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Abstract

In all electronic equipment the power supply plays an important role even though the power
supply typically has nothing to do with the primary function of the equipment. From the
manufacturers point of view, the power supply is a necessity but since it has nothing to do
with the primary function of the equipment, little focus is directed towards this unit. 
As a result of the introduction of the new European norm EN61000-3-2, focus has been
directed towards the implementation of the off-line power supplies. This norm limits the low
frequency harmonic current content in the line current.
The most commonly used ac/dc power supply configuration (bridge-rectifier + filter
capacitor) is affected by the new norm, forcing the manufacturers to pay attention to the
way that the ac/dc conversion is performed.

Solutions like the PFC boost converter in a Two-Stage configuration that complies with the
regulations have been known long time before the implementation of EN61000-3-2, but
since the regulations accommodate some distortion of the line current, many new PFC
approaches that take advantage of this have been proposed during the last decade. Two of
the dominating PFC approaches are referred to as the Single-Stage approach and the
Reduced Power Processing approach.

This thesis is a fundamental study of the performance of these dominating PFC approaches
consisting of the Single-Stage approach, the Reduced Power Processing approach and the
Two-Stage approach. 
All of the PFC approaches basically consists of a reconfiguration of the basic dc/dc
converter topologies and by characterizing the stress on these individual converters it is
shown that the well known, well proven Two-Stage approach is the superior approach with
regard to the component stress and thereby the conversion efficiency.

As a result of this work with characterizing and comparing the different PFC approaches, a
new family of PFC converters have emerged. This new type of converters is especially
suited for wide input range applications since one of the strong sides of this converter is an
effective reduction of the input range with a factor of 2. The new converter type has been
named:

Efficient Wide Range Converter - EWiRaC

Experimental results confirms the theoretical prediction of the EWiRaC being a high
efficient PFC converter for wide range applications and compared to the wide range PFC
boost converter, the EWiRaC achieves 1-2 percentage points higher worst case efficiency.
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Resumé (Abstract in Danish)

I alt elektronisk udstyr spiller spændingsforsyningen en vigtig rolle, selvom den sjældent har
noget med apparatets primære funktion at gøre. Set fra producenters synspunkt, er
spændingsforsyningen en nødvendighed, men da den ikke har noget at gøre med apparatets
primære funktion, fokuseres der meget lidt på denne enhed.
Introduktionen af EN61000-3-2 har medført at der nu skal fokuseres på
spændingsforsyningen hvis denne er tilsluttet lysnettet. Denne nye norm sætter grænser for
indholdet at harmoniske strømme i lysnettet.
Den mest udbredte ac/dc spændingsforsyning (bro-ensretter + udglatningskondensator)
rammes af de nye normer. Producenterne tvinges derved til at fokusere på den måde, at
ac/dc konverteringen udføres.

Løsninger, som en PFC boost konverter i en Two-Stage løsning, der overholder de nye
normer, har været velkendte lang tid før at EN61000-3-2 blev introduceret, men da
EN61000-3-2 tillader en del harmoniske i strømmen, er der fremkommet mange nye
løsninger i det sidste årti, der udnytter dette. To af de dominerende PFC løsninger refereres
til som en Single-Stage løsning og en Reduced Power Processing løsning.

Denne afhandling er et grundigt studie i virkemåden af disse dominerende PFC løsninger
benævnt som Single-Stage, Reduced Power Processing og Two-Stage løsninger.
Alle disse PFC løsninger er grundlæggende sat sammen af de basale dc/dc konverter
topologier og ved at karakterisere stresset på de individuelle konvertere, er det vist, at
løsningen kaldet Two-Stage er overlegen mht. til komponent stress og derved også mht.
konverteringseffektiviteten.

Som et resultat af arbejdet med at karakterisere de forskellige løsninger, er der fremkommet
en ny familie af PFC konvertere. Denne nye konverter-type egner sig specielt til
applikationer, hvor indgangsspændingen varierer relativt meget, da en af konverterens
forcer er, at den effektivt kan halvere variationen på indgangsspændingen. Denne nye
konverter-type er blevet kaldt:

Efficient Wide Range Converters – EWiRaC

De eksperimentelle resultater underbygger de teoretiske forudsigelser om, at EWiRaC-
konverteren er en høj effektiv PFC konverter til det universelle spændingsområde.
Sammenlignet med en PFC boost konverter til det universelle spændingsområde, opnår
EWiRaC-konverteren en forøgelse på 1-2 procent-point i worst-case effektiviteten.
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Chapter 1

Introduction

When this project was initiated, one of the driving forces was the coming implementation of
the new European standard, EN61000-3-2. This new standard will affect the way power
supplies are designed both in terms of cost, complexity and efficiency. Consequently, the
search for new power supplies dedicated to comply with EN61000-3-2 was an ongoing
task.
Before there were any talk of implementing regulations concerning the low frequency
current harmonics in the utility grid, the only well known, well tested solution to this
problem was a PFC boost converter. Adding a pre-converter in series with the original
power supply would increase the cost and decrease the overall efficiency.
Facing these problems researchers began developing new approaches to accommodate a
reduction of the low frequency current harmonics. One of the obvious ideas, was to
eliminate the pre-converter by combining the two stages, into a single stage thereby
reducing the cost and increasing the efficiency. Since only one stage was processing the
power compared to two stages, this approach seemed like a good alternative to the Two-
Stage approach. 
The Single-Stage approach is one of the dominating ideas presented in the past decade with
numerous different implementations. Since the regulations allow for a significant amount of
harmonic distortion, topologies not able to obtain a pure sinusoidal current waveform and
therefor not usually used for Power Factor Correction (PFC), have been proposed.

The research on the subject of Power Factor Correction has been carried out both in the
industry and at the universities. The later have flooded the literature with "new and
improved" methods of implementing PFC power supplies (the author not excluded). But
when you turn to the industry and ask what kind of PFC solution, both in terms of topology
and architecture, that they are using, the answer you get in 9 out 10 times, is a PFC boost
converter in a Two-Stage system.
So, regardless of all the "New and Improved"-approaches reported in the literature, the
cornerstone of the modern PFC power conversion is still the basic boost converter.

One of the two major objectives of this thesis, is to investigate the performance of the
alternative PFC solutions, and compare them with the Two-Stage solution, using a PFC
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boost converter as the pre-converter. The objective is to clearly identify the pros and cons
of the alternative solutions so that the advantages/disadvantages becomes more visible.
Hopefully, this will create an overview and an understanding of how a reasonable
implementation of a PFC system should be carried out. 

The second objective is to bring the research within ac/dc-conversion one step further. By
recognizing the better approaches and identifying where the problems occur, new solutions
will be introduced setting the bench-mark for future research in this field.
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Chapter 2

Standard PFC and EN61000-3-2

Obtaining power from the utility grid can be done in different ways. The most common way
of doing this is by using a bridge rectifier and a large filter capacitor (peak rectification).
This approach has the advantage of being very simple and low cost. For the end user of the
equipment there is only one drawback, which is a significant reduction of the power factor.
New regulations has been put into effect, reducing the use of the bridge rectifier, in order to
obtain a better supply voltage quality. The regulations limits the allowable harmonic current
distortion to a level that for some applications makes it impossible to use the standard peak-
rectification approach.
There are already existing solutions that reduce the harmonic distortion to very low levels,
but the regulations does allow for a certain amount of distortion which in some cases can be
taken advantage of.
This chapter gives a short introduction to the concept of Power Factor with an illustrative
example. Furthermore, the new European standard, EN61000-3-2, will be introduced, and
the consequences of the regulations will be discussed.
 

2.1 Definition of Power Factor (PF)

The concept of Power Factor (PF), is a measure of how well the power from the utility grid
is obtained. PF is a number in the range between 0 and 1, and it is calculated as the ratio of
the Real power (consumed power) to the Apparent power.

PF=
Real power

Apparrent power
(2.1)

Assuming that the line voltage is almost a perfect sinusoidal, the real power is defined as the
product of the fundamental of the voltage, the fundamental of the current and the phase
displacement between these two:

PReal=V 1,RMS⋅I 1,RMS⋅cos(φ) (2.2)

-25-



High Efficient Rectifiers

The apparent power is the product of the rms voltage and current:

P App.=V RMS⋅I RMS (2.3)

 By using Eq.(2.1)-(2.3), the PF can be expressed as:

PF=
I 1,RMS

I RMS

⋅cos(φ)
(2.4)

The total rms current, IRMS in Eq.(2.4), can be rewritten in terms of the rms value of each
contributing harmonic:

PF=
I 1,RMS

I 1,RMS
2

+I 2,RMS
2

+..+I n,RMS
2

⋅cos(φ)
(2.5)

From Eq.(2.5) we can see, that the PF is affected by two things, the ratio of the
fundamental to the total content of harmonic currents, and the phase difference between the
fundamental of the voltage and current.

The above mentioned ratio of the fundamental to the total content of harmonic currents, can
also be expressed in terms of Total Harmonic Distortion (THD). The THD of the current is
defined as:

THD=
I 2,RMS

2
+I 3,RMS

2
+..+I n,RMS

2

I 1,RMS

(2.6)

By substituting Eq.(2.6) into Eq.(2.5) we get the relationship between the total harmonic
current distortion and the PF:

PF=
1

1+THD2
⋅cos(φ)

(2.7)

As it will be shown later in this chapter, the regulations does not directly impose limitations
on the THD, PF or cosφ, but only on each individual harmonic of the fundamental current.

2.2 General PF considerations

Previously, the concern regarding PF was a matter of correcting the cosφ, which
corresponds to the phase difference between the fundamental of the voltage and the current.
The household were dominated by equipment that basically were linear, a mixture of
resistive and inductive loads. In these cases the matter of correcting the PF was a matter of
correcting the cosφ, which can be accomplished relatively easy, by means of passive
compensators.
These compensators are not placed at the grid connection of every household but at a
reasonable point covering a larger area. Form the point where the compensator is located
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and out to the individual households the increase in rms current-flow is inevitable, but this
distance is usually nothing compared to the distance between the power plant and
compensator location.

Today it is no longer enough only to compensate for cosφ. The household equipment now
contains a great deal of nonlinear loads dominated by the bridge rectifier followed by a large
bulk capacitor (Fig. 2.1a). The nonlinear loads results in distortion of the line current, which
introduce harmonics other than the fundamental.

Fig. 2.1. Ac/dc conversion using peak rectification.

The configuration shown in Fig. 2.1a is very common and can be found in most electronic
equipment. This circuit converts the ac-voltage to a dc-voltage by peak rectification.
Because of the peak rectification, a large number of harmonic currents are generated,
resulting in a very poor PF, typically in the area of 0.5-0.6.

To illustrate the effects on the line current, when using the peak rectifier as an ac/dc
converter, the configuration shown in Fig. 2.1a have been tested using the following
specifications:

VIN : 230VAC, HP6843A
POUT : 330W
Load : Constant power load (Switch-mode Power Supply) 
C : 660µF, esr = 200 mΩ
Bridge : GBU8J, Rd = 20 mΩ

The reason for using a constant power load, is that the bridge rectifier configuration is
typically loaded by a switch-mode converter. Within its regulation bandwidth, the converter
constitute a constant power load. The type of load does affect the PF, but it is only
significant in case of large voltage variations on the capacitor ( a small capacitor). For the
setup described, there is very little difference between the results obtained using a constant
power load, compared to a constant impedance load.

The results obtained from the test circuit can be seen in Fig. 2.2. Fig. 2.2a shows the line
voltage and current, Fig. 2.2b is the corresponding spectral-analysis of the current.

For the example shown in Fig. 2.2, the resulting power factor is equal to 0.45. For the
bridge rectifier configuration, the PF is dependent on the load, the parasitic resistance in the
components and the size of the capacitor. In the test circuit, 2µF/W is used (a rule of thumb
indicate 1.5µF/W @ 230VAC [1]). The amount of capacity at the output is dictated by the
application. The test circuit is designed to have a 35ms hold-up time allowing a 20% drop in
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the output voltage.

Fig. 2.2. Measurements on a bridge-rectifier + filter capacitor. VAC = 230V, POUT=330W, CB=660µF
(2µF/W). a) Voltage- and current waveform. b) Harmonic content.

The degradation of the PF is caused mainly by the high harmonic content, and not so much
the phase-difference between the fundamentals of the voltage and current. The phase
difference was measured to 0.09 rad, which is also indicated by the current placement in
Fig. 2.2a.
From the utility companies point of view, a PF=1 is preferable, since only real power has to
be supplied, leading to better utilization of the grid.
For the end user a PF correction of each apparatus would affect the retail prize, and the
efficiency will most likely be penalized, resulting in higher electric bills. The real benefit for
the end-user is the capability to obtain maximum power from the grid. In DK the maximum
power outlet from a ordinary wall-socket is 2.3kW so a PF=0.5 will cut the obtainable
power into half. This can be a problem in office buildings where the electronic equipment
are dominated by computers and monitors (where the configuration of Fig. 2.1a is
commonly used).

2.3 EN61000-3-2

The European norm EN61000-3-2 was put into effect January 1st 2002, with the purpose of
limiting the current harmonics injected into the grid. Depending on the equipment, different
classes applies. As of today, there are four different classes in EN61000-3-2.

� Class A: Balanced three-phase equipment and all other equipment, except that stated in
one of the following classes.

� Class B: Portable tools.
� Class C: Lighting equipment, including dimming devices.
� Class D: TV-receivers, PCs and PC-monitors (70W<P<600W)

The permissible level of the individual harmonics are defined by which class the equipment
belongs to. Table 2.1 shows the permissible harmonic levels for the four different classes.

For all of the classes the limits applies to currents and not the specific PF. The classes C and
D have relative limits and the amount of harmonic currents therefore depends on the power
level. The classes A and B have absolute limits. At a power level of 600W class D and A
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coincide and all equipment with power levels above 600W not classified as either B or C,
now belongs to class A.

Harmonic
number

Class A
[ARMS]

Class B
[ARMS]

Class C
[% of

fundamental]

Class D
[mARMS/W]

Odd 3 2.3 3.45 30·λ* 3.4

5 1.14 1.71 10 1.9

7 0.77 1.155 7 1.0

9 0.4 0.60 5 0.5

11 0.33 0.495 3 0.35

13 0.21 0.315 3 0.296

15 < n < 39 2.25/n 3.375/n 3 3.85/n

Even 2 1.08 1.62 2 -

4 0.43 0.645 - -

6 0.30 0.45 - -

8 < n < 40 1.84/n 2.76/n - -

Table 2.1.  EN61000-3-2 harmonic current limits (*
λ = PF).

Equipment classified as either A or B can, depending on the application, still use the
configuration shown in Fig. 2.1a up to a certain power level. The amount of power that can
be drained from this configuration and still comply with the harmonic current limits depend
on the before mentioned parasitic components, the type of load and the size of the
capacitor. A way of increasing the power level while keeping within the harmonic limits, is
to reduce the size of the output capacitor. This will introduce a larger ripple voltage which
again will open up the current conduction angle.

The reduced capacity causes a larger ripple voltage on the output and the hold-up
capabilities decreases. Further more, using smaller capacitors normally results in higher
parasitic capacitor resistance (esr), which will introduce higher losses internally in the
capacitor. Simple experiments [2] have shown, that the configuration of Fig. 2.1a can be
used by the equipment classified as class A, up to about 100W and still comply with
regulations.

The relative limits are more strict than the absolute limits. Independent of the power level,
equipment classified as either C or D cannot use the configuration of Fig. 2.1a and will be
forced to improve the input current in order to comply with regulations.

When the class D classification was introduced, it was not intended to be product specific
but to target equipment with specific input current characteristics.

The criteria for the equipment to be classified as class D, was dependent on the shape of the
line current. The equipment would be classified as class D if the input current would fit
under the special class D wave shape shown in Fig. 2.3 for at least 95% of the time.
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Fig. 2.3. The special Class D wave shape. Each half cycle of input current is within the envelope at least
95% of the time. Current peak should coincide with center line.

This wave shape was designed to target equipment using the bridge rectifier configuration
shown in Fig. 2.1a. Since the class D limits are relative to the power, the limits are more
strict than the limits of class A. The standard bridge rectifier configuration does not at any
power level comply with class D limits. Therefore, new circuits emerged that intentionally
constructed the current waveform to be outside the class D wave shape, as shown in Fig.
2.3, for enough time to be classified as class A. An example of such a circuit can be found in
[3].

The class D equipment now covers PC's, Monitors and TV-receivers, independent of the
current waveform. 

2.4 Complying with EN61000-3-2

The goal of the traditionally PFC circuits are to shape the input current into a sinusoidal.
These circuit can still be used to comply with EN61000-3-2, but the regulations does allow
for a significant amount of harmonic currents. If we were to construct a converter for class
D equipment using the the harmonic limits to the full, the resulting PF would be about 0.73.
A current wave form with a PF of 0.73, does not at all resemble a sinusoidal wave form.
In the following chapter, the State-of-the-art approaches will be presented. A great deal of
these approaches take advantage of the allowable harmonic content, to produce a more or
less reasonable input current. 
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Chapter 3

State of the art approaches in Single-Phase
PFC

Referring to a solution as "State-of-the-art" suggest in it self, that the presented solution
incorporates features that are superior to other solutions. In the case of PFC state-of-the-art
solutions, it is not clear, based on the published literature, which solution is the superior
solution. 
The state-of-the-art investigation is a significant part of this thesis and as a result of this, the
following chapter is dedicated to present the different PFC approaches.
In an attempt to shed some light over the numerous PFC-approaches, a database has been
constructed containing information about different PFC solutions studied. Applying simple
search criteria to the database, have resulted in a grouping of the different PFC approaches
which enables a comparison of these. The basic operation of the recognized solutions are
explained.

3.1 Characterizing the different approaches

Many interesting ideas have been presented in the literature and the task of characterizing
all of these ideas in a clear and precise way is a great task. In order to create an overview of
the different PFC approaches suggested in the literature, a database containing about 200
studied papers published in the period from 1988-2000 was created. The development in
this area up until present time, has been followed closely, and references of significance to
this subject, are likewise used throughout this thesis.

One way of characterizing the different PFC approaches is by the number of components,
control strategy and choice of topology. By supplying the database with this kind of
information different search criteria can be used facilitating some form of grouping of the
different approaches.
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3.2 A Database of published PFC topologies and approaches

The database is made up of about 200 papers published in the years 1988-2000. 

3.2.1 Database structure

The database structure is shown below in Fig. 3.1. 

Fig. 3.1. The database structure. The "Author table" and the "Data table" are linked together through a "one
to many" relation using the "Author-Data link table".

The database basically consists of 3 tables, an "Author-table", a "Data-table" and a "DA-
link-table". The "Author-table" contains the information about the authors, the "Data-table"
the information about the references and the "DA-link-table" connects the two tables.
This structure is applied in order to avoid typing redundant information into the database
since one author can contribute with multiple papers and the papers can have multiple
authors.

3.2.2 The reference Data-table

The cornerstone of the database is the "Data table". Fig. 3.2 shows the input interface to the
data table as it would appear on the computer screen. This "formula" also serves as the
read-out interface when information on a specific reference is needed.

As shown in Fig. 3.2, the database includes numerous input fields. In the left column,
information about the Reference ID, title etc. is listed together with a short summary of the
paper and a circuit diagram of the PFC approach described in the paper. The summary and
the circuit diagram is a great way of getting an overview of the content of the specific
reference.
In the right column, the input fields concerning the topology, mode of operation and
specifications are listed.
This database was put together during the start of the project as the state-of-the-art
investigation. During the process of working with the database, some of the selected inputs
to the database have turned out to be more or less useful. The basic idea was to be able to
group the different PFC approaches in a simple manner by applying different search criteria.
The process of deriving useful search criteria is very iterative and not easily described.
The useful database inputs will be listed in the following section together with the
constructed search criteria.
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Fig. 3.2. The interface to the "Data table". This form can be used for both input to the table and as a screen
read-out.

3.2.3 Database inputs and search structures

The database inputs that were found to be useful in constructing the search criteria are listed
in table 3.1, together with the input possibilities. These database inputs can also be seen in
Fig. 3.2

The possible input data to the database is more or less self-explanatory but a brief
description of all the input fields in the database can be found in appendix D. The possible
input data for the database field termed "Current waveform" will be explained here since all
of the terms used to describe the different current waveform are not standard.
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Subject Possible input

Isolated "Yes" "No"

Bandwidth "High" "Low"

Current waveform "Sinusoidal" "Ohmnic" "Class D" "Not Class D"

Mains rectifiers Number of rectifiers

Power switches Number of switches

Input topology e.g. "boost"

Output topology e.g. "forward"

Table 3.1. Useful database inputs.

� "Sinusoidal": If the current is shaped according to an independent sinusoidal
current reference the current waveform is termed "Sinusoidal". As it turns out,
this category of input current shapers is not represented in the database and is
therefore not useful.

� "Ohmnic": The control circuit uses the line voltage to shape the input current.
This gives the converter-input the characteristics of resistive impedance (the
standard approach). If the line voltage is sinusoidal and undistorted the resulting
line current will be a sinusoidal.

� "Class D": The class D waveform is a residue of earlier versions of the EN61000-
3-2. The apparatus would be classified as class D if the current waveform would
fit under the class D shape described in Chapter 2. The class D group still exists
but has been changed to be a product specific grouping (see Chapter 2). This
change took place after the database was launched, which is why the input
current classification uses the old class D classification.

� "Not class D": Current waveforms that falls outside the class D shape and are
neither "ohmnic" nor "sinusoidal".

 
The first three database inputs shown in table 3.1, are the cornerstone of all practical search
structures used in this thesis. By using these three inputs one can derive a simple overall
grouping of the different PFC approaches.

Fig. 3.3. Block schematic of the search structure applied in order to derive an overall grouping of the PFC
approaches.
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The structure of the search including the first three database inputs is illustrated by the
block schematic in Fig. 3.3. The applied search structure results in 4 different groups of
PFC approaches.

� PFC pre-converters
� Isolated PFC-converters
� Single-Stage converters
� Reduced Power Processing

Going through the block-schematic the first action is a separation of isolated and non-
isolated converters. If the converter is non-isolated it is placed in the group called "PFC
pre-converters". This group of converters covers among others, the standard PFC boost
converter.

For the isolated converters, the next question is, whether the system is controlled with a
high or a low bandwidth. In some of the converters from the first group, the galvanic
isolation can inherently be applied e.g. SEPIC, flyback, isolated boost. These converters will
be separated since they operate with a low bandwidth.

Isolated, high-bandwidth converters can typically be divided into 2 groups by looking at the
input current waveform. The converters having the "ohmnic" input current characteristics
uses at least two control loops, one for the input current shaping and one for the fast output
voltage regulation. As it turns out, the converters that fall in this category, all uses a
conversion scheme that reduces the number of power processing steps. This group of
converters is called Reduced Power Processing converters. 

If the input current has other characteristics than the "ohmnic" or "Sinusoidal", the power
system does not rely on a separate input-current control-loop. The converters that fall into
this category are often referred to as Single-Stage converters.

3.3 Overall PFC approaches

From the previous section, four different groups were identified. For reasons that will be
become clear in Chapter 4 (defining the problem), it is useful to merge the first two groups
into a new group called the Two-Stage solution. 
In most cases the non-isolated converters are cascaded by an isolated dc/dc converter that
besides the galvanic isolation also secures the fast dynamics of the power system. For the
isolated PFC converters it is not obvious that a second stage is necessary but if fast output
voltage regulation is required, a second stage dc/dc converter must be added.  

The overall PFC approaches are reduced to the following 3 groups:

� Two-Stage solution (cascaded PFC- and dc/dc converter solution)
� Reduced Power Processing (Processing the power less than 2 times as for the Two-Stage

solution)
� Single-Stage solution (Only one power-stage and one control loop)
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3.3.1 Two-stage solutions

The level of detail in the explanation of the different converters that can be used in the Two-
Stage configuration is regarded as basic knowledge so the operation of these basic
converters will not be explained. Further information about the converters presented in this
section can be found in [4], [5] and in the referenced papers, describing the converters. 

3.3.1.1 Definition of a two-stage system

A Two-Stage system consists of a series connection of two individual converters that are
independent of each other. This means that the main function of each converter is retained
even though separated and that each converter could be operated as a stand-alone converter
(separate control loops, no component sharing). The system has galvanic isolation and fast
output regulation. The first stage is dedicated to perform the PFC function but can also
provide galvanic isolation.

3.3.1.2 Two-stage configurations

The standard Two-Stage configuration is show in Fig. 3.4 as two different block diagrams.
The galvanic isolation can be provided by the dc/dc-stage as indicated in Fig. 3.4a but can
also be provided by the PFC-stage as indicated in Fig. 3.4b. 

Fig. 3.4. a) Two-stage configuration with non-isolated PFC-stage. b) Two-Stage configuration with isolated
PFC-stage.

The configuration shown in Fig. 3.4a is by far the most used configuration of all
configurations involving PFC. 

3.3.1.3 Non-isolated PFC – isolated dc/dc

The most used and often reported non-isolated PFC converter is the boost converter. There
are numerous variations on the implementation of the boost converter, and they all
somehow try to improve the basic boost converter. These improvements include soft-
switching techniques, voltage-doubler configurations etc.
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Topology Reference numbers [db*] # of Papers

Boost Soft-switched Boost
converters

13, 45, 54, 64, 80, 81, 86, 87, 97, 101, 103,
104, 110, 111, 123, 142, 157, 171, 177, 179,
191 21

Interleaved Boost converters 1, 31, 78, 84, 112, 136, 143, 151 8

Standard CCM Boost
converters

11, 12, 122 
3

BCM boost converters 5, 7, 39, 180 4

DCM Boost converters 6, 35, 73, 147 4

Other boost configurations 3, 23, 30, 43, 65, 68, 71, 90, 93, 134 10

Buck-Boost 33, 67, 167 3

Buck 49, 92, 102, 118, 183 5

Other configurations 20, 23, 24, 32, 34, 174 6

Table 3.2. Non-isolated PFC converters

The result of searching after the non-isolated PFC converters in the database can be seen in
table 3.2.
The non-isolated PFC converters are greatly dominated by the boost topology with a clear
dominance of the Soft-switched types. 

3.3.1.4 Isolated PFC – non-isolated dc/dc

The galvanic isolation can also be placed in the PFC-stage and all of the above-mentioned
non-isolated PFC converters can be isolated. Usually, the isolated PFC circuits reported in
the literature are used as low bandwidth Single-Stage power supplies where the required
dynamic performance is low. If the high bandwidth is required, a cascaded non-isolated
dc/dc converter is implemented (Fig. 3.4b). Table 3.3 is the result of a search in the
database after reported isolated, low bandwidth  PFC converters.

Topology Reference numbers [db*] # of Papers

Cúk 2,14 2

Boost 4, 100, 131, 150 4

Flyback 9, 18, 55, 77, 85, 88, 182 7

SEPIC 14, 26, 40, 79, 106, 138, 152 7

Boost-Buck 94 1

ZETA 108 1

Other configurations 19, 29, 61, 76, 114, 132 6

Table 3.3. Isolated low bandwidth converters

The buck-boost derived topologies are the most popular isolated PFC converters. Isolated
boost converters are also reported in the literature but in the material studied for this thesis,
no isolated buck derived converters have been reported. Probably because of the
discontinuous input current and the fact the the input voltage has to be larger than the
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reflected output voltage, in order to obtain energy from the line. For the buck-boost derived
topologies the isolation does not require a separate magnetic component, but can be
implemented as an extra winding on the existing magnetic core. This makes these
converters popular for low-power applications.

3.3.2 Reduced power processing systems

The traditional way of implementing the PFC power conversion system is to use a Two-
Stage configuration as presented in the previous section. The first stage performs the PFC,
and the second stage performs the isolation and the fast output regulation. Since the two
stages are cascaded, the power through this system is processed twice. The main idea of the
approaches using Reduced Power Processing is to establish alternative power paths so that
part of the input power is supplied directly to the output and thereby only processed once.
The remaining power is either stored or supplied to output depending on the time varying
input power. This system is regulated with a high bandwidth.

Fig. 3.5. Reduced Power Processing schemes. a) Auxiliary converter on the ac-side of the isolation. b)
Isolated auxiliary converter. c) Auxiliary converter on the dc-side of the isolation.

3.3.2.1 Definition of a reduced power processing system

In a Reduced Power Processing system, more than one power flow path exists, and at least
one of these paths, process the power only once.

3.3.2.2 Introduction to reduced power processing

The Reduced Power Processing systems usually consists of two converter units, a main
converter and an auxiliary converter. The most important characteristic of this approach is
that the main converter has to be an isolated PFC converter where the input of this
converter is connected directly to the source (ac-grid), and the output is connected directly
to the load. 

A way of grouping the different Reduced Power Processing schemes is by the position of
the auxiliary converter. Fig. 3.5 shows 3 possible implementations.  

This grouping of the Reduced Power Processing approaches is relatively simple but serves
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the purpose of this thesis. It is also possible to arrange the different schemes after the
amount of power processed, and an example of this can be found in [6].
For the implementations shown in Fig. 3.5 the control systems usually consists of two
separate controllers, one control-loop to shape the input current and one control-loop to
provide the fast output voltage regulation.

Auxiliary converter References # of Papers

Ac-side db69, db109, db163 3

Isolated db8 1

Dc-side db103, db120, db128, db148, db154,
[7],[8],[9]

8

Table 3.4. Examples of Reduced Power Processing PFC converters

Reduced Power Processing schemes with the auxiliary converter at the dc-side is reported
more frequently in the literature compared to the other two approaches, most likely because
the practical implementations of some of these schemes are less complicated.
In the following the the basic ideas of the Reduced Power Processing approach will be
presented, focusing on the dc-side auxiliary converter versions. The same principles applies
for all 3 approaches so the operation of the Reduced Power Processing scheme with the
auxiliary converter at the dc-side, can be transferred directly to the other two approaches.

3.3.2.3 Reduced power processing with dc-side auxiliary converter

Fig. 3.6. Power flow for the Reduced Power Processing schemes of Fig. 3.5c. 

Since the the main- and the auxiliary converter share the same output, the control structure
has to be considered. Otherwise, the possibility of the two separate control-loops working
against each other exists.
The separation of the two control-loops can be seen in Fig. 3.6, where the output of the
isolated PFC converter is controlled by the auxiliary converter control-loop and not the PFC
control-loop. The PFC control-loop is constructed with a low bandwidth and the main task
of this loop is to shape the input current. The feedback signal to the PFC control is taken
from the input to the auxiliary converter where the actual de-coupling of the pulsating input
power is performed. The fast output regulation is provided by the auxiliary converter and
the corresponding control.
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Fig. 3.7. Power flow normalized to the output power for a the basic Reduced Power Processing system (Fig.

3.5) having sinusoidal input current. The power-flow is according to Fig. 3.6.

The power-flow of the basic Reduced Power Processing schemes will vary over one half of
the line period as shown in Fig. 3.5. The different power-flow defined in Fig. 3.6 is shown
in Fig. 3.7 for the standard case of sinusoidal input current and voltage. 

If the input current is shaped to be a sinusoidal waveform the resulting power-drain from
the grid will take the form of a squared sinusoidal with the maximum of twice the output
power (assuming η=100%). Of this time varying input-power the maximum amount of
power that can be supplied directly, is equal to the output-power. As long as the time
varying input power is below the output power, the auxiliary converter has to supply the
remaining power. In the case where the time varying input power is above the output
power, the residual power has to be stored (Fig. 3.6 + 3.7). 

As shown in Fig. 3.7 (the shaded area), the amount of power supplied directly to the output
through the isolated PFC converter is relatively large, theoretically equal to 68% of the total
power. The remaining 32% has to be processed by the auxiliary. Therefor, this system
process the power 1.32 times compared to 2 times for a Two-Stage system.

The control of the system described above is relatively complex because of the way that the
power-flow is controlled by the isolated PFC converter. For examples of systems based on
Fig. 3.5a,b, see table 3.4.
Practical implementations of the system shown in Fig. 3.5c with the power-flow
management described in Fig. 3.7 has not, to the authors knowledge, been reported in the
literature. The strict control of the power-flow requires several control-loops, similar to the
ones described in [db8],[db109], and increases the complexity of the circuit and the
operation modes. The increased complexity can be symbolized by the block-diagram shown
in Fig. 3.8a, where measures to control the direct and stored power-flow is implemented
using a controlled, active rectifier at the output of the isolated PFC converter.

The control and circuit complexity can be reduced considerable if the auxiliary converter is
implemented as a bidirectional converter [db105] (Fig. 3.8b). 
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Fig. 3.8. Reduced Power Processing schemes with DC-side auxiliary converter and 68% direct power
transfer. a) Isolated PFC converter with means to control the power-flow. b) Bidirectional auxiliary

converter.

In this case, modifications to the isolated PFC converter can be avoided, but using the
scheme of Fig. 3.8b results in an increase in the total power-processing. Since all of the
pulsating input-power is supplied directly to the output, storing of the residual power, when
the time varying input power is above the output power, has to be done actively by the
auxiliary converter. So 32% of the power has to be stored actively, and the same amount of
power has to be supplied by the auxiliary converter. Therefore, the system of Fig. 3.8b
process the power 1.64 times.

The approaches discussed until now have been able to transfer 68% of the power directly to
the output whereas the schemes shown in Fig. 3.9 are able to transfer 50% directly to the
output [7]-[9].
The portion of the direct power transfer in Fig. 3.9 is governed by a voltage divider. The
pulsating input power is transferred to the output where the power is divided by the
storage- and the output capacitor voltage.

Fig. 3.9. Isolated PFC converter with 50% direct power transfer. a) Indirect auxiliary converter. b) Direct
auxiliary converter, two separate transformers in the isolated PFC converter.

The ratio of which the power is divided is given by:

K Direct=
V OUT

V OUT+V Storage

(3.1)

Assuming that the input current is sinusoidal, the pulsating input power will have a
maximum of twice the output power (Fig. 3.7). The power division on the output is
therefore limited to 50% direct power transfer to the output. This means that the voltage on
the storage capacitor must be equal or higher than the output voltage. The auxiliary
converters have to supply the remaining 50% to the output giving the systems of Fig. 3.9 a
minimum overall power processing of 1.5 times.
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3.3.2.4 Characteristics of the Reduced Power Processing systems

The fundamental reason for using the Reduced Power Processing approach, is to increase
the efficiency of the power system. The power processing is reduced by supplying power
directly from the input to the output. In order to be able to do this and keep the isolation
requirements, an isolated converter with PFC abilities must be used. The predominant
approach of implementing the isolation, is to use buck-derived isolated dc/dc converter but
because the pour PFC capabilities and the discontinuous input current, these types of
converters are not used. The isolated boost, SEPIC and flyback converters have been
reported in the literature as candidates for the Reduced Power Processing approach.

Performing a "neutral" evaluation of the pros and cons of implementing a Reduced Power
Processing system will result in the following set of characteristics:

Pros:
� Reduced power processing compared to a Two-Stage solution.
� Reduced size since the auxiliary stage does not process all of the power.

Cons:
� Isolated PFC converter connected directly to the input and the output.
� Increased control complexity (some approaches).

The discussion concerning the use of Reduced Power Processing systems can be
summarized into a single question:

� Does the Reduced Power Processing approach offer increased efficiency compared to a
Two-Stage solution?

The designers using the the Reduced Power Processing scheme will typically say, that this
approach offers higher efficiency because of the reduced power processing.
This question can not be answered, simply by referring to the amount of power processed,
which will be made evident in chapter 6. 

3.3.3 Single stage systems

3.3.3.1 Definition of a single-stage system

A Single-Stage system consists of a single power-processing stage where the PFC- and
dc/dc-functions are an integrated part of this stage. The PFC function cannot be separated
and operated individually.
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3.3.3.2 Introduction to Single-stage systems

The single stage systems can be divided into two groups, where the first group is termed
"switch-sharing Single-Stage systems”. This group of converters simply consists of a non-
isolated PFC converter with a cascaded isolated dc/dc converter. The only functional
integration is the sharing of the power-switch and the control system. 
The second group consists of Single-Stage systems, where magnetic feedback schemes are
used to shape the input current. This group of converters is called the "Magnetic-switch
Single-Stage system"

For both groups the output voltage is controlled with a fast loop and the input stage must
perform the necessary input current shaping with the duty-cycle function determined by the
output section.

Type References [db*] # of Papers

Switch sharing 66, 95, 107, 115, 116, 124, 126, 133, 135, 140, 141,
144, 146, 153, 159, 190

16

Magnetic switch 41, 89, 98, 117, 125, 127, 130, 145, 149, 156, 184,
185, 186, 187, 188, 189, 194

17

Table 3.5. Examples of Single-Stage PFC converters

The Single-Stage systems are well represented in the recent literature and the two
subgroups of the Single-Stage systems, are equally represented in the constructed database.
Searching in the constructed database results in the findings of table 3.5. 

3.3.3.3 The switch-sharing single-stage systems

Fig. 3.10 gives an example of a boost converter integrated with a single-ended forward
converter.  

Fig. 3.10. Integration of two separate converters into a Single-Stage version [db107].

The switches S1 and S2 are merged into a single switch, S12. The extra diode connected to
the input inductor is added to allow for the forward transformer demagnetizing. During the
demagnetizing interval, the voltage at the intersection of S12 and the transformer, builds up
to twice the storage capacitor voltage (the demagnetizing winding is not shown), which
necessitates the diode.
Under steady state operation the voltage on the storage capacitor CB can be considered
constant. The control system regulates the output voltage and under steady state conditions,
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the resulting duty-cycle is constant. Boost converters operating in Discontinuous
Conduction Mode (DCM) and constant duty-cycle, inherently perform PFC. The current
waveform is not sinusoidal, but under normal circumstances, the PF is well above 0,9 with
low enough harmonic currents, so that compliance with EN61000-3-2 is obtained. 
For the switch-sharing Single-Stage converters, the input inductor is mostly operated in
DCM, since the PFC capabilities are dramatically reduced, when the inductor goes into
Continuous Conduction Mode (CCM).

Since only the output voltage is controlled by the control system the voltage on the storage
capacitor depends on the relationship between the input- and the output-power. The
capacitor voltage will regulate to a value that secures the power-balance (PIN=POUT).

An example of a Single-Stage converter consisting of a boost- and a two-switch forward
converter can be seen in Fig 3.11a. The preferred operation mode of the output-stage, in
this case the two-switch forward, would be the CCM operation mode. Unfortunately,
forcing the output-stage into CCM will result in an impractical high storage capacitor
voltage which will also be load-dependent. As part of the investigation of the performance
of the switch-sharing Single-Stage systems, the converter of Fig. 3.11a, was constructed. A
detailed description of the circuit and the performance, can be found i appendix A1 where a
copy of the full paper is available [10].

Fig. 3.11. a) Single-Stage boost-forward. b) DC-bus voltage as a function of the boost-forward inductor ratio
[10].

For the switch-sharing Single-Stage converters the only practical solution is to operate both
the input- and output-stage in DCM. This mode of operation results in an indirect way of
regulating the storage capacitor voltage. Given a desired input- and output-voltage, the
capacitor voltage can be controlled by the ratio of the input- to output-inductance.
An example of the relationship between the inductance-ratio and the capacitor voltage for
the Single-Stage converter in Fig. 3.11a, is shown in Fig. 3.11b. As the inductance ratio
decreases, the voltage on the storage capacitor increases. Reducing the inductance ratio
also relates to forcing the output section towards CCM operation, which is impractical
because of the high capacitor voltage.
A change in the nominal input-voltage will be reflected on the capacitor voltage. This
amongst other things, makes the design procedure relatively complex.  

The operation of the switch-sharing Single-Stage converter is simple and straight forward.
The current-flow in the primary-side semiconductors are shown in Fig. 3.12. The most
significant change compared to a Two-Stage solution is that the power-switch (in this case,
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the bottom switch in the 2-switch-forward) carries the current of both the input- and the
output section (Fig. 3.11(t0-t1)).

t0: Q1 and Q2 turns on. Rectifier d3 is forward biased

while d1, dm2 and d4 is reversed biased. Energy starts

building up in the Boost inductor, Forward inductor
and the primary inductance of the transformer.

t1: Q1 and Q2 turns off. The Boost inductor current is

directed trough d1 to the capacitive energy storage

together with the magnetizing current. The Forward
inductor current begins to flow in d4 as d3 is reversed

biased. The magnetizing current from Q2 starts to

flow trough dm2. 

t2: The resetting of the transformer is complete, thus

turning off dm2

t3: Energy stored in the Boost inductor during the

interval t0-t1 has been delivered to the energy storage

capacitor.

t4: A new switching period begins.

Fig. 3.12. Current-flow in the Single-Stage converter shown in Fig. 3.11a. 
 
When investigating the different types of control used in the switch-sharing Single-Stage
converters listed in table 3.5, all without exceptions uses voltage-mode control. Current-
mode control could be implemented using a sense-transformer to measure the primary-
reflected output current, but this will of course ad to the circuit complexity.

3.3.3.4 The magnetic-switch single-stage systems

In order to facilitate CCM operation of the inductors in both the input- and output-stage,
another group of Single-Stage converters have been proposed which in this thesis are
termed "Magnetic-switch Single-Stage systems". 
This group of converters can be divided into two sub-groups. The first sub-group of the
magnetic-switch Single-Stage systems facilitates CCM operation of the inductor in the
output-stage. The main difference of this group of converters compared to the switch-
sharing Single-Stage system, is that the VCB-voltage can be controlled to a reasonable level,
inspite of the CCM operation of the output inductor.
The second sub-group of magnetic-switch Single-Stage systems facilitates CCM operation
of the inductor in both the input- and output stage, keeping the storage-capacitor voltage to
a reasonable level and complying with EN61000-3-2 inspite of the CCM operation of the
input inductor.

CCM operation of the output inductor:

Operating the output section in CCM requires that the input- to output-inductor ratio is
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diminished. Reducing the input inductance will lead to an increase in the input power for
the same duty-cycle, since the input stage is operated in DCM. To restore the power
balance, the capacitor voltage will increase leading to a decrease in the duty-cycle.

Because of the DCM operation, the inductance-value and the applied volt-seconds are
directly connected to the amount of input power. To limit the capacitor voltage to a
reasonable level, and at the same time operating the output inductor in CCM, requires a
reduction of the applied volt-seconds on the input inductor.

An example of a Single-Stage magnetic-switch system with the output inductor operated in
CCM is shown in Fig. 3.13a. The magnetic switch is basically comprised by the extra
winding N3, on the transformer. When the switch S1 turns on, the storage capacitor voltage,
VCB, multiplied with the N3/N1 turns ratio is applied across the N3 winding. The voltage at
VX when S1 is turned on, is then given by:

V X=V CB⋅(1�
N 3

N 1

) , S 1 (on)
(3.2)

As long long as the input voltage is below VX, no current builds up in the input inductor L1.
When the switch S1 turns off, the VX voltage is clamped to the storage capacitor voltage. 

Fig. 3.13. a) A magnetic-switch converter facilitating CCM operation of the output inductor [db125]. The
de-magnetizing winding on the transformer is not shown. b) Characteristic input current waveform.  

For practical implementations (N3/N1<1), a dead angle, θ, is introduced by the magnetic
switch. The turns ratio and the storage capacitor voltage, determines the VX voltage and
thereby the dead angle (Fig. 3.13b). Decreasing this turns-ratio also results in a decrease in
the capacitor voltage, but this will also increase the dead-angle. If the dead-angle becomes
to large, compliance with EN61000-3-2 is no longer possible.

CCM operation of both the input- and output inductor:

The input inductor operated in DCM offers inherent PFC. To reduce rms-currents and filter
requirements, the CCM mode is preferable but the inherent PFC function is lost. The
Single-Stage systems only have one control loop, which is dedicated to control the output
voltage. Since the voltage on the storage capacitor is more or less constant during a line-
cycle, the control loop generates a constant duty-cycle.
The CCM operation of the input inductor together with compliance of EN61000-3-2 is only
possible if the effective duty-cycle applied to the input inductor changes according to the
line voltage.
The magnetic-switch Single-Stage system shown below in Fig. 3.14 is able to generate an
effective duty-cycle that changes according to the line voltage.
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Fig. 3.14. A magnetic-switch converter facilitating CCM operation of the output inductor [db162]. The de-
magnetizing winding on the transformer is not shown.

The magnetic-switch concept implemented in Fig. 3.14a is basically the same as in Fig.
3.13a. The difference between these two approaches is the inductor, L2, in series with the
magnetic-switch winding, N3. This inductor, sometimes referred to as a delaying inductor,
modulates the applied duty-cycle on the L1 inductor.
At the time just before the switch, S1, turns on, the L1 inductor-current is flowing through
the diode D1, clamping the voltage, VX, to the storage capacitor voltage, VCB. When S1

turns on, the current starts commutating from the diode D1, to the L2 inductor. The inductor
L2 limits the di/dt of this commutation and during this interval, the VX voltage continuous to
be clamped at VCB resulting in a continuing negative di/dt of the L1 current, despite that S1 is
turned on. The numerical di/dt-rate of the current in L2 is constant (dependent on VCB), so
the commutation time is only governed by the current level in L1. When the line voltage is
near it peak value, the effective duty-cycle is small (duty-cycle d1 in Fig. 3.14b). When the
line voltage is near the VX voltage the effective duty-cycle goes towards the actual switch
duty-cycle (duty-cycle d2 in Fig. 3.14b).
In this way the effective duty-cycle applied to the input inductor is modulated in such a way,
that the CCM operation and compliance with EN61000-3-2 is possible.

3.3.3.5 Characteristics of the Single-stage systems

The switch-sharing Single-Stage systems introduced in section 3.3.3.3 does not find its use
in many applications. The DCM mode of operation of both the input- and output section are
limiting factors. The magnetic-switch Single-Stage systems are a much better choice
especially the approach using a delaying inductor to modulate the duty-cycle to perform
CCM PFC. An example of this type is shown in Fig. 3.14a, but numerous other
implementations are reported in the literature (table 3.5: Magnetic switch).

Performing a "neutral" evaluation of the pros and cons of implementing a Single-Stage
system will result in the following set of characteristics:

Pros:
� Reduced component count (e.g. not a separate switch and control circuit for the

PFC function)
� Single control-loop (No separate PFC control loop)
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Cons:
� Unregulated storage capacitor voltage (varies with the line voltage)
� Increased switch stress (the main switch(es) carries both the current from the

input- and the output-sections)

The discussion concerning the use of Single-Stage systems can be summarized in two basic
questions:

1) Does Single-Stage systems offer reduced cost ?
2) Does Single-Stage systems offer higher efficiency ?

All combinations of "yes" and "no" answers to the above questions prevails but the scope of
this thesis is to answer question #2. For the Single-Stage systems the most attractive feature
should be the cost.

3.4 Summary

Setting up a database structure to enable a reasonable grouping of the different PFC
approaches has been a success. By applying a simple search structure the following PFC
approaches were recognized:

� Two-Stage 
� Single-Stage 
� Reduced Power Processing

The basic schemes applied in these approaches have been explained with the emphasis on
the last two groups.
The main idea of the Reduced Power Processing approach is to avoid redundant power
processing. This is accomplished by transferring a large portion of the input power directly
to the output. Part of the input power is stored internally in the system and provided to the
output in such a way that the fast output regulation is maintained.
The Single-Stage idea, is to integrate the PFC pre-converter with the isolated dc/dc
converter. Only one control loop is used, so the current shaping relies on the PFC
capabilities of the converter input section.

Understanding the Single-Stage converters and the Reduced Power Processing converters
requires some insight which this chapter should have provided. This insight is needed in
order to compare the different approaches using more than subjective opinions like "this is
nice because it only uses one transistor!".
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Problem statement

This chapter is dedicated to narrow down the problems addressed in this thesis. The first
part of the thesis has been focussed on an introduction to the new standard, EN61000-3-2,
the concept of Power Factor in general and the state-of-the-art solutions that could be
implemented to comply with EN61000-3-2. The basic question is, which approach among
the state-of-the-art solutions is the preferred solution with regard to obtaining the highest
possible efficiency together with compliance of EN61000-3-2.
Some considerations regarding the structure of the power supply system is necessary in
order to compare the state-of-the-art approaches, since some of the state-of-the-art
approaches integrate the PFC function with the isolated dc/dc converter.
After recognizing the better approach the next step is to improve this approach or find new
approaches, if possible. The individual PFC solutions can be characterized by both
advantages and disadvantages. Some of the desired features have been listed to form a set
of benchmark specifications for any new approaches to match. 

4.1 The research problem within the state-of-the-art approaches

The majority of the industry uses the proven and well known Two-Stage solutions whereas
a great part of the academic research in PFC have been focusing on Single-Stage and
Reduced Power Processing solutions.
Despite the amount of research in this field, a basic problem is, that it has not become
evident why one should use the Single-Stage or the Reduced Power Processing solutions
instead of the Two-Stage solution. Some researchers claim that these new approaches offers
improved efficiency and/or lower cost, but the work done with comparison of the different
approaches is very scarce [11], [12], [db172], leaving these claimed improvements
unsubstantiated.
Setting up reasonable comparisons are not an easy task in this case, simply because the
state-of-the-art solutions combine the PFC unit with the following isolated dc/dc stage in
such a way, that they can not be separated. This means that the comparison can not be kept
so simple that it only includes the PFC section, inevitable leading to some architectural
considerations concerning the power supply system.
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4.1.1 Structural considerations of the state-of-the-art approaches

Before researchers began considering the impact of EN61000-3-2 the power supply system
with PFC would typically consist of an non-isolated PFC converter, preferable a boost
converter, cascaded by an isolated dc/dc converter, preferable a buck-type converter (Fig.
4.1).
 

Fig. 4.1. The power supply system – architectural layout.

The "End user" shown in Fig. 4.1 could be the power consuming unit but it could also be a
more complex architectural power supply structure. Examples of such structures are shown
in Fig. 4.2.

Fig. 4.2. Different architectural layouts of  a power supply system. a)-c) Decentralized power systems. d)
centralized power system

A very popular approach is the decentralized structure shown in fig. 4.2a-c. The
decentralized structure can be very useful in case of multiple loads, demanding different
voltages and/or performances. The decentralization can be implemented as non-isolated
post converters sourced by the isolated dc/dc converter or the decentralization can be
implemented as isolated dc/dc converters sourced by the high voltage dc link.
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Other decentralized structures can also be implemented e.g. with an isolated PFC converter
as shown in fig. 4.2c, but this approach is not predominant. One major disadvantage of this
structure is that the large energy storage capacitors are moved across the isolation barrier to
a relative low voltage that sources the non-isolated dc/dc converters. In order to secure a
proper de-coupling of the pulsating input power and to maintain hold-up capabilities an
increase in the capacitor volume will be the result, compared to having the energy storage
on the high-voltage side. 
 
The centralized structure could be implemented as shown in fig. 4.2d where the isolated
dc/dc converter is constructed either for single or multiple outputs.  

The reason for taking the architectural structure of the power supply system into account is
that the state-of-the-art PFC approaches shown in Chapter 3 includes more of the power
system than just the PFC converter-box shown in Fig. 4.1. Because of this integrated
structure, it is not possible only to focus on the part of the power-supply-system that
actually performs the PFC function. 

Implementing state-of-the-art solutions using the Single-Stage or the Reduced Power
Processing scheme will impact the power supply structure. If high performance,
decentralized structures are considered, the only real possible structure where either the
Single-Stage or the Reduced Power Processing approach could be implemented is the
structure shown in Fig. 4.2a. The Single-Stage or the Reduced Power Processing converter
can without any penalty in the overall dynamic performance take the place of the PFC- and
the isolated dc/dc-converter. Even though the above mentioned approaches have fast
control loops, the control methods used for these kind of approaches are, in most cases,
limited to voltage control.
For the Single-Stage approach the current control requires additional circuitry since the
current flowing in the main power switch originates from both the input section and the
output section.
When the Reduced Power Processing scheme is used, the converter establishing the fast
dynamics does not control the total output power since a great portion of this is supplied
directly by the isolated PFC converter. Therefore, the current in the Reduced Power
Processing systems is not a usable control variable with regard to the fast output regulation.

4.1.2 Defining the research problem

For applications where pure voltage-mode control are sufficient the Single-Stage- and the
Reduced Power Processing scheme can replace all of the approaches shown in Fig. 4.2 but
in order to reduce the area of investigation and at the same time keep the comparison fair
and simple the problems investigated will be limited to the following setup.

The power supply system where the PFC unit must be added in order to comply with
EN61000-3-2 is described by the block-scheme in Fig. 4.3. The system contains 3 different
levels, each level containing more and more of the total power supply system. Since the
input current to the power supply system is the topic of this thesis, the focal point is the
PFC function, which corresponds to the lowest level (level 1) in the power supply system as
defined in Fig. 4.3. The next level of the power supply system contains both the PFC
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converter and the isolated dc/dc converter and the third level is all of the power supply
system.

Fig. 4.3. Level of complexity for possible research questions.  

Fig. 4.3 shows the increasing levels of complexity for the possible research problems.
Focusing on the first level regarding the non-isolated PFC converters have been the subject
of numerous other research projects ([13], see table 3.2) and the evolution among this
group of converters have more or less been in the area of optimizing and applying soft-
switching to the existing approaches.
The real evolution with regard to new PFC solutions has been in the area of the Single-
Stage and the Reduced Power Processing approaches which is a "level 2" problem
according to Fig. 4.3.
Since the object of this thesis is to compare the state-of-the-art PFC approaches, and the
state-of-the-art include approaches that integrate more of the power supply system than
contained at the first level, it is necessary to deal with this research problem as a level 2
problem. At the second level both the interface to the ac-grid, the galvanic isolation, and the
fast dynamic control is present and the system could therefore be constructed as either a
Two-Stage, a Single-Stage or a Reduced Power Processing system.

The above considerations leads to the following definition of the problem addressed:
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Problem statement

In the comparison the following basic specifications for the system will be used:

� Input current according to EN61000-3-2 (*)
� Universal input voltage range (90VAC-270VAC)
� Galvanic isolation
� Fast control of the dc output voltage

(*) EN61000-3-2 is a European standard and is therefore not directly applicable to other
regions but it is common practice to scale the limits of EN61000-3-2 with the line voltage.
The nominal line voltage in Europe is 230VAC whereas is North America the nominal
voltage is 115VAC. The harmonic current limits according to EN61000-3-2 is therefore
multiplied with a factor of 2.

The above specifications are general specifications that can be expected for a modern power
supply system.

4.2 The approach of the future

The next step is to improve and/or develop new approaches based on the knowledge
obtained by working with the problems described in the previous section "4.1.1 The state-
of-the-art approaches".
Any new approach should of course take advantage of this knowledge and the performance
should exceed the state-of-the-art. 

4.2.1 Efficiency driven research.

The overall goal of this thesis is to increase the efficiency of the total power-supply-system
with the focus directed towards the implementation of the PFC function in such a way that
compliance with the limits of EN61000-3-2 are possible. 
Choosing the efficiency as the main parameter is a deliberate choice. An increase in
efficiency translates into reduction of the component stress. Since less heat is generated, an
increase in the power density is possible. The reduced component stress also facilitates the
use of less expensive components cutting down costs. 
After optimizing the efficiency it is of course possible/necessary to compromise so that cost
contra the performance match the application but this process should not be the starting
point. Using cost as a starting point for the research tend to rule out approaches that in the
end might turn out to be superior in performance and cost. 

4.2.2 Improving the efficiency

Before thinking about how the efficiency can be improved it is important to determine in
what way this improvement should manifest. There are several options when including
ranged input voltage and fluctuating loads. The efficiency improvement sought in this work
is the worst case efficiency determined as the efficiency that limits the converter operation
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by thermal constrains. This usually corresponds to the full-load, low line worst case
efficiency.

The target of the efficiency improvement is illustrated in Fig. 4.4 as the "Before" and
"After" curves. The solid line ("Before") represents a typical efficiency curve for a boost-
type PFC converter. 

Fig. 4.4 The target of the efficiency improvement – increasing the worst case efficiency. 

Because of the nature of the losses (described in Chapter 7), the efficiency tends to drop
rapidly when the input voltage is reaching the low end in the universal line range. 
The optimal converter would have a high, constant efficiency over the entire voltage range,
preferable 100%, but realistically, an efficiency-curve illustrated by the dotted line in Fig.
4.4 relative to the solid line would be regarded as a success.
The dotted efficiency-curve illustrates a reduced span of efficiencies over the entire line
range. Preferable we would like this efficiency-curve to end the same place at high line as
the before-curve, but a reduction of the high line efficiency is acceptable if it results in an
improvement of the worst case efficiency (the one that determines the worst case
temperature rise).
The efficiency numbers are realistic but they are not based on any specific circuit. They are
merely put there to illustrate the point about improving the efficiency.

4.2.3 The converter "wish list"

The comparison of the state-of-the-art solutions will be based on the power supply structure
and the specifications defined in section 4.2.1. In general, the comparison will not take into
account that different topologies offers different features, simply not to complicate matters
further. But in any new approach, ideally, we would like to integrate all of the strong sides
of each of the known PFC approaches into a single converter. 

The specifications that we would wish for in such a converter, incorporates some of the
following features:

� Current limiting: Inrush-, output current
� Independent output voltage (not dependent on the input voltage)
� Continuous input current
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� Low component stress

The inrush current limiting is a general problem for the non-isolated boost-type converters
and for all of the Single-Stage solutions. This is also a problem in the Reduced Power
Processing approaches where the energy-storage capacitor is located on the AC-side of the
galvanic isolation.
For some of the non-isolated PFC converters the choice of output voltage is more or less
governed by the input voltage e.g. the boost converter where the output voltage has to
exceed the maximum peak input voltage.
Continuous input current reduces the input filter requirements dramatically. The required
damping of the discontinuous input current will be at least an order of magnitude, and
increase for the higher harmonics [14] (section 8.4.5).
The low component stress is the first step to improve the efficiency. The thermal layout also
becomes more simple if the component stress is reduced.

4.3 Summary

The overall problem dealt with in this thesis, is PFC and compliance with EN61000-3-2,
with focus on improving the conversion efficiency. In this process a fundamental question
arises. The question is whether the power supply designers should go for one of the state-
of-the-art solutions described as the Single-Stage or the Reduced Power Processing
approach or if the designers should use the well proven Two-Stage approach where the PFC
function is separated and contained in the first stage.
In order to compare these approaches it is necessary to set up a framework where a
comparison is fair and possible. This comparison only makes sense for a limited choice of
power supply structures and only if the second-stage converter is included together with the
PFC converter. The basic comparison is thereby no longer a comparison of different PFC
converters but a comparison of different power supply systems.

The second part of this thesis is devoted to find a new approach based on knowledge
obtained in the first part. Improving the efficiency is the primary goal but the new approach
should also include good interface capabilities to the utility-line respectively the load. The
capabilities of any new solution can be summarized by the converter "wish list" presented
earlier:

� Current limiting: Inrush-, output current
� Independent output voltage (not dependent on the input voltage)
� Continuous input current
� Low component stress
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Chapter 5

Converter component stress

The amount of literature published in the area of PFC is enormous. By recognizing the
different groups/approaches (Chapter 3.) the task of discarding certain topologies becomes
possible.

In order to discard certain groups of topologies the criteria used must be considered
thoroughly. A system priority list (cost, efficiency, size....) is often used together with
circuit specifications (voltage-ripple, dynamics...). When using these criteria the choice
usually depends on know-how and “rules of thumb”. These methods are in most cases very
good since they are based on experience, but the choices made can be very difficult to
quantify.

It is not likely that one can develop a generic tool that exactly determines which topology to
choose in a given situation. But some of "rules of thumb” adopted through the years can be
quantified. This is done in [15] where the basic topologies are compared by investigating
the component stress in a somewhat generic fashion. This method produces an output (a
number) that indicates the size of the stress on the component, termed Component Load
Factor (CLF). This method of calculating the CLF for the different topologies will be used
as an indication of which topologies possesses the best abilities concerning efficiency.
Where a direct comparison between two specific circuits is necessary the specific CLF’s for
each component group can be calculated.

5.1 Introduction to Component Load Factors

The method used to compare the different approaches take its basis in the concept of
Component Load Factors (CLF) introduced in [15]. Component stress can be translated
into cost, size and efficiency so investigating the basic topologies and reviewing how the
component stress evolves under different circumstances an overview of reasonable solutions
are obtained together with an overview of what not to do. The knowledge obtained from
the use of CLF can then be used to recognize where unnecessary component-stress is
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produced.

The motivation for using a tool like CLF to compare different converter topologies is that it
gives a quantitative measure of the performance of the converter. This is very useful when
choosing between topologies.

Definition of CLF:

CLF=
V *
⋅I *

P

(5.1)

P is the total through power of the system and V* and I* are component-dependent voltages
and currents that characterize the stress imposed. In the following, the voltages and currents
that characterizes the component stress for some of the commonly used power components
will be listed.

Active and passive switches:

For active and passive switches, V* is defined as the maximum blocking voltage and I* is
defined as the conduction current. The conduction current can be expressed in terms of
peak-currents, rms-currents and average currents.

For MOSFETs, the product involving peak-currents and rms-currents are of interests. The
switching losses are sensitive to peak-currents and the conduction losses are sensitive to
rms-currents.
For IGBTs (bipolar-conduction) peak-currents are of interest because of the switching
losses. Typically the conduction characteristics of the IGBTs are sensitive to average-
current so the product involving average-current is of interest.

Rectifiers also have bipolar-conduction characteristics so average-current is used with
respect to conduction losses. If the ratio of IRMS to IAV is large, the rms-currents will also
contribute significantly to the conduction losses. As for the other switches, the switching
losses are sensitive to peak-currents.

Transformers:

For transformers, V* is defined as the peak-to-peak winding voltage and I* is defined as the
winding current. The flux density is proportional to the average winding voltage and
thereby the core losses. The rms-current is of interest since it affects the winding losses. So,
for high-frequency transformers the product of average winding voltage and rms-current is
used. The CLF for each winding is calculated and summarized to give the total transformer
CLF.

Inductors:

For high-frequency inductors the considerations for the transformers apply. In this context,
high frequency means that the inductor size is not limited by core saturation but by
hysteresis losses.
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“Second stage” filter inductors are not subjected to large AC-voltages so the simple V*, I*

product is not useable. If comparison is needed between these inductors, energy calculations
can be carried out.

Capacitors: 

For capacitors, the V*, I* product of interest is the maximum capacitor voltage and the rms-
current.

In table 5.1, the voltages and currents of interests for each component is summarized.

Components Currents Voltages

MOSFET IPeak, IRMS VPeak

IGBT (bipolar) IPeak, IAverage VPeak

Rectifiers IPeak, IAverage VPeak

Transformers IRMS VAverage

Inductors IRMS VAverage

Capacitors IRMS VPeak
Table 5.1. Voltages and currents of interest when calculating CLF

5.2 Using CLF on the basic topologies

To keep the CLF calculations simple, the following assumptions are made:

� PIN = POUT 

� Inductor ripple-current is small – meaning that square current waveforms are
being switched. 

The first assumption simply states that the power losses that would occur in real circuits are
neglected. CLF is in it self an indicator of how efficient the power is processed so
introducing the efficiency for each converter would make the CLF calculations obsolete.
The second assumption means that the switching currents are square waveforms and the
inductor currents are dc-currents. Whether you are assuming infinite or finite inductance, it
is still the same volt-seconds that are applied to the inductor so the only difference is the
rms-value of the current. Since the relative difference between the topologies will be the
same, the "large L" assumption is used to make calculations simple.

5.2.1 Basic non-isolated topologies

The Component Load Factors for the three basic topologies buck, boost and buck-boost
will be presented in the following. Since CLF represents accumulated stress for each
component type, the calculated CLF of the basic buck-boost converter shown in Fig. 5.1c
will actually represent the CLF for all buck-boost derived converters like the SEPIC, Cúk
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etc.

If MOSFETs are used as switches (Q) in Fig. 5.1, the characterizing currents are the peak-,
and rms-currents. For the diodes the currents of interests are the peak-, and average-
currents and to some extend rms-currents. The inductors (L) in Fig. 5.1 are all high-
frequency inductors, so the use of rms-currents and the average voltage will characterize the
stress. The capacitors are sensitive to the dc-voltage and the rms-currents.

Fig. 5.1. The 3 basic dc/dc converters. a) Buck dc/dc converter. b) Boost dc/dc converter. c) Buck-boost
dc/dc converter.

Example: Calculating CLF

Consider the the boost- and the buck-boost converter in Fig. 5.2. Each converter is
operating with a switch duty-cycle of 50% and operating from the same source voltage with
the same input power. 

Fig. 5.2. Converters processing the same input power from the same source-voltage and with the same
switch duty-cycle (d=0.5). a) Boost. b) Buck-boost.

Each of the two basic converters shown in Fig. 5.2, consists of 5 power components, each
subjected to a certain amount of stress. To clarify the method, calculations of the CLF of
each component will be shown in the following.

The switches Q, D:

In this example, peak voltages and peak currents are used to calculate the switch CLF. In
this case the CLF of active and passive switches are the same.

Boost:

When the switch is on, it carries the inductor current, I. When the switch is off, the voltage
across the switch is determined by the output voltage, which is 2·V.
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CLFSwitch=
2⋅V⋅I

P
=

2⋅V⋅I
V⋅I

=2
(5.2)

Buck-boost:

The inductor current is 2·I, so the switch current is also 2·I. The blocking voltage is 2·V.

CLFSwitch=
2⋅V⋅2⋅I

P
=

2⋅V⋅2⋅I
V⋅I

=4
(5.3)

The inductors:

Boost:

For the boost inductor the average voltage applied to the inductor in both the "ON" and
"OFF" period is equal d·V.

CLFInductor=
2⋅0.5⋅V⋅I

P
=

2⋅0.5⋅V⋅I
V⋅I

=1
(5.4)

Buck-boost:

The applied average voltage is the same as for the boost inductor, but the buck-boost
inductor carries twice the current.

CLFInductor=
2⋅0.5⋅V⋅2⋅I

P
=

2⋅0.5⋅V⋅2⋅I
V⋅I

=2
(5.5)

The capacitors:

The capacitor CLF will be calculated as the accumulated capacitor stress. The supply-
current to the converters and the load current from the converters are considered dc
currents. This means that the CLF of the C1 capacitor for the boost converter in Fig. 5.2a is
zero. The buck-boost converter of Fig. 5.2b has discontinuous currents at both the in- and
the output, resulting in non-zero CLF for both C1 and C2.

Boost:

CLFCapacitor=
2⋅V⋅0.5⋅I

P
=

2⋅V⋅0.5⋅I
V⋅I

=1
(5.6)

Buck-boost:

CLFCapacitor=
(V⋅I )+(V⋅I )

P
=

2⋅V⋅I
V⋅I

=2
(5.7)

The calculated CLF of all the components of Fig. 5.2 are summarized below in Table 5.2

-61-



High Efficient Rectifiers

Converter Transistor Diode Inductor Capacitor

Boost 2 2 1 1

Buck-boost 4 4 2 2

Table 5.2. Calculated Component Load Factors for the 2 converters shown in Fig. 5.2.

In this particular operating point (d=50%), the component stresses are a factor of 2 higher
for buck-boost converter compared to the boost converter. Depending on the point of
operation, the component stresses will change. In the above example the selected operation
point was determined by selecting the same switch duty-cycle. It will become evident later
in this section, that this selected operation point, actual is the best case operation point for
the buck-boost derived converters. The optimal operation point for the boost converter is
when the switch duty-cycle goes towards zero.

The component stress evolves as the input to output ratio changes and this information is
very important to know in order to select the optimal operation point for converters

In order to create and overview of how the component stress evolves as a function of the
output to input ratio the CLF of each power component for the 3 basic converter topologies
is shown in Fig. 5.3 – 5.7.

The buck converter is only able to step-down the input voltage. This results in an output to
input ratio in the range of ]0;1[. The boost converter is only able to step-up the input
voltage which results in an output to input ratio in the range of ]1;∞[. The buck-boost
converter is able to both step-down and step-up the input voltage resulting in an output to
input ratio in the range of ]0;∞[.

Fig. 5.3. Transistor CLF calculated with peak voltages and rms-currents

Fig. 5.3 shows the CLF for the active switch using peak voltage and rms-current. Regarding
the conduction losses in the active switches, the rms-currents are the determining factor.
The output to input ratio is shown in a logarithmic scale, in order to visualize the
component stress in a logical way.
The switch stress for the buck converter is shown as the "long-dashed" line. Because of the
step-down characteristics of the buck converter the line ends at an output to input ratio of
1. The minimum stress occurs at VOUT/VIN = 1 which corresponds to a duty-cycle of 100%.
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In terms of CLF, the minimum stress for the buck converter is equal to 1.
This is not the case for the switch stress in the boost converter shown as the "short-dashed"
line in Fig. 5.3. The minimum switch stress also occurs at VOUT/VIN = 1 but the CLF is
equal to zero which corresponds to a duty-cycle of 0%. The buck and the boost converter is
closely related and as shown in Fig. 5.5 the stress characteristics of the passive switch
(diode) in the buck and the boost topology, exhibits complementary stress behavior
compared to the active switches.
The switch stress in the buck-boost converter is shown as the the solid line in Fig. 5.3. As
can be seen, the buck-boost converter generates more switch stress compared to the buck
and the boost converters.
In the minimum stress situation, both the buck and the boost converters enables a continues
direct dc path from the input terminals to the output terminals which facilitates the low
component stress. The buck-boost converter is unable to do this since all power obtained at
the input terminals has to be stored in the inductor before the power can be delivered to the
output terminals. Therefore, the buck and the boost converters are often referred to as
"direct" converters and the buck-boost converter as an "indirect" converter.

For the switching losses, the determining factors are the peak voltages and currents. The
switch CLF using peak voltages and currents are shown in Fig. 5.4.

 
Fig. 5.4. Transistor CLF calculated with peak voltages and peak currents

In terms of switch CLF using peak voltages and currents, the stress in the buck and the
boost converter evolves in a similar way. The CLF is actually proportional to the output to
input ratio for the boost converter and proportional to the input to output ratio of the buck
converter. The minimum CLF for both topologies is equal to 1.
The minimum CLF for the buck-boost converter is a factor of 4 higher compared to the
buck and the boost converters.

The diode CLF is shown in Fig. 5.5, where the characterizing current used was the average
current. It is worth noticing, that the diode CLF for the boost converter is constant and
independent of the step-up ratio. As the output voltage increases, the average diode current
decreases for the same constant output power. The CLF model is purposely very simple and
does not account for behavioral change of higher voltage rated devices. It is well known,
that reverse recovery problems related to the diodes are very much a function of the diodes
voltage-blocking capabilities. Therefore, when using CLF to compare circuits, one should
bare in mind the limitations of the CLF-model. A CLF comparison will supply the best
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result if the voltage rating of the components are comparable. 
The CLF of the diode in the buck converter is subjected to a considerable change in stress
as the step-down ratio increases. As the input voltage goes up, both the voltage stress and
the average current stress increases. 

Fig. 5.5. Diode CLF calculated with peak voltages and average currents

The inductor CLF is shown in Fig. 5.6. As mentioned earlier, the buck-boost topology
stores all energy in the inductor before supplying it to the load. The buck and boost
converters also store energy in the inductor, but for these converters the portion of energy
stored is related to the conversion ratio. The ratio of directly supplied energy to total
supplied energy, is equal to the output to input voltage ratio for the buck converter and the
input to output voltage ratio for the bost converter. 

Fig. 5.6. Inductor CLF calculated with average applied voltages and rms-currents.

The buck and the boost converter has the inductor connected directly to the output
respectively the input terminals facilitating continuously current flow at one of the terminals.
For the buck-boost converter the currents at both the input and output terminals are
discontinuous. This affects the capacitor stress. The capacitor CLF is calculated using the
assumption that the source and the load currents are dc-currents. This means that the input
capacitor in the buck converter, the output capacitor in the boost converter and both the
input and the output capacitor in the buck-boost converter, are subjected to stress. 
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Fig. 5.7. Capacitor CLF calculated with dc voltages and rms-currents.

Again, as the conversion ratio goes towards 1, the stress in the buck and the boost
converter diminishes to zero. Since the buck-boost topology does not provide a dc power
path even at the optimal operation point, the ac power path generates high capacitor stress.
For the non-isolated basic topologies, the performance of buck and boost converters are
clearly superior compared to the buck-boost converter. Independent of the operation point
the buck-boost converter is a high component stress converter. For moderate conversion
ratios the buck and the boost converter exhibits moderate to low component stress
compared to the buck-boost converter. 

5.2.2 Basic isolated topologies

Until now we have only considered non-isolated converters. The most significant change
that the introduction of galvanic isolation causes, is that the direct dc power path of the
buck and the boost converter is interrupted by the galvanic isolation. This affects the
component stress but only for the semiconductors. If single ended buck and boost
converters are considered, the rest of the power components are also affected.

Fig. 5.8. Transistor (diode) CLF calculated with peak voltages and peak currents.

The reason for this, is that the effective duty-cycle of the single-ended converters is typically
constrained to 50% (standard operation, not considering active clamping). The buck-boost
converter is already an indirect converter, so the introduction of the galvanic isolation does
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not affect the component stress. Fig. 5.8 and 5.9 shows the semiconductor stress for the
basic isolated topologies. 

Fig. 5.9. Transistor CLF calculated with peak voltages and rms-currents.

Isolating the basic buck and boost converter results in a drastic increase in the
semiconductor stress whereas the rest of the components are unaffected by the isolation.
Besides the increased semiconductor stress an extra power component is introduced; the
transformer. Compared to the non-isolated buck and boost converters, the semiconductor
stress is increased by a factor of 4.
Introducing isolation in the buck-boost derived topologies does not affect the
semiconductor stress. Further more, the isolation barrier can be implemented relatively
simple by adding an extra winding on the buck-boost inductor, thereby turning the
magnetic structure into a coupled inductor.

5.2.3 Example: Comparing single-ended isolated converters

To demonstrate the effect of isolating the converters (single-ended versions), the CLF of
the 3 different topologies shown in Fig. 5.10 will be presented. The example uses the
Forward (Buck-derived), the Flyback and the SEPIC (both Buck-Boost derived). 

Fig. 5.10. Single-ended isolated converters with switch duty-cycle d = 0.5. a) Flyback (isolated buck-boost
derived). b) SEPIC (isolated buck-boost derived). c) Forward (isolated buck derived).
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The Forward converter of Fig. 5.10c is used with maximum duty-cycle (d=0.5). In order for
input- and output voltages to be equal, the transformer ratio is set to 1:2. The CLF for the 3
converters is listed in table 5.3.

Converter Transist
or

Diode Transformer Inductor Capacitor

Forward 4 4 2.8 1 1

Flyback 4 4 2.8 - 2

SEPIC 4 4 2.4 1 2

Table 5.3. CLF for 3 different isolated converters

It may be surprising to see how similar the power-circuits perform. For all 3 topologies, the
switch CLF is the same. For the two buck-boost type converters, the added isolation does
not affect the semiconductor CLF, but for the Forward converter the increase in CLF,
caused by the isolation, is a factor of 4. The Flyback converter has twice the capacitor CLF
but no inductor CLF compared to the Forward converter. The use of single-ended buck or
boost derived isolated converters strongly minimizes the differences in component stress
seen in the non-isolated versions of the buck, boost and buck-boost type versions. 

The boost-derived isolated converters will show similar performance with respect to CLF as
the buck-derived isolated converters. By replacing rectifiers with transistors and vice versa
in the Forward converter of Fig. 5.10c, the single-ended isolated Boost converter appears.
Through all of this section peak-currents and peak-voltages have been used when
calculating switch CLF. One should remember that conduction losses in MOSFETs are
related to the rms-current, and for bipolar devices, the average-current is the determining
current.

Instead of the single-ended Forward one could use other buck-derived configurations like
the Push-pull or Full-bridge. The total switch CLF does not change but the CLF is spread
out on a larger number of switches. This can be both advantageous and disadvantageous.
Besides the larger power handling capabilities, the real advantage of using the bridge or the
push-pull configurations is found when calculating transformer, inductor and capacitor
stress. When the effective duty-factor seen by the magnetics and the capacitors can
approach 1 instead of 0.5 the component stress is reduced significantly.

5.2.4 Summarized CLF calculations

One of the strong sides of using a comparison tool like CLF is the simplicity of the method.
Supplying the model with the conversion ratio, the component stress is represented by a
number that can be used in the comparison between different topologies.
The calculated CLF is summarized in table 5.4. 
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Table 5.4.  CLF for the basic topologies: buck, boost, buck-boost, isolated buck and isolated boost. **Does
not apply to single-ended isolated Buck- and Boost converters

5.3 Properties of static and dynamic up/down conversion

The operation point of the different converters is the determining factor of the amount of
stress applied to the power components in the converters. Choosing the right topology and
operation point, can reduce the stress significantly.
 

5.3.1 Static up/down conversion

In this context, the static conversion is defined as a conversion between a fixed input
voltage and a fixed output voltage, resulting in a fixed conversion ratio.
This is not the predominant situation in real life applications. Usually, the power system
should be able to handle a specified input voltage variation. Also the demand for hold-up
capability, can be translated into an input voltage variation (in case of buck derived
converters).
In order to demonstrate the properties of a static up/down conversion and the effects on the
different topologies the almost unavoidable input voltage variations will be ignored at this
point.

Consider the power supply system shown in Fig. 5.11.

Fig. 5.11. Power supply system with static conversion ratio.

The system has to the convert the voltage from VIN to x·VIN. Based on the basic topologies,
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there are 5 different topologies to choose from to solve the problem described in Fig. 5.11.
If x>1 (step-up), the following converters can be used:
 
� Boost (since x>1)
� Buck-boost
� Isolated buck
� Isolated boost
� Isolated buck-boost 

Even though the power system of Fig. 5.11 need to perform a step-up conversion, the
isolated buck derived converters can also be used, since the step-up action can be
accomplished by the transformer turns-ratio. The non-isolated buck and boost converters
are each others complementary circuits, so the observations made in the following is also
valid for x < 1 (with buck instead of boost). 

Static
ratio

Topology Switch Diode Inductor Transformer Capacitor

x=2 Boost 2 2 1 - 1

Buck-boost 4.5 4.5 2 - 2.1

Isolated buck or boost 4 4 0 2 0

Isolated buck-boost 4 4 - 2.8 2

x=4 Boost 4 4 1.5 - 1.7

Buck-boost 6.3 6.3 2 - 2.5

Isolated buck or boost 4 4 0 2 0

Isolated buck-boost 4 4 - 2.8 2

x=8 Boost 8 8 1.8 - 2.6

Buck-boost 10.1 10.3 2 - 3.2

Isolated buck or boost 4 4 0 2 0

Isolated buck-boost 4 4 - 2.8 2

Table 5.5. Component stress for 3 different static conversion ratios.

In order to demonstrate the properties of the different topologies, the CLF of the 5
converters will be  investigated when x=2, x=4 and x=8. The results summarized in table 5.4
in the previous section, are used to calculate the component stress shown in table 5.5.

x=2: Given a step-up ratio of 2, the boost topology is clearly the best choice. For the
isolated converters, the turns-ratio of the transformer is adjusted in such a way, that the
optimum operation point is achieved. For the isolated buck and boost derived converters,
this results in very low inductor and capacitor stress, but it also means an added transformer
with associated component stress. The buck-boost and the isolated buck-boost are
subjected to the largest amount of stress.

x=4: At this step-up ratio, the semiconductor stress are the same for the boost and the
isolated boost/buck derived converters. The boost inductor stress is almost at the level of
the transformer stress in the isolated buck (boost) (high-frequency transformer and inductor
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stresses are comparable), and the capacitor stress, in case of the boost converter, is higher
than for the isolated counter part. The buck-boost family are subjected to the highest
component stress.

x=8: Since the turns-ratio of the transformer keeps the operating point of the isolated
converters at the optimal point, the component stress does not change. At this large step-up
ratio, the semiconductor stresses of the boost converter are twice that of the isolated
converters and when comparing the overall component stress the isolated buck (boost)
derived converters are superior.
The largest component stress is still found in the buck-boost converter. 

The observations made on the component stress, in case of a static conversion ratio, results
in the following key points:

� The boost (buck, x<1) converter is subjected to smallest amount of component for
conversion ratios up to about 4.

� Isolated buck/boost converters should be considered when the conversion ratio
approaches a factor of 4. At higher conversion ratios the isolated buck (boost) derived
converters are subjected to the smallest amount of stress.

� Based on the component stress, the buck-boost derived converters should never be used
for static conversion.

5.3.2 Dynamic up/down conversion

The situation where the input voltage varies is in this context called dynamic up/down
conversion. In the previous section the static up/down conversion has been presented and
the difference between these to cases can be seen comparing Fig. 5.11 and Fig. 5.12.

Fig. 5.12. Power supply system with dynamic conversion ratio.

In this case, where the conversion ratio changes, the component stress for the different
topologies will not follow the same pattern as discovered in the previous section. The
impact of the dynamic conversion ratio using V2/V1 = 2, V2/V1 = 4 and V2/V1 = 8 will be
explored in the following. Besides the dynamic conversion ratio, a static conversion ratio
could exist (VOUT ≠ V2 or VOUT ≠ V1), but in this comparison, we will allow VOUT to assume
the value that minimizes the component stress.

The results of calculating the component stress is shown in table 5.6 (worst case).
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Dynamic
ratio

Topology Switch Diode Inductor Transformer Capacitor

X=2 Boost/buck 2 2 1 - 1

Buck-boost 4.1 4.1 2 - 2

Isolated buck or boost 8 8 1 2 1

Isolated buck-boost 4.1 4.1 - 2.8 2

X=4 Boost/busk 4 4 1.5 - 1.7

Buck-boost 4.5 4.5 2 - 2.1

Isolated buck or boost 16 16 1.5 2 1.7

Isolated buck-boost 4.5 4.5 - 2.8 2.1

X=8 Boost/buck 8 8 1.75 - 2.64

Buck-boost 5.2 5.2 2 - 2.3

Isolated buck or boost 32 32 1.75 2 2.64

Isolated buck-boost 5.2 5.2 - 2.8 2

Table 5.6. Component stress for 3 different dynamic conversion ratios.

X=2: The boost/buck topology is superior to the rest of the topologies. Even at this
moderate variation of the input, the isolated buck (boost) derived topologies are subjected
to a large increase in semiconductor stress, whereas the rest of the components, are
subjected to the same stress as the non-isolated counterpart.

X=4: The boost/buck topology is still superior but the difference in the component stress
compared to the buck-boost type converters has become smaller.
The semiconductor stress of the isolated buck (boost) derived converters increases linearly
with the input voltage variation.

X=8: At this extreme input voltage variation, the buck-boost type converters scores the
lowest semiconductor stress, even compared to the boost and the buck topology. 

The observations made on the component stress in case of a dynamic conversion ratio
results in the following key points:

� Isolated buck and boost derived converters subjected to even a small dynamic conversion
variation results in large semiconductor stress.

� The boost- and buck-type converters are superior to other topologies as long as the
dynamic conversion ratio is in the area or below a factor of 4.

� The buck-boost type converters handles extreme (8 and above) dynamic conversion
ratios relatively well.

The reason, that the buck-boost type converters handles the extreme voltage variations so
well, can be explained by two things. First of all, the ability to both step-up and step-down
from the input voltage makes it possible to select an operation point from where the
effective dynamic variation, can be reduced considerable. By selecting the output voltage to
have the same relative distance to the two outer points in the input range, the effective
dynamic range is reduced to:
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K Effective=
V IN,high

V IN,low

(5.8)

E.g. the effective input range in case of an 8:1 variation is reduced considerable for the
buck-boost derived converters: 

K Effective= 8=2.8 (5.9)

The second feature that helps reduce the stress at extreme variations, is the non-linear
characteristics of the steady-state transfer function:

GainVout ⁄Vin=
d

1�d
(5.10)

The buck-boost type transfer function has a relatively large gain compared to the boost and
buck type converters. Furthermore, the semiconductor CLF for the buck-boost converters
is not a very precise measure of the stress when the converter is subjected to a dynamic
voltage range, since the CLF calculations does not take into account the degenerative
effects of using higher voltage rated devices.

5.3.3 Key points

Of all the power components, the semiconductors are the most sensitive components with
regard to stress related to which type of converter topology is used and the size of the input
range. For the magnetic components and the capacitors the stress is in general related to the
size of the input range and not so much the actual converter topology. This makes the
semiconductor-stress a good measure of how efficient the power is being processed. This
applies for buck and boost converters and isolated versions of these, but not so much for
the buck-boost derived converters.
The buck-boost converters have high overall stress and are not affected by the size of the
input range the same way as the buck and the boost converters are. For moderate input
ranges (<4:1) the buck-boost converter produces significantly more component stress
compared to the buck and boost converters but at larger input ranges, this tends to even
out, and at extreme input ranges the buck-boost converter produces the least amount of
stress.

5.4 Using CLF on the basic power conversion systems

The CLF describes the stress of each component class, so comparing different power
systems using CLF, will result in a comparison of each of the component groups. Which
system offers the lowest total stress and thereby resulting in the highest possible efficiency,
will be a matter of a subjective assessment. If all component stresses are lower in one of the
power systems, this assessment is very easy but otherwise it can be quite difficult. 
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5.4.1 Single-stage vs. two-stage, a simple comparison

The requirements of the power system often include galvanic isolation. Therefore, an
isolated converter has to be included in the power system.

Fig. 5.13. Simple power system configurations. a) Single-Stage system. b) Two-Stage system.

Consider the two power systems shown in Fig. 5.13 which represents a Single-Stage system
and a Two-Stage system. Since galvanic isolation is almost always a demand, static
conversion ratios can be taken care of by the transformer turns ratio without any increase in
component stress. If there is no dynamic variation at the input, the optimal choice with
regard to minimum overall component stress is a Single-Stage solution using a buck or a
boost derived isolated converter (based on the calculations of table 5.5). 
For a dynamic input range of a factor 4, the isolated buck or boost derived converters
should be used in the Two-Stage configuration, simply because of the excessive increase in
semiconductor stress whereas the buck-boost derived isolated converters could be used in a
Single-Stage system since the component stress in these types of converters is relatively
immune to the voltage variations.
Table 5.7 summarizes the CLF of a Single-Stage system using an isolated buck-boost type
converter compared to a Two-Stage system using buck and/or boost derived converters. For
the Two-Stage system the voltage variation is handled by the non-isolated converter.

Component Single-stage

Isolated buck-
boost

Two-stage

Total Non-isolated boost Isolated buck 

Switches 4.5 8 4 4

Diodes 4.5 8 4 4

Inductors - 1.5 1.5 0

Transformers 2.8 2 - 2

Capacitors 2.1 1.7 1.7 0

Table 5.7. Power system comparison between a single-stage and a Two-Stage system for a 4:1 dynamic
input range.

The most significant difference in CLF occurs with regard to the semiconductors. As shown
earlier, the minimum CLF of a buck-boost type converter is 4, so the increase in CLF when
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subjected to 4:1 dynamic range is only 0.5! As mentioned earlier, the CLF for the switches
in the buck-boost type converters is not a very precise measure when it comes to voltage
variations. The influence of the higher voltage rating of the semiconductor devices will be
taken into account in an example in chapter 6. 
The Two-Stage system have a total semiconductor stress of 8 which is almost twice that of
the Single-Stage buck-boost converter. One could also choose to use an isolated buck or
boost type converter in a Single-Stage system but the semiconductor stress will increase
with a factor of 4 in the isolated converter resulting in a total increase in the semiconductor
stress of a factor of 2. 

5.4.2 Key observations

Potentially, the buck-boost type converters are a reasonable choice for a wide input range
converter. The initial stress is high in these converters, but the ranged input seems to have
little effect on the component stress. 
The isolated buck converter, is without a doubt the predominant isolated dc/dc converter
for high performance systems. In case of moderate to large input range, the isolated buck
converter should be used in a Two-Stage system in order to lower the semiconductor stress.
Another important observation is, that increasing the number of stages does not impact the
CLF of the inductors and the capacitors as long as buck and/or boost derived converters are
used. Given a dynamic input range this will result in a predetermined inductor and capacitor
stress regardless of the number of stages being used.

5.5 The relation between dc- and ac-CLF

Until now, all comparisons and stress calculations have been carried out on basic dc/dc
converters. In order to use the observations made in this process, a correlation between the
dc/dc and the rectified ac/dc case has to be established. 

5.5.1 Ac-CLF

Developing an ac/dc-version of the Component Load Factor is not as straight forward as
for the dc/dc version. The good thing about CLF for the dc/dc converters is the simplicity of
the method. This also insures that the correlation between the calculated stress factors and
the actual component stress is not lost in the process. For the ac/dc converters, the
component voltages and/or currents change during the line period. Therefore, some kind of
averaging is needed to obtain a simple number that describes the stress. Doing so, some of
the characteristics of the circuit may disappear in the process together with the usefulness of
the method. 
In the ac/dc case, the inductors carry both a low and a high frequency component, both time
varying, which makes it unsuitable to be characterized with a simple number as done in the
dc/dc case.
Semiconductor stress can to some extend be characterized using the same methods as in the
previous section. An example of the computed switch stress for 3 obvious PFC candidates
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(boost, isolated boost and buck-boost) is shown in Fig. 5.14 and 5.15. In these calculations,
the input current is assumed to be a sinusoidal.

Fig. 5.14. MOSFET CLF calculated with peak voltages and peak currents averaged over one half line
period.

Fig. 5.15. MOSFET CLF calculated with peak voltages and rms-currents averaged over one half line period.

The step-up/step-down ratio for the ac/dc converters, is defined as the ratio of the output-
to line peak-voltage.
From Fig. 5.14 and 5.15, it is clear that the isolated PFC boost converter is a pour choice
with regard to switch stress. The non-isolated PFC boost converter exhibits the lowest
switch stress but it is difficult see how it will perform compared to the PFC buck-boost
converter, especially in case of the universal line range.

5.5.2. The impact of ac voltage variations compared to dc voltage
variations 

The voltage variations discussed until now, have been variations in the dc source voltage.
Talking about ac-source variations, we usually mean the variation of the nominal rms-
voltage. In this project, the voltage range of particular interest is the universal line range:
90VAC-270VAC. This range constitutes a 3:1 ac-voltage variation. In the following, the
difference in applied stress from a 3:1 ac-voltage variation and a 3:1 dc-voltage variation
will be presented with an example of a simple boost converter.
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Example: Effects of ac and dc voltage variations on the stress applied to the switch.

In this comparison, the ac/dc and dc/dc boost converter step-up the input voltage to the
same output voltage, which is set to the the maximum occurring input voltage. The output
power is the same for both converters.

� Ac-input: 90 VAC – 270 VAC, sinusoidal current waveform.
� Dc-input: 127 VDC – 381 VDC, dc current.
� Dc-output: 381VDC

Applying CLF to an ac/dc converter and comparing it to the CLF of the dc/dc converter,
only makes sense if the characteristic voltages and currents that make up the CLF, are
compatible. Rms-currents in both the ac/dc and the dc/dc case are compatible, since the
mere measure of rms, takes into account variations that will affect the conduction losses. In
case of the boost converter, the output voltage can also be used since it is constant and the
same for both the ac/dc and dc/dc converter in this example. Based on the characteristic
voltages and currents that can be used in this example without destroying the basic idea of
CLF, we can determine on which components of both the ac/dc and the dc/dc converter, the
CLF measure would be appropriate to use. These are listed below.

� Switch: rms-current and blocking voltage (output voltage)
� Diode: rms-current and blocking voltage (output voltage)
� Output capacitor: rms-current and blocking voltage (output voltage)

For the inductor the CLF measure is not a good indicator of stress in case of the ac/dc
converter. The average voltage is fluctuating and the ac/dc inductor has a low frequency
current component, which is relative large compared to the high frequency current
component. A way to improve the inductor CLF would be to calculate the applied inductor
voltage as rms. This would account for the fluctuating applied inductor voltages, and the
quadratic behavior of the associated inductor core losses. The low frequency current
component is still not accounted for, so to use even this modified CLF version to compare
the inductors, might not be a reasonable measure.

The worst case (largest step-up) CLF of the switch, diode and output capacitor for the
ac/dc- dc/dc boost converter is shown in table 5.8.

Switch Diode Capacitor

Ac/dc boost 3.6 2.3 2

Dc/dc boost 2.2 1.7 1.4

Table 5.8. Comparison of an ac/dc- and dc/dc boost converter

The ac/dc boost converter is subjected to higher stress compared to the dc/dc version. This
is not a surprise because of the way that the voltage range for the two cases is defined. The
ac/dc boost converter operates with a larger step-up ratio compared to the dc/dc version
except at the peak of the ac voltage. Further more, the currents are pulsating, which results
in higher rms-currents. 
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Another way of comparing these two approaches, is to calculate what dc/dc voltage range
is equivalent to the ac/dc voltage range, in terms of characteristic currents e.g. switch rms-
currents. 

Keeping the ac/dc voltage range and adjusting the dc/dc voltage range to equalize the CLF
of each component of table 5.8, results in the equivalent voltage ranges shown in table 5.9.

Switch Diode Capacitor

Ac/dc range
(3:1)

90VAC-270VAC 90VAC-270VAC 90VAC-270VAC

Dc/dc range 92VDC-381VDC 72VDC-381VDC 76VDC-381VDC

Dc/dc ratio 4.1 5.3 5

Table 5.9. The resulting dc/dc range after equalizing the individual component stress.

A 3:1 voltage range for the ac/dc converters translates into a larger voltage range for the
dc/dc converters, typically in the range of 4-5:1.

The key point is, that the ac voltage variations results in higher component stress compared
to the dc voltage variations and that this should be considered in the structure of the power
supply system.

5.6 The pitfalls of CLF

As with any theoretical investigation, the method used, can also be misused to arrive at
conclusions that when subjected to real life designs, does not live up to the claimed
performance.

The two most significant properties that the CLF measure does not account for is:

1) The voltage rating of the semiconductors
2) Eddy-current losses associated with the magnetics (inductor- and transformer-design)

The most predominant switch in high-frequency converters up to voltage ratings of about
600V, is the MOSFET. The on-resistance and the switching capabilities of the MOSFET is
highly dependent on the actual voltage rating (as for any switch-devices). So, for the CLF
measure to be fair when comparing the semiconductor stress, these should have the same
voltage rating. 

Eddy-current losses, particular with regard to transformers and coupled inductors, are not
taken into account. For transformers in buck- and boost derived topologies, the effective
increase in the winding resistance, caused by the eddy-currents, can be reduced dramatically
by interleaving schemes and by using Litz wire. For the buck-boost derived converters using
coupled inductors to utilize the isolation, interleaving does not reduce the eddy-current
losses. The only possible way to push the current through the converter is extensive use of
Litz wire. This reduces the copper fill factor which results in increased losses.
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5.7 Summary

Using CLF to characterize the basic topologies have revealed some basic properties that are
very useful to take into account when designing the structure of the power system. The
CLF measure is very simple to apply to dc/dc converters but not practical for ac/dc
converters. None the less, the characteristics of the dc/dc converter stress, can be used as a
first approximation of the performance of the ac/dc converters. As shown in this chapter,
the stress applied to the ac/dc converters in case of input voltage variations, translates into
stress for the dc/dc converters, that would occur at larger voltage variations. 

The inductor and capacitor stress for buck and boost derived converters is closely related to
the size of the input range but not to the number of stages or whether the converter is
isolated.
A direct comparisons of a power system consisting of both "ac/dc" and "dc/dc" inductors
needs to take its basis in the actual physical implementation. The inductor stress is therefore
not a very useful (simple) indicator of the power systems performance. 

In case of the non-isolated topologies, it is clear that the buck and boost topologies are
superior to the buck-boost topology. Isolating the buck-boost converters, does not affect
the component stress and compared to isolated buck and boost converters the
semiconductor stress in the buck-boost derived converters is actually lower according to
CLF. This might not be the case in a real design, since CLF does not account for differences
in semiconductor voltage ratings. 

The examples in this chapter have shown that the semiconductors are the most sensitive
components with regard to choice of topology. Furthermore, the semiconductor stress in
ac/dc and dc/dc converters are without modifications comparable making it a good indicator
of the performance of the power system.
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Chapter 6

Comparing the state-of-the-art approaches 

In the previous chapter the basic topologies were reviewed using CLF as a measure of the
performance. The converters perform differently when exposed to voltage variations or
when galvanic isolation is introduced.
In this chapter, these characteristics will be used to identify were excessive component
stress is produced in the state-of-the-art approaches, and compare it with the standard Two-
Stage approach. The structure of the power system can also be optimized using CLF, but as
shown in the previous chapter, one should sometimes be careful using this method since all
important information is not included in the CLF.
In this chapter the results obtained in chapter 5 will be used on the PFC approaches
presented in Chapter 3.

6.1 Typical loss distribution in a universal input PFC boost
converter

In the Two-Stage configuration which will be used in the comparisons against the state-of-
the-art approaches, the first stage will be comprised by the PFC boost converter. The PFC
boost converter is recognized as one of the most efficient non-isolated PFC converters (if
not the most efficient). The research in the area of PFC has not produced many new
alternatives to the non-isolated PFC boost converter but a significant contribution has been
presented in [16]. The approach in [16] will be presented in chapter 7.

The worst case losses for the PFC boost converter occurs at low line. For the universal line
range defined as 90-270 VAC, the worst case losses will be at 90VAC. A typical loss
distribution of a PFC boost converter is shown in Fig. 6.1 [17](VAC= 90V, VOUT= 414V,
POUT= 1kW).
The efficiency at full load and low line for this typical boost converter is about 91%. At high
line, 220VAC the efficiency is 96.6%. As shown in Fig. 6.1 chart 2, the MOSFET losses is by
far the largest contributor to the power loss. The output diode losses are relatively low, but
the dynamics of this diode has a significant effect on the MOSFET in terms of increased
switching losses caused by the diode's reverse recovery. Using fast diodes reduces the
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reverse recovery effect. 

Fig. 6.1. Typical distribution of power losses in a PFC boost converter [17].

The boost inductor losses are at low line mainly conduction losses. To reduce these losses a
smaller inductance value can be used at the cost of more ripple current which will increase
the filter requirements, produce more conduction losses in the surrounding components and
increase the inductor losses at high line.
The input rectifier losses are mainly governed by the rectifiers threshold voltage and the
average input current. For the boost converter as well as the state-of-the-art approaches the
bridge rectifier can be omitted by changing the converter configuration. Typically about half
of the rectifier losses will be transferred to the active switch (MOSFET).
The filter losses are tightly connected to the size of the boost inductance and to the power
system design (common mode noise). Soft-switching techniques can be applied to reduce
the filter requirements. 

By proper design and optimization some improvements of the converter efficiency can be
expected, but the most significant factor with regard to the efficiency is the switch stress.
This, together with the fact that the component stress on all other power components,
except the semiconductors, is shifted between the two stages independent of the isolation
barrier, suggests that the measure of how efficient the power conversion system is, can be
based on the semiconductor stress, in particular the active switches (MOSFETs).

6.2 Discussion of the comparisons conducted

The focus in all of the comparisons carried out will mainly be on the losses in the active
switches. There are several reasons for this. 

First of all, the analysis using CLF in chapter 5 showed that the component stress for the
capacitors and the inductors are affected by the voltage variations but not by whether the
topology is isolated or not. Therefore, for a given input voltage variation, the accumulated
stress on the capacitors and the inductors will be more or less the same, whether the voltage
variation is handled by the input-section or the output section. This is generally true when
using the same types of converters. In all cases, the direct converters represented by the
buck and boost converters generates less stress on the capacitors and the inductors
compared to the indirect converters represented by the buck-boost derived converters.
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As shown in chapter 5, the semiconductors in some topologies are greatly affected by the
isolation. This means that extra stress in the isolated converter should be avoided and
moved to the non-isolated converter.

Secondly, the goal is to determine the ability to achieve high efficiency. By examining the
loss distribution in a PFC boost converter Fig. (6.1), one will find that a significant part of
the losses are generated in the semiconductors and particularly in the active switch, the
MOSFET. For any of the alternative approaches to the Two-Stage configuration, improved
efficiency would basically mean that the semiconductor stress has to be reduced.

6.3 Applied CLF and alternative Stress measures.

CLF can be used directly on dc/dc stages within the power system and give a quantitative
measure of the performance. For the ac/dc part of the power system, the use of CLF is not
an exact measure. Therefore, there is a need to introduce an alternative stress indicator to
evaluate the transition from ac to dc in the power system.

One of the key points discovered in chapter 5 was, that isolated converters expose the
semiconductor devices to a great deal of stress especially in case of voltage variations. On
the other hand, besides the increased semiconductor stress, the rest of the components are
not affected by the isolation.

The alternative stress measure should therefore be able to quantify the stress on the
semiconductors, especially the active switches.

As stated earlier, the most predominant switch in high-frequency converters up to voltage
ratings of about 600V is the MOSFET. The losses in the MOSFET can be split up into 2
types: conduction- and switching-losses. The conduction losses are related to the RDS,ON of
the MOSFET which again can be related to the physical size of the MOSFET through [23]:

RDS,ON ∝
V BR

2,5

ADie

(6.1)

Eq.(6.1) simply states that ideally, the RDS,ON of a MOSFET is proportional to the break-
down voltage in the power of 2,5. If the same chip die area (Adie) is used to manufacture a
200V and a 400V MOSFET, the RDS,ON of the 400V device would be 5.7 times larger
than for the 200V device.

Eq.(6.1) is still valid for the majority of the products on the market, but new MOSFET
technologies are changing the limitations of Eq.(6.1).
Devices like the CoolMOS from Infineon [18] are using a MOSFET-technology that ideally
does not obey the more than square proportionality between the RDS,ON and the break-down
voltage [19]. The progress in MOSFET technology will push the relation between the
RDS,ON and the break-down voltage towards:
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R DS,ON ∝
V BR

2

ADie

(6.2)

The correlation between the switching losses and the chip die area is relatively simple. The
die area consists of many individual cells in parallel. If a lower on-resistance is required,
more cells will be added in parallel. The switching losses are determined by voltages and
currents being switched and the speed of which we can turn the device on and off.
Assuming that standard MOSFET drivers are used, the switching speed of the devices is
basically proportional to the parasitic capacitances [20].

The switching losses can therefore be assumed to be proportional to the switching voltage,
switching current and the chip die area.

These relations between the physical size and the performance of the MOSFET will be used
in the following comparisons together with the general concept of CLF.

The relations above will be used, to give a quantitative measure of how efficient the power
is processed by assuming that the same total chip die area is available for each of the units
being tested. 

Fig. 6.2. Two different realizations of a 4:1 step-up system. a) Two cascaded boost converters. b) A single-
switch version of the converter in a).

To illustrate how the physical behavior described by Eq.(6.2) can be used to quantify the
stress, consider the two converters of Fig. 6.2.
The converter in Fig. 6.2a is a cascaded boost, where each stage step-up the voltage 2 times
to reach the total voltage step-up of a factor 4. In Fig. 6.2b a single-switch version of the
converter in Fig. 6.2a has been implemented, also stepping-up the voltage 4 times. 
The two converters are very simple and straight-forward so the difference in switch stress
can easily be shown by using CLF. Using peak- voltages and currents, the CLF=2 for each
switch in Fig. 6.2a giving a total switch CLF of 4. For the converter in Fig. 6.2b, the switch
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CLF amounts to 6.
So, by using CLF we have a strong indication that the configuration in Fig. 6.2a expose the
switches to less stress than the configuration of Fig. 6.2b.

In case of more complex systems, applying CLF might not be feasible. In these cases the
"die area" considerations are useful.

Example:
For the converters of Fig. 6.2 we are using the same total chip die area. Intuitively we split
the die area equally between the two switches in Fig. 6.2a. The conduction losses will then
be proportional to:

PCon,2stage∝
(2⋅V )2

ADie ⁄2
⋅I 2
⋅D+

(4⋅V )
2

ADie ⁄2
⋅( I ⁄2)2

⋅D=
8⋅V 2

⋅I 2

ADie

(6.3)

For the converter of Fig. 6.2b, the conduction losses will be proportional to:

PCon,1stage∝
(4⋅V )2

ADie

⋅(
3⋅I
2
)

2

⋅D=
18⋅V 2

⋅I 2

ADie

(6.4)

The conduction losses of the single-switch version of Fig. 6.2b will be exposed to an
increase in the conduction losses of a 125% compared to the configuration of Fig. 6.2a!

Remembering the state-of-the-art solutions classified as "Switch-sharing Single-Stage
systems" in chapter 3, the above example clearly illustrates one of the reasons why this
approach is a poor choice.

In the above example, the die area was split equally between the two MOSFET devices, but
this is not necessarily the optimal choice. We can define the conduction losses of a "Two-
Stage" solution utilizing a total die area equal to ADie as: 

PCon,2stage∝C1

1
(1�x)⋅ADie

+C2

1
x⋅ADie

(6.5)

, where C1 and C2 are constants including the voltage rating and rms-currents and x is the
portion of die area allocated to one of the two stages.

The optimal choice of x can be found by differentiating Eq.(6.5) and finding the minima of
this function. Depending on the constants C1 and C2, an optimal choice of x is given by:

x[C2≠C1]=
2⋅C2± 4⋅C2

2
�4⋅(C2�C1)⋅C2

2⋅(C2�C1)

(6.6a)

x[C1=C2]=0.5 (6.6b)

There are two solutions to Eq.(6.6a), but the right solution gives an x-value in the range of
]0;1[. 
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In the example we chose x = 0.5, and as it turns out, this is also the optimal choice since
C1=C2 in Eq. (6.3).

6.4 Comparisons

Even though the results of chapter 5 strongly indicates, that the better approach with regard
to component stress is the Two-Stage approach, taking the specifications defined in chapter
4 into account, it would be wrong to claim that this is always the case.
This section is dedicated to show examples of the more successful Reduced Power
Processing and Single-Stage schemes and compare these with a Two-Stage solution
comprised by a boost PFC converter cascaded by an isolated buck-derived converter. Since
it is not possible in a generic fashion to show that one approach is better than the other, the
conclusions obtained are based on comparisons.
Some of the comparisons carried out might seem academic and difficult to relate to
practical implementations, but none the less, the comparisons are carried out to show the
differences in how efficient the power is processed. 

6.4.1 Reduced power processing vs. Two-stage solutions

The Reduced Power Processing schemes suffers from at least one and usually two
structural/topological problems. First of all, if sinusoidal input current is drawn the Reduced
Power Processing scheme always uses an isolated PFC converter directly connected
between the ac-grid and the output terminals. This converter is therefore subjected to the
full line variation. Secondly, the auxiliary converter which operates with reduced power
processing, is typically implemented with a buck-boost derived converter. The buck-boost
derived converters are high component stress converters as shown previously.

6.4.1.1 Auxiliary converter considerations

The Reduced Power Processing approach shown in Fig. 6.3a, follows the principles
discussed in section 3.3.2 Reduced Power Processing systems. 

Fig. 6.3. Flyback PFC converter with post-regulator. a) Reduced Power Processing scheme [21]. b) Buck
post-regulator.

The PFC converter in Fig. 6.3a transfers the total input power into the series connection of
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C2 and C1. The auxiliary converter can be identified as Q2, D2 and L2, and this converter
transfers energy from C2 to the output (C1). The best case operation of this circuit is when
the VAUX = VOUT which results in maximum direct power transfer (50%).
In steady state operation, the buck-boost auxiliary converter operates with a duty-cycle of
50%, which according to the CLF measure is the optimal operation point. One of the
examples in chapter 5 showed how the buck-boost type converters, even at the optimal
operation point, has twice the CLF score compared to buck and boost converters operating
with a step-up/down ratio of 2.
Keeping the output voltage of the flyback PFC at two times VOUT, a buck converter could
be implemented with the same components (same voltage rating) as the ones used for the
buck-boost auxiliary converter. The flyback PFC converter cascaded by the buck converter
is shown in Fig. 6.3b.
Keeping CLF in mind the circuits should perform more or less the same with regard to
component stress. The buck-boost auxiliary converter process half the input power but has
twice the component stress of the buck converter which process the full input power.
But since the buck converter processes a more or less constant power and the buck-boost
converter process a pulsating power (from zero to full output power), the current stress in
the examples are not the same. Table 6.1 summarizes the differences.

I. Buck-boost
post regulator

II. Buck post
regulator

I./II. Ratio

Q2

VPeak 2·VO 2·VO 1

IRMS PO/VO PO/(VO·1.41) 1.41

IP,mean (4·PO)/(π·VO) PO/VO 1.27

D2

VPeak 2·VO 2·VO 1

IAV PO/(VO·2) PO/(VO·2) 1

IP,mean (4·PO)/(π·VO) PO/VO 1.27

L2 VMean VO VO 1

IRMS 1.41·PO/VO PO/VO 1.41

Table 6.1 Comparison of component stress for the two implementations shown in Fig. 6.3.

The pulsating power in the buck-boost converter increases the rms-currents considerable
leading to twice the conduction losses in the switch and the inductor compared with the
buck-solution.

The above comparison is a "text-book"-example of the fact, that Reduced Power
Processing in its self is not the determining factor of how efficient the conversion from
input to output is.  

6.4.1.2 Main converter considerations

The fact that an isolated PFC converter has to be used, as the main converter automatically
sets off the alarm bells since isolated converters together with input voltage variations does
not go well together.
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Fig. 6.4. Comparison of an isolated PFC and a Two-Stage solution. a) Isolated flyback PFC. b) Two-Stage
solution with a boost PFC and an isolated buck-derived dc/dc converter.

To illustrate the performance of the isolated PFC converters a comparison between an
isolated PFC converter and a Two-Stage system will be carried out. The isolated PFC
converter is of the buck-boost type (Fig. 6.4a), since these converters seems to be superior
with regard to semiconductor stress compared to the isolated boost PFC. 

The two configurations will be compared using the conditions supplied in table 6.2.

Flyback (Fig. 6.4a) Two-stage (Fig. 6.4b)

VIN 90-270 VAC 90-270 VAC

VOUT,PFC 220VDC* 382VDC

Power P P

PFC IQ,RMS 13.6m·P 9.4m·P

Dc/dc IQ,RMS - 1.85m·P

VBR (Ideal) 602V 382V

Table 6.2. Comparison conditions and results (* minimum stress according to CLF).

The expressions for calculating the switch rms-currents for the PFC flyback and the PFC
boost can be found in [5, p.677].

Assuming that the same total chip die area is available for each of the two implementations,
the switch conduction losses will be compared using the relations between RDS,ON, break-
down voltage and chip die area given by Eq. (6.2). The switch conduction losses in the PFC
flyback are proportional to:

PFlyback ∝
(V BR,Flyback )

2

ADie

⋅I Q,rms
2

(6.7)

For the Two-Stage configuration, the switch conduction losses are proportional to:

P2stage∝
(V BR,2ST.)

2

(1�x)⋅ADie

⋅I Q,rms,pfc
2

+
4⋅(V BR,2ST.)

2

(x⁄4)⋅ADie

⋅I Q,rms,dcdc
2

(6.8)

The first part of Eq. (6.8) describes the conduction losses associated with the PFC boost.
The die area allocated for this stage is expressed by (1-x). The second part describes the
conduction losses of the dc-dc stage configured as a full-bridge buck converter. The die
area allocated for all of the switches in the dc-dc stage is equal to x. Therefore, there is only

-86-



Comparing the state-of-the-art approaches 

x/4 of die area per switch and since the rms-current flows in all 4 switches, the numerator is
multiplied with 4.

Using Eq. (6.6) to solve for optimum x results in an x = 0.44 which means that 56% of the
die area is utilized for the PFC boost and 44% for the full-bridge dc/dc converter.

Using the values of table 6.2 in Eq. (6.7) and Eq. (6.8), the conduction loss ratio of the
active switches in the two cases can be found:

PFlyback

P2stage

=1.63
(6.9)

Even though the same total chip area is utilized in the two configurations, the PFC flyback
solution increases the switch conduction losses with 63%. A part of this increase is caused
by the fact that you need higher voltage rated devices.
From the investigations of the switch CLF on PFC converters in chapter 5, the findings
strongly indicated that the isolated PFC boost was a very poor choice. For the completeness
of this comparison of isolated PFC converters and Two-Stage systems, the relative
conduction losses of the isolated PFC boost converter will also be calculated.

Fig. 6.5. Isolated PFC boost 

The isolated PFC boost of Fig. 6.5 is implemented with a full-bridge. The specifications for
the PFC boost, as part of the Two-Stage system, shown in table 6.2, is also used for the
isolated PFC boost. This means, that the reflected output voltage on the primary side is
equal to the maximum line peak voltage (382V). 

PIso.boost∝
4⋅(V BR)

2

(ADie ⁄4)
⋅I Q,rms,iso.boost

2 , I Q,rms,iso.boost=6.3m⋅P
(6.10)

The switch conduction loss ratio of the isolated PFC boost compared to the Two-Stage
approach, can then be calculated: 

PIso.boost

P2stage

=2.34
(6.11)

The results of Eq. (6.11) verifies that the isolated PFC boost is a poor choice. The
conduction losses are 134% higher in the isolated PFC boost compared to the Two-Stage
approach!

Until now it has only been the stress on the active switches that has been considered. To
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finish the semiconductor devices, the diodes will briefly be discussed. 

The power losses associated with the diodes in PFC applications can be severe. It is not so
much the actual power loss internally in the diode caused by the diode voltage drop and the
current, but more some of the diodes parasitic effects that influences the switching
performance of the active switch. For the p-n diodes, the problem is the reverse recovery
current, which the active switch has to deal with during turn-on. This additional current can
contribute considerable to the switching losses.
The diode losses becomes a larger part of the total loss budget, as the output voltage
decreases. The advantage of using a Two-Stage system, is that the second stage that has to
interface to the load, operates from a fixed voltage, which means minimum stress on the
diodes. If the output is a low voltage type output, the performance of the diodes will be the
determining factor regarding the efficiency.

For the inductors and the capacitors, the stress follows the topology and/or the voltage
variation and not whether the converter is isolated or not. For the Two-Stage approach, the
voltage variation is handled by the PFC boost converter. Since the isolated dc/dc converter
is of the buck type, the stress associated with the inductor and capacitors will be very small,
ideally zero, since there is no voltage variations. The flyback PFC is a buck-boost type
converter which means that the stress imposed on the inductor (coupled inductor) and the
capacitors will be higher than for the PFC boost. 
The inductor and capacitor stress of the isolated- and the non-isolated PFC boost is the
same since the component stress is not affected by the isolation.

6.4.1.3 Non-sinusoidal reduced power processing

The non-sinusoidal Reduced Power Processing scheme have not been dealt with until now,
simply because they are not very common. Typically, when using two separate converters
with separate control, sinusoidal input current is one of the goals.
The non-sinusoidal input current shapers are typically classified as Single-Stage converters
even though some of these configurations also have Reduced Power Processing.

The example of a non-sinusoidal Reduced Power Processing scheme is shown in Fig. 6.6a.
This scheme has recently been published [22].

Fig. 6.6. a) Flyback input current shaper with Reduced Power Processing [22]. b) Buck input current shaper.

The scheme shown in Fig. 6.6a is comprised by a flyback (isolated buck-boost) where the
primary side winding and switch is placed in series with the capacitor C1. Since some of the
input-current is transferred directly to the input for the next stage, the authors of this
proposed scheme claim it to have Reduced Power Processing. In this case the following
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converter is a dc/ac converter that drives a fluorescent lamp.

Since the primary side of the flyback converter is in series with the output capacitor, the
flyback transfer function is reduced to a step-down function. So, as long as the time varying
input voltage is below the output voltage of the flyback converter, no input current can be
drained. The flyback converter is operated in DCM.
Basically, the flyback converter has obtained the characteristics of a simple buck converter,
shown in Fig. 6.6b, with regard to the interface to the ac-grid. When comparing the two
configurations of Fig. 6, similar performance will be obtained. A simple comparison has
been carried out and the results are shown in table 6.3.
The performance of the DCM flyback and the DCM buck converter is very similar. The
most significant difference is that the inductor in the flyback implementation is a coupled
inductor with two windings where only one winding is active at the time. The utilization of
the magnetic component is therefore considerable lower compared to the buck
implementation.

DCM flyback DCM buck DCM boost

VIN / [VRMS] 230 230 230

VOUT / [VDC] 138 138 400

P / [W] 40 40 40

Duty cycle 0.5 0.4 0.19

L / [mH] 3.15 2 3.45

VDS / [V] 384 325 400

IPeak / [A] 1.2 1.5 0.71

IQ / [ARMS] 0.3 0.33 0.11

Table 6.3. Comparison of DCM flyback [22], buck and boost input current shapers.

Even though the flyback converter only process about 50% of the power (compared to a
flyback in a normal setup) the buck converter perform similar but process the "full" amount
of power.
This example demonstrates that all converter topologies are not created equal when it
comes to component stress! The non-isolated buck and boost converters could just as well
be termed Reduced Power Processing converters.

For the buck converter, the ratio of direct power transfer is equal to the output to input
ratio. This supports the findings of chapter 5, where an increase in the step-down ratio
corresponds to an increase in component stress but a decrease in direct power transfer. The
buck-boost derived converters only uses indirect power transfer which support the high
component stress findings.

The first two columns in table 6.3 lists the comparison of the flyback and the buck
configuration. The third column gives the detail of a DCM boost converter for the same
application. The only thing that makes the comparison a little difficult is the difference in
output voltage. For the boost converter to work, the output voltage has to larger than the
line peak voltage (325V) and since the converter is operated in DCM with a constant duty-
cycle, the output voltage has to be somewhat larger than the line peak voltage to be able to
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comply with regulations (VOUT = 400V). For the flyback and the buck converter the choice
of output voltage is also governed by these regulations. The relatively low output voltage is
necessary to open up the conduction angle enough so that compliance is possible.
Because the flyback and the buck converters has to perform a relatively large voltage step
down, from the line peak voltage (325V) and down to the output voltage (138), the boost
converter will perform better for this application. 
As shown in table 6.3, the performance of the boost converter exceeds that of the other two
configurations. The switch rms-currents are reduced considerable, to about 1/3 which
would result in a reduction of the conduction losses of a factor of 9. Also peak currents are
reduced considerable leading to smaller magnetic size. The initial price, is the higher output
voltage but the boost converter also suffers from the incapability of controlling the inrush
current. Measures to control the inrush current has to be implemented if the boost converter
is used.

6.4.1.4 Summary

The main idea of the Reduced Power Processing scheme is to increase the efficiency by
reducing the amount of power processed by the converter stages. Since all of the power
have to be transported through the isolation barrier, all of the power have to be processed
by the isolated converter. Isolated converters are either very sensitive towards voltage
variations at the input with regard to component stress (buck and boost derived converters)
or comprised by naturally high-stress converters (buck-boost derived). Comparing the
isolated PFC converters with a Two-Stage configuration shows that the Two-Stage
configuration process the power more efficiently. In this comparison, the losses associated
with the auxiliary converter has not even been accounted for.

The auxiliary converters are the converters that process the power less than one time
leading to a Reduced Power Processing system. The auxiliary converter is for most
practical implementations of the buck-boost derived type. Comparisons have shown, that
even though the amount of processed power is reduced, the use of cascaded buck or boost
converters in a Two-Stage configuration, reduces the component stress. Simply because
these converters are low stress converters and can therefore be regarded as "Reduced
Power Processing" converters.

It becomes very clear, that the Reduced Power Processing schemes can be viewed as a
Two-Stage configuration when considering the example with the flyback input current
shaper shown in section 6.2.1.4. The flyback scheme, with Reduced Power Processing, can
without any consequences be replaced by a simple buck converter. There is no discussion
whether the configuration with the buck converter is a Two-Stage approach or not.

The Reduced Power Processing scheme does not improve the efficiency. It exposes the
isolated converters to increased component stress and forces the use of high stress
converters, where low stress converters otherwise could have been used. 
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6.4.2 Single-stage vs. Two-stage solutions

From the state-of-the-art solutions the Single-Stage approaches with the most potential is
the group called "Magnetic switch Single-Stage systems" and particular the Single-Stage
converters that are able to operate both the input and output inductor in CCM. The other
significant group of Single-Stage converters are the switch-sharing Single-Stage systems.
These systems are high component stress solutions, which was demonstrated in section 6.2,
and it is difficult to see where systems like these can be justified. The only application where
these systems might find its use is in a narrow input range, low power and low cost
applications. 

6.4.2.1 Key properties of the single-stage operation

The Single-Stage systems are as shown earlier a merger between the PFC-stage and the
dc/dc-stage. As for the standard Two-Stage system, an intermediate dc-bus is also present in
the Single-Stage systems, which serves the purpose of de-coupling the pulsating input
power. For the Single-Stage systems this voltage is not directly regulated by the control
circuit but for the more intelligent and well designed Single-Stage systems, this dc-bus
voltage will more or less follow the line peak voltage. That the dc-bus voltage varies as a
function of the line peak voltage is the most significant parameter when considering how
efficient the system is compared to a Two-Stage system. 

Fig. 6.7 shows an alternative way of viewing a magnetic-switch Single-Stage system

Fig. 6.7. Magnetic-switch Single-Stage system. Viewing the Single-Stage system as a Two-Stage system
with a variable dc-bus voltage.

The Single-Stage system basically contains the same building blocks as the Two-Stage
approach. As shown in Fig. 6.7, the Single-Stage consists of an Input Current Shaper (ICS)
block analogous to the first stage in a two stage approach, a storage capacitor supplying the
dc/dc converter and de-coupling the pulsating input power. The control measures differs
whether it is a Single-Stage or a Two-Stage system. The storage capacitor voltage in a Two-
Stage solution is regulated to a constant dc-voltage whereas this voltage varies with the line
peak voltage in the Single-Stage solution.

Some of the characteristics of the Single-Stage approach could be adapted by the Two-
Stage approach e.g. the variable output voltage. If the first stage (PFC boost) would track
the line peak voltage, the step-up action for this converter is reduced leading to less

-91-



High Efficient Rectifiers

component stress. The components will still have to be rated for the high voltage demanded
at high line. The following dc/dc converter would then have to be able to convert from a
large input voltage range, which is the case for the dc/dc converter in the Single-Stage
approach.
Having a PFC boost converter with variable output voltage dependent on the actual line
peak voltage is in commercial use. A company [24] have PFC modules that to some extend
use this approach. Instead of tracking the line peak voltage all the way down to the
minimum line voltage, the PFC module[25] produces a minimum dc-bus voltage of 260V.
When the line peak voltage is larger than 214V, the output voltage is adjusted to the line
peak voltage plus 46V up to about 400V. This particular company produces high power-
density modules, and the reason for adapting this variable output voltage scheme is to
increase the efficiency of the PFC stage at low line. The output capacitors and the following
dc/dc converter are of course penalized by this scheme.

Fig. 6.8. Two-Stage power supply system. 

So, the Single-Stage approach can to some extent be regarded as a Two-Stage system
where the output voltage of the first stage is variable. The question is whether improving
the efficiency of the first stage at the cost of increasing the losses in the second stage will
result in an overall improvement of the efficiency of the power supply system.

In Fig. 6.8, the efficiency have been improved for the PFC section (first stage) and
diminished in the dc/dc-section (second stage). 
The efficiency of the Two-Stage system, shown in Fig. 6.8, before implementing any
changes in the interface between the two stages can be expressed as:

ηsystem=ηPFC⋅ηdcdc (6.12)

After implementing the changes the new total system efficiency can the be expressed as:

ηSystem,new=(ηPFC+∆ηPFC)⋅(ηdcdc+∆ηdcdc) (6.13)

For the Single-Stage systems the efficiency of the dc/dc-stage is compromised. Therefore,
the change in the dc/dc-stage efficiency is negative in Eq. (6.13). To achieve higher
efficiency in the Single-Stage system the following inequality has to be satisfied:

∆ηPFC

ηPFC

>
|∆ηdcdc|
ηdcdc

(6.14)

The above equation is the mathematical correct expression but since the denominators in
Eq. (6.14) are in the same range, Eq. (6.14) can for all practical use be reduced to:
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∆ηPFC>|∆ηdcdc| (6.15)

The efficiency considerations regarding the Single-Stage versus the Two-Stage approach
can basically be quantified by Eq. (6.15):

� Can the PFC-stage efficiency be increased more than the dc/dc-stage efficiency is
decreased.

6.4.2.2 Comparisons

In this comparison the dc/dc stage for both the Single-Stage and the Two-Stage systems will
be an isolated buck derived converter (full-bridge, half-bridge, push-pull etc.). In the Two-
Stage system, the PFC stage will be a PFC boost converter. The comparison will again
concentrate on the losses in the active semiconductors (here MOSFETs) where significant
stress is generated by the input voltage variation. The other power components that
comprises the converters also suffers from the input voltage variation, but not by the
implementation of the galvanic isolation. In the Single-Stage solution, the inductor in the
dc/dc stage is subjected to the full voltage variation. In the Two-Stage system, the PFC
boost inductor is subjected to the voltage variation whereas the inductor in the dc/dc stage
is in theory not subjected to any stress (Chapter 5). 

The comparisons will comprise of two steps. In the first step the effects of the ICS-cell in
Fig. 6.7 will be ignored so the dc/dc stage is operated from a dc voltage equal to the line
peak voltage. By comparing the conduction losses of the two approaches using the same
chip die area an estimate of the voltage range where the two solutions have similar
conduction losses will be calculated. The second step is to investigate the ICS-cell an its
effect on the losses.

The target input-voltage specifications is the universal line range defined here as 90-270VAC.
By comparing the Two-Stage system with a Single-Stage system consisting of a simple
bridge-rectifier and a capacitor (Fig. 2.1a), cascaded by an isolated buck derived dc/dc
converter, the stress on the active switches will be compared using the method described
section 6.2.

The worst case conduction losses occur at low line. The dc input voltage to the Single-
Stage dc/dc converter is equal to the line peak voltage (127V) and the dc input voltage to
the dc/dc stage in the Two-Stage configuration, is equal to the maximum occurring line peak
voltage (382V). 
For the Single-Stage converter, the conduction losses will be proportional to:

P1stage∝
4⋅(V BR)

2

(1 ⁄4)⋅ADie

⋅I Q,rms,dcdc
2

(6.16)

For the Two-Stage solution the conduction losses are proportional to:
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P2stage∝
(V BR)

2

(1�x)⋅ADie

⋅I Q,rms,pfc
2

+
4⋅(V BR)

2

(x⁄4)⋅ADie

⋅I Q,rms,dcdc
2

(6.17)

Solving Eq. (6,17) for minimum losses results in x=0.44 (same as Eq. (6.8)) which relates to
about half of the die area is used in the PFC stage and the other half in the dc/dc stage.
Assuming that VBR is the same for the two configurations (Eq. (6.16) and (6.17)), the
conduction loss ratio at 90VAC is equal to:

P1stage

P2stage

=1.75
(6.18)

The conduction losses are 75% higher in the Single-Stage compared to the Two-Stage
configuration and the losses associated with the ICS cell are still not accounted for. This
clearly shows, that the Single-Stage systems are not suited for the wide input voltage range.

Narrowing down the voltage range by increasing the minimum ac voltage results in Eq.
(6.16) and (6.17) being equal for VAC = 182V.

Therefore, the two configurations have the same performance with regard to worst case
conduction losses for an ac voltage range of 182-270VAC which actually corresponds to the
European voltage range. 

The effect of the ICS cell on the switch stress is not easy to quantify since the control of the
ICS is indirect and changes according to line voltage and load conditions. In the following a
model representing an ideal magnetic-switch scheme will be presented. With regard to
component stress this model will represent the best case operation!

The ICS-cell (Fig. 6.7) in the magnetic-switch Single-Stage systems presented in chapter 3
(Fig. 3.14) can be modeled as a series connection of a voltage-source and a loss free
resistor. For further details regarding the model of system, refer to [db162]. 

Fig. 6.9. Magnetic-switch Single-Stage system. a) Modeled as a series connection of a voltage-source (VS)
and a loss free resistor (RLF). b) Input current waveform. Proportional to VAC when VAC is larger than VCB-

VS. 

The input current is proportional to the line voltage when the time varying input voltage is
greater than VCB-VS. In this idealized case, it is easy to calculate the conduction angle of the
current shown in Fig. 6.9b so that compliance with the regulations is possible. In order to
comply with the class D limits of EN61000-3-2 a minimum theoretical conduction angle of
67.44 degrees at full power is necessary [db162]. The idealized model assumes that the
input-voltage, VCB, in Fig 6.9a to the isolated dc/dc converter is a dc-voltage equal to the
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line peak voltage. In reality, for a well designed ICS-cell this voltage is slightly larger than
the line peak voltage, typically about 20V-30V.

Fig. 6.10. Magnetic-switch Single-Stage system with full-wave isolated dc/dc converter[db194].

The system shown in Fig. 6.10 uses a full-wave isolated dc/dc converter which enables a
magnetic-switch duty-cycle from 0 to 100% of the duty-cycle used in the isolated dc/dc
converter [11],[26],[db194]. The system shown in chapter 3, Fig. 3.14, is using a half-wave
isolated dc/dc converter which reduces the maximum effective magnetic-switch duty-cycle
from 1 to 0.5. 

Fig. 6.11. Delay inductor current and switch current. a) Half-wave magnetic-switch configuration
(Fig.3.14). b) full-wave magnetic-switch configuration (Fig.6.10).

The inductor design is assumed to facilitate the ideal operation of the ICS-cell in terms of
minimum switch stress. The input inductor, LB, is assumed very large (minimum ripple) and
the delay inductor, LD, is designed to achieve the necessary duty-cycle modulation.
Depending on the configuration, if it is a half-wave or a full-wave based magnetic-switch,
there is a difference in the imposed switch-stress.

The delay inductor current and the resulting switch current for the half-wave magnetic-
switch (a) and the full-wave magnetic-switch configuration (b) is shown in Fig. 6.11. The
switch current in the half-wave configuration is simply the reflected current from the output
section plus the reflected delay inductor current. The delay inductor only adds to the switch
stress during the conduction period of the input section. For the full-wave configuration, the
switch current is also the reflected current from the output section plus the reflected delay
inductor current but in this configuration, the delay inductor current is flowing in the
opposite direction of the switch-current at the beginning of each switch turn-on (only true
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for d > 0.25). The result is that the delay inductor current is transferred directly to the
output inductor in the isolated dc/dc converter reducing the switch current in this period.
After the main switches have been turned on for a while, the direction of the delay inductor
current changes and can hereafter be seen as an additional current in the switch (Fig. 6.11b).
Another difference between the two configurations of Fig. 6.11 is the size of the delay
inductor needed to perform the current shaping. The delay inductor in the full-wave
configuration operates under twice the effective frequency compared to the half-wave
configuration, which is one of the known benefits of the full-wave configuration.
Furthermore, the delay inductor has to change twice the current (+ILb <=> -ILb) compared to
the half-wave configuration. The delay inductance needed for the full-wave configuration is
therefor 4 times smaller than for the half-wave configuration.

Table 6.4 summarizes the comparison of the reference Two-Stage solution and the
magnetic-switch Single-Stage solutions using a half-wave and a full-wave based magnetic-
switch configuration. The input voltage range is reduced for the two Single-Stage systems
until the switch conduction losses are equal to that of the Two-Stage system using the same
chip die area. Eq.(6.2) is used to relate the conduction losses to the die area. The switch in
the half-wave configuration has higher voltage rating but is not penalized by the more than
square law of Eq.(6.1).   

Ideal implementation (Class D compliance)

Magnetic-switch type Half-wave (Fig. 3.14) Full-wave (Fig. 6.11)

n = N1/NP 0.34 0.17

VAC,Peak / VCB 1 1

VAC range (Vmax/VMin) 1.16 1.32

European range
capability

213-247 VAC 198-262 VAC

American range
capability

107-124 VAC 99-131 VAC

Table 6.4. Performance of the magnetic-switch Single-Stage systems. 

The shaded rows in table 6.4 shows the effective AC voltage range for which the worst-
case conduction losses compared to a Two-Stage system are equal. The turns ratio, n, and
the ratio of peak line voltage (VAC,Peak) to bulk capacitor voltage (VCB) are necessary
parameters for calculating the switch rms currents.
Without taking into account the effects of the ICS cell, the Single-Stage solution was found
to have the same conduction losses as a Two-Stage system for an input range of 1.5:1.
The effects of the ICS cell reduces this range to about 1.3:1 for the ICS cell using the full-
wave configuration. The penalty of using the ICS cell is therefore relatively small.

6.4.2.3 Summary

The Single-Stage systems rely on a single control loop to carry out both the PFC function
and the fast regulation of the dc/dc converter. The output of the dc/dc converter is
regulated by the control system and the PFC function is achieved by choosing an input
section that have inherent PFC abilities. As for the Two-Stage configuration an internal
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energy storage is necessary to decouple the pulsating input power. This energy storage is
typically comprised by a large capacitor. This capacitor voltage is not controlled by the
control loop but is adjusted according to the input/output power balance.
For the pure switch-sharing Single-Stage systems this voltage can only be controlled within
reasonable limits if both the input- and output inductors are operated in DCM. Furthermore,
this configuration always generates more semiconductor stress compared to the Two-Stage
configuration. For the magnetic-switch Single-Stage systems the capacitor voltage can be
controlled to just above the line peak voltage (best case) and with both the input and output
inductor operating in CCM. The switch-stress contribution from the input section is
significantly lower for this type of Single-Stage converters compared to the pure switch-
sharing type and for very narrow voltage ranges the switch stress is equal to or lower than
for the Two-Stage configuration.

For the universal line range (ac-range = 3), the Two-Stage solution is without doubt the
optimal choice. The magnetic-switch Single-Stage configuration becomes interesting when
the ac-range is reduced. For an ac range of about 1.3 the conduction losses for both the
Single-Stage and the Two-Stage system are the same using the equal die area aproach.  

6.5 Summary

The Two-Stage solution is the superior approach for universal line operation. The
alternative approaches classified as either "Reduced Power Processing" or "Single-Stage
systems" generates excessive component stress when forced to operate from a wide input
voltage range.

For the Reduced Power Processing scheme with sinusoidal input current the isolated
converter has to be connected directly between the input- and output terminal in order to
achieve less than two times power processing. Having the isolated converter processing
pulsating power from a variable input voltage range generates extreme component stress
compared to a Two-Stage solution. Furthermore, the auxiliary converters needed for the
Reduced Power Processing approach are typically buck-boost and isolated derived
converters, which are high component stress converters.

The switch-sharing Single-Stage systems should for most applications never be used. The
magnetic-switch Single-Stage converters offers reasonable performance if the considered
input range is below 1.3:1.

For the wide input voltage range, the Two-Stage approach is the superior approach.

The remainder of this thesis is devoted to improve the PFC converter in the Two-Stage
configuration.
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Chapter 7

Non-isolated PFC converters 

Understanding that the Two-Stage solution is the most efficient approach for a universal line
PFC power supply, the number of PFC converter topologies to choose between are greatly
reduced. There are only a few real candidates to choose from and among these, the PFC
boost converter is the obvious choice.
The boost converter is one of the low component-stress topologies and is by far the
predominant PFC converter. In terms of efficiency, the boost converter has demonstrated
the best performance, and together with the simplicity of this approach, there has been no
real alternatives. Using other types of non-isolated PFC converters are often driven by the
desire to produce an output voltage below the line peak voltage, which can not be
accomplished by the boost topology.
This chapter will give a short presentation of the boost converter and, to the authors
opinion, the best alternatives to the boost converter.

7.1 The Boost PFC converter

In the Two-Stage system the lowest obtainable component stress is achieved when the PFC
stage converts the ac-voltage to a fixed dc voltage. Typically, the boost converter shapes
the input current to an almost perfect sinusoidal waveform even though this is not necessary
according to the standard. But for a boost converter under the before mentioned conditions,
the sinusoidal input current shaping is in fact the most efficient way to obtain the power
from the grid.

Fig. 7.1 shows the PFC boost converter and a block-schematic of the control. For medium
to high power applications the predominant control strategy is the average current mode
control. The average boost inductor current is measured and compared to a reference. This
reference signal follows the sinusoidal line voltage and the magnitude of this reference
current is controlled by an outer loop. In the outer loop the output voltage is compared to a
reference voltage and the bandwidth of this loop is kept well below the line frequency. This
loop has to be a slow one in order not to regulate the pulsating input power.
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Fig. 7.1. PFC boost converter with average current mode control.

Fig. 7.2 The target of the efficiency improvement – increasing the worst case efficiency. 

The target of the efficiency improvement is illustrated in Fig. 7.2 as the "Before" and
"After" curves. The solid line ("Before") represents a typical efficiency curve for a boost-
type PFC converter and the dashed ("After") line illustrates the targeted efficiency
improvements. As stated earlier, the goal is to improve the worst case efficiency for a
universal line rectifier, even at the cost of reducing the best case efficiency. 

The efficiency-curve of the boost converter has the characteristics of the type given by Eq.
(7.1).

Efficiency (x)=100�(a⋅x2
+b⋅x+c) (7.1)

In Eq. (7.1) the variable x represents the current, which increases when the line voltage
decreases for the same output power.
The losses in the converter can be split into 3 different parts:

1. Conduction losses (a·x2). These losses are determined by the rms-currents and has a
squared contribution to the losses.

2. Proportional losses (b·x). These losses are proportional to the current e.g. caused by the
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conductive voltage drop in the input rectifier-bridge. For the boost topology the
switching losses are also more or less proportional to the current given that the output
voltage is constant.

3. Constant losses (c). Idle-losses e.g. in the control circuit and capacitive discharging.
Power losses caused by the threshold voltage drop in the output rectifier (given a
constant output voltage).

The conduction losses in the boost converter are the largest contributor to the efficiency
reduction at low line input. As shown in chapter 6, Fig. 6.1, the component that dissipates
the most power is the MOSFET. The losses in the MOSFET are comprised by to two parts,
conduction losses (1) and switching losses (2). As the nominal line voltage change, the
losses changes and both the conduction losses and the switching losses goes up when the
nominal line voltage goes down. The switching losses are more or less proportional to the
nominal line current. The conduction losses in the parasitic resistance in the components,
are dependent of the squared currents. These losses, in case of the MOSFET, will increase
with more than just the squared relation. The conduction losses in the MOSFET are
dependent on the switch rms current and for the PFC boost converter the rms-current can
be calculated as:

I Q,rms=
1
π
⋅∫(iac)

2
⋅(1�

V ac,peak

V Out

⋅sin (Θ))
�

duty cycle

(7.2)

Besides the squared dependency of the line current, the duty-cycle also increases as the
nominal line voltage decreases. For the universal input voltage range the rms current will
vary dramatically and for the 3:1 range (90VAC – 270VAC, VOUT = 400V) the resulting
conduction losses will vary with a factor of 35. 

7.2 Alternatives to the PFC Boost converter 

7.2.1 Buck-boost derived PFC converters

An alternative to the PFC boost converter is the SEPIC converter. The SEPIC converter is
a buck-boost derived converter and therefore a high component stress converter so with
regard to the efficiency the PFC boost converter will perform better.

Fig. 7.3. Single Ended Primary Inductance Converter (SEPIC) PFC converter.
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There are some advantages of using a PFC SEPIC compared to the PFC boost converter.
The output voltage of the SEPIC can be chosen without restrains to be below the line peak
voltage, and the inrush current is inherently limited to reasonable levels by the relatively
small capacitor C1 in Fig. 7.3.

7.2.2 Switchable topologies

The more interesting alternatives to the PFC boost converter can be found amongst a group
of converters referred to as switchable topologies. A well known switchable topology is the
two-switch buck-boost converter shown in Fig. 7.4.

Fig. 7.4. Two-switch buck-boost PFC converter.

Controlling the two switches Q1 and Q2 in Fig. 7.4 with the same control signal retains the
buck-boost characteristics of the converter resulting in high component stresses. By
controlling the switches with individually control signals the converter topology can be
switched between a boost converter and a buck converter.
As long as the time varying input voltage is below the output voltage, Q1 is always turned
on, D1 is in-active and Q2 functions as the boost switch. When the time varying input
voltage exceeds the output voltage, Q2 becomes in-active and Q1 functions as the buck
switch. By switching the topology between the boost and the buck mode according to the
input voltage the component stress is reduced. For a universal line application the effective
input range can be cut in half be choosing the output voltage reasonable (~200V) but there
are several drawbacks related to this scheme. In the buck mode the input current is
discontinuous and going to the medium to high power level with this type of converter will
result in large input filters with associated losses. Another problem is that all of the power
has to go through Q1 and even though there is no switching losses associated with this
switch in the boost mode, the size of the MOSFET can not be chosen arbitrarily large since
this would affect the buck mode operation to much. To reduce the effect of having all the
power going through Q1, the approach shown in Fig. 7.5 can be taken.  

Fig. 7.5. Boost Interleaved Buck Boost (BoIBB).
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In the case where the time varying input voltage is below the output voltage the BoIBB
[16] shown in Fig. 7.5 operates in the boost mode. In this mode Q1 is always on and the
diode D1 is in-active. The advantage of this configuration is that only half of the input power
has to flow through Q1 and the inductors L1 and L2 operates in parallel. When the time
varying input voltage is above the output voltage, the BoIBB operates in buck mode. The
switch Q2 is always off and there is no current flowing in L1 and C1. The voltage on C1 is
equal to the difference between the input and output voltage. There are also a couple of
drawbacks of this configuration compared to the two-switch buck-boost converter shown in
Fig. 7.4. In the boost mode, high currents are flowing in C1, and Q2 has to be rated to the
input voltage which for practical implementations are higher than the output voltage.

7.2.3 Summary

The alternative PFC converters mentioned in this section all have the capabilities of
producing an output voltage lower than the line peak voltage and typically for the universal
line range the output voltage will be designed to around 200V. It is therefore not
completely fair to compare these converters with the boost converter.

For some applications the reduced bus voltage is very desirable e.g. where planar
transformers are used in the cascaded dc/dc converter. The planar technology is typically
limited by the number of turns and reducing the bus voltage with a factor of two also results
in a reduction of the number of turns with a factor of two for the same flux-excursion. The
lower bus voltage also facilitates the use of other semiconductors which can affect the cost
and performance.

In terms of energy storage, going to a lower voltage will increase the size of the capacitors
for storing the same energy. This fact is slightly compensated for in the switchable
topologies since the storage capacitor rms currents relative to the capacitor voltage rating
are reduced.

At higher power levels the switchable topologies presented in Fig. 7.4 and 7.5 are not
desirable because of the discontinuous input current when going into the buck operation
mode. At low power levels this filter size can be kept reasonable small but since the EMI
limits are absolute limits, increasing the power will give rise to a more than proportional
increase in the filter size.

The SEPIC converter shown in Fig. 7.3 does not produce the discontinuous input current
but retains the high component stress which is characteristic of the buck-boost type
converters.

If only the PFC stage is regarded, the obtainable efficiency of the boost converter is still the
state-of-the-art. The reduced output voltage could have a positive effect on the efficiency of
the cascaded dc/dc converter but an investigation into this subject lies outside the limits of
this thesis.

A commendable work [27] has been carried out on the subject of new topologies for single-
phase low harmonic rectifiers and it is from this work the BoIBB converter of Fig. 7.5
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originates.  

7.3 The characteristics of high performance converters

The switchable topologies are very interesting since they, when designed properly, can cut
the effective line range into half and thereby reduce the component stress. In order to obtain
the highest possible efficiency it is important that the operation modes that the converter is
switching between has the characteristics of either a boost or a buck converter since these
converter types will secure minimum component stress. For the ac/dc application it is
furthermore desirable that the operation modes are boost like or at least secures continuous
input current. In a dc/dc application this might not be so important.

The converter "wish list" from chapter 4 is repeated below.

� Current limiting: Inrush-, output current
� Independent output voltage (not dependent on the input voltage)
� Continuous input current
� Low component stress

Except for the continuous input current the switchable converters (two-switch buck-boost,
BoIBB) possesses the desired features. The low component stress is a direct consequence
of the effective reduction of the line range.

For a switchable topology to comply with the above list, both modes that the converter
switches between should have the characteristics of a boost converter. To derive a
converter which switches between to modes, that are essentially the same, might seem like a
contradiction. Never the less, this is the main idea presented in the following chapter.
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Chapter 8

A new family of Efficient Wide Range
Converters

The work done in this project on efficient rectifiers have resulted in a new approach to
construct high efficient converters that target the universal line range. These ideas are
originated in the approach taken in switchable topologies. Changing the operation mode
according to the line voltage can lead to an effective reduction of the line range, resulting in
reduced component stress.
Switchable topologies are already a well known approach but one of the original
contributions of this thesis is the construction of a switchable topology that switches
between the same topology, in this case a boost type. The boost topology is in particular a
good choice for ac/dc converters.

This new type of switchable converter has been made possible by using a new approach
called "The series voltage-source approach". This approach makes it possible to switch
between to topologies that both have the conversion properties of a boost converter.

This new family of converters has been named:

Efficient Wide Range Converters, EWiRaC
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8.1 The series voltage-source approach

8.1.1 Requirements of the switchable topology.

The idea of a switchable topology for a wide-range application makes sense since operation
of these topologies makes it possible to reduce the effective voltage range. As shown in
chapter 5, the larger the conversion ratio the higher the component stress and thereby
losses.

Fig. 8.1. Conversion stress illustrated by the numerical gradients of the conversion lines. 1a-1c: standard
boost operation. 2a-2b: switchable topology consisting of a boost and a buck mode. 3: Static step-down.

The numerical value of the gradients of the conversion lines in Fig. 8.1 illustrates the
amount of stress generated for the particular conversion. The dashed conversion line shown
as 1a relates to the worst case condition for a traditional universal range PFC boost
converter. As the input voltage increases the conversion gradient decreases. The switchable
buck-boost topologies are represented by the conversion lines 2a and 2b. The worst case
gradients occur at low and high line but the size of the conversion stress is lower than for
the worst case conversion of the boost converter (1a). The switchable topology consists of
two modes where the conversion line 2b represents the boost mode and the conversion line
2a represents the buck mode. 

For the PFC application it is desirable that the input current is continuous as it is for the
boost topology. To construct such a switchable topology the conversion lines of Fig. 8.1
can be helpful.
As long as the time varying input voltage is below the output voltage the conversion line 2b
can be used as this represents a boost function. When the input voltage increase to more
than the output voltage a mode change occurs and to keep the boost function the output
voltage must change, or to be more correct, the voltage seen by the inductor must change.

The function needed to keep the boost operation mode can also be explained by Fig. 8.1. At
the point where the input voltage reaches the output voltage the operation mode changes
from the conversion line 2b to follow the 1b conversion line. The 1b line is converting up to
a voltage equal to or higher than maximum line voltage which means that a static step-down
action is needed. This static step-down is represented by the conversion line 3.
The "1b" conversion could also step up the voltage to a dynamic changing voltage, which
instead has to be larger than the input voltage. The "3" conversion then changes from being
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a static conversion to a dynamic conversion. A practical example of this conversion scheme
is shown in section 8.6.

The requirements for the desired switchable topology according to Fig. 8.1, can be
summarized as:

1. Standard boost operation mode
2. Dc-shifted boost operation mode
3. Static down conversion

The first requirement suggest that the foundation of the switchable topology should be a
boost converter. Before going into further details, consider the setup in Fig. 8.2.

Fig. 8.2. Boost converter with a voltage source is series with the output voltage.

The switchable boost-boost strategy presented in the form of the conversion lines in Fig. 8.1
can be materialized by the circuit shown in Fig. 8.2. The boost converter is modified by a
voltage-source, VS, in series with the output voltage and a current-source, IS, in parallel
with the output voltage. The voltage- and the current-source is coupled in such a way that
energy can flow from VS to IS.
The dc-shifted boost operation, requirement #2, is accomplished by means of the voltage-
source inserted in series with the output and the down conversion, requirement #3, is
accomplished by the energy transfer from the voltage-source to the current-source

8.1.2 Voltage-source requirements

The operation of the scheme shown in Fig. 8.2 can be divided into two normal operation
modes, VAC < VOUT and VAC > VOUT. 

The operation mode related to VIN < VOUT is shown in Fig. 8.3a. In this mode the voltage-
source is an effective short-circuit and the standard boost converter is easy to recognize.
Fig. 8.3b shows the resulting circuit when VIN > VOUT. The switch Q1 is now inactive so the
control of the converter is governed by the voltage-source which switches between 0 and a
predetermined voltage, V. The duration of which the voltage-source is zero, is duty-cycle
controlled.
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Fig. 8.3 Normal operation modes for the boost-boost switchable topology. a) VIN < VOUT, VS = 0, IS = 0. b)
VIN > VOUT, the VS-voltage alternates between 0 and V. 

 
For the above scheme to work a basic requirement apply to the voltage- and current-source
arrangement. The power obtained by the voltage-source must be delivered by the current-
source to the output. This relation can be written as:

I L⋅V S,AV=V OUT⋅I S,AV (8.1)

, where VS,AV and IS,AV are mean values of the source voltage and current. The size of L in
Fig. 8.3b is assumed large, so that IL can be regarded as a dc current within one switching
cycle.
Since the voltage VS is duty-cycle controlled, Eq. (8.1) can be expressed as:

I L⋅(1�d )⋅V=V OUT⋅I S,AV (8.2)

In order to fulfill all of the requirements of the converter "wish list" from section 7.3 there is
one specification that in general is not associated with a voltage-source. If the switchable
boost-boost converter of Fig. 8.2 should be able to control the inrush current, the voltage-
source must be able to exhibit the characteristics of an infinite impedance. The voltage-
source impedance should therefore be able to be controlled according to Fig. 8.4.

Fig. 8.4. Impedance of the the voltage source and the related operation modes.
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In case of a current limiting situation (inrush or fault related), the voltage-source should be
able to assume a high impedance, so that the current path to the output is disrupted (or
almost). This is shown in Fig. 8.4, where the third mode is a current limiting mode and the
related source impedance increases to an infinite value theoretically. In the second mode the
source impedance switches between zero (ideally) and the source voltage divided by the
inductor current. In the first mode the voltage-source should be a short circuit so the related
source impedance is ideally zero.

8.1.3 Current-source requirements

Since the direction of the power flow is from the voltage-source to the current-source, the
current-source should not constitute any load to the output terminals (except for a
"negative" load). Like an ideal current-source, the input impedance should be as high as
possible. The other basic requirement is, that the current-source is able to transfer the
energy obtained by the voltage-source, to the output.

8.1.4 Fundamental implementations of the voltage-source.

Because of the requirements the voltage-source has to meet, the obvious choice would be
to implement the voltage-source as a regulated switch-mode power supply (SMPS). The
SMPS is represented as a two-port network, where the the first port functions as a voltage-
source and the second port as a current-source. The power transfer is assumed to be
unidirectional and the direction of the energy flow is from port #1 (voltage-source) to port
#2 (current-source). 

Fig. 8.5. SMPS implementation of the voltage source. 

By looking at the realization in Fig. 8.5, it is clear to sea that not all SMPS are suited for the
voltage-source implementation. Since the two input ports are referenced to different nodes
in the circuit, only a specific group of converters, which consists of isolated converters and
buck-boost derived converters, can be used. 
The input ports to the SMPS block have been characterized as a voltage-source (port #1)
and a current-source (port #2) fulfilling the previous defined specifications. If we turn to the
impedance that the two ports, #1 and #2, are loaded with (defined as Z1 and Z2), we
discover that port #1 is looking into a current-source (high impedance) formed by the
inductor, and that port #2 is looking into a voltage-source comprised of the output
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capacitor. This duality is not a coincidence and for all practical circuits this will always be
the case, since it makes no sense to have series connected current-sources and parallel
connected voltage-sources.

Fig. 8.6. a) Transformer coupled voltage/current source implementation. b) Reflected output voltage seen
from port #1. c) Reflected input inductor current seen from port #2.

The duality property can be exploited by coupling port #1 and port #2 through a
transformer. The voltage-source characteristics needed for port #1, are provided by the
reflected output voltage as shown in Fig. 8.6b. In the same manner, the current-source
characteristics of port #2, are provided by the reflected input inductor. The energy transfer
from port #1 to port #2 is also accomplished by the transformer implementation. By
rewriting Eq. (8.2) and taken into account the behavior of a transformer, it is clear to see
that the power balance is intact:

I S,AV=
(1�d )⋅I L

n

(8.3)

V=
V OUT

n

(8.4)

Inserting Eq. (8.3) and (8.4) into (8.2) results in:

I L⋅(1�d )⋅V OUT

n
=

V OUT⋅(1�d)⋅I L

n

(8.5)

Eq. (8.5) states that the power balance is intact and furthermore, it is intact cycle by cycle.
This should of course not come as a surprise since this is one of the definitions of an ideal
transformer.

The possible voltage-source implementations should therefore be found amongst the buck-
boost type converters and the isolated converters, especially isolated converters where the
input inductor (current-source) and the output capacitor (voltage-source) can be reused by
the topology. 
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8.2 Transformer-based  EWiRaC solutions

8.2.1 Standard transformer-based EWiRaC converters

The transformer-based solutions does not need any energy storage elements, only means to
control the transformer in such a way that the voltage-source requirements can be met.
Following the ideas and considerations of section 8.1, a new family of switchable boost-
boost converters can be constructed.

In the solution shown in Fig 8.7, the combination of the input inductor L1 and transformer
arrangement forms an isolated boost converter where the primary-side-section is in series
with the output voltage. The primary-side transformer configuration can be recognized as a
push-pull configuration and the secondary-side rectification is a full-bridge configuration.
Before other configurations of the EWiRaC is presented, a brief introduction to the
operation of the circuit shown in Fig. 8.7 will be given.

Fig. 8.7. EWiRaC. Push-pull primary-side, full-bridge secondary-side rectifier.

In the range where the input voltage is below the output voltage, the EWiRaC is in standard
boost mode, meaning that the voltage-source complex is a shorted. This is accomplished by
turning on both switches, Q2 and Q3, so that the flux in the primary-side winding will cancel.
When the input voltage rises above the output voltage, the normal boost switch Q1 will be
turned off for the duration of this period. In this mode the charging of the inductor is
accomplished by turning on both switches Q2 and Q3. Since VIN is greater than VOUT this will
result in a positive di/dt of the inductor current. At some point either Q2 or Q3 (alternating)
will turn off and the inductor current will flow in the transformer winding where one of the
switches is on. Since the flux is no longer canceled the reflected output voltage will occur
across the primary-side windings and result in a negative di/dt of the inductor current. An
in-depth description of the circuit operation will be shown later in this chapter.

Other well known primary- and secondary-side configurations exists that can be used in the
EWiRaC. The more useful configurations are shown Fig. 8.8.
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Fig. 8.8. Alternative voltage/current source implementations. a) Primary-side full-bridge switch. b)
Secondary-side double-winding rectifier.

Fig. 8.9. Single-ended version of the voltage/current source arrangement. a) Primary side. b) Secondary
side.

With the alternative voltage and current source implementations shown in Fig. 8.8 we can
construct 4 different EWiRaC converters. Single-ended versions could also be implemented
but these configurations have limited operation ranges (duty-cycle constrains) or add
excessive voltage stresses. For the completeness on this section a single-ended version of
the voltage/current-source implementation is shown in Fig. 8.9.

8.2.2 Alternative transformer-based EWiRaC converters

Interleaved boost converters are well known and this concept can also be used with the
EWiRaC. An interleaved version of the EWiRaC can be constructed by using the dual-
inductor push-pull isolated boost converter [28]. By using the duality between the boost
and the buck converters, the dual-inductor boost converter can be derived from the
Hybridge converter [29] (also know as the current-doubler). 

Besides the usual advantages achieved by interleaving, the dual-inductor EWiRaC offers
further advantages. In the operation mode where the input voltage is below the output
voltage, the voltage-source complex should in theory be a short circuit but for practical
circuits resistance in the primary-side winding and the MOSFETs introduces some losses.
For the dual-inductor EWiRaC the primary winding is bypassed in the low voltage mode.
Further more, as for the Hybridge-configuration the dual-inductor EWiRaC can be
integrated onto the same core.
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Fig. 8.10 Dual-inductor EWiRaC.

The transformers in the EWiRaC converters are implemented in order to create an effective
voltage source in series with the output. Non-isolated transformer types like the Auto-
transformer can also be used. Fig 8.9 shows the Auto-transformer EWiRaC.

Fig. 8.11. Auto-transformer EWiRaC 

The structure of the EWiRaC becomes more simple in the auto-transformer configuration
since the secondary side winding can be omitted. The auto-transformer usually offers a
much better utilization compared to an isolation transformer. In a normal transformer
design, the winding area would be split in two – one half to the primary-side windings and
one half to the secondary-side windings. Since there are no secondary-side windings in the
auto-transformer all the winding area can be utilized for the primary-side windings which
makes this structure particular useful in the EWiRaC. 

8.2.3 Active rectifier, transformer-based EWiRaC converters

Until now, the input voltages to all of the different EWiRaC implementations have been the
rectified line voltage. As for the standard boost converter, the EWiRaC concept can also be
incorporated in such a way that the line rectifier can be omitted.
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Fig. 8.12. Active rectifier EWiRaC.

One version of the EWiRaC with active rectifiers are shown in Fig 8.12. This version is
based on the EWiRaC shown in Fig. 8.7 but all of the circuits presented in this chapter can
be arranged accordingly.
The Active-rectifier EWiRaC has the advantage of reducing the number of semiconductor
voltage drops in the power path. The drawback of this circuit is the large number of
components and that half of these components are only active during one half of the line
period.
One of the great advantages of the EWiRaC is that the voltage-rating of the boost free-
wheeling diode can be lowered according to the output voltage. This is not the case for the
implementation shown in Fig. 8.12 where the two voltage-source implementations are
linked together with the same flux. During the interval where the voltage-source connected
between Q1 and D1 is in-active the anode of D1 is pulled below ground, leading to increased
voltage stress. To avoid this, the voltage-sources can be implemented with independent
flux-paths e.g. using alternative magnetic structures or separate transformer cores. 

8.3 Analysis of the EWiRaC operation-modes

The most significant change in the operation of the EWiRaC compared to the boost
converter is the shift in topology when the input voltage crosses the output voltage. The
operation modes will be analyzed using the standard transformer-based EWiRaC, in
particular the implementation shown in Fig.8.7. The analysis applies to all implementations
in the transformer based EWiRaC family. 

8.3.1  Steady-state EWiRaC operation modes.

The EWiRaC is only attractive if the desired output voltage is inside the line voltage range,
otherwise the mode change will not come into effect and it has therefore little meaning to
implement the EWiRaC if the output voltage should be higher than the maximum line
voltage. In this analysis we assume, that the output voltage is below the maximum occurring
line voltage. The implementation shown in Fig. 8.13 is the same as the one shown in Fig
8.7. 
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Fig. 8.13. Standard transformer-based EWiRaC.

The transformer configuration shown in Fig. 8.13 is a push-pull primary and a full-bridge
secondary. The relations between the windings T1-T3 can be written as:

T 1: T 2: T 3=1:1:n (8.6)

For VIN(t) < VOUT the voltage-source complex is shorted meaning that the circuit becomes
that of a standard boost converter. In this mode the input to output steady state transfer-
function is given by:

V OUT

V IN

=
1

1�d1

(8.7)

, where d1 is the duty-cycle applied to the switch Q1.

The effective duty-cycle applied to the switches Q2 and Q3 is in this mode given by:

d2=1 (8.8)

For VIN(t) > VOUT the boost switch Q1 is turned off under the duration of this interval. The
voltage-source becomes active and performs the conversion. In this mode the steady-state
transfer function is given by:

V OUT

V IN

=
n

n+1�d 2

(8.9)

d1=0 (8.10)
 
, where n is the transformer turns-ratio as defined by Eq. (8.6) and D2 is the effective duty-
cycle applied to the switches Q2 and Q3. The restriction in this mode is that the maximum
input voltage must obey Eq. (8.11). 

V IN,Max<V OUT+
V OUT

n

(8.11)
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VIN   < VOUT  :

The timing diagram for the voltages and currents of interest is shown in Fig 8.14a and the
equivalent circuits of each of the two modes is shown in Fig. 8.14b.

a)

0 < t < T/2 or T < t < 3T/2 

T/2 < t < T or 3T/2 < t < 2T 

b)

Fig. 8.14. EWiRaC operating as a standard boost converter (VIN < VOUT). a) Timing diagram of circuit
voltages and currents. b) Equivalent circuits for the two operation modes.

In this mode the operation of the EWiRaC is exactly like the standard boost operation
mode.

� At t = 0, a gate signal is applied to Q1 turning it on. In this interval, the boost inductor is
in the charge mode and the load is supplied entirely by the output storage capacitor.

� At the time d1·T the switch Q1 is turned off and the inductor current commutates to the
voltage-source arrangement in series with D1. Since both Q2 and Q3 is turned on, the
transformer flux is shorted and the voltage across each winding is ideally zero. Since the
flux is canceled, the transformer secondary (T3) is in-active. Assuming equal impedance
of the series connection of T2, Q2 and T2 Q3, the inductor current will share equally
between the two branches.

� At t = T the Q1 turns on again and the operations are repeated. 

The voltage stresses on the switch Q1 and the diode D1 are in the boost mode equal to the
output voltage.
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VIN   > VOUT  :

The timing diagram for the voltages and currents of interest is shown in Fig 8.15a and the
equivalent circuits of each of the 4 modes is shown in Fig. 8.15b.
For the duration of this interval, the switch Q1 is turned off and the converter is working in
the voltage-source mode. 

a)

0 < t < d2·T

d2·T < t < T

 T < t < T+d2·T

T+d2·T < t < 2·T

b)

Fig. 8.15. EWiRaC operating as an isolated boost converter (voltage-source mode, VIN > VOUT). a) Timing
diagram of the circuit voltages and currents. b) Equivalent circuits for the 4 operation modes.

� The switch cycle starts at t = 0 and both switches, Q2 and Q3, turns on. The two windings
T1 and T2 are now effectively in parallel and referring to the winding dot notation, the
flux is canceled in the two primary windings. The transformer windings together with the
switches can now be regarded as a short-circuit if the resistance and stray inductance of
this connection is disregarded. 
The inductor charges in this mode since VIN > VOUT and the inductor current flows in
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both transformer windings T1 and T2. Since the the transformer flux is canceled, the
secondary winding, T3, is inactive which also causes the diodes D2-D5 to be reversed
biased.

� At t = d2·T the switch Q3 turns off and the inductor current commutates to the T1

winding. The transformer flux is no longer shorted and the voltage across the windings
T1 and T2 is clamped to the reflected output voltage according to the winding dot
notation. The current in the primary winding T1 is transformed to the secondary winding
T3 where the transformed current flows through D3 and D4.

� At t = T a new inductor charge period starts by turning on the switch Q3. Again, the
transformer flux is canceled and the inductor current starts increasing.

� At t = T + d2·T the switch Q2 turns off and all of the inductor current commutates to
winding T2. The primary current is transformed to the secondary winding T3 where the
current is flowing through D2 and D5. The voltage on the secondary is clamped to the
output voltage which couples to the primary windings according to the winding dot
notation and the transformer turns-ratio.

� At t = 2·T a new switch-cycle starts and the 4 intervals is repeated.

Compared to the standard boost mode (VIN < VOUT), the voltage-source mode uses two
switching periods before repeating. The switches Q2 and Q3 are therefore operating at half
the frequency of Q1 but the effective inductor frequency is unchanged. 

8.3.2  Transient EWiRaC operation.

One of the benefits of using the EWiRaC compared to the standard boost converter is the
ability to control the inrush-current. The voltage-source in series with the output capacitor
can be switched off so that the current path from the input to the output is disrupted. This
action will typically happen when the inductor current reaches a predetermined limit which
means that the inductor is charged with its maximum energy. Since the current path to the
output has been disrupted, an alternative path must be provided to prevent destructive
voltages. 

Fig. 8.16. Alternative current paths in transient mode. a) Non-dissipative snubber. b) Dissipative snubber

Fig. 8.16a shows a well known non-dissipative snubber. The extra winding added to the
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inductor L1 is connected to the output voltage through the diode DT. In case of an over
current situation the voltage-source will switch off and the circuit of Fig. 8.16a is the
equivalent circuit. The voltage across the switch Q1 will start rising until the voltage across
L1 is equal to the reflected snubber-winding voltage. At this point the energy is transferred
from the L1 winding to the snubber winding. This arrangement is basically a flyback
conversion and in order for this scheme to work, the flyback voltage has to be higher than
the voltage-source voltage. This means that the lowest possible voltage that will occur
across the switch Q1 is:

V DS,Q1≥V IN,MAX+V OUT (8.12)

This scheme is not the preferred approach because of the added voltage stress. During
steady-state operation there is no added stress but the semiconductors used must be able to
withstand the voltages during the transient mode.

Another well known scheme is the dissipative snubber implemented in Fig. 8.16b. It is
common practice to ad snubbers across the switching elements so this scheme will not add
extra circuitry. But the snubber elements have to be designed to dissipate the inductor
energy without self destruction. Since this energy can be be relative large the snubber
components will be relatively large power components compared to usual snubbers dealing
with leakage energy. 
For this approach to work, the snubber-voltage VSN in Fig. 8.16b has to be larger than:

V DS,Q1≥V OUT⋅(1+
1
n
)≥V IN,MAX

(8.12)

The good thing about this approach is that the snubber voltage can be designed to be just
above the maximum line peak voltage adding a minimum increase to the semiconductor
voltage stress.
For practical implementations the configuration shown in Fig. 8.16b might not be the
preferred one since the dissipative element is a pure zener diode. There exists numerous
other versions that dissipates the energy in a more smooth fashion [38].

8.4 Comparisons

In this section the EWiRaC will be compared to the 2-switch buck-boost presented in
chapter 7 Fig. 7.4, and a standard boost converter. The boost converter is not capable of
producing an output voltage below the line peak voltage so in reviewing these comparisons
one should keep this in mind. 

8.4.1 Active switches

The method used to compare the switch stress in chapter 6 was assuming that the same chip
die area was available for each converter. Even though this method is somewhat academic,
the good thing about this approach is, that it takes into account the trade-off between
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conduction losses and switching losses. To reduce the conduction losses more die area
should be used but this will decrease the switching speed and thereby increase the switching
losses.
For the switchable topologies the relation between the die area used and the related trade
offs between the different types of losses are no longer so significant. 

Fig. 8.17. a) Two-switch buck-boost converter used in the switchable topology mode. b) Buck-boost type
efficiency curve, correct choice of Q1 (solid line) over sized Q1 (dashed line).

The two-switch buck-boost converter from chapter 7 is repeated above in Fig. 8.17a.
During the interval where VIN < VOUT the switch Q1 is always turned on. A significant source
of losses in the two-switch buck-boost is the conduction losses in Q1 at low line, so in order
to reduce these losses a large die area MOSFET is preferable. Since the switch is always on
during this interval, there is no switching losses associated with Q1 during the low line
operation.
During the interval where VIN > VOUT , Q2 is turned off, and the converter enters the buck
mode. In this operation mode the switching losses will contribute significantly to the losses.
The shape of the efficiency curve shown in Fig. 8.17b, is typical for a switchable buck-boost
converter. The solid line represents a well designed circuit where the worst case efficiency is
reached both at low and high line. In this case there is a good compromise between the
conduction- and the switching-capabilities of the switches. The dashed line represents a
design where the conduction losses has been overcompensated for, resulting in a reduced
high-line efficiency. 
This particular limiting factor of the switchable buck-boost converter does not exist to the
same extend for the EWiRaC, basically because of the boost-boost nature of the converter.
The switching capabilities of the voltage-source can be decreased significantly before
affecting the worst case efficiency of the converter.
The switch conduction losses will in this case be estimated using the same die area per
MOSFET since the added die area does not impair the switching performance of the
switchable topologies.
Table 8.1 summarizes the squared rms-currents relative to the output power and the
estimated conduction losses using same die area per MOSFET.

(IRMS/P)2 2-Sw. buck-
boost

EWiRaC Boost

Q1 123u* 57u 90u

Q2 (+Q3) 57u 66u* -

Conduction
loss

137u 90u 90u

 Table 8.1. Conduction loss comparison at 90VAC. *) No associated switching losses.
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The Q1 switch in the 2-switch buck-boost converter has the same voltage rating as for the
switches in the EWiRaC and the boost converter. The Q2 switch should only be rated to the
output voltage which in this example is 200V. Because of the lower voltage rating (a factor
of 2), the RDS,ON is only one fourth of the other switches used. The EWiRaC also utilizes a
third switch, Q3, which is in parallel with Q2, reducing the conduction losses of this branch
with a factor of 2.
The 2-switch buck-boost has the highest conduction losses of the three implementations,
whereas the EWiRaC and the boost converter perform the same. 
The boost implementation is switching to a voltage twice that of the other two
implementations. The currents being switched are the same for all three implementations, so
the switching losses can be estimated to be twice as big in the boost converter compared to
the other two implementations.

8.4.2 Diodes

For both the 2-switch buck-boost and the EWiRaC, the free-wheeling diodes in the boost
mode is subjected to twice the average current compared to the diode in the boost
converter simply because of the difference in output voltage. The losses in these diodes are
relatively insignificant but the associated reverse recovery currents of these diodes
contributes considerably to the switching losses in the MOSFET. In a typical PFC boost
implementation, the diode is made up by two 300V diodes in series like the STTH806TTI
from ST [30]. Reducing the voltage rating of the diodes minimizes the reverse recovery
problem considerable. The active diodes in the 2-switch buck-boost and the EWiRaC,
should only be rated to the output voltage of 200V which means that only one 300V diode
is necessary. So, for the same reverse recovery problems the diode conduction losses
related to the average current, are equal for all three implementations. Considering the
losses associated with the diode rms-currents, the PFC boost converter will actually have
higher losses caused by the larger average-to-rms current ratio.
In the writing moment of this thesis, SiC diodes have been introduced by Infineon [18].
These diodes can be characterized as high voltage schottky diodes which does not have any
reverse recovery problems. The impact of this new technology has not been considered.  

8.4.3 Inductors

The worst case conduction losses in the inductors occur at low line where all three
topologies operate in the boost mode. It is also at low line that the maximum flux density
occurs. Another important factor with regard to the inductor stress is the maximum ac-flux
which is proportional to the average voltage applied to the inductor. The size of the ac-flux
changes with the line voltage and the three topologies exhibit different characteristics.
The output voltage of the boost converter is 400V and for the two-switch buck-boost and
the EWiRaC the output voltage is 200V. Fig. 8.18 shows the time varying applied average
inductor voltage for VAC = 90V,  VAC = 230V and  VAC = 270V.

At 90VAC the two switchable topologies only operates in boost mode and the maximum
applied voltage is reached at a duty-cycle of 50% which in this case corresponds to an
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average applied voltage of 50V for both converters. The average voltage applied to the
inductor in the boost converter reaches a maximum of 87V.

Fig. 8.18. Inductor comparison. a) VAC = 90V. b) VAC = 230V. c) VAC = 270V

At 230VAC the two switchable topologies are changing topology at the point where the
input voltage reaches the output voltage which is the point where the average applied
voltages goes to zero (disregarding the line voltage zero-crossing). The EWiRaC changes
from the boost to the dc-biased isolated boost topology and the maximum average applied
voltage is again reached at 50% duty-cycle, corresponding to an average applied voltage of
50V. The two-switch buck-boost changes topology from the boost to buck topology which
has an incremental effect on the average applied inductor voltage. For the buck topology
the maximum applied inductor-voltage is proportional to (1-d) so for the two-switch buck-
boost converter the maximum inductor voltage is reached at maximum line voltage
(270VAC) which in this case corresponds to an average applied inductor voltage of 95V.

In terms of ac-flux stress the EWiRaC is only subjected to half the ac-flux at the worst case
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condition compared to the other two converters. For PFC inductors that operates with a
high dc-flux the energy-storage capability is a good measure of the size of the inductor. The
energy stored in the inductor is given by:

EL=
1
2
⋅L⋅I peak

2 (8.13)

Designing the inductors in the three different converters to carry the same maximum ac-
flux, the EWiRaC design results in an inductor of half the inductance compared to the other
two implementations. According to Eq. (8.13), this reduces the needed energy storage
capability by a factor of 2, resulting in about half the inductor size.

8.4.4 Output capacitor

There are two considerations with regard to the output capacitor – energy-storage and rms-
current stress. The energy stored in a capacitor is equal to:

EC=
1
2
⋅C⋅V C

2 (8.14)

The physical size and the capacity of the capacitor is usually related through:

C⋅V C0=K (8.15)
 

, where C is the capacity, VC0 is the voltage rating of the capacitor and K is a constant
related to the size of the capacitor or more correctly to the thickness of the dielectric
material used in the capacitor. 
Eq. (8.15) states that for the same physical size of a capacitor, increasing the voltage rating
with a factor of 2 will decrease the capacity with a factor of 2. 
The PFC boost converter in this comparison stores the energy at 400V compared to 200V
for the other two implementations. By using Eq. (8.14) and Eq.(8.15) one will find, that the
physical size of the capacitor in the boost implementation, will have half the size for the
same energy-storage capabilities compared to the other two implementations.
The worst case capacitor rms-currents occur a low line. Table 8.2 summarizes the relative
capacitor rms-currents to average output current.

2-Sw. buck-
boost

EWiRaC Boost

IC,RMS/IO,Average 1.29 1.29 2.08

(IC,RMS/IO,Average)2 1.66 1.66 4.32

 Table 8.2. Relative capacitor rms-current stress at 90VAC. 

The rms-current stress is considerable larger for the boost converter compared to the other
two implementations. The associated losses in the equivalent series resistor (ESR) in the
capacitor will be 2.6 times larger in the boost implementation. 
The reduction in rms-currents for the 2-switch buck-boost and the EWiRaC could possible
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be used to reduce the physical size of the capacitor but this has not been investigated. In this
comparison, the conclusion will be that storing the capacitor energy at a higher voltage
using the standard boost, is preferrable.

8.4.5 EMI-filter

The boost converter has the inductor in series with the input terminals and is thereby
obtaining a continuous input current. The filter requirements are relatively small since only
the inductor ripple current needs to be attenuated by the filter.
The EWiRaC converter is of the switchable converter type but the overall topology,
independent of the operation mode, is that of a boost converter. As shown in the previous
section, the EWiRaC actually generates less high-frequency ripple current compared to the
boost converter for the same inductance.
The two-switch buck-boost converter changes topology from the boost to the buck
topology. In the buck mode the input current is highly discontinuous and the generated EMI
is significant. In order to give an idea of the filter requirements, consider the following
example:

The inductor ripple-current in an universal line PFC boost converter is typically designed to
be in the area of +- 10 % of the maximum inductor current [31]. The worst case ripple
current occurs at 50% duty-cycle. For the two-switch buck-boost converter operating in the
buck mode with an output voltage of 200V, the worst case EMI is generated at the peak of
the high line voltage(382V). The duty-cycle is at this point approaching 50%. The
corresponding high-frequency currents for the boost-mode(EWiRaC) respectively buck-
mode operation are shown in Fig. 8.19. The amplitudes are relative to the worst case
conditions and the same power level.

Fig. 8.19. High-frequency ac inductor current. a) Boost current. b) Buck current.

For the purpose of this comparison we will use this worst case condition as an indicator of
the EMI-filter requirements.

The high-frequency boost current for 50% duty-cycle can be expressed as [32]:

ABoost (n)=
(8⋅A1)

(π
2
⋅n2

)

, n∈[1,3,5,...]
(8.14)

The high-frequency buck current for 50% duty-cycle can be expressed as [32]:
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ABuck (n)=
(4⋅A2)

(π⋅n)
, n∈[1,3,5,...]

(8.15)

The amplitude of the HF ac inductor current, shown in Fig. 8.19a+b for the boost
respectively the buck converter, is related in the following way.

The amplitude A1 for the boost current shown in Fig. 8.19a can be expressed as:

A1=
PIN

90
⋅ 2⋅0.1

(8.16)

The amplitude A2 for the buck current shown in Fig. 8.19b can be expressed as:

A2=
PIN

270
⋅ 2

(8.17)

Using Eq. (8.16) and (8.17) the relation between A1 and A2 can be found:

A2=
10
3
⋅A1

(8.18)

The EMI-limits regarding conducted noise starts at 150kHz. It is therefore common
practice, if possible, to choose a switching frequency so this frequency or the next following
harmonics is just below the start of the limits. For this example, a switching frequency of
70kHz has been selected. This means that the fundamental and the second harmonic is
outside the area where the regulations apply. The first harmonic to be attenuated is the third
harmonic of the switching frequency.
Using Eq. (8.14), (8.15) and (8.18) the ratio of the third harmonic of the boost and the buck
current can be found:

ABuck (3)

ABoost (3)
≈15

(8.19)

The EMI-filter in the 2-switch buck-boost should therefore supply 23.5 dB additional
attenuation compared to both the EWiRaC and the boost converter. 
For a simple second-order L-C filter, this would require, that the cut-off frequency of the
filter is moved 2 octaves down which is equal to a lowering of the cut-off frequency of a
factor of 4. The cut-off frequency of the second-order L-C filter is given by:

f
ωo=

1
2⋅π⋅ L⋅C

(8.20)

Lowering the cut-off frequency with a factor of 4 would require 16 times the L-C product
or 4 times the inductance and 4 times the capacity.

Even though this is a simple comparison, it is clear that the 2 switch buck-boost
implementation requires considerable EMI-filtering compared to the EWiRaC and the boost
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implementations. 

8.4.6 Inrush current limiting

For the 2-switch buck-boost converter, there is no additional penalty of controlling the
inrush current. As shown in Fig. 8.17a, the 2-switch buck-boost converter has a switch in
series with the input terminals enabling the converter to control the input current. The
losses in the switch is already accounted for under "Active switches".

The EWiRaC is also able to control the inrush current through the operation of the series
voltage-source arrangement. Besides the switches used to implement the voltage-source,
there is also the parallel connection of the two primary windings of the transformer. These
windings will ad to the conduction losses in the circuit. The amount of losses in these
windings can almost be arbitrarily small by using a large size transformer or omitted
completely if the EWiRaC configuration of Fig. 8.10 is used.

For the boost converter additional circuitry is needed to reduce the inrush current. An
element of some kind, that can control the inrush current has to be placed in series with the
output capacitor. 

8.4.7 Output voltage considerations

Besides the advantage of storing energy at a higher voltage, there is little to suggest, that
the high bus voltage necessary when using the boost configuration is advantageous
compared to the lower bus voltage supplied by the 2-switch buck-boost and the EWiRaC.
The performance of the semiconductor suggest that a lower bus voltage would be
preferable. Also, going towards higher switching frequencies, the parasitic capacitive losses
are reduced by using a lower bus voltage.

8.4.8 Summary

In all of the comparisons carried out in this section, each approach will be ranked according
to its performance. The best approach receives 1 point, the second best 2 points and the
worst approach receives 3 points. In case of a tie, the available points are either split or the
ranking is split. Table 8.3 summarizes the comparison by accumulating the rankings/points
given to give an overall result of the comparison.
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2-Sw. buck-
boost

EWiRaC Boost

Active switches 2.5 (2) 1 (1) 2.5 (2)

Diodes 1.5 (1) 1.5 (1) 3 (3)

Inductor 2.5 (2) 1 (1) 2.5 (2)

Output
capacitor

2.5 (2) 2.5 (2) 1 (1)

EMI-filter 3 (3) 1.5 (1) 1.5 (1)

Inrush current 1 (1) 2 (2) 3 (3)

Output voltage 1.5 (1) 1.5 (1) 3 (3)

Total score 14.5 (12) 11 (9) 15.5 (15)

 Table 8.3. Summarized performance of the three approaches at 90VAC.

Based on the categories in this comparison, the EWiRaC has the best performance. Whether
it is reasonable to summarize the performance of the converters as done in table 8.3 is
questionable, since other categories could be added, e.g. cost, that will change the outcome.
The cost of implementing new approaches is typically higher, mainly because of two things.
The control circuits has to be implemented more or less discrete since commercially ICs are
not available. Power components optimized for the new approach might not be mainstream
components making these more cost sensitive.
But the categories of table 8.3 used in this comparison have a direct influence on the
efficiency and the performance of the complete power supply system (e.g. the down stream
converter). Another problem with the above approach could be, that each of the categories
in the comparison, is treated as equally important. If the size of the output capacitor was
deemed the most significant category the outcome might also change.
None the less, it is obvious that the performance of EWiRaC is potentially better than the
boost converter and the two-switch buck-boost converter.
The comparison is carried out for the worst case situation for both the EWiRaC and the
boost converter. As mentioned earlier, the worst case situation for 2-switch buck-boost
converter could also be the high line situation, so the performance of this approach could be
somewhat degraded compared to the conclusions of table 8.3.  

8.5 Controlling the EWiRaC

The predominant PFC control method for medium to high power PFC boost converters is
the average current mode PFC control. Many commercially control IC's are available for
this control scheme. Another possible control method is the peak current PFC control. Both
will be presented in this section.
Besides the control of the input current and the output voltage, controlling the EWiRaC
requires additional information of the input voltage relative to the output voltage in order
for the switchable topology scheme to work. 
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8.5.1 Overall control considerations

Fig. 8.20. General control scheme of the EWiRaC

Fig. 8.20 shows the general scheme of the control system required to control the EWiRaC.
In the standard way, information about the current, input- and output-voltages should be
provided to the PFC controller.
From the effective duty-cycle generated by the PFC controller, duty-cycles for the boost
switch and the voltage-source, has to be generated. Information about the mode change has
to be provided to the PWM controller.

Fig. 8.21. Boost (dB(t)) and voltage-source (dVS(t)) duty-cycles as a function of the time varying line voltage.
In this example, VOUT is equal to half the line peak voltage.
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At high line, the EWiRaC changes operation mode when the input voltage exceeds the
output voltage. Fig. 8.21 shows how the mode change affects the duty-cycles.
The voltage-source duty-cycle, dVS(t), is equal to 1 during the boost mode, and the boost
duty-cycle, dB(t), is equal to zero during the voltage-source operation.

8.5.2 Peak current mode PFC control

8.5.2.1 Standard peak current mode control

Peak current mode PFC control is not as common as the average current mode control. The
achievable power factor in a wide-range application, is not as good as with average current
mode control, but it is typically more than 0.98, with low enough harmonic currents to
comply with regulations.
In terms of controlling the EWiRaC, the peak current mode PFC control becomes very
attractive since the duty-cycle demanded, seems to jump from effectively zero to effectively
one. Using standard average current mode control is not an option since this would require
the output of the error amplifier to change amplitude momentarily when the input voltage
reaches the output voltage. Peak current mode control systems are not in the same way
limited by these dynamic restrictions. The standard peak current mode PFC control is
shown in Fig. 8.22. Usually, for standard boost converter control, the sensed current is
obtained as the switch (Q) current. By sensing the current in this branch, a current
transformer can be used instead of a sense resister. Since the switch Q, in Fig. 8.22, is
inactive during the interval where VIN>VOUT, this method can not be adapted directly. The
inductor current is always flowing in the return path, so placing a sense resistor here enables
the peak current control.

Fig. 8.22. Peak current mode PFC control scheme.

As for any peak current mode control, instability can occur at duty-cycles above 50%. Since
the input voltage varies all the way down to zero, duty-cycles above 50% is required to
control the current and instability might occur. A well known method of stabilizing the
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converter using peak current mode control, is to ad slope compensation [33].
By adding an external slope to the sensed inductor current, the instability can be avoided.
The amount of slope required to stabilize the system has to be larger than half the inductor
current down slope.

diComp.

dt
>�

1
2
⋅

diL downslope

dt

(8.21)

The inductor down-slope in a standard boost PFC is varying because of the time varying
input voltage. In order to stabilize the system, the compensating slope has to be larger than
half the largest occurring down-slope, which is when the line voltage reaches zero.
A prototype of an EWiRaC using standard peak current mode control is tested in the next
chapter.
As the results will show, the standard peak current mode control used for PFC boost
converters, can not be adopted directly.  

8.5.2.2 Advanced peak current mode control

For an EWiRaC converter operating at high line, the duty-cycle function will vary from 1 to
zero two times compared to the one time for the standard boost converter. This also means,
that the maximum down-slope of the inductor current can occur, not only at the zero
crossing of the line voltage, but also at the point, where the input voltage reaches the output
voltage. If the output voltage is designed to be half the maximum line peak voltage, and the
transformer in the voltage-source uses a 1:1 turns ratio, the inductor down-slope for the
two worst case occurrences will coincide and the same compensating slope should be able
to be used, both when VIN<VOUT and  VIN>VOUT. 

Fig. 8.23. Step in input current caused by the standard slope compensation scheme.   
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As the experimental converter will show, the simple slope compensation scheme is unusable
in case of the EWiRaC. In theory, the dynamics of the slope compensation should be able to
stabilize the converter, both at the line zero crossing and at the point, where the topology is
changed. But when the input voltage reaches the output voltage, the duty-cycle changes
from zero to one momentarily which causes a step-change in the reference current.

The current subtracted from the reference current, which make up the slope compensation,
is directly proportional to the duty-cycle, so the change in the duty-cycle causes the slope
compensating current to jump from zero to its full value during the mode transition. The
bottom curve in Fig. 8.23 illustrates the change in the compensating current during the
mode transition. The upper curve in Fig. 8.23, is the resulting line current where the
transition will result in a step change of the current waveform.
For a system where the output voltage is placed in the middle of the input range, such that
the VIN,Peak = 2·VOUT, the required di/dt of the slope is the same for both modes (VIN<VOUT,
VIN>VOUT). The step-change in the slope compensating current can be fixed, by shifting a
dc-current in/out during the transition between the two modes. The magnitude of this dc-
current, should be equal to the peak-to-peak compensating current.

Fig. 8.24. Dc-shifted slope compensation.

By shifting the dc-current in/out during the mode transition, the step-change in the slope
compensating current is eliminated and the compensating current undergoes a smooth
transition during the mode change. The dashed line in Fig. 8.24 shows the slope
compensating current without the dc-shifted compensating current as shown in Fig. 8.23.

8.5.3 Average current mode PFC control with level shifted carrier

Average current mode PFC control can be used for the EWiRaC. The switchable converter,
BoIBB, shown in chapter 7 Fig. 7.5 has been presented using a modified version of the
average current mode PFC control [16].
The duty-cycle functions of the EWiRaC at high-line, which necessitates a mode change, is
shown in Fig. 8.21. As mentioned earlier, the controlling duty-cycle undergoes a step
change during the transition between the two modes, which makes average mode control
seem like an unusable control strategy because this would require the error amplifier to
momentarily change the control voltage. But if we concentrate on each of the duty-cycle
functions, dB(t) and dVS(t), we can see that individually, these functions are nice continuous
functions. So, instead of generating the two different duty-cycle patterns on the background
of the master duty-cycle, the duty-cycles should be generated separately but using the same
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error signal. The overall scheme of this approach is shown in Fig. 8.25.

Fig. 8.25. Average current mode PFC control. Independent PWM modulation of dB(t) and dVS(t). 

As shown in Fig. 8.25, the duty-cycles for the boost switch and for the voltage-source
arrangement is generated separately using the same error voltage.

The duty-cycle for the boost switch is generated using the lower comparator in Fig. 8.26. In
the mode where VIN<VOUT, the error signal will always be larger in magnitude than the value
of the dc-shift added to the carrier for the lower comparator. The value of the dc-shift,
should in theory be equal to the peak-to-peak carrier signal. This means that the input to the
upper comparator is larger than the associated carrier in this mode. This will result in dVS(t)
equal to one while dB(t) is pulse width modulated. 

Fig. 8.26. Dc-shifted carrier, dual PWM modulator.

As the input voltage rises, the error signal decreases. At the point where VIN=VOUT, the
error signal will be equal to the dc-shift in magnitude. While VIN>VOUT, the carrier signal to
the lower comparator will always be larger than the error signal, resulting in dB(t) = 0. The
error signal for the upper comparator is now in the range of the carrier signal resulting in
dVS(t) being pulse width modulated.  
A clear advantage of the scheme shown in Fig. 8.26, is that the mode change is
automatically carried out by the closed-loop control system. There is no need for measuring
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the input and output voltage for the purpose of determining the actual mode. For the peak
current PFC control scheme, this has to be carried out.

8.5.4 Generating the voltage-source PWM-pattern

After successfully generating the effective duty-cycle function for the voltage-source, the
PWM pattern for the individually realizations has to be generated.
This PWM pattern is basically the same as the one used for isolated boost converters.

Fig. 8.27. Implementing the voltage-source PWM pattern. a) Logic. b) Generated PWM pattern

The voltage-source pattern generated in Fig. 8.27, is dedicated to the implementations of
the EWiRaC using two switches in the voltage-source arrangement but is basically the same
for all of the EWiRaC implementations.

8.6 Alternative EWiRaC converters

The EWiRaC solutions presented so far can be characterized as a boost-boost based
switchable topology which is the fundamental difference compared to other switchable
topologies. The boost-boost topology offers continuous input current using a minimum
stress converter (boost). The buck-boost based switchable topologies also uses minimum
stress converters but with discontinuous input current in the buck mode. The continuous
input current can be maintained if a boost-buck/boost based topology is used but with
increased converter stress. During the work of constructing the boost-boost based EWiRaC
converters another type of switchable topology emerged which has the continuous input
current but not entirely the characteristics of a boost-buck/boost based topology. This new
type of switchable topology is based on the voltage-source considerations presented in this
chapter, but the practical implementation of the voltage-source arrangement differs from the
EWiRaCs presented until now. This type of EWiRaC will be referred to as the transformer-
less EWiRaC (Patent pending!).
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8.6.1 The transformer-less EWiRaC

Fig. 8.28. Transformer-less EWiRaC

Instead of a transformer based voltage-source, the implementation shown in Fig. 8.28, uses
a buck-boost type of converter in series with the output. This actually results in number of
different operation modes of this configuration. 
The circuit can be related to the conversion lines of Fig. 8.1, using the alternative "1b" and
"3" conversions mentioned in section 8.1.1.

8.6.2 The adopted voltage-source operation mode

This mode, follows the operation mode of the EWiRaC converters presented so far. The
same control strategies can be adopted, except for the fact that the duty-cycle functions to
the voltage-source is reduced to one instead of at least two for the transformer based
EWiRaCs. The operation of the circuit in Fig 8.28 will briefly be explained in the following.

As for the transformer based EWiRaC, the switch Q2 is always turned on (except for current
limiting situations), when the time varying input voltage is below the output voltage. The
equivalent circuit is similar to the standard boost converter, and the steady-state transfer
function is therefor given by:

V OUT

V IN

=
1

1�d1

(8.22)

d2=1 (8.23)

For VIN > VOUT the switch Q1 is always turned off and the steady-state transfer function is
given by:

V OUT

V IN

=
d2

d2
2
+1�d2

(8.24)

d1=0 (8.25)
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In this mode, the voltage on the capacitor C2 is dependent on the duty-cycle d2. The
conversion characteristics from the capacitor voltage VC2, to the output, is that of a buck-
boost converter.

V OUT

V C2

=

d2

1�d 2

(8.26)

If we assume an output voltage of 200V and a maximum input voltage of 400V, the voltage
stress across Q1, in case of a buck-boost type converter, would be 600V. For the converter
of Fig. 8.28 operated in the voltage-source mode, the maximum voltage across Q1 can be
found to 523V, which is below the voltage stress of a buck-boost type converter.
The configuration shown in Fig. 8.28 can also be used as a switchable topology between a
boost converter and a SEPIC converter. The switch Q2 would then be a manually operated
switch. If the converter was to be operated in Europe, the switch Q2 would be open, and the
converter operates as a SEPIC converter. In North America, the switch Q2 would be closed,
and the converter operates as a boost converter. 

8.6.3 Modified SEPIC 

The Modified SEPIC converter shown in Fig. 8.29, can also be constructed from the circuit
shown in Fig. 8.28.

Fig. 8.29. Modified PFC SEPIC [34],[35].

The difference between a SEPIC and a Modified SEPIC, is the diode D2 in series with L2

and that the capacitor C2, is a large bulk capacitor. By operating the converter in DCM, the
voltage across the capacitor C2 can be controlled by the ratio of L1 to L2.
In [34] (Appendix A4), a Modified SEPIC has been constructed for the universal line range
(90VAC-270VAC). The experimental results of a 210V output, 100W converter shows
efficiencies of 93% over the total line range. The voltage on the capacitor is designed to
reach 190V at 270VAC so that the maximum voltage stress on the semiconductors are kept
at 400V as for the boost converter. At low line (90VAC) the capacitor voltage drops to
about 20V reducing the switching losses considerable compared to a standard SEPIC. The
BCM Modified SEPIC converter achieves worst case efficiencies comparable with that of
the boost converter, but with the capabilities of producing the lower output voltage. The
work on this converter is fully documented in [34] and [35] so for further information on
the operation of this converter, please turn to Appendix A2 and A4, where copies of the
referenced papers can be found in full. 
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8.7 Summary

The implementation of the voltage-source approach, solves the most significant problems in
the existing switchable topologies. Since the voltage-source approach facilitates a
switchable topology that uses the boost topology in both modes, the characteristics of the
boost converter is maintained throughout the entire input voltage range. This means, that
the input current does not become discontinuous as it does for other switchable topologies.
These new converters based on the voltage-source approach, are called Efficient Wide
Range Converters (EWiRaC).
Designing the converters in order to optimize the worst case condition is also simplified
since, as for the boost converter, the worst case situation for the EWiRaC is the largest
input current situation. For other switchable topologies there are typically two situations
that qualify for the worst case situation, which occurs at both extremes of the input voltage
range.

Several versions of the EWiRaC has been presented together with different control
strategies. At the present time, the average current mode control with level shifted carrier
seems to be the preferred approach. Using this scheme, eliminates the need for a separate
measurement of the  input and output voltage to determine the mode change. 
Peak current mode control can also be used, especially in the interleaved versions of the
EWiRaC, where the peak current mode would be advantageous. A modified slope
compensation scheme has been presented, to solve the problem with the change of reference
current during the transition interval.

Furthermore, a comparison between a two-switch buck-boost converter (switchable type), a
standard boost converter and the EWiRaC, has been carried out. In this comparison, the
EWiRaC demonstrates the lowest overall component stress and thereby shows the potential
of being a high efficiency converter. 

For low power applications, the transformer-less EWiRaC is a good alternative to the boost
converter, achieving efficiencies comparable with the boost converter, but with the ability to
produce a medium high output voltage, e.g. 200V.
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Experimental results

New converter topologies often seems attractive on paper but with disappointing
performance when tested experimental. Prototyping new circuits is the best way to reveal
any non-ideal behavior of a circuit. In terms of optimizing the power circuit, the EWiRaC is
still in its early phase. The effort put into the experimental work has also been dedicated to
verify the operation of the EWiRaC and not so much as to optimize the individually power
components. 
This chapter is devoted to verify the operation of the EWiRaC and show the potential of
this converter as a very high efficient, wide input range, ac/dc converter. Besides the work
that has been done deriving the power circuit of the EWiRaC, many challenges still exist in
designing the surrounding circuitry e.g. the control system. The functions needed to operate
the EWiRaC can not be implemented with a single control IC, which is possible for the well
known approaches.
The EWiRaC has been tested with two different control strategies and the results of the
experimental work will be presented in the following.

9.1 Prototype specifications

The specifications of the prototypes tested, are given below. The specifications are targeted
to be in a typical wide range application in the medium to high power range. 

VAC : 90VAC – 260VAC

VOUT : 185VDC

POUT : 500W
fSwitching : 70kHz

The switching frequency is selected so that the first and the second harmonic is outside the
frequency band of regulations. The EN55022, which sets the EMI-limits in Europe, starts at
150kHz. Similar regulations in the US, also starts at 150kHz.
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9.2 Estimated  worst case efficiency of the EWiRaC converter

The worst case operation for the EWiRaC in terms of power losses occurs, as for the
standard boost converter, at low line. The selected power components has not undergone a
full optimization process, but based on know-how, reasonable power components have
been selected to insure high efficiency.
In table 9.1, the power components and the associated losses are listed.

Component Type Losses % ofPIN

EMI-filter 2*2.7mH, 8A, Rdc= 22mOhm 1.53W 0.29%

Bridge rectifier GBU8J (8A, 600V) 9.34W 1.76%

Inductor A083081-2, Ve=11cm3, N=60,
dCu=0.95mm

                   
3.08

                
0.58%

MOSFET's Q1 STW45NM50, 80mOhm 5 0.94%

Q2+Q3 SPP20N60S5, 190mOhm 3.7 0.70%

Transformer RM12, Np=43, dCu=0.75mm 1.01 0.19%

Diode STTH806TTI (1 diode) 5.03 0.95%

Total 28.69W 5.41%

Table 9.1 Calculated power losses of the experimental EWiRaC. PIN = 530W, VAC = 90V.

A MathCad spreadsheet of the calculated power losses can be found in Appendix B.

The theoretical losses are calculated using an input power of 530W at VAC = 90V. The
worst case efficiency of the EWiRaC, according to theoretical design, should be in the area
of 94%-95% (94.6%). 
Using the same components, but in a boost configuration, the losses in Q1 would double,
the losses will increase in the inductor and the diode (using both diodes in the tandem
configuration). The improvements, not counting the losses in the voltage-source, would
amount to about 2% at low line. The losses in the voltage-source (Q2,Q3 and the
transformer), amounts to almost 1% in efficiency, and the total savings in terms of
efficiency, depends on how efficient, the inrush control of the boost converter can be
implemented. 

The EMI filter is constructed as a double-π filter using two common mode chokes. The
differential mode chokes are comprised by the leakage inductance of the common mode
chokes. This can be practical if the large common mode filter is needed, otherwise this
approach take up a relative large amount of board space.

9.3 Prototype 1: Peak current mode control

The peak current mode control seems like a good choice of control strategy for the
EWiRaC. As shown in chapter 8, the effective duty-cycle exhibits a step change from zero
to one and vice versa, in the transition between the two modes of operation.
The average current mode PFC control in its original version used in PFC boost converters,
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are not capable of maintaining the control of the input current during the transition.
The peak current mode PFC control is not limited in terms of fast duty-cycle changes and
does therefore seem like a usable control strategy.

The prototype is based on the auto-transformer EWiRaC shown in Fig. 8.11 in chapter 8.
Fig. 9.1 is a block schematic of the peak current controlled EWiRaC.

Fig. 9.1. Block schematic of a peak current controlled EWiRaC.

To generate the effective duty-cycle for the EWiRaC, the ML4812 from Fairchild, which is
a peak current mode PFC controller, is used. The "Mode selection"-block is a simple
comparator determining whether the input voltage is above or below the output voltage and
thereby the mode of operation. The "Logic"-block receives information about the effective
duty-cycle and the operation mode. Based on these information, the respective duty-cycle
functions are generated. The duty-cycles are interfaced to the power circuit through the
gate drivers IR2110 from International Rectifier [36]. 
Fig. 9.2 shows the input current of the experimental converter at an input voltage of  90VAC.
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Fig. 9.2. Input voltage and current of the experimental converter of Fig. 9.1. VAC = 90V.

At 90VAC the EWiRaC is only operating in the boost mode. The voltage source is in this
mode to be reckoned as a short circuit. Only in case of an over current situations, the power
path through the voltage-source will be disrupted.
For an input voltage of 230VAC, the EWiRaC changes mode. The resulting input current is
shown in Fig. 9.3.

Fig. 9.3. Input voltage and current of the experimental converter of Fig. 9.1. VAC = 230V. 

This first prototype was not implemented with the advanced slope compensation scheme,
which is clearly visible in the current waveform. During the transition between the two
modes of the EWiRaC, the current is more or less out of control. The step change in
reference current causes large oscillations as shown in Fig. 9.3. The current waveform, after
the oscillations have died out, follows a different reference compared to the part of the
waveform before the oscillations as shown in chapter 8, Fig. 8.23.
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Other factors, besides the slope compensation, causes problems near and during the
transition between the two different modes. Peak current control becomes very noise
sensitive as the duty-cycle goes to zero. Very narrow pulses can be hard to detect, and at
very small duty-cycles, the peak current controller will go into a pulse-skipping mode.
Furthermore, detecting the right time for the change of modes can also introduce distortion
during the transition.
A way to overcome the transition problems, is to force the EWiRaC into a third mode of
operation, which has not been discussed yet. In the third mode of operation, the EWiRaC
operates like a standard boost converter, boosting the voltage up to above the maximum
line peak voltage. As the boost switch, Q1, turns off, only one of either Q2 or Q3 is turned on
forcing the voltage on the drain connection of the MOSFETs up to twice the output
voltage, just like a normal boost converter. This will ensure that the duty-cycle will be about
50% during the transition. The time at which this mode is entered is not crucial as long as it
is before the input voltage reaches the output voltage.
The drawback of this approach, is that the inductor current ripple will be twice as large
during the transition compared to the worst case condition before. The effects in terms of
EMI has not been investigated.

Despite the problems during the transition between the two modes, the performance in
terms of efficiency of the converter is still very good. The worst case efficiency of the
EWiRaC configuration shown in Fig. 9.1, is 94% (Fig.9.4). This configuration uses the
flyback snubber shown in Fig. 8.16a, which increased the voltage rating of the switch Q1.
Instead, a 600V FET was used (CoolMos : SPW47N60C3 [18]), with higher losses as a
result.

Fig. 9.4. Efficiency of the peak current controlled EWiRaC. VIN = 90VAC 

The distortion of the line current has little impact on the efficiencies. At nominal line voltage
of 115VAC, the efficiency at full load is 95.6% and at 230VAC the efficiency is 96,5%. The
peak current control scheme for the EWiRaC is still in its early phase, but development will
continue in this area. Even though there are good alternatives, as will be shown in the next
section, the peak current controlled PFC approach has some clear advantages when it
comes to the interleaved EWiRaC approaches.
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9.4 Prototype 2: Average current mode control with level shifted
carrier

9.4.1 Design considerations

Fig. 9.5. Block schematic of the average current controlled EWiRaC using level shifted carrier.

The peak current controlled EWiRaC, has some disadvantages regarding the transition
between the two modes. The instant where VIN=VOUT has to be detected, and the peak
current approach has trouble producing very small duty-ratios. These problems can be
overcome by using average current mode control with level shifted carrier.
To generate the error signal, a standard average current mode PFC controller is used, in this
case the UCC3817 from Texas Instruments [37].

Fig. 9.6. a) Level shifted carrier approach. b) level shifted error voltage approach.

The two independent duty-cycles is generated by a dual PWM IC (TL1451) [37]. In the
TL1451, the carrier is fixed for the two PWM circuits, so for practical reasons, the error
signal is level shifted instead. Besides containing the carrier signal and the PWM
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comperator, the TL1451 also has two independent error amplifiers. These can be used for
conditioning the error signal from the UCC3817.
The carrier available in the TL1451 has a peak-to-peak voltage of 0.6V and is level shifted
1.4V. The error signal used to generate the duty-cycle for the voltage-source (dVS(t)),
should be level shifted as much as the peak-to-peak carrier voltage (VBias = 0.6V). To
prevent a dead zone during the transition, where both of the duty-cycles are inactive
because of mismatch in the level shifted error signal, the VBias voltage should be reduced
below the 0.6V. This will create an overlap where both duty-cycles will be active. The
overlapping of duty-cycles will not result in excessive inductor ripple which is the case for
the peak current controlled EWiRaC in the mode 3 operation discussed in the previous
section.

Fig. 9.7. Simulated average current mode control with level shifted carrier and overlapping duty-cycles.

A dc/dc version of the EWiRaC configuration shown in Fig. 9.5, has been simulated to
show the behavior of the inductor current during the transition. The schematic of the system
can be found in Appendix C1. The simulation results are shown in Fig. 9.7 and Fig. 9.8.

Fig. 9.8. The inductor current during the transition where VIN exceeds VOUT. This view is a zoom of the
marked area in Fig. 9.7.
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For more details on the circuit, see Appendix C1. The input voltage is increased above
output voltage as shown in Fig. 9.7. The current waveform, is set to follow the input
voltage as it would do in an ac/dc application. Using overlapping duty-cycles, secures a
smooth transition. The "Zoom area" shown in Fig. 9.7, can be seen in Fig. 9.8, where a few
samples of the inductor current is depicted during the transition where the input voltage
exceeds the output voltage.
The transition shown in Fig. 9.8, is comprised by 3 modes. Mode 1, is the charge mode,
where the switch Q1 turns on. The di/dt of the inductor is very high since the maximum
applied inductor voltage occurs in the mode. Mode 2 can be either a charge mode or a
discharge mode. In this mode Q1 is turned off, and Q2 and Q3 is turned on. If the input
voltage is below the output voltage, the inductor di/dt will be negative and the mode is a
discharge mode. If the inductor di/dt is positive, the mode is a charge mode. The exact time
of transition can be determined from the inductor di/dt in this mode, as shown in Fig. 9.8.
The last mode, mode 3, is a discharge mode where either Q2 or Q3 is turned of. 

9.4.2 Performance of the practical implementation

The full schematic of the EWiRaC configuration shown in Fig. 9.5 can be found in
Appendix C2. The important power components are listed in table 9.1. 

The experimental EWiRaC was first tested as a dc-dc converter. Fig. 9.9 shows the drain-
source voltage of the switch Q1 (the boost switch).

The input voltage is 260VDC, which is higher than the output voltage, so in this mode the
switch Q1 is turned off all the time, and Q2 and Q3 is PMW modulated. The voltage on the
drain of Q1 (and Q2,Q3) alternates between the output voltage and twice the output voltage,
as expected.

Fig. 9.9. Drain-source voltage of the switch, Q1. The bottom plateau of the waveform is equal to the output
voltage of 185VDC. The upper plateau is equal to twice the VOUT.

The error signal to the dual PWM driver is shown in Fig. 9.10 and Fig. 9.11 for an ac input
voltage of 90VAC and 230VAC.
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Fig. 9.10. Line voltage (upper trace) VAC = 90V. Error signal (bottom trace) generated by the UCC3817.

Fig. 9.11. Line voltage (upper trace) VAC = 230V. Error signal (bottom trace) generated by the UCC3817. 

In the practical implementation, the output from the dual PWM driver, had to be inverted to
maintain the negative feedback loop. Therefore, the error signal is not varying between
1.4V and 2V as we would have expected for the error signal determining the duty-cycle
(dB(t)) of the switch Q1. To maintain the proper operation of the circuit, the error signal to
generate dB(t), has to be dc biased. The dc bias was designed to give an overlap of
approximately 10% to ensure a smooth inductor current transition.
Because of the inversion after the dual PWM driver, the error signal to generate the
voltage-source duty-cycle is within the carrier peak-to-peak voltage. We would expect the
error signal to vary with about twice the carrier peak-to-peak voltage, but the inductor
current goes into DCM at about 130V at full load and VAC=230V. This minimizes the error
voltage excursion downwards. 
Fig. 9.12. shows the input current and voltage at nominal low line voltage (115VAC) and full
output power.
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Fig. 9.12. Input voltage and current of the experimental converter of Fig. 9.5. VAC = 115V. 

Besides the fact the the input current is almost sinusoidal and in phase with the line voltage
(PF=0.999), there are two noticeable distortion phenomenon of the line current. At the zero
crossing of the line voltage we see cusp distortion of the current followed by an overshoot.
The cusp distortion is typically because of the di/dt limitations imposed by the inductor, but
in this case the inductor is not the limiting factor. The inductor current should be able to
follow the reference current, when the input voltage reaches 0.6V (not including bridge
rectifier voltage drop). This should therefore not give rise to the amount of distortion
encountered. Because the control system is made of several control ICs, compromises in the
interfacing between these, have resulted in that some of the features, like soft-start, have
been lost. This can of course be implemented but for the prototype, the problems at start-up
has been fixed by limiting the maximum duty-cycle of the switch Q1. This is the main reason
for the cusp distortion.
The other distortion phenomenon encountered, is the dither at the two extremes of the
waveform. The mode with the overlapping duty-cycles is reached near the top of the
115VAC line voltage. This should in theory and as seen with the simulation, not give rise to
any problems. One explanation is that the transition generates noise that interfere with the
control system. As will be shown later, the PCB design created was not very noise immun. 

The harmonic content of the current shown in Fig. 9.12, is very moderate, and compliance
with the regulations is not a problem. For the sake of completeness, the harmonic analysis
of the current of Fig. 9.12, is shown in Fig. 9.13.
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Fig. 9.13. Current harmonics in the input current of the experimental converter in Fig. 9.5. VAC = 115V. 

At the extreme of the low line range, 135VAC (Fig. 9.14), the converter operates in the
overlapping mode a larger portion of time. Besides the dither distortion, the line current
distortion caused by the change of mode is moderate.

Fig. 9.14. Input current of the experimental converter in Fig. 9.5. VAC = 135V. 

The line current for VAC = 185V is shown in Fig. 9.15. The dither distortion at this input
voltage is gone, and the transition between the two modes can be seen as a little glitch in the
current. The line current is shifted a little to the left, so the transition does not occur at the
same current level.
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Fig. 9.15. Input current of the experimental converter in Fig. 9.5. VAC = 185V. 

The drain voltage of Q1,Q2 and Q3 referenced to ground, is shown in Fig. 9.16. The figure
illustrates the different modes that the EWiRaC, shown in Fig. 9.5, goes through at high
line.  

Fig. 9.16. Drain voltage of Q1, Q2 and Q3 referenced to ground. VAC = 185V, VOUT = 185V and POUT = 500W.

In the first mode, the switches Q2 and Q3 are turned on and the switch Q1 is PWM
modulated. This interval is located around the zero crossing of the line and up until the
overlapping duty-cycle mode starts. In the overlapping duty-cycle mode, the drain voltage
on the switches varies from zero to VOUT to twice VOUT. In the last mode, the switch Q1 is
turned off all the time and the drain voltage is switched between VOUT and twice VOUT.

At the nominal high-line voltage, 230VAC, the noise problems reoccur. The current glitch at
the transition between the modes, can easily be recognized, and besides the cusp distortion,
distortion around the line peak voltage occur. It is most likely a noise generated
phenomenon. The duty-cycle signal for the switch Q1 is triggered, and turns on Q1. This
results in a high gain of the inductor current which causes instability in the current loop. A
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proper layout and an adjustment of the current loop should take care of these problems.

Fig. 9.17. Input voltage and current of the experimental converter of Fig. 9.5. VAC = 230V. 

The harmonic content of the line current is still very low as can be seen from the harmonic
analysis shown in Fig. 9.18. 

Fig. 9.18.  Current harmonics in the input current of the experimental converter in Fig. 9.5. VAC = 230V. 

The efficiency of the EWiRaC at low line is shown in Fig. 9.19 as a function of the output
power.
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Fig. 9.19.  Measured efficiency of the EWiRaC in the low-line range.

The efficiency at 90VAC and full power is 94.8% which is very close to the predicted by the
theoretical calculations of table 9.1. In order to see the effect of the voltage-source on the
losses, a wire was placed across the voltage-source to short circuit it. The losses were
reduced with 4W at full power which is slightly below the calculated value. The theoretical
calculated efficiency is very close to the measured efficiency but this does not mean that
calculated values are absolutely correct. Different temperatures of the component will
influence the losses. 
The purpose of the efficiency calculations was to determine whether the design was
competitive with the standard boost converter.
Besides the relative high efficiency achieved at 90VAC, it is remarkable, that the efficiency of
the 135VAC is not better than the efficiency at 115VAC. The reason for this is the increased
losses that the overlapping duty-cycle mode imposes on the converter. This overlapping
period is going on for about 2/5 of the time (see Fig. 9.12). The efficiency at 115VAC of
96.15% is actual higher than the efficiency at 135VAC (96%). This is atypical compared to a
standard boost converter, but has no significance, as long as the worst case efficiency is not
sacrificed.

Fig. 9.20.  Measured efficiency of the EWiRaC in the high-line range.

The efficiency for the high-line range, is shown in Fig. 9.20. In this range, there is a relative
small difference in the efficiencies at full power (96.5% - 97%). During the interval where
the input voltage is above the output voltage, power is transferred to the output both in the
on and the off periods of the voltage-source duty-cycle. At 185VAC, a larger portion of the
power is supplied to the output during the on period, where the voltage-source is a short
circuit. As the input voltage increases, the input current decreases, minimizing the effects of
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the voltage-source resistance.

Fig. 9.21.  Measured efficiency of the EWiRaC at full output power, 500W, as a function of the line voltage.

The efficiency as a function of the line voltage at full output power, is shown in Fig. 9.21.
As explained earlier, the efficiency at 135VAC is slightly lower because of the overlapping
duty-cycle mode. Other wise, the intended improved efficiency at low-line has been
achieved with approximately 1-2 percentage points, dependent on the implementation of the
inrush current limiter. The high line efficiency does not seem to suffer from the EWiRaC
operation mode.

In all of the efficiency measurements, the auxiliary supply has not been accounted for, and
was measured to about 2W. Further more, as can be seen in Fig. 9.21, the input voltage
range was reduced to 255VAC, because of the noise induced instability at the high input
line. This, on the other hand, does not have any consequences for the achieved
performance.

9.5 Summary

The efficiency improvements obtained using the EWiRaC compared to a standard boost
converter, has been estimated to be in the range of 1-2% percentage points, mostly
dependent on how efficient the inrush current limiter is implemented. This means, that a
state-of-the-art implementation of a hard-switched CCM boost PFC for the universal line
range, should achieve efficiencies in the range of 92.5%-93.5% whereas the EWiRaC
should achieve an efficiency of about 94.5% which reduces the power losses with about
15% to 30%.

In order to verify the high efficiency capability of the EWiRaC, the results obtained on two
prototypes have been reported.
The first prototype was implemented using standard peak current mode control. As
predicted, in chapter 8, the transition between the two modes causes problems. The effect
of not using the improved slope compensation scheme is clearly visible in the line current
waveform. Besides the problems with the slope compensation, other factors were pointed
out, such as the problems that can occur when narrow duty-cycles are demanded by the
peak current mode controller. A way to solve these problems, would be to go into the
standard boost mode in a narrow interval around the mode change. Thereby, the converter
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would operate with an effective duty-cycle close to 50% assuming that the output voltage is
selected in the middle of the line range.
Despite the above mentioned problems, the efficiency of the converter was relatively good
(94%). For the main switch (Q1), a different type MOSFET with a voltage rating of 600V
was used, which was not as good as the one listed in table 9.1. 
The second prototype was implemented using the average current mode control with level
shifted carrier. Besides the experimental converter, simulated results, showing the behavior
of the inductor current during the mode change, has also been presented. The worst case
efficiency reached 94.8%, thereby verifying the predicted quality of the EWiRaC as a high
efficient wide input range converter.
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Chapter 10

Conclusion

The overall goal of this thesis has been to provide the knowledge and the understanding that
can lead to an increased efficiency for ac/dc power systems complying with EN61000-3-2 in
wide input range applications. 
The first part of the thesis focus on the different approaches that can be taken to provide the
necessary ac/dc conversion for compliance with the regulations. For a majority of the
research in ac/dc conversion, the focus has been on integrating the PFC-unit into the
existing dc/dc converter and one of the tasks in this thesis has been to analyze the effects on
the conversion efficiency by doing this. The two major groups of alternative PFC solutions
have been recognized as the Reduced Power Processing approach and the Single-Stage
approach. 
In order to investigate the performance of the different approaches, the basic converter
topologies, both isolated and non-isolated, have been analyzed in terms of component
stress, in chapter 5. Several important observations were made in this process. The two
most important observations with direct influence on how the different PFC approaches
perform are listed below.

� Non-isolated buck and boost type converters are low component stress converters
compared to the buck-boost type converters.

� Isolated buck and boost converters have increased semiconductor component stress, and
exhibits a dramatically increase in these stresses when exposed to input voltage
variations.

In the Reduced Power Processing approach a typically way of evaluating the performance
of this approach, is to calculate the amount of power processing. In this evaluation the Two-
Stage approach is used as the worst case approach with its two-times of power processing,
calculated as one time for the PFC pre-converter, and one time for the isolated dc/dc
converter.
As shown in chapter 6, the amount of power processed is a very poor indicator of how
efficient the conversion is performed and in all practical cases, the Reduced Power
Processing approaches expose the components to a higher stress compared to the Two-
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Stage approach. The reason for this, is that the Reduced Power Processing approach has to
make use of high component stress converters (buck-boost derived) and/or isolated
converters in high stress configurations. The basic conclusion is: It is not how much, but in
what way the power is processed, that is the determining factor on the components stresses
and thereby the efficiency.   

The Single-Stage approach is comprised of an isolated dc/dc converter with means to shape
the input current so that compliance with the regulations is possible. The output voltage is
regulated with a fast control loop, and the Single-Stage approach does not rely on a
separate control system to regulate the input current. In order to decouple the pulsating
input power, a large bulk capacitor serves as the energy storage. Since there is only one
control system regulating the output voltage, the storage capacitor voltage is not directly
regulated. This voltage depends on the input/output power balance, and will typically vary
proportional to the line voltage. This means, that for a 3:1 ac input-voltage range, the input
to the isolated dc/dc converter will also be exposed to a 3:1 voltage range. Therefore, as
shown in chapter 6, the Achilles heal of the Single-Stage approach, is the isolated dc/dc
converter-part.
The varying input voltage will expose the power semiconductors to excessive stress
resulting in the Two-Stage approach to be more efficient. For the best Single-Stage
configurations, the approach becomes competitive with the Two-Stage approach when the
input voltage range is reduced to about 1.3:1. This means that for very narrow voltage
range applications, the best of the Single-Stage approaches might be a reasonable solution.

For wide input applications, the Two-Stage approach, using a boost PFC, is the superior
approach compared to the Reduced Power Processing approach and the Single-Stage
approach. 

Even though the boost converter is a low component stress converter, the voltage variation
is still the limiting factor on the efficiency. Since the boost converter is only able to produce
an output voltage larger than the maximum line peak voltage, the worst case situation for
the converter is at low line, where the step-up ratio is maximized. Other PFC pre-converters
exists that are capable of producing an output voltage below the maximum line peak
voltage. The SEPIC converter is capable of this, but because the converter is a buck-boost
derived converter, the component stresses are high with reduced efficiency as a
consequence. Besides the lower output voltage, the SEPIC is also capable of controlling the
inrush current, which is something that the boost converter is unable to do, unless extra
circuitry is provided. 
Switchable topologies like the two-switch buck-boost is a better approach compared to the
SEPIC. This converter is able to change the topology from being a boost type to a buck
type according to the instantaneous value of the line voltage. If the line voltage is below the
output voltage the converter works in the boost mode and in the buck mode if the line
voltage is above the output voltage. The most significant drawbacks of this approach is, that
all the input power has to flow through the buck switch, and that in the buck mode, the
input current becomes highly discontinuous, increasing the EMI filtering requirements. 

All of the above investigations, considerations and observations, have lead to the
construction of a new type of PFC converter that addresses the problems with the boost
converter but retain its efficient conversion properties.
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This new converter has been named Efficient Wide Range Converter (EWiRaC) and
possesses the following features.

� High efficiency
� Output voltage below the line peak voltage
� Continuous input current (low EMI-filter requirements)
� Inrush-current limiting

Several versions of the EWiRaC have been presented, all which are based on an approach
called the series voltage-source approach. This approach makes it possible to effectively
reduce the input voltage range with a factor of two.
The EWiRaC has been compared with both the two-switch buck-boost and the standard
boost converter. The results of this comparison showed, that the EWiRaC potentially would
be able to achieve higher efficiency compared to both the two-switch buck-boost, and the
standard boost converter.

To verify the performance of the EWiRaC, two prototypes have been presented using
different control schemes. The EWiRaC was designed for the universal line range with an
output voltage of 185VDC capable of 500W output power. 
The peak current controlled EWiRaC exhibited problems in the region where the mode
change occurs resulting in distortion and large oscillations in the input current. Despite the
less successfully implemented control scheme, the efficiency at 90VAC and full power
reached 94%.
The second prototype used average current mode control with level shifted carriers. Besides
some noise-related problems at voltages approaching the upper limit of the input voltage,
this control scheme exhibits an almost unnoticeable mode change. Furthermore, the
efficiency reached with this prototype was 94,8% and for the full line range, the worst case
efficiency was in the range of 94,8%-97%.  
For a boost PFC converter using the same power components, the efficiency will be at least
1-2 percentage points lower, which translates into a reduction of the power losses of 15%-
30% by using the EWiRaC.

The complexity of the EWiRaC is relatively large, mainly because of the associated control
circuitry. Since the EWiRaC is a new invention, commercially control ICs are not available
that collects all of the control features into a single package. When this becomes a reality,
the complexity will reduce considerable.
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Abstract: 
A Single-Stage power factor corrected power supply using a 
two-switch forward is proposed to increase efficiency. The 
converter is operated in the DCM (Discontinues Conduction 
Mode) and it will be shown that this operation mode insures the 
intermediate DC-bus to be controlled only by means of circuit 
parameters and therefore independent of load variations. The 
DCM operation often has a diminishing effect on the efficiency 
but by use of the two-switch topology high efficiency with 
minimum circuit complexity can be achieved in this mode.  
A 500W 70V prototype of the two-switch boost-forward PFC 
power supply has been implemented. The measured efficiency is 
between 85% and 88.5% in the range 30W-500W and the 
measured power factor at full load is 0.95. 
 
1 Introduction 
 
The introduction of the EN61000-3-2 specifications has 
resulted in a wide range of new active PFC-circuits. To 
reduce component count and productions cost the focus on 
the Single-Stage approach has been great.  
The block scheme in figure 1b shows the Single-Stage 
approach. In the Single-Stage approach only the output 
voltage is controlled by the control system. Therefore the 
topology used to implement the PFC-cell must be of one that 
will inherently perform this function. The most commonly 
used topology to perform the PFC in the Single-Stage 
approach is the DCM (Discontinuous Conduction Mode) 
boost-converter. The DC/DC-cell must perform the 
conversion from the DC-bus voltage to the desired output 
voltage and secure the galvanic isolation. 
One of the challenges in the Single-Stage approach is to 
control the DC-bus voltage without increasing the complexity 
of the converter. 
 
In this paper the proposed converter will be driven in the 
DCM for both cells. This mode of operation has the benefit of 
controlling the DC-bus voltage independent of load-current. 
The trend in the Single-Stage approach is going towards 
driving the cells in the CCM (Continuous Conduction Mode) 
to increase efficiency and reduce the need for EMI-filtering 
[1], [2]. With the proposed topology it will be shown that 
high efficiency and low complexity can be achieved in the 
DCM.  

 
 
 
 
 
 
 
 
 
 
 
Figure 1a. Two-stage converter. Separate control of PFC and DC/DC 
conversion.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1b. Single-stage converter. DC/DC control circuit   
 
2 Single-Stage Boost-Forward PFC Topology 
 
An important aspect of the Single-Stage approach is the 
ability to perform as good as or better than two-stage 
approach with respect to efficiency. Achieving higher 
efficiency over the two stage solution is difficult because 
optimisation of the Single-Stage converter usually comprise 
either the PFC ability or the DC/DC conversion. Another 
aspect of the Single-Stage approach is the stressing of the 
circuit components. For the Single-Stage circuit in figure 2 
the critical component regarding loss of efficiency on the 
primary side is the switch Q. It must process the current from 
both the boost- and the forward-section. To keep losses to a 
minimum a low on-resistance switch is required. This again 
affects the switching qualities of the device increasing these 
losses.  
To achieve a high PF the power drain from the mains has to 
be pulsating (power proportional to sin2(ωt) gives PF=1).  
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Figure 2. Single-Stage power supply using Boost-Forward topology. 
 
If the output voltage of the converter is to be tight regulated 
the pulsating power has to be decoupled internally. In the 
converter of figure 2 the pulsating power is decoupled by the 
storage capacitor CB. 
The DC-bus voltage at this node, VCB, is subjected to the 
power balance between the boost- and the forward-cell. There 
are 4 possible operating modes for the converter of figure 2 
and depending on the actual mode the DC-bus voltage VCB 
will adjust accordingly.   
 
2.1 CCM for both Cells 
 
For the converter of figure 2 this mode of operation is not 
very interesting because of the poor PF qualities of the 
continuous-current boost cell operated with constant switch 
on-time. As shown in [2] the DC-bus voltage is independent 
of load variations and is controlled by the steady state transfer 
function of the two cells. The CCM of the cells can only be 
sustained to a certain power level. Going from CCM to DCM 
will change the power balance, thus affecting the DC-bus 
voltage. 
 
2.2 CCM Boost, DCM Forward 
 
Operating with constant switch on-time the CCM boost 
operation is not interesting as stated in section 2.1. 
 
2.3 DCM Boost, CCM Forward 
 
When the Forward cell is operated in CCM and the boost cell 
is kept in the DCM the DC-bus voltage becomes dependent 
on load conditions. It has been shown in [3] that the DC-bus 
voltage increase dramatically when the forward cell is going 
towards the DCM.  
 
2.4 DCM for both Cells 
 
As shown in [4] the DC-bus voltage in a Single-Stage boost-
flyback topology, operated in DCM, can be determined by 
investigating the power balance between input and output. 
The result of this investigation was that the DC-bus voltage 
was found to be independent of load variations and only 
dependent on the line voltage and the ratio between the boost- 

and the flyback-inductance. Using this method on the boost-
forward topology the DC-bus voltage can be determined. 
The converter efficiency is assumed to be 100%: 
 

IN OUTP P=      (1) 
 
The input-power of the boost-cell is given by: 
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where D is the duty-factor, VCB is the DC-bus voltage, vIN(t) is 
the time variant line voltage and T is the switching period. 
Averaging over one half period of the line frequency, input 
power can be expressed as: 
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where VIN is the peak value of the line voltage, n indicates the 
nth switching period, fSwitch is the switching frequency and fLine 
is the line frequency. 
One would like to use the integral-form instead of the 
summation in Eq. (3), but there is no closed form solution to 
this equation when solving for the DC-bus voltage VCB. Thus, 
Eq. (3) must be solved numerical. 
The output power is given by: 
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where n12 is the turns ration and VOUT is the output voltage.  
Using Eq. (1), (3) and (5): 
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From Eq. (6) one sees that the DC-bus voltage VCB is 
dependent on the boost-forward inductor-ratio, the turns  
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Figure 3. DC-bus voltage as a function of Boost-Forward inductor ratio. The 
plot applies for VAC = 230V, VOUT = 70V and n12 = 1.5.  
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Figure 4. Boost-Forward inductance ratio as a function of the turns ratio and 
output voltage. The plot applies for VAC = 230V and DC-bus voltage VCB = 
400V. 
 
ratio, the line-voltage and the output voltage but not on load 
conditions.  
In figure 3 the variation of the DC-bus voltage at different 
inductance ratios can be seen. Normally the line voltage is 
given and the DC-bus voltage is dictated by the availability 
of good high voltage devices (MOSFET’s, storage capacitors 
etc.). Figure 4 displays the inductance ration as a function of 
both the turns ratio and the output voltage. Unfortunately for 
the boost-forward topology the transformer turns ratio and the 
output voltage of the forward cell are also determining factors 
when calculating the DC-bus voltage as opposed to the boost-
flyback topology analyzed in [4].         
 
2.5 The Two-Switch Boost-Forward Topology 
 
Instead of using the single-switch topology of figure 2 the 
two-switch forward can be used to reduce voltage stress and 
improve efficiency (figure 5). Both the single-switch and the 
two-switch boost-forward topology are part of the Single-
Stage family presented in [4] and [5]. 
 
 

 
Figure 5. Single-Stage power supply using the two-switch Boost-Forward 
topology. 
 
When using the two-switch forward in figure 5 instead of 
single-switch cell, the need for rectifier d2 becomes obsolete. 
The resetting of the magnetizing current effectively clamps 
the switch-voltage to the DC-bus. When taking the 
magnetizing current path into account further component 
reduction is possible. After the shortening of d2 one sees that 
rectifier dm1 is in parallel with d1 making dm1 obsolete. This 
gives us the simplified version of the two-switch boost-
forward of figure 6. 
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Figure 6. Simplified version of the Single-Stage power supply using the two-
switch boost-forward topology. 
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Figure 7. Primary side current waveforms for the DCM two-switch boost-
forward topology of figure 6. 
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3. Circuit Operation 
 
As shown in section 2.4 the DCM operation of both cells will 
control the DC-bus voltage independent of load variations. 
Also, the DCM boost will offer a control/correction of the 
power factor [6]. 
 
Figure 7. shows the current waveforms of the primary side 
semiconductors for the converter in figure 6 when the DCM 
operation are employed. Circuit operation is simple and 
straightforward. 
  
t0: Q1 and Q2 turns on. Rectifier d3 is forward biased 

while d1, dm2 and d4 is reversed biased. Energy starts 
building up in the Boost inductor, Forward inductor 
and the primary inductance of the transformer. 

 
t1: Q1 and Q2 turns off. The Boost inductor current is 

directed trough d1 to the capacitive energy storage 
together with the magnetizing current. The Forward 
inductor current begins to flow in d4 as d3 is reversed 
biased. The magnetizing current from Q2 starts to 
flow trough dm2.  

 
t2: The resetting of the transformer is complete, thus 

turning off dm2 
 
t3: Energy stored in the Boost inductor during the 

interval t0-t1 has been delivered to the energy storage 
capacitor. 

 
t4: A new switching period begins. 
 
Besides the stored magnetizing energy also leakage energy 
will be returned to the DC-bus making transformer design 
simple.  
The cost of using the two-switch forward over the single 
switch forward is the need for the extra switch and high side 
drive circuit. By use of a push-pull controller like the UC3825 
or similar and a gate-drive transformer a cost effective gate-
drive circuit can be implemented. 
 
4. Performance of the Two-Switch Topology 
 
It is well known in design of regular DC/DC-converters that 
higher efficiency can be achieved by using two-switch 
topologies even though the current is processed by two 
switches. The need for lower voltage-rated devices allows the 
use of transistors where the on-resistance versus the switching 
qualities is relatively better than higher voltage rated devices. 
For MOSFET’s rated above 100V the major contributor to 
the channels on-resistance (RDS(on)) is the extended drain 
region, which is strongly related to the breakdown voltage 
(VBR) of the device. It can be shown that the relation between 
RDS(on) and breakdown voltage can be expressed as [7]: 
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, where A is the die area. 
 
A 1000V MOSFET would have 5.6 times higher RDS(on) than 
a 500V MOSFET with the same die area. If the high voltage 
rating is needed the use of IGBT’s becomes more attractive. 
But because of the DCM operation of both cells the switching 
losses are confined to turn off losses only (except the 
discharging of the parasitic drain-source capacities of the 
MOSFET’s). The fact that the IGBT’s typically are 
associated with relatively high turn off losses may result in 
unacceptable overall efficiency.  
 
Throughout this section the leakage- and magnetizing currents 
will be disregarded. 
 
If you look at the two-switch topology in an ordinary DC/DC 
converter you can easily convert the expected reduction of 
on-resistance into how much you can reduce the conduction 
losses. Comparing a single-switch and a two-switch topology 
using the same total die area in the switches and assuming that 
the ON-resistance is proportional to the channel width the 
reduction in conduction losses can be calculated to: 
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,where R is the on-resistance for the low-voltage rated device. 
 
Eq. (8) corresponds to a 40% increase of the conduction 
losses in the single-switch approach. 
 
The switching losses will also be reduced. Using only half the 
die area will reduce the parasitical capacitances and therefore 
increase the switching speed. Assuming that the channel 
width is proportional to the switching speed the switching 
losses per device will be reduced with a factor of two.  
In the single-switch case the drain-source voltage will have to 
be changed from zero to the supply voltage before the switch 
current starts to ramp towards zero. In the two-switch case the 
current will start this action when the drain-source voltage 
reaches half the supply voltage. A realistic guess would be 
that the over all switching losses are reduced with a factor of 
two. 
 
The effects of using a two-switch forward instead of a single-
switch forward with respect to efficiency are obvious. When 
the two-switch topology is employed in the single-stage PFC 
approach (figure 6) the effect on the efficiency is a bit more 
troublesome to present in a clear manner. The lower switch 
Q1 in figure 6 has to carry both the forward and the boost 
current, as shown in figure 7. In the following section a way 



of quantifying the effects of using the two-switch 
configuration  as opposed to a single-switch will be presented. 
 
Because of the forward cell being operated in the DCM the 
peak-current in the upper switch, Q2, can be expressed as: 
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The RMS-current flowing through Q2 can then be expressed 
as: 
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The current flowing through Q1 is the sum of the switch-
current, IQ2, and the boost-inductor current. The later varies in 
amplitude with the input line voltage over one half line 
period: 
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The input power is given by Eq.(4). Isolating LBoost from 
Eq.(4) and inserting this expression into Eq.(11) the peak 
inductor current can be expressed in terms of input power: 
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The RMS-current in Q1 can the be expressed as: 
 

( )( )2

1, 2
1

ˆ ˆ
3

N

Q RMS Q LBoost
n

D
I I I n

=

 = + ⋅ 
 

∑
c

  (14) 

2

1,
1

2 sin
2

ˆ 31

INN
OUT

Q RMS
n CB IN

n
P

P DNI
V D V D Sum

π

=

   ⋅   ⋅ ⋅    ⋅    = + ⋅   ⋅  ⋅ ⋅        

∑  

Introducing the term k as the ration between DC-bus voltage 
and the peak AC line voltage and taking the converter 
efficiency (η) into account Eq. (14) can be expressed as: 
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In the ordinary DC/DC converter with a two-switch topology 
the conduction losses are same for the two switches as stated 
earlier. A way of characterizing the difference in the 
conduction losses in the two-switch single-stage PFC 
converter is to investigate the ratio of the RMS2 currents 
because of the proportionality to the conduction losses. 
 

12

2

2,2

11,

1
1

1

N
Q RMS

Ratio
nQ RMS

n
k sinI NRMS

I N Sum

π

η

−

=

  ⋅  ⋅        = = +    ⋅        

∑ (17) 

 
Using the same notation as in Eq.(8) the conduction losses in 
the two-switch single-stage PFC can be expressed as: 
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Comparing the conduction losses of the single- and the two-
switch approaches as in Eq.(8), the conduction loss ratio in 
the single-stage PFC can be expressed as : 
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The RMS2

Ratio given by Eq.(17) is plotted in figure 8 as a 
function of the ratio k (Eq.(15)). When the boost cell is 
operated in the DCM with a constant switch on-time, the  



Figure 8. RMS2
Ratio and PF as a function of k 

 
theoretical PF can be determined by the ratio k. The exact 
equations are given in [6] so the result of the calculations will 
only be plotted in figure 8 together with the RMS2

Ratio. 
Example: If the line voltage is 230V (325VPeak) and the DC-
bus voltage is 400V, then the ratio k = 1.23. This value of k 
translates into a PF = 0.95 and a RMS2

Ratio = 0.5. Using 
Eq.(19), the reduction in conduction losses can be found: 
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The result of Eq.(20) states that the conduction losses of a 
single-switch approach would give rise to an increase in the 
conduction losses of 73% as opposed to a two-switch solution 
using the same chip die area. 
 
   
5. Key Design Parameters 
 
The key element in designing the converter of figure 6 is to 
choose a desired DC-bus voltage VCB. To keep the boost-cell 
in DCM operation the duty-factor is limited to: 
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Under all circumstances the duty-factor D must be below 0.5 
because of the two-switch forward. 
By taking into account the efficiency of the converter, the 
boost-inductor value is given by the desired output power: 
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The minimum value of the turns ratio n12 to keep the two-
switch forward in the DCM is given by: 
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To reduce the RMS-currents on the secondary side and 
minimize losses the best choice of n12 is close to the minimum 
value of Eq (23). On the other hand a minimum value of n12 
causes use of higher voltage-rated rectifiers on the secondary 
side. 
When the turns ratio has been selected the forward inductor 
can be calculated. Assuming converter efficiency of 100% 
will result in a DC-bus voltage smaller than expected. The 
reason for this, is that energy lost in the converter will affect 
the power balance. The calculated inductance ration given by 
Eq. (6) should be adjusted with the expected efficiency of the 
converter: 
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6. Experimental Results 
 
To verify the abilities of the converter a prototype of the two-
switch Boost-Forward PFC has been tested. A design of a 
500W 70V output converter for 230V line input voltage 
(50Hz) has been implemented. The design and circuits 
parameters are: 
 
VCB = 400V, n12 = 1.5, LBoost = 63µH, LForward = 19µH, fSwitch = 
100kHz, Q1 = Q2 = IRFP450LC, d1 = STTA8060, d3 = d4 = 
BYT115. 
 
As seen in figure 9 high efficiency is achieved over the full 
power range of the converter. Efficiency is over 88% from 
80W – 320W and at full output power 86% is achieved. If 
more rugged power switches are used the efficiency at the 
high power levels can be increased but this will compromise 
the efficiency at the low levels. The idle power consumption 
is very low (< 2W) making the converter ideal for 
applications with large load variations. 
 
The DC-bus voltage was measured to 397V-405W over the 
full power range. 
 
The current waveform at full output power (485W) is shown 
in figure 10. With respect to the EN61000-3-2 this waveform 
will be classified as class D thus the relative limits of 
harmonic current applies. In figure 11 the harmonic content of 
the current is compared with the limits given by EN61000-3-2 
at PIN = 564W. The measured current harmonics are well 
below the limits. 
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Figure 9. Measured efficiency as a function of output power. 
 
 

 
 
Figure 10. Measured line current of the experimental boost-forward 
converter at 564W input. The PF was measured to 0,947. Vertical spacing: 
2A/div, horizontal spacing: 5ms/div.   
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Figure 11. Measured current harmonics at 564W input power and the limits 
given by EN61000-3-2 class D. 
 
7 Conclusion 
 
This paper draws the attention to the properties of the two-
switch boost-forward topology as a high efficient Single-
Stage PFC power supply. Further more the two-switch 
topology makes it possible to achieve high efficiency in the 
medium to high power range. Experimental results have 
shown efficiency above 85% in the power range of 30W-
500W with good power factor and compliancy with the 
European norm EN61000-3-2.  

 

 
 
Figure 12. The experimental two-switch boost-forward Single-Stage PFC 
power supply. 
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Abstract-The boost topology is often the designer’s first choice 

when dealing with PFC front-ends. This topology is well 
documented in the literature and has obvious advantages like 
continuous input current and low voltage- and current-stress 
compared to other PFC topologies. The PFC SEPIC converter 
also has the advantage of the continuous input current but 
suffers from high voltage- and current stress. In this paper a 
Modified SEPIC converter is presented with reduced voltage 
stress, comparable to that of the boost converter. Experimental 
result of a 200W prototype for 185-270 V line voltage will also 
be presented.  
 

I. INTRODUCTION 
 

By January 2001 the European standard, EN61000-3-2, 
will be a reality. The limits on the current harmonics imposed 
by EN61000-3-2 have been one of the driving forces in the 
past decade concerning research in the field of Power Factor 
Correction (PFC) and Input Current Shaping (ICS). For many 
applications, the main goal is not to achieve unity Power 
Factor (PF) but just to stay within the harmonic current-limits 
by minimum effort concerning circuit-complexity, cost and 
loss of efficiency. Therefore researchers have put a lot effort 
into developing power converters that could achieve PFC 
together with fast regulation of the output voltage ([1], [2]) 
(Single-stage topologies). The most commonly used topology 
for PFC, is the boost-converter. The distinct advantage of this 
topology is the continuous input current making EMI-
filtering less of a problem compared to buck, buck-boost 
topologies. By using a boost-converter the output voltage has 
to be higher than the line peak voltage, which is not 
necessarily the optimal operating point for the following 
DC/DC-stage. 

The SEPIC converters input current is continuous and the 
output voltage can be lower than the line peak voltage. The 
major drawback of the SEPIC converter is the high current 
and voltage stress of the components [3]. 

In [4] it is shown how the SEPIC-converter in 
Discontinuous Conduction Mode (DCM) with a simple 
voltage loop achieves good PF. The voltage loop bandwidth 
has to be low in order not to regulate on voltage fluctuations 
caused by the pulsating power drawn from the line. 

Because of the voltage stress the use of IGBTs instead of 
MOSTETs are preferable. Since the switching abilities of 
IGBTs can be a problem concerning the efficiency, soft 
switching techniques are often employed ([4], [5]) further 
increasing the circuit complexity. In [6] the Sheppard-Taylor 

topology is used as a PFC converter with the ability of 
creating a voltage lower than the line peak voltage with 
continuous input current but with increased circuit 
complexity as a result. In [7]-[9] buck topologies are used. A 
way to increase the PF for the buck converters is shown in [8] 
and [9], where a buck-boost converter is operated in parallel 
with the buck converter, so that current is flowing from the 
line even though the output voltage is above the 
instantaneous line voltage. 

 
When considering the different PFC topologies that are able 

to produce a voltage below the line peak voltage, the SEPIC 
converter seems to be an attractive alternative; mainly 
because of the continuous input current. In this paper a 
converter based on the SEPIC converter will be proposed as a 
PFC front-end. The voltage stress in the proposed converter is 
comparable with the voltage stress in the boost converter. 
 

In section II the proposed Modified SEPIC converter will be 
introduced. In section III, two different operation modes will 
be described and in section IV the theoretical calculations of 
section III will be experimentally verified with two different 
prototypes for line voltages in the range of 185Vac-270Vac.   

 
 

II. THE MODIFIED SEPIC CONVERTER 
 
 
 
 
 
 
 
 
 

Fig. 1. Classical PFC SEPIC converter 
 

The proposed converter is based on the classical SEPIC 
converter shown in Fig. 1, and compared to this converter, 
the proposed Modified SEPIC converter differs in two ways. 
The capacitor C1 is a large bulk capacitor; a diode is placed in 
series with the inductor L2. The bulk capacitor serves to 
decouple the pulsating input power, and the diode insures that 
the inductor L2 can be operated in discontinuous mode 
(DCM) without the capacitor C1 being charged to above the 
peak line voltage.  
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Fig. 2. Modified PFC SEPIC converter. 
 
The inductor L2 does not necessarily have to be operated in 

DCM but by insuring that no current can flow in the “off” 
direction of D2, the voltage VC1 can arbitrarily be controlled 
by the ratio of L1 to L2, as long as the sum of the output 
voltage and VC1 is higher than the line peak voltage. 

The drawback of adding D2 in series with L2, is not so much 
the power loss, since only part of the total power flows 
through D2, but the inherent galvanic isolation possibility is 
lost. 

 
 

III. OPERATION MODES 
 

The modes described in this section, are all with the 
Modified SEPIC converter in DCM. The DCM operation is 
often used in low-power applications. The advantage of this 
mode is small magnetics, no reverse recovery problems with 
the rectifiers and reduced turn-on losses in the switch. The 
downside is higher rms-currents and more HF noise. 

 
A. Fast regulation of the output  
 

When regulating the boost PFC converter, a slow outer 
control loop is always applied in order not to regulate the 
pulsating input-power. This is not necessary with the 
Modified SEPIC converter because that the input-power is 
internally decoupled by the series bulk capacitor. The output 
is thereby decoupled from the input, and a fast loop can be 
implemented. 

The output power consists of two contributions; the direct 
transferred power from the input through L1 and the 
contribution from the series bulk capacitor, C1, through L2 to 
the output.  

Because of the fast regulation loop the output power will be 
kept constant and the duty-cycle, d(t), will be adjusted 
accordingly.  
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, where TSwitch is the high-frequency switching period. 

 

In the denominator of (1) the first fraction is related to the 
direct power transferred through L1 and the second fraction is 
related to the power transferred through L2. 

It is assumed that the bulk capacitor voltage, VC1, is 
constant during one half line period and therefore also during 
one switching cycle. The assumption that VC1 is constant 
during one half of the line period is not entirely correct. 
Twice the line frequency voltage-variation will be present on 
the capacitor C1. 

  
The input power to the converter is given by: 
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In (2), N is the number of switch cycles during one half line 
period, and n is a running integer.  
 

It has been shown in numerous papers (e.g. [2], [3] and 
[10]) how VC1 can be determined numerically. By using (1) 
and (2) one can determine VC1 as a function of the ratio L1 to 
L2, the input voltage and a given output voltage. The ratio of 
L1 to L2 should be chosen so that the maximum voltage level 
applied to C1 and Q1 in Fig.2 is below the desired level. 

 
In order to demonstrate the input current shaping a 200V 

output Modified SEPIC converter will be used. The use of 
500V MOSFETs is desirable, so the ratio of L1 to L2 will be 
adjusted according to a maximum voltage stress on Q1 of 
450V. The capacitor C1 should then be able to withstand 
250V. With a ratio L1/L2 = 1.25, the voltage at the drain of Q1 
will stay below 450V. 

Calculating the input current waveforms for a design of a 
100W converter operated from 185-270 Vac, results in the 
waveforms shown in Fig. 3.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Input current waveforms with line voltages of 185Vac, 
230Vac and 270Vac for the Modified SEPIC converter with 

fast output regulation. POUT=100W. 
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Fig. 4. Duty-cycle variations given by (1) for 185Vac, 
230Vac and 270Vac. L1 = 250 uH. 

 
Figure 4 shows the time varying duty-cycle. The increasing 

duty-cycle when the line voltage drops from the peak value, 
is responsible for the current shaping. 
 

Designing the fast outer voltage loop becomes increasingly 
difficult the larger the output capacity becomes. In the 
standard boost converter the output capacitor has to be large 
enough to decouple the pulsating input-power to meet the 
required ripple-voltage specifications. For the Modified 
SEPIC converter C1 serves as the decoupling capacitor, so 
small polyester capacitors can be used at the output. If hold-
up time is required, the main energy storage is then the series 
bulk capacitor, C1. 

 
The amount of energy stored is given by: 
 

21
. 2Cap CBE C V= ⋅ ⋅  (3) 

 
  

At low line, the voltage on VC1 is at its minimum and it is 
therefore in this situation, the value of the capacitor must be 
chosen to secure the hold-up capability. In case of a line 
failure the converter performs an active energy transferring 
from VC1 to the output. With the input cut-off, the converter 
is reduced to a buck-boost converter.  

For converters with passive energy-storage (e.g. boost, 
buck-boost) the useable energy can be determined by: 
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In (4) CO and VO is the capacitance and voltage at the 
output, and Vmin is the minimum voltage that can be accepted 
at the output.  

Using (3) and (4) a comparison of the energy storage 
capability can be made: 
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The Modified SEPIC converter with a maximum voltage 

stress of 450V at 270Vac, will have a minimum storage 
capacitor voltage of 100V at 185Vac. If the same size 
capacitor where to be used in a PFC buck-boost converter 
with an output voltage of 200V, using (5), the minimum 
voltage that the buck-boost converter should be able to 
handle is 173V, or a voltage drop of 13.5% of the output 
voltage. If the following DC/DC-stage can handle a larger 
voltage drop, the hold-up capabilities are better for the buck-
boost converter and vice versa. 
 
B. Constant peak-current control  
 

By using fast regulation of the output, the resulting duty-
cycle was seen to have a good current shaping quality. Using 
peak-current control with a slow voltage loop will also 
provide inherent high-quality input-current shaping.  

When keeping the switch peak-current constant over one 
half line period, the duty-cycle function can be described as: 
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In (6) Iref is the demand peak-current set by the voltage 

loop. Since the voltage loop is slow, this reference current 
can be regarded as a constant, also with regard to the line 
period. 

By inserting (6) into (1) and (2), the bulk capacitor voltage 
VC1 can be calculated in the same manner as before. 

 
The duty-cycle function for a 200W, 200V Modified 

SEPIC converter is shown in Fig. 5, and the resulting input 
current is shown in Fig. 6. The values of L1 and L2 are 220 
uH and 160 uH. 

 

 
Fig. 5. The duty-cycle variation for the Modified SEPIC 

converter with constant peak-current control. POUT = 200W. 
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Fig. 6. Input-current waveform for the Modified SEPIC 

converter with constant peak-current control. 
 
The resulting current waveforms shown in Fig. 6, is not far 

from being sinusoidal. 
 
In the constant peak-current controlled converter, the 

energy storage can be placed at the output without creating 
stability problems. But in order to keep the voltage relatively 
constant on C1, a certain amount of capacitance should make 
up this capacitor.  

With respect to the hold-up capability, it is not indifferent 
where the capacitance is located. The total energy storage to 
be used in case of a line failure is now, for the Modified 
SEPIC converter with a bulk capacitor at the output, the sum 
of (3) and (4). This means, that if the left side of (5) is larger 
than 1, the capacitance is more useful at the output and vice 
versa.  
 
C. Alternative control strategies  
 

The simple voltage follower approach can also be used. 
The input current will exhibit the same properties as a boost 
converter operated in the same way. 
    A dedicated PFC control scheme is of course always a 
possibility if unity PF is the goal. 
  
 

IV. EXPERIMENTAL RESULTS 
 

 To verify the two operation modes, two prototypes have 
been tested. From a Power Factor point of view, the constant 
peak-current approach offers the most consistent high-quality 
current and the attention will therefore mainly be on the 
constant peak-current controlled converter (prototype 2).    

 
A. Prototype 1 
 

The first prototype with the fast-regulated output voltage 
was tested with a simple voltage feedback loop. A 100W 
200V output for 185-270Vac input voltage were build. The 
following component values were used: L1 = 250uH, L2 = 

200uH, C1 = 680uF/250V, C2 = 2.2uF/250V, Q1 = IRF830 
(500V). Fig. 7 shows the resulting input current for line 
voltages of 185Vac, 230Vac and 270Vac.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Input-current of the Modified SEPIC converter with 
fast output regulation a) Vin = 185Vac, PF=0.89. b) Vin = 

230Vac, PF=0.97. c) Vin =  270Vac, PF=0.98. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Input current for prototype 2 of the Modified SEPIC 
converter with constant peak-current control. a) Vac=185, PF 

= 0.992. b) Vac=230, PF =0.990. c) Vac=270, PF = 0.986 
 
There is very god correlation with the predicted input-

current waveforms of Fig. 3. The asymmetry of the 
waveforms of Fig. 7 is caused by the 100Hz voltage variation 
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on the bulk capacitor C1. Even though the PF drops rapidly 
when the line voltage decreases, the harmonic content of the 
current (not shown), is well below the limits of EN61000-3-2, 
both class D and class A. 

 
B. Prototype 2 
 

The second prototype was realized with the constant peak-
current control. The experimental results were taken from a 
200W, 200V output for 185Vac-270Vac. The following 
component values were used for this prototype: L1 = 220uH, 
L2 = 160uH, C1 = 680uF/250V, C2 = 680uF/250V, Q1 = 
IRFBX10N50A (500V).  

 
The input-current of the Modified SEPIC converter with 

the constant peak-current control is shown in Fig. 8. Again, 
the correlation between the predicted current waveforms of 
Fig. 6 and the experimental obtained is very good. 

Fig. 9 shows the efficiency for the nominal line voltage of 
230Vac as a function of the output-power, and Fig. 10 shows 
the efficiency as a function of the line voltage (185Vac-
270Vac) at 200W. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig.9. Efficiency as a function of output-power for 230Vac 
line voltage  (prototype 2). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Efficiency as a function of the line voltage at 
POUT=200W for prototype 2. 

The efficiency at maximum output power over the line 
voltage variation is above 93%. The line variation has very 
little effect on the efficiency, below 0.5% percent. Compared 
to a boost converter, the high-line efficiency of the Modified 
SEPIC converter is relatively far away from what can be 
expected from a boost converter, but at the low line, this 
relation improves. Since a 400VDC link-voltage not 
necessarily is the optimal operation point for the following 
DC/DC stage, the total system efficiency could be as good, or 
better than a standard approach with a boost converter.  

 
 

V. FUTURE WORK 
 
The Modified SEPIC converter is not restricted to operate 

in DCM, even though this paper has only dealt with this 
operation mode. Ongoing work shows, that CCM operation is 
possible using the constant peak-current control. A working 
200W prototype for universal mains (90Vac – 270Vac) is 
being investigated and the results obtained in this work, will 
be presented in a future paper.  
  

 
VI. CONCLUSSION 

 
The task of shaping the input current to comply with 

EN61000-3-2 can be achieved using standard DC/DC control 
IC’s. Reducing the voltage stress to a level where the range of 
components is larger makes the design easier to dedicate to a 
specific application. 

 
For the Modified SEPIC converter the most important pros 
and cons are: 

 
Pros 

• Component voltage stress comparable with boost 
converters 

• High quality input-current shaping 
• Current limiting capabilities 
• Uses standard current-mode control ICs  

 
Cons 

• High current stress in the switch 
• High current stress in the series bulk capacitor 
• Inrush current limiting and galvanic isolation is 

lost (compared to the classical SEPIC) 
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Abstract- The discussion concerning the use of single-stage 
contra two-stage PFC solutions has been going on for the last 
decade and it continues. The purpose of this paper is to direct 
the focus back on how the power is processed and not so much 
as to the number of stages or the amount of power processed. 
The performance of the basic DC/DC topologies is reviewed 
with focus on the component stress. The knowledge obtained in 
this process is used to review some examples of the alternative 
PFC solutions and compare these solutions with the basic two-
stage PFC solution. 
 

I. INTRODUCTION 
 

Numerous single-stage and reduced power processing 

topologies have been presented in the literature predicting 

higher efficiency and/or lower cost. But very seldom these 

predictions are verified.  
The purpose of this paper is to direct the focus back on how 

the power is processed and not so much as to the number of 
stages or the portion of energy processed.  The method used 

to compare the different approaches take its basis in the 

concept of Component Load Factors (CLF) introduced in [1]. 
Component stress can be translated into cost, size and 

efficiency so investigating the basic topologies and reviewing 

how the component stress evolves under different 
circumstances an overview of reasonable solutions are 

obtained together with an overview of what not to do. The 

knowledge obtained from the use of CLF can then be used to 
recognize where unnecessary component-stress is produced. 
Examples are given in section IV. In the first example part of 
a detailed analysis is shown. In the second example the 

limitations of the configuration is identified. 
 

II. COMPONENT LOAD FACTORS (CLF) 
 

The motivation for using a tool like CLF to compare 

different converter topologies is that it gives a quantitative 

measure of the performance of the converter. This is very 

useful when choosing between topologies. 
 
Definition of CLF: 
      

P

IV
CLF

** ⋅=  
 

(1) 

The V* and I* in (1) are the voltages and currents that the 

specific component is sensitive to. E.g. MOSFETs are 

sensitive to maximum drain-source voltage and peak-currents 

with respect to switching losses and rms-currents with respect 
to conduction losses. More information and background for 
CLF can be found in [1]. 
 

To keep the CLF calculations simple, the following 

assumptions are made: 
 

a. PIN = POUT 

b. Inductor ripple current is small – meaning that 
square current waveforms are being switched.  

 

In the first part of this section the case where the input is a 

DC-source will be reviewed. In the second part the CLF for 
the converters connected to an AC-source will be discussed. 
 

A.   DC Input 
 

The Component Load Factors for the three basic topologies 

Buck, Boost and Buck-Boost will be presented. Since CLF 

represents accumulated stress for each component type, the 

calculated CLF of the basic Buck-Boost converter shown in 

figure 1c will actual represent the CLF for all Buck-Boost 
derived converters like the SEPIC, Cuk etc. 

 
If MOSFETs are used as switches (Q) in Fig. 1, the currents 

of interest are the peak-, and rms-currents. For the diodes the 

currents of interests are the peak-, and average-currents and 

to some extend rms-currents. The inductors (L) in Fig. 1 are 

all high-frequency inductors, so the use of rms-currents and 

the average voltage is of interest. The capacitors are sensitive 

to the DC-voltages and the RMS-currents. 
In table 1 the relevant CLF is listed for the three topologies 

shown in Fig. 1. The calculated CLF is presented as a 

function of the input/output voltage ratio. 
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Table 1. CLF for the basic topologies: Buck, Boost, Buck-Boost, isolated Buck and isolated Boost. 
* Does not apply to single-ended isolated Buck- and Boost converters 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 
Figure 1. a) Buck DC-DC converter. b) Boost DC-DC converter. c) Buck-
Boost DC-DC converter. 
 

The capacitor stress calculated in table 1 is carried out by 

assuming that the current flowing into and out of the 

converters of Fig. 1 are DC-currents. 
By investigating the results of table 1, one will find that the 

performance of the Buck and Boost converter is very similar 
and that they exhibit lower component stress than the Buck-
Boost derived converters, which should not come as a 

surprise. 
In the case where peak voltages and peak currents are used 

to calculate the CLF, shown in Fig. 2a, the Buck and boost 
performance is similar. 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

Figure 2. Switch CLF. a) CLF calculated with peak voltage and -current. b) 
CLF calculated with peak voltage and rms current. 
 

The lowest CLF is obtained at the input/output ratio of 1 

where the CLF=1 for the Buck and the Boost topology and 

CLF=4 for the Buck-Boost topology. As expected, the switch 

stress in the Buck-Boost topology is significantly higher. 
When the switch CLF using rms currents are used, the Buck 

and the Boost converter no longer perform the same. Fig. 2b, 
shows how the Boost topology is exposed to more stress 
compared to the Buck topology when the output/input ratio  
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Figure 3 CLF. a) Diode CLF calculated with peak voltage and average 

current. b) Inductor CLF calculated with mean voltage and RMS current. c) 
Capacitor CLF calculated with DC voltage and RMS current. 
 

increases/decreases. The stress characteristic for the Buck-
Boost topology seems to follow the Buck and the Boost stress 

pattern in the respective output/input ranges, although higher. 
The diode, inductor and capacitor stress is shown in Fig. 3. In 

all cases the Buck-Boost topology impose the most stress on 

the components. 
It is worth noticing the large difference in inductor and 

capacitor stress between the Buck-Boost derived topologies 

and the Buck- and Boost derived topologies when moderate 

step-up/step-down ratios are considered. As the step-up/step-
down ratio increases the difference in component stress evens 

out. 
If isolated converters derived from these three basic 

topologies are investigated one will find that the stress 

characteristics will change. Using isolated Buck- or Boost 
derived topologies will result in a substantial increase in 

semiconductor stress where as the stress on the rest of the 

components remain the same except when single-ended 

converters are used. The reason for this is that the effective  

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
Figure 4. Switch CLF for the isolated versions of the converters of figure 1. 
a) CLF calculated with peak voltage and current. b) CLF calculated with 

peak voltage and RMS current. 
 

duty-cycle of these converters cannot exceed 50 percent. The 
minimum component stress for the inductors and capacitors 

is therefore equal to the component stress found at a step-
up/step-down ratio of 2 for the non-isolated Buck- and Boost 
converters. For the Buck-Boost topology the isolation will 
not affect the component stress. 

The minimum stress for the isolated Buck and Boost 
derived topologies is obtained at an input/output ratio of 1 

(CLF=4, Fig. 4a). The switch stress for the isolated Buck- 
and Boost derived topologies shown in figure 4a, is a factor 
of 4 larger than for the non-isolated converters. 

The observations made when considering the component 
load factors for the basic topologies leads to the following 

key points: 
 

No voltage variations at the input: 
 

• The non-isolated Buck and Boost topologies are 

superior to the Buck-Boost topologies with regard to 
component stress. 

• Isolating the Buck- and Boost derived topologies 

give rise to a substantial increase in semiconductor 
stress whereas the isolation does not affect the 

Buck-Boost derived topologies. 
• If voltage step-up/step-down of more than a factor 4 

is needed, an isolated topology should be 

considered.  
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Voltage variations at the input: 
 

• Two-stage solutions should be considered since:  
1) Isolated Buck- and Boost derived topologies are 

severely penalized with regard to 

semiconductor stress.  
2)  Buck-Boost derived topologies have high 

overall component stress. 
 

B.   Rectified AC Input 
 

By investigating Boost and Buck-Boost derived topologies 

almost all practical PFC front-end circuits are covered. The 

Buck derived topologies are very seldom used especially 

when the universal line application is considered since the 

output voltage has to be lower the line peak voltage. 
Developing an AC/DC-version of the Component Load 

Factor is not as straight forward as for the DC/DC version. 
The good thing about CLF for the DC/DC converters is the 
simplicity of the calculations. This also insures that the 

correlation between the calculated stress factors and the 

actual component stress is not lost in process. For the AC/DC 

converters the voltages and/or currents change in the 

components during the line period. Therefore some kind of 
averaging is needed and in doing so, some of the 

characteristics of the circuit may disappear in this process. In 

the AC/DC case the inductors carry both a low and a high 

frequency component which makes it unsuitable to be 

characterized with a simple number as done for the DC/DC 

case. Semiconductor stress can be characterized using the 
same methods as in the previous section. The switch stress of 
the 3 obvious PFC candidates is shown in Fig. 5. 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
Figure 5. Switch CLF for the PFC Boost, Isolated Boost and Isolated/Non- 
Isolated Buck-Boost converters. a) CLF calculated with peak voltage and 

current. b) CLF calculated with peak voltage and rms current. 

 
The step-up/step-down ratio for the AC/DC converters is 

defined as the ratio of the output- to line peak-voltage. 
From Fig. 5 it is clear to see that the isolated Boost PFC is a 

pour choice with regard to switch stress. The non-isolated 

Boost PFC exhibits the lowest switch stress but it is difficult 
see how it will perform compared to the Buck-Boost PFC, 
especially in case of the universal line range. This property 

will be investigated in section IV. 
 

III. PFC SOLUTIONS 

 
There are numerous ways to classify the different proposed 

PFC solutions. A suggestion of how this can be done is 

shown in Table 2[2]. There are two main groups: “1. 
Sinusoidal Current” and  “2. Non-sinusoidal current”.  
 

1. Sinusoidal Current 2. Non-Sinusoidal Current 
1.1 Voltage follower 2.1 Passive filters 
1.2 Passive filters 2.2 Reducing switches 
1.3 Processing less energy 2.3 Removing control loops 
1.4 Better processing 2.4 Combining topologies 
1.5 Active filtering 2.5 Modifying DC/DC 

Table 2. Characterizing PFC solutions [2] 
 

More information about the groupings of table 2 can be 

found in [2]. 
Almost all of the alternative PFC solutions presented in the 

different subgroups of table 2 uses one or both of the 

following properties: 
 

1. Isolated converters operated directly from the ac-
source (1.4, 1.5). 

2. Energy storage capacitor where the storage voltage 

is dependent on the AC-source voltage (2.2, 2.3, 2.4, 
2.5). 

 

A.  Property 1 

 

For the solutions where the main idea is to process the 

energy less than 2 times the isolated converter has to be 
connected to both the input and the output since any galvanic 

isolation requires at least 1 full power-processing step. So in 

order to keep the processing below 2 full power-processing 

steps the isolated converter must be connected AC-source. 
As shown both for the DC/DC and AC/DC case the isolated 

converters have high semiconductor stress. In case of voltage 

variation at the input the semiconductor stress for the Boost 
converter increase dramatically. The Buck-Boost derived 

converters are not so sensitive to the voltage variation but 
these converters suffer from overall high component stress.  
 

B.  Property 2 
 

In order to comply with the given regulations pulsating 

power has to be drawn from the AC-line. Therefore, internal 
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decoupling of this pulsating power is also a requirement to 
maintain fast output regulation. 

The PFC approaches that use non-regulated internal energy 

storage are also known as Single-Stage converters. Normally 

these converters have a single control loop that regulates the 

output voltage but sometimes frequency control is added to 

the duty-cycle control to either limit the maximum internal 
storage voltage or to force the input current to comply with 

regulations. In all cases, the storage voltage is not constant 
but will vary with the input voltage.  
 

IV.  HIGH COMPONENT STRESS PFC CONFIGURATIONS 
 

In this section examples of converters that suffer high 

component stress caused by the properties outlined in the 

previous section will be presented. The originally idea for the 

example converters of this section was to increase the 

efficiency by either reduce the number of stages or reduce the 

processing of power. 
 

A.  Processing less power:  
 

The converter presented in [3] is the type of converter that 
without increasing the circuit-complexity compared to a two-
stage approach only process the power 1.5 times. The idea is 

that by reducing the total power processed higher efficiency 

can be achieved. 
 

 

 

 

 

 

 
Figure 6. Converter of [3] with 1.5 times power-processing. 
 

The voltage VAUX in Fig. 6 is equal to VOUT, which enables 

half of the power to be transferred directly to the output 
reducing the overall power-processing to 1.5 times compared 

to 2 times for the standard two-stage approach. 
The auxiliary converter can be identified as Q2, D2, L and 

C2 and make up a Buck-Boost converter. The power 
processed by the auxiliary converter is pulsating from zero to 

full output power with an average equal to half the output 
power. 

Instead of the scheme shown in Fig. 6, the components used 

for the buck-boost converter could be used to utilize a Buck 

or a Boost converter as a post regulator in a two-stage 

configuration. In order to keep the comparison fair, the boost 
configuration is omitted because of its lacking ability to limit 
the output current. The voltage, VAUX, on the capacitor C2 is 

assumed to be equal to two times the output voltage so that 
the conditions for the isolated PFC stage is unchanged. A 

simple comparison between the schemes of Fig. 6 and Fig. 7 

can then be carried out. The component stress for the two 

different approaches is presented in table 3. 

 
 

 

 

 

 
Figure 7. Two-stage PFC  
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Table 3. Comparison between a “50%” power processing Buck-Boost 
converter and a “100%” power processing Buck converter. 
 

The result of the comparison between the two approaches 

clearly shows that even though the Buck-Boost auxiliary/post 
regulator only process 50% of the power, the component 
stress and thereby the loses are greater than the approach with 

the Buck regulator despite the fact that this stage process 

100% of the power. 
Besides the fact that the approach with the Buck converter 

is offering less component stress also energy storage and 

dynamic behavior of the converter is improved. 
In the scheme of Fig. 6, the auxiliary-converter has to be a 

Buck-Boost type or an isolated Buck or Boost converter – all 
which would have higher component stress compared to the 

solution with the simple Buck converter as a pre regulator. 
 

The isolated PFC converter is necessary for the PFC 

approach that process less power. From Fig. 5 in section II, it 
is clear to see that the isolated Boost PFC are subjected to 

severe semiconductor stress, especially if the universal 
voltage range is applied. For the isolated Buck-Boost derived 

PFC circuits it is not clear to see if the component stress 

could be reduced by separating the PFC-function from the 

isolated converter. 
In order to investigate the switch stress of the isolated PFC 

buck-boost converter of Fig. 8a, the conduction and 

switching losses of this configuration will be compared with 
the two-stage system shown in Fig. 8b. This system consists 

of a PFC boost converter and an isolated Buck derived 

converter. Here the switch stress comparison is carried out 
assuming that the total chip die area is the same for the two 

configurations of figure 8. Further more, it is assumed that 
the switching devices have the same voltage rating. The last 
assumption is not completely fair to the two-stage system 

since lower voltage rated devices can be used compared to 

the isolated PFC Buck-Boost converter. 
For the universal line range (90VAC-270VAC) the output 

voltage of the boost converter has to be: 
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MinLineBOOSTOUT VrangeVoltageV ,,
ˆ_ ⋅=  (2) 

 

As shown in section II, the minimum component stress for 
the Buck-Boost derived converters is in the area of 50% duty-
cycle (VIN = VOUT). The output voltage should therefore be 

calculated as: 

MinLineBOOSTBUCKOUT VrangeVoltageV ,,
ˆ_ ⋅=−

 (3) 

 

The On-resistance of a MOSFET is proportional to 1/ADie 

[4]. The conduction losses are therefore proportional to: 
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(4) 

 

The largest conduction losses occur at low line for both 

systems. An expression for the conduction losses as a 

function of the input power and the peak line-voltage can be 

calculated for the two systems in figure 8. Using the relation 

between VOUT and VLine,Min, expressions for the conduction 

losses can be calculated. For the Buck-Boost PFC the losses 

are proportional to: 
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For the two-stage system the losses are proportional to: 
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(6) 

As it is seen from (6), the total chip die area is shared 

between the two stages of figure 8b. Minimum conduction 

losses are achieved for x = 0.28 meaning that 72% of the total 
die area should be used for the PFC Boost converter and the 
rest for the isolated Buck converter. The ratio of (5) to (6) is 

the relation between the conduction losses of the two 

systems. 
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(7) 

From (7) one can see that even though the power is 

processed by two stages the system does not generate more 

conduction loss per chip die are. 
The switching losses are assumed to be proportional to the 

product of the voltages and currents being switched and the 

switching transition-time is proportional to the chip die area. 
The switching losses can then be approximated with: 

DieLossSwithing AIVP ⋅⋅∝−  (8) 

 

The switching loss ratio is given by: 
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(9) 

Again, the two-stage solution does not increase the switching 

losses. 

 
 

 

 

 

 

 

 

 

 

 

 
Figure 8. a) Isolated Buck-Boost PFC. b) Two-stage PFC system comprised 

of a Boost PFC and an isolated Buck DC/DC converter. 
 

B.  Single-Stage PFC converters:  
 

The most severe problem with the single-stage converters is 
the voltage variation of the internal bus. Besides the problems 

with hold-up capacity the major contributor to power loss in 

the single-stage converters is the increased semiconductor 
stress.  

The biggest problems arise when the application is targeted 

for the universal input voltage. In order to reduce the voltage 

variation, a voltage-doubler version of the Single-Stage 

topology presented in [5] was proposed in [6] (Fig. 9a). The 

converter was designed for a 5V, 90A output. 
When analyzing the current-shaper block in Fig. 9a one will 

find that this configuration is very efficient and the stress 

imposed on the switches in the 2-Switch Forward is 

moderate. If allowing the use of a range-switch, other Boost 
derived topologies would perform just as good as the scheme 

shown in Fig. 9a. An example of such a converter could be 
the half-bridge Boost PFC converter with range-switch 

presented in [7]. 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
Figure 9. a) Single-stage PFC converter proposed in [6]. b) A reduced 

component stress version. 
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 Components 2-Switch Forward: 

VIN: 235V-375V 

2-Switch Forward: 

VIN: 375V 

DC-DC Boost: 

VIN: 235V-375V 

1 Switches 3 ARMS, 375V 1.88 ARMS, 375V 1.3 ARMS, 375V 

2 Diodes 69 AAverage, 21V 50 AAverage, 15V 1.3 AAverage, 375V 

3 Transformer No difference  No difference - 

4 Inductors 3.45 V�s/fSwitch, 100ADC 2.5 V�s/fSwitch, 100ADC 88 V�s/fSwitch, 2.12 ADC 

5 Capacitors * See below in text * See below in text * See below in text 

Table 4. Comparison of the two output sections of Fig. 9. 
 

The voltage at the input-terminals of the 2-switch Forward 

in Fig. 9a varies from 235V to 375V at full power for the 

universal-line range 90VAC-265VAC. From the observations 

made in section II, it is clear that the voltage variation at the 

input of the 2-switch Forward will increase the component 
stress. As an example of the effects of the input voltage 

variations, it will be shown that adding an extra stage to cope 

with this, will actual reduce the overall stress and thereby 

improve efficiency.     
The configuration of Fig. 9b uses an extra switch to 

perform the step-up action. Again, to keep the comparison 

fair the same total chip die-area (ADie) is available for the two 

configurations. In order for the 2-stage output section to have 

less conduction loss than in the case with the single-stage 

output section the following equation has to be true: 
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Solving the above equation and minimizing the conduction 

losses in the two-stage configuration will result in a value of 
x = 0.67. Using the data of table 4 one finds that the Single-
stage configuration increases the switch conduction losses 

with 40% even though the voltage variation is moderate 

compared to other Single-Stage converters. 
The switching losses can found to be about the same in the 

two cases (7% increase in switching losses when using the 

single-stage configuration). 
The output diodes in the single-stage configuration are also 

subjected to an increase of 40% in both blocking voltage and 

current rating which in this case where the output current is 

high will have an impact on the efficiency. The diode added 

in the step-up converter is subjected to an average current of 
1.33A, which will not affect the efficiency noticeable. 

The worst-case transformer stress is at the duty-cycle D = 

0.5 and in both cases the transformer stress is the same. The 

output inductor stress in the two-stage case is less than for the 
single-stage case but an extra inductor is needed in the step-
up converter. The overall inductor stress is higher in the two-
stage configuration because a single-ended Buck derived 

topology is used. The magnetic stress would be the same if 
half-bridge or full-bridge isolated converters were used.  

In case of the capacitor the two-stage solution offer a clear 
advantage with respect to hold-up capacity. The energy is 

stored at a high voltage and since the step-up converter is 

inserted between the current-shaper and the 2-Switch 

Forward all the energy stored at the output of the current-
shaper can be utilized. 
 

V. CONCLUSION 
 

The two-stage approach secures a minimum total stress on 

the circuit components. Further research in PFC systems 

should be directed towards optimizing the PFC stage and/or 
the DC/DC stage. It is misunderstood that reducing the 

number of stages and/or processing less power automatically 

achieves higher efficiency. Proper design and proper power 
processing achieve high efficiency. 

In general low component stress can be translated into high 

efficiency, small physical size and low cost. In the low power 
range some of the alternative solutions can have an advantage 
in cost compared to the two-stage solution but the efficiency 

will be sacrificed. 
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Abstract-In this paper a new converter is proposed for 

universal line PFC operated in Boundary Conduction Mode. The 
proposed Modified SEPIC enables the use of lower voltage rated 
semiconductors compared to other single-switch buck-boost 
derived topologies with a resulting performance comparable to 
the boost topology. The operation and the design procedure is 
described in detail and the proposed converter is experimental 
verified with a 210V, 100W prototype for the universal line input 
(90Vac-270Vac). 
 

I. INTRODUCTION 
 

The Boost topology is often used for PFC applications 
because of its superior performance (efficiency, cost). In 
some cases the buck-boost topology is preferred because of 
the ability to generate output voltages less than the line peak 
voltage. This can be an advantage for the downstream 
converter since lower voltage rated devices and/or more cost-
effective topologies can be used. The problem for the buck-
boost family of converters (especially for the universal line 
range) is the high voltage and current stresses. Typically the 
voltage rating of the semiconductors are in the 800V range 
which impairs the performance dramatically compared to 
boost-type converters. [1-4] 

A new converter is proposed that addresses all of the needs 
described above. The benefits of the proposed converter are: 
 

• Low voltage stresses (500-600V devices) 
• Single switch 
• Small magnetics 
• Simple control 

 
The proposed converter is targeted for the low power range 

(50-200W) and operated in the Boundary Conduction Mode 
(BCM). The BCM operation is often preferred in the lower 
power range because it facilitates zero-current switch turn-on, 
minimizes the reverse recovery problem of the freewheeling 
diode and tends to reduce the overall magnetic size.  

The paper will include: analysis, design guidelines, 
comparison with previous approaches, experimental data and 
a prototype schematic. 

II. MODIFIED SEPIC 
 

The standard PFC SEPIC for the univerasal line application 
requires high voltage (800V) semiconductors [2] which adds 
to the converter cost and impairs the efficiency compared to 
the Boost converter. The Modified SEPIC shown in Fig. 1a 
can be forced into operation modes where the voltage stress is 
reduced to a level compareable with that of the PFC Boost 
[5]. 

The major difference between the Modified SEPIC and the 
SEPIC is the diode D2 added in series with L2 in Fig. 1a. The 
diode effectively blocks the current path from the input 
through L1, C1, L2 and D2 that in normal SEPIC operation 
secures the volt-second balance of L1 and L2 by adjusting the 
voltage on C1 to be equal to the input-voltage. With this diode 
in series with L2, the voltage on C1 is now govern by the 
power-equality (PIN=POUT). If the inductor L1 and L2 is 
operated in DCM, the voltage on C1 can be controlled by the 
inductance ratio L1/L2. Further more, the C1 voltage will  go 
towards a DC-voltage if large bulk capacitors are used.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. a) The proposed Modified SEPIC. b) Current waveforms of the 
inductors L1 and L2. Down-ramp time of the inductor L1 is dependent on the 
instantaneous line voltage. 
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A. Operation modes 
 

When operating the Boost PFC converter in BCM the 
following key points characterizes the operation: 
 

• Variable frequency operation 
• Small magnetic size 
• Switch turned on under Zero-current condition 
• Theoretical PF = 1 

 
In case of the Modified SEPIC converter we will consider 

two different operation modes, both based on the BCM Boost 
PFC. 
 
Mode #1: 
 

The input section of the Modified SEPIC is similar to the 
boost converter so the control-method used in the BCM Boost 
PFC can be adopted directly. Since the PFC Boost BCM 
control detects zero-current in the input inductor (L1), the 
zero-current condition is not always met for the current in 
Buck-Boost inductor (L2). The down-ramp time of the input 
inductor L1 (shown in Fig. 1b as t21) determines the switch 
turn-on action. The zero-current switch turn-on condition is 
only met when t21 is larger than the down-ramp time of the 
inductor L2, t22. By manipulating (1) and (2) one can find that 
the zero-current switch turn-on condition is satisfied when: 
 

( ) 1CIN VtV >  (3) 
 
Mode #2: 
 

One of the very nice features of the BCM operation mode is 
that the losses associated with the diode reverse recovery is 
greatly reduced. If this feature and the zero current turn-on of 
the switch is to be maintained during all operation of the 
Modified SEPIC-converter, current sensing in both inductors 
L1 and L2 has to be implemented. While maintaining the zero-
current switch turn-on, the power factor can no longer reach 
the theoretical value of 1. The reason for this is that the L1 
inductor-current will no longer be in BCM when the L2 
inductor-current determines the switch turn-on. The following 
key points characterizes this operation mode: 
 

• Variable frequency operation 
• Small magnetic size 
• Switch turned on under Zero-current condition 
• Theoretical PF < 1 

Since PF = 1 is not at all necessary to comply with 
EN61000-3-2 the operation mode #2 described above is the 
preferred operation, mainly because of the zero-current switch 
turn-on, but there are other advantages that will be explained 
later. The disadvantage is the implementation of the zero-
current detection of L2.  
 
B. Steady-state analysis 
 

In order to obtain the capacitor voltage VC1, the power 
equality is used (PIN=POUT): 
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,where t21 and t22 is defined as in (1) and (2), t1 is the constant 
switch on-time. 
 
Setting PIN = POUT: 
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Using (1), (2) and (6): 
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There is no closed form solution to (7) when solving for 

VC1, but (7) can very easily be solved numerically. For a 
given output voltage and line voltage, the capacitor voltage 
VC1 only depends on the inductance-ratio, L1/L2. This is only 
true because both inductors L1 and L2 are operated in 
BCM/DCM. Going into CCM operation the load will also 
influence the VC1 voltage. 
 

III. PERFORMANCE OF THE PROPOSED CONVERTER 
  

For the universal line application (90VAC-270VAC), the 
maximum semiconductor stress occurs at high line (270VAC). 
Fig. 2a displays the inductance-ratio as a function of the 
maximum voltage stress for 180V, 210V and a 240V output-
voltage. 

The reason for using a Buck-Boost type converter is in 
most cases a necessity of generating an output voltage less 
than the line peak voltage, typically in the area of 200V. If the 
semiconductor voltage stress of the Modified SEPIC  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. a) The inductance ratio as a function of the maximum 
semiconductor stress. b) VC1-voltage as a function of AC-line voltage, 
L1/L2=3, VOUT=210V. 

 
converter should be comparable with a boost converter 
(∼400V) the inductance ratio value should be chosen to be in 
the area of 3 (Fig. 2a). This would facility the use of 500V 
rated semiconductors with a margin of 100V for the 100/120 
Hz capacitor voltage ripple and overshoots. 

Fig. 2b shows the capacitor voltage, VC1, as a function of 
the line voltage. At low-line the VC1 is about 20V and 
increases with the line voltage to 190V at high-line.  

The BCM control is a variable switching frequency control 
method but for the Modified SEPIC using the operation mode 
#2 described in section II, the frequency operation can be 
divided into parts: 
 

• VC1 < VIN(t) => Variable switching frequency 
• VC1 > VIN(t) => Constant switching frequency 

 
When VC1 is below the instantaneous line voltage the L1 

inductor current down-ramp time determines the switch-on 
action, which varies with the line voltage supporting the 
variable frequency. When VC1 is above the instantaneous line 
voltage the L2 inductor current down-ramp time determines 
the switch-on action. Since VC1 is considered constant the 
down-ramp of the L2 inductor current will also be constant 
supporting constant frequency operation. 

The greatest impact of the operation mode #2 is found at 
high line. Fig. 3a shows how the variable frequency range is  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. a) Normalized frequency with respect to the (constant) switch on-
time. b) Normalized line current at VAC=90V. c) Normalized line current at 
VAC=270V. 
 
greatly reduced compared to the operation mode #1 where the 
normalized frequency would go all the way up to 1. The 
impact of the constant frequency operation on the line current 
is depicted in Fig. 3c. The dashed line is the normalized ideal 
sinusoidal line current and one can see that the actual line 
current is somewhat distorted in the region of the constant 
frequency operation. The power obtained from the line in the 
area of the line voltage zero-crossing is small which only give 
rise to a slight increase of peak-current in the actual line 
current. 

At low line the difference between the ideal and the actual 
line current is insignificant (no visual difference in Fig. 3b).   
 
 

IV. COMPARISON 
 

Besides the reduced voltage stress, the Modified SEPIC 
converter also reduces the stress on the magnetic components 
leading to smaller magnetic size compared to the classical 
SEPIC. Because of the reduced component stress the 
performance of the Modified SEPIC is even comparable with 
the BCM Boost PFC. When comparing the Modified SEPIC 
with the boost converter one should keep in mind the 
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difference in output voltage. The comparison can never be 
ideal because of this difference. Nevertheless the comparison 
is carried out to demonstrate that the increase in component 
stress is not that significant when choosing a medium output 
voltage (using the proposed topology) instead of a high output 
voltage (boost topology). 
 

The comparison will include the following converters: 
• BCM SEPIC [1] 
• The proposed BCM Modified SEPIC 
• BCM Boost [4] 

 
The comparison is carried out assuming that the converters 

are satisfying a minimum switching frequency of 20 kHz and 
an input power of 110W. For the SEPIC and the Modified 
SEPIC, the output voltage is 210V, and for the Boost 
converter, 400V. The Modified SEPIC uses an inductance 
ratio of 3, so that the maximum voltage stress is 400V. 
 
A. Inductor stress 
 

The minimum switching frequency (20 kHz) and the Power 
level determines the inductor sizes for the BCM operated 
converters. Table 1 sums up the results for the three 
converters in this comparison. 
 
 

Table 1. Inductor-size comparison. 
 

For the same minimum frequency the energy storage 
needed in the BCM Boost PFC converter is about 50 % larger 
than for the BCM Modified SEPIC PFC. Since the boost 
topology only uses one magnetic component compared to two 
in the Modified SEPIC it is not entirely fair only to use the 
energy storage as a measure of magnetic size - practical 
implementations should also be taken into account.  
 
B. Switch stress 
 

At high line the performance of the Boost converter is 
superior. However, the boost converter is incapable of 
producing the required 210Vdc output. At low-line the Boost 
converter also exhibits the lowest stress in terms of rms 
current-stress, but the voltage that the Boost converter is 
switching is still the output voltage whereas for the Modified 
SEPIC this voltage is almost reduced with a factor of 2. Table 
2 summarizes the results. 
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VAC = 270V 

 
 
 

 
SEPIC 

 
Proposed 
M. SEPIC 

 
Boost 
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Proposed 
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Boost 

 
IRMS [A] 
 

 
1.74 

 
1.61 

 
1.21 

 
0.74 

 
0.75 

 
0.2 

 
Voltage[V] 
 

 
337 

 
229 

 
400 

 
592 

 
400 

 
400 

Table 2. RMS-current- and voltage-stress. 

 
Note that the SEPIC converter would require 

semiconductor devices rated at least 700V. The proposed 
approach can produce a 210Vdc output using semiconductor 
devices having same voltage rating as in a conventional boost 
converter. 
 

V. PRACTICAL DESIGN CONSIDERATIONS 
 

One of the nice features of the SEPIC converter is the 
inherent capability of limiting the inrush-current. The series 
capacitor is a relatively low value capacitor, which means that 
under start up conditions the capacitor will charge very fast to 
the line peak voltage and thereby reducing the inrush-current. 
Since a large capacitor is used in the Modified SEPIC 
converter, the issue of inrush-current has to be addressed. The 
following key-points have been considered during the circuit 
design: 

• Inrush current 
• Current limiting 
• Zero-current detection (both L1 and L2) 
• Output voltage measurement 
 

A. Inrush current 
 

In low-power boost PFC converters the inrush current 
during start-up is usually bypassed by a heavy-duty diode that 
circumvents the branch with the inductor and the fast output 
diode, charging the output capacitor to the line peak voltage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. a) Standard inrush scheme for boost converters. b) adopted scheme 
for the Modified SEPIC. 
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Figure 5. Circuit diagram of the proposed converter prototype. 
 
 

This is done to protect the fast output diode. Since the 
proposed converter operates with and output voltage that can 
be lower than the line voltage this scheme cannot be adopted 
directly (Fig. 4a). To solve this problem, the capacitor C1 is 
placed in the return path instead. Now it is no longer the 
output capacitor C2 that is charged to the line peak voltage but 
both C1+C2 (Fig. 4b).  

Using this scheme shown in Fig. 4b, give rise to another 
problem – measuring the output voltage. 
 
B. Output voltage measurements 
 

The output voltage is no longer referenced to the ground 
potential but biased by the C1 capacitor voltage. In order to 
measure the correct output voltage a differential measurement 
has to be implemented. 

The complete schematic of a prototype of the proposed 
converter is shown in Fig. 5. The control chip (MC33260) 
used for this prototype has an internal reference current-
source that is used to control the output voltage. The output 
voltage is converted in to a current by the resistors R3 and R4 
and compared internally with the reference current. Because 
of the biased output voltage a contribution from the VC1 
voltage is added to the current through R3 and R4. This 
current is effectively subtracted by the current-mirror at the 
feedback pin (pin 1) implemented by Q2 and Q3 where the 
resistors R5 and R6 convert the VC1 voltage to the mirror 
current.  
 
 
 

C. Current limiting 
 

When the Rsense pin on the control chip (pin 4) is pulled 
below the ground potential (pin 6), an over current condition 
has occurred. This is a standard method for most BCM 
control ICs. For the Modified SEPIC converter an over 
current condition can also occur in the loop consisting of C1, 
D2, L2 and Q1. In order to solve this problem, a resistor, R14, 
is added in this loop. An over current condition can then be 
detected at the junction of R14 and C1 through the diode D10 
connected to the Rsense pin. The control IC will react when 
the voltage drop over R14 becomes greater than the threshold 
voltage of D10.  
 
D. Zero current detection (both L1 and L2) 
 

The control IC has an extra feature intended for 
synchronizing the PFC converter with the down-stream dc/dc 
converter. When the synchronize function is enabled the gate 
drive is disabled until both the zero-current condition has 
occurred and a synchronizing signal has been detected (pin 5). 
For the proposed converter, the synchronizing signal is 
generated when the zero-current condition of L2 occurs. 

When current is flowing through L2, the potential at the 
junction between D2 and D9 is clamped to the VC1 voltage 
through D2. When the zero-current condition for L2 occurs, a 
step in this potential follows (clamped through D9 to the 
output voltage). An extra branch in the current-mirror 
consisting of R11, R12 and Q4 detects this step. Zero current 
detection for L1 is achieved using the standard method for 
BCM boost PFC (sense resistor in the return path). 
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Figure. 5. VC1 voltage and VOUT+VC1 Voltage at VAC=90V, 180V and 270V 

 
 Measured data Theoretical data 

VAC VC1 (Mean) Max. Voltage stress VC1 (Mean) Max. Voltage stress 
90V 18V 240V 19V 229V 
180V 88V 315V 86V 296V 
270V 192V 420V 190V 400V 

Table 3. VC1 capacitor voltages and Maximum semiconductor voltages. Measured and theoretical data. 

 
VI. EXPERIMENTAL RESULTS 

 
A 210V, 100W prototype for the universal line input 

(90Vac-270Vac) has been tested to verify the performance of 
the Modified SEPIC. The full circuit schematic is shown in 
Fig. 5. 

In the steady-state analysis it is assumed that the capacitor 
voltage VC1 is constant during the line period. This is not 
through at low line voltage where the VC1 voltage has a very 
large ripple (±16V!) compared to the DC value (18V) (Fig. 
5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Experimental line currents. POUT=100W.  a) VAC=120V, PF=0.998, 
THD=5.8%. b) VAC=270V, PF=0.968, THD=22.5%. 

 
Figure 7. Efficiency of the experimental converter as a function of the AC-
line voltage. 
 

This ripple will cause a slight decrease in PF and an 
increase in the switch rms-current but the large ripple voltage 
has little effect on the overall converter performance. 
 

The line current distortion at high line is larger than 
expected by theoretical predictions. This is due to the fact the 
energy is transferred back to the input when the L2 inductor 
current down-ramp time is larger than the L1 inductor current 
down-ramp time. The energy is stored in the capacitance 
present at the rectifier-bridge at a voltage equal to the 
VOUT+VC1 voltage. 
 

The efficiency of the prototype for the full line range is 
shown in Fig. 7. Compared to other single-switch buck-boost 
type PFC converters reported in the literature, the efficiency 
achieved with the proposed converter is significantly higher 
(e.g. [1]). Normally the buck-boost type converters achieve 
efficiencies in the range of 80-90%.  
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The worst-case efficiency of 92.8% is achieved at low line 
(90VAC). In the area where the peak line voltage is close to 
the output voltage the performance is very good achieving 
efficiencies of over 95%. At high line the efficiency drops 
again, mainly because of the higher switching losses. 
 

CONCLUSION 
 

The BCM Modified SEPIC PFC converter is analyzed and 
experimental verified. The voltage stress can be reduced to a 
level comparable with the Boost PFC converter facilitating 
the use of low voltage rated semiconductors compared to 
other single-switch Buck-Boost derived converters. While the 
rms-current stress is still higher in the Modified SEPIC 
converter compared to the Boost converter, the switching 
stress is comparable. Comparing the magnetics of the above 
converters shows that the Boost converter needs more 
magnetic storage capability than the Modified SEPIC. 

The efficiency achieved with the experimental converter is 
comparable with the performance of the Boost converter but 
superior to other single-switch Buck-Boost derived 
converters. 
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Appendix B

B. MathCad spreadsheet of the power-loss calculations of the experimental EWiRaC
using average current mode control.
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Pinductor 3.083=Pinductor Pconduction Phys56mT+ Phys23mT+:=

Phys23mT 0.5 0.26⋅:=Phys56mT 0.5 1.05⋅:=

Pconduction 0.07
530

90








2

⋅:=Rdc 0.07:=

Inductor: Group Arnold A-083081-2, 81nH/N^2, single layer winding, N=60, Cu-diameter = 
0.95mm. 

The hysteris losses are caluted, assuming that the mean voltage applied to the inductor,
is 50V half time and 25V the other half (see Chapter 8, Fig.8.18). The flux change in these 
two cases are equal to 56mT and 23mT 

Inductor:

Pbrec 9.34=Pbrec 2 0.02
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⋅ 0.75
530 2⋅ 2⋅

90 π⋅
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Bridge rectifier: GBU8J(8A-600V), Vto = 0.75, Rd = 20mOhm

Bridge-rectifier:

Pemi 1.526=Pemi 2
530
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2

0.022⋅:=

Common mode choke: 2 stk. (2*2.7mH, 8A, Rdc= 22mOhm, Siemens)

The losses in the EMI filter mainly in the conduction losses in the common-mode filter. The 
filter is realized as a double pi-filter using the leakage of the common mode choke as the 
differential mode inductance.

EMI-filter:

fswitch 70 10
3⋅:=Vout 185:=Vac 90:=Pin 530:=

Calculated losses for the experimental EWiRaC
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Q1: STW45NM50, Rds=1.75*80mOhm (100C), g=20, Vth=4, Qgd=42nC, Ciss=3700pF, 
Rgate=6ohm, Vgate:14V

MOSFETs:



Q2+3: SPP20N60S5, Rds=1.75*190mOhm (100C) (Always on at 90Vac)

Pconduction 0.5 0.19⋅ 1.75⋅
1

1000
1

1000

n

530 2⋅
90

sin n
π

1000
⋅








⋅







2
90 2⋅
Vout

sin n
π

1000
⋅








⋅







⋅∑
=

⋅










⋅:=

PQ23 Pconduction:= PQ23 3.367=

Transformer:

The transformer losses are confied to the conduction losses of the two parallel primary 
windings. Transformer:RM12/N41, 6.5uH/N^2, N=43, bifilar wound, cu-diameter = 0.75mm, 
Rdc=50mOhm.
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Appendix C

C1. Schematic of the circuit used for the simulation of the current in the EWiRaC during
the mode transition

C2. Schematics of the experimental EWiRaC using average current mode control with
dc-shifted carriers
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Appendix C1

Schematic of the circuit used for the simulation of the current in the EWiRaC during the
mode transition
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Appendix C2

Schematics of the experimental EWiRaC using average current mode control with dc-
shifted carriers
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Appendix D

Input-fields in the database.

Fig. D.1. Input interface to the "Data-table". 

Below is a complete list of the input-fields in the data-base together with an explanation of
these. 
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Data tabel:

Reference ID: This is the unique identification number that each reference is assigned. In
order for the database to work there can only be one reference per reference ID.

Title: The title of the original input material

Abbreviated title: The abbreviated title is mainly a help in the process where the link
between the Data table and the Author table has to be established.

”Conference”: In the this database all of the references is taken from either APEC, PESC
or INTELEC. This information is used when the original material is sought.

”Year of publication”: Publication year

Pages in proceeding: Since the references in this database is taken from conference
proceedings the information is helpful when the original material is sought.

Analysis done by: In case of multiple users, information of who put in the data is useful.

Summary: A short description of content. It is very useful to use words that characterize the
approaches used. E.g. if the reference is describing a an interleaved boost converter, the
word interleaved should appear in the summary. This facilitates a powerful search
opportunity!  

Circuit diagram: A simplified circuit diagram of the approach described can be pasted into
this field. Usually a scanned picture of the diagram from the original material is used. Even
though this process is very time consuming, the outcome is very useful.

Insert figure: This figure number refers to the figure number in the original material.

Input line voltage: This refers to whether the design was intended for the high-line(185VAC-
270VAC), low-line(90VAC-135VAC) or for the universal input range(90VAC-270VAC).

Power range: Low: In some applications a minimum load power is required – e.g. some
single-stage configurations where the control of the voltage on the DC link capacitor is
dependent on the load.
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Power range: High: Maximum output power.

Max efficiency: Low-line: The efficiency of the converter at the lowest input voltage and at
maximum output power.

Max efficiency: High-line: The efficiency of the converter at the lowest input voltage and at
maximum output power.

Isolated: Does the approach secure galvanic isolation between the input- and the output
voltage.

Current waveform: Original when this database was started the Class D of EN61000-3-2
was dependent on the actual current waveform. So one of the possibilities of input in this
field is whether it is a class D waveform, a class A waveform, ohmnic or sinusoidal. The
ohmnic waveforms are the standard approach where the line voltage is used to shape the
input current. If the line voltage is not a pure sinusoidal, the input current will also not be
sinusoidal. If an internal sinusoidal reference is used, the waveform is of course sinusoidal. 

PF: Low-line: The Power Factor at low line.

PF: High-line: The Power Factor at low line.

Power switches: The number of power switches, e.g. 1 for all the single-stage single-switch
approaches.

Power rectifiers: The number of high frequency power rectifiers.

Mains rectifiers: The number mains rectifiers. If a diode bridge is used the number will be 4,
but if the approach is one that uses active rectifiers in stead of the passive bridge-rectifier
the number will be 0.

Magnetic components: The number of magnetic components, not including EMI filter
components.
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Bandwidth: The band-width of the outer voltage loop. Low bandwidth is synonymous with
a bandwidth much lower than the line frequency which is necessary not to regulate on the
pulsating input power. High bandwidth is associated with regular fast response dc-dc
converter.

Acoustic noise: This field can be used to indicate whether the design is can give rise to
problems regarding acoustic noise, e.g. switching frequencies in the audible area. 

 

Control complexity: An assessment of the complexity of the control circuit.

Type of control: What kind of control is used.

Switching frequency: Whether the switching frequency is constant or variable.

Switching frequency: Min:: In case of variable frequency, the minimum switching frequency
is noted.

Switching frequency: Max:: In case of variable frequency, the minimum switching
frequency is noted.

Input topology: How can the input be characterized, e.g. boost, buck...

Output topology: How can the input be characterized, e.g. boost, buck...

Output voltage: Min: The minimum output voltage. In some case the output voltage is
varied as a function of the load or the input voltage for example.

Output voltage: Max: The maximum output voltage. In some case the output voltage is
varied as a function of the load or the input voltage for example.

Number of outputs: The number of output in case of multiple output converters

Filter requirement: An assessment of the filter requirements. A buck-like input topology
would require much larger input filter compared to a boost topology for example.

Control-side: In the case that the approach is an isolated type, it is possible to state whether
the controller is situated on the primary or the secondary side.

-236-



Aux-supply needed: Is it simple to generate the auxiliary supply or does this require a
separate converter.

Level of finish: How well is the performance of the approach documented. Is by simulation
or is the converter in production.

Data complete: Just a reminder whether some of the data is incomplete

Author complete: Just a reminder whether the authors are in the author table.

DA-link complete: Just a reminder whether the Authors have been linked to the correct
reference.

Last edited: 

Author:

Author ID: Each author is assigned a unique identification number.

First name:

Middle name: Blank if there is none

Last name: 

Place of work: Affiliation 

DA-link:

Reference ID: The reference ID from the data table

Author ID: The author ID from the Author table.
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Author number: The number of which the authors are organized in the original material.

Blank page
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Appendix E

CD-ROM:

� The data-base (Microsoft Access)

� PDF-version of all the references in the data-base

� Thesis in PDF format
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