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ABSTRACT

ZERO VOLTAGE SWITCHING PULSE WIDTH MODULATED
INVERTER TOPOLOGIES

VASSILIOS G. AGELIDIS

Among the significant issues in static power converters are high switching frequency
and high efficiency. However, switching losses usually limit switching frequencies.
Historically, the size and the performance of the static power converters have been closely
related to the performance of the semiconductor devices. Furthermore, in the past, any
increase in converter switching frequency has almost always been obtained by advances in
power semiconductor technology. More recently further improvements have been achieved
through the use of appropriate dissipative snubber networks. However, this solution only
partially solved the problems of switching losses.

Recent advances, in what are referred to as soft switching converter topologies,
promise improved semiconductor utilization and substantially higher switching frequencies.
The new developments in this area are extensively addressed in this thesis. Morcover, novel
soft switching techniques, namely zero voltage switching (ZVS) converter topologies for
single-phase and three-phase pulse width modulated (PWM) converters are proposed. The
most important advantage of these topologies is that they combine feaiures of resonant
mode and standard PWM converter. The principles of operation of these topologics are
discussed. A detailed design oriented analysis is provided. Simvlated results are presented
and verified experimentally on laboratory prototypes to establish the feasibility and

effectiveness of the proposed converter topologies.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In power electronic technology, static converters can be viewed as power
conditioners which employ semiconductor devices to convert or control energy. Specifically,
they cnable the encrgy flow between different systems to be controlled.

When ac and dc systems are coupled, the basic functions that can be realized are as

follows:

- rectification, the conversion of ac into dc (i.e. diode or controlled rectifiers,etc.);

- inversion, the conversion of dc to ac (i.e. ac variable speed drives, unninteruptible
power supply (UPS) systems, etc.);

- dc conversion, the conversion of dc of a given voltage and polarity into that of
another voltage and where applicable, reversed polarity (i.e. dc power supplies, dc
variable speed drives, etc.);

- ac conversion, the conversion of ac of a given voltage, frequency, and number of
phascs into that of another voltage, frequency, and where applicable number of
phases (i.e. cycloconverters, ac power controllers, etc.).

Power semiconductor devices are: employed to realize the numerous static power

converters which perform the previously mentioned functions. A brief discussion of the
various semiconductor devices and their essential characteristics is provided in the following

section.



1.2 Power semiconductor devices

Power semiconductor devices perform the on-off action which is the basic operation
in static power converters. The beginning of the power clectronics technology is usually
asscciated with the development of the thyristor (Silicon Controlled Rectifier - SCR) in the
laboratcries of the General Electric Company in 1957 [1}.[2].[3],[4]. Since then, the
thyristor has undergone much development. It has not only been improved to become the
high-speed thyristor but has also been diversificd into various kinds, such as Triac, Gate
Turn-Off thyristor (GTO), etc. The high-voltage/high-current capability and the high short-
time current-carrying capability ensure that the thyristor is an indispensable part of power
electronic converters, especially at high power levels. The GTO, with capability of switching
at higher voltages and currents, deserves a special mention since high power converters
employing self-commutated devices can be realized. GTO's, as compared with thyristors,
reduce the size of static power converters, since all the necessary and complicated networks
for the commutation of the thyristors arc climinated.

Onc important achievement has also been the development and continuing
improvement of the Bipolar Junction Transistor’s (BJT's) power ratings during the 1980's.
The Mectal Oxide Semiconductor Ficld Effect Transistor (MOSFET) has been  also
developed which provides higher speeds and larger safe operating arca (SOAR) than the
BJT’s. Other advances have been the reduction of the on-resistance of the power
MOSFET's and increase in their power ratings during the last decade.

Hybrid dcvices comprised of bipolar and MOS devices such as the Insulated Gate
Bipolar Transistor (IGBT), have also been fabricated which are suitable for higher voltages
and currents than MOSFET's and are also capable of switching at higher frequencies than

BIT's. Additionally, MOS controlled thyristors (MCT), comprised of a MOSFET and a
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thyristor, have been dcveloped. These devices are also expected to have high voltage and
current capability.
One of the most important problems in static power converters is addressed in the

following section.

13 Losses in power semiconductor devices

The cver increasing development of self-commutated switching devices has led to
increased use of transistors (BJT’s, JFET's, MOSFET’s, IGBT’s, etc.) in many industrial
applications related to power electronic technology. However, proper use of these devices
requires detcrmination of semiconductor losses since adequate cooling means have to be
provided to keep the device temperature within rated values.

Generally, the semiconductor losses are grouped into three categories [S}:

i) conduction losses
- on-state losses
- dynamic saturation losses
ii) switching losses
- turn-on losses
- turn-off losses
iii) off-state losses.

The relative magnitudes of the conduction and switching losses are greatly
dependent on the type of the converter (i.e. resonant, quasi-resonant, PWM, etc.), the
opcerating frequency, the type of the load (linear or nonlinear, resistive or inductive), and
certain characteristics of the switch itself (i.c. turn-on time, turn-off time, etc.). Off-state

losscs are generally a very small portion of the total losses and are considered negligible.

;.u;l
R,

o
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The most vital issues in power electronics technology are addressed in the following

section.

1.4 Significant issues in power converter technology

In all areas of power electronics, the most significant issues and rescarch interests
concerning the static power converters are as follows:

- the improvement of efficiency,

- the reduction of size, weight, and cost,

- fast transient response,

- better input/output spectral characteristics,

- minimization or elimination of acoustic noise and electromagnctic interference

(EMI), and

- wide range control of output voltage, current or frequency.

Higher switching frequencies are an essential requirement for achieving all the
previously mentioned performance improvements. However, switching losses limit the
switching frequencies.

Historically, the size and the performance of the static power converters have been
closely related to the performance of the semiconductor devices [2]. In the past, any
increase in converter switching frequency has almost always been obtained by advances in
power semiconductor technology [4]. Further improvements have been achicved by the use
of appropriate lossy snubber networks [6]. However, employing snubber networks only
partially solved the problems associated with switching losses. Thercfore, development of
topologies which employ low loss snubber subcircuits is an important goal, since these

converters can operate at higher frequencics without introducing the problems associated



with the switching losses.
Over the last decades, the dif"crent approaches dealing with switching losses are

critically discussed in the following sections.

1.5 Literature review
Decpending upon the application, there are several ways of dealing with switching
losses in static power converters. In this section, previous research wcrk, related to various

approaches towards alleviating semiconductor devices from switching losses, is reviewed.

1.5.1 Converter snubber networks

Snubber networks are a primitive way to minimize switching losses in pulse width
modulated (PWM) converters. In general, snubber networks are converter subcircuits used
for the reduction of switching losses of power semiconductor devices [6]. The turn-on and
turn-oft networks are placed in series/paraliel to power switching devices, respectively. For
instance, one major purpose of using such networks, especially for power BJT’s and GTO’s,
is to keep the power device within its safe operating area (SOAR).

Two different types of snubber subcircuits can be defined:

- dissipative

- nondissipative (low loss snubbers)

The basic difference between the dissipative and the nondissipative snubber
subcircuits is as follows:

- in dissipative snubber networks, the energy stored in the reactive elements (limiting

difdt inductor and limiting dv/dr capacitor) is dissipated in resistors and converted

into heat [7). This type is certainly not the best choice to achieve high switching
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frequencies and/or high power levels.

- in nondissipative (low loss) snubber networks, there are no fundamental losses.
In this case, losses are only caused by nonideal device properties, such as
conduction and transient switching losses of the switching devices contained in the
snubber networks.

It is certainly possible and sometimes advantageous, depending upon the application,
to combine dissipative turn-on networks with nondissipative turn-off networks and vice versa
[6]. The specific topologies of the snubber subcircuits can vary considerably depending upon
the switching characteristics of the components being protected. For instance, the turn-off
snubber for a thyristor is primarily intended to control and limit the rate of rise of voltage
across the semiconductor device during turn-off. The need to limit that rate (dv/dt) is based
on the thyristor’s ability to commutate the current in a certain time interval which is usually
given in the manufacture’s data sheets. The design and the operation of the snubber
networks for converters employing thyristors are well documented in the technical literature
and they are not the object of this thesis [8],[9].

For the modern semiconductor devices such as power BIT’s, JFET’s, MOSFET’s,
IGBT’s, and GTO?’s, snubber subcircuits are also employed in PWM converters. Fig. 1-1
shows the conventional dissipative snubber networks. Specifically, the turn-on snubber
(Rs - Lg) to control the rise rate of the switch current during turn-on and the turn-off
snubber (R; - C;) to control the rise rate of the switch voltage during turn-off are shown.
The polarized snubber networks (turn-on/turn-off) are included. The combined polarized
complete turn-on/turn-off snubber network is also depicted. The transistor S in each case
is the respective semiconductor device that is being protected by the passive snubber

components Ry, Lg, Cs and Dy .



Turn-on Turn-off
(Series) (Shunt)
N R
on " Lg R,
Polarized —*S E
S TCS

R
K] D
3L s%x
Polized (D F (°| —s T [ °

Combined

Figure 1-1: Conventional dissipative snubber subcircuits.

With the use of a combined snubber subcircuit (Fig. 1-1), the interaction between

the semiconductor device and the snubber subcircuit is as follows:

- During turn-on the voltage fall is a linear time function completely dictated by the
switch characteristics, while the current rise is dictated by the series snubber
inductor Ly .

- During turn-off, the current fall is a linear time function completely determined

by the switch characteristics, while the voltage risc is determined by the shunt

snubber capacitor C; .
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The operation of the combined snubber network (Fig. 1-1) is described as follows:

After switch turn-on, the snubber capacitor C; discharges via the semiconductor
device through the Cs - R - L loop. The discharge current is superimposed on the load
current. The snubber capacitor C; voltage reaches zero afterwards, at which moment the
snubber polarizing diode D begins to conduct and the remaining overcurrent in the
inductor L; decays exponentially through the L, - R loop. Respectively, after switch turn-
off, the series snubber inductor Lg begins to discharge and the snubber diode Dg conducts
thus connecting C; in parallel with the semiconductor device. The discharge voltage of the
inductor is superimposed over the input voltage already present across the switch. The
discharge network consists of the parallel branch L, - C; - R;. The inductor current reaches
zero afterwards at which moment the snubber polarizing diode D, blocks and the remaining
overvoltage decays exponentially through the Cs - Ry loop.

The advantages of the conventional dissipative snubber networks can be summarized
as follows:

- transfer of the switching losses from the semiconductor device to an extcrnal

resistor;
- suppression of high voltage transients;
- control of the rise rate of the current during turn-on and the rise rate of the
voltage during turn-off;

- reduction of the generated noise and the electromagnetic interference (EMI);

- avoidance of the secondary breakdown in transistor (BJT) converters.

On the other hand, the following disadvantages associated with these snubber
networks can be iden'ified:

- the energy storcd in the reactive elements is dissipated in external resistors, thus
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decreasing converter efficiency as the switching frequency increases;

- overvoltages can still occur as a result of resonances becween snubber or stray

inductors and snubber or parasitic capacitors;

- extra components are required, thus increasing power circuit complexity;

- the power losses also complicate the thermal layout and the heat sink design thus

leading to an increase in cost.

The operation of the conventional dissipative snubbers at high frequencies and high
power levels becomes extremely critical since the dissipated energy increases as a function
of the switching frequency.

A thorough analysis by W. McMurray provides an optimization technique that can
be employed to design a conventional dissipative R-L-C network for a specific application
[10]. The results presented show that certain values of snubber capacitor and inductor will
minimize the total switching losses, including losses in the device and the eventual
dissipation of energy stored in the snubber elements. However, as stated earlier, these
passive snubber subcircuits only partially solved the problems associated with the switching
losses. Diverting the losses from an active switching device to an external resistor is a
primitive solutionresulting in a low converter efficiency. Moreover, adequate cooling means
have to be provided for the dissipating resistors, increasing converter size, weight and cost.

At higher power levels and switching frequencies, it is more desirable to rather use
nondissipative (low loss) snubber networks. An analysis and optimization technique for
nondissipative snubber networks has been done by Charl G. Steyn [11]. The paper only
trcats the single storage element for turn-on (inductor) and turn-off (capacitor) separately
and independently of each other. It provides onty mathematical information for designing

an optimum snubber since no specific subcircuit for energy recovery is addressed.




-10 -

1.5.2 Improved snubber networks

The snubber subcircuits previously presented (Fig. 1-1) can be used for each
switching device separately. However, it is more efficient to combine components and to
use for instance one reactive element (inductor/capacitor) for both switches of a PWM
converter leg. There are various snubber subcircuits that improve the overall component
count by reducing the number of snubber elem :nts.

A snubber subcircuit suitable for BJT-inverter topology using a minimum number
of components is proposed in [12). The snubber components are designed in such a way
that maximum ratings associated with semiconductor devices are not exceeded.
Modifications have been discussed in cascs that power MOSFET’s are uscd as switching
devices. However, all the energy associated with the snubber subcircuits is dissipated in
passive components which makes this solution unattractive for high frequency high power
converters.

Some snubber networks for PWM bridge converters with BJT's or GTO's have been
proposed and analyzed by T. M. Undeland [13]. They are simple and give less extra stresscs
than the conventional configurations (Fig. 1-1). Most of the turn-on and turn-off losses
in the semiconductor devices are removed and dissipated in a single snubber resistor,
therefore loss recovery can be easily donc if desired. A common inductor is uscd to protect
all converter diodes and switches during switching turn-on. Similarly, only one snubber
capacitor is used for each pair of switches of a converter phasc-leg. However, this paper
does not include any way of recovering the losses associated with snubber elements.

An improved snubber configuration for both BJT’s and GTO’s PWM inverters has
been also analyzed by T. M. Undeland [14]. It is a complete turn-on/turn-off snubber

network that has the advantages of conventional snubbers, and in addition:
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- it has fewer components;

- it introduces lower additional stresses;

- the snubber diodes do not cause any difficulties associated with reverse recovery;

- all the losses are dissipated in one resistor, therefore loss .ecovery can be easily

done, if desired.

As stated earlier, the snubber is suitable for both GTO’s and BJT’s, but the size of
the snubber components may differ for different applications. A three-phase inverter with
the same snubber has been also discussed in this paper. However, this paper does not
propose any solution to recover the losses associated with the snubber components.

Another snubber configuration based on that proposed in [14] has been further
investigated in [15] for PWM-VSI with IGBT’s. However, in this paper the inductors as
well as the dissipating resistors are split to reduce EMI but loss recovery is not considered
at all. Some proposed arrangements include an increased number of components making
the power circuit layout more complex.

Based on the snubber configuration proposed in [14], an improved snubber with
encrgy recovery by simple passive network is proposed by J. Matthias [16]. This
configuration is suitable for high power and low switching frequency applications using
GTO’s. In this case, a substantial part of the snubber energy can be recovered by a
sccondary winding on the turn-on snubber inductor, reducing the total snubber losses to less
than one third compared with a conventional snubber. However, the energy recovery
subcircuit is complicated making the solution unattractive.

A snubber netwerk suitable for a phase-leg of a voltage source GTO or BJT inverter
is proposed and analyzed by W. McMurray [17]. This arrangement reduces the size of the

reactive comporients as well as their number. It also provides efficient means of recovering
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a substantial part of the energy trapped in the snubber elements, since the discharge resistor
may be replaced by a transformer which conserves trapped cnergy in both the series
(inductor) and shunt (capacitor) reactive components. However, the proposed solution to
recover the snubber energy is complicated.

Another snubber circuit for high power GTO inverter which is composed of only
passive elements is proposed in [18]. Ideally, no losses occur due to snubber components
since the configuration completely recovers the trapped energy of the turn-or and turn-off
snubber elements. The overall converter efficiency is increased, which is especially preferred
for high power applications. However, the proposed power circuit layout is cumbersome.

A snubber configuration using active switching devices for cnergy recovery is
proposed for PWM transistor inverters [19]. The requirement of being basically a lossless
network is fuliilled. However, the complexity of the circuit is high and it can be added that
the snubber network itself becomes another power converter topology.

Active way of protecting power transistors and eliminating the necessary snubber
subcircuits is also proposed in [20]. Feedback methods are studicd to achieve a faster,
lighter and integrable solution. The detection of an overvoltage when the device turns-off
activates a negative feedback path and drives the device back into conduction in such a way
that the overvoltage originated by the inductor current discontinuity is kept constant at a
predefined level. With this approach, the current carried by the transistor is decreased in
a controlled way, during turn-off, and the voltage does not exceed a certain limit. Similar
active drive techniques for power transistor are also discussed in [21]. However, this
method deals with protecting the semiconductor device from overvoltages only. Moreover,
all the energy associated with switching turn-off is dissipated inside the transistor, since the

device is driven back to conduction till the overvoltage is not detected, thercfore increasing
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semiconductor losses.

1.53 Soft switching converters

The switch stresses, as discussed in previous sections, can be reduced by connecting
simple dissipative snubber subcircuits in series and parallel with the switches in the switch
mode converters (Fig. 1-1). However, these dissipative snubbers shift the switching power
losses from the active device to the snubber elements, and therefore do not provide a
significant reduction in the overall switching power loses.

In contrast to dissipative snubbers in switch-mode converters, the combination of
proper converter topologies and switching strategies can overcome the problems of switching
stresses, switching power losses, and the EMI by turning on and furning off each of the
converter switches when cither the switch voltage or the switch current is zero. Ideally, both
the switch voltage and current should be zero when the switching transition occurs.

The converter topologies that can provide an automatic and lossless resetting of the
snubber components through inhcrent converter operation are referred to as soft switching
converters. Such topologies are very attractive at high-power levels when high-frequency
operation is to be achieved concurrently, since they allow an oversizing of the snubber
subcircuit without introducing the normal penalty of the trapped energy which needs to be
dissipated.

Generally, soft switching topologies are divided into the following two types:

- zero current switching (ZCS) which refers to device turn-on and turn-off occurring

with nearly no current in the switch.

- zcro voltage switching (ZVS) which refers to device turn-on and turn-off occurring

with almost no voltage across the device.
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a) b)

Figure 1-2:  Soft switching elements,
a) Zero current switching during turn-on only.

b) Zero voltage switching during turn-off only.

Fig. 1-2 shows the two types of devices that experience zero current switching during
turn-on only and zero voltage switching during turn-off only respectively. The snubber
subcircuits associated with zero current switching are purely inductive. The snubber
subcircuits associated with zero voltage switching are purely capacitive and the device turn-
on must occur with the antiparallel diode conducting.

The main advantages gained by using soft switching elements are as follows:

- very low switching losses and stresses;

- improved converter reliability;

- recirculation of the energy associated with snubber elements, thercfore improved

overall system efficiency;

- reduced need for cooling means;

- achievement of higher switching frequencics.

Some of these converter topologies which experience zero-voltage andfor zero-

current switching, are presented in Chapter 2.
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1.6 Scope and contributions
The scope and objective of this thesis is to present, analyze and verify experimentally
soft switching, namely zero voltage switching pulse width modulated inverter topologies. In
particular, the principal contributions of this thesis are as follows:
- The analysis, design and experimental verification of a single-phase full-bridge
high-power low-frequency PWM converter topology employing a low loss snubber
network (Chapter 3).
- A simple energy recovery subcircuit to improve the efficiency of the same topology
is investigated (Chapter 3).
- The analysis, design and experimental validation of a zero voltage switching PWM
converter topology using a lossless dc bus commutating subcircuit (Chapter 4).
- A three-phase zero voltage switching pulse width modulated voltage source inverter

topology is presented (Chapter 5).

1.7 Summary of the thesis

The contents of the thesis have been organized as follows:

Chapter 2 presents the most widely used converter topologies for dc-dc and dc-ac
energy conversion. The hard switching topologies (mainly PWM converters) and the soft
switching ones (i.e. resonant, quasi-resonant, etc.) are presented. The advantages and the
drawbacks of these converters are critically discussed.

In Chapter 3, a low loss snubber network for high-power low-frequency single-phase
full-bridge PWM converter first is considered. A modified lossless snubber network for the
same type of converter is proposed. The main advantage of the converter under

consideration is that, at least, theoretically, no energy associated with the snubber reactive
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elements is lost. Detailed analysis and design procedures for both power converter
topologies are included. Experimental results are presented to verify the principles of
operation of the proposed topology.

In Chapter 4, a zero voltage switching (ZVS) high-frequency medium-power single-
phase full-bridge PWM converter topology is proposed. The inverter purely capacitive
snubber provides nearly zero switching losses during turn-off. The active dc bus subcircuit
provides almost zero switching losses during turn-on, by forcing the respective switch
antiparallel diodes to conduct prior to main switch turn-on. Converter anzlysis and design
procedure are included. Experimental results are presented to verify the feasibility of the
proposed converter topology.

In Chapter 5, a three-phase ZVS PWM VSI topology is studied. The main
advantage of the proposed scheme is that the dc bus commutating circuit is synchronized
with an appropriate PWM technique. Both the power inverter topology and the modulation
technique minimize switching losses thus improving the overall system performance.
Detailed description of the modulation strategy and the principles of operation of the
inverter are presented. It is also shown that the modulation strategy is optimum for the
proposed inverter topology.

Finally, Chapter 6 contains a summary and conclusions of the thesis as well as

suggestions for future work.



CHAPTER 2

DC-DC & DC-AC CONVERTER TOPOLOGIES

2.1 Introduction

The three major application areas of power converter technology using self-
commutated devices are as follows:

- dc-dc converters,

- dc-ac inverters, and

- ac-dc converters such as pulse width modulated rectifiers.

There exist numerous converter topologies, depending upon the power level, to
accomplish the desired conversion functions.

In this chapter, first the conventional PWM dc-dc topologies are presented
[22],[23],[24]. Thereafter, converter topologies referred to as soft switching topologies such
as resonant, quasi-resonant, multi-resonant, and other soft switching topologies are also
considered. The six-switch three-phase PWM converter, which is widely used for dc-ac
energy conversion, is then discussed. Since 1986, significant new developments have been
made in the area of power electronic inverter topologies, especially for high power
applications. For these new converter topologies attempt has been made to substantially
eliminate the semiconductor switching losses. Converters with these properties allow the
semiconductor devices to be operated at increased switching frequencies which are then only
limited by the device intrinsic delay times rather than its thermal characteristics.

Consequently, power electronic converters can be d.signed which attain higher efficiencies
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and bandwidth and which achieve higher power densities. The various soft switching three-

phase inverter topologies are critically presented in the following sections.

2.2 Hard switching PWM dc-dc converter topologies

Most dc-dc applications require single quadrant operation, unipolar voltage and
current and unidirectional power flow. The most widely used converter topologies may be
classified as hard switching pulse width modulated converters. These topologies are referred
to as hard switching topologies because the switching trajectory of the semiconductor devices
results in device stresses. Specifically, with hard switching, the power device experiences
simultaneously high voltages and currents during turn-on and turn-off leading to high
switching losses. The reverse recovery of the free-wheeling diode in a converter phase leg
may cause current spikes and EMI. A simple and rugged way of improving semiconductor
switching trajectory is by employing snubber networks. These snubber networks have been
discussed briefly in Chapter 1.

Most dc-de converters are derived from the three single quadrant topologies, namely,
the buck, the boost and the buck-boost converters [23]. These basic converter topologics
are shown in Fig. 2-1. For dc-dc power applications such as the off-line switch mode power
supplies (SMPS), there exist a need for high frequency isolation using a transformer. Such
static power converters requiring galvanic isolation, include the flyback and forward
converters for low power applications (Fig. 2-2), the dua! forward and half bridge
converters for moderate power applications (Fig. 2-3) and lastly the full bridge converter
for high power applications (Fig. 2-4). The advantages and the problems of the hard

switching PWM dc-dc converters are discussed in the following sections.
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Figure 2-1: a) Buck switching converter.
b) Boost switching converter.
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Figure 2-2: a) Flyback switching converter.

b) Forward switching converter.
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Figure 2-3: Isolated medium power converter topologics
a) Dual forward switching converter.

b) Half-bridge switching converter.
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Figure 2-4: Full-bridge switching converter.
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2.2.1 Advantages of PWM converters

PWM converters still represent the dominant technology in use by industry today.
The reason being that they offer a great deal of advantages which can be summarized as
follows:

- simple and rugged power circuit;

- voltage/current control techniques are simple as well;

- low cost;

- minimum VA ratings of semiconductor devices.

Although PWM converters provide a simple solution, they have a numbe. of
undesired features. The next section addresses the most serious drawbacks of the PWM

converters.

2.2.2 Drawbacks of PWM converters

Most PWM converters operate at low and medium frequency. The reason being that
PWM converters need to switch rapidly to minimize switching losses. However, the fast
rising edges in the switching waveforms generate a lot of EMI. Both switching losses and
EMI tend to increase according to switching frequency. Any attempt to improve converter
efficiency by switching faster also increases the level of generated EMI.

The above mentioned problems can be overcome to a certain extend by selecting
convertcr components very carefully. Nevertheless, energy stored in the parasitic
inductances is still a significant issue. Therefore, effective snubber networks such as the
conventional ones presented in Chapter 1 are required.

Additional problems of the PWM converters at low and medium power levels

operating at high switching frequencies are as follows:
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- more drive power is required, especially for MOSFET’s, which are used to realize

high frequency energy conversion;

- equivalent series resistance of capacitors and parasitic effects of magnetic

components become significant limiting factors;

- the layout of the power circuit becomes particularly critical to the performance

of the converter.

Parasitic elements also create problems. Some of the most important parasitics are
the stored charge in the diodes and other semiconductor devices such as MOSFET’s, the
stray inductance of even short wire connections and the stray capacitance associated with
circuit elements.

Generally, limitations in any power converter topology are introduced by the
following parameters:

- peak semiconductor voltage and current;

- peak capacitor voltage;

- RMS current in all components;

- size, weight and cost of passive filter components;

- overall circuit efficiency;

- controllability;

- fault tolerance;

- electromagnetic interference.

During the last two decades, a lot of research work has been done towards achieving
higher switching frequencies. This work has produced topologies known as soft switching

topologies and some of them are presented in the following sections.
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2.3 Soft switching dc-dc converters
Although the area of soft switching converters is new, it is very broad. An attempt
has been made in the following sections to present only the basic topologies of such de-dc

converter topologies.

2.3.1 Resonant dc-dc converters

Historically, prior to the availability of self-commutated switches with appreciable
voltage- and current-handling capability, the switch-mode converters consisted of thyristors
(currently thyristors are employed only at very high power levels). Each thyristor in such
a converter required a current-commutation subcircuit, which consisted of an L-C resonant
circuit plus other auxiliary thyristors and diodes, which turned the main thyristor off by
forcing the current through it to go to zero.

A need to increase switching frequencies resulted in replacing the thyristors with
self-commutated switches and a simple L-C resonant circuit was used to shape the switch
voltage and current in order to yield zero-voltage and/or zero-current switching.

The series resonant converter is one of the earlier resonant dc-dc converters,
proposed in the technical literature, that provides zero current switching [25]. The circuit
proposed in this paper is mainly suitable for high power applications employing thyristors
as switching devices. Switch mode power supplies (SMPS) employing series or parallel
resonant tank have been also proposed in the literature. Although the series resonant
topology is more suitable for high power applications, the parallel output series resonant
converter (POSR) provides better characteristics for SMPS systems [26]. The respective
converter topologies are shown in Fig. 2-5. If the circuit operates below the Ly - Cy tank

resonant frequency, it allows natural commutation of these devices, providing zero current
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Figure 2-5: Resonant dc-dc converter topologies.
a) Half-bridge series resonant converter.

b) Half-bridge parallel output series resonant converter.

switching in all power devices. It is further shown in [26] that if the switching devices arc
force-commutated elements such as MOSFET’s or BJT’s switches, operation of the circuit
above the resonant frequency of the Lg - Cy tank can be obtained. Moreover, zero voltage
switching for all devices is achieved. Another zero voltage switching resonant mode dc-dc

converter is also proposed in [27].
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23.1.a Advantages of resonant dc-dc converters
The primary objective in selecting resonant mode operation is the reduction of
device switching losses. Both ZCS and ZVS topologies attempt to minimize switching losses
through the use of low loss snubbers.
The advantages of the resonant dc-dc topologies can be summarized as follows:
- low di/d! stress on components due to the non-rectangular waveforms;
- low level of generated EMI;
- improved efficiency since they provide nearly zero switching losses (switching is
done either at zero current or zero voltage);
- parasitic elements can be utilized as part of the power processing circuit;

- fast transient response due to higher switching frequencies attained.

23.1.b Drawbacks of resonant dc-dc converters

The most serious problems that can be identified for the various resonant converter

topologies are as follows:

- generally, both kind of topologies, namely, ZCS and ZVS require a wide range of
frequency control, thus making the optimization of the filter components and
design of output transformer and EMI filters difficult;

- high RMS currents which result in high conduction losses;

- the use of a resonant mechanism to transfer power from the source to the load
implies the use of an underdamped L-C circuit with substantial circulating energy
trapped in these elements;

- significantly higher VA ratings, compared with the output power, for the devices

and other circuit components are required, resulting in inefficient utilization of
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device capabilities;
- high control circuit complexity since the switching of the semiconductor devices
must be done ¢ither at zero current or zero voltage.
The above mentioned problems make these topologies unattractive for medium and

high-power high-frequency industrial applications.

23.1.c Comparison between ZCS and ZVS

In ZCS converters, the current produced by L-C resonance flows through the switch,
thus causing it to turn-on and off at zero current. In ZVS converters, the resonant
capacitor produces a zero voltage across the switch at which instant the switch can be turned
on or off. Both of these techniques requirc a variable frequency control to regulate the
output voltage.

The ZCS topologies are limited in frequencies achievable by the reverse recovery
phenomena associated with the antiparallel diode of the main switching device. Moreover,
high peak currents during reverse recovery process of the antiparallel diodes contribute high
switching losses and high voltage spikes.

On the other hand, ZVS topologies require that the antiparallel diode is conducting
prior to the main switch turn-on. By synchronizing the turn-on instant with antiparallel
diode conduction, also eliminates the snubber dump phen-menon which normally occurs
during main device turn-on and thus allowing the use of purely capacitive snubber elements.

It has been shown that zero voltage switching as opposed to zero current switching
is more appropriate control strategy for high-frequency resonant mode converters [27),[28].
This has to do with the internal capacitors of the switch. Specifically, with the turn-on at

zero current but at a finite voltage, the charge on the internal capacitors is dissipated in the
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switch. This loss becomes significant at very high switching frequencies. However, no such
loss occurs if the switch turns on at a zero voltage. In the ZCS, the switch is required to
conduct a peak current that is higher than the load current. In the ZVS the switch is
required to withstand a forward voltage that is higher than the input supply voltage. This

results in a very large rating of the switch for both type of converters.

2.3.2 Quasi-resonant dc-dc converters

To overcome the problems associated with the resonant topologies, quasi-resonant
converters such as the zero-current-switching quasi-resonant converter (ZCS-QRC) have
been developed [28]. The respective circuit is shown in Fig. 2-6. Different quasi-resonant
converters that experience ZVS or ZCS are also discussed in the technical literature [29].

Although these circuits provide improved characteristics compared with the resonant
converters, various problems can be alsoidentified. Peak voltage stress associated especially
with the ZVS topologies is the most serious problem of the "family" of the quasi-resonant
converters. Reverse diode recovery causes voltage spikes and finally the need to limit the

voltage stresses restrict the operating range of the quasi-resonant converters.
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Figure 2-6: The ZCS-quasi resonant converter.
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233 Multi-resonant dc-dc converters

Another promising development has been the recently proposed multi-resonant
converter [30]. The ZVS quasi-resonant topology is extended to incorporate the additional
parasitic elements associated with the free-wheeling diode. The frequency range is reduced
therefore the optimization of the filter components becomes easier. However, the high

component stresses make it impractical at high-power or high-voltage applications.

23.4 Other soft switching dc-dc converters

For high-power multi-quadrant applications, dual bridge topologics such as the
circuit shown in Fig. 2-7 can be used [31]. These topologies feature minimal device ratings
for a given output power and have almost no switching losses. They fall into the category
of soft switching converters that employ resonant transitions, but are very similar to hard

switching topologies.
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Figure 2-7: Three-phase dual bridge soft switching converter.
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2.3.5 Soft switching single-phase full-bridge PWM dc-dc converter topology
In this section a soft switching single-phase full-bridge PWM dc-dc converter topology
that experiences zero voltage switching is considered in detail. A phase-shifted PWM
technique is presented. The problems associated with this topology are identified. The

various topologies proposed in this research area are discussed.

23.5.a Phase-shifted PWM technique for single-phase full-bridge converter

When the conventional PWM technique is employed with the single-phase full-bridge
topology shown in Fig. 2-8, the diagonal switches are turned on simultaneously (S, - S,, or
S, - §;) to apply the input voltage V), across the primary circuit of the high frequency
transformer. Fig. 2-9 shows the switch gating signals as well as the respective voltage
waveform V; across the transformer primary winding. To achieve a freewheeling mode, all
the switches are turned off forcing the primary current to decrease towards zero. The load
current freewheels through the rectifier diodes and the transformer magnetizing current
circulates through the secondary winding and the rectifier diodes as well.

In the phase-shifted PWM technique, the gating signals are such that, instead of
turning on the diagonally opposite switches in the bridge simultaneously, like in the
conventional PWM technique, a phase-shift is introduced between the gating signals of the
switches in the left leg and those in the right one. This phase-shift determines the duty
cycle of the converter. The switch gating signals and the respective voltage V; across the
primary circuit are shown in Fig. 2-10. Specifically, with this method, top and bottom
switches of the same bridge leg are alternately gated for the fixed interval of nearly half a
period (dclays to avoid short-circuit path are necessary). Output power control or voltage

regulation is obtained by phase shifting the fixed duty cycle gating signals of the two bridge
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Figure 2-8:  Zero voltage switching converter topology with a passive clamping circuit

across the secondary side employing phase-shifted PWM technique.

legs with respect to each other. Consequently, when the two pairs of gating signals are in
phase, the output voltage is zero and when they are completely out-of-phase, the output
voltage is maximum. During the freewheeling mode, either the top two (S,, ;) or the
bottom two (S,, S,) switches are on (Fig. 2-10). The load and the magnetizing currents
reflected to the primary can therefore continue to flow in the primary winding, through one
switch and one antiparallel diode, thus providing a zero volts interval across the primary

circuit. The secondary also freewheels using the energy stored in the output filter inductor.

-
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Conventional PWM technique for single-phase full-bridge converter.
a) Switch gating signals.

b) Voltage waveform across the primary circuit.

‘he1
o T T
a z
2
| |
OO Tﬁ‘
G,
1 I
O° T:
-
1
(o] o T:
Vi
Vin
Vin

Phase-shifted PWM technique for single-phase full-bridge converter.
a) Switch gating signals.

b) Voltage waveform across the primary circuit.
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23.5.b Phase-shifted PWM technique and zero voltage switching (ZVS)

Employing the phase-shifted PWM technique, and utilizing circuit parasitic elements
(Lixand C,, C,, C,, C,, Fig. 2-8), zero voltage switching conditions for all the devices
(S; - S,) can be obtained as follows [32],[33],{34]:

The zero-voltage turn-on is achieved by using the energy stored in the leakage
inductor L, (Fig. 2-8) of the transformer to discharge the switch capacitors (C, - C,) before
turning the transistors on. Specifically, S, and S, are conducting and switch S, is turned off.
The current through the primary of the transformer charges first the respective capacitor
C, and discharges the capacitor C, , turning on the antiparaliel diode D, . After diode D,
conduction, §, can be turned on with zero voltage across the switch. However, in order to
achieve zero-voltage turn-on, the energy stored in the leakage inductor L, needs to be
larger than the energy trapped in the switch capacitor. For the other leg, the ZVS is
obtained as follows. Switch S, is turned off and the current through the primary discharges
the capacitor C, . Consequently, diode D; is turned on. After D, starts conducting, S, can
be turned on under zero voltage conditions. In this case, when S, is turned off, the current
through the primary of the transformer is the output current reflected to the primary.
Furthermore, ZVS for switches S, , S, is achieved easily since the energy of the large filter

inductor in the secondary side is used to obtain ZVS.

23.5.c Advantages of the single-phase full-bridge phase-shifted soft switching PWM
topology
The advantages of the single-phase full-bridge converter (Fig. 2-8) operating with
the phase-shifted PWM technique (Fig. 2-10) can be summarized as follows:

- zero-voltage-switching (ZVS) which enables high frequency operation due to
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reduced switching losses;

- simplicity of the control circuit due to the PWM technique compared with the
resonant converter control circuit which is very complicated;

- snubberless topology since parasitic elements are utilized to achieve soft switching
conditions;

- easy optimization of the magnetics and filter designs due to the constant frequency
operation;

- the Miller effect for MOSFET devices is minimized due to the ZVS resulting in
reduced EMI;

- lower RMS currents than the resonant converter;

2.3.5.d Drawbacks of the single-phase full-bridge phase-shifted soft switching PWM
topology
On the other hand, for the topology under consideration, the following disadvantages
can be identified:
- zero voltage switching conditions are difficult to obtain at very low load (typically
lower than 50%);
- the topology is not symmetrical; that is the ZVS conditions for one leg are
obtained easier than the other one;
- increased conduction losses due to the higher circulating primary currents;
- the delay time between turn-off of one switch and turn-on of the other in the
same leg is not precisely controllable due to the inherent delays associated with the
drive circuits;

- higher RMS currents than the conventional hard switching PWM topology;
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- energy loss during switching turn-off of the rectifier diodes since they are switched
at finite but not zero voltage;
In order to overcome the aforementioned drawbacks, improved single-phase full-
bridge topologies employing phase-shifted PWM technique have been recently proposed.

A brief presentation of these topologies is provided in the following section.

23.5.e Improved single-phase full-bridge PWM soft switching topologies

The topology discussed above (Fig. 2-8) however, does not provide any means of
absorbing the parasitic capacitors of the rectifier diodes [32],[33]. The interaction of the
diode rectifier parasitic capacitors with the leakage inductor of the high frequency
transformer causes severe voltage overshoot and ringing across the diodes. This problem
cannot be solved easily since the leakage inductor of the power transformer is necessary for
the operation of the circuit (ZVS).

A passive snubber R-C network that clamps the maximum peak voltage of the
ringing and returns part of the energy to the output load is proposed in [34]. This
arrangement has been shown in Fig. 2-8. The same network is employed in [35] but it is
also shown in this paper that this solution can be impractical for high-frequency high-voltage
applications. Moreover, this circuit clamps the peak voltage in the secondary circuit, but
does nothing to damp or prevent the ringing. The excessive ringing causcs EMI and control
problems.

More recently, an alternative topology with an active clamping circuit across the
secondary winding and the rectifier diodes is investigated [38]. In this case, when the
secondary voltage is high, the active clamp circuit, consisting of a clamp capacitor, a snubber

diode and an auxiliary switch, connects a large capacitor (voltage sourcc) in parallel with
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the diode rectifiers. Therefore, there is no voltage overshoot in the secondary circuit. In
steady-state, the average power flow through the clamping capacitor is zero. Energy from
the leakage inductor of the transformer is transferred to the clamp capacitor through the
snubber diode. The extra energy 1s discharged to the load through the snubber auxiliary
switch. However, the main drawback of this topology is that the duty cycle is restricted to
closc to unity values. The reason being that under lower values of duty cycle, the
overvoltage across the clamping capacitor is increased drastically, therefore the stresses
across the semiconductor devices are also increased.

An improved single-phase full-bridge soft switching topology, using phase-shifted
PWM technique and being able to achieve ZVS under lower load conditions, has been
recently proposed [37]. An external commutating inductor and two clamp diodes, added
to the phasc-shifted single-phase full-bridge PWM converter, substantially reduce the
switching losses of the semiconductor devices and the rectifier diodes under lower load
conditions as well. However, this topology requires the use of a low leakage power
transformer. The design process is complicated and ZVS conditions cannot be obtained
under wide range of load.

To overcome all the problems associated with the single-phase full-bridge converter
using phasc-shifted PWM technique, a novel topology employing an active dc bus snubber
subcircuit and conventional PWM technique is proposed and thoroughly analyzed in

Chapter 4.

2.4 Hard switching dc-ac inverters
Many applications in power electronics require sinusoidal outputs at frequencies

ranging from 0-Hz to 400-Hz. A wide variety of approaches have been reported in the
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literature for realizing this conversion process. The square-wave six-step inverter which is
also called variable voltage inverter (VVI) remains the simplest inverter. It was widely used
in the past but has almost completely been replaced by pulse width modulation (PWM) VSI
at all but the highest power levels. First, a controlled bridge rectifier or a diode
rectifier/chopper as its input is required in order to adjust the dc link voltage. This dc
voltage is then subsequently inverted into what is typically a six step ac voltage. The
frequency of the output is controlled by the inverter stage while the amplitude is controlled
by the rectifier stage or by the chopper. However, it has a number of undesirable features.
The most serious problem associated with this topology is that the filter components are
bulky and therefore its transient response is very slow.

The six-switch PWM voltage source inverter (VSI) topology overcomes the above
mentioned problems. The respective schematic of the six-switch PWM VSl is shown in
Fig. 2-11. It is widely used for a dc to 3-phase ac energy conversion due to its simple power
structure. The control strategy is reasonably simple and provides a fully regenerative
interface between the dc source and the ac load. The use of PWM VSI results in a

single power stage for controlling fundamental output voltage and frequency control

+

()
-
(7]

Figure 2-11: Hard switching six-switch voltage source inverter.
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simultaneously. The use of an uncontrolled diode rectifier front end further reduces the
cost especially for low and medium power applications and whenever regeneration
capability of the overall system is not extensively required. Different modulation techniques
can be employed to achieve certain system performance. The harmonic cancellation or
minimization, the sine PWM, the modified sine PWM, the third harmonic injection PWM,
the space vector modulation, are a few of the numerous modulation strategies that can be
used with the six-switch PWM VSI topology [39],[40],[41]. Semiconductor devices such as
MOSFET’s and BJT’s have almost completely replaced the thyristor at low and medium
power levels, and have raised inverter switching frequencies from several hundreds Hz to
the multi-kHz level. With the recent advent of IGBT’s, switching frequencies in the tens
of kHz are now achievable. This is particularly important in sinusoidal output systems, since
the size and cost of the reactive elements of the output filter varies inversely with the
switching frequency.

However, these converters have the same problems as in the case of dc-dc

converters. Thesc problems have been discussed in detail in Section 2.2.2.

2.5 Soft switching dc-ac inverters
Inverter topologies which use non-dissipative snubbers to obtain either zero voltage
or zero current switching for the active devices are referred to as soft switching invertcrs.

Some of the better known topologies are picsented in the following secions.

2.5.1 Resonant ac link inverters
The first "family” of soft switching inverters are the resonant ac link converters [42).

The concept is to use a high frequency link as an intermediate stage in the power converter,
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Figure 2-12: Series resonant ac link inverter topology.

as opposed to a dc link. A converter schematic of the series resonant ac link inverter is
shown in Fig. 2-12. Both the input converter and the output converter consist of active
bilateral devices. The devices are allowed to change state every time the high frequency ac
bus voltage goes through a zero crossing, which results in low switching losses.

The output waveform is synthesized with discrete half pulses of the link voltage.
Therefore, the output of this converter is a discrete pulse modulated waveform. The
spectral characteristics of the output waveforms (subharmonics are typically present) arc a
serious drawback of the ac link inverter topologies. The use of bilateral switches is also

necessary and is considered a disadvantage.

2.5.2 Resonant dc link inverters

A different and newer approach, the six-switch resonant dc link voltage source
inverter topology (RDCLI), for realizing zero voltage switching (ZVS) has been recently
proposed [43]. The converter schematic is shown in Fig. 2-13. In this case, the dc bus is
made to oscillate at a high frequency, so that the bus voltage gocs through periodic zero

crossings, thus setting up good commutating conditions for all devices connected across the
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Figure 2-13: The six-switch resonant dc link inverter topology.

dc bus.

The features of the resonant dc link inverter (RDCLI) can be summarized as
follows:

- minimum number of power devices;

- elimination of switching losses and snubbers;

- high switching frequency achievable;

- low acoustic noise;

excellent transient response;

multi-quadrant operation;
- maximization of power density;
- simple power structure;

suitable for high power levels with GTO devices;

- system reliability is improved because the devices experience nearly zero switching
losses.
However, the topology introduces substantial voltage stresses (>2.5 V) across the

semiconductor devices. This makes it unattractive for medium and high-power applications.
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Figure 2-14: Actively clamped resonant dc link inverter topology.

An alternate topology for realizing zero voltage switching in high power converters
is the actively clamped resonant dc link inverter (ACRLI) [44],[45],{46],[47]. Fig. 2-14 shows
the respective converter topology. This topology has a mode of operation similar to
resonant dc link inverter. However, the introduction of the seventh clamp switch S, restricts
the voltage stresses to near 1.5 V) levels. The control issues associated with this topology
are very critical. For instance, it is important that the clamp circuit should be lossless and
should not need a continuous power feed from an auxiliary supply. By controlling the turn-
off of the clamp switch, it is possible to maintain zero average power flow into the clamp
capacitor at the output of the inverter and to regulate the clamping voltage (KV},) at a
preset desired value.

An important and performance wise, restrictive issuc associated with the resonant
link inverters is their control strategy. Specifically, for the "family" of resonant dc link
inverters, since their output wavetorms are characterized by discrete pulses, the sigma-delta
modulator (2AM) for voltage control or the current regulated delta modulator for current

control have to be employed [48],{49],[50]. However, in this case the presence of harmonics
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Figure 2-15: Synchronized resonant dc link inverter topology.

below the link frequency and the difficulty of eliminating them, as well as the complexity
of the modulation strategies are the most serious drawbacks of these topologies.

An attempt has been made to eliminate the above mentioned problems associated
with the discrete modulation strategies and the resonant dc link inverter topologies.
Specifically, a synchronized resonant dc link (SRDCL) inverter to realize single-phase and
three-phase soft switching PWM converters has been proposed [51],[52], Fig. 2-15. An
additional mode (idle mode) has been introduced for the link, which allows variable pulse
width selection. The control strategy is a hybrid PWM and DPM. This scheme provides
improved performance for single-phase applications over the RDCLI [51]. However, it is
difficult to eliminate the subharmonics for a three phase application unless the equivalent
switching frequency is reduced considerably [52].

More recently a PWM technique for resonant dc link inverters has been proposed
[53]. The technique itself does result in reduced levels of subharmonics. However, the
PWM switching capability is obtained at the expense of significantly higher losses and device

stresses. The regime over which true PWM capability can be applied is rather restricted,
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being limited by the energy constraints associated with maintaining the link oscillations, and

by the need to conserve charge in the clamp capacitor.

2.5.3 Dec-side commutated inverters

Dc-side commutated inverters employing thyristors are very attractive duc to their
simplicity and efficient use of the commutation subcircuit [54),[55},[56]. Fig. 2-16 depicts
a generalized power circuit configuration without showing any specific dc-bus commutating
subcircuit. The most attractive characteristic is that only one commutation subcircuit,
placed between the input source and the bridge, is necessary, which considerably simplifies
polyphase inverters.

On the other hand, dc-side commutation has several disadvantages such as lower
programming freedom since time is needed to operate the commutating subcircuit. The
operating frequency of the commutation circuit is usually considerably higher than that of
the inverter switches. For these reasons, dc-side commutation can be a good option only
for low- and medium-power low-frequency multiphase applications.

Recently, dc-side commutation has also been investigated as an alternative solution
to realize soft switching three-phase voltage source inverters [57],{58},[59]. However, these
dc bus commutating subcircuits are very complex, with the commutating circuit becoming
a separate and complete converter by itself. Moreover, the compactness of the inverter
power circuit is achieved at the expense of an additional and complicated dc-side
commutating circuit, which does not significantly reduce the overall size, weight and cost of
the system.

To overcome the problems with the recently proposed inverter topologics, an

inverter topology that experiences soft swifching environment (ZVS) and employs a specific
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Figure 2-16: Three-phase bridge inverter with dc-side commutation.

PWM technique is proposed in Chapter §.

2.6 Conclusions

The various converter topologies, namely the hard switching and the soft switching
ones, for dc-dc and dc-ac energy conversion employing force-commutated devices have been
discussed in some detail in the previous sections. The most serious problems associated
with these converters as well as their advantages have also been critically evaluated.

It can be concluded that the ideal converter topology would combine the best
fecatures of resonant class and PWM class of topologies. These include low switching losses,
constant frequency operation, reasonably rated reactive components and a wide control of
load.

This is the purpose of this thesis and a single-phase full-bridge high-power low-
frequency soft switching PWM converter topology is proposed and studied in the following

chapter.



CHAPTER 3

AN IMPROVED LOW-FREQUENCY HIGH-POWER SINGLE-PHASE

FULL-BRIDGE PWM CONVERTER TOPOLOGY

3.1 Introduction

When PWM topologies are to be used for energy conversion, it is more efficient to
combine snubber components and to use for instance one reactive element (inductor to
control di/dt, capacitor to control dv/dt) for both switches of the same converter leg. Such
an improved snubber network suitable for BJT's or GTO’s based PWM converter has been
proposed in [14].

A single-phase full-bridge PWM converter topology employing the improved snubber
network is shown in Fig. 3-1. However, the losses associated with the original form of the
snubber subcircuit proposed in [14] (Fig. 3-1) can be substantial at high power levels.
Therefore, it is an important issue to employ an energy recovery subcircuit to improve the
overall system efficiency. Such a simple and active energy recovery subcircuit is investigated
in this chapter [63]. Specifically, the improvement under discussion consists of replacing the
discharge resistor (Fig. 3-1) with an auxiliary switch (Fig. 3-2). Detailed converter

description and analysis are provided in the following sections.

3.2 Converter power circuit description
The circuit realization of a single-phase full-bridge converter with the low loss

snubber network [14] is shown in Fig. 3-1. The converter power circuit includes the dc
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supply voltage V}, , the four converter switches (S,, S,, §;, S,), the antiparallel switch

diodes, the dc bus snubber inductor L, the storage-clamp capacitor C., the two snubber

capacitors C,, C,, the four snubber diodes (D,, D,, D,, D,), the discharge resistor R; for

the capacitor C,, the output transformer, the full-bridge rectifier stage, the output filter and

the load shown as a resistor.

The circuit realization of the single-phase full-bridge PWM topology when employing

the proposed active energy recovery subcircuit is shown in Fig. 3.2 respectively.

3.3 Advantages of the proposed PWM converter topology

The type of power converter proposed in this chapter (Fig. 3-2) has the following

positive features:

i)

iif)

iv)

The switching behaviour of the four converter switches (i.e. GTO’s, BJT’s,
IGBT’s, etc.) is dictated by the charging rate of the two snubber capacitors
C,, C,. Itis therefore smooth and controilable.

The recovery stress of the four switch antiparallel diodes is also controlled
by the charging rate of these snubber capacitors C;, C, . Therefore,
parasitic switch diodes can be used as free wheeling diodes.

The recovery stress of the rectifier diodes is also controlled by the charging
ratc of the same capacitors (C,, C,). Therefore, semiconductor stresses and
losses due to the output rectifier stage are also minimized.

The overall converter efficiency is increased since, at least, theoretically, all

the energy associated with the snubber elements is recovered.

Conscquently, the addition of this simple active energy recovery snubber network

improves the performance of the converter topology under consideration and makes it even
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Figure 3-1:  The single-phase full-bridge PWM dc-dc converter topology with the low loss

snubber network [14].

Figure 3-2:  The single-phase full-bridge PWM dc-dc converter topology with the lossless

snubber network.
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more attractive for high power industrial applications.

3.4 Principles of operation

The principles of operation for both power circuit configurations; the original (Fig.
3-1) and the modified topology with the active energy recovery network (Fig. 3-2) are
presented in this section. Identification of the topological modes (TM’s) during a switching

cycle is also presented, along with the voltage-current expressions.

3.4.1 PWM converter employing low loss snubber network

Because of the dc bus snubber inductor Ly , the current through the converter
switches is not permitted to increase while the switch voltage is decreasing towards zero
during turn-on. Therefore, since zero current turn-on conditions are obtained, the turn-on
semiconductor losses are minimized. During switch S, , S, turn-on, capacitor C, is charged
through diode D, to the voltage of the storage-clamp capacitor C. , since the diode D,
clamps the voltage. During turn-off, C, is discharged via diode D, . The snubber capacitor
C, operates in a similar manner as C, during the other half of the switching period. Due
to the fact that capacitors (C,, C,) are connected across each switch during turn-off, the
turn-off switching iosses are minimized since zero voltage turn-off is achieved. The energy
of the inductor L is transferred to the storage-voltage clamp capacitor C;, after the turn-off
of the converter switches. Energy from the snubber capacitors is also transferred to
capacitor C. through a low loss path (snubber resistor Rg) and some energy is lost in the
discharge resistor R; . However, the lost energy is significantly less than in the case of using

conventional snubber networks for each switch separately (Fig. 1-1).
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342 PWM converter employing lossless snubber network

The circuit shown in Fig. 3-2 employs the same snubber subcircuit previously
discussed in combination with a simple active energy recovery network. Specifically, the
discharge resistor R; (Fig. 3-1) is replaced by an auxiliary switch S, (Fig. 3-2). Employing
this snubber, the overall converter efficiency is increased, since, at least theoretically no
energy associated with snubber elements is lost. Instead the energy is transferred to the
storage-voltage clamp capacitor C. .

There are two ways of discharging the capacitor C ; first, by sending the energy
back to the dc bus whenever the main converter switches are conducting (the energy is
transferred to the load) or secondly, whenever the load current freewheels at the output
rectifier circuit (the energy is transferred back to the source). For instance, the auxiliary
switch S, could be turned on after a fixed time interval, following the turn-on time of the
converter switches §,, S, or §,, §;. That is because, it is desirable to turn-on the converter
switches through the dc bus snubber inductor L (turn-on switching losses and respective
EMI are minimized since di/dt is controlled). The switch S, could be also turned-on a fixed
time before the converter switches turn on. Consequently, by controlling the on time of the
auxiliary switch S, , it is possible to maintain a preset and desired value for the overvoltage
across the capacitor C, if the average power flow into the capacitor is kept zcro.

The analysis presented below includes the identification of the topological modes

(TM’s) during a switching cycle and the perspective voltage-current expressions.

3.5 Modes of operation - Steady state analysis
In the following section, the description of the different topological modes (TM's)

and the exact analytical expressions describing the converter currents and voltages
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(Figs. 3-1,3-2) during a switching cycle and under rated steady-state conditions are obtained.

3.5.1

The analysis is based on the following assumptions:

- The switches and the diodes are ideal.

- The capacitors and the inductors are lossless.

- The value of the storage-voltage clamp capacitor C, is very large compared with
the snubber capacitors C,, C,, hence C. can be replaced by a voltage source.

- The magnctizing current of the transformer is neglected.

- The load current I, is assumed ripple-free.

- The supply voltage V) is also assumed ripple-free.

- Stray parasitics are neglected.

Single-phase full-bridge PWM converter topology with low loss snubber
network

In this subsection the complete analysis concerning the single-phase full bridge dc-dc

power converter topology with the low loss snubber network (Fig. 3-1) is presented.

Initial conditions

At (=0, it is assumed that the storage-voltage clamp capacitor C. has the initial

voltage (Fig. 3-4(e)):

where

Vecho = KV (3.1)

K)1 (3:2)

The two snubber capacitors have the same value

C, =C,=Cg 3.3)
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and the following voltages (Fig. 3-4(b),(c));

Verlwo = Verlwo = % (3.4
with the polarity shown in Fig. 3-1.
All the snubber diodes D, - D, are reversed biased (Fig. 3-4(f),(g));
Vpileo™ Vpzlio= Vpslio= Vopulio™ - (K-;)Vm (3.5)
The voltage across the discharge resistor Ry is as follows;
Vasleo = K-1)Vy (3.6)

hence, the direction of the current through the discharge resistor Ry is as shown in Fig. 3-1;

. X-1y¥,
g o = _R_sﬂ 3.7
The current through the dc bus snubber inductor Lg (Fig. 3-4(a)) is
iu|:-o =0 (3.8)

Turn-on process.
Mode 1, Interval 0 <t <¢,.

The switches S, and S, are turned on at =0 . The load current I, continues to
freewheel in the output rectifier circuit, and the snubber inductor Lg current starts to
increase (Fig. 3-4(a)). The dc bus voltage decreases towards zero. The snubber capacitors
C,, C, continuec to have the same voltage (3.4) (Fig. 3-4(b),(c)). The snubber diodes

(D, - D,) are still reversed biased by the following voltage (Fig. 3-4(f),(g));

KV,

Voi Il-0‘=VDZ 'r-(r:Vm la-o‘zymls-O'= - 2 (3.9)
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Figure 3-3:  Converter topological modes (TM’s) during switching cycle turn-on.

Low loss snubber network.
a) Mode 1: 0<t<y,.
b) Mode 2: (, <t < t,.
c) Mode3: 1, <t <.

d) Mode 4: 1, <t < 1,.

The voltage of the storage-clamp capacitor C. remains constant (3.1) (Fig. 3-5(e)). The

equivalent converter circuit for this mode is shown in Fig. 3-3(a). The load current through

the filter inductor is shown as a current source I, . It is an inductive load circuit and the

current through the snubber inductor Lg (Fig. 3-5(a)) is given by the following equation

v,
i)_,(t) = L—IN T+ il.llt-o

0]

(3.10)
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This mode changes when the inductor L current and the current drawn from the storage

capacitor C, are equal to the load current I, ;

. (K-1V,
'Lclm, + R ¥ = 1, (G.11)
s
therefore, the duration of this mode (Fig. 3-4(a)) is
_ Iy Ry - (K-1)V, (3.12)

1= s
Rs Viv
Finally, switching turn-on losses are minimized since the dc bus snubber inductor L

provides zero loss commutations for all converter switches (di/dt is controlled).

Mode 2, Interval t, <t <t,.
The load current stops freewheeling through the rectifier diodes and the filter
inductor. The dc bus voltage starts to increasc and beyond the voltage of C,, C, (KV)/2),

the diodes D,, D, start conducting (Fig. 3-4(g)).

IN
VDI':-:,’ = VD"l-t; = - _'EL (3.13)

VD2|m,' = Vps ;= 0 (3.14)

The snubber inductor L oscillates with the snubber capacitors C,, C, . Specifically,
capacitor C, is charged through the diode D, to the voltage of the storage capacitor C..
(KV}y) since the diode D, clamps the voltage of C, (Fig. 3-4(b)). Concurrently, capacitor
C, is discharged towards zero through the snubber diode D; (Fig. 3-4(c)). The energy
associated with C, is transferred to the storage capacitor C. through the low loss path of

the discharge resistor Rg . The voltage across the storage capacitor C¢ is constant (KV,y).
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Fig. 3.3(b) demonstrates the equivalent circuit. The equation for the current through the

snubber inductor L; is as follows

2¢, .
(0 =1,+Q - -’25) =8y sinlo, (t-1,)]
'S
where
w, = 1
r =\ 2L,C,

The converter mode changes (Fig. 3-4(b),(c)), when

VCIIM, = KV

chimz =0

At t=t, , the inductor current has the value

) ¢ 2C; .
Iu‘m, =1, + (1 - ‘2‘) N Vv sinl o (1,-1))]
£)

The maximum value of the snubber inductor Lg current (Fig. 3-4(a)) is

K, |2Cs
=] - 1Sy
ot 2) L, W

Imu

Mode 3, Interval t, <t <t,.

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

The extra energy of the dc bus snubber inductor L is transferred to the storage

capacitor C. during this mode, through the snubber diodes. Moreover, all the diodes D, -D,
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Figure 3-4:  Converter waveforms at turn-on of S, , §, - Low loss snubber network.
a) Inductor Lg current.
b) Voltage of the snubber capacitor C, .
c) Voltage of the snubber capacitor C, .
d) Switch §,, §, voltage.
e) Voltage of the storage-clamp capacitor C, .
f) Voltage across the snubber diodes D, , D, .
g) Voltage across the snubber diodes D, , D, .
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are conducting (Fig. 3-4(f),(g)). The voltages across the snubber capacitors C,, C, are as
before (3.17),(3.18) (Fig. 3-4(b),(c)). The respective equivalent circuit is displayed in Fig.
3-3(c). Since the voltage across the storage capacitor C. is constant (KVy), the decrease

rate of the inductor current is dictated by L and (K-1)V, as well (Fig. 3-4(a)).

(0 = I L - -‘-’%s-‘l Vo (2-1,) (3.21)

The mode changes when

Bl = 1o (322)

The voltage across the converter switches approaches the overvoltage KV, of the
C. . Therefore the overvoltage factor K is an important design aspect for the converter

under discussion.

Mode 4, Interval t, <t <1,.
At t=t; , the turn-on process has been completed. Due to the voltage difference

across the resistor Ry, the current flowing through C, is as before (3.7);

(K-1)
Rq

in, (8) = Vi (3.23)

The current flowing through the snubber inductor L is constant;

(0 =1, - (’; Dy, (3.24)

s
All the snubber diodes are reversed biased. Fig. 3-3(d) displays the equivalent circuit. The

moment that this mode changes is dictated by the duty cycle of the converter.

d
t, = —— 3.25
Y (3.25)
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where the duty cycle is defined as follows;

g = lonisise ; Yow)s2.s8 . (3:26)

fsw is the converter switching frequency.

Turn-off process.
Mode 5, Interval t,<t < ;.

At t=t, , the switches S, and §, are turned off and the switch current begins to
decrease at a rate limited only by the commutation characteristics of the switches. The rise
rate of the switch voltage is dictated by the value of the snubber capacitors C;, C; and the
level of the load current I, as well. However, because of the snubber inductor Ly , the de
bus current cannot change instantaneously. Instcad, the energy from the dc bus inductor
L, is transferred to the storage-voltage clamp capacitor C. . During switch §, turn-off,
capacitors C. and C, with equal voltage and different polarity are connected through the
diode D, across §, thus minimizing turn-off losses and stresses. Respectively, during switch
S, turn-off, the snubber capacitor C, is connected across S, through the diode D, .
Therefore, zero voltage switching turn-off conditions are provided for both converter
switches (S,, S,). During this mode capacitor C, is discharged and capacitor C, is charged.
Moreover, the two snubber capacitors C,;, C, are placed in scries with the storage-clamp
capacitor C. and the load current I, is flowing through. Capacitor encrgy from C, is
transferred to the load and some is stored in the snubber capacitor C, . At the end of this
mode, capacitors C,, C, share the voltage across the storage capacitor C. (Fig. 3-6(f),(g))
The equivalent converter circuit is shown in Fig. 3-5(a). The current through the inductor

L has the following equation
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+
KVin — Ce KV|N+1__ Cc
\/ C I C -
m—: ‘1 L OQ ?I V"‘ 4
T O =
i I R
— —
g Ls
a) t, <t<t, b) t5<t<te
+/C
KViy _.l. ¢
Vin

c) t,,<t<t7

Figure 3-5:  Converter topological modes (TM’s) during switching cycle turn-off.

Low loss snubber network.
a) Mode 5: 1, <t <.
b) Mode 6: 15, <t <.

¢) Mode 7: 1, <t < ¢,.

K-1

iu(t) = IO - T VIN (‘—t‘)

)

(3.27)

The initial and final conditions for the snubber capacitors voltages (Fig. 3-6(b),(c)) are as

follows:
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Verly, = KV (3.28)

Veolen,, = 0 (3.29)

The converter changes mode when the following condition is held

KV,
VCI I‘-" = chl'-" = __2!5 (3.30)

From these conditions and assuming that the load current is constant during this mode, the

duration (s, is approximately
(3.31)

The snubber capacitors can be designed so that specific dv/dt across the converter
switches can be obtained to ensure zero turn-off switching losses. At the end of this mode
(t=t;), the load current starts freewheeling in the output circuit, through the rectifier diodes

and the filter inductor.

Mode 6, Interval t; <t < ¢,.

During this mode, the remaining inductor Lg energy is transferred in the storage
capacitor C.. All the snubber diodes (D, - D,) are conducting (Fig. 3-6(f),(g)). The slope
of the inductor L current is dictated by the voltage difference between the storage capacitor
C. voltage (KV,y) and the value of the snubber inductor Lg (Fig. 3-6(a)). The respective
equivalent circuit is displayed in Fig. 3-5(b). The equation for the snubber inductor current
is

(1-K)V,,
LS

B0 =1, + (t-t) (3.32)
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The duration of this mode is

Io Ls

o5 3.33
(K-1)V, 39

t~ts =

Mode 7, Interval t, < t < ¢,.

All the snubber diodes are reversed biased and all the converter switches are off.
The load current continues to freewheel at the output rectifier circuit. The voltage across
the storage capacitor C. is constant (Fig. 3-6(e)). Fig. 3-5(c) denotes the equivalent circuit.

The current through the discharge resistor Ry is as before;

K-1)V,
i) = L_Rs)—”—" (3.34)
i =0 (3.35)

35.2 Single-phase full-bridge PWM converter topology with lossless snubber
network

The topological modes (TM’s) concerning the single-phase full-bridge power
converter topology with the lossless snubber network (Fig. 3-2) are to be discussed.

The storage-clamper capacitor C. has again an overvoltage (KVy) (3.1),(3.2) which
practically might not be equal to the overvoltage obtained in the previous case. The
snubber elements (Lg , C,, C;) have the same values as before. The sequence of the
topological modes is the same as in the case of the low loss snubber network previously
presented. However due to the absence of the discharge resistor Rg all the energy
associated with the snubber elements is stored in the storage-clamp capacitor C.. The

maximum current during the resonant mode is as before (3.20). Only when the auxiliary
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a) Inductor Lg current.
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switch S, is turned on to discharge C,, the voltage difference (K-1)V, is applied across the
dc bus snubber inductor L and current in a negative direction is flowing through the dc bus
inductor L. The equation of the current through the dc bus inductor Lg when the auxiliary

switch S, conducts is as follows:

(K-1)V,y

s

i, (1) = - (1) * Ilpmy (3.36)

where

t, is the moment that S, is turned on.

3.6 Discussion - Design guidelines

The equations presented in the preceding sections are used next to design a
complete single-phase full-bridge PWM dc-dc converter employing the low loss or the
lossless snubber networks under discussion. The output power Py, r , the output voltage
V,our and the switching frequency f,, are the desired specifications of the converter. Both
the topologies discussed in this chapter are off-line dc-dc converters, hence variations in the
input ac linc-to-line voltage in the front-end rectifier stage have to be taken into account
for a worst case design. The voltage of the storage-clamp capacitor C. is another important
design aspect. The overvoltage factor K (3.2) has to be slightly higher than unity, because
the voltage of C. is the maximum voltage applied across all converter switching components.

Assuming that the input unregulated dc power supply voltage variation is

Voo Ve ¢ Viosaax (337)

The dc output voltage (assuming a 1:1 output transformer turns ratio) for the case of the

maximum duty cycle is
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Vour = duax Vonan (3.38)

Respectively, for the case of the minimum duty cycle

Vour = dum Vooux (3.39)

The output load current under rated conditions is as follows:

P,

|

I, = (3.40)

™
S

The overvoltage factor K can be estimated as follows. For the minimum duty cycle, the
dead time that all converter switches are off (free-wheeling mode) is given by the following

equation;

1-d
SwW

3.6.1 Design procedure for the single-phase full-bridge PWM converter with low
loss snubber network
Theoretically, the dead time (3.41) can be equal to the duration of the mode 6 as
described before assuming that the duration of the mode 5 is very small. Therefore,

approximately,

. 2 Io L fsw
(1 'dmN)Vmux

(3.42)

The energy that leaves the storage-clamp capacitor C. through the discharge resistor R; is

approximately

. K DVmaux 3.43
o ™ R Ce o 043

Similarly, the energy that enters C. under rated conditions is approximately
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2
w21l (3.44)
NCo (K-1) Vppux

Under steady-state conditions
" 44N
Wour = Wiy (344
The dc bus snubber inductor Lg has to be designed according to turn-on time of the
switches, to ensure zero turn-on switching losses. The discharge resistor R; can be

calculated from the following function

& o KD Vinux (3.46)
o2, 2L

The energy dissipated in the discharge resistor Ry can be also estimated. The current

through Rg is

- & DV 3.47
Ry — ——ks_—'— ( )

and the losses can be easily computed from the following equation;

21,2
. &KD" Vi (3.48)
ks R,

3.6.2 Design procedure for the single-phase full-bridge PWM converter with

lossless snubber network

The same approach can be used to design the active energy recovery subcircuit. The
width of the gating signal of the auxiliary switch can be estimated so that under rated load
a specific overvoltage across the storage capacitor C. can be obtained.

The energy that enters C. is the energy stored in the snubber inductor L mainly and

the encrgy stored in the snubber capacitors C,, C, .



K-1)Vpuudd?
W,y = -%Ls L+ 2% c, X )2“‘“"] (3.49)

When the auxiliary switch turns-on the energy that lcaves C. taking into account the

equation for the inductor Lg current (3.36), for specific on-time (f,y s,) is approximately

N2 2 2
K-1)” Vivuax forso (3.50)

Therefore under steady-state rated conditions the width of the gating signal applied to the

switch S, can be computed from the following formula

2,2
l LSIO +LS CS

toNso = - (3.51)
K-1)*Vpuux 2

Theoretically, the sum of this time (oys,), the time needed to resct the inductor current
(mode 6) and the time needed to reset the current from the negative value to zero have to

be equal to the dead time as before (3.41). Therefore

2 ;2
l_dHIN - 2 IO LS + LS Io + LS CS (3.52)
2fw  K-DVpux (K-1)?Vonaax 2

Hence K can be estimated by iteration to satisfy the above equation (3.52). Then, the

on-time of the auxiliary switch S, can be computed using eqn. (3.51).
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3.7 Design example
In this section a design example for both power converter configurations is provided.
Experimental verification follows in Section 3.10.
The converters shown in Figs. 3-1,3-2 are to be designed for the following
specifications.
Output power Poyr = 5.0 kW
Output voltage Vour = 240V
Switching frequency fs, = 10 kHz
Assuming that the input unregulated dc voltage variation is
280V <V, <300V
The duty cycle for the maximum input voltage is

dyy = 08

3.7.1 PWM converter topology with the low less snubber network
The dc bus snubber inductor L is to be designed according to the di/dt rate during

turn-on, to ensure zero switching losses. Taking into account

=20 Alus

88

and because Vg, = 300 V and using eqn. (3.10)

Ly = =15 yH

20 Alps

The two snubber capacitors are to be designed according to the dv/dt rate during turn-off

to ensure minimum switching losses. Similarly, taking into account

&
& 200
dr Vps
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under rated conditions the output current (3.40) is

_ 5000 W

=218 A
(e}
therefore 40V
218 A
= ——— = (0.1 pF
S 200 Vips a

Since for the maximun input voltage the duty cycle is d=0.8 under rated conditions and
using eqn. (3.42) the overvoltage factor K for this particular example is
K =1133
Therefore
Veewax = 340 V

and finally the discharge resistor R; can be calculated from eqn. (3.46);

R;=1150Q
The losses can be also estimated;

P, =138W
Hence, the losses associated with the snubber elements, currently dissipated in the discharge
resistor Ry, are 2.76% of the output rated power for this particular example.
The maximum current during the resonant mode (2) is according to eqn. (3.20)

1. =335A

3.7.2 PWM converter topology with the lossless snubber network

Following the analysis previously presented concerning the converter topology that
employs the lossless snubber network, and for the same specifications as before, the width
of the gating signal of the auxiliary switch can be calculated as follows; By iteration,

K =133
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and the maximum overvoltage of the clamp-storage capacitor C,. is
Veenmax = 400 V
Finally,

lonso = 4-4 ps

3.8 Component ratings

In this section, the ratings of all the converter components are provided. The worst
operating point for the two converters is chosen. According to the analysis previously
presented, the rated power and the maximum input voltage are considered as worst

operating point.

3.8.1 Component ratings of the single-phase full-bridge PWM converter topology with low
loss snubber network.
The voltage and current ratings of the various system components are ass follows:

Vimx = 300V, Ve =340V, I, =218 A, Poyr=5kW, Vo =240V.

Snubber inductor Lg: RMS current: lpus = 213 A
Peak current: Do =335A
Peak voltage: Viewax =300V
Total kVA: kVA,, = 10,050 VA

Clamp capacitor Cz Peak current: Iec) x=218A
Peak voltage: Veemaxr = 340V
Total kVA: kVA .. = 7,412 VA

Snubber capacitors C,,C;:  Peak current: Ty =218 A

Peak voltage: Veowax = 340V




Snubber resistor Rg:

Snubber diodes D,-D, :

Converter switches:

Transformer:

Rectifier diodes:

Visax = 300 V,

Snubber inductor Lg:
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Total kVA:

Power dissipation:

RMS current:
Average current:

Peak current:

Reverse peak volt.:

RMS current:
Average current:
Peak voltage:
RMS current:
Peak current:
RMS voltage:
Peak voltage:
Total kVA:
RMS current:
Average current:

Peak current:

Reverse peak volt.:

lossless snubber network.

RMS current:

kVAg, = 7412 VA

138 W

Ipoas = 38 A
Iyws = 17A
Ipeax = 218 A
Voar = 340 V
Tpnes = 135 A
Igue =85 A
Vinnax = 340 V

oynss = 187 A
Lpymgax = 218 A
Vorisax = 266 V
Viggrax = 340 V

kVA = 4,975 VA

Ippus = 135 A
Iae=10A

Ipwex = 218 A
Viax = 340 V

3.8.2 Component ratings of the single-phase full-bridge PWM converter topology with

The voltage and current ratings of the various system components are ass follows:

Ip =218 A, Py =5kW,

Ipus = 214 A

Vour = 240 V.



Clamp capacitor Cz2

Snubber capacitors C,C,:

Snubber diodes D,-D, :

Auxiliary switch S,

Converter switches:

Transformer:
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Peak current:
Peak voltage:
Total kVA:
Peak current:
Peak voltage:
Total kVA:
Peak current:
Peak voltage:
Total kVA:
RMS current:
Average current:

Peak current:

Reverse peak volt.:

RMS current:
Average current:
Peak voltage:
RMS current:
Average current:
Peak voltage:
RMS current:
Peak current:
RMS voltage:
Peak voltage:

Total kVA:

Ipx = 33.5
Viwax = 300 V
kVA,, = 10,050 VA
Tccaur = 246 A
Ve = 400 V

kVA. = 9,840 VA

I = 218 A
Vewsr = 400 V
kVA, = 8,720 V
Iporus = 38 A
Ipwe=17A
Ipux = 21.8 A
Vporax = 400 V

Lixeus = 6 A

Ligas = 1A

Lwax = 400 V
Lspnus = 13.6 A
Ispavc = 85 A
Vomae = 400 V
Logras = 19 A
Loppx = 22 A
Vigiaus = 268 V
Vorisx = 400 V

kVA = 5,092 VA
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Rectifier diodes: RMS current: Ippus = 14 A
Average current: Ipae =105 A
Peak current: Ippuax =218 A

Reverse peak volt.: V0 = 400 V

3.9 Simulated results

The performance of the two dc-dc converter topologies shown in Figs. 3-1 and 3-2
was simulated using a standard electronic circuit simulation package [67]. Both power
circuit configurations were simulated under steady-state operating conditions. Typical
steady-state simulated results for the converter employing the low loss snubber network (Fig.
3-1) are given in Fig. 3-7. Specifically, Fig. 3-7(a) shows the dc bus current and Figs. 3-7(b)
and 3-7(c) display the voltage across the snubber capacitors C,, C, respectively. Fig. 3-7(d)
shows the converter switch voltage. It is clearly illustrated that the slope of the switch
voltage during turn-off is controllable by the value of the snubber capacitors and the load
current. Therefore, turn-off switching losses are minimized. The current through the switch
is depicted in Fig. 3-7(e). It is also clearly illustrated that the slope of the current during
turn-on is controlled by the value of the snubber inductor Lg. Thercefore, turn-on switching
losses are also minimized. The voltage across the rectifier diodes is shown in Fig. 3-7(f).

Similarly, Fig. 3-8 presents typical steady-state waveforms for the converter with the
lossless snubber network (Fig. 3-2). In this case, the capacitor C is discharged to the dc
bus during the time that the load current freeewheels at the output circuit. In particular,
Fig. 3-8(a) presents the dc bus current. Whenever the auxiliary switch is on, this current
becomes negative (if it is zero) or decreases towards zero (if greater than zero). Fig. 3-8(b)

and 3-8(c) display the voltage across the snubber capacitors C, and C, respactively. It is
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Steady-state waveforms - Low loss snubber network.
Pour =5kW, V), =300 V, K = 1133, Ly = 15 uH,
Cs = 0.1 uF, d = 0.8, f5, = 10 kHz.

a) Inductor L current.

b) Capacitor C, voltage.

c¢) Capacitor C, voltage.
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Figure 3-7:  Steady-state waveforms - Low loss snubber network.

Poyr =5 kW, V,y=300V,K = 1133, L; = 15 uH,
Cs = 0.1 pF, d = 0.8, fg, = 10 kHz.

d) Switch voltage.

e) Switch current.

f) Rectifier diode voltage.
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Steady-state waveforms - Lossless snubber network.
Porr = 5kW, V), =300 V,K = 1.33, L; = 15 pH,
Cs = 0.1 uF, d = 0.8, fgp = 10 kHz, toys, = 4.4 ps.
a) Inductor Lg current.

b) Capacitor C, voltage.

c¢) Capacitor C, voltage.
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Steady-state waveforms - Lossless snubber network.

Por=5kW, V=300 V,K =133, L; = 15 uH,
Cs; = 0.1 pF, d = 0.8, f5 = 10 kHz, 1oy, = 4.4 ps.
d) Converter switch voltage.

e) Converter switch current.

f) Converter switch gating signals.
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Steady-state waveforms - Lossless snubber network.
Poyr = 5SkW, V), = 300 V, K = 1.33, L; = 15 pH,
Cs = 0.1 pF, d = 0.8, fo = 10 kHz, t5y5, = 4.4 ps.
g) Auxiliary switch voltage.

h) Auxiliary switch current.

i) Rectifier diode voltage.
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proved that the energy recovery subcircuit does not affect the waveforms across the two
snubber capacitors C, and C, . That means that the modified snubber network with the
auxiliary switch provides similar reduction in switching losses and stresses. The converter
switch voltage and current are shown in Figs. 3-8(d) and (e) respectively. The ncgative part
of the current as well as the zero volts interval of the switch voltage are due to the auxiliary
switch S, turn-off and the energy stored in the dc bus snubber inductor Lg when .he
auxiliary switch is conducting. Fig. 3-8(f) demonstrates the gating signals of all converter
switches. The auxiliary switch S, voltage and current are plotted in Figs. 3-8(g) and (h).

The voltage across the rectifier diodes is depicted in Fig. 3-8(i).

3.10 Experimental results

To establish the feasibility of the two full-bridge high-power PWM converter
topologies with the snubber networks under consideration and to verify the theoretical
results, laboratory prototypes of 5-kW operating at 10-kHz switching frequency were built
and tested. Experimental results are shown in Figs. 3-9 through 3-12. The experimental
results and the simulated waveforms are in close agreement. In particular, Fig. 3-9(a)
shows the dc bus current. The converter switch voltage is displayed in Fig. 3-9(b). It
indicates that the voltage across the switch devices is controlled through the value of the
snubber capacitors. Therefore, switching losses of semiconductor devices arc minimized.
The turn-on and the turn-off switching waveforms shown in Fig. 3-10(a) and (b) respectivcly,
prove that switching losses are minimized through the effective use of the modificd
turn-on/turn-off snubber network being analyzed in this chapter. The experimental
converter waveforms, taken from the circuit when the proposed lossless snubber is used, arc

shown in Figs. 3-11 and 3-12. Fig. 3-11(a) presents the dc bus current, and the converter
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switch voltage is shown in Fig. 3-11(b). Fig. 3-12 shows the turn-on and the turn-off
switching waveiorms. The same waveforms are obtained as far as switching elements are
concerned. However, due to the further minimization of the switching losses, the overall
circuit efficiency is improved, since, at least, theoretically all the energy associated with the

snubber elements is recovered.

3.11 Conclusions

A complete analysis and design procedure of two single-phase full-bridge
high-power PWM dc-dc converter topologies using low loss and lossless snubber networks
has been proposed in this chapter. Switching behaviour of the switch devices during turn-
off is dictated by the charging rate of the snubber capacitors. Zero current turn-on and
zero voltage turn-off switching conditions are obtained through the use of a simplified
snubber network. The overall circuit efficiency is improved with the use of the simple active
energy recovery subcircuit since, at least theoretically, all the energy associated with the
snubber elements is completely recovered. However, this improvement in the ccnverter
efficiency is achieved at the expense of an additional auxiliary switch and higher VA ratings
for snubber elements. Theoretical results have been verified for both power configurations

on 5-kW laboratory prototypes operating at 10-kHz switching frequency.



Figure 3-9:

Figure 3-10:

Experimental converter waveforms - Low loss snubber network.
L;=15 yH C;=0.1 pF C.=10 uF K=1.13 P ;=5 kW f;=10 kHz.
a) Inductor Lg current (15 A/div,10 ps/div)

b) Switch voltage (200 V/div, 10 ps/div).

Switch voltage and current during switching interval.
Low loss snubber network.
L=15 pH C;=0.1 yF C.=10 yF K=1.13 Py ;=5 kW f,=10 kHz.

a) Turn-on (200 V/div, 15 A/div, 100 ns/div).
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Figure 3-11:
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Switch voltage and current during switching interval.
Low loss snubber network.
Lg=15 pH C=0.1 pF C.=10 pF K=1.13 Py =5kW fg,=10 kHz.

b) Turn-off (50 V/div, 10 A/div, 100 ns/div).

b)

Experimental converter waveforms - Lossless snubber network.
Lg=15 pH Cs=0.1 pF 1yy5,=4.5 ps K=1.33 Py;=5 kW f5=10 kHz.
a) Inductor Ly current (20 A/div, 10 ps/div).

b) Switch voltage (200 V/div, 10 ps/div).
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Switch voltage and current during switching interval.
Lossless snubber network.
L=15 pH C;=0.1 pF tyy5,=4.5 ps K=1.33 Pp;z=5 kW f5,=10 kHz.

a) Turn-on (50 V/div, 10 A/div, 100 ns/div).

b)

Switch voltage and current during switching interval.
Lossless snubber network.
Lg=15 yH C;=0.1 uF tpy5,=4.5 ps K=1.33 Py;;=5 kW f;,=10 kHz.

b) Turn-off (50 V/div, 10 A/div, 100 ns/div).



CHAPTER 4

A ZERO VOLTAGE SWITCHING MEDIUM-POWER HIGH-FREQUENCY

SINGLE-PHASE FULL-BRIDGE PWM CONVERTER TOPOLOGY

4.1 Introduction
To overcome some problems associated with the single-phase full-bridge converter
using phase-shifted PWM technique, a converter topology employing an active dc bus

snubber subcircuit and conventional PWM technique is proposed in this chapter (Fig. 4-1).

4.2 A zero voltage switching PWM converter topology

The topology proposed here uses an active dc bus subcircuit to reduce converter
switching losses and resulting stresses (Fig. 4-1) [64]. This active energy recovery subcircuit
makes use of switch parasitic (or discrete) capacitors, but in a different way compared with
the single-phase full-bridge converters employing the phase-shifted PWM technique. The
full-bridge operates in the typical PWM fashion thus minimizing conduction losses and
facilitating the use of the current mode control of operation.

The circuit realization of the proposed soft switching topolopy is shown in
Fig. 4-1. The converter power circuit includes the dc supply voltage V,y , the four main
switches (S,, S,, S;, §,), the dc bus snubber inductor Ly, the storage-clamp capacitor
Cc, the auxiliary low power switch S, , the switch antiparallel diodes, the combined parasitic
and/or small discrete switch snubber capacitors (C,, C,, C;, C,), the high frequency

transformer, the output diode rectifier, the filter (L,C) and the load shown as a resistor R.
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Figure 4-1:  The proposed single-phase full-bridge medium-power high-frequency

zero-voltage-switching (ZVS) PWM converter topology.

Because of the use of a small dc link inductor Ly , dc bus shoot-throughs and
subsequent bridge destruction can be avoided. The discharge of the snubber capacitors (C,-
C,) is not as directly linked to the load current level as with the phase-shifted PWM
technique, therefore lossless operation can be maintained over a wider load range. The only
disadvantage with the proposed method is that it requires one additional auxiliary, but low

power, switch. The next section describes the operation of the topology under consideration.

4.3 Principles of operation

The principles of operation of the proposed topology (Fig. 4-1) are as follows.
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The energy stored in the snubber inductor L; is distributed between the switch
capacitors C,;, C,, C,;, C, and the storage capacitor C. during main switch S, - §, or §,
- S, turn-off. Immediately before the main switches turn-on, the auxiliary switch S, is
turned on to discharge C, by sending energy back to the source through L. The negative
current flowing through the snubber inductor forces the antiparallel diodes of the main
switches to conduct after the auxiliary switch S, is turned off and prior to the turning on of
the main switches. The parasitic (or small discrete) capacitors C, , C,, C;, C, arc
discharged and the associated energy is returned back to the source. This energy is
completely recovered through S, , in a nondissipative way. The main switchcs are turncd
on with zero voltage. Zero voltage turn-off switching conditions are also obtaincd due to
the parasitic (or discrete) switch capacitors. The auxiliary switch S, is turned on with zero
voltage since the antiparallel diode always conduct first, when energy is iransferred from the
dc bus snubber inductor Lg to the storage capacitor C. . Since turn-on and turn-off
switching losses are minimized, the overall converter efficiency is increascd at least
theoretically. The analysis presented below includes the identification of the topological

modes (TM’s) during a switching cycle and the respective voltage-current expressions.

44 Modes of operation - Steady-state analysis

In this section, the description of the different topological modes (TM's) and the
exact analytical expressions describi'.g the converter currents and voltages during a switching
cycle and under rated steady-state conditions are obtained.

The analysis is based on the following assumptions:

- The switch model includes a parasitic or discrete capacitor in parallel with the

transistor. This capacitor is taken as voltage invariable.
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- The auxiliary switch parasitic capacitor is neglected.

- The capacitors and the inductors are lossless.

- The value of the storage-clamp capacitor C is large compared with the parasitic

or discrete switch capacitor, resulting in an essential constant voltage source.

- The high frequency transformer has very low leakage inductors. Moreover, for the

analysis presented below, the transformer leakage inductors are neglected.

- The transformer magnetizing current is also neglected.

- The load current I, is assumed ripple-free.

- The supply voltage V), is also assumed ripple free.

Initial conditions

It is assumed that the storage-clamp capacitor C has the following voltage:

Vee = KV
where

K)1

The current flowing through the snubber inductor L at t=0 is

ib |t-0 =0

and

€, =C=C=C =Cs

A. Turn-on process

Mode 1, Interval 0 <t <t,.

@4.1)

(4.2)

4.3)

(44)

The switches §; and §, are turned on at t=0. The antiparallel diodes of the switches
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$,,8,,S8,, S, are conducting due to the negative current (1<0) that is flowing through
the snubber inductor L after the auxiliary switch S, is turned off (Fig. 4-4(a)). The switch
parasitic (or discrete) capacitors C,, C,, C,, C, have been already discharged (prior to
the antiparallel diode conduction) and their stored energy has been seturned to the dc bus.
During this mode, the auxiliary switch S, voltage is equal to KV, , the voltage across the
capacitor C. is constant (K1) and the load current continues to freewheel in the output
rectifier circuit due to the presence of the dc bus snubber inductor Ly . The equivalent
circuit for this mode is shown in Fig. 4-2(b). It is an inductive load circuit and the current

through the snubber inductor L (Fig. 4-4(a)) is given by the following equation

v,
i, @) = L—’" t+ i (4.5)
s
Since
i, |:-f, =1l (4.6)

the duration of this mode, using the initial condition for the inductor Lg current (4.3), is

., = (4'7)

Mode 2, Interval t, <t <t,.

The snubber inductor L; oscillates with the parasitic or discrete switch capacitors.
Since two switches are on and the other two are blocking the input voltage, two capacitors
only (C,, C, in this case) make up the equivalent resonant capacitor. The voltage across
the storage-clamp capacitor C. s constant (KV},). The equivalent circuit is shown in

Fig. 4-2(c). The equation for the current through the snubber inductor Ly is as follows:

l 2¢C
i, @) =1 + Tsf V, sinfw, (¢ - 1,)] (4.8)
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Figure 4-2: Converter topological modes (TM’s) during switching cycle turn-on.
a) Equivalent converter circuit att < 0.
b) Mode1: O0<t<1y,.

c) Mode2: ¢, <t <.

where

o, = 1 (4.9

2 G V., (4.10)
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Mode 3, Interval t, <t < ,.

At t=t, , the turn-on process has been completed and the voltage across the
auxiliary switch S, is (K-1)V)y (Fig. 4-4(c)). The current flowing through the snubber
inductor L is constant and equal to the load current I, . The voltage across the storage-
clamp capacitor Cp is also constant (KV}). Finally, since the voltage across the switches S,
and S, is equal to the supply voltage V},, , the capacitors C, and C, store some energy given

by the following equation

W = Wy = -%CSV,:, @.11)

The moment that this mode changes is dictated by the duty cycle, so that

t, = (4.12)

_4_
2 fow
where

fsw is the converter switching frequency;

d is the converter duty cycle defined as the total on-time of the two pairs of the

switches over the switching period.

B. Turn-off process
Mode 4, Interval t, <t <1,.

At t=t, , the switches S, and S, are turned off and the switch current begins to
decrease at a rate limited only by the commutation characteristics of the switches. The risc
rate of the switch voltage is dictated by the value of the parasitic (or discrete) capacitors
and the level of the load current. However, because of the snubber inductor L, the dc bus

current cannot change instantaneously. Instead, the inductor energy is distributed between
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the switch capacitors and the stcrage-clamp capacitor C. since current is also flowing
through the antiparallel diode of the auxiliary switch S, . The capacitor voltage KV;y, is

applied across the main switches. The equivalent circuit is shown in Fig. 4-3(a).

Initially;
chlm, = VC.,|,_,, = Viy (4.13)
VC! l:-x, = VC4 I:-t, =0 (4'14)
and finally
KVm (4.15)

Vo ’m,'_'ch Ir-:fvcs Im.": Vo It-t‘= 2

The stored energy in tne switch parasitic (or discrete) capacitors is given by the

following equation

1 Kv, 2
W, =Wy =W =W =5C’ (Tm) (4.16)

The duration of this mode is dictated by the switch parasitic (or discrete) capacitor

C; and the level of the load current I, .

Mode 5, Interval ¢, <t <1{,.

During this mode, the remaining inductor energy is transferred in the storage
capacitor C.. Due to the large value of the storage-clamp capacitor C, , which operates as
a voltage source, the slope of the inductor Lg current is dictated by the voltage difference
between the storage capacitor C. voltage KV, and the supply voltage V},, and the value of

the snubber inductor L (Fig. 4-4(a)). The respective equivalent converter circuit is shown
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in Fig. 4-3(b).

ib(t)=_£1£.__l)__v’l(;_¢‘)+10

Since

igglpog,= O

the duration of this mode is approximately

L1,
sl = —
K-1)V,,

(4.19)

The voltage across the storage capacitor C. increases due to the extra energy transferred
from the snubber inductor L and it can be easily calculated as follows
L
AV, = o (4.20)
2C, (K-1)V,
However, the value of the storage capacitor C, is large enough, so that the following

approximation can be considered as valid:

Ve |r-r,' KV (4.21)

Mode 6, Interval t;, <t < 1,.

At 1=t , the antiparallel diode of the auxiliary switch S, stops conducting since the
current flowing through the snubber inductor Lg has reached zero. By this time, the
auxiliary switch S, is turned on, thus allowing the storage-clamp capacitor C, current
(Icc = 1,,) to reverse polarity (Fig. 4-4(a)). Since the antiparallel diode of the auxiliary
switch S, is conducting prior to the turn-on of the switch, respective turn-on losses are

minimal (Fig. 4-4(c)). Therefore during auxiliary switch S, turn-on the voltage across it is
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Figure 4-3: Converter topological modes (TM’s) during switching cycle turn-off.
a) Mode 4: ¢, <t <1,.
b) Mode 5: ¢, <t <.
c) Mode 6: 1, <t <.

d) Mode 7: t, <t <t,.

not zero for lower current levels but it is low, (K-1)V,, . Since the auxiliary switch
commutates the voltage difference (K-1)V;y , which is low, the switching losses will be
small. The voltage across the storage capacitor C. begins to decrease since the current

flowing through it is negative and the extra stored energy is returned to the dc bus. The
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equivalent circuit is shown in Fig. 4-4(c). First, using the approximation of the previous

mode (4.21), the current through the snubber inductor L is

K-1)V,
i = - (_L_s)__!_"

(t-t) (4.22)

The duration of this mode can be estimated so that under steady state con-litions
the energy that enters C. during main switch turn-off is equal to the energy that leaves C,
during this mode. Therefore, the assumed overvoltage across the storage capacitor C.
{KV}) is maintained under rated conditions since the average energy flow through C; is

kept zero. The value of the current flowing through the auxiliary switch §, at 1=, is

, K-1)V
,L:It-tc = _i;'ﬂ (ts—t9 (4.23)

Since the voltage across the storage capacitor C. decreases for the steady statc

conditions, the following equation can be applied;

_(K-DVy

A = o TN ot —t)2 4.24
cc 2CCLS (6 5) ( )

therefore the duration of this mode and at the same time the width of the gating signal

applied to the auxiliary switch §, can be easily calculated as follows

(4.25)

From eqn’s (4.21), (4.23) and (4.25), the value of the current flowing through the
auxiliary switch S, at the moment that it is turned off can be calculated (Fig. 4-4(a)) and

is approximately

ityli, = 1o (4.26)
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This is important from the design point of view since the auxiliary switch S, has to

be rated for the same voltage (KV},) and current (I} like the main converter switches.

Mode 7, Interval t, <t <t,.

At =1, , the auxiliary switch S, is turned off. Because of the value of the negative
current flowing through the snubber inductor Ly, during this mode, first the switch parasitic
(or discrete) capacitors C,, C,, C,, C, are discharged and then all the antiparallel diodes
of the main switches S, , S,, §;, S, start conducting, providing a zero volts interval across
the dc bus. The energy stored in the switch parasitic (or small discrete) capacitors is
returned to the dc bus. The auxiliary switch S, now blocks the voltage across the storage-
clamp capacitor C. (Fig. 4-4(c)) and the current flowing through the snubber inductor Lg
decreases towards zero (Fig. 4-4(a)). The equivalent circuit for this interval is shown in Fig.
4-3(d). The dashed line indicates the conduction of the antiparallel diodes prior to main
switches turn-on and after the discharge of the switch parasitic (or small discrete) capacitors.
The snubber inductor L current is as follows

v,
i) = -1, + TI:', (1-t,) 4.27)

The current at 1=t; is

ipylg, = O (4.28)

so that the duration of this mode using eqn’s (4.26), (4.27) and (4.28) is

Ip L

(4.29)

Lt ~
N

Finally, at time r=t, the other pair of the switches (S,, §,) is turned on with zero



-93.

srpesesenese fremcnsnnees froemeenees B +es R reeeanaeees emeerevenen gueeneneees P oseecennnan omeereoeen resmeeneny
1 [ H ' 1 i a

' ' \ i h ' . :

n. S : P z | _.

1] + ] ' 1 . 1]

i 1 T g !
H 1 ] . ' ] )

: : ' 2 ! ! : £ .

' H | > | , . .

' : . ! . . .

; P A :

: H ) H : : |

: ) : : : : . :

+ t t ' t t t

' . ' ! ] ' m §

, ' ) i ' : .

: " " ! N f S
" ) ~ ) - e . 1
; g% s W 3 e i e
: o ! ) o ) et ®
' S et N R e “e
" - ' h ' b meeer e eeere s e e o mamrn e o w P p— | tou ' - ) -
1 >+ z ' Pt S

1 1 " w i 1}

: S - , P 2 “

, : ' Zz ; . ; ~ :

" P > i Lo T !

\ . ' ] : , M

t 1] L} t i ) L4 t

L} L} l 1 t L} 1

. : , m ' : :

i to A t
H H , ~ ' \ !

. 1 ] ’ ' '

: : ' , ' .

.. ] " F 4 [ [ “

L} L} - t 1]

! . A / H z '

, m : ' W H , W :

' —-— .- ] [ " p o
’ _ PR ! | - ' ———————
t te t Vo “to t ¢ e —

' ' i ' ' N

' 1 i 1 ' .

1 1 ) . ' '

) ] ] t [ ¢

N ] 1 ' 1 N

1] L] 1 . 1] .

' ' , ' : '

" . i ) % N

' ) ] i I} N

: H ' : : H
S frmmmmemcmnd omeemanees e +-+ $efpmnmenenenn fomeeaneanan LT TEPRSR + -t et + +

]
(o]
o

2)
b)
B

Steady-state voltage and current waveforms.

a) Dc bus current.
¢) Auxiliary switch S, voltage.

b) Dc bus voltage.

Figure 4-4
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voltage and the same procedure is repeated, since the topology is symmetrical due to the

conventional PWM technique employed.

4.5 Discussion - Design guidelines

The converter voltage-current expressions during a switching cycle presented in the
preceding section are used next to design the converter energy recovery subsircuit (dc bus
active snubber) (Fig. 4-1). The output power Py , the output voltage V,,r and the
switching frequency fiy are the desired specifications of the converter. Since the proposed
topology has an unregulated dc bus as an input power supply, variations in the system
frequency and especially in the input ac line-to-line voltage in the front-end rectifier stage
have to be taken into account for a worst case componeats size design.

Equations (4.17) and (4.22) show that the slope of the current flowing through the
snubber inductor Lg during turn-off depends upon the voltage difference between the
storage capacitor C voltage (KV},) and the supply voltage V. However, the capacitor Cc
voltage (KV,,) is reflected across the main switches (S, , S,, S;, §,) and the auxiliary
switch S, as well. Therefore, the factor K has to be chosen slightly higher than unity thus
avoiding semiconductor stresses due to overvoltages.

Auxiliary switch frequency is twice the inverter switching frequency. Therefore,
limitations to the inverter switching frequencies attainable using the proposed topology are
introduced by the dc bus active snubber subcircuit.

The output voltage V,, (assuming an 1:1 output transformer turns ratio and

neglecting converter losses) for the case of the minimum duty cycle is as follows;

Vour = %V pauax (4.30)

where
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Vinmax is the maximum supply voltage
dygy is the minimum duty cycle.

The output current is given by the following equation
I, = Four (4.31)

The worst case for the snubber inductor Lg current (dc bus current) taking into

account the converter efficiency is

I
Iy = ;0 (4.32)

where

7 is the efficiency of the converter.

The worst case storage-clamp capacitor C. voltage as a function of the snubbcr
inductor Lg value is investigated next as follows.

From the converter analysis presented in the preceding section, an overvoltage KV
(K>1) is assnmed first and the analysis is based on steady state conditions. From equations
(4.19), (4.25), (4.29) and a.suming that the switch parasitic (or discrete) capacitor is very
small, so that the duration of mode 4 can be neglected, the value of the snubber inductor

L , choosing the factor K, can be computed using the following formula;

L. 1 - dypy

2 1 (4.33)
2 fow Tow [(K ~DVpnaax mex]

where
K is the chosen factor that dictates the overvoltage across the storage capacitor C

for the case of minimum duty cycle (d,,,) and maximum supply voltage (Vjupax)-
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4.6 Design example
In this section a design example is provided. Experimental verification follows in
Section 4.9. The dc bus active snubber subcircuit of the converter topology shown in Fig.
4-1 is to be designed with the following specifications:
Output power Poyr =20 kW
Output voltage Vour =160 V
Switching frequency fi = 20 kHz
Assuming that the input voltage varies within the following limits
10V <V <200V
the minimum duty cycle from eqn. (4.30) is
dyy =08
Taking as a typical converter efficiency
n = 0.92
the worst case for the snubber inductor L current from eqn. (4.32) is
Iy = Por 135 4
Vour M
The last step is the calculation of the snubber inductor L for a desired voltage across the
storage capacitor C. . Choosing a typical overvoltage factor K under rated conditions as
K=12
the snubber inductor L using eqn. (4.33) is approximately
Ly =6.7 pyH
Typical snubber (switch parasitic) capacitor value for this power level is
Cs =24 nF

The maximum value of the current that is flowing through the snubber inductor L during
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the mode 2 can be calculated from eqn. (4.10) and it is
l1,.=118 A

Following the analysis presented in the preceding section, the width of the gating signal
applied to auxiliary switch S, , using eqn. (4.25) is

l;- 15, = 226 ps
The dead time between auxiliary switch S, turn-off and inverter switches turn-on is using
eqn. (4.29)

t,-t, =450 ns
Therefore the auxiliary switch S, is turned on 2.71 ps before the main switches fer a

duration of 2.26 ps.

4.7 Component ratings
In this section, the component ratings of the converter are given. The worst
operating point for the converter is chosen. According to the analysis previously presented.
the rated power and maximum input voltage are considered as worst operating conditions.
The voltage and current ratings of the various system components are as follows:

Vivuax =200V, Veeyy =250V, I, =128 A,  Pur =2000W, Vo =160V

Snubber inductor Ly : RMS current: I pys = 123 A

Peak current: Loux =112 A

Peak voltage: Vioux = Viomaxr =200V

Total KVA: KVA;, = Vinsaax Iomax = 3,430 VA
Clamp capacitor C.: Peak current: Teewax =172 A

Peak voltagc: Veenax =250V

Total KVA: KVAce = Iccpux Veenr = 4,300 VA
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Auxiliary switch S, : RMS current: Liges =4 A
Peak Current: Lizmax =172 A
Average current: Lixavc =0A
Peak voltage: Vaxaax =250V
Converter switches: RMS current: Isyrys = 8 A
Average current: Ipave =5 A
Peak voltage: Vimmay =250V
Transformer: RMS current: Iepypns = 115 A
Peak current: Lgpux =132 A
RMS voltage: Verirus = 180 V
Peak voltage: Vermax =250 V
Total kVA: kVA = 2070 kVA
Rectifier diodes: RMS current: s = 9A
Average current: I =65A
Peak current: Ly =132 A

Reverse peak volt.: ¥V =250V

4.8 Simulation results

The performance of the proposed soft switching topology shown in Fig. 4-1 was
simulated using a standard electronic circuit simulation package [67]. The simulated
waveforms obtained from the analysis performed with the simulator are depicted in Fig. 4-5.
In particular, Figs. 4-5(a) and 4-5(b) show the dc bus current and voltage respectively. As
discussed before, the dc bus current becomes negative when the auxiliary switch S, is turned

on and the energy stored in the snubber inductor L, is used to introduce a zero volt interval
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Figure 4-5:

Converter steady-state simulated waveforms.

Vi =200 V, Vecar =250V, I, = 12.8 A, Pyyr = 2 kW.
Lg =7 uH,d = 0.8, fs3 = 20 kHz.

a) Dc bus current.

b) Dc bus voltage.

c) Load voltage.
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Converter steady-state simulated waveforms.

Vinaeax = 200 V, Veopr = 250 V, I, = 12.8 A, Pyyr = 2 kW.
Ly = 7uH,d =038, fi = 20 kHz.

d) Switch voltage.

e) Switch current.

f) Load current.
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Figure 4-5:  Converter steady-state simulated waveforms.
Vinnax = 200 V, Vecaux =250 V, I, = 128 A, Py = 2 kW.
Ls =7uH,d =08, fsp = 20 kHz.
g) Auxiliary switch voltage.
h) Storage-clamp capacitor current.
i) Switch gating signals.
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across the dc bus, whenever the auxiliary switch is turned off. The load voltage is depicted
in Fig. 4-5(c). The respective switch voltage and current are demonstrated in Figs. 4-5(d)
and (e). It is clearly shown that before the main transistors turn-on moment, the current is
flowing through the antiparallel diodes thus providing soft switching conditions (ZVS).
The load current is shown in Fig. 4-5(f). The voltage and current waveforms of the auxiliary
switch S, are depicted in Figs. 4-5(g) and (h) respectively. Finally, the gating signals of ail

converter switches are plotted in Fig. 4-5(i).

4.9 Experimental results

To establish the feasibility of the proposed full-bridge medium-power high-frequency
zero voltage switching PWM converter topology and to verify the theoretical results, a
2-kW laboratory unit operating at 20-kHz switching frequency was built and tested.
Experimental results are shown in Fig. 4-6. In particular, Fig. 4-6(a) shows .he dc bus
voltage, which as predicted in Section 4.4 (Fig. 4-4(b)), decreases towards zero before the
main switches of the converter turn-on. Fig. 4-6(b) shows the respective dc bus current.
As predicted (Fig. 4-4(a)) this current becomes negative due to the auxiliary switch §,
turn-on, thus discharging the storage capacitor C.. It also forces the antiparallel diodes of
the main switches to conduct prior to the switch turn-on, as predicted in Section 4.4.
Fig. 4-6(c) shows the voltage across the auxiliary switch S, and finally Fig. 4-6(d) shows the

converter switch voltage.
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4.10 Conclusions

A thorough analysis and design procedure of a full-bridge medium-power
high-frequency zero voltage switching (ZVS) pulse width modulated (PWM) converter
topology has been provided in this chapter. Zero voltage turn-on/off switching conditions
are obtained through the use of an energy recovery subcircuit (dc bus active snubber) that
ensures the prior discharge of the parasitic (or small discrete) capacitors of the main
switches before they are turned on. The topology under consideration makes use of switch
parasitic capacitors (mainly present in power MOSFET’s). Moreover, by providing zero
voltage switching conditions, it reduces the electric noise generated by the converter. Soft
switching environment for‘ converter switches as well as the auxiliary switch are obtained
for a wide range of load current. The converter has been thoroughly analyzed and stcady-
state waveforms obtained through a circuit simulator (PSPICE) have been presented.

Theoretical results have been verified experimentally on a 2-kW, 20-kHz laboratory

prototype.



A NOVEL THREE-PHASE SOFT SWITCHING PWM VSI TOPOLOGY

5.1 Introduction

The continuing search for an optimum three-phase soft switching (namely zero

voltage switching, ZVS), voltage source inverter (VSI) topology over the last decade has led

to the development of various novel inverter circuits. These topologies have been critically
discussed in Chapter 2.

In this chapter, a novel three-phase ZVS PWM VSI topology employing a simple
dc bus active snubber subcircuit is proposed [65], [66]. The main advantage of this topology
is that the dc bus snubber subcircuit is activated only when required, that is, when dictated
by the respective pulse width modulator (PWM). Detailed analysis and the principles of

operation of the proposed power inverter scheme are provided in the following section.

5.2 Inverter power circuit description
The schematic of the three-phase inverter topology with the proposed dc bus

commutating subcircuit is shown in Fig. 5-1. The converter power circuit includes the dc

supply voltage V,, , the six main inverter switches (S, - S,), the switch antiparallel diodes
(D; - Dq), the switch parasitic (or small discrete) capacitors (C, - C;), the dc bus
commutating subcircuit consisting of the dc bus snubber inductor Ly, the storage-voltage
clamp capacitor C. , the auxiliary notch switch S, , the auxiliary switch antiparallel diode

D, and the three phase load.
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Figure 5-1. The novel notch commutated three-phase PWM ZVS VSI topology.

5.3 Principles of operation

The switching environment resulting from the inverter topology (Fig. 5-1) is
investigated in this section. Firstly, due to the purely capacitive snubber employed, any
switching turn-off point is considered as a soft switching point since the discharged switch
capacitor always provides zero voltage turn-off conditions. On the other hand, any switching
turn-on point is considered as a soft switching one, whenever the switch antiparallel diode
(due to the direction of the load current) conducts prior to the main transistor turn-on.
Finally, a hard switching point could occur any time that switch capacitor is charged to the
dc bus voltage and is required to discharge through the switch during turn-on. Moreover,
when the load current (due to its polarity) is to flow through the switch, capacitor energy

needs to be dissipated inside the transistor thus increasing switching turn-on losses and
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current is going to flow threigh D, even if S, is turned on. To avoid this situation, the
auxiliary switch S, is turned on (¢=t, , Fig. 5-2(d)) immediately before the instant that a
hard switching point is to occur (t=t, , Fig. 5-2(c), §,, S, are turned on). Since the voltage
level of the voltage-clamp capacitor C is higher than the input voltage, a negative voltage,
namely the difference between the input supply voltage V,, and the overvoltage of C. is
applied across the dc bus inductor Lg thus allowing the dc bus current to reverse polarity
(Fig. 5-2(b)). The negative current flowing through the snubber inductor L (Fig. 5-2(b))
first discharges the switch parasitic capacitors C, - Cj, after the auxiliary switch S, is turned
off (t=t5 , Fig. 5-2(d)). Then it forces the antiparallel diodes (D, - D,) to conduct thus
providing a zero volt notch across the dc bus (Fig. 5-2(a)). All the energy associated with
the switch parasitic (or small discrete) capacitors is completely recovered through the use
of an active dc bus network and is returned back to the source. Consequently, the dc bus
commutating circuit sets good conditions for all inverter switches to turn-on with minimum
switching losses. Furthermore, because these turn-on instants are associated with the
vertical edge of the carrier waveform, switches of the same leg are also turned-off under
zero voltage conditions before the respective turn-on moment t=t, . Therefore, some of the
turn-off points occur under zero voltage and this is achicved duc to the presence of the
parasitic (or small discrete) capacitors. Turn-off switching points also occur under zero
voltage conditions due to the zero volts notch introduced by the operation of the dc bus

commutating subcircuit as explained above.

5.4 Modulation strategy
The soft switching topology (Fig. 5-1; discussed in this chapter, however, requires a

particular PWM technique to yield optimum overali performance. This technique is shown
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Figure 5-2:

A microscopic view of the dc bus commutating subcircuit operation.
a) Inverter dc bus voltage.
b) Dc bus current I, .

c¢) Inverter switch gating signals.




Figure 5-2: A microscopic view of the dc bus commutating subcircuit operation.

d) Auxiliary switch gating signal.
e) Auxiliary switch voltage.

f) Capacitor C,. current, I .
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in Fig. 5-4. Moreover, the respective description and modulation index control on a line-to-
neutral basis is plotted in Fig. 5-4. The use of sawtooth carrier instead of triangular one is
dictated by the following reasons:
- The number of possible commutations occurring simultaneously is increased;
- Almost half of the switching points are provided a priori;
- A free-wheeling mode associated with the vertical edge of the carrier waveform is
introduced.
The proposed combination of the novel notch commutated PWM inverter and this
refined PWM technique is optimum for the following reasons:
- The overall system provides all the advantages of a soft switching and PWM
topology;
- The dc bus goes periodically, at the carrier frequency, through narrow zero volt
intervals, but only when needed and as dictated by the PWM technique;
- Soft switching environment is achieved at a lowest possible switching frequency;
- The introduction of the dc bus commutating subcircuit has only a minimal affect
on the inverter output waveforms.
This section also identifies the modulation technique that is well suited to the novel
notch commutated three phase voltage source inverter topology (Fig. 5-1). For this purpose
two PWM techniques, one well-known and the other being the proposed one, are discussed

next.

54.1 The third-harmonic injection PWM technique
This technique has been derived from the original sine PWM technique through the

addition of the 17% third-harmonic component to the original sine reference waveform.
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The analytical expression for the reference waveform is as follows;

y = 1.15 sin(w?) + 0.19 sin(3wi) é.1n

Fig. 5-3 shows the implementation of the harmonic injection sinusoidal PWM
(HIPWM - 1st and 3rd). In particular, it shows the triangular carrier with the respective
reference waveform (line-to-neutral) and their corresponding points of intersections (i.c.

switching points) for one phase only. For the other two phases, the same reference is used

displaced by 120° and -120°.

54.2 The refined PWM technique

A visual description of a complete cycle of a line to neutral PWM generator bascd
on the refined PWM technique is shown in Fig. 5-4. Moreover, for the first 60°, a segment
of a sine waveform that has its maximum value at the 30° point is used as a reference
waveform. Then and for the next 60°, the amplitude of the reference waveform is increased
so that no intersections between the reference and the carrier occur. Afterwards, for the
next 60° a segment of a sine waveform that has its maximum value at the 90° point is used
as a reference. That completes the first half cycle and the same procedure is also repeated
for the second half cycle. The amplitude of the sine segments, that are used to produce the
overall reference waveform, control the magnitude of the fundamental component of the
line-to-line voltage waveform (modulation index). Itis also noted that the carrier waveform
has a positive slope for the first half period, and a negative slope for the other half. The

same kind of reference displaced by 120° and -120° is used for the other two phases.
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Figure 5-3: HIPWM (1st - 3rd) - Description and modulation index control.
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Figure 5-4: Refined PWM technique - Description and modulation index control.
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[ e s e

INVERTER GATED DEVICE NORMALIZED \;(:LTAGES
STATE
LEG A LEG B LEG C \ Vi Vea
0 1 3 5 0 0 0
1 1 6 2 1 0 -1
2 1 3 2 0 1 -1
3 4 3 2 -1 1 0
4 4 3 5 -1 0 1
5 4 6 5 0 1 1
6 1 6 5 1 1 0
7 4 6 2 0 0 0

Table 5-1: Switching states of the three-phase inverter and normalized output voltages.

The eight possible inverter switching states are summarized in Table 5-1 along with the
respective line-to-line voltages in a normalized form. Furthermore, the inverter switching states for

a generalized bridge are shown in Fig. 5-5(a) and the respective vectors associated with these states

are depicted in Fig. 5-5(b).




Figure 5-5:  a) Inverter switching states.

b) Associated inverter output voltage vectors.
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To illustrate further that the refined PWM technique is more compatible with the
novel notch commutated inverter topology (Fig. 5-1), equivalent of 45° expanded segments
of gating signals generated by the HIPWM (1st and 3rd) and the refined PWM technique
are plotted in Figs. 5-6 and 5-7 respectively. The same conditions such as carrier frequency
and modulation index are used with both modulators. Specifically, the carrier frequency
is 24 pu and the modulation index is 1.

It is further assumed, and without loss of generality that currents I, and /. arc
positive and current I, is negative. Therefore, referring to Figs. 5-1 and 5-6, any rising edge
of waveforms G, and G; (I,>0, I->0) results in a potentially hard switching point according
to the considerations of the switching environment given in Section 5.3. Similarly any falling
edge of waveform G, (I;<0) results in an also potentially hard switching point. Referring
now to Figs. 5-1 and 5.7, any rising edge of waveforms G, and G; results in a potentially
hard switching point as well. However, due to the fact that cach switch conducts completely
for 60°, it happens that switch S, conducts for the whole interval under consideration thus
there is no switching point associated with this leg of the inverter bridge. For clarity
purposes, all the possible hard switching points are identified in Figs. 5-6 and 5-7 by a thick
line.

Generally, the refined PWM scheme offers 1/3 fewer switching points compared with
the HIPWM (st and 3rd). Furthermore, comparing the gating signals demonstrated in
Figs. 5-6 and 5.7, it is clearly illustrated that the refined PWM technique also provides 1/3
fewer potentially hard switching points (6/9). However, due to the ramp carrier, it happens
that the possible kard switching points occur concurrently. Therefore, and when the refined
PWM technique is used the switching frequency of the proposed dc bus commutating

subcircuit is reduced by 66%. This remarkable reduction in switching frequency is the main
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reason for claiming that the combination of the refined PWM technique and the proposed
dc bus commutating subcircuit yields an optimum switching performance.

It is further noted that these possible hard switching points (Fig. 5-7) are associated
with the vertical edge of the carrier waveform thus providing an easy way of synchronizing
the dc bus commutating subcircuit with the pulse width modulator. Moreover, the vertical
edge always provides intersection independently of the modulation index. It is also clearly
shown (Fig. 5-6) that the hard switching points in the case of the HIPWM (1Ist and 3rd) do
not follow a fixed pattern and it is practically impossible to synchronize this scheme with
this dc bus commutation approach (ZVS) since the modulation index changes the instants
that the dc bus subcircuit needs to be activated.

It is also noted that the free-wheeling mode associated with the vertical edge of the
refined PWM technique does not always occur in the case of the HIPWM scheme, since a
triangular waveform is used as carrier. Specifically, only the points 1,4,7 (Fig. 5-6) occur
after a free-wheeling mode (either switches S,, S,, S, or the respective antiparallel diodes
D,, D,, D4 are conducting). Therefore, and for the rest of the points, reversing the dc bus
current employing the dc bus commutating circuit described previously is rather difficult,
and depending on the load current, might be impossible.

Finally, from the above discussion, the ZVS approach and optimum systcm
performance using the inverter topology shown in Fig. 5-1 can be achieved if and only if this
inverter topology is combined with the refined PWM modulation strategy.

Other advantages of the proposed combination are as follows:

- The implementation of the PWM technique is simple since it can be donc using

only typical digital or analog electronic components. Even if a pP is used, the

algorithm required is very simple and fast since almost half of the switching points
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are known a priori;

- The refined PWM technique has similar ac and dc gains as the HIPWM (1st and

3rd);

- Higher switching frequencies can be achieved, limited only by the necessary time

to operate the dc bus commutating subcircuit;

- Reduction in switching losses is further enhanced by reduction in inverter switching

frequency (1/3 fewer switching points compared with the HIPWM).

It must be said that the turn-on process associated with the auxiliary switch S is not
completely lossless. However, the losses in the commutating circuit itself are low due to the
low voltage being commutated (K-1)V,,, during turn-on. Nevertheless, a parasitic or a small
discrete capacitor in parallel with the auxiliary switch can provide zero voltage switching
turn-off.

The analysis and the description of the various topological modes (TM’s) due to the

presence of the dc bus commutating subcircuit are presented in the following section.

5.5 Steady-state analysis - Modes of operation

In this section, the description of the different topological modes (TM’s) and the
analysis of the inverter topology under consideration due to the introduction of the dc bus
commutating subcircuit are presented in detail. The analysis is based on the following
assumptions:

- The switch includes a parasitic (or small discrete) capacitor in parallel. This

capacitor is taken as voltage invariable;
- The capacitors and the inductors are lossless;

- The supply voltage V), is assumed ripple free;
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- The value of the storage-voltage clamp capacitor C. is large resulting in an
essential constant ripple-free clamping voltage;

- The three phase load is balanced.

It is assumed that the storage-voltage clamp capacitor C, has the following voltage:

Vee = KV (5:2)
where
K)1 (5.3)
It is further assumed that
C,=C=C,=C, =Cy=C4 =Cg (54

The sequence of the topological modes (TM’s) (Fig. 5-2) is as follows.

Mode 1, Interval t, <t <t,.

At r=t, (Fig. 5-2), the inverter enters the freewhecling mode dictated by the
sawtooth carrier waveform. All the three line-to-line voltages become zero. That implies
that during this mode the current flowing through the dc bus snubber inductor Lg decreascs
towards zero (Fig. 5-2 (b)). All the energy from L; is transferred to the storage-voltage
clamp capacitor C. through the diode D, which becomes forward biased. The respective
switch capacitors either the bottom or the top ones are charged up to the value KV}, . The
specific slope of the current Cepends upon the difference in voltage (1-K) V), and the value

of the inductor L; .

(1-K)V,,
L

s

i, (1) = -t) +igl,., (5.5)
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where
iyl = I (5.6)
At the end of this mode
, 5.7
ipsle, = 0 ©7)

As stated earlier, during this mode the storage-voltage clamp capacitor Cy is charged up.

Mode 2, Interval t, <t <1,.
During this mode, the switch capacitors are discharged from the previous value KV,
to the dc supply voltage ¥V since all the stored energy in Lg has been transferred into the

capacitor C. and the diode D, now blocks the voltage.

Mode 3, Interval t, <t <t,.
During this mode, the dc bus current is equal to zero, the inverter still operates in

the freewheeling mode.

gyl = 0 (5.8)

Mode 4, Interval t,<t < ;.

During this interval, the current flowing through the dc bus snubber inductor Ly
reverses polarity since the auxiliary switch S, is turned on at t=t, (Fig. 5-2(d)). Due to the
overvoltage of the storage-voltage clamp capacitor C, the voltage applied across Ly is equal

to (I-K)Vy . Energy is transferred from the capacitor C. back to the source through L; .
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The current ¢ " the dc bus inductor decreases towards a negative value linearly due to the
constant overvoltage of C. and the respective equation is as follows:

(1-K)Vy,

i = —i—-(f—t) + iblt-r‘ (5.9
S

At the end of this mode the value of the current flowing through the dc bus snubber
inductor L; is

_ U-KVy

L

I, (t5-t,) (5.10)

The on time of the auxiliary switch S, (¢5-¢,) can be adjusted to achicve a specific
clamp voltage that is not higher than 1.1~ 1.3 times the input voltage V5 . Consequently
by controlling the on time of the auxiliary notch switch, it is possible to maintain a preset
value for the clamping voltage (KV}y) if the average power flow into the capacitor C is kept
zero.

It is also noted that whenever the auxiliary switch is turned on, the switch parasitic
or discrete capacitors C, - C, are charged up from the input voltage V,, to the overvoltage
KV, . Due to the presence of the dc bus inductor L , this extra energy is provided from
the storage-voltage clamp capacitor C, through S, . Therefore, the commutation of the
auxiliary switch is not completely lossless as in the case of the main inverter switches.
However, it can be said that the losses are very low since only the voltage differcnce

(X-1)V,, is being commutated.
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Mode 5, Interval t; <t <it,.

The current through the dc bus snubber inductor has already reversed polarity and
now the auxiliary switch S, is turned off (¢=t, Fig. 5-2(d)). The extra energy stored in the
inductor L discharges all the switch parasitic or small discrete capacitors (C, - C;) first.
Then it forces the antiparallel switch diodes D, - D4 to conduct. Therefore, soft switching
commutation (ZVS) for the incoming turn on of inverter switches is achieved. Moreover,
inverter switches of the same leg are turned off under zero voltage before the respective
turn on time of the other switches (f=t, , Fig. 5-2(c)). The dc bus current increases from
its negative value towards the zero value while linearly controlled only by the input voltage

source V,y and the inductor value L as follows:

i) =1, + %’ -t (5.11)

The current at 1=, is equal to zero (Fig. 5.2(b))

iyl = 0 (5.12)

therefore the duration of this mode can be easily calculated from the following equation:

LL
to -ty = LS (5.13)
IN

Taking into account eqn. (5.10)

te = 5 = (K-1los, (5.14)

This mode introduces a zero volts norch across the dc bus. Since the turn-on time of the

semiconductor devices is known, the necessary time that the dc bus voltage needs to be at
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zero value to ensure minimized switching losses is also known.

Mode 6, Interval t, <t <t,.
During this mode the dc bus current is increasing linearly depending as before only
upon the value of the input voltage source ¥, and the value of the dc bus inductor L

(Fig. 5-2(b)). The respective equation is the following:

v
i, ()= TI'N("") + gyl (5.15)
S

This mode changes whenever the dc link current equals the load current.

Y (5.16)

where I}, is the dc link inverter input current.

Moreover, when the load current is equal to the dc link current, the dc bus voltage
starts increasing. Therefore, the duration of the zero volts interval across the dc bus that
can be introduced, employing the proposed snubber is greater than the value given by eqn.
(5.14). However, the duration of the zero volts interval duc to the mode 6 is not constant
since the load current is not constant. That means that for the design procedure the time

given by eqn. (5.14) has to be large enough to ensure zero voltage switching conditions.

Mode 7, Interval t, <t <t¢,.
This is the resonant mode, since the dc bus snubber inductor Lg and the equivalent
dc bus capacitor made up by the switch parasitic capacitors C, - C, oscillate. Since, three

semiconductor elements are to conduct the effective dc bus capacitor is equal to three times
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the switch capacitor Cg . This mode is another mechanism that charges the capacitor

C. . The equation for the current flowing through the inductor Ly is as follows:

c
() = I, + ’3_L_s V,, sinfo,(¢£,)] (5.17)
s
where
= |—2 (5.18)
r T\ 3L,C,

and I, is the inverter input current.

Mode 8, Interval t > t, .

Due to the presence of the storage-voltage clamp capacitor C., the voltage across
the dc bus is clamped to an acceptable level (KV)). This is achieved through the
antiparallel auxiliary switch diode D, which becomes forward biased any time that the dc
bus voltage increases beyond the value of the overvoltage KV, (Fig. 5-2(a)). All the extra
energy stored in the dc bus snubber inductor Lg during this mode is transferred to the
capacitor C. . The respective slope of the dc bus current is dependant upon the voltage

difference (K-1)V,, and the value of L; .

Mode 9, Interval t > ¢, .
The current through the dc bus inductor L equals the load current. The power
inverter operates like a typical six-switch PWM VSI until the moment that the dc bus

commutating subcircuit is again activated before the vertical edge of the carrier waveform
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and according to the carrier frequency.

5.6 Discussion - Design guidelines

The design aspects associated with the proposed commutating process are discussed
in this section.

First of all, it is important to be noted that for inductive load all the possible hard
switching points are associated with the vertical edge of the carrier waveform only.
However, this is not true for load power factors lower than 0.5.

The necessary time that the dc bus needs to be at zero volts is known from the
characteristics of the switching devices. However, it is necessary that this interval is much
longer than this time (turn-on time) to ensure that zero voltage switching does occur under
different conditions (modulation index, load current, etc.).

The overvoltage of the storage-voltage clamp capacitor C. (KV},) increases with an
increase of the value of the dc bus snubber inductor Ly, the value of the switch capacitors
and the load current. It is very a important point that the switch capacitors C, - C, are
parasitic or very small discrete ones. The reason being that in the case that these capacitors
are not completely discharged for any reason, destruction of the inverter switches due to the
high stresses is avoided.

It is noted that the slope of the current through L is controlled by the voltage
(K-1)V;, and the value of the inductor Lg when the current reverses polarity. The slope is
changed when the auxiliary switch is turned off and depends upon the input voltage source
Vv and the value of the inductor L as well.

Generally, the on time of the auxiliary switch S, needs to be small since the

operation of the dc bus commutating subcircuit introduces limitations to the achicvable
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switching frequency. Moreover, the on time of the auxiliary switch can be adjusted to
obtain a specific value of the clamp voltage. This voltage is necessary to be as close to the
input voltage V,, as possible since it dictates the losses in the auxiliary switch during turn
on. Consequently, by controlling the on time of the switch S, , it is possible to maintain a
preset and desired value of KV, if the average power flow into the capacitor C, is kept

ZCro.

5.7 Design example
In this section a design example is provided.

The inverter output power is as follows:

Pour = 6 kVA
The input dc power supply voltage
Vn=300V
The inverter output frequency
fo = 60 Hz

Since the ac term gain of the refined PWM technique is
Ge=1
The amplitude of the fundamental component of the line-to-line voltage and for MI=1 is
Vi, =300V
therefore the respective RMS value is
Vitas = 212V

The RMS value ¢ die line current is

P
1 =9 __ . 163 A
LRMS .
’/EVL-L,RMS
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The overvoltage factor is chosen
K=1.14
hence
Veewax = 342V
The inverter switching frequency is chosen 24 pu since it has to be multiplc of 6 for
symmetry, hence
[sw = 1440 Hz
For this power level, the switch parasitic capacitor can be approximated by the following
value:
Cs = 2.5nF
The dc bus snubber inductor L is chosen to provide
di/dt = 40 Alps
therefore
Lg=7.5uH
Finally, the on time of the auxiliary switch S, needs to be for rated power (MI=1)
tonso = 3 ps
The duration of mode 6 needs to be around 1 ps. Therefore, the gating signal of the
auxiliary switch S, is applied nearly 3.5 ps before the respective instant of the vertical edge

of the carrier waveform and has the same frequency.

5.8 Simulated results
The proposed ZVS PWM VSI topology shown in Fig. 5-1 was simulated using a
well-known electronic circuit simulation package [67].

Steady-state simulated waveforms for the soft switching inverter shown in Fig. 5-1




-130 -

employing the proposed dc bus commutating subcircuit and the refined PWM scheme are
shown in Fig. 5-8. The respective load power factor has been 0.8 (inductive). In particular,
Fig. 5-8(a) shows the respective dc bus voltage. The dc bus voltage is reduced to zero after
the auxiliary switch is turned off and some time before the vertical edge of the respective
carrier waveform. During the time that the dc bus voltage is zero, inverter switches of the
same leg are cither turned on or turned off, with the respective delay time, under soft
switching conditions (ZVS). As discussed before, the dc bus current becomes negative
whenever the auxiliary switch is on. Fig. 5-8(b) demonstrates the current flowing through
the dc bus snubber inductor Ly . Fig. 5-8(c) displays the inverter line-to-line voltage and
Fig. 5-8(d) depicts the inverter output currents. Lastly, the spectrum of the inverter output
waveforms, namely line-to-line voltage and line current are displayed in Fig. 5-8(¢) and (f)
respectively. Analysis of the waveforms confirms that inverter performance, namely the
output harmonics are not affected by the proposed commutating process. Furthermore, it

is clear that the proposed combination forms an effective ZVS PWM VSI topology.

5.9 Experimental results

To check the feasibility of the proposed ZVS PWM VSI topology, selected
theoretical results were verified on an experimental prototype unit. The respective steady-
state results obtained with the experimental set up are given in Figs. 5-9, 5-10, 5-11, 5-12.
Specifically, Fig. 5-9 shows the dc bus voltage and the dc bus current. As predicted in the
analysis section, the dc bus current becomes negative whenever the auxiliary switch is on.
The dc bus voltage is clamped due to the storage-voltage clamp capacitor C.. The dc bus
voltage is reduced towards zero volts after the auxiliary switch is turned off. Fig. 5-10 shows

the commutation process of the auxiliary switch S, . As predicted this process is not
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Figure 5-8:  Typical steady-state simulated waveforms.
fo=60Hz, f;,, = 1440 Hz, MI = 1, V,, = 300 V, K = 1.14.
Lg = 7.5 uH, Cs = 2.5 nF, Py, = 6 kVA.
a) Dc bus voltage.
b) Dc bus current.

c) Inverter line-to-line voltage.
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Figure 5-8:

Typical steady-state simulated waveforms.

fo =60Hz, fi,, = 1440 Hz, MI = 1, V}, =300 V, K = 1.14.
Ls =175 puH, C; = 2.5 nF, Py = 6 kKVA.

d) Inverter line currents.

e) Spectrum of the line-to-line voltage.

f) Spectrum of the line current.
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completely lossless and that is the most serious disadvantage of the proposed inverter
topology. However, it can be said that the low voltage being commutated (K-1)V), results
in very low switching losses. Comparison between the simulated results depicted in Fig. 5-2
and the experimental waveforms (Figs. 5-9,5-10) reveals a close agreement. Furthermore,
Fig. 5-11 shows the respective dc bus voltage and dc bus current for a complete cycle. The
dc bus commutation process introduces zero volts intervals across the dc bus according to
the carrier frequency and in synchronization with the vertical edge. Finally, Fig. 5-12
demonstrates the line-to-line voltage and the line current of the inverter. As predicted the
operation of the dc bus commutating subcircuit introduces minimal distortion in the inverter

output waveforms.




Figure 5-9:

b)

Figure 5-10:

Experimental results - Dc bus commutating subcircuit operation.
Ly =8 yH, C. = 10 yF, MI =1, P, = 2 kVA.
a) Dc bus voltage (100 V/div, 5 us/div).

b) Dc bus current (5 A/div, 5 ps/div).

Experimental results - Dc bus commutating subcircuit operation.
Ly =8 uH, C. = 10 yF, MI = 1, P, =2 kVA.
a) Auxiliary switch voltage (100 V/div, 5 us/div).

b) Clamp capacitor C, current (5 A/div, 5 us/div).
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Figure S5-11:

b)

Figure 5-12:

Experimental results - Inverter waveforms.
fo = 60 Hz, f, = 3600 Hz, MI = 1, Pyyr = 2 kVA.
a) Dc bus voltage (100 V/div, 2 ms/div).

b) Dc bus current (10 A/div, 2 ms/div).

——

=TT

.'
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L1

Experimental results - Inverter waveforms.
fo = 60 Hz, fo, = 3600 Hz, Ml = 1, Py = 2 kVA.
a) Line-to-line voltage (100 V/div, 2 ms/div).

b) Line current (10 A/div, 2 ms/div).
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5.10 Conclusions

An optimum combination between a novel notch commutated inverter topology and
a modulation strategy is proposed in this chapter. It is shown that this combination yields
the required soft switching conditions at a lowest possible switching frequency. A significant
additional advantage of the proposed ZVS topology is that the switching points of the dc
bus commutating subcircuit are synchronized with the PWM technique. Specifically, the dc
bus voltage goes through zero volts intervals according to the carrier frequency and only
when is needed to prevent hard switching commutations. Finally, theoretical results have

been verified by simulation and experimentally on a 2-kVA laboratory converter.



CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary of the thesis

One of the more significant issues in static power converters, semiconductor
switching losses, is extensively addressed in this thesis. Solutions, such as switch dissipative
and improved snubber networks for pulse width modulated (PWM) converters are reviewed
in Chapter 1.

Recent advances, in what are referred to as soft switching converter topologies,
promise improved semiconductor utilization and substantially higher switching frequencics.
These developments are presented in Chapter 2. The problems associated with these
topologies are identified. It is concluded that the ideal converter topology should combine
the best features of resonant and PWM of topologies. These features include low switching
losses, constant frequency operation, reasonably rated reactive components and a wide rangc
of control of load.

The proyosed concepts are applied in Chapter 3, to a single-phase full-bridge high-
power low-frequency PWM topology. One of the resulting topologies cmploys a low loss
snubber network and the other one an improved lossless network. Both topologics provide
zero current switching during turn-on and zerc voltage switching during turn-off. Converter
efficiency is improved, since, all the energy associated with snubber reactive elements is
recovered.

In Chapter 4, a soft switching, namely zero voltage switching (ZVS), pulse width

modulated (PWM) single-phase full-bridge medium-power high-frequency converter
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topology is proposed and analyzed in detail. The various topological modes of the converter
are identified. The proposed approach utilizes the switch parasitic capacitors to achieve
zero voltage switching turn-off. The dc bus active snubber and clamping subcircuit ensures
the prior conduction of the antiparallel diodes before the main switch turn-on. The effect
of the drain-to-source parasitic capacitance associated with MOSFET technology and EMI
problems are minimized. Design equations are provided. Simulated results are presented
and verificd experimentally.

In Chapter 5, a simple dc bus snubber subcircuit is investigated for soft switching
three-phase PWM voltage source inverter. The operation of the dc bus commutating
subcircuit is synchronized with an appropriate PWM technique. Inverter performance is
improved since all commutations occur under soft switching environment. The PWM
technique further reduces switching losses since 30% fewer switching points are obtained.
A dectailed analysis is presented and key theoretical results are verified by simulation and

by experiment.

6.2 Conclusions

Some novel pulse width modulated topologies that provide a soft switching
environment have been proposed and investigated in this thesis.

The single-phase full-bridge PWM topology employing the modified lossless snubber
network (Chapter 3) is an attractive solution for high power applications when high
frequency is required, since the proposed modified snubber network reduces switching
losses. The energy associated with snubber reactive elements is recovered. The size of the
converter is reduced since there is no dissipating resistor and the associated cooling

requirements, as in the case of the low loss snubber network. However, this improvement



- 139 -

is obtained at the expense of one additional, but low power switc.., switching at double the
frequency of the main switches. Also, the VA ratings of converter components are slightly
higher in the case of the lossless snubber network.

The single-phase full-bridge zero voltage switching topology proposed in Chapter 4
provides improved converter performance. The effect of the drain-to-source parasitic
capacitor associated with MOSFET technology is eliminated. Specifically, the switch
parasitic capacitors are discharged to the dc source, prior to the main transistor turn-on by
means of one additional but low power switch. This switch has to be rated for the same
voltage and current as the main inverter switches. The converter switching frequency can
increase because of the ZVS feature, but the approach necessitates a low leakage inductance
high frequency transformer. This transformer is difficult to manufacture, and, even with low
leakage, high frequency ringing with the switch parasitic capacitors and parasitic capacitors
associated with the diode rectifiers may occur. The auxiliary switch frequency is double the
inverter switching frequency. This may introduce a limitation to the maximum inverter
switching frequency attainable.

The three-phase inverter topology proposed in Chapter 5 provides improved
converter performance due to the soft switching environment. The auxiliary switch frequency
is equal to the inverter switching frequency. Unlike the auxiliary switch used in the single-
phase converter based on the same dc bus subcircuit. The free-wheeling mode associated
with the vertical edge of the carrier waveform ensures the charge of the storage-clamp
capacitor. That means that no separate power source, as in the casc of the actively clamped
dc link inverter, is needed. The effect of the drain-to-source parasitic capacitor associated
with MOSFET technology is minimized since zero voltage switching is achieved. The

commutation of the auxiliary switch is not completely lossless but the higher the switching
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frequency the more times that zero voltage switching is achieved even for this switch. The
operation of the dc bus commutating subcircuit introduces limitations to switching frequency

since a minimum time is required to activate the auxiliary switch.

6.3 Suggestions for future work
As a follow-up of the work carried out in the research project, the following areas
could be further investigated:
- The power converter topologies discussed in Chapter 3 have been verified
experimentally with BJT’s. The same topology can be investigated using
IGBT’s. This approach has been studied in reference [15] without energy
recovery subcircuits.
- A comprehensive comparison and evaluation between the topology proposed
in Chapter 4 and the phase-shifted PWM topology reviewed in Chapter 2
can be performed.
- For the three-phase inverter topology proposed in Chapter 5, the effect
setting the resonance frequency closer to the switching frequency can be
studied. This is expected to minimize the problem of the commutation of

the auxiliary switch, which is not completely lossless.
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