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Abstract

A two-stage power converter with an AC-DC boost converter and a soft-switched DC-DC full-
bridge converter is proposed in this thesis. The first stage has two interleaved modules that
perform power factor correction; the second stage converts the output of the first stage to the
desired output. An auxiliary circuit with a switch, a small transformer, and passive components
is used to turn off the AC-DC converter switches with soft-switching; the auxiliary switch can
also be turned on and off softly. The secondary of the auxiliary transformer is connected to the
output of the overall converter so that some power can be transferred from the front-end
converter to the output. This power is processed only once, thus reducing conversion losses.
The thesis explains the operation of the converter and presents steady-state analysis and a
design procedure. Results obtained from an experimental prototype are presented to confirm

the converter’s feasibility.
Keywords

Two stage AC-DC converter, Interleaved boost converter, soft switching, PWM — ZVS full

bridge converter, power processing



Summary for Lay Audience

AC-DC power converters are used in many commercial and industrial applications to convert
AC voltage into DC voltage to feed loads. This power conversion is typically done with two
converter stages, an AC-DC stage followed by a DC-DC stage. The AC-DC stage shapes the
input current so that it is sinusoidal and in phase with the input voltage to maximize power
factor. The DC-DC stage takes the output of the AC-DC converter and converts to the required

output voltage.

Power fed from the input to the load is processed by two converter stages with this type of
converter. Each stage generates power losses when converting power, which decreases
converter efficiency. This thesis proposes a novel two-stage converter that processes some of
the power fed to the load using only one converter stage. This direct power transfer reduces
losses that would have been generated by the second-stage converter. In this thesis, the
operation of the proposed converter is explained, its steady-state operation is analyzed, and a
procedure for the design of key components and parameters is developed and demonstrated
with an example. The feasibility of the converter is confirmed with results obtained from an

experimental prototype.
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Chapter 1

1 Introduction

1.1 Introduction to power electronics

Power electronics involves the study of electronic circuits that convert power from an input
source to meet the requirements of an output load, using power semiconductor devices
along with passive elements such as capacitors, inductors, transformers. A feedback
controller is used to compare the power output unit with a reference value, and the
controller minimizes the error between the two, as shown in the block diagram in Fig. 1.1
[1]. The focus of this thesis is on a two-stage AC-DC converter topology. This proposed
converter is comprised of two main converters, the first stage is an AC-DC interleaved

boost converter, and the second stage is a DC-DC full bridge converter.

In this chapter, basic power electronic concepts which describe the technical background
of this thesis will be discussed, and a literature review of previous works is performed, then

the objectives of the thesis are explained.

Power input

) 4

Power Processor
- - Vo

ii lo

Load
Vi

Measurements

Controller -t
g— Reference

Fig. 1.1. Block diagram of a power electronic system

1.2 Power electronic devices

There are several types of power semiconductor devices that can be used in power
converters. In this section, three types are briefly reviewed: diodes, metal-oxide-silicon

field-effect transistors (MOSFETS) and insulated-gate bipolar transistors (IGBTS).



1.2.1 Diodes

The behavior of the semiconductor diode in a circuit is given by its linear and non-linear
current-voltage characteristics as shown in Fig. 1.2(a), and Fig 1.2(b), respectively. As it
can be seen from the ideal characteristic in Fig. 1.2(a), an ideal diode conducts only positive

current, and no negative current can flow through it.

A non-ideal diode has a non-linear characteristic that can be divided into three regions: the
forward-biased region, the reverse-biased region, and the breakdown region. Current flows
through the device between anode and cathode when it is forward-biased, when the voltage
between its anode and cathode tries to exceed its forward voltage drop, which is typically
about 0.7 V.

When a positive current flows through a non-ideal diode, there is a voltage drop of about
0.7 V between anode and cathode. The amount of forward voltage drops changes slightly
the current through the device is increased. When voltage is applied between the diode’s
cathode and anode, no current flows through the device except for a very small amount of
leakage current. The device enters the breakdown region if the voltage placed across the

cathode and the anode exceeds the voltage rating of the device [2].

Forward

ON

Reverse

OFF

\'%i

Breakdown

Fig. 1.2. Diode characteristics: (a) idealized i-v characteristic: (b) actual i-v

characteristic



It is possible for current to flow in the reverse direction, from cathode to anode, in a non-
ideal diode, as can be seen in Fig. 1.3. This can happen when the diode is in the process of
turning off. In a non-ideal diode, the current flowing through it falls to zero, then becomes
negative, temporarily, as it is trying to turn off. Eventually, the device does turn off and the
current becomes zero. This negative current is defined as reverse recovery current and has
a duration of tir [2]. This current increases switching losses and it increases peak current

stresses in other converter components as well.

on state ~N

off state

Fig. 1.3. Reverse recovery current of a diode [1]

1.2.2 The metal-oxide-silicon field-effect transistor (MOSFET)

The MOSFET is a voltage-controllable device with fast switching response and minimal
drive requirements due to its insulated gate. It has four terminals: gate (G), body (B), source
(S), and drain (D), with the body connected to the source to reduce the number of terminals
to three. Its operation can be controlled by the voltage between its gate and source. There
are four types of MOSFETSs as shown in Fig. 1.4. MOSFETS can be enhancement type with
positive gate-source voltages or depletion type with negative gate-source voltages, n-type
or p-type, as with bipolar junction transistors (BJTs). Fig. 1.5 shows a circuit symbol of a
n-type enhancement MOSFET, which is by far the most commonly used MOSFET used in

power electronics [3].



MOSFET
Depletion Enhancement
N-type P-type N-type P-type

Fig. 1.4. Classification of MOSFET

Drain

-
=
Gate =

Source

Fig. 1.5. Circuit symbol of an N-Channel power MOSFET

MOSFETSs have three regions of operation: the cut-off region, the linear/triode region, and
the saturation region. When operating in the cut-off region, a MOSFET is like an open
circuit with no current flowing through it, it is off. When operating in the linear/triode
region, a MOSFET acts like a voltage-controlled resistor and current flows through it, from
drain to source. When operating in the saturation region, a MOSFETS acts like a closed
switch with a small drain-source resistance between its drain and its source. When a
MOSFET is operating in the saturation region, its equivalent circuit can be considered to
be a small drain-source resistance. When it is off, its equivalent circuit can be considered
to be a small, drain-source capacitance. MOSFETSs are always operated in the saturation

region when used in power converters. It should be noted that real-life MOSFETS have an



anti-parallel diode connected between their source and drain. This diode is very useful in

many power electronics applications.

1.2.3 Insulated-gate bipolar transistor (IGBT)

Fig. 1.6 shows a circuit symbol of an IGBT. The device has three terminals: collector (C),
emitter (E), and gate (G). An IGBT is essentially a combination of a MOSFET and a BJT
as it has the gate of a MOSFET, but the body of a BJT. An IGBT requires minimal gate
current as its gate is insulated, like a MOSFET, and it has a fixed voltage drop, called the
saturation voltage, between its collector and emitter, like a BJT. IGBTs do not have the
switching speeds of MOSFETs but have a lower collector-emitter drop when higher
currents flow through them. In general, MOSFETS are used in lower power converters and

IGBTSs are used in higher power converters.
The following should be noted about IGBTS:

e They have a current-tail when they are turned off. In other words, the current in an
IGBT does not fall to zero quickly when it is turned off but falls gradually. This
current tail limits the speed of IGBTs and creates switching losses as well, as will
be explained later in this chapter.

e IGBTs typically have anti-parallel body diodes like MOSFETs. For some
applications, however, this body-diode needs to be blocked, thus IGBTs with series
diodes that block the anti-parallel diode are commercially available for high power

applications.

Collector

Gate —|

Emitter

Fig. 1.6. Circuit symbol of an IGBT with an anti-parallel diode



1.3 Switching losses

Non-ideal power semiconductor devices such as MOSFETSs and IGBTs have conduction
losses and switching losses. As discussed above, MOSFETSs have an equivalent drain-
source resistance when they are on and IGBTSs have a fixed voltage drop when they are on.
Conduction losses are generated when these devices conduct current. Switching losses are
generated when these devices are turned on and off as there is overlap between voltage and
current during switching transitions, as shown in Fig. 1.7. Given that power is related to
the product of voltage and current, this overlap of voltage and current creates power losses
in MOSFETs and IGBTSs.

Turn-off losses Turn-on losses

Fig. 1.7. Typical switch voltage and current waveforms

1.4 Soft switching

Power converters operating with high switching frequencies will have considerable
switching losses unless something is done to reduce their switching losses. Switching
losses can be reduced if either the voltage or current of a switching device is made zero at
the time that a switching transition takes place. This can be done with either zero-voltage
switching (ZVS) where the voltage across the switching device is zero during switching
transitions [4] — [7] or zero-current switching (ZCS) methods when it is the current that is
zero [8] — [11]. Both methods are classified as being soft-switching methods as the
switching transition is gradual and considered to be “soft”, as opposed to conventional

hard-switching where no such methods are used, and the switching transitions are sudden.



Due to the nature of the devices, ZVS is preferred for MOSFETSs and ZCS is preferred for
IGBTs. MOSFETSs have larger drain-source capacitances than IGBTs, which makes ZVS
preferable for MOSFETSs while IGBTSs have a current-tail when they turn off, which makes
ZCS preferable.

A typical implementation of ZVS for MOSFETS is shown in Fig. 1.8. A ZVS turn-on is
achieved by injecting current through the body-diode of the device before it is turned on.
This clamps the voltage across the device to zero (one forward voltage drops, typically
about 0.7 V) so that when the device is turned on, it is done with zero voltage across it. A
ZV'S turn-off is achieved by having a capacitor connected across the device, as shown in
Fig. 1.8 This capacitor slows down the rate of voltage rise across the device when it is
turned off so that the overlap between voltage and current is reduced during this switching
transition. This reduction of overlap between the voltage and current results in lower power
dissipation and thus fewer losses. The amount of capacitance that is used depends on the
application. In some applications, the internal capacitance of the device is sufficient, while

in other applications, additional capacitance must be added externally across the device.

|—
J"‘— L I
=

Fig. 1.8. ZVS implementation for MOSFETSs

A typical application of ZCS for IGBTs is shown in Fig. 1.9. A ZCS turn-on is achieved
by placing an inductor in series with the switching device. This inductor slows down the
rate of rise of current in the device when it is turned on, this reducing the overlap between
voltage and current during turn-on switching transitions. A ZCS turn-off is achieved by the
gradual removal of current from the device before it is turned off. This can be done by the

natural operation of the rest of the power converter, by providing an alternative path for



current to flow through, a path with lower voltage potential, or by reversing the polarity of
voltage across the switch-inductor combination. ZCS operation helps eliminate the turn-
off current tail in IGBTs during turn-off switching transitions, which reduces the losses

that the current tail would cause otherwise [12].

_|

Fig. 1.9. ZCS implementation for IGBTs

1.5 AC-DC converters

AC-DC converters convert an AC input voltage into a DC voltage. The input may be
obtained from the utility grid or an AC generator. The term “AC-DC converter” can refer
to a single AC-DC converter module [13] or to a two-stage converter [14] that has an AC-
DC front-end converter followed by a second converter, a DC-DC converter that converts
the output of the front-end converter into a DC output voltage, as shown in Fig. 1.10. A
two-stage approach is used when the output voltage must be low (e.g., 5-48 V) or isolation

is needed between the input and output voltages [15].



Diode Power Factor DC-Dc
Vac Bridge Correction Converter Load
Circuit

Fig. 1.10. Block diagram of a standard two-stage AC-DC converter

The most popular AC-DC option is some sort of boost converter that performs power factor
correction (PFC) to meet the regulatory agency requirements on harmonic content [16]-
[18], such as the one shown in Fig. 1.11. PFC is performed by shaping the input current
that is drawn from the input AC source so that it is sinusoidal and in phase with the input
voltage. The power factor of unity represents the most efficient use of power from the

Source.

The basic operation of a boost converter can be described as follows: When the switch is
turned on, energy is placed in the input inductor and the current flowing through the
inductor rises. When the switch is turned off, the energy that was stored in the inductor is
transferred to the output and its current falls. The output of the converter depends on the
width of the gating signal pulse or the width of the on-time of the switch so that boost
converters are operated with pulse-width modulation (PWM) control.

Boost converters can operate in either continuous current mode (CCM) [19] or
discontinuous current mode (DCM) [20]. When a boost converter is operated in CCM, a
controller varies the converter’s duty cycle (D), defined as the ratio of switch on-time Ton

to switching cycle period Ts as follows:

D=2 (1-2)

The input current can be shaped to be a sine wave with some ripple current and is never
zero except when its polarity changes from positive to negative. When a boost converter is
operated with DCM, the converter’s duty cycle is fixed throughout the input line cycle.
The current starts from zero when the switch is turned on then falls back to zero after the
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switch is turned off, some time before the start of the next switching cycle. The input
current is a series of triangular pulses whose peak follows a sine wave. This current can be

filtered to produce a sinusoidal input current with a converter power factor of unity.

IL L ID D
) Y Y Y r— Bi
|sl
+
Vin Co == RO§ Vdc
S

Fig. 1.11. AC-DC boost converter

1.6 Interleaved AC-DC boost converters

The input inductor of an AC-DC boost converter filters the high-frequency AC ripple
current to make the input current as purely sinusoidal as possible. If the input inductor is
large, then the input current ripple can be reduced, but such an inductor adds size and
weight to the converter. If the input inductor is small, as is the case when the boost

converter is operating in DCM, then the ripple current is large and power factor is reduced.

A common way to reduce input current AC ripple is to implement the boost converter with
interleaving, as shown in Fig. 1.12. Interleaving in AC-DC boost involves the use of two
or more individual boost converter modules connected in parallel. The switch in each boost
converter module has the same duty cycle as those of the other switches, but its gating
signal is phase-shifted relative to those of the other switches [21]-[24]. In the case of the
interleaved converter shown in Fig. 1.12, the two switches have the same gating signals,
but they are 180 degrees out of phase. Typical waveforms are shown in Fig 1.13 for the

case when the switches are operating with D > 0.5 and D < 0.5.
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Fig. 1.12. Topology of a basic AC-DC interleaved boost converter

Although interleaved boost converters are implemented with multiple sets of boost
converter switches and diodes, which makes them more expensive than a single boost

converter module, they have several advantages [25]:

e They produce less input ripple.

e The net size and weight of their input inductance is lower than the input inductor
of a single boost converter module.

e Power is processed by multiple modules instead of one, which reduces the stress of
the converter components. This allows the converter to operate at higher power
levels or cheaper components with lower current ratings can be used to offset
somewhat the cost of additional components.

e Since the converter modules operate in discontinuous current mode, their switches
can be turned on with ZCS as the current flowing in a module is zero at the start of

a switching cycle.
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1.7 DC-DC full bridge converter

The DC-DC converter in a two-stage AC-DC converter is typically a flyback or forward
converter for low power applications or a full-bridge converter for higher power
applications (> 500 W). Since a DC-DC full-bridge converter will be used in the converter
proposed in this thesis, its basic structure and operation are discussed in this section. Its
topology is shown in Fig. 1.14.

A full bridge DC-DC converter [27]-[32] consists of four switches S1-4 that can be either
MOSFETSs or IGBTSs. These switches are turned on using an appropriate sequence so that
an AC square voltage is generated across the primary of the transformer. A high-frequency
(HF) transformer is used to step down the primary to the required voltage of the output; it
also provides isolation between input and output. The AC square voltage from the
transformer is processed by a diode bridge rectifier, which rectifies it, and the result is fed
to an output low pass filter to mitigate AC harmonics so that a DC output voltage is
produced. Details of how a full-bridge converter is operated are explained in later chapters
of this thesis.

' — Y ——— .
\_;rec Cfic;|= R% Vo
e

D12

Vbus d_)

HF
Transformer

ATt ATt

DRs DRa

Fig. 1.14. DC-DC full bridge converter
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1.8 Partial power processing

One issue that two-stage AC-DC converters have is that any input power that is transferred
to the output must be processed twice, once by each converter. Since neither the AC-DC
front-end converter nor the DC-DC back-end converter are ideal, this means that either
converter produces losses as it performs power converter. Overall converter efficiency can
be improved if, somehow, some of the input power can be processed by only one converter
then fed directly to the load, thus bypassing the second converter. This type of operation is

referred to as partial power processing in literature.

Partial power processing methods have been developed for various types of converters.
The general principles of partial power processing can be seen in the block diagram shown
in Fig. 1.15. The basic idea is that instead of a converter processing the full power that is
fed to it, the converter processes a portion of this power with the remaining power fed
directly to the output [33]. Partial power processing methods have been shown to be
effective in increasing overall converter efficiency, but they are not often used because of
limits in converter topology structures. Only some topologies can be implemented with

partial power processing [34]-[38].

Direct power flow
n=100%
Source Load
-
Pin Pout

Converter
Nconverter P L oSS

Fig. 1.15. Concept of power flow in a partial power converter
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1.9 Literature review

The converter that is proposed in this thesis is a two-stage AC-DC converter. Since the
second-stage converter is a conventional DC-DC full-bridge converter, the focus of the
literature review presented in this section is on the AC-DC front-end converter. The front-
end converter can be implemented with MOSFETs and ZVS or with IGBTs and ZCS.
Given that the current flowing in the converter is not insignificant and that an interleaved
approach with DCM operation that ensures that the converter switches are turned on with
ZCS will be used, interleaved ZCS-PWM boost converters are emphasized in this literature

review.

Several ZCS-PWM interleaved boost converters are shown in Fig. 1.16-1.20 [39] - [42],

[26]. These converters have at least one of the following drawbacks:

e They use an auxiliary circuit to help the main switch of an AC-DC boost converter
module operate with ZCS. This means that an interleaved boost converter made up
of two converter modules needs two auxiliary circuits with two auxiliary switches,
which increases the cost of the converter.

e The auxiliary circuit is a resonant circuit. Whenever it is activated, time is needed
for the circuit to go through a resonant cycle before it is deactivated. The greater
the amount of time that the circuit needs to be active, the greater its RMS current
stress becomes, thus increasing the stresses and the losses of the converter.

e The auxiliary circuit components are in the main power path of the circuit instead
of being in an auxiliary circuit that is parallel to the main power circuit. This
increases auxiliary circuit component stresses and losses.

e There is no path for energy in the auxiliary circuit to be transferred to the output.
As a result, this energy is trapped in the auxiliary circuit and dissipated, which
creates power losses and limits the amount of power that the converter can process.

e The auxiliary circuit injects current into the main power switches. This is the case
when the auxiliary circuit is some sort of resonant circuit. This additional current
increases the peak current stress of the main switches so that they must be

implemented with higher current-rated, more expensive components.
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Fig. 1.19 ZCS interleaved bidirectional DC-DC Converter [42]

An interleaved AC-DC ZCS-PWM boost converter that does not have these drawbacks
was proposed in [26]; the converter is shown in Fig. 1.20. A key feature of this converter
is that it has a transformer in its auxiliary circuit. The secondary of this transformer is
connected to the output of the converter. The main idea of this thesis is to use this converter
as the front-end converter and connect the secondary of the auxiliary circuit transformer to
the output of the whole two-stage converter instead of the output of the AC-DC converter,
which is connected to the intermediate DC link. This connection allows some of the input
power to be processed only by one converter instead of two converters, thus, presumably,

reduce the overall losses of the converter.
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Fig. 1.20. Front-end interleaved AC-DC ZCS-PWM boost converter

1.10 Thesis objectives

The main objectives of this thesis are as follows:

To propose a new two-stage AC-DC converter with the interleaved ZCS-PWM
converter proposed in [26] as the first-stage converter and a conventional DC-DC
full-bridge converter as the second-stage converter and investigate the effect to
using the auxiliary circuit transformer for the first-stage converter to allow some of
the input power to be processed by only one converter.

To determine the steady-state characteristics of this converter by performing a
mathematical analysis of the converter’s modes of operation.

To develop a procedure that can be used to design the converter. This procedure
can be used to determine key converter component values and parameters that can
be used in the implementation of a prototype of the converter.

To confirm the feasibility of the converter and the effectiveness of its partial power
processing ability with results obtained from an experimental prototype of the

converter.
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1.11 Thesis outline

The outline of this thesis is organized as follows:

In Chapter 2, a novel two-stage AC-DC power converter consisting of an interleaved AC-
DC boost converter module that can perform power factor correction and a DC-DC full
bridge converter that steps down the output voltage and provides isolation using a high
frequency is proposed. The first-stage converter has an auxiliary circuit with a small-size
transformer that allows all its switches to operate with ZCS and that can be used to improve
the total efficiency. In this chapter, the operation of the proposed converter is explained,

and its features will be described.

In Chapter 3, a steady-state analysis of the operation of the proposed converter is
performed. Mathematical equations for each mode of steady-state operation are derived.

These equations are the basis of the design procedure that is developed in the next chapter.

In Chapter 4, graphs of steady-state characteristic curves that can be used for design
purposes are generated using MATLAB software, according to the steady-state equations
derived in the previous chapter. Using these graphs and the steady-state equations, a
procedure for the design of key converter components and parameters is developed and the
procedure is demonstrated with an example. The results of the design example were used
to implement an experiment prototype of the proposed converter.

In Chapter 5, experimental results that demonstrate the feasibility of the proposed converter
are presented. The efficiency of the proposed two-stage converter is compared to that of a

two-stage converter without direct power transfer.

In Chapter 6, the content of this thesis is summarized, and the conclusions and

contributions of this thesis are presented, along with suggestions for future work.



20

Chapter 2

2 A novel two-stage AC-DC power converter with partial
single-stage power processing

2.1 Introduction

The two-stage AC-DC converter proposed in this thesis is shown in Fig. 2.1. The proposed
converter consists of an interleaved ZCS-PWM AC-DC boost converter with an auxiliary
circuit in the first stage that operates with power factor correction and soft-switching and
a ZVS-PWM full-bridge DC-DC converter that steps down the DC link voltage to the
desired output voltage and provides isolation using a high-frequency transformer. Power is
processed first by the AC-DC converter, then by the DC-DC converter. The soft-switching
techniques used in the converters are different as their operating conditions are different.
IGBTSs are used in the first stage because of the high currents that flow through its converter
switches, which can generate conduction losses. Since IGBTSs are used, the soft-switching
method that is used is ZCS, as explained in the previous chapter. MOSFETS are used in the
second stage because the current that flows through their switches is relatively low. Since
MOSFETSs are used in this converter, the soft-switching method that is used for the full-

bridge converter is ZVS, as explained in the previous chapter.

All input power that is transferred to the output in a two-stage AC-DC converter is
generally processed by both converter stages. Given that each converter stage is non-ideal,
each stage processes power with less than 100% efficiency. The basic premise of this thesis
is that converter efficiency can be improved if some of the input power is transferred
directly from the first converter to the output, thus being processed only once. In the
proposed converter, some input power is transferred to the output through the auxiliary

circuit of the first-stage converter.

In this chapter, the AC-DC first-stage converter and the DC-DC second-stage converter are
described, and their general operating principles are explained. The modes of operation of
the overall two-stage converter are then presented and the features of the converter are
stated.
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Fig. 2.1. Proposed two-stage AC-DC power converter with Direct Power Transfer
(DPT)

2.2 AC-DC interleaved ZCS-PWM boost converter

The first-stage of the proposed AC-DC converter, shown in Fig. 2.1, consists of two boost
converter modules: one with L1, Sz and Dy, the other with L, S and D2. The gating signals
of the two main switches, S1 and S» are identical, but shifted 180° with respect to each
other. The currents in L1 and L are discontinuous and identical, but also shifted 180 ° with

respect to each other.

The two boost modules are connected to the same auxiliary circuit, which consists of:
connection diodes Da1 and Da2, reverse blocking diode Das, inductors L1 and L., capacitor
C:, and center tap feed forward transformer Tx which has two diodes Dx1 and Dxo. The
auxiliary circuit is activated whenever a main switch is about to be turned off and its switch
can be turned on and off with ZCS as well. The auxiliary circuit allows the converter to
operate without an increase in the peak current or the voltage stresses of the main switches
as it does not add current to the main switch and does not affect the peak voltage of these
devices. The auxiliary switch in the converter is active for a much shorter time than in most
other ZCS-PWM converters. This allows the converter to operate at higher power levels
than other previously proposed interleaved ZCS-PWM converters with a single auxiliary

switch as it is active for only a fraction of the switching cycle.



22

AC-DC converters that operate with input power factor correction (PFC) and consist of
two or more interleaved boost converter modules are popular in industry. PFC is required
in modern AC-DC converters as their input current must meet harmonic standards set by
regulatory agencies. With interleaving, the input current of each module can be made to be
discontinuous, and the size of their input inductors reduced. Interleaving can reduce the
high ripple in each module and produce a net input current with a ripple that is comparable
to that achieved by a single boost converter module with a large input inductor. Moreover,
there is less current stress on the converter components because they each handle a fraction
of the overall current and the control is easier as the more sophisticated control methods
required for continuous current mode (CCM) operation are avoided. The AC-DC

interleaved boost converter that is used in this thesis is shown in Fig. 2.2.
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Fig. 2.2. Front-end interleaved AC-DC ZCS-PWM boost converter.



23

2.3 PWAM full-bridge converter

The DC-DC full-bridge converter, shown in Fig. 2.3, is the converter that is most often
used for applications when DC-DC power converter greater than 500 W is needed. This
converter takes the voltage from the first AC-DC converter stage, typically about 400 V
and converts to a lower DC voltage, typically 5-48 VV DC [43]- [45]. The converter has four
switches, Q1, Q2, Q3 and Q4 in two legs, with two switches each, a high frequency power
transformer T, diode rectifier D11, D12 and an output filter that consists of an inductor Lt
and a capacitor Ct. The four switches transform a DC input voltage to a square wave voltage
that is stepped down by the transformer, then rectified by the output diode rectifier at the

secondary side.
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Lt lo
+ — Y Y Y ———— +
Vius <_> A \;rec i‘i_ R Vo
T
HF
Transformer DT
Al e At
Q3 ~ Q4 ~
DRs DRa

Fig. 2.3. DC-DC full bridge converter

There are generally two types of PWM methods by which the DC-DC converter can
operate. In the first method, basic PWM as shown in Fig. 2.3, diagonally opposed switches
Q1 and Q4 or Q2 and Qg3 are turned on and off simultaneously. When diagonally opposed
switches are on, the input DC voltage is impressed across the transformer primary with the
voltage polarity depending on the switch pair that is on. The transformer primary voltage

becomes zero when all the switches are off. The transformer voltage is rectified by the
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secondary diodes, then filtered to produce the output DC voltage. This output voltage is
dependent on the width of the square pulses of the transformer primary voltage waveform
— as the output voltage increases as the square voltage pulses are made larger, or the zero
voltage states are made smaller. Maximum output voltage can be achieved when the
transformer primary voltage is a square wave with no zero voltage states. The output

voltage is zero when the primary voltage is always zero.

At the secondary side, when switches Q: and Qs are conducting, the voltage across the
transformer primary is stepped up or down (generally down) and secondary rectifier diodes
Dr1 conducts. The secondary rectified voltage Vrec is equal to Vuus/N, where N is the
transformer primary-to-secondary-winding-turns ratio. This voltage, minus the output
voltage, is applied across the output filter inductor L¢, causing the inductor current Ipf to
increase linearly. The primary current ip is equal to the output filter inductor current

reflected to the primary side, and correspondingly it increases linearly.

When switches Q2 and Qs are conducting, the converter operates in the exact same manner
as it does when switch Q1 and Q4 are on except that secondary diode D, conducts instead
of Dt1. When all the power switches are off, the primary current iy is zero and the output
filter inductor current freewheels through the two rectifier diodes as the transformer

secondary voltage is zero.

The second PWM method used to operate the DC-DC full-bridge converter is phase-shift
PWM. With this method, the width of all the gating signals is fixed to be about 50% of the
switching cycle. The gating signals of the switches in each converter leg, Q1 and Qz or Q2
and Qs, are complementary to each other with both switches in a leg never being on at the
same time. A small dead time when neither switch in a leg is on is implemented to give
time for one switch in a leg to be fully off before its complementary switch is turned on, to

avoid the possibility of a short-circuit.

The output voltage is adjusted by shifting the gating signals of one leg relative to those of
the other. Voltage is impressed across the transformer whenever a pair of diagonally
opposed switches is on. No voltage is impressed across the transformer and a zero-voltage

state occurs whenever two top switches, Q1 and Q2 or two bottom switches, Qs and Q4 are
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on. The converter is said to be in a freewheeling mode of operation when two top switches
or two bottom switches are on as current in the transformer circulates in the primary. The
leg with the switches that put the converter in a freewheeling mode of operation when they
are turned on is generally referred to as the leading leg, while the leg with the switches that
put the converter out of a freewheeling mode of operation is referred to as the lagging leg.
It should be noted that regardless of whether the full-bridge converter is operated with basic
PWM or with phase-shift PWM, the operation of the converter at the secondary side is

identical.

2.4 Modes of operation

The proposed converter has the following modes of operation for a half switching cycle
when duty cycle is D> 0.5 and when S is turned on and S: is turned off. Typical waveforms
and circuit diagrams for these modes are shown in Fig. 2.4, Fig. 2.5 and Figs. 2.6 — 2.12

respectively. Ts in Fig. 2.5 is the period of the switching cycle.

The modes of operation for the other half-cycle when Sy is turned on and S is turned off

are identical. The modes of operation are derived based on the following assumptions:

e Since the AC input voltage can be considered to be a DC input source in a very
short amount of time, the steady-state analysis is done with DC input voltage.

e The proposed circuit has two boost modules that are designed to be operated in
DCM, so the input inductor current of each one will become discontinuous.
However, the input current of the converter, which is the sum of the inductor
currents, should be continuous.

e The output filter capacitor (Cs) is large enough to be considered as a voltage source
(Vo).

¢ All semiconductor switches are ideal with no switching or conduction losses.

e All inductors and capacitors are ideal; therefore, they have negligible resistances.

e All diodes are ideal and the reverse recovery time of each one of them is zero.

The converter’s modes of operation are as follows:
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Mode 1 (To <t < Ti): This mode begins when switch S is turned on. The rectified voltage

is applied to L and the current through L linearly increases, as does the input current in

the input inductor (lin). The slope of the current is ‘;ﬂ . Since lin is the summation of Iz
2

and Iz, it will increase with greater slope. Meanwhile, switches Q1 and Q4 of the DC-DC
full-bridge converter are on, and the DC link voltage is impressed across the primary. This
voltage is stepped down by the transformer, then rectified through diode D11 and fed to the

output filter and the load.

Mode 2 (T1 <t < T2): This mode begins when the auxiliary switch (Sa) is turned on in

preparation to turn off main switch S; with ZCS. S, turns on with ZCS because L. limits
the rise of the switch current. After Sa is turned on, C; starts to resonate with L. so that the
current in Ly rises while the voltage across C; decreases. Meanwhile, at the full-bridge
converter, switch Q1 begins turned off and the process of charging the switch capacitance

of Q1 and discharging that of Qs starts.

Mode 3 (T2 <t < T3): This mode begins when the voltage across Cr (Vcr) is zero. During

this mode, Vcr is charged to a negative voltage and Da1 and Da start to conduct. Dy, starts
to conduct so that the circulating energy from the auxiliary circuit is transferred to the
output during this time. The current through L1 and L. decreases and goes to zero. The
currents through S1 and S then become negative and flow through their body diodes. When
this happens, S1 can be turned off with ZCS. During this mode, the current in L, reaches
zero because of its resonance with C;. Afterwards, the energy in L is transferred to Cy,
thus increasing its voltage so that Vcr becomes less negative and eventually becomes
positive. As the secondary side of the auxiliary circuit transformer Ty is connected to the
output capacitor, Cr, a portion of power is transferred directly to the output from the

auxiliary circuit.

At the full-bridge converter, the switch capacitance of Qs has been fully discharged and
current is flowing through the body-diode of the switch. Qs can be turned on with ZVS as

long as current is flowing through its body-diode.
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Mode 4 (Ts < t < Ta): This mode begins when S, is turned off with ZCS. V¢, keeps

increasing, so the current through S starts to become less negative. The negative current

through body diode of S; rises to zero, thus the auxiliary diode D42 stops conducting at the
end of this mode. At the full-bridge converter, the converter is in a freewheeling mode of
operation and current just circulates in the primary side of the converter. At the secondary
side, both output diodes conduct current as the voltage across the transformer secondary is
zero. During this mode, Q4 is turned off and the output capacitance of Q2 begins to
discharge while that of Q4 begins to charge. It should be noted that Fig. 2.9 shows that

current flows through the output capacitance sometime in the mode after Q4 is turned off.

Mode 5 (T4 <t < Ts): This mode begins when the net voltage across the Crand L1 becomes

positive, causing D; to start conducting. This mode ends when the current through L1
reaches zero. At the end of this mode, the maximum voltage across the auxiliary capacitor
(Vem) can be derived. Meanwhile, current flows through the body-diode of Q> during this

mode. Q2 can be turned on with ZVS at the end of this mode.

Mode 6 (Ts < t < Te): This mode begins when I reaches zero, thus Da; and D1 stop

conducting. During this mode, the current in the magnetizing inductance of the feed
forward transformer is discharged to the output by Dt.. The voltage across L1 becomes
Vinrec-Vo and the current through L starts to decrease linearly. Meanwhile, at the DC-DC
full-bridge, the current flowing in the converter primary reverses direction and flows
through Q2 and Qs instead of their body-diodes. Current continues to flow through both
secondary diodes, but the distribution of current is uneven as the current flowing through

D2 is increasing while that flowing through D1 is decreasing.

Mode 7 (Ts <t < T7): This mode begins when the current in L1 reaches zero. This is the

last mode of the half-cycle. The next half-cycle begins when Sy is turned on under ZCS.
During this mode, the full-bridge converter is able to transfer power to the output as voltage

is impressed across the transformer primary.
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2.5 Converter features

The proposed converter has the following features:

e All the converter switches turn on and off with ZCS.

e There is only one active auxiliary circuit for both main switches instead of each
main switch needing its own active auxiliary circuit to help it turn off with ZCS.

e The main switch does not have increased peak and RMS current stresses, as is the
case with resonant type ZCS auxiliary circuits, because no current from the
auxiliary circuit flows into the main circuit.

¢ None of the auxiliary circuit components are in the main power path, therefore they
only handle a fraction of the current that the main circuit components handle.

e The maximum voltage stress of the auxiliary switch is close to the output voltage
because of the transformer. Also, the current in the auxiliary circuit can be
transferred to the output to increase efficiency.

e The main boost diodes do not have reverse recovery current because the input
inductor currents are discontinuous.

e The auxiliary circuit does not interfere with the interleaving operation of the

converter; thus, all the advantages of interleaving are maintained.
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e The auxiliary circuit can be deactivated when the converter is operating under light-
load conditions, unlike most ZCS methods, where the auxiliary circuit must always
be in operation, regardless of the load. This leads to an improvement in the light-
load efficiency because it removes the auxiliary circuit losses under operating
conditions where the current in the converter is low and ZCS is unnecessary. This
can be done because there are no auxiliary circuit components in the main power
circuit.

e The auxiliary circuit needs to be operational for a very short amount of time,
typically around 0.7 ps. Since the auxiliary transformer is not in series with the
auxiliary switch, the maximum voltage of the resonant capacitor increases which
leads to faster soft switching for Si. Also, because L1 is in series with the resonant
circuit, the auxiliary switch can go to zero current faster. In addition, since the
converter operates in DCM, there is no reverse recovery current for the main diodes,
therefore L1 does not need to be chosen high enough to eliminate it. As a result,

small L can be chosen which decreases the operating time of the auxiliary switch.

2.6 Conclusion

The operation of the proposed two-stage AC-DC converter was discussed in this chapter.
First, the operation of the PWM interleaved AC-DC boost front-end converter was
explained. This converter uses only a single active auxiliary circuit to help all the main
converter switches operate with ZCS and operates with ZCS itself. The auxiliary switch
works for only a very small fraction of the switching cycle so that the converter generally
operates as a conventional PWM interleaved boost converter. Next, the modes of operation
of a conventional full-bridge ZVS-PWM DC-DC converter were explained. This converter
steps down the output voltage produced by the first AC-DC stage and provides isolation
using a high-frequency transformer. The modes of operation that the converter goes
through during a half switching cycle were presented and explained. Finally, the features
of the proposed converter were stated. The distinguishing feature of the converter is that it
has a transformer in the auxiliary circuit of its front-end converter that not only ensures the
soft-switching of its switches, but also provides a path for power to be transferred directly

to the output, which helps reduce converter losses, as will be shown later in this thesis.
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Chapter 3

3 Converter circuit analysis

3.1 Introduction

In this chapter, the steady-state analysis of the proposed two-stage AC-DC power converter
is performed. The purpose of this analysis is to determine equations and formulas that can
be used to develop a design procedure for key converter components in the next chapter.
Since the operation of the two converter stages can be considered to be independent of each

other, in general, the analysis of each converter will be considered separately.

3.2 AC-DC interleaved boost converter

The circuit analysis that is presented in this chapter will focus mainly on two things:

e The soft-switching operation of the converter switches.
e The amount of power that can be directly transferred from the first-stage to the
output, bypassing the DC-DC full-bridge converter.

The analysis will be done by solving key equations that characterize the modes of operation
that were presented in the previous section, then using these equations to develop a
MATLAB program that can be used to develop graphs of steady-state characteristic curves
that can be used to develop a design procedure for the converter. The following

assumptions are made to simply the analysis of the circuit:

e The converter operates under steady-state conditions.

e Since the AC input voltage can be considered to be a DC input source for a very
short portion of the AC line cycle, the steady-state analysis is done with DC input
voltage when short switching cycles are considered.

e All components, including semiconductor switches, inductors, capacitors, and
diodes of the converter are considered to be ideal.

e Transformer Ty, the main power transformer in the DC-DC full-bridge stage, is

considered as an ideal transformer in series with a primary leakage inductance L.
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e When current is flowing through the auxiliary circuit, the maximum primary
voltage of the transformer Ty, is clamped to Vx=V, / Nx, where Nx= N2 / N1. The
polarity of the primary voltage of the auxiliary transformer is dependent on the
polarity of the current and on whether it is secondary diode Dxi1 or Dx. that is
conducting.

e The proposed circuit has two boost modules that are designed to be operated in
DCM, so that the input inductor current of each one is discontinuous, but the actual
input current of the converter, which is the sum of these inductor currents is
continuous.

e When the auxiliary circuit is operating, the input current, lin, and the output voltage,
Vo, are considered to be fixed, with no ripple.

e As the second half-cycle of a switching cycle is equal to that of first half-cycle,
circuit analysis is performed for the first half-cycle of the operation when the switch
S2 begins to turn on and switch Sy begins to turn off.

The analysis can proceed as follows:

Mode 1 (to < t < t1): This interval begins when switch S; is turned on and current through
L. starts to rise. The auxiliary circuit is not active during this mode and power Pps is
processed by two converter stages. During this mode, the resonant capacitor is charged to
VcrO-

Mode 2 (t1 < t < t2): This interval begins when the auxiliary switch, S, is turned on under
ZCS condition. Since Sa is in series with resonant inductor L., the rate of the auxiliary
switch current is limited and thus the switch can be turned on with ZCS. During this mode,
auxiliary circuit current rises, and the value of V¢, reduces until reaches zero at the end of
this mode. The current through resonant inductor L1 is zero so the primary current passing
through the auxiliary transformer is zero; therefore, there is no power to the output through

the auxiliary transformer in this mode.

By applying KCL, the following equation can be obtained:
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i () = o (t2) = - - Qer(t2) = —Cr = Ver(t2) (3-1)

By applying KVL and considering Ve (0) = Vem as the initial condition for the capacitor
voltage, where Ven is the maximum voltage across the capacitor and iz (0) = 0 as the

initial condition for the auxiliary inductor current, the following expression can be written

Ve (ty) = =V, COSw, ty Ti<t<T, (3-2)

_ 1

where w2 = Ny

The maximum current through the auxiliary circuit at the end of this mode can be
expressed as

iLr2 (t2) = Ismax= VZC—Zm t=To (3-3)

Mode 3 (t2 < t < t3): This interval begins when the voltage across Cy, reaches zero and the
current flowing through the auxiliary current reaches its maximum value. During this
interval, current is diverted from S; and S» to auxiliary switch so that the current through
the main switches becomes negative and their body diodes start to conduct. This allows Sy
to be turned off with ZCS condition at the end of this mode ts. When the auxiliary circuit
is operating, Da1 and Da2 begin to conduct, and a portion of the power in the auxiliary circuit

is transferred to the output of the converter. The voltage across the primary of the

transformer Ty, is no longer zero volts but is clamped to Vx = % where Ny is the turn ratio

irs N
of the auxiliary transformer, N, = N—2
1

In this mode of operation, input power can be transferred to the output through two different
paths. Most of the power transferred to the output is through the DC-link capacitor and
then the DC-DC full bridge converter. A portion of the energy in the auxiliary circuit is
transferred through the auxiliary transformer to the output, Ppopt. The total power that is

delivered to the output can be expressed as:

Po ()= Poer (1) + Pps (1) (3-4)
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To calculate the average power through the auxiliary transformer transferred to the output,
the instantaneous power vy (t). ix (t) is calculated. By applying KCL in the resonant circuit,

the primary current through auxiliary circuit can be expressed as:
ix (t3) = iLr2 (t3) + icr (t3) (3-5)

The initial values of V¢ (t2) and iLr (t2) are both zero. The initial current through the second

auxiliary inductor ir (t2) in this mode is derived from the end of Mode 2 and is

irr2 (t2) = VZC:’ (3-6)

Differentiating equ. (3-5) with respect to time results in the following equation:

Ver a2 Vy Ly
—= (t3) = = C; e Ver(ts) — % (t3) (3-7)

Leg Lr1 Lr2

where

By solving equation (3-7), the voltage across Cr can be expressed as follows:

Vw3 et3)—1 VemZ in(we t3
Ver (t3) — ml(cosog(;e) t3) )_ ( e)(;:n((‘) t3)) (3'8)
where
1
(1)1 ==
Lrlcr
1
w =
© VLG
Lr2
7, = |—=
Lr1 Ly
Lea =151, (3-9)
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If KVL is applied, the primary voltage across the auxiliary transformer Vy can be expressed

as:
Vpi—=Ver=Virn—Vx+Vo=0 (3-10)
D is off during this mode so that voltage across Vpz is:
Vp1=Vo (3-11)
and the voltage across L is:
Viri=— Ver + Vx) (3-12)
Vi1 is at its maximum since all the currents go to Ly at that time so that:

(VemZe) sin(wetz)  (Vxwi)(cos(wets)=1)
ZZ (l)é

Vir (t3 )= Vi (3-13)

By substituting equation (3-9) into (3-12) and then into equation (3-14), the primary current

through the auxiliary transformer can be expressed as follows:
b (0= it () = 72 ;7 Vira (0 (3-14)
which can be solved to give:

sin (wet3)
_ (VxLe) (tz— S 0et3),
ix(tg) — (chLe)(Zl LCOS (wet3)) + 3Lz e _ Vth3 (3_15)
2btr1 ri ri

By substituting the primary current and the primary voltage Vx = % of the transformer in

the instantaneous output power equation, we can calculate the amount of power transferred
through the auxiliary circuit, when the auxiliary switch is turned on and the auxiliary circuit

is operating, as follows:
P 0T _modes = - f,* Vie (1) i (£) (3-16)

By solving equ. (3-15) in Mode 3 the average power can be expressed as
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p _ [vg wit?(lp—=1y1)+2l, cos(wet)
DPT_aVea 2 wg N)%l.'%lfs

Vemlelr1Vo sin(wet)—wet]

+ tE [ty ts]  (3-17)

weNyl12,Z,fs

Equation (3-17) shows that Pper is inversely proportional to the turns ratio of the auxiliary
circuit transformer. Consequently, as the turn ratio rises, the amount of power transferred
to the output through auxiliary transformer decreases. To ensure ZCS operation in this
mode, the current through the main switch, Is1 should go to zero or be negative; therefore,
the direction of current through S: changes so that the current flows through the body diode
of the device. This can be expressed as

iin(t3) —iLr1(t3) <0 (3-18)

This means that current iz~ should be greater than input current in order for the main
switches to turn off with ZCS. The auxiliary switch should be turned off soon afterwards.
For this purpose, the current through the auxiliary circuit should go to zero or negative so
that Sa turns off with ZCS at the end of this mode.

Mode 4 (t3 < t < t4): This mode begins when the current through the auxiliary switch goes
to zero and S, is turned off with ZCS. The voltage across C; rises and the current through
the main switch Sz becomes less negative. Power continues to be transferred from the

auxiliary circuit to the output.

By considering the initial value of the voltage across the resonant capacitor to be Vcr 4 (0)
at t3, the maximum voltage of the resonant capacitor in this mode can be expressed as:

Ver (tg) = (Vera (0) + V,)( cos(wyt,)) + Lrnl@sint@its) (3-19)

Cr wq

To calculate the average power transferred to the output through the auxiliary transformer
during this mode, instantaneous power v«(t). ix(t) during the duration of this mode needs to

be derived.

By considering the initial value of the primary current to be ix 4 (0) at t3, the primary

current through the auxiliary transformer can be expressed as:
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sin(wet3)
. _ (VemLe)(1—cos(Wetz))  (Vxle)(ts=——0=5) v t,
Ix (t4) = 7L + o - (3-20)
By substituting (3-20) and Vx into (3-21)
P 0P = - [ Vie(1) i (£) (3-21)

and integrating, the following expression can be derived for Pper:

v3 wit?(le—1lr1)+2l, cos(wet) n Vem lelr1Vo sin(wet)—(uet]
2 wZ N212, fs weNxl2,Z; fs

PopT_aves = [ te [ts, ts] (3-22)
Mode 5 (t4 <t < ts): During this mode, V. continues to increase until it reaches its
maximum value at the end of this mode, at ts, as a result of the resonant interaction among
auxiliary circuit components. By considering the initial condition for the voltage across Cr
to be Vcr 5(0) at ts, the following equation can be derived:

iLr1g (0)(sin (wyts)

Crwg

Ver(ts) = (Vers(0) + Vi)(cos (w;ts)) + Vy (3-23)

Auxiliary switch S, can be turned off during this mode so that all the current flowing in
the auxiliary circuit goes to the capacitor Cr, which is in series with the primary winding

of the auxiliary transformer. This current can be expressed as follows:

icr (tS) =ix (tS) =Cr d

) (3-24)

By differentiating equ. (3-24) with respect to time, the following equation can be derived:

_ szCr(tS) _ VCI‘
dt2 Lr1Cr

x_ = (3-25)

te) — =
(ts) —

To calculate the portion of power transferred to the output, it is required to derive the
primary current ix flowing through the primary winding of the auxiliary transformer. By
considering ix_s (0) =Ix_sas an initial value for the primary current and V., 5(0) = 0 as an
initial voltage for the auxiliary capacitor and solving equ. (3-25), the primary current

through the auxiliary transformer can be expressed as follows:

ix (t5) = - ((Crw1) (Ver_5(0) + Vi)(Sin (01t5))) + (ix_s (0)(cos(w;ts))) (3-26)
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The power can be expressed as:

P 0P s = - * Vi (1) () (3-27)

By substituting equ. (3-26) and Vx into equ. (3-27), the average power in Mode 5 can be

expressed as:

£ t t
2Voly 5 cos(le) sm(w—1> 2 1o Cr cos(2L5)

£ 2] te [ty ts] (3-28)

Nyw? fs NZw+fs

PoprT aves = [

Mode 6 (ts < t <ts): This mode begins when the current through L1 goes to zero and the
transformer begins to demagnetize. Dx: stops conducting current and Dy start conducting.
The amount of power transferred to the output during this mode will be less than that

transferred during Modes 3-5.

The initial conditions for the auxiliary circuit capacitor voltage and the current through the
primary winding are V¢r_e (0) and ix_e (0) at ts. At ts, the voltage reaches its maximum value
and remains fixed throughout this mode so that Ver_s (0) =Vem. The following expressions

can be written for C;:

} . dvcr

Lcr (tﬁ) = lx(t6) =Cr :;: (tG) (3-29)
d?Ver(ts) Ver(ts) Vx—Vo — -

B dt? i Lr1Cr i Lr1Cr =0 (3 30)

Solving these equations gives the voltage of the auxiliary capacitor at the end of this mode,
which is:

xo@GIntwite)) 4y (3-31)
X (o]

VCr(t6) = (VCr_6 (O) + Vx - VO)(COS (w1t6)) + Crooq

The current through the primary winding of the auxiliary transformer can be expressed

as:
ix(te) = ((Crw1)(Ver6(0) + Vi — Vo)(sin (w1te))) + (ix 6 (0)(cos(wyte))) (3-32)

By substituting equ. (3-32) and Vx into equ. (3-33),
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P OPT_Modes = ft’;ﬁ V, (1) i, () (3-33)

and considering iy ¢ (0) = I ¢, the average power in this mode can be determined to be:

2
t ) t t t t
2v, cos(le) [Ix_6sm(le)+vcmCTa)1 cos(le)+Crvoa)1 cos(w—l) 2 véc, cos(w—1

2 2)]te

Nyw? fs N2fs

[ts.t6]  (3-34)

PopT aves = [

Substituting the average power that has been calculated from Mode 3 to Mode 6 (i.e (3-
17), (3-22), (3-28), (3-34)) in equ. (3-35), the entire power that the auxiliary circuit can
transfer directly to the output can be calculated as follows:

PppT = PpPT aves + PDPT aves + PDPT aves + PDPT aves (3-35)

By solving this equation, the output power can be expressed as an equation based on the
variables Cr, L1, Lr2,Vo, Nx

In the proposed converter, the DC bus voltage Vbys is determined so that the
charge/discharge current balance for the DC bus capacitor is satisfied. The steady-state DC
bus voltage level can be derived by equating the averaged input power Pi, with the output
power P, (the converter is assumed to be ideal); thus, the following equation must be

satisfied:
Vin lin = Ptran + Popr (3-36)

Fig. 3.1, shows a flowchart that illustrates the steady-state operation of the auxiliary
transformer. Steady-state operation is confirmed by determining whether the current
through auxiliary transformer I after the auxiliary circuit has completed a cycle is equal
to its initial value, which is zero. Under this condition, the primary current through the
auxiliary transformer remains constant over time. Once it is confirmed that the auxiliary
circuit is operating under steady-state condition, the value of the certain current can be
determined for a specific operating point so that a curve can be generated by repeating the
process for multiple operating points.
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Assuming that all the switches and the auxiliary transformer are ideal with negligible
magnetizing inductance, then the current flowing through the primary winding can be
determined for any operating point with a given resonant capacitor C,, resonant inductor
L+ and Ly, transformer turns ratio Nx =N2/ N1. This flowchart is to confirm that the value
of the primary current through the auxiliary transformer at the beginning mode of the
operation is equal to that of the last mode of operation; that is Mode 3 to Mode 6. If not,
the initial values should be changed, and the procedure repeated with a new initial value

assumed.
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Fig. 3.1. Flow chart of the program to determine if the converter is operating under

steady-state conditions to obtain the value of iLr1=ix
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3.3 Zero-Voltage Switching (ZVS) Pulse-Width Modulated
(PWM) Full-Bridge Converter

The second stage of the proposed converter is a conventional ZVS-PWM full-bridge
converter, as described in the previous chapter. The converter has 14 modes of operation
over a switching cycle, but only 7 need to be considered in the analysis as the modes for
one half-cycle are very similar to those of the other half-cycle. Although all four switches
operate with ZVS, the mechanism by which each leg operates with ZVS is different. Q:
and Q3 use the energy stored in the output filter inductor and Q2 and Q4 use energy stored
in the resonant inductance, L, to generate a ZVS turn on. A dead time is considered
between drive signals to avoid cross conduction between switches of each leg, Q1 — Qs and

Q2-Q4 and to discharge the output capacitance of any switch that is about to be turned on.
The following assumptions are made for the analysis.

e The converter is operating under steady state condition.

e The output inductor current is continuous.

e The output voltage is a constant value of 48V.

e The converter switches, diodes, and transformer are ideal.

e The output switch capacitances are ideal with C1 = C3 =Cjead, C2 = C4 = Ciqg.

It should be noted that the operation of the second DC-DC full-bridge is independent of

that of the first-stage converter.

Mode 1 (To <t < T1): In this mode, Q1 and Q4 are in operation, allowing the primary
current ip to pass through them. At the same time, on the secondary side, rectifier diode

D1 is active.

Mode 2 (T1 <t < T2): As the output inductor is considered to be large enough, the
primary current of the main power transformer, iy, is nearly constant and can be

expressed as:

ip () = 1p (t2) = 11 (3-37)
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The voltages across parallel capacitors C; and C3 can be expressed as:

Ver(®) = 3=t t) (3-38)
Ves(D) = Vin = 5= (= t1) (3-39)

At the end of this mode, C: is charged to Vuus and Cs is completely discharged to zero,

making the body diode of switch Sz, D3, conduct.

Mode 3 (T2 <t <T3): In order to achieve ZVS for Qs, the dead time should be larger than
the time interval of Mode 2. This condition can be expressed as:
tdagead) > 2 Ciead Vibus/ 11 (3-40)
At t3, the current through secondary winding is smaller than the current through the output
inductor current; that is it1 < iLf, S0 D2 starts conducting. If the magnetizing current of the
transformer is neglected, then:
iLf= It + I12= N.ip (3-41)
Mode 4 (T3 <t < T4): The transformer primary current, ip, can be expressed as
ip (t) = 2 cosws (t —t3) (3-42)
The voltages across C and C4 are defined as
Vea (t) = Z1 12 sinws (t—t3) (3-43)

Veo(t) = Vin— Z1 2 sinwy (t — t3) (3-44)

1
where Z1 = /Ly / (2Cjag) and w1 = JZLCg

Mode 5 (T4 <t < Ts): As discussed in Chapter 2, the dead time between high side and low

side drive signals of Q2 and Q4 in Mode 5 should be larger than the dead time in Mode 4.
That is:

1 . 4V
tdgag) > — sin 1% (3-45)
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During this mode, a negative voltage is applied to the resonant inductor, which can be the
primary-side transformer leakage inductance alone or the leakage inductance plus some
additional inductance that is added in series with the transformer. This causes the primary
current to decrease linearly and reach zero at the end of this mode. This current can be

expressed as:

us (1 ty) (3-46)

r

ip (1) = 1p (ta) - =2

It should be noted that from t3 to ts, ip > 0, and it1> it2. At ts, IT1= iT2 = L /2.

Mode 6 (Ts <t < Ts): As discussed in Chapter 2 the current through the resonant inductor
causes the primary current to start increasing in the reverse direction. The slope of the

primary current can be expressed as
H Vbus
p()=— = (t-t5) (3-47)

The rectifier diode Dr; turns off and the output inductor current flows through Dr. It

should be noted that during this mode, ip <0 and ipr1 < it2. At ts, it2 =i r and it1 = 0.

Mode 7 (Te <t < T7): The primary current slope during this mode can be expressed as

; — _ Vbus—NV, Ipf (tg)
ip(t) =- P (6 — tg) — HF (3-48)

By considering L, << N2-L¢, where is N is the turn ratio of the transformer, equ.(3-48) can
be simplified to:

Vin

. - Vo |
ip(0) = - X (€ - ) — A (3-49)

This mode ends once Qs is turned off and the second half-cycle starts.

3.3.1 ZVS for lagging leg

The required energy that ensures ZVS for the lagging leg switches (the switches that get
the converter out of a freewheeling mode of operation when turned on) is stored in

resonance inductor. This energy should be enough to charge and discharge the output
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capacitor of the switches, otherwise the switches cannot be turned on with ZVS, thus
causing switching losses. The maximum voltage across the output capacitors is equal to
the Vs at one fourth of the resonant cycle, T./4. To achieve ZVS for the lagging leg
switches, the following condition must be met:

1 1
2 Lrllz > 2 (CZ + C4) Vbzus (3'50)

Where 11 is the primary transformer current at turn-on/turn-off of Q2 and Q4. The critical

current in which ZVS is lost is:

C2+Cy

Ieritical = L, Vbus (3'51)

The choice of L inductance is made by taking into account the desired minimum load at
which the converter starts to work in ZVS (usually 25% of maximum load). When |1 >

leritical, the converter switches can turn on with ZVS.

3.3.2 ZVS for leading leg

The energy needed to ensure that the leading leg switches (the switches that force the
converter into a freewheeling mode of operation when turned on) is supplied by the
resonant inductor and the output filter inductor. This energy is larger than the energy
required for lagging leg. ZVS operation for the leading leg switches can be ensured if the

following condition is met:
1 2 1 2
~(Ly + Lyp)I3 > (C1+ C3) Vias (3-52)

where 1> is the primary transformer current at turn-off of Qi or Qs (peak value of

transformer current) and Lip=N2L is the output filter inductance referred to the primary.

3.3.3 Secondary duty cycle loss:

During the intervals [ts, ts] and [te, ti2], the primary current changes its polarity as the
direction of primary current changes. Due to the presence of the resonant inductor at the
primary, there is a loss in duty cycle so that the effective secondary duty cycle is less than

that of the primary. This loss can be defined as:
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Where D, is the effective secondary duty cycle, D is the primary duty cycle. The
relationship between the primary and secondary duty cycle can be expressed as:

D= Doy (L+4% f) (3- 54)

RIS

where L is the leakage inductance of the transformer and R’ is the load resistance reflected

to the primary side of the converter, which can be defined as:
R'=NZ%R, (3- 59)

The amount of the energy circulating in the circuit depends on the effective secondary duty
cycle, which can be defined as:

_ N (Vo+Vp)

Dess = (3- 56)

Vbus

where V; is the diode rectifier forward voltage at the secondary of the transformer.
Assuming that the resonant inductor is the same as the transformer leakage inductance, L;,
which is typically the case, Lik needs to be large enough to ensure that the converter

operates with ZVS, but not so large that the duty cycle loss is unacceptable.

The voltage gain of the converter can be determined by considering the effect of the
secondary duty cycle as follows:

—Vout = & Deff (3' 57)

Vbc_tink Np

3.4 Conclusion

In this chapter, the steady-state analysis of the proposed two-stage AC-DC power converter
was performed. The power distribution and the ZCS operation for the AC-DC interleaved
boost converter stage and the ZVS operation for the ZVS -PWM full bridge converter stage

was explained, and relevant equations were derived for significant modes of operation. The
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results of the analysis will be used to develop a design procedure for key converter

components in the next chapter.
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Chapter 4

4  Design procedure and example

4.1 Introduction

In this chapter, a procedure to design the key components of the first-stage AC-DC boost
converter and the second-stage DC-DC full bridge converter is presented. The procedure
has been developed based on the analysis that was performed in the previous chapter. The

procedure is demonstrated with an example.

4.2 Design procedure for the AC-DC interleaved boost
converter

A design procedure for the main components of the front-end AC-DC interleaved boost
converter is presented in this section. The procedure has been developed using the analysis
that was performed in the previous section and is demonstrated with an example. The
components that are to be designed include L1, L2 which are the input inductor of each
boost converter module, D1-D> and S:-S» which are the main diodes and main switches

respectively.
The parameters are to be designed with the following specifications:

e DC Link Voltage: Vpus= 400 V DC
e Output Voltage Vo =48V DC

e Output Power: Po =1 kW

e | i,=Rectified input current,

e Input Voltage: Vin= 85- 265 V RMS
e Expected Efficiency: n =95 %

e Main Switching Frequency: fs = Tl =50 kHz.

N

e Auxiliary Switching Frequency: fs = Tl =100 kHz
S
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The circuit is designed and analyzed for the worst-case scenario, which is Vin =85V, which
is when the input current is at its maximum rms value. If the converter can operate under

worst-case conditions, then it can work under all other conditions.

4.2.1 Input inductors L1 and L>

Since the front-end AC-DC boost converter stage is an interleaved converter that is made
up of two boost converter modules that operate in DCM, the value of the input inductors
must be such that the input current is discontinuous, even when it is at its maximum value,
which occurs when the input voltage is 85 V. This can be done by first determining the

maximum duty cycle when the converter is operating in discontinuous mode as follows:

Dmax <1- % (4'1)
V2 %85
Dmax < 1= Dpax < 0.7

A value of Dmax =0.65 is chosen for the main boost converter switches, S: and S». A value

for the input inductors can be determined as follows:

L < D(1—D)? Vi 0.65 (1 — 0.65)% * 4002
i -
in,max 2fsw P 2 x 50000 = 1000

< 127uH

where L inmax IS the maximum value for L1 and L2, D is the duty cycle of the main switches,
Vus IS the voltage at DC link and f;,, is the switching frequency of the main switches, 50
kHz. During each switching cycle, the auxiliary switch operates two times: once when it is
turned on to ensure that S is turned off with ZCS; a second time to ensure that S; is turned

off with ZCS. The auxiliary switch operates with a switching frequency of 100 kHz.

4.2.2 DC link capacitor

The dc link capacitor is the capacitor that is placed between the two stages of the converter,
right at the output of the front-end AC-DC stage. Although the main purpose of the
capacitor is to act as a filter and smooth the output of the AC-DC stage so that it isa DC
voltage, hold-up time is a key consideration that is typically taking into account when

designing the DC link capacitor of a two-stage converter.
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Given that AC-DC converters are almost always connected to the AC grid and thus are
powered by the AC grid, there are times when there is no input AC voltage due to
temporary disruptions in the grid. In order to ensure the existence of the desired output
voltage, even with the temporary lack of input AC voltage, the DC link capacitor should
be designed so that it can store enough energy for this to happen. In other words, it is the
DC link capacitor that provides power to the DC-DC stage converter, for an amount of
time called hold-up time, when the grid voltage is down. As a result, the DC link capacitor
should be designed to meet hold-up time requirements. This can be done by satisfying the

following relation:

2Py Ty

Coc iink = 4-2
C.lin (V%us_ V%us,min) ( )

Where P, is the output power, Th is hold up time, Vys is the DC-link voltage and Vbusmin
is the minimum voltage refers to the level of voltage that a load can sustainably function
with for a designated period in the absence of input voltage. If P, = 1000, Trh = 0.0145, Vbus
= 400 and Vyusmin = 375 are substituted into (4-2), then the DC link capacitor should be
equal to 1.5 mF.

4.2.3 Main switches S1 and S»

Since the soft switching method for the proposed converter is ZCS, the main switches are
implemented with IGBTs. The maximum current flowing through the main switches and
the maximum voltage across them should be considered as the two major factors when
designing the switches. Since the input current is sum of the current though each inductor,
the current through the main switches is less than the input current. The maximum current
through the switches can be determined by the following equation:

_\zn,

ls1 max = ls2max < linmax = " (4-3)
mn

The maximum voltage across the main switches is equal to the DC link capacitor voltage,

which is specified as being 400V in this example.
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When designing the proposed converter, a very important consideration to take into
account is that the auxiliary circuit should be designed so that a portion of the energy in
the auxiliary circuit of the front-end AC-DC converter is transferred directly to the output
using the auxiliary circuit transformer, while ensuring that all the AC-DC converter
switches operate with ZCS. Based on the circuit analysis that was performed in the previous
chapter, especially the analysis of Modes 3-6, the current through auxiliary circuit inductor,
ILr1 should be larger than the maximum input current to divert current away from the main
boost converter switches, so that the current through them goes to zero or negative. This
allows the switches to be turned off with ZCS. The equation that verifies this condition can
be expressed as follows:

_sin(wet3))

_ WxLo(t
is1(ts) = ign — <(V”"L"’)(1 costwers)) | VxteltTag) th3> <0  (4-4)

ZyLrq L3 Lrq

The peak input current can be determined as follows:

. V2P V2 ¥1000
lin = ° = = 175A
N Vin 0.95% 85

Where iin is the peak input current, Vin is the minimum RMS input voltage, P, is the output

power, and 1) is the targeted efficiency of the proposed converter.

4.2.4 Design procedure for the auxiliary power circuit

In this section, key auxiliary circuit components are designed by using graphs of
characteristic curves generated for these components using the results of the analysis that
was performed in the previous chapter and MATLAB. These graphs help to see the effect
of changing a particular component value has on the operation of the converter. Generally,
the operating characteristics of the auxiliary circuit at any given value depend on the four
key parameters: auxiliary inductor Ly and Lr, auxiliary capacitor C;, and auxiliary
transformer turns ratio. The effect that each of these parameters has on transferred power
can be seen with graphs of characteristic curves that have been generated with MATLAB.
For these graphs, most of the values of the above-mentioned parameters are fixed, while

some are varied.
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A. Resonant Capacitor (Cy):

The resonant capacitor is used in the auxiliary circuit to reduce the current through L1 and
to apply a negative voltage across L to divert the current away from Si and Sz when the
main switch is about to be turned off. C; affects the operation of the circuit in two ways:
First, it affects the boost converter’s ability to operate with ZCS for all its switches. Second,
it affects the amount of power transferred that can be transferred through the auxiliary

transformer.

Fig. 4.1, shows the effect of increasing Cr on the amount of power transferred to the output
through the auxiliary transformer. This figure shows the output power of the auxiliary
transformer versus its turns ratio, for various values of C;, while the other parameters are
fixed. As can be seen from this figure, the larger the value of C;, the greater the amount of
power that can be transferred directly to the output. If C; is chosen to be less than 8 nf, the
switches cannot turn off with ZCS as the current through the main switch cannot go to
negative during the turn off transition of the switch. Sufficient time is needed for current
from the main switches to flow into the auxiliary circuit so that one of these switches can
be turned off with ZCS. If C; is too small, then current may begin to flow back into the

main switches before a ZCS turn-off can occur.

C:r should not be too large, however, as this would increase the peak current stress and slow
down the transfer of current away from the auxiliary switch, which would require the
auxiliary switch be turned on longer. Increasing the value of C; also increases the duration
of the resonant cycle, which increases RMS current stresses and conduction losses in the
auxiliary circuit. This increase may offset some of the savings in losses that can result from
direct power transfer. Moreover, if C; is too large, then the duty-cycle of the converter is
limited as time is needed for the auxiliary circuit to go through a resonant cycle and be

properly reset, in preparation for the next time it needs to be activated.

Consequently, Cr should be designed so that auxiliary circuit peak and RMS currents are
not excessive, the resonant cycle of the auxiliary circuit does not impact the operation of

the main power circuits, and a net reduction of losses occurs with direct power transfer. In
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order to have an appropriate margin for ZCS, maintain the maximum current through the
auxiliary switch, and transfer the maximum power through auxiliary transformer the

resonant capacitor, C; is chosen to be 12 nf.
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Fig. 4.1. Effect of increasing Cr on the power transferred to the output by the

auxiliary transformer

B. Resonant inductors Ly and L2

The ratio of the resonant inductors L2/ L1, has two major effects on the circuit: First, it
determines the amount of power that can be transferred through the auxiliary transformer.
Second, it impacts the amount of time during which the switches can be turned off with
ZCS.

Fig. 4.2, shows the effect of increasing L2/ L1 on the amount of power transferred to the
output through the auxiliary transformer. This figure shows the output power of the

auxiliary transformer versus its turns ratio by increasing the value of the L2 /L1 ratio, while
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the other components are fixed. By increasing the ratio of the inductors, the amount of
power transferred to the output will decrease. This ratio, however, should be small enough
to minimize the time that the auxiliary switch is on, thereby reducing RMS switch current

stress and conduction losses.

Fig. 4.3 shows the effect of increasing the L/ Ly ratio on the ZCS operation for the
auxiliary switch. It shows curves of auxiliary switch current versus time, for various ratios
of Lr2/ Ly1, with the other parameters fixed. As shown in Fig 4.3, L2/ L1 should be chosen
less than 1, otherwise the auxiliary switch will not be able to turn off with ZCS as the
current through auxiliary switch will not fall to zero at 1. The ratio of inductors cannot be
too small, however, and it should be kept large enough to reduce the auxiliary peak current.
As per characteristic curves the ratio is chosen to be 0.95 for the worst-case conditions,
which occur when the input AC voltage is 85 V. The maximum power that auxiliary
transformer can transfer to the output is 150W, which is 15% of the total power. L. can be

determined as follows:

Vem

Lz = ( )2 Gy (4-5)

Isamax

Lz = (5)?.12e =9 - Ly, = 49 pH

As a result, by having the ratio of L2 /Ly and Ly, the value of the L1 can be chosen to be
5.15 uH
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Fig. 4.2. Effect of increasing Lri/ Lr2 on the transmitted power to the output through
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C. Turns Ratio (Nx) of the Auxiliary Transformer

The turns ratio of the auxiliary circuit transformer Tx, which is defined as Nx = N2/Ng,
affects the amount of power transferred through the auxiliary transformer, the ZCS
operation of the converter and the auxiliary circuit component stresses. The primary
voltage of the auxiliary transformer, Vy is clamped to Vx = Vo/ Nx when current flows
through it. The polarity of this primary voltage depends on the direction of current that

flows through it and on which of the secondary diodes of Tx conducts current.

Fig 4.4 shows the amount of power transferred to the output through the auxiliary circuit
for various values of turns ratio. As the turn ratio of the transformer decreases, the amount
of power transferred to the output increases. If the turns ratio is chosen to be too small, a
high voltage is imposed across the primary winding of the transformer, which can cause
two major issues: First, this high voltage increases the voltage stress of the switch and the
rectifier diodes. Second, the high voltage across the primary counteracts the effect of the
voltage across the auxiliary capacitor so that the switches will not operate under ZCS.
When N < 0.3, the switches will not be able to operate with ZCS. Moreover, if the turn
ratio is too small, then the auxiliary transformer needs to be larger in size, as it must handle

more power, causing more losses and costs.

On the other hand, as can be seen from Fig 4.4, if Nx is too large, the amount of power
transferred to the output will decrease. If Nx > 5, the ability of the auxiliary switch to turn
off with ZCS is reduced as the current in the switch becomes less likely to fall to zero.
Consequently, Nx should be designed at the minimum value that allows all the boost
converter switches to operate with ZCS. A value of Nx = 0.3 should thus be chosen to
maximize the amount of power transferred to the output and meet the ZCS condition for

all the switches.

The value of turns ratio determines the amount of power transferred directly to the output.
It should be the smallest value that allows the boost converter switches to be turned off
with ZCS, while transferring the maximum possible power to the load. A suitable turns

ratio can be determined through characteristic curves, as will be shown later in fig. 4.4.
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Fig. 4.4. Auxiliary transformer output power vs turns ratio
d. Auxiliary switch S,

The maximum current through the auxiliary switch should be larger than the input current
to satisfy ZCS operation when it is required. Based on the simulation and experimental
results, a 25% margin is assumed so that the auxiliary circuit is designed at maximum
current 22A.

, _ Vem ,
lsa,max = 7 > lin,max (4'6)

, |74

lsa,max = 2_1: =224
In order to have less voltage stress on the auxiliary switch, the peak auxiliary switch voltage
(Ver) should be designed to be approximately 450 V. This value was chosen by considering

the fact that the auxiliary switch is not directly connected across the anode of a boost diode
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and ground. It should be noted that this voltage would be much higher if there was no

transformer (Tx) to help transfer energy to the output.

C: is a key parameter that can affect the amount of power transferred to the output and ZCS
operation. Since the auxiliary switch is parallel to the auxiliary capacitor, the peak voltage
across the auxiliary capacitor is equal to that of the auxiliary switch. The maximum voltage
across the auxiliary capacitor is determined as follows:

iLr14(0)(sin (Wite))
cw,y

VSa—max: ch = ( VCr6 (O) + VX - VO)(COS(W1t6)) + - VX + VO (4'7)

4.3 Design procedure for the ZVS — PWM full bridge
converter

The output of the AC-DC boost stage is fed to the input of the PWM full-bridge converter.
A design procedure of the PWM full bridge converter is presented in this section and
demonstrated with a design example. The design considerations and procedure are based
on the steady state analysis performed in Chapter 3. It should be noted that the operation
of the PWM full-bridge DC-DC converter is independent of that of the first stage converter.
The main specifications of the prototype are as follows:

e Input voltage Vbys =400 Vdc

e Output voltage V, =48 Vdc

e Maximum output power P, =1000 W

e Maximum output current 1, =20.83A

e Switching frequency fsw =50 kHz.

4.3.1 Turns ratio of the high-frequency transformer

There are two considerations that need to be taken into account when designing the
transformer: First, the minimum primary current for which the ZVS operation of the
switches can be ensured. The primary current that is used to discharge the switch
capacitances of the converter switches is dependent on the turns ratio (N = Np/Ns) as this
current is based on current that is reflected from the secondary to the primary. Second, the

converter’s ability to maintain the specified output voltage when the converter is operating
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at full load. The turns ratio of the transformer should be designed to be as large as possible
to minimize the primary current, yet small enough to ensure that the specified output

voltage can be produced.

The transformer turns ratio can be calculated from the equation below:

\Y% N
Vbus(,)min - N—; /Smax (4-8)

where
Ns = number of secondary turns,
Np = number of primary turns

dmax = maximum effective duty cycle of the voltage appearing at the transformer

secondary winding within a switching period.

It is essential to design the transformer turns ratio such that the negative effects of current
stress on the switches and voltage stress on the rectifier diode are minimized. The minimum
bus voltage should be taken into account when designing the transformer turns ratio to
ensure that the desired output voltage can be achieved across the entire voltage range. The
maximum duty cycle should be limited to §,,,, = 0.8 due to the duty cycle loss caused by
the resonant inductor. Additionally, assuming a minimum bus voltage of Vbys min= 375V

the transformer turns ratio can be defined as follows:

Ns Vo 1 48 1
— = —, =—.—=0.16
Np Vbus_min &pyqx 375 0.8

Ns

N=2E =g

If the turns ratio of the transformer is increased, then the current through the primary
winding will decrease, which limit the amount of current that will be available to discharge
the output capacitances of the switches before they are turned on so that achieving ZVS

operation is more difficult.
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4.3.2 Resonant inductor

The value of resonant inductor L, - which can be the leakage inductance of the transformer
or a combination of leakage inductance and some additional, external inductance place in
series with the transformer — determines the range of load over which the ZVS operation
of the switches is possible. The resonant inductor should be large enough to allow ZVS
operation for some minimum load (usually 25% - 35% of maximum load), but too large an
inductor results in duty cycle loss at the secondary so that a trade-off of some kind must be
considered when choosing a value for L.

The value of the resonant inductor can be defined by setting a maximum value of
acceptable duty cycle, typically 0.15, and a maximum effective secondary duty cycle to be
0.8 (not 1 - 0.15 - 0.85 as the primary duty cycle cannot be 1 due to issues like dead-time).
A value for Lr can be determined as follows:

NV inD 6X 375% 0.15
Lr - bus_ min”loss — — 80 (MH)

4]o maxfs 4% 20.86 X 50x 103

The slope of the primary current when the converter is transferring from a freewheeling
mode of operation to an energy-transfer mode, which is based on the resonant inductor,

can be determined to be:

ﬂ _ Vbus (4_9)

dt Lr

The equivalent capacitance that is seen by the converter when a switching transition is

made from a switch in one converter leg to the switch in the same leg is:

Ceq = 2Coss + Cir (4-10)

Where Coss is the equivalent output capacitance and Cy is the transformer input capacitance.

By considering Ceq = 554 pf (determined from switch manufacturer data sheets and
transformer measurements) the critical current in which the switches of the full bridge

operate with hard switching is

Ce * 1012
lcritical = Vs /L_q =400 /% =1.05 A



65

If the primary current is greater than the critical current, then the full-bridge converter
operates with ZVS. For this example, the converter has been designed so that the converter
starts losing full ZVS capability when the load is about 20 % of the full load. Ideally, the
converter should be able to operate with ZVS over the entire load range from no load to
full load, but this is not practical as this would result in a very high primary current that
would increase switch stress and conduction losses. It should be noted that when the
converter load does fall below the minimum ZVS load for full ZVS operation, there is still
considerable savings in switching losses as the voltage across the switches are reduced, but

not made completely zero, before they are turned on, except for very light loads.

4.3.3 Output filter inductor and capacitor

The output filter inductance can be expressed as:

L = Vimax ton (4-11)

Io_ripple

Where ton is the corresponding on-time and o ripple i the output current ripple and Vi_max

is the maximum voltage across output inductance. VL_max can be determined as follows:

Ns _, 425 _
VL_max = N_P -Vin_max - Vo_min - ( P 45.6 ) =233V

The output ripple can be determined from the following equation:

Po_max -AILf _ 1000 * 0.2
Vo min 45.6

|0_ripple = =438 A

Where Al is the peak - to - peak ripple of the output inductor, which is usually about
20%, and Po_max is the maximum output power and Vo _min IS the minimum output voltage.

The on-time duration can be calculated as:

1 \% i N 1 456 —
ton == ,—omin P Tg=l 22Cug %105 =64 ps
2 "Vinmax Ns 2 425

The filter inductance can be calculated by substituting ton, lo_ripple and V7, 1,4, into the above

equation, then rearranging

Lmin = 02 ton = 222 % 6,4%10~6 =34.04 pH

o_ripple
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Where 0 < ton / Ts < 0.5.

The value of the output filter capacitor can be derived by setting the desired value of the
peak-to-peak voltage ripple of the output voltage Viippie to be 5%, which is a typical value.
This results in Vryipple = 0.05*%48 = 2.4.

the amount of time that output filter inductor needs to vary the 90% of the full current
variation can be represented as follows:

Pout.Lo min _ 1000%34.04% 10~6%0.9

2 2
VZ min 45.6

At =

= 14.7 ys

AV, is accepted to be 10% of the maximum output ripple then the output capacitor filter is

calculated as follows:

_ Al _ Py 09 _ 1000+0.9%14.71073 _
Cr= AVe — 01. Vg - =1209 UF
10%x* 7= ripple 45.6%0.1%2.4
At

4.3.4 Output rectifier diodes

The voltage across each output rectifier diode is equal to the maximum output voltage when

it is conducting, which is:

Vormax =2 (Vo + “221%) =2(48+1.2) = 98.4V

where V. is the amplitude of the peak-to-peak ripple voltage across the output filter

ipple
capacitor. Diodes are typically rated by average current so that the maximum average

current that an output rectifier diode is expected to handle is:

I P 1000
_ Pomax _
DR,avg=—=v5~ = 33480

=1041

The maximum peak current flowing through the rectifier diodes is:
ioR (ma = lo_max + = AlLr=20.83 + - x 4.1 = 22.88

Where ipr (max) is the maximum current flowing through the rectifier diodes.
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4.4 Conclusion

In this chapter, a procedure to design the key components of the first-stage AC-DC boost
converter and the second-stage DC-DC full bridge converter was presented. The procedure
was developed based on the analysis that was performed in the previous chapter and was

demonstrated with an example.

For the first converter stage, the AC-DC boost converter, the key considerations were the
input inductors as the converter must operate with discontinuous input inductor current, the
various switch stresses and the auxiliary circuit components, especially the auxiliary switch
and resonant components L1, Lr2, and C,. The main considerations that needed to be taken
into account in the design of the auxiliary circuit components were the ZCS operation of

the converter and the amount of power that can be directly transferred to the output.

For the second converter stage, the DC-DC full-bridge converter, the key considerations
with the load range over which ZVS operation can occur and the ability of the converter to
produce the specified output voltage from the input DC voltage. The key components that
were designed were the transformer turns ratio and the resonant inductor. A procedure for

the design of the output section of the DC-DC converter was presented as well.
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Chapter 5

5 Experimental results

5.1 Introduction

In this chapter, experimental results of the proposed two stage AC - DC converter will be
shown to confirm the operation and feasibility of the topology. Prototypes of the AC-DC
interleaved boost converter and the PWM full-bridge converter were built. Key voltage and
current waveforms are presented in this chapter and the efficiency of the proposed
converter is plotted, then compared to a two-stage converter with no direct power transfer
from the first stage to the output, and a converter with a front-end stage that operates with

hard-switching instead of soft-switching.

5.2 Experimental setup

A prototype of the two-stage AC-DC converter was implemented according to the

specifications and component values shown in Table 5.1

It should be noted that IGBT devices are used as the switches for the front-end AC-DC
boost converter stage as current-related losses are dominant and IGBTs are more helpful
in reducing such losses than MOSFETs. MOSFETs are used in the second DC-DC
converter stage as voltage-related losses are dominant and MOSFETSs are more helpful in

reducing such losses than are IGBTS.

5.3 Experimental waveforms

This section presents waveforms that were obtained from the converter prototype for both
the first AC-DC stage and the second DC-DC stage:

5.3.1 AC-DC boost converter waveforms (first stage)

Waveforms for the AC-DC converter are presented here. The waveforms have been split

up into input waveforms and switch waveforms.
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Table 1: Specification of the converter components
Symbol ltem Value
Vin Input voltage 85- 265 Volts
Vout Output voltage 48 Volts
Po,max Maximum output power 1000 W
Po,min Minimum output power 200 W
fow,main Main switches frequency 50 k HZ
fsaux Auxiliary switch frequency 100 k HZ
S1, Sz Main switches, IGBT RGCL60TS60DGC11
Sa Auxiliary switch RGCL60TS60DGC11
Ly, Lo input inductors 120uH
Cac_link Output capacitor 1000uF
D4, D, Output diodes RFN20TF6SFHCO-
ND
Da1, Da2, Da3 Auxiliary diodes RFN20TF6SFHCO-
ND
Dx1, Dx2 Output auxiliary diodes SDURF10P100B
o Auxiliary capacitor 12nf
L1 Auxiliary inductance 5.15 uH
Lr Auxiliary inductance 4.9 pH
Ny Turns ratio of the auxiliary transformer 0.3
Qi, Q2, Q3, Qs Main switches, MOSFET 6R190P6
Dr1, D12 APT400060BG
The turns ratio of the high-frequency 6:1:1
N transformer
L¢ Output filter inductor 34.04 uH
Gt Output filter capacitor

1209 uF
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5.3.1.1 Input waveforms

Fig. 5.1 shows typical input voltage and input current waveforms. These waveforms show
that the input current of the converter is sinusoidal and in phase with the input voltage. This
figure confirms that the proposed converter can operate with power factor correction (PFC)
and that the two interleaved boost converter modules can produce a continuous input

current in tandem.

Fig. 5.2 shows the current through the input inductors L1 and L». It shows that two boost
modules operate with discontinuous current. This type of operation is a must to ensure that

the overall input current is sinusoidal and in phase with the input voltage.

Fig. 5.3 shows the rectified current of the converter, which is sum of the two currents

through the main inductors, I.1 and Ip2. It can be seen this current is continuous.

+

Fig. 5.1. Input current and input voltage (Vin: 75 V/div, lin : 15 A/div, t =5 ms/div)
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|[_1 IL2

Fig. 5.2. Input inductor currents (IL: 5 A/div, t = 5 ps/div)

Fig. 5.3. Interleaved current of IL1 and Iz (IL: 5 A/div, t= 5 ms/div)
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5.3.1.2 Switch waveforms

Fig. 5.4. shows the gating signals of the main and the auxiliary boost converter switches.
It can be seen that the main switches have a 180° phase shift relative to each other. This
causes the ripple currents of the input inductors to coincide in a manner that reduces the
overall input current ripple, which makes the input current continuous and results in the

need for less input filtering.

Fig. 5.5 shows the current and the gating signal of the switching waveforms applied to the
main switch Si. The illustration depicts that switch S; can be activated under zero-current
switching (ZCS) state. The figure shows that the current passing through the switch drops
to zero just before the switch is turned off, thereby preventing power losses caused by the

overlap of voltage and current.

Fig. 5.6 shows a typical waveform of current flowing through the auxiliary switch Saux and
its gating signal. It can be seen that current goes to zero before the switch is turned off and

turned on, which shows that the switch can operate with ZCS.

+
G,
L
G2
el
“!HW‘I L
Ga

Fig. 5.4. Gating signals of the main and auxiliary switches (V: 20 V/div, t =5 ps/div)
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-
ZCS —Turn on ZCS — Turn off
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Y T—— e S1

Fig. 5.5. Main switch Si1 gating signal and current waveforms Gz, Is1 (Isi: 5 A/div, t=
2.5 ps/div)

ZCS — Turn off using auxiliary circuit.

Ga
0 M}#Wﬁ

Fig. 5.6. Auxiliary switch gating signal and current waveforms Ga, Isa (Isa: 10 A/div,
t=1 ps/div)
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5.3.2 DC-DC full-bridge converter waveforms (second stage)

Fig. 5.8 shows typical gating signals for the MOSFET switches Q1, Q2, Qs, and Q4 for the
DC-DC full-bridge converter. It can be seen that switches Q1 and Q> have complementary
gating signals with respect to each other, that Qz and Q4 have complementary gating signals
with respect to each other, and that the Qz-Q4 gating signals are the same as the Q1-Q2
signals but shifted. It should be noted that that are small gaps in time when neither Q1 nor
Q2 are on and small gaps in time when neither Qz nor Qa is on. These small-time gaps are
dead times when neither of the switches of the two switches of a converter leg are on, to
provide opportunity to discharge the output switch capacitance of the switch that is about

to be turned on so that it can be turned on with ZVS.

Fig. 5.9 shows typical transformer primary voltage and current waveforms. It can be seen
that the primary voltage is a square waveform with positive and negative voltage and with
zero-voltage states. The converter has zero-voltage states when either its two top switches
or its two bottom switches conduct current. It has non-zero states whenever a pair of
diagonally opposed switches are on. The current through the transformer’s primary
winding corresponds to the voltage across it. Whenever there is voltage across the
transformer’s primary winding, the primary current rises; whenever there is no voltage

across the transformer, it falls.

Fig. 5.10 shows the voltage and current waveforms of switch Q1 when it is in the process
of being turned on. It can be seen that current begins to flow through the switch after the
switch voltage has been forced to zero by the natural operation of the converter. Turn-on
losses are therefore minimized with this ZVS operation. Fig. 5.12 shows the same
waveforms, but when the switch is in the process of being turned off. It can be seen that
there is no overlap of voltage and current during this switching transition as voltage does
not begin to rise significantly until the switch current falls to zero. As a result, the switch
has a ZVS turn-off.

Fig. 5.11 shows the experimental waveforms of the voltage and the gating signal of the
switch Qq at falling edge. During switching transition, the voltage across the switch falls to

zero before the switch is turned off.
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Qa4

Fig. 5.7. Gate signals for switches Q1, Qz2, Qs, and Q4 (Vbus : 20V/div, t =5 ps/div)

iR

Fig. 5.8. Transformer primary current and voltage waveforms of the DC-DC full-
bridge converter (Vas : 200V/div, Ip : 2 A/div, t =5 ps/div)
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ZVS raising edge.

Fig. 5.9. Voltage and the gating signal of the switch Q1 at rising edge (Vous : 20V/div,
t =5 ps/div)

ZVS falling edge.

Fig. 5.10. Voltage and the gating signal of the switch Q1 at falling edge (Vbus :
20V/div, t =5 ps/div)
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5.4 Converter efficiency

Fig. 5.11 shows a graph of efficiency curves for three converters obtained from
experimental prototype:

e The proposed converter with direct power transfer from the input stage to the output
stage.

e A two-stage AC-DC converter that is implemented with a front-end stage that has
the secondary of the auxiliary circuit transformer connected to the DC link
capacitor. This converter has no direct power transfer.

e A two-stage converter that has an AC-DC front-end boost stage with no auxiliary
circuit to help its main power switches turn off with ZCS. In other words, the AC-

DC boost converter operates with hard-switching instead of with of-switching.

The maximum output power for all three converters is 1 kW, the load range is from 20%
to 100% of full load, the input voltage is set to 120 Vms and the output DC voltage is 48
V.

It can be seen that the two converters that have an auxiliary circuit in their front-end AC-
DC boost converters have considerably higher efficiency than the hard-switching
converter, especially at heavy loads. When the load is increased, there is more current
flowing in the converter and the overlap between voltage and current becomes greater in
the hard-switching converter so that more switching losses are created and thus less
efficiency. With the soft-switching converters, this overlap is essentially eliminated with
soft-switching so that converter efficiency does not drop at heavy loads.

It can also be seen that the two converters have similar efficiency at heavy loads, about
92.4%. The converter with direct power transfer has significantly better efficiency at lighter
loads, with a difference of about 2% when the load is 200 W. This improvement is
significant, especially when it is considered how slight the proposed auxiliary circuit
modification is to achieve DPT. The main reasons for this efficiency characteristic are as

follows: The power that is directly transferred from the first stage to the output in the direct
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power transfer converter is fairly fixed through the entire load range, with some small
variation. Since the secondary of the auxiliary circuit transformer is connected to the output
DC voltage, which is much lower than the DC link voltage, the converter will have more
auxiliary circuit transformer secondary diodes losses than it would if these diodes were
connected to the DC link capacitor. As a result, for heavy loads, there is not much
difference in the relative amount of net power that is processed by the auxiliary circuit

transformer compared to the power that is processed by the DC-DC full-bridge converter.

When the converter is operating with lighter loads, a more significant percentage of the
power is directly transferred to the output when the auxiliary circuit secondary diodes are
connected to the output. Given that this power is processed by only one converter instead
of being processed by both converters, the proposed converter can thus operate with higher
efficiency at lighter loads. It should be noted that an approximate gain of about 2% in
efficiency can be achieved simply by reducing the number of turns in the auxiliary circuit
transformer and by connecting the secondary diodes to the output instead of the DC link

capacitor. There is no need for additional components.

= Two stage AC-DC converter with DPT
=8—Two stage AC-DC converter without DPT
=—@— Two Stage AC-DC converter with Hard-switching
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Fig. 5.11. Efficiency of the proposed converter vs load power.
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Chapter 6

6 Conclusion

6.1 Summary

AC-DC converters are typically implemented with two converter stages. The first stage is
usually an AC-DC boost converter that is made to operate with input power factor
correction (PFC), to shape the input current so that it is sinusoidal and in phase with the
input AC voltage. The second stage is an isolated DC-DC converter that takes the DC
output of the first stage and converts it to a desired output DC voltage that is isolated from
the rest of the converter. This second stage can be some sort of flyback or forward converter
for low power applications, or some sort of full-bridge converter for higher power
applications. In this thesis, a standard zero-voltage switching (ZVS) pulse-width modulated
(PWM) converter was used as the second DC-DC converter as it is the most popular higher

power DC-DC converter.

The ZVS-PWM full-bridge converter has inherent soft-switching, but the first-stage boost
converter does not. The first-stage converter can be implemented with some sort of soft-
switching method, either zero-voltage switching (ZVS) or zero-current switching (ZCS).
This reduces power losses that are caused by the overlap of voltage and current during
switching transitions, when active power converter devices (switches) are in the process of
being turned on or off. ZVS methods are preferred for converters with MOSFET switching
devices as they have significant output capacitances; ZCS methods are preferred for
converters with IGBT switching devices due to their current tail, which appears when these
devices are in the process of turning off. Since these power losses are related to the product
of voltage and current during switching transitions, making either the voltage or the current

zero reduces switching power losses and thus improves converter efficiency.

Numerous ZVS techniques and ZCS techniques have been proposed for boost converters.

Many of these methods are implemented by using an active auxiliary circuit that helps the
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main converter switches operate with ZVS or ZCS. This active auxiliary circuit typically
consists of an active switching device and some passive components such as diodes,
capacitors, inductors, and, in some cases, transformers. It is activated just before a switch
is about to be turned on for ZVVS-PWM boost converters and activated just before a switch
is to be turned off for ZCS-PWM boost converters.

Regardless of whether ZVS or ZCS methods are used, the auxiliary switch in the auxiliary
circuit is a device with better switching characteristics than those of the main switch. As a
result, whatever switching losses may be caused by the auxiliary switch (in some cases,
this switch may operate with some form of soft switching itself) are offset by the main
switch switching losses that are saved. The auxiliary circuit is active for only a small
fraction of a switching cycle so that its current ratings are much smaller than those of the
main converter components. This allows the auxiliary circuit to be implemented with

devices that are smaller and less expensive than those in the main power converter circuit.

ZV'S and ZCS boost converters with active auxiliary circuit that contain small transformers
have been proposed in the literature. For this thesis, a ZCS boost converter was used for
the first converter stage because of the relatively high current that flow through the main
switches and IGBTs were considered to be more devices for the main switches. With an
IGBT implementation, ZCS methods were considered, as explained above. The particular
topology that was used has the advantage that it can be implemented with interleaved boost
converter modules, which reduces the size and weight of the input inductance, and only a

single active auxiliary circuit is needed to help the two main switches turn off with ZCS.

The main focus of this thesis has been an investigation of a two-stage AC-DC converter
where some of the input power can be transferred directly to the output through the
auxiliary circuit transformer of the first stage, instead of being processed by two power
stages. With this direct power transfer (DPT), this power is processed only once instead of
twice so that converter losses can be reduced. In this thesis, after a literature review in
Chapter 1, the basic operating principles of the converter were explained in Chapter 2, a

steady-state analysis of the converter’s operation was performed in Chapter 3, the results
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of this analysis were used to develop a design procedure that was demonstrated with an

example in Chapter 4, and experimental results were presented in Chapter 5.

6.2 Conclusions
The following conclusions can be made based on the work that has been done for this

thesis:

e The efficiency of a two-stage converter AC-DC with a first-stage AC-DC boost
converter that has a transformer in the auxiliary circuit that allows its switches
to operate with soft-switching can be improved if the secondary of this
transformer is connected directly to the output. This is especially true if the
converter is operating under light-load conditions where the percentage of
power that is transferred directly to the output relative to the total input power
is increased.

e The critical parameters that determine the operation of the auxiliary circuit of
the first AC-DC converter stage are the resonant elements L1, L2, and C; and
the auxiliary circuit transformer turns ratio Ny, as determined by analysis. It is
these elements that determine the first-stage converter’s ability to operate with
ZCS and the amount of power that can be transferred to the output through the
auxiliary circuit.

e A condition for ZCS operation in the front-end converter is that the ratio of L1
to Lr> must be greater than one. If this condition is not met, then current cannot
be diverted away from the main power switches under all load conditions, when
the auxiliary switch is turned on, so that they will not turn off with ZCS.

e The values of L1 and L, affect the amount of power that can be delivered to
the load. As these values are increased, less power can be delivered to the load.

e The resonant capacitor C, affects the amount of power that can be delivered
directly to the output. If the value of C; is increased, then more power can be

delivered and vice versa.
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The auxiliary transformer turns ratio Nx affects the operation of the converter
in the following manner: As Nx is increased, the load range over which the
front-end converter operates with ZCS is increased. This is because increasing
Nx increases the primary current of the auxiliary transformer and decreases the
clamping voltage. Increasing Nx also decreases the amount of power that is
transferred to the output. This is because more conduction losses will be

generated as a result of more circulating current in the auxiliary circuit.

6.3 Contributions

The contributions of this thesis are as follows:

A way to improve the efficiency of a two-stage AC-DC converter was proposed.
Efficiency can be improved if the front-end AC-DC boost converter of the two-
stage converter is implemented with an active auxiliary circuit that has a
transformer in its circuit. This type of circuit ensures that the converter switches
operate with some sort of soft-switching, and it allows some of the input power
to be transferred directly to the output. This direct power transfer allows some
power to be processed by just one stage, instead of two stages, which reduces
the amount of power lost in the second stage, thus increasing converter
efficiency, especially at lighter loads. An improvement of approximately 2%
was determined for an inpt voltage of 120 VVrms and a load of 200 W.

The steady-state characteristics of the proposed converter were analyzed. The
effect of varying individual components on the operation of the converter was
determined, which allowed insight into the operation of the converter to be
gained.

A procedure for the design of the converter was derived, based on the steady-
state analysis of the converter. This procedure allows circuit designers to design
key circuit components and parameters, especially the soft-switching operation
of the converter and the distribution of the input power. The design procedure

was demonstrated with an example.
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The feasibility of the proposed converter with the direct power transfer
mechanism was confirmed with results obtained from an experimental
prototype. It was shown that the proposed converter’s direct power transfer
mechanism improved the efficiency of a two-stage AC-DC converter,
especially at lighter loads where the improvement was significant.

6.4 Future Work

The following are suggested for future work:

The front-end AC-DC boost converter stage was implemented with a particular
soft-switching AC-DC boost converter with an auxiliary circuit that had a
transformer in its circuit. Future work can be done to see how the proposed
direct power transfer approach can work on other soft-switching AC-DC boost
converter topologies that also have a transformer in its auxiliary circuit.

The second DC-DC stage of the two-stage AC-DC converter was implemented
with a conventional zero-voltage switching PWM full-bridge converter. Future
work can be done to determine how the proposed direct power transfer approach
can work with other DC-DC converters such as lower power flyback and
forward converters, especially since the results in this thesis indicate significant
efficiency improvement with lighter-load operation.
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