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Abstract

Power electronics is the field of electrical engineering that uses power semiconductor devices
along with passive elements such as inductors, capacitor and transistors to convert electrical
power that can be generated by a source to a form that is suitable for user loads. The main
focus of this thesis is on the development of new DC-DC and AC-DC topologies that are
based on three-phase DC-DC converters. Three-phase DC-DC converters take an input DC
voltage, convert it into a high-frequency AC voltage that is then stepped up or down, then
rectify and filter this voltage to produce an output DC voltage. They are implemented with a
high-frequency three-phase transformer in their topology rather than a single-phase
transformer. These converters are very attractive over other topologies that have a single-
phase transformer in their topologies for several reasons. First, just one three-phase DC-DC
converter can be used instead of using three DC-DC converters in parallel for particular
applications; this advantage is especially attractive for higher power applications. In
addition, by using three-phase DC-DC converters, the ripple of the source current is
significantly reduced and that means less filtering is needed. Moreover, the components of

the converter will have less current stress because current is split among three-phases.

In this thesis, new DC-DC and AC-DC converters that are based on three-phase DC-DC
topology are proposed. The proposed converters use fewer active switches than other
previously proposed converters of similar type, thus resulting in lower cost and simpler
operation. For each of the proposed converters, its steady-state characteristics are determined
by mathematical analysis and procedure for the design of key converter components is
developed. The feasibility of each proposed converter has been confirmed with results that
have been obtained from experimental prototypes. For one of the proposed converters, a
comparison between the operation of one of the proposed converters operating with
traditional silicon devices (Si) and that with the converter operating with new silicon-carbide

devices (SiC) was made to examine its performance with both types of devices.

Keywords: DC-DC power conversion, renewable energy systems, AC-DC conversion,
ZVS, single-stage converters
i



Summary for Lay Audience

Power electronics has a significant impact in a wide spectrum of electrical applications, from
personal electrical devices such as cellphones and laptops to large industrial applications
such as renewable energy and automotive applications. In general, power electronics is the
field of electrical engineering that uses power semiconductor devices along with passive
elements such as inductors, capacitor and transistors to convert electrical power that can be
generated by a source to a form that is suitable for user loads. The input source can be utility
voltage, a battery, solar panels, fuel cells, electric generators, etc. The load can be a motor,
telecommunications equipment, medical equipment, a battery, etc. There are four basic types
of power converters: -AC-DC, DC-DC, DC-AC and AC-AC- depending on whether the
source is AC or DC and whether the load is AC or DC.

The main focus of this thesis is on the development of new DC-DC and AC-DC topologies
that are based on three-phase DC-DC converters. These converters are very attractive over
other topologies that have a single-phase transformer in their topologies for several reasons
because the converter components have less stress, their input and output currents can be
closer to being ideally DC, and they are less expensive to implement than three separate DC-
DC converters. In this thesis, new DC-DC and AC-DC converters that are based on three-
phase DC-DC topology are proposed. For each of the proposed converters, its steady-state
characteristics are determined by mathematical analysis and procedure for the design of key
converter components is developed. The feasibility of each proposed converter has been
confirmed with results that have been obtained from experimental prototypes.
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Chapter 1

1 Introduction

1.1 Introduction

Power electronics is the field of electrical engineering that is concerned with the use of
power semiconductor devices to convert electrical power from the form that can be used
by a source to the form needed by a load. The input source can be utility voltage, a
battery, solar panels, fuel cells, electric generators, etc. The load can be a motor,
telecommunications equipment, medical equipment, a battery, etc. Power semiconductor
devices are implemented along with passive elements such as inductors, capacitor and
transistors in power converters. Although all these elements can be arranged in many
ways, in many different converter structures called topologies. There are four basic types
of power converters: - AC-DC, DC-DC, DC-AC and AC-AC - depending on whether the
source is AC or DC and whether the load is AC or DC.

The focus of this thesis is on three-phase DC-DC converters. Although there is no phase
associated with DC sources and loads, the term ‘three-phase DC-DC’ comes from the fact
that DC-DC power conversion is typically done by performing DC-AC conversion first
then AC-DC conversion. Such an approach is needed if a DC input voltage is to be
stepped up or stepped down. As this cannot be done directly with a transformer (unlike
AC), what is needed is an intermediate AC voltage produced from the DC source that can
be stepped up or down by a transformer then rectified to produce the desired DC voltage.
This AC voltage can be single-phase or three-phase and thus fed to a single-phase or
three-phase transformer. What the term “three-phase DC-DC” really means is a DC-DC
converter that has a three-phase transformer in its topology. It should be noted that the
three-phase AC voltage that is applied to the transformer does not have a frequency of 60
Hz, but has a much higher frequency, in the tens of kHz, so that voltage can be stepped

up or down using a much smaller transformer.

Three-phase DC-DC converters are attractive because they have several advantageous
features over conventional DC-DC converter that have a single-phase transformer in their



topologies. One advantage is that instead of using three DC-DC converters in parallel for
particular applications, just one three-phase DC-DC converter can be used; this advantage
is particularly attractive for higher power applications. Another advantage is that the
input current ripple can be significantly reduced. Current ripple is the AC component that
appears on a DC waveform and is a source of power losses that can reduce power
conversion efficiency. By using three-phase DC-DC converters, the ripple current of each
individual phase can be reduced considerably so that the overall current coming out of the
DC source has lower ripple and less thus filtering is needed. A third advantage is that the
current stresses on converter components are lower than those found in single-phase DC-

DC converters as current is split among three phases.

Three-phase DC-DC converters are attractive for higher power applications. Other
applications where three-phase DC-DC converters are attractive are renewable energy
applications such as solar power conversion and fuel-cell power converters. Renewable
energy sources such as solar cells and fuel cells tend to produce low output DC voltages.
The current coming out of these sources can be considerable even for power conversion
applications of a few hundred watts because their voltages are low and thus whatever
converter is used to convert the low input DC voltage to a higher more practical DC
voltage must be able to handle this high current. Since three-phase DC-DC converters are
better than conventional DC-DC converters in this regard, therefore they are more
suitable for certain renewable energy applications.

In this chapter, basic power electronic concepts that are related to the work performed for
this thesis are explained and a literature review of relevant previous work that is related to
the thesis topic is performed. The objectives of the thesis are then stated and the chapter
concludes with an outline of this thesis.

1.2 Fundamental Concepts

In this section of the thesis, several fundamental power electronic concepts that are

related to the thesis are presented.



1.2.1 DC-DC Boost Converters

DC-DC converters may either have a transformer in their topologies, in which case they
are isolated converters, or they may not, in which case they are non-isolated converters. If
it is needed for a DC voltage to be stepped up and a non-isolated converter can be used,
then one way of doing so is the conventional DC-DC boost converter shown in Figure
1.1. As can be seen in Figure 1.1, the converter consists of an input inductor Lin, a switch

Sw, a diode D and an output capacitor Co. The load represented by R, in the figure.

The boost converter works as follows: The converter operates in periodic manner when it
is in steady-state. Switch Sy can be on or off during a switching cycle. When switch Sy, is
on, the input voltage Vin is placed across the input inductor Lin and the current through it
rises. While this is happening, diode D does not conduct current as it is reverse biased
and output capacitor C, supplies power to the load. When the switch is off, diode D
conducts the full input inductor current and the capacitor is charged. While this is
happening, Lin has negative voltage across it as the output voltage is greater than the
input voltage and thus the input current falls. If the current falls to zero during the time
that the switch is off, then the converter is considered to be operating in discontinuous
current mode (DCM).

— Y Y Y\ ’D|

Figure 1.1: DC-DC boost converter



If the current does not fall to zero, then the converter is considered to be operating in
continuous current mode (CCM). Current rises again when the switch is turned on at the

start of the next switching cycle.

1.2.2  Switching Losses

Ideal power electronic converters are 100% efficient and do not dissipate power while
they are performing power conversion. In reality, however, power converters operate
with certain power losses, some of these being switching losses. Switching losses in
power converters occur whenever a converter switch, such as the switch in the boost
converter shown in Figure 1.1, is turned on or off. During a switching transition, there is
an overlap between the voltage across the switch and the current flowing through it and it
is this overlap of voltage and current that creates the losses as shown in Figure 1.2. These
switching losses can be reduced if either the switch voltage or the switch current is made
to be zero at the time of the transition. As a result, converter efficiency can be increased
if converter switches are operated with either zero-voltage switching (ZVS) or zero-
current switching (ZCS). ZVS and ZCS are considered to be forms of soft-switching in

the power electronics literature.
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Figure 1.2: Loss of power during hard switching



There are various methods of implementing ZVS or ZCS in power converters. Many of
these methods use an auxiliary circuit of some kind, usually connected parallel to the
main converter switch(es), that either forces the voltage across the converter switches to
zero before they are turned on or diverts the current away from the converter switches
before they are turned off. A ZVS turn-off of a switch can be implemented by simply
adding a small capacitor across it (or by using the device’s output capacitance if it is
sufficient) as the capacitor slows down the rate of voltage rise when it is turned off,
which reduces the overlap of switch voltage and current and thus reducing switching
losses. A ZCS turn-on of a switch can be implemented by adding a small inductor in
series with it as the inductor slows down the rate of current rise when it is turned on,
which reduces the overlap of switch voltage and current. The auxiliary circuit is activated
before a switch is turned on for ZVS or before a switch is turned off for ZCS.

1.2.3 Isolated Single-Phase DC-DC Full-Bridge Converters

DC-DC power conversion can be performed with converters that are more sophisticated
than simple converters like the boost converter shown in Figure 1.1. Examples of such
converters are isolated DC-DC converters that contain a transformer in their topologies.
There are several types of these converters; this section will focus on full-bridge

converters having a single-phase power transformer.

Full-bridge converters have four main switches in their topologies and are used in higher
power applications (> 400 W). There are two types of single-phase DC full-bridge
converters: voltage-fed converters [1] and current-fed converters [2]. Voltage-fed
converters have a DC input that is a voltage source of some kind (a source or a bulk
capacitor) that supplies power to the four-switch full-bridge; current-fed converters have
a current source of some kind (i.e. a bulk inductor). The basic structure of both converters

is shown in Figure 1.3.

The voltage-fed converter shown in Figure 1.3(a) consists of four switches Si-4, a
transformer with turns ratio n, a diode bridge rectifier at the secondary side of the

transformer and an output filter that is made up of components L, and Co.
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Figure 1.3: Types of DC-DC full-bridge converter (a) A full-bridge voltage-fed DC-
DC converter (figure reproduced from [1]). (b) Full bridge current-fed boost dc-dc

converter [2]

The way this converter works is as follows: The four main converter switches are turned
on and off in a way that produces an AC square voltage across the primary of the
transformer. This AC voltage can be stepped down or up (typically down) by the
transformer and then rectified by the diode bridge. The output of the diode bridge is fed

to a low pass filter that reduces AC harmonics so that a DC output voltage is produced.

The current-fed full-bridge converter shown in Figure 1.3(b) has a topology that is similar
to the voltage-fed converter in Figure 1.3(a) except that the output has just a capacitor Co



as the output filter instead of an inductive-capacitive LC filter. This is because the
converter in Figure 1.3(b) is an isolated version of the boost converter shown in Figure
1.1; just as the boost converter has a capacitive output filter, so too does the current-fed
converter in Figure 1.3(b). The converter is the dual of the voltage-fed converter and
operates in a similar manner. Instead of an AC square wave voltage being fed to the

transformer primary, an AC square wave current is fed instead.

The main difference between the two converters is that the current-fed converter can have
short-circuit states that are analogous to the turning on of the switch in a boost converter

(which makes the input inductor current rise) while the voltage-fed converter cannot have
such short circuit states, which would be destructive; instead it has open-circuit states that

place zero voltage across the transformer primary.

Full-bridge converters can be operated with auxiliary circuits that can help the four main
converter switches operate with soft-switching. Due to the nature of their topologies,
auxiliary circuits are needed more for current-fed than for voltage-fed full-bridge
converters. This is mainly because the input inductor of a current-fed full-bridge
converter sees inductance in the form of the primary transformer. Since one inductance
cannot interface with another inductance if they are carrying different currents, there
needs to be some path for the current difference to flow through. An auxiliary circuit

connected to the converter can provide such a path.

Examples of current-fed full-bridge converters with auxiliary circuits are shown in Figure
1.4. Figure 1.4(a) shows a full-bridge converter with an auxiliary circuit that allows the
main switches to operate with ZVS [3] while Figure 1.4(b) shows a full-bridge converter
with an auxiliary circuit that allows the main switches to operate with ZCS [4]. As
explained in Section 1.2.2, an auxiliary circuit is activated just before certain key

switching transitions to ensure soft-switching operation.

1.3 Literature Review

Since the focus of this thesis is on three-phase DC-DC converters, a literature review of

previously proposed converters of this type is performed in this section. As with the



single-phase isolated DC-DC converters discussed in the previous section, there are
voltage-fed and current-fed converters. The literature review will cover both types of

three-phase DC-DC converter.

1.3.1  Three-phase DC-DC voltage-fed converters

The first three-phase DC-DC converter was proposed by Prasad et al. in [5]; the converter
is shown in Figure 1.5. This converter consists of six switches, a three-phase transformer

a three-phase diode bridge rectifier connected to the transformer secondary and an output
LC filter.
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Figure 1.4: Example current-fed DC-DC full-bridge converters, (a) ZVS current-fed
full bridge converter [3] (b) ZCS current-fed full-bridge converter [4]



The basic operating principle of this converter is very similar to that of the isolated
voltage-fed DC-DC converter discussed in Section 1.2.3 as AC square wave voltages are
impressed across the three-phase of the transformer, which are then rectified by the diode
bridge then filtered by the LC filter to produce a DC output voltage. The three AC square
wave voltages are identical, and each voltage is phase-shifted by 120° with respect to the
other AC voltages. The shape and phase of each voltage is achieved by the appropriate

turning on and off of the converter switches.

Almost work on the topic of three-phase DC-DC converters has been done by
researchers, the literature on the topic is not as vast as what can be found for other types
of DC-DC converters such as the forward or flyback converters. The main obstacle is the
transformer as more research is needed to improve their design (e.g. implementing all the
transformer magnetics on a single core to reduce size) before three-phase DC-DC
converters can be widely used in industry. Nonetheless, three-phase DC-DC converters

have tremendous potential and research continues to be done on this type of topology.

This particular converter is attractive for a number of reasons compared to using multiple
single-phase DC-DC converters as discussed in the Introduction: lower cost, less current
ripple and lower component stresses. Most three-phase DC-DC converters are based on
this particular topology [6]-[13]. The converter, however, does have a couple of
drawbacks. One of these is that the number of semiconductor components in its topology
is still considerable. As a result, converters like the one shown in Figure 1.6 [9] have
been proposed. This converter is implemented with a secondary rectifier that consists of
three diodes and three inductors instead of six diodes. One benefit of doing so, other that
reducing the number of diodes in the converter, is that current flowing out of each phase
of the transformer secondary flows through only one diode instead of two. Since there are
power losses associated with semiconductor devices conducting current, some
improvement in converter efficiency can be achieved by using fewer diodes and reducing
conduction losses. Although the converter shown in Figure 1.6 may have fewer

conduction losses, it still may have significant switching losses.



Another drawback of the converter introduced in [5] is that its switches produce
switching losses whenever they are turned on and off; due to this drawback so-called

soft-switching resonant converters have been proposed in the literature [7], [8], [12].
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Figure 1.5: Three phase high frequency DC-DC converter proposed in [5]

Figure 1.6: Three phase ZVS dc-dc converter with the Hybridge rectifier [9]
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Resonant converters use reactive components such as inductors and capacitors as part of
passive circuit resonant networks to shape their transformer primary current so that it is
sinusoidal. In the case of ZVS resonant converters, the resonant networks are designed so
that the primary current lags the primary voltage. This ensures that current is injected in
the anti-parallel diode that is part of any active power semiconductor device, along with
the switch. This injected current clamps the voltage across a converter switch to near zero
voltage so that the switch can be turned on with ZVS and thus with fewer switching

losses.

An example of a three-phase resonant DC-DC converter is shown in Figure 1.7. It can be
seen that a resonant network has been added to the original three-phase converter shown
in Figure 1.5. Although the resonant network helps the converter switches operate with
ZV'S, the resonant components themselves may be bulky and thus increase converter size

and weight.

More recent research such as in [9], [11], [13] has allowed voltage-fed three-phase DC-
DC converters to be operated with ZVS without the use of resonant circuits. This has
been achieved due to an improved understanding of how these circuits work and the
development of new methods for the turning on and off of the converter switches. For
even higher power applications, more sophisticated and complex three-phase DC-DC
converters can be implemented with more devices. An example of one such converter is
the converter shown in Figure 1.8 [10]. It can be seen that this converter has twelve
switches instead of six. The switches in this converter conduct less current than do the
switches in more conventional six switch topologies. Moreover, as there are more
switches, there is more flexibility in how they are turned on and off so that ripple current
flowing in the converter can be reduced. For especially high-power applications, this is
beneficial as ripple current can be considerable. In addition to lower current ripple, the
soft-switching operation of the converter switches can be achieved. This converter,

however, is not used for lower power applications due to cost.
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Figure 1.7: Three phase DC-DC resonant converter [12]
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Figure 1.8: Six-leg three phase high power DC-DC converter [10]

1.3.2 Three-Phase DC-DC Current-Fed Converters

Current-fed converters are the other type of three-phase DC-DC converter. These
converters are preferable for applications where the output voltage needs to be higher
than the input voltage, as they are like the boost converter described in Section 2.1, and
for applications where the input current is high as current can be distributed among the

three-phases in a way that reduced input current ripple.

In 2005 a three-phase current-fed DC-DC converter was proposed by Oliveira and Barbi
in [14] and is shown in Figure 1.9. It consists of three switches, three inductors, a three-
phase high frequency transformer, a three-phase diode bridge rectifier and an output

capacitor that acts as a filter. The secondary output section of the converter is similar to
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that of the single-phase current-fed DC-DC converters discussed in Section 1.2.3 except
that a three-phase diode bridge is used instead of a single-phase bridge. The primary
section has three inductors each carrying about the same amount of current, but the ripple
in each current is 120° out of phase with the ripple in the other currents so that the use of
a bulky input inductor is avoided. The converter switches are operated in a way that
ensures square wave AC currents are fed to the three-phase transformer; the input

inductor currents rise and fall during any particular switching cycle.

A passive circuit consisting of diodes Ds1-Ds3 and resistor Rs and Cs is added to the
converter to suppress or “snub” and voltage spikes that may appear across the switches
when they are turned off. What the passive snubber circuit does is that it provides a path
for current to flow through when a switch is turned off, thus avoid a situation when
inductive current is forced through a switch, which can be destructive.

The main drawback of the converter shown in Figure 1.9 is that its switches do not
operate with soft-switching. A number of soft-switching three-phase current-fed DC-DC
converters have been proposed [15]-[22] with one of the earliest being the converter
shown in Figure 1.10. This converter is essentially the three-phase version of the single-
phase isolated current-fed DC-DC converter shown in Figure 1.3(b). It can be seen that it
consists of six primary switches with an auxiliary circuit consisting of switch S¢ and
capacitor Cc connected across them in parallel. The converter can operate with ZVS due
to the auxiliary circuit, but it has only one phase and thus one input inductor instead of
three. This inductor must be very bulky in order to reduce ripple current and this

converter is more suited to higher power applications with relatively lower input current.

A way of combining the most attractive features of the converters shown in Figure 1.9
and Figure 1.10 is the converter shown in Figure 1.11. This converter has three main
power switches and three inductors like the converter in Figure 1.9, but with an auxiliary
circuit that can help its main switches operate with ZVS. The converter operates in the
same way as the converter shown in Figure 1.9 except that the auxiliary circuit is
activated whenever one of the main switches is about to be turned on. The auxiliary

circuit consists of three active switches of lower power rating than the main switches and
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a capacitor. Since the converter has three phases, an auxiliary switch is needed for each

phase unlike the converter shown in Figure 1.10, which has only one input phase and thus

requires only one auxiliary switch. The converter, however, must still be implemented

with six active switches.
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Figure 1.9: Three-phase current-fed DC/DC converter produced from [14]
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Figure 1.11: Three-phase current-fed DC/DC converter with three input inductors

and auxiliary circuit produced from [15]

1.3.3 AC-DC Converters

AC-DC power conversion typically involves the use of two power converters: an AC-DC
front-end converter followed by a back-end DC-DC converter[23]-[28]. The AC-DC
converter is usually some sort of boost converter that is implemented with power factor
correction (PFC) to satisfy regulatory agency requirements on harmonic content. While
the AC-DC converter is converting AC utility grid voltage to a DC voltage, it is also
shaping the input current so that it is sinusoidal and in phase with the input voltage. The
DC-DC converter is usually some sort of flyback or forward converter for lower power
applications, some sort of half-bridge converter for medium power applications, and
some sort of full-bridge converter for higher power applications. The DC-DC converter

converts the output of the front-end converter into the desired output voltage.

Although two-stage power conversion is popular, it can also be expensive as it requires
two separate converters with two separate controllers to be implemented. The cost
becomes even higher if additional switches are needed. For example, the interleaving of
AC-DC boost converters is popular as a means of reducing input current ripple [29]-[35],
but its benefits come at the cost of more boost converter switches and diodes as shown in

Figure 1.12. Similarly, three-phase DC-DC converters that use three-phase transformers



16

in their topologies can produce lower output current at higher harmonic frequencies, but
such topologies generally need to be implemented with six switches, instead of the
typical four switches used in conventional full-bridge topologies as presented in Section
1.3.1 [5]-13]. Anexample of a two-stage converter with the AC-DC section
implemented with a three interleaved boost converter and the DC-DC section

implemented with a three-phase DC-DC bridge converter is shown in Figure 1.13.

Due to the cost and size of two-stage AC-DC converters, single-stage converters —
converters that use just one power converter to convert AC input voltage into DC output
voltage — have been proposed by power electronics researchers (i.e.[36]-[40], [41]-[45],
[46]-[53]. Such converters can be synthesized by combining an AC-DC front-end
converter with a DC-DC back end converter, then eliminating redundant components. In
addition to having fewer power components, single-stage AC-DC converters are typically
implemented with just a single controller to regulate the output voltage instead of two
controllers, one for each of the two converter stages, thus further decreasing cost.
Although many lower power flyback and forward-based AC-DC single-stage converters
have been proposed, considerably fewer higher power AC-DC single stage converter
have been. The higher power AC-DC single stage converters that have been proposed

have at least one of the following drawbacks:

e The input current in the converter is discontinuous and has high current peaks;
this can lead to higher component stresses and more EMI noise. The reason why
the converter must operate with discontinuous input current is that the converter
operates with just a single controller and with a fixed duty cycle over the entire
AC input line period as the converter is simultaneously performing DC-DC
conversion. Since the AC input current is not controlled, it must be made to be
discontinuous so that it becomes a train of triangular pulses with their amplitudes
following the shape of the sinusoidal input voltage [36], [38], [39], [42], [44],
[47], [48].
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Figure 1.12: (a) Hybrid interleaved parallel AC-DC boost converter [35] (b)
Differential interleaved AC-DC boost converter [36]
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Figure 1.13: Two-stage AC-DC converter with three-phase input interleaving
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e The converter switches do not operate with zero-voltage switching (ZVS) and
thus have switching losses that can lower their efficiency. Moreover, the
suppression of voltage spikes caused by the interaction of transformer leakage
inductance and switch output capacitance is an issue in some converters and

sophisticated snubber circuits are needed to suppress them [36], [44], [48]-[51].

e Although the converter has fewer components that a two-stage converter, it
remains expensive and bulky [38], [39], [42], [46].

e They are implemented with three separate ac—dc single-stage modules, which
increase cost and introduce issues related to the synchronization of all three
modules [52].

e Sophisticated or non-standard methods must be used to control the converter. For
example, resonant converters that need that need to be controlled using variable

switching frequency control methods [37], [43], [53].

1.3.4. High Gain DC-DC Converter

There are a number of applications that require power converters that can convert a low
DC source voltage into a much higher DC output voltage. A common application where
such power conversion is needed is for renewable energy systems such as the one shown

in Figure 1.14.

In this system, input DC voltage is provided either by solar panels or fuel cells. The
voltage obtained from such renewable power source is typically very low (< 50V) and
needs to be stepped up considerably in order to feed downstream converters and loads. In
the system diagram shown in Figure 1.14, inverters that interface with the grid, DC loads
or DC-DC converters are supplied by a high DC voltage bus that was stepped up from the

low voltage DC source by some sort of boost converter.

The boost converter is typically either a single-switch PWM boost converter or a full-

bridge converter [54]-[61]. Although these converters have an input inductor that can
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smooth out input current, considerable input current ripple can still be produced unless an
extremely large input filter inductor is used. The ripple can create problems for the DC
sources, especially those like batteries, PV cells and fuel cells that have issues with

lifetime.

Another issue is that although single-switch PWM boost converters and current-fed full-
bridge boost converters can boost input DC voltage, their gains are not sufficiently high
for renewable energy applications such as what is shown in Figure 1.14. As a result,
many high gain DC-DC converters have been proposed in the literature[62], [63], [72],
[64]-[71]. These converters achieve high gain by cascading a boost converter so that they
are quadratic converters, using coupled inductors, or using voltage multiplier cells. an
example of these converters is shown in Figure 1.15. These converters, however, have at

least one of the following problems:

e Their topologies have high conduction losses because current is forced to flow

through a number of components in series in order to achieve high voltage gain.

e Their switches are subjected to high voltage spikes unless additional components

are added to the circuit to suppress these spikes.
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e Their components are subjected to high voltage and/or high current peak stresses.
e Input and output current ripple still remain an issue.

Three-phase DC-DC boost converters with input phases coming out of the DC source
have less input current and output voltage ripple as the equivalent converter frequency is
three times more than the switching frequency and their switches conduct less current

than does the switch in a conventional PWM boost converter.

Current ripple is an important consideration for batteries as exposure to high current
ripple can reduce their lifetime. Although they have less current ripple and are suitable
for higher power applications due to their multi-switch topologies, little research has been
done on increasing the gain of three-phase DC-DC converters and only a few high-gain
three-phase DC-DC converters have been proposed [22], [73]-[76]. An example of these
converters is shown in Figure 1.16. Although these converters address the issue of high

current ripple, they still have some of the above-mentioned drawbacks.

— Su1 E} —p _T_ Vo

Figure 1.15: Coupled inductor-assisted two quadrant high frequency PWM chopper
type DC-DC converter [62]
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Figure 1.16: High-gain three-phase DC-DC reproduced from [22]

1.1 Thesis Objectives

The main objective of this thesis is to propose new DC-DC and AC-DC converters that
are based on three-phase DC-DC technology and that use fewer active switching devices

than comparable existing converters. These converters include:

e A new three-phase DC-DC converter with input interleaving and transformer

isolations.

e A new single-phase, single-stage AC-DC converter with input current interleaving
and transformer isolation that uses a three-phase DC-DC converter in its topology.

e A new non-isolated three-phase DC-DC converter with high output voltage gain
that can boost small DC input voltages to much larger ones that can then be used

to feed other converters such as DC-AC inverters.
Other objectives of this thesis include:

e The steady-state characterization of these converters so that a design procedure

for these converters can be established.
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e A comparison between the operation of the isolated three-phase DC-DC converter
operating with traditional silicon devices (Si) and new silicon-carbide devices to
determine how much better converter efficiency can be achieved. SiC devices are
said to offer better performance than Si devices but are less readily available and

more expensive.

For this work, the primary emphasis has been placed on the reduction on the number of
switches that a converter is implemented with as this generally leads to a reduction in
converter cost and size. It should be noted that it is not only the number of switches that
are reduced, but also the amount of gate drive circuitry, the amount of sensing circuitry
for the switches, the number of controllers and their complexity, and the cost and size of

prototype space as well.

1.5 Thesis Outline

The outline of this thesis is as follows:

In Chapter 2, a new three-phase DC-DC converter is presented. This converter requires
fewer active switches than converters of the same type, has input current interleaving,
inherent switch voltage clamping, and an auxiliary circuit that does not interfere with the
operation of the main part of the circuit. In this chapter, the general operation of the
converter is described as well as the most significant modes of operation that it goes
through during a typical switching cycle. Equations for each mode of operation are
derived and then used to establish a design procedure that can be used to select key
converter components. The design procedure is demonstrated with an example and used
to design an experimental converter prototype.

In Chapter 3, experimental results obtained from a prototype of the converter that was
introduced in Chapter 2 are presented. Key experimental waveforms are shown as well as
efficiency results. These efficiency results are compared to those obtained of a
representative active-clamp type three-phase DC-DC converter operating with

conventional silicon (Si) semiconductor devices. Further comparisons are made between
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experimental prototypes that were built with silicon-carbide (SiC) devices and

conclusions related to converter performance with SiC devices vs Si devices are made.

In Chapter 4, a new single-phase AC-DC converter with three-phase transformer isolation
is introduced. The advantages of this converter are that it has an interleaved input current,
it has lower component current stresses and less output ripple than AC-DC converters
with single-phase transformer isolation. In this chapter, the general operation of the
converter is described and the most significant modes of operation that the converter goes
through during a typical switching cycle are explained. Equations for each mode of
operation are derived and then used to establish a design procedure that can be used to
select key converter components. The design procedure is demonstrated with an example
and used to design an experimental converter prototype. Results obtained from an
experimental prototype of the proposed AC-DC converter are shown and conclusions are

presented.

In Chapter 5, a new three-phase DC-DC converter with high output voltage / input
voltage gain is introduced. The proposed high gain converter has high output gain, only
three active switches, reduced switch voltage stress, an interleaved input for low input
current ripple, and inherent voltage snubbing of the switches. In this chapter, the general
operation of the converter is described and the most significant modes of operation that
the converter goes through during a typical switching cycle is explained. Equations for
each mode of operation are derived and then used to establish a design procedure that can
be used to select key converter components. The design procedure is demonstrated with
an example and used to design an experimental converter prototype. Results obtained
from an experimental prototype of the proposed high-gain DC-DC converter are shown,

and conclusions are presented.

In Chapter 6, the contents of the thesis are summarized, the main conclusion and

contributions of the thesis are stated, and suggestions for future work are presented.
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Chapter 2

2 A Novel Three-Phase DC/DC PWM Isolated Boost Converter

A new three-phase DC-DC PWM boost converter that is suitable for use in renewable
energy applications is proposed in this chapter. The number of active switches in the
proposed circuit is less than that of other previously proposed converters of the same
type, resulting in lower cost and simpler operation. The chapter discusses the operation of
the converter, presents a procedure for its design, and demonstrates the procedure with an

example.

2.1 Converter Operation and Analysis

The proposed three-phase boost converter is shown in Figure 2.1. It is a three-interleaved
boost converter that consists of three input inductors (L1-L3) and three main switches (S:-
S3). The converter is connected to the output (high voltage side) through three single-
phase transformers whose primaries and secondaries are both connected in delta
configuration, a three-phase diode bridge rectifier at the transformer secondary, and an
output capacitive filter Co. The converter is also connected to a flyback snubber through a
clamping capacitor C. and clamping diodes (Dc1 - Dc3). The output of the flyback snubber
is connected to the high voltage side of the converter. The proposed converter operates as
follows: Whenever one of the main switches is turned on, the current through the main
inductor that is connected to its drain rises and this inductor stores energy. Whenever one
of the main switches is turned off, the current through the inductor that is connected to it
starts to fall. The drain voltage of the switch becomes equal to the voltage across
clamping capacitor Cc. If the three main transformers have the same gating signals, but
shafted 120° with respect to each other, then a three-phase voltage can be produced

across the three-phase transformer; this voltage can be rectified and fed to the output.

A flyback converter is connected to the interleaved boost converter to discharge capacitor
C. so that its voltage does not become excessive. Energy stored in C is fed to the output

instead of being dissipated through a snubber resistor.
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Figure 2.1: Proposed three-phase DC-DC PWM boost converter with flyback
snubber

The level of the voltage across Cc depends on how often and for how long switch S is on,

with the voltage across C¢ being lower as Sc is on more frequently and for longer time.

The modes of operation during a third of a steady-state switching cycle are explained in
this section. Typical converter waveforms are shown in Figure 2.2 and circuit diagrams
for each mode are shown in Figure 2.3. The following assumptions have been made in

this section:
e The converter components are ideal

e The input inductors (L1, Lo and Ls) are large enough to keep the current through

them continuous over a switching period.

e Switch Sy was on before t = to and that it is conducting the full input current

before the start of Mode 1 of operation.

Mode 1 [to <t <ty]: Att=to, switch S is turned on and current from the transformer is
transferred to switch S,. This current transfer is gradual because of the transformer

primary leakage inductance.
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The current through Sz increases as the current through S; decreases. Switches S; and S;
are on, and Ss is off during this mode. Energy is transferred through the three-phase
transformer through the windings that have voltage impressed across them. Diodes D>

and Ds conduct current in the secondary.

Mode 2 [t1 <t <ty]: Att=1ty, S1 is turned off and the currents in diodes Dc1 and Des, ipc1
and ipc3, flow into the clamping capacitor. During this mode, the current through main
switch S increases as do currents ip1 and ips. At the converter's secondary side, diode D
starts to conduct and diodes D and Ds continue to conduct. Figure 2.4 shows the
equivalent circuit of mode 2 reflected to primary side using A-A three-transformer

configuration.

At the end of this mode, switch S, carries all input current, the current ipc1 (t2) (= i1 (f2) -
ip1 (t2)) drops to zero, and the voltage across the clamping capacitor reaches its peak

value. This value can be determined using the following three steps:

e First, the current through the clamping capacitor is expressed as

o© = €75 = 1, (0 + i 1) @)
where,
ipc1(t) = Iy = ip1 (1)
and,

ipe3(t) = Iz — ip3(t) (2.2)
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Figure 2.4: Equivalent circuit of mode 2 using A-A three-transformer configuration

where,

IL1 and I3 are the input inductor currents of phase A and C respectively in steady state
operation,

ipc1 and ipc3 are the current that flow through the clamping diodes D¢ and Des
respectively,

ip1 and ip3 are the currents that follow through the primary transformer in phase A and C

respectively as shown in Figure 2.4, and they can be obtained from (2.3) and (2.4)

ip1(t) = k1) — k3 (t) (2.3)

ip3(t) = i) + k3 (t) (2.4)
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where, ik, ik2, and ixs are the currents of the leakage inductances of the three-phase

transformer.

By substituting (2.2), (2.3), and (2.4) in (2.1), the following first order differential
equation will be obtained

dv,.(t
I, +1, = CC% + i, () + i, (O (2.5)

e Second, by derivative (2.5), it becomes

d*v(t)  dig(t)  diga(t)
- 2.6
C. T R ek 0 (2.6)

where ix1 and ix2 can be obtained from Figure 2.4 as following

dlkl

kg ve(t) =V, (2.7)

—v® -7, 28)

e Third, By substituting (2.7) and (2.8) in (2.6) and the initial value of v is defined

as V;(0) =V, and the initial value of the current through the clamping

capacitor is 1‘7" the voltage across and the current through the clamping capacitor

are obtained as
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_ I
ve(® = V. cos(wot) + V5 (1 — cos(w,t)) + %ZOSin(wot) (2.9)

chin il /

I
i.(t) = = cos wyt — % sin wyt (2.10)
2 Zy

where,

V, = % : primary voltage across the main transformer where V, is the output voltage of

the converter and n is the turn ratio of the main transformer (n = %)

(2.11)

and,

Lk 1 1 1
Zy= |[=, —=——+— (2.12)
CC Lk Lk1 Lk2

At the end of this mode, i.(t) = 0and v.(t) =V,

max”

By substituting these values in

(2.10) the duration of this mode can be determined, according to,

1 I; Z
t,—t; = w—tan‘1 (ﬁ—o_v> (2.13)
o
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The peak voltage across voltage across the capacitor at the end of this mode, which also

the peak voltage across the switches, becomes

VCmax = chin cos wO(tZ - tl) + ‘70(1 - Cost(tZ - tl))
+Ii—nZ sin wq(t; — t1)
2 7° 02 ™ (2.14)
where, " = 1 B 1 i
° T CcZ,  JI,C, (2.15)

Since the duration time of this mode is the quarter of the resonant cycle between the

equivalent leakage inductance of the transformer, Lk, and the clamping capacitor, C, (i.e.

t, —t; = % Ly C.). By substituting in (2.14), the maximum voltage across the clamping

capacitor can be obtained as

_ L
=V +=2Z, (2.16)

Mode 3 [t2 <t < t3]: Att=to, clamping diode Dc: stops conducting and capacitor C starts
discharging. Switches S; and Sz remain off and switch S; stays on during this mode.
Power is transferred to the output through D1, D4 and Ds. The flyback transformer also
starts to store energy in this mode. Figure 2.3 (Mode 3) shows the equivalent circuit of
this mode with switch Sc turned on. It should be noted that S¢ can be turned on and off at
any time during the switching period to discharge Cc. At the end of this mode the voltage
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across the clamping capacitor is Vcmin. The voltage across clamping capacitor and the

current through flyback switch can be expressed according to the following equations:

diy,, (1)

m g v.(t) =0 (2.17)

dv(t)

< (2.18)

ic(t) = iLm(t) = —C,

where,
L,,: magnetizing inductor of flyback transformer
i.(t): the current through the clamping capacitor

i;, (t): the current through the magnetizing inductor of the flyback transformer

If the initial value of v, (t) is defined as v.(t) = V. and the initial value of the current

max

through the clamping capacitor is zero, the voltage across the capacitor and the current

through it can be expressed as

Ve(®) = Vomax cos wqt (2.19)
Ve
ic(t) =i, (t) =—*sinw;t (2.20)
Zy
where
1
Wy = (2.21)
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and

(2.22)

AN
|

At the end of this mode, the voltage across the clamping capacitor is regulated to desired
value Vemin, Which is just slightly higher than the primary voltage of the main

transformer, (V¢ . =~ V,), where V, is the primary voltage across the main transformer.

By substituting in (2.19), the duration of this mode (ts-t2) can be expressed as

ty—t, = L cos1 (Lo 2.23
3 2=, cos v (2.23)
By using (2.16)

1

t3 - tz = CCZ1COS_ (224)

where

Wy = (2.25)

CeZq
The duration of this mode determines how much the auxillary switch will be turned on,

thus the duty cycle for the flyback converter can be determined to be

t3 — 1t A

Df = Tf = (t3 - tZ)fo = fo CCZ1COS_1 S (226)
N
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Mode 4 [ts <t < t4]: At t = t3, the flyback switch is turned off. The energy stored in the
flyback transformer is transferred to the output. Note that the main switches have the
same on/off state as in the previous mode and that this mode has been included to show
how the circuit operates when switch Sc is turned off. This mode can happen at any time

during the switching period.

Mode 5 [ts <t <ts]: Att =14, Sz is turned on and the next third of a switching cycle starts.
The converter operates as it does in Mode 1, but with S and Sz on instead of S1 and S,. A
circuit diagram for Mode 5 is not shown in Figure 2.3 as this mode is the same as Mode
1.

2.2 Duty Cycle Range

The converter can be operated with PWM with the gating signals of the three main
switches - S1, Sz, Sz - being identical but phase-shifted by 120° with respect to each other.
There are three distinct ranges of duty that the converter can operate with:

e Range 1[0 <D <0.33]: In this range, there is either a single main switch on or
none at all. The converter should only be operated in this range under light load
conditions when the current is low as some of the phase currents will not have a
path to flow through the main switches, but must flow through capacitor C, thus
charging it up and increasing its voltage. As a result, either the voltage across this
capacitor will increase, thus increasing the voltage stress of the converter
switches, or the auxiliary switch must be activated more frequently and/or be on
for a longer duration to discharge the capacitor, thus increasing the stress on the

auxiliary switch Sc.

e Range 2 [0.33 <D < 0.66]: In this range, there is always at least one main switch
on at any given instant and there may be two main switches on. As a result, there
will always be a path for current in each phase to flow through at any time during

a switching cycle.

e Range 3[0.66 < D < 1]: In this range, either two main switches or all three main

switches are on at any given time. The converter operates in the same manner as it
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does when the converter operates with a duty cycle between 0.33 and 0.66, but
there is a fundamental difference between Range Il and Range |11 operation. If the
converter is operated with D > 0.66, then there will be intervals of time when no
energy transfer from input to output will take place. For example, if all three main
switches are on at the same time, then each converter phase has the same voltage
so that all three line-to-line voltages are zero and the voltages across all
transformer windings is zero. With the duration of such zero energy-transfer
intervals increasing as D is increased above D = 0.66, the gain of the converter
may actually decrease instead of increase, as is the case with most PWM
converters. It is therefore recommended that the converter not be operated in

Range Il and that the maximum duty cycle be restricted to D = 0.66.

2.3 Converter Features

The proposed converter has the following features:

e Anincreased power rating with respect to a conventional single-phase boost
converter due to the use of a three phase DC-DC converter topology instead of a

single phase one.

e The current stresses of the main converter switches can be reduced significantly,

which enables the use of lower rated devices.

e The size of the input DC inductors and the output filter can be reduced as the

effective switching frequency is increased.

e Unlike a number of previously propose three-phase converters, only four

converter switches are required as opposed to six or seven switches.

e A large snubber capacitor can be placed across the main converter switches and
energy from this snubber capacitor can be transferred to the output instead of

being dissipated through a resistor.
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e The converter can be operated at higher switching frequencies than some other
previously proposed three switch DC-DC converters. This is because the auxiliary
flyback converter does not directly interfere with the operation of the main
converter unlike the auxiliary circuits in other converters. In many other
converters, such as those based on active-clamp technology for example, time for

the operation of the auxiliary circuit must be included in the switching period.

2.4 Design Procedure and Example for the Power Stage of the
Proposed Converter
The proposed converter has two parts: the first part is a three-phase interleaved current-
fed converter and the second part is an auxiliary circuit which consist of clamping
components and flyback converter. The design of the power stage of the proposed
converter is discussed in this section and demonstrated with an example of the selection
of certain key parameters. The design of the auxiliary flyback converter section will be
discussed and demonstrated in the next section of the thesis. It should be noted that the
design procedures of both converter sections are iterative as the parameters in each
section are interrelated and dependent on one another. It will generally take several
iterations before a satisfactory design can be achieved and this process may need to be
continued in the design of a final experimental prototype. The example shown in this
section and continued in the next section can be considered to be the final iteration of a
design process.

Since electrical components like capacitors are only commercially available with certain
standard values (i.e. 22 nF, 33 nF, etc.) and parasitic elements such as parasitic
inductances can only be accurately determined after a preliminary prototype has been
constructed, the design procedure can only narrow down a suitable range of values and
cannot be used for an “optimized” design. This narrowing process can be done by the
previous iterations, by examining parameters such as voltage stress, peak current stress,
rms current stress, etc, then eliminating possible sets of component values if their
parametric values are inappropriately high (which would result in the need for more
expensive components to handle the stress) or low (which would represent an

underutilization of the component and additional stress on other converter components).
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The converter is designed according to the following specifications: input voltage Vin =
48 V, output voltage V, = 360 V, output power P, = 1.5 kW, and switching frequency fs
=50 kHz. The leakage inductance of the main transformer is assumed to be 1 pH based
on previous design iterations. The targeted efficiency in this example is assumed to be at
least 90% based on previous iterations. For this work, what was done was to build a
prototype using preliminary iterations to get some idea about the converter’s
performance, then make appropriate adjustments for following iterations. What is shown
in this example, as well as for other similar design examples in this thesis is the final

iteration.

2.4.1 Maximum input current

The maximum input current of the proposed converter, its DC value, can be determined
by

Iin == (227)

Since Po=1.5 kW, Vin=48V and a minimum efficiency of 90% is assumed, therefore, the
maximum input current linmax=34.72A.
2.4.2 Input-output voltage gain

The input-output voltage gain of the converter for both CCM and DCM modes can be
expressed as follows:

G Yo n 2.28
CCM Vm (1 _ D) ( . )
G L 3D Vin 2.29
DCM_Vm n ZIoLfS ( . )

It is assumed for now that the converter will operate in CCM under typical load
conditions and operate in DCM only under light-load conditions. With this being the

case, the voltage gain is therefore
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G—V"— 7.5 2.30
CV, 48 (2.:30)

2.4.3 Duty cycle and main transformer turns ratio

Since it is assumed that the converter operates in CCM with a duty cycle D > 0.33 under
heavy-load conditions (as explained in Section 2.2) and the voltage gain was previously
determined to be 7.5, the turns ratio can be limited to be less than 5, according to (2.28),
which has been plotted in Figure 2.5 for CCM operation.. There is, however, a trade-off
between the turns ratio and the duty cycle that must be considered in the design.

Although smaller duty cycle means lower voltage stress across the switches, it results in

50 T T
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——n=2 /
40 H=¥—n=3
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35
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Figure 2.5: Voltage gain with duty cycle according to the variation of transformer

turns ratio, n under CCM
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higher turns ratio. This increases the amount of current circulating in the primary
circulation current and thus conduction losses as well. The turns ratio of the main
transformer should be chosen to minimize the voltage stress across the main switches,
which can be approximated to be the voltage across the primary of the main transformer,
— Vo

Vo = ? .

Figure 2.6 shows a graph of the voltage across the primary of the main transformer with
different values of turns ratio. It can be seen that a lower turns ratio causes more voltage
to appear across the primary; as a result, the peak voltage rating of the main switches will
need to be increased. According to the graph in Figure 2.6, the range of the turns ratio is

between 1 and 5 and the primary voltage is between 70 V to 350V.

In this design example, the proposed converter is operated in Range 2 [0.33 < D < 0.66].
by using Dmax=0.6 and the voltage gain G=7.5, which results n=3 according to (2.28) and
Figure 2.5. From graph in Figure 2.6, the primary voltage of the main transformer is
120V.
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o
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Transformer's turns ratio, n
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Figure 2.6: Primary voltage across the main transformer with turns ratio,n
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2.4.4 Determine the value of input boost inductor

The minimum input inductor value that will guarantee the converter operates in CCM can

be calculated by

_ 3R,D(1-D)?

nin = (2.31)

By using, D=0.6, n=3 and ;=50 kHz, it results V,=360V, R, = (i’6°)2 = 86.4 () and the

500

minimum value of the input inductor for each phase can be determined to be 27.65 pH.

Since the converter is a boost converter operating in CCM, the value of each input

inductor (L1 = L> = L3) can be expressed as

, VD

= 1if (2.32)

where Aig is the peak-to-peak current ripple for each input inductor. If a ripple of AiL=2A

is considered in this example, then each input inductor should have a value of 288 pH.

2.4.5 Determine the value of output capacitor

The magnitude of the output voltage ripple, Avo, can be determined by

Vo2 = 3D)(D — )
3R fiCo (1= D)

(2.33)

Av, =

If a ripple of Avo=10 mV, R.=86.4 2, D=0.6, fs=50kHz and V,=360V are considered, the
output capacitor C, can then be determined to be Co=370.37uF.

2.4.6 Current stress in the main switches

At some point during a switching period, any of the main switches may need to conduct
the full current through the inductor that it is connected to. The peak current in any of the
main switches is equal to the input current plus the peak current ripple. The peak switch

current is therefore
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Is . = lin = 3472 A

The average current through each main switch when the converter is operating at full-
load is

1 T. Iin
Isavg = TJ(; ls(t)dt = (?) (234)

It can be seen that the average current for any of the main switches is a third of the input
current. Using the maximum input current value determined previously, the average

current through one of the main switches is I, = 11.57 A.

The rms current of each main switch can be determined by

,1 T I
. = —j i2(t)dt = —==+13 —12D (2.35)
Srms T o S() 3\/§

It can be seen that the rms current through each main switch depends on the input current

and the duty cycle D. By increasing the input current, the rms value will increase, but this
value can be reduced by increasing D. In this design, the rms current through each main
switchis I, = 16.09 A.

2.5 Design Procedure and Example for the Auxiliary Circuit Stage

The auxiliary circuit of the proposed converter consists of clamping diodes D¢1-Des,
clamping capacitor Ccand flyback converter. In this section, the design of the auxiliary
stage of the proposed will be discussed and demonstrated with an example of the
selection of certain key parameters. Like the design procedure for the main circuit
converter components, the procedure presented in this section is iterative and it will
generally take several iterations before a satisfactory design is achieved. The example

shown below can be considered to be the final iteration of a design process.

Figure 2.7 shows a simple flowchart of a computer program that determines whether the

proposed converter is functioning under steady-state conditions. Once this has been



determined, suitable characteristic curves that can be used for design purposes can be

START

Operating PT, Cc,Z,, Z;,
D+

v

Mode2:
Initial Conditions:
Ve=Vemin, 111102

v

Calculate v, 1,

generated.

Change t

Yes

Change Dy \ 4 Operating PT,
A Mode 3 Ce,Zo, 74,
Calculate v, A

Yes

Figure 2.7: Flowchart of program to determine if converter is operating under

steady-state conditions
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2.5.1 Power Rating for the flyback snubber

The flyback converter allows the clamping capacitor to be discharged so that the voltage
across it does not become excessive. The snubber circuit switch (Sc) is turned on soon
after whenever any of the main switches is turned off. The flyback snubber can be
independently controlled to regulate the minimum value of the clamping capacitor, Vcmin,
to a desired value, which is just slightly higher than the voltage across the primary of the

main transformer. The power rating of this circuit is determined by

1
Pro = 5 Ce(Vpar = Vi) for (2.36)

where Vemax 1S @ maximum voltage across Ce, Vemin 1S the minimum voltage across C,

which is equal to the voltage across the primary of the main transformer, V, and f; is the

switching frequency of the flyback snubber. By using V, = v, + %ZO, Ve .. = V,, and

Z, = \% then substituting in to (2.36), the power rating of the flyback converter

becomes

1 Lk 2 Iinzo 2

The power rating curve of the flyback converter with different values of characteristic
impedance Z, and leakage inductance L is plotted from (2.37) in Figure 2.8.

The value of V7 was set to 120V is Section 2.4.3 and the switching frequency of the
flyback converter is selected to be fs =150 kHz for this example (i.e. the flyback

converter will operate three times during one period of the power converter).

It can be seen that higher Z, decreases the rating of the flyback snubber because less
current will flow through it. The power rating will decrease significantly with lower main

transformer leakage inductance Lk because less energy will be trapped by L.
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Figure 2.8: Flyback power rating with different values of Z, for different values of
Lk, Po = 1.5 KW and V=360V

In this design example, the power rating of the auxiliary flyback converter section is
chosen to be 10% of the load (i.e. 150 W). Since the leakage inductance was assumed to
be 1 uH based on previous iterations, the value of the characteristic impedance is
therefore Zo=2.5Q, from Figure 2.8.

2.5.2 Peak voltage across the clamping capacitor

In Mode 2, whenever one of the main switches, S1-Ss, is turned off, the voltage across
them builds up, due to the resonance between the equivalent leakage inductance of the
main transformer and clamping capacitor Cc. At the end of this mode, the voltage across a
main switch that turned off reaches its peak voltage, which is the same as the voltage
across the clamping capacitor. By reducing the clamping capacitor voltage, the excess

voltage across the main switches will be reduced.
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Figure 2.9 shows a graph of the peak voltage across clamping capacitor for different
values of Z, using (2.16). From the graph in Figure 2.9, it can be seen that a larger
impedance Zo, means that there will be more voltage across C¢ and thus more voltage
stress across the main switches of the converter energy. If a smaller impedance is chosen,
then the result will be less peak voltage, but the flyback converter section will have a

higher power rating, as shown in Figure 2.8 in the previous section.

For this design, a value of Zo= 2.5 Q was chosen in the previous section, which resulted
in a 150 W flyback power rating. This, in turn, will result in 164 V being placed across
the clamping capacitor under full-load conditions, according to Figure 2.9. It should be

noted that this voltage is the maximum voltage stress across the main switches.

260
250 |
240 }
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220 }
210
200 |
190 |
180 |
170
160 F——1
150 F
140 |
130 |
120

Vemax | Volt)

W

P RO 2253308985 5 308085770,

Zo[ohm]

8

Figure 2.9 : Maximum voltage across the clamping capacitor with different values of
Zo, Po = 1.5KW and V=360V
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Figure 2.10: Variation of the maximum voltage across the clamping capacitor with

different values of C. and Lk

The value of the voltage across C. is dependent on Z, using (2.16) (where Zo= \@), thus
it is impacted by changing Lk and Ce.
Figure 2.10 shows the peak voltage across the clamping capacitor for different values of

Cc and L. From this graph, the value of clamping capacitor can be determined. by using
Vemax = 164 V from Figure 2.10; this results in Cc=160 nF.

2.5.3 Voltage stress across flyback switch and flyback transformer
turns ratio

The rated voltage of the flyback switch should be close to the rated voltage of the main
switches. The voltage stress across the flyback switch can be expressed by:

Vee = Vemin + (238)

=4I
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where, Vemin IS the minimum voltage across the clamping capacitor, N=Ns/Np is the turns
ratio of the flyback transformer (Ns, Np are the primary and secondary turns respectively)
and V, is the output voltage of the converter. It is clear that the voltage stress across the
calming switch strongly depends on the turns ratio of the flyback transformer. Figure
2.11 shows the relationship between the flyback transformer turns ratio and the voltage
across its switch when Vemin is 120V and Vo is 360V. It can be seen that more turns ratio
means less voltage stress across the flyback switch however more turns ratio means
larger transformer size. It is a trade-off between the voltage rating of the flyback switch
and the size of the flyback transformer. It should be noted that the rating voltage of the
flyback switch must be as close as the rating voltage of the main switch (i.e. Vemax =164
V). In this design the maximum voltage across the flyback’s switch is chosen to be 180V.
From Figure 2.11 the turns ratio N will be 6.
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Figure 2.11: Flyback switch’s voltage stress with flyback transformer turns ratio, N
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2.5.4 Determine the duty cycle Dr and the characteristic impedance
Z, of the flyback converter
In Mode 3, the flyback converter switch is turned on after the clamping capacitor reaches
its maximum value and it transfers all the energy that stored on the clamping capacitor to
the output through the flyback transformer. The duty cycle of the flyback converter
switch is determined by the duration of Mode 3 as shown in (2.26). The duty cycle of the
flyback converter switch depends on the characteristic impedances Zo and Z; as shown in
Figure 2.12. It can be seen that higher Z; results in more duty cycle being needed (i.e.
more time needed to transfer the capacitor energy to the flyback transformer), but this
will result in more conduction losses. Thus, D and Z: should be chosen as small as
possible. The duty cycle of the flyback converter switch, Dy, is determined by (2.39) as

follows:

Vo Df <Ns>
= — 2.39
chax (1 - Df) Np ( )

By using V=360 V, Vcmax=164 V, and (Ns/Np) = 6 from previous sections, the duty cycle
of the flyback converter switch becomes Ds=0.27. By using Z,=2.50 from Figure 2.12,
this results in Z;=15..

2.5.5 Maximum current in the clamping switch

At the end of Mode 3, when the flyback converter switch Sc is turned off, the current
through this switch will be at its peak value. The value of the peak current can be
determined by (2.20) and (2.23) as follows:

. Voo . W
lgc(pk)—z_1$1n<COS 7 ) (2.40)

Cmax

It should be noted that the maximum current through the flyback switch depends on the

peak clamping voltage, which depends on Z,, and the characteristic impedance Z:. Figure
2.13 shows the peak current in the flyback switch for different values of Z; and Z,. It can
be seen that higher Z; results in lower current stress on the flyback switch, but this means

that the switch must be on longer (have a higher Ds) to transfer the energy to the output,
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as shown in Figure 2.12. Z, =2.50 and Z1=15 2 are chosen for this design, which results

in a maximum current is 7.9A, according to Figure 2.13.

2.5.6 Average and RMS currents in the flyback converter switch

The average current in the flyback converter switch can be calculated by

1 [t 1 /1 k)(t; —t I kK)D
Isc(avg) = T—ff isc(t)dt — T_f( sc(p ); 3 2)) _ sc(pz ) f (2.41)
sf /¢, s

The rms value can be calculated by

ts -
lsc(rms) = j Tif j; i(0d = j%f(’szc@@;tz t2)>

D
= Is.(pk) \/; (2.42)

ByusingV,, . =164V, C. = 160nf, fr, = 150kHz, Z; = 15Q, D+=0.27, and Figure
2.13, this will result in I;.(avg) = 0.7856A and I.(rms) = 1.55A.

2.6 Conclusion

Three-phase DC-DC converters are an attractive option for applications where a low DC
input voltage needs to be converted into a much higher DC output voltage. For example,
many renewable energy power systems require DC-DC converters that can convert the
DC voltages produced by solar panels or fuel cells into much higher DC voltages that are
then fed to grid-interfacing inverters. A new three-phase DC-DC converter was presented

in this chapter. The outstanding features of the proposed converter include:

e areduced number of switches compared with other three-phase DC-DC

converters, which results in lower cost and size;
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e asnubber that can clamp voltage spikes when any of the main switches is turned

off and that does not dissipate energy through a snubber resistor;

e aflyback snubber circuit that can be operated independently of the main power
circuit so that it does not interfere with its operation; this allows the converter to

be operated with higher switching frequency.

In this chapter, the operation of the converter was explained, and its features and design

were discussed.

52
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Chapter 3

3 Experimental Results of a Proposed Three-phase DC-DC
converter

In this section, the experimental results of the proposed topology will be shown and
described to confirm the operation of the proposed converter. The performance of the
proposed converter is compared to that of a popular three-phase DC-DC boost converter
that was first proposed in [15]. This comparison is done with traditional silicon (Si)
devices and newer silicon carbide (SiC) devices. It should be noted that wide bandgap
SiC and GaN devices represent the future when it comes to semiconductor technology,
but traditional silicon (Si) devices continue to be used as they are considerably cheaper

and more available.

3.1 Experimental results

A prototype of the proposed converter was implemented and tested to confirm the
converter’s feasibility with the following specifications: Vin = 48V (nominal value),
output voltage Vo, = 360V, output power P, =1.5kW and switching frequency fs= 50 kHz;
more details of the converter’s specifications and key parameters that have been
calculated and designed in the previous section are shown in Table I. A switching
frequency of 50 kHz has been used for this work as it has been in several other previously
published papers. 50 kHz is a frequency that is sufficiently high to reduce the size of
magnetic elements and filter capacitors, but sufficiently low to minimize the effects of

noise and parasitics on the operation of the converter.

Figure 3.1 shows typical waveforms for the power stage of the proposed converter. The
gating signals for the main switches (S1—Ss) of the proposed converter is shown in Figure
3.1(a). It can be seen that these signals are phase-shifted by 120° by each other. Figure
3.1(b) shows the voltage and current waveforms for one of the main switches. It can be
seen that the level of the current waveform is changed when the switch is on. The change
of the current amplitude is due to turning on or off of the other main switches. Figure
3.1(c) shows the voltage waveform across one primary of the main the main transformer.

It can be seen that the waveform has zero voltage regions due to two of the main switches
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being on. When just one of the main switches is on and the other two are off, the voltage

across the primary is positive or negative. The voltage level depends on the difference

between the voltage applied on each phase of the transformer.

Table I: Specifications and key parameters the proposed prototypes

Main switches S;-Ss

(Si): FDL 100N50F

Clamping switch S¢

(Si): FDL 100N50F

Flyback power rating

Clamping diodes D¢i-Dcs ETLO806
Three-phase output bridge rectifier U1560
Leakage inductances Lii-Lis 2uH
Clamping capacitor 150nf
Output capacitor C, 500uf
Main transformer turns ratio (N2/N1) 3
Flyback transformer turns ratio (Ns/Np) 6
Input boost inductors Li-Ls 280uH
Duty cycle of power converter, D 0.6
Duty cycle of flyback converter 0.27
Peak current of each main switch, lspk 34.72A
Average current of each main switch, Is avge 11.57A
RMS current of each main switch, Isrms 16.09A
Average current of clamping switch lscavg 0.785A
RMS current of clamping switch lscrms 1.55A
Maximum voltage of clamping capacitor Vcmax 164V
Minimum voltage of clamping capacitor Vmin 120v
150w
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Figure 3.1: Typical converter waveforms at maximum Load at D=0.6: (a) Gating
signals of main switches (V : 20V/div., t : 5us/div., (b) The voltage across the main
switch and the current through it (V : 100V/div, I : 20A/div., t : 5ps/div., ), (c)
Primary voltage waveforms across the transformer (V : 200V/div., t : 5us/div..), (d)
The input current and the current through one of the boost inductors (lin: 20A/div.,
L1 10A/div., t : 10us/div.).
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Figure 3.2: Flyback snubber circuit waveforms: (a) the voltage across the flyback
switch and the current through it (V: 200V/div., | : 10A/div., t : 2.5us/div), (b) gating
signal and output diode voltage and current for flyback snubber (V g : 50V/div., Vb :

1000V/div., Ip : 2A/div., t : S5ps/div
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Figure 3.1(d) shows the input current of the DC source and the current the current
through one of the main inductors. Since an interleaved topology is used in the proposed
converter, the ripple of the input current is reduced significantly compared to the current

that through in one of the input inductors.

Figure 3.2 shows the waveforms for the flyback snubber circuit. It can be seen that the
current of the flyback switch is rising when the flyback switch is turned on as shown in
Figure 3.2(a) and there is no current flow through the output side as shown in Figure
3.2(b). Energy is thus stored in the magnetizing inductor of the flyback transformer.
When the flyback switch is turned off, the output diode of the flyback snubber conducts
as shown in Figure 3.2(b); thus, energy is released to the high voltage side of the

converter.

3.2 Comparison and discussion

Based on the experimental and on simulation and investigative work performed on the
proposed converter and on the converter that proposed on [15], a comparison of the three
three-phase DC-DC converters discussed in this section can be made. In this section, a
brief description of each converter is presented, and their features are stated. In addition,
the comparison results will be presented and discussed using different types of

semiconductor devices.

3.2.1 Three-Phase DC-DC Boost Converter with Three-Switch
Active Clamp

The converter that will be used to compare the performance and characteristics of the

proposed three-phase DC-DC converter (see Figure 3.3) is shown in Figure 3.3. This

converter consists of three main switches, S1-Ss, three input inductors Li-Ls, a three-

phase high-frequency transformer, a three-phase full-bridge rectifier with diodes D1-De,

and an output filter capacitor C,. It also has a three-phase active-clamp auxiliary circuit

that consists of switches S¢1-Scz and clamp capacitor Ce.
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This converter is essentially a set of three interleaved DC-DC boost converter combined

with a three-phase transformer. The basic operation depends on the following PWM

strategy:

The main switches (S1-S3) are operated with gating signals phase shifted by
120° with respect to each other.

Two of the main switches (S:-S3) are turned on and one is turned off; thus,
two of the input inductors share energy from input DC source and the energy
is transferred to the output from the other inductor through one phase of the

transformer.

One of the main switches that was on is turned off and the voltage across it is
clamped to the voltage across the clamping capacitor C. due to the interaction
between the leakage inductance of the transformer and the clamping
capacitor. During that switch S¢ can be turned on with ZVS, which results in

fewer switching losses.

Switch S¢ is turned off before the other main switch is turned on. The output
capacitor of the main switch is discharged, and its body diode will conduct.
Thus, this main switch can be turned on with ZVS (which results in fewer

switching losses) and the next third of the cycle will begin.

Details about the operation of this converter can be found in [15].

3.2.2 Comparison results

In this section, a comparison between the two converters is made based on the

comparison of the two converters made based on efficiency, cost, simplicity, switching

frequency. In order to verify the performance and make comparison between the

converters, two prototypes were implemented experimentally and the efficiency of the

two converters were measured for different output loads. Vin = 48V (nominal value),

output voltage Vo = 360V, output power P, =1.5kW and switching frequency fs= 50 kHz;

more details are shown in table 1.



59

Figures 3.5 to 3.9 show the efficiency comparison of the two converters using Si devices

and SiC devices.

:\‘lf.\':

co RI.

H.F.T

Figure 3.3: Proposed three-phase DC-DC converter

L, N;:N2

Figure 3.4: Three-phase interleaved DC-DC converter with active clamp that

proposed in [15]
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Table I1: Specifications of the proposed converter and the three-phase with active

clamp

Component

Proposed converter

Converter in [15]

Main switches S1-S3

(Si): FDL 100N50F

(Si): FDL 100N50F

(SiC): SCT3060

(SiC): SCT3060

Clamping switches Sci1-Ses

(Si): FDL 100N50F

(SiC): SCT3060

Clamping switch Sc

(Si): FDL 100N50F

(SiC): SCT3060

Clamping diodes D¢1-De3 ETLO8B06 | -
Three-phase output bridge
. U1560 U1560
rectifier
Leakage inductances Lki-
2uH 3.5uH
Lks
Clamping capacitor 10 pf 160 nf
Main transformer turns ratio 3 3
(N2/N1)
Flyback transformer turns 6
ratio (Ns/Np)
Input boost inductors Li-Ls 280uH 280uH

Figure 3.5 shows the efficiency of the proposed converter. It can be seen that the
maximum efficiency of the proposed converter achieved under half load condition
(*94%). When the converter is operating under full load condition, more conduction
losses will result and the efficiency becomes 92%. It should be noted that although the
proposed converter is a single-stage converter, its efficiency is comparable to a two-stage
converter that processes power twice during its power conversion process, but it is much

less expensive.
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Comparison efficiency curves between the proposed converter and the three-phase with
active clamp using Si devices is shown in Figure 3.6. It can be seen that, under heavy
load condition, the proposed converter is less efficient than the converter with active
clamp that is because the advantages of ZVS. In contrast, under light load of operation,
both of the converters work without ZVS, thus the proposed converter is more efficient.
However, the efficiency of the proposed converter is less by =1.5% of the more
sophisticated and more expensive three-phase with active clamp converter for a load
range of 1.5kW.

Figure 3.7 illustrates comparison efficiency curves for the proposed converter using Si
and SiC devices. It can be seen that the efficiency is significantly improved when SiC
MOSFETSs are used. The efficiency improvement by changing the Si MOSFETS devices
SiC MOSFETSs is about 3% at light load and 1% at heavy load of operation. As it can be
noted from this measuring data that the efficiency is dramatically improved at light load
because Si devices have more switching losses that SiC devices. By increasing the output
load, the devices will carry more current and that will cause more conduction losses. As a

result, the efficiency of SiC devices will be slightly reduced.

A comparison efficiency curves of the three-phase converter with active clamp by using
Si and SiC devices are shown in Figure 3.8. it can be seen that the effect ZVS topology

has neglected effect on the converter by changing Si devices with SiC devices. The only
impact that can be observed is when the converter operates at low output power. This is
because the converter will operate with no ZVS and SiC devices become more efficient

than Si devices.

Figure 3.9 shows the comparison efficiency curves between the proposed converter is
compared with three-phase DC-DC converter with active clamp using SiC devices. It can
be seen that the proposed converter has the same efficiency of the converter with active
clamp during most of the load operation. In addition, the proposed converter is higher
efficient at light load of operation and that is because both of the converters operate with
no ZVS and more conduction losses are present in the converter with active clamp circuit

as it has more switches. The proposed converter, however, has slightly less efficiency
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than the other converter at heavy loads because the proposed converter has switching
losses whereas the active clamp converter works with ZVS. In short, the efficiency of the
proposed converter significantly improved by using SiC devices compared with the
converter with active clamp. This is because the proposed converter has fewer active

switches and the other converter lose the ZVS benefits by using SiC devices.

Based on the experimental work performed on the proposed converter and on simulation
and investigative work performed on the other converters, a comparison of the three
three-phase DC-DC converters discussed in this chapter can be made. Such a comparison

is presented in Table I1I.
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Figure 3.5: Efficiency curves of the proposed converter using Si devices
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Figure 3.9: Efficiency curves of the proposed converter and converter in [15] using

SiC devices
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Table I11: Comparison of the two three-phase DC-DC converters

Topology Converter W['ig]acnve clamp Proposed converter
Converter requires 3 main Converter requires 3 main switches and an
Cost & switches, 3 active clamp active clamp switch with some passive
Simplicity | switches, and 3 floating gate components. Converter requires no floating
drive circuits. gate circuits.
Converter can operate with ZVS | Converter cannot operate with ZVS and is
due to the presence of the active | thus the least efficient of the three
clamp in the converter. converters. The difference in efficiency is
Converter has higher efficiency | insignificant for lighter loads as none of the
Efficiency | at higher loads than proposed converters operates with ZVS, but becomes
converter as it operates with more significant for heavier loads.
ZV'S, but has lower efficiency at
lighter loads as it loses ZVS
capability.
The switching frequency of the | The operation of the flyback snubber is
converter is limited by the independent of the operation of the main
operation of the active clamp converter switches.
N circuit as it must be turned on 3
Switching | . L e
Frequency times Wlthl_n a SW|tch|ng_ cycle.
The operation of the active
clamp is not independent of the
operation of the main converter
switches.

3.3 Conclusion

Experimental results obtained from a prototype of the proposed converter that was

introduced in Chapter 2 were presented. Key experimental waveforms were shown as

well as efficiency results. These efficiency results were compared to those obtained of a

representative active-clamp type three-phase DC-DC converter operating with

conventional silicon (Si) semiconductor devices. Further comparisons were made

between experimental prototypes that were built with silicon-carbide (SiC) devices that

are said to offer better performance than Si devices, but are less readily available and

more expensive. Based on the experimental work presented in this chapters, conclusions

related to the efficiency of the proposed converter vs that of the active-clamp converter

and the efficiency of Si-based converters vs SiC based converters were made.

The proposed converter is less efficient than the active-clamp converter when operating

with heavy loads. This is because the active-clamp converter switches can turn on with

ZVS, but the switches in the proposed converter cannot. Since the switches in the
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proposed converter do not turn on with ZVS, they have turn-on switching losses that the
switches in the active-clamp converter do not have so that the proposed converter
operates with less efficiency. This difference in converter efficiency is somewhat offset
by the fact that the proposed converter has only four switches while the active-clamp
converter has six switches so that the proposed converter has fewer turn-off switching

losses.

The efficiency of the proposed converter implemented with newer silicon-carbide (SiC)
devices that have fewer switching losses was to compared to the efficiency of the same
converter implemented with traditional, lower cost silicon (Si) devices that have more
switching losses than SiC devices. A similar comparison was done for the active-clamp
converter. It was found that the difference in efficiency between the two
implementations of the proposed converter was about 2% while the difference between
the two implementations of active-clamp converter was insignificant except for some
light loads. The reason for this is that SiC devices help reduce switching losses. The
active clamp converter operates with ZVS with heavy loads and thus has no switching
losses while the proposed converter does not operate with ZVS. As a result,
implementing the proposed converter with SiC devices result in a decrease in such losses
and an increase in efficiency while there are few, if any, switching losses that the SiC
devices can reduce for the active clamp converter. The use of more expensive SiC
devices can be justified in converters that operate without ZVS. There is less justification

for their use in converters that are already operating with ZVS.
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Chapter 4

4 A Single-Phase ZVS AC-DC Boost Converter with Interleaved
Input

AC-DC power conversion is typically done using two separate converters, but this can be
expensive. Single-stage converters using a single converter have therefore been proposed
to reduce cost, but they have several drawbacks, including an input current that is
discontinuous with high current peaks. A new single-phase, single-stage AC-DC
converter with interleaved input is proposed in this chapter. The converter's operation is
explained and analyzed, and a design procedure is presented. Results obtained from an

experimental prototype of the proposed converters are also presented in the chapter.

4.1 Converter Operation

The proposed single-stage converter in Figure 4.1 has been synthesized by combining an
AC-DC interleaved boost converter with a DC-DC three-phase converter. It has three
main switches, S1—S3, a diode bridge, three boost inductors, Li-Ls, a transformer, an
output bridge rectifier and an output capacitor Co. A clamping network made up of

switches, Sc1 - Scz and capacitor Cc is connected to the converter's main switches.

The main converter switches have identical gating signals that are shifted 120° with
respect to each other. The input current is generally continuous even though each input

inductor current is discontinuous because of interleaving. While the input AC-DC section
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Figure 4.1: Proposed interleaved AC-DC single-stage converter
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is working, voltage is impressed across the primary of each phase of the transformer. This

voltage is rectified and fed to the output through the output diode bridge.

A three-phase active clamp clamps any overvoltage spikes that might appear due to the
interaction of the transformer's leakage inductance and the output capacitances of the
main switches. The clamping circuit operates like any active clamp used in lower power
DC-DC converters. A converter switch can be made to turn on with ZVS by using energy
in the clamping capacitor that is transferred to the transformer by the turning on of an
active clamp switch that is connected to the same phase. When this particular active
clamp switch is turned off, the energy that was released is used to discharge the switch’s

output capacitance so that it can be turned on with ZVS eventually.

It should be noted that unlike the topology that was presented in Chapter 2, the switches
in this topology are exposed to higher voltages and thus will have higher turn-on
switching losses; it must be implemented with some sort of ZVS method. Since the
topology in Chapter 2 cannot operate with ZVS, its switching losses would be high it was
modified to operates as an off-line AC-DC converter. As a result, the proposed topology

IS more suitable for this application.

The modes of operation during a third of a steady-state switching cycle are explained in
this section. Typical converter waveforms are shown in Figure 4.2 and circuit diagrams

for each mode are shown in Figure 4.3. The modes of operation are as follows:

Mode 1 [to <t < t1]: Switches S, Sz and Scs are on before this mode begins. This mode
starts at t=to with the turning off of S1. The boost inductor current of phase A charges the
parasitic capacitor of switch S1. When the voltage across Si reaches the clamp capacitor
voltage Vcc, the body diode of Sc; starts conducting and the voltage across switch Sy is
clamped to the voltage across C¢, Vcc. Transformer primary voltage Vas becomes equal
to Vcc. and transformer primary voltage Vca becomes zero. Transformer secondary
voltage Van becomes zero, Vca becomes Vo and Vi does not change so that the reflected
voltages of phases ab, bc and ca across the transformer's primary are zero, —V, and 1,
respectively. While this is happening, the transformer primary current of phase A, la, is
increasing as its slope depends on V¢ and the phase C current, Ic, decreases as its slope is
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transformer's phase C and D>, D4 and Ds. Some time (to-t1) is needed to clamp the voltage

across the main switch, to prevent any overvoltage spike that may be caused by the

presence of leakage inductance from appearing.
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Figure 4.2: Typical converter waveforms
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The current through the primary transformer’s phase A, which flows through leakage

inductance Lk can be expressed as

Ve
i(t) = 7 St+i,(tg) (4.1)

k

The duration for this mode can be expressed as

_ ia(tl) - ia(to)
bh—t= 7., (4.2)
()

Mode 2 [t1 <t < t2]: When this mode begins, the current through the transformer's phase
C current, I¢, becomes constant, its phase A current, I, continues to increase, and its
phase B current, I, continues to decrease. Energy is transferred to the output through
diode D1. Secondary voltage Van, changes from zero to V, and is reflected to the primary
as V,. Secondary voltage V., changes from V, to zero and the reflected voltage across the
primary becomes zero. Clamping switch Sc1 can be turned on with ZVS sometime during
this mode as current flows through its body diode. The transformer's phase A current, I,
is increased as its slope is dependent on the difference between Vcc and the reflected

voltage V.

Mode 3 [t2 <t < t3]: Switch Scz is turned off at t=t, to start this mode. The transformer's
phase C current, Ic, begins to decrease while that of phase B, Iy, starts increasing. The
parasitic output capacitor of Scs starts to discharge during this mode and interacts with the
leakage inductances of the transformer. The body diode of Sz starts to conduct after this
capacitor is fully discharged, and Sz can be turned on with ZVS sometime soon
afterwards. Voltages Vec becomes zero and Vca becomes -V¢. during this mode.
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Mode 4 [ts <t < t4]: At the beginning of this mode, switch Sz can be turned on with ZVS.
The transformer primary current of phase B, Iy, is greater than that of phase C, I, so that
output diode Ds stops conducting and Ds begins conducting. Consequently, the reflected
voltages across the primary from secondary voltages, Ve and Vca, become zero and

—V, respectively. The transformer primary current phase A, la, continues to increase and
that of phase C, I¢, continues to decrease as their slope is determined by the difference
between V, and V.. The transformer's phase B current, I,, becomes constant. At the end of

this mode, current Iy, reaches its maximum value.

Mode 5 [ts <t < ts]: Main switch S; is turned off at t = t4 and the next third of a switching
cycle starts. The converter operates as in Mode 1 during this mode except switch Sc; is
turned on and the body diode of Sc, conducts instead of Scs being turned on and the body
diode of S¢1 conducting. Energy is transferred to the output through output diodes D1, D4
and De.

4.2 Converter Features

The proposed single-phase AC-DC single-stage converter has the following features:

e Single-stage AC-DC power conversion can be done by using just six converter

switches: three main power switches and three active clamp switches.
e The converter switches can operate with ZVS

e Voltage spikes that would otherwise appear due to the interaction of transformer
leakage inductance and switch output capacitance are easily clamped due to the

presence of clamping capacitor Ce.

e The input current is continuous as the converter’s input section consists of three

interleaved boost modules.

e The operation of the converter is simple as it can be operated like an interleaved

boost converter.

e No sophisticated or non-standard methods of control are required.
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4.3 Steady State Analysis

The significant parameter that must be derived from an analysis of the proposed
converter is the clamping capacitor voltage Vc (i.e. The storage-capacitor voltage),
because it is only than other parameters such as input current and duty cycle can be
determined. Since the proposed converter is a single stage AC-DC converter, the voltage
across the capacitor can be derived by noting that an energy equilibrium must be exist for

clamping capacitor C. when the converter is in steady-state operation.

Since there are various possible combinations of output input modes, V¢c cannot be
determined by an equation with a closed-loop solution; but must instead be determined

using a computer program.
The following assumptions are made for the steady state analysis:
e All semiconductor devises are ideal.

e dead times between switching transitions are neglected in the analysis as these

times are very short compared to power transfer mode.

e The switching frequency is much higher than the power line frequency, and thus

the input ac voltage can be considered constant during the switching cycle.

e The input inductor currents are discontinues and they operate under discontinuous

conduction mode, DCM.
e The voltage across the clamping capacitor is constant as Vec.

e The magnetizing inductors of the transformers are very large, and their effect are

negligible.

e Since the three interleaved converters are theoretically identical, only the analysis

of one phase will be shown.
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For an operating point with given an input voltage, output voltage, switching frequency,
input inductor, leakage inductor, transformer turns ratio, and output power, the voltage

across the clamping capacitor can be determined as follows:
1) Assume a duty cycle as an initial “guess” (ex. 0.5)

2) Calculate the minimum value of the clamping voltage that guarantees the input

inductor current operates on discontinuous mode.

This value is calculated by applying volt-second balance in the inductor current in steady
state and then find the relation between clamping voltage and input ac voltage as

Vcc D+ As,k

S

(4.3

where |vink| is the rectified AC supply voltage during switching cycle interval k, D is the
duty cycle of and it is represented when one of the main switches is turned on, and Ask iS
the duration when the input inductor current becomes zero during switching cycle

interval k.

In order to make sure that the input inductor current is discontinuous, Ask must satisfy
the expression Ask <1-D at any interval k and load conditions. Using (4.3), the minimum

value of clamping voltage is obtained as

|vink|
1% = 4.4
cecemin (1 _ Dmax) ( )

3) Determined the voltage across the clamping capacitor:
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The voltage across the clamping capacitor is derived by applying voltage-sec balance on
the leakage inductance current of the transformer and by consider that the sum of the
average leakage inductor current of three phases is equal to the average load current
referenced at the primary as in (4.5) and (4.6).

It should be noted that the proposed converter has three different regions of operation,
and the current through the leakage inductance depends on which region the converter is

operated.

3(1 — D)*T, /nV, v,
( ) S( VCC—l)VCCan—O forD > 0.3 (4.5)
o]

LLk L

3D2T, (nVCC

Vo
-1 =n— D <0. 4.6
7 )VCC nRL for D <0.3 (4.6)

Lyk

From (4.5) and (4.6), the voltage across the clamping capacitor is obtained as

4.7

1 AP 2L, f.

where, D¢ is equal to (1-D) for D>0.3 and is equal to D for D< 0.3, n is the main
transformer turns ratio (n=N2/N1), P, is the output power, and fs is the switching
frequency, and Lk is the leakage inductance of one phase of the transformer
(Luk=Liki=Like=L1k3).

If V¢ that determined in this step more than the minimum value in step 2 then go to the

next step, otherwise change the value of the duty cycle.
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4) with known V¢, the average current that flows out of the clamping capacitor
through the leakage inductance of the transformer during a half-line cycle is
obtained as

V") bé 4.8)

IA(avg) = (Vcc - ; Licfs

5) Determine the average current that is fed from the input to during a half-line cycle
using (4.9)

m
Tk i VCC — |v. ,k|
Lins (avg) = 2fin Z f Ui == —— (¢t —t)]at (4.9)
k=0"t" in

where m=(fs/2fin), fs is switching frequency, fin is the line frequency, Lin is the input
inductor for one phase (Lin=L1=L2=L3), and I"in1x is the peak current of one input
inductor during a switching cycle k, just when switch S; (or any of other main switches
Sz, Sg) is turned off at time t= t*=to (Figure 4.2).

6) If (8) and (9) are equals, then the converter is operating under steady-state
conditions and the value of V¢ that has been calculated is valid. If not, the
procedure must be repeated for different value of D. if ILinavg)™>lAGavge), repate with a

smaller value of D; if ILin@vge)<lacavge) then repeat with a larger value of D.

4.4 Converter Characteristics

The procedure that described in Section 4.3 can be repeated to determine the voltage
across the clamping capacitor V¢ or any other parameters for other operating points. So,
graphs for steady state characteristics curves can be generated for design purposes. It is

observed that from (4.7), (4.8) and (4.9) the operating characteristics of the converter at
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any given input and output voltage are dependent on three key parameters: transformer

turns ratio, input inductance Lin and leakage inductance L. The following steady state

characteristics can be determined:

1)

2)

3)

4)

4.5

Figure 4.4 shows the effect of transformer turns ratio (n=N2/Nz) on the clamping
capacitor with different load conditions and all other parameters keep constant. It
is clear that the clamping capacitor voltage remains constant regardless what the

load is. It is significantly dependent on the ratio of the transformer

As the input voltage increase, the clamping voltage increases also to maintain the

energy balancing of the clamping capacitor as shown in Figure 4.5.

Figure 4.6 shows the effect on the input inductor on the clamping voltage. It is
clear that the clamping voltage keeps constant under all load conditions. That is
because the input current is discontinuous. By changing the input inductance, it is
clear that there is no significant effect of the input inductor on the clamping

voltage value.

By increasing the leakage inductance of the transformer, the clamping voltage is
slightly increased. when the leakage inductance increases means more voltage
will appear across it. This results more voltage will apply across the clamping

voltage as shown in Figure 4.7.

Design Procedure and Example

The proposed converter is a single-phase, single-stage AC-DC converter with three

interleaved boost converter that is connected to an isolated high frequency transformer

and this section named as power stage. The power stage of the converter is connected to

an active clamp circuit that contents of three switches and clamping capacitor.

The design of the proposed converter is discussed in this section and demonstrated with

an example of the selection of certain key parameters.
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Figure 4.5: Effect of input voltage on clamping voltage (n=0.5, V0=200V, fs==50KHz,

L1=100pH, Lki=10pnH)
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The converter is designed according to the following specifications: input voltage Vin =
90-265 Vms, output voltage Vo = 200 Vqc, output power Po = 1.5 kW, and switching
frequency fs = 50 kHz. The targeted efficiency in this example is assumed to be at least
93% based on previous iterations, similar to what was described in Section 2.4.

In this section of the thesis, several key considerations will take in account when
designing the proposed converter. It should be noted that the design procedure is iterative

and only the last iteration is shown here.

4.5.1 Main transformer turns ratio, n

The main key parameter to design the converter is the turns ratio of the main transformer,
n=(N2/N1) because it affects the amount of reflected load current that is available at the
transformer primary to discharge the clamp capacitor. Figure 4.4 shows an example of
the effect on the transformer turns ration on the clamping voltage. If the turns ration is
low, less reflected load current will be available to discharge the clamping capacitor. This
can result an extremely high voltage across the clamping capacitor. On the other hand,
more turns ratio means more reflected output current and less clamping voltage; however
more circulating current and more conduction losses will be created. It is clear that, a
trade off between low and high values of n; therefore, selecting the value of n must be
considered. However, selecting n cannot be achieved by a simple equation; a computer
program that described in previews section is used to examine the value of n for different
values of Li, and Lk that allow the converter to work under discontinuous current mod
and under two most extreme line and load conditions: high line voltage, light load, and

low line voltage, full load.

For this particular design example, several graphs of characteristic curves are generated
for different values of n and based on these graphs, a value of n=0.5 is selected as
appropriate value.

From Figure 4.5, it is clear that the value of the clamping voltage is 400 V at minimum

input voltage Vin=90 Vms input voltage. By increasing the input voltage for the same
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value of turns ratio n, the clamping voltage will be increased to be less than 440 V at

maximum input voltage Vin=265 Vm.

4.5.2 Determine the Value of Duty Cycle

The proposed converter can operate with three distinct ranges of duty: Range 1 [0 <D <
0.33], Range 2 [0.33 < D < 0.66], and Range 3 [0.66 < D < 1]. Each one differs from

other by the number of switches on at the same time.

The maximum of the duty cycle is determined by (4.4). The maximum duty cycle is 0.68
by considered minimum input voltage is Vin=90 Vms to achieve a clamping voltage 400
V.

4.5.3 Maximum Input Inductor Value

The input inductor should be small enough to ensure that the current through each input
inductor is fully discontinuous under all operating conditions, but not too small to avoid

an excessively high peak current.

The value of each input inductor is determined by consider that the average input power
is equal to the output power and this can be done using a computer program with the

following equations.

The average input power during half line cycle is expressed as

fon—1
1
P = [Vinil B lins,) (4.10)
fon k=0

where, fsn=fs/(2*fin), fs is the switching frequency, finis the line frequency, |Vink| is the
rectified AC supply voltage during switching cycle interval k, link is the average current

through one of the input inductors during switching cycle interval k.

ILin1k during switching cycle interval k is expressed as
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1 (T
Ininik = F[ link(t)dt (4.11)
sJo

DTS (As,k+D)Ts V- — v
Linix = l f ‘“"l tdt + f <1L1pk —Mt> dtl (4.12)

DT Lin

Thus,
| ]
D> | |vinal ||
I = - 4.13
bk ™ 2 f Lin [ 1— |vin,k|/J (.19
Vce
By substituting 4.13 into 4.10, the input power is expressed as
fsn‘l
b 3p2 1 Z [ Vi’ \] 14)
" zstin .fsn %=0 1— |vin,k| .
Vee
where,
k
|vmk| - vlnrms\/_|51n(f ) (4-15)
sn
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By assuming that Pin =Po, the following equation can be derived to determine the value of

the input inductor for each phase:

(4.16)

Lip=-—e.—
in Zfspo fsn = 1— |vin,k|

Vee

3D 1f§1[M\]|

The worst case to be considered in this design example when the converter operates with
minimum input voltage and maximum load. By using Vin=90 Vims, P0=1500w, V=400V
and D=Dmax=0.68, the input inductor value for each phase Lin at the boundry condition is

determine using computer program as 103 pH. Lin=100 pH is used.

4.5.4 Clamp Capacitor (Cc)

The value of clamping capacitor C. is chosen such that one-half cycle of the resonant
period between the clamping capacitor C. and the leakage inductance L.k should eceed

the maximum turn-off time of the main switches. This value is obtained as following:

(1-Dpi)Ts >m /LkeqCC (4.17)

(1 - Dmin)2

C, >
nszeq

T2 (4.18)

where, C¢ is the clamping capacitor, Dmin is the minimum duty cycle, and Lieq iS the

equivalent leakage inductance that will interact with the clamping capacitor.
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4.5.5 ZVS Turn on Range

An important consideration in the design of the converter is that all its switches should be
able to turn on with ZVS over as wide a load range as possible. ZVS for the clamping
switches Sci1-Sca can be achieved for the whole load range because there will always be
sufficient current flowing through their body diodes and this current is independent of
any load considerations. On the other hand, the main switches, S1-S3, may not operate
with ZVS under light-load conditions as there will not be sufficient current to discharge
their output capacitances.

It is necessary to derive the timing between the turn-off of one of the clamping switches
Sc1-Sez and the turn-on of one of the main switches S1-Sz as the voltage across the
parasitic output capacitor for any of the main switches must reach its minimum before it
will be turned on. At the beginning of Mode 3, and before the clamping diode of the
main switch is conducting, the output capacitor across the main switch (Sz in this case)
starts to discharge until it becomes zero. The time needed for Mode 3 to ensure ZVS
operation should be determined so that it is not longer than a quarter of the resonant
period between the leakage inductance of the transformer and the parasitic capacitors of
the switches and it can be expressed as

Vs ’
t3 - tz > E Ctheq (419)

where, Ct: parasitic capacitor across the main switches Si1-Ss.

Lk: the equivalent leakage inductance of the main transformer

4.6 Experimental Results

An experimental prototype was built to confirm the feasibility of the proposed converters.
The specifications were: Input voltage Vin= 110 Vms, output voltage Vou= 200 V,
maximum power Po= 1.5 kW and frequency fsw=50 kHz. The parameters values were L=
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L> = L3 =100 pH and a transformer turns ratio of n = (1/2). 6R190P6 devices were used
for the switches and U1560 devices were used for the diodes. Figure 4.8 shows

experimental results for the case when Vin = 110 Vims.

Input AC voltage and current waveforms are shown in Figure 4.8 (a). The input current is
sinusoidal and in phase with the input voltage. Figure 4.8 (b) shows two input boost
inductor currents Ip1 and Iz, which are discontinuous, and phase shifted 120°. Voltage
and current waveforms for one of the main switches are shown Figure 4.8 (c). The switch
voltage is clamped to the voltage across the clamping capacitor, Vcc, when it is turned off
and the switch has a ZVS turn-on. The voltages across two of the three-phase transformer
primary windings are shown in Figure 4.8. It can be seen that the primary voltage
waveforms are square with zero voltage intervals and they are shifted 120° with respect to

each other.

The quality of input current in the proposed converter is verified by compared its
harmonics with the EN 61000-3-2 standard in Figure 4.9 for 120Vac and 240Vxc. It can be
seen that the converter’s harmonics are below the harmonic levels that are specified by
the EN 61000-3-2 standard.

Another important factor that is useful to show the quality of the input current is power
factor (PF). The converter power factor is shown in Figure 4.10 for the entire load at
120V input. It can be seen that the power factor is greater then 0.99 at full-load
operation. At light-load conditions, the power factor becomes slightly worse because
harmonic currents become more dominant as the fundamental AC input current

component is reduced.

Figure 4.11 shows the efficiency curve for the proposed converter with different output
power. It can be seen that the maximum power of the converter is 94% from half to full

load of operation. The efficiency is reduced significantly when the load is reduced then
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half load (40% of the full load and less) that is because there is not enough current to

achieve ZVS at light-load operation so that more switching losses are present.

4 o Y L2
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Figure 4.8: Typical converter’s waveforms: (a) input ac voltage and current
(V:100Vv/div, 1:20A/div, t:5ms/div), (b) current through two of boost inductors
(1:10A/div, t:5us/div), (c) the voltage across one of the main switch and the current
through it (V:500V/div, 1:20A/div, t:5us/div), (d) primary voltage waveform across
two phases of the transformer (V:500V/div., t:Sps /div)
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Figure 4.11: Efficiency of the proposed converter

4.7 Conclusion

A new interleaved AC-DC single-stage converter is proposed in this chapter. The
proposed converter can do single-stage AC-DC power conversion with just three main
power switches and three active clamp switches. All these switches can operate with ZVS
and voltage spikes that would otherwise appear due to the interaction of transformer
leakage inductance and switch output capacitance are easily clamped due to the presence
of clamping capacitor Cc. The input current is continuous as the converter’s input section
consists of three interleaved boost modules. The operation of the converter is simple as it
can be operated like an interleaved boost converter. No sophisticated or non-standard
methods of control are required.

The converter’s general operation and its modes of operation were explained in this
chapter. Its steady-state characteristics were analyzed and used to develop a design
procedure. Results obtained from an experimental prototype that confirmed the feasibility

of the proposed converter were presented in the chapter.



89

Chapter 5

5 A Novel High-Gain Three-Phase DC-DC PWM Boost Converter

A new high-gain three-phase DC-DC boost converter that can be used in applications
where a high output DC bus voltage must be produced from a low DC source voltage is
proposed in this chapter. The proposed converter has high voltage gain, low input current
ripple, and inherent switch voltage clamping. In the chapter, the operation of the
converter is explained in detail, its features are discussed and guidelines for its design are
given. Experimental results obtained from a converter prototype are presented to confirm

the converter's feasibility.

5.1 Converter Operation and Analysis

The proposed converter is shown in Figure 5.1. It consists of three main switches, S1—Ss,
a three-phase transformer, whose primary and secondary are both connected in delta
configuration, a three-phase diode bridge rectifier at the transformer secondary and an
output capacitive filter C1. The main switches of the converter are connected to the output
through diodes Da1, Da2, and Da3 and these diodes are connected to the high side voltage

through capacitor Co.

The converter works as follows: Whenever a switch is turned on, the current in the
inductor connected to its drain rises. Whenever a switch is turned off, its drain voltage is
clamped to the voltage across C» as the inductor current flows to the output through Das,
Da2 or Das and falls. Energy is transferred to C1 while the converter is operating,
whenever a primary voltage appears across one of the transformer primary windings. For
example, this can happen when switch Sz is on and switch S; is off with the current in Lz
flowing in Dai. In this case, the voltage across the AB primary winding is Vcz. If the
gating signals of the three main switches are such that they are the same but shifted 120°
with respect to each other, then ripple reduction will occur due to interleaving.
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Figure 5.1: Proposed high-gain three-phase DC-DC PWM boost

converter.

The modes of operation during a third of a steady-state switching cycle are explained in
this section. Typical converter waveforms and circuit diagrams for each mode are shown
in Figure 5.2 and Figure 5.3 respectively. For these diagrams, all converter components
are ideal and it is assumed that the input inductors (L1, L> and Ls) are large enough to
keep the current through them continuous over a switching period. It is assumed that
switch S1 was on before t = to and that it is conducting the full input current before the

start of Mode 1 of operation.

Mode 1 [to <t <ty]: Switch S is turned on at the beginning of this mode. The current
through S; is gradually increased due the leakage inductance of the primary of the
transformer. The current through switch Sy increases, whereas the current through switch
S1 decreases. In this mode, Switches Si and Sz are turned on, whereas switch Ss is turned
off. Energy is transferred through the three-phase transformer through the windings that
have voltage impressed across them. Secondary current flows through diodes D2, D4 and
Ds.

During this mode the current through switches S:-S3 can be obtained as following:

Iy=1+1I, (5.1)
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ISZ :IZ+IB (52)

Iys=1I3—1Ic —Ipgz =0 (5.3)
where, 11, I2 and Iz are the currents of the input inductors L, L2, and Ls respectively,
Ia, I, and Ic are the currents of phase A, B, and C respectively, and

Ipaz is the current through the auxiliary diode Da3 and it is equal to the half of the current

through input inductor Ls, i.e. lpa3=I3/2.

Since, L1, Lo, and Lz have same values, they will share the input current equally, i.e.
l1=12=13=I1in/3.

The voltage across phases A and B, Vag, is zero as shown in Figure 5.3(a) because both
of switches S1 and S is turned on and that results currents Ia and Ig will be same and
circulating. Thus, the current that goes through Ss is the same current that will goes

through Sp, i.e. Is1=ls.

By taking summation of (5.1), (5.2) and (5.3), the following equation will be yield

ISl+ISZ+IS3211+12+I3+IA+IB_IC_IDCL3 (54)
Where, Is]_:IsZ, |53:0, |1:|2:|3:|in/3, IDa3:|3/2:|in/6,
and Ia+lIs=Ic because of the balancing of three phase transformer.

Thus, the currents through S: -Sz are obtained by (5.5)

51,
Iy =1, = 1—12” and I3 = 0 (5.5)



94

Mode 2 [t1 <t < t2]: At the beginning of this mode, Switch S; is turned off and the diodes
Da1 and Das start to conduct; current flows to output through them. During this mode,
energy is transferred to the output through the three-phase transformer as well as through
the diodes Da1 and Das. In the secondary of the transformer Dy starts to conduct whereas
D starts to disconnect. In this mode, the voltage across capacitor C; reaches to the level
of the voltage across the transformer’s primary and this voltage is applied across switch

S1.

During this mode the current through switches S1-Ss can be obtained as following:

Iy =0=1 —Iy_Ipg (5-6)
ISZ = 12 + IB (5.7)
[g3 =13 —Ic —Ipgz3 =0 (5-8)

where, Ipa1 is the current through the auxiliary diode Daz1 and it is equal to the half of the

current through input inductor Ly, i.e. Ipa1=11/2=1in/6, and

Ipa3 is the current through the auxiliary diode Da3 and it is equal to the half of the current

through input inductor Ls, i.e. Ipas=13/2=Iin/6.

The voltage across phases C and A, Vca, is zero as shown in Figure 5.3(b) because both

of switches S; and Sz is turned off and that results currents Ia and Ic will be same.

By taking summation of (5.6), (5.7) and (5.8), the following equation will be yield
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Iyt +Ig =L+, +13—I4+1Ig —Ic — Ipg1 — Ipas (5.9)

where, ls1=1s3=0, l1=1,=I3=1in/3, Ipa1=lin/6, Ipa2=lin/6, and Ia+Ic=Ig because of the

balancing of three phase transformer.

Thus, the currents through S; -Ss are obtained by (5.10)
2
Iy =13 =0and I;; = glin (5.10)

Mode 3 [t2 <t < t3]: At the beginning of this mode, switch Ss is turned on and the next
one-third switching cycle begins. The converter operates in the same manner as in Model
except that switches S, and Ss are turned on instead of switches S; and Sa. In this mode,
energy is transferred to the output through three-phase transformer and diodes D1, D4 and
De.

During this mode the current through switches S1-Sz can be obtained as following by

using same analysis in mode 1:
51;
Iy =15 = 1—‘2" and I, =0 (5.11)

5.2 Converter Features

The features of the proposed converter are discussed in detail in this section. The

converter has the following features:
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5.2.1 Current ripple reduction

As discussed in the Introduction, conventional single-phase high gain DC-DC converters
have issues with current ripple and a bulky input inductor is needed to reduce it.
Moreover, the same holds true for the output if the converter is operated with heavy
loads. Current ripple is not an issue with the proposed converter as it is a three-phase DC-
DC converter. It has an interleaved three-phase input, which reduces input current ripple.
It also has reduced output current ripple as it is three times the switching frequency and
thus easier to filter. This allows two smaller capacitors to be used instead of one big

output capacitor.

5.2.2 High output gain

The proposed converter can be made to operate with high voltage gain because it has two
separate mechanisms by which voltage can be stepped up. The first mechanism is the
three-phase transformer section, the second is the non-isolated boost converter section.
Each section can step up voltage by itself. In the case of the three-phase transformer, it is
just a matter of adjusting the turns ratio of the transformer. In the case of the boost

converter, it is just a matter of increasing the converter duty cycle.

A net increase in gain can be achieved by stacking the output of the two sections one on
top of the other. This is different than many other high gain converters, which have only

one mechanism for increasing gain and only one output.

5.2.3 Single-stage power processing

Many high gain converters use multiple cascaded cells to increase their gain. These cells
can be based on additional active converters or passive voltage multiplier cells.

Cascaded high gain converters use multiple converters to increase gain. In these
converters, the output of one converter is fed to the input of another converter so that
gain is increased. Sometimes, redundant elements in these converters can be removed
to reduced cost. So-called quadratic converters, which are converters whose gain
depends on the square of the duty cycle rather than the duty cycle itself, are just such

converters.
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Although the use of cascaded converters and quadratic converters has been

established in the literature, these converters are rarely used except in low power
applications. This is mainly because current must flow through numerous circuit
elements so that conduction losses become significant. Such converters therefore
cannot be used in renewable energy applications because of the high current that

converter components must conduct.

The same issue arises when the use of passive voltage multiplier cells is considered.
Passive voltage multiplier cells take the voltage of one cell then feed it to the input of
another cell, which then feeds another cell until the last cell. Many of these multiplier
cells are based on capacitors that are stacked one on top of the other. This can work if
the current through the cells is low and in fact it is common to use such cells at the
secondary output of high gain converters where the output voltage is already high,
and the output current is low to provide an additional increase in gain. If such cells
are considered in renewable energy applications, then they should not be exposed to

high current.

In the proposed converter, power is processed by only one converter: power is either
process by the three-phase transformer section or by the non-isolated boost section.
As a result, current flows through only one converter instead of multiple converters

and thus significant increases in conduction losses are avoided.

5.2.4 Inherent snubber circuit

In many high gain converters, the presence of voltage spikes due to parasitic elements is a
concern; this is especially true for coupled inductor high gain converters. In such
converters, the use of coupled inductors means that the converter switches are not
clamped to any voltage and any difference in the current of the coupled inductors will try
to force its way through the switches when they are turned off. As a result, such

converters cannot operate unless additional snubbers are needed.

These snubbers can either be passive snubbers or active snubbers. Passive snubbers tend

to dissipate energy or involve the addition of numerous components. Active snubbers
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involve the use of additional active switches thus increasing the cost and complexity of

the converter.

The proposed converter has an inherent snubber circuit and thus does not require that
sophisticated clamping or dissipative passive snubber circuits be added to it. When a
converter switch is turned off, the voltage across the switch is naturally clamped to the

voltage across output capacitor C», which is a bulk capacitor.

5.2.5 Reduced peak switch voltage stress

Due to the high gain of high voltage gain converters, the switches of some previously
proposed converters are exposed to high peak voltage stresses. This is because the high
output DC voltage appears directly across the switch. High gain converters where the
switches are not directly exposed to the output voltage have numerous circuit elements
between them and the output. This, however, results in increased conduction losses as

current must flow through these series elements.

In the proposed converter, peak switch voltage stress is not excessive. It is in fact less
than the output voltage as the maximum voltage that appears across any converter switch
is the voltage across C». This allows lower voltage rated semiconductor devices with

lower values of on-state resistance Rpson t0 be used as the converter switches.

5.3 Design Considerations

Several key considerations should be taken into account when designing the proposed

converter. Some of these considerations are discussed in this section.

5.3.1 Input-output voltage gain

The proposed converter can be divided into two stages with the output voltage being the
sum of the voltage across each stage. The first stage works as a three-phase interleaved
boost converter with three-phase high frequency transformer. Assuming that the
transformer leakage inductance is negligible, and the converter operates under continuous
conduction mode (CCM).



99

The voltage gain of the first section can be described by the following equation

= (5.12)

where, V¢ is the voltage across Ci1, Vin is the input voltage, n is the transformer turns

ration = % , and D is the converter duty cycle.
1

The second stage (auxiliary circuit) works as a conventional interleaved boost converter.

the output to input ratio in this section can be expressed as
=T (5.13)

where V¢ is the voltage across Co
The overall voltage gain, G, of the proposed converter can be derived as following

V, n+1
G_W'n_l—D (5.14)

From (5.14), the overall voltage gain depends on the transformer’s turns ratio and the
duty ratio of the converter. The gain of the proposed converter increases whether the
transformer’s turns ration or the duty cycle is increased as shown in Figure 5.4. There is,
however, a trade-off between the turns ratio and the duty cycle. Although smaller duty
cycle means lower voltage stress across the switches, it results in higher turns ratio,
which increases the amount of current circulating in the primary circulation current, thus

increasing conduction losses.

5.3.2 Transformer turns ratio, n

The transformer’s turns ratio should be chosen to minimize the voltage stress across the
converter semiconductors devices. The voltage stress across the main switches is the
voltage across the output capacitor, Vcz. It should be noted that V¢2 can be calculated

using (5.13) or it can be also approximated to be the voltage across the primary

transformer (Vo, =V,

i = 1‘%1)). Thus, the output voltage across C is calculated as
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Figure 5.4: Voltage gain according to duty cycle with different values of transformer
turns ratio, n under CCM

V-1 = nV,,. For constant duty cycle D, increasing the turns ratio will result in more
voltage appearing across capacitor C1 while the voltage across the primary does not
change (i.e. the voltage stress across the switches does not increase). Higher voltage

stress across the output bridge diodes, however, will appear.

The transformer’s turns ratio also has a significant effect on the distribution of the output
voltages (Vc1:Vc2). This ratio can be determined by using (5.12) and (5.13), (i.e. the ratio
Vc1/Vco=n). Figure 5.5 shows the impact of transformer turns ratio on the output voltage
destitution of the converter. It can be seen that higher turns ratio means more voltage
across capacitor C1 and more energy transferred to the output through the transformer,
but more energy results in more losses and higher rating for the transformer. On the
other hand, lower turns ratio means higher voltage across C, and more components
stresses. The turns ratio of the transformer therefore should be chosen as a compromise

between the transformer size and the stress of the converter components.
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Voltage distribution Vcl/Ve2

Transformer turns ratio, n

Figure 5.5: output voltages distribution according to the variation of transformer

turns ratio, n

5.4 Design Procedure and Example of the Proposed Converter

The proposed converter has two three-phase DC-DC converters stages, the first stage is a
three-phase interleaved boost converter with three-phase high frequency transformer and
the second stage is conventional interleaved boost converter. Both of the converters are
connected to the same input source through three interleaved boost inductors. The design
of the proposed converter is discussed in this section and demonstrated with an example
of the selection of certain key parameters. It should be noted that the design procedures of
both converter sections are iterative as the parameters in each section are interrelated and
dependent on one another. It will generally take several iterations before a satisfactory
design can be achieved and this process may need to be continued in the design of a final
experimental prototype. The example shown in this section can be considered to be the

final iteration of a design process.
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The converter is designed according to the following specifications: input voltage 18V-
30V, output voltage Vo= 200 V, output power Po= 500 W and switching frequency fsw=50
kHz. The targeted efficiency in this example is assumed to be at least 90% based on
previous iterations, similar to what was described in Section 2. 4.

5.4.1 Peak input current

The peak input current of the proposed converter can be calculated from the following

equation
Linpk = linavg + A;J (5.15)
where, Aiin is the ripple of the input current and linavg is the average input current.
The input average current can be calculated as
Iinavg = B (5.16)
Winmin

where Py is the output power, Vinmin is the minimum input voltage, and 1 is the

converter’s efficiency.

By using Aiin=0.5A, Po=500W, Vinmin=18V and the efficiency is 90% is assumed, by
substituting in to (5.15) and (5.16) therefore, the peak input current linpk=31.11A.

5.4.2 Input-output voltage gain

It is assumed that the converter operates in continuous conduction mode (CCM) and the
maximum input-output voltage gain of the proposed converter in this design example can

be calculated by using (5.14) as following:

o 29 1111 (5.17)
Vin,min 18 . .

o)
I
I
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5.4.3 Determine the value of the duty cycle, D and transformer turns
ratio, n

It is assumed that the converter operates in CCM with a duty cycle 0.33< D <0.66

because the input current ripple and output voltage ripple are reduced significantly in this

region as shown in [77], [78]. Thus, the maximum value of the duty cycle is Dmax=0.66. It

should be noted that the maximum duty cycle happens when the input voltage is

minimum (i.e. Vinmin=18V).

Since the voltage gain was previously determined in section 5.4.2 to be 11.11, the turns
ratio can be calculated according to (5.14), which has been plotted in Figure 5.4 for CCM
operation. Thus, the turns ratio is n=2.77. In addition, the minimum duty cycle can be
calculated at maximum input voltage Vinmax=30V by using (5.14) and it becomes
Dnmin=0.43.

In this design example, the proposed converter is operated in range 2 [0.33 < D < 0.66].
by using n=3, Vin=18V and the output voltage gain G=11.11, which results Dmax=0.64
and Dmin=0.4 according to (5.14) and Figure 5.4.

5.4.4 Determine the value of input boost inductor

Since the proposed converter is a three-phase interleaved boost converter, the input
current ripple at CCM is the sum of each conductor current, and the input inductor can be

calculated as

Vin min (2 - 3Dmax) 1
= 4 D - A l
Almf;- 1 _ Dmax ( max 3) (5 8)

where, L=L1=L,=L3 is the input inductor for each phase, fs is the switching frequency,
Dmax IS the maximum duty cycle, Vinmax is the maximum input voltage and Aiin IS the
input current ripple. Equation (5.18) has been derived based on the work on [78] for
0.33<D<0.66.

In this design example, Vinmin=18V, Dmax=0.6, fs=50kHz, Aiin=0.5A, this results the input
inductor value for each phase is L= 160uH. In this example L1=200uH.
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5.4.5 Voltage stress across switches Si1-Sz

The voltage tress of the main switches S1-Sz is the voltage across capacitor C. This

voltage is calculated using (5.19)

(5.19)

where, Vs is the voltage stress across one of the main switches, Vs=Vs1=Vs2=Vs3, Vin IS
the input voltage and D is the duty cycle. Figure 5.6 shows the impact of duty cycle for
different values of input voltages. It is can be seen that more duty cycle results more
voltage stress across the switches. On the other hands, less duty cycle means less voltage

stress, however less gain will results as shown in Figure 5.4 in Section 5.3.1.

Since the duty cycle of the proposed converter has been chosen to be between 0.33 and
0.66 (i.e. 0.33<D<0.66), the maximum stress will be 88.23V as shown in Figure 5.6.
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Figure 5.6: Switches voltage stress with duty cycle, D, for different values of input

voltage, Vin
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5.4.6 Current stress on switches Si1-S3

Since the converter operates in Range 11 (0.33<D<0.66), the peak current in any of the
main switches will happen when just one switch is turned on. For example, the current
through Sz in mode 2 (see Figure 5.3(b)) using (5.10). Using linpk= 31.11 A, which

calculated from Section 5.4.1, The peak switch current therefore is
2
Ispk ES §Iin,pk == 207414

The average current through each main switch when the converter is operating at full-

load can be determined as

I —1fT'(1:)dt—1 ftlsl dt+ft221 dt+ft351 dt
Savg_Ts OlS _Ts o 12 in " 3in- : 12 in-

175 2 5
Isavg = Fs [E Iin(tl - to) + §Im(t2 - tl) + (t3 — tz)

17 lin
= (¢)a+n]

where, (t1-to), (t-t1) and (ts-t2) are the time duration of modes 1, 2, and 3 respectively.

(5.20)

These durations are calculated as follows:

(ty —to) = (tz — t) = (D — %) Tyand (t, —ty) = (; — D) T (5.21)

By substituting (5.21) in to (5.20), the average current for each switch can be calculated
by (5.22).

Ly = (%”) 1+ D) (5.22)
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Using the maximum input current value determined previously Ispk=20.74 A and duty

cycle D=0.6, the average current through one of the main switches is Is,pg = 553 A.

5.5 Experimental Results

A prototype of the proposed converter was built according to the following
specifications: Input voltage Vin= 18V-30V, output voltage Vo= 200 V, output power Po=
500 W and switching frequency fsw=50 kHz. The prototype was implemented with L1=L»
= L3 =200 pH and a transformer turns ratio of n = 3. IRFB 4227 devices were used for
the switches and ETL 0806 devices were used for the diodes. Typical experimental

waveforms obtained with Vi, = 30 V are shown in Figure 5.7.

Figure 5.7(a) shows gating signals of the converter’s main switches, which are identical
but shifted by 120° with respect to each other. Voltage and current waveforms for one of
the main switches are shown in Figure 5.7(b). It can be seen that the switch voltage is

clamped and that it is clamped to a voltage that is less than the output voltage.

Figure 5.7(c) shows gating signals for two main switches and a voltage across one of the
three-phase transformer primaries. The primary voltage waveform is a square waveform
with some zero voltage intervals and that it is not symmetrical. The symmetry or

asymmetry of the voltage is dependent on the switch states of the switches.

Figure 5.7(d) shows the currents for two of the boost inductors I.1and I.2 and Figure
5.7(e) shows the current of one of the boost inductors and the input current lin flowing out
of the DC source. The inductor currents have some ripple and the input current has little

due to interleaving.

Figure 5.8 shows the efficiency of the proposed converter. It can be seen that the
maximum efficiency of the proposed converter achieved under half load condition
(=94%). When the converter is operating under full load condition, more conduction

losses will result, and the efficiency becomes 90%.
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Figure 5.7: Experimental results: (a) Gating signal waveforms (V:20V/div.,
t:5us/div.), (b) Voltage and current for the main switch (V: 50V/div., I: 5A/div., t:
5us/div), (c) Gating signal waveforms for two main switches and primary voltage

waveform across the transformer (Vg: 50V/div., Vt: 50V/div., t: 5us/div, (d) Current
through two main inductors (I: 1A/div, t: 5us/div.), (e) Input current and main

inductor current waveform (lin: 2A/div., IL: 2A/div, t: 10us/div.)
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5.6 Conclusion

A new high-gain three-phase DC-DC converter is proposed in this chapter. It has an input
current with low ripple, high gain due to a stacking structure), lower conduction losses
due to fewer components in the path of current and the fact that power is only processed
once (either by the boost converter or the three-phase transformer), a simple and inherent
clamping mechanism (no additional clamping snubbers need to be added to the circuit),
and lower voltage and/or current stresses on the components (i.e. the peak voltage stress

is clamped to Vc2 and not Vo).

In this chapter, the operation of the converter was explained in detail, its features were
discussed and some guidelines for its design were given. The converter’s feasibility was

confirmed with results obtained from an experimental prototype.
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Chapter 6

6 Summary and Conclusion

6.1 Summary

The focus of this thesis has been on power converters that are based on three-phase DC-
DC converters that have a three-phase transformer in their topology. The typical conversion
process of these DC-DC converters is to convert an input DC source voltage into three-
phase high-frequency AC voltage, feed this three-phase AC voltage to a three-phase
transformer, which steps the voltage up or down, then rectify this voltage and filter the

result so that a desired three-phase DC output voltage can be obtained.

Three-phase DC-DC converters are attractive because they have several advantageous
features over conventional DC-DC converter that have a single-phase transformer in their
topologies. These include lower cost for higher power applications as one converter can be
used instead of three lower power converters in parallel, less input current ripple in some
three-phase DC-DC topologies than that found in conventional DC-DC converters due to
inherent interleaving, less output current ripple that is lower and at higher frequency than
that produced by conventional DC-DC converters, and less current stresses on converter
components as current is split among three phases. Three-phase DC-DC converters are thus

attractive for higher power applications.

Other applications where three-phase DC-DC converters are attractive are renewable
energy applications such as solar power conversion and fuel-cell power converters.
Renewable energy sources such as solar cells and fuel cells tend to produce low output DC
voltages. The current coming out of these sources can be considerable even for power
conversion applications of a few hundred watts because their voltages are low and thus
whatever converter is used to convert the low input DC voltage to a higher more practical
DC voltage must be able to handle this high current. Since three-phase DC-DC converters
are better than conventional DC-DC converters in this regard, therefore they are more

suitable for certain renewable energy applications.

The contents of this thesis can be summarized as follows:
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In Chapter 1, basic power electronic concepts that are related to the work performed for
this thesis were explained and a literature review of relevant previous work was performed.

The objectives of the thesis were stated and the outline of this thesis was presented.

In Chapter 2, a new three-phase DC-DC converter was presented. This converter requires
fewer active switches than converters of the same type, has input current interleaving,
inherent switch voltage clamping, and an auxiliary circuit that does not interfere with the
operation of the main part of the circuit. In this chapter, the general operation of the
converter was described as well as the most significant modes of operation that it goes
through during a typical switching cycle. Equations for each mode of operation were
derived and then used to establish a design procedure that can be used to select key
converter components. The design procedure was demonstrated with an example and used

to design an experimental converter prototype.

In Chapter 3, experimental results obtained from a prototype of the converter that was
introduced in Chapter 2 were presented. Key experimental waveforms were shown as well
as efficiency results. These efficiency results were compared to those obtained of a
representative active-clamp type three-phase DC-DC converter operating with
conventional silicon (Si) semiconductor devices. Further comparisons were made between
experimental prototypes that were built with silicon-carbide (SiC) devices that are said to
offer better performance than Si devices, but are less readily available and more expensive.
Based on the experimental work presented in this chapters, conclusions related to the
efficiency of the proposed converter vs that of the active-clamp converter and the efficiency

of Si-based converters vs SiC based converters were made.

In Chapter 4, a new single-phase AC-DC converter with three-phase transformer isolation
was introduced. The advantages of this converter are that it has an interleaved input current,
it has lower component current stresses and less output ripple than AC-DC converters with
single-phase transformer isolation. Moreover, it can be implemented with fewer active
switches than conventional two-stage approaches that require an additional converter. In
this chapter, the general operation of the converter was described and the most significant

modes of operation that the converter goes through during a typical switching cycle were
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explained. Equations for each mode of operation were derived and then used to establish a
design procedure that can be used to select key converter components. The design
procedure was demonstrated with an example and used to design an experimental converter
prototype. Result obtained from an experimental prototype of the proposed AC-DC

converter were shown and conclusions were presented.

In Chapter 5, a new three-phase DC-DC converter with high output voltage / input voltage
gain was introduced. High gain converters have become popular in recent years due to their
use in renewable energy source systems as they can take low-level DC voltages from solar
panels or fuel cells and convert them to higher-level DC voltages that can be used to feed
DC-AC inverters that can be connected to the grid. The proposed high gain converter has
high output gain, only three active switches, reduced switch voltage stress, an interleaved
input for low input current ripple, and inherent voltage snubbing of the switches. In this
chapter, the general operation of the converter was described and the most significant
modes of operation that the converter goes through during a typical switching cycle were
explained. Equations for each mode of operation were derived and then used to establish a
design procedure that can be used to select key converter components. The design
procedure was demonstrated with an example and used to design an experimental converter
prototype. Results obtained from an experimental prototype of the proposed high-gain DC-

DC converter were shown and conclusions were presented.

In this chapter, the contents of the thesis are summarized, the main conclusion and

contributions of the thesis are stated, and suggestions for future work are presented.

6.2 Conclusions

The following conclusions can be made based on the work that has been done for this
thesis:
e It is possible to perform three-phase DC-DC conversion with just four active
switches. This results in the elimination of at least 2-3 active switches and their
associated gate drive circuits that previously proposed converters have in their

topologies, thus reducing cost.
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The efficiency of the proposed three-phase four-switch DC-DC converter is almost
the same as that of the more sophisticated and more expensive three-phase active
clamp converter for a load range of up to 1.5kW.

The prototypes that were implemented with silicon carbide (SiC) devices were only
slightly more efficient than those implemented with conventional silicon (Si)
devices. This was because the prototypes were operated with low input voltages
and high input currents so that conductions losses were the most dominant losses;
these were unaffected by the type of switching device that was used. Switching
losses, which are affected by the type of device used, were not as significant as
conduction losses. The fact that prototypes with SiC devices were only slightly
more efficient than those Si devices is significant because it is generally assumed
by power electronics that replacing Si devices with SiC devices will automatically
improve converter efficiency significantly. While this may be the case for many
converters, it is not the case for the DC-DC converters that were examined in this
thesis.

The difference in efficiency between the two converters narrowed when SiC
devices were used. This was because SiC devices impact switching losses. There
was little change in the efficiency of the active clamp converter because the
converter switches already operate with ZVS except for light loads so switching
losses are already eliminated. In the case of the proposed three-phase four-switch
DC-DC converter, SiC devices can help reduce switching losses as the switches in
these converters do not operate with ZVS and thus the gap in efficiency between
the two converters can be narrowed.

The AC-DC converter proposed in this thesis is actually a single-stage converter
with a DC clamp capacitor that has a voltage across it that is determined by the
converter’s parameters and operating conditions. As it is a single-stage converter
that can perform AC-DC power conversion with just one converter instead of two,
it shares some of the characteristics of such converters. One such characteristic is
that the voltage across the clamp capacitor is independent of load if the input
inductor currents are discontinuous and the current in the magnetizing inductances

of the three-phase transformer are discontinuous. This characteristic is significant
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along with the interleaved converter input as the input current can be made
continuous and the clamp capacitor voltage can avoid being excessive, which is
something that cannot be achieved with a standard boost-type single-stage
converter.

The proposed high-gain DC-DC high-gain converter has an inherent snubber
circuit, which results in the voltage across the switches being naturally clamped to
the voltage across output capacitor C». This means the voltage rating of the active
switches does not depend on output voltage and is therefore lower than that found

in other high-gain converters.

Contributions

The contributions to the power electronics literature of the work done for this thesis are as

follows:

A new three-phase DC-DC converter that uses just four active switches was
proposed in this thesis. This converter uses fewer active devices than other
previously proposed three-phase DC-DC converters that typically require six or
seven active switches. Moreover, the proposed converter has input current
interleaving that can reduce input current ripple, which makes it suitable for
renewable energy applications where it is desired that such ripple is low.

A comparative study between a three-phase DC-DC converter with Si devices and
one with SiC devices was made. This comparison showed that SiC devices may
result in only marginal efficiency improvement over Si devices for some converter
topologies. This result is unexpected as it has been commonly accepted by the
power electronics community that converters with SiC devices have much greater
efficiencies than those with Si devices.

A new AC-DC single-stage converter that has three-module phase interleaving and
transformer isolation was proposed. Such a converter uses fewer active devices than
the conventional two-stage approach, which may require as many as nine active
switches.

A new three-phase DC-DC converter with high output voltage gain was proposed.
This converter can produce a high output voltage from a low input DC voltage,
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which makes it especially suitable for renewable energy application just as though
for solar energy systems where the DC voltage obtained from solar panels is low.
The proposed converter has just three active switches, reduced switch voltage
stress, and inherent voltage snubbing to prevent switch overvoltage spikes from
appearing across the switches.

A full analysis of the key steady-state characteristics of all the new converters that
have been presented in this thesis was made and a design procedure for the selection
of the most significant components of each converter was developed and presented.
This will help other engineers implement the converters proposed in this thesis.

Suggested and Future Work

The following suggestions for future work are made in this section:

An investigation of how the three-phase DC-DC converters have been proposed in
this thesis can be implemented in renewable energy systems can be made. The
objective in this case would be to examine how these converters would work as part
of a system as opposed to working independently.

The three-phase DC-DC converter proposed in Chapter 2 has an auxiliary circuit
that does not interfere with the operation of the main circuit, unlike many
previously proposed converters of the same type. As a result, it can operate with
higher switching frequencies. Future work can involve an investigation of how the

proposed converter operates with SiC devices at high switching frequencies.
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