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Abstract

This thesis investigates the design of high efficiency Power Factor Correction
(PFC) converter for Class-D amplifier at universal line and 3.5kW power range.

The work starts with an overview on different high efficiency Bridgeless PFC
topologies and investigates their applicability with respect to the given specifi-
cations in Chapter 1. Based on the conclusions of Chapter 2, the single-phase
Two-Boost-Circuit Bridgeless PFC converter topology is considered the most
promising to start with regarding the achievable converter efficiency and the
EMI performances.

The subsequent Chapters discuss the method to optimize and improve the per-
formance of Two-Boost-Circuit BPFC converter in detail.

Chapter 8 explains the working principle of the Two-Boost-Circuit BPFC con-
verter firstly. And then, an optimized design procedure is implemented to
achieve an useful compromise between efficiency and power density. Where,
impacts of the Boost inductor design is analyzed carefully.

Chapter /4 firstly presents a novel interleaved BPFC (IBPFC) topology, which
can be consider as the extension version of traditional Two-Boost-Circuit BPFC
in Chapter 3 for EMI improvement. And then, the IBPFC’s EMI model is used
to study the insight of the relationship of EMI reduction and the number of in-
terleaved stages. Moreover, an multi-objective optimization design procedure is
proposed for designing a high efficiency, high power density and low EMI IBPFC
system. Finally, frequency dithering technique is researched and implemented
for the proposed IBPFC to gain further EMI attenuation.



Vi

Chapter 5 analyzes the measurement accuracy of the efficiency results presented
in this thesis in Chapter 4, which makes the efficiency measurement in this report
more convictive.

Chapter 6 summarizes the obtained results and concludes this work. Further-
more, an outlook regarding future researches in the IBPFC converter is pre-
sented.



Resumé

Denne afhandling undersgger design af hgj effektivitet Power Factor Correc-
tion (PFC) konverter for klasse-D forsteerker pa universel linje og 3.5kW effek-
tomrade.

Arbejdet starter med en oversigt over forskellige hgj effektivitet uden bro PFC
topologier og undersgger deres anvendelighed i forhold til de givne specifika-
tioner i kapitel 1. Baseret pa konklusionerne i kapitel 2, enkelt-fase to-Boost-
Circuit uden bro PFC konverter topologi betragtes som den mest lovende at
starte med om opnaelige konverterens virkningsgrad og EMI forestillinger.

De efterfglgende kapitler diskuterer metode til at optimere og forbedre effek-
tiviteten af to-Boost-Circuit BPFC konverter i detaljer.

Kapitel 3 forklarer arbejder princippet om to-Boost-Circuit BPFC konverter
forst. Ogsa er en optimeret design procedure gennemfgres for at na et nyttigt
kompromis mellem effektivitet og effektteethed. Hvor er konsekvenserne af den
Boost spole design analyseret grundigt.

Kapitel 4 For det forste praesenterer en ny interleaved BPFC (IBPFC) topologi,
som kan betragte som en udvidelse version af traditionelt to-Boost-Circuit BPFC
i kapitel 3 for EMI forbedring. Og derefter bliver IBPFCs EMI model anvendt
til at undersgge den indsigt af forholdet af EMI reduktion og antallet af sammen-
flettede trin. Endvidere er en multi-mal optimering design foreslaede metode til
at designe en hgj effektivitet, hgj effekttaethed og lav EMI IBPFC system. En-
delig er frekvensen dithering teknik forsket og gennemfgrt den foreslaede IBPFC
at fa yderligere EMI deempning.
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Kapitel 5 analyserer malengjagtighed af de effektiviseringsgevinster resultater,
der praessenteres i denne afhandling i kapitel 4, hvilket ggr den hgje effektivitet
maleresultater i denne rapport mere convictive.

Kapitel 6 sammenfatter de opnaede resultater og konkluderer dette arbejde.
Desuden er en prognose om den fremtidige forskning i IBPFC konverter praesen-
teret.
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CHAPTER 1

Introduction

1.1 Scope

The scope of this thesis is to present the results obtained in the Ph.D. project
“High Efficiency PFC front-end for Class-D Amplifiers”, performed by the au-
thor during the period from March 2009 through March 2012. Many of the
scientific results obtained in the project have been or will be published in the
form of conference papers and peer reviewed journal. The published and future

published papers forming an integral part of this thesis are included in appendix
[A1]-[AT].

The objective of this thesis is to supplement the already or future published
information in [A1]-[A7] by placing the published papers in the context of the
overall project and thereby present a more coherent and complete overview of
the whole work and results obtained.

Furthermore, the author hopes that this thesis can serve as a small condensed
“Designer’s Theoretical Handbook”on key fundamental issues related to the
design and optimization of high efficient PFC for audio applications.



2 Introduction

1.2 Background and Motivation

Due to the higher efficiency compared to linear audio amplifiers, the class-D
amplifiers make it possible for more compact and high-power audio applications
[1]. The power supply for the class-D amplifiers system from the AC mains is
usually carried out in two stages (Fig.1.1): the single-phase main AC voltage is
first converted into a DC voltage and then adapted to the load voltage level with
a DC-DC converter with or without galvanic isolation. The simplest way of the
rectification can be done by implementing unidirectional diode rectifier with DC
capacitors smoothing of the output voltage (Fig.1.2(a)). Although this concept
has its advantages of low complexity and high robustness, its disadvantages of
relatively high effects of current distortion on AC mains and an unregulated
output voltage directly dependent on the mains voltage level must be consid-
ered together. According to the guidelines to the harmonics current emission

Galvanic .
— AC/DC barrier —| Amplifier f=—
Single-phase
input
AC input Voc el
AC/DC > »| Amplifier >
filter com.Frter
L] | L]
L] .
[ ] .
—t AC/DC e —p Amplifier r—

Figure 1.1: Block diagram of typical power supply configuration for supplying Class-
D amplifiers system from the AC mains

limitation standard EN61000-3-2[2], the main behavior of a power converter
can be characterized in general by the power factor (PF) and the input cur-
rent harmonic emissions. The conduction state of the passive rectifier shown in
Fig.1.2(a) is essentially determined by the mains line-to-line voltages, whereby
only two diodes carry current at the same time when the input voltage higher
than the output voltage on the DC capacitor. This means that each diode
of the positive and negative bridge carries current only for a very short pe-
riod(fig.1.2(b)). Hence, the phase difference of input current and input voltage
is huge, the PF is very low and the harmonic current emissions of input current
is far above the EN61000-3-2 limitation. In order to avoid the low PF and high
current harmonic emissions problems, the active PFC Converter must be built
inside the rectifier system. Furthermore, for maintaining the natural advan-
tage of high efficiency of class-D amplifiers, as its front-end, the PFC system is
required to have an outstanding efficiency in a wide output power range.
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DY
D

Single-phase
AC

—— VDC

y; zls !

(a) Passive single-phase diodes rectifier

(b) Input voltage (green) and current (blue) waveforms

Figure 1.2: Passive single-phase diodes rectifier and its characteristic waveforms

1.3 Specifications

The specifications of the PFC converter investigated in this work (Table.1.1)
have been compiled in collaboration with our industry partner. The PFC system
comprises of a DC voltage output with the terminal voltage V, equals to 390V
and universal AC line voltage input V;, (85V < Vin < 265V). An output peak
power P, of 3.5 kW is required. Moreover, the system is expected to achieved
as high efficiency as possible.

Another important design parameter need to be defined in this project is the
switching frequency fs. The author selected fs equals to 65kHz based on the
consideration of system EMI optimization. Detailed analysis on switching fre-
quency selection will be presented in Chapter 4 in this thesis.
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Table 1.1: PFC Specification

Parameter Value Comments
Output Power P, 3.5 kW Maximum achievable power in
single-phase PFC converter
Output voltage V, 390V, As required
Input Voltage V;, 85-265 Ve Universal line input
Maximum Efficiency 7 >98% At high line 230V,

Input Harmonic Current Emissions

EN61000-3-2, Class D

Measurement required to take
under one eighth of the peak
power

Switching Frequency f,

65kHz

For better EMI performance

1.4 Project Objectives and Contributions

The primary objectives of this project regarding the selection and design of the

single-phase PFC converter are:

(Vin = 230V);

3.5kW);

High power density;

The contributions of this work are:

Suggestions for cost-efficient EMI suppression.

Converter peak efficiency > 98% at the high line operating condition

Converter efficiency > 90% under universal line input at peak power (P, <

e A overview on Bridgeless PFC converter topologies, includes a detailed
comparison to judge which one should be the best suitable to fulfil the
specifications in Table.1.1 (Chapter 2);

e An optimization for high efficient Two-Boost-Circuit BPFC converter based
on high efficiency and high power density Boost inductor design (Chapter

3);

e A simplified EMI modelling process is used to predict the EMI perfor-
mances of the BPFC converter (Chapter 4);
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e A novel Interleaved BPFC(IBPFC) topology is proposed, the insight of
EMI suppression versus the number of interleaved stages is investigated
(Chapter 4);

e A multi-objective optimization design procedure (MDOP) is implemented
to find the optimal parameters for the novel IBPFC system to achieve high
efficiency, low EMI and high power density at the same time (Chapter 4);

e A detailed research on frequency dithering modulation based on its advan-
tages and limitations is carried out for further reducing the EMI emissions
of the novel IBPFC topology (Chapter 4).

1.5 Project Plan and Content

A flow chart presents the work packages carried out in the course of this Ph.D.
project (Fig.1.3). Six conference papers have been published and one journal has
been submitted for peer reviewed. Additionally, the flow chart also illustrates
how the publications relate to the key parts of the Ph.D. project.

1.6 Thesis Structure

The structure, organization and content of this Ph.D. thesis in the flowing chap-
ters are presented (Fig.1.4). The conference papers and journal paper in [Al]-
[A7] form an integral part of this Ph.D. thesis and are appended. Because the
purpose of this thesis is to complement the already and future published papers
by providing a condensed and coherent presentation of the overall project and
its results, special focus will be devoted to presenting a coherent derivation of
the key fundamental theoretical aspects of this project.
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Figure 1.3: Ph.D. Project Overview

—
B -2 |

Start report

\__/_—"\

A.1PEDS 2009

A.3 ACEMP 2011
A. 4 APEMC 2012
A. 5 ECCE Asia 2012 No. 1

A. 6 ECCE Asia 2012 No. 2
A. 7 IEEE Trans. on Ind.

Elec.

This report




1.6 Thesis Structure

Chapter 1
Introduction

A

Chapter 2 State- A.1 PEDS 2009
of-the-art

efficienct BPFC

A
Chapter 3 <:: A.2 ECCE Asia 2011
Design of high
[
[

| A.3 ACEMP 2011
Chapter 4 EMI A. 4 APEMC 2012
modeling and <: A. 5 ECCE Asia 2012 No.1

suppression A. 6 ECCE Asia 2012 No.2
A. 7 IEEE Trans. on Ind.

Elec.

Chapter 5 ec
_‘____—/—'_'\

Accuracy

Analysis

A
Chapter 6

Conclusion and
future work

A

References

A

Appendix

Figure 1.4: Ph.D. Thesis Structure




Intentionally left blank



CHAPTER 2

State of the Art

As it has been emphasized in Chapter 1, the major task of the PFC design in
this work is efficiency optimization. However, due to the traditional single-phase
PFCs usually have full-wave rectifiers in the input side, which contribute a large
part of the semiconductor losses; recently, a new PFC family named Bridgeless
PFCs (BPFCs) has been proposed to achieve higher efficiency by removing the
full-wave AC rectifiers in front. Therefore, in this work, the author mainly
interested in the high efficiency BPFC topologies.

However, may the BPFC topologies be suitable for this work, is unclear. More-
over, beyond their high efficiency characteristics, the electromagnetic interfer-
ence (EMI) of the BPFCs need to be weighed as well.

The purpose of this Chapter is to present an overview of the high performance
state-of-the-art BPFC converters. The recent published literatures primarily
in the form of journal papers and conference papers has been researched and
analyzed. Main focus has been devoted to compare and evaluate their efficiency
and EMI together and to select the most proper BPFC topology to meet the
overall specifications of this project in Chapter 1 (Table.1.1).

Furthermore, for each compared BPFC solution, a short description of the op-
eration principle is given, too.
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In additional, the paper published as part of this project is also included in the
state-of-the-art analysis(appendix Al).

2.1 Derivation of Bridgeless PFC Converters

The idea of the basic Bridgeless PFC (BPFC) converters (Fig.2.1(a)) goes back
to eighties [3]. Comparing to the traditional most popular Boost type PFC
(Fig.2.1(b)), this smart concept improves PFC’s efficiency by removing the
bridge rectification system in front of it. During the last decades, researches
of the BPFC converters were taken not only to analyse the operation principles
but also to investigate its performances in different aspects [4-26]. With the

=Y

! ~A
% LB
D D
' : 0, 0,

CeT R.2V,

<
3
o
@
1}
=
=
<
a
W
@
ol
IFT
I
I
+

(a) Basic BPFC|3] (b) Conventional Boost PFC

Figure 2.1: Basic BPFC and Conventional Boost PFC Topologies
increasing demands on energy saving, in recent years the implement of BPFC
system have became more and more attractive. The collection below lists five
classic published BPFC solutions for high efficiency applications. And in each

selected BPFC converter, the brief descriptions of the topology and its merits
and disadvantages are provided.

2.2 BPFC Topologies Overview

2.2.1 Basic BPFC System

The basic BPFC system shows in Fig.2.1(a). Compare to the conventional Boost
PFC (Fig.2.1(b)), the most important advantage of it is that it doesn’t need four
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line frequency diodes operating as voltage rectifier.

Operation principles: Due to the basic BPFC works symmetrically, only half
of the AC line period is considered here. For example, in the positive AC line
period, when MOS S; is on, the Boost inductor is charged by S; and the body
diode of MOS S5. When MOS S is off, the Boost inductor is discharged through
Boost diode Dy and the body diode of MOS Ss.

Merits:

Compared to the Boost PFC, the basic BPFC has one less line frequency diode
in current flowing path, which reduces the semiconductor losses and enhance
the system efficiency.

Disadvantages:

However, compare to the conventional Boost PFC, the output ground of basic
BPFC has high frequency voltage pulses in the negative AC line period due
to it doesn’t connect to the positive terminal of AC source directly (Fig.2.2).
These voltage pulses can induce high CM EMI noises which may affect system
stability and bring difficulties to EMI filter design.
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(a) Basic BPFC (b) Conventional Boost PFC

Figure 2.2: Voltage Waveforms Between Neutral and Output Power Ground [27]

2.2.2 BPFC with Two Boost Circuits

The Two-Boost-Circuit BPFC in Fig.2.3(a) is an EMI improved version of basic
BPFC.

Operation Principles:
Due to the Two-Boost-Circuit BPFC works symmetrically, only half of the AC
line period is considered here. For example, in the positive AC line period, when
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Figure 2.3: Two-Boost-Circuit BPFC

MOS S is on, the Boost inductor is charged by S; and line frequency diode Dy.
When MOS S is off, the Boost inductor is discharged through Boost diode D;
and the line frequency diode Djy.

Merits:

By implementing two line frequency diodes D3 and Dy, the output ground is
connected to the terminals of AC mains directly in the whole AC line period,
which stabilizes voltage potential of output ground and reduces CM EMI gen-
eration (Fig.2.3(b)). In additional, instead of using the relatively high forward
voltage MOS’s body diodes as a part of the current flowing path, using normal
line frequency diodes D3 and D4 helps to improve system efficiency.

Disadvantages:

Due to the two extra line frequency diodes D3 and D4 and the one extra Boost
inductor L ps, this topology has higher cost and volume than the basic BPFC.
In publication [25], a 1kW universal line Two-Boost-Circuit BPFC is presented.

The output DC voltage is 400V. The maximum measured efficiency reaches 97%
at 220V, input and 600W.

2.2.3 Basic BPFC with Bidirectional Switch

Fig.2.4(a) is an modification of Two-Boost-Circuit BPFC (Fig.2.3(a)) by dis-
connecting the sources of MOSs 57 and S5 from output ground.

Operation Principles:



2.2 BPFC Topologies Overview 13

voltage (v)

I

T
|
4
|
|
|
|
T
|
o
|
af
|
|
-
”

s e Rt el e i Sl s M Bl
22002 2004 2006 2008 201 2012 2014 2016 2018 202
fime (s)

(a) Topology[5] (b) Voltage waveform between Neutral
and output power ground [27]

Figure 2.4: Basic BPFC with Bidirectional Switch

Due to the BPFC with bidirectional switch works symmetrically, only half of the
AC line period is considered here. For example, in the positive AC line period,
when MOS S; is on, the Boost inductor is charged by S; and the body diode of
MOS S3. When MOS S is off, the Boost inductor is discharged through Boost
diode D7 and Djy.

Merits:
By removing one Boost inductor Lpo, this topology has lower cost and volume
than the Two-Boost-Circuit BPFC in Fig.2.3(a).

Disadvantages:

It should be noticed in Fig.2.4(a), all the diodes are fast recovery diodes, how-
ever, in Fig.2.3(a), only Dy and D5 are fast recovery diodes, D3 and D, are line
frequency diodes because each of them conducts in half of the AC line period.
Normally, at the same voltage and current rating, the forward voltage drop of
the line frequency diodes are lower than the fast recovery diodes, which means,
with the same forward current, the line frequency diodes has lower conduction
losses than fast recovery diodes. Therefore, if other semiconductors are the
same, the total semiconductors’ conduction losses of the Two-Boost-Circuit can
be expected lower than the basic BPFC with bidirectional switch.

Furthermore, compare to the Two-Boost-Circuit BPFC and basic BPFC, the
output ground of basic BPFC with bidirectional switch has high frequency volt-
age pulses in the whole AC line period due to it doesn’t connect to the terminals
of AC mains directly all the way (Fig.2.4(b)). These voltage pulses will induce
high CM EMI noises and bring difficulties to EMI filter design. Besides, the
BPFC in Fig.2.4(a) requires a complex control and drive circuit, due to the
sources of MOSs do not connect to the output ground.
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2.2.4 Pseudo Totem-pole BPFC

Pseudo totem-pole BPFC (Fig.2.5(a)) can be considered as another modification
of Two-Boost-Circuit BPFC (Fig.2.3(a)).
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Figure 2.5: Pseudo Totem-pole BPFC

Operation principles:

Due to the Pseudo totem-pole BPFC works symmetrically, only half of the AC
line period is considered here. For example, in the positive AC period, Boost
inductor Lp; is charged by MOS S; and diode Dy, and discharged through
diodes Dy and Dy. Therefore, the same as Fig.2.3(a), diode D; should be the
fast recovery diode and diode D, is the normal line frequency diode due to it
conducts in the whole positive AC line period.

Merits:

By implementing two line frequency diodes D3 and D, the voltage positional
of output ground is stabilized in the whole AC period which reduces CM EMI
generation (Fig.2.5(b)).

Disadvantages:

However, this BPFC also requires a complex control and drive circuit, due to
the source of MOS S does not connect to the ground. Besides, comparing to
basic BPFC (Fig.2.1(a)), the Pseudo totem-pole BPFC asks for one more Boost
inductor, which increase the system volume.
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2.2.5 Totem-pole BPFC

Fig.2.6(a) is a modification of Basic BPFC (Fig.2.1(a)). by exchanging the
position of Boost diode D; and MOS Ss.
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Figure 2.6: Totem-pole BPFC

Operation Principles:

Due to the Totem-pole BPFC works symmetrically, only half of the AC line
period is considered here. For example, during the positive AC period, when
MOS S; and diode D7 conduct, the Boost inductor is charged. When MOS Sy
turns off, the Boost inductor is discharged through body diode of MOS S; and
D;.

Merits:

Due to the output ground is directly connected to the terminal of AC source by
Dy in the positive line period and the terminal of Boost inductor by the body
diode of S in the negative line period, the CM EMI generation problem from
basic BPFC can be solved.

Disadvantages:

However, the reverse-recovery performance of the body diodes of the switches
makes continuous current mode (CCM) operation of this BPFC (Fig.2.6(a))
impractical. Furthermore, compare to the basic BPFC, although they have
the same semiconductor numbers in the current flowing path, in the Totem-pole
BPFC, each MOS’s body diode conducts in the switching frequency. For normal
MOSs, their body diodes are very slow, which are not good for fast recovery
application. Additionally, the Totem-pole BPFC requires a complex control and
drive circuit, due to the source of MOS S5 doesn’t connect to ground.
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In publication [28], an optimized 500W universal line Totem-pole BPFC is pre-
sented. The output DC voltage is 380V. The maximum measured efficiency
reaches 96.8% at 220V, input and 500W. In publication [29], a 800W universal
line interleaved Totem-pole BPFC is presented. The output DC voltage is 400V,
the maximum measured efficiency reaches 97.8% at 264 V. input and 800W.

2.3 Summary of State-of-the-art Analysis

In this Chapter, the derivation of BPFC is introduced firstly. And then, five
popular BPFC systems are selected for detailed comparison. Their operation
principles, advantages and disadvantages are analysed. The summary of their
performances are given in Table.2.1. Where, the type and number of semicon-
ductors operating in each half line period are shown, the system peak efficiency
and EMI performance are highlighted.

According to the information from Table.2.1, the conclusions can be drawn as
below:

1. In these classic BPFC topologies, very few of them are verified by experi-
ments;

2. The designs of Two-Boost-Circuit BPFC and Totem-pole BPFC are achieved
only in low and medium power and their peak efficiency are 97% and 97.8%
respectively;

3. There are lack of researches based on high power universal line BPFC
design and optimization;

4. The Two-Boost-Circuit BPFC can be a very useful topology for this work
due to it has the possibility to run in a high power level with good ef-
ficiency, relatively lower EMI and less complex control and gate drive
systems.
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CHAPTER 3

Design of the High Efficient
BPFC - Boost Inductor

Optimization

In this Chapter, a useful design procedure is presented for Two-Boost-Circuit
Bridgeless PFC (BPFC) converter based on Boost inductor optimization, which
can be utilized to gain high efficiency and high power density at the same time.

3.1 Topology Basic Operation

Chapter 2 discussed the basic performances of five BPFC topologies. These
topologies can be expected to have higher efficiency than traditional Boost PFC
due to the reduction of semiconductor numbers in current flowing path. Ac-
cording to its conclusion, the Two-Boost-Circuit BPFC (Fig.3.1) shows better
performances than others due to system efficiency improvement without induc-
ing EMI problems.

The Two-Boost-Circuit BPFC has a symmetric structure. During the positive
AC line, diode D; operates when MOS S; turns off, and Boost inductor L,



20 Design of the High Efficient BPFC - Boost Inductor Optimization

AD, 4D

y ‘
LYY YN
Vacﬁj\l) L CO= 390Vpe
l
= =
&0, AD. _l:ﬁi&_l:&s \

— GND

Figure 3.1: Two-Boost-Circuit BPFC with good efficiency and low conducted EMI

discharges, meanwhile gives energy to load. When MOS S; turn on, Boost
inductor is charged, and diode D, is off. The output capacitor discharges and
transfers energy to load. Line frequency diode D3 returns current from output
ground to neutral and stabilize its voltage potential. In the negative AC line,
the BPFC works symmetrically. Its operation principles are shown in Fig. 3.2.
And it is easy to see that the BPFC in Fig.3.1 is equal to two normal Boost
PFCs, one works in positive line period and the other works in negative line
period.
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Figure 3.2: Operation principles of the Two-Boost-Circuit BPFC
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In our application, the BPFC works at 3.5kW power level. In order to reduce
the core losses from Boost inductors, the BPFC runs in the continuous current
mode (CCM). Because the average energy stored in Boost inductors in each
switching cycle is approximately zero in steady states, the input and output
transfer function of the selected Two-Boost-Circuit BPFC (Fig.3.1) is the same
as normal Boost PFC, which can be expressed as:

\/E‘/in,rms | SiD(Qﬂ'th) |

Vo= 1 —d(t)

(3.1)

Where V,, is output voltage, Vi, rms is the input RMS voltage, fr is line fre-
quency and d(t) is the instantaneous switch on duty cycle.

3.2 High Efficiency Boost Inductor Design

The Boost inductor design is tough and important for any Boost type PFC
converters, due to a good design can reduce not only the losses but also the
volume of the system. In order to optimize the Boost inductor and improve the
efficiency in the Two-Boost-Circuit BPFC, the questions below should be taken
into considerations at the very beginning:

1. Is there any reasonable region for Boost inductance selection?

2. How to choose windings and cores to minimize the magnetic losses while
still maintaining high power density?

By answering these questions, in this Section, a useful balance between efficiency
and power density of the Boost inductor design in a Two-Boost-Circuit BPFC
is achieved through using the optimized design procedure.

3.2.1 Conventional Boost Inductor Design Procedure

Generally speaking, it is typical to design the Boost inductor based on its in-
ductance and average current. It is well known that the peak inductor current
ripple limitation and the inductor operating condition determine the minimal
value of the Boost inductance together [30].



22 Design of the High Efficient BPFC - Boost Inductor Optimization

Since the worst-case peak inductor current occurs at low line and maximum
load, which is:

jL,maw = Ain,max + O~5fripple,ma:v (32)

Where, ‘max’means maximum value and symbol " means the peak value. There-
fore, Ir, mar means the peak value of maximum inductor current, I;;, 4, Means
the peak value of maximum input current, and I,;ppie, mae means the peak value
of maximum inductor ripple current.

Many design cookbooks claims that a good compromise between the peak in-
ductor current ripple and its peak current is to allow a 20% current radio.
Assuming;:

Iripple,maa: = 0'2jin,maa: (33)

Hence, the minimal inductance to meet the peak current ripple limitation can
be calculated as:
‘A/in,mianorst (34)

Lminl = =
Iripple,maz fs

Where, ‘min’means minimal value and ‘D, ..s’is the worst-case on duty ratio
which is 0.69.

Since the BPFC in this work is designed to operate in CCM mode, the induc-
tance should also be big enough to avoid the inductor current dropping to zero
during its discharge period in each switching cycle. So, at any switching period:

IL,min(n) - Izn(n) - O~5Iripple,maz(n) >0 ‘U

o sm(ﬁw) > 57 sm(ﬁw)(l a7 sm(ﬁw))Ts (!
L> AP, <1 a7 s1n(N7r)> (3.5)

Where, ‘N’'means the total number of sample points, ‘n’means sample step, T
is switching period, ‘n’means system efficiency.

The boost inductor L in Eq.3.5 reaches maximum value when:

sin(%ﬂ) -0 (3.6)
Hence,
V2T,
Luning > —n=s1 (3.7)

4P,
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According to Eqgs.(3.4) and (3.7), the minimal Boost inductance should satisfy
the following condition:

Lmin > {LminlyLminZ}mam (38)

When the selection of inductance is ready, suitable cores and windings can
be chosen based on the maximum DC and RMS current flowing through the
inductor. Normally, the core and winding selection processes can be quickly
done by following the guideline provided by the magnetic manufacturers, such
as: [31-33].

It is obviously that using the inductor design method above will lead to a quick
design and short the development period. However, this design method almost
come from experiences, whether it have been optimized is doubtable. For ex-
ample: considering the amount of input current ripple, on one hand, allowing
more current ripple will reduce the inductance, this may reduce the size of the
inductor due to the inductor’s volume is in direct proportion to its inductance.
However, on the other hand, it will increase the input line noise, ripple current
in the Boost inductors and the peak current through the diodes and MOSs.
These may not only increase the difficulties of EMI filter design, but also lead
to higher core losses, AC winding losses and higher semiconductor losses. Fur-
thermore, the reason for using the 20% peak to peak ripple to peak current ratio
is unclear.

Because the Boost PFC inductor design has been ambiguous for long, the dis-
cussion below will firstly focus on how to improve the system efficiency by op-
timizing the Boost inductance. And then, the detailed study on system volume
optimization will be presented. In order to avoid including too much critical
issues at one time, the EMI is not discussed in this Chapter.

3.2.2 Optimized Design Procedure

The optimization procedure below (Fig.3.3) is carried out based on high effi-
ciency Two-Boost-Circuit BPFC in Fig.3.1 operating in CCM. And basically
any Boost type PFCs working in CCM could be considered in this procedure as
well.

In the optimization, the switching frequency is limited to 65kHz. The start point
of this procedure is the specifications definition, which including all the fixed
critical parameters in the main circuit. For example: input and output voltages,
output peak power, output capacitors, inner parameters of the semiconductors
and so on. Next, the important initial starting values of the BPFC variables are
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set. Such as: minimal CCM Boost inductance L,,;,, starting minimal output
power P, pmin, parameters of cores and windings from manufactures. After fin-
ishing defining all the specifications and initial values, the mathematical BPFC
model will be used to calculate the RMS and average currents flowing through all
the components in the circuit, finally semiconductor losses and inductor losses
can be predicted.

There are two inner optimization loops in the procedure. Inner optimization
loop 1 seeks the characteristics of semiconductor losses versus Boost inductance
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and output power, which will give a most suitable region of Boost inductance
at certain power level. And inner optimization loop 2 gets a compromise of
volume and efficiency of the inductor. Both of the two optimization loops will
be explained in detail in the later sections. The optimal design can be realized
by running optimization loop 1 and 2 together.

3.2.3 Mathematical Modelling

In order to predict the performances of Boost inductors, the mathematical model
should be able to show the RMS and average currents of the BPFC for calcu-
lating losses and choosing magnetic components. In the derivations below, the
normalization has been taken in order to make the modelling process more clear.
For more details please refers to Appendix A.2.

izz (1) ‘

Irp o (71)

inTs t

(n-1)Ts

1
i
Y

d(n)Ts o [-d(n)]Ts

Figure 3.4: Boost inductor current waveform in a switching cycle in CCM

Starting from the Boost inductor, its current waveform during a switching cy-
cle can be approximated as in Fig.3.4. The normalized average Boost inductor
current in the nth switching cycle is:

iLB.avn (1) = liin(n)| /1o = Ly |sin2anTs/TL)|,n=1,--- ,N (3.9)

Where, subscript n means normalized, subscript av means average and 717, is
the AC line period.

The current ripple in Boost inductor in the nth switching cycle is determined
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Nisan) = 125 d(u, (3.10)
|Um n (M| = |vinn(n)|)
Lon (3.11)

Where, d is the switching on duty ratio. In CCM mode, its discrete time function
is:

amy =1 - 22Oy ) (3.12)
Vo
And,
B AL efsi B )
Lp = Lpo 1 VAL erri = f(Mig) (3.13)
L0

)

Lp is the Boost inductance with DC bias. It is a function of number of turns
M and input current %;, due to the DC magnetizing force. Ay o,is the initial
nominal inductance, and Ay, cff; is the nominal inductance with DC bias which
can be calculated based on the data sheet of the core. For example, reference
[34] shows the DC bias performance of Kool Mu cores from Magnetics®.

The relevant RMS and average currents for Boost inductor and semiconductor
losses calculations under CCM in the nth switching cycle are listed below:

. Izn AZLB ) 2
ZLB,Tms,n(n) - | ‘ \/ 21 )

_ \/Zmn )2+A2L37”()2 (3.14)

- IZn A
ZSl,rms,n(n) = | \/ ZLB > \/

QZm
_ \/d(n) (imn(n)2 + A“B n > (3.15)
irann(n) = (=)= = il 16)
iDS,av,n(“) = w = ‘Zin,n(n” (317)

Where, subscript av means average.

It should be noticed that even in the CCM condition, around the zero crossing
of the line voltage, during a few switching cycles, the BPFC operates in DCM
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mode inevitably. The DCM periods are also taken into consideration during the
calculation in order to obtain a more precise prediction.

The CCM and DCM boundary condition happens when:

i15(m) ‘

I1p (1) Afyp(m)

(n-1)Ts ﬂ. h inTs  t
d(n)Ts : d1(n)Ts :
-t >
: Ts :

Figure 3.5: Boost inductor current waveform in a switching cycle in DCM

The same as the previous procedure, in DCM operations, the current waveform
of Boost inductor during a switching cycle can be approximated as in Fig.3.5.
The normalized average Boost inductor current in the nth switching cycle is the
same as Eq.(3.9).

In DCM condition, MOSFET’s duty ratio is:

d(m) = \/2(1 — [inn (DD liinan(w)] (3.19)

|Uin,n(n)|

And d; is the conduction duty ratio of the Boost diodes:

n) — 2|U2‘n,n(n)7;in,n(n>|
i _\/ (0 on(m)) 5" o
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The 7 LB,n is the normalized peak inductor current in DCM.

iLBm(n) = \/ i ()| 2L (I = Vi ()]} (3.21)

LB,n

The relevant RMS and average currents for Boost inductor and semiconductor
losses calculations under DCM in the nth switching cycle are listed below:

d(n) +di(n)

iLB rms,n(N) = fzug,n(n) (3.22)
st () = i1 ()1 200 (3.23)
iD1,av,n(N) = dl(n)% (3.24)
ipsaun(m) = S5 = i o) (3.25)

The corresponding normalized RMS and average currents during a half line
period are as below:

N/
1 ‘
IX,rms,n == ﬁ Z ZX,Tm,s,n(n)2 (326)
n=1
1 &
IY,av,n = ﬁ Z iY,av,n (327)
n=1

Where, X symbolizes MOSs and Boost inductors and Y represents Boost diodes
and return diodes. N’ is the number of sampling data in half line period.

3.2.4 Inductance vs. Semiconductor Losses

In this section, the insight of Boost inductance versus semiconductor losses
is presented. It shows the method to evaluate the system efficiency affected
by Boost inductance and gives the most suitable region for Boost inductance
selection.

3.2.4.1 Semiconductor Losses

The basic losses model is implemented in this section to predict the semicon-
ductor losses. The key semiconductors’ data of the BPFC are:
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1. MOSs:IPW60R045CP from Infineon®
2. Boost diodes:STPSC1206 SiC diode from ST®
3. Current return diodes: STTH6004W from ST®

For all calculations and measurements in this Chapter, a reference ambient
temperature (T = 25°C) has been used.

MOSFET Losses The calculation of the power dissipated in the switches con-
siders two different losses mechanisms: conduction losses and switching losses.
The RMS currents through the switches determine the respective conduction
losses.

According to Eq.(3.26), in half line period, the switch generates the total con-
duction losses:

PRds = (ISers,nIo)2R51 (328)

Where Rg; is the on resistance of MOS.

The calculation of the switching losses is more complex, since it not only depend
on the selected power MOS’s intrinsic parameters, but also the parasitic param-
eters (e.g. PCB stray inductances). In this thesis, all the switches operate in
hard switching mode, the accrue switching loss is due to high current and high
voltage being present in the device simultaneously for a short period. It can be
calculated approximately as below [35]:

_ Vbps - Ips o ta + 13

Pyy, 3.29
5 T (3.29)
Vas.atitter — Vi

ts = (Cas — Crss) GS’”“?:; T (3.30)
Vorv — 0.5 - (Vas, mitier + Vrm)

Igo = : 3.31

@2 Rgate ( )

Vi
t3 = CRrss - % (3.32)
Tos = Vorv ;%VfS,Miller (3.33)
gate

Where, Rgqte is gate resistor, Vs aier is the miller plateau level, Vry is the
threshold voltage, Vpry is gate drive voltage, Cgg is the capacitor formed by
the overlap of the source and channel region by the gate electrode, Crgg is the
capacitance from gate to drain.
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Therefore, the total losses dissipate on MOS is:

PMOS,tot = PRds + Psw (334)

Diode Losses In the BPFC prototype, both of the Boost diode and line fre-
quency diode are implemented with Silicon carbide (SiC) diodes. Their switch-
ing losses can be neglected due to they do not suffer from reverse recovery.

According to Eq.(3.27), in half line period, the conduction losses of Boost diode
and line frequency diode are:

PDB,con = (IDB,(w,nIo)VF,DB (335)
PDL,con = (IDL,(J/UJLIO)VF,DL (336)

Where, DB means Boost diode and DL means line frequency diode, V¢ pp and
Vr,pr are the forward voltages of Boost diodes and line frequency diodes.

3.2.4.2 Inductance Optimization vs. Semiconductor Losses

Fig.3.6 displays the semiconductor losses ratio (including conduction and switch-
ing losses) in function of the output power and Boost inductance when the input
voltage is 220V, and output voltage is 390V. From Fig.3.6, it can be seen:
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Figure 3.6: Semiconductor Losses Ratio vs. Boost Inductance and Output Power
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e For constant output power, considering the Boost inductance starts to
increase from CCM limitation value Ly,;,. At the beginning, semiconduc-
tor losses ratio reduces significantly, while the Boost inductance increases.
However, as soon as the Boost inductance reaches the value around 0.6mH,
the losses ratio reduction vs. Boost inductance is not evident any more.
That means: it is not necessary to use a very large Boost inductor to
reduce the semiconductor losses and improve system efficiency in Two-
Boost-Circuit BPFC.

e If the BPFC operates in variable output power, take the audio application
as an example, there will be a best region for Boost inductance with rela-
tively low and stable semiconductor losses ratio and higher power density.

As what has been shown in Fig.3.6, the inductance from 0.2mH to 0.6mH should
be the best suitable region from 300W up to 3.2kW application. This optimized
inductance range will do benefit to reduce magnetic volume, which will be shown
in the next section.

3.2.5 Efficiency and Volume Optimization

Boost inductors occupies the majority of the volume in BPFC converters. In
order to make a compact BPFC converter, the inductor design should be paid
high attention. Besides, the power losses in the inductors are function of induc-
tors’ volumes as well. In optimization loop 2, a useful compromise between size
and efficiency of a Boost inductor can be achieved.

3.2.5.1 Cores Selection

The inductor losses come from core losses and winding losses. In order to predict
the total inductor losses, the first step is choosing the core. A suitable core for
Boost inductor must have high flux saturate limitation, low core losses and
acceptable price. On the magnetic manufacturers’ website, there will be very
specific information about each core’s shape and its material. In this work, the
author chose the Kool Mu E cores because of their advantages of high saturation
level, relatively low core losses and cheaper price [306]. And all the details of
every Kool Mu E core are defined as the initial values at the beginning of the
optimization procedure.
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3.2.5.2 Winding Losses

Considering the winding losses, the DC losses part usually keeps constant in
fixed power level when the type and length of the winding is given; however the
AC losses is more complex due to the skin and proximity effects. In this design,
copper foil is used in order to decrease the proximity effect. Eqgs. (3.37) - (3.40)
give the functions of winding losses, switching frequency, layers and copper foil
thickness [37]. Where, h is the thickness of copper foil, ¢ is skin depth, and ¢ is
the ratio between copper thickness and skin depth.

Py = |Gi(9) + 3O = D[Ga(9) ~ 2Ga(0)]| x Pac  (330)
_ % _ h%zs (3.38)
_ sinh(2¢) + sin(2¢p)
Gilp) = cosh(2¢) — cos(2¢) (3.39)
Golp) = sinh(¢) cos(¢) + cosh(ep) sin(p) (3.40)

cosh(2¢) — cos(2¢p)

According to the equations above, Fig.3.7 shows the increase of layer copper
losses producing by proximity effect vs. ¢ and MMF force ratio m. It can be
found in Fig.3.7, with the factor ¢ and layer m increasing, the AC losses increase
significantly.

Assuming the switching frequency is 65kHz, and all the simulations are under
the same condition: 220V, input and 390V output on 3.2kW. Because the trend
of winding losses’ increase independents on the core size, in Fig. 3.8, the inductor
winding losses vs. thickness of copper foil and inductance are given using Kool
Mu E core 5528E090 from Magnetics®. It can be found that at the same
inductance, when the copper foil’s thicknesses increase, the total winding losses
reduce due to DC winding losses reduction. But the maximum inductance which
can be wound on the core decreases as well. However the inductance dropping
will not enhance the semiconductor losses ratio as long as carefully choosing the
suitable inductance according to what has been mentioned in previous section.
Therefore, h varies from 0.1lmm to 0.15mm could be a good range for copper
foil selection in order to gain low winding losses.
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Figure 3.7: Increase of layer copper losses proximity effect as a factor ¢ and MMF
force ratio m [37]

3.2.5.3 Core Losses

Eq.(3.41) gives the function of core losses, flux density, switching frequency and
the volume of the Kool Mu cores [38].

Peore = KHfEBgvVe (341)

Where Ky, o and 8 are constant parameters, which are determined by the
material of the core. V. is the volume of the core. Bg, is the average flux
density in the core during half line period. It can be calculated as below:

5 =L N up(n)d(n)

=5 SATAJ, (3.42)
n=1

Where the v, (n), d(n) are the instant value of inductor voltage and switch duty

circle at each switching cycle. M is the number of turns of the inductor and A,

is cross section of the core. N’ is the number of switching cycles in a half line
S

cycle, which is the greatest integer of 2L
L
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Figure 3.8: Inductor Winding Losses vs. Thickness of Copper Foil and Inductance.
The core is Kool Mu E core 5528E90 from Magnetics®

’ Core Type \ Volumea\ AP \ BP \ CP \ DP \ FP \ LP \ MP ‘
00K5528E090 | 43100 | 54.86 | 27.56 | 20.62 | 18.50 | 16.76 | 8.38 | 10.29
00K7228E060 | 50300 | 72.39 | 27.94 | 19.05 | 17.75 | 19.05 | 9.52 | 16.89
00K5530E090 | 51400 | 54.86 | 27.56 | 24.61 | 18.50 | 16.76 | 8.38 | 10.29
00K8020E040 | 72100 | 80.01 | 38.10 | 19.81 | 28.02 | 19.81 | 9.91 | 19.81
00K8020E060 | 72100 | 80.01 | 38.10 | 19.81 | 28.02 | 19.81 | 9.91 | 19.81
00K6527E060 | 79400 | 65.15 | 32.50 | 27.00 | 22.20 | 19.65 | 10.0 | 12.1
00K8044E026 | 80912 | 80.01 | 44.58 | 19.81 | 34.36 | 19.81 | 9.91 | 19.81
00K160LEO026 | 212000 | 160.0 | 38.1 | 39.62 | 28.1 | 19.81 | 9.9 | 59.28
00K130LEO026 | 237000 | 130.3 | 32.51 | 53.85 | 22.2 | 19.81 | 10.0 | 44.2
3

& Unit: mm
P Unit: mm, parameters describe the dimensions of the cores, the meanings can
be found in the datasheet [34]

Table 3.1: Dimensions of The Kool Mu E Cores from Magnetics®
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From Eqgs.(3.41) and (3.42), Fig.3.9 shows the core losses vs. Boost inductance
for all the qualified Kool Mu E cores from Magnetics®. In the legend on the
right side, the cores were ranked by size, the topper the smaller. The volume of
the cores are listed in table 3.1. According to this figure, it is clear that when
the inductance increases, the core losses decrease due to the increasing of turns.

——(0K5528E090
e (K7 228E0B0
00KS530E050
= (0K B020E040
00KB020ED60
= (0K6527E060
= 0K B044E026
=== (0K 160LE026
00K130LE026

5528E090 achieves a compromise of core

: losses and volume (43cm3) :
1 . b\, W N, W, WO I sovemerrmmm—p— e o . ................................. o

Pcore (W)

1 2 3 4 5 [

Lt xi0

Figure 3.9: Core Losses vs. Boost Inductance for All Qualified Kool Mu E cores
from Magnetics®

Fig.3.10 shows the total Boost inductor losses vs. inductance for different quali-
fied Kool Mu E cores (see table 3.1) from Magnetics® when h equals to 0.13mm.
From Fig.3.10, comes the conclusion that:

e At a certain power level, the Boost inductor losses have its minimal value
when the inductance changes.

e The minimal inductor losses are different depending on cores. However,
the relationship is not exactly the same as: the bigger the core, the lower
the losses. It depends on several factors. Such as geometry of core, perme-
ability, DC bias performance and temperature rising. For example, core
5528E090 (51.4cm3) is smaller than 8020E060 (72.1em3), but its inductor
losses are lower due to its higher permeability.
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Figure 3.10: Total inductor losses vs. Boost inductance for different qualified Kool
Mu E cores from Magnetics® when h=0.13mm

It should be noticed that in Fig. 3.10, the total inductor losses drop with the
inductance increasing. This is due to in the range of inductance from 0.1lmH
to 0.5mH, the core losses dominate the total inductor losses. So, when the
inductance increases, the core losses reduce because of the higher number of
turns. If the inductance keeps on increasing, the winding losses will increase.
Finally, the winding losses will dominate the total losses, and then, the inductor
losses will start to increase.

According to section 3.2.4 and 3.2.5, the expectable Boost inductor parameters
for the Two-Boost-Circuit BPFC in Fig.3.1 at 3.2kW and 220V, input can be:
L=0.23mH, the copper foil is 0.13mm, using Kool Mu E core 5528E090 (volume
is 43.1cm?) for high efficiency and power density application.

3.3 Experiment Results from a 3.2kW Bridge-
less PFC

Efficiency comparison of the simulations based on the optimization design pro-
cedure and the measurement results of the proposed Two-Boost-Circuit BPFC
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system is given in Fig.3.11. It output power range is from 300W to 3.2kW.
Fig.3.12 gives the measured input voltage and current waveforms of this BPFC
at 3.2kW and 220V,..
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Figure 3.11: Efficiency comparison of Two-Boost-Circuit BPFC at 220V input and

390V output using core 5528E090
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Figure 3.12: Input voltage and current waveforms from Two-Boost-Circuit at 220V,

input and 390V output using core 5528 090
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According to Fig.3.11 and 3.12, it can be concluded that the calculated val-
ues from the optimization design procedure predict the performances of the
Two-Boost-Circuit BPFC correctly and give an optimized design of the Boost
inductor.

3.4 Conclusions on the Design of High Efficient
Boost Inductors

According to the discussions in this Chapter, the key point for high efficiency
and high power density BPFC design is the Boost inductor optimization. In
order to achieve as high efficiency as possible, the Boost inductance should be
selected carefully based on the BPFC’s power level and semiconductor losses.
Furthermore, there should be a best value for boost inductance at a constant
power. Additionally, it is not necessary to use very large inductance to reduce
semiconductor losses.

In conclusion, in order to best compromise the inductor losses and its volume
for the high power Two-Boost-Circuit BPFC system, the proposed optimization
procedure is a useful method for implementation.



CHAPTER 4

EMI Analysis and Suppression

Working as an electronic pollution eliminator, the PFC’s own Electromagnetic
Interference (EMI) problems have been blocking its performance improvement
for long. In this Chapter, a systematic research on the generation of EMI in the
selected T'wo-Boost-Circuit Bridgeless PFC in Chapter 3 is presented. And two
cost-efficient methods for EMI reduction are discussed. Furthermore, a novel
BPFC topology is proposed for EMI improvement.

4.1 EMI Modelling

To better explain how exactly the EMI generating from the Two-Boost-Circuit
BPFC, this section starts from analyzing and modelling the common mode
(CM) and differential mode (DM) noises of this BPFC firstly. Because it is well
known that the real EMI performances typically depend strongly on the circuit
layout, semiconductor characteristics, gate drivers, operating currents, voltages
and temperature and parasitic elements, the actual EMI performances above
1MHz are very difficult to simulate. In order to avoid to push the research into
unlimited complexity, in this section, only the noises frequency below 1MHz are
taken into consideration. Besides, the model of EMI receiver is not considered
at this section neither.
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Start from DM noise modelling, the basic key steps are given in Fig.4.1.

e Using the symmetrical operation structure to simplify the topology. As
the discussions in previous Chapters, due to the converter operates sym-
metrically, only the positive AC line period needs to be considered. In the
negative AC line period, the operation principles are the same.

e Because the output filter capacitor can be considered as a short circuit
in high frequency, and the return diode D3 is always conducted in the
positive AC line period, these two components can be simplified.

e Simplify the MOS, Boost diode and the Boost inductor. In high frequency
domain, the Boost inductors charge and discharge through MOS S; and
Boost diodes D, therefore, it can be considered as a triangle current
source.

D
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Figure 4.1: DM EMI Modeling Process of the Two-Boost-Circuit BPFC

Following the same modelling concept above, the CM model of the BPFC is
shown in Fig.4.2. Where the capacitor Cj; is the sum of the parasitic capacitors
between the MOS to the earth, which offers a high frequency noise current loop
from BPFC to the AC mains. Through Fig.4.1 and Fig.4.2, it can be concluded
that for the proposed BPFC in Chapter 3, its DM and CM model are equivalent
to a triangle current source and a pulse voltage source respectively.

4.2 EMI Suppression

With the increasing demands on environment-friendly power electronics, re-
search and development on EMI reduction are attracting more and more atten-
tions. During the last decades of years, plenty of researchers presented their
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Figure 4.2: CM EMI Modelling of the Two-Boost-Circuit BPFC

contributions in EMI and EMC field [39-58]. Generally speaking, the previous
studies on EMI suppression can be classified into two types: suppressing EMI
from the noise source and blocking the conducting loop of EMIL.In the following
sections, the author offers two methods to reduce the EMI of the traditional
Two-Boost-Circuit BPFC from noise sources inside the converter. Both of the
proposed methods are analyzed in details and approved by experimental verifi-
cations.

4.2.1 EMI Reduction Using Interleaving Technique

With the increasing requirement of high power application, instead of simply
paralleling several BPFCs together, interleaved BPFC (IBPFC) is investigated
in this Section. The publications [A3] and [A5] related to this work give the opti-
mal design of a high efficient 2-stage IBPFC in Fig.4.3. This novel topology can
be expected to have better EMI performance comparing to the non-interleaved
BPFC due to the inner EMI cancellations caused by phase shift.

Taking the general multi-stage IBPFC in Fig.4.4 as an example, the detailed
analysis on how can the interleaved stages help EMI cancellation in IBPFC
systems is presented in the rest of this section.

4.2.2 Multi-Interleaved Stages and EMI Cancellations

Similarly, because the N-stage IBPFC in Fig.4.4 works symmetrically, only the
positive AC period is considered here. In the positive half line period, Boost
inductors L; ;, MOSs S;; and Boost diodes D, ; work interleaved with Dg re-
turning current to AC source. Where, i symbolized the number of interleaved
stages ranging from 1 to N. One of the major reasons for using IBPFC is EMI
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Figure 4.3: Proposed novel 2-stage Two-Boost-Circuit IBPFC

cancellation. However, since the BPFC converter has variable on duty ratios,
the input ripple current can not cancel completely all the time. To give the
insight on the relationship between number of interleaved stages and EMI can-
cellations, the DM and CM EMI modelling of the multi-stage IBPFC system in
Fig.4.4 can be achieved by generalized the DM and CM EMI models (Figs.4.1
and 4.2) from the normal BPFC in Chapter 3.1, due to the multi-stage IBPFC
system is an extended version from the traditional BPFC.

The EMI models of the multi-stage IBPFC can be drawn in Fig.4.5. All of the
DM (CM) noise sources are 360°/N phase shift. Where, N is the number of
multi-stage interleaved modules. The normal non-interleaved BPFC has an N
equals to 1. To predict the internal affect from each noise source and give a
numerical explanation on the complete system, the mathematical derivation of
the CM and DM noise sources in Fig.4.5 are as followed.

Assuming the nth order CM and DM noise of the first interleaving stage are
defined as:

Vo1 (nwo) = Ape#n (4.1)
B, .
Vb (nwo) = Wejq)" (42)

Where, the wy is the fundamental angular frequency, A4, and B, are the CM
and DM harmonics’ amplitudes of non-interleaved BPFC, and ¢,, and ®,, are
the initial phases of the nth harmonics. Therefore, the nth order CM and DM
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Figure 4.4: Possible architecture of multi-stage IBPFC system
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Figure 4.5: DM (left) and CM (right) EMI modeling of the N-stage Two-Boost-
Circuit IBPFC

noise sources of the Nth interleaving stage are:

- 2mn(N —1)
VCMJV(TL(UO) = Anejgan N
2mn(N — 1)
B, i®,———"
VD]\LN(TLW()) = —F€ N (43)

N
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According to the superposition principle [59], the sum of the nth order CM
(DM) noises from the N-stage IBPFC can be expressed as

Ve ot (nwo) Z Ven,i(nwo)
A, 27m 2mn(k — 1)
= W[’; cos(®,, — )+ J Z sin(® T)]
(4.4)
Ip ot (nwo) Z Ipr,i(nwo)
27rn 2mn(k — 1
= Wn [Z cos(ipn — )+3 Z sin(p (T))]
k=1
(4.5)
Assuming ¢,, = ¢, = 0, Eqs 4.4 and eqs 4.5 can be simplified as:
N N
A, 27m 27m
Veuramnan) = 3 eos =) 53 EULUESS) IROYS

N N
B, 27m -1 . . 2mn(k—1
Ipa ot (nwo) = =~ E )) - sm(#)] (4.7)
k=1 k=1

From Eqs (4.1) and (4.6), the amplitude ratio of nth order CM noise of the
N-stage interleaved and non-interleaved BPFC is:

Ve tot (nwp)

alnwy) = |—F——=
V ,no’n(nw )

B 1 C]\;[V 2:(71(](7 - 1) . al . 27m(k — 1) 4.8

- ¥ kEZICOS(T) *jk:1sm(T) (4.8)

Similarly, from Eqgs (4.2)and (4.7), the amplitude ratio of nth order DM noise
of the N-stage interleaved and non-interleaved BPFC is:

Vo, ot (nwo)
VDM, non (Nwy)
R

N
N ZCOS(L —ijln 2mn (k ))‘ (4.9)
k=1

Blnwo) = ‘
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Where, Vo tot (nwo) and Vpar, ot (nwp) are the nth order CM and DM harmon-
ics of the N-stage IBPFC; Vons non(nwo) and Vpas non(nwp) are the nth order
CM and DM harmonics of non-interleaved BPFC.

By using the Orthogonality principle [60]

a(nwy) = B(nwy) =0,n #c- N
B(nwo) =1,n=c-N (4.10)

a(nwy)
Where c is the positive integer serials starting from 1.

Hence, the amplitudes of high switching frequency noises from both CM and
DM sources in the N-stage IBPFC can be solved as below:

Ve tot(nwo)| = 0,m # ¢ N
Ve tor (nwo)| = Ve non (nwo)| ,n =c- N (4.11)
[Ipastot(nwo)| =0,n#c- N
|Ip ot (Nwo)| = [IDM,non(nwo)| ,n = c- N (4.12)

From Egs. (4.11) and (4.12), it can be concluded that:

o Interleaved stages help to improve both CM and DM EMI.

e In an N-stage IBPFC, except the ¢- IV times fundamental frequencies, all
the rest harmonics can be reduced due to the phase shift.

e The more interleaved stages the IBPFC has, the more high frequency
harmonics will be reduced.

e The switching frequency fs affects the design of the EMI filter of IBPFC
due to the noises cancellation do NOT happen at ¢- N times fundamental
frequencies.

In order to maintain the EMI advantage of IBPFC, it is better to select its
switching frequency based on the range of conduction EMI standard. Imple-
menting the European Standard EN55013 as an example, the disturbance volt-
ages at mains terminals in the frequency range from 150kHz to 30MHz need
to be attenuated to fulfil the EMI limitation [61]. Therefore, the first harmonic
of the IBPFC, which locates inside the range of the conducted EMI standard
should be better NOT to equal to ¢ x N times of fundamental frequencies. The
mathematic expression is:

150k H =

=T

1#c¢-N (4.13)
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Where f, is the switching frequency, and | x ] is a ceiling function, which returns
the smallest integer not less than x. From Eq. (4.13) it can also be found that
the IBPFCs usually allow higher cut-off frequency of the EMI filter comparing
to the non-interleaved one with the same EMI attenuations when fs is higher
than 150kHz.

Fig.4.6 shows the simulations of DM and CM EMI comparison between a 2-stage
interleaved and a non-interleaved T'wo-Boost-Circuit BPFC, when the switch-
ing frequency fs was chosen improperly at 75kHz. Because the 2nd harmonic
(150kHz) is the first harmonic which locates inside the frequency range of EMI
limitation, and it cannot be cancelled by interleaved stages. (150kHz equals to
the ¢ x N, when c is 1.) Therefore, the same as Eq. (4.13) has proved, the
cut-off frequency of the EMI filter in this 2-stage IBPFC requires the same as
the non-interleaved BPFC and the EMI reduction advantages of interleaving
technique can not display at all.
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Figure 4.6: DM (right) and CM (left) EMI comparison of 2-stage interleaved (red)
and non-interleaved (blue) Two-Boost-Circuit BPFC at 3.5kW with improper switch-
ing frequency at 75kHz

4.2.3 Novel High Efficient Interleaved BPFC Converter
Design using Multi-Objective Design Optimization
Procedure

Since the proposed novel IBPFC topology is an extension version of normal
BPFC in Chapter 3 Fig.3.1, comparing to the non-interleaved version, the de-
sign process for all the components are the same. Therefore, in this section, the
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author would like to focus on the Multi-objective Design Optimization Proce-
dure (MDOP) introduction, which is a useful concept for engineers to optimize
the performances of the converters in order to best match their desires.

4.2.3.1 Definition of MDOP

Nowadays, in the development of power electronics systems, the reduction of ini-
tial cost and total power losses and the improvement of power density and EMI
performance have been of primary concern. However, these important elements
conflict with each other sometimes. For instance, low initial cost may come
together with low performance magnetic components and high losses semicon-
ductors, which will do harmful to system total losses. And in order to improve
EMI performance, extra components often need to be added in the converter,
such as EMI filter, which increase the volume and complexity of the system. For
meeting the multi-objective requirements in the future power electronics field,
reference [62, 63] firstly presented an intended multi-objective improvement of
main performance indices of power electronics in a very specific way and give a
useful solution to meet both of the efficiency and power density requirements.

Inspired by them, in this section, the author will present her idea for designing
an high performance IBPFC system with good compromise of EMI, efficiency,
power density and design complexity by using a self-developed MDOP routine.
Although the initial cost is very important for industrial applications, it is out
of the main scope of this study and will not be included here.

4.2.3.2 The MDOP Design Flow Chart for IBPFC System

Comparing to the non-interleaved BPFC in Chapter 3.1, one main disadvan-
tage of IBPFC system(Fig.4.4) is that it increases the number of magnetic com-
ponents. By adding one interleaved stage, two extra Boost inductors will be
needed. Facing the most important issues in power electronics today - efficiency
and power density - the compromise of power density, efficiency and EMI must
be taken into consideration together.

The proposed MDOP design procedure consists of three optimization loops
(Fig.4.7). Loops 1 and 2 are used to optimize the efficiency and power density
of the IBPFC based on Boost inductor optimization. The functions of these two
loops are the same as what has been explained in Chapter 3.2.2. The new opti-
mization loop 3 is used to analyze EMI reduction. By combine the three loops
together, a balance among EMI reduction, system volume and power density
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can be achieved.
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Figure 4.8: Minimal single (blue) and total (red) inductor’s volume comparison of
interleaved and non-interleaved Two-Boost-Circuit BPFCs

Implementing the optimization in Fig.4.7, Fig.4.8 gives the comparison of the
minimal single and total volumes of Boost inductors in interleaved and non-
interleaved Two-Boost-Circuit BPFC with a compromise of high efficient and
high power density, when the interleaved stage N varying from 2 to 8 at 3.5kW
and 85V, input. The same as Chapter 3, in this optimization process, Kool Mu
E cores from Magnetics® were chosen. And, comparing with the traditional
round winding, copper foils were selected to reduce the winding losses.

From Fig.4.8, it can be concluded:

1. With the number of interleaved stages increasing, the single Boost induc-
tor’s volume reduces significantly.

2. Due to the number of inductors increasing, except the 3-stage interleaved
BPFC, the total inductors’ volumes of the IBPFC systems are higher than
the non-interleaved BPFC with the same inductance.

3. 3-stage and 4-stage IBPFC has lower total inductor volume among all the
IBPFCs. However, if comparing these two IBPFC converters, the first one
has smaller system volume, and the second one has better EMI.
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4. Comparing to 3 or 4 stages IBPFC, the 2-stage IBPFC has slightly higher
volume and less harmonics’ reductions, but less complexity and shorter
development period, which is good to start.

In this work only the 2-stage IBPFC converter is built for testing and verifica-
tions.

4.2.4 Experimental Results
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Figure 4.9: Efficiency comparison of 2-stage IBPFC at different input voltages

After carefully design [A3 and A5], a 65kHz 2-stage IBPFC prototype is accom-
plished. The data of the key components are the same as what have given in
3.2.4.1. Comparison of the system efficiency, which were measured by precise
power analyzer PPA5530 from N4L® at different line voltages, are drawn in
Fig.4.9. The system’s key components losses distributions at 3.5kW in 110V,
230V, input are given in Fig.4.10. Fig.4.11 gives the measured input voltage
and current waveforms of the IBPFC at 3.5kW in 110V,. and 230V,. input.
And Fig.4.12 shows the thermal measurements of the proposed 2-stage IBPFC
system at 3.5kW with 110V,. and 230V, input respectively.

According to the requirement from audio application, as a PFC front-end for
class D amplifies, it is only necessary to test its input current harmonics and
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Key components' losses distributions at 3.5kW
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Figure 4.10: Key components’ losses distribution at 3.5kW

(a) 110V4e, voltage(red 100V/div) and (b) 230V, voltage(red 200V /div) and
current(green 20A /div) current(green 20A /div)

Figure 4.11: Input voltage and current waveforms of 2-stage IBPFC at 3.5kW,
PF=99%

EMI performances at average power, which is usually around one over eight of
the peak power (around 440W). Therefore, Figs. 4.13 give the conducted EMI
comparison of the 2-stage IBPFC and the normal BPFC at 440W in 230V,
input.

From Fig. 4.13, it can be seen that in the 2-stage IBPFC, the odd harmonics
can be reduced by phase shift. However, it should be noticed that according
to Egs.(4.11) and (4.12), in the 2-stage IBPFC, the odd harmonics should be
completely cancelled. The partial cancellation could be due to the tiny difference
between the 2 interleaved Boost inductances, which brings unbalance into the



52 EMI Analysis and Suppression

Boost inductors
/ = 1A%

(b) 230V at 3.5kW

Figure 4.12: Thermal measurement comparison of the proposed IBPFC system

interleaved stages.
Figs. 4.14 and 4.15 give the input current harmonics measurements of the 2-

stage IBPFC and the traditional BPFC at 440W in 230V,. and 110V, input
separately.

4.3 EMI Reduction Using Frequency Dithering

It is also commonly agreed that the EMI of the switching converters could be
improved by using carrier-frequency modulation (CFM) techniques [64, 65]. The
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Figure 4.13: EMI comparison at one eighth of full power and 230V, input without
EMI filter

CFM techniques can be classified as periodic CFM (PCFM) and random CFM
(RCFM) [66]. In this section, some important characteristics of PCFM regarding
to EMI suppression will be discussed. RCFM is out of the scope of this research.

4.3.1 Operation Principles

Considering the PCFM system, that means the switching frequency dithers with
a small amplitude variation around a central frequency. Assuming a standard
PWM pulse signal G(t) with a duty ratio D and switching frequency fs. If G(t)
has a high level A and a low level 0, implementing the Fourier series, G(t) can
be expressed as:

> Cpeln (4.14)

n=—oo

Where, C,, and On are the nth series coeflicients, which contain the magnitude
and phase information of the nth harmonic. And C), and 0n can be calculated
by:

Co=7 / " Geretg = M (o g (4.15)
n = 1o -~ 27n '

0, (t) = 2nnfst (4.16)

When the switching frequency is modulated by a co-sinusoidal function with a
dithering amplitude 0 fs and a dithering rate f,,, the instantaneous frequency
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and angular rotation of the dithering PWM signal are:
fas(t) = fs + Afscos(2m fint) (4.17)

t
Oas(t) = 27m/ fas(®)dt = 27 fst + v sin(27 fint) (4.18)

0
Where, 7 is the dithering factor. It symbolizes the ratio of dithering amplitude

and dithering rate. And it is defined as:

Af,
fm

Similarly as before, by applying the Fourier series, the dithering PWM signal
can be expressed as:

v = (4.19)

Ga(t) = Z Cnejeds,n _ Z Cnej[en-i-’y sin(27 frn t)] (4.20)
With the derivation results from [65], Eq. (4.20) can be rewritten into:

Galt) = 3 Cul 3 Filum)[ei o) + (—1)ieOr=om. 0]}
1=0

n=—oo

= 3 G {3 i)+ (<)) ey (4.21)
n=-—o00o i=0

Where 0, ; is the phase angular induced by frequency dithering and can be
written as:

Om.i (1) = 2mi font (4.22)
And J;(+) is the ith order Bessel function:

e (1) (M)
Ji(ny) = (’?)ZW (4.23)

Jj=0

4.3.2 Advantages and Limitations

Many researchers before have presented that using frequency dithering, it is
possible to gain extra EMI reductions [67—77]. However, none of them has ever
claimed how to predict these reductions. Besides, there are other researchers
they believed that frequency dithering can only change the noise spectrum, if
considering the EMI reduction, this technique is not as beneficial as is commonly
perceived [78, 79]. Because these two viewpoints are somehow against each other,
in order to judge them fairly, both of the positive and negative effects on EMI
induced by frequency dithering should be weighed.
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4.3.2.1 Advantages of Frequency Dithering

From Eq. (4.21) one can see, the harmonics reduction at multiples of central
switching frequency fs; can be predicted by setting i equals to 0. Under this
condition, Jo(+) can be written as:

o (—1) . (M)¥
Jo(ny) = M (4.24)

2

Therefore, the absolute value of Jy(-) in Eq. (4.24) shows: comparing to the
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Figure 4.16: Harmonics’ reduction vs. dithering factor v when harmonics’ order n
changes from 1 to 4

standard PWM in Eq. (4.14), the harmonics reductions at multiples of central
switching frequency of dithering PWM in Eq. (4.20). It is easy to see, the
harmonics’ reduction factor |Jo(-)| is a function of dithering factor v and the
harmonic’s order n. The reductions’ trends of some low order harmonics versus
the dithering factor v are given in Fig.4.16, when n changes from 1 to 4. From
Fig.4.16, one can conclude that:

e Dithering PWM has lower amplitudes at multiples of central switching
frequency compared to standard PWM.
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e With the same dithering factor, the reductions vary from harmonic to
harmonic.

e When the dither factor changes, each harmonic has its maximum reduction
point.

4.3.2.2 Limitations of Frequency Dithering

According to reference [67] has proved, the power spectrum of dithering PWM
signal in Eq. (4.20) in positive frequency range can be expressed as:

2

S Culdo(my) - 8(f —n )

n=1

= 2

+2

Where S(f,~) is the original power spectrum of standard PWM signal and
AS(f,7) is the spread spectrum caused by frequency dithering.

The Limitations of Central Harmonics Reductions Through Fig.4.16
and Eq. (4.25), it is not difficult to find out that in the dithering PWM, the cen-
tral harmonics’ reductions are limited by . Furthermore, in a fixed v frequency
dithering system, it is more reasonable to expect large harmonics’ reductions
only happening at certain frequencies not in the whole frequency range.

Spectrums Overlapping and Redistribution According to paper [(67], the
dithering will also lead upper and lower sidebands at multiples of central switch-
ing frequency fs and the bandwidth of the nth harmonic can be approximately
calculated by:

Bu = 207 +1) fru = 2(0A s + fin) (4.26)

Fig.4.17 shows the harmonics’ spectrum comparison of a standard PWM and a
frequency dithering PWM. Assuming the sum of the right and left bandwidths
of the nth and (n+1)th harmonics is:

1
Bsum = §(Bn + Bn—i—l) = (2TL + I)Afe + 2fm (427)

D Culd Tm)6(f = nfs —ifm) + (=1)'8(f = nfs +ifm)]}
n=1 i=1

2
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Figure 4.17: Harmonics’ spectrum comparison [(7]

Therefore, when By, is larger than f,, these two sidebands will overlap each
other. And the same as what has shown in Fig.4.17, the harmonics’ power in the
overlapping area of dithering PWM will be higher than standard PWM. This
means, the smaller the f, is, the larger the overlapping areas could be and the
more power from the (n+1)th harmonic’s lower sidebands will be pushed into
the higher sidebands of nth harmonic. This is why normally when measuring the
EMI from a frequency dithering system, compare to the non-dithering system,
the dithering system usually pushes the EMI from the high frequency domain
into the low frequency domain.

4.3.3 Conclusions on Frequency Dithering and EMI Re-
ductions

From the discussions of Section 4.3.2 it can be concluded that:

e Frequency dithering can do help to reduce the harmonics’ amplitudes at
central and multiples of central switching frequency.

e For a fixed frequency dithering system, the reduction for each individual
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harmonic is different and depends on the harmonic’s order.

e Usually, it is not possible to gain large harmonics’ reductions in the whole
frequency range after implementing frequency dithering.

e Normally when one measures the EMI from a frequency dithering system,
comparing to the constant frequency system, in the frequency dithering
system, the EMI often concentrates in the relatively low frequency range.

4.4 EMI Filter Design Considerations

150

dBuv

Frequency (Hz)

Figure 4.18: Harmonics’ spectrum comparison for frequency dithering PWM (green)
and standard PWM (blue), the red line is the filter’s attenuation characteristic

According to what has been mentioned in Section 4.3, the limitations of fre-
quency dithering will definitely harm its EMI performance and impact the EMI
filter design. Considering the harmonics spectrums of a standard PWM and a
frequency dithering PWM in Fig.4.18, the filter’s attenuation characteristic is
shown as the red line. If the cut-off frequency of the filter at minus 20(dB/dec
frequency band is fc, for standard PWM, the filter’s attenuation at multiples
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of switching frequency nf, is as below:

nfs
fe

Where ( is related to filter’s type, it is a function of filter’s order and structure,
and A¢ is the filter’s attenuation at fe¢.

a, = —20C1g

— A (4.28)

Therefore, after filtering, the harmonics’ amplitude of standard PWM at n f; is:
X, =201g|C,, - Jo(ny)| + an (4.29)

Similarly, in the frequency dithering PWM, the filter’s attenuations around mul-
tiple of switching frequency n fs can be calculated as:

nfs + fmk
fe
Where k symbolizes the spread spectrum caused by frequency dithering. Ac-

cording to Eqs. (4.20) and (4.25), each spread spectrum has a frequency interval
of f,,. By utilizing Eq. (4.26), the parameter k varies from:

Bni = —20¢1g - A¢ (4.30)

—|ny+1] ~ [ny+1] (4.31)

Therefore, after filtering, the harmonics amplitude of frequency dithering PWM
around n fs becomes:

Yok = 201g (|Cr - Tjpy (n7)|) + B (4.32)

Due to the EMI receiver has impact on the EMI measurement result of frequency
dithering system, it is not reasonable to determine the attenuation of any EMI
filter apart from the impact of the EMI receiver. According to what has been
analyzed in reference [30], the model of any EMI receiver can be expressed
in Fig.4.19. The bandwidth of the band-pass filter (RBW filter) differs with
dependency on the frequency band of interest. In CISPR 16 it is defined as
RBW = 9 kHz at -6 dB for frequencies in the range 150kHz to 30MHz as shown
in Fig.4.20, it also shows a simplified filter characteristic which is employed for
numerical simulations of the EMI test receiver. The fixed value MB denotes the
band-pass center frequency.

And it should be precise enough to predict the measured EMI result at each
frequency by only considering the harmonics located inside the £10dB inner
band pass filter of the EMI receiver. Set Z equals to the maximum value of k
which satisfies that:

9kHz

A 4.
7 fmkHz = (4.33)
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The measured peak and average harmonics’ amplitudes of dithering PWM dis-
played at nfs can be predicted as below:

A

Yn,Pk = {Yn,k}maza k < |Z| (434)
N 1 &
Yn,AU = ﬁ kz_:z Yn,k (435)

Where, Pk. means peak value and Av. means average value. Compare Egs.
(4.29), (4.34) and (4.35), after filtering significant harmonics’ reduction from
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dithering PWM may exhibit if Y, 4, far below X,.

4.5 Experimental Results
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Figure 4.21: Input voltage (yellow, C1) and current (red, C2);output voltage (blue,
C3) and current (green, C4) waveforms of the proposed frequency dithering IBPFC

As what has been proved in Section 4.2.2, in order to show the advantage of
EMI reduction comparing to non-interleaved BPFC, a useful central switching
frequency fs was set at 65kHz. According to the conducted EMI standard, the
highest harmonic’s amplitude which needs to be attenuated locates at 260kHz
(the 4th order harmonic) [61]. As what shows in Fig.4.16, for further reducing
the attenuation at 260kHz, a dithering amplitude A fs of 7.55kHz and dithering
rate f,, of 6.1kHz are selected. This leads a dithering factor v at 1.24, and will
give a 33.15dB reduction at the 4" harmonic. Due to the aim of this IBPFC
design is for audio application, we only interested in the EMI performance at
average power, which is around 440W. Therefore, the experimental results below
were all taken at 440W.

Fig.4.21 shows the waveforms of the input voltage, input current, output voltage
and output current of proposed frequency dithering IBPFC system at 110V..

Fig.4.22 shows the EMI measurements of the 2-stage IBPFC in Fig.4.3 with and
without frequency dithering at 110V,.. Additionally, in Fig.4.23, there is the
detailed amplitudes’ comparison of 4 highest harmonics in Fig.4.22.
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Table 4.1: EMI Comparison of Critical Harmonics

Harmonics’ Frequency (kHz) [ 260 [ 390 [ 520 [ 650

EMI Detector Pk. | Av. | Pk. | Av. | Pk. | Av. | Pk. | Av.

. P. | 125 | 124 | 121 | 116 | 115 | 107 | 112 | 109
Dither IBPFC (dBuV) \—r—9os 551193 [ 116 [ 118 | 111 [ 116 | 107

Prediction error (dBuV) -1 2 -2 0 3 4] 4 2

Implementing the derived mathematical expressions in Section 4.3 and 4.4, Ta-
ble.4.1 gives the harmonics’ amplitudes comparison in Fig.4.22 between experi-
ments and theoretical predictions of the frequency dithering IBPFC. Where, P.
means predicted value and M. means measured value.

From Table.4.1, it can be proved that using the mathematical method mentioned
in Section 4.3 and 4.4, the EMI performances of the frequency dithering IBPFC
can be predicted approximately.

Fig.4.25 gives the Conducted EMI comparison of standard IBPFC and proposed
frequency dithering IBPFC at 110V, and 1/8 peak power with the same EMI
input filter. The schematic of the EMI filter is shown in Fig.4.24.

Figs.4.22 and 4.25 shows that the EMI generated by frequency dithering PWM
is lower and easier to attenuate by EMI filter than traditional IBPFC. And
by combining of interleaving and frequency dithering techniques, further EMI
reduction can be achieved.

4.6 Conclusions of EMI Analysis and Suppres-
sion

From the discussions above, the conclusions for EMI analysis and suppression
can be drawn as below:

e Interleave technique is a useful method for EMI suppression, by imple-
menting 2-stage interleaved BPFC, compare to the non-interleaved BPFC,
a maximum -10dB attenuation can be gain at 195kHz (the 3rd harmonics).

e Extra EMI reduction can be gain by carefully design frequency dithering.
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CHAPTER 5

Accuracy Analysis

With the increasing demands on high efficient power converter design, during
recent years, more and more researchers write papers about their super high
efficiency PFC converters. In these publications, the converter’s peak efficiency
is varying from 98.3% to 99.3% [31-84]. However, none of these paper explains
how accurate their measurement is. In this Chapter, the author will take her
own measurement results of the high efficient 2-stage IBPFC in Chapter 4 as
an example and clarify the accuracy of its efficiency measurement briefly.

5.1 Experiment Set Up

In order to measure the system’s efficiency precisely, the simplified diagram of
experiment set up is shown in Fig.5.1. Both of the input and output voltage
meters are put very close to the BPFC’s terminals to avoid measuring the voltage
drops from the connecting cables. As the measurements were taken by Precision
Power Analyzer PPA5530 made by N4L® | its accuracy specifications are given
in Table 5.1.
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Table 5.1: Accuracy Specification of N4L® Precision Power Analyzer PPA5530[35]

AC Voltage Accuracy 0.02% x Rgy%0.04% x Ry%-0.04% x kHz+1mV
AC Current Accuracy 0.02% x Rgqy+0.04% x R, 4+0.04% x kHz+100uA
DC Voltage Accuracy 0.1% x Rgg+0.1% X Ryg+10mV

DC Current Accuracy 0.1% X Rqg+0.1% x Rjg+1mA

Phase Accuracy 5 millidegrees+10 millidegrees xkHz

CM Rejection: Total CM and noise Applied 250V@50Hz — Typical 1mA (150dB)
effect on current channels Applied 100V@100kHz — Typical 3mA (130dB)

# Rqq means reading data.
b .
R, 4 means reading range.

" PPAS530 |
Phase 2
. o
T PPASS30 AD:  AD, g N
: fF’Qasel : L :
Q) i
' H +i
Vac é Vin, E L2 CO__ELC\-,? -------- ?_QOVDC
Z ¥ .
E E - -
---------- AR S, RS
AD;  AD. —,-—%J'—}k ? ‘

— GND

Figure 5.1: Simplified diagram of efficiency measurement set up

5.2 Accuracy Analysis

The basic idea of the accuracy analysis is to figure out how precise the PPA5530
is when the measurements are affected by different interference. The analysis
procedure (Fig.5.2) is proposed and taken into consideration. By measuring the
input voltage and current harmonics and output voltage and current harmonics
separately through the N4L PPA5530, implementing the voltage and current
accuracy equations in Table 5.1, the input and output power accuracy can be
predict firstly, and then, the total efficiency accuracy can be calculated. It is easy
to see, this procedure predicts the possible worst accuracy of the measurement.
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Figure 5.2: Accuracy analysis procedure

5.2.1 Accuracy of Measured P,, and P,

The accuracy of P;, and P, can be calculated from the accuracy of voltage and

current:

AP = |P — Ppeas| =

AP=|V -T—(V+AV)I +AD)| =
APpaw = |(AV - I+ AI-V) + AVAI| =

APpan ~ |AV] - T+ |AT| -
A-P7naac ~ |AV| : Imeas + |AI| : Vmeas

V=

(5.1)

Where, P, V, I is the real value of power, voltage and current. Pj,cqs is the
measured value of power, V,,eqs 1S the reading value of voltage, I,,cqs is the
reading value of current, AP is error of measured power, AP,,,; is maximum
error of measured power, AV is maximum error of measured voltage, Al is

maximum error of measured current.
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5.2.2 Accuracy of Measured Efficiency

Then, the maximum error of efficiency can be found by:

An = |1 = Nmeas| =

Ay _ | Po _ PoE AR,
P; P, £ AP;,
Appy — | P2 AP+ P AP,
e Pip - (Pin — AP;y,)
At P, meas - APiZ + Pinmeas - AP, (5.2)
in,meas

7 is the real value of efficiency, 7eqs is the reading value of efficiency, An is
error of measured efficiency, Any,q, is the maximum error of measured efficiency.
APy, and AP, are maximum error of input and output power, P, meqs and
Py meas are reading value of input and output power.

5.2.3 Estimation of Worst-case Accuracy of Efficiency

wu
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(5]
|
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|
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= 4
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-
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——
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Figure 5.3: Measurement Accuracy Prediction
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Fig.5.3 shows the prediction measurement accuracy of the efficiency measure-
ment results in Chapter 4 Fig.4.9 according to eq.5.1 and 5.2.

From Fig.5.3, it can be seen that: the efficiency measurement error at light load
is larger than the heavy load, especially in a power range lower than 250W.
That is because in the light load, the input power is lower, and according to Eq.
(5.2), the efficiency accuracy is proportional to the inverse of square of input
power.

According to Fig.5.3, it can be concluded that with the output power increasing
the measurement error is reducing and finally the measurement accuracy is
stable around +0.9% at 230V, and +0.8% at 110V,..
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CHAPTER 6

Conclusions and Future Works

6.1 Summary and Conclusions

A state-of-the-art analysis has been performed to give an overview of the five
popular Bridgeless PFC converters. And the analysis reveals that:

1. As the newly invented topologies, many BPFC converters are only verified
by theory and simulations;

2. The designs of Two-Boost-Circuit BPFC and Totem-pole BPFC were
achieved only in low and medium power, their peak efficiency are 97%
and 97.8% respectively;

3. There are lack of research based on high power universal line BPFC design
and optimization;

4. The Two-Boost-Circuit BPFC can be a very useful topology for high power
application due to its higher efficiency, relatively lower EMI generation and
less complex control and drive systems.

In order to verify and optimize the Two-Boost-Circuit BPFC, and try to gain as
high efficiency as it can be, a detailed analysis on Boost inductor optimization
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(including efficiency and power density analysis) have been conducted. The
analysis and experiments reveals that:

1. For constant output power, it is not necessary to use a very large Boost
inductor to improve system efficiency in the Two-Boost-Circuit BPFC;

2. If the BPFC often operates in variable output power, there will be a best
region for Boost inductance with relatively flat and high efficiency and
good power density.

In order to improve the EMI performance while maintaining the high efficiency
merit of the traditional Two-Boost-Circuit BPFC converter, the novel 2-stage
interleaved BPFC (IBPFC) system is proposed and designed based on the multi-
objective optimization procedure. The analysis and experiments reveals that:

1. Interleaved stages help to improve both CM and DM EMI;

2. In an N-stage IBPFC, except the ¢ x N times fundamental frequencies, all
the rest harmonics can be reduced due to the phase shift;

3. The more interleaved stages the IBPFC has, the more high frequency
harmonics will be reduced;

4. In order to maintain the EMI advantage of IBPFC, it is better to select
its switching frequency based on the range of conduction EMI standard.
It is recommended that the first harmonic of the IBPFC, which locates
inside the range of the EMI limitation, should not be equal to ¢ x N times
of fundamental switching frequencies.

After finishing the high efficiency 2-stage IBPFC design, frequency dithering
technique was implemented to further improve the EMI of the this system.
Both of its advantages and limitations have been discussed. The analysis and
experiments reveals that:

1. Frequency dithering can do help to reduce the harmonics’ amplitudes at
central and multiples of central switching frequency;

2. For a fixed frequency dithering system, the EMI reduction for each indi-
vidual harmonic is different and depends on harmonic’s order;

3. Usually, it is not possible to gain large harmonics’ reductions in the whole
frequency range by implementing fixed frequency dithering, however, it
can be expected to use frequency dithering to mitigate the amplitude of
harmonic at a certain frequencys;
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4. Normally when one measures the EMI of a frequency dithering system,
comparing to the same non-frequency-dithering system, its EMI will con-
centrate in a relative low frequency range, therefore in the high frequency
domain, the harmonics’ amplitudes become lower.

Furthermore, based on the measurement set up of the 2-stage IBPFC system,
the measurement accuracy is given to make the experimental results more con-
victive.

Therefore, according to the summary above, in this project, an Boost induc-
tor optimization procedure based on high efficiency Two-Boost-Circuit BPFC
converters has been presented and verified firstly. And then, a novel inter-
leaved Two-Boost-Circuit BPFC is proposed and designed based on a multi-
objective-optimization procedure to achieve a useful compromise of efficiency,
power density, EMI reduction and system complexity. Furthermore, both of the
optimized non-interleaved and interleaved BPFCs achieve maximum efficiencies
above 98%. Finally, two possible cost-efficient solutions - interleaving and fre-
quency dithering - for EMI suppression have been proposed, investigate and
verified.

6.2 Future Works

According to the nature advantages of the 3-stage and 4-stage IBPFC systems
mentioned in section 4.2.3.2, they are also worth to be investigated in the future.

Furthermore, from the discussions in section 4.4, it can be seen: a proper design
of the input filter may improve the EMI reductions of the frequency dithering
system. So, additional research and development efforts can also be put forward
to invest the possible optimal design for EMI filter under frequency dithering
condition in order to achieve better EMI reduction and lower filter’s volume
together.

The possible future works indicated above can be very useful for industrial
applications.
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Conduction Losses and Common Mode EMI
Analysis on Bridgeless Power Factor Correction

Qingnan Li, Michael A. E. Andersen, Ole C. Thomsen
Dep. of Electrical and Electronic Engineering
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Kgs. Lyngby, Denmark

Abstract—In this paper, a review of Bridgeless Boost power
factor correction (PFC) converters is presented at first.
Performance comparison on conduction losses and common
mode electromagnetic interference (EMI) are analyzed between
conventional Boost PFC converter and members of Bridgeless
PFC family. Experiment results are given to validate the
efficiency analysis and EMI model building.

Keywords-conduction losses; EMI; bridgeless; power factor
correction (PFC)

I INTRODUCTION

With demands on improving electromagnetic compatibility
and reducing loss in power supplies in industrial applications,
research on maximizing power transmission turns out to have
significant impact. Innovation and optimization of power factor
correction (PFC) technology would be an important method to
achieve higher efficiency and low electromagnetic interference
(EMI) power supplies.

Traditional Boost PFC in Fig. 1 cannot avoid some natural
power loss because of the drawbacks of their structures with
full-wave rectifier in the input. Recently, a new PFC family
called Bridgeless PFC (BLPFC) family has been proposed to
realize high efficiency PFC converters by more or less
eliminating the ac rectifier of traditional Boost PFC [1~3].
However, whether all the members belonging to BLPFC family
have high efficiency is doubtful, besides many researchers have
shown that some of the BLPFC topologies have bad EMI
performance due to their circuit structures [4~5].

In this paper, a systematic review of BLPFC family is
presented; conduction losses and common mode (CM) EMI
performances are analyzed comparing with conventional Boost
PFC. Simulation and experiment results shows that low EMI
and high efficiency PFC can be realized by a certain BLPFC

topology.

1L REVIEW OF BRIDGELESS BOOST PFC CONVERTERS

A.  Five Bridgeless Boost PFC Topologies for Comparison

Five different type of BLPFC topologies are discussed in
this section. The basic one in Fig. 2, called Dual Boost PFC,
which has been shown to have higher efficiency than
conventional Boost PFC in Fig. 1, because of the reduced
semiconductor numbers in line current path [6]. However, this

oV

o1\ b2 /\

e}

p3/N b4\

Figure 1. Conventional Boost PFC

p1/h 2N

AC

& 5

S1

Figure 2. Dual Boost PFC

PFC rectifier has significantly larger CM noise than the
conventional Boost PFC. The reason is that: in the
conventional boost PFC, the output ground is always connected
to the ac source through full-bridge rectifier, whereas, in the
Dual Boost PFC, the output ground is connected to the ac
source only during positive half-line cycle through the body
diode of switches. So large pulse current from high frequency
switches will flow through parasitic capacitors and brings EMI
problems.

Fig. 3 is a Bidirectional Switches BLPFC [7] using two
additional fast diodes. This leads to increase conduction losses
of the circuit. Because in the negative half-line period, in
traditional Boost PFC, there is only one high frequency diode
and two low frequency diodes conducting, but in Fig. 3, there
are two high frequency diodes conducting together.
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In Fig. 4, there are two Boost circuits in the BLPFC [8~9].
One can expect higher efficiency than Boost PFC with the
same reason as Dual Boost PFC. And its EMI will be lower
than Boost PFC, because not only the low frequency diodes D3
and D4 connect the output ground to the ac source but the
symmetric Boost inductors operate as a CM filter which can be
expected to achieve higher CM EMI reduction.

Fig. 5 is called Pseudo Totem-pole BLPFC, because of the
position of switches [10]. This topology also has only 2
semiconductors in series on its current path no matter the
MOSFET is on or off. So it has the same benefit in conduction
losses reduction as which in Fig. 2 and Fig. 4.

Finally, Fig. 6 shows a modification of the basic BLPFC
Boost rectifier from Fig. 2, which is obtained by exchanging
the position of the diode and switch in Fig. 2.

YN 2YiN

s1_}

82 71 C T R

s N pa N

Figure 3. Bidirectional Switches Boost PFC
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L1
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Fieure 4. Two-boost-circuit PFC
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AC L2
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Figure 5. Pseudo Totem-pole PFC
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AC

Figure 6. Totem-pole PFC

B. Conduction Losses Calculation

It is well known that what dominate the power loss in PFC
converters are semiconductor losses. Table 1 gives the
semiconductor numbers in current flow path of each PFC
topology during line positive ac period. Where, On/Off means
on time and off time of MOSFET; Dr symbolizes fast diode;
D; symbolizes line frequency diode; M is for MOSFET and
Dy is the body diode of MOSFET. It shows that the BLPFCs
respectively have lower semiconductor numbers comparing
with conventional Boost PFC, which will bring benefits on
decreasing conduction losses of the whole systems.

For making a fair comparison, all the MOSFETs of
different PFC topologies operated in hard switching condition.

The simulation parameters are choosing as below:

P, =3.5KkW 3V, =400V, iV, =85 ~265V, ; the

TABLE L SEMICONDUCTOR NUMBERS IN CURRENT FLOW PATH IN
THE S1X PFC TOPOLOGIES
PFC topology | On/Off | D D M | D Total
F L M | Number
On 0 1
Boost PFC 2 0 3
Off 1 0
On 0 1
Dual Boost PFC 0 1 2
Off 1 0
e On 0 1 1
Bidirectional 0 2
Switches PFC Off 2 0 0
1
Two-boost— On 0
circuit PFC ! 0 2
Off 1 0
1
Pseudo Totem- On 0
ole PFC ! 0 2
P off 1 0
On 1 0
Totem-pole 0 1 2
Off 0 1
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Boost inductor L = 3mH ;
Diodes: RHRP-3060.

MOSFET: STW45NMS50; Fast

Fig. 7 shows the efficiency columns of six PFC topologies
based on simulation results when only the conduction losses
are taken into account. Totem-pole PFC in Fig. 6, Two-boost-
circuit PFC in Fig. 4 and Pseudo Totem-pole in Fig. 5 has
better efficiency comparing with other topologies. These are
according with what has been discussed theoretically in part A
and which are shown in Table 1. It should be noticed that Fig. 3
may not be a high efficient topology without choosing circuit
components carefully, because it has two fast diodes working
together when the MOS is off.

Fig. 8 shows the voltage waveforms between power ground
and the neutral of ac source from Fig. 1 to 6 during one ac

99,7

99,2

98,7

Efficiency (%)

97,2

96,7

85V 110v 230V 265V

Input voltage (V)
@ Boost PFC

¥ Dual Boost @ Bidirection Boost

& Two Boost & Pseudo Totem-pole < Totem-pole

Figure 7. Efficiency comparison only for conduction losses among six
PEC topologies based on simulation.
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period. Since the CM noise is induced by the internal noise
voltage between the ground reference point and the cable
connection, which mostly comes from the high frequency
switch operation of the PFC converter [11]. Therefore, this
figure shows the possible CM EMI problems in the six PFC
topologies, because in this way, we consider the neutral as a
ground reference and take the power ground as the cable
connection point. And it is not only easy to find out that
traditional Boost PFC in Fig. 1 and the BLPFC topologies in
Fig. 4 and 5 all have lower EMI comparing with other PFC
topologies, because of there is no pulse voltage in their
waveforms during line negative period; but also easy to get that
BLPFC in Fig. 5 has worse EMI than Boost PFC in Fig. 1 and
BLPFC in Fig. 4, since its quasi-square wave will bring lots of
high frequency noise components, which may decrease its EMI
performance. It should be noticed that although there is no
pulse voltage show in Fig. 8(f), this does not mean the Totem-
pole Bridgeless PFC has better EMI performance. That’s
because during the line negative period, the boost inductor will
bring lots of switching frequency pulses between power ground
and the line, which will cause serious EMI problem, too.

Through Fig. 7 and 8, in order to remain the same CM EMI
performance as traditional Boost PFC, it can be concluded that
only BLPFCs in Figs. 4 and 5 are needed to be further
considered. In next sections, Two-boost-circuit BLPFC in Fig.4
is selected for EMI model building and further discussion, for
its high efficiency and low EMI comparing with other
BLPFCs. Furthermore, its gate drives are referenced to ground
and easier to realize for industrial application.

111

A.  EMI Model Building

If we take the Boost PFC as a noise source and consider the
ac source as a load, it was proved that the EMI model of the
Boost PFC converter equals to a high frequency pulse source
[12]. In order to make a precise EMI analysis of BLPFC
family, the EMI model is needed to be built. Take Two-boost-

EMI MODEL BUILDING AND CM NOISE ANALYSIS
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Figure 8. CM voltage waveforms between power ground and the neutral of ac source showing the EMI comparison among the six PFC topologies
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circuit PFC as an example; since it’s a symmetrical circuit for
both positive and negative part of ac source, we only consider
the positive ac period. Ignore the limited noise current flows
through the body diode of S2 and L2 [13], analysis of generate
the EMI model of the topology is showed in Fig. 9.

e Step 1: Using the symmetrical operation structure to
simplify the topology.

e Step 2: Because the output filter capacitor can be
considered as a short circuit in high frequency, and the
boost inductor can be considered as an open circuit,
these two components can be ignored.

e Step 3: Simplify the semiconductor components. In
high frequency domain, the fast diode can be
simplified as a capacitor and the MOSFET can be
considered as a pulse source.

e Step 4: Deduction of circuit using Thevenin’s Theory.

As the result, the Two-boost-circuit BLPFC in the positive
ac source can be equal to a pulse voltage source Veq in series
with a capacitor Ceq.

Veq = ~Vds xC4, xC[ Q)]

eq

C, =Cs+Cs,+C, 2

Where, Cs; and Cs, are the parasitic capacitances of
MOSFETs, C, is the capacitance between output ground and
the power earth. Normally, C,is 10 to 20 times bigger than Cg,
and Cg; [14], so if there is any pulses voltage across it, it will
bring a significant extra CM current flow through it and lead
to CM EMI problems. However, from (1) and Fig. 9(c), one
can find that C, is connected directly between the source of the
MOS (which connected to the neutral) and the earth. This will
cause no pulses voltage draw on Cj, therefore the CM current
of the circuit will be reduced.

EMI model of this topology in the negative period of ac
source is the almost the same as the former one in (1), but:

Veq = —Vds x Cs,xC 3)
Assuming Cg; =Cs; =Cs, the EMI model for the whole ac
period can be written as:
Veq = —Vds x CyxC./ “
leq = —Vds X wCyg (5)
Equation (4) shows that although the switching operation
generates high frequency pulses inside the Two-boost-circuit
PFC, they will not impact the voltage waveform between
power ground and neutral. Because of the line frequency
return diodes D3 and D4 in Fig. 4, the power ground is
connected to the neutral for the whole ac period and all the
pluses voltages go into the earth through the parasitic
capacitances Cg of the MOS, which gives a continuous and
smooth waveform between power ground and the neutral, just
like what has been shown in Fig. 8(d). Equation (5) shows that
the CM current will only flow through the parasitic
capacitance of MOS.

PEDS2009
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Figure 9.  EMI model building for two-boost-circuit PFC

Using the same way to analysis, all the EMI models among
Figs. 1 to 6 can be calculated mathematically.

B.  CM Noise Analysis

CM noise is a very important issue, which not only affects
the design of EMI filter but also influences the stability of the
circuit. Fig. 8 shows that traditional Boost PFC, Tow-boost-
circuit PFC and Pseudo totem-pole PFC have lower EMI
comparing with other PFC topologies. Dual Boost PFC and
Totem-pole PFC have higher EMI in line negative period
because the neutral is separated from output ground by the

TABLE IL EMC AND EFFICIENCY COMPARISON AMONG SIX PFC
TOPOLOGIES
Efficiency CM Voltage | CM Current
PFC topology Rank Rank Rank
Boost PFC 6 1 1
Dual Boost PFC 4 5 5
Bidirectional
Switches PFC 5 5 5
Two-boost—circuit I 1
PFC 5
Pseudo Totem-pole 3 3
PFC
Totem-pole 1 3 3
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boost inductor, which will require larger EMI filter to meet the
EMC standard. Obviously, Dual boost PFC and Totem-pole
PFC are not suitable for industrial application without
improvement. Especially in Dual boost and Totem-pole PFC,
because C,, is connected between the drain of the MOS and the
earth and its impedance is too small, it will increase the CM
current and a part of it will flow through control circuit by
stray capacitor connected between MOSFET and control loop.
This will lead an unstable factor to the whole system and bring
problems in converter design [15].

Table 2 gives the CM EMC and efficiency comparison
among conventional Boost PFC and five BLPFCs. From this
table, it comes to a conclusion that the Two-boost-circuit PFC
shows higher efficiency and lower EMI performances, which
is worth for industrial application and further improvement.

IV. EXPERIMENT RESULTS

The performance comparison of the Boost PFC and Two-
boost-circuit PFC shown in Fig. 1 and 4, was evaluated on the
same prototype hardware, which is a 65kHz switching
frequency, 350W output power circuit operating from a
universal ac-line input (85~260Vrms ) and delivering up to
0.9A at 390V output. The schematics of both PFCs are shown
in Fig. 10 and 11. Since the drain voltage of boost switches is

. o5 0ToisHC

v

v

Figure 11. Schematic of Two-boost-circuit PFC
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clamped to bulk capacitor, the peak voltage stress on each
boost switch is approximately 390V. The peak current stress on
boost switches, which occurs at full-load and low line, is
approximately 5.4A. Therefore, SPW47N60C3 MOSEFET
from Infineon was used for each PFC converter. Boost diodes
were implemented with IDT04S60C SiC diode from Infineon,
and two diodes of bridge rectifier in traditional PFC, 1N5406
from Multicomp, were used as the return diodes D3 and D4 in
two-boost-circuit PFC. The cores of the boost inductors L are
77083-A7 (high flux Kool-Mp core from Magnetics. A magnet
wire (AWG#19) was used for each winding. Finally, two high
voltage aluminum capacitors (270uF, 400VDC) were used for
bulk capacitor.

UCC28019 (an eight-pin continuous-conduction-mode PFC
controller) from Texas Instrument was used in the experimental
prototype circuit because it does not require line voltage
sensing. It should be noted that switches S1 and S2 in both
Dual Boost and Two-circuit-boost PFC are operated
simultaneously by the same gate signal from the controller.
Although both switches are always gated, only one switch, on
which the positive input voltage is induced, carries positive
current and delivers the power to the output. The other switch,
on which the negative input voltage is induced, does not
influence the operation since its body diode conducts.

To compare the efficiency of the two PFC converters fairly,
two SPW47N60C3 MOSEFETs connected in parallel were
used as boost switch, while two IDT04S60C SiC diodes
connected in parallel were used as boost diode in conventional
Boost PFC. A full-bridge rectifier built with four IN5406 from
Multicomp was used as an input-bridge rectifier.

Fig. 12 shows the measured efficiency of the traditional
Boost PFC (dashed line) and the Two-boost-circuit PFC (solid
line) as functions of the output power, when the ac input is 85V.
As can be seen in Fig. 10, the bridgeless rectifiers have higher
conversion efficiency than the conventional Boost PFC rectifier
over the entire measured power range. Fig. 13 shows the
simulation results of conduction losses and percent of output
power comparison between Boost PFC and Two-boost-circuit
PFC at 85 Vac input and 350W power level. The simulation
result shows one can gain 1.22% efficiency improvement with
Two-boost-circuit PFC, which is almost according with the
measurement results 1.58% in Fig. 12. The small difference
may come from the switching losses (since we use two MOSs
95.00%
94.00% -
93.00%
92.00%

91.00%

£ soo00%

89.00% -+
88.00%
87:00% I Vac=85V
86.00%
40 90 140 1%0 240 290 340
Output Power (W)

Figure 12. Efficiencies measurement at 85Vac input of conventional
Boost PFC (dashed line) and Two-boost-circuit PFC rectifier (solid line)
as functions of output power.
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parallel in Boost PFC) and the inductor loss.

Fig. 14 and 15 show the measured peak and average EMI of
the conventional Boost PFC and the Two-boost-circuit PFC
with the same EMI input filter respectively. As it can be seen
from Fig. 14 the measured EMI value of the Boost PFC cannot
satisfy the EN55022 requirements over the frequency range
from 436kHz to 1.2MHz in low frequency domain. But can be
seen from Fig. 15, the Two-boost-circuit PFC exhibits EMI
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Figure 13. Simulation results of conduction losses and percent of output power
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Figure 14. EMI measurement of conventional Boost PFC.
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Figure 15. EMI measurement of Two-boost-circuit PFC.
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reduction over the entire measured frequency range.
Specifically, the measured peak EMI shows more than
10dB< V margin from the requirements over the entire

frequency range below 3MHz. This is because the two boost
inductors in Two-boost-circuit PFC operate as a CM filter and
reduce the CM noise.

V. CONCLSION

In this paper, a review of Bridgeless Boost power factor
correction (BLPFC) converters is presented. Performance
comparison, including conduction losses analysis and common
mode electromagnetic interference (EMI) argumentation, is
analyzed between traditional Boost PFC converter and six
members of Bridgeless PFC family. The simulation and
experiment results show the advantages and disadvantages of
all the Bridgeless PFC topologies clearly. It also shows the
valid Bridgeless PFC topologies for industrial application.
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Abstract-- Nowadays, efficiency and power density are
the most important issues for Power Factor Correction
(PFC) converters development. However, it is a challenge to
reach both high efficiency and power density in a system at
the same time. In this paper, taking a Bridgeless PFC
(BPFC) as an example, a useful compromise between
efficiency and power density of the Boost inductors on
3.2kW is achieved using an optimized design procedure. The
experimental verifications based on the optimized inductor
are carried out from 300W to 3.2kW at 220Vac input.

Index Terms-- Boost Inductor; Optimization; Bridgeless
PFC; Efficiency; Power Density

1. INTRODUCTION

With the increasing demands on Green Power
Electronics in the global-world, more and more countries
have been requiring the power supplies to meet certain
standards in order to reduce their Electronics Pollutions
to the Grid. Therefore, Power Factor Correction (PFC)
converters have been picked up momentum, and novel
Bridgeless PFC (BPFC) topologies have been invented to
improve the performances and power density [1]-[5].
However, because of the native advantages - such as -
easy circuit and system design, low cost, nice reduction
of line harmonics currents, the Boost cell BPFCs still
receive most attentions among all the BPFC topologies
which came out during recent years.

Boost Inductors play a critical role in Boost type PFC
converters. On one hand, it affects system efficiency
through increasing or reducing semiconductor and
magnetic losses depending on its value. On the other
hand, assuming a fixed energy store, in the optimized
design, the maximum flux density and the winding factor
of the core are both on the boundary of limitations;
therefore the volume of the inductor, which dominates
power density of a PFC, will be determined by the
inductance. Facing the biggest challenge in PFC design
today — high efficiency vs. high power density, it is
necessary to investigate the PFC inductor’s operating
characteristics and find out how it affects system’s
efficiency and power density. However, this has been
difficult all the time, due to the lack of an effective way
for designers to evaluate the overall performances of PFC
inductors.

In order to optimize the inductor design in PFC
converters, the questions below should be taken into
consideration:

1. Is there any reasonable region to limit the Boost

inductance for a certain PFC topology?

728

2. How to select windings and cores to minimize the
magnetic losses while maintain high power
density?

By answering these questions, in this paper, a useful
balance between efficiency and power density of Boost
inductor in a Two-Boost-Circuit BPFC is achieved using
an optimized design procedure. Generally, based on this
procedure, designers will be able to make a reasonable
inductor design for any Boost type PFC topologies.

Section II is a brief introduction of high efficiency
BPFC topologies. The design procedure is firstly
illustrated and showed in a flowchart in section III. In
section IV, functions between inductance and
semiconductor losses are given with mathematical
demonstration. Section V shows the method of getting a
compromise of volume and efficiency of a Boost
inductor. The relationship of inductance, inductor’s
volume and power losses is exhibited to clarify the
method. In order to demonstrate and validate the
procedure, the optimized Boost inductors were tested in
the CCM Two-Boost-Circuit BPFC with an output power
range from 300W to 3.2kW in section VI. Measured data
of system efficiency are compared with those from the
calculation based on the optimized design procedure.
Section VII comes up with the conclusion.

II. HiGH EFFICIENCY BRIDGELESS PFC TOPOLOGIES

The idea of BPFC goes back to eighties [6]. Reference
[7] shows the basic performances of some BPFC
topologies. These topologies can be expected having
higher efficiency than traditional Boost PFC due to the
reduction of semiconductor numbers in current flowing
path. Reference [8] gives a systematic comparison of five
popular Boost-cell BPFCs and a conventional Boost PFC
converter. Figs. 1 and 2 from reference [8] shows the
EMI and efficiency performances of six PFC topologies
based on simulation. According to its conclusion, Two-
Boost-Circuit BPFC in Fig. 3 shows better performances
than others due to the system efficiency improvement
without inducing EMI problems.

In the Two-Boost-Circuit BPFC, during the positive
AC line, diode D; operates when MOS S, turns off, and
Boost inductor L; discharges, meanwhile giving energy
to load. When MOS S; turns on, Boost inductor is
charged, and diode D; is off. The output capacitor
discharges and transfers energy to load. Line frequency
diode Ds returns the current from output to neutral and
reduces common mode (CM) noise. In the negtive AC
line, the PFC works symmetricaly.

978-1-61284-957-7/11/$26.00 ©2011 IEEE
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Fig. 3. Two-Boost-Circuit BPFC

If the PFC runs in continuous current mode (CCM),
the average changing energy stored in the Boost inductors
in each switching cycle should be approximate zero in
steady states. So the input and output transfer function of
BPFC in Fig. 3 is the same as a normal Boost PFC:
N V2 x Vi ms X ‘sin( 27zf‘.t)‘

v, =
K 1-d(t)

o

Where ¥, is output voltage, Vi,ms is AC rms input
voltage, f; is switching frequency and d(¢) is duty ratio
varied with time.

| | I T
2465 2468 247 2472 2474 2476 2418 248
time (5) ime (s)

(e) Pseudo totem-pole PFC

(f) Totem-pole PFC

CM voltage waveforms between power ground and the neutral of ac source showing the EMI comparison among the six PFC topologies [8].

III. BOOST INDUCTOR OPTIMIZATION PROCEDURE

Magnetic design is always a critical and complex part
of PFC converters. A proper inductor design will not only
increase the efficiency of whole system, but give a more
compact and reliable PFC. However, the method for
Boost PFC inductor design has been ambiguous for a
long time due to the lack of effective way to evaluate the
overall performances of PFC inductors. References [9]
and [10] are application notes for various PFC inductors
design from different well known manufacturers. In these
materials, the design methods contain many experiential
equations. Following these application notes will
certainly lead to a quick PFC inductor design, but it is
doubtable whether they have been optimized or not.

Reference [11] introduced another easy design method
for PFC inductors using the “PL Product Curves”. Where,
“PL” is the product of output power and Boost
inductance. In this paper, the writer neglected some
detailed magnetic factors which affect system
performances for sure and also used many experiential
results. Therefore, even this method made the inductor
design easier; it is unclear if the “PL Curves” will help to
get a suitable inductor design.

In order to overcome this tough problem, an
optimization routine is carried out based on the high
efficiency Two-Boost-Circuit BPFC in Fig. 3 operating in
CCM. Its flowchart is in Fig. 4. Basically this routine can
be used for any Boost type PFCs working in CCM as
well.

In the optimization, considering the EMI requirement,
it is a good idea to limit the switching frequency to a
region from 50kHz to 70kHz to reduce the size of the
EMI filter, as the filter’s size is mostly proportional to the
peak amplitudes of harmonics with frequencies higher
than 150kHz. Because the harmonics’ amplitudes
attenuate with frequencies, it could be better to leave the
maximum amplitudes of the harmonics (the first and
second harmonics) with frequencies lower than 150kHz,
beyond the frequency range of the EMI standard. In this
way, the size of the EMI filter will be reduced with no
doubt.
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The start point of this procedure is the specifications,
which defining every fixed parameters in the main circuit.
For example: input and output voltages, output peak
power, output capacitors, inner parameters of the
semiconductors and so on. Next, the important initial
starting values of the PFC variables are set. Such as:
minimal CCM Boost inductance Lpcy, starting output
power P, min, parameters of cores and windings from
manufacturers. With all the specifications and initial
values, the mathematical BPFC model will calculate the
necessary rms and average currents flowing through all
the components in the circuit, therefore semiconductor
losses and inductor losses can be predicted.

Furthermore, inner optimization loop 1 seeks the
characteristics of semiconductor losses vs. Boost
inductance and output power, which will give a suitable
region of Boost inductance at certain power level. And
inner optimization loop 2 gets a compromise of volume
and efficiency of the inductor. Both of the optimization
loops will be explained in details in section IV and V.
The optimal design can be realized by running
optimization loop 1 and 2 together.

IV. OPTIMIZATION LOOP 1 — INDUCTANCE OPTIMIZATION

The mathematical model should be able to predict the
rms and average currents of the BPFC for calculating
losses. In Table I, the necessary normalized average and
rms currents in one switching cycle running through the
semiconductors of the BPFC in Fig. 3 are summarized
under CCM and DCM conditions. Normalization process
has been taken in order to make the comparison more
clear. The normalization standards are given in Table II
according to what were proposed in references [12] and
[13]. Where the subscript “n#” means normalized, 71 and
Ty are line period and switching period, v and i are instant
voltage and current in the PFC. Because the PFC is
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working symmetrical, only the currents running in S;, D,
and Dj; are discussed here. The derivations are described
in details in the Appendix.

In Table I: d is the MOSFET on duty ratio; d; is the
conduction duty ratio of the Boost diodes in DCM; Aij ,
is the inductor ripple current; the iy, is the peak inductor
current in DCM; i, and v, , are the normalized instant
line current and voltage.

From Table I and II it can be seen: the semiconductor
losses are as the functions of Boost inductance.

Fig. 5 displays the semiconductor loss ratio (including
conduction and switching losses) as a function of the
output power and Boost inductance when the input
voltage is 220Vac and output voltage is 390V. Fig. 5
shows:

1. When increasing Boost inductance, at the
beginning, the semiconductor losses reduce
significantly. However, as soon as the Boost
inductance reaches 0.6mH, the losses reduction vs.
Boost inductance is not evident any more.

2. If the PFC operates in the variable load
application, there will be a suitable region for
Boost inductance selection. Inside this region, the
PFC system should have relatively lower
semiconductor losses and higher power density.

According to Fig. 5, we can see: it is not needed to use
a very large Boost inductor to reduce semiconductor
losses and components’ stresses in Two-Boost-Circuit
BPFC. An inductance range from 0.2mH to 0.6mH
should be a suitable region for 300W up to 3.2kW
application, because it will achieves a good balance
between semiconductor losses and inductor volume. As
the inductor’s volume is approximately proportional to
the inductance when the stored energy is constant [14]:

V, =0.5av,LI; (1
Where V; is the inductor volume, avy is a technical

factor of the inductance and relates the volume to the
stored energy.

TABLE 1. CURRENTS OF SEMICONDUCTORS IN ONE SWITCHING CYCLE IN
CCM AND DCM CONDITIONS FOR LOSSES CALCULATIONS

iSl,rmx,n iDl,av,n iD},av,n
. Ny (n)

CCM d(n{z,jw(n)+ “112 ] (1)) ,'m"(ni i ()
. d(n) i

DCM e d(n)_’ﬂki;(”) iy, ()]

TABLE II. NORMALIZED VOLTAGE, CURRENT AND INDUCTANCE
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Fig. 5. Semiconductor loss ratio vs. Boost inductance and output power
level

V. OPTIMIZATION LOOP 2 — INDUCTOR EFFICIENCY AND
VOLUME OPTIMIZATION

Boost inductors occupies the majority of volume in
PFC converters. In order to make a compact PFC
converter, the inductor design should be paid high
attention. Furthermore, the power losses in the inductors
have a relationship with the inductors’ size as well. In
optimization loop 2, an optimized compromise between
size and efficiency of a Boost inductor can be achieved.

A. Cores Selection

It is well known that the inductor losses come from
core losses and winding losses. In order to predict the
inductor losses, the first step is the core selection. A good
core for Boost inductor must have high flux saturate
limitation, low core losses and acceptable price. On the
magnetic manufacturers’ website, there will be very
specific information about each core and its material,
which can be used as references. In this design procedure,
the Kool Mu E cores were chosen because of their
advantages of high saturation level, relatively low core
losses and cheaper to get. All the details of Kool Mu E
cores will be defined as initial values at the beginning of
the optimization procedure.

B. Winding Losses

Considering the winding losses, the DC part will keep
the same in a constant power if the size and length of the
winding is fixed; however the AC losses is more complex
due to the skin and proximity effects. In this design,
copper foil was used in order to decrease the proximity
effect. Egs. (2) - (5) give the functions of winding losses,
switching frequency, layers and copper foil thickness
[15]. Where, h is the thickness of copper foil, 3 is skin
depth, and ¢ is the ratio between copper thickness and
skin depth.
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cosh(2¢) — cos(2¢)

According to the equations above, Fig. 6 shows the
increase of layer copper losses producing by proximity
effect vs. ¢ and MMF force ratio m.

It can be seen in Fig. 6, with the factor ¢ and MMF
ratio m increasing, the AC losses increase significantly.
Therefore, copper foil can limit AC losses comparing to
round windings due to the reduction of factor ¢.

Since the methods for decreasing AC and DC losses
are against each other - low AC losses asks for thin
copper foils, but low DC losses requires thick copper
foils, it is useful to find out which affects winding losses
more. Assuming the switching frequency is 65kHz, and
all the simulations are under the same condition: 220Vac
input and 390V output at 3.2kW. Because the variation
trend of inductor winding losses are independent on the
cores, in Fig. 7, the inductor winding losses vs. thickness
of copper foil (symbolized by h) and inductance are given
for Kool Mu E core 5528E090 from Magnetics® as an
example.

It can be seen that at the same inductance: on one
hand, when the copper foil thicknesses increase, the total
winding losses reduce due to DC losses reduction. That
means in high power BPFC, DC winding losses dominate
total winding losses. But on the other hand, the maximum
inductance which can be wound on the core decreases as
h getting thicker, that’s because of the windows area
limitation. However this will not worsen the
semiconductor losses as long as carefully choosing the
suitable inductance according to what has been
mentioned in section IV.

10

Fig. 6. Increase of layer copper losses producing by proximity effect as
a factor ¢ and MMF force ratio m [14].
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Fig. 7. Inductor winding losses vs. thickness of copper foil and
inductance. The core is Kool Mu E core 5528E090 from Magnetics®.

Since the variation trend in winding losses will keep
the same in different cores, considering the total amount
of AC and DC losses reduction, h varies from 0.lmm to
0.2mm can be a good range for keeping lower winding
losses.

C. Core losses

Eq. (6) gives the function of core losses, flux density,
switching frequency and the volume of the Kool Mu
cores [16].

I)L‘UVE = KHf;ﬂBz:/Ve (6)

Where Ky, o and f are constant parameters, which are
determined by the material of the core. V. is the volume
of the core.

B,, is the average flux density in the core during half
line period. It can be calculated as below:

N‘ .
PR ORI
N < 2NAf

Where the vi(n), d(n) are the instant values of inductor
voltage and switch duty ratio at each switching cycle. N is
the turns of the inductor and A, is cross section of the
core. N is the number of switching cycles in a half line
cycle, which is the greatest integer of £;/2f;.

From Egs. (6) and (7), Fig. 8 shows the core losses vs.
Boost inductance for all the qualified Kool Mu E cores
from Magnetics“[17]. In the legend on the top right
corner, the cores were ranked by their sizes, the topper
the smaller.

According to Fig. 8, it is clear that when the
inductance increases, the core losses decrease due to the
increase of turns.

Fig. 9 shows the total Boost inductor losses vs.
inductance for different qualified Kool Mu E cores form
Magnetics® when h equals to 0.13mm. From Fig. 9,
comes to the conclusion:

1. Ata constant power, the inductor losses have its
minimal value while inductance increases.

@)

2. The minimal inductor losses are affected by the
cores. However, this relationship is not exactly
the same as: the bigger the core, the lower the
losses. It depends on several factors. Such as

geometry of core, permeability, DC bias
performances and temperature rising. For
example, at the same inductance, core

5528E090 (43.1cm’) is smaller than 8020E040
(72.1cm’), but its inductor losses are lower due
to its higher permeability.

3. Using core 5528E090 and 0.13mm copper foil,
the highest power density and relatively low
inductor losses can be achieved in the same
system.

Table III shows the volumes of all the qualified E
cores, their minimal inductor losses and power density at
3.2kW in Fig. 8. It should be noted; cores 7228E060 and
5530E090 could be also nice choices for higher
efficiency but slightly lower power density applications.
However, because they were very hard to get and cost too
much, we didn’t select them.

| [—00K5528E090)
I |—00K7228E060
U0K: 0E090|
| |—00K8020E040
I |- 00K8020E060||
"1 |—00Ke527E060)

| |—00K8044E026
|- 00K160LE026]

—00K130LE026|

Fig. 8. Core losses vs. Boost inductance of all the qualified Kool Mu E
cores from Magnetics®.

==00K5528E090
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00K5530E090] |
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00K8020E060| |
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00K160LE026
—00K130LE026]

Fig. 9. Total inductor losses vs. Boost inductance for all the qualified
Kool Mu E cores from Magnetics® when h=0.13mm.
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TABLE III. VOLUMES, LOSSES AND POWER DENSITY OF QUALIFIED
KOOL MU E CORES FROM MAGNETICS®

Core Number Volugne Min. g:rziry
(cm’) PL (W) (W/ cm3)
00K5528E090 43.1 7.4 37.1
00K7228E060 50.3 5.5 31.8
00K5530E090 51.4 6.8 31.1
00K 8020E040 72.1 6.1 22.2
00K 8020E060 72.1 4.6 22.2
00K6527E060 79.4 53 20.2
00K8044E026 80.9 6.3 19.8
00K 160LE026 212.0 6.6 7.5
00K130LE026 237.0 72 6.8

VI. EXPERIMENTAL VERIFICATION

According to section IV and V, the optimized Boost
inductor parameters for the Two-Boost-Circuit BPFC in
Fig. 3 at 3.2kW and 220Vac input can be: L=0.23mH, the
copper foil is 0.13mm, using Kool Mu E core 5528E090
(volume is 43.1mm®) for both high efficiency and high
power density application. In experimental verification,
MOSs were IPW60R045CP from Infineon®; Boost
diodes were implemented with STPSC1206 SiC diode
from ST®; and diodes STTH6004W from ST® were used
as the return diodes. Compare the calculation data to the
measurement results, the efficiency curves are given in
Fig. 10 from 300W to 3.2kW. Fig. 11 gives the measured
input voltage and current waveforms of this BPFC at
3.2kW.

In Fig. 10, the measured results match the calculated
results very well above 1500W. However, in the low
power level, the calculated efficiency is a little lower than
measurement. That mainly comes from the inductor DC
bias characteristics simulation. Because when the input
power reduces, the Boost inductance increases due to its
lower DC bias, which will cause semiconductor losses
reduction. However, it is very difficult to achieve the
exact DC bias curve of 5528E090, because of the
insufficient core’s information from manufacturer. The
lower Boost inductance we predict in light load, the
worse efficiency we get.
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Fig. 10. Efficiency comparison of Two-Boost-Circuit BPFC at 220Vac
input and 390V output using core 5528E090 from Magnetics®.
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Fig. 11. Input voltage and current waveforms from Two-Boost-Circuit
at 220Vac input and 390V output using core 5528E090 from
Magnetics®. (PF=98.2%, Volt THD=1.1%)

It should be noted, although there were efficiency
mismatches in Fig. 10, nevertheless, it can be concluded
according to Fig. 10 and 11: the calculated data from the
optimization design procedure will be valid to evaluate
the performances of the Two-Boost-Circuit BPFC and
give an optimized design between efficiency and power
density of the Boost inductor.

VII. CONCLUSION

In this paper, an insight into the relationship of power,
semiconductor losses, inductor losses and volumes based
on a BPFC converter is given. The proposed optimization
procedure is beneficial to properly compromise the
efficiency and power density for Boost inductor design.
Experimental verification from a 3.2kW Two-Boost-
Circuit BPFC proved that the theoretical optimization
procedure is applicable and can do benefits to a
professional PFC design.

APPENDIX

In order to calculate system losses, the first step is to
obtain the current waveform of Boost inductor. In CCM
operation, its waveform during a switching cycle can be
approximated as in Fig. 12. The normalized average
Boost inductor current in the nth switching cycle is:

T,
sin(27m—=-)
TL

iin,n (n)‘ /Ia = ]in,pk,n

iLB,av,n (n) =

®)

n=1,..,N
Where 7 is the switching period, 7} is the line period.
The current ripple in Boost inductor in the nth
switching cycle is determined as:

Mgy = Lol
v mla-
LB,n
Where, d is the MOSFET on duty ratio. In CCM, the
discrete time function is:
v. (n
d(n):l——'”V( )zl—vm’n(n) (10)

o

&)

(D))
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Fig. 12. Current waveform of Boost inductor in a switching cycle in
CCM.
And,
L=l g (Vi) (1
3 = Lo - > L,eﬁz‘_f L,) (D
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is the Boost inductance in different power. It is as a
function of turns and input current due to the DC bias
performance, which can be found in the data sheet of the
cores [17].

The relevant rms and average currents for
semiconductor losses calculation in CCM in the nthe
switching cycle are listed below:

I (n)‘ " l(AiLB (n))z

iLB,rms,n (n) =

]0 3 2iin(n)
(12)
- \/ iy )
. i (”)‘ 1 Aig(n),,
=il 2 Gy g
lSl,rms,n( ) ]o + 3( Zl'l.n(l’l) ) (n)
Aj 2
= [y 2, 122
(13)
. iin (n) .
lDl,av,n = (1 - d(l’l)) . [ = (1 - d(/’l)) : lin,n (n)‘
(14
i, (n
ZD3,av,n = M = iin,n (}’l)‘ (15)

I

o
The same as the previous procedure, in DCM
operation, its waveform during a switching cycle can be
approximated as in Fig. 13. The normalized average
current of Boost inductor in the nth switching cycle is the
same as Eq. (8).
The MOSFET on duty ratio becomes:

d(n) = \/ 2077, (1) by (1)

vin,n (7[)

-L

'B.n

(16)

)

And d, is the conduction duty ratio of the Boost diodes:

2v[n,n (n) ) iin,n (n)

17
1 _vin,n(n) ( )

'‘B,n

d,(n) :\/
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Fig. 13. Current waveform of Boost inductor in a switching cycle in
DCM.

The iy, is the peak inductor current in DCM:

. . 2vinn(n)(1_ Vin n(n))
i (1) = [, ()] = | ) (18)
L
B,n
The relevant rms and average currents for

semiconductor losses calculation in DCM in the nthe
switching cycle are listed below:

iLB,)'ms,n (n) = " M ! ipk,n(n)

(19)
T () R @ (20)
i = i) 22 o1
- )l iy (1) 22)

I

o

For both CCM and DCM, the rms current flow through
output capacitor is:

_ \/izB,rms (n) - i;l,rms (n) - [02
1

lCa,rms,n -
0

(23)

And the corresponding normalized rms and average
currents during a half line cycle are as below:

1 ¥,
I, = |—->i, (n 24
X,rms,n N ; X,)ms,n( ) ( )
1 X
Lyon = VZzy,awn(n) (25)

n=1

Where, X symbolizes MOSs, Boost inductors and
output capacitor, and Y represents Boost diodes and
return diodes.

It should be noted that, since SiC Boost Diodes were
used in our application, due to its excellent turn on and
turn off characteristics, the switching losses can be
ignored. Furthermore, even in the CCM condition, around
the zero crossing of the line voltage, during a few
switching cycles, the PFC operates in DCM inevitably,
which was also taken into consideration during
calculation in order to obtain a more precise prediction.



The CCM and DCM boundary condition happens
when:

(n) = O.SAipk,n (n) (26)

Therefore, the time difference from the zero crossing
of line voltage to DCM and CCM borderline position is
also a function of inductance.

Besides, effects from temperature and current
increasing which could change semiconductor and output
capacitor losses were taken into consideration as well.
The necessary functions can be found in the data sheet of
each component [18] - [20].

lin,n

ACKNOWLEDGMENT

This work is supported by Bang & Olufsen ICEpower
and the Ministry of Science and Technology, Denmark.

REFERENCES

[1] Woo-Young Choi, Jung-Min Kwon and Bong-Hwan Kwon
“An improved Bridgeless PFC Boost-Doubler rectifier
with high efficiency,” IEEE Power Electronics Specialists
Conference (PESC), vol. 1-10, pp. 1309-1313, 2008.

[2] Wang Wei, Liu Hongpeng, Jiang Shigong and Xu
Dianguo, “A novel Bridgeless Buck-Boost PFC
converter,” [EEE  Power  Electronics  Specialists
Conference (PESC), vol. 1-10, pp. 1304-1308, 2008.

[3] Biela J., Hassler D. Minibock J. and Kolar J. W., “Optimal
design of a 5kW/dm?*/98.3% Efficiency TCM resonant
transition Single-Phase PFC rectifier,” International Power
Electronics Conference-ECCE Asia-IPEC, pp. 1709-1716,
2010.

[4] Ahmad J. Shabzali, Esam H. Ismail, Mustafa A. Al-Saffar
and Abbas A. Fardoun, “Totem-Pole Boost Bridgeless PFC
rectifier with simple zero-current detection and full range
ZVS operating at the boundary of DCM/CCM,” IEEE
Transactions on Industry Applications, vol. 26, No. 2, pp.
873-881, 2011.

[5] Bin Su, Junming Zhang and Zhengyu Lu, “New Bridgeless
DCM Sepic and Cuk PFC rectifiers with low conduction
and switching losses,” IEEE Transactions on Industry
Applications, vol. 47, No 2, pp. 427-435, 2011.

[6] D. M. Mitchell, “AC-DC converter having an improved
power factor,” U.S. Patent 4 412 277, Oct. 25, 1983.

[7] Laszlo Huber, Yungtack Jang and Milan M. Jovanovic’,
“Performance Evaluation of Bridgeless PFC Boost
Rectifiers,” IEEE Trans. on Power Electronics, vol. 23, no.
3, pp. 1381-1390, 2008.

[8] Qingnan Li, Michael A. E. Andersen and Ole C. Thomsen,
“Conduction losses and common mode EMI analysis on
Bridgeless Power Factor Correction,” International
Conference on Power Electronics and Drive Systems
(PEDS), pp. 1255-1260, 2009.

[9] Bruce Carsten, “Simplified calculation of magnetic and

electrical losses in unity power factor boost pre-
regulators,”  online  available application  notes:
http://www.micrometals.com/appnotes_index.html.

[10] “Power factor Boost pre-regulators core losses
calculation,” online available application notes:

http://www.micrometals.com/materials_index.html.

[11] Welly Chou, “PFC inductor selection made easy by ‘PL
product’,” Applied Power Electronics Conference and
Exposition, pp. 2057-2059, 2010.

[12] R. Redl and L. Balogh, “Rms, dc, peak, and harmonic
current in high-frequency power-factor correctors with

735

5

capacitive energy storage,” Applied Power Electronics
Conference, pp. 533-540, 1992.

[13] Miwa B. A, Otten D. M and Schlecht M. E, “High
efficiency power factor correction using interleaving
techniques,” Applied Power Electronics Conference, 1992,
pp. 557-568, 1992.

[14] J. W. Kolar, J. Biela and J. Minibock, “Exploring the
pareto front of multi-objective single-phase PFC rectifier
design optimization — 99.2% efficiency vs. 7kW/dm’
power density,” IEEE 6" International Power Electronics
and Mtion Control Conference, pp. 1-21, 2009.

[15] R. W. Erickson and D. Maksimovic, “Fundamentals of
Power Electronics,” Norwell, MA: Kluwer, 2001.

[16] Technical Data, Magnetics, available: http://www.mag-
inc.com/design/technical-documents.

[17] Technical Data, Magnetics, available: http://www.mag-
inc.com/products/powder-cores/kool-mu.

[18] Technical Data, Infineon Technologies, online available:
http://www.infineon.com/cms/en/product/findProductType
ByName.htm1?q=IPW60R045.

[19] Technical Data, STMicroelectronics, online available:
http://www.st.com/stonline/stappl/productcatalog/app?pag
e=partNumberSearchPage&search=stpsc1206.

[20] Technical Data, STMicroelectronics, online available:
http://www.st.com/stonline/stappl/productcatalog/app?pag
e=partNumberSearchPage&search=stth6004.



ACEMP 2011 Published 103

A.3 ACEMP 2011 Published



A Novel Bridgeless Power Factor Correction
with Interleaved Boost Stages in Continuous
Current Mode

Qingnan Li Michael A. E. Andersen and Ole C. Thomsen

Technical University of Denmark, @ersteds Plads Building 349, 2800 Kgs. Lyngby, Denmark.
Email: gl@elektro.dtu.dk; ma@elektro.dtu.dk; oct@elektro.dtu.dk

Abstract— The operation and trade-off of Bridgeless Power
Factor Correction (BPFC) circuit with interleaved Boost
stages are investigated. By using interleaved BPFC, an
overall reduction of the size of EMI filter can be achieved
without increasing the switching frequency of the converter.
And higher efficiency can be expected in interleaved BPFC
through the universal line input comparing with traditional
BPFC. Furthermore, an optimization procedure is
implemented to improve system power density. Analysis and
simulation results taken from a 3.5kW peak interleaved
BPFC completed this paper.

Factor

Keywords — Interleaved; Power

Correction

Bridgeless;

I.  INTRODUCTION

Bridgeless Power Factor Correction (BPFC) is a
popular technique to achieve both unity power factor and
high efficiency nowadays. Since the BPFC topologies
have fewer semiconductors through current flowing path
comparing to conventional Boost PFC, higher efficiency
can be reached [1-3]. Paper [4] gives a systematic
comparison of five most popular BPFCs and a normal
Boost PFC, the Two-Boost-Circuit BPFC has better
performances than all the other topologies by reducing its
EMI without increasing semiconductor losses too much.
Therefore, nowadays the Two-Boost-Circuit BPFC is the
new favorite of many PFC designers.

Then main goal of this paper is to investigate the
operation and design trade-offs of the Two-Boost-Circuit
BPFC based on interleaved cells operating in continuous
inductor current mode (CCM). In section |1, the schematic
and operating principles of the proposed 2-cell interleaved
BPFC is given. Because the interleaved stages ask for 2
more Boost inductors than non-interleaved BPFC, section
Il implements an optimization routine to maximally
reduce the size of each Boost inductor while maintaining
high efficiency. Section 1V analyzes and compares
difference system performances of the non-interleaved
BPFC and 2-cell interleaved BPFCs. It shows, the
application of interleaved Two-Boost-Circuit BPFC
results in an overall size reduction of differential mode
(DM) EMI filter without reducing the system efficiency.
Simulations taken from a 3.5kW peak interleaved Two-
Boost-Circuit BPFC are given to complete this paper in
section V. Section VI comes up with the conclusion.

Il.  SCHMETIC AND OPERATING PRINCIPLES

Fig. 1 gives the traditional Two-Boost-Circuit BPFC. In
Fig. 2, the extended topology of Fig. 1 is shown: a 2-cell
interleaved  Two-Boost-Circuit BPFC. And  the
characteristic waveforms of the circuit are in Fig. 3. In the

positive half line period, Boost inductor Ly, L, , MOSs S,
S, and Boost diodes Dy, D, work interleaved with a low
frequency return diode Ds returning current to Vac. In the
negative half line period, the converter works
symmetrically. Boost inductor Ls, Ly , MOSs S;, S, and
Boost diodes Ds;, D, work interleaved with a low
frequency return diode Dg returning current to Vac. This
topology can be expected higher efficiency than both
Boost PFC and non-interleaved Two-Boost-Circuit BPFC,
because: firstly, it doesn’t need the freewheeling diodes
rectifier and has 1 semiconductor less than Boost PFC in
current flowing path; secondly, it uses multiple interleaved
switching cells, which will reduce the MOS’s conduction
losses half of the non-interleaved one with the same power
level. That is because interleaved cells share the input
current.
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Figure 1: Non-interleaved Two-Boost-Circuit BPFC
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Figure 2: Interleaved Two-Boost-Circuit BPFC
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Figure 3: Switch states, inductor current and Boost diode current
waveforms of interleaved and non-interleaved BPFC



111, OPTIMIZATION OF BOOST INDUCTORS

Magnetic component is always an important part of any
kind of PFCs, and its performance will mainly dominate
the reliability, efficiency and power density of the system
[5]. Furthermore, due to the increased amount of Boost
inductors in interleaved BPFC, in order to optimize the
magnetic design to achieve the best balance between
power density and system efficiency, an optimization
routine for Boost inductor design is implemented.

A. Optimization Procedure

According to reference [6], a flow chart of the
developed procedure for optimizing the Boost inductor
for Two-Boost-Circuit BPFC systems is shown in Fig. 4.
By implementing this simple and effective method, a
compromise design of the volume and losses of the
inductors can be reached for the 2-cell interleaved Two-
Boost-Circuit BPFC in Fig. 2.

The start point of this procedure is the specifications,
which defining every fixed parameters in the main circuit.
For example: input and output voltages, output peak
power, output capacitors, inner parameters of the
semiconductors and so on. Next, the important initial
starting values of the PFC variables are set. Such as:
minimal CCM Boost inductance Lgcy, Starting output
power P, min, parameters of cores and windings from
manufacturers. With all the specifications and initial
values, the mathematical BPFC model will calculate the
necessary RMS and average currents flowing through all
the components in the circuit, therefore semiconductor
losses and inductor losses can be predicted. Furthermore,
inner optimization loop 1 seeks the characteristics of
semiconductor losses vs. Boost inductance and output
power, which will give a suitable region of Boost
inductance at certain power level. And inner optimization
loop 2 gets a compromise of volume and efficiency of the
inductor. The optimal design can be realized by running
optimization loop 1 and 2 together.
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s, Vinams, Vo, Pomas, Co, Resmos-

Initial Values ‘
Lacost,cms Pominy Ae/Velle...( of cores
and windings from manufactures ) ’—
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Modify Leeostand Po

Optimization Loop 1 1 1 Optimization Loop 2
2 ¥

Modify cables

| Semiconductor losses vs. DC & AC Winding losses vs.
Leoost, Po winding size

I !

Core Losses vs. core volume
Criterion: Bacostmas < Best | ——)
ATcore max < 50°C

‘ l ‘

‘ Minimization of the losses and inductor volume

Optimization region for Lacost
Criterion: Leoost > Leoostcu

Optimal Boost Inductor Design

Figure 4: Flow chart of the optimization procedure of Boost inductor for
trading off efficiency and power density [6]

B.  Simulation results of optimization

Because the interleaved BPFC is working in a wide
output power range from less than 500W up to 3.5kW for
audio applications, it is important that the inductance
reduction with power increasing will not affect the
system efficiency a lot. This also means it will be very
interesting to find out the relationship of Boost
inductance and semiconductor losses in different power
levels. Using the optimization procedure, Fig. 5 shows
the relationship of Boost inductance versus semi-
conductor losses as a function of output power at low line:
85Vac input.

From Fig. 5, it can be seen: at the low line, after 500W,
for a fixed power level, the increasing of inductance can
not reduce semiconductor loss ratio anymore. That is
because: comparing to the input current, the variance of
input ripple current is too small, it will not affect the
semiconductor loss ratio very much. However, since the
light load operation power is below 500W, the inductance
at low power should be bigger enough to limit the
semiconductor losses increasing when the Boost
inductance reducing. Therefore, to select an inductance
about 0.2mH at 300W is a good choice to gain lower
semiconductor losses in a wide output power range.

It is well known, winding losses include DC losses and
AC losses [5]. To further reduce the winding losses,
copper foils were used. Using the same derivation method
in paper [6], Fig. 6 gives the winding losses versus the
thickness of copper foil and Boost inductance at 3.5kW
output and 85Vac input. Fig. 6 tells: firstly, the winding
losses are dominated by DC winding losses; secondly, the
most useful thickness of the copper foil can be from
0.15mm to 0.2mm. Thicker copper foil is not very
necessary, due to it occupies lots of window areas in the
core but cannot reduce the winding losses very much.
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Figure 5: Semiconductor losses vs. input voltage and Boost inductance of
interleaved BPFC



Take the relatively low core-loss Kool Mu cores as an
example, Fig. 7 shows the total inductor losses vs. Boost
inductance for all the qualified Kool Mu E cores from
Magnetics®, when the thickness of copper foil h is
0.15mm and 85Vac input at 3.5kW. In the legend on the
top right corner, the cores were ranked by their sizes, the
topper the smaller.

Take both of the efficiency and power density
requirements into consideration, the optimized parameters
for the 2-cell interleaved Two-Boost-Circuit BPFC Boost
inductor design are listed in Table I. Where, P is core
losses and Pyinging Means winding losses.

Figure 6: Winding losses vs. copper foil thickness and Boost inductance
of interleaved BPFC
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Figure 7: Inductor losses vs. output power and Boost inductance of
interleaved BPFC
Table 1. One of the optimized parameters for Boost inductor design with

high efficiency and power density
1

Boost-Circuit BPFC, non-interleaved Two-Boost-Circuit
BPFC with equal inductance and non-interleaved Two-
Boost-Circuit PFC with equal HF RMS current according
to the system parameters below:

Vieoms =85V L =L,=Ly=L,=0.13mH

V,=390V P, =35kW f =65kHz f,, =50Hz

Table 1. Different RMS currents in interleaved and non-interleaved
Two-Boost-Circuit BPFC topologies

Core No. Copper Peore/Pwinding Temp- Inductance
foil at Rapture at
h (mm) 3.5kw rise 300W
(9 (mH)
5528E090 | 0.15 62.32% 60 0.22

IVV.  INTERLEAVED AND NON-INTERLEAVED BPFCs
PERFORMANCES COMPARISON

Since the currents in the converter mainly dominate the
system performances such as EMI and efficiency, one can
simply judge the advantages and disadvantages of a
system by its currents. Table Il gives the RMS currents of
the Boost inductor, MOS, Boost diode and the high-
frequency (HF) line current in the 2-cell interleaved Two-

Non- Non-
Interleaved interleaved interleaved
PFC topologies BPFC with equal with equal HF
(case 1) inductance RMS current
(case 2) (case 3)
Boost
i 0.13 0.13 0.19
inductance (mH)
MOS current
17.71 35.39 35.39
(A)
Diode current
10.54 21.07 21.06
(A)
Inductor current
20.61 41.19 41.18
(A)
HF line current
4.63 6.83 4.63
(A)

From Table I, it is obviously to find out that:

1. At the same inductance, the HF RMS line current
of the non-interleaved BPFC is 1.48 times greater
than that of the interleaved BPFC, which means
that: the EMI filter of non-interleaved BPFC
must provide higher attenuation at switching
frequency than interleaved BPFC.

2. At equal HF RMS line current, the inductance
value of the non-interleaved BPFC is 1.46 times
greater than that of interleaved BPFC. If the
design of the inductor has been optimized,
increasing the inductance will certainly lead a
higher volume for non-interleaved BPFC [2] and
[6].

3. The semiconductor conduction losses of the
interleaved BPFC are always lower than non-
interleaved BPFC due to it shares the current
between the two stages. Therefore, interleaving
stages will increase the system efficiency.

It would be also nice to point out that: although papers
[7-8] have presented that more interleaved stages, larger
range of duty ratios experiencing near-total input current
ripple cancellation; unless it is really necessary, by
increasing the number of stages, it will quickly enlarge the
size of the whole system, the limited reduction of
magnetic and filter volumes may disappear. On the other
hand, increasing interleaved stages will also be
accompanied with increasing circuit complexity and
leading to higher cost and reducing system reliability as
well.

V.  SIMULATION RESULTS
According to the system parameters shown in section
1V, simulate the BPFCs without input filters at 3500W

and 85V input. Fig. 8 gives the line voltage and current of
the interleaved BPFC in case 1. Fig. 9 gives the spectrum



of input current ripple of interleaved BPFC in case 1 and
non-interleaved BPFC in case 2. Fig. 10 shows the input
current ripple of both interleaved BPFC in case 1 and
non-interleaved BPFC with equal inductance in case 2 in
half line period. From Figs. 9 and 10, it can be seen, the
interleaved stages reduce the input ripple current, which
will do benefit to DM EMI filter reduction.

After carefully choosing the components, Fig. 11 shows
the system efficiency comparison of the three BPFCs in
Table II, when the output power increases from 200W to
3.5kW. Where, MOSs are IPWG60R045CP from
Infineon®; Boost diodes are implemented  with
STPSC1206 SiC diode from ST® and diodes
STTH6004W from ST® are used as the return diodes. The
Magnetics cores for the Boost inductors L are 5528E090
(volume: 43.1cm® in interleaved BPFC in case 1,
5530E090 (volume: 51.4cm®) in non-interleaved BPFC in
case 2 and 82020E060 (volume: 72.1cm®) for non-
interleaved BPFC in case 3. The 0.15mm copper foil was
used for winding. Finally, the high voltage aluminum
capacitor (1000xF, 400VDC) is used for bulk capacitor. It
should be noted that: although the interleaved BPFC in
case 1 has higher number of Boost inductors, it will not
increase the total core size a lot comparing to the non-
interleaved BPFC. That is because: the inductor current
of the non-interleaved BPFC is two times higher than
which in 2-cell interleaved BPFC in case 1. Therefore,
the higher inductor losses and temperature rising enlarge
the core size significantly.

curent (A) or ninput voltage (V)

|
Ts4 1576 ]

Figure 8: Input voltage (red 50V/div), input current (blue 50A/div) of
the interleaved BPFC
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Figure 9: Spectrum of input current ripple of the interleaved BPFC in
case 1 (blue) and non-interleaved BPFC in case 2 (red)
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Figure 10: Input ripple current of interleaved BPFC in case 1 (green),
non-interleaved BPFC equals inductance in case 2 (red)
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Figure 11: Efficiency comparison for three BPFCs in Table I1
In Fig. 11, it can be seen that the interleaved Two-
Boost-Circuit BPFC has higher efficiency comparing
with the non-interleaved BPFCs after 1kW due to the
semiconductor losses dominate the total system losses in
high power level.

VI. CONCLUSION

Interleaving BLPFC is a useful novel topology, which
can increase the power density of the converter by
reduction the size of EMI filter without increasing system
losses dissipation. With the properly designing of the
magnetic components in the interleaved BPFC converter,
a trade off between high efficiency and high power
density can be achieved.
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Abstract— Working as an electronic pollution eliminator, the
Power Factor Corrector's (PFC) own Electromagnetic
Interference (EMI) problems have been blocking its performance
improvement for long. In this paper, a systematic research on
EMI generation of a multi-stage Two-Boost-Circuit Interleaved
Bridgeless PFC (IBPFC) is presented. The insight into
relationship of interleaving stages, switching on/off oscillations
and EMI reduction is discussed. Finally, a 3.5kW universal input
2-stage IBPFC prototype was built to verify the theoretical
analysis. Experimental results show that significant EMI
reductions at odd harmonics can be achieved by carefully
designing the BPFC using interleaving technique.

I. INTRODUCTION

In order to develop the environment-friendly power
electronics and reduce their pollutions to power grid, the
active Power Factor Corrector (PFC) is always implemented
in front of kinds of power converters. As one of the major
optimal solutions of power quality improvement nowadays,
the high efficient Bridgeless Power Factor Corrector (BPFC)
have attracted lots of attentions [1-5]. For reducing the high
electromagnetic pollution of BPFC due to fast switching on
and off of the semiconductors, the interleaved BPFCs
(IBPFCs) have recently been researched [6-8]. One possible
architecture of IBPFC system is shown in Fig. 1, which is an
extension version from Two-Boost-Circuit BPFC in Fig. 2. It
is well-known that using interleaved technique, the EMI
emission can be reduced. However, how much attenuation the
BPFC can gain from interleaving stages is unclear. This work
presents the insight into relationship of number of interleaved
stages, switching on/off oscillations and EMI cancellation is
discussed and proved by both simulation and experimental
results. Furthermore, although the analysis is only based on
Two-Boost-Circuit IBPFC, the idea can be extended to any
other PFCs.

In the paper, the main advantages of IBPFC converters are
firstly briefly introduced in Section II. In order to predict the
EMI performances correctly, the common-mode (CM) and
differential-mode (DM) EMI generation models for an N-
stage IBPFC are derived in Part A of Section IIl. The
discussion on EMI reduction relates to number of interleaved
stages and switching on/off oscillations is presented in Part B
and C in Section III. Experimental results are carried out in
Section IV. Finally, Section V comes to the conclusion.

II. IBPFC INTRODUCTION

The very popular BPFC topologies goes back to eighties [9].
References [3, 4] showed the basic performances of several
well-known BPFC topologies. According to what has been
proved in reference [4], compare to the traditional Boost PFC,
one line frequency diode can be omitted in the current flowing
path of BPFCs. Paper [4] also gave the detailed comparisons
on EMI and semiconductor losses of five popular BPFCs and
a conventional Boost PFC. In its conclusion, the Two-Boost-
Circuit BPFC in Fig. 2 shows better performances than others
due to enhancing system efficiency without increasing EMI.

With the requirement of increasing power level, instead of
simply paralleling several BPFCs together, during recent years,
interleaved BPFCs is becoming more and more common. The
latest publications [7] and [8] give the optimal design of a
high efficient 2-stage IBPFC in Fig. 3. This novel topology
can be expected to have better EMI performance comparing to
the non-interleaved BPFC due to EMI cancellation.

Taking the multi-stage IBPFC in Fig. 1 as an example, the
rest sections will give the detailed analysis on how do the
interleaved stages and switching oscillations affect EMI
cancellation in IBPFC systems.
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III. MULTI-STAGE INTERLEAVED BPFC

A. EMI Noise Sources Modelling

Because the N-stage interleaved BPFC (IBPFC) in Fig. 1
works symmetrically, only the positive ac period is considered
here. In the positive half period, Boost inductors L;;,, MOSs
S, and Boost diodes D;; work interleaved with D¢ returning
current to V,.. Where, i symbolized the number of interleaved
stages ranging from 1 to N. One of the major reasons for using
IBPFC is EMI cancellation. However, since the PFC converter
has variable on duty ratios, the high frequency ripple current
can NOT cancel completely all the time [10]. In order to
explain how exactly the EMI reduction varies with the number
of interleaved stages increasing, it is better to analysis the CM
and DM noises of the interleaved BPFC separately. However,
it should be noticed that the real EMI performances typically
depend strongly on the circuit layout, semiconductor
characteristics, gate drivers, operating currents, voltages and
temperature and parasitic elements. The actual EMI
performances above 1MHz are very difficult to simulate.
Therefore, in this paper, only the frequency noises below
1MHz are taken into consideration. Furthermore, the model of
EMI receiver is not considered neither.

Start from the 2-stage IBPFC in Fig. 3, steps of DM EMI
modeling of a multi-stage IBPFC is given in Fig. 4.

e Step 1: Using the symmetrical operation structure to

simplify the topology.

e Step 2: Because the output filter capacitor can be
considered as a short circuit in high frequency, and the
return diode Dy is always on in the positive AC period,
the two components can be ignored.

e Step 3: Simplify the semiconductor components and
the Boost inductors. In high frequency domain, the
Boost inductors charge and discharge through MOSs
and Boost diodes, therefore, they can be considered as
2 triangle current sources.

e Step 4: Extend the DM EMI model from 2-stage to N-
stage by interleaving N DM noise sources together. All
the triangle current sources are 360°/N phase shift.
Where, N is the number of multi-stage interleaved
modules. When /V equals to 1, it symbolizes the non-
interleaved BPFC.

Following the same steps, the CM model of the N-channel

IBPFC is shown in Fig. 5.

B. EMI Cancellation Analysis

The mathematical derivation of the CM and DM noise
sources in Fig. 4 and 5 are as follows. Assuming the nth order
CM and DM noise of the first interleaving stage have a
function of:

Vi (nw)=4,’"
CM 1 B . (1)
Loy, (n@,) = Wnej "

Where, the w, is the fundamental angular frequency, 4, and
B, are the CM and DM harmonics’ amplitudes of non-
interleaved BPFC, and ¢, and @, are the initial phases of the
nth harmonics. Therefore, the nth order CM and DM noise
sources of the Nth interleaving stage are:
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According to the superposition principle, the sum of the nth
order CM and DM noises from the N-stage IBPFC can be
expressed as:
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Assuming @,=¢,=0, Eqs (3) and (4) can be simplified as:
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From egs. (1) and (5), the amplitude ratio of nth order CM
noise of the N-stage interleaved and non-interleaved BPFC is:

a(n(l) ) — I/CM,ZUI (na)o)

7 Vertnon(n@,) 0
_ 1 Y 2m(k-1), & 2m(k-1)
=N ;cos(iN ) j;sm(iN )

similarly, from Eqgs. (1) and (6), the amplitude ratio of nth
order DM noise of the N-stage interleaved and non-interleaved
BPFC is:

NV orts(n®,)
Blner)= Vortnon(n0,) ®)
1 2m(k 1), & 2m(k-1)
=N ;cos(iN ) jgsm(iN )

Where, Ve o (nw,) and Vi (n@,) are the nth order CM
and DM harmonics of the N-stage IBPFC; Veyyon(ne,) and
Vsnon(nw,) are the nth order CM and DM harmonics of non-
interleaved BPFC.

By using the Orthogonality principle:
onw,))=pnw,)=0,n+#c-N
a(nw,))=pnw,))=1,n=c-N

Where c is the positive integer serials starts from 1.

Hence, the amplitudes of high switching frequency noises
from both CM and DM sources can be solved as below:

‘VCMM_ =0,n#c-N
‘VCM Lot . o

:‘VCM’M’I(V!CUO n=c-N
‘]DM ,loz,(na)o)‘:oin ¢ N
‘]DM ‘lat,(na)o)‘: ‘IDM non (}’la)O n=c-N

From Egs. (10) and (11), it can be concluded that:

1. Interleaved stages help to improve both CM and DM
EML

2. In an N-stage IBPFC, except the cxN times
fundamental frequencies, all the rest harmonics
reduced due to the phase shift.

3. The more interleaved stages the IBPFC has, the more
high frequency harmonics will be reduced.

4. The switching frequency f; affects the design of the
EMI filter of IBPFC due to the noises cancellation do

©

(10)

an

NOT happen at ¢xN times fundamental frequencies.
In order to maintain the EMI advantage of IBPFC, it
is better to select its switching frequency based on
the range of conduction EMI measurement.
Implementing the European Standard EN55013, the
disturbance voltage at mains terminals in the
frequency range from 150kHz to 30MHz needs to be
attenuated to fulfill the EMI limitation [I1].
Therefore, the first harmonic of the IBPFC, which
locates inside the range of the standard, should be
better not to equal to c¢x/NV times of fundamental
frequencies. The mathematic expression is:

[150kHﬂ¢C.N
1,

s

(12)

Where f; is the switching frequency, and '[ 1 7]" is the ceiling

function, which returns the smallest integer not less than x.
From Eq. (12) it can also be found, the IBPFCs usually
require higher cut-off frequency of the EMI filter comparing
to the non-interleaved one with the same EMI attenuations
when f; is higher than 150kHz.

Fig. 6 is the simulations of CM and DM EMI comparison
between a 2-stage interleaved and a non-interleaved Two-
Boost-Circuit BPFC, when the f5 is 75kHz. Because the 2™
harmonic (150kHz) is the first harmonic which locates inside
the EMI standard's frequency range, and it cannot be cancelled
by interleaving. (150kHz equals to the ¢XxN, when ¢ is 1.)
Therefore, the same as Eq. (12) has proved, the cut-off
frequency of the EMI filter in this 2-stage IBPFC requires the
same as the non-interleaved BPFC.

C. Switching on/ off and Oscillation Analysis

In the previous EMI models in part B, both of the rise/fall
times and the oscillations of the switching are neglected.
However, in the real power electronics systems, these effects
normally cannot be avoided. Consider the oscillating drain to
source single of MOS (the blue curve) in Fig. 7, and assume
rise time equals to fall time. The real V'pg signal can be
defined with:

Vs , 0<r<,
t,
‘ Vps+V,,e * sin[27,, (1—1,)), t. <t<drl, (13)
Vos(t)=9
t—’”(t—é’l;—t,), O <t< 6T +t,

»

—V, e sin[2af, (t—t, —ST)| 0T +1, <t <T,

p

Fig. 6 DM (left) and CM (right) EMI comparison of 2-stage interleaved (red)
and non-interleaved (blue) Two-Boost-Circuit BPFC at 75kHz and 3.5kW



Where ¢, is the switching rise and fall time, Vpg is a 390V
constant drain to source voltage on MOS, T, is switching
period, V), is the oscillating peak voltage, ¥ is attenuation
factor of the oscillation, § is MOS's on duty ratio and f, is
the oscillating frequency. Implement Fast Fourier Transform
(FFT), the frequency spectrums of Fig. 7 is shown in Fig. 8.
From Fig. 8, it can be seen: the switching rise/fall times and
oscillations rarely affect the EMI emission before the
oscillating frequency and will not do harm to the low
frequency EMI reduction caused by interleaved stages.

Voltage (V)

hmoe (s)
Fig. 7 Comparison of the oscillating Vs (blue) and the 1dea| Vps (red)
when: t; =20ns; 6 = 0.41; ¥ =1.25 MHz; V,, = 0.15Vpg; fo = 3.6 MHz.
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Fig. 8 Comparison of FFT of the oscillating Vs (blue) and the ideal Vps (red)
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Fig. 9 EMI comparison of 2-stage IBPFC and non-interleaved BPFC at one
eighth of full power and 230Vac input

IV. EXPERIMENTAL VERIFICATION

Considering the design complexity and cost of multi-stage
IBPFCs, a 2-stage 65kHz 390Vdc IBPFC for audio
application was built for experimental verification. According
to the special EMI requirement from audio systems, Fig. 9
gives the EMI measurement results of the 2-stage IBPFC and
a traditional BPFC at one eighth of the full power. In order to
make a fair comparison, all the components and testing
equipments selected for the 2 topologies are the same. From
Fig. 9, it is clear that in the 2-stage IBPFC, all the peak
amplitudes of odd order harmonics have been reduced due to
phase shift. However, according to what have been proved in
Egs. (10) and (11) in Section III, in the 2-stage IBPFC, all the
odd harmonics should be completely cancelled, not only
reduced. One reason for the difference between calculation
and measurement is that: in the calculation, we don't consider
the affect of EMI receiver. In the real measurement, the EMI
receiver has a 9kHz resolution bandwidth (RBW) filter, which
collects all the harmonics' amplitudes around the sweeping
frequencies within the 9kHz bandwidth. So, it is impossible
for the equipment to measure the exactly amplitude of any
harmonic at one frequency point. But in the mathematical
analysis in Section III, all the calculations relate to one
frequency point. Anyhow, the 2-stage IBPFC still shows
significant EMI reduction at odd harmonics.

V. CONCLUSIONS

In this paper, a systematic research on EMI generation of
multi-stage IBPFC is presented by modeling its CM and DM
noises. The insight into relationship of interleaving stages,
switching on/off oscillations and EMI reduction based on the
Two-Boost-Circuit IBPFC is discussed. Furthermore, a 3.5kW
universal input 2-stage IBPFC prototype was built and
experimental results show that 10dB EMI reductions on odd
order harmonics can be achieved by carefully designing the
BPFC using interleaving technique.
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Abstract—In this paper, a 3.5kW single-phase high efficient
interleaved Bridgeless PFC (IBPFC) is proposed for class-D
amplifiers. This topology achieves a relatively higher efficiency
performance in a wide output power range, which helps to
reduce the energy consuming of the whole system. In addition, a
detailed analysis is given to reach a compromise of IBPFC’s
volume, efficiency and EMI reduction. A 3.5kW 2-stage IBPFC
prototype covering universal input (from 85Vac to 265Vac) and
with 390Vdc output is built and optimized. The experiment
verifications show that a good Power Factor (PF) and excellent
maximum efficiency of 98.6% at 230Vac with the switching
frequency 65kHz and a 2.22kW load.

Keywords-high effecient; bridgeless PFC; interleaved; class-D
amplifiers

l. INTRODUCTION

Due to its higher efficiency compared to linear audio
amplifiers, class-D amplifier makes it possible for more
compact and high-power audio applications [1]. In order to
keep this natural advantage of class-D amplifiers, as its front-
end, the PFC system is required to have an outstanding
efficiency in a wide output power range. Architecture of class-
D amplifier system with high efficient single-phase PFC front-
end for universal line input is proposed in Fig. 1. In order to
achieve higher efficiency from main to output, many research
have been done to improve the performance of the PFCs.
Among them, topology development and innovation is always
an important method. Nowadays, the Bridgeless PFC (BPFC)
topologies have attracted the most attentions since they reduce
the number of semiconductors in current flowing path, and
reduce the system conductor losses [2-4]. A latest publication
reports a interleaved BPFC (IBPFC) with peak efficiency of
98.5% [4] at 220Vac, however, below 1kW, the system
efficiency drops rapidly while output power decreases
especially in the low line. This is not good for audio
application, because the audio load is always dynamic in a
wide range. Furthermore, none of the recent papers presented
the BPFC’s performance at full load in the low line [2-5].

In this paper, an optimal design of a nearly 98.6% efficiency,
390Vdc output, 3.5kW single-phase interleaved Bridgeless
PFC (IBPFC) is presented at universal line for audio
application. In Section Il, discussions on multi-stage IBPFC
are carried out focusing on the EMI mitigation and system
optimization. And then, a useful 2-stage IBPFC topology is
presented to compromise the EMI reduction, volume
optimization and system’s complexity. Detailed design
considerations of the proposed 2-stage IBPFC is presented in
Section I1. Section IV verified the analysis and simulations in

Sections Il and 111 by experimental measurements. Finally, The
conclusion is made in Section V.

IBPFC SYSTEM

Galvanic
barrier

Amplifier

Single-phase
input

AC input
filter

Speaker

DC'DC
converter

Amplifier

DSP/Micro Controller

Fig. 1: Proposed IBPFC system for audio application
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Fig. 3: Possible architecture of multi-stage IBPFC system



II.  DiSSCUSSION ON MULTI-STAGE IBPFC

The idea of BPFC goes back to eighties [6]. Reference [2]
not only showed the basic performances of five well-known
BPFC topologies, but also gave a systematic comparison of
these popular BPFCs and the conventional Boost PFC
converter. According to its conclusion, the usage of Two-
Boost-Circuit BPFC in Fig. 2 would allow having higher
efficiency without harming the EMI performance compared to
the traditional Boost PFC. Fig. 3 is an extended application of
Fig. 2. It consists of multi-stage interleaved BPFC modules. In
the positive half line period, Boost inductors L;;, MOSs S;;
and Boost diodes D;; work interleaved with Dg returning
current to V.. Where, i symbolized the number of interleaved
stages, ranging from 1 to N. In the negative half line period,
the converter works symmetrically. This topology can be
expected to have lower EMI than non-interleaved Two-Boost-
Circuit BPFC with the same inductances, due to its lower
input current ripples.

A. EMI Modeling and Suppression

Comparing to the simply paralleled BPFC systems to
distribute power flowing, one major reason for using the
IBPFC system is EMI reduction. In order to analyze the EMI
suppression relates to multi-interleaved stages precisely, the
common-mode (CM) and differential-mode (DM) noises of
the IBPFC are modeled separately. Start from the 2-stage
interleaved Two-Boost-Circuit BPFC in Fig. 4, since it has a
symmetrical circuit structure for both positive and negative
period of ac line, only half of the ac period is considered here.
Procedure of generating its DM EMI model is showed in Fig.
5. The model of N-stage interleaved DM noise sources can be
easily achieved by extending the existing DM model from 2
stages into N stages. It should be noticed that all the triangle
current sources are 360°/N phase shift. Where, N is the number
of interleaved stages. And when N equals to 1, it symbolizes
the traditional non-interleaved BPFC in Fig. 2.

Following the same steps, the CM model of the N-stage
IBPFC is given in Fig. 6. It equals to interleave N pulses
voltage sources, each of them is in series with an equivalent
stray capacitor Cg;. Similarly, each pulse source is 360°/N
phase shift. The equivalent stray capacitor C ; mostly comes
from the parasitic capacitor connecting between drain of the
MOS and the ground.

Implementing the Discrete Fourier Transform (DFT), the
amplitudes of high switching frequency noises from both CM
and DM sources can be solved as below [7]:

NCM ,im_(n)‘ZO,n¢ k-N O
Mew e (M| = Ve ron (M1 = k=N

NDM ‘im_(n)\:o,ni k-N @
NDM ‘im_(n)‘ = NDM o (Mn=k-N

Where, Vewm,int(N) and Vpwmiint.(N) are the n-order CM and DM
harmonics of N-stage IBPFC; Vemnon.(N) and Vo non () are the
n-order CM and DM harmonics of non-interleaved BPFC; k is
a positive integer starting from 1.

From egs. (1) and (2), it can be concluded that:

1. Interleaved stages help to suppress both CM and DM
noises.

2. In an N-stage IBPFC, except the kxN times
fundamental frequencies, all the rest harmonics
cancelled due to the phase shift.

3. The more interleaved stages the IBPFC has, the more
high frequency harmonics will be cancelled.

4. The switching frequency affects the design of the
EMI filter of IBPFC due to the noises cancellation do
NOT happen at kxN times fundamental frequencies.
In order to maintain the EMI advantage of IBPFC
system, it is better to select the switching frequency
based on the range of conduction EMI measurement.
According to the European Standard EN55013, the
disturbance voltage at mains terminals in the
frequency range from 150kHz to 30MHz needs to be
attenuated to fulfill the EMI limitation [8]. Therefore,
the first harmonic of the IBPFC, which locates
inside the range of the standard, should not equal
to kxN times fundamental frequencies. The
mathematic expression is:

( 150kazW L KN o

S
Where f; is the switching frequency, and 'Tx7" is the ceiling

function, which returns the smallest integer not less than x.
From Eq. (3) it can be found, the IBPFCs usually require
higher cutoff frequency of EMI filters comparing to the non-
interleaved one with same EMI attenuations, when the
switching frequency is higher than 150kHz., which may do
benefit to EMI filter's volume optimization.
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Fig. 4: 2-stage Two-Boost-Circuit IBPFC
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Fig. 5: DM EMI modeling of N-stage interleaved Two-Boost-Circuit BPFC
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Fig. 6: CM EMI modeling of N-stage interleaved Two-Boost-Circuit BPFC
Fig. 7 gives the CM and DM EMI comparison between a
2-stage interleaved and a non-interleaved Two-Boost-Circuit
BPFC, when the switching frequency fs is improperly selected
at 75kHz. Their 2™ harmonics at 150kHz are the first
harmonics which locate inside the range of EMI limitation,
and they almost have the same values. Because that 150kHz
equals to the kxN, when k is 1. Therefore, the same as Eq. (3)
has proved, the cutoff frequency of EMI filter in this 2-stage
IBPFC should be the same as the non-interleaved BPFC.
Therefore, the EMI advantage of this IBPFC cannot display.

It should be noticed that in the simulations of Fig. 7, the
model of EMI receiver is not considered. Furthermore, the real
EMI performances typically depend strongly on the circuit
layout, semiconductor characteristics, gate drivers, operating
currents, voltages and temperature and parasitic elements. The
actual waveforms above 3MHz are very difficult to predict.
Therefore, in the following simulations, only the frequency
noises below 3MHz are taken into consideration.

B. Efficiency and Power Density Analysis

At light load operating condition, comparing to the non-
interleaved BPFC, one main disadvantage of IBPFC is that it
increases the number of magnetic components. By adding one
interleaved stage, two extra Boost inductors will be needed.
Facing the most important issues in power electronics today —
efficiency and power density — the compromise of power
density, efficiency and EMI must be taken into consideration.
Since the system's volume is mainly dominated by magnetic
components, assuming equal inductances, the energy storage
comparison of Boost inductors between N-stage IBPFC and
non-interleaved BPFC appears as below [9]:
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Eq. (4) shows that: although the number of boost inductors
of N-stage IBPFC is 2N times larger than those of non-
interleaved BPFC, the energy storage on each interleaved
inductor is N? times smaller, which may do benefits on
inductor volume reduction.

CMEM (dBuv)

Fig. 7: DM (left) and CM (right) EMI comparison of 2-stage interleaved (red)
and non-interleaved (blue) Two-Boost-Circuit BPFC at 3.5kW

A multi-objective Boost inductor optimization procedure is
illuminated in the flowchart in Fig. 8. It takes both the volume
and effcieicny of the N-stage IBPFC into considerations and
searches for a useful compromise between efficiency and
power density. By implementing the optimization procedure,
Fig. 9 gives the comparison of minimal volume of Boost
inductors in interleaved and non-interleaved Two-Boost-
Circuit BPFC with high efficient performance, when the
interleaved stage N varying from 2 to 8 at 3.5kW and 85Vac
input. It should be noticed, in this optimization, Kool Mu E
cores from Magnetics® were chosen because of their high
saturation level, low core losses and cheap price. And,
comparing with the traditional round winding, copper foils
were selected to reduce the ac winding losses. Moreover, the
thickness of the winding was optimized in order to further
increase the inductor’s efficiency.

From Fig. 9, it can be concluded:

1. With the number of interleaved stages increasing, the
single Boost inductor’s volume reduces significantly.

2. Due to the number of inductors increasing, except the
3-stage interleaved, the total inductors’ volume of
IBPFC is always higher than the non-interleaved
BPFC with the same inductance.

3. 3-stage and 4-stage IBPFC has lower total inductor
volume among all the IBPFCs. The first one has
smaller system volume, and the second one has better
EMI.

4. Comparing to 3 or 4 stages IBPFC, the 2-stage
IBPFC has slightly higher volume and EMI, but
lower cost and less control complexity.

Specifications
fs, Vinms, Vo, Pomax, Co, Rasmos..-

Initial Values

<

\ 4

Lpoost,cms Pomin, Ae/Velle...( parameters of cores [«
and winding from manufactures )
: !
| Mathematic Model of Multi-stage IBPFC é
E Calculate rms currents of semiconductors and 3
~ .
N Capacitors N .
H | 8
S| Optimization Loop 1 =, Optimi Loop?| 3
[l (] S
2
Semiconductor losses vs. DC & AC Winding losses vs. | | §

Laoost, Po Winding thickness

v 1

Core Losses vs. core volume
Criterion: Bpoostmax < Bsat
Tcore,max < 50°C

v

Minimization of the losses and inductor volume

( Optimal Boost Inductor Design )
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Fig. 9: Minimal single (blue) and total (red) inductor's volume comparison of
interleaved and non-interleaved Two-Boost-Circuit BPFCs

I1l.  OPTIMIZED DESIGN OF A 2-STAGE IBPFC

A. Optimize Semiconductor Losses in Wide Ouput Range

According to what has been discussed in Section Il Part B,
only the 2-stage IBPFC is analyzed in this Section. Because of
the audio application, the IBPFC works in a wide output
power range from less than 500W up to 3.5kW, in order to
have a relatively flat and high efficiency performance, it is
important that the inductance reduction caused by DC bias
will not increase the semiconductor losses a lot. Implement the
mathematic model of BPFC in reference [10], Fig. 10 shows
the relationship of Boost inductance versus semi-conductor
losses ratio as a function of output power at 85Vac input.

From Fig. 10, it can be seen that: at the beginning, with the
inductance increasing, the semiconductor losses ratio reduces
significantly due to the decreasing of input current ripple;
however, when the inductance is around 0.2mH, further
increasing it will not help to reduce the semiconductor losses
ratio anymore.

Therefore, according to Fig. 10, a Boost inductance of
0.2mH at 300W is a good selection to gain lower
semiconductor losses in a wide output power range.

B. Optimize Boost Inductors

To optimize Boost Inductors, we start from winding losses
prediction. It is well known, winding losses include DC losses
and AC losses [9]. To further reduce the winding losses,
copper foils were used here. Using the same derivation
method in paper [10], Fig. 11 gives the winding losses versus
the thickness of copper foil and Boost inductance at 3.5kW
output and 85Vac input. It shows that: firstly, in high power
applications, the winding losses are dominated by DC losses;
secondly, for this paper, the most useful thickness of the
copper foil ranges from 0.15mm to 0.2mm. The thicker copper
foil is not very necessary, due to it occupies more window
areas in the core but cannot reduce the winding losses very
much.

Using the relatively low core-loss Kool Mu cores as an
example, Fig. 12 shows the total inductor losses vs. Boost
inductance for all the qualified Kool Mu E cores from
Magnetics®, when the thickness of copper foil h is 0.15mm. In
the legend on the top right corner, the cores were ranked by
their sizes, the topper the smaller.
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Fig. 10: Semiconductor losses ratio vs. output power and Boost inductance of
2-stage IBPFC
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Fig. 11: Winding losses vs. copper foil's thickness and Boost inductance of
proposed 2-stage IBPFC
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Fig. 12: Inductor losses vs. Boost inductance of proposed 2-stage IBPFC

TABLE I. OPTIMIZED PARAMETERS OF BOOST INDUCTOR WITH HIGH

EFFICIENCY AND POWER DENSITY FOR 2-STAGE IBPFC

L at 300W
(mH)

5528E090 0.15

62.32% 0.22

Where, P, means core losses, P is total inductor losses.



Considering both of the efficiency and power density, the
optimized parameters of Boost inductor for the 2-stage Two-
Boost-Circuit IBPFC are listed in Table I.

IV. EXPERIMENTAL VERIFICATION

After carefully design the 65kHz 2-stage IBPFC, the key
components’ information is provided in Table II. Comparison
of the system’s efficiency, which were measured by the
precision power analyzer PPA5530 from N4L®, at different
line voltages are drawn in Fig. 13. Fig. 14 and 15 gives the
measured input voltage and current waveforms of the IBPFC in
3.5kW at 110Vac and 230Vac input. According to the
requirement from the audio application, the EMI measurement
should be done at one over eight of the full power. So, Fig. 16
gives the EMI performances of the 2-stage IBPFC and a
traditional BPFC at one eighth of full power without EMI filter
in front. In order to make a fair comparison, all the components
and testing equipments selected for the 2 topologies are the
same.

TABLE II. KEY COMPONENTS USED IN THE 2-STAGE IBPFC PROTOTYPE

No. of
devices

Device

STPSC1206
STTH6004W

Fast Diode
Return Diode

ABA NS
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Inductor 5528E090 core
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98
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Fig. 13: Efficiency comparison of 2-stage IBPFC at different input voltages
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Fig. 14:

Input voltage (red 100V/div) and current (green 20A/div) waveforms
from 2-stage IBPFC at 3.5kW and 110Vac, PF=99%
Fig. 15: Input voltage (red 200V/div) and current (green 20A/div) waveforms

from 2-stage IBPFC at 3.5kW and 230Vac, PF=99%
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(b) Traditional non-interleaved BPFC
Fig. 16: EMI comparison of 2-stage IBPFC and non-interleaved BPFC at one
eighth of full power and 230Vac input

Fig. 16 shows that in the 2-stage IBPFC, the odd harmonics
can be partly cancelled due to phase shift.

V. CONCLUSION

As shown in this paper, a 3.5kW single-phase 2-stage IBPFC
of peak efficiency 98.6% is proposed for audio application.
The EMI model of the multi-stage IBPFC is made to analysis
the insight of EMI cancellation relates to number of interleaved
stage. Furthermore, the multi-objective optimization is
implemented to achieve a useful balance of system efficiency,
volume and EMI reduction in the design.
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Abstract - This paper proposes an cost-efficient method to
reduce the electromagnetic interference (EMI) of interleaved
BPFC (IBPFC) system in a wide frequency range by carefully
designing and utilizing frequency dithering. In this work, a
valuable frequency dithering designing concept is implemented
for a 3.5kW universal line 2-stage IBPFC. Detailed evaluations
of impacts on EMI reduction from frequency dithering are
carried out through both of the theoretical and experimental
analysis. Furthermore, the effects on attenuations of EMI filter
based on frequency dithering is also researched through
mathematical derivations. Experiments prove that with a proper
design, it is possible to gain an useful EMI reduction in the
IBPFC system by frequency dithering.

Keywords- EMI reduction;
[frequency dithering; filter

interleaved Bridgeless PFC;

1. INTRODUCTION

In order to comply with the International Regulations, active
Power Factor Corrector (PFC) is widely used to limit the AC
line harmonic currents generated by switching mode power
supplies. Nowadays, with the increasing global interest of
energy saving and efficiency boosting, by removing the
passive bridge rectifier added in front of the traditional PFCs,
the Bridgeless PFC (BPFC) converters act as an optional
solution for the front-end of high-efficient AC to DC
converters.

In recent years, the BPFCs' developments are mainly related
to topology improvement [1-6] and magnetic components'
optimization [7-8]. Especially, in the latest BPFC version
from last year [4-5], interleaving technique was implementing,
which shows excellence on electromagnetic interference
(EMI) attenuation. Additionally, paper [9] claims that:
although part of the noise harmonics can be suppressed by
properly using interleaving stages, there will always be some
noises containing certain frequency components which
cannot be suppressed due to the natural restriction of
interleaved topology. However, in all the publications until
now, the BPFCs operate in constant switching frequency, and
the very high av/dt at diodes and MOSFETs are the major
noise generators of common-mode (CM) EMI. To meet the
world conducted EMI limitations, suitable line filter is needed
to implement, and it occupies a significant amount of volume
in the BPFC system.

This paper proposes a cost-efficient method to reduce the
CM EMI of interleaved BPFC (IBPFC) system in a wide
frequency range through carefully designing and utilizing
frequency dithering. In this work, a valuable frequency
dithering concept is dug for a 3.5kW peak power universal
line 2-stage IBPFC system in Fig. 1 for audio applications.
Details of its operation principles are presented in papers [4-
5].

Evaluations of impacts on EMI reduction is carried out
through both of the theoretical and experimental analysis.
Additionally, how will the frequency dithering affect the
design of EMI filter is also discussed briefly. And possible
future works for further investigations are put forward.

The article is organized as follows. Section II presents the
principles of frequency dithering for EMI suppression. In
order to get a complete analysis, the main advantages and
limitations of frequency dithering technique are discussed.
Subsequently, for industrial considerations, the inner relation
of frequency dithering versus EMI filter's design is proposed
in Section III. Furthermore, a fair comparison between the
proposed IBPFC with and without frequency dithering is
obtained by experimental verifications in Section IV. Finally,
the conclusion and the outlook of future works for promoting
investigations are shown in Section V.

II. FREQUENCY DITHERING AND EMI SUPPRESSION

It is well known that frequency dithering belongs to carrier-
frequency modulation (CFM) technique, which can be
classified as periodic CFM (PCFM) and random CFM
(RCFM) [10-13]. In this section, the important characteristics
of frequency dithering regarding to EMI suppression will be
discussed.

A. Reductions of noise harmonics under cosine frequency
dithering function

In this part, the research focuses on PCFM. That means the
switching frequency dithers with a small amplitude variation
around a central frequency. Considering a standard PWM
pulse signal G(t) with a duty ratio D and switching frequency
fi- Assuming G(t) has a high level 4 and a low level 0,
implementing the Fourier series, G(t) can be expressed as:
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Fig. 1: Interleaved 2-stage Two-Boost-Circuit BPFC [5]

G(t)=Y.C.e"™ )

n=—w

Where, C, and 6, are the nth series coefficients, which
contain the magnitude and phase information of the nth
harmonic. And C, and 6, can be calculated by:

1 = , Ai
C =—|2 G(t e’./z’[’f\’”’dt — 2 e*]2ﬂ~n4D —1 5
=7 f; (1) Byl ) @

0,(t) =2mf .t 3)

When the switching frequency is modulated by a co-
sinusoidal function with a dithering amplitude Af; and a
dithering rate f,, the instantaneous frequency and angular
rotation of the dithering PWM signal are:

Jus () = f, + Af, cos2nf,0) @
0,.(1) = 27znj [ (Odt =27ft + ysinQaf,t) )

Where, y is the dithering factor. It symbolizes the ratio of
dithering amplitude and dithering rate. And it is defined as:

_AM 6)
fm
Similarly, by applying the Fourier series, the dithering
PWM signal can be expressed as:

G, ()= Y Ce™ =y el

n=-w
With the derivation results from [13], Eq. (7) can be
rewritten into:

G,t)= i Cn{iji(ﬂ}/)[ej(o”w’"") " (_1)ie_f(0,, -%,,»)]}
i=0

n=-ow

- 26 {iunﬂ[e*"““ +<—1)"ef“(’""")]}
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®
Where 6,,; is the phase angular induced by frequency
dithering and can be written as:

0, .()=2nft )
And J; (") is the ith order Bessel function:

— 390Voe

N
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Ji(ny) = (n}/ 72
2 )= G+
From Eq. (8) one can see, the harmonics reduction at
multiples of central switching frequency f; can be predicted
by setting 7 equals to 0. And Jj (") can be written as:

i Ny o

i 1’ '(7) !

Jony)= ———5—
= UY

Therefore, the absolute value of J, (*) in Eq. (11) shows:

comparing to the standard PWM in Eq. (1), the harmonics

()]

reductions at multiples of central switching frequency of
dithering PWM in Eq. (8). It is easy to see, the harmonics’
reduction factor | J, (") | is a function of dithering factor y and
the harmonic’s order n. The reductions' trends of the
harmonics versus the dithering factor y are given in Fig. 2,
when » changes from 1 to 4.
From Fig. 2, one can conclude that:
1. Dithering PWM has lower amplitudes at multiples of
central switching frequency compared to standard
PWM.
2. With the same dithering factor, the reductions vary
from harmonic to harmonic.
3.  When the dither factor increases, each harmonic has
its maximum reduction.

B.  Limitations of frequency dithering

According to reference [14] has proved, the power spectrum
of dithering PWM signal in Eq. (8) in positive frequency
range can be expressed as:

Sa(f) =S, +AS(f.7) = ZECH[JO(W)'ﬁ(f—ani +

2

2

n=1

> S0m bty Vot ot )

(12)
Where S(fy) is the original power spectrum of standard

PWM signal and AS(fy) is the spread spectrum caused by
frequency dithering.

a)  The limitations of central harmonics reductions

Through Fig. 2 and Eq. (12), it is not difficult to find out
that in the dithering PWM, the central harmonics' reductions
are limited by y. Furthermore, in a fixed y dithering system, it
is more reasonable to expect large harmonics’ reductions only
happening at certain frequencies not in the whole frequency
range.
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Fig. 2: Harmonics’ reduction vs. dithering factor y when harmonics’ order n
changes from 1 to 4

b)  Spectrums overlapping and redistribution

According to paper [14], the frequency dithering will also
lead upper and lower sidebands at multiples of central
switching frequency f; and the bandwidth of the nth harmonic
can be approximately calculated by:

B, =2(ny+1)-f,, =2(nAf, + f,,) (13)
Fig. 3 shows the harmonics' spectrum comparison of a
standard PWM and a dithering PWM [14].

Assuming the sum of the right and left bandwidths of the nth
and (n+1)th harmonics is:

Bsum = %(Bn + BnH) = (2”+1)Af; + 2fm (14)

Therefore, when By, is higher than f;, these two sidebands
will overlap each other. The same as what has shown in Fig.
3, the harmonics' power in the overlapping area of dithering
PWM will be higher than standard PWM. This means, the
smaller the fis, the larger the overlapping areas could be and
the more power from the (»+1)th harmonic's lower sideband
will be pushed into the higher sideband of the nth harmonic.
This is why normally when one measures the EMI from a
frequency dithering system, comparing to a constant
frequency system, the frequency dithering system usually
pushes the EMI from the high frequency domain into the low

frequency domain.
III. EMI FILTER DESIGN CONSIDERATIONS

According to what has been mentioned in Section II, the
limitations of frequency dithering technique will definitely
harm its EMI performance and impact the EMI filter design.
Considering the harmonics spectrums of standard PWM and
dithering PWM in Fig. 4, the filter's attenuation character is
given in the red line. If the cutoff frequency of the filter at
minus 20{dB/dec frequency band is f¢, for standard PWM,

the filter's attenuation at multiple of switching frequency nf;
is as below:

nfs_A

¢
Where (is related to filter’s type, it is a function of filter’s

a, =-20{1g

. (15)

order and structure, and 4 ; is the filter's attenuation at .
Therefore, after filtering, the harmonics' amplitude at nf; is:

X, =201gC, - Jy(ny)|+a, (16)
Similarly, in the dithering PWM, the filter's attenuations

around multiple of switching frequency nf; can be calculated
as:

B, =-20¢ 1g’W 4, 17)
¢

Where k symbolizes the spread spectrums caused by
frequency dithering. According to Egs. (8) and (12), each
spread spectrum has a frequency interval of f;,. By utilizing

Eq. (13), the parameter & varies from — Ln]/ + 1J to |_n}/ + 1J.
And ' ij' is the floor function, which returns the smallest
integer not larger than x.

Therefore, after filtering, the harmonics' amplitudes around
nf; becomes:

Y, = 201gqcn Tk (”7)‘)4' e (18)

Where N equals to |_n}/ + lJ .

Unlike the constant frequency system, due to the EMI
receiver has impact on the final EMI measurement results of a
frequency dithering system through its inner resolution
bandwidth (RBW) filter [15]. In order to predict the EMI
performance of a frequency dithering system correctly, the
model of EMI receiver cannot be neglected. Reference [16]
presented a very details procedure for EMI receiver modeling,
according to its conclusions, it should be precise enough to
predict the measured EMI results at each frequency by only
considering the harmonics located inside the 9kHz inner
RBW filter of the EMI receiver.

...... Harmonics with standard PWM
Harmonics with PCFM
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Fig. 3: Harmonics’ spectrum comparison [14]
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Fig. 4: Harmonics’ spectrum comparison, dithering PWM (green) and
standard PWM (blue), the red line is the filter's attenuation characteristics

Set X equals to the maximum value of & which satisfies that:

9kHz
X f kHz
Therefore, the measured peak and average harmonics'

amplitudes of dithering PWM at nf; display on EMI receiver
can be predicted as below:
Yn,Pk = {Yn,k }max 4 (k S |X| )
1 X
Vo= Yo
B 2X Py E
Where, Pk. means peak value and Av. means average value.

Compare Egs. (16), (20) and (21), after filtering significant
harmonics' reduction from dithering PWM may exhibit if

? far below X, .

n,Av

(19)

(20)

@n

IV. EXPERIMENTAL VERIFICATIONS

According to references [5] and [8], the key components
selected for a high efficient 2-stage interleaved Two-Boost-

Circuit BPFC at 3.5kW and universal line are listed in Table 1.

As what has been proved in paper [9], in order to show the
advantage of EMI reduction comparing to non-interleaved
BPFC, a useful central switching frequency f; was set at
65kHz. According to the conducted EMI standard, the highest
harmonic’s amplitude which needs to be attenuated locates at
260kHz (the 4" order harmonic) [9]. As what shows in Fig. 2,
for further increasing the attenuation at 260kHz, a dithering
amplitude Af; of 7.55kHz and dithering rate f,, of 6.1kHz are
selected. This leads a dithering factor y at 1.24, and will give
a 33.15dB reduction at the 4™ harmonic. Due to the aim of
this IBPFC design is for audio application, we only interested
in the EMI performance at average power, which is 1 over 8
of the peak power. Therefore, the experimental results below
are all taken under the average output power.

Fig. 5 shows the conducted EMI comparison of the 2-stage
IBPFC in Fig. 1 with and without frequency dithering and no
input filter. Additionally, in Fig. 6, there are the detailed
harmonics' amplitudes comparison of 4 highest harmonics in
Fig. 5.

TABLE L. KEY COMPONENTS USED IN THE 2-STAGE IBPFC

Device # of devices

Fast Diode
Return Diode

MOSFET
Inductor Cores

STPSC1206
STTH6004W
IPW60R045CP
5528E090 Magnetics®

L N )

Levelin dBLY

600 1M M M 4M EM ©

Fraquency in Hz

(a) Standard IBPFC, Pk. value in blue, Av. value in green

a 1M 20M  30M

Level mdBuY

40
150k 300 400 500

800 1M m 3 4M SM B g 10M 20 30M
Frequency in Hz
(b) Proposed IBPFC, Pk. value in blue, Av. value in green
Fig. 5: Conducted EMI comparison of standard IBPFC and proposed
frequency dithering IBPFC at 110Vac input and 1 over 8 full power without

input EMI filter

=
&

120 +

100

80 - m Normal IBPFC Pk, Value
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W Normal IBPFC Av. value
W Dither IBPFC Av. value

Harmonics' amplitude (dBuV)

260 390 520 650
Harmonics' frequency (kHz)

Fig. 6: Detailed EMI comparison of 4 highest harmonics in Fig. 5

Implementing the derived mathematical expressions in
Sections II and III, Table II gives the harmonics’ amplitudes
comparison in Fig. 6 between experiments and theoretical
prediction of the frequency dithering IBPFC. Where, P.
means predicted value and M. means measured value.



TABLE II. EMI COMPARISON OF CRITICAL HARMONICS

Harmonics'

frequeney iz} 260 390 520 650
EMI detector Pk. Av. Pk. Av. Pk. Av. Pk. Av.
Dither P. 125 124 121 116 115 107 112 109
IBPFC
(dBuv) M. 126 122 123 116 118 111 116 107

Prediction error

(dBuV) -1 2 -2 0 -3 -4 -4

1508 WO 40500 GO0 M M B AMSM B B 1M 20M
Frequency in Hz

(a) Standard IBPFC, Pk. value in blue, Av. value in green

150k 00 400 500 800 1M T I 4MSM B B 10M 20M

Frequency in Hz
(b) Proposed IBPFC, Pk. value in blue, Av. value in green
Fig. 7: Conducted EMI comparison of standard IBPFC and proposed

30M

frequency dithering IBPFC at 110Vac and 1/8 peak power with the same

filter

From Table IL, it can be proved that using the mathematical
the EMI
performances of the frequency dithering IBPFC can be

method mentioned in Sections II and III,

predicted approximately.

Fig. 7 shows the conducted EMI comparison of the 2-stage
IBPFC in Fig. 1 with and without frequency dithering using
the same input filter. Compare Figs. 5 and 7, it can be
concluded that the EMI generated by frequency dithering
PWM is lower and easier to attenuate by EMI filter than the
traditional IBPFC. And by combining of interleaving and

frequency dithering, further EMI reduction can be achieved.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, a systematic research on EMI reduction of the
IBPFC based on frequency dithering is given. And the insight
into the limitations of EMI suppression using frequency
dithering is presented. Moreover, the experiments prove that
useful EMI reductions can be expected by carefully designing

the frequency dithering together with interleaving technique.

According to the discussion in Section III, in the future, it

will be useful to invest how to make an optimized design of
EMI filter under frequency dithering condition to achieve
both maximum EMI reduction and low filter’ volume. This
will be a good combination of both research and industrial
application.
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Analysis of Optimal Design of High Efficient
Multi-stage Interleaved Bridgeless PFC
Converter for Class-D Amplifiers

Qingnan Li, Member, IEEE, Michael A. E. Andersen, Member, IEEE , and Ole C. Thomsen, Member, IEEE

Abstract—This paper proposes a systemic approach to design
the high efficient 3.5kW single-phase universal line (from 85Vac to
265Vac) PFC converter for class-D amplifiers based on the
optimal multi-stage Interleaved Bridgeless PFC topology. By
implementing the multi-objective optimization procedure, this
PFC design achieves a relatively higher efficiency performance in
a wide output power range without losing power density.
Furthermore, a cost-efficient solution is presented for EMI
mitigation by carefully designing and utilizing frequency dithering.
The simulations and experimental results demonstrate the validity
of the study.

Index Terms—Efficiency, multi-stage Interleaved Bridgeless
PFC, multi-objective optimization, EMI mitigation

. INTRODUCTION

UE to the higher efficiency compared to linear audio

amplifiers, class-D amplifiers make it possible for more
compact high-power audio applications [1]. For keeping the
advantage of class-D amplifiers, as its front-end, the PFC
system is required to have an outstanding efficiency in a wide
output power range. Recent years, the Bridgeless PFCs (BPFCs)
are becoming a promising option for volume and loss reduction,
because these PFC topologies do not need the diodes
rectification system in front of them and have less
semiconductors losses than the conventional PFCs [2-5]. The
architecture of class-D amplifiers system with high efficient
single-phase PFCs front-end is proposed in Fig. 1.

IBPFC SYSTEM
Amplifier
I Amplifier I
Amplifier

Galvanic
barrier

BPFC

Single-phase

input
AC input
filter

Speaker

ochoc
convrter

DSP/Micro Controller

Fig. 1: Architecture of class-D amplifiers system with high efficient
single-phase BPFCs front-end

Manuscript submitted on March 31th, 2012 .

In order to achieve as high efficiency as possible from mains
to output, studies such as topology innovation and optimization
have been done to improve the performances of the BPFCs.
Recent publications [5-8] report some latest super efficient
BPFC systems with maximum efficiencies above 98.4% at
230Vac and below 3.5kW. However, in these BPFCs, their
efficiencies drop rapidly while output power decreases
especially in the low line, which is not good for audio
application since the audio load is always dynamic in a wide
range. Besides, none of these papers presented the BPFC’s
performances at full load in the low line. In additionally, the
EMI discussions were not taken into considerations neither.

In this paper, an optimal design of a nearly 98.6% efficient,
390Vdc output, 3.5kW single-phase Interleaved Bridgeless
PFC (IBPFC) is presented at universal line for audio
application. The procedure is based on a generic optimization
approach, which guarantees a useful compromise of low volume,
high efficiency and expectable EMI mitigation.

The article is organized as follows. In Section 11, discussions
on multi-stage IBPFC are carried out focusing not only on the
EMI modeling and suppression, but also on volume and
efficiency optimization of the whole system. And then, a useful
2-stage IBPFC topology is presented to compromise the
common multi-objective requirements on EMI reduction,
volume-efficiency optimization and system’s complexity.
Detailed analysis on efficiency boosting phase of the proposed
optimal 2-stage IBPFC is presented in Section Ill. Section IV
analyzes the possibility to further reduce the EMI of the IBPFC
by implementing frequency dithering. In order to achieve a
complete analysis, the main advantages and limitations of
frequency dithering technique are discussed together.
Additionally, for the industrial application considerations, the
insight of frequency dithering versus EMI filter's design is
proposed in Section V. Subsequently, Section VI verifies the
analysis results in previous Sections by experimental
measurements. Finally, the conclusions and outlook of future
works for deeper investigations are presented in Section VII.

1. DISCUSSION ON MULTI-STAGE IBPFC

The idea of BPFC goes back to eighties [9]. Reference [10]
not only showed the basic performances of five classic BPFC
topologies, but also gave a systematic comparison of them and a
conventional Boost PFC converter. According to its conclusion,



utilizing the Two-Boost-Circuit BPFC in Fig. 2 would allow
having higher efficiency without losing the EMI performance
compared to the traditional Boost PFC.

Fig. 3 is an extended application of Fig. 2. It consists of
multi-stage interleaved BPFC modules. In the positive half line
period, Boost inductors L;;, MOSs S;; and Boost diodes Dy;
work interleaved with Dg returning current to V... Where, i
symbolized the number of interleaved stages, ranging from 1 to
N. In the negative half line period, the converter works
symmetrically. This topology can be expected to have lower
EMI than non-interleaved Two-Boost-Circuit BPFC with the
same inductances, due to its lower input current ripples.

A. EMI Modeling and Suppression

Comparing to the simply paralleled BPFC system, to
distribute power flowing, one major reason for using the IBPFC
system is EMI reduction. In order to analyze the EMI
suppression relates to multi-interleaved stages precisely, the
common-mode (CM) and differential-mode (DM) noises of the
IBPFC are modeled separately. Start from a 2-stage interleaved
Two-Boost-Circuit BPFC in Fig. 4, since it has a symmetrical
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Fig. 2. Traditional non-interleaved Two-Boost-Circuit BPFC.
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Fig. 3. Possible architecture of multi-stage IBPFC system.

circuit structure for both positive and negative period of ac line,
only half of the ac period is considered here. Procedure of
generating its DM EMI model is showed in Fig. 5 [11]. The
model of N-stage interleaved DM noise sources can be easily
derived by extending the existing DM model from 2 stages into
N stages. It should be noticed that all the triangle current sources
are 360°/N phase shift. Where, N is the number of interleaved
stages. And when N equals to 1, it symbolizes the traditional
non-interleaved BPFC in Fig. 2.

Following the same steps, the CM model of the N-stage
IBPFC is given in Fig. 6. It equals to interleave N pulses voltage
sources, each of them is in series with an equivalent stray
capacitor Cgy ;. Similarly, each pulse source is 360°/N phase shift.
The equivalent stray capacitor Cg; mostly comes from the
parasitic capacitor connecting between drain of the MOS and
the ground.

Implementing the Discrete Fourier Transform (DFT), the
amplitudes of high switching frequency noises from both CM
and DM sources can be solved as below [11]:

NMemine (M =0,n=k-N )
’\/CM,int. (n)‘ = NCM,non(n) n=k-N

’\/DM ,int_(n)‘ =0,n=k-N @
’\/DM ,im.(n)‘ = NDM non(MNn=Kk-N

Where, Vewm,int.(N) and Vo ine () are the n-order CM and DM
harmonics of N-stage IBPFC; Vcuinon.(N) @and Vpanon(N) are the
n-order CM and DM harmonics of non-interleaved BPFC; k is a
positive integer starts from 1.

From egs. (1) and (2), it can be concluded that:

1. Interleaved stages help to suppress both CM and DM
noises.

2. In an N-stage IBPFC, except the k>N times
fundamental frequencies, all the rest harmonics
cancelled due to the phase shift.

3. The more interleaved stages the IBPFC has, the more
high frequency harmonics will be cancelled.

4. The switching frequency affects the design of the EMI
filter of IBPFC due to the noises cancellation do NOT
happen at k<N times fundamental frequencies. In order
to maintain the EMI advantage of IBPFC system, it is
better to select the switching frequency based on the
range of conduction EMI limitations. According to the
European Standard EN55013 [12], the disturbance
voltage at mains terminals in the frequency range from
150kHz to 30MHz needs to be attenuated to fulfill the
EMI limitation. Therefore, the first harmonic of the
IBPFC, which locates inside the range of the EMI
limitations, should not be equal to k>N times
fundamental frequencies. The mathematic expression

IS:
Fsokaﬂ KN -

S



Where f; is the switching frequency, and '['x7" is the ceiling

function, which returns the smallest integer not less than x. From
Eqg. (3) it can be found, the IBPFCs usually allow higher cutoff
frequency of EMI filters comparing to the non-interleaved one
with same EMI attenuations, when the switching frequency is
higher than 150kHz., which may do benefit to filter's volume
optimization.

Ao Ao &Ko A0

4T L]

— GND

Fig. 4. 2-stage Two-Boost-Circuit IBPFC.
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Fig. 7 is the simulations of DM and CM EMI comparison
between a 2-stage interleaved and a non-interleaved
Two-Boost-Circuit BPFC, when the switching frequency fs is
improperly selected at 75kHz. Their 2" harmonics (150kHz)
are the first harmonics which locate inside the EN55013
standard, and they almost have the same values. Because that
150kHz equals to the k=N, when k is 1. Therefore, the same as
Eqg. (3) has proved, the cutoff frequency of EMI filter in this
2-stage IBPFC should be the same as the non-interleaved BPFC.

It should be noticed that in the simulations in Fig. 7, the
model of EMI receiver is not considered. Furthermore, the real
EMI performances typically depend strongly on the circuit
layout, semiconductor characteristics, gate drivers, operating
currents, voltages, temperature and parasitic elements. The
actual waveforms above 3MHz are very difficult to predict.
Therefore, in this simulation, only the frequency noises below
3MHz are taken into consideration.

B. Efficiency, Power Density and System Complexity Analysis
At light load operating condition, comparing to the
non-interleaved BPFC, the main disadvantages of IBPFC is that
it increases the number of magnetic components and system
complexity. By adding one interleaved stage, not only two extra
Boost inductors will be needed but also more gate drives with
1/(N+1) times less phase shift are required. Facing the
multi-objective requirements in power electronics today, the
compromise of power density, efficiency and system
complexity must be taken into consideration together.

Since the system's volume is mainly dominated by magnetic
components, assuming equal inductances, the energy storage
comparison of Boost inductors between N-stage IBPFC and
non-interleaved BPFC appears as below [3]:

int.N

I
E O-5Lim(ﬁ)2N _
= 5L.12 N

05 @

non non

1

Eq. (4) shows that: although the number of boost inductors of
N-stage IBPFC is 2N times higher than those of non-interleaved
BPFC, the energy storage on each interleaved inductor is N?
times lower, which will do benefits on inductor volume
reduction.

A multi-objective Boost inductor optimization procedure is
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Fig. 7. DM (left) and CM (right) EMI comparison of 2-stage interleaved (red) and

non-interleaved (blue) Two-Boost-Circuit BPFC with improper switching frequency.



illuminated in the flowchart in Fig. 8. It takes both the volume ,
efficiency and EMI reduction of the N-stage IBPFC into
consideration. In the optimization, the switching frequency is
limited to a fixed region from 50kHz to 70kHz. The start point
of this procedure is the specifications definition, which
including all the fixed critical parameters in the main circuit. For
example: input and output voltages, output peak power, output
capacitors, inner parameters of the semiconductors and so on.
Next, the important initial starting values of the PFC variables
are set. Such as: minimal CCM Boost inductance L, starting
minimal output power P, min, parameters of cores and windings
from manufactures. After finishing defining all the
specifications and initial values, the mathematical BPFC model
will calculate the useful RMS and average currents flowing
through all the components in the circuit, finally semiconductor
losses and inductor losses can be predicted.

There are three inner optimization loops in the procedure.
Inner optimization loop 1 seeks the characteristics of
semiconductor losses versus Boost inductance and output
power, which will give a most suitable region of Boost
inductance at certain power level. Inner optimization loop 2 gets
a compromise of volume and efficiency of the Boost inductor.
And inner optimization loop 3 is used to analyze EMI reduction.
The optimal design can be realized by running these three
optimization loops together.

From the optimization, Fig. 9 gives the comparison of
minimal volume of high efficient Boost inductors in the
interleaved and non-interleaved Two-Boost-Circuit BPFC,
when the interleaved stage N varying from 2 to 8 at 3.5kW and
85Vac input. It should be noticed, in this optimization, Kool Mu
E cores from Magnetics® were chosen because of their high
saturation level, low core losses and cheap price. And,
comparing with the traditional round winding, copper foils were
selected to reduce the ac winding losses. Moreover, the
thickness of the winding were optimized in order to further
increase the inductor’s efficiency.

From Fig. 9, it can be concluded:

1. With the number of interleaved stages increasing, the
single Boost inductor’s volume reduces significantly.

2. Due to the number of inductors increasing, except the
3-stage IBPFC, the total inductors’ volumes of the
IBPFCs are always higher than the non-interleaved
BPFC with the same inductance.

3. 3-stage and 4-stage IBPFC has lower total inductor
volume among all the IBPFCs. The first one has
smaller system volume, and the second one has better
EMI.

4. Comparing to 3 or 4 stages IBPFC, the 2-stage IBPFC
has slightly higher volume and EMI, but lower cost and
less control complexity.

I11. BOOST INDUCTOR OPTIMIZATION OF A 2-STAGE IBPFC

A. Optimize Semiconductor Losses in Wide Output Range

According to what has been discussed in Section Il Part B,
only the 2-stage IBPFC is analyzed in this Section. Because of

the audio application, the IBPFC works in a wide output power
range from less than 100W up to 3.5kW, in order to have a
relatively flat and high efficiency, it is important that the
inductance reduction caused by DC bias will not increase the
semiconductor losses a lot. Implement the basic mathematic
model of BPFC in reference [13], Fig. 10 shows the relationship
of Boost inductance versus semiconductor losses ratio as a
function of output power at 85Vac input. From Fig. 10, it is
obviously that an inductance about 0.2mH at 300W is a good
selection to gain lower semiconductor losses in a wide output
power range.

Specifications
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interleaved and non-interleaved Two-Boost-Circuit BPFCs.

B. Optimize Boost Inductors - Efficiency vs. Volume

To optimize Boost Inductors based on its efficiency and
volume, we start from winding losses prediction. It is well
known, winding losses include DC losses and AC losses [14].
To further reduce the winding losses, copper foils were used
here. Using the same derivation method in paper [13], Fig. 11
gives the winding losses versus the thickness of copper foil and
Boost inductance at 3.5kW output and 85Vac input. It shows
that: firstly, in high power applications, the winding losses are
dominated by DC losses due to when the thickness of cooper
foil reduces, the total winding losses increase rapidly; secondly,
for this work, the most useful thickness of the copper foil ranges
from 0.15mm to 0.2mm. And thicker copper foil is not very
necessary, due to it occupies more window areas in the core but
cannot reduce the winding losses very much.

By using the relatively low core-loss Kool Mu cores as an
example, Fig. 12 shows the total inductor losses vs. Boost
inductance for all the qualified Kool Mu E cores from
Magnetics®, when the thickness of copper foil h is 0.15mm. In
the legend on the top right corner, the cores were ranked by their
sizes, the topper the smaller.
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Fig. 10. Semiconductor losses ratio vs. output power and Boost inductance of
2-stage IBPFC.
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Fig. 11. Winding losses vs. copper foil's thickness and Boost inductance of
proposed 2-stage IBPFC.
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Fig. 12. Inductor losses vs. Boost inductance of proposed 2-stage IBPFC.

TABLE I. OPTIMIZED PARAMETERS OF BOOST INDUCTOR WITH HIGH

EFFICIENCY AND POWER DENSITY FOR 2-STAGE IBPFC
Core No.

Winding Pc/PL at

3.5kw

AT (C) L at300W

(mH)

h (mm)

5528E090 0.15 62.32% 60 0.22

Considering both of the efficiency and power density, the
optimized parameters of Boost inductor for the 2-stage
Two-Boost-Circuit IBPFC are listed in Table I. Where, P¢ is
core losses and P, means total inductor losses.

IV. UNITS FREQUENCY DITHERING AND EMI SUPPRESSION

It is well known that frequency dithering belongs to
carrier-frequency modulation (CFM) technique, which can be
classified as periodic CFM (PCFM) and random CFM (RCFM)
[15-17]. In this section, some important characteristics of
frequency dithering regarding to EMI suppression are
discussed.

A. Reductions of noise harmonics under cosine frequency
dithering function

In this part, the research focuses on PCFM. That means the
switching frequency dithers with a small amplitude variation
around a central frequency. Considering a standard PWM pulse
signal G(t) with a duty ratio D and switching frequency f.
Assuming G(t) has a high level A and a low level O,
implementing the Fourier series, G(t) can be expressed as:

+00
G(t)= > .C e ()
N=—00
Where, C, and 6, are the nth series coefficients, which
contain the magnitude and phase information of the nth
harmonic. And C, and 6, can be calculated by:



13 i Al ien
C =—|2 G(t)e 1#:"dt = g i2mnD _q 6
" TSI% ® o ) )

o, (t) =2anft 7)

When the switching frequency is modulated by a

co-sinusoidal function with a dithering amplitude afs and a

dithering rate f,, the instantaneous frequency and angular
rotation of the dithering PWM signal are:

fy (1) = f, + Af, cos(2f t) (8)

t
Oy (1) = 27 [ £, (1)t = 27t + y sin(2af,t) )
()

Where, y is the dithering factor. It symbolizes the ratio of
dithering amplitude and dithering rate. And it is defined as:
Af
f

m

(10)

y =

Similarly as before, by applying the Fourier series, the
dithering PWM signal can be expressed as:

Gd (t) — chejads‘n — zCnej[€n+ysin(2nfmt)] 1)

n=—w

With the derivation results from [18], Eq. (11) can be
rewritten into:

G, (t) = i C"{i Ji(ny)[ej(t9"+(¥m,.) n (_1)ieJ(HnHm_,)]}

n=-w

n=-w

- Yo {iJi(ny)[e‘””' +(—1)iej("m>]}

Where 6p; is the phase angular induced by frequency
dithering and can be written as:

(12)

G, () =2xf t (13)
And J; () is the ith order Bessel function:
. i (N7y2i
e (CD) ()Y
ny 2
Ji(ny) = (—) T (14)
2 JZ:(; JHj+i)

From Eq. (12) one can see, the harmonics reduction at
multiples of central switching frequency fscan be predicted by
setting i equals to 0. And Jo (*) can be written as:

o (D)7
Jo(ny)=) ——

o) ,Z; (i1’

Therefore, the absolute value of Jy (*) in Eq. (15) shows:
comparing to the standard PWM in Eq. (5), the harmonics
reductions at multiples of central switching frequency of
dithering PWM in Eq. (12). It is easy to see, the harmonics’
reduction factor | Jo () | is a function of dithering factor y and the
harmonic’s order n. The reductions' trends of the key harmonics
versus the dithering factor y are given in Fig. 13, when n changes
from 1 to 4.

From Fig.13, one can conclude that:

(15)

1. Dithering PWM has lower amplitudes at multiples of
central switching frequency compared to standard
PWM.

2. With the same dithering factor, the reductions vary from
harmonic to harmonic.

3. When the dither factor increases, each harmonic has its
maximum reduction point.
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Fig. 13. Harmonics’ reduction vs. dithering factor y when harmonics’
order n changes from 1 to 4

B. Limitations of frequency dithering

According to reference [14] has proved, the power spectrum
of dithering PWM signal in Eq. (12) in positive frequency range
can be expressed as:

» 2
Sy(f.7) =S(f.1)+aS(f,7) =2 "C,[3,(ny)-5(f —nfs)i +
n=1
2

ZZCH{ZJi(ny)[&(f —nf, —if )+ (1) 8(F —nf, +ifm)]}
n=1 i=1

(16)
Where S(fy) is the original power spectrum of standard
PWM signal and AS(fy) is the spread spectrum caused by
frequency dithering.

a) The limitations of central harmonics reductions

Through Fig. 13 and Eq. (16), it is not difficult to find out
that in the dithering PWM, the central harmonics' reductions are
limited by y. Furthermore, in a fixed y frequency dithering
system, it is more reasonable to expect large harmonics’
reductions only happening at certain frequencies not in the
whole frequency range.

b) Spectrums overlapping and redistribution

According to paper [19] and Eq. (12), the dithering will also
lead upper and lower sidebands at multiples of central switching
frequency f; and the bandwidth of the nth harmonic can be
approximately calculated by:

B, =2(ny+1)-f, =2(nAf +f) (@7

Fig. 14 shows the harmonics' spectrum comparison of a
standard PWM and a dithering PWM [19]. Assuming the sum of

the right and left bandwidths of the nth and (n+1)th harmonics
is:



:%(Q+BM):Qn+DAﬁ+2m (18)

Therefore, when By, is higher than f;, these two sidebands
will overlap each other. The same as what has shown in Fig. 14,
the harmonics' power in the overlapping area of dithering PWM
will be higher than standard PWM. This means, the smaller the
fs is, the larger the overlapping areas could be and the more
power from the (n+1)th harmonic and its lower sidebands will
be pushed into the higher sidebands of nth harmonic. This is
why normally when measuring the EMI from a frequency
dithering system, comparing to the non-dithering system, the
dithering system usually pushes the EMI from the high
frequency domain into the low frequency domain.

V. EMI FILTER DESIGN CONSIDERATIONS
According to what has been mentioned in Section 1V, the
limitations of frequency dithering technique will definitely harm
its EMI performance and impact the EMI filter design.
Considering the harmonics spectrums of standard PWM and
dithering PWM in Fig. 15, the filter's attenuation character is
given in the red line. If the cutoff frequency of the filter at minus
20¢dB/dec frequency band is f  for standard PWM, the filter's

attenuation at multiple of switching frequency nf is:

a, =-2041g nfs _
f§
Where ( is related to filter’s type, it is a function of filter’s
order and structure, and A: is the filter's attenuation at f; .
Therefore, after filtering, the harmonics' amplitude at nf; is:
2 =201gIC, - 3, (ny)| + e, (20)

Similarly, in the frequency dithering PWM, the filter's
attenuations around multiple of switching frequency nf; can be
calculated as:

(19)

nf,+f -k
fri =20 lg =" = A
¢
Where k symbolizes the spread spectrum caused by
frequency dithering. According to Egs. (12) and (16), each
spread spectrum has a frequency interval of f,. By utilizing Eq.

(17), the parameter k varies from—Lny +1J to Lny +1J. In
| x |" is the floor function, which returns the smallest

integer not larger than x.
Therefore, after filtering, the harmonics amplitude around nf
becomes:

1

where, '

Yo =20lg(C, - 3, )+ By @2

Where Z equals to |_n;/ +1J .

Unlike the constant frequency system, due to the EMI
receiver has the impact on the final EMI measurement results of
a frequency dithering system through its inner resolution
bandwidth (RBW) filter [20]. In order to predict the EMI
performance of a frequency dithering system correctly, the

model of EMI receiver cannot be neglected. According to what
has been proved in reference [21], it should be precise enough to
predict the measured EMI result at each frequency by only
considering the harmonics located inside the 9kHz inner band
pass filter of the EMI receiver.

Set X equals to the maximum value of k which satisfies that:
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Fig. 14. Harmonics’ spectrum comparison [19]
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Fig. 15: Harmonics’ spectrum comparison, dithering PWM (green) and
standard PWM (blue), the red line is the filter's attenuation characteristics.
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The measured peak and average harmonics' amplitudes of

dithering PWM displayed on the EMI receiver at nfs can be
predicted as below:

(23)

YAn,Pk:{Ynk}max (kS‘X‘) (24)
= 1
Yn,Av K Yn k (25)
k7

Where, Pk. means peak value and Av. means average value.
Compare Egs. (20), (24) and (25), after filtering significant
harmonics' reduction from dithering PWM may exhibit if

Y, a far below X, .

VI. EXPERIMENTAL VERIFICATIONS

After carefully design the 65kHz 2-stage IBPFC, the key
components’ information is provided in Table Il. Comparison
of the system’s efficiency, which were measured by digital
power meter PPA5530 from N4L®, at different line voltages are
drawn in Fig. 16. The predicted system's key components losses



distributions at the same operating situation are given in Fig. 17
based on the multi-objective procedure. Compare the results
between measurements and calculations, the differences are
below 1%. Figs. 18 and 19 give the measured input voltage and
current waveforms of the proposed 2-stage IBPFC at 3.5kW in
110Vac and 230Vac input.

According to the special focus of the audio application, Fig.
20 gives the EMI measurement of the 2-stage IBPFC and a
traditional BPFC at one eighth of full power without filters. In
order to make a fair comparison, all the components and testing
equipments selected for the 2 topologies are the same.

TABLE II. KEY COMPONENTS USED IN THE 2-STAGE IBPFC PROTOTYPE

Device Part No. No. of

devices

Fast Diode STPSC1206 4

Return Diode STTHE004W 2
MOSFET IPW60R045CP 4
Inductor 5528E090 core 4
99
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Fig. 16. Efficiency comparison of 2-stage IBPFC at different input voltages.
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Fig. 18.

Input voltage (red 100V/div) and current (green 20A/div) waveforms
from 2-stage IBPFC at 3.5kW and 110Vac, PF=99.5%.
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Fig. 19. Input voltage (red 200V/div) and current (green 20A/div) waveforms

from 2-stage IBPFC at 3.5kW and 230Vac, PF=99.2%.
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(b) Traditional non-interleaved BPFC
Fig. 20. EMI comparison of the 2-stage IBPFC and non-interleaved BPFC at
1/8 of full power and 110Vac input (Pk. value in blue, Av. value in green).

Fig. 20 shows that in the 2-stage IBPFC, the odd harmonics
can be reduced due to phase shift.

According to the EN55013 standard, the highest harmonic’s
amplitude of the proposed IBPFC, which needs to be attenuated,
locates at 260kHz (the 4™ order harmonic). As what shows in
Fig. 13, for further increasing the attenuation at 260kHz, a
dithering amplitude afs of 7.55kHz and dithering rate f,, of
6.1kHz are selected. This leads a dithering factor y at 1.24, and
gives a 33.15dB reduction at the 4™ harmonic.

Fig. 21 shows the EMI measurements of the proposed
2-stage IBPFC with optimal frequency dithering. Additionally,
in Fig. 22, there is the detailed amplitudes' comparison of 4
highest harmonics in Fig. 20 (a) and Fig. 21.
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Fig. 21. Conducted EMI of the proposed frequency dithering IBPFC at 110Vac
input and 1/8 of full power and no filter (Pk. value in blue, Av. value in green).

8 10M 20M  30M

140

3 120
@
:
o 100
T
2
= ® W Normal IBPFC Pk. Value
E o W Dither IBPFC Pk, value
K m Normal IBPFC Av. value
é 0 mDither IBPFC Av. value
T 20
I
0
260 390 520 650
Harmonics' frequency (kHz)
Fig. 22: Detailed EMI comparison of 4 highest harmonics in Figs. 20 (a) and
21.
TABLE 111 EMI COMPARISON OF CRITICAL HARMONICS
Harmonics'
frequency (kH2) 260 390 520 650
EMI detector Pk. Av. Pk. Av. Pk. Av. Pk. Av.

Dither P. 125 124 121 116 115 107 112 109
IBPFC

(dBuv) M. 126 122 123 116 118 111 116 107

Prediction error
(dBuv)

El 2 2 0 3| 4 | 4 2

By implementing the derived mathematical models in
Sections 1V and V, Table Il gives the harmonics’ amplitudes
comparison in Fig. 22 between experiments and theoretical
predictions of the proposed frequency dithering IBPFC. Where,
P. means predicted values and M. means measured values.

From Table 111, it can be proved that using the mathematical
method mentioned in Sections IV and V, the EMI performances
of the frequency dithering IBPFC can be predicted
approximately.

Fig. 23 shows the EMI measurement of the 2-stage IBPFC
and the proposed frequency dithering IBPFC with the same
filter at one eighth of full power. Figs. 21 and 23 together prove
that the EMI generated by frequency dithering PWM is lower
and easier to attenuate by EMI filter than normal IBPFC. And
by combining of interleaved and frequency dithering, better
EMI reduction can be achieved.

Fig. 24 gives the input current harmonics comparison of the
2-stage IBPFC and the proposed frequency dithering IBPFC at

one eighth of full power. It shows that frequency dithering
doesn't increase the input current harmonics very much.

Levelin dBuY
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150k 300 400500 800 1M M M 4M SM 6
Frequency in Hz

(a) Standard IBPFC, Pk. value in blue, Av. value in green

8 10M 20M  30M

Level n a5V

0
150k 300 400 500 500 1M M3 AM M 6

Frequency in Hz

(b) Proposed frequency dithering IBPFC, Pk. value in blue, Av. value in green
Fig. 23. Conducted EMI comparison of standard IBPFC and proposed
frequency dithering IBPFC at 110Vac and 1/8 peak power with the same filter.
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(b) Proposed frequency dithering IBPFC
Fig. 24. Input current harmonics comparison of standard IBPFC and proposed
frequency dithering IBPFC at 110Vac and 1/8 peak power.



VII.

In this paper, a systematic research on analysis and optimal
design of a high efficiency IBPFC for class-D amplifiers is
proposed. The multi-objective optimization procedure is
implemented to meet the compromise of system efficiency,
power density, EMI reduction and complexity. Moreover, the
insights into the advantages and limitations of EMI suppression
using frequency dithering are presented. The experiments prove
the theoretical analysis and simulations.

According to the discussion in Section V, in the future, it will
be a meaningful exploration to develop an optimized design of
EMI filter under frequency dithering condition to achieve
maximum EMI reduction and lowest filter’ volume together.
This will be a very useful combination of research and industrial
application.
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APPENDIX B

C++ Code Fragment

B.1 Common Header

./code/PFCSim/com.h

#define SQRT2 1.4142
#define PI 3.1415927

#define frequency 50 //AC line frequency

#define sample_fre 65000 //switching frequency of converter

#define half_cycle_click (sample_fre/(frequency=*2)) //total
sample times in a half duty cycle.

#define GI(fi) (sinh(2x*fi)+sin(2*xfi))/(cosh(2xfi)—cos(2xfi))
#define G2(fi) (sinh(fi)*cos(fi)+cosh(fi)*sin(fi))/(cosh(2xfi)—cos
(2% fi))

B.2 Header for Magnetic Core

./code/PFCSim/MagCore.h
/*

defined for Cores
*/

#include ”com.h”
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#include <String>
using namespace std;

class MagCore

public:
MagCore(double Le, double Ve, double Ae, double Al, double Per)

double getVe() const;

double GetLoopN (double L);

double GetLoopN (double L, double Iin);//calculate the number of
loop it should have when inductance is given

double CalcL_from_N_I(double N, double Iin);

double Get_Kvol();//get the volume of core

double Get_H(double N, double ipeak);//calculate Magnetizing
Force H

double Get_K_a();//get coefficient K.a for calculating core
loss

double Get_-KBav(double N);

//use "=0” to defined it as pure virtual function, so it doesn’
t have function body,otherwise I have to write it in .cpp
file

virtual double Get K_b()=0;//get coefficient K.b for
calculating core loss

virtual double Get_SurfaceArea()=0;//the unit of return value
is depend on the dimension of core, such as A, B, C, M and
so on

virtual double Get_ff(double N, double dwidth)=0;//calculate
fill factor

virtual double Get_Krdc(double N, double dwidth)=0;

virtual double Get_-Fr(double N, double h, double fre)=0;

virtual double Get_fi(double h, double fre)=0;

void SetAl(double Al);

void SetPartNumber(std :: basic_string <char> & strname);

std :: basic_string <char>& GetPartNumber () ;

//set room temperature to 20 degree
static const int dRoomTemper=20;

private:
double _Lej;//length of magnetic path of core
double _Ve;//volume of core
double _Al;//nominal inductance of core
double _Ae;//cross section of core

double _permeability;
protected:

std :: basic_string <char> spartnumber;
b

//derived class for E core
class MagECore: public MagCore
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{
public:
MagECore (char spartnumber, double A, double B, double C, double
D, double F, double L, double M, double Ve, double Ae,
double Le, double Al, double Per);

double Get_-Am(double dwidth);

double Get_Kl(double N);

//only copper foil used as winding for E core,
thickness of copper foil

double Get_Krdc(double N, double dwidth);

double Get_SurfaceArea();

double Get_ff(double N, double h);

double Get_fi(double h, double fre);

double Get_Fr(double N, double h, double fre);

dwidth means the

//class MagECore & operator=(class MagECore &core) ;
private:

/%

shape of E core:

<—B——>

double
double

I

class MagToroidCore:

public:

MagToroidCore (char xpartnumber,

double Ve, double Ae, double Le, double Al, double Per);
//h: wire size
double Get_Krdc(double N, double h);
double Get_SurfaceArea();
double Get_ff(double N, double h);
double Get_fi(double h, double fre);

public MagCore

double A, double B, double C,
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double Get_Fr(double N, double h, double fre);

struct _wire_table
{
int isize;
double rpm;//resistance per meter
double heavyBuild;
}s
typedef struct _wire_table WTABLE;
private:
double dA;//A, outer radius
double dB;//B, inner radius
double dC;//C, thickness of core
double dSaj;//surface area is indicated in the datasheet.
double dLw;//Lwinding, the length of the winding, unit: mm

static const int iwt=1;

static const WTABLE mWTable[iwt |;

//the unit of return value is resistance/meter
double get_r_p_m(int iwiresize);

double get_hb(int iwiresize);

b
B.3 Function for Magnetic Core

./code/PFCSim/MagCore.cpp

#include "com.h”
#include ”MagCore.h”

MagCore : : MagCore (double Le, double Ve, double Ae, double Al, double

Per)

{
_Le = Le;
Ve = Ve;
_Ae = Ae;
_Al = Al;

_permeability = Per;

}

double MagCore:: getVe() const

{
}

void MagCore:: SetAl(double Al)
{

}

return _Ve;

_Al = Al
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void MagCore:: SetPartNumber (std :: basic_string <char> &strname)

{

spartnumber = strname;
}
std :: basic_string <char>& MagCore : : GetPartNumber ()
{
return spartnumber;
}
double MagCore:: Get_K_a ()
{
int per = (int)(-permeability);
double ret;
switch (per)
case 26:
case 40:
ret = 1.6;
break ;
case 60:
case 90:
ret = 1.46;
break;
default:
ret = 1.46;
break;
}
return ret;
}
double MagCore :: GetLoopN (double L)
{
return sqrt (Lx1.0e9/_Al%(1—-0.08));
}
double MagCore:: GetLoopN(double L, double Iin)
{

double N, ni, k=0;
int per = (int)(-permeability);
double p[5];

N = sqrt (L*1.0e9/_Alx(1-0.08));

ni = NxIin /(2% _Le/10);

cout<<’ ni:’<<ni<<” , N:7<<N<<” |, _Le”<<_Le<<”\n” ;
switch (per)

case 90:
/]y = —1E—09x4 + 2E—-07x3 4+ 6E—05x2 — 0.015x + 1.0235
pl4] = 2e—-10;
p[3] = —2e-T;
p[2] = le—4;
p[1] = —0.0159;
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p[0] = 1.0272;
break;
case 60:
/]y = —6E—10x4 + 4E—07x3 — 3E—-05x2 — 0.006x + 1.0089
pl4] = —Te—12;
p[3] = —2e-38;
p[2] = 3e—5;
p[l] = —0.0091;
p[0] = 1.0344;
break ;
case 40:
/]y = —3E—09x4 + 8E—07x3 — 8E—05x2 — 0.0018x + 1.0025
pl4] = Te—12;
p[3] = —2e—8;
p[2] = le—5;
p[l] = —0.0057;
p[0] = 1.032;
break;
case 26:
//y = —be—11x4 + 5e—8x3 — le—5x2 — 0.0014 + 1.0021
pl4] = —3e—12;

p[3] = 5e—9;
p[2] = 3e-T;

p[l] = —0.0028;
p[0] = 1.0225;
break ;

default :
return —1;
break ;

}
for (int i=0; i<5; i++)

k += p[i]*pow(ni, 1i);

double ret = N/sqrt (k) ;
return ret;

}

double MagCore:: CalcL_from_N_I(double N, double Iin)

{
double ni = Nxlin /(2+_Le/10);

int per = (int)(-permeability);
double p[5], k=0;

switch (per)

case 90:
//y = —1E—09x4 + 2E—-07x3 4+ 6E—-05x2 — 0.015x + 1.0235
p[4] = —le—9;

p[3] = 2e—-T;
p[2] = 6e—5;
p[l] = —0.015;
p[0] = 1.0235;
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}

break ;
case 60:
/]y = —6E—10x4 4+ 4E—07x3 — 3E—05x2 — 0.006x + 1.0089
pl4] = —6e—10;
p[3] = 4e-T;
p[2] = —3e-5;
p[l] = —0.006;
p[0] = 1.0089;
break;
case 40:
/]y = —3E—09x4 + 8E—07x3 — 8E—-05x2 — 0.0018x + 1.0025
p[4] = —3e—9;
p[3] = 8e-T;
p[2] = —8e—5;
pl[l] = —0.0018;
p[0] = 1.0025;
break ;
case 26:
/]y = —be—11x4 4+ 5e—8x3 — le—5x2 — 0.0014 + 1.0021
pl4] = —Be—11;
p[3] = 5e—38;
p[2] = —le—5;
pl[l] = —0.0014;
p[0] = 1.0021;
break;
default:
return —1;
break;

}
for (int 1i=0; i<5; i++)

k += p[i]*pow(ni, i);

}

return kx_Al«N«N/(1.0e9%(1—-0.08));

double MagCore:: Get_KBav(double N)

{
}

return 1.0/N/2/(_Ae/100);

double MagCore:: Get_Kloss ()

{
}

return 1.0%x_Ve/1000;

double MagCore:: Get_H(double N, double ipeak)

{
}

return Nxipeak/2/_Lex4xM_PI;

double MagECore:: Get_K_b ()

{
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return 2;

}
double MagECore:: Get_Kl(double N)
{
return 2x(dF+dC) «N;
}
double MagECore:: Get_.Am (double h)
{
return  hx*2x(dD—1);
}
double MagECore:: Get_Krdc(double N, double h)
{
return 1.724e—6%10xGet_KI(N)/Get_Am (h) ;
}
double MagECore:: Get_ff (double N, double h)
{
return Nx(h+0.1)/dM;
}
MagECore : : MagECore (char *pstr,
double A,
double B,
double C,
double D,
double F,
double L,
double M,
double Ve,
double Ae,
double Le,
double Al,
double Per):MagCore(Le, Ve, Ae, Al, Per)
{
spartnumber = std :: basic_string <char >(pstr);
dA = A;
dB = B;
dC = C;
dD = D;
dF = F;
dL = L;
dM = M;
}
double MagECore:: Get_SurfaceArea ()
{
return 2xdAxdC+2x2+%dBxdC+2%(2xdBxdA—2%2xdD*dM) ;
}

double MagECore:: Get_fi(double h, double fre)

{
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double KDelta;

KDelta = 7.5/sqrt (fre);
return h/10/KDelta;
}

double MagECore:: Get_Fr(double N, double h, double fre)
double fi;

fi = Get_fi(h, fre);
return fix(G1(fi)+4+2.0%x(N*N—1)/3%(G1(fi)—2«G2(fi)));
}

//initialize the const structure array in .cpp file

//don’t add ”static” qualifier , it is only used during class
declaration

// wire size , resistance per meter, radius of winding (unit,
mm)

const MagToroidCore : : WTABLE MagToroidCore : : mWTable[]={
{19, 0.0264, 0.98},

I

double MagToroidCore:: Get_K_b ()

{
}

MagToroidCore : : MagToroidCore (char *pstr
double A,
double B,
double C,
double Ve,
double Ae,
double Le,
double Al,
double Per):MagCore(Le, Ve, Ae, Al,
Per)

return 2.25;

spartnumber = std:: basic_string <char >(pstr);

dA = A;
dB = B;
dC = C;
/%

area of side: pix(A/2)"2—pix(B/2)"2
area of inner cross section: Cx(pixB)
area of outer cross section: Cx(pixA)

*/

dSa = M_PIx((dA*dA—dB*dB) /2 + dCx(dA+dB));
/%

length of one turn of winding

*

dLw = (dC+(dA—dB) /2) +2;
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}
double MagToroidCore:: Get_ff (double N, double h)
{

/%

Waw: area of cross section of windings

*/

double Waw;

Waw = pow(h/2, 2)+*M_PI;
return N«Waw/M_PI/pow(dB/2, 2);

}
double MagToroidCore:: Get_SurfaceArea ()
{
return dSa;
}

double MagToroidCore:: Get_fi(double h, double fre)
double KDelta;

KDelta = 7.5/sqrt (fre);

//as to Toroid core, thickness of winding is higher than copper
foil

return h/10/KDeltaxsqrt (0.8«M_PI/4);

}

double MagToroidCore:: Get_Fr(double N, double h, double fre)
{

double fi;

double NO;

fi = Get_fi(h, fre);
NO = h#N/(M_PI«dB);
return fix(G1(fi)+2.0%x(NOxN0O—1)/3x(G1(fi)—2+xG2(fi)));

}

double MagToroidCore:: Get_Krdc(double N, double h)
double rpm = get_r_p-m(h);

return NxdLwx1.0e—3*rpm;

}

double MagToroidCore:: get_r_.p-m (int iwiresize)

for (int i=0ji<iwt;i++)
{
if (mWTable[i]. isize == iwiresize)
return mWTable[1i].rpm;

}

return 0;
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double MagToroidCore:: get_hb(int iwiresize)

{
for (int i=0;i<iwt;i++)
if (mWTable[i]. isize = iwiresize)
return mWTable[i]. heavyBuild;
}
return 0;
}
B.4 Loop 1
./code/PFCSim/loopl.cpp
/%
Loop 1: Boost inductance optimization
*/
int main_entry_loss_p_1()
{

#define POMIN 100

#define N_PO 137

#define STEP PO 25

#define L_MIN 50e—6

#define N_L 140

#define STEP_L 10e—6
mwArray Vloss (N_PO, N_L, mxDOUBLE_CLASS) ;
mwArray V1(1, N.L, mxDOUBLE_CLASS) ;
mwArray Vp(1l, N_PO, mxDOUBLE_CLASS) ;
mwArray para(’g”);
double *pp,*pl,*xploss, dloss;
int i, j;

pp = new double [NPO];
pl = new double [N_L];
ploss = new double [N.L«N_PO];
memset (ploss, 0, sizeof(double)*N_LxNPO);
for (i=0; i<N_PO; i++)

«(ppt+i) = POMINFi*STEP_PO;
for (i=0; i<N_L; i++)

«(pl+i) = L.MIN+i+STEP_L;
for (i=0; i<NPO; i++)
{

Po = POMINAHSTEP POx1 ;

Io = Po/Vo;

for (j=0; j<N.L; j++)
{
L = *(pl+j);
Ln = LxIo/(VoxTs);

dloss = calc_loss ()
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}

*(ploss+i+j*NPO) = Psemi/Po;

V1.SetData(pl, N.L);
Vp.SetData(pp, N_PO);

Vloss . SetData(ploss , N_LxN_PO);
draw3d (V1, Vp, Vloss, para);

delete
delete
delete

return

[Ipp;
[]pl;
[Iplo

0;

SS;

B.5 Loop 2

/%

Loop 2: Optimization of Inductor

*/

int main_entry_p_h_l_ex(char xstrcore)

./code/PFCSim/loop2.cpp

losses vs.

volume

#define STEP_h 0.002 //step of winding thickness h, unit: mm

#define STEP.L 10e—6 //step of inductor L,

unit: H

#define L.MIN 50e—6 //minimum value of inductor L, unit: H

#define HMIN 0.05 //minimum value of winding thickness h, unit: mm

#define N_h 126 //number of available value of h which ranges from
HMIN to 0.3mm

#define N.L 156 //number of available value of inductor L

h=H_MIN;

double
double
double
int i,
try {

MagECore &core = find_core(strcore);

k_a = core.Get_K_a();//get a parameter

k_b

std :: ofstream ost (core.GetPartNumber ()

dloss

, N, Hj

ff , temp;

Js

core

= core.Get_-K_b();//get a parameter

core

loss

loss

for (i=0; i<N_h; i++)

{

h = H.MIN+i*STEP_h;
for (j=0; j<N_L; j++)

L = L_MIN+j«STEP_L;

//normalized value of inductor
switching frequency fs

Ln = LxIo/(VoxTs);

k_a to calculate

k_b to calculate

.costr());

L, Ts is period of
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//find out the number of windings needed with given
inductor and given current assuming efficiency
is 90%.
N = core.GetLoopN (L, Po/0.9/Vin_rms);
//The AC winding losses increase by Fr factor due
to the proximity effect
Fr = core.Get_Fr(N, h, sample_fre);
//calculate a factor used for calculating DeltaB,
formula: 1/(N*x2xAe)
K_Bav = core.Get_KBav(N);
K_Vol = core.Get_Kvol(); //get the volume of core
ff = core.Get_ff(N, h);//calculate fill factor.
if (ff >0.65)
{
//increasing inductor value without changing
winding thickness would make ff
//more larger , need to break
cout<<” break_due_to_oversize_of_fill _factor:._
<<ff<<’\n”;
break;

9

}

H = core.Get_.H(N, getll_peak());//calculate
Magnetizing Force with turns N and peak current
if (H>150)

cout<<”break._due_to_saturated , H: ."<<H<<"\n” ;
break ;

//calculate dc resistance of copper foil

K_rde = core.Get_Krdc(N, h);

//calculate total power losses of the converter
using the losses model of the converter

dloss = calc_loss ();

//calculate temperature of core with the total
inductor losses and its surface area.

temp = pow((Loss_1%1000) /(core.Get_SurfaceArea ()
/100), 0.833)+core.dRoomTemper;

if (temp>dtemper_limit)

cout<<” continue_because_temperature._is._too_high
| L <<temp<<” \n” ;
continue;

}

ost <<h<<” V<< << dloss <<’ \n” ;

}

}
ost . flush () ;

catch (exception &error)

{
cout<<error .what ()<<”stop.calculation\n”;
return —1;
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cout<<”over!\n”;
return 0;

B.6 Loop 3

./code/PFCSim/loop3.cpp
/*

Loop 3: EMI reduction vs. number of interleaved stages
*/

//generate transient input voltage

inline double gVin(double t)

{
}

//generate transient input current

inline double glin(double t)
{

}

//generate on time for current period
inline double gTon(double V)

return Vinksin (PIxt/Ti);

return Tinssin (PIxt/Ti);

return (1-V/Vo)*Ts;

}

#define CDMOSI(d, i, v) \

A

" d = sqrt(2%(1—v/Vo)x(i/Io)*Ln/(v/Vo));\
#define CDD1(d, i, v)\

A

" d = sqrt (2«v/Voxi/loxLn/(1—v/Vo));\

//calculate transient current of one MOSFET under DM mode
double calc_it_-dm (double t, double tb)

double _v=gVin(t);
double d;

if (t—tb<=Ton)

//when MOSFET is on
vsig-t.push_back(0);//save transient voltage of one MOSFET
CDMOS1(d, glin(t), -v);
return _v/LxdxTs;

}
else if (t—tb<=Toff)
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//when MOSFET is off and the current of MOSFET is larger than 0
vsig-t.push_back(390);//save transient voltage of one
MOSFET
CDDI1(d, glin(t), -v);
return (Vo—_v)/Lxd*Ts;

}

else

//when MOSFET is off
vsig_t.push_back(390);
return 0;

//calculate transient current of one MOSFET under CM mode
double calc_it_cm (double t, double tb)

{
double _v=gVin(t);

if (t—tb<=Ton)

{
//when MOSFET is on
vsig_t.push_back(390);//save transient voltage of one
MOSFET
return _v/Lx(t—tb);

}

else

{

//when MOSFET is off
vsig_t.push_back(0);//save transient voltage of one MOSFET
return (Vo—_v)/Lx(Ts—(t—tb));

}

//calculate transient current and voltage for EMI simulation
//sample 1000 points in one period Ts
double calc_it_vt ()
{
long i;
double Vit , it ,t;
double Dmosl,Dmos2;
double Dd1,Dd2;
double DI1;

update_para () ;
vdeltal.clear ();
vdelta_t.clear ();
vt.clear ();
vsig_t.clear ();
vsig.clear ();

for (i=0;i<half_cycle_click;i++)

{
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t = ixTs;

Vit = gVin(t);

Ton = gTon(Vit);

Vit = gVin(t+Ton/2);//calculate the voltage in the middle
point

Iit = glin (t+Ton/2);

Dmosl = sqrt (2x(1—Vit/Vo)*(Iit /Io)*Ln/(Vit/Vo));

Dmos2 = Ton/Ts;

Ddl = sqrt (2% Vit/Vox1it /lo*Ln/(1—Vit/Vo));

Dd2 = 1-Dmos2;

DIl = Dmosl+Dd1;

Toff = Dd1xTs;

for (int j=0; j<1000; j++)
{
double it , tt;
tt = ixTs+j*xTs/1000;
vt.push_back(tt);

if (allcasel >0 || (allcase2 <=0&&(tt<=Tin || tt>=(Ti—Tin)
)))
it = calc_it_dm (tt, t);

else
it = calc_it_cm (tt, t);

vdelta_t.push_back(it);

}

return 0;

B.7 Model of losses

./code/PFCSim/calc_loss.cpp

/%

Multi—stage IBPFC Losses Model

*/

#define RSENSE 18 // current sense resistor

#define RESR 7.6e—2 //the ESR of the output capacitor

const double RDS = 0.045;//MOSFET chip type:IPW60R045CP

const double Vd = 1.7;//forward voltage of Boost Diode STPSC1206

//const double Vd.dl = 0.83;//forward voltage of Return Diode
STTH6004W

const double Vd.dl = 1.1;//forward voltage of Return Diode
STTH6006W

double Po = 3500.0;

double T-ON = 0.00000005;//turn on delay plus rise time unit: s
double T_-OFF = 0.00000011;//turn off delay plus fall time unit: s
double Vo = 390;//ouput voltage

double To = Po/Vo;//output current



Model of losses 155

double Ti = 1.0/(frequency*2.0);//full duty cycle:50Hz, half duty
cycle:100Hz

double Ts = 1.0/sample_fre;//one period, sample rate:50KHz

double L = 100.0e—6;//Boost Inductor, unit: H

double Ln = LxIo/(VoxTs);//nomalized Boost Inductor

double Vin_.rms = 220;//RMS value of input voltage

double Vin;//peak value of input voltage

double Iin;//transient input current

double Tin;
int allcasel = 0;
int allcase2 = 0;

double mldelta[half_cycle_click];

//loss of MOSFET, Boost diode, Return Diode, Boost Inductor, Output
Capacitor , Current Transformer and Resistors

double Loss_mos=0, Loss_.d=0, Loss_dl=0, Loss_1=0, Loss_co=0,
Loss_tf=0;

double Pc;//core losses

double Pw;//winding losses

double Pwac;//AC winding losses

double Pwdc; //DC winding losses

double Pcon_mos;//conduction losses of MOSFET

double Psw._mos;//switching losses of MOSFET

void update_para ()
{
//lo = Po/Vo;
//Ln = Lxlo/Vo/Ts;

allcasel = 0;
allcase2 = 0;

Vin = Vin_rms*=SQRT2;

Iin = PoxSQRT2/Vin_rms/nstage;//RMS current of two MOS in 1 PFC
cell

Tin = Vo/Vin—4«Ln/pow(Vin/Vo, 3);

if (Tin>1.0)

allcasel = 1;
else if(Tin<0.0)
allcase2 = 1;

else
Tin = asin(Tin)/PIx«Ti;

}

double It_mos[half_cycle_click];//RMS current of MOSFET in each
switching cycle

double It_dav[half_cycle_click];//average current of Boost Diode in
each switching cycle

double It_l[half_cycle_click];//transient current of Boost Inductor

double It_dlav[half_cycle_click];//average current of Return Diode
in each switching cycle

double Imos_std=0, Imos_nstd=0;
double Il_std=0, Il_nstd=0;
double Idlav=0;

double Idav=0;
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//calculate transient state variables for all components of the
circuit under DM mode

#define DM.CALC \

A

Idelta = Vit*Dmosl*Ts/(L%2);\

It_mos[i] = Ideltax2*xsqrt(Dmosl/3);\

It_dav[i] = IdeltaxDdl;\

It_1[i] = Ideltax2*sqrt ((Ddl4+Dmosl) /3);\

It_dlav[i] = Idelta0x*(Ddl4+Dmosl);\

DeltaBav += Vit*Dmosl+*TsxK_Bav/half_cycle_click ;)\
N\

//calculate transient state variables for all components of the
circuit under CM mode
#define CM.CALC \

A
Idelta = Vit*Ton/(Lx*2);\
It_mos[i] = sqrt ((pow(Iit ,2)+pow(Idelta ,2)/12)*Dmos2);\
It_.dav[i] = Iit+Dd2;\
It_1[i] = sqrt ((pow(Ilit ,2)+4pow(Idelta ,2)/12));\
It_dlav[i] = Tit=2;\
DeltaBav += Vit*Dmos2+«Ts*xK_Bav/half_cycle_click ;)\

A

double calc_loss ()
{
long i;
double Vit , Iit ,t, Idelta, DeltaBav=0;
double Pcon,Psw, Ptot;
double Dmosl,Dmos2;
double Dd1,Dd2;

update_para () ;
vt.clear ();
vdelta_t.clear ();
vdeltal.clear ();
vd. clear () ;
for (i=0j;i<half_cycle_click;i++)
{
t = ixTs;
Vit = gVin(t);
Ton = gTon(Vit);
Vit = gVin(t+Ton/2);//calculate the voltage in the middle
point
Iit = glin (t+Ton/2);
Dmosl = sqrt (2x(1—Vit/Vo)*(Iit/Io)*Ln/(Vit/Vo));
Dmos2 = Ton/Ts;
Ddl = sqrt (2% Vit/VoxIit /loxLn/(1-Vit/Vo));
Dd2 = 1-Dmos2;

vt .push_back (t+Ton/2);
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if (allcasel >0)

DM.CALC;
vd . push_back (Dmosl) ;

else if(allcase2 >0)

CM_CALC;
vd. push_back (Dmos2) ;

else if (t<=Tin || t>=(Ti—-Tin))
DM.CALC;

vd . push_back (Dmosl) ;
}

else

CM_CALC;
vd . push_back (Dmos2) ;

//Idelta is harmonic wave on single stage PFC
vdelta_t .push_back(Idelta);

}

Imos_std = 0;

Imos_nstd = 0;

Il_std = 0;

Il_nstd = 0;

Idlav = 0;

Idav = 0;

for (i=0;i<half_cycle_click;i++)

{
Imos_std += pow(It_mos[i]/lo, 2)/half_cycle_click;
Imos_nstd += pow(It_mos[i], 2)/half_cycle_click;
I1_std += pow(It-1[i]/Io, 2)/half_cycle_click;
Il_nstd += pow(It_1[i], 2)/half_cycle_click;
Idlav += It_dlav[i]/half_cycle_click;
Idav 4= It_dav[i]/ half_cycle_click;

}

//calculate normalized current for MOS
Imos_std = sqrt (Imos_std);

//calculate non—normalized current for MOS
Imos_nstd = sqrt(Imos_nstd);

//calculate normalized current for inductor
Il.std = sqrt(Il_std);

//calculate non—normalized current for inductor
Il_nstd = sqrt(Il_nstd);

//calculate the loss for MOS

Pcon = pow(Imos_nstd, 2)xRDS;

Pcon_mos = Pcon;

Psw = VoxImos_nstd *(T-ON+T_-OFF)«sample_fre /2;
Loss_mos = (PcontPsw) x2;
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//calculate the loss for Boost Diode D
Pcon = IdavxVd;
Loss_.d = Pconx2;

//calculate the loss for return Diode DL
Pcon = IdlavxVd._dl;
Loss_dl = Pcon;

//calculate inductor winding losses
Pwde = pow(Il_nstd , 2)xK_rdc;
Pwac = pow(calc_rms_value(vdelta_t), 2)*K_rdc*Fr;
Pw = Pwdct+Pwac;
//calculate core losses
Pc = K_loss*pow(sample_fre /1000.0, K.a)s*pow(DeltaBavx1.0e5, K_b
//convert unit of losses from mW to W
Pc = Pc/1000;
//total inductor losses
Loss_1 = (Pw+Pc);

//calculate losses of output capacitor Co

double Pco, Ico;

addsig(vdelta_t , vdeltal , nstage);//synthesize ripple current
of each single stage

Ico = calc_rms_value(vdeltal);//the rms high frequency current
of Co

Ico = sqrt(pow(Ico, 2)+pow(Po/(0.9%xVoxSQRT2) ,2));//total
current of Co

Pco = pow(Ico,2)*RESR/4;//Losses in each Co

Loss_co = 2%Pco;//There are 2 Co at the output side

//calculate RTFSENSE&Rsense losses

double Ptfmos, Prsense;

Prsense = pow(Imos_rms /200, 2)*RSENSExnstage;
Loss_tf = Prsense;

Psemi = Loss_mos+Loss_d+Loss_dl;//semiconductor loss
Ptot = Loss_mos+Loss_d+Loss_dl+Loss_l*nstaget+Loss_co+Loss_tf;//

system loss

return Ptot;
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