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ABSTRACT

Power electronics converters are implemented with switching devices that turn on and
off while power is being converted from one form to another. They operate with high
switching frequencies to reduce the size of the converters' inductors, transformers and
capacitors. Such high switching frequency operation, however, increases the amount of
power that is lost due to switching losses and thus reduces power converter efficiency.

Switching losses are caused by the overlap of switch voltage and switch current during
a switching transition. If, however, either the voltage across or the current flowing through
a switch is zero during a switching transition, then there is no overlap of switch voltage and
switch current so in theory, there are no switching losses. Techniques that ensure that this
happens are referred to as soft-switching techniques in the power electronics literature and
there are two types: zero-voltage switching (ZVS) and zero-current switching (ZCS).

For pulse-width modulated (PWM) Dc-Dc converters, both ZVS and ZCS are typically
implemented with auxiliary circuits that help the main power switches operate with soft-
switching. Although these auxiliary circuits do help improve the efficiency of the
converters, they increase their cost. There is, therefore, motivation to try to make these
auxiliary circuits as simple and as inexpensive as possible.

Three new soft-switching Dc-Dc PWM converters are proposed in this thesis. For each
converter, a very simple auxiliary circuit that consists of only a single active switching
device and a few passive components is used to reduce the switching losses in the main

power switches. The outstanding feature of each converter is the simplicity of its auxiliary
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circuit, which unlike most other previously proposed converters of similar type, avoids the
use of multiple active auxiliary switches.

In this thesis, the operation of each proposed converter is explained, analyzed, and the
results of the analysis are used to develop a design procedure to select key component
values. This design procedure is demonstrated with an example that was used in the
implementation of an experimental prototype. The feasibility of each proposed converter is

confirmed with experimental result obtained from a prototype converter.
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Chapter 1

1. Introduction

1.1 Introduction

It is generally the task of power electronics to convert the electric power available from
a power source to the form best suited for the user loads. Some sort of power processor or
converter is required to serve as an interface between power source and load. The load may
be ac or dc, single-phase or three-phase, and may or may not require transformer isolation
from the power source. The power source could be a single-phase or three-phase ac source
with line frequency of 50 or 60 Hz; it can be an electric battery, a solar panel or a
commercial power supply. This source feeds the input of the power converter, which
converts the power to the required form. The converter can be an ac-dc converter, a Dc-Dc
converter, a dc-ac converter or an ac-ac converter.

Power converters typically consist of semiconductor devices such as transistors and
diodes, energy storage elements such as inductors and capacitors, and some sort of
controller to regulate the output voltage. Transistor type devices like BJTs (Bipolar
Junctions Transistors), MOSFETs (Metal Oxide Silicon Field Effect Transistors) and
IGBTs (Insulated Gate Bipolar Transistors) are used as switches in power electronic
converters and are made to operate as switches that are either fully on or fully off at any
given moment in time. These devices can be operated at higher switching frequencies than

thyristor based devices, which helps reduce converter size. While BJTs and MOSFETs are



basic devices, IGBTs are hybrid devices that have an insulated gate like a MOSFET but a
conduction region that is the same as a BJT.

BJTs were used as switches in SMPS (Switch Mode Power Supplies) in the late 1970’s-
early 1980’s, but since they are current-controlled devices, they are no longer used in
SMPS where switches need to be turned on and off at very high frequencies in the kHz
range. The MOSFET, being a charge controlled device, is faster than a BJT. When turned
on, a MOSFET is equivalent to a resistance between its source and drain (Rpsn), while the
BJT when fully on is equivalent to a voltage source equal to the saturation voltage between
collector and emitter (Vcgsar). Thus the conduction losses in MOSFETS are proportional to
the square of the on-state current that it is conducting while these losses in a BJT is
proportional to the on-state current it is conducting.

The IGBT is a hybrid device that incorporates an insulated gate so that it turns on like a
MOSFET and conducts like a BJT in saturation, hence the name IGBT. The IGBT
undergoes a MOSFET type turn, faster than a conventional BJT but its turn off is
dependent on the minority carriers present in it during its on state (i.e it undergoes a turn off
similar to that of a BJT and has a current tail during its turn off). The IGBT is therefore
faster than a conventional BJT but slower than a MOSFET.

MOSFETs are used for lower power applications (typically a few kilowatts) and have
lower current and lower voltage ratings (typically a few hundreds of volts) but higher
frequency well in a range of hundreds of kHz while the IGBT is used in higher power
applications, they have high voltage and current ratings, but operate at lower frequencies

(up to 100kHz).



IGBTs and MOSFETs are widely used in power electronic applications such as high
frequency inverters used at the front ends of high efficiency AC motor drives, high and
very high frequency Dc-Dc converters, power factor correction modules etc. Diagrams of a

N-P-N IGBT and a N-channel MOSFET are shown in Fig.1.1.

1.2 High Switching Frequency Operation in Power Electronic

Converters

The size of the energy storage components of a power electronic converter, such as
inductors (L) and capacitors (C), accounts for much of the overall size of the converter.
These components are needed to store and transfer energy from the input power supply to
the output load in the converter. Their values depend on the frequency that the converter
switch is turned on and off. As the switching frequency is increased, the values of the
inductors and capacitors decrease and so do their physical size and weight; therefore the
higher the converter switching frequency, the smaller is the converter size.

Higher switching frequency operation, however, results in increased switching losses

and EMI noise emissions, which are described in the next section. Problems associated with

¥ Collector it Drain
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Fig.1.1 (a) Diagram of an IGBT (b) Diagram of a power MOSFET



switching losses and EMI caused by sudden switching transitions can offset the advantages

achieved by operating a converter with a high switching frequency.

1.3 Losses in Semiconductor Switches

The semiconductor switches used in power converters are not ideal and are a source
of energy losses. The main losses that are associated with these switches are conduction

losses and switches losses, which will be described in more detail below.

1.3.1 Conduction Losses

The conduction losses of a MOSFETs are due to its behaving as a resistor when fully
on - the resistance being equal to Rpsen, the on state drain to source resistance. The
conduction losses of an IGBT are related to the amount of current flowing in the device and

Ve sat, the saturation voltage between collector and emitter.

1.3.2 Switching Losses

In a real semiconductor switch, the switch voltage or switch current do not go to zero
instantaneously at the instant of turn-on or turn-off. There is a duration of time during any
switching transition (i.e. switch turn-on and turn-off) when there is both voltage across and
current through the switch. The corresponding power loss during each switching instant is
the overlapped area of the switch current and voltage waveforms at the instant of turn-on or
turn-off of the switch. Since the average power is energy divided by the period, higher

switching frequencies lead to higher switching losses. Sharp and sudden switching



transitions are also sources of electromagnetic interference (EMI) noise that can affect the
performance of a converter and/or other surrounding electrical equipment.

Both the IGBT and MOSFET have anti-parallel body diodes. A MOSFET has a much
higher output capacitance between its drain and source than that between collector and
emitter of an IGBT. This output capacitance charges up to the off state voltage that the
MOSFET is subjected to while the IGBT has a current tailing after it is actually turned off.

In a MOSFET, the main switching losses are caused by the charging and discharging of
the output capacitance to and from the off state voltage that the MOSFET is subjected to,
while the tailing of current is the primary cause of switching losses in IGBTs. Turning on
and turning off the power electronic switches with such switching losses is known as “hard
switching”.

Fig. 1.2 shows the typical current and voltage and current graphs of the switch S;
during a whole switching cycle. At t,, the driving pulse of S; is removed so that it gets
turned off. S; takes time to¢ to turn off fully. During this time, due to the overlap of the
current and voltage waveforms, there occurs a turn off loss represented by the area under

the graph Pogr. At t;, the driving pulse is applied to the switch S; so that it gets turned on.

"
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Fig.1.2 Loss of Power during hard switching.



The switch S; takes time t,, to get turned on. During this time, due to overlap of the current

and voltage waveforms of Sy, a turn-on loss occurs.

1.4 Soft Switching

The problems of switching losses and EMI associated with hard-switching converter
operation can be reduced by using soft-switching. The term "soft-switching" in power
electronics refers to various techniques where the switching transitions are made to be more
gradual to force either the voltage or current to be zero while the switching transition is
being made. EMI is reduced by soft-switching because the switching transitions from on to
off and vice versa are gradual and not sudden. Switching losses are reduced since the power
dissipated in a switch while a switching transition made is proportional to the overlap of the
voltage across the switch and the current flowing through it.

Soft-switching forces either the voltage or the current to be zero during the time of
transition; therefore there is no overlap between voltage and current and (ideally) no
switching loss. There are two types of soft-switching: zero-voltage switching (ZVS) and
zero-current switching (ZCS). Although there are many ZVS and ZCS techniques, there are
general principles associated with each type.

The circuit symbol for a MOSFET is shown in Fig.1.3, along with an anti-parallel diode
(which is the body diode that is internal to the device) and a capacitor Cgys that is across the
device's drain and source. Cg4s usually consists of an internal capacitance associated with the
device and an additional external capacitor. The MOSFET can turn on with ZVS if it is

somehow ensured that current is flowing through the body diode to clamp the drain-source
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Fig 1.3 ZVS MOSFET implementation

voltage to zero just before turn-on. The MOSFET can turn off with ZVS because Cgs
prevents the voltage from rising abruptly as the device is turned off.

A switch can be made to operate with ZCS if an inductor is added in series to it as
shown in Fig. 1.4 for a MOSFET. The MOSFET can turn on with ZCS because the
inductor limits the rise in current so that the current flowing through the MOSFET is almost
zero as the device is being turned on. The MOSFET can turn off with ZCS if a negative
voltage is somehow impressed across the inductor-MOSFET combination so that current
falls to zero at a gradual rate due to the inductor.

Although both ZVS and ZCS operations can reduce the switching losses of either a
MOSFET or an IGBT, ZVS is preferred over ZCS for MOSFETs and ZCS is preferred over
ZVS for IGBTs. In the case of MOSFETs, ZVS can substantially reduce the losses caused
by the discharging of Cgys into the device when it is turned on whereas ZCS cannot. In the
case of IGBTS, since their output capacitances are lower than those of MOSFETsS, the main
source of switching losses are not the turn-on losses but the turn-off losses. This is
especially true when it is considered that IGBTs have a current tail when they are turned
off, which means that there is significant overlap between voltage and current during turn-

off. This current tail can be eliminated if current is gradually removed from an IGBT using
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Fig.1.4 ZCS IGBT implementation.

some ZCS method before it is actually turned off; therefore switching losses can be reduced
as there is no overlap between voltage and current during turn-off.
It should be noted that although soft-switching can reduce switching losses, conduction

losses that exist when current flows through a MOSFET/IGBT/ Diode will still exist.

1.5 Dc-Dc Converters

1.5.1 Boost Converters

Dc-Dc converters convert an available unregulated dc input voltage into a regulated dc
output voltage of a different magnitude and/or polarity as required by a particular load.
Most Dc-Dc converters are switch-mode converters that operate with active semiconductor
devices like MOSFETs and IGBTs, acting as on-off switches. These switches are required
to undergo repetitive and periodic turn on and turn off. The output dc voltage in such
converters are dependent on the duty cycle D (<1) which is defined as the length of time

that the switch is on (t,,) over the duration of the switching cycle (Tsw=1/fsy). “D = ton/Ts”



The two most basic types of Dc-Dc converters are the buck converter (output voltage is
a stepped down value of the input voltage) and boost converter (output voltage is a stepped
up value of the input voltage). Other types of Dc-Dc converters are buck-boost, Cuk, Sepic
and Zeta etc. The circuit diagram of a boost converter is shown in Fig.1.5 (a) and the ideal
waveforms are shown in Fig. 1.5 (b).

In steady state, after the switch is turned on, the whole input voltage is applied across
the input inductor L;, and it stores energy. When the switches are turned off, a negative
voltage equal to (Vi, — V,) is applied across the inductor and the energy stored in the
inductor is delivered to the output capacitance C,. The steady state output voltage of the

boost inductor must always be greater than the input voltage as the ratio of the output to

input voltage is: V, _ 1

V, 1-D

In order to operate the switch in a boost converter (which is typically a MOSFET or

IGBT), a periodic pulse (V) must be applied between the gate (G) and the emitter (E) of

v W
vl 1 _______1__ 1V
0 -
! "
I'H. T T |
v T~ IR puy Y
|/\"/ L
0 T
Fig.1.5(a) A Dc-Dc boost converter Fig.1.5(b) Ideal waveforms



the device through a drive circuit. The MOSFET is on when the pulse V. is high and off
when it is low. Since T,, = DTsy, the duty cycle of the converter, hence the ratio of the
output to input voltage, is determined by the width of the pulse V. so that it is the pulse
width that is ultimately used to control and regulate the output voltage. This method of
controlling the converter output, which is frequently used, is known as pulse width

modulation control or PWM control.

1.5.2 Buck Converters

A buck converter is a step-down dc to dc switched-mode power supply converter that
uses a transistor, a diode, an inductor and a capacitor. Buck converters are mainly used in
regulated dc power supplies and dc motor speed control.

The output voltage of the converter varies linearly with the duty cycle for a given input

voltage (v = DV, ). Since the duty cycle D is equal to the ratio between to, and the period

=
y—

(1- D Load

Fig. 1.6 Buck converter Fig.1.7 Ideal waveforms
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T, it cannot be more than 1, so V, < Vj, and this is why this converter is referred to as step-
down converter. Fig.1.6 and 1.7 shows the typical buck converter and the waveforms (in

the continuous mode).

1.5.3 Full-Bridge Boost Converters

Full-bridge boost converters like the one shown in Fig.1.8 are very attractive for
applications where an output dc voltage that is considerably larger than the input voltage is
needed. Such applications include fuel cell power conversion, medical power supplies, and
power supplies for electrostatic applications. These converters are essentially boost
converters that contain a step-up transformer so that they can do additional voltage
“boosting” without the very large duty ratios (D) needed with the boost converter shown in
Fig.1.8.

The converter operates like a boost converter as the current in inductor L;, is increased
whenever switches from the same leg are on and it is decreased whenever a pair of
diagonally opposed switches is on as energy is transferred to the output through the
transformer and the output diodes. It should be noted that there must always be a path for

the input inductor current to flow through the full bridge switches at all times.

1.6 Literature Review

The main focus of this thesis is on certain problems that are related to soft-switching.
The following problems are covered in this thesis:
e Making the switches in PWM converters that can operate with a bidirectional power

flow operate with soft-switching.

11



e Making the switches in PWM full-bridge converters operate with ZCS.

e Making the switches in three-phase Dc-Dc converters operate with soft-switching.

These three problems are interrelated with respect to each other, and the nature of this

interrelation will be explained at the end of this thesis, in Chapter 5.

1.6.1 Soft-Switching in PWM Bidirectional Dc-Dc Converters

Bidirectional Dc-Dc converters allow transfer of power between two dc sources in
either direction. In recent years the use of these converters has increased in fuel-cell
applications, photovoltaic applications, uninterruptable power supplies (UPS) and hybrid-
electric vehicles. In order to reduce the size and weight of the converter, higher switching
frequencies are used to operate these converters so as to decrease the size of the filtering
components. When the switching frequency increases, switching losses and EMI (electro-
magnetic interference) rise in the circuit, which deteriorates the efficiency of the converter,
so soft switching techniques are applied to high frequency converters.

Lin
PV

01 03
3% 1
T

VDCC) %"% ) Co | Ro

Q2 o4
AE& J% D2K D4f

Fig.1.8 Full-bridge boost Dc-Dc converter
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Zero voltage switching (ZVS) or zero current switching (ZCS) is used to create soft
switching in conventional PWM converters using auxiliary circuits. In [1] the auxiliary
circuit used could achieve ZCS for the main switch in one direction and ZVS in the other
direction, but forced the use of different types of switches for each direction of power flow.
Due to the complexity of power flow in bidirectional converters, it is more challenging to
develop soft switching techniques in these circuits; therefore it is desirable to use an
auxiliary circuit to provide soft switching in both power flow directions (buck and boost
mode). In some of the previously proposed bidirectional converters [2]-[6] two auxiliary
circuits are employed to achieve soft switching when the power flows in both directions
(Fig. 1.9).

The additional number of components can cause more conduction losses, along with
increased complexity, cost, weight and size of the converter, and is thus considered to be a
drawback. In [8] (Fig. 1.10), two auxiliary switches have been applied and the number of
inductors was reduced to one. This causes the auxiliary switches to operate under hard
switching conditions, thus reducing the gain in overall efficiency achieved by the soft
switching of the main switches. A ZVS buck-boost converter with ZVS for all converter

switches has been proposed in [9], but the converter still needs two auxiliary switches.

13



I
L]
Il
an

Fig. 1.9 Proposed converter in [2]

o . D [
S2 l!l
=
Lex Col
S1 Dx2 Dxa
—L.Vin . Pt Vo
= J:¥== D - é)
| 2E
Sx D Sy

Fig. 1.10 Proposed converter in [8]

1.6.2 Soft-Switching in PWM Full-Bridge Dc-Dc Converters

Pulse-width modulated (PWM) Dc-Dc full-bridge converters with soft-switching are
widely used in industry. For lower power applications, where the converters tend be to
implemented with MOSFETSs, zero-voltage-switching (ZVS) techniques are used to
improve the efficiency of the full-bridge converter [13]-[20]. For higher power
applications, where IGBTs are the preferred devices as they have lower conduction losses

than MOSFETs due to their fixed collector-emitter voltage drop, zero-current-switching

14



(ZCS) techniques are preferred. This is because ZCS methods can significantly reduce the
tail in the IGBT device current that appears when the device is turned off. Reducing this
current tail helps an IGBT operate with fewer turn-off losses and allows it to operate at
higher switching frequencies.

Researchers have proposed various zero-current-switching (ZCS) techniques for higher
power PWM full-bridge converters to allow their IGBT switches to operate at higher
switching frequencies without unduly compromising converter efficiency. Some of these
techniques use complicated auxiliary circuits to remove current from the main switches to
turn off the main switches with ZCS. For example, auxiliary circuits with two auxiliary
switches are proposed in [21]-[26] (Fig. 1.11a, b) to achieve ZCS for the main switches, but
the increased cost of having two auxiliary circuits is a key drawback of these converters.

The use of active auxiliary circuits is avoided in converters such as the one proposed in
[27] (Fig.1.12a), where passive auxiliary snubber circuits with integrated magnetics are
added to provide a soft turn-off for the main power switches. Although the use of multiple
auxiliary switches is avoided with these converters, the passive circuits themselves can be
quite sophisticated and the overall converter efficiency is lower than that of the above-
mentioned converters that use multiple auxiliary switches.

Another approach that has been used to improve the efficiency of Dc-Dc PWM full-
bridge converters is to implement them with auxiliary circuits that cause them to operate
with zero-voltage-zero-current-switching (ZVZCS). These converters either use a
secondary-side auxiliary switch [28]-[32] or a secondary-side passive circuit [33]-[37]

(Fig.1.12b) to create a counter voltage in the converter primary that helps extinguish the
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current that would otherwise circulate in the full-bridge whenever the converter is in a
freewheeling mode and do nothing but create conduction losses
. Regardless of what method is used to extinguish the freewheeling current, ZVZCS
converters allow only their lagging leg switches to operate with ZCS so that IGBTs cannot
be used in their leading leg.

This forces the use of MOSFETs in this leg instead of IGBTs to avoid high current
losses at turn-off. As a result, not only does this increase the price of these converters as
two different types of devices must be used as the main power switches in the converter,
but the converter is limited to lower power applications due to the specifications of

MOSFETs.

1.6.3 Soft-Switching in Three-Phase Dc-Dc Converters

Dc-Dc converters with transformer isolation that convert low input dc voltages into
high output dc voltages (i.e photovoltaic converters, fuel cell converters, etc.) are typically
implemented with MOSFETSs and use zero-voltage switching (ZVS) techniques to improve
efficiency [39]-[45]. Most of these converters are single-phase boost-type converters with
just one input inductor. These converters, however, are unsuitable for higher power levels
due to high switch stresses and high input current ripple. For such applications, three-phase
Dc-Dc converters are more attractive because:

(1) They have more switches available to carry current so that switch current stresses are
distributed over several switches instead of just a single switch.
(i1) They have less input current ripple and less output voltage ripple as the equivalent

converter frequency is increased by a factor of three.
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(i11) They have higher power density due to the need for smaller filter components to filter
the smaller input current ripple and output voltage ripple.
The first three-phase structure Dc-Dc converter was introduced in [46]. Researchers
have since proposed various ZVS techniques for three-phase boost-type converter to allow
the converter switches to operate at higher switching frequencies without unduly

compromising converter efficiency [47]-[52]. Two examples are shown in Fig.1.13.
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Fig.1.13 Example three-phase Dc-Dc converters
(a) Converter proposed in [47], (b) Converter proposed in [50].
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Previously proposed three-phase Dc-Dc converters have at least one of the following
drawbacks:
» Converters based on buck-type topologies have high input ripple as they do not
have any inductor connected between the source and the three-phase converter.
* They are pulse-width modulated (PWM) converters that require costly and
complicated auxiliary circuits to achieve ZVS operation. For example, the converter
shown in Fig. 1.13(a) requires an auxiliary circuit that consists of three active

switches to achieve ZVS operation.

1.7 Thesis Objectives

The main objectives of this thesis are as follows:

o To propose a new soft-switching PWM converter that can operate with a
bidirectional power flow and with ZCS for its main power switches, using as

simple an auxiliary circuit as possible.

o To propose a new ZCS-PWM full-bridge converter that allows its main power
switches to operate with ZCS in as simple a manner as possible, without adding

new components in the main power path that can increase conduction losses.

o To propose a new three-phase Dc-Dc converter that can be used for low input
voltage applications and that can be implemented with soft-switching in a low

cost manner.

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

converters by mathematical analysis.
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o To develop a design procedure for each new converter that can be used in the

selection of critical converter components

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

obtained from proof-of-concept prototype converters.

1.8 Thesis Outline

The outline of the thesis is as follows:

Chapter 2: The main focus of this chapter is a new bidirectional ZCS-PWM converter
that allows its main power switches to operate with ZCS. In the chapter, the operation of
the proposed converter is explained in detail, guidelines for the design of the converter are

given and experimental results that confirm its feasibility are presented.

Chapter 3: A new ZCS-PWM full-bridge converter is proposed in this chapter. The
main power switches of this converter can turn on and off with ZCS due to a novel and
simple combination of active and passive auxiliary circuits. In this chapter, the operation of
the converter is explained in detail, its modes of operation are analyzed and the results of
the analysis are used to develop a design procedure for the selection of key converter
components. The design procedure is demonstrated with an example that was used to
implement an experimental prototype. The feasibility of the converter is confirmed with

results that were obtained from the prototype converter.

Chapter 4: A new ZVS-PWM three-phase Dc-Dc converter is proposed in this chapter.

Similar to Chapter 4, the operation of this new converter is explained and analyzed and a
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design procedure is developed and demonstrated with an example. Experimental results that

confirm the feasibility of the converter are also presented.

Chapter 5: In this chapter, the contents of the thesis are summarized, the conclusions
that have been reached as a result of the work performed are presented, and the main
contributions of the thesis are stated. The chapter concludes by suggesting potential future

research that can be performed, based on the thesis work.
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Chapter 2

2 A Novel Non-lsolated Bidirectional ZVS-PWM DC-DC

Converter with One Auxiliary Switch

2.1 Introduction

A bidirectional Dc-Dc converter allows the transfer of power between two dc sources in
either direction. The converter can be considered to be operating in buck or voltage step-
down mode if power is being transferred from a higher voltage level source to a lower
voltage level source. It can be considered to be operating in boost or voltage step-up mode
if power is being transferred from a lower voltage level source to a higher voltage level

source.

A very commonly used bidirectional Dc-Dc converter is the boost and buck converter
that has two main power switches. When the converter is operating in boost mode, the
converter is made to operate like a basic boost converter, as described in Section 1.5.1. One
of the switches acts like the boost converter switch and the other switch acts like the boost
converter diode as it is never turned on and current is made to flow through the body diode
of the switching device. Similarly, when the converter is operating in buck mode, the
converter is made to operate like a basic buck converter, as described in Section 1.5.2. One
of the switches acts like the buck converter switch and the other switch acts like the buck
converter diode as it is never turned on and current is made to flow through the body diode

of the switching device.
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If the converter is implemented with IGBTs, then ZCS is the preferred method of soft-
switching since it reduces or eliminates fully the current tailing effect during turn-off. For
PWM bidirectional converters, ZCS methods are typically implemented with one auxiliary
switch for each main power switch and each auxiliary switch helps just one main power

switch operate with ZCS.

A new ZCS PWM bidirectional Dc-Dc converter is proposed in this chapter. The
converter consists of only one auxiliary switch that can provide soft switching for both
main switches in buck and boost mode. Other than the switch, the auxiliary circuit consists
of a capacitor and an inductor that provides a bidirectional current path to achieve soft
switching for both modes of operation. In this chapter, the operation of the new converter is
explained for both boost and buck modes of operation, guidelines for the design of the
converter are given and the design of the converter is demonstrated with an example.
Experimental results obtained from a 500W, 80 kHz prototype that was implemented and
operated in both buck and boost modes of operation are presented to validate the feasibility

of the proposed converter.

2.2 Converter Operation

The proposed converter is shown in Fig. 2.1. It consists of two main switches (IGBTs)
S; and S;, one auxiliary switch S,,, two resonant inductors L;; and L;,, the input inductor
Li» and a resonant capacitor C,. The modes of operation for both buck and boost type of
operation are presented in this section. It has been assumed that the components are ideal
and that the input inductor L;, is large enough so the input current ripple can be considered

as negligible.
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2.2.1 Boost Mode of Operation

In the boost mode, S, is the main operating switch and S, is never turned on and acts
like a diode. An equivalent circuit diagrams for each mode of operation is shown in Fig. 2.2
and typical converter waveforms are shown in Fig. 2.3. The converter goes through the

following modes of operation during each switching cycle.

Mode 0 (to<t<t;) (Fig.2.4a): Before time t=t;, S; and S,,x are off and power is

transferred to Viy through the body diode of S,. At t=ty, S; is turned on with ZCS as the
presence of inductor L;; in series with the switch makes the rise of switch current gradual
and soft. Current is gradually diverted away from Ds, (body diode of S;) to S; and this is
done gradually due to the presence of L,,. Since the transfer of current away from Ds; is

gradual, it does not have reverse recovery current. This current transfer can be expressed as

V.
lsp= =5 (t -t;) ()

L+ L

Mode 1 (t:<t<t,) (Fig.2.4b): At t=t;, current has stopped flowing through Dy, and the

Lin Lr2 ASZ
LA AL LA AL
Lrl
C)Vinl Saux Vin2
S1
TCr

Fig. 2.1 Proposed bidirectional boost/buck converter
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full input current is flowing through S;.

Mode 2 (t,<t<ts) (Fig.2.4C): At t=t,, the auxiliary switch S, is turned on to prepare for

the ZCS turn-off of S;. The turn-on of S, is soft due to the presence of L;; and L, which
help limit the rate of current rise in the auxiliary circuit. Current from the auxiliary circuit
flows through S; and Dy, during this mode and the mode ends when Dy, stops conducting.

The voltage across C; is V¢, at the end of this mode and can be expressed as:
Ver=Vin _Vo) COS(O)O(t -t ) (2)

Where V, is the reflected output voltage, and the current flowing through Is; and Is; can be

expressed as

V Voo
I, =1 +——2Sin(w, (t—t 3
S1 in 2'—” 220 ((Do( 2)) ( )
V. V. -V _.
|, =—2—-—E__0Gjn t—t 4
TR LG O 4)

where:

®. = Lrl + Lr2
’ Lrl x Lr2 x Cr

Mode 3 (ts<t<t,) (Fig.2.4d): At the beginning of this mode, Dy, has stopped conducting

and current starts decreasing in the auxiliary switch S,x. The current in S, continues to

decrease during this mode and current stops flowing through S, at the end of this mode.
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Fig. 2.2 Equivalent circuit for each mode of operation (boost mode)
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Mode 4 (t,<t<ts) (Fig.2.4e): At t=t,, the body diode of the auxiliary switch, Dg,y, starts

conducting and since current is no longer flowing through this switch, it can be turned off
with ZCS. During this mode, current is gradually diverted away from S; so that it is zero at
the end of this mode. The current in S; during this mode and the voltage across C; can be

expressed as:

V, .
I, =1, — ;r Sin(w,t-t,)) (5)

in
0

Ver =V, COs(eyt—t,) (6)

where Z,= /%

Mode 5 (ts<t<ts) (Fig.2.4f): The continuing resonance between L,; and C, causes

current to flow through the anti-parallel diodes of S; and S,,x during this mode. S; can be
turned off with ZCS at the end of this mode. The voltage across C; during this mode can be

expressed as
Ve, =1,,Z,C0s(m, ¢ —t5)) =V, Sin(em, ¢ —t,)) (7)

Mode 6 (te<t<t;) (Fig.2.4q): With S; turned off, the full input current is flowing

through the body diode of S,ux during this mode. The auxiliary capacitor will be charged up
to the output voltage at the end of this mode. The voltage across C; during this mode can be

expressed as
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(8)

2 Cos(m, t—t))

1,2
Cr

Vg, =V, —-

Mode 7 (t;<t<tg) (Fig.2.4h): The body diode of S, starts conducting at the beginning of

this mode and current flows through it, as L, resonates with C;. The current in C, decreases
and reaches zero at the end of this mode. Is, and V¢, during this mode can be expressed as

follows:

VG S1

VG Saux

1S1

ISaux

Fig. 2.3 Typical converter waveforms for boost mode operation
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ls,= i, COS(@yt—t)) -1, 9)

VCr = ZOlin Sin(())o(t -t )) _Vin (10)

Mode 8 (ts< T) (Fig.2.4i): The input current is transferred to the output through the

body diode of S, at the start of this mode and continues to flow until the end of the

switching cycle at time t =T.

2.2.2 Buck Mode of Operation

In the buck mode, S, is the main operating switch and S; is never turned on and acts
like a diode. An equivalent circuit diagrams for each mode of operation is shown in Fig. 2.4
and typical converter waveforms are shown in Fig. 2.5. The converter goes through the

following modes of operation during each switching cycle.

Mode 0 (to<t<t;) (Fig.2.6a): At time t=ty, S, is turned on with ZCS as L, limits the

rate of switch current rise and current decreases in the body diode of S;. Currents Is; and Is;

and the voltage across C;, V¢, can be expressed as follows:

V. v/
lo=—2 (-t )——12 Cos(w, ¢ —t,))— | 11
S1 2(Lr1+|_r2)( 0) 220 ( 0 O) 0 ( )
V. V.
loy=—02 (¢t —t )+—"2CoS(w,t—t,) 12
$2 Z(Lrl"'l-rz)( o) 22, (@t -ty) (12)
VCr:_Vin2 COS((DO(t _to)) (13)
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Fig. 2.4 Equivalent circuit for each mode of operation (buck mode)
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Mode 1 (t;<t<t,) (Fig.2.6b): In this mode, the current through the body diode of S has

reached zero and current continues to flow through C.. The current through S, and C; (also

the body diode of S,,x) during this mode can be expressed as

Ve o
lg,= IinCOS((x)O(t—tl>)—%Sln(coo(t—tl)) (14)

(o]

Saux —

| ——IinCos(mo(t—tl))—V° ;VCV Sin(w,t-t))) (15)

0

Mode 2 (t,<t<t3) (Fig.2.6c): At the start of this mode, the body diode of S,ux, Dsaux, has

stopped conducting and all the current flows through S,.

Mode 3 (ts<t<t,) (Fig.2.6d): At the beginning of this mode S, is turned on with ZCS

and the current in S, starts to decrease. This action is in preparation for the ZCS turn-off of

S,. The current flowing through S, and voltage across C; can expressed as follows:

V.
ls,= Io—éLz(t—g)Cos(wo(t—g)) (16)
0

Vr=Vin, COS(t~t,)) (17)

=

Mode 4 (t,<t<ts) (Fig.2.6e): At t = t4, the current in S, is zero and begins to change

direction and start to flow through the body diode of the device. S, can be turned off with
soft switching sometime during this mode while this is happening. The current in S, can be

expressed as

Ve, VY, o
ls,= 1, —1,Cos(myt ~t,) — Caz © Sin(w, ¢ -t,)) (18)

(]
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(19)

Cos(m,t -ty))

IO
.

-V +
° C

Mode 5 (ts<t<tg) (Fig.2.6f): At t = ts, current ceases to flow through the body diode of
V r

S, and continues to flow in the auxiliary branch. The voltage across C; can be expressed as:

ISaux
VCr

VS2
1S2
VSaux p-----

VG S2
VG Saux

Fig. 2.5 Typical converter waveforms for buck mode operation.
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Mode 6 (ts<t<t;) (Fig.2.6Q): The body diode of S; starts to conduct at the start of this

mode. During this mode, current through the auxiliary switch and the voltage across the

auxiliary capacitor during this mode can be expressed as follows
Ve, =2,1,Cos(m, ¢ -t,)) (20)
ISau><= IoCOS((DO(t_té)) (21)

Mode 7 (t;<t<tg) (Fig.2.6h): The auxiliary switch can turn off with ZCS as current start

to flow through its body diode at the start of this mode. The current through the auxiliary
switch body diode and the voltage across the auxiliary capacitor during this mode can be

expressed as follows

V,
I DSaux — % COS((’OO - t7 )) (22)

Vor=Vo =%, IoCOS((’OO -t ) (23)

Mode 8 (ts<t) (Fig.2.61): The circuit is equivalent to a buck converter in this mode and

current flows through body diode of S; until the end of the switching cycle at time t = T.

It should be noted that all the switches in the proposed converter, even the auxiliary
switch can turn on and off with ZCS, regardless of whether the converter is operating in

boost mode or in buck mode.
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2.3 Design Guidelines

Guidelines for the design of the proposed bidirectional converter are presented in this
section. The auxiliary circuit must be designed so that it can create a ZCS turn-off for the
main power switches regardless of the direction of power flow in the converter. The key
components values in the design of the converter are C,, L;; and L;,. For a typical design,
the following specifications are given: Input voltages Vi, and Vi, switching frequency f
and output power P,. The design can be performed by examining only boost mode
operation since if the converter can be designed to operate in boost mode, then it can
operate in buck mode as well. With this in mind, Vi, is actually the lower level voltage and

Vinz 1s the higher level voltage.

The following should be considered in designing the values of the key components:

1) Capacitor C;

C, affects the peak voltage stress that is placed on the switch when the auxiliary
circuit is activated; higher the value of C,, smaller the stress would be. C; also affects the
amount of time needed for the auxiliary circuit to operate when it is activated to turn off
Si with ZCS. Higher the value of C,, more time is needed for the auxiliary circuit to
operate as the resonant cycle determined by the interaction of C; and L, is increased.
The length of time the auxiliary circuit operates should only be a small fraction of the
switching cycle so that current stresses are low on the auxiliary circuit components and
so that its effect on the operation of the main power converter is minimized (i.e. to
minimize the limitations on the duty cycle reduction of the main switches that may need

to be considered).
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2) Inductors Ly, and Ly,

L, is placed in series with the main power switch S; so that it can slow down the rise
of current when S; is turned on and slow down the rate of current transfer away from the
switch when it is turned off. The same is true of L, in relation to S,. If L,; and L, are
too small, then the transfer of current to and away from their respective switches will
happen too quickly so that these switches will not operate with ZCS. If L,; and L, are
too large, then the transfer of current to and away from their respective switches will

happen too slowly and the overall operation of the converter may be affected.

3) Dc voltage conversion ratio and duty cycle

The dc voltage conversion ratio can be determined to be as flows, based on the

equations that were derived in Section 2.2:

(1 [LxG, ) A
2n f,| 2

Vo _1 1
Vin Vi VL LG ) T 24)
where f is the switching frequency and

— L Ll’l + LI’Z
° 27\ L,xL,xC, (25)

If f and f, are fixed, then the output voltage can be regulated by variation of At/T which

represents the duty cycle, as in a conventional PWM converter. If At/T = 0, then f/f, is

.Y
Vin (26)

The maximum value of At/T (duty cycle) is given by:
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T V. f (27)

4) Parameters of resonant circuit

Switches S; and S, can turn-off with ZCS if the following ratio is less than one

a = Imax Lrl x Lr2
Vin (Lrl + er)Cr (28)

where the maximum input inductor (Li,) current is

(a<l):

max V_ (29)

for an ideal converter. Equation (28) is simply another way of stating that the auxiliary
circuit must be able to divert current away from the main switches when they are about to

be turned off. The parameters of resonant circuit can be defined to be

L,xL,xC 1
L +L, Qaf,)’ (30)

or

Lrl X Lr2 _ Vina ’
(Lrl + er)Cr I (31)

max

The converter switches should be selected when the above component values are

determined. Peak voltage and current values should be noted in selecting the switches.
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2.4 Design Example

A procedure for the selection of key converter components is demonstrated in this
section with a design example. For the example, the converter is to be designed according
to the following specifications: Input voltage Vi,= 100V, V,= 400V, maximum output
power P,=500W, L;, =500uH, switching frequency: f = 80 kHz. As stated above, only the

design for boost mode operation need be considered.

The maximum input current is

| =B 00, o4 (32)
V. 400

0

The resonant frequency of the auxiliary circuit can be determined by considering f / f, =

0.3 and proceeding as follows:

f _ o 67kHz (33)
03
=L [ batle gk
2\ L, xL,xC,
thus Xk XCr _ 556 qgm
Lrl + Lr2

The resonant frequency must be considerably smaller than the switching frequency and

the ratio of f/f,= 0.3 can be determined by an iterative process.
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In order to satisfy the ZCS criterion to ensure that the main switches turn off softly a
value of a = 0.7 can be chosen. Such a value is conservative to provide an adequate margin
since the presence of inductors in series with switches means that the switches cannot

interrupt current without being damaged, due to inductive energy that cannot be made to

o= Imax Lrl x Lr2 — 07
Vin (Lrl + er)Cr

Lrl X Lr2 =56 Q2

S =
(Lrl + Lr2 )Cr

vanish. As a result,

thu

Since L, =L, there are two equations that relate L;;, L;» and C; and L,;, can be set to be
equal to Ly, the values for the resonant components can be calculated as L,;=L,,=4.8uH

and C=20.8 nF

2.5 Experimental Results

An experimental prototype of the proposed bidirectional converter was built to confirm
its feasibility - to show that the main converter switches can operate with ZCS regardless of
the direction of power flow. The prototype had the following specifications: Input voltage
Vini= 100V, input voltage V= 400V, maximum output power P, = 500W, L;, =500uH,
switching frequency: fy,—= 80 kHz. The prototype was implemented using the following
components values: Auxiliary circuit inductors L,; =5uH and L., =5pH and auxiliary

circuit capacitor C, -22nF, which were close to the values that were calculated in the design
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example. The following devices were used for the semiconductors in the prototype:

IRG4IBC30S for S; and S,, STGF20NB60S for the auxiliary switch Sx.

Fig. 2.6 shows a typical switch waveform for the converter when it is operating in boost
mode. It can be seen that the current in the switch rises gradually when it is turned on and
the voltage across the switch begins to rise only when the switch current is zero. The

current waveform shows a resonant hump that is the result of the auxiliary circuit.

Fig. 2.7 shows a typical switch waveform for the converter when it is operating in buck
mode. Like the switching waveforms shown in Fig. 2.6, current in the switch rises
gradually when the switch is turned on and the voltage across the switch rises only after the
switch current is zero.

Fig. 2.8 and Fig. 2.9 show efficiency measurements taken from the proposed
bidirectional converter in both boost and buck modes of operation, compared to those
obtained for a hard-switching bidirectional converter (a converter without the auxiliary
circuit). It can be seen that the proposed converter is about 7% more efficient at full load in
the boost mode and about 6% more efficient at full load in the buck mode compared to the

hard-switching bidirectional converter.
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Fig. 2.7 Current and voltage in S; - Buck mode
(V:200V/div, I: 2.5Amps/div, t: 2.5us/div)
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Fig. 2.8 Efficiency comparison for boost mode operation.
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Fig. 2.9 Efficiency comparison for buck mode operation.

2.6 Conclusion

A new ZCS PWM bidirectional Dc-Dc converter with only one auxiliary switch was
proposed in this chapter. The main advantage of this converter over other previously
proposed converters of the same type is the simplicity of the auxiliary circuit, which
consists only of a single active switch, an inductor and a capacitor. The proposed converter

is the only bidirectional converter that can operate with soft-switching for both main
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switches in both boost and buck modes using only one additional active switch, which can

also operate with soft-switching.

In this chapter, the modes of operation of the converter in both boost and buck modes
was explained, the design of the converter was discussed, and experimental results obtained
from a 500W, 80 kHz prototype that confirmed the feasibility of the converter were
presented. It was found that the proposed converter was close to 7% more efficient than a

hard-switched converter for both boost and buck modes at full load.
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Chapter 3

3 A New ZCS-PWM Full-Bridge Dc-Dc Converter with

Simple Auxiliary Circuits

3.1 Introduction

A new ZCS-PWM full-bridge converter is proposed in this chapter of thesis. The
outstanding feature of the new converter is that it allows its main power switches to operate
with ZCS and with fewer conduction losses than conventional full-bridge converters. This
is achieved by using two very simple active auxiliary circuits — one active with a switch
that can turn on and off with ZCS and one passive that consists of a few passive
components.

This chapter presents the new converter and then discusses its operation, steady-state
characteristics and design. Experimental results obtained from a converter prototype are

presented to validate the converter's performance and the concepts presented in this chapter.

3.2 Converter Operation

The proposed converter is shown in Fig. 3.1. It operates like a ZVZCS-PWM converter
except that the auxiliary circuit is activated whenever the main power switches in the
leading leg to which it is attached are about to turn off. It should be noted that in this
diagram, as in other circuit diagram present in this paper, the transformer leakage
inductance is not shown as a separate element, but is assumed to be a part of the

transformer.
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Fig. 3.1 The proposed ZCS converter

Equivalent circuit diagrams of the modes of operation that the proposed converter goes
through during a half switching are shown in Fig. 3.2 and ideal converter waveforms are
shown in Fig. 3.3. It should be noted that in Fig. 3.3, a current waveform such as Ig; shows
the current flowing through a switch (positive part of the waveform) and its body diode
(negative part of the waveform). Moreover, the Is, waveform is also the waveform for I,
and I¢, as Is, = I, = I, and V', on the Vi, waveform can be considered to be equal to the

input voltage. The converter's modes of operation are as follows:

Mode 1 (to<t<t;) (Fig. 3.5(a)): Switches S; and S, are on before this mode and the input
power is transferred to the output through D; and D4. At the beginning of this mode,
auxiliary switch S, is turned on and C, starts to discharge, resonating with L,. This mode
ends when the current flowing through S, reaches zero. From the equivalent circuit of

Mode 1 shown in Fig. 3.4(a), the primary currents and voltages can be expressed as:

I = |51= ILa+ILIk (1)
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dl,

V. =L +V, 2

in a dt Ca ( )
dl \Y/

V. = L _Lk+_0 3

in 1k dt n ( )

where n is the transformer ratio, Ly is the leakage inductance, Is; is the instantaneous
current through switch S;, Ij, is the instantaneous input current, Iy, is the current through
inductor L,, Ik is the current through the leakage inductance and is equal to the primary
current Iyrimary, Va 18 the voltage across capacitor C, and V,, is the output voltage.

The initial conditions for equations (2) and (3) are Vca(to))=Vin, ILa(to)=0 and Iy (to)
= nl, where n is the transformer turns ratio n = ny/n; and I, is the output current. For
simplicity, the primary current during this mode is approximated as the reflected primary

current nl,. Solving these equations gives:

Yoy,
IL(t) = Nl (I-cos@y(t-t,) + N sina,(t-t,)) @)
0
V VOV(to - Sina)o(t'to))
70'Vin n (Vca_ 70)
I, (1) = 1, - nl (1- cose,(t-t,)) - N——sinw,(t-t,)- n___
Z, @, Ly
(5)
where Vi, is the input voltage and,
1
S — ©)
n Ca(La + le)
z, - L, +L, 7
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Mode 2 (t;<t<t,) (Fig. 3.5(b)): At the beginning of this mode, current in S, starts flowing
in the opposite direction from its flow in Mode 1,through the anti-parallel diode of S,, Dss.
S, can be turned off softly while current is flowing in Dg,. Voltage across C, starts
increasing as C, resonates with L,. Current in S; starts decreasing in this mode and reaches
zero at the end of this mode. The currents Is; and Ic, = I1, follow the same equations as in
Mode 1. The equivalent circuit of Mode 2 is shown in Fig. 3.4(b). It is very similar to that
of Mode lexcept that the direction of Ic, = Iy, current is different due to it being the

negative portion of a resonant cycle.

Mode 3 (to<t<ts) (Fig. 3.5(c)): At the beginning of this mode, current in S, starts flowing
in the reverse direction through the anti-parallel diode of S;, Dg;; therefore S; can be turned
off in this mode softly with ZCS. The voltage across C, continues to rise as C, resonates
with L,. The current in the auxiliary switch flows in the negative direction, through Ds,.
The equivalent circuit of Mode 3 is shown in Fig. 3.4(c). The voltage across C, and current

flowing through L, can be expressed according to the following equations:

ILa = nla + ILIk (8)
a2V~ (t
ke ANV ©)
dt
diy . ()
Via® = Vea® = Lal‘d% (10)
where:
o = ! (11)
l LaCa
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The initial conditions for equations (8) to (10) are: Vca(tz) = - nloZ; and ip,(t2) = nl,.

Solving these equations gives:

V() = - Vasinay(t-t) Vi, - cozsa)l(t-tz)) (12)
\/1+La “
Ca
2 .
() = nl. - L, (Vea -Vm)(lé cosa(t-t,) . Vo ;sz@(t-tz)) (13)
where
L
Zy =, |=" 14
' (14)

Mode 4 (t3<t<ty) (Fig. 3.5(d)): At the beginning of this mode, S; is turned on softly as the
rise in switch current is constrained by the presence of L, and transformer leakage
inductance. During this mode, diode D, becomes forward biased and the voltage across C.
appears across the transformer secondary. This voltage is reflected to the primary as a
counter voltage that helps extinguish the primary current and thus the current through S,. C,
is discharging throughout this mode.

The voltage and current in auxiliary inductor L, can be found from the following

equations in this mode:

v,
Via® =V, © ¢ (15)
dl iy, (®
LaL—a(t) = leLi—K + V_° (16)
dt dt n

The initial conditions for equations (15) and (16) are Vca(t3)=0 and ir,(t3) = nl,. Solving

these equations gives:
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where

VLa(t) = %Vo + nlo sin,uo(t-t3)

Hoy

ILa(t) = nlo |:1

_[n’C,+C,
= \wLcc,

1+ cos g, (t —g)}
Hy

(17)

(18)

(19)

Mode 5 (t4<t<ts) (Fig. 3.5(¢)): This mode begins when current in S; has reached zero. S,

can be turned off with ZCS sometime after the start of this mode. During this mode, current

continues to flow through the body diode of S, and S;. C. supplies the load current and the

voltage across it continues to drop.

Mode 6 (ts<t<tg) (Fig. 3.5(f)): Current has stopped flowing through the primary of the

converter at the beginning of this mode. S; can be turned off with ZCS during this mode as

there is no current flowing in the primary side. Capacitor C, continues to discharge.

Mode 7 (te<t<t;) (Fig. 3.5(g)): This mode begins when C. has been completely

discharged. Diodes D;-D4 start conducting at the beginning of this mode and the load

current freewheels through them afterwards.
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Fig. 3.2 (cont) Equivalent circuit for each mode of operation
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Fig. 3.4 Equivalent circuit for (a) Mode 1 (b) Mode 2 (c) Mode 3

Mode 8 (t;<t<tg) (Fig. 3.5(h)): At the beginning of this mode, S, is turned on softly and
the current through it rises gradually since the primary current cannot change suddenly due
to the transformer leakage inductance. Energy is transferred to the secondary side of the
converter through D; and D,. Voltage across C. rises through D, resonating with the
leakage inductance of the transformer. It should be noted that the proposed converter can be

implemented using standard phase-shift PWM.

3.3 Converter Features

The proposed converter has the following features:

. The voltage across secondary circuit capacitor C, is reflected to the converter primary
when the converter is in a freewheeling mode of operation (Mode 4). This is the
mechanism that extinguishes the freewheeling current, which reduces conduction
losses and allows the lagging leg switches to turn off with ZCS.

. The leading leg switches turn off with ZCS as the primary-side auxiliary circuit
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injects current into their body-diodes before they are turned off. In the case of S, as
seen in Fig. 3.2, this body-diode current is generated by first charging Ca after S, is
turned on, then having the current through L, and C, reverse direction and flow
through the body-diode of S; after C, has been charged to its peak value. In the case
of S,, which is not shown in Fig. 3.2, C, has negative voltage across it at the time S, is
to be turned off so that when S, is turned on to initiate the turning off of S,, current is
diverted away from the switch and into S,; Eventually current flows through the
body-diode of S,.

. S, can be turned off with ZCS (Mode 3) as the C,-L, resonant circuit forces current
through the switch to be gradually removed then flow through its body-diode.

. All converter switches turn on with ZCS because they either have an inductor in
series with them (main transformer leakage inductance for S, and S4, La for S,) or the
current in the series is constrained by the presence of other inductances in circuit (L,
and the main transformer leakage inductance for S; and S3).

. Due to the gradual rise and fall of the primary current during any switching transition,
the secondary diodes turn off softly. Moreover, C. acts a clamping capacitor to
suppress any voltage ringing that may appear across the secondary diodes. The
converter is based on a ZVZCS converter and thus has the features of converters of
this type.

It should be noted that neither the active auxiliary circuit nor the passive auxiliary

circuit are new individually, by themselves. The active auxiliary circuit can be any one of a

number of previously proposed ZCS-PWM converter active auxiliary circuits and the

passive auxiliary can also be any one of a number of previously proposed passive auxiliary
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circuits used in previously proposed ZVZCS-PWM converters. The auxiliary circuits
chosen for the proposed converter were chosen as they are among the simplest of each type.

What is new and novel about the proposed converter is that the combination of an
active ZCS auxiliary circuit and a passive ZVZCS auxiliary circuit has never been
previously proposed before to the best of the authors’ knowledge. It is this combination that
allows the converter to have a very simple topology that can be implemented with IGBTs
for all four main power switches and with ZCS turn-on and turn-off for all four switches
and the active auxiliary switch as well. These properties cannot be found in previously
proposed ZVZCS full-bridge converters, which have leading leg switches that must operate
with a ZVS turn-on (which is unsuitable for IGBTs) nor can they be found in previously
proposed ZCS full-bridge converters, which require more sophisticated topology, blocking
diodes, and/or bulky resonant components.

The proposed converter, however, has the following drawbacks:

. Since it is a ZCS-PWM converter, it is not a suitable topology if the converter is to be
implemented with MOSFETs as it is a standard practice to operate MOSFETs with
ZVS.

. The current in any given switch in the proposed converter will have a resonant peak
so that the converter’s peak switch current will be higher than that of a switch in a
ZVS-PWM converter.

. The light load efficiency of the converter is worse when the active auxiliary circuit is
implemented than when it is not. This is because the turn-off losses of the leading leg
switches to which the active auxiliary circuit is attached are fewer than the losses of

the active auxiliary circuit when the converter is operating under light load conditions.
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The opposite becomes true at heavier loads.

All the above drawbacks are common to ZCS-PWM converters in general.

3.4 Design Guidelines

A procedure for the design of the two auxiliary circuits for the converter — the active
circuit at the primary side and the passive circuit at the secondary side - is presented in this
section and is demonstrated with an example. For the example, the auxiliary circuits are to
be designed for a full-bridge converter operating with output voltage V, = 380 V, input
voltage Vi, = 400 V, maximum output power P, = 3 kW, leakage inductance Ly=3.2puH,
transformer ratio is 6:7 and switching frequency fi,, = 80 kHz. The design procedure that is
presented here is iterative and requires several iterations before the final design can be

completed. Only the final iteration will be shown in the example that follows.

The following design objectives should be considered:

I.  The auxiliary circuit is attached to the leading converter leg, which is the leg with
switches that would normally turn on and off with ZVS in a ZVZCS-PWM full-
bridge converter. The auxiliary circuit must be such that that its peak current is
greater than the maximum peak current that flows through the main switches in the
leg in order for the switches to turn off with ZCS. If this is not the case, then the
auxiliary circuit will not be able to divert sufficient current away from the bottom
switch of the leg that it is attached to and have it flow in its circuit. It will also not
be able to divert current away from the top switch of the leg by reversing the flow

of current through the switch so that its body diode conducts.
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II.

I1I.

It has been determined from previous iterations that an auxiliary switch peak current
that is about two times the maximum peak switch current allows current to be
transferred away from a main switch at a rate that is neither too sudden nor too
gradual. If the peak auxiliary circuit is very high, however, say four times the
maximum peak current for the main switches in the leg, then the transfer of current
away from a main switch is too sudden and the IGBT device will still turn off with a
current tail and thus with switching losses. The ratio of peak auxiliary circuit
current, to the maximum peak switch current should not be too high or too low,
which would make the transfer of current away from a main switch too gradual and
would increase the length of time that the auxiliary circuit is active in the converter.

An appropriate "ZCS time window" needs to be considered in the design of the
auxiliary circuit. The ZCS time window is the amount of time during which a main
switch in the leading converter leg can turn on with ZCS. If a main switch is turn
off before this window of time, then an insufficient amount of time will have been
given to the auxiliary circuit to divert current away from a main switch. If a main
switch is turned off after this window of time, current that has been diverted away
from a main switch will reappear in the same switch due to the resonant nature of
the auxiliary circuit. As with the rate of current transfer, the width of the ZCS time
window is dependent on the ratio of peak auxiliary circuit current to maximum peak
switch current. If this ratio is too high, then the time window is too narrow; if it is
too low, then the time window is too wide and the auxiliary circuit will be on for a
considerable fraction of the switching cycle. This should be avoided as it increases

the average and RMS current stresses of the auxiliary circuit components and may
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IV.

place limits on the duty cycle of the converter as time is needed to reset the
auxiliary circuit in preparation for the next switching cycle.

It would be preferable if the voltage across resonant capacitor C, in the auxiliary
circuit does not exceed 400 V so that standard 450 V capacitors can be used with
some voltage margin. This places a constraint on the impedance of the resonant
circuit in the auxiliary circuit as it must be such that it allows the peak auxiliary
circuit current to be sufficiently high so that the main power switches in the leg can
turn off with ZCS. A voltage of C, that is low may result in values of L, and C, that
are such that the transfer of current away from the main switches in the leg is too
sudden for the current tail in the IGBT to be eliminated.

The switches in the lagging converter leg turn off with ZCS due to the secondary
side auxiliary circuit. The key component in this circuit is capacitor C; as it is the
voltage across C, that gets reflected to the transformer primary that is the basis of
the counter-voltage that extinguishes the current that circulates in the converter
when it is in a freewheeling mode of operation. The value of this capacitor should
be sufficiently high so that it does not discharge too quickly, before the
freewheeling current in the primary side can be extinguished. If the value of this
capacitor is too high, however, then C. will not discharge and this may interfere
with the operation of the converter. Higher values of C, require smaller duty cycles
during light load conditions to make sure that the C. completely discharges during

the freewheeling period.

The design of the converter's auxiliary circuit can be done with the following steps:
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Step 1: Active Auxiliary Circuit Component Values

In this step, preliminary values of C, and L, are determined based the voltage across C,.
As stated above, it is desired that this voltage be high, but not so high that it exceeds 400 V.
Once these preliminary values have been selected, the suitability of these component values
based on whether they allow the auxiliary circuit to divert current away from the main
switches at a suitable rate can be confirmed in a later step of the procedure.

The maximum voltage across the resonant capacitor C, can be calculated from the

following equation:

Vea ) = V7° + 1.7 (20)

Z,= [P 1)

Eqgn. (20) is derived using Kirchhoff’s current law in Mode 3 by considering the

where

reflected voltage source from the secondary side V,/n and the transformer leakage
inductance. Fig. 3.5 is plotted from Eqn. (20) for different values of Z, versus the
maximum voltage across C, for different values of input voltage, when n=21/18 and
[i»=7.5A (the maximum input current considering 100% efficiency for a 3kW prototype
when input voltage is 400V).

It can be found from this graph that by choosing a larger impedance, the voltage across
C, will increase. If a smaller impedance is chosen, a larger capacitor must be used for C, as
there must be enough energy stored in the capacitor at the end of this mode to force the

current into the full bridge to reverse direction and create an opportunity for the ZCS turn
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off of switches. Since Vi;=400 V and it is desired that the voltage across C,, Vca, be 400V

as well, the corresponding impedance value from the graph in Fig. 3.5 is Zy=1.4Q.

Step 2: Characteristic impedance of the active auxiliary circuit

The characteristic impedance of the auxiliary circuit, defined by:

L
7 = [— 22
7y, (22)
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Fig. 3.5 Variation of C, peak voltage for different values of Z,
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that affects the peak current stress of the auxiliary circuit components and the window of
time within the leading leg switches can be turned off with ZCS. It should be noted that the
peak current in the auxiliary switch must be greater than the full-bridge input current so the
bridge current can reverse, reduce to zero, and flow in the opposite direction through the
body diodes of the bridge switches, which can then be turned off with ZCS.

Fig. 3.6 is plotted from Eqn. (13) and shows the peak current in the auxiliary inductor

L, for different values of Z; in a wide range of input voltage V;,. If Z = L, =0.7Q 1is

C

a

selected, that gives Is,~16A from the graph in Fig. 3.6. This is a reasonable peak current
value in the auxiliary circuit as (a) it is about twice the input current instead of four or five
times; (b) on the basis of previous iterations, it was seen that this current may be sufficient
to result in the ZCS operation of the leading legs switches (whether this is actually the case
will be confirmed in the next step of the design procedure).

With Zy=1.4Q and Z,=0.7Q selected, it is possible to determine values for La and Ca
using equations (21) and (22). From these equations, it can be found that L, = 3uH and C, =
62nF. The key equation that describes the duty cycle of the of the active auxiliary circuit
(to) 1s typically equivalent to 3 times the reverse recovery time of the auxiliary diode, which

can be determined from

t = — (23)

where

@, = (24)

V nZCa(La + le)
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thus

t

c=§./n2(|_a+ L, )C,

(25)

As a result of the auxiliary component values, the duty cycle of the auxiliary circuit is

120ns or 6% of the duty cycle in one cycle. The auxiliary switch is activated slightly before

S1 and S3 are to be turned on to pull the current away from the bridge.

Peak Current in the auxiliary switch (Amps)
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Fig. 3.6 Variation of peak current in auxiliary switch for different values of Z;
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Step 3: ZCS range of leading leg switches

With the auxiliary circuit values of L, and C, known, the next step is to confirm
whether the auxiliary circuit can allow the converter's leading leg switches to operate with
ZCS and the auxiliary switch to operate with ZCS. Fig. 3.7 is a graph of curves of the main
switch (S;) current vs. time that are plotted by using Eqn. (5) for different values of V,,
and the values of L,, C,, and L, that are defined above. The negative portion of each curve
indicates the amount of time (ZCS time window) during which the switch can be turned off
with ZCS after the current in S; has dropped to zero. For V,=400V, the width of the ZCS
time window is about 0.9 ps.

It should be noted that the auxiliary switch S, can be turned off softly when S; is turned
off. This is because current in S, flows through its body diode, when current is flowing

through Dg;.

Step 4: ZCS turn-off of lagging leg switches
A very simple passive auxiliary circuit without any additional switch is applied in the
secondary side of the converter to achieve ZCS for the lagging leg switches, by resetting
the primary current with the energy stored in C.. At the end of Mode 8 when C, is charged
completely, the voltage across C, reaches the output voltage V,. The voltage across C. can

be expressed according to the following equations:

di ()

Vee® = nV, - Ly n (26)
di; (t [
AL S (27)
dt Ce
i () = n(l,+ ige () (28)

63



where V. is the voltage across capacitor C; and I¢. is the current through it. The initial

conditions for equations (26) and (27) are V¢ (t8) = 0 and I x(t8) = 0. Solving these

equations gives:

Ve ) =V, - ilo(cosa)t) + g (29)
nv.
l..(t) = = (sina)t) (30)
I_Ik(:C
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Fig. 3.7 Variation of the duration in which current in S; reduces to zero and goes negative

during modes 1-2 for different values of V¢,

where
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® = (€29)

Solving Eqn. (32) for Cc, the minimal value to ensure the energy stored in C. is large
enough to reset the primary current and provide a ZCS range for S, and S4 can be obtained
from the following equation where Ly=3.2uH, 1,=7.9A = 3kW/380V and the efficiency is

assumed to be 100%.

8]

lelo
V’n?

o]

Cc = = 3.2uF (32)

Larger values of C, require smaller duty cycle during light load conditions to make sure
that the holding capacitor completely discharges during the freewheeling period. Therefore
Cc should be as small as possible at the same time Eqn. (21) is fulfilled. A value of C, >
3.2uF can be chosen to ensure the ZCS in the lagging leg switches. C.=3.3uF is chosen for

this design example.

3.5 Experimental Results

An experimental prototype was built to confirm the feasibility of the proposed converter
and to compare the efficiency of the converter with both auxiliary circuits (proposed) and
without the active auxiliary circuit at the converter's primary side (just ZVZCS).

The prototype has the following specifications: Input voltage Vi,=400V, output voltage
V=380V, maximum output power P,=3kW and switching frequency f;,=80kHz. The
prototype was implemented using the following component values: L,=3uH, C,=62nF,
C=3.3puF.

The transformer ratio is 21to 18 with Ly = 3.2uH and the following devices were used
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for the IGBT switches in the prototype: IRG4PCS50FD-EPBF for S; to S,
STGB7NC60HDT4 for the auxiliary switch S,.

Voltage and current waveforms of the leading leg switches (S, S3) are shown in fig. 3.8
and fig. 3.9. The auxiliary circuit forces the current to flow through the anti-parallel diodes
of the switches to make the ZCS turn-off possible. It should be noted that the notches in the
current waveforms are due to the ZVZCS property of the converter. Voltage and current
waveforms of S, are shown in fig. 3.01 to confirm the zero current switching operation in
the lagging leg as well. Fig. 3.11 shows the primary voltage across the transformer which is
a regular phase shifted wave form. Finally a comparative study was done on the proposed
converter with and without the auxiliary circuit and presented in Fig. 3.12. It can be seen
that the proposed converter is about 7% more efficient at full load when it has the auxiliary
circuit. It should be noted that the reason for the declining efficiency curve of the ZVZCS
converter is that the ZVZCS converter was implemented with IGBTs and two of the
switches do not operate with a ZCS turn-off so that the turn-off losses of these switches

worsen as the load is increased.

3.6 Conclusion

A new ZCS-PWM full-bridge converter was proposed in this chapter of this thesis. The
outstanding feature of the new converter is that it allows its main power switches to operate
with zero current switching (ZCS) and with fewer conduction losses than conventional full-
bridge converters. This is achieved by using a very simple active auxiliary circuit and a
ZNVZCS technique so that the converter has all the advantageous features of ZVZCS

converters but with ZCS operation for all the converter switches so that they can all be
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IGBT devices, which helps reduce component cost. The proposed converter does not have
the drawbacks of previously proposed techniques for higher power Dc-Dc full-bridge
converters with IGBTs, including resonant techniques, ZCS-PWM techniques with active
auxiliary circuits, passive techniques, ZVZCS techniques, and techniques that require the
use of reverse blocking diodes.

Experimental results obtained from a 3 kW, 80 kHz converter prototype confirm the
feasibility of the converter and show that the active auxiliary circuit results in a maximum
efficiency improvement of 7% at full load, compared to the conventional ZVZCS converter

due to the elimination of leading leg turn-off losses by the active auxiliary circuit.

—_F

Fig. 3.8 Current and voltage waveforms in S;
(I: 10Amps/div, V: 200V/div, t: 2.5us/div)
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Fig. 3.9 Current and voltage waveforms in S;
(I: 10Amps/div, V: 200V/div, t: 2.5us/div)

P

Fig. 3.10 Current and voltage waveforms in S,
(I: 10Amps/div, V: 200V/div, t: 2.5us/div)
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Fig. 3.11 Primary voltage waveform across the transformer
(V:200V/div, t: 2.5us/div)
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Fig. 3.12 Efficiency comparison results
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Chapter 4

4 A Novel Three-Phase ZVS PWM Dc-Dc Boost Converter

4.1 Introduction

So far in this thesis, it has been shown that converter efficiency in two different types of
Dc-Dc converters can be improved by the use of simple active auxiliary circuits that allow
the main converter switches to operate with ZCS. These auxiliary circuits use only a single
active switch and used resonant circuit principles to divert current away from the main
switches so that they can be turned off with ZCS. Moreover, the auxiliary switch in each of

the two converters can operate with ZVS as well.

Three-phase Dc-Dc converters with transformer isolation that convert low input dc
voltages into high output dc voltages (i.e photovoltaic converters, fuel cell converters, etc.)
are typically implemented with MOSFETs due to their low voltage input. Since MOSFETSs
are used in these converters, the preferred method of soft-switching is zero-voltage
switching (ZVS) and not ZCS; however, it may be possible to use similar principles as

were used in the previous chapters of this thesis to improve converter efficiency.

A new three-phase Dc-Dc PWM boost converter is proposed in this chapter. The
proposed converter can operate with ZVS due to a simple auxiliary circuit that consists of
just a single active switch and a few passive components. This chapter presents the new

converter and then discusses its operation, steady-state characteristics and design.
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Experimental results obtained from a converter prototype are presented to validate the

converter's performance.

4.2 Circuit Description and Modes of Operation

The proposed converter is shown in Fig. 4.1. It is a three-phase boost converter that
consists of three input inductors (Li~L3), three main MOSFET switches, (S;~S3), a three-
phase delta-delta wound transformer, a three-phase output diode bridge (D;~Dg), and an
auxiliary circuit. The auxiliary circuit consists of a switch S,, three diodes (D,;~D,3), an

inductor L, and a capacitor C,.

The basic principle behind the ZVS operation of the converter is that the auxiliary
switch, S,, is turned on just before any one of the three main switches is turned on. Doing
so discharges the output capacitance across the main switch that is to be turned on so that
when it does so, it turns on with zero voltage across it. This discharge is possible as current
is diverted away from the main switches to the auxiliary circuit. The auxiliary switch also
operates with soft-switching as inductor L, slows down the rate of current rise through S,
when this switch is turned on and current is not in the switch but flows through its body-

diode instead when it is turned off.

The ideal waveforms are shown in Fig. 4.2 and the equivalent circuit diagrams of
modes of operation that are associated with the turning on of S; are shown in Figs. 4.3. The

same modes of operation are assumed for the other two main switches.
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Mode 0 [t<tp]: S5 is on and current is flowing to the load through the transformer. S;, S,
and S, are all off. The auxiliary capacitor is charged to a voltage (Vca). Power is
transferred to the output through D, and the return path is through D¢ and Ss.

Application of the principle of volt-second balance to the primary side gives

Viin = DV +(1=-D)(=V,) (1)

prim

where

vV, =V

in prim

The output current can be calculated from the following equation in this mode

Yoy, -yl Ve
I, = D(—R—O)+(1 D)(N RO) ()
so that
NV,
Iin - (1_ D)Ro (3)

Mode 1 [to<t<t;]: At the beginning of this mode, auxiliary switch S, is turned on with

inductor L, limiting the rate of current rise. C, discharges until it reaches zero volts at the

D1k D3k Ds%

«‘» et

D2] D4 Dé

L]
AAA
VW

Fig. 4.1. Proposed three-phase ZVS boost converter
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end of this mode. The input current is transferred to the output through D; - Dg. The voltage

across C, and the current through L, can be expressed as

3 diLa (t)
VCa (t) - La dt +VCSa (4)
i =i, (0 = —C, Vea® (5)

dt
The initial conditions for (4) and (5) are Vca(0)=V a0 and 1,=0 and these equations can

be expressed as

VCa (t) :VCSa + (VCaO _VCSa )Cosa)ot (6)
. -V, 1 t
ILa (t) — (VCaO CSa) Sll’l a)o (7)
Zo
where
1
o, = |—
LaCa
and Z, = i
C

Mode 2 [ti<t<t;]: The auxiliary diodes become forward biased when the auxiliary branch
voltage drops to zero at the start of this mode. Current starts increasing in the auxiliary
switch and decreasing in S;. Power is being transferred to the output through D;-D¢ during

this mode. The operation of the converter during this mode can be defined as follows:

Ly =l O i (O +ig, (D (8)
- d 2\(;?3 (t) = VCa (t)a)l _Vds a)o (9)
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where

1
®=—
LeqCa
and
Le — I‘al—lk
Ll
di . (t
V=V, =L, 2Oy (10)

dt

The initial conditions for (9) and (10) are V¢,(0)=0 and ir,=I;, so that

(Ve, ~V,)Sin(Cos™ (& )

ILa = Z ds ~ Vca (11)
(Vg, =V, )Sin(Cos™( ))Sinet
Ve, =— ds — Vca + V@, (1-Cosat) (12)
Ly (2
1+
L -V_.)Sin(Cos™ 1-Cosat

I (=1, - = (ea o3I (ds— UES) v 0= sino) (13)

- : ZoLIk a)lle

. LV, y
(Vew ~V4s)SIn(Cos ([~ ) Ly (Vs ~V,,)Sin(Cos (V SR COSwlt))

l ds — Vca ds Ca ds o(t

Sinot) Vo
o ZO ZD La a)l La La
(14)

Mode 3 [to<t<ts]: At the end of this mode, the current that was flowing in the primary of
the transformer and S; reaches zero and the current flowing through the auxiliary circuit in
this mode is the same as the input current and continue to rise during the mode. As I,

continues to rise, the current that exceeds the input current discharges the capacitor across
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S, and drops the voltage across the switch to zero. There is no power transfer from

transformer primary to secondary during this mode.

Mode 4 [ts<t<ty]: S; is turned on with ZVS at the start of this mode as the capacitor across
it was discharged in the previous mode. Current starts increasing in S; and Sj; after t=t;.
Current flowing through the auxiliary circuit is still positive, but less than the input current

and decreasing. The operation of the converter during this mode can be defined as

~c el (15)
V. =L d'uk(t)+v_o (16)

Ca — 1k dt N

The initial conditions for (15) and (16) are Vca(0)=V/N and I ,(0)=0 so that

I () =1;,(1-Cosm,t) (17)
V, .
VCa(t)=W+ l.,.Z,Sinm,t (18)
where
, = and Z, = L
LaCa Ca

Mode 5 [ty<t<ts]:_At the start of this mode, current in L, reaches zero and the auxiliary
switch is turned off softly. C, starts charging and power is transferred to the output through

D3 and Dz.

Mode 6 [ts<t<tg]: At the start of this mode, Current in the auxiliary circuit has reached zero
after Ca was fully charged to the primary voltage at the end of the previous mode. All the

input current is flowing through the main switches S; and S;.
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Mode 7 [te<t<t;]: S; is turned off at the start of this mode and the capacitor across it begins
to charge. Since this capacitor limits the rate of voltage rise, the switch turns off with ZVS.
The switch capacitor is charged until the voltage across it is equal to the output voltage. All
the input current then starts flowing through S;. The converter operates exactly like a

standard PWM boost converter during this mode.

4.3 Converter Features

The proposed converter has the following features:

* An increased power rating through employing a three-phase power transfer in the Dc-

Dc converter.

* Reduction in conduction loss through the distribution of rms current among per-phase
switches and transformer windings, when compared to a single-phase converter for the

same power ratings

* Reduction in the size of the input dc inductors and elimination of the output filter by

increased effective switching frequency

* Only one active switch is used in the auxiliary circuit, which is an advantage over the

previously proposed converters that use multiple active auxiliary switches.

All converter switches, including the auxiliary switch operate with soft-switching. The

main power switches operate with ZVS while the auxiliary switch operates with ZCS.

76



1 ! |
| W |
! i = |
I | - - |
IIII4 IIIIIIIIIIIIIIIIIIIIIIII m IIIIIIIIIIIIIIIIIIII e U Bttty ——| =
]
] _ e N LN __|e
I " | )
| | i !
| | W |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | “
| | I |
| | W |
| | e | |
“ “ - !
| 1 | |
| | | g |
L __L__ (SN RN S SR Ep—— — - b
“ “ / !
I | I
| | |
[ (S | S RNV S— (| S . ‘PSR S| —— (R IR (S T—
| | | |
I I I I
“ “ ! /“
I I I
I I I
= 1L I e b __ N L ____\__
I I
I I
I I
I I
I I
\\\\\\\\\\\\\\ [ P I N WD S S NS BN PN N
I I
I I
I I
I I
||||||||| S| SO I PI TS e PSS SIS B S
I | |
I I |
I | |
I I |
IIIIIIIIIIIIII . R A S IR IR S
|
I

Vgate S3
Vca|

Vs1

1s1

Vs3

Fig. 4.2. Typical converter waveforms
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Fig.4.3. Equivalent circuit diagrams of modes of operation
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Fig.4.3(Cont). Equivalent circuit diagrams of modes of operation

79




L2
L1 h g
_IYYY'\_\-}_\_}—
—— Ro !
Co 3
C)Vin — [
S1
9
L3
YYY
L2
L1 T —_—
_’VVV\_\-/_\-/—
— Ro
Co=F :E
C)Vin — 8
S1
9

Mode 7

Fig.4.3(Cont). Equivalent circuit diagrams of modes of operation

4.4 Design Procedure

a) Calculation of Maximum Input Current

0

The maximum input current Ijm.x can be calculated from I, for an ideal

in
in

converter operating with maximum load. If the input current peak value is assumed

typically at 20% of the input current, then the maximum input current can be expressed as

80



LT

n

in—Max

b) Input Inductor Design

The value of the input boost inductor is determined by the amount of peak-to-peak
ripple current [i;vax to be tolerated. This should be limited by the worst case peak input
current when happens when the input voltage is at its minimum rms value. The worst case

peak input current can be calculated from the following equation:

| — 0 + in—Max (19)

Pk—Max V
in—Min

The higher the inductor value, the higher is the maximum output current because of the
reduced ripple current. The following equation is a good estimation for the right inductor.

VO

1 L2 L3 fSWDNZIO ( )
where
Vv
N=—=(1-D 21
Vm( ) (21)
and
vV -V
D= 0 in—Min 22
—v (22)

where Vi, = typical input voltage, V, = desired output voltage, fi, = switching

frequency of the converter.
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¢) Minimizing Reverse Recovery Losses in the Auxiliary Diode
The duration of Mode 5 in which the input current gets diverted from the auxiliary
capacitor C, to the main switches, t., should be greater than 3t (three times the reverse

recovery time of the auxiliary diode):

T
t,==,/LC 23
C 2 a-—a ( )
t, >3t (24)

For fast recovery diodes, the value of t. should be at least 240us [16]. Selecting such a
value can ensure that any auxiliary diode reverse recovery current can be eliminated and

thus so too can the losses that are associated with such current.
d) Auxiliary Inductor L,

The auxiliary inductor is selected to allow for its current to be able to rise to the
maximum input current to within three times the nominal reverse recovery time of the

auxiliary diode (3trr). This can be defined as

(25)

in—Max

Yoy <)
L

a

The larger the value of L,, the less likely that there will be recovery current, but there
will also be more auxiliary circuit conduction losses as the length of the resonant cycle is
increased. L, is thus designed so that the auxiliary circuit current is allowed to ramp up to
within three times the auxiliary diode’s specified reverse recovery time, as suggested in

[54].
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e) Auxiliary Capacitor C,

The value of the auxiliary capacitor Ca should be selected to be as low as possible to
keep the length of the resonant cycle small. If, however, the value of C, is too low, then this
will result in excessive current and voltage values in the auxiliary switch. As a compromise,
the value of C, should be selected so that it is small, but does not allow the voltage to
exceed some specified limit.

At the end of Mode 4, the voltage across C, rises to a peak voltage that can be

determined from the following equation:

Voo (0 =2 +1,Z,5ino, 1) (26)

1
and Z = L
LaCa Ca

Fig. 4.4 shows the voltage across C, for different values of Z, when the input voltage

where

w, =

varies. It can be found from this graph that by choosing a larger impedance, the voltage
across C, will increase. However, if a smaller impedance is chosen, a larger capacitor must
be used to store enough energy for the soft switching operation (as described in the modes).
By choosing a larger capacitor, the resonant cycle time will increase in the circuit, which
will increase the length of time that the auxiliary switch is on and thus cause more losses in
this switch. The graph in Fig. 4.5 is plotted from equation (14) and shows the current peak
in the auxiliary circuit versus different values of Z, for different peak values of auxiliary
capacitor voltage. By considering these graphs, a value for C, can be chosen to satisfy all

constraints in the circuit.
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Fig.4.4. Voltage across Ca for different values of Z,
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Fig.4.5. current peak in the auxiliary switch versus different values of Z,
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4.5 Experimental Results

An experimental prototype of the proposed converter was built to confirm its feasibility
and to compare its efficiency to that of a hard-switched three-phase boost converter. The
prototype had the following specifications: Input voltage Vi,= 40V, output voltage V,=

400V, maximum output power P, = 1kW, switching frequency: f;,= 50 kHz.

The prototype was implemented using the following component values: L; = L, = L3
=330pH auxiliary inductor L, =2.5 pH and auxiliary capacitor C,=60nF. The following
devices were used for the semiconductors in the prototype: STD70N10F4 (Rys,on=15mC2,
Coss=300pF) for S; to S3, STD25NF10 (Rys,on=33m¢, Cyss=220pF) for the auxiliary switch
S., HFA16PA60C for the output diodes, and FR802 for the auxiliary circuit diodes

DaINDa3 .

Fig. 4.6 and 4.7 shows the current and voltage in S; and S, during turn-on. It can be
seen that the switch is turned on with zero voltage across it and thus it has no switching
losses during turn on. Fig. 4.8 shows the transformer winding voltage of the low voltage
side, which is a regular phase-shifted waveform. Efficiency measurements that were taken
from the proposed converter and compared to the same converter prototype without the
auxiliary circuit, implemented as a hard switching three-phase boost converter (Fig.4.9).
The proposed converter is about 5% more efficient at full load compared to the

conventional three-phase boost converter.

85



'y

Fig. 4.6. Current and voltage waveforms in S; (I: 10Amps/div, V: 30V/div, t: 2.5us/div)

Fig. 4.8. Primary voltage waveform across the transformer (V: 20V/div, t: Sus/div)
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Fig. 4.9. Efficiency results

4.6 Conclusion

A novel three-phase dc/dc ZVS-PWM boost converter was proposed in this chapter.
The three phase concept enables the converter to be used in higher power applications than
a single phase converter. The outstanding feature of the proposed converter is that it allows
its main switches to operate with ZVS using a simple auxiliary circuit that has one active

switch that can also operate with soft-switching.

In this chapter, the proposed converter was introduced, its operation was explained in
general and in detail, and its features and design were discussed. Experimental results
obtained from a 1kW prototype that confirmed its feasibility and demonstrated its

efficiency improvement over a hard-switching three phase boost converter were presented.
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Chapter 5

5 Conclusion

5.1 Introduction

In this chapter, the contents of the thesis are summarized, conclusions resulting from the
thesis work are presented, the contributions of the thesis to the power electronics literature

are stated, and suggestions for future work are given.

5.2 Summary

The main focus of this thesis has been on addressing certain issues related to soft-
switching Dc-Dc converters. The term "soft-switching" refers to a way of operating a
power converter so that its switching devices turn on and off gradually instead of "hard".
The benefits of soft-switching techniques include a reduction of the switching losses that
are caused by the overlap of switch voltage and switch current during a switching transition
(from on to off and vice versa) and the reduction of EMI noise; this thesis focused on the

former and ignored the latter.

Since switching losses are related to the product of switch voltage and switch current
during a switching transition, making either one zero during a switching transition ensures a
significant reduction in switching losses. There are, therefore, two types of soft-switching —
zero-voltage switching (ZVS) and zero-current switching (ZCS). ZVS is the preferred

option if MOSFET switching devices are used and ZCS is the preferred option if IGBT
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switching devices are used; this is due to the nature of these devices, as explained in

Chapter 1.

Soft-switching methods are typically implemented in power converters by adding
additional auxiliary circuitry that is not in the main power paths of the converter. As such,
they handle only a fraction of the power that is handled by the main switching devices so
that these auxiliary circuits can be implemented with cheaper and smaller devices than the
main power devices. Although it has been established in the power electronics literature
that the use of auxiliary circuits does in fact result in improved converter efficiencies, they
do increase the overall cost of the main power converters. Given the sheer number of power
converters that are manufactured each year, any reduction in cost — even one that may seem
insignificant on a unit level — can result in considerable savings for power converter

manufacturers.

The main objective of this thesis has been to propose new soft-switching converters that
improve efficiency by using auxiliary circuits that are simple and relatively inexpensive.
The soft-switching of the types of power converters — simple bidirectional converters based
on fundamental non-isolated Dc-Dc converters, full-bridge Dc-Dc converters and three-
phase Dc-Dc converters — was investigated. These three types were chosen because it was
possible to develop a soft-switching solution for each type that was simpler than what had
been previously proposed and because there were some similarities among the three
different solutions. Although the proposed solutions were simple and may even appear to
be trivial, they had not been previously proposed or investigated and more sophisticated

solutions continued to be used.
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The contents of this thesis can be summarized as follows:

In Chapter 1, certain basic concepts relating to the main focus of the thesis were
introduced, a literature review was performed and the thesis objectives and outline were

stated.

In Chapter 2, a new ZCS-PWM bidirectional converter was proposed. The main
advantage of the proposed converter over other previously proposed converters of the same
type is its simple auxiliary circuit, which has only one active switch instead of two and a
few passive components. In the chapter, the operation of the new converter was explained,
its modes of operation were reviewed, guidelines for the design of the converter were given
and their use was demonstrated with a design example. Experimental results obtained from
a prototype converter confirmed that the proposed soft-switching converter can generally
operate with greater efficiency than a conventional hard-switching converter, regardless of
the direction of power flow (power flowing from a higher voltage to a lower voltage or vice

versa).

In Chapter 3, a new ZCS-PWM full-bridge Dc-Dc converter was proposed. The main
advantage of this converter over other previously proposed converters of the same type is
that all its main power switches can turn on and off with ZCS using simple auxiliary
circuitry and without adding additional components such as blocking diodes to the main
power path. This can be achieved by using two auxiliary circuits — one passive and one
active. The passive auxiliary circuit consists of a few passive components and allows the
switches in one of the converter legs to turn off with ZCS. It does so by extinguishing the

current that would otherwise just circulate in the converter and create conduction losses; as

90



a result, not only does the passive auxiliary circuit help reduce the switching losses of the
switches in one leg, it also help reduce conduction losses. The active auxiliary circuit
consists of two diodes, a capacitor, an inductor and an active auxiliary switch and helps the
switches in the other converter leg turn off with soft-switching. Although two auxiliary
circuits are used, both are simple and the proposed soft-switching solution is still less
expensive than other previously proposed approaches that require the use of two active

auxiliary switches.

In the chapter, the operation of the proposed converter was explained in detail, its modes
of operation were reviewed and analyzed and the results of the analysis were used to
develop a design procedure for the selection of key components. The design procedure was
demonstrated with an example that was used in the design of an experimental prototype
converter from which experimental results were obtained. These results confirmed that
proposed converter can generally operate with higher efficiency than the conventional Dc-

Dc PWM full-bridge converter.

In Chapter 4, a new three-phase Dc-Dc converter was proposed. Three-phase Dc-Dc
converters are typically used in applications where the input voltage is low and the input
current is high. Since the input current is high, it is distributed between three circuit
branches or "phase" and the overall converter is operated in a way that helps reduce the
input current ripple; such a reduction allows for a reduction in the size of the input
inductance and places less stress on the source itself. Since the input voltage is low, low
voltage-rated MOSFETs are the preferred device of choice in these converters; since these

converters use MOSFETs, ZVS is the preferred method of soft-switching.
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Although the converter proposed in this chapter was a ZVS converter and the converters
proposed in Chapters 2 and 3 were ZCS converters, there were similarities in the operation
of the active auxiliary circuit that was used to help the main power switches operate with
soft-switching. For all three cases, the active auxiliary circuit was a one-switch circuit that
had few components and was based on basic principles of resonance between inductors and
capacitors. The main advantage of the converter proposed in this chapter over previously
proposed converters of the same type is the simplicity of its auxiliary circuit. Moreover, the
operation of the auxiliary circuit in this converter does not add to the peak current stress of

the main power switches.

Like the converters proposed in Chapters 2 and 3, the operation of the three-phase
converter proposed in Chapter 4 was explained in detail, its modes of operation were
reviewed and analyzed and the results of the analysis were used to develop a design
procedure for the selection of key components. The design procedure was demonstrated
with an example that was used in the design of an experimental prototype converter from
which experimental results were obtained. These results confirmed that proposed converter

can generally operate with higher efficiency than a hard-switching converter of the same

type.

5.3 Conclusions

The following conclusions can be made based on the work performed in this thesis:

e [t is possible to implement ZCS in a bidirectional PWM boost/buck converter using an

auxiliary circuit with just one active auxiliary switch.
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Doing so, however, results in the main power switches having to operate with higher
peak current stresses than those of the switches in the conventional hard-switched
converter.

Although the efficiency of the hard-switched bidirectional converter was found to be
approximately the same regardless of whether it was operated in boost mode (power
flow from the higher level voltage source to the lower level source) or in buck mode
(power flow from the lower level voltage source to the higher level source), it was
found that the proposed converter operated with greater efficiency in boost mode than
in buck mode.

If the auxiliary circuit of the proposed bidirectional converter is designed for the case
when the converter is operating in boost mode, then it can work properly if the
converter is operated in buck mode.

The efficiency of the proposed converter when it is operating under light load
conditions is actually less than that of the hard-switching converter. This is also true for
all the other converters that were proposed in this thesis. This is because under light
load conditions, there is no need for auxiliary circuits as the losses that they are
supposed to minimize are few, given the small amount of current that is flowing in the
converter. All auxiliary circuits have some losses and under light load operation, these
losses are greater than the switching losses. It is only when the load is increased that the
switching losses in the hard-switching converters are greater than the auxiliary circuit

losses in the soft-switching converters.
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For the proposed ZCS-PWM Dc-Dc full-bridge converter, there is a relation between
the ZCS time window (the time window of opportunity that exists during which
switches in the inverter leg that is attached to the active auxiliary circuit) and the peak
current stress of these switches — the longer the time window is, the greater the peak

current stress is.

For the proposed three-phase Dc-Dc converter, the key parameter that needs to be
considered in the design of the auxiliary circuit is the value of the auxiliary capacitor
C,. C, should be selected to be as low as possible to keep the length of the resonant
cycle small. If, however, the value of C, is too low, then this will result in excessive
current and voltage values in the auxiliary switch. As a compromise, the value of C,
should be selected so that it i1s small, but does not allow the voltage to exceed some

specified limit.

5.4 Contributions

The main contributions of this thesis to the power electronics literature are as follows:

A new ZCS-PWM bidirectional Dc-Dc boost/buck converter with a very simple
auxiliary circuit that has only a single active switch was proposed.

A new ZCS-PWM full-bridge Dc-Dc converter that allows all its main power switches
to operate with ZCS without placing components such as blocking diodes in its main
power path or using more sophisticated two-switch active auxiliary circuits was

proposed.

94



A new three-phase ZVS-PWM Dc-Dc converter that allows all its main power switches
to operate with ZVS using a very simple auxiliary circuit was proposed.

In total, three new soft-switching Dc-Dc converters were presented in this thesis. For
each of these converters, its steady-state operation was analyzed mathematically, a
procedure for the selection of key converter components was developed and its

operation was confirmed with experimental results.

5.5 Future Work

The following future work can be performed based on the research that was done for this

thesis:

It was found for all three proposed converters that their efficiency under light load
conditions was actually less than that of the hard-switched converters and therefore
these converters are best suited for heavy load conditions. Future work can be done on
improving the light load efficiency of all three proposed converters.

The proposed three-phase ZVS converter was implemented with MOSFETs because of
its low input voltage. If the input voltage is increased, then it may be better to
implement the converter with IGBTs, for which ZCS would be the preferred method of
soft-switching. Future work can be done to see whether the converter can be adapted so

that it can operate with ZCS instead of ZVS.
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