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Abstract

PartI:

This thesis is motivated by the increasing demand for power quality improvement.
Power factor correction topologies for both single- and the three-phase utility lines are
investigated and new modes of operation are introduced. The discussed topologies are
so-called automatic power factor correctors. The current shaping function is a natural
property of these circuits, and no extra current control loop is necessary.

In both the single- and three-phase cases, a control method is introduced which
provides full output regulation and simultaneously reduces the distortion of the input
current at no extra cost.

Whereas in the single-phase topology, galvanic isolation is easily obtained, in the
three-phase topology, some obstacles have to be overcome. The isolated three-phase
converter has an inherent output voltage ripple. This problem is analyzed and a solution
1s presented.

Results obtained on experimental circuits agree well with the prediction and

therefore confirm the validity of the analysis.

Part II:

The small-signal behavior of converters in discontinuous conduction mode (DCM) is
investigated using an alternative approach. Transfer functions obtained by state-space
averaging in DCM do not provide accurate results at higher frequencies. A correction
term is introduced that can be added to the transfer function. This greatly enhances the

accuracy.
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For converters operating in DCM, the state-space averaging method as originally
introduced is relatively complicated if more than one element operates in discontinuous
conduction mode. In this thesis, a standardized procedure is introduced to perform
state-space averaging. Also, the complexity of this procedure does not increase as the

number of discontinuous states increases.
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Part 1

Single-Phase and Three-Phase

Power Factor Correction



Chapter 1

Introduction

In today’s world the need for electrical power is ever present. Electrical power
appears in two different forms, namely as dc-power or ac-power. The discipline of
power electronics is concerned with the conversion of power from one form to another.
Power converters can be classified into four basic categories. The four types are dc-to-
dc converters, ac-to-dc rectifiers, dc-to-ac inverters and ac-to-ac cycloconverters. This
part of the thesis is concerned with ac-to-dc rectification.

Electrical power is predominantly distributed in the form of ac-power. In recent
decades the demand for dc-power has increased exponentially. This is due to electronic
equipment such as computers, consumer electronics and communication systems to
name a few. All these loads require dc-power in order to operate. Therefore, there is a
rapidly growing need for ac-to-dc rectification circuits. These circuits constitute the
interface between the ac-power line and the dc-load.

Ideally, the input voltage and input current to an ac-to-dc rectifier are both in-phase
sine waves, and the output voltage is constant, independent of the current drawn from
the rectifier. Thus, the input impedance is purely resistive, and the output impedance is
zero. The subject of power quality is concerned with how closely the ideal situation is
obtained at the input to the rectifier. In Chapter 2, the basic definitions quantifying
power quality are defined and their mutual relation is derived. The two most important
indicators of power quality are total harmonic distortion (7HD) and power factor (PF).
The THD is a measure of the distortion of a signal. A pure sine wave has a THD equal
to zero. The power factor indicates what fraction of the apparent power (VA-product)

present in a system is actually delivered to the load. Ideally, the power factor is unity.



Ac-power systems can be divided in two groups, namely single-phase systems and
three-phase systems. The simplest, and historically most frequently employed, method
of the ac-to-dc rectification is the use of a full-wave rectifier bridge followed by a large
energy storage capacitor. This type of rectifier, discussed in Chapter 3, generates a
large amount of distortion in the input current. Since the utility line is a non-ideal
voltage source with a finite impedance, the current distortion also causes a voltage
distortion. Although a single rectifier circuit has little effect on the voltage waveform,
the immense number of these rectifiers causes severe problems. Chapter 3 also deals
with conventional three-phase ac-to-dc rectification. In this case, the distortion is
naturally less severe but still substantial.

Because the distortion problem has increased so dramatically, international standards
have been imposed with the objective to limit the current distortion. In order to meet
these limits, new and more sophisticated ac-to-dc rectifier circuits are necessary. In the
past decade, power electronics engineers have invested a considerable amount of effort
in search of suitable topologies which avoid the current distortion, or reduce it to an
acceptable level. These circuits are called power factor correctors (PFC) or current
shapers.

A vast number of topologies have been proposed. The most straightforward
approach is a two-stage solution. The first stage removes the distortion from the input
current, and the second stage regulates the output voltage. Both stages are decoupled by
means of a large energy storage capacitor between them.

There are two distinct types of power factor correctors, controlled PFC circuits and
automatic PFC circuits. In the topologies of the first group, the input current is
monitored and compared with an ideal reference. The difference is used in a fast
feedback loop which controls the input current so that it closely follows the reference.

Automatic PFC circuits do not require current sensing as current shaping is a natural
property of these circuits. When the basic automatic power factor correction topologies,
such as the Boost and the Buck-Boost, were first introduced, they were operated with
constant duty ratio over one line cycle. However, in many practical cases, the output

voltage of the converter must be tightly controlled by some means. The most obvious



method is the implementation of a feedback loop. The bandwidth of this loop, however,
must be well below the line frequency in order to ensure the required constant duty ratio
over one line cycle. This does not allow tight load regulation, and is therefore
contradictory. These ac-to-dc rectifiers also exhibit an undesirable output voltage ripple
at twice the line frequency, requiring in most cases a post regulator.

These two-stage solutions are however, bulky, complex and expensive. It is
therefore natural to search for single-stage solutions which can simultaneously provide
low distortion of the input current, and well-regulated output voltage. This search has
lead to single-stage solutions which incorporate a high bandwidth output voltage control
loop, and inherently possess a high quality input current waveform.

All topologies presented in this thesis are automatic power factor correctors. A fast
feedback loop is not only possible but is in fact essential for optimum performance with
regard to the input current distortion. Such a topology for a three-phase ac-to-dc
rectifier is introduced and analyzed in Chapter 4. This circuit is not able to completely
avoid the input current distortion, but can drastically reduced it. If a fast output
feedback loop is employed, the current waveform can be further improved. Thus, with
a fast control loop, two goals are achieved simultaneously, an improved input current
waveform and a well-regulated output voltage. Therefore, in this topology the fast
output regulation is not merely an option; it is required to achieve optimum
performance at the input of the rectifier. In addition, because the topology is based on a
Boost converter high efficiency is achieved.

The disadvantages of this converter are the high output voltage and also the fact that
galvanic isolation is not easily implemented. In Chapter 5, two extensions of the
converter are discussed. These extensions, derived from the Cuk and the Sepic
converters, are able to solve both problems. Galvanic isolation is easily included, and
the output voltage can be chosen arbitrarily. The principal problem associated with
these topologies is that they tend to have an output voltage ripple at six times the line
frequency. The nature of this problem is investigated, and a solution is presented.

In Chapter 6, a single-phase ac-to-dc rectifier is investigated. It can be realized as

both, an isolated or non-isolated version. The topology exhibits similar characteristics





































































































































































































































































































































































































































































































































































































































































































































































