)

Mode 6 ends when S; is turned on at ¢ = #5 and the next switching cycle (k+1) begins.

3.2.2 D> 0.5 [Boost mode of operation]

It should be noted that unlike in the buck mode in the boost mode, the input capacitor
discharging currents and the current of L, are not constant during the K" switching cycle;

thus those variables are represented by lower-case letters below.

Before ¢ = ¢y, S; is off and S, is on. C, is charged by line current /,; while C, and C,

discharge, giving currents ic. and icpx respectively.

Mode 1 (ty<t<t), [Fig. 3.4(a)]:

At t =ty, S; i1s turned on and C, begins to discharge; therefore /,; and the discharging
current of C, (icq ) flow through switch S; and charge L,, before returning to the AC side
through switch S,, Ds and D,. The discharging current of Cjp is icp The current in Dy
equals /Ipx + icpx The current in D, consists of ., and discharging current of C. (iccr).
Both diodes D,; and D, are off. This mode ends when C, and C. are charged in the
opposite direction to a voltage level that equals the output voltage (-V>). The voltage of
C, at the end of Mode 1 is
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1
VCa,k(tl) = VCa,k(tO) - C_J.( Lok — a k )dt (3.3

a t,

Veakeo) in Eq. (8) 1s the initial voltage of C, and (iox- 1, k) 1s C,’s discharging current.

1
VCc,k(tI) = VCc,k(tO) ZC j( liok — a k )dt = (3.9

The value of #; can be found by solving Eq. (3.9) above, which indicates the voltage of
C.att =t;. As explained above Ve, i) in Eq. (3.9) equals —V>. Eq. 3.10 gives the current

of Loatt=1¢
1
ILo,k(tI) 1, ko) T 17 I(vCa,k ~Veek )dt (3.10)
0ty
Vg ] ;
VgZ "t
T Veawh "ga/,
= -K_/ t
Vo']\ y ﬂ Q\Vcb
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Fig 3.3: Typical waveforms when D <0.5.
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where the voltage across L, is the DC bus voltage (v, in Fig. 3.8) and equals the line-to-

line input capacitor voltage (Vca k- Veek)-

Mode 2 (t;<t<t,), [Fig. 3.4(b)]:

During Mode 2, C, continues to discharge as in Mode 1 and i¢,x flows through S;, L,
and D,;. Line current /,; flows through D, S;, L, and S, before it divides into 7 and /4.
Currents /5 and 1. flow through Ds and D, respectively. The voltages across Cp and C,

remain at a voltage level of -V>. The charging of L, is given by Eq. (3.11)

3]

1
ILo,k(tZ) = ILo,k(t]) +L_I(vCa,k -V, )dt (3.11)

[

during Mode 2, the voltage across L, is the difference between v¢,x and V, because the

voltage of C. and Cj, remain at —V>.

Mode 3 (1<t <t3), [Fig. 3.4(c)]:

S, is turned off at the start of this mode. C, continues to discharge and (/,x + icyx)
flows through L,, R and D,;,, and returns to the input side. Currents /54 and /.. charge C,
and C,, and charging of C. can be explained as follow whereas the charging of Cj, can be

derived from Eq. (3.12):

]d
VCc,k(t3) =-V, +ﬁ(t3 _tz) (3.12)

Eq. (3.13) can be used to find the current of L, at = t;

i3

1
Lioris) =L ionia) + L_J(vCa,k ~Veer )dt (3.13)

ot

This mode ends when C, is fully discharged and Eq. (3.8) is equated to zero to find 7 = #;

as follows:
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1
VCa,k(tj‘) = VCa,k(tO) - C_I( Lok — a k )dt = (3.14)

a i,

Mode 4 (t:<t<ty), [Fig. 3.4(d]:)

During Mode 4, C, remains completely discharged. Throughout this mode, both
output diodes D,; and D,, conduct current and the line current /,; flows through D, §;,
L, and D,; and returns to the input side. /,x charges Cp, and /. charges C.. The charging
of C. is given below by Eq. (15)

I
VCck(t4) =Ve, ket3) T (t —t ) (3.15)
' ' ZC

where ;= ty+ T,/2 due to 180° phase shift between the two switches. iz, s freewheels

through D,;, D,, and R and has a final value of

Vv
1Lo,k(t4) = ]Lo,k(ts) _L_2(t4 _ts) (16)

o

Mode 5 (t,<t<ts), [Fig. 3.4(e)]:

S is turned on at ¢ = t,, Current icp; flows out of Cp and ic.x flows out of C, so that
current (icp + ic.) flows through D,; and L,. C, remains discharged. The relevant

equations for Mode 5 are as follows:

I, 'y
Veeres) =Veerua) — 2Ck I(’Lo,k —1,. )dt (3.17)
ati,
1%
]Lo,k(t5) = ]La,k(t4) +L_Jch,kdt (3.18)
o1,

Mode 6 (t;<t <tg), [Fig. 3.4(f)]:

This mode begins when voltages of Cj, and C, are zero. All the input capacitors remain

fully discharged as DC bus is short circuited. 1, ;= -Ipx- Iox-
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Fig 3.4: Modes of the converter when D > 0.5.
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Mode 7 (ts<t<t;), [Fig. 3.4(g)]:

At t =ts, S; 1s turned off and 7, starts to charge C,. The difference in current between
irox and I, 1s the total discharge of Cj, and C.. This mode ends at ¢ = ¢, when §; is turned
on. This is the start of the next switching cycle £ + 1. Eq. (3.19) expresses the charging of
Co,

V _ ]a,k
Cak(t7) — C

a

(1-D)r (3.19)

N

Eq. (3.20) expresses the discharging of C. by considering the discharging current as iz, x -
Ia,k

1"
VCc,k(t7) == 2C J-(iLo,k - Ia,k )dt (3.20)
a tg

The current of L, at the end of Mode 7 is

4

1
]Lo,k(t7) = ILo,k(t6) + L__[Vcc,k dt (3.21)

0 tg

The main difference between the proposed converter and the conventional three-phase
AC-DC buck-boost converter [32] is that each of the switches in the proposed converter
sees a line-to-neutral voltage (the voltage across one of the three input capacitors) across
it rather than a line-to-line voltage (the voltage across two input capacitors), which is the
case for the switch in the conventional converter. Since a switch in the proposed
converter sees a line-to-neutral voltage instead of a line-to-line voltage, it has a peak
voltage stress that is almost half that of the switch in the conventional converter as this
stress is reduced by a factor of V3. The reduction of peak voltage stress allows lower
rated devices to be used as converter switches and thereby extending the input voltage

and/or load range the converter can operate.
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Fig 3.5: Typical waveforms when D > 0.5.

Another difference between the proposed converter and the conventional single-switch
converter is that their input capacitor voltage waveforms are different. After the switch is
turned on in the conventional converter, the input capacitors discharge and their voltages
eventually falls to zero and remain zero until the switch is turned off. This is not the case
for the proposed converter where the input capacitor voltages do not remain at zero, but,
instead, continue to discharge (or charge in the opposite direction) until the voltage is -7>.
This is because of the connection between the mid-point of the output diodes and the
common point of the input capacitors (x) in the proposed converter. This difference, as
well as the difference in switch stresses, will be discussed in more detail later in the

chapter.

38



3.3 Steady-State Analysis

In order to develop a procedure for the design of the converter, its steady-state
characteristics must be determined first, by mathematical analysis. Once this has been
done, graphs of characteristic curves can be generated and then used to develop a design
procedure. In this section of the chapter, only the analysis for buck mode converter
operation is presented in full detail because the input currents are more likely to be
sinusoidal than when the converter is in boost mode operation and this simplifies the

analysis.

When D < 0.5 (buck mode), the input capacitors’ voltages are most likely to be
discontinuous during all the switching cycles in a line cycle due to high circulating
currents in the DC side of the AC-DC buck-boost converter. That is the input capacitors
operate in DVM; hence the average input capacitor voltages are bounded by a sinusoidal
envelope and as a result the input line currents are perfectly sinusoidal and the input
power factor is excellent. The input capacitors, however, can be semi-continuous when D
> 0.5 (boost mode), especially if the converter maximum power is low due to less current
in the DC side. As a result, the input current will not be bounded by a sinusoidal envelope

and the presence of harmonics will complicate the analysis.

Therefore, the best starting point for the mathematical analysis is to consider the buck
operation of the converter under test, and then check whether the chosen operating point
(input capacitors and input inductors) make the input capacitors operate in DVM or CVM
and meet the IEC 61000-3-2 Class A harmonics standard. If the chosen operating point
for buck mode satisfies the IEC standard in the boost mode, then the point is valid if not

the procedure needs to be repeated and until the criteria is met to find a valid point.

3.3.1  Analysis for Buck mode of operation (D < 0.5)

The objective of the mathematical analysis is to find a relationship between the output-
to-input voltage conversion ratio (M), input capacitor value (C), switching period (7s) and
the switch duty cycle (D) as they are the main parameters of the proposed converter. This

relationship is found considering the energy balance of the converter; that is the total
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input energy from all three-phases over a 7/6 of the line cycle must be equal to the DC

energy output to the load for the same duration provided the converter is lossless.

The procedure to determine output energy involves the multiplication of output DC
voltage, output DC current and the time duration for /6 of the line cycle. The procedure
to determine the total input energy considers the sum of the energy in each phase, with
the energy per phase dependent on the integration of the instantaneous energy

(multiplication of instantaneous voltage and current) over a 7/6 portion of the line cycle.

Based on assumption A; in Section 3.3, input phase voltage and current are considered
as constants during a switching period so that they can be considered as DC parameters
Vi and I; for any particular switching cycle. As a result, an equivalent DC-DC buck-boost
converter circuit with a LC filter can be used as a first step to find the instantaneous
values that are required to find the desired relationship between M, input capacitor value

(O), switching period (75) and the switch duty cycle (D).

The step-by-step process for the analysis of the converter operating in buck mode is as

follows:

e Step 1: The analysis will begin by considering a DC-DC buck-boost converter with
an LC filter shown in Fig. 3.6. An expression for the instantaneous input resistance
will be determined in terms of input DC voltage (V;), output voltage (V) (it should
be noted that this output voltage is the same as the output voltage of the full three-
phase converter), and D. The reason for finding the instantaneous input resistance
(R;) is because the instantaneous input current /; = V;/R; and can be found using R;

for any V; value for any switching cycle during the line cycle.

o Step 2: In this step, the DC source of the equivalent converter (which represents an
instantaneous input voltage for any switching cycle during a line cycle) is replaced
with a three-phase AC source. The single-phase LC filter is replaced by a three-
phase LC filter and a diode bridge rectifier. Doing so results in a three-phase AC-

DC single-switch version of the proposed converter. The expression for R; found in
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Fig 3.6: Dc-DC single-switch LC filter buck-boost converter.

Step 1 is used to find the instantaneous input line current for any switching cycle

for any phase of the three-phase system for example 1, ;= V,i/R;.

e Step 3: The input energy that is associated with each phase can be determined by
multiplying the instantaneous input current determined in Step 2 with the input
voltage and then integrating the result over an interval of 7/6 of the line cycle [31].
The summation of the three-phase input energy gives the converter’s the total input

energy.

e Step 4: Assuming that the converter is ideal, the converter’s total input energy can
be equated with its output energy to determine the converter’s output-to-input
voltage conversion ratio for the buck mode of operation. This ratio is dependent on
C,, Ts and D. It should be noted that this ratio is for a single-switch version of the
proposed converter that is derived by replacing the DC input source of the
instantaneous single-switch DC-DC buck-boost converter used in Step 1 with a
three-phase input. This ratio, however, is valid for the proposed converter, as will

be explained in detail below after Step 4.

With this summary in mind, the analysis can proceed as follows:

A. Step 1: Calculating the instantaneous input resistance using DC-DC buck-boost

converter

Fig. 3.6 shows the equivalent single switch buck-boost converter with a DC source. A
single-phase LC filter is placed between the DC source (7)) and the converter. The

converter goes through three significant modes during steady-state operation and
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equivalent circuits for these modes and typical waveforms that are required for the
analysis are given in Figs. 3.7 and 3.8 respectively. The three significant modes are as

follows:

Mode 1 (0 <t <ty), [Fig. 3.7(a)]: At t= 0, S is turned on and input capacitor C starts

to discharge, giving a constant current /, - /;, where /I, is the output current and /, is the
instantaneous input current. The diode D, is off and the voltage of the diode is vp= V¢ +
V. The switch current is /,. During Mode 1, v¢ becomes zero at ¢t = D, T and continue to

charge in the opposite direction to its reference direction shown in Fig. 3.6.

Mode 2 (t; <t <)), [Fig. 3.7(b)]: Mode 2 begins when v¢ = —V5; where V, is the

output voltage but negative as the direction is opposite to the reference direction. During
this mode, v¢ remains at this voltage while the line current flows through S and L,. D, is

forward biased and the current through it is /- /;.

Mode 3 (t; <t <T,), [Fig. 3.7(c)]: At t = DTy, S is turned off. C will start to be

charged by /; and /1, will flow through D,. During this mode v¢ crosses the time axis at ¢ =

DT and continue to rise. At ¢ = T, C reaches its peak voltage, Ve

The average voltage of input inductor L is zero at steady-state; therefore, when the

) P — N
1 <
L] N S l + I] L - S Do -
T
ne o drve ik, VoL, k| RV
- ) + +
(a)Mode 1 (0<t<t) (b) Mode 2 (t;<t<t,)
VDo
LWp, | |-
=R=V
L, RV

(¢c) Mode 3 (1,<t<t;3)

Fig 3.7: Modes of operation of converter in Fig. 3.6 when D <0.5.
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loop that consists of V;, L and C in Fig. 3.6 is considered, the average voltage of C must
equal V;, the instantaneous input voltage. The average voltage across C (V) for a
switching period can be found from its voltage waveform (v¢) shown in Fig. 3.8. When

Ve ave 18 €quated to V; then the following equation can be obtained:

%

C,ave

=0 5[VCMD1T.¢ +VCM (]_D3)Ts _Vz(D+D3 _Dz _DI)Tv
' T

N

j =V, (322

Eq. (3.22) consists of terms D;, D, and D3, where D; is the normalized time at which
ve becomes zero first (during discharging of C), D; is the normalized when v¢ becomes —
V> and D; is the normalized time when v¢ becomes zero for the second time (during

charging of C) as shown in Fig. 3.8.

Egs. (3.23) and (3.24) can be used to reduce the variables D, and D; respectively from
Eq. (3.22). Egs. (3.23) and (3.24) are derived by considering the tangent of v¢ curve

shown in Fig. 3.10 and are as follows:

DV
D, =D, +—12 (3.23)

VCM

DV. +V.
Dy=—M "2 (3.24)

Ve +V5

Substituting Eqs. (3.23) and (3.24) into Eq. (3.22) results in
DIVCMZ(VCM + V2)+ VCMS(I_D)_VZ(VCM + VZ)(DVCM _DIVC _Dsz) -V (3 25)
=V, .

VCM (VCM + VZ)

which gives the relationship between input voltage (V;), duty ratio (D), the normalized

time point at which v¢ crosses zero axis (D;) and the peak capacitor voltage (Ve ).

In order to find the instantaneous resistance R; after obtaining Eq. (3.25), input current
I; must be found next. /; can be calculated by considering the charging of C from

minimum voltage V> to its peak voltage Ve in Mode 3 (Fig. 3.7(c)). During Mode 3, the
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entire source current /; is used to charge C for the duration of df = (I - D)T until S is

turned on again; this can be expressed by

dv
I,=C—- 3.26
/ 7 (3.26)
or by Eq. (3.27) where dvc= VeutVo, according to Fig. 3.8,
I,=C Veu 7, (3.27)
(1= D)7,

R; can now be calculated by dividing Eq. (3.25) by Eq. (3.27) and can be expressed as

(1-D)D/T
R =——"""= 3.28
! 2CD? (.28)
In order to further reduce variables from Eq. (3.28), D; needs to be removed; thus the
steady-state operation of the loop L, D, and V, of Fig. 3.6 was considered. The average
voltage across output inductor L, is also zero at steady-state; as a result, the average
voltage across diode D, (Vpoave) should equal V,, the output DC voltage. The
instantaneous voltage of D, (vp,) has a triangle shape according to Fig. 3.8. vp,=vc+ V.
At t =0, vp, starts from peak voltage and becomes zero at ¢ = D,Ty; therefore, Vp, ave can
be expressed as
(VZ + VCM )D2]1s

VDo,ave = 27—; = V2 (329)

When D; is removed from Eq. (3.29) using Eq. (3.23), the result is

(Vz +Vew )(D]VCM + DVz)
2V

=7, (3.30)

Eq. (3.30) can be rearranged to find D; in order to remove it from Eq. (3.28) to reduce the

number of variables in the R; expression to obtain Eq. (3.32) below
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Fig 3.8: Typical waveforms for DC-DC buck-boost converter when D < 0.5.

2V DV.
= e (3.31)
VCM +V2 VCM
T
R, =—(I-D 1—p+2 (3.32)
2C s

Step 2 : Calculation of the instantaneous line currents for a three-phase single-

switch buck-boost converter

This step of the analysis uses the input resistance equation to find the input currents

during each switching cycle for the three-phase system (Fig. 3.9). The instantaneous

input voltages for a balanced three-phase system are

v.(@1)=V, sin(o) (3.33)
vy (1) =V, sinlwi ~27/) (3.34)
vo(wt) =V, sinlog 47/} (3.35)
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where V; is peak phase voltage and w; is the angular line frequency. The instantaneous
input line currents can be obtained by the ratio of input voltage to the input resistance

corresponding to each phase. For example, the current in phase A is

v.(oit) 2CV,,,V, sin(at)
R, T, (1-D)Ve,(1-D)+2V,]

i(ot)= (3.36)

Currents for phases B and C are analogous to Eq. (3.36) but phase shifted by 2x/3.

C. Step 3 : Calculation of the three-phase input energy

This step of the analysis is to calculate the total input energy for the three-phase
system by summing the integrals of the instantaneous energy over m/6 of the line cycle
for each of the three phases. The input energy of phase A for /3 < w; < w/2 can be

derived as follows:

W = j v, (ot )i,(ot)d(wt) (3.37)

a
n/3

where v,(w;t) and i,(w;t) are the instantaneous phase A voltage and current obtained in

Step 2, by substituting the values from Egs. (3.33) and (3.36) in Eq. (3.37) gives

/2 2CVCM | 2
w, = ”L Tq(]—D)[VCM(]_D)+2V2](V1 sin(oyt)) d(wt) (3.38)

Van e
Saae” a2 x8 D, )
L, i
Vbn =R
n ELO VZ
vC}’l
- T A 4 a +

Fig 3.9: Three-phase AC-DC single-switch buck-boost converter.
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v, Cv,, v
O Iy T IFETA DA RS (3.39)

/3

and solving Eq. (3.39) yields

(3.40)

VIZCVCM [7[ \/EJ

W = 41
“ T(1-D)Vy (I-D)+2V,]| 6 4

Similarly, the input energy for phases B and C can be given also be obtained by

replacing the voltage and current in Eq. (3.37) by the relevant values

2
W, = Vi e 7 3 (3.41)
T,(1-D)[Ve (1-D)+2V,]\ 6 2
2
W= V' Vo L] (3.42)
T(1=-D)Ve (1-D)+2V,](6 4
The total input energy W; is
W. =W, +W, +W, (3.43)
which results in
2
W, = V' Cey (Zj (3.44)
T,(1-D)[Ve, (1-D)+2V,]\ 2

D. Step 4 : Derivation of the mathematical relationship between M, C T, and D

For the energy equilibrium of the converter, the output energy (,) must be equal to
the input energy (W;). W,= W.. W, over the interval of n/6 of fundamental period can be

expressed as

W,="-2 (3.45)
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where V> is the output DC voltage and R is the load resistance. Substituting for W, and W;
using Eqgs. (3.45) and (3.44), and rearranging the results leads to the following

relationship:

vy CRV,,,
v T,(1-D)Ve, (1-D)+2V,]

(3.46)

If the output-to-input voltage conversion ratio (M) is defined as the ratio of output
voltage (V) to line-line peak input voltage, then M can be expressed as a function of C,

T,, and D as follows:

v Vo CRV,,
V3V, \T,(1-D)lVe, (1-D)+2V,]

(3.47)

Eq. (3.47) gives M as a function of C and D for a three-phase AC-DC single-switch
version of the proposed buck-boost converter and was derived by considering the input
capacitor voltage waveform and the energy equilibrium of this single-switch converter.
Although Eq. (3.47) was derived for the single-switch version of the proposed converter,
it is valid for the proposed converter because the input capacitor voltages have
comparable shapes and the peak input capacitor voltages for any switching cycle are the

same.

Typical input capacitor voltage waveforms for the single-switch converter and the
proposed two-switch converter are given in Fig. 3.10. The main difference in the two sets
of waveforms is the timing when the input capacitor voltages rise and fall. As can be seen
in Fig. 3.10(a), all three capacitors charge when the switch is off and they discharge when
the switch is on in the single-switch converter. On the other hand, as can be seen in Fig.
3.10(b), C, charges when S; is off and discharges when S; is on while C; and C, charge
when §; is off and discharge when S is on in the proposed two-switch converter. In other
words, for any given switching cycle, the rise and fall of the input capacitor voltages are
dependent on the turning on and turning off of the single switch in the single-switch
converter, but in the proposed converter, the rise and fall of some capacitor voltages are

associated to switch S; while the rise and fall of the other capacitor voltages others are

48



linked to S,. Unlike in Fig. 3.10(a), not all input capacitors charge and discharge at the
same time in Fig. 3.10(b) because S; and S, operate with 180° phase shift. Since both
converters can operate with the same D for the same instantaneous input voltage value,
the shape of the input voltage waveforms will be the same; therefore, Eq. (3.47) is still
valid for the proposed converter and can be used to find the duty cycle and input

capacitance of the proposed two-switch buck-boost converter.

Graphs of curves of M vs. D for different input capacitors when the converter operates
in the buck mode can be plotted based on Eq. (3.47) using MATLAB. Such graphs can be

used as part of a design procedure as shown in Section 3.6.

3.3.2  Analysis for Boost mode of operation (D > 0.5)

The analysis for boost mode operation differs from that of buck mode operation
because the input capacitor voltages (and thus the input currents) are less likely to be
sinusoidal and more likely to be distorted. The fact that the input currents are probably
not sinusoidal complicates the analysis of boost mode operation and thus an approach

that is different from the one used for buck mode analysis is needed.

The operation of the converter when it is in boost mode and its input capacitor

DT, DT;

Vca

Ve
B v ~ /
Cc v
Ch \

\\N\§ v t
4 va,7\ t ~— Vee

(a). Three-phase AC-DC single-switch (b). Three-phase AC-DC two-switch buck-

buck-boost converter boost converter

Fig 3.10: Typical input capacitor voltages for a switching cycle when D <0.5.
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voltages are operating in continuous voltage mode (CVM) is summarized as follows: At ¢
= 1y, S; 1s turned on and C, begins to discharge while C and C. continue to discharge. /1,4
and ic,x flows through S;, L, and S,. D,; and D,; are off. This is same as Mode 1 shown
in Fig. 3.5(a); thus modal Eqgs. (3.8) - (3.10) define this mode. At ¢ = ¢;, the voltages
across Cp and C, equal —V; and only C, discharges during this mode. ic, flows through
D,;, and D,; is still off. This is same as Mode 2 shown in Fig. 3.5(b); thus modal Eqgs.
(3.8) and (3.11) can be used to find the necessary variables. Mode 3 begins when S is
turned off at t = t,, C, and C. begin to charge by [, and I.; respectively while C,
continues to discharge. The first main difference between DVM and CVM is that, at the
end of this mode C, is not fully discontinuous as in Mode 3 of Fig. 3.5(c); instead, Mode
3 for CVM ends when S is turned on at ¢ = ;. Modal Egs. (3.12) - (3.14) can be used to
find mode end variable values. Mode 4 for CVM is the same as Mode 1 described above
where both §; and S, are on and all the capacitors discharge; therefore Egs. (3.8) - (3.10)
can be used to define Mode 4 but with new initial conditions. At ¢ = ¢4, S; is turned off
and C, begins to charge using /,;. Total discharge of C; and C, flows through D,, and
this mode is same as Mode 7 shown in Fig. 3.5(g); thus modal Egs. (3.19) - ( 3.21) can be
used to define the mode. At the end of this mode §; is turned on again and a new

switching cycle begins.

Given the interdependency of the components and key variables such as input
capacitor voltage vc,, output inductor voltage v, etc. the analysis of the converter in
the boost mode cannot be performed using equations with closed form solutions and
some sort of a computer program must be used to solve the aforementioned modal

equations.

The objective of the boost mode analysis is to confirm that a chosen value of C,
obtained from an analysis of the buck mode is satisfactory for boost mode operation as
well. In order to do this, it must first be determined that the converter is operating at
steady-state for the chosen value of C, and a randomly selected D. If it is determined that
the selected D does not result in converter steady-state operation, then it must be changed
until it does so. Once it has been determined that the converter is in steady-state

operation, instantaneous input capacitor voltage waveforms can be determined for a line
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cycle and used to determine the input current waveforms to see if they meet the
appropriate harmonic standard, without undue stress placed on the converter components.

If these criteria are not met, then a different value of C, must be selected.

As a result of the above-mentioned considerations, especially the fact that the
converter input currents for boost mode operation are likely to be distorted (and not
sinusoidal as in buck mode operation), some sort of computer program is needed for the
boost mode analysis. One way to develop this computer program is to consider the
following: First, as a starting point, a random value of D (slightly above 0.5) for boost
operation is selected and the value of C, used is the value that was already chosen to give
the required output voltage and that ensures DVM operation of C, in the buck mode. If
the converter is in steady-state for the chosen operating point in boost mode, the average
voltage across an inductor or average current through a capacitor must be zero. For this
analysis, the status of the converter can be checked by calculating the average value of
the L, voltage, Vi), over a line cycle. To do this, the instantaneous L, voltage must be
divided by T}. If Vipwe = 0, for this period, then the converter is in steady-state and a
steady-state operating point has been determined (D is valid). If not, the value of D
should be incremented until the steady-state criterion is satisfied. Then, based on v, and
the sinusoidal input phase A voltage, the voltage across an input inductor L, can be found
(vrax). Based on v, the instantaneous current of L,, iz, can be obtained and the Fast
Fourier Transform [FFT(iz,x)] can be performed to check if the IEC standard is met. If
not a much smaller C, for buck mode must be selected and its suitability for boost mode

should be rechecked.

To find the instantaneous voltages for the &” switching cycle such as vegr, Vo, etc. ,
the process should start with some initial values (Vg ka0), 1o k) for Mode 1; then based on
modal Egs. (3.8) - (3.9), the variable values at the end of Mode 1 (e.g. Vcuxur)) can be
calculated, taking these values as the initial conditions for Mode 2; the values at # = £, can
be found using the modal equations that define Mode 2. This way the variable values for
all the modes in the & switching cycle can be obtained. After the program checks
whether one whole switching cycle is calculated (t; = tp + T;) the values of the next

switching cycle can be derived based on the final variable values for ¥ switching cycle
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(i.e. Vearan = Vearri1an)- This process will repeat until all the switching cycles for one
line cycle are obtained by iterating k = T)/T; times (where 7; is the line period and 7 is the
switching period). After this has been done, the program can proceed to check if the
converter is operating in steady-state or not. If the answer is “no”, then D should be
increased and the process described above must be repeated; if the answer is “yes”, then

the FFT can be obtained as explained above to check to see if the IEC standard is met.

A flowchart of the computer program described in this section is shown in Fig. 3.11.

3.4 Design and Example

In this section of the chapter, a procedure that can be used to determine the key
parameters of the proposed converter (the input capacitors, inductors and the duty ratio)
is presented and demonstrated with an example. The output filter components can be
determined in the same manner as those of a conventional buck-boost converter [18] and
a procedure for their design is not given here. For the example, the converter
specifications will be an input line-line rms voltage V;, = 220 V, an output voltage V, =
150 V (D < 0.5) and 500 V (D > 0.5), a maximum output power P, .. = 2 kW and a
switching frequency f;= 25 kHz.

A. Selecting the Input Capacitors (C,= Cp= C,)

In order to select an input capacitor value (C,), either the buck or the boost mode of
operation should be considered first and converter operation should be confirmed for the
other mode. C, is more likely to be fully discontinuous throughout the input line cycle
when the converter is in buck mode as mentioned in Section 3.4. Therefore, based on Eq.
(3.47) derived by mathematical analysis, a suitable C, for the required output-to-input
voltage conversion ratio (M) and duty ratio (D) for buck mode operation can be selected

using appropriate design curves shown in Fig. 3.12.
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Although a particular value of C, may be satisfactory for buck mode converter
operation, it may be unsuitable for the converter operating in boost mode because that
input current harmonics standard may not be satisfied as the voltage across C, may not be
fully discontinuous throughout the line cycle. Some sort of compromise therefore must be
considered as increasing the value of C, to reduce switch stresses in the buck mode may
result in a too large C, in the boost mode to ensure an input current that is compliant with
IEC standard. As a result of this compromise it is necessary to confirm that the converter
designed for buck mode can meet the IEC standard when it is operated in the boost mode,
the design procedure is therefore iterative. In this section, only the final iteration of the

design example is shown.

Based on the converter specifications, M can be calculated (M = Vo/\3V;). If D is
closer to 0.5, then C, that will be in DVM for all the switching cycles can be obtained
using the characteristic curves shown in Fig. 3.13, which shows a set of curves of M vs.
D for a range of C, values. M <1 and 0 < D < 0.5 for buck operation. Each curve with
markers refers to a different C, value [20 nF < C,< 250 nF]. The solid straight line which
goes through the origin indicates M vs. D during the boundary discontinuous voltage
mode (BDVM). That is if the operating point lies on the straight-line without markers,
then when D < 0.5 C,’s voltage will touch zero axis exactly when ¢ = DT}, in the critical
switching cycle where phase voltage is at its peak. Therefore, any operating point that is

in the area below the straight line will ensure DVM operation of C,.

The higher the value of C,, the lower will be the peak switch voltage (V) so that it is
important to select the highest capacitance that will ensure the DVM operation of C,.
According to Fig. 3.13, when C, = 220 nF and the D is approximately 0.5, the proposed
converter operates in DVM; therefore, for this iteration, C, was chosen as 220 nF. Once
C, for D < 0.5 is selected the next step is to perform the “check” in order to find out if the

converter meets the IEC standard in the boost mode or not.
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Fig 3.12: Voltage conversion ratio (M) vs. duty ratio (D) for the proposed converter when D < 0.5.

B. Selecting the Input Inductor (L,= Ly=L,)

The design of the converter in the previous steps is based on the assumption that the
input currents are perfectly sinusoidal. In reality, this is not true as these currents will
have high—frequency ripple and low—frequency harmonics. When D < 0.5 there is more
current available to discharge the input capacitors. This makes it more likely that the
input capacitor voltages will be fully discontinuous and thus more likely that the input
currents will be sinusoidal. As a result, it is the high—frequency ripple that is more

dominant when the converter is operating D < 0.5.

Fig. 3.13 shows a per phase equivalent circuit of L—C filter section that can be
used to find the relationship between C,, L, and the line current harmonics. If f, is the
dominant harmonic frequency (sidebands) related to the switching frequency f; then f, can
be written as Eq. (3.47), gives the allowed high frequency input ripple current in to the

utility side (/j5) as a function of total generated harmonics (/;;) and input parameters
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If ). = 20%l ., then the relationship between the input filter components and harmonic

Iy =

content becomes

LC, :(%%)Z(zﬂ%ﬂwj (3.49)

where C,= 220 nF and f,= 25060 Hz or 24940 Hz. L, becomes 1.1 mH.

C. Selecting the Duty Ratio D and Checking IEC Standard Compliance in the
Boost Mode

With value of C, chosen above and the D that allows the converter boost operation to
reach the steady-state; the next step of the design procedure is to confirm that the input
current harmonic standard is satisfied for boost operation. This done by finding the FFT
of the input inductor current iz, as shown as the last step of the flowchart in Fig. 3.11.
For this example, such a check was performed and the harmonic content was found to be
satisfactory with respect to IEC 61000-3-2 Class A. If this had not been the case, then a

new C, needed to have been found.
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D. Peak Switch Voltage

The converter can encounter the peak switch voltage when it is operating in the buck
mode or in the boost mode. As a result, the peak switch voltage must be checked for both

modes of operation, as shown in this section, to determine the actual peak switch voltage.

For buck operation

The peak switch voltage in the buck mode of operation occurs when the converter is
at the full load and at the switching cycle where the phase voltage is at its peak. Due to
the placement of the switches, Vi is limited to the maximum phase voltage of the C, so
that the switch stress is about half of the peak switch voltage stress of a switch in the
conventional single-switch three-phase buck-boost converter (Fig. 3.2). This switch stress

can be found as

Iapk
Vo ==2(1=DJT, (3.50)

s,pk
a

In Eq. (3.50), Lupwy = 7.5 A(= (N2 P, na)/(N3V3)), the selected C, = 220 nF and D = 0.5
(which was determined from Fig. 3.11), and the switching period 7y = 40 ps. The

resultant switch voltage stress at this operating point is approximately 700 V.

For boost operation

For the selected operating point, v, is semi-continuous for boost mode. This was
found by the instantaneous input capacitor voltage (v¢,) found by the flowchart shown in
Fig. 3.11. As a result the maximum switch stress can occur during any switching cycle
and this value will be dependent on the minimum value of v¢, or the voltage value when
switch is turned off and the line current /, for that switching cycle. To find these values

in order to calculate Vg a sweep must be performed using the flowchart in Fig. 3.11.

14

s(pk) =

Ve

a

winy T (1-D)T,/C, (3.51)
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the values obtained from the sweep were 1, = 6A and Ve, rug) = 450V, and they resulted
in a V. of approximately 800 V.

3.5 Experimental Results

A simple, proof-of-concept, experimental prototype of the proposed converter was
built to confirm its feasibility. The converter was implemented with main circuit
components L,= L= L.= 1.3 mH, C,= C,= C~= 220 nF, L,= 1.3 mH and C,= 1500 uF
at switching frequency f; = 25 kHz. The experimental waveforms were obtained when the
converter operates with input voltage Vi, = 220 V, output voltages V>= 150 V (D < 0.5)
and 500 V (D > 0.5), and maximum output power P, ., = 2 kW. The semiconductors
used for the prototype are FGASON100BNTD2 as switches and APT30DQ100BG-ND as

rectifiers.
Figs. 3.14 — 3.20 show the following experimental results:

e Fig. 3.14 shows typical input current waveforms when V, = 150 V (Fig. 3.14(a))
and 500 V (Fig. 3.14(b)) and P,= 2 kW. It can be seen from Fig. 3.14 that the input
current waveform when 7, = 150 V has considerably less distortion than that when
V>= 500 V. This is because there is more current available to discharge the input

capacitors at the lower output voltage than at the higher input voltage.

FAAAA ALAAAL
VAR I AR R

(a). V=150V (b). V>,=500V
Fig 3.14: Phase voltage and line current P, ., =2 kW [V: 100 V/div, I: 10 A/div, t: 10 ms/div].
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e Fig. 3.15 shows typical input capacitor voltage waveforms (v¢,, vep and ve.) when
V,=150V [Fig. 3.15(a)[ and 500 V [Fig. 3.15(b)] and P,= 2 kW. It can be seen in
Fig. 3.15(a) that the input capacitor voltages are in the DVM and bounded by a
sinusoidal envelope so that they themselves can be considered to be sinusoidal
whereas the waveforms in Fig. 3.15(b) are semi-continuous waveforms and do

seem to be sinusoidal at all.

e Figs. 3.17 and 3.18 show input voltage (v,) and current (i,) waveforms for V,= 150
V and 500V, for various loads. Tables 3.1 and 3.2 show the input line current
harmonics for various loads when V, = 150 V and 500 V respectively. It can be
seen from Figs. 3.17 and 3.18 that the input current waveforms becomes less
distorted as the load is increased and that the waveforms for V> = 150 V are less
distorted than those for V>= 500 V. This is because more load current results in the
input capacitors being able to discharge during a switching cycle so that the input
capacitors voltages can approach being fully discontinuous throughout the line
cycle and bounded by a sinusoidal envelope.

e It should be noted that regardless of the input current shape, the input current
harmonics complied with IEC 61000-3-2 Class A standards on harmonic content

for both V>=150 V and 500 V, as can be seen from Tables 3.1 and 3.2.

(a). V>=150 V (b). V>=500 V

Fig 3.15: Input capacitor phase voltage for line cycles P, o = 2 kW[ V: 1200 V/div, ¢: 4

ms/div].
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(a). V>=150V (b). V>=500V
Fig 3.16: Input capacitor phase voltage for line cycles P, uax=2 kW [V: 750 V/div, £: 10
us/div].

e Fig. 3.19 shows typical switch voltage and current waveforms for /> = 150 V and
500 V and P, =2 kW. It can be seen from Fig. 3.18(a) that the switch voltage (vs)
starts from zero and rises to a peak value whereas in Fig. 3.18(b), the vg does not
start from zero when the switch is turned off. This is because the vy is dependent on
the discharging of the input capacitors.

e In Fig. 3.19(a), vs waveform is a result of the input capacitors having been
completely discharged while the switch is on whereas in Fig. 3.19(b), vs waveform
is a result of the input capacitors not been fully discharged. The difference in
switch voltage shapes corresponds to the fact that it is easier to discharge in the
input capacitors when D < 0.5 than when D > 0.5 due to the presence of more
current in the DC side in the former case. This is because the vs is dependent on the
discharging of the input capacitors.

e In Fig. 3.19(a), vs¢ waveform is a result of the input capacitors having been
completely discharged while the switch is on whereas in Fig. 3.19(b), vs waveform
is a result of the input capacitors not been fully discharged. The difference in
switch voltage shapes corresponds to the fact that it is easier to discharge in the
input capacitors when D < 0.5 than when D > 0.5 due to the presence of more

current in the DC side in the former case.
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Fig 3.17: Input current and voltage when V,= 150 V [V: 100 V/div, I: 10 A/div, ¢: 10

ms/div].

Table 3.1 IEC 61000—-3-2 Class A standard limits, harmonics of phase current for loads 2
kW-500W and PF when V,=150V.

Harmonics  Class A 2kW 1.5kW 1kW 500W
5t 2.06 0.17 0.14 0.09 0.68
7™ 1.39 0.03 0.02 0.06 0.54
11" 0.6 0.08 0.07 0.06 0.17
13" 0.38 0.09 0.07 0.05 0.09
PF 1.000 1.000 1.000 0.960
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(c). P,= 1000 W (d). P,= 500 W

Fig 3.18: Phase current and voltage when ¥>= 500 V for loads [}V: 100 V/div,
I: 10 A/div, t: 10 ms/div].

Table 3.2: IEC 61000-3-2 Class A standard limits, harmonics of phase current
for loads 2 kW—-500W and PF when V,=500 V

Harmonics  Class A 2kW 1.5kW 1kW 500W
5t 2.06 1.04 1.05 0.93 0.67
7 1.39 0.83 0.87 0.50 0.30
1" 0.6 0.14 0.18 0.05 0.08
13" 0.38 0.07 0.18 0.04 0.01
PF 1.000 1.000 1.000 0.960
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(a) [V: 250 V/div, I: 25 A/div, £: 10 ps/div] () [V 400 V/div, 110 A/div, £ 10 ps/div]

Fig 3.19: Switch voltage and current for V5: (a) 150 V, (b) 500 V when P, 4, =2 kW.

e Fig. 3.20 shows curves of efficiency vs. load. It can be seen from these efficiency
curves that the converter is more efficient when operating with V>= 500 V in boost
mode that when it is operating in buck mode with V,= 150 V. This is because there
is less current circulating in the converter when V> = 500 V and thus there are fewer
conduction losses. It can also be seen in Fig. 3.19 that the switch current (is) has a
different shape depending on whether V>= 150 V or V>= 500 V. In the former case,
the input capacitors are fully discharged and when this happens, is level dips and
corresponds to the input line current. This does not happen in the latter case
because the input capacitors discharge until the switch is turned off, but their

voltage never reaches zero due to partial discharge.

3.6 Conclusion

It was shown in Chapter 2 that it is possible to implement a single-switch three-phase
AC-DC buck-boost converter with capacitive input filter, but although this converter is
very attractive, it is also impractical because of its very high peak switch voltage stress.
As a result, a new three-phase neutral point connected buck-boost multilevel converter
with significantly reduced peak switch voltage stresses that is based on the single-switch
converter was studied in this chapter. Moreover, the chapter examined how a reduced

switched converter with capacitive input filter operates in the boost mode (conventional
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Fig 3.20: Efficiency curves buck mode boost mode at load conditions.

approach - a reduced switch input filter converter operating in the boost mode), which

has not been previously addressed in the literature.
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Chapter 4

4 A Three-Phase Neutral Point Connected Buck-Boost
Quasi-Resonant Ac-Dc Converter

4.1 Introduction

The buck-boost converter that was the subject of Chapter 3 is an improvement over
the conventional single-switch three-phase AC-DC buck-boost converter because it can
be implemented with switches that have almost half the voltage rating of the switch that
is needed for the conventional converter. Its switches, however, operate with what is
known as "hard-switching" in the power electronics literature and this hard-switching
operation results in switching losses. These switching losses can be reduced if the
converter is operated with so-called "soft-switching" and the main focus of this chapter is
the implementation of a particular soft-switching technique known as quasi-resonance to

the buck-boost converter discussed in the previous chapter.

In this chapter, the terms "hard-switching" and "soft-switching" are defined and it is
explained how soft-switching can reduce switching losses in power electronic converters.
The new quasi-resonant buck-boost converter is then introduced and its general operation
is explained, particularly the use of quasi-resonance (QR) as a soft-switching technique to
reduce switching losses. The converter's modes of operation for both buck (voltage step
down) mode and boost (voltage step up mode) are then discussed in detail and the
analysis of the converter is presented. Based on the analysis, a design procedure that can
be used for the selection of key components is developed, and then demonstrated with a
design example. Finally, the feasibility of the new converter is confirmed with

experimental results obtained from a prototype converter.

4.2 Soft-Switching

The switching of a switch (MOSFET / IGBT) is not ideal. If this switching was ideal,
then a switch would turn on and off instantaneously and there would be no overlap
between the voltage across a device and the current through it. In reality, however, such

overlaps do exist whenever the device is in a switching transition, going from on-to-off or
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vice versa. An example of the overlap of voltage and current that can be encountered by a
device is shown in Fig 4.1 [1]. Since switching losses are related to the product of voltage
and current during a switching transition, the overlap of voltage and current results in
power losses. The switching loss of a switch is also related to its switching frequency —

the faster a switch is turned on and off, the more switching losses are generated [36].

Switching losses, however, can be reduced if either the switch voltage or the current is
made to be zero during a switching transition. Since the techniques for doing so involve
making these transitions gradual (soft) instead of sudden (hard), they are known as soft-
switching techniques in the power electronics literature. There are therefore two types of
soft-switching techniques — zero-voltage-switching (ZVS) and zero-current-switching
(ZCS). ZVS methods tend to be used in lower power converters where MOSFET devices
are used and ZCS methods tend to be used in higher power converters where IGBTs tend
to be used. The reasons why ZVS is preferred for MOSFETs and ZCS is preferred for
IGBTs are due to the nature of the devices and will not be discussed in detail in this

thesis.

Since the three-phase buck-boost converter discussed in Chapter 3 can be considered
as a higher power converter, it is practically implemented with IGBTs; therefore, if it is
to be implemented with soft-switching, then ZCS techniques should be considered. There
are numerous possible methods by which ZCS can be implemented in this converter, but

these methods generally fall into one of two categories — either they are quasi-resonant

ir_ i
Vi - vr_

T 2 PrT N .,
on-v-l

l-Tum ;ff--l 1—- Turn-

Fig 4.1: Non-ideal (hard) switching characteristics [1].
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techniques [37]-[39] or they are zero-current transition (ZCT) techniques [40]-[42]. Both
type of ZCS methods use a small inductor placed in series with a switch to slow down the
rate of current rise when it is turned on. ZCT techniques typically use some sort of active
auxiliary circuit containing a lower current rated switch to divert current away from a
main converter switch whenever it is to be turned off while resonant type methods use
resonant circuit elements placed in the converter to shape the switch current so that it

falls to zero, thus enabling ZCS to occur.

In this chapter, the soft-switching of the buck-boost converter discussed in the
previous chapter is considered with a quasi-resonant resonant-type ZCS method. This
method gets the name "quasi-resonant" as the switch current waveforms are not fully
resonant, which would mean sinusoidal switch currents. This quasi-resonant
implementation was selected because it is the simplest and cheapest way by which ZCS

operation can be achieved.

4.3 Operation of the Proposed Converter

The new three-phase, multilevel, quasi-resonant AC-DC converter is shown in Fig.
4.2. As can be seen from Fig. 4.2, its topology is the same as the converter in Chapter 3
except that components L,;, Cy;, Ly, and C,» have been added to the circuit. These
components have a significant effect on the operation of the converter as they are the
resonant elements that force the current in each switch to zero so that it can be turned off

with ZCS — resonant components L,; and C,; force the switch current of switch §; to zero

C,i Cp
—
Vll,rms La Og 2000 < <
% 4 ! L([] D()I DOZ
EILO 0!: R
Sg LIIZ
> Lo

Fig 4.2: The proposed three-phase, multilevel, quasi-resonant buck-boost converter.
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after it is turned on and resonant components L,; and C,, force the switch current of
switch S; to zero after it is turned on.

Since the converter is a buck-boost converter, it can operate either in buck mode (step-
down the output voltage with respect to the peak line-to-line input voltage) or in boost
mode (step-up the output voltage with respect to the peak line-to-line input voltage).
Similar to a conventional PWM DC-DC single-switch buck-boost converter, the
proposed converter operates in buck mode when the switch duty cycle D < 0.5 and in
boost mode when D > 0.5. In this section of the chapter the operation of the proposed
converter when D < 0.5 and D > 0.5 are explained with modal equations.

The operation of the converter is explained in this section with reference to Figs. 4.3
and 4.5, which show equivalent circuit diagrams at the steady-state when D < 0.5 and
when D > 0.5 respectively, and Figs. 4.4 and 4.6, which show typical converter

waveforms for several switching cycles for D < 0.5 and D > 0.5 respectively.

4.3.1 D <0.5[Buck mode of operation]

During the buck mode of operation, prior to ¢ = #), both switches S; and S are off;
therefore the AC and DC sides are separated. The input capacitors are charged by the line
currents. In the DC side, the output inductor current (/;,) freewheels through output
diodes D,; and D,;. The initial conditions for the resonant components are zero (irq ) =

0, veg ki) = 0) and the initial voltage of C, 1s veg ko).

Mode 1 (ty<t<t), [Fig. 4.3(a)]:

S; 1s turned on and current 7,4 gradually increases due to the presence of inductor L,;
in the conduction path. As a result of the gradual rise in iz, C, continues to be charged
by the difference current 7,4 - iz x; thus the voltage of C, (v, ) starts to decrease when
irgx becomes greater than /,;. C, and C, charge using respective line currents 7, and /.
ok = - (Upx + Icx)] throughout Mode 1. As i« increases, the current through D,

decreases and the voltage of Cy; (v, 1) remains zero.

The voltage across L,; equals vc, i because the current of L, is freewheeling through

Lo, D,1, D,> and R; thus output voltage V, is cancelled by the voltage across L,. The rate
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of rise of current of L,; can be written as the ratio between the voltage across L,; and the

inductance L,; as

diLq,k — VCa,k - qu,k — vCa,k (4 1)
dt L L '

q q

where diz,i/dt is the rate of rise of L,; current and vcar and ve,  are the instantaneous

voltages across C, and Cy; in the K" switching cycle.

dea,k — ]a,k _iLq,k (4 2)
dt C '

a

The variation in the voltage across C, can be written as the ratio between the difference
current (1, - ir4x) and the capacitance C, as given in Eq. (4.2). This mode ends at ¢ = ¢,

when iz, 1) 1s equal to the current of L.

Mode 2 (1; <t <t,), [Fig. 4.3(b)]:

Mode 2 begins when iz, 1s equal to the current of L,. L,; and C,; begin to resonate
while D,; stops conducting. C, continues to discharge, according to Eq. (4.2). The current
of L,; is increasing and the difference current (izyx - I1,) charges C,;. The resonance
between L,; and C,;, the components associated with soft switching of S;, can be

described as follows:

dt L

q

diLq,k _ Veak ~Vegr 4.3)

deq,k _ qu,k - ILo

dt C

(4.4)

Eq. (4.3) gives the rate of rise of current of L,; and Eq. (4.4) gives the rate of rise of
voltage of C,;. irgr reached its peak during this mode and then becomes equal to the

current of L, at the end of this mode.
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(f) Mode 6(¢5<t < tp)
Fig 4.3: Modes of the converter when D <0.5.

Mode 3 (t,<t <), [Fig. 4.3(c)]:

At the start of this mode iz, equals the current of L, and continues to decrease. iz,
however, is still greater than 7, the phase A current; therefore, C, continues to discharge
(or charge in the opposite direction). C, begins to charge when iz, < I, Finally, when
irgs has fallen to zero, C, charges using the entire phase A current /, ;. Modal Egs. (4.1) -

(4.3) prevail during this mode.

Mode 4 (t: <t <ty), [Fig. 4.3(d)]:

At t = t3, Mode 4 begins when the current of L,; has decreased to zero [izg 3 = 0]. S;
can be turned off with ZCS when this happens as there is no overlap of switch voltage

and current. C, charges linearly using the entire phase A current /,; as follows:
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]a
VCa,k(t4) = VCa,k(t3) +C_’k(t4 - Z‘3) (4.5)

a

where Vcarug and Ve ias) are the voltage values of C, at = ¢, and ¢ = #; respectively. Cy;
discharges linearly as the entire current of L, (which is assumed to be equal to the

average current value /;,) is provided by C,;, according to

[ 0
ch,k(m) = ch,k(m) _CL(Q _t3) (4.6)

q

where Vg rag) and Vg ra3) are the voltage values of Cy; at ¢ = ¢4 and ¢ = #; respectively. Cy;

eventually discharges sometime during this mode.

Mode 5 (t,<t<ts), [Fig. 4.3(e)]:

Mode 5 starts when S, 1s turned on. It does so with ZCS as the rate of rise of current is
gradual because inductor L, 1s in series with S. Since there 1s a 180° phase shift between

turn-on time of the two switches, 7, = ) + T5/2, where Ty is the switching period.

As irqr gradually increases (equivalent to Mode 1), the current flowing through D,
gradually decreases. When i;,; has risen to the level of the output current of L,, L,>
begins to resonate with C,». The current of L, izqx rises, reaches its peak and then

decreases while the voltage of C,; increases.

Cp and C, begin to discharge when i;, ; starts to increase above the output current of L,
to supply the increasing resonant current (equivalent to Modes 2-3). This mode ends
when C,; reaches its peak voltage (Vcyri2) and when iz,> has fallen to the level of the

output current of L.

Mode 6 (t;<t <tg), [Fig. 4.3(f)]:

Mode 6 starts at ¢ = ¢5, when iz, = 0 and S, can be turned off with ZCS. Mode 6 is
similar to Mode 4 except that C,, discharges into the load instead of C,;. Sometime
during this mode, C,, becomes completely discharged and thus D, begins to conduct the

entire load current.
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Fig 4.4: Typical waveforms when D <0.5.

Mode 6 ends when S; is turned on at ¢t = #5, with ZCS. This is the start of a new
switching cycle, (k+1). Modal equations for Mode 5 and 6 are not given as they are same

as the Egs. derived for Modes 1-4.

The ZCS nature of the converter can be seen in the typical converter waveforms
shown in Fig. 4.4. It can be seen how both switch currents (/;4; and /;,,) resemble a hump
that begins at zero and ends at zero. This resonant hump is caused by the resonant
components that are associated with each switch and it is their presence in the converter

that allows the switch currents to be shaped in this manner to allow for ZCS operation.

4.3.2 D> 0.5[Boost mode of operation]

The steady-state modes the converter goes through during the boost mode of operation

are shown in Fig. 4.5 and the typical waveforms are given in Fig. 4.6. During boost
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operation, at least one of the switches is on at all times whereas there are instances where
none of the switches are on when the converter is in the buck mode. Since the proposed
converter is a QR ZCS converter, however, a switch can be on without any current
through it as it is extinguished before the switch is turned off. As a result, the steady-state
operation of the converter in the boost mode is very similar to its operation in the buck
mode and only the modal equations that are different in a particular mode are stated
below. It should also be noted that if a switch is on, but there is no current through it, it is

shown transparent in the circuit diagrams.

Prior to ¢t = ty, S> is on, but the current through L,> (ir k) 1S zero; thus, the only
differences that boost mode of operation has with buck mode are the discharging of C,;

in the DC side and the initial voltage across C,, at ¢ = #y, which is vy k).

Mode 1 (t)<t<ty), [Fig. 4.5(a)]:

At t = 1y, S; 1s turned on, with ZCS. C,, continues to discharge linearly as the output
inductor current (which is assumed to be equal to its average value /;,) flows through it.

This discharging can be expressed as

I 0
VCq,k(tl) = VCq,k(tO) _CL(t - to) 4.7)

q
where Vg kar) and Vey ko) are voltages of Cq2 at £ = 7y and ¢ = ¢; respectively.

During Mode 1, L,; resonates with C,, but does not interact with Cy, as is the case for
Mode 1 when D < 0.5 and the converter is operating in the buck mode; therefore, the
equations stated for Mode 1 when D < 0.5 are still valid. iz, 1s given by Eq. (4.1) and
Veak 18 given by (4.2). Mode 1 ends when the current of L,; equals average current of L,

att=t1, Irg1k00)= 1o

Mode 2 (t;<t<t,), [Fig. 4.5(b)]:

At t = t;, Cy; begins to charge as C,; and L, starts to resonate. C,» continues to

discharge linearly as the output inductor current flows through it. As a result, the net
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charging current through C,; is (izgx - I1,), which is same as the charging current during
Mode 2 when the converter is operating in the buck mode (D < 0.5). During Mode 2, C,
discharges because iz4; > I, and the additional resonant current must be supplied by C.,.
Sometime during this mode, S, is turned off with ZCS (switch S, current was
extinguished prior to ¢ = #). Eqs. (4.2) - (4.4) give the behavior of vcax, irgk and vegr
(voltage of C,;) whereas voltage of C,, is given by Eq. (4.7).

Mode 3 (t,<t <), [Fig. 4.5(c)]:

Mode 3 begins when i, starts to decrease the output current of L,; as a result, C,;
begins to bridge the gap between currents Iz, and iz, . C,> 1s fully discharged during this
mode, which ends when iz, 3 = 0. The converter acts the same as in Mode 3 for buck

mode of operation, as described above.

Mode 4 (t: <t <ty), [Fig. 4.5(d)]:

At the beginning of Mode 4, C, begins to be charged by the entire phase A current 7,

as irq k3= 0. Cg4; 1 linearly discharged by the output inductor current according to

I 0
ch,k(z4) = ch,k(zs) _CL(Q _t3) (4.8)
q

where Ve, ka3 18 the voltage of Cy; at £ = t3 and Vg iie 1s the same at ¢ = 14

Mode 5 (t,<t<ts), [Fig. 4.5(e)]

S> 1s turned on with ZCS at ¢ = ¢,. The switch current of S; is zero and S; is turned off
at t =ty + DT. It should be noted that during Mode 5, both switches will be on for some
time until S; is turned off; however only S>; will be conducting as the current in §; is

extinguished during Mode 4.

C, continues to charge linearly while C, and C, both stop charging and begin to
discharge, supplying the increasing current of Ly, (irq ). Cy2 starts to charge when iz, 1s
greater than the current of L,. During this mode, iz, x completes its resonant cycle and

becomes zero; thereafter Cj, charges using phase B current /4 and C, charges using phase
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C current /.. Thereafter, C,; is discharged by the output inductor current. This mode

ends when S; is turned on at ¢ = ¢5 (= ty+ T;) and a new switching cycle (k + 1) begins.

1,
I/Il,rms 4a o Wﬁ <

5 ;l.Ca + lLl; E " v

(b) Mode 2(t, < £ < 1)
+ -
" Ca
o mvj Veq %q
SI lL,; / DoZ
{ . 1
N
; + ' EILO o
T -

(c) Mode 3(£;<t<t3)
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Fig 4.5: Modes of the converter when D > 0.5.

4.4 Mathematical Analysis

The ultimate objective of the analysis is to determine steady state converter operating
points for various combinations of converter components. The results of the analysis will
then be used to design the converter so that it can operate with an appropriate input
current harmonic content and with quasi-resonant zero-current-switching (ZCS) for a

desired operating range (range of output voltage, output load).

For the analysis of the converter, the following assumptions are made:

e The line frequency (f;) is smaller than the switching frequency (f;); therefore, the
line currents can be considered to be constant for all the modes (e.g. phase A

current /, ;) of any selected switching cycle £.
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e Output inductor L, is sufficiently large to be considered as a current source of value
I1,, where I, is the average current through L,, and C, is sufficiently large to be

considered as a voltage source V,, where V,, is the output voltage.

e The value of all three input capacitors are the same of that C, = C, = C,; therefore,
only the voltage of C, v¢,, is considered throughout this chapter as v¢, and v, are

the same as v¢, but with phase shifts of 120° and 240° respectively.

e Resonant components L,; = L,»= L, and C,; = C,2 = Cy; therefore, only the current
of L,; and voltage of C,; are obtained in this chapter as the current of L., and the
voltage of C,, can be derived from L,; and C,; respectively. The currents through
each resonant inductor is indicated as i, and the voltage across each resonant

capacitor is indicated as vcy .
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Fig 4.6: Typical waveforms when D > 0.5.
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e For both buck and boost operations, the gating signals of switches S; and S are the

same, but shifted 180° with respect to each other.

e Due to the symmetry of a three-phase system, only 1/6™ of the line cycle needs to
be considered in the analysis. For the analysis presented in this chapter, a line cycle
interval of [n/2-2n/3] is chosen, which means that for the first switching cycle, the
phase A voltage is at its peak value V,;, = V,, and the voltages of phases B and C
are Vpr= Ver = - Va/2, where Vg, Vig, Ve are voltages of phases A, B and C and
V. 1s the peak phase voltage. It should be noted that the selection of this particular

1/6™ of the line cycle interval is arbitrary and any portion could have been chosen.

4.4 1 Quasi-Resonant Criterion

The first condition that needs to be examined is whether a resonant inductor current
(ir4) falls to zero before its corresponding switch is turned off. The instantaneous value of
ir4 1s almost the same for every switching cycle; therefore if iz, is zero before the end of
switch on-time #,, = D/f;, then the ZCS condition is met. This can be checked by the

following equation:

(t0+D )

sy %
[ =t 1,0, =0 (4.9)

Ji —
ty+D
Lg k(0 4)

t q

where 114 km0+pj) 1S the inductor Ly; current at the time of switch turn-off, 114 s is the
initial current, vcar and vey « are the instantaneous voltages of C, and C,; respectively. If
114 k) €quals zero, that means the switch current is extinguished by the time the switch
is turned off. If this condition is not satisfied, the resonant components and the switch on-

time (¢,, = D*1/f;) must be changed.

44,2  Steady-State Criterion

When the converter is in steady-state, the average current through a capacitor and the
average voltage across an inductor must be zero during a line cycle. The steady state
condition of the converter for a selected combination of component and parameter values

can thus be tested by determining the average current of any input capacitor. If this is
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zero, then the converter is operating in steady-state. Due to symmetry, it is sufficient to
check just 1/6™ of the line cycle to determine whether the converter is operating in

steady-state.

The line interval - [n/2-27/3] is considered; thus the first switching cycle, the phase A
voltage is at its peak value V, ;= V,, and the voltages of phases B and C are V=V, = -

V./2, and the phase A current is at its peak value (1 . =2P, / 3Vm)_ Using the intial

conditions and modal Egs. 4.2, 4.4 and 4.5, v¢,x can be found for the first switching cycle
k; then by taking the final mode variable values as the initial conditions, vcg ) can be
found. By sweeping over the entire line interval in this manner, v¢, waveforms can be
determined. Since the current of C, is the product of C, and the integral of v,, therefore,

the average value of the current through C,, Icuve) can be determined as follows:

nvw

(dea,k )dt
/ _ l k=1
Ca(ave) 6 (l/f-l)

S e

(4.10)

where f is the start time of Mode 1, 4 is the end time of K™ switching cycle and v, is
the instantaneous voltage across capacitor C,. This equation must have a value of zero

when the converter is operating in steady-state.

If Icagve) 18 not zero, however, then circuit parameters such as C,, L,, C,, f; and/or D
must be changed until Eq. (4.9) is satisfied. Any combination of components that satisfies
Eq. (4.9) will result a set of components that allow the converter operate in the steady-
state. After checking the steady-state condition of the converter, the final criterion to

check is whether the phase currents meet IEC standard or not as explained below.

4.4.3 Input Power Factor Correction (PFC) Criterion

As explained in [43], if the input capacitors (e.g. C,) are chosen to be sufficiently
small, then they can operate in the discontinuous voltage mode (DVM) with their
voltages becoming zero sometime within each switching cycle. The input capacitor phase
voltages (e.g. v¢,) then consist of trains of triangular pulses with peaks that naturally

track a sinusoidal shape, which minimizes the presence of low frequency harmonics.
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Since the input capacitor voltages consist of a fundamental component and high
frequency components when they are discontinuous and the input voltages can be
considered to be purely sinusoidal, the input line currents can be sinusoidal as the input

inductors can filter the high frequency components.

This can be checked by performing a Fast Fourier Transform to the phase currents
(FFT{i,}). To find the phase current, i,, the instantaneous input capacitor phase voltage
(e.g. veqx) must be tracked, then, based on v¢,; and the sinusoidal input phase A voltage,
the voltage across an input inductor L, can be found (vi,x). Based on vy, the
instantaneous current of L,, iz, can be obtained and the Fast Fourier Transform can be
performed to check if the IEC 61000-3-2 Class A standard is met. If the IEC standard is

not met, then a much smaller C, must be selected and all three criteria must be rechecked.

To find the instantaneous values for parameters such as vcg, irqk etc. for the K"
switching cycle, the process should start with some initial values (Vg ko), Lo k) for Mode
1. Based on the modal Egs. presented above, the variable values at the end of Mode 1
(e.g. Veakan) can be calculated and then considered as the initial conditions for Mode 2.
The values at ¢t = ¢, can be found using the modal equations that define Mode 2, the
values at ¢ = #; can be found using the modal equations that define Mode 3 and so on until
the end of the " switching cycle is reached. After the program checks whether the
variable values for one whole switching cycle has been calculated (75= 7+ T;), the values
of the next switching cycle can be derived based on the final variable values for &”
switching cycle (i.e. Veaias) = Vear+iao)- This process is repeated until all the switching

cycles for one line cycle are obtained by iterating & = f/f; times.

The converter is a buck-boost converter and thus should satisfy the above criteria over
a wide range of output voltages (V,) and power levels (P,). Since it is a quasi-resonant
converter, the converter needs to be operated with variable switching frequency f; with a
fixed switch on-time (z,, = D/f;) and a variable off-time [44]. The switch on-time needs to
be fixed because of the timing associated with the switch current — the converter's
resonant components shape the switch current so that it can falls to zero, which allows the

switch to be turned off with ZCS. If the switch on-time is varied, then this ZCS
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opportunity can be missed - if the switch is turned off too soon, then the switch will be
turned off while current is flowing through it, or if the switch is turned off too late, then
again the switch will be turned off while current is flowing through it as current will have

started to flow in the switch after settling at zero for some time.

Since the converter's output voltage is dependent on the switching frequency f;, it
must be sufficiently large to ensure that the converter can operate with the desired output
voltage over the entire load range. This is especially true when the converter operates as a
buck converter and its maximum duty cycle (D) is limited to 0.5 as it cannot step up

voltage.

Due to the wide range of V, - P, combinations, however, the switching of the
converter should be implemented by some combination of variable-frequency and
constant-frequency PWM mechanisms. The switching frequency (f;) can be controlled in
the range between full load and light load. In this power range the f; can be made to vary
from some upper frequency, f;, to some lower frequency f;;, that should be just above 20

kHz, which just above the audible range.
The analysis can proceed according to the following steps:

o Step 1: Start the analysis by assuming D = 0.5 and f;= 50 kHz (where f;qy) for the
converter is set at 50 kHz) for the case when the converter operates as a buck
converter with full load.

e Step 2: Select the combination of component values for C,, L, and C, to be
considered.

e Step 3: Using the modal equations in Section 4.3, check the validity of the
operating point by checking whether the three criteria: the ZCS turn-off criterion,
steady-state condition, and the input PFC criterion - given above are met.

Since the variables are interdependent, a closed form solution cannot be derived
and some sort of a computer program is required. One way of writing such a
program is shown in Fig. 4.7. Fig. 4.7 shows a flowchart that was used to develop a
computer program that checks to see if the selected operating point (C,, L,;, C,) and

parameters (D, f;) satisfy the three criteria.
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e Step 4: Considering the particular program whose flowchart is shown in Fig. 4.7,
begin by assuming some initial conditions for Mode 1 of switching cycle £ = 1,
defined as when V,; = V,, and Vi = Ve = -Vil/2.

e Step S: Solve modal Egs. (4.1) and (4.2) to find the values of v, x and iz x (Vea ko),
iLg ko)) at the end of Mode 1. These values are then used as initial conditions for
Mode 2 and the values at the end of Mode 2 are used as the initial conditions for
Mode 3, etc. In this way, the program can sweep through all the modes for the k"
cycle and then proceed to (k+1)" switching cycle. The loop ends when k =
(1/f)/(1/f;), when a complete line cycle has been checked, at which point, it can be
determined if the three criteria are met. If the three criteria have not been met, then
D or f; or both must be changed and the program must go through the same steps
until they are met.

e Step 6: Once an operating point for full load operation when the converter is in
buck mode is selected, then the switch on-time (z,, = D/f;) can be determined and
suitable D and f; combinations for other V,/P, conditions can be found.

e Step 7: By repeating Step 5, it can be checked if the selected operating point for
buck mode full load operation is also valid for other conditions such as buck light
load, boost full load and boost light load etc. If not, the above steps must be

repeated until such point is found.

4.5 Design and Example

In this section of the chapter, a procedure that can be used to determine the key
parameters of the proposed converter (the input capacitors, input inductors, and resonant
components) is presented and demonstrated with an example. For this example, the
converter specifications are as follows: input line-line rms voltage V;, = 220 V, output
voltage V,= 150 V (buck D < 0.5) and 500 V (boost D > 0.5), maximum output power P,
=2 kW.
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A. Selecting the Input Capacitors (C, = Cy = C.), Switching Frequency (fs) and
Duty Cycle (D)

In order to select an input capacitor value (C,), either the buck or the boost mode of
operation and full load or minimum load should be considered first and converter
operation should be confirmed for the other output voltage (V,) and output power (P,)
combinations. The selected operating point should be in steady-state, ensure that the input
capacitors are in discontinuous voltage mode (DVM) and ensure that the switches operate
with zero current switching (ZCS). Design curves shown in Figs. 4.8 were plotted using

the modal equations and the computer program derived in the previous section of this

paper.

For this example, the switching frequency (f;) is made to vary in the range between 55
kHz at full load and 20 kHz at light load where light load is 500 W. When f; is less than
to 22 kHz, the constant-frequency PWM is used to regulate the output voltage without
decreasing f; further. A lower limit of 22 kHz is considered as it is just above the audio

range of frequencies.

Step 1 of selecting C, is to consider when the converter is at buck full load operation
(Vo= 150 V, P, =2 kW) and find components and switch on-time (7,,) such that the
required voltage gain (steady-state) and the input PFC is obtained. Once suitable value of
C, and D/f; are found, curves such as those shown in Fig. 4.8(a) can be drawn. This
process can then be extended to other V,/P, combinations such as V,= 150 V, P,= 500
W, V,=500V, P,=2kW and V,= 500 V, P,= 500 W to obtain similar design curves
shown in Figs. 4.8(b), 4.8(c), 4.8(c) respectively.

Then in Step 2, an input capacitance that can meet the design criteria for all output
combinations is found so that the on-time #,, is constant. It should be noted that
determining a suitable value for C, is an iterative process and only the final iteration of

this process is shown below.

85



Step 1: Finding suitable C,, f;, D for V, =150V, P, =2 kW

As mentioned above, the objective of this step is to find suitable combinations of C, -
fs - D so that the required voltage gain at steady-state and DVM of C, are obtained. The
four plots shown in Fig. 4.8 show suitable operating points for buck full load (V,= 150V,
P,=2 kW), buck light load (¥V,= 150 V, P,= 500 W), boost full load (V,=500V, V,P,=
2kW), and boost light load (V, = 500 V, P, = 500 W). It is assumed that if C, can be
found to satisfy the design criteria at the boundaries of V,/P,[e.g. (V,= 150V, P,=2 kW
and (V, =500 V, P,= 500 W)], then C, will be suitable value for operation within the
boundaries. In each subplot of Fig. 4.8, f; and D are shown on the x and y axes
respectively and each curve represents a particular C, value. These values can be found

using the modal equations and the computer program mentioned in the previous section.

When the converter operates as a buck converter (V, = 150 V), D can only vary
between 0 and 0.5. When the converter is operated as a boost converter, it can only vary
between 0.5 and 1. For the given converter specifications, C, is considered between 80
nF and 200 nF; if C, is too small (< 80 nF) then voltage regulation becomes difficult and
M = Vo/Vipr will be less than the required value especially for buck operation. On the
other hand if C, is too large (> 200 nF) then the DVM operation of C, becomes difficult,

especially for light load conditions.

In Fig. 4.8(a), the ranges for C, and f; are 80 nF < C, < 200 nF and 35 kHz < f; < 55
kHz. When the curves in Fig. 4.8(a) are observed, it should be noted that not every curve
stretches from 35 kHz < f; <55 kHz and 0 < D < 0.5. This is because at least one of the
design criteria mentioned in Section 3.5 cannot be achieved beyond the limits shown. If
C, and f; are both too large voltage regulation will be correct; however, then there will
not be sufficient ¢,, for C, to fully discharge, which affects the input power factor. ¢,, (=
D/f) has an upper limit due to D, = 0.5 in the buck operation; thus, the larger the value
of C, is, the smaller the rate of change of voltage across it is so that the input capacitors
are in DVM for only for a part of the input line cycle. For example, in Fig. 4.8(a), if C, is
increased beyond 200 nF and f;= 55 kHz, then D must be increased beyond 0.5 in order
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Fig 4.8: Input PFC and voltage gain - Design curves.

to for the input capacitors to be fully discontinuous, which is impossible for buck mode
of operation. On the other hand, if both C, and f; are closer to their lower limits, then it is
very difficult to obtain the required output voltage at steady-state (M will be smaller than
required). This is because the smaller the value of C, is, the less energy is stored in the
input capacitors. Although the charging time can be increased by reducing D, this will
affect the discharging of C, and it will not fully discharge. For example, when C, = 80
nF, f; cannot be decreased below 45 kHz without decreasing the voltage gain (M).

Based on these factors for buck full load operation, D is set as 0.5 as it is the
maximum limit for D and the converter will be able to operate with D < 0.5 for lighter
loads. When Fig. 4.8(a) is observed, it can be seen that when D = 0.5 (or closer to 0.5), C,
= 100 nF and f; = 35 kHz. For this iteration, if these values are selected then the next step
is to find f; and D value for other V,/P, combinations such that ¢,, is fixed. If this cannot
be done, D must be changed and appropriate C, and f; must be found again. This is an

iterative process and only the final iteration is shown here.
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Step 2: Check selected C, for other V,/P, combinations

Now that C, is chosen for V,= 150 V, P,= 2 kW, the next step is to see if same C, can
be used for other V, / P, combinations such that #,, is constant as long as f; > 22 kHz,
above the audible range. If Fig. 4.8(b) is considered for V,= 150 V, P,= 2 kW, when C,
= 100 nF, f; - D can have several combinations; however since f; is above the audible
range #,, must be approximately 14 ps. Therefore f; = 40 kHz and D = 0.55 is selected for
boost full load operation. Using Fig. 4.8(c), f; and D can be found for buck light load
operation so that #,, =14 pus, which results in f; = 25 k Hz and D = 0.35.

For boost light load operation, it is not possible to find a f,-D combination for C, =
100 nF beyond 22 kHz, such that 7,, is a constant. The selected operating point is
therefore f; = 20 kHz and D = 0.5 and the controller changes from variable frequency
control to fixed frequency PWM control.

B. Confirming the Quasi-resonant components (L,and C,)

After confirming the f;-D combinations for the selected input capacitor, it is checked
in this step if the chosen L, and C, components in the previous iteration still give the ZCS
operation for both buck and boost modes under full load condition. It is assumed that the
ZCS operation is obtained at light load conditions as the current is less. Fig. 4.9 shows
the curves of iy, for different L, values when C, = 100 nF (selected above), C, = 300 nF
(previous iteration), t,, = D/f; as calculated above. Fig. 4.9(a) is for buck full load
operation and Fig. 4.9(b) is for boost full load operation. It can be seen higher the value
of L,, lower is the peak switch current and longer it will take current to become zero.
Since the switch must be turned off after current becomes zero (ZCS operation) L, and C,
must be changeable to the already selected C,, f; and D. If L, = 40 pH then the peak
current is around 60 A (boost operation) and current becomes zero during the switch on-
time (¢,,) for both buck and boost modes. Although L, can be further increased to reduce
the peak switch current, ZCS operation, especially in the buck mode can be affected, as

shown in Fig. 4.9(a).
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Fig 4.9: ZCS operation — Design curves.

In a similar manner C, can be changed by keeping L, as its value in the previous

iteration; however since the procedure is almost the same it is not shown here.

4.6

Experimental Results

To prove the concepts discussed in this chapter, a prototype of the proposed circuit

was made using the following component values: Input inductors L, = L, = L.= 1 mH,
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input capacitors C,= Cp= C.= 100 nF, resonant components L,; = L,,=40 pH, C;;= Cy>
= 300 nF, output filter inductor L,= 1.3 mH and output filter capacitor C, = 1500 pF.

e Fig. 4.10 shows the input current and voltage for phase A when the converter is
operating at full load with different output voltage values. Fig. 4.10(a) corresponds
to buck mode of operation (D < 0.5) and Fig. 1(b) shows the same waveforms for
boost mode of operation (D > 0.5). According to Figs. 4.10(a) and (b), the
converter has a sinusoidal line current not only when D < 0.5 but also when D >

0.5.

e Based on Fig. 4.10(b) it can be seen how the input PF is improved by the quasi-
resonant buck-boost converter with respect to the fixed frequency buck-boost
converter introduced in Chapter 3 (Fig. 3.14(b)).

e In order to get smooth sinusoidal line currents, the input filter capacitor voltages
(Vea, Vep and V) must cross the zero axis as they are being discharged during each
switching cycle, before they start to charge in the opposite direction. Fig. 4.11
shows the phase voltages across the input capacitor C, for several line cycles and
Fig. 4.12 shows V¢, for several switching cycles that occur at the peak phase A
voltage. Figs. 4.11(a) and 4.12(a) refer to buck mode of operation while Figs.
4.11(b) and 4.12(b) refer to boost mode of operation.

A A A ]
______________________ ik

(a) (b)
Fig 4.10: Phase voltage and line current P, =2 kW, V,=(a) 150 V and (b) 500 V [V: 100
V/div, I: 10 A/div, ¢: 10 ms/div].
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e When the switch §; is turned on, C, discharges and becomes zero before it starts to
charge in the opposite direction (-V¢,). C, begins to charge once S; is turned off.
Similarly when S, is turned on, capacitors C, and C, begin to discharge; once S, is
turned off Cj, charges with 7, and C, charges with ...

e The input capacitor C, in the fixed frequency two-switch buck-converter (Fig. 3.1)
discharges when S is turned and V¢, becomes zero and remain at zero until S; off.
Unlike the buck-boost converter in Fig. 3.1, C, in the quasi-resonant (QR) buck-
boost converter does not stop at zero voltage instead charge in the opposite
direction until the minimum voltage of C,, Veymin = -V, because C, is connected

across the load by the neutral point connection and the output diodes. This change,

(a) (b)
Fig 4.11: Input capacitor phase voltage for line cycles P,= 2 kW, V,=(a) 150 V and (b)
500 V [V: 1000 V/div, t: 4 ms/div].

la : : - : i [
Ve

a

Ca "o

(a) (b)
Fig 4.12: Input capacitor phase voltage for line cycles P, =2 kW and V,=(a) 150 V, (b)
500 V [V: 750 V/div, ¢: 10 ps/div].

92



however, does not affect the sinusoidal envelope of average V¢, and therefore does
not affect the input power factor.

e For D < 0.5, the effect of output load on the line current is illustrated in Fig. 4.13.
Fig. 4.13(a) shows the line current and phase voltage for P, = 2 kW and Fig.
4.13(b) shows the same for P, = 500 W. It can be seen that the line current is nearly
sinusoidal at all loads. This is only possible due to the QR variable frequency
nature of the converter as the input capacitors are forced to discharge by the high
DC side currents.

e For D> 0.5, the impact of output load on the line current is illustrated in Fig. 4.14.
Fig. 4.14 shows the line current and phase voltage for output power at (a) 2 kW and
(b) 500 W. It can be seen unlike for the fixed frequency buck-boost front-end
converter the proposed converter has excellent input PFC even at boost mode.

e The harmonics content of the input line current in rms values is given in Table 4.1
together with the input power factor. Table 4.1 also indicates the IEC 61000-3-2
Class A standard limits for maximum allowable harmonics to the utility.

e Fig. 4.15 shows the switch voltage (V) and current (/s) for one of the IGBTs for
different output conditions. Vg has a triangular shape and its peak equals the peak of
Vea. Is 1s the sum of the line current (/,) and the discharging current of C, and has a
resonant shape. Is becomes zero due to resonance between L, and C, before the

switch is turned off hence ZCS operation is achieved.

Efficiency measurements of the QR buck-boost converter were made and were
compared to those of the buck-boost converter presented in the previous chapter. It was
found that the QR buck-boost converter was less efficient than the hard-switched buck-
boost converter even though it has fewer switching losses. This is because of the presence
of circulating current that is due to the resonant nature of the converter that the buck-
boost converter presented in Chapter 3 does not have. This finding is consistent with
what has been reported in the literature where it has been shown that resonant converter
are to be preferred over hard-switching converters for higher power application such as 6

kW [44]. The maximum load of 2 kW was the maximum load that was available so that
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Fig 4.13: Input current and voltage when V,= 150 V and P, = (a) 2 kW and (b)
500 W [V: 100 V/div, I: 10 A/div, t: 10 ms/div].

[TH

.._._.._.__(C) ETUUUETUUN: R SO o
Fig 4.14: Input current and voltage when V,= 500 V and P, = (a) 2 kW and (b)

500 W [V: 100 V/div, I: 10 A/div, t: 10 ms/div].

Table 4.1 IEC 61000-3-2 Class A standard limits, harmonics of phase current

efficiency values V,/P, combinations.
150 V/500W  500V/2 kW 500 V/500 W

Class A 150 V/2kW

Harmonics
5t 2.06 0.1357 0.0582 0.1098 0.0059
7t 1.39 0.0156 0.0174 0.052 0.0038
110 0.6 0.0163 0.0099 0.0125 0.0006
13 0.38 0.00099 0 0.0126 0
PF 0.9976 0.998 0.9993 0.9977

efficiency measurements could not be made with heavier loads, in the load range where

the superiority of resonant converters has been established.
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(a). [I: 25 A/div, ¢: 10 ps/div] (b). [1: 30 A/div, t: 10 ps/div]
Fig 4.15: Switch voltage (Vs) and Current (/) for P,=2 kW (a) V,=150 V and (b)
V,=500V [V: 100 V/div].

4.7 Conclusion

In this chapter, a new three-phase AC-DC, two-switch, neutral point connected
multilevel buck-boost converter was proposed as a front-end converter in a two-stage
AC-DC converter. This new reduced-switch AC-DC front-end converter is a quasi-
resonant resonant converter - its switch currents are shaped by resonant circuit elements

so that they fall to zero before the switches are turned off, thus reducing switching losses.

Due to its quasi-resonant nature and its operation with variable frequency control, the
proposed converter can have near-sinusoidal input currents for both buck and boost
modes and also at very light load conditions. This is in contrast to the previous hard-
switched buck-boost converter, which had difficulty getting sinusoidal input currents in

the boost mode and at light load conditions.

In this chapter, the basic principles of variable switching frequency and quasi-
resonance are explained, the steady-state operation of the proposed converter were
detailed, its steady-state characteristics are determined by analysis and are then presented
for both stepping up (boost mode) and down (buck mode) of input voltage. Based on the

results of the analysis, a procedure that can be used in the design of the converter’s key
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components was developed and then demonstrated with an example. The feasibility was

confirmed with results obtained from an experimental prototype.
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Chapter 5

5 AThree-Phase Single-Stage AC-DC PWM Buck-Type
Full-Bridge Converter

5.1 Introduction

Chapters 2 — 4 of this thesis have thus far explored new reduced switch AC-DC front-
end converters to reduce the number of switching devices that are found in conventional
two-stage AC-DC converters. These new front-end converters are based on three-phase
single-switch converters and have multilevel structures that reduce the peak voltage stress
of their switches. In Chapter 2, the synthesis of multilevel topologies from single-switch
topologies are discussed and a new family of neutral-point connected reduced switch
multilevel converters was introduced. One converter from this family, the buck-boost
converter, was further examined in Chapter 3 and the use of quasi-resonance to reduce
switching losses was examined in Chapter 4. The proposed reduced switch front-end
converters can be used for as an alternative to the six switch front-end converter of a two-

stage converter.

Reducing the number of switches in the front-end AC-DC converter of a two-stage
AC-DC converter is only one way to reduce its overall switch count — thus simplifying
the converter topology and reducing its cost. Another way is to combine the front-end
AC-DC converter and the back-end DC-DC converter into a single converter, a discussed
in Section 1.3 of this thesis. Doing so results in converters that are even simpler and less
expensive than two-stage converters with reduced switch front-end converters, given that
they only have one converter stage that simultaneously performs both input power factor
correction (PFC) and DC-DC conversion (converting the intermediate DC-DC bus
voltage into the desired out DC voltage). Single-stage converters are the preferred choice
for low cost high power applications. However due to the fact that intermediary DC
voltage is not regulated like in two-stage PFC; single-stage will suffer from lower

efficiency.
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Most previously proposed three-phase single-stage converters [16]-[23] have a boost
converter input section and thus have several drawbacks including high input ripple as
their input currents are discontinuous with high current peaks, high output ripple due to a
lack of an output inductor. Moreover, converters of this type that lack a bulk capacitor at
the primary-side DC bus have a large low frequency 360 Hz component at the output,
which limits their application. Converters that do have this bulk capacitor do not have
this particular drawback, but their DC bus voltage may become excessive, particularly at

light loads.

Although work has been done on boost-based, three-phase AC-DC, single-stage full-
bridge converters, little, if any, work has been done on buck-based three-phase AC-DC
single-stage full-bridge converters. These are converters that are based on the
combination of a buck front-end converter and a DC-DC converter instead of a boost
front-end converter. Such buck-based converters do not have the drawbacks of boost-
based single-stage converters such as high input current and output current ripple. Their
true potential, however, is uncertain as their properties and characteristics have not been

thoroughly examined.

In this chapter, a new AC-DC single-stage PWM full-bridge converter is proposed.
The steady-state operation of the converter is explained and the modes that the converter
goes through during a half switching cycle are shown. The steady-state characteristics of
the converter are determined by mathematical analysis and are used to develop a
procedure for the design of key converter components. The feasibility of the new

converter is confirmed with results that were obtained from an experimental prototype.

5.2 A Three-Phase Single-Stage AC-DC PWM Buck-
Type Full-Bridge Converter

The buck-based converter that is examined in this chapter is shown in Fig. 5.1. It has
three sections: an input section that consists of a three-phase diode bridge rectifier with a
three-phase L-C filter; a DC bus section that consists of an inductor (L), a capacitor

(Chus) and two diodes (Dp,s; and Dy,2); and a full-bridge converter section.
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The proposed converter is essentially an isolated buck converter as it steps downs the
input voltage and has transformer isolation. The converter in Fig. 5.2(a) achieves PFC by
making the input capacitors charge and discharge during every switching cycle; so that
the voltages across the input capacitors look as the waveform in Fig. 5.2(b) - a triangle
train of pulses that is bounded by a sinusoidal envelope so that it is essentially sinusoidal
with high-frequency harmonics. The following should be noted about the general

operation of the proposed converter:

e As explained in Section 1.2.1 of this thesis, a DC-DC full-bridge converter
alternates between freewheeling modes (S; and S; or S, and S,) and power-transfer
modes (S; and S or S3 and S,). This is analogous to the turning off and on of the
front-end buck switch (Sp) in Fig. 5.2(a). The input capacitors charge during the
freewheeling modes of the full-bridge section when two top switches or two bottom
switches are on, and discharge during power-transfer modes of operation when a
diagonally opposed pair of switches are on and power can be transferred from the
input to the output. The PFC occurs naturally, without the need for any input
section sensing, as long as the input capacitor voltages are discontinuous in all the
switching cycles contained in an input line cycle.

e The converter shown in Fig. 5.1 has been synthesized using quadratic converter
circuit theory, as shown in [45]. It is possible to take two cascaded DC-DC buck
converters and convert them into a single so-called quadratic DC-DC converter

(called quadratic because its output to input ratio is dependent on the square of the

AN
L pys Ly
“+D busi | J_ Cx
R
D, ::Co
N Dpus: P

Fig 5.1: Three-phase single-stage buck-type full-bridge converter.
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(a). AC-DC single-switch buck rectifier and DC-DC full-bridge converter.
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(b). Input capacitor phase voltage.
Fig 5.2: AC-DC single-switch buck rectifier and DC-DC full-bridge converter

converter's duty cycle D’ instead of just D). The topology shown in Fig. 5.1 can be
derived in a similar manner except that the input DC source is replaced by a three-
phase AC source and diode bridge and the second cascaded converter is a full-
bridge converter (isolated buck converter) instead of a buck converter.

Capacitor Cp,s must be disconnected from the rest of the converter when the full-
bridge is in a freewheeling mode of operation because the input capacitors would
not be allowed to charge properly otherwise. The improper charging of these
capacitors would result in their voltages not being bounded by a sinusoidal
envelope, which would ultimately lead to distortion in the input currents and a

lower input power factor.

The fact that Cp,s is disconnected from the converter by the reverse-blocking of

diode Dp,; when the converter is in a freewheeling mode does not affect the
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operation of the full-bridge as it operates like a PWM full-bridge converter in
freewheeling mode. Nor does this fact affect the operation of the full-bridge when
it is in an energy-transfer mode as Cp,; is connected to the DC bus during such a
mode because Dy, 1s forward-biased. In other words, the full-bridge can therefore
operate exactly like a PWM DC-DC full-bridge converter.

e Since Cp,s 1s disconnected from the new converter whenever a freewheeling mode
occurs, it is therefore not in the circuit when the full-bridge is exiting a
freewheeling mode. As a result, there is no path for any reverse current from the
full-bridge to flow in the DC bus and some steps must be taken to address this
problem.

e As a means to simplify the analysis of the converter and to discover the
characteristics of the new fundamental buck-based converter, any reverse current
from the full-bridge is absorbed by using dissipative snubbers. Doing so, however,
results in the converter performance being less than optimal (especially efficiency),
as will be discussed towards the end of this chapter.

e The converter operation is, however, considered with some zero-voltage-zero-
current switching (ZVZCS) method. It is a means to improve converter efficiency

without interfering with the basic operation of the converter [46]-[51].

5.3 Operation of the Proposed Converter

The most significant modes of operation that the converter goes through during a half
switching cycle are presented in this section. The equivalent circuit diagrams and typical
converter waveforms that show these modes of operation are given in Figs. 5.3 and 5.4

respectively.

In Fig. 5.3, only the components that are conducting in a particular mode are shown,
with the output capacitor and load shown as an equivalent voltage source V, and the
transformer magnetizing current neglected. The input voltage source over an interval of
60° of the fundamental period is considered here. An interval of 60° of the fundamental

period is used due to symmetries in the rectified diode bridge output waveform.
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It should be noted that any interval of 60° of the fundamental period can be considered
for the analysis. For this case an interval of 60° of the line cycle when the phase A input
voltage is positive and the phase B and C voltages and are both negative is considered.
One full-switching cycle of the full-bridge section of the converter consists of two input
section half-switching cycles, as there are two energy-transfer modes and two
freewheeling modes in a full-bridge switching cycle. As a result, a full-bridge half-
switching cycle k£ in a 60° interval of the fundamental period is considered below, to

explain the converter operation, the modal equations and the converter analysis.

Mode 0 (t <ty), [Fig. 5.3(a]:

Mode 0 refers to the initial conditions. Before ¢ = #), The secondary side auxiliary
capacitor Cy is fully discharged (Veykewy) = 0) and the initial transformer current is
negligible (Zzx w0 = 0). Current in the DC bus is flowing through diode Dy, inductor
Lpys, and capacitor Cp,s. Diode Dy, is off because it is reverse biased by Vyecr as Dpysi, 18
conducting. The input capacitors are charging with the line currents and will reach the
peak voltages, which are directly related to the line currents for a full-bridge half-

switching cycle %.

At ¢ = t, the instantaneous voltage of C, for the X" full-bridge half-switching cycle
(vca ) 1s the voltage at the end of the (k - 1 ) full-bridge half-switching cycle and is the
peak voltage. If I, +.; was the phase A line current and V¢, r.14 Was the peak voltage of C,
for the (k - 1 )”’ full-bridge half-switching cycle, then voltage of C, at t = ¢y, (Vcaxu) can

be expressed as

V. =V _Lose 1-p)k 5.1
Cak(t0) — Ca,k—](pk)_c—( - )7 ( . )

a

where D is the duty ratio and is the amount of time that a pair of diagonally opposed
switches is on with respect to the half-switching cycle period (D = ty pair/(T5/2)), T 1s the
switching period and C, is the input capacitance. The resulting three-phase diode bridge

rectifier output voltage, v, can be calculated using the line-line voltage of C, as
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I, T,
Vrec,k(ta) = \/§VCa,k(t0) = \E Cf i (]_D)7 (5.2)

The initial Lp,s current can be taken as the average of iz« for K™ half-switching cycle

1

—_— — 0
ILbus,k(tO) - ILbus,k(ave) - D; (5-3)

where /, is the DC load current, and the initial voltage of Cp,s can be taken as the average
voltage of Cp,s because the instantaneous voltage can assumed to be constant given that

Chus 1s a bulk capacitor

n
us D

Q‘

VCb

(5.4)

where 7 is the turns ratio and V, is the output DC voltage. The modal equations for &”
full-bridge half-switching cycle are given below, based on the initial conditions

mentioned above.

Mode 1 (t,<t<t;), [Fig. 5.3(b)] :

At t = ty, switch S> is turned on and current starts to flow into the full-bridge from the
DC bus. Ly, is charging and its current i is made up of line current /,; and the
discharging current (i, ) of C,. Since diagonally opposite switches S; and S, are on, the
voltage across Cpus (Verus) 1S applied across the transformer primary and power is
transmitted to the load from the input side. The primary current, iz, increases and once it
equals the reflected load current Lj starts to resonate with C, so that C, begins to be
charged. This resonant current (i) 1s reflected to the secondary side of the transformer
and feeds the load while charging C, through the auxiliary circuit diode D.. During this
mode izx. reaches its peak value due to resonance and C, reaches its peak voltage at the
end of Mode 1. iyxx at ¢t = t; equals the reflected load current (= I,/n). C, discharges as

follows:

(5.5)
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where ic,x1s the discharging current of C,,. ic,x can be stated as

iCa,k (t) = iLbus,k - ]a,k (56)

Eq. (5) can be rewritten using Eq. (6) to obtain dvc, /dt

dv,, 1
ﬁ = _C_(lLbus,k - Ia,k) (57)

a

Egs. (8) and (9) define the behavior of the DC bus components in Mode 1

di,,.
vaus,k (t) = Lbus Zt L (58)
AV
 Chus () 5.9
& (5.9)

where vipusx 1S the instantaneous voltages of Lp,s and Vipyus 1S @ constant. vips is the
difference between v, x and Vep,s; hence Eq. (8) can be rewritten as
dlLbus k v VCbus

reck
= 5.10
dt L (510)

bus

Vewus 18 applied across Ly and the transformer primary winding. The transformer
secondary voltage equals the sum of vy rand V.. Eq. (11) gives dizy «/dt in Mode 1
i Viex  Vews — "(Vo + vi,k)

= = 5.11
dt L, L, -11)

Eq. (12) shows the rate of charging of C, during Mode 1 based on the resonance of Ly
and C,

dVCx,k _ nipg . —1, (5.12)
dt C '

X
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Mode 2 (t; <t <)), [Fig. 5.3(c)] :

At ¢t = t;, Cx reaches its peak voltage and stops being charged. The input capacitors
continue to discharge into the full-bridge. v¢,x continues to decrease. The voltage of Cp,
is applied across the primary winding and iz equals the reflected /, during Mode 2
because C, and Ly no longer resonates. Therefore, the same modal equations for Mode 1

[Egs. (5) - (10)] are valid for Mode 2 as well, but with the conditions of

Adve, [dt=0,diy, , [dt=0 (5.13)
The simplification results in

L bus & (t)= I, + COS(BI (t—t, ))(ILbus,k(tl) =1, )+

(\/EVCa,k(tI) —Vewus X\/ C, /Lbus )Si”(B1(t -1 )) (5.14)

where B, = \/\/g/Came and

L di
VCa,k (t) = j%s Z’:S'k + VCbus (5 1 5)

Mode 3 (1<t <t3), [Fig. 5.3(d)] :

The input capacitors should be sufficiently small so they can discharge before the
converter changes from a power transfer mode to a freewheeling mode. At ¢ = 7, these
capacitors discharge fully and thereafter remain discharged until a short-circuit mode of
the full-bridge starts. Once the input capacitors are discharged the line currents (e.g. 1 )
from the grid side continue to flow into the DC side instead of flowing in to the input
capacitors. 1, flows into the DC side until S; is turned off because /,; can no longer flow

through the three-phase diode rectifier into the DC side.

Since the input capacitors have no voltage across them during this mode v, is also
zero. When v,..x becomes zero, Dp,s; and Dy, in the DC bus section become forward

biased and conduct current. Ly, discharges into Cp,s through Dy,s;, and Cp,, continues to
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discharge into the full-bridge though Dy, so that Vi, is still applied across the
transformer primary. The voltage across L, equals the negative of vy, until the next
power transfer mode starts at = 7/2. The current in the transformer and the voltage of C,

are same as in Mode 2.
VY Lbus (1) ==V gy (5.16)

Mode 4 (t: <t <Ty2), [Fig. 5.3(e) | :

At t = 13 switch S is turned off and the body diode of Sy starts to conduct the negative
switch current of S, until it is turned on; the same happens to S; and it conducts negative
current in the other half-switching cycle. The converter enters a freewheeling mode at the
start of this mode. The connection between the AC side and the DC side is broken so that
the entire line currents (e.g. /,x) flow through the input capacitors (e.g. C,) and they begin

to charge, according to

Vear () = I(‘;’k (t—-t;) (5.17)

a
When v¢, increases, so does v, and, as a result, the voltage stress of the switches

that are off during this mode also increase (e.g. vs; x). Cy begins to discharge at the start of

this mode.

Current izpus i freewheels through Ly,s, Chus, and Dy,s1 and no current enters the full-
bridge during this mode because Dy, is reversed biased by vyec . iz x freewheels through
Sy, S> and the primary winding. During Mode 4, the full-bridge is in a freewheeling
mode, but a counter voltage is impressed across Ly due to the presence of Cx on the

transformer secondary side.

verr keeps the secondary side rectifier voltage above zero and impresses voltages
across the transformer’s secondary and primary windings. This causes a counter voltage
and it decreases iz As a result, the secondary current also falls below /,. In order to
keep I, constant, C, discharges though Dy into L,. Towards the end of Mode 4, the

primary current is completely extinguished by the auxiliary capacitor C, as given below
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Fig 5.3: Modes of steady-state operation.
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Fig 5.4. Typical waveforms of the converter under study.
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5.18
dt L, (5-18)
where C, discharges by giving the difference current (/, - nizj k)
dve, __ (Io — Ry, ) (5.19)

dt C

It should be noted that C, discharges completely some time during this mode.

After iz, becomes zero S, is turned off and switch S; is turned on at ¢ = T,/2 with very
little current through it, as current through Lj cannot change suddenly. With the turning
on of S3 input capacitors stop charging. Using Eq. (20) the peak input capacitor voltage
for the & full-bridge half-switching cycle can be found

C, T,
VCa,k(pk) = VCa,k(Ts/2) = I_(] _D)7 (5.20)

ak

This is the beginning of the (k + 1)™ half of the switching cycle and the converter
enters Mode 1, but with S, and S; on instead of S; and S>. It should be noted that the peak
switch voltage of Sy, Vs kpk) can rise to (Vieexpr T Verus) after Sz is turned off but before
S3 1s turned on. v ke falls to the Ve, after Ss 1s on. It should also be noted that the

duration of this mode is Ty/2 - t3= DT,/2.

5.4 Converter Analysis

In order to develop a solid understanding of the new converter's properties and
characteristics and to develop a procedure that can be used to design the new converter,
the steady-state behavior of the converter must be analyzed to determine its characteristic
curves for any given set of specifications (line-to-line input voltage V), output voltage
V,, output current /,, and switching frequency f;) and any given set of component values
(input capacitors C, = C, = C,, input inductors L,= L,= L., DC bus inductor L;,s, DC-bus

capacitor Cp,, duty ratio D, transformer turns ratio n = n,,/n,. and output inductor L,).
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After the key converter characteristics are determined, a design procedure can then be
developed. The key parameters that need to be determined for the design of the converter
are the voltage of Cpyus (Vcpus), the maximum input capacitor voltage Veapr (Which will
aid in finding the maximum switch voltage vs,), and the time v¢,; takes to become zero
in Mode 2 (which indicates whether the selected capacitor value will result a

discontinuous or continuous vy ).

Given the interdependency of the components and key variables such as input
capacitor voltage v¢,, bus capacitor voltage Vep,s etc. the analysis of the converter cannot
be performed using equations with closed form solutions and some sort of a computer
program must be used to solve the aforementioned modal equations. There are many

ways to write such a program; one way of doing so is shown here.

The ultimate objective of the analysis is to find steady-state operating points. When
the converter is in steady-state, the average voltage across an inductor or average current
through a capacitor must be zero. For this analysis, the status of the converter is checked
by evaluating the average value of the Ly, voltage, Visuswve), OVer a period of one-sixth of
a 60 Hz line cycle. If Visusave 18 zero for this period, then the converter is in steady-state

and a steady-state operating point has been determined.

In order to determine Vipusave), there must be a process to find vipur for each
switching interval, then consider the overall v;;,; waveform over a period of one-sixth of
a 60 Hz line cycle to find its average value. The vy, waveform during any k full-bridge
half switching cycle can be found by using the appropriate modal equations derived in the
previous section to calculate the voltage across the three-phase diode bridge rectifier
(Vrec.k) and the voltage across capacitor Vepys, as vipus i 1S the difference between v, and
Vepus- In order to calculate v..k, the phase voltage of the input capacitors must be
obtained (e.g. vcur). These input capacitor phase voltages are made up of trains of
triangle pulses, where the triangle pulses consist of decreasing portions from #y-t,, zero
portions from #,-¢; and rising portions from ¢; - 7/2 for any full-bridge half-switching
cycle k. The charging of a capacitor can be determined by Eq. (5.17), but determining the

discharging is not straightforward. In order to find the discharging of the input capacitors,

110



the current iz, from 7p-t, must be obtained (Eq. (5.7)). Since Cy,; is a bulk capacitor, the

voltage ripple of Vepys can be neglected.
The following assumptions have been made to simplify the analysis:

e The input line currents (e.g. I,x) and source voltages can be considered to be
constant during any switching cycle as the switching period 7, (= 1/f;) is much

smaller than the line period 7; (= 1/f)).

e The low 360 Hz frequency ripple that exists in the Cy,s voltage can be neglected so

that Vcp,s 1S constant.

e The input line currents coming out of the source can be assumed to be sinusoidal

with no ripple.

e [, is sufficiently large so that the output current is ripple free; therefore, the

average current of output filter inductor (L,) equals /.

e Converter operation during dead times is ignored as the length of dead times is

considered negligible in comparison with the rest of the switching cycle.

e The effects of the auxiliary circuit and the leakage inductance of the transformer
can be neglected until after a range of valid steady-state operating points has been

determined.

The analysis of the DC-DC full-bridge section of the converter can be performed once
a set of component values for the input section, the transformer turns ratio, duty ratio and
the output inductor has been chosen. Since this analysis is very similar to that of a

ZVZCS-PWM DC-DC full-bridge converter [46], it will not be presented here.

A computer program can be implemented to perform the following steps to find a
valid operating point and the equations that were derived in Section 5.3 of this chapter

can be used as part of the program. The program could have the following steps:
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e Step 0: Select the set of specifications and components values to be considered. To
start the process, choose any value of D.

e Step 1: The input line current for the & full-bridge half-switching cycle is required
to find the rising of input capacitor phase voltages as indicated in Eq. (5.17);
therefore the calculation of /,; is given here and the line currents can be

determined in a similar manner.

l,,= Ia(pk) Sin(27;fst + %)

(5.21)
where 1, is the peak phase A current and is calculated below
1
I, =2 v.1,)
V37,
Il(rms) (522)

e Step 2: The value of V¢p,s can be approximated by Eq. (5.23) below, based on

assumptions as

D (5.23)

Once Vepys 1s calculated it is important to verify that iz, is actually continuous.
This can be done by using the following equation to see if the average current

component of iy, x, which equals /,, is more than half the peak current ripple (Aiz, )

V., —nV
Py (SELA AW
5o s (5.24)

If Eq. (5.24) is not satisfied, then V¢, must be recalculated as follows for

discontinuous iz, x:
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v’ +16VOIULOf/
v, +\/ D
2

VCbus =n
(5.25)

o Step 3: In order to track the instantaneous input capacitor voltages from -
(decreasing portion), iz must be found by applying the value obtained for Vepys

(Eq.(5.23) or Eq.(5.25)) in Step 2 in Egs. (5.5)-(5.15).

) AVea
lLbus,k (t) = Ia,k - Ca
dt (5.26)

L i (E) =1, + 005(31(1 =1, )XILbus,km) -1, )+
et (\/gVCa,k(t]) - VCbus X\l Ca /Lbus )Sln(B] (t - t] )) (527)

where B, = \/\/g/CaLM , Egs. (5.26) and (5.27) expresses irpusi from ¢y - ¢,. These can

then be used to find decreasing portion v¢,  in the next step.

e Step 4: Track the instantaneous input capacitor voltages (e.g. vc,x). The triangle
pulse shape of these voltage waveforms needs to be determined; i.e., decreasing
and increasing portions must be calculated. The shape is important because it can
be used to determine whether v¢, 1s discontinuous at the selected operating point.
It is also needed for the following step, which involves using v, to find vipus -
The shape of v,k is just a reflection of the input capacitor line-to-line voltage
waveforms. Simplification of Mode 1 equations together with iz, obtained in the
previous step reveals Eq. (5.28), which gives v, from #- ¢;. Eq. (5.29) gives vegx

from ¢ -t

_ C us Cx Iﬂ I()
Vear(t) = ?}LVCIJMS _’,IC,VCr,k(t)+[ C'k aC ](t _to)

a a a a

(5.28)
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L ; diLbuv k
vCa k (t) = s —+ Cbus
| V3 odi (29)

Egs. (5.28) and (5.29) can also be used to find the total time needed for input
capacitors to discharge. If ¢, < ¢; then v, 1s discontinuous; else if £, = 3, then vy«
is at the boundary of continuous and discontinuous voltage, else v, 1S continuous.
Note that if v, is discontinuous, then v, = 0 from ¢, - #3. The increasing portion

of ve, r can then be calculated using Eq. (5.17).

Once v, is obtained then to prepare for the next step, the three-phase diode

rectifier output voltage vy, is found as follows

Vear > Vark > Veok = Viees (1) = |vCa,k + |ch,k

Vark > Veer > Veak = Vyeer (1) = ‘va,k‘ + ‘vCa,k

Veer > Vear > Verk = Veeer (1) = |VCC,k + |VCb,k| (5.30)

where v, r depends on the maximum and the minimum phase capacitor voltages.

o Step 5: With v, known, the voltage across Ly, during a full-bridge half-switching
cycle k (vipusi), can be determined. During Modes 1 and 2 the voltage across Ly, is

positive and vy« 18
vaus,k (t) = vrec,k (t - tO ) - VCbus (53 1)

In Mode 3, v,ecr = 0 and in Mode 4, current in Ly, freewheels through Cp,s and

Dyys1; therefore vy, x for Modes 3 and 4 is
VY Lbusk (1) ==V (5.32)

After the voltages and currents for the ™ full-bridge half-switching cycle are found,
the program can be made to sweep through next full-bridge half-switching cycle
k+1 of the line cycle. The “initial” voltages and currents for k+/ will be the “final”
voltages and currents found above for k from Steps 1-5. This process can be

continued for the line cycle but since v,k repeats every 60 of the line cycle, only
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60 of the line cycle needs to be considered to find the average of v;;,;. There are
n, =T,/3T, (T/6= 1/6™ of line period and 7/2 = half-switching period) for each

60 section of the line cycle.

Step 6: Confirm that the average value of the voltage across inductor Ly,s (Vrsus(ave))
is zero, as it should be if the converter is operating in steady-state. This can be done
by checking the integration of vy, from time ¢y to 7,/2 for each k, over ny,, number

of full-bridge half-switching cycles as follows:

g, I,/2

z Ivaus,k dt '[(vrec,k - VCbus )dt _z J- VCbus dt
k=1 4, k=14, k=1 4,
VLbus(ave) = E/6 = ]}/6 =0 (533)

n

If Vibusave) 1 nOt zero, then the operating point under consideration is invalid and
D, n and/or C, should be changed to find a valid operating point. Typically
converter parameters like n and/or C, are fixed and it is D that is changed.

Step 7: Determine the steady-state input side waveforms such as v¢,, which cannot
be determined by considering 1/6™ of the line cycle. With the steady-state value of
D known, these waveforms can be determined simply by using the above modal
equations and sweeping through the full line cycle.

Step 8: Repeat the previous steps to determine values for D, n, Vepys, Vs, ete. for

other sets of component values.

Once such a range has been determined, important converter characteristics can be

plotted and a design procedure can be established based on these characteristics.

5.5 Design and Example

Once a range of valid steady-state operating points has been determined, these points

can then be plotted as shown in Fig. 5.5, so that the key converter characteristics can be

seen. The main characteristics of the converter are the ones related to the DC-bus

capacitor voltage Vepys, instantaneous input capacitor voltage v¢,, the maximum switch

voltage Vspu), transformer primary current izy and the maximum switch current Igy).

These characteristics depend on the selection of duty ratio D, turns ratio n, input capacitor
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C, and the auxiliary capacitor C. A procedure for the selection of above components can

be developed using the design curves shown in Fig. 5.5.

The procedure will be demonstrated here with an example. For the example, the
converter will be designed for the following specifications: line-to-line input rms voltage
= 220 Viiems), output DC voltage = 48V, maximum output current = 40 A and switching
frequency = 25 kHz.

The following should be noted about the design procedure/example and the

characteristic curves shown in Fig. 5.5:

e The procedure is based on the computer program described in Section 5.4 of this

chapter.

e The procedure is iterative given the interdependency of the key parameters such as

D, n and C,= C,= C,. Only the final iteration is presented in the design example.

e The operating points in the graphs shown in Fig. 5.5 have been derived for

maximum load conditions.

e The operating points in the graphs shown in Fig. 5.5 have been derived, with the
assumption that the input line currents are sinusoidal and the input capacitor

voltages are discontinuous.

e The design of the DC bus inductor (L) and bus capacitor (Cpys) is similar to that
of most AC-DC converters as they should be designed like a low pass filter to
reduce the 360 Hz harmonic component that is present in the single-phase rectifier
voltage. The design of these components; therefore is not shown here, but can be

calculate using equations given in [19].

551 Selection of Turns Ratio n

The value of n should be such that the converter is able to provide the required V.
This is not possible if n (n = np./ng.) is too high. A higher n eventually leads to a higher

D as they are proportional to each other according to Eq. (5.23); however, increasing D
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limits the charging time of the input capacitors as the short-circuit time is reduced. An
insufficient short-circuit time will lead to the partial charging of the input capacitors and,
as a result, the sinusoidal envelope of the input capacitor voltage is affected; therefore the

line currents are distorted.

If n is too low, then the transformer primary current will not be extinguished before
either S or S3 is turned off. This is something that cannot be allowed to happen as there is
no path for current to flow after S; or S; is turned off. A smaller value of » will increase
the amount of time needed for the primary current to be extinguished, since the smaller »
is, the larger the current will be. As a result, the time that can be allowed for this current
to extinguish will not be sufficient unless the duration of power transfer mode (and thus

the duty ratio D) is reduced.

The value of n that is selected; therefore, should not be too large or too small. Fig.
5.5(a) shows a plot of curves to show the relationship among n — D — C, for three
different practically achievable transformer turns ratios, n = 2 (n,./nsc = 10/5), n = 2.5
(npri/nsec = 10/4) and n = 3.3(n,./ng.= 10/3), however a designer need not limit the curves
to the above n values. For each n the respective curve shows the duty ratio vs. the input
capacitor in order to achieve proper voltage regulation at the output and to allow
sufficient short-circuit time to extinguish the transformer current before the converter
leaves a short-circuit mode. Once n is picked then from Fig. 5.5(a) the respective curve
for the selected n can be used to find the operating duty ratio for a selected capacitor in

the range 70 nF — 150 nF. A value of n = 2.5 is chosen for this iteration.

5.5.2 Determination of Duty Ratio D and Input Capacitors C,, C,, C;

With a value of n selected in the previous step the eligible C,-D pairs can be read
from the curve corresponding n = 2.5 in Fig. 5.5(a). Thereafter graphs such as the ones
shown in Figs. 5.5(b) and 5.5(c) can be drawn. Fig. 5.5(b) shows a plot of the charging of
the input capacitors (Mode 4) when C, is varied in the range of 70 nF to 150 nF vs. time
for suitable D values selected from Fig. 5.5(a). Each curve starts at zero voltage and
ramps linearly to its respective peak voltage at ¢ = 20 ps; the peak voltage will depend on

the charging time allowed and the input capacitor value. The start of charging time (¢ = ;)
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Fig 5.5: Characteristic curves.
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for each curve depends on the selected D. According to Fig. 5.5(b), a smaller capacitor
will have a higher maximum peak voltage, and thus a higher switch voltage stress. Also a
smaller C, will force a lower short-circuit time as the power transfer mode required will

be longer, to ensure proper voltage regulation at the load.

Fig. 5.5(c) shows a graph of curves showing the latter portion of the discharging of the
input capacitors, for the same C,- D combinations found in Fig. 5.5(a) when n = 2.5. If D
is too small, then there may not be enough time to discharge the input capacitors, thus
resulting in continuous input capacitor voltages and distorted input currents. The
continuous voltage mode of C, can be avoided by making C, very small, but doing so
would result in poor voltage regulation as the energy stored in input capacitors is
reduced. On the other hand, if D is too large, then the short-circuit time allowed for the

converter is reduced, thus the transformer primary current might not be extinguished

before switch S or S3 is turned off. Extinguishing the primary current is a must as there is
no path for current to flow into the DC bus when the converter moves from a short-circuit

mode to an power transfer mode.

Taking these considerations into account, values of D = 0.7 and C, = 100 nF are
selected. According to Fig. 5.5(b), this combination of D, n and C, will result in vcapr) =
475 V. From Eq. (5.23) Vcpus can be calculated as 171 V, which makes the maximum

switch voltage to be
Vsipk) = \/gvca(pk) +Veps =993V (5.34)

From Fig. 5.5(c), it can be seen that this combination ensures the input capacitor
voltages are discontinuous at full load as it takes around 9.1 us for C, to discharge fully
in the critical switching cycles (when line current is maximum) which is well within the
power transfer mode. Since the input capacitors are selected leaving a considerable
margin between the discontinuous voltage mode and the boundary discontinuous voltage
mode; v, is discontinuous at light loads as well. This is because even though there is less
current in the full-bridge to discharge C, at light load; dv¢,/dt will be high when C, is

low. A good power factor, therefore, can be achieved for a range of loads; however a
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“check” to find the harmonics of the line currents using the Fast Fourier Transform (FFT)
is needs to done after all the components are selected, as explained at the end of Section

5.5.

5.5.3 Design of the ZVZCS Passive Auxiliary Circuit

With values for n, D and Vg, known, a value for capacitor C,, which is the critical
component that is needed in order to extinguish the primary current when the converter is
operating in short-circuit mode, can be determined. Since the new converter has the same
ZVZCS topology as the DC-DC ZVZCS converter proposed in [46], the procedure used
in this paper can be used to select C, and thus will not be repeated here. A value of Cy =
2.5 pF has been chosen as an appropriate value that will extinguish the primary current
without unduly increasing the current stress that results from the resonant current hump

that is caused by the interaction of Cy and the leakage inductance of the transformer Ly.

554 Design Determination of Input Inductors L, Ly, L

The design of the converter in the previous steps is based on the assumption that the
input currents are perfectly sinusoidal. In reality, this is not true as these currents will
have high—frequency ripple and low—frequency harmonics. As the load is increased, the
low—frequency harmonics will be reduced because there is more current available to
discharge the input capacitors. This makes it more likely that the input capacitor voltages

will be fully discontinuous and thus more likely that the input currents will be sinusoidal.

As aresult, it is the high—frequency ripple that is more dominant when the converter is

operating with heavy load.

Fig. 5.6 shows a per phase equivalent circuit of L—C filter section that can be used to
find the relationship between C,, L, and the line current harmonics. L, and C, refer to the
input filter components of phase A, that are used to filter out undesired harmonics. If £, is
the dominant harmonic frequency (sidebands) related to the switching frequency f; and

line frequency f;, then f. can be written as f, =2 fs* f,. Eq. (35) gives the allowed high

frequency input ripple current in to the utility side (/) as a function of total generated

harmonics (/,;) and input parameters
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Fig 5.6: Single-phase equivalent L-C filter circuit.

1
27,C,
=1y ]
2L, -
24.C, (5.35)

1

Ui

If I = 20%l,, then the relationship between the input filter components and harmonic

content becomes

1Y 1,
LC, =|—||1+— (5.36)
24, 0.21,

where C,= 100 nF and f,= 49940 Hz or 50060 Hz. L, becomes 600 uH.

The final step of the procedure is to confirm that the converter's input line currents
comply with required harmonic standards, such as IEC 61000-3-2 Class A, for the

worst—case conditions.

The converter's input line currents are most likely to be distorted when operating
under light load conditions as there is less current available to discharge the input
capacitors’ voltages, so that these voltages are not fully discontinuous. The converter's
operation should be confirmed against the IEC standard for a variety of load conditions.
This can be done using the computer program that was developed in Section III. The
worst-case load for meeting the Class A standard was found to be 0.4 kW; if the standard
can be met with this load, it can be met at lighter loads. Since IEC 61000-3-2 Class A is

an absolute standard and is not relative to the load, it can be met when the converter is
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operating under much lighter load conditions, even though the input currents may be

significantly distorted because the current levels are very small.

5.6 Experimental Results

An experimental prototype of the fundamental buck-based full-bridge converter under
study was built to confirm its feasibility. It was built for an input line-line voltage of 220
V, an output voltage of 48 V, a maximum output current of 40 A and a switching
frequency of 25 kHz. The converter was designed with FGA25N120FTD as switches,
DSEI60-12A-ND as three-phase rectifier diodes and FFA40UP35STU-ND devices as
output side diodes. The converter was implemented with L,= L,= L.= 600 uH, C,= C,=
C.= 100 nF, Lp,s= 760 pH, Cp,s= 1500 pF, Cy=2.5 uF, L,= 460 pH, C,= 1500 puF and n
=2.5.

Figs. 5.7(a) and (b) show input phase current and voltage waveforms when the
converter is working at 1.92 kW and at 0.4 kW. Table I shows the harmonics of the input
line current (/,) under different load conditions as well as the input power factor. The
input line currents meet the IEC standard for the entire load range and the converter has

near unity power factor at higher loads.
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(a) P,=1.92 kW, pf=0.99 (V,= 100 (b) P,=400 W, pf=0.89 (V,= 100 V/div, I, =
V/div, I,= 20 A/div, ¢ = 10ms/div). 10 A/div, ¢ = 10ms/div).

Fig 5.7: Experimental Input voltage and current.
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Figs. 5.8 and 5.9 show experimental waveforms of the voltage across an input
capacitor for different loads, for several line cycles (Fig. 5.8) and several switching
cycles (Fig. 5.9). It can be seen that this voltage (v¢,) is discontinuous throughout the line
cycle for heavy load, but is continuous for significant parts of the line cycle for light load.
The more discontinuous the voltage is the less distortion appears in the input current. It
should be noted that the boundary load, the load at which an input capacitor voltage such
as v¢, goes from being fully discontinuous to being continuous for some of its switching

cycles and vice versa is approximately 1.2 kW.

Fig. 5.10 shows various experimental waveforms of the DC side of the converter. Fig.
5.10(a) shows the output voltage (v,..) and the output current (i..) of the three-phase
diode rectifier. It can be seen that the voltage is triangular, which is caused by the

charging and discharging of the input capacitors, and the current consists of square

(a) (b)
Fig 5.8: Input capacitor phase voltage P,= (a) 1.92 kW and (b) 0.4 kW (vc,= 500 V/div,
t =4 ms/div).

ADNN Basass

(a) (b)
Fig 5.9: Input capacitor phase voltage P,= (a) 1.92 kW and (b) 0.4 kW (vc,= 250 V/div,
t =10 ps/div).
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pulses, with the peak current determined by the current through Lp,.

Fig. 5.10(b) shows the voltage across Cpus (Vepus) and the current that enters the full-
bridge (ip). It can be seen that the DC bus voltage is stepped down from the input and is
approximately 170 V and that the current has a hump that is caused by the resonant
interaction between the Ly and C, when the converter enters an energy-transfer mode.
Fig. 5.10(c) shows a typical switch voltage (vs) and switch current (is). It can be seen that

the switch voltage has a triangular part, which corresponds to when the input capacitors

(a). Output voltage & current of the three phase rectlﬁer (vm 500 V/div, iy = 10
A/d1V t= 10 MS/le)

(b). Cpys voltage & current enterlng the full brldge (Vcbu s~ 100 V/div, ip,= 20 A/div, t =
10 ps/div).
ERRRERR SRR

(c). Voltage & current of a converter switch (vs= 500 V/div, is= 20 A/div, t = 10 ps/div).

Fig 5.10: Experimental waveforms.
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are charging, and a flat part, which corresponds to when Cp, is placed in the DC bus.
According to Fig. 5.10(c) maximum switch voltage around 950 V and the maximum
switch current is around 35 A. The maximum efficiency of the prototype was 80%, as

shown in Table 5.1.

The prototype efficiency can be explained by the fact that converter operation was
simplified for a better study of the properties and characteristics of the new converter, but
that this was done at the expense of performance. The experimental prototype that was
built was a simple, proof—of—concept model that was used to investigate and confirm the
theories discussed in this paper - to show that it is possible to implement a buck—based,
three—phase AC-DC, single—stage full-bridge converter that can achieve three—phase
AC-DC power factor correction with continuous input and output currents using just

standard phase—shift PWM.

With respect to efficiency, the buck converter examined in this chapter shares the
same properties as other converters that do not have a bulk capacitor across their DC bus
at all times, such as the basic single-stage boost converter shown in Fig. 5.11, which also
does not have a Cy,s to clamp spikes whenever its switches turn off. As a result, the
fundamental single-stage boost converter shown in Fig. 5.1 is rarely implemented without
some sort of active snubber or soft-switching method. There is, therefore, little discussion
in the literature about the efficiency of this converter when implemented with dissipative
RC snubbers. On the rare occasions when this has been done, such as in [52]-[54] for a

single-phase input, the maximum efficiency was reported to be around 70-80%, which is

Table 5.1: IEC 61000-3-2 CLASS A, INPUT CURRENT HARMONICS, POWER FACTOR AND

EFFICIENCIES

Harmonics Class A 1.96 kW 1.44 kW 0.96 kW 400 W
5t 2.06 0.53 0.33 0.41 0.38
7t 1.39 0.04 0.01 0.16 0.18
110 0.60 0.05 0.03 0.05 0.04
13 0.38 0.02 0.01 0.04 0.05
Power Factor 0.99 0.99 0.97 0.89
Efficiency 70% 72% 77.7% 80%
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Fig 5.11: Three-phase AC-DC single-stage isolated boost converter.

in line with what was found with the experimental prototype.

An example of the difference that the use of soft-switching can make in a current-fed
full-bridge boost converter when compared to using RC snubbing can be found in [54].
Although the boost converter in that paper was used for a low input DC voltage high
output voltage application, nonetheless an efficiency improvement of about 10% was
reported. It is expected that a similar significant efficiency improvement can occur if soft-

switching is implemented in the new converter.

Such efficiency improvement was actually been reported in [44], for a three- phase,
two-switch forward buck-type converter, which can be considered to have similar basic
operation to the buck-type full-bridge converter that is the focus of this paper. In this
converter, an energy recovery circuit was connected to the DC bus and resonant elements
were added to the base converter to transform it into a ZCS variable frequency converter.

A maximum converter efficiency of 90% was reported in [44].

57 Conclusion

In this chapter, a new three-phase AC-DC, single-stage high power factor PWM full-
bridge converter was presented, Its steady-state operation was explained and analyzed
and experimental results obtained from a prototype converter that was designed
according to a design procedure confirmed its feasibility. Unlike most previously
proposed three-phase single-stage converters the proposed converter has a buck converter

(capacitive input filter) input section. As a result, the converter does not suffer from high
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input ripple as its input currents are continuous without high current peaks, and current is
continuous due to output filter inductor. Also, the converter can achieves a good power

factor without using additional controllers or current sensors; thus the cost is low.

The main objective of this chapter was to examine a buck-based three-phase single-
stage converter in its simplest form — with fixed frequency PWM operation and with no
soft-switching circuitry — to gain insight into the nature of buck-based single-stage
converters. As a result, the efficiency of the converter was low compared to what is
typically accepted; efficiency improvement through the use of soft-switching methods

can be the subject of future work.
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Chapter 6

6 Comparison of Two Buck—Type Three—Phase Single—
Stage AC-DC Full Bridge Converters

6.1 Introduction

In Chapter 5, a new three-phase AC-DC single-stage converter that was based on a
buck converter front-end section was examined. This chapter continues the work of the
previous chapter by investigating the properties and characteristics of a modification
version of that converter (henceforth referred to as Converter #2) and comparing them to
those of the original converter (henceforth referred to as Converter #1) discussed in
Chapter 5. As in Chapter 5, the operation of the modified converter, Converter #2, is
explained in detail, its steady-state characteristics are determined by mathematical
analysis, the results of the analysis are used to develop a design procedure for the
selection of key components, and the procedure is demonstrated with an example that
was used to design a prototype converter from which experimental results were obtained.
The chapter concludes with a direct comparison of the two converters in terms of such

properties as switch stress, input power factor and efficiency.

6.2 Steady-State Operation of Converter #2

Converter #1, which was the subject of Chapter 5, and Converter #2, which is a
modified version of that converter, are shown in Fig. 6.1 and 6.2, respectively. The

following should be noted:

e Converter #2 has almost the same topology as Converter #1 and operates according
to the same basic fundamental principles that were described in Chapter 5. The
only difference is the presence of a bulk capacitor (Cp,s) across the DC bus during
certain modes of operation of Converter #1 as Converter #2 lacks this capacitor.
The absence of Cp,; from Converter #2 means that the bus voltage is not a DC
waveform, but is the directly output of the input diode bridge. Cp,s in Converter #1

however, is not connected across the DC bus when the full-bridge converter is in a
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Fig 6.2: Three—phase AC-DC, single—stage modified buck—type full-bridge converter [55].

freewheeling mode of operation and thus the charging of the input capacitors of the

two converters are the same.

e The comparison that is considered in this chapter is a comparison between the two
three—phase single—stage full-bridge converters shown in Figs. 6.1 and 6.2, both of
which do not have a bulk capacitor across their DC bus at all times that can clamp
spikes whenever their switches turn off. As a result, both converters should be
implemented with some sort of active snubber or soft-switching method in
practice, as in the two—switch forward converter [44], which combines an energy—
recovery circuit with resonant converter soft-switching techniques. Since the main
focus of this chapter is to compare the properties of the two converters, the use of

resonant and other soft-switching techniques would obscure the basic fundamental
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properties of the converters and thus both converters are considered as hard—

switching converters in this chapter, as was done in Chapter 5.

Fig. 6.3 shows equivalent circuit diagrams that illustrate the modes of operation that
the Converter #2 goes through during a half switching cycle, and Fig. 6.4 shows typical
converter waveforms. In Fig. 6.4, the output capacitor and load are shown as an
equivalent voltage source and the K" switching cycle where vor = Vinpr)s Vok = Ver = —
Vonpi/2 1s considered. The assumptions made here are similar to those made in the

previous chapter and are thus not repeated here.

Mode 1 (t)<t<ty), [Fig. 6.3(a)]:

Before ¢ = ¢y, S; and S; are on, the input capacitors are charged to their peak voltages
as determined by the line currents for £, the auxiliary circuit capacitor C, is at its
minimum voltage Ve kmin), and there is no current flowing in the full-bridge. At ¢ = ), S;
is turned off and S, is turned on and the three—phase diode rectifier output current ipy s,
starts flowing into the full-bridge. iy« 1S the sum of the line current 7, and the
discharging current of the input capacitor C, (icax). ipusk goe€s through the switches and
the transformer primary and equals the leakage inductor, Ly current iz . The transformer
secondary current charges C, through diode D. during this mode. Mode 1 ends when

input capacitors are fully discharged.

The input capacitors discharge during Mode 1 from its initial value Vg ko) until vegk
reaches zero at ¢ = ¢;. The difference between the iz and 1, gives the increasing current

injected by input capacitor C,. The discharging of C, can be expressed as

d
Ny —) V;:”‘ (6.1)

Lok k

The output voltage of the three—phase diode bridge at ¢ = ¢ is the line—line input
capacitor voltage; therefore, v,..r = \/3vc[,,k. The relation between veyk, vorr and ipy can

be expressed as
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di
\/gvccz,k - n(VCx,k V=1L, ;l:k

(6.2)

where V, is the DC output voltage and n is the ratio between primary turns to secondary

turns of the transformer. At the transformer secondary side, C, is charged by a current

that equals the difference between the secondary current and the load current I,

according to

. vy
nig, —1, = C, dt,

Egs. (1) — (3) are combined to give the following equation for v,k

d’v

C,Culy — S+ (n°C, +43C,)

dv
“ky_n’l,, +nl,=0
dt ’

where the initial conditions are

1, (1= D)T,

VCa,k(tO) =4 (6.52), (M) =0
2Ca t=t0

The solution to Eq. (6.4) yields
Vear = VCa,k(tO) +a_3(t _l‘o)_a_3 ﬁ Sin( a_z(t _to )j
a, a, \ a, a
Substituting Eq. (6.6) into Eq. (6.1) gives

) a, a, a,
gy =Ly +—C,——C, CO{ _(Z_to )j

a, a,

(6.3)

(6.4)

(6.5b)

(6.6)

(6.7)

where a, =C,C,L,,a, =3C, —nC,,a, =nl, —n"I,, . Substituting Eq. (6.7) into Eq.

(6.3) gives
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n a 1, nC,a, |a, .| |a
Verk = VCx(t()) +C_[1a,k +a_3Ca _7j(l _to)_ C a_3 a—lsm( a_z(t_to )j (6~8)
2 2 2 1

X X

Mode 2 (t;<t<t,), [Fig. 6.3(b)]:

At ¢t = t;, the input capacitors are fully discharged and v, 1s zero while capacitor C;
continues to be charged. As the input capacitors stop discharging at ¢ = ¢;, i,k takes a

step change from its peak to /,;as shown in Eq. (9),

I, +io, .t
lbus,k :{ (69)

I,..t>1

Although i, can take a step change, iz cannot change suddenly due to L. The step
change in iy, is the difference between the currents iy, and izxx and is conducted by
the body diodes of the switches S; and S; which are currently off. The body diodes are
not reversed biased because the bus voltage is zero during Mode 2. During this mode,

iz decreases due to a counter voltage impressed across Ly by C,.

At some time during this mode, the leakage inductor current becomes the same as the
reflected secondary current. C, reaches its peak voltage and diode D, stops conducting.
Diode Dy starts to conduct and C, begins to discharge to bridge the gap between 7, and
the secondary current. At the end of this mode, the primary current drops to a level that

matches iy, k. S 18 turned off at ¢ = ¢; and the body diode of S, begins to conduct.

By applying ¢ = ¢, in Eq. (6.7), the initial condition for iy, for Mode 2 can be
obtained. The presence of the counter voltage across Lj diminishes i, during Mode 2

according to

Mo = Ly ’ (6.10)

Combining Egs. (6.3) and (6.10) gives the following result:
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— Mk iy 1, =0 (6.11)

The solution to this equation is

. n 1, |a, | . n 1,
R cosh( a_(t_tl)}{7 j}smh( a_(t_tl)]_7 (6.12)
4 4

CxL/k

wherea, = - Egs. (6.10) and (6.12) are used to determine v¢y for this mode as

follows:

Ly I
Veur = le[ A Ginh |- (¢ —t,)——%cosh i(r—q)} (6.13)

na, a, n a,

Mode 3 (t,<t <t;), [Fig. 6.3(c)]:

At t = t,, C, begins to discharge to bridge the gap between the load current 7, and the
secondary current. At the end of this mode, the primary current drops to a level that
matches the DC bus current, i, and the body diodes of switches S; and S, will stop
conducting thereafter. Towards the end of this mode, S; is turned off, the switch
capacitors across S; and S, begin to charge and discharge respectively using izji. Att=t;
the switch capacitor of S, is completely discharged and the body diode of S, starts to

conduct.
Capacitor C, discharges according to

dex,k
dt

(1, =iy, )=C, (6.14)

and iz continues to decrease according to Eq. (10).The modal equations for Mode 3 are

thus the same as those for Mode 2.

Mode 4 (t; <t <), [Fig. 6.3(d)]:

At t = t3, the line currents start to flow into the input capacitors and they begin to
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charge as follows:

(6.15)

The solution to Eq. (15) is

Ia
Vewr =5 lt=1) (6.16)

a

irnx freewheels through the two bottom switches and continues to decrease due to the
counter voltage impressed by C,, and falls to zero (Egs. (6.12) and (6.13)) and there is no
current freewheeling in the full-bridge thereafter. After iz; is fully extinguished C,
discharges linearly, providing the entire load current since the secondary current is zero,

according to

_7 —c Do 6.17
=G (6.17)
L, — —L L, — —L
%-WML: s Tc @7—' s e )
" TII'T'J o[- ] i i 4] 5o
aﬁ_ ‘I _| l 1 Dy ¢ aﬁ_ ‘I _| l 1 Dy ?
Sy S, Sy S,
(a) Mode 1 (tp<t<t))
L, r — Lo

S4 Sz -«
(c) Mode 3 (1,<t<t;3) (d)Mode 4 (t:<t<ty)

Fig 6.3: Modes of operation of Converter #2 at steady—state.
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The solution to Eq. (6.17) is

I
Verk = Ve ks —C—”(t - t3) (6.18)

X

At t = t4, C, reaches its peak voltage for k, C, reaches its minimum voltage for &, and

the next half switching cycle k+ 1 begins.

6.3 Analysis of Converter #2

An analysis of the steady—state characteristics of Converter #2 is needed to determine
it operates for any given set of specifications (line—to—line input voltage: Vijms), output
voltage: V,, output current: /,, and switching frequency: f;) and for a selected set of
parameters (input capacitors: C,, duty ratio of the full-bridge: D, transformer turns ratio:
n = npi/Nsec, leakage inductance: Ly, auxiliary capacitor: Cy and the output inductor: L,).
Important converter characteristic graphs can be plotted as a result of the analysis and
then used to develop a design procedure, which will be done in the next section of this

chapter.

The analysis of Converter #2 presented in this chapter is very similar to the analysis
presented in Chapter 5 for Converter #1. In both cases, steady—state operating points for
various combinations of parameter values and component values can be determined by
checking the net average voltage across an inductor of each converter. For example, in
the case of the converter shown in Fig. 6.1, the status of the converter is checked by
evaluating the average value of the L;,s voltage, over a period of 1/6™ of a 60 Hz line
cycle (an interval of 60° of the fundamental period is used due to symmetries). If the
average voltage of Ly, is zero for this period, then the converter is in steady—state and a
steady—state operating point has been determined. In order to calculate the average value,
the instantaneous Lj,s voltage (vipsx) waveform during any k full-bridge half switching
cycle can be found by the difference between the three—phase diode bridge rectifier
output voltage and the voltage across capacitor Crus (Visusk = Vreck — Vebus)- The modal
equations help to find the variables v,..x and Vip,s. If the average voltage across Ly, is

not zero, then steady—state operating points can be determined by varying the converter
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Fig 6.4: Typical waveforms for Converter #2.

parameters (duty—cycle, input capacitor, transformer turns ratio etc.) until the steady—

state criteria is met.

In the case of the converter in Fig. 6.2, which does not have a DC bus inductor, a
similar matching method can be used except that it is done with the transformer leakage
inductor (Ly) — the average value of the voltage across this inductor must be zero after
1/6™ of the 60 Hz input line cycle. Since the analyses of the two converters are very
similar, the analysis of Converter #2 (Fig. 6.2) is not presented in this chapter and
interested readers are referred to the analysis presented in Chapter 5 for Converter #1

(Fig. 6.1) instead.
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6.4 Design Procedure of Converter #2

Once a range of valid steady—state operating points for the converter shown in Fig. 6.2
has been determined by analysis, these points can then be plotted as shown in Fig. 6.5,
which shows several plots that indicate the variation of converter key characteristics
when parameters are changed. The main characteristics of the converter are the
instantaneous input capacitor voltage vc,, peak switch voltage stress Vi, and
instantaneous transformer primary current iz These characteristics depend on the
selection of the duty ratio D, turns ratio n, input capacitor C,, leakage inductor Ly and
auxiliary capacitor C,. A procedure for the selection of these parameters can be

developed using the design curves shown in Fig. 6.5.

The procedure is demonstrated below with an example. The converter is designed for
the following specifications: Line—to—line input voltage = 220 V, output voltage =48 V,
maximum output current = 40 A, switching frequency =25 kHz. The procedure is
iterative given the interdependency of the key parameters. Only the final iteration is

presented in the design example.

6.4.1 Selection of Turns Ratio n

Two factors must be considered when picking a value for n. The first factor is the
ability of the converter to regulate the output DC voltage as specified (V, =48 V). This is
not possible if n = n,/ns. is too high. The second factor is the reflected load current to
the transformer primary side, which should be low. If n is too small, then i;; may not be
sufficiently extinguished before S, or S; is turned off (when the converter exits a
freewheeling mode) and a longer freewheeling time is needed to apply the counter
voltage across Ly. This is not desirable since if too much freewheeling time is needed, D
of the converter must be decreased and the converter will not be able to produce the

desired V.

The value of n that is selected should be the smallest value that allows the converter to
deliver the required V, and that allows for the selection of the other parameters. For this
iteration, a value of n = 2.5 is selected based the fact that this value offers the most

possible valid combinations of component values, as seen by characteristic curves like
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the ones in Fig. 6.5. It should be noted that characteristic curves with values of » that are
different than 2.5 can be generated in a similar manner, but only those for n = 2.5 are

shown in Fig. 6.5.

6.4.2 Determination of Duty Ratio D and Input Capacitors C, = C,
= CC

If D is too small, then the power transfer mode is shortened and the converter’s
operation is affected in two ways. First, the converter may not be able to provide the
required V,. Second, there may be insufficient time for the input capacitors to fully
discharge, which would result in their voltages not being fully discontinuous so that low
frequency harmonics will appear in the input currents. This problem may be avoided if C,
= Cp = C, is chosen to be very small, which would ensure that the input capacitors do
fully discharge. Doing so, however, would also result in excessively high values of Ve,

and therefore peak switch voltage V), as Vpr) = V3 Veagk)-

If D is too large, then the time allocated for the input capacitors to charge up will be
inadequate and therefore partial charging will result. As a result, the input capacitors will
not store sufficient energy to transfer to load during the power transfer modes, which

ultimately affect the converter’s voltage regulation.

A value of n = 2.5 was selected in the previous step. As D should not be too small or
too large, a value of D = 0.5 is considered. Fig. 6.5(a) is a graph of curves of voltage v, «
vs. time for different values of C, (50 nF < C,< 300 nF) and with D = 0.5, n =2.5, L=
35 pH (as determined from the previous iteration) and I,y = 7.5 A, which is the
maximum peak current. At time ¢ = 0, all v¢, curves are shown to be zero, and all rise as

time is increased; this shows the charging of C, during the freewheeling mode.

Figs. 6.5(b) and (c) contain graphs of curves that are similar to those in Fig. 6.5(a)
except that they show the discharging of C, (i.e. the curves begin with values of Vi, at
time ¢ = 0, then approach zero as the time is increased). These graphs indicate the time
taken by C, to discharge during Mode 1 for C, (50 nF < C, < 300 nF) at full-load (P, =
1.92 kW) and at half-load respectively. Full-load operation is considered to minimize

input current harmonic content when the converter is operating with maximum input
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current. Half~load operation is considered because if v, is discontinuous at half—load,
then it is likely that the converter will meet the IEC 61000-3-2 Class A standard for
lighter loads.

Curves like the ones shown in Figs. 6.5(b) and (c) can be drawn for a range of values
of D starting from D = 0.5(i.e. D = 0.55, 0.6...) if necessary. According to Fig. 6.5(b),
Vg curves are discontinuous for C, (50 nF < C, < 300 nF) under full-load conditions as
all the curves reach 0 V well before DT,/2 = 10 ps. Since V) is related to Ve, and
since it can be seen from Fig. 6.5(a) that this voltage is reduced as C, is increased;
therefore, the larger the value of C,, the lower the capacitor voltage and switch stress will
be. However, it can be seen from Fig. 6.5(c) that if C,= 300 nF and if P,= 0.96 kW then
veax Will not be able to drop to zero before DT,/2 = 5 ps (where half load duty is assumed
to be D/2) and thus v¢,x will be continuous, but v¢,x can drop to zero within this time if
C, = 220 nF. C, = 220 nF can therefore be considered as a possible selection, in

conjunction with D = 0.5 for this iteration.

Whether the required correct V, can be achieved by this operating point must be
confirmed; if ¥, < 48, then D must be increased and C, should be selected accordingly. It
can be seen from Fig. 6.5(a) that the selected C, charges to a peak voltage of 400 V; since
Vor) = V3 Vcagk), therefore Vg = 693 V.

With the values of n = 2.5, D = 0.5 and C, = 220 nF that are chosen above the diode
rectifier output voltage can be determined to have an average value of approximately
Viectavg = 250 V from v, determined from the analysis, which is a triangular pulse train,
then determine its average value. If the current of L, is continuous V, can be
approximated as

*
, _D _0.5%250 _

= = 50 6.24
o n rec(avg) 25 ( )

which is sufficiently close to the required V, =48 V, so that values of n, D and C, can be
set. The converter’s operation with these values and its ability to satisfy the regulatory

standards must be confirmed with a “check” stated at the end of the design procedure.
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Fig 6.5: Design curves.
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6.4.3 Determination of Leakage Inductance Ly and Auxiliary
Capacitor C,

The values of Ly and C, are critical parameters that affect the auxiliary circuit’s ability
to reduce transformer primary current. In addition to its impact on the auxiliary circuit,
Ly, also affects the v¢,r waveform because there is a direct resonant interaction between
Ly and C, when C, discharges. The smaller Ly is, the quicker C, discharges as the
resonant cycle is reduced; however, ik also decreases faster due to the counter voltage

that is placed on Ly by C,.

If i x drops to a level that is less than the current coming out of the diode bridge
rectifier (ipys,x) and switch S; (or Sy) has not been turned off by the end of Mode 3, then C,
will begin to charge prematurely by part of 1, before it has been fully discharged. If C, is

not fully discharged, then low frequency harmonics may be introduced into /.

Ly should not be too large, however, as this will slow down the rate of decrease of iz «
too much when the converter is in a freewheeling mode of operation. Since iz;; must
ideally be dropped to zero before the converter exits this mode and enters a power
transfer mode, this means that the amount of time allowed for a freewheeling mode to
occur must be increased so that the current can be extinguished. Doing so, however,

limits D, and then the converter will not be able to provide the required V.

C, is a critical parameter because it sets the counter voltage that is available to
extinguish iz and it helps determine the minimum duration of the freewheeling modes
of operation. If C; is too small, it will not have enough energy in it to discharge Ly during
the freewheeling mode, thus iz, will not be properly extinguished. However, if C; is

selected to be too large, unnecessary conduction will reduce the overall efficiency.

For this step, what needs to be done is (i) determine a range of acceptable values of Ly
that prevents C, from prematurely charging (Fig. 6.5(d)), and (ii) look at values of Cx

using these values of Lj to find appropriate values of C, and Ljx so that izy is
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extinguished by the end of the freewheeling mode (Figs. 6.5(e) and (f)). Fig. 6.5(d) is a
graph of decreasing input capacitor voltage curves versus time for D = 0.5, n = 2.5, and
instantaneous input current /,; = 7.5A; the graph shows how the discharging time of C,
is affected by the Ly (15 puH < Ly < 35 pH). All the curves shown in Fig. 6.5(d) start
with a voltage of 400 V at time ¢ = 0 because, as can be seen from Fig. 6.5(a), Vcupr =
400 V when C,= 220 nF.

It can be seen from Fig. 6.5(d) that it takes about 4.25 ps for v, to become zero
when Ly = 35 puH, which is the maximum value within the range of possible values of L.
If Ly is reduced, however, then C, will discharge faster, as can be seen in Fig. 6.5(d).
Once Vyeer = 0, i i decreases due to the counter voltage impressed across Ly. After izj i<
1,1, C, will start to charge again unless S; (or Sy) is turned off by that time; premature
charging can distort the line currents.

Fig. 6.5(e) is a plot of curves of iy ;. vs. time for different L, values. The time iz«
reaches its peak value corresponds to the time when v, = 0 and energy that was stored
in the input capacitors is transferred to Ly. If Ly = 35 pH then according to Fig. 6.5(e)
ik takes around At = 9 us from ¢ = ¢y for igp = 7.5 A (= Lypw)- If Ly is reduced, then At
is reduced considerably, which increases the probability for premature charging. As At
for Ly = 35 pH is close to the duration of the power transfer mode (D7,/2 = 10 ps), there
is little opportunity for the premature charging of C, to occur.

Fig. 6.5(f) shows a graph of iy, versus time for various values of C, with Ly = 35
pH, from which the time needed to extinguish the maximum transformer current ({7 )
can be seen; If a value of C,= 3 uF is chosen, then it can be seen from the graph that iz x
is ideally extinguished between 10 ps and 20 ps from the start of Mode 1. The selected

Lj—C combination determines the switch current stress 17k = 40 A.

6.4.4 Determination of Input Inductors L,=L,= L.

Determination of the input inductors for Converter #2 is same as it was for Converter
#1; thus it is not repeated here. If the reader needs more information please refer to

Section 5.5.4 of Chapter 5.
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6.5 Experimental Results of Converter #2

An experimental prototype of Converter #2 was built to confirm its feasibility. It was
built for same specification stated above which is same as for Converter #1. The
prototype was designed using, IXGH50N90B2D1 devices as the switches, DSI45-16A—
ND devices as the three—phase AC-DC rectifier diodes and FFA40UP35STU-ND
devices as output side diodes. Typical converter waveforms are shown in Figs. 6.6—6.10.
Fig. 6.6 shows the phase current and phase voltage for different load conditions from

1.92 kW to 400W.

It can be seen from Fig. 6.6 that the converter can operate with near sinusoidal input
currents from full load until half load (Figs. 6.6 (a) and 6.6 (b)) and then they start to
become distorted; however, their harmonic content can still meet the IEC 61000-3-2
class A as shown in Table 6.1. It can also be seen that the input current becomes more
sinusoidal as the load is increased so that the worst—case harmonic content occurs under

light load conditions.

Figs. 6.7(a) and 6.8 show that voltage across an input capacitor when the converter is
working with full load and with different time scales. It can be seen that this voltage is
discontinuous, as it must be in order for a nearly sinusoidal input current waveform to be

achieved.

Fig. 6.9 (a) and (b) shows the voltage and current waveforms of a switch in the leading
leg at 1.92 kW and 400W respectively. The figures demonstrate that switch current is

negative (body diode conducts) when the switch voltage becomes zero. Fig. 6.10 (a) and

Table 6.1: IEC 61000-3-2 Class A standard limits (rms), harmonics (rms) of
phase current for loads 1.92 kW — 400W and PF.

Harmonics Class A 1.92kW 1.44kW 096kW 400 W

st 2.06 0.221 0.117 0.267 0.260
7" 1.39 0.028 0.051 0.132 0.042
1" 0.60 0.014 0.013 0.035 0.047
13" 0.38 0.017 0.011 0.023 0.037
PF - 0.998 0.998 0.983 0.95
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(c)  P,=0.96 kW, PF = 0.983
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[T

LA

AR

VU

(d  P,=400 W, PF=0.95
Fig 6.6: Phase voltage and phase current (V,= 100 V/div, I,= 7.5 A/div, t = 10 ms/div).

(b) shows the voltage and current waveforms of a switch in the lagging or leg at 1.92 kW

and 400W respectively. It can be seen how the primary transformer current is

extinguished and the current in the lagging leg switch drops to nearly zero before the

switch 1s turned off.

Table 6.2 presents a detailed comparison of Converter # 1 (Fig. 6.1) and Converter # 2

(Fig. 6.2). As explained in the Table 6.2, Converter #1 has better peak switch current

stress, output current ripple and hold—up time while Converter #2 has better peak switch

voltage stress, input power factor and efficiency. With respect to efficiency, it should be

noted that no soft—switching techniques or energy recovery circuits were used to improve

efficiency as it was desired to maintain the focus of the chapter on investigating the

properties and characteristics of the two converters, as was done in Chapter 5.
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Fig 6.7: Input capacitor phase voltage for P,= (a) 1.92 kW, (b) 400 W
(Vca=200 V/div, t = 4 ms/div).

Fig 6.8: Input capacitor phase voltage when P,= 1.92 kW
(Vee=200 V/div, t = 10 ps/div).
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Fig 6.9: Voltage and current of the leading leg switch when, P, = (a) 1.92 kW and (b) 400 W
(Vy=300 V/div, I, = 20 A/div, t = 10 ps/div).

(b)
Fig 6.10: Voltage and current of the lagging leg switch when, P, = (a) 1.92 kW, (b) 400 W (V|
=300 V/div, I, =20 A/div, t = 10 ps/div).

6.6 Features of Single-Stage Full-Bridge Type
Converters

6.6.1 Converter # 1

A. Peak Switch Current Stress

The switches in Converter #2 can be directly exposed to the sum of the current coming

from the input inductors and the discharging current of the input capacitors. The switches
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in Converter #1 are only exposed to the current coming out of the DC bus capacitor.
Since the current that comes out of the diode bridge rectifier has peaks that the current
that comes of the DC bus capacitor of Converter #1 does not, the peak switch current
stress of the switches in Converter #2 is greater than that of the switches in Converter #1.
From the experimental prototypes, it was found that the peak switch current stress for
Converter #1 was approximately 30 A while that for Converter #2 was approximately 40
A.

B. Output Ripple

Converter #1 has a bulk capacitor across its DC bus that Converter #2 does not have.
Even though this capacitor is disengaged from the bus whenever the converter enters a
freewheeling mode, nonetheless, it helps to filter out the low 360 Hz component that is
contained in the front—end bridge rectifier output voltage. As a result, this component is
not present in the output of the converter as it is for Converter #2. This 360 Hz ripple can

be removed from Converter #2 if bulkier filtering is used at its output.
C. Hold-Up Time

The presence of a bulk capacitor in Converter #1 means that the Converter #1as hold—
up time capability if needed. Hold—up time is defined as the amount of time that a
converter can provide the required output after the input AC voltage has been lost and
may be needed if the converter is operating in a power system without battery back—up.
In the case of Converter #1, energy stored from Cp, can help maintain the required
output voltage in the case of a loss of input AC voltage, whereas Converter #2 cannot do

so because it does not have a bulk capacitor.

6.6.2 Converter # 2

A. Peak Switch Voltage Stress

The switches in Converter #2 can have lower peak switch voltage stress than those of
Converter #1. This is because the peak switch voltage stress of Converter #1 is the sum of

the output voltage of the front—end diode bridge rectifier and the voltage across the DC bus
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capacitor Cp,s while the peak switch voltage stress of Converter #2 is equal to just that of
the diode bridge rectifier output voltage. From the experimental prototypes, it was found
that the peak switch voltage stress for Converter #2 was approximately 700 V while that for
Converter #1 was approximately 1000 V.

B. Input Power Factor

The ability of both converters to provide sinusoidal input currents with minimal
distortion is dependent on the ability of their input capacitors to operate with fully
discontinuous voltages through the input line cycle. The smaller the input capacitor value
is, the quicker these capacitors can discharge, increasing the likelihood of fully
discontinuous voltage operation. Decreasing the input capacitor value, however, increases
the peak voltage across a capacitor, which in turn, increases the peak voltage stress of the
converter's switches. There is, therefore, a compromise that must be made between input

power factor and peak switch voltage stress.

In the case of Converter #2, it is easier to make this compromise as it has, inherently,
less switch peak voltage stress than Converter #1 so that Converter #2 can be made to
operate with a better input power factor than Converter #1. The input power factor of the
two converters, as obtained from the experimental prototypes, is shown in Table. 1 for

various loads.
C. Efficiency

Converter #2 has a direct path of power transfer from the output of the front—end
bridge rectifier to the input of the full-bridge. In Converter #1, energy must be
transferred from the converter's input section to its DC bus section before it is transferred
to its full-bridge section. Moreover, Converter #1 has current that freewheels in the DC
bus that Converter #2 does not when the converters are in a freewheeling mode of
operation. As a result, Converter #2 is more efficient than Converter #1. From the
experimental prototypes, it was found that Converter #2 had a maximum efficiency of
83% that Converter #1 had a maximum efficiency of 80% and that Converter #2 was

approximately 2.5% — 3% more efficient throughout the load range.

150



6.7 Conclusion

This chapter is a continuation of the work discussed in the previous chapter as its main
focus of the chapter is a comparison of converter presented in Chapter 5 (Converter #1)
with a modified version of it (Converter #2). The main difference between the two
converters is that the modified converter does not have a bulk capacitor in its DC bus. In
the chapter, the modes of operation of the modified converter were explained in detail and a
procedure for the design of this converter was demonstrated with an example. Experimental
results obtained from a prototype of the modified converter were presented and based on
these results; the two converters were compared in terms of parameters such as input power
factor and efficiency. It was determined that the original converter (Converter #1) has
better peak switch current stress, output current ripple and hold—up time while the
modified converter (Converter #2) has better peak switch voltage stress, input power

factor and efficiency.
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Chapter 7

/  Conclusion

7.1 Introduction

In this chapter, the contents of the thesis are summarized, conclusions resulting from
the thesis work are presented, the contributions of the thesis to the power electronics

literature are stated, and suggestions for future work are given.

7.2 Summary

The main focus of this thesis has been the investigation of new power converter
topologies that convert a three-phase AC input voltage into an isolated DC output
voltage. Conventional three-phase AC-DC converters have two converter stages. They
have a front-end converter that converts the input AC voltage into an intermediate DC
bus voltage and a second, back-end converter that converts this DC bus voltage into the
desired isolated DC output voltage. The front-end converter also performs power factor
correction (PFC) and shapes the three-phase input currents so that they are nearly
sinusoidal and in phase with the three-phase input voltages. This allows the AC power

source to be used in the most efficient manner.

The front-end AC-DC converter is typically with six switches while the back-end DC-
DC converter is typically implemented with a four switch DC-DC full-bridge topology.
Power electronic researchers have been motivated to try to reduce the number of switches
that are used in the conventional two-stage approach in order to reduce cost and simplify
the overall AC-DC converter. There are two general approaches to doing this: The first
approach is to reduce the number of switches in the front-end AC-DC converter. The
second approach is to combine the AC-DC converter and the DC-DC converter in a
single converter so that the overall AC-DC converter can be implemented in a single
converter stage that can simultaneously perform AC-DC power conversion with PFC and

DC-DC power conversion.

The contents of this thesis can be summarized as follows:
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In Chapter 1, certain basic concepts relating to the main focus of the thesis were
introduced, the relevant literature was reviewed, and the thesis objectives and outline

were stated.

In Chapter 2, it was explained how the three-phase AC-DC front-end converter of a
two-stage AC-DC converter can be implemented with just one switch, in topologies that
are based on the six fundamental non-isolated DC-DC converters: Boost, Cuk, Sepic,
Buck, Buck-Boost and Zeta. The first three converters being converters with inductive
input filters and the others being converters with capacitive input filters, when
implemented as a DC front-end converters. It was explained how the switch in these
three-phase single-switch front-end converter is subjected to a high peak voltage stress,
which makes them impractical for most industrial applications. It was also explained how
the peak voltage stress of this switch can be reduced if a single-switch structure is
replaced by a two-switch multilevel structure so that none of the two switches is exposed

to the high peak voltage that the single switch is.

Two types of front-end multilevel converters were identified. The first was the
"flying-capacitor" type, which is based on conventional multilevel structures found in
high voltage DC-AC inverters. Three-phase flying-capacitor front-end AC-DC multilevel
converters that were based on each of the six fundamental non-isolated DC-DC
converters were presented and it was explained that the main drawback of the flying
capacitor converters was the unequal peak voltage stresses. As a result, a new family of
three-phase front-end AC-DC multilevel converters that was based on the connection of a
neutral-point of a three-phase input capacitor filter to the general DC-DC structure
embedded in the front-end converter was proposed. Examples of how a new Cuk neutral-
point connected front-end AC-DC multilevel converter (example of an inductive input
filter converter) and a new buck-boost neutral-point connected front-end AC-DC

multilevel converter could be synthesized were presented.

In Chapter 3, the operation of the new buck-boost neutral-point connected front-end
AC-DC multilevel converter was investigated in detail as an example of a new neutral-

point connected multilevel converter. The buck-boost converter was considered for
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further study as it was the simplest converter, with respect to the Cuk, Sepic and Zeta
converters, that can both step up and step down input voltage and the properties of a
reduced switch converter that can do both have not been examined in the literature. The
chapter began with an in-depth explanation of the converter's modes of operation,
followed by a statement of its features. A mathematical analysis of its key steady-state
characteristics was then presented and the results of this analysis were used to generate
graphs of steady-state characteristics curves. These graphs were used to develop a
procedure for the design of key component values and the procedure was demonstrated
with a design example. The results of the design example were used to implement a
converter prototype that was used to confirm the feasibility of the new AC-DC buck-
boost converter and to determine the characteristics of this new converter. Experimental

results that were used in this confirmation were presented in the chapter.

A variation of the buck-boost converter investigated in Chapter 3 was presented in
Chapter 4. This converter was implemented with a quasi-resonant technique to reduce
switching losses by shaping the current through each switch so that it is forced the switch
current to be zero when it is turned on and forced to eventually return to zero some time
before it is turned off. Since switching losses are dependent on the product of switch
voltage and switch current at the time of a switching transition (from off to on and vice
versa), the quasi-resonant technique can significantly reduce turn-on and turn-off

switching losses.

Similar to the buck-boost front-end converter presented in Chapter 3, the operation of
the new buck-boost quasi-resonant neutral-point connected front-end AC-DC multilevel
converter was investigated in detail. The converter's modes of operation were explained
in detail, its features were stated, a mathematical analysis of its key steady-state
characteristics was performed, and the results of this analysis were used to generate
graphs of steady-state characteristics curves that were used to develop a procedure for the
design of key component values. The procedure was demonstrated with a design example
and the results of the example were used to implement a converter prototype.
Experimental results that confirmed the feasibility of the new quasi-resonant buck-boost

converter were presented at the end of the chapter.
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In Chapter 5, the second approach to reducing the number of switches typically found
in conventional two-stage AC-DC converters — the use of single-stage converters that
combine the two converter stages of the conventional approach into one converter — was
examined. A new AC-DC single-stage converter was introduced in this chapter. This
converter combined an AC-DC buck front-end converter with a DC-DC full-bridge
converter in a single topology. In this chapter, the basic fundamental principles of this
converter were explained, the converter modes of operation were presented and its
features were stated. A mathematical analysis of the converter's steady-state
characteristics was performed, a design procedure was developed using the results of this
analysis, and the procedure was demonstrated with an example that was used to design

and implement a prototype converter, from which experimental results were obtained.

In Chapter 6, a variation of the converter that was investigated in Chapter 5 was
presented. The main difference between the two converters was that this converter (called
Converter #1) did not have a bulk capacitor connected to its intermediate DC bus as did
the converter in Chapter 5 (called Converter #2). This new converter, Converter #1, was
examined, analyzed, designed and implemented in the same manner as the previous
converter, Converter #2, and the performance and characteristics of the two converters

were compared.

7.3 Conclusions

The following conclusions can be made based on the work performed in this thesis:

i. It is possible to synthesize a three-level, AC-DC, neutral-point connected,
multilevel two-switch front-end converter for each of the six fundamental three-
phase single-switch AC-DC converters. It was confirmed by computer simulation
that each of these new converters can work and can allow both converter switches
to each have the same peak voltage stress, which is not the case for the flying-
capacitor multilevel converters, which have uneven peak voltage stresses.

1i.  The new neutral-point connected buck-boost converter can step up voltage (boost
mode) and can step down voltage (buck mode). It was determined that input power

factor was better when the converter is operated in buck mode of operation than in
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1il.

1v.

vi.

boost mode because there is more current available to discharge the input
capacitors before the end of each switching cycle — discontinuous input capacitor
voltages being the key to ensure a good input power factor.

It was determined that the above buck-boost converter can operate with greater
efficiency when it is boost mode than in buck mode because the circulating current
is less in boost mode with respect to buck mode; thus conduction losses are low.
The quasi-resonant neutral-point connected converter can operate with zero-current
switching (ZCS), but with less efficiency than the neutral-point connected buck-
boost converter for the load range considered in this thesis, a maximum of
approximately 2 kW. This is because the quasi-resonant converter has significant
conduction losses that are caused by the additional circuitry that is used to shape
the switch current to ensure that the switches operate with ZCS. The conduction
losses offset the switching losses that are eliminated by the quasi-resonant
technique. Although it has been shown in the literature that quasi-resonant
converters can be used for higher power applications (up to 6 kW) than converters
without quasi-resonant, this could not be confirmed with the available laboratory
facilities because with available facilities the maximum obtainable power is 2 kW.
The quasi-resonant neutral-point connected converter can operate with a better
input power factor than the buck-boost converter presented in Chapter 3. This is
because due to resonance between additional LC components more circulating
current is created in the DC side; thus input capacitors are forced to discharge
irrespective of the load or. Also QR buck-boost converter is operated with variable
switching frequency, as a result switch off time is adjusted based on the load so that
input capacitor voltages will be fully discontinuous and bounded by the sinusoidal
envelope.

Comparison of two buck-type three-phase, single-stage, AC-DC full-bridge
converters — Converters #1 and #2 - was presented in Chapter 6. They can be
considered to be the dual of the fundamental three-phase single-stage boost
converter. These basic converters are simple and can operate with an excellent
input power factor using standard phase shift PWM control. In the chapter, the

operation of Converters #1 was explained with the equivalent circuit diagrams and
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1l.

iii.

1v.

V1.

the typical waveforms, experimental results that were obtained from prototype was
presented, and a detailed comparison between the two topologies was made.

Converter #1 was found to have a lower switch voltage stress, a better input power
factor and efficiency, and Converter #2 was found to have a lower current stress,
inherent filtering of low frequency output harmonics, and hold-up capability. This

comparison was summarized at the end of the chapter.

74 Contributions

The main contributions of this thesis to the power electronics literature are as follows:

A new family of three-phase AC-DC multilevel converters that can be used as the
front-end converter of a two-stage AC-DC converter was introduced.

It was shown how the converters from the new family can be synthesized from
three-phase single-switch AC-DC front-end converters.

The steady-state properties and characteristics of one of the converters from this
new family, the buck-boost converter, were determined based on a detailed
investigation involving mathematical analysis and experimental verifications.

A new quasi-resonant buck-boost multilevel front-end converter was introduced
and its steady-state properties and characteristics were determined.

Two new three-phase AC-DC single-stage converters were presented and examined
in detail and the characteristics of these converters were compared.

In total, four new three-phase converters — two new AC-DC front-end converters
for two-stage converters and two new AC-DC single-stage converters — were
presented in this thesis. For each of these converters, a procedure for the selection
of key converter components was developed and its operation was confirmed with

experimental results.

7.5 Future Work

The following future work can be performed:
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It was found that the quasi-resonant neutral-point connected multilevel buck-boost
converter had lower efficiency with the quasi-resonant technique than without for
the maximum load range of up to approximately 2 kW. Future work can be
performed to see how the quasi-resonant converter operates with higher loads. It is
expected that the quasi-resonant converter will have the higher efficiency, but this
needs to be confirmed.

The main objective of the research on the two single-stage converters that were
presented in Chapters 5 and 6 was to investigate their properties and characteristics.
Such an investigation has rarely been done and the investigation itself represents a
significant contribution to the power electronics literature. The efficiency of the
two converters, however, was low and this was mainly due to the fact that soft-
switching techniques that can make either the switch voltage or switch current zero
during switching transitions were not used. Future work can be performed to see
what effect that implementing the single-stage converters presented in this paper
with efficiency improving soft-switching techniques would have on their
performance.

Multilevel level topologies allow their switches to operate with lower peak voltage
stresses than two-level topologies. The single-stage converters presented in
Chapters 5 and 6 had high peak voltage switch stresses because they were not
multilevel topologies, unlike those of the new front-end converters presented in
Chapters 2 to 4. Future research can be done to see if the two new single-stage

converters can be implemented with multilevel topologies.
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