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ABSTRACT

The input stage of a conventional AC — DC converter is often a
rectifier bridge followed by a large bulk capacitor. As a result, the circuit
draws pulsed current from the mains, which will lead to poor utilization of
the capacity of the AC power source and produce harmonic pollution. In
order to reduce the harmonic currents and meet the regulatory requirements
such as EN 61000-3-2, both passive and active power-factor-correction
(PFC) circuits have been widely used. Compared with passive circuits,
active circuits can operate over a wider line voltage range and have smaller
size.‘ Therefore, for most applications, active circuits are used.

In low power applications, single-stage active PFC converters are
attractive for their low cost and simplicity. A typical single-stage PFC
converter includes two parts: an input-current waveform shaper and an
isolated DC — DC converter. These two parts are integrated with a shared
switch and controller. However, the active switch in a single-stage PFC
circuit often suffers large voltage spike during switching because of the
unavoidable leakage inductance of the transformer. Such voltage spike can
increase the switching loss and lower the conversion efficiency. It can even
damage the switch if the voltage rating of the switch is not high enough.
When the switching frequency is pushed higher, the problem will become
even worse.

In order to solve the voltage spike problem, a novel single-switch high-
power-factor regulator with low output cuarrent ripple is proposed in this

thesis. The proposed regulator employs a modified-boost converter cell as
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the input stage and a double-ended forward converter cell as the output
stage. In the modified-boost cell, only one clamping capacitor is necessary
to suppress the voltage spike and to reéycle the energy trapped in the
transformer leakage inductance. The modified-boost cell operates in
discontinuous conduction mode (DCM) and a high power factor is attained.
In the double-ended forward cell, near-zero output current ripple is achieved
and an integrated transformer is used to reduce the number and size of the
magnetic components. The basic circuit topology and the operation
principle of the proposed regulator are explained. Design considerations are
given. Simulation and experimental results are reported to verify the
operation and performance of the proposed regulator.

For high power applications, single-ended boost converters operating
in continuous conduction mode (CCM) have been widely adopted as the
front-end of PFC regulators. Compared with DCM operation, CCM
operation has better utilization of power devices, lower conduction loss, and
lower input current ripple. However, the large reverse-recovery current of
the output rectifier in a CCM boost converter will cause not only extra
switching loss, but also severe electromagnetic interference (EMI) noise.
Two-channel interleaved boost converters have been proposed by many
articles to eliminate the reverse-recovery problem while keeping the input
current smooth. In such a two-channel boost converter, each individual
channel can operate in DCM or critical conduction mode (CRM). The
combined input cumrent is continuous and smooth because of the
interleaving arrangement. The two inductors in a two-channel boost

converter can be directly coupled to reduce the number of the magnetic
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components and to attain good current sharing characteristics between the
two channels. However, since both the inductors have considerable number
of turns, the large inductor current ripple in each channel will cause a high
copper loss.

In order to improve the efficiency, a two-channel interleaved boost
converter using an integrated magnetic component to reduce the core and
copper losses is proposed. The integrated magnetic component functions as
three inductors. All inductor windings are wound on a single EI or EE core.
In the proposed winding arrangement, inductors can be designed to have
smaller inductances and lower copper losses. The windings on the two outer
legs of the integrated magnetic component are inversely coupled, which
helps to reduce the ripple of the magnetic flux. The design of the proposed
integrated magnetic component and its electrical circuit model are discussed.
Experimental results show that the proposed approach can offer significant
improvement in efficiency.

In order to further increase the power level, a highly efficient three-
channel interleaved CCM boost converter is also proposed for high power
applications. This converter consists of effectively three channels and the
current in each channel is discontinuous. However, the overall input
inductor current is continuous and smooth. In the converter, three inversely-
coupled integrated inductors are employed to control the sharing of the three
output rectifier currents. As a result, the current in each output rectifier is
decreased in steps and finally reduced to zero before the associated active
switch is turned on to start the next cycle of operation. All the output

rectifiers are softly tumed off. A very high efficiency is attained because the



reverse-recovery loss is eliminated. The winding arrangement of the
inversely-coupled integrated inductors (three inductors with inverse
coupling between any two) is discussed and the equivalent-circuit model is
derived. The principle of operation of the converter and the design issues are
explained. The converter is verified by simulation and experimental setup

and the results show good agreement with the theoretical predictions.
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CHAPTER ! INTRODUCTION

CHAPTER 1

INTRODUCTION

1.1 Environmentally Green Energy Management System

Conventionally, the electricity supplied by power utilities to a
consumer is in AC form. In future, the demand of DC power will become
increasingly large [1,2]. Computer systems and communication equipment
will increase the need for rectified AC mains supply. Electric vehicles,
which are powered by electricity, have reappeared because of the growing
concerns on environmental protection issues [3]-[7]. Electric vehicles will
represent a new load category in future. One of the key issues associated
with electric vehicles is the battery charging requirement {8]-[10].
Recharging electric vehicle batteries using high power battery charger will
become essential in future homes.

On the other hand, the growing number of loads that are sensitive to
power system disturbances makes power quality more critical. Power
disturbances can cause incorrect operation of protective devices and
abnormal operation of consumer equipment. Some kinds of loads, like audio
visual systems and fire alarm systems, not only are very sensitive to power
disturbances, but also can proliferate power disturbances because of their
nonlinear nature. In addition, home automation systems [11]-[14], which
can increase comfort and security around the house, also require a reliable

and “neat” source of energy.



CHAPTER 1

INTRODUCTION

In order to tackle the problems of increasing demand in DC power and
growing concems on power quality, a DC power distribution system was

proposed by P. W. Lee and Y. S. Lee in 1999 for adoption in the future [1].

Fig.1.1 shows the overall design of the proposed DC power system.

3—PHA.SB AC

DISTRIBUTION
SMART ENERGY
MFETER
$* POWER-FACTOR.
- MICRO-COMPUTER
CORRECTED AC-DC pous T
PRE-REQULATOR NTRO
[y r
TYPE D LOAD
EV DATTERY . o
CHARGER EV BATTERIES
TYPE C LOAD {
BI-D[&F&ONAL - BACKUP
- CONVERTER [*™ BATTERIES
DC-DEC
CONVERTER SOLAR CFLLS
LOCAL POWER GENERATION
bC-be N BACKUP DC
CONVERTER GENERATOR
D-DC )
CONVERTER » TYPE A LDAD
DC-AC .
CONVERTER TYPE B LOAD
N FPHASE 2 2 §
AC BUS = =
DCBUS

Fig. 1.1 The DC power system proposed by P. W, Lee and Y. S. Lee.



CHAPTER 1 INTRODUCTION

In the proposed DC power system, there are four classes of loads:
TYPE A LOAD: DC-operated equipment.

TYPE B LOAD: AC-operated equipment which require power factor
correction and/or uninterruptible power.

TYPE C LOAD: Single-phase AC-operated equipment which do not
require power factor correction and uninterruptible
power.

TYPE D LOAD: Three-phase AC-operated equipment.

In the system, the DC bus derives power from an AC source via a
power-factor-correction AC-DC converter. DC-operated equipment can
draw power from the DC bus without the need of rectification. Backup
batteries, solar cells, and DC generators can help provide uninterruptible
power via corresponding DC-DC converters. Paralleling DC power sources
is relatively simple because it does not require the conventional AC
waveform shaping and synchronization. All the blocks are monitored and
controlled by the micro-computer controller, which would help to realize
home automation. The design of the DC distribution system is aimed at
improving efficiency, cost effectiveness, compatibility, modularity, and

safety.

1.2 Power Factor (PF) and Power Factor Correction (PFC)

One of the most important parts of the proposed DC power system is
the power-factor-correction rectifier. Such a rectifier is responsible for
converting AC to DC and it should have low harmonic currents and high

power factor,



CHAPTER | INTRODUCTION

For sinusoidal voltages and currents, the power factor is given by [15].
PF =cosB (1-1)
where 9 is the phase angle between the voitage and current.
PF can also be defined as the ratio of the real power to the apparent

power.

_ Real Power
- Apparent Power
_ Real Power
v

in,rms

PF
(1-2)

where Vinms and Linsms are RMS values of line voltage and line current,
respectively.

If the current waveform is distorted, it wiil have harmonic components
at multiple frequencies besides its fundamental frequency. The total
harmonic distortion (THD) is the ratio of the total harmonic current to the
fundamental component of the current. Assuming there is no DC offset, the

THD can be defined as

25

THD = (24— (1-3)

z
1

where I; is the fundamentai current and I, 1s the nth harmonic current.

The relationship between PF and THD is

|
P s (-4

The goal of PFC is to reduce the harmonic content of the current
waveform and keep the phase angle between the voltage and current small.
One of the reasons to limit the harmonic currents and to improve the

power factor is to maximize the use of the full current rating of the available
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AC power source. While harmonic currents do not contribute to the power
delivery, they do contribute to the RMS value of the current waveform. For
example, a 220V, 10A system with a power factor of 0.5 is able to supply
only 1.1kW of power without tripping the line circuit breaker. But if the
power factor can be improved to one, the maximum output power can be
increased to 2.2kW. '

In order to set limits on harmonic currents, several regulations have
been issued. A well-known European requirement is EN 61000-3-2 [16].
This specification sets limits on harmonic currents for any power supplies
sold in the European Union (EU). Implementation of such regulations has
accelerated the development of PFC for switching power supplies. Tables
1.1, 1.2, and 1.3 show the IEC harmonic limits for equipment of Class A, C,
and D, respectively.

Tabie 1.1 Limits for Ciass A Equipment

Harmonic order, n Maximum permissible harmonic current, A

3 2.30

5 1.14

7 0.77

9 0.40

11 0.33

13 0.21
15<n<39 O.ISxE
(Odd harmonic only) n

2 ' 1.08

4 0.43

6 0.30
§<n<40 8
(Even harmonic only) 023 n
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Table 1.2 Limits for Class C Equipment

Maximum permissible harmonic current
Harmonic order, o expreésed as percentage of the input

current at the fundamental frequency, %

2 2

3 30xPF

5 10

7 7

9 5

11<n<39 ]
{Odd harmonics only)

Table 1.3 Limits for Class D Equipment

Maximum permissible _ o
) Maximum permissible
Harmonic order, n harmonic current per )
harmonic current, A
watt, mA/W
3 34 2.30
5 1.9 1.14
7 1.0 0.77
9 0.5 04
11 0.35 0.33
13 0.296 0.21
15sn<39
-‘JLE 0.15x E
(Odd harmonic only) n n

Class A is balanced three-phase equipment and all equipment not
covered by other classes. Class B ap.plies to portable tools and its limits are
1.5 times the corresponding values in Table 1.1. Class C covers lighting
equipment, including dimmers. Class D is personal computers, computer

monitors, and television receivers.
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1.3 Background

The coﬁventional method to derive DC power from an AC line without
power factor correction is to employ a rectifier bridge with a simple
capacitor input filter. Consider a single-phase AC input circuit as shown in

Fig. 1.2

AC oL Load | Yo

f —

/

Fig. 1.2 Conventional structure of AC — DC without PFC.

In this structure, the input filter capacitor Co is charged to nearly the
peak AC line voltage, supporting an unregulated DC bus. Here, Cq should
be large enough to meet the hold-up requirement. Because the rectifier
bridge only conducts when instantaneous line voltage is above the DC bus,
the line current waveform becomes narrow pulses with very high peak value
for each half line cycle. The waveforms of line voltage and line current are

shown in Fig. 1.3.
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Fig. 1.3 Line voltage and current waveforms without PFC.

The line current waveform is far from sinusoidal and its typical input

power factor is only 0.5 ~ 0.65. High harmonic currents exist in the line and

causes line noises.

Both passive

and active techniques can be used to lower the harmonic

currents and improve the power factor. Fig. 1.4, Fig. 1.5, and Fig. 1.6 show

three examples of passive power factor correction circuits [17]-[19].

AC

o Load Vo

Fig. 1.4 Passive method to improve PF by adding a large inductor L.
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Fig. 1.5 Passive method to improve PF by adding LCD.
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Fig. 1.6 *“Valley fill” circuit.

Generally, passive techniques rely on a combination of inductors and
capacitors to smooth out the current waveform. Although this approach is
very simple and inexpensive, it is very hard to optimize for universal line
operation. In order to meet the THD requirements, inductors and capacitors
are usually very large and heavy. Therefore, passive approach is used only
in low power and fixed line voltage applications.

High switching frequency (typically over 30kHz) active techniques
have been widely used in PFC applications. Compared with the passive
method, active techniques can further improve power factor, operate over a

wide line voltage range, and reduce the size and cost of magnetic devices
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and bulk capacitor. Therefore, for high power applications, active PFC is a

better solution.

1.4 Objective and Outline of the Thesis

1.4.1 Objective

The objective of‘ this research project is to study the design of active
power-factor-correction converters for environmentally green energy
management systems. Novel topologies are proposed to perfect the
performance of PFC and to improve the efficiencies of the converters.
Integrated Magnetics [20]-[27], which can integrate two or more magnetic
corﬁponents into a single magnetic core, will bé incorporated into the
circuits to reduce the number of magnetic components.

Only single-phase AC input is considered in this thesis. However, for
three-phase AC input, three single-phase active rectifiers can be paralleled
to drive a single DC output bus. Such a modular design can improve the

reliability of the systemn.

1.4.2 Qutline of the Thesis

Chapter 2 will review the operation of active PFC circuits. Some basic
concepts are introduced first. Then basic topologies for active PFC circuits
are discussed. Several single-stage PFC circuits are presented next. Finally,
the operation modes and control methods of the boost topology are
explained in detail.

Chapter 3 proposes a novel single-switch high-power-factor regulator

with low output current nipple which 1s suitable for low power applications.

10
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The proposed regulator achieves a high power factor and near-zero output
current ripple. It also eliminates the need for an extra clamping switch to
recycle the energy trapped in the transformer leakage inductance. The basic
circuit topology and the principle of operation of the proposed regulator will
be explained first. Next, design considerations will be given. Simulation and
experimental ven'ﬁéatfon, based on the analysis in the former sections, will
be reported finally.

Chapter 4 proposes a two-channel interleaved boost converter using an
integrated magnetic component to reduce the core and copper losses. With
the proposed winding arrangement, inductors can be designed to have
smaller inductances and lower copper losses. The windings on the two outer
legs are inversely coupled and the AC flux ripple in the center leg is
cancelled. The derivation and electrical circuit model of the proposed
integrated magnetic component are discussed. The principle of operation
and design considerations are given. Experimental results are presented to
verify the performance of the proposed integrated magnetics.

Chapter 5 presents a three-channel interleaved CCM boost converter
using inversely-coupled integrated inductors. Three channels have been
used to share the output power. All the output rectifiers in the proposed
converter can be turned off sofily and a very high efficiency is obtained.
The winding arrangement of the inversely-coupled integrated inductors is
discussed and the equivalent-circuit model is derived. The principle of
operation of the converter and the design issues are also explained. F inally,
the operation and performance of the converter is verified by simulation and

experimental setup.
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In Chapter 6, the last chapter, conclusions and suggestions for future

research are given.

12
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CHAPTER 2

ACTIVE PFC CIRCUITS

2.1 Introduction

Active PFC circuits are often interposed between the input rectifier

bridge and the bulk filter capacitor, as shown in Fig. 2.1.

1m ichfrge
e * +4- +
_ C. Active C
Vac "EJFVin PFC °L | Load |Yo
* Circuit

Fig. 2.1 Typical diagram for an active PFC system.

In Fig. 2.1, C;y is a small high frequency filter capacitor. Because
active PFC circuits operate at a switching frequency much greater than the
line frequency, the switching frequency component will be filtered by C;,.
As a result, the input current i;, contains only the low frequency component.
Active PFC circuits are programmed to draw an i, which varies in direct
instantaneous proportion to the input voltage vi,. Consequently, the voltage
and current waveforms on the input side of the rectifier bridge are in phase

with each other. Compared with the passive method, active techniques can

13
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improve the PF to 0.999 and limit the harmonics below 3% if necessary [28].

Typical waveforms of active PFC circuits are shown in Fig. 2.2.

Yac
/T ~ P AN

ACTN

fd

|

Fig. 2.2 General waveforms for active PFC circuits.

In Fig. 2.2, pin is the instantaneous input power and Pinag is the
average value of pin. lcharge,avg 15 the average value of icharge and Lharge,avg 15 the
average value of ichargeavg. Because the active PFC circuit has relatively high
PF, we can assume that the expressions of vi, and i, are (for each half line
cycle):

v, =2 Vi oms SIN(0F) (2-1)

n

14
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i = V2 I, o, Sin(t) 2-2)
where Vi, ms and L m; are the RMS values, and o is angular frequency, of

the AC line input.

The instantaneous input power can be found as follows:

pin = Vin ) iin
: . (2-3)
=2V,__ -1 .sin’(ot)=V, . [1 - cos(2(ot)]

inms  “inams inams " Iin,n'ns
The average input power is

P'm.n\rg = \/in.rms : Iin.mis (2_4)

Supposing the bulk capacitor Co is large enough to hold the DC bus

voltage Vo fairly constant, from (2-3) and (2-4) we have

- _ P _ Pin _ Pin,av
fougemg =2 =Nyt =N [l -cos@on] - 2-9)
P

inavg (2-6)

Ichuge,avg =7 V
(s}

where n is the conversion efficiency.
From (2-5) and (2-6), the load “seen” by the active PFC c¢ircuit can be

found as [29]

TNosd =3 Yo Vo
ichagems " Py 1~ c05200)] 27
_ R
1 —cos(2mt)

where R is the equivalent DC power load.

From (2-7) it can be seen that, the load “seen” by the active PFC circuit

. - n . .
reaches its minimum value when ot =3 The maximum value of r,_,is

mnfinity, which occurs at @t =0 or x.

15
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It should be noted that the output voltage Vg is only crudely regulated.
The AC component of icharge,avg produces a small ripple voltage at twice the
line frequency on the DC bus, as shown in Fig. 2.2. However, this resulting
narrow DC bus voltage range permits the downstream converters to be
designed to have lower cost, better reliability and higher efficiency.

The main drawback of active PFC techniques is the complexity of
design and the cost of manufacturing and packaging (compared with passive

techniques). Moreover, active PFC circuits can produce large EML

2.2 Topologies for Active PFC Circuits

. Three basic power circuit topologies — boost, buck, and buck-boost —
can be used as active PFC circuits. In fact, these three topologies form the
basis for other active PFC techniques. In this section, these three topologies
will be introduced first. Sepic and Cuk topologies, which can be considered

as combinations of basic topologies, will next be discussed briefly.

2.2.1 Boost Converter

Fig. 2.3 shows the circuit of a boost converter. As the most popular
topology used in PFC applications, boost converter has many attractive
features. The inductor is in series with the input path, which makes the input
current smooth (not switched). This minimizes the line noise and makes
EMI filter design easier. In addition, line spikes are absorbed by the
inductor, which will increase the circuit reliability. The location of the
inductor also makes it easy to use current mode control to program the input

current, because the inductor current is exactly the same as the input current.

16



CHAPTER 2 ACTIVE PFC CIRCUITS

The transistor switch is with a ground reference, which makes it easy to
drive. Although the output voltage Vg is required to exceed the maximum
peak line voltage, which may be considered as too high in some applications,
such a feature enables converter to operate over the full line voltage range,

from zero to the maximum peak value.

__Boost Converter
|
i~ D | o
f +
. i C
Vac _Hs ; °L | Load |Yo
i
:
;
13

Fig. 2.3 Boost converter.

The main disadvantage of boost topology is the inability to limit
current because there is no series switch between the input and output.
Overload or startup overcurrent conditions can not be controlled or limited.
Conventionally, an extra rectifier is needed to parallel between the input and
output, providing a lower impedance path to protect the inductor and output
rectifier during overload and startup conditions. Moreover, isolation
between input and output can not be eas.ily implemented. For peak current
mode control, slope compensation is difficult to accomplish with the boost
topology because the inductor current down slope varies considerably with

Vin-
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2.2.2 Buck Converter

Buck Converter

:-----___"---““h___l
) L :' j
n VYL e
HES &) I
A U i +
Yac Vin E iAD i 0;; Load VO
t ’ |
— : _
? !

Fig. 2.4 Buck converter.

" Fig. 2.4 shows the circuit of a buck converter. A Buck converter
requires that the output voltage Vo to be less than the input voltage v;,. This
makes it unsuitable for PFC because it does not work when v;, falls below
Vo. The chopped input current waveform resuits in more noise and EMI
than the comparable boost topology. The switch is also difficult to drive
since it is floating. However, it is very easy to provide current limit because

an active switch is placed between the input and output.

2.2.3 Buck-Boost Converter

Fig. 2.5 shows the circuit of a buck-boost converter. It should be noted
that in a buck-boost converter the output voltage Vy is opposite in polarity
to the input voltage v;,. In order to pfovide polarity inversion, the inductor L

must be replaced by a transformer, which is shown in Fig. 2.6.
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Buck-Boost Converter
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Fig. 2.5 Buck-boost converter.
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Fig. 2.6 Flyback converter.

The converter shown in Fig. 2.6 is often called as “flyback converter”.
A buck-boost converter is the special case of a flyback converter when the

transformer turn ratio N (N, =1:1.

Compared with a boost converter, a flyback converter can control and
lirut the start-up inrush current and the overload current. The output voltage
can be higher or lower than the instantaneous input voltage. In addition to
possible polarity inversion, the transformer can also provide isolation
between input and output, relieving the downstream converters of this

isolation requirement. The location of the transistor switch also makes it
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easy to drive. Furthermore, when a flyback converter operates in
discontinuous mode, the amplitude of its input current can automatically
follow the input voltage (assuming constant switching frequency and duty
cycle} [30]. No current loop control is required (for discontinuous operation).

However, since the input current waveform is chopped, it produces the
EMI problems and requires more input filtering. When the converter
operates in discontinuous mode, high peak current will also increase the
transistor switch current rating requirement. In addition, the leakage
inductance of the transformer will cause large voltage spike on the transistor
switch during turn-off. A passive or active snubber or higher rating switch

will be needed.

2.2.4 Sepic and Cuk

As shown m Fig. 2.7, both Sepic [31] and Cuk [32] converters have
two inductors: one located at the input and the other located at the output. A
Sepic converter can be regarded as a combination of boost topology and
buck-boost topology, while a Cuk converter can be considered as a

combination of boost topology and buck topology.

Sepic Converter

Load | VYo
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Cuk Converter

Fig. 2.7 Sepic (a) and Cuk (b) converters.

The transformer isolated versions of Sepic and Cuk converters are

shown in Fig. 2.8.

Sepic Converter

(a)
Cuk Converter
.in _LL"" Cd C"z L?' icluugc

(b)

Fig. 2.8 Isolated Sepic (a) and isolated Cuk (b) converters.
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Both Sepic and Cuk converters can have continuous input curmrent,
reducing the need for input noise filtering. Inrush and overload current
limiting is practically easy to achieve. Oniy a single switch is used and its
location makes the gate drive easy to design. The use of a transformer can
provide isolation and output polarity inversion. In addition, when they
operate in discontinuous mode, unity power factor can be attained even
without current loop control [33]. Articles [34] and [35] found that when the
two inductors in Fig. 2.7 (or the inductors and transformers in Fig. 2.8) are
coupled together, the dynamic response can be improved and the high
frequency ripple of the input current can be steered away.

- However, compared with the basic topologies, these converters need
more components and have higher voltage and current stresses. The
transformer leakage inductance can also cause large voltage spikes and

difficulty energy recovery problems.

2.3 Active Single-Stage PFC Circuits

The converters discussed so far are often referred as “PFC Pre-
regulators”. Their main role is to attain high power factor and low harmonic
currents. The output voltage Vo is only crudely regulated. In order to get the
required DC bus, a DC — DC converter is often deployed after the bulk

capacitor, which is shown in Fig. 2.9.
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Fig. 2.9 A two-stage active PFC circuit.

The DC — DC converter in Fig. 2.9 can be regarded as the “load” of the
active PFC circuit. So Fig. 2.9 is essentially the same as Fig. 2.1. In Fig. 2.9,
the two converters are controlled independently. Thus, both high quality
input-current waveform and fast output voltage regulation are achieved.
Since the two converters employ different active components and
controllers, they are referred to as a “two-stage PFC” circuit.

However, for low power applications (typically below 200W), the two-
stage PFC is not an optimized design, because of the cost of additional
semiconductor switches and control circuitry. In order to get a cost-effective
solution, single-stage PFC circuits are proposed [36]-[45]. A single-stage
PFC circuit includes two parts: an input-current waveform shaper and an
isolated DC -~ DC converter. These two parts are integrated with a shared
switch and controller. Fig. 2.10 shows the typical structure of a single-stage

PFC circuit.
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Fig. 2.10 A single-stage active PFC circuit.

The energy storage device Cg serves as a buffer between the input-
current waveform shaper and the DC — DC converter. It also provides the
hold up time. A fast control loop is used to control the output bus voltage. A
reasonably good input current waveform is still maintained due to the
natural characteristics of the input-current waveform shaper of the single-
stage PFC converter.

Here several typical examples of single-stage PFC circuits will be

briefly introduced.
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2.3.1 Dither Rectifier

Dither Rectifier
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Fig. 2.11 Dither rectifier.

Fig. 2.11 shows the circuit of a Dither rectifier [38). This is an early
form of the single stage PFC circuit that integrates a boost input-current
waveform shaper with a DC — DC converter. Both pulse width modulation
(PWM) and frequency modulation (FM) were applied in the control circuit
to regulate the output voltage and keep the voltage across the energy storage
device Cp constant. Although the input current was not actively controlled,
the rectifier still had a very high power factor (about 0.992). However, the

circuit suffered wide frequency variation and the efficiency was low.

2.3.2 Boost Integrated with Flyback Rectifier/Energy
Storage/DC-DC Converter (BIFRED) and Boost Integrated
with Buck Rectifier/Energy Storage/DC-DC Converter

(BIBRED)
Fig. 2.12 and Fig. 2.13 show the circuits of BIFRED and BIBRED [39].

BIFRED integrates the boost input-current waveform shaper with a flyback
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converter while BIBRED integrates the boost input-current waveform
shaper with a buck converter. The energy storage capacitor Cg is in the
series path of the energy flow in both circuits. The boost input-current
waveform shaper operates in discontinuous conduction mode (DCM) to
achieve automatic input-current waveform shaping. The DC ~ DC converter
operates in continuous conduction mode (CCM) to lower the conduction
loss. However, in such an operation mode, the voltage on Cp has a strong
dependency on the output load. For universal input applications, it will
suffer from high voltage stress at light load. Articles {40] and [42] proposed
to use frequency modulation method to keep voltage under control during
light load. Article [41] showed that if both the input-current waveform
shaper and the DC - DC converter operate in DCM, the voltage across the
energy storage capacitor can be independent of the load and the input

current waveform can be significantly improved.

BIFRED Converter
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Fig. 2.12 BIFRED converter.
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BIBRED Cenverter
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Fig. 2.13 BIBRED converter,

2.3.3 Single-Stage Isolated Power-Factor-Corrected Power

Supply (SSIPP)

.Fig. 2.14 shows the circuit of a SSIPP converter [43]. Similar to
BIFRED and BIBRED, SSIPP integrates a boost input-current waveform
shaper with a DC — DC converter. However, in SSIPP, the energy storage
capacitor Cg is in the parallel path of the energy flow. The boost input-
current waveform shaper operates in DCM to achieve automatic input-
current waveform shaping, while the DC - DC converter can operate in
either DCM or CCM. Article [43] suggested that the DC — DC converter
should operate in DCM to avoid high voltage stress at high input voltage
and light load. But DCM operation will lead to higher conduction loss,
larger ripple, and larger filter. For this reason, CCM operation is preferred
for low voltage applications and switching frequency modulation methods
were reported to alleviate the voltage across the energy storage capacitor

[44][45].
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Fig. 2.14 SSIPP converter.

2.4  Operation of the Boost Converter

7 From the analysis above, it can be seen that boost topology is the most
appropriate topology for active PFC applications. For two-stage PFC
circuits, boost converters are often used as the “front-end” because of its
smooth input current waveform, simplicity, and high conversion efficiency.
For single-stage PFC circuits, boost topology has been widely employed as
the input-current waveform shaper. Boost converters usually operate in
CCM in two-stage PFC circuits while in single-stage PFC circuits, DCM
will offer automatic input-current waveform shaping. Therefore, it is
necessary to discuss the operation modes of the boost topology in detail.

According to the inductor current waveform, the boost converter can
operate in three modes, CCM, critical conduction mode (CRM), and DCM.
In this section, three operation rﬁodes of the boost converter and the
corresponding control methods will be introduced. The advantages and

disadvantages of each operation mode will also be discussed.
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2.4.1 CCM Operation

2.4.1.1 Introduction
Let us redraw the schematic of the boost converter in Fig. 2.15. The
AC source, the rectifier bridge, and the input filter capacitor Ci, are replaced

by a DC source.
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Fig. 2.15 Simplified boost convenier.

The current waveforms of CCM operation are shown in Fig. 2.16.

¥

Fig. 2.16 Main waveforms for CCM operation.
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In CCM operation, the inductor current i; will not be reduced to zero
after a switching cycle during steady state. The inductor current has a small
ripple and its peak value is close to the é.verage value. In this operation
mode, the inductor L usually has a very large inductance.

Because the voltage-second applied on the inductor should balance for

each cycle, we have

Vi - DT =(Vy — v, }-(1-D)T (2-8)
D=1-—in (2-9)
0

where D is the duty cycle and T is the switching period.

. From (2-9) it can be seen that, as the line voltage varies, the duty cycle
will vary accordingly. D will become maximum when input line voltage is
close to zero while the minimum value of D will occur at the peak value of
input voltage. In this operation mode, the boost converter usually operates at
constant frequency and variable duty cycle to achieve PFC.

The small ripple current can reduce the conduction losses in both the
switch and the output rectifier. However, from Fig. 2.16 it can be seen that,
when the switch is turned on, the output rectifier still has forward current
flowing in it. Since the rectifier needs time to recover and it can not be
turned off immediately, the output capacitor is nearly shorted to ground at
this instant. Very large current spikes can be observed both at the rectifier

and at the switch, which are shown in Fig. 2.17.
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Fig. 2.17 Reverse recovery effect.

Such spikes will not only lower the conversion efficiency but also
cause severe electromagnetic interference noise. Therefore, in CCM
operation, passive snubbers and active techniques are often employed to
reduce the effects of the reverse recovery current. As a result, the efficiency

of a CCM boost converter would be significantly improved.

2.4.1.2 Control Methods
A. Average Current Mode Control

Because the inductor current is the input current, if we want to program
the input current half sine, average current mode control [46) is ideal.
Average current mode control has the advantage of directly controlling the
average inductor current, which is equal to the input current, the quantity we
want to control in a PFC circuit. Fig. 2.18 shows the simplified control

block diagram.
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Fig. 2.18 Simplified block diagram of average current mode control.

The output voltage of the PFC converter Vy is typically divided down
and monitored by the inverting input of the voltage error amplifier Gyga.
The non-inverting input of Gyga is biased at a reference voltage V. The
error between the two inputs are amplified and connected to the multiplier.
Another input of the multiplier is the AC full wave rectifier haversines,
which is monitored through Rjsc. The multiplief is the heart of a PFC
controller and its output provides the current reference as the AC voltage

traverses sinusoidally from zero to peak line, as shown in Fig. 2.19.
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Fig. 2.19 Inductor current waveform for average current mode control.

The inductor current i is sensed and compared with the reference. The
error between them is amplified by the current error amplifier Gega.
Because of the high gain of Gcga, the gain-bandwidth characteristic of the
current loop can be tailored for optimum performance. The average inductor
current can track the current reference with a high degree of accuracy.
Finally, the output of Gcga is compared to a large amplitude sawtooth
(oscillator ramp) and the output of the comparator is used as the gate drive
signal,

Average current mode control can achieve very high power factor and
it does not require slope compensation. It can function well even when the
converter crosses into DCM. In addition, noise immunity is excellent in

average current mode control.

33



CHAPTER 2 ACTIVE PFC CIRCUITS

Average current mode control method can be used to sense and control
the current in any circuit branch. For example, it can be used to control the
input current accurately with buck and flyback topologies, and to control

output current with boost and flyback topologies.

B. Peak Current Mode Control

Since the ripple of the inductor current in CCM boost is quite small and
the peak value of the inductér current is close to the average value, peak
current mode control can aiso be used to achieve PFC. Fig. 2.20 shows the
control block diagram,

One of the main differences between average current mode control and
peak current mode control is that, the peak current mode control does not
use a current error amplifier. The current reference provided by the
multiplier is directly compared with the peak value of the inductor current
sensed by Rg. The output of the comparator is used as the gate drive signal.
In peak current mede control, slope compensation must be added to ensure

stability when duty cycle exceeds 50%.
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Fig. 2.20 Block diagram of peak current mode control.
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Fig. 2.21 Inductor current waveform for peak current mode control.
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Inductor current waveform is shown in Fig. 2.21 and it can be seen that,
peak inductor current, not the average inductor current, is controlled. In
order to minimize the error between peak and average value of inductor
current, the ripple component should be very small but this means the

current ramp is shallow and this makes the control very noise sensitive.

C. Hysteretic Control

Both the average current mode control and peak current mode control
are fixed frequency method. Another control technique, hysteretic control
[47], will need to vary the switching frequency. Fig. 2.22 shows the block

diagram of hysteretic control.

D lD (lchnrge)
—P—> '

v 1g

C

SS—' ° ,[ Load Vo
L

Driver §

I

Comparator And
MULT| Hysteretic Logic VEA

Riac .

[
!

Fig. 2.22 Hysteretic control for a boost converter in CCM operation.
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The output of the multiplier forms two current references: i ms; and
iLmin- These references track the sinusoidal line voltage waveform. The
switch will be on until the inductor cum;,nt reaches the peak current level
iLmax. Then the switch will be tumed off and the inductor current changes to
decrease. Once the inducter current is reduced to the valley current level
it min, the switch is turned on again. As a result, the inductor current will be
limited between the upper and lower levels. The associated current
hysteresis band can be a fixed amount or proportional to the instantaneous

average current. Fig. 2.23 shows the inductor current waveform.

4 Current

pm e e i e e e ———

— 1

\

PWM

Fig. 2.23 Inductor current waveform for hysteretic control,

In this control technique, variable frequency is required to

accommodate the hysteresis band. However, the switching frequency could
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span several times over the whole load range. Moreover, it is not desirable

in applications requiring synchronization.

2.4.2 CRM Operation

2.4.2.1 Introduction

In CRM operafion, the inductor current operates on the border between
CCM and DCM. The swit;h is turned on immediately after the inductor
current has reached zero. Therefore, the inductor current starts and returns to
zero each cycle and its waveform can be considered as a series of

consecutive triangles, as shown in Fig. 2.24.

A\ T -

Fig. 2.24 Main waveforms for CRM operation,

From Fig. 2.24 it can be seen that the peak value of the inductor current
is limited to exactly twice that of the average current. For the same average
level, it will have a larger ripple current than that in CCM operation. Thus, it
will have a higher conduction loss. However, the inductor L can be designed

with smaller inductance and reduced size.
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The expression of the duty cycle D of CRM boost converter is same
with (2-9), which means that D will vary according to the line voltage. The
expression of the average inductor current over a switching cycle can be

found as

: v'in
i g =5 DT (2-10)

From equation 1(2-]0) it can be seen that, in order to achieve high
power factor, the on time should be “fixed” for one line half-cycle. Since D
will vary according to the instant line voltage, switching frequency will
need to change as well to keep the on time constant. Generally, the
minimum switching frequency will coincide with full load operation during
the.peak of the input voltage. In contrast, the maximum frequency occurs at
light load, when the input voltage nears the zero crossing point.

From Fig. 2.24 it can be found that, the inductor current must be zero
before the next switching cycle. The boost rectifier reverse recovery loss
will be eliminated and the efficiency of the converter can be improved. In
practical circuits, a dead time is usually added before the switch is turned on.
Such a dead time will help the switch to tuwmn on under the condition of
reduced voltage stress, which will further improve-the efficiency. However,
variable frequency operation with large ripple current wiil increase the fiiter

requirements.
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2.4.2.2 Control Methods

Control technique of CRM operation can be envisioned as hysteretic
current control with the lower current level set at zero [48]{49). Fig. 2.25
shows the control block diagram.

This control diagram is similar to that of peak current mode control.
But the switchiné fréquency of peak current mode control is fixed and the
turn-on of the switch is initiated by the controller IC during the beginning of
each cycle. For CRM operation, the turn-on of the switch is initiated by the
“zero current detect (ZD)”. Once the inductor current has reached zero, the
switch will be turned on. The switch will keep on until the peak value of the
inductor current reaches the threshold set by the mﬁltiplier. Fig. 2.26 shows

the current waveforms.

. L -
Lo e BEVIR S s
®'s +
+
| c
<_>Vm Vis ¢ N © - Load VO
RS —

ret

Driver
—t sl j
MULT - Gyga
' [
v, I

Fig. 2.25 Block diagram of CRM PFC control.
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Fig. 2.26 Inductor current waveform for CRM PFC control.

Such CRM PFC control is very simple, and because the average
inductor current is exactly half of the peak inductor curent, the average
value is controlled and high power factor (larger than 0.98) can be attained.
This is different from the case in peak current mode control where only the
peak value of the inductor current is programmed.

Equation (2-10) tells us that the control on CRM PFC is actually a
controlled on-time technique. In fact, the controller can be designed in a
much simpler manner [50). Fig. 2.27 .:;hows the simplified block diagram of

UC3852.
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A, D o o
/is : +
+ C
C_Pvin Vs - 5 oﬁ;\- Load VO
r
Q Driver §
Q—F/—
Sawtooth G
Generator YEA
Voo : ”
]__ +
Vea \Y

Fig. 2.27 Simplified block diagram of the controlled on-time technique.

No analog square, multiply, and divide functions are required to
control the inductor current. The “fixed” on-time is determined by a voltage
error amplifier which monitors the output voitage. When the switch is
turned on, output voltage of the sawtooth generator vgg rises at a constant
rate. Once it reaches the voltage level of vga, the required on-time has been
reached and the switch will be turned-off. At the same time, vgg will be
reset. The switch will remain off until the inductor current reaches zero,
then the switch can be retriggered \lvhich initiates the subsequent cycles. Fig.

2.28 shows the main waveforms of the control circuit.
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0" Cow Normal High
Line Line Line

Fig. 2.28 Main waveforms of the control circuit.

2.4.3 DCM Operation

2.4.3.1 Introduction

In DCM operation, the inductor current is discontinuous. It will be
reduced to zero before the end of the switching cycle and remain zero until
the beginning of next cycle. Fig. 2.29 shows the waveforms.

Compared with CCM and CRM, DCM operation has the maximum
ripple current for the same average current level. The peak value and the
average value of the inductor current dé not have a fixed relationship. High
peak current will further increase the conduction loss so DCM operation is

only suitable for low power applications.
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Fig. 2.29 Main waveforms for DCM operation.

' From Fig. 2.29 the relationship between D and D’ can be found as

v, DT =(V,-v, )}-D'T

D=M'--D’
V.

m

(2-11)

Utilizing (2-11), the expression of the average inductor current over a

switching cycle is

g = 2 .DT-(D+D')T-—=
L 2T (2-12)
=h.D2T._VQ_
2L Vo — vy,

For fixed frequency operation, duty cycle D should vary according to

V, .
the change of the item ( v 2 ) in order to achieve perfect PF.
o Vi

2.4.3.2 Control Methods

When the boost converter operates in DCM, average current mode

control still functions well to program the input current. High power factor
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can be achieved because of the high gain of the current error amplifier. It
should be noted that, even without active control on input current, relatively
high power factor and low current distortion could still be achieved in DCM
operation, although (2-12) shows that under such a condition perfect power
factor can not be attained. From (2-12) it can be seen that, as long as the
output voltage Vo is larger than the peak value of the line voltage in certain
extent, harmonic content of the line current can meet the regulation
requirement [51]. This is why the single-stage PFC circuits always use only
one output voltage control loop and let the input current loop open. Fig. 2.30
shows the typical line voltage and line current waveforms when DCM boost

converter operates without active control on input current.

Line

Line \
Current

L]
T 1
]

0 g

Fig. 2.30 Line voltage and current waveforms for DCM operation without

active current control.
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2.5 Summary

In this chapter, some basic concepts on the operation of active PFC
circuits are introduced. Three basic topoloéies: boost, buck, and buck-boost
are discussed briefly. They have been widely used as pre-regulators and, in
fact, other active PFC circuits can be derived from these basic topologies.
Sepic and Cuk tdpologies, which can be considered as the combinations of
basic topologies, are discussed next. Single-stage PFC circuits, which have
developed in recent years, are also introduced. Four typical converters are
presented and each of them integrates an input-current waveform shaper and
an isolated DC — DC converter.

Because the boost converter is the most popular topology used in active
PFC applications, its three operation modes are explained in detail. Features

of each operation mode and the corresponding control methods are given.
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CHAPTER 3

DESIGN OF A SINGLE-SWITCH HIGH-
POWER-FACTOR REGULATOR WITH
NEAR-ZERO OUTPUT CURRENT

RIPPLE

3.1 Introduction

‘ PFC is becoming increasingly important because of the growing
concern about the harmonic contents of the AC line currents of power
supplies and the adoption of standards such as EN 61000-3-2. As discussed
in Chapter 2, although adding a PFC pre-regulator [28], [52]-[55] to the
switching power supply can achieve both high quality input-current
waveform shaping and fast output voltage regulation, it is not the optimized
design for low power applications. The main drawback is the high cost due
to an increase in the device count. Therefore, in low power applications,
single-stage active PFC circuits are preferred [36]-[45], [56]-[62].

The family of SSIPP was proposed in [43] and this family of power
supplies has the features of fast regulation and single PWM control loop. It
is believed that such supplies will find wide applications in low-cost low-
power consumer products. However, the active switch in a SSIPP circuit
often suffers large voltage spike during switching because of the

unavoidable leakage inductance of the transformer. Such voltage spike can
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increase the switching loss and lower the conversion efficiency. It can even
damage the switch if the voltage rating of the switch is not high enough. At
high switching frequency, the problem will become worse. A passive
snubber circuit [57][58] may be used to reduce the voltage spike but the
snubber itself will increase the loss of the circuit. Articles [59} and [60]
utilized “regenerﬁtive clamping” to suppress the spike. As a result, not only
the conversion efficiency, but also the PF of the circuit were improved.
However, extra rectifiers were needed in regenerative clamping. Active
clamping method was used in articles [61] and [62] and it was found that
more than 3% improvement in conversion efficiency could be attained [61].
However, an extra active switch was needed and this increased the cost of
the circuit.
In this chapter, an improved version of the SSIPP is proposed. The

proposed circuit has the following features:

1) It has an improved power factor.

2) It achieves near-zero output current ripple in the regulator.

3) It uses an integrated transformer [20]-[27] to reduce the size and the

number of magnetic components.
4) It solves the voltage spike problem due to the transformer leakage
inductance with minimal components.
The basic circuit topology and the principle of operation of the

proposed regulator will be explained first. Next, design considerations will
be given. Simulation and experimental verification, based on the analysis in

the former sections, will be reported finally.
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3.2  Principle of Operation
In this section, the basic circuit topology and the principle of operation

of the proposed regulator will be described.

3.2.1 Basic Circuit Topology

i D,
+i X
i =cC :

Np2:Ns2
Integrated
C, T |..lTmnsformer |

B

v,
in
Cul
VA(‘ r

A A

b

¢ Modified-Boost (MB) Cell

Fig. 3.1 The proposed regulator.

The proposed regulator is shown in Fig. 3.1. This circuit can be
understood as a cascaded connection of a modified-boost (MB) converter
followed by a double-ended forward (DF) converter [63]-[65), as identified
by the dotted-line boxes. The input-current waveform shaper is called as
Modified-Boost converter because it includes a clamping capacitor C, in the
conventional boost circuit. These two converters, which will be referred_ to
as cells in this chapter, share the same switch S and bulk capacitor Cg. The
MB cell is designed to operate in DCM, acting as an inherent power factor
corrector. The DF cell is designed to function as a fast-response post-
regulator. Nodes A and B serve as the output terminals of the MB cell and,

at the same time, the input terminals of the DF cell. Cy is an energy-storage

49



CHAPTER 3 A SINGLE-SWITCH HIGH PF REGULATOR

capacitor and C. is the clamping capacitor that performs the functions of
clamping the switch voltage stress and recycling the energy trapped in the

transformer leakage inductance. Cg,, is the output filter capacitor.

Primary
P, P,
P, .
. ] > <] i
b > Np > Np
Tl Gap2 Gap! Gap3 T2
+ € ~ + —
Vet st Nsl Veerz 2 5 Ns2
S_ dary | Limb 1] ’ S dary 2
econdary - - econdary
Limb 2 Limb 3
(a) Winding arrangement of
integrated transformer (T1 and T2)
i
P
+
Lm L.,
L2}
Vv I"ml ----------- Y 152
P L +
Yoms E——l :
. *
L‘,“3 : vscc2

S

————— e e -

(b) Equivalent circuit

Fig. 3.2 Integrated transformer.
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In the DF cell, an integrated transformer is used instead of two
individual transformers, to reduce the number of magnetic components. The
practical winding arrangement of the integrated transformer is shown in Fig.

3.2(a), where P,, P, , and P, are the magnetic permeances of the

corresponding limbs of the transformer. Two secondary windings are wound
on the two outer legs of the core. In order to minimize the leakage of the
transformer, primary winding is divided into two parts. These two parts are
also wound on two outer legs and connected by a single wire. Air gap is
added in each limb to prevent saturation of the magnetic core. The
equivalent circuit of the integrated transformer is shown in Fig. 3.2(b). The

circuits inside the dotted-line boxes are idea! transformers and L.,
(Lgy=Np-P), Ly (L, =N}-P,), and Lag (L,; =N;-P;) are the

magnetizing inductances. This equivalent circuit will be used to replace the

two transformers in Fig. 3.1 to facilitate the analysis of the regulator.

3.2.2 Principle of Operation
In explaining the principle of operation of the proposed modified-boost

double-ended forward (MBDF) regulator, the following assumptions are
made:

s The MB input cell operates in DCM.

o The circuit has reached the steady-state operation.

+ The primary inductance of the integrated transformer is large encugh

to keep the primary current i, continuous (shown in Fig. 3.4).
e The filtering capacitors Cgy and Cg in Fig, 3.1 are functionally

constant voltage sources within a switching cycle.
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» The clamping capacitor C; has a reasonably large capacitance so that
the ripple component of the voltage across it is small when
compared with the DC component.A

As shown in Fig. 3.3 (where the thick lines indicate the conducting
paths) and with the aid of the switching waveforms shown in Fig. 3.4, the
operation of the regulator consists of the following three stages:

1) Stage 1 (T0-T1)

a) At TO, S is turned on and diode Dgye is reversely biased.

b) The charge on C; assists vi, to charge up L in a resonant manner. The
initial resonance current is zero. Because of the relatively large capacitance

of C, the current in L will increase nearly linearly.

di (1)
. +V, =L—L 3-1
vln Ce dt ( )
Solving (3-1), we have
(0 = Yo (1~ To) (32)

¢) Lmi, Lma, and Ly are charged up by Veg, NV, and (Vg — NV,)

respectively, producing an output current of i, = N(i ., —i_.;)-

iy (1)
Vg =L, —‘aé—— (3-3)
NV, =L,, Je(®) (3-4)
di
di t
Vo =NV, =L, i) (3-5)
where the turn ratio N = & = & .
Nsl  Ns2
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CHAPTER 3
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Fig. 3.3 Three stages of the converter: (a) Stage 1 (T0-T1); {b) Stage 2 (T1-

T2); (c) Stage 3 (T2-T3).
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ot

L

TO Tl T2 T3

Fig. 3.4 Key voltage and current waveforms.

d) The primary current i, =i, +1,.,

dip _ gy * i)

dt dt

Vep , Voo =NV
L

(3-6)

ml m3

2) Stage 2 (T1-T2)
a) AtTI, S is tuned off and diode Doy is reversely biased.
b) vgis clamped at (V, + Vi, )

c¢) i is diverted to charge up Ce.
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di (1)
Vv, -v, =-L—t 3.7
ch Va dt ( )
Combining (3-2) with (3-7) we have
i, = Yo+ Ve (11-10)-YaYa(-m)
(3-8)
_ ¥ + Ve, DT~ Ve = Vi (t-T1)
L L

where D is the duty cycle and T is the switching period.
d) Due to the leakage and primary inductances of the transformer, 1p will
continue to charge up C. Ly, Lmz, and Ly are discharged by V¢,

(Vo - NV,) , and NVg respectively, producing an output cument of

ig = N (i ~11y;) through diode Doue.

di, ,(t N
ch = _Lml L;;( ) t'-"g)
di, ., (t -
Ve - NV = ~Lm2——‘§t’Ll (>-10)
di t
NV, =-L,; ——L;:( ) G-11)

e) The primary current i, =i, +ip.,

9& - d(i ) +11m)

" (y_d Voo, e
L_, L.,
3) Stage 3 (T2-T3)
a) At T2, the current in inductor L falls to zero.
1,(T2)=0 3-13)

Substituting (3-8) into (3-13), we have
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T2=T1+Ye* Y pr

Ves =V,
cs ™ Vi (3-14)
=Yt Ve 1470

Vep = Via
(Note that T1 = T¢ + DT.)
b) Lui, Lme, and Ly, continue to be discharged and ip continues to flow
through diode Dgyg..
¢) vscontinues to be clamped at (Vep +V¢c)-

Once the switch S is tummed on at T3, the switching operations
described above will start again. Although the principle of operation of the
proposed regulator is quite simple, it is very effective in reducing the
voltage stress of switch S, recycling the trapped energy, and achieving near-

Zero output current ripple.

3.3 Design Considerations

The determination of Vcp, the design of inductor and integrated
transformer, and the selection of clamping capacitor C; will be described in
this section.

When the circuit has reached the steady-state operation, according to

the volt-second balance on inductors Ly, Ly, and L3, we have

iLm!(T.O) =1, (T3)
12 (TO) = 1,5 (T3) (3-15)
1T =1,,,,(T3)

The input voltage to the MB cell is given by

Vi (£) = Vi, - sin(ot) (3-16)
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3.3.1 Determination of Vg

Substituting (3-3) — (3-5) and (3-9) — (3-11} into (3-15), we have:

r .

Vo _1-D
V, D
NV,
V,, =—=2 3-17
3 Cc I—D ( )
NV
Vep = —=2
cB D

Equations (3-17) give the steady-state relationships among Ve, Ve,
and Vo. They are the same as the counterparts of a single double-ended
forward converter.

To ensure the MB cell operates in DCM, we must have

max(T2-TO)<sT (3-18)

Substituting (3-14) into (3-18), the following expression can be

obtained
M(M .DT)<T (3-19)
VCB - vin

We define the output-input voltage gain K as

K=y (3-20)

in,pk

Substituting (3-16), (3-17), and (3-20) into (3-19), we have

DsK+l—JKI+l (3-21)
2. 4

The relationship between duty cycle D and K is given in Fig. 3.5. It is
clear that, in order to keep the MB cell operating in DCM, the boundary
values of D become larger as K increases. When K varies from zero to one,

the boundary vahie of D is always less than 0.4.
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Fig. 3.5 Duty cycle D as a function of K (= ).

in,pk

From (3-2), (3-8), and (3-14), the averaged MB input current (averaged
over a switching period T) is found as:

Veo + Vee prp Yat Ve

1 =
Hes 2L Ves ~ Vin

(3-22)

The input power Pi, and the output power P, can be expressed as

nfo
Py =2 [Vi(1) iy gl
T
v ’ v v (3-23)
. " i in ot
= impk (VCB + Vcc )DzT - Isin(m[) . ﬂwd(mt)
2nL

B —Vin_pl= sin ot

=

P =Vo-lg=—==PF,'n (3-24)

where Ry s the load resistance and n is the conversion efficiency.
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Substituting (3-23) into (3-24) and combining (3-17} and (3-20), we
have

n-N*TR,
an(vCB/vin,pk - K)

[ (Ven/Vinge) K/(Vea/ Vi s —K) + sin(ct)

(3-25)

Jsin(at)- Voo Vo sin(@D d(mt)] =1

0

Defining o = —E“—L , we then have
NTR,

N
o (VCB/Vin.pI( -K)

. ‘ _ , (3-26)
{ Join(aty- oo/ Vise) K/ Ven Vo = K) + sinto) d(mt)J -

Ven/Viopx — sin(ot)

NV,

Fig. 3.6 (Vg /'V,, ., ) as a function of « for different values of K (= ).

in,pk
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From (3-26), it can be seen that the voltage conversion ratio

(Vep/ Vo ) is load dependent. Fig. 3.6 shows the relationship between

(Vg / V., ) and o under different K, assuming 1= 0.8. For a given value

in,pk

of a, a larger K gives a larger voltage conversion ratio (Vg / Vi, ). If K is

given, a larger a gives a lower voltage conversion ratio (and therefore a
lower Vcg). However, as a decreases, which is corresponding to the

decrease of the loading current, (Vg /V, , ) will become larger and larger.

This is similar to that of a conventional SSIPP employing a DC — DC cell in
CCM operation.

It should be understood that the graphs shown in Fig. 3.6 are based on
the assumption of continuous primary current of integrated transformer. The
condition for such an assumption will be discussed later.

From (3-16) and (3-22), the RMS value of input current I, __is given

by
=/
W ra
IL.rms = ; J‘IL.lvgdt
. (3-27)
) N Ve + Ve DT Vet Vi -31‘n(a)t) -d(ot)
N, 2L Ve = Vi i - sin(ot)

Based on (3-16), (3-23), and (3-27), expressions of power factor and
THD can be found. Fig. 3.7(a) is a set of graphs showing the relationship

between (Vg /V, ., ) and the power factor of the system for different K. Fig.
3.7(b) is a set of graphs showing the relationship between ( V., /V, ) and

in,pl

the THD of line current for different K. It can be seen that, for example, for
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K = 0.5, a high PF (PF>0.99) and a low THD (THD <15%)} can be

achieved when (Vg /V,,, ) is between 1.5 and 2.0.

! : T T T T L

0995 ._............é..

0.99F- .: SN A, N

pf
0.985

0.98 ... §1- E............u....A...A...-

0.975F -1 ;.d P ..... .....

0.97

- (b)

Fig. 3.7 Power factor (a) and THD (b) as functions of (Vg / V, , } for

NV,

different values of K (= ).

in,pk
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3.3.2 Design of Inductor L

It is critical to select a proper inductor L to ensure that the MB ceil
operates in DCM. From (3-21) we can find the critical duty cycle at the

boundary point between CCM and DCM.

1 { 1
D_. . =K+——_[K?+~ 3-28
critcal 2 4 ( )

From (3-17), (3-20), and (3-28), we have

Ve K K

= = (3-29)
V{n,pk Dl:ritl'l:al K + _]_ _ JKZ + l
2 4
Substituting (3-29) into (3-26) gives
O riticat = K 0
( n T K)
kel ]
2 4
1 K + sin(wt) (3-30)
% —-K+ J K241
- 2 4
| fsin(at). & d(wt)
K .
0 n —sin{wt)
Ki+—- J K*+=
i 2 4 !

Discontinuous conduction operation is assured by choosing o < .,

in the DCM MB cell, as shown in Fig. 3.8. Then inductance L should be

chosen as

NZTRL min
— L (3-31)

L< @ itical *
2n

where R . refers to the minimum load resistance.
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Fig. 3.8 a as a function of K (= NVo
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in,pk

3.3.3 Design of Integrated Transformer
In order to achieve zero output current ripples, we should have

_di_o = d(iuns — iLmZ) =0
dt dt

From (3-3) — (3-5), (3-9) — (3-11), and (3-32), we have

Vs =NV NV, _
L L

0

m3 m2

_Nvo'__VCc"'Nvo -
-7 )=( L )=0

m3 m2

Substituting (3-17) into (3-33) and (3-34), we have

L
L

D
1-D

m2 _.

ml

(3-32)

(3-33)

(3-34)

(3-35)
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Equation (3-35) is the condition for zero output current ripples. Since
the duty cycle D will change according to loading current, the condition of
(3-35) should be met at full load. |

In the design of the circuit, a sufficiently large primary inductance of
the integrated transformer should be used to keep the primary current
continuous. This condition is necessary in order to minimize the output
current ripple. The condition can be found from the energy balance of the
bulky capacitor Cg. As described in the principle of operation, the bulky
capacitor Cp is discharged by the primary current in Stage 1, and charged
by the inductor current in Stage 2. Assume that the primary current operates
at the boundary between continuous and discontinuous conditions. Since the
energy should be balanced over a line cycle, from (3-17), (3-20), Fig. 3.4,

and Fig. 3.9, we can find that

l ]‘l . VCB _V'n,pk Slﬂ(wt) '[VCc + vm,pk Sln(wt) .

Ven = Vi i SID(W1)

: 3 . DTJ d(wt)

L

(3-36)
o, (1) Vg NG

2 Ly Ly
2
. [_I KD + sin(wt)J K L L
== A(WE) = Oy "+ TR (e + ——) (3-37)
0 — —sin{wt) D DL, L.,
D
2nL - Lo boundary 2nL

where a = = .
poony N 2TV0 N ’ TR L ,boundary
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Vca+vcn'wo

, / Slope: o

Loy

NV,
L

nl

 J

0 DT (1-D)T T t
Fig. 3.9 ip in one switching cycle (at the boundary between continuous and

discontinuous modes).

When & 2 0,4, the primary current will be continuous. Otherwise,

if atis too small (that is, when the load resistance Ry, is sufficiently large),
the primary current will become discontinuous. Equation (3-37) can
therefore be used to find the condition to keep the primary current
continuous.

From (3-37), it is interesting to note that, in order to determine Ly, and
Lm2, inductor L should be determined first. Combining with (3-26), equation
(3-37) can be used to generate curves to facilitate the design of the

integrated transformer (shown in Fig. 3.10 (a), (b), and (c)).
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(c)

Fig. 3.10 Integrated transformer design guidelines for different values of K

(= NV
v

in,pk

): (a) K=0.52; (b) K=0.7; (c) K=0.9.

We shall illustrate the design procedure of the integrated transformer
with a simplified example. Suppose the converter ié to be operated from an
110 Vs AC main. The output voltage is DC 28 V and the maximum output
power is 100 W. We can find K =0.52 by assuming the turn ratio N=2.9.
From Fig. 3.5 and Fig. 3.8, D is found to be about 0.3 and < is found to be
zbout 2.8.

Assuming that the switch frequency is 200 kHz, the value of L can be

found as
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N?TR, _.
L=— Lot =147 uH
2n

L was finalized as 134 uH.

Suppose that (3-37) will be met at o, = 1.4(about 50% load). In
Fig. 3.10(a), all the points in the region labeled “ Opnaary =147 will meet

the requirement. We éan choose a point where L/Lp, is about 0.1 and L/L,;
is about 0.42, resulting in the boundary operation in the DF cell at 50% load.
Therefore, L1 and Ly,; are determined as 1340 uH and 319 uH, respectively.
From (3-35), Lm can be found as 744 uH. The number of primary winding
Np is determined as

_NV,-a-D)T (3-38)
AB-A,
where AB denotes the flux excursion and Aj represents the cross-sectional

area of limb 3. By choosing AB = 0.15 T and using magnetic core ETD44
with A; = 0.88 cmz; Np is determined as Np 2 21.5. From this result, the
number of primary and secondary windings were selected as Np = 29 Turns

and Ns] = Ns2 = 10 Tums.

The magnetic permeances of the three limbs of the magnetic core P;, P,

A .
and P; (P = -;— = % where S, A, and I, are reluctance, cross-sectional

area and path length, respectively) are

p = HatA (3-39)
K, 'le,cl + lc‘cl
A
P, = Holl Ay (3-40)

H, 'le,Gz + Il:.cZ
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P3 = _.Eop'A—31 (3.41)
'J'r ) le.GJ + ecl

where l.g; (j = 1, 2, 3) is the length of air gap.

It should be noted that air gaps L. g), L2, and 1. g3 are necessary due to
the DC magnetizing current. From (3-39) — (3-41), ka1, lec2, and L3 can
be determined as 0.1mm, 0.28mm, and 0.1mm, respectively.

The primary current is designed to enter into continuous conduction at
50% load. If the loading current is less than this level, primary current will
become discontinuous. Although the output current will be discontinuous
under this situation, such design is helpful to prevent any further increase of
the voltage across the bulk capacitor Cp due to the decrease of the load, as

shown in Fig. 3.6.

3.3.4 Selection of Clamping Capacitor C,

It should be noted that C; and L form a resonant circuit in Stage 1
while C;, L, and Ly, form a resonant circuit in Stage 2 and Stage 3. The
resonant frequency in these stages should be sufficiently low.

nyL-C, >>DT

1. (342
p L Ln2Ce | _pyr )
L  +L

ml m2

The first condition implies that the half resonant period formed by L
and C, should be much longer than the on time of the switch S. The second
condition implies that the half resonant period formed by L, Lm2, and C;
should be much longer than the off time of the switch S. The conditions in

(3-42) ensure a low voltage ripple across the clamping capacitor C..
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CHAPTER 3

3.4 Simulations and Experimental Results

Based on the design rules developed above, the proposed regulator was
designed to have the following parameters:

1) Input Voltage: vac = 110 Vi

2) Output Vo[tage: Vo=28V,;

3) Output Power£ Pou =100 W;

4) Switching Frequency: .f’ =200 kHz;

5) L=134uH;

6) Diode Dy: MUR 860;

7) Diodes Douy and Doua: MBR 20200,

é) C.=0.22 uF;

9) Cp=220uF;

10) Cpus = 1000 uF;

11) Switch S: NTP 8N50;

12) Integrated transformer:
Core: ETD44; Initial permeability p_: 2300; Saturation flux
density Bg: 500 mT; Primary: 29 turns of #38 AWG x 96,
Secondary: 10 turns of #38 AWGx 160; Gap in limb 1: 0.10

mm; Gap in limb 2: 0.28 mm; Gap in limb 3: 0.10 mm
3.4.1 Simulation Results

Fig. 3.11(a), (b), and (c) show the waveforms of the proposed regulator

with an input DC voltage of 110 V.
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Fig. 3.11 Simulation waveforms.
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When the switch § was turned off, the drain-to-source voltage of S, vs,
was clamped at (Vcg + V), which was nearly constant. The waveform of ip
indicated that the MB cell operated in DCM. The waveform of (iDow1 t ipour2)

confirmed that the output current ripple was small.

3.4.2 Experimental Results

An experimental prototype was built to verify the circuit operation
described in the principle of operation section. Before putting the prototype
to an AC line test, the DC operation of the prototype was first studied. The
input voltage was DC 110 V and the output voltage was DC 28 V. The
output power was 100 W.

Fig. 3.12(a) shows the measured waveforms of the gate voltage vgg, the
drain current is and the drain-to-source voltage vs of switch S. Fig. 3.12(b)
shows the waveforms of the input inductor current ip and the primary
current ip of the integrated transformer. Fig. 3.12(c) shows the waveforms of
the output diode currents. These waveforms agreed well with those obtained
by simulation. The waveforms of input inductor current i indicated that the
MB cell was operating in DCM. The waveform of (ipou + ipou) confirmed
that the output current ripple was small.

The PFC performance of the prototype was then tested for an AC input
of 110 Vs (50 Hz) and a DC output of 28 V. The waveforms of the line
voltage and line current for an output power of 100 W are shown in Fig.
3.12 (d). The measured power factor and the THD of the line current were
0.99 and 15% respectively, indicating a high power factor and low THD of

the line current. The measured efficiency was between 80% ~ 85%.
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(d) Top trace: Input line voltage @100V/div; Bottom trace: Input line
current (@ 1 A/div

Fig. 3.12 Measured waveforms.

3.5 Summary

The characteristics of a novel single-switch high-power-factor
regulator with low output current ripple are studied in this chapter, By
employing a modified-boost converter cell as the input stage and a double-
ended forward converter cell as the output stage, a high power factor and
near-zero output current ripple are achieved. This regulator also eliminates
the need for an extra clamping switch to recycle the energy trapped in the
transformer leztkage inductance and to reduce the switch voltage stress. The
analysis, design, simulation, and experimental results are reported to verify

the operation and performance of the proposed regulator.
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CHAPTER 4

A TWO-CHANNEL INTERLEAVED
BOOST CONVERTER WITH REDUCED

CORE LOSS AND COPPER LOSS

4.1 Introduction

For high power applications, single-ended boost converters have been
widely adopted as the front-end of PFC regulators for their simplicity, high
conversion efficiency, and relatively low cost. Compared with the other
operation modes, CCM operation, which is shown in Fig. 4.1(a), has better
utilization of power devices, lower conduction loss, and lower input current
ripple. However, at high power level, the large reverse-recovery current of
the output rectifier in a CCM operation boost converter will cause not only
extra switching loss, but also severe electromagnetic interference noise. This
phenomenon can be explained as follows: When the boost switch is turned
on, because the output rectifier can not be turned off immediately, reverse
recovery effect causes the output capacitor nearly shorted to ground at this
instant. Very large current spikes can be observed both at the rectifier and at
the switch, which will cause extra switching loss and EMI noise.

According to [66], the diode reverse-recovery is affected by its reverse
voltage, forward current, current slew rate, temperature, etc. One effective

way to alleviate the reverse-recovery problem is to softly turn off the
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rectifier by controlling its % during the period of switch turn-on [67]-[74].

In references [67] and [68), a small inductor in a new parallel channel was
used to control the decreasing rate of the rectifier current. The rectifier was
softly turned off and the conversion efficiency could be dramatically
improved by more than 3% at low line, where the reverse-recovery loss is
the most significant [67]. But these topologies need extra auxiliary circuits
and complexity is a major drawback. The active-clamp approach [69]-[71]
can alleviate the reverse-recovery problem and achieve zero-voltage
switching. Reference [69] also proved that, as far as efficiency is concerned,
with softly turning off the rectifier, the effect of the reverse-recovery speed
of the rectifier is practically eliminated. However, active-clamped circuits
usually require auxiliary switches and isolated gate drivers. On the other

hand, lossless passive snubbers [72]-[74] can be effective to control the %

of the rectifier by inserting an inductor in such a way that the inductor is in
series with the rectifier during the turn-on of the switch. However, passive
snubbers require many passive components and they increase voltage or

current stress on the semiconductor components.
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Fig. 4.1 Single-channel and two-channel boost converters ((a) a single-
channel boost converter; (b) a two-channel boost converter; (c) a two-

channel boost converter with coupled inductors).

An alternative to minimize the reverse-recovery problem while keeping
the input current smooth is to use two-channel interleaved boost converters.
An example is shown in Fig. 4.1(b). In a two-channel interleaved boost
converter, each individual channel can operate in critical conduction mode
(CRM) [75]) - [78] or discontinuous conductlion mode (DCM) [79] to
eliminate the reverse-recovery problem. Although the current ripple in each
channel is large, the combined input current is continuous and smooth. As a
result, the DM — EMI can be managed with a reasonably sized input filter. Tt
should be noted that, for the same average level, the inductor current in
CRM operation mode would have a smaller RMS value than that in DCM
operation mode. In addition, when the individual channel operates in CRM,

reduced switch turn-on loss can be easily achieved by timing the switch to

77



CHAPTER 4 A TWO-CHANNEL INTERLEAVED BOOST

turn on when the voltage across it has reached a minimum value. Therefore,
in order to attain a high efficiency, all the converters discussed later will be
supposed to operate in CRM.

Two-channel interleaved direct-coupling boost converters have been
used in [66][80][81], as shown in Fig. 4.1(c). In [66], three inductors are
used but it is equivalent to a pair of directly coupled inductors. By coupling
the inductors, the number of the magnetic components can be reduced to
one. Article [80] found that with two directly-coupled inductors, the boost
converter channels can have very good current sharing characteristics even
in the presence of relatively large duty cycle mismatch. However, since both
the inductors have considerable number of turns, the. large inductor current
ripple in each channel will cause a high copper loss. Furthermore, when the
two windings are wound on the outer limbs of a single EI or EE core, AC
fluxes generated by the two windings are added in the center leg. Such a
large AC flux ripple in the center leg will further increase the core loss. All
these losses will lower the efficiency of the converter.

In order to improve the efficiency, this paper proposes an improved
two-channel interleaved boost converter using an integrated magnetic
component to reduce the core and copper losses. The integrated magnetic
component functions as three inductors. All inductor windings are wound on
a single EI or EE core. The windings on the two outer legs are inversely
coupled. With the proposed winding arrangement, inductors can be designed
with smaller inductances so fewer turns can be used. The flux ripple in the
center leg can also be greatly cancelled. As a result, copper loss and core

loss will be reduced and the overall efficiency can be improved.
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The structure of this chapter is: ﬁrstly,. the proposed integrated
magnetics will be derived and its electrical circuit model will be given.
Secondly, the operation and characteristics of the proposed integrated
magnetics will be discussed. Thirdly, design considerations will be present.

Finally, experimental results will be demonstrated.

v
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Lel{ B
L!h
Ll:
| |
[
= L
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L 4
Lid LSd LZd
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T L.} ~ L_J

il 38 o
Integrated Inductors
with One Magnetic Core

Fig. 4.2 Derivation of the proposed integrated magnetics.
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4.2 A New Integrated Magnetics for Direct-Coupling

Inductors

A new integrated magnetics for direct-coupling inductors is proposed
here. This section will discuss the derivation of the proposed integrated

magnetics and derive its equivalent electrical circuit model.

4.2.1 Derivation of the Proposed Integrated Magnetics

Fig. 4.2 shows how the new integrated magnetics is obtained. In Fig.
4.2, circuits are shown on the left and the inductor winding arrangements
apd core structures are shown on the right.

Fig. 4.2(a) represents the existing structure for two direct-coupling
inductors. Windings are wound on the two outer legs and air gaps are added
in order to prevent saturation. The thickness of the air gap in the center leg
should be carefully tuned to obtain the desired coupling coefficient. In this
structure, large AC fluxes generated by the two windings are added in the
center leg, which will cause large core loss. The numbers of tums of the
windings are great and the large ripple inductor current will increase the
copper loss.

The coupled inductors shown in Fig. 4.2(a) can be represented by an
equivalent ctrcuit with three uncoupled inductors, as shown in Fig. 4.2(b). In
Fig. 4.2(b), L;, can be regarded as the mutual inductance between the two-
coupled inductors shown in Fig. 4.2(a) and L, and Ly, are the leakage
inductances. Here, it should be noted that the current flowing through Ly is
the combined input current so it is quite smooth. As a result, the AC flux in

inductor Ly, is small and it is expected to have smaller core loss. Although
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the currents flowing through L, and Ly, still have large ripple, core losses
are possible to be reduced because L;, and Ly are very small in this
structure so small cores can be used. If the coupling coefficient between the
two inductors shown in Fig. 4.2(a) is high enough (that is, Ly, and L, are
small enough), the number of turns of all the inductors shown in Fig. 4.2(b)
can be much smaller than that in Fig. 4.2(a). As a result, copper loss can be
dramatically reduced. However, the number of magnetic components in this
structure increases and it is not the optimized design.

In order to reduce the number of magnetic components and reduce the
overall inductances, two inductors, L. and Ly, can be inversely integrated
into a single EI or EE core, as shown in Fig. 4.2(c). Inverse coupling can
increase the equivalent inductance and therefore, the practical values of L;,
and L. can be smaller, Aithough inductor L3, will become larger at the
same time, the overall inductances are reduced so fewer turns can be used.
Because the two inductors are wound on the outer legs and inversely
coupled, the flux in the center leg has a very small AC ripple [82].
Therefore, with proper design, core loss in this structure is similar to that in
Fig. 4.2(b).

The number of magnetic components and the inductances of the
inductors can be further reduced and a new integrated magnetics is proposed
in Fig. 4.2(d). Only one magnetic cofe is used. Inductor Ligand Ly are still
mversely coupled. M), is the mutual inductance between Lyg and Lag. My is
the mutual inductance between L,y and Lig while M; is the mutual
inductance between Lag and Liy. Compared with the structure in Fig. 4.2(a),

from the analysis later it can be found that the overall inductance of this
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structure can be designed with smaller value and copper loss can be reduced.
The inverse coupling between L4 and L4 will help to cancel the flux ripple
in the center leg of the core so smaller core loss can be achieved.

Although the proposed integrated magnetics seems more complex at
the first glance, such an integrated magnetics can be replaced by a very

simple electrical model.

4.2.2 Electrical Model of the Proposed Structure

The complete circuit schematic with the proposed integrated magnetics
is shown in Fig. 4.3. The winding arrangement and the corresponding
gyrator model [20] — [27] of the proposed structure are shown in Fig. 4.4(a)
and Fig. 4.4(b), respectively. P\, P;, and P; are the permeances of the
corresponding limbs of the core (including the air gaps). Nj, Ny, and Nj are
the numbers of turns of the windings. Air gaps gl, g2, and g3 are added in
each limb to prevent saturation. In the gyrator model, C,, C;, and C; are
used to model the permeances Py, P, and P, respectively. ic,, ic, and ics
are used to model the d®/dt of the corresponding limbs of the core. The

windings are modeled by the magnetomotive force (MMF) sources.

L R

L 8

"
=
o+

Fig. 4.3 A two-channel interleaved boost converter with the proposed

integrated magnetics.
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(a) Winding arrangement and core structure of the proposed integrated
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(b) Gyrator model of the proposed integrated magnetics
Fig. 4.4 Winding arrangement and the corresponding gyrator model of the

proposed integrated magnetics.
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From Fig. 4.4(b) we can find the expressions for icy, icy, and ic3 as
follows:

M'S—N 1 (S)._._._C...L..C...g__._.
C +C,+C, e +C, +C
_ G5

C +C,+C,

i, (s) =N, (s}
. 4-1)
+ NBiin(S) '

_ 4G s+ N,i,(s) LG +GH6, °5

C,+C,+C, C +C,+C,
CC

C +C,+C,

ic;(8) = —N]i.l (s):
(4-2)
+ N,i;, (s}

—C:].Ca—.s+N2i2(5).&.s
C +C,+C, C,+C,+C

(C, +C,)C, s
C,+C,+GC

i (8) =N,i,(s)-
(4-3)

+ N1 (8)-
From the equations above, the voltages across the inductor windings

can be derived as follows:

v,(s)=N,i,(s)

C/(C,+C,) . C.C .
=N2 1\ 2 37, ~N.N 12 . 4-4
' T +C, +C, si,(s)— N, ¢ +C, +C, siy(s)  (4-4)

CC,

+ NN, 3
' JC,+C2+C3

81;,(8)

v,(s) = N,i,(s)

NN, —SC e GGG g s
C +C, +C, C +C,+C,
C,C
NN e v, Se®
v4(5) = Nyig,(s)
NN, — S8 G+ NN, S8 (s) 4-6)
C +C,+C, C +C, +C
Ni (Cl +C2)C3 'Siin(s)
C,+C,+C
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Supposing the air gaps in the two outer legs have the same thickness,

we have C, =C, =C. Assuming N, =N, =N, rcz%, and ry =%, we

have
I +1
L,=L, =N’ rf+2c @-7
L, =N 2 (4-8)
. +2
, 1
M,, =-N?*——C (4-9)
.+2
M,, =M, =,N?—¢—C (4-10)
Ic+2 -
It should be noted that
io=1i +i, (4-11)

Substituting (4-11) into equations (4-4) ~ (4-6) and assuming
L, =L,, =L,and M,; =M,, =M,, Fig. 4.3 can be simplified and shown
in Fig. 4.5. It can be seen from Fig. 4.5 that in the electrical circuit model,
Ly and L are changed to (Lg + Ms) and (L3¢ + Mj), respectively. The

mutual inductance is changed from M;; to (M3 + M3).

Fig. 4.5 Equivalent electrical circuit.
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4.3 Operation and Characteristics of the Proposed

Integrated Magnetics

The operation and characteristics of tﬁe proposed integrated magnetics
will be analyzed in this section. In order to facilitate the analysis, some
assumptions are made: (a) The converter has reached its steady-state and
each channel operates in CRM; (b) Rectified input voltage v, can be
regarded as constant during a switching cycle; (c) The integrated inductors
have zero leakage inductance; (d} The output capacitor Co is large enough
to smooth out the switching output voltage ripple and Vo is essentially
constant within a switching cycle. Before the analysis, two parameters are
defined here (referring to Fig. 4.5):

m_M,2+M3

= 4-12
L,+M, ( )

Lt M, (4-13)
L,+M,

Here m can be regarded as the equivalent coupling coefficient and n is

the ratio of the two inductances.

4.3.1 Operation of the Integrated Magnetics

Main voltage and current waveforms are shown in Fig. 4.6 and it can
be seen that the operation of the intégrated magnetics can be divided into
four stages both for D < 0.5 and D > 0.5. Voltage of point x, which we can
define as v,, is very important in the operation since it will affect the
waveforms of all the inductor current. According to Fig. 4.5, the following

equations can be obtained:
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di &,

v, =(L, +M;} dat +(M,, +M,) at (4-14)
di : di
v, =(L,+ Ma)d_:+ (M,, +M;)d—t' (4-15)
Vi=V V= (L]d + MJ) d‘;itn = (Ljd + M:)g% (4-16)

Substituting (4-14) and (4-15) into (4-16) and combining with (4-12)

and (4-13), we have

V-V, =—— (v, +V,) (4-17)
m+1
E T 1
DT (0.5-D)T, DT (0.5-D)T
Gs1 Vesz Ves1 Vas2

time

4

(a) Main voltage and current waveforms when D < (.5

87



CHAPTER 4 A TWO-CHANNEL INTERLEAVED BOOST

»n

DT 1-D)T,

GS1

M- 03T

Ves2

vx
0 v
Vi v, X v,
0 "
-(V o;vl)
Vﬁ v, v | %
-(vo-vx) time

t, t, t t ot
{b) Main voltage and current waveforms when D > 0.5

Fig. 4.6 Main voltage and current waveforms of the converter with proposed

integrated magnetics.
In order to find the expression of v, the relationship between vy and v,

should be found first. As can be seen from Fig. 4.6, there are only four

combinations of v, and v>. Follows are the detailed relationships between v,
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and v, and based on these, the corresponding expressions of v, can be
attained from (4-17):

(m+1)v, +nV,

,V, = (4-18)
=—(V - ) m+1+2n

Vx “m+l+2n

v, =—(V v,) (m+1v, +2nV,

, Vv, = (4-20)
==V, - v.) m+1+2n

{ (m+ v, @-19)

(4-21)

{v, ==(V,-v,) v = (m+1)v, +nV,
T m+1+2n

From (4-18) ~ (4-21) we can see that v, is not a fixed value. It will
cﬁange according to the different combinations. of vi and vz. In one
switching cycle, three different voltage values will be applied on each
winding to change the slope of the inductor current.

Because the two inductors in Fig. 4.5 are coupled together, they can not
be considered as two independent inductors. Similar to the analysis in [82],
the inductor current waveforms can be found according to the equivalent
inductances in different time intervals. This equivalent inductance is used to
find the slope rate of the inductor current. Because the current waveforms of
i, and i, are almost the same, except a half cycle delay between them, we
will analyze the equivalent inductances for i) only. From (4-12), (4-14), and

{4-15) we have:

v,-m-v, =(L, +M3)(l—m2)%t;'~ (4-22)
The equivalent inductance Lg for i, can be defined as:
v,=L; d—l (4-23)
£ dt

89



CHAPTER 4

A TWO-CHANNEL INTERLEAVED BOOST

By using the relationship between v, and v, shown in (4-18) ~ (4-21),

we can find the expressions of equivalent inductances Lg for i;. The results

are summarized in Table 4.1 (for D < 0.5) and Table 4.2 (for D > 0.5)

(where g=

(m+1)v, —~(m+1+n)V,

(m+1)v, +0V,

). The slope rate of i; in different time

intervals can be calculated by using the appropriate v; and Lg.

Table 4.1 Detailed expressions for v, and Lg (D < 0.5 and referring to Fig. 4.6(a)).

Time
viand v, v L for iy
Intervals
to~t e v _(mA vy, +0V, L :(Ld+M3)(l-m2)
o ,=—(Vo-v)) * m+1+2n E l-m-g
vi==(Vo-v,) {m+1)v, +2nV,
L~t v, = w700 | L =(L,+M,)(l+m
v Vi==(Vo-v,) | 7 m+1+2n e =Ly #M,)(14m)
.
1=~ (Vo-v,) (m+1v,_+nV L _{Ly+M,)1-m’)
ty ~t3 v =7 3 0 E m
¥y =V, * m+1+2n 1-—
g
vi==(Vo-v, (m+1)v, +2nV,
- = — = L, =(L,+M,X1+m
b v, ==(Vo-v) | m+1+2n e = (Lo + M Y1 +m)
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Table 4.2 Detailed expressions for v, and Lg (D > 0.5 and referring to Fig. 4.6(b}).

Time ~
vy and v, Vi Lg for iy
Intervals
vi=y, (m+l)V-
~t = L. ={(L,+M))l+m
ts 1 {Vz="'. * " m+l+2n E (d J)( )
f ot Vi=V, v cmely,+nVy | _ (L +M)(1-m)
L v,==(Vo-v} | * m+1+2n E l-m-g
V=V, (m+ v,
~t SRLLLIALE L,=(L,+M,)(1+m
21 {V1= . " m+l+2n : = (L, X )
2
t3~t V= (Vo ) v =__(m+l)vin+nvo LE=(Ld+M32’S =
’ V=V, : m+1+2n I-E

4.3.2 Characteristics of the Proposed Integrated Magnetics

In order to make a comparison between the proposed integrated
magnetics with the existing two-winding structure shown in Fig. 4.2(a), the
equivalent electrical model shown in Fig. 4.5 is further simplified. Fig. 4.7
shows the procedure. The coupled inductors can be replaced by three
uncoupled inductors so Fig. 4.7(a) can be changed to Fig. 4.7(b). It should
be noted that the physical point x is hidden in Fig. 4.7(b) and finally a pair
of coupled inductors can be attained, which is shown in Fig. 4.7(c). In Fig.

4.7(c), the inductance of the inductor is (L, + L,, + 2M,) and the mutual

inductance is (L,, + M, + 2M;).
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_im_L3ﬂ+M1-.z+2-M3 |

L, +L,, +2M,

1

L, M, +2M,

L, +L,,+2M,

(c)

Fig. 4.7 Further simplification of the proposed structure.
By using (4-7), (4-8), and (4-10), the ratic between the overall

equivalent inductance shown in Fig. 4.7(c) and the overall practical inductor

inductance shown in Fig. 4.3 can be found as follows

92



CHAPTER 4 A TWO-CHANNEL INTERLEAVED BOOST

2
—C(r +14 201, +2L.1,
_2(L,+L,, +2M,) . +2 (re cIv +2tehy)
T 2L, +L N N?
47 3 Clr. +1+ rcer) (4-24)

2
_kt 14265, + 2.1y

o +1+rr’
Equation (4-24) is plotted in Fig. 4.8. From Fig. 4.8 we can see that y
increases as ry in-creases. When 1, =0, y is equal to one. Forr, >0, v is
always larger than one. A higher rc will give a higher y. Considering the

simplest structure where all the air gaps have the same thickness, we have

1. = 2.0. For ry changes from zero to two, ¥ also changes from one to
almost 2.5. Larger y refers to larger equivalent inductance. Therefore, for a
certain value of equivalent inductance, larger y is corresponding to smaller

practical inductance.

Fig. 4.8 Y as a function of ry under different rc.
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From Fig. 4.7(c), the coupling coefficient of the equivalent electrical

model can be found as (using (4-7) ~ (4-10))

Nz ) 2
—C(2t.r," -1+ 2.1,
L, +M,+2M, 1 +2 (2rery fv)

L,+L,,+2M, N?

e

> Clre +14+ 200, +20.0)  (4-25)

2
2t.1," =142t

14 2rn, +2r,

The relationship between the coupling coefficient and ry under
different rc is shown in Fig. 4.9. From Fig. 4.9 it can be seen that, the
coupling coefficient can be positive or negative according to the
combinations of rc and ry. For a given value of rc, when ry changes from
zero to two, the coupling coefficient varies from a negative value which is
corresponding to the inverse coupling, to a positive value which represents

the direct coupling.

Coupling
Coefficient

Fig. 4.9 Coupling coefficient as a function of ry under different rc.
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Table 4.3 Comparison of the overall practical inductances among different

structures.
Equivalent ciréuits
Different winding
{Supposing all the Overall practical
arrangements and core
equivalent circuits are inductances
structures
the same)
L L .
S YY Y. . Normalized to |
2o S U I iy 1
L (M>0)
L
L-M L 1 M
M > IYY Y - R
S aas SV I oy 3
L-M L (M>0)
L-M*+M,, L MM,
12 . M
L-M+M,, L (M>0, M,, <0)
", M M, M,
LM, L 2L 2L L
M-M2M) o -
Mx{:::::m,, . M| (M>0,M,<0,
A L
L-M+M
Mj\’ 12 M3 >0)

All the winding arrangements shown in Fig. 4.2 can be changed to the
same equivalent circuit — a pair of coupled inductors. Supposing all the
equivalent circuit models have the same inductor inductances and mutual
inductances, a comparison of the overall practical inductance is illustrated in
Table 4.3. From Table 4.3 it can be seen that, for the same equivalent circuit,

different structures require different inductor inductances. Compared with
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the other structures, the proposed integrated magnetics requires the
minimum inductance. As a result, both the number of turns and the
corresponding copper loss can be reduced with the proposed structure.

In the existing two-winding arrangement, AC fluxes of two outer legs
are added in the center leg, which will cause large AC flux ripple. In the
proposed integrated magnetics, two inductors Ly and Ljq are inversely
coupled. As the polarity is changed, the direction of the AC flux generated
by the windings is changed correspondingly. As a result, the AC fluxes of
two outer legs cancel each other in the center leg. The ripple of the AC flux
is reduced so the proposed integrated magnetics will have a lower core loss

in the center leg. Fig. 4.10 shows the flux simulation results.

v U(C:1.62:2)m0. 26y

IR e

w U{CH:2,EA:1) 8. 3856u

SHL3>

~18ul T T T T T

». Soime ». 9308 4,9%8m 4.93me LB LT 4.935as u. 582w
« U(E3:2.€2,1)wd, 730v

(a) Flux simulation result of the two-winding integrated magnetics (Top
trace and middle trace: flux in the outer legs; Bottom trace: flux in

the center leg.)
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VA VAVAVAN

o U[CS:1,03:2) «0. 30U

INVAVAVAVAE

« U(CT:1.CT:2)=0. 268u

1 4.9%6as ¥ #32as - ¥ Hkne .38

.Bitms L]
o U(CB:2.08:1)m0. Th2u
Tine

(b) Flux simulation result of the proposed integrated magnetics (Top trace
and middle trace: flux in the outer legs; Bottom trace: flux in the center leg.)

Fig. 4.10 Flux simulation results of two integrated magnetics.

4.4 Design Considerations
In order to facilitate the design of the converter, the duty cycle D,
inductances of the proposed integrated magnetics and other design issues

associated with the magnetic core will be discussed in this section.

4.4.1 Expression of Duty Cycle D

Because each channel operates in CRM and during the steady state, the
voltage-second applied on the inductors should balance for each cycle, the
duty cycte D can be found as follows:

D_l_"in_l_.h.sing (6€{0,n]) (4-26)
V V ’ L]

o o

where Vi, o« is the peak value of the input voltage.
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4.4.2 Inductances of the Integrated Magnetics

The inductances of the integrated magnetics can be determined by the
balance of the input power and the output power of the converter. The
average combined input current, Iip g, should be found first. Because Linavg
is equal to the peak value of each inductor current for symmetric structure,
basing on Fig. 4.6 and Table 4.1 and 4.2, the expression for Iiavg can be

found as follows:

()= 2te=tlpr
E

(1_m+m+n

)
-—Ye__.DT. I-D__ (D<0.5)
L,+M, (m+1+2n)(1-m)
Lo = v.(t ~t,) (4-27)
i, (t,) =—=2" ¢ (1-D)T
LE
. (1-m+ m+ n)
=—B8 __.DT. D (D>05)
L,+M, (m+1+2n)(1-m)
where 1y(t,), 1\(t3) are the values of i at t =t; and t = t;, respectively.
The expression of Iiszvg Can be written as
m+n
[‘ e —r'D—D)]
Ty = 7 DT mex(~ = (4-28)
L,+M, (m+1+2n)(1 - m)

Equation (4-28) tells us that to achieve unit power factor, the switching
on-time can not be constant. This is Qifferent from the case of a single-
channel boost converter operating in CRM.

Assuming the conversion efficiency of the converter is n, the balance

between input power and output power can be expressed as follows:

n Vz
: j Vio Ty 140 =22 (4-29)

L

TIA

Az |-
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where Ry, is the load resistance.

Substituting (4-28) into (4-29), we have

m+n
, l-m+——— ,
.vi.n,pk_ DT [ max(lﬂD,D)]_E_ (4-30)
2 L,+M, (m+1+2n)l-m) R,
m+n
R, Ve [l_"” max(1 - D D)]
L, +M, =q-=Lt."%.pT. : (4-31)

2 V] (m +1+2n)(1-m)

For CRM operation, in order to find the inductance of the inductor, the
maximum switching cycle Tpa will be used. It occurs at the peak input
voltage and the maximum output power. Once the maximum switching

cycle Tpax is found, the inductor can be determined by (4-31).

4.4.3 Other Design Issues with the Magnetic Core

All the windings should have the minimum number of turns to prevent
the saturation of the core by limiting the dd/dt. From Fig. 4.6, Table 4.1,
and Table 4.2, we have:

For outer legs:

.

n
m+l+——
Nz Yallo=t) pp_ YoDU-DIT, =D (D <0.5)
4 A AB A AB m+1+2n
m+l+ 2
N2 YooVl =ty pyp YoDU-DIT, D (D>05)
AAB A AB m+1+2n
(4-32)
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For center leg:

1
_ 5 a n(z2-——)
ZV.-11 v, (t, t,)DT=voD(1 D)T_ 1-D ,(D<0.5)

2r,A AB 2,AAB m+l+2n

1

o _pyr M-

Na Xl 1=V pyp YoDA-DT._— D 05
2r, A AB 2r,AAB m+1+2n

(4-33)
where A, represents the cross-sectional area of the outer limbs of the core
and AB denotes the flux excursion. It should be noted that the cross-
sectional area of the center limb of the core is approximately two times A..
Expressions (4-32) and (4-33) can be simplified into:

n

V,0i-D)T ™ i DD
For outer legs: N = —2 (1-D)T max(1 - D, D) (4-34)
A_AB m+1+2n
1
V,D(1-D)T nl:z-max(l—D D):|
For center leg: N> —2 . - (4-35)

2, A AB m+1+2n

The larger value between (4-34) and (4-35) should be chosen.

Air gaps are added to prevent saturation. In order to simplify the design,
all the air gaps are assumed to have the same thickness, ;. To find the
expression of 1, AB of the three limbs of the magnetic core should first be

determined. From Fig. 4.4(b) and equations (4-1) ~ (4-3) we have

) 1
C .l S - —_—
Ap 8% _Cive el sC,
‘A, A, A, (4-36)
z—H—"—-——N—m-[i,o(rCrN+i—c+l)+i,~(rcrw—l)]
I, o +2
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1
C, i, (s)y—
AR, 2% _Cive, ) sC,
PUA, A, A, 4-37)
bo N I ' .
='If'_r::ﬁ'[ll'(rc:rn—I)"'lz'(rcru'H'c*'l)]
C.-i (S).L
AR, = A0 _Cove _ TN s,
24, 24, 2A, (4-38)
Ke N | ey . I
oL —— ], - +==)+iy (1o, +-5
I ro+2 l:]l (rery 2) PRLEA 2)}

where p, =4nx107 .
From (4-36) ~ (4-38) [; can be found as follows:

iy (reng + 10 + 1) +1, - (Tr, —1)
N Ho

1 = st omaxsi, - (r-rn, =1)+1,  (t.1, + - +1 4-39
*  1.+2 max(AB) v ety =D +ip - (ene 1 +1) (4-39)

) L. . L
i, - (.1 +—2C—)+ i, (ny +—29-)

4.5 Experimental Results

Both the existing two-winding structure (shown in Fig. 4.2(a)) and the
proposed integrated magnetics were evaluated by experimenta! work. The
converter was designed to have the following parameters: (a) Input AC
voltage vie = 150 ~ 250 Vrus; (b) Output DC voltage Vo = 400 V; (c)
Output power Po = 500 W; (d) Minimum switching frequency fymin = 50
kHz; (e} Switches S; and S»: IRF840; (f) Output rectifiers D, and D»:
MUR460; (g) Output capacitor Co = 560 uF/450 V; (h) Magnetic core:
Planar OR44308; (i} Thickness of air gaps: 0.6 mm. Both the two-winding
structure and the proposed integrated magnetics have the same core

structure for fair comparison. For two-winding integrated magnetics, the
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inductance of each inductor is 165.3 uH (25 turns of #38 AWG x 64). For
the proposed integrated magnetics, Ly = 82.65 uH (16 turns of #38
AWGx 64) and Lig = 27.55 uH (8 turns of #38 AWGx 64). The controller

IC is M(C33262.

Fig. 4.11 Experimental inductor current wavetorms for vi, = 150 VDC and
Po =500 W. (From top to bottom: iy, SA/div; 1), 2A/div; 12, 2A/div. Time

base: 2us/div.)

Fig. 4.12 Experimental inductor current waveforms for vi, = 300 VDC and
Pp =500 W. (From top to bottom: i;,, 2ZA/dwv; 1y, LA/div; 15, 1A/div. Time

base: lus/div.)
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Before putting the circuit to an AC line test, the DC operation of the
converter with the proposed integrated magnetics was first studied. Fig. 4.11
and Fig. 4.12 show the inductor current waveforms iy, iy, and i; when vi; =
150 VDC and v, = 300 VDC, respectively (both the output powers are
equal to 500 W). These waveforms agreed well with the theoretical
predictions in Fig. 4.6, except a small dead time was added between the
cross-zero of the inductor current and the turn-on of the switch, which was
used to achieve reduced switch turn-on loss. As a result, i; and i, were
practically in discontinuous conduction mode but very close to CRM
operation, Both i; and 1, had large current ripple. i;, was the combined input

current and its ripple was quite small.

Fig. 4.13 Line voltage and line current waveforms for v,c = 150 Vgms and
Po =500 W. (From top to bottom: Line voltage, 200V/div; Line current,

SA/div. Time base: Sms/div.)
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Fig. 4.14 Line voitage and line current waveforms for v, = 250 Vpms and
Po = 500 W. (From top to bottom: Line voltage, 200V/div; Line current,

2A/div. Time base: Sms/div.)

Fig. 4.13 (vaoc = 150 Vgwms, Po = 500 W) and Fig. 4.14 (vac = 250 Vpus,
Po =500 W) show the waveforms of the line voltage and line current for the
circuit with the proposed integrated magnetics. Power factors and THDs of
line currents of the proposed structure at different input voltages are given
in Fig. 4.15 and Fig. 4.16, respectively. Fig. 4.17 shows the comparison of
the conversion efficiencies of the proposed structure and the two-winding
structure. Both the structures had very high conversion efficiencies because
of the alleviated rectifier reverse-recovery problem. From Fig. 4.17 it can be
seen that the converter with the proposed integrated magnetics had higher
conversion efficiencies than the converter with the two-winding structure.
When input voltage is minimum, \_vhere the losses are the most stgnificant,
approximately 0.7% efticiency improvement was obtained, which accounted
for about 3.5W loss reduction for 500W output power. Such efficiency
improvement shows that the proposed integrated magnetics can dramatically

reduce the copper loss and core loss.
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PF 1 + ! 1 § 4
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Fig. 4.15 Power factors of line current of the proposed structure at different

input voltages vy..

10 i ; : T i ! : T 7

“ 1 i H H H : i H H
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Input Voltage Vo A%

Fig. 4.16 THDs of line current of the proposed structure at different input

voltages vac.
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. Fig. 4.17 Comparison of the conversion efficiencies of the proposed

structure and the two-winding structure for the PFC converter.

4.6 Summary

A two-channel interleaved boost converter using an integrated
magnetic component to reduce the core and copper losses has been proposed
in this paper. With the proposed winding arrangement, inductors can be
designed to have smaller inductances and lower copper losses. The windings
on the two outer legs are inversely coupled and the AC flux ripple in the
center leg is cancelled. The derivation and electrical circuit mode! of the
proposed integrated magnetic component are discussed. Experimental
results show the efficiency improvement due to the adoption of the proposed

structure.

106



CHAPTER 5 A THREE-CHANNEL INTERLEAVED CCM BOOST

CHAPTER 5
A THREE-CHANNEL INTERLEAVED
CCM BOOST CONVERTER WITH
ZERO DIODE REVERSE-RECOVERY

LOSS

5.1 Introduction
| In Chapter 4, a two-channel interleaved boost converter is proposed to
replace a single-channel boost converter operating in CCM for high power
PFC applications. The output power is shared by two channels and a high
efficiency can be attained. However, when the output power increases, the
power to be processed in each channel maybe higher than its power-
handling capability. Therefore, three or more channels need to be paralleled.
In [83], four-channel flyback converter was constructed to provide 600 W
output power. Article (84 used an eight-channel boost converter to provide
1.5 kW output power for office environment computer applications and high
efficiencies were achieved (94% ~ 97%, including bias supply and EMI
filter losses).
By increasing the number of interleaved channels, current stress for
each channel can be reduced and the net ripple amplitude of both input and
output current can be smaller. The effective ripple frequency of the overall

converter can be raised without increasing the switching loss or device
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stresses. In some cases where the ripple may already be small, for the same
ripple amplitude, increasing the number of interleaved channels can help to
reduce the switching frequency and/or re&uce the inductance per channel,
which can increase the conversion efficiency of the converter [84].

With the aim to further increase the power level while eliminating the
reverse-recovery problem, a highly efficient, three-channel interleaved
CCM boost converter is proposed in this chapter, which has the following

features:

: . . di
* Anintegrated magnetic component is used to control the T of output

rectifiers.
* The circuit can be extended to any number of channels and is
particularly suitable for large power applications.
The basic three-channel] circuit topology and the principle of operation
will first be explained. Design considerations will then be given. Finally, the
simulation and experimental results, based on the analysis in the former

sections, will be demonstrated.

3.2  Basic Circuit and Principle of Operation

The proposed three-channel interleaved CCM boost converter is shown
in Fig. 5.1. Ly, is the main boost converter iﬁductor. The current through L,
iLm, 1S continuous and has very small ripple. Compared to the conventional
boost converter, the proposed converter has three channels: Ly, S,, D, as
Channel 1, L,, S;, D, as Channel 2, and Ls, S3, Dy as Channel 3. As will be

shown later, with proper design, the current through each rectifier can be
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decreased in steps and finally be reduced to zero before the switch in the
same channel is tumed on. L;, L,, and L, are small inductances when
compared with L,, and they each can be utilized to control the decreasing

rate of the current through the corresponding rectifier. Co is the output

capacitor.
Integrated Inductors with
Inverse Mutual Coupling
| I ]
iy E Ly 5 lpy D,
1 . Il
yh— VJ —--—: " Lt}
i L i+ L i ;
lL m II ] 2 1 [ lDl D
STV ALY Y S SN
H -— 3 —b—l
[} 3 i
hy | L" i Cy D
~_ | L] nl Doy =
! 1

b o
aY

~

L __________ iI-
S| s | s, C,
v, ! 8 R g“‘l

Fig. 5.1 The proposed three-channel interleaved CCM boost converter.

Instead of using three separate inductors, Ly, Ly, and L; are wound on a
single magnetic core. The physical structure and practical winding
arrangement of the integrated inductors are shown in Fig. 5.2(a), where P,
P,, and P; are the permeances of the corresponding limbs of the integrated
inductors. Three inductors are wound on three limbs of the core respectively.
N1, N3, and N; are the numbers .of turns. Air gaps are added to prevent
saturation of the magnetic core. Based on [20]-[27], the Z-
parameter/gyrator model and the equivalent-circuit model of the integrated
inductors are shown in Fig. 5.2(b} and Fig. 5.2(c), respectively. In Fig.

5.2(b), Cy, C3, and Cs are used to model Py, P, and P, respectively. The
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windings are modeled by the magnetomotive force (MMF) sources. In Fig.
5.2(c), Lg), Lyz, and L3 are used to modeled Py, Pz, and P3, respectively.
Here numerically, Ly = C, =Py, Lo = C2A= Py, and Ly = C; = Py. The
circuits in the dashed-line boxes T|, Tz, and T; are ideal transformers and

the following equations can be found: L, =NJL,, L,=NjL,,, and

L, =NiL,.
2 '.
= e )+, D
ll C lz‘: l3. '
vl ) vZ v3 C )
Nl Nz N3
GAP1 GAP2 GAP3|

Fig. 5.2(a) Winding arrangement.

Q-i
Z

1

b— € — = +
i+
N
&

o
4D
o

Iq—u<—-—-+
G
NS

1+

N,i lNzicz N, [N,i,

Fig. 5.2(b) Z-parameter/gyrator model.
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i o

Lsl

s2

L)

Ls3

Fig. 5.2(c) Equivalent-circuit model.
Fig. 5.2 Winding arrangement, Z-parameter/gyrator model, and the

equivalent-circuit model of three inversely-coupled integrated inductors.

It should be noted that the winding arrangement shown in Fig. 5.2(a)

enables the magnetic flux to be inversely coupled between each pair of the

coupled inductors. It is this mutually opposite-polarity coupling that
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enhances the separation among different channels of the converter (which

help achieve zero diode recovery loss).
The inverse coupling arrangement can be extended to any number of
channels. Fig. 5.3 shows the arrangement of an integrated magnetic with

five inversely coupled inductors.

Fig. 5.3 Winding arrangement of five inversely-coupled integrated inductors.

To facilitate the analysis of circuit operation, the following
assumptions are made:

1. The converter has reached its steady state and the main inductor current
ILm IS continuous.

2. The integrated inductors have zero leakage inductance.

3. Numerically, Li=L;=L;=L.

4. The output capacitor Co is large enough to smooth out the switching
output voltage ripples and Vg is essentially constant within a switching
cycle.

With the aid of the waveforms shown in Fig. 5.4 and the current paths
shown in Fig. 5.5 (where the thick lines indicate the conducting path), the

operation of the converter can be explained as follows.
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BT AD-P)T, T

- Vesi Vas2 Vs Vasi

Lm
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t 4t t, t,t, t, Gt L, time

Fig. 5.4 Key voltage and current waveforms.
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Fig. 5.5(a) Operation of the proposed converter: Stage 1 (to —t,).

Stage 1 (ty — t;){The working condition is shown in Fig. 5.5(a).): It is
assumed that, before t, the current ip) has been reduced to zero. At t = ty,
switch 8, is turned on. The reverse voltage across D; equals the output
voltage V. Rectifiers D; and D; are forward biased by inductive currents i,
and i3, respectively. The voltage across the primary of T, is va. The voltages
across the primaries of T, and T; are both equal to (va — Vo). From the

Appendix, v, at this stage can be found as

v =§vo _ (5-1)

A

The current i, (the sum of 1y, i3, and i) will increase at the rate of

V,

in

di,, V,-v._ V,-2V,/3
dt L L,

m

(3-2)

1, will increase at the rate of (detailed derivation given in Appendix)

diy |1 Vy=2Vp/3 2V,
dt 3 L L

(5-3)

Both i; and i3 will decrease at the rate of
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diy_di, 1 Ve-2V/3 Vo

dt dt 3 L L

) (5-4)

It should be noted that since the output current is shared by i, and i3 at
this stage, i actually drops from relatively low amplitude. It means that the
forward current before the rectifier tum-off is quite small.

This stage ends when i> drops to zero, which helps to reduce the

reverse-recovery problem in later stages.

+

bt

Fig. 5.5(b) Operation of the proposed converter: Stage 2 (t; - t).

Stage 2 (t; — t2)(The working condition is shown in Fig. 5.5(b).): Since i
is zero, D recovers to the blocking state naturally. The drain to source
voltage of switch S; will have a slight damped oscillation due to the
resonant tank formed by the parasitic capacitor of D, and the integrated
inductors. v, at this stage changes to |

_LV_ +3L_V,

5.5
VAT 6L, (3-5)

The reverse voltage across D, can be found as
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Reverse voltage of D, =(V,-v,)-(2v, - V,)
_ 2LV, -3LV, +3L_V, (5-6)
L+6L

Since L << L_, the reverse voltage applied to the rectifier D, during
its turn-off is much smaller than the output voltage Vo. This would also help

to reduce the reverse-recovery loss.

1; will increase at the rate of

di, 3LV, -LV, +3L_V,

— ' (5-7)
dt L(L+6L, )}
is will decrease at the rate of
di; 2LV, -3LV, +3L_V, (5-8)
dt L(L+6L,)
ILm (the sum of i) and i3 } will increase at the rate of
di,, d{i, +i;) 6V, -3V, (5-9)

dt dt L+6L

Stage 3 (t; — t;)(The working condition is shown in Fig. 5.5(c).): At the
time t = ty, switch S; is turned off. The current that flows through S, is
delivered to charge up the output capacitor of 8,. Then I} is forward-biased

and begins to conduct. At this stage, v, is found as

LV, +6L_V,
v, =—t—-"-= 5-10
* L+6L,, ¢ )
The reverse voitage of D; is
Reverse voltage of D, =(V,-v,)-2(v, - V,)
_ 3LV - Vi) (5-11)

L+6L,

Both i, and 1; will decrease at the rate of
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di, _di,

gy _dy _3(V0_Vin) (5_12)
t - dt L+6L,

iLm (the sum of i; and i3 ) will decrease at the rate of

dig, _ d(iy+i)) _ 6(V = V)

(5-13)

dt dt L+6L,

1l
I
<

<
>
b
“m
_'tn
g)
1
WV
~
l-‘—ag.- +*

- L
J. | L]

Fig. 5.5(c) Operation of the proposed converter: Stage 3 (t; - t;).

Stage 4 (t; - t;)(The working condition is shown in Fig, 5.5(d).): Att=1t;,
switch S; is turmed on. The reverse voltage across D; equals the output

voltage Vo. vy is equal to va and both v, and vy are equal to (v4 — Vo). At

) 2V . . .
this stage, v, changes back to 30 , 50 the increasing rate of i, is the same

as equation (5-2). Both i, and i; will decrease at the rate of

dip _di, 1 Va=2Yo/3 Vo
a a3 L L

) (5-14)

iz starts to increase at the rate of

Vi =2Vo/3 | 2V

CEREN ) (5-15)

d 3 L L

m
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This stage ends when iy drops to zero.

+

l—

+

—

Fig. 5.5(e) Operation of the proposed converter: Stage 5 (t; —ts).

Stage 5 (t4 - t5)(The working condition is shown in Fig. 5.5(e).): Since i3
is zero, Dy recovers to the blocking state naturally. The drain to source
voltage of switch S; will have a slight damped oscillation due to the

resonant tank formed by the parasitic capacitor of D; and the integrated
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inductors. At this stage v4 and the reverse voltage across D; are the same as
(5-5) and (5-6), respectively. i) will decrease at rate of

di, 2LV, -3LV, +3L_V,

{5-16)
dt L(L+6L_)
i; will continue to increase at the rate of
Jdi; 3LV, -LV, +3L_V, (5-17)

dt L(L+6L_)

The increasing rate of iy, (the sum of i; and i,) is the same as (5-9).

g
L A=

R

bt

Yy

=

O E
+

Fig. 5.5(f) Operation of the proposed converter: Stage 6 (ts — ts).

Stage 6 (ts — tg)(The working condition is shown in Fig. 5.5(f).): At the
time t = t5, switch S; is turned off. The output capacitor of S; is charged up
by i; and then rectifier D; begins to conduct. The expressions of v, and the
reverse voltage across Dj are the same as (5-10) and (5-11), respectively.
Both i; and i» will decrease at the rate of

4, _di, 3V -Vy)

(5-18)
dt e L+6L,
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The decreasing rate of i, (the sum of i; and i) is the same as (5-13).

ipy D

Yy

i

L A=)

g
b A

Fig. 5.5(g) Operation of the proposed converter: Stage 7 (ts — t7).

Stage 7 (ts - t7)(The working condition is shown in Fig. 5.5(g).): Att=t,
switch Sy is turned on. The reverse voltage across Dy equals the output

voltage Vo. v; is equal to v, and both v; and v; are equal to (vs — Vo). At

. 2V, . , ..
this stage, v4 changes back to —39 , 80 the increasing rate of i, is the same

as equation (5-2). Both i, and i, will decrease at the rate of

gy _di; 1 Va=2Ve/3, Vo, (5-19)
dt dt 3 L., L

i3 starts to increase at the rate of

ﬂ-_-i(—____vin —2V0/3+.‘%) (5-20)
de 3 L L

m

This stage ends when i, drops to zero.
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Fig. 5.5(h) Operation of the proposed converter: Stage 8 (t; — t5).

Stage 8 (t; — t;)(The working condition is shown in Fig. 5.5(h).): Since i
is zero, D, recovers to the blocking state naturally. The drain to source
~ voltage of switch S; will have a slight damped ‘oscillation due to the
resonant tank formed by the parasitic capacitor of Dy and the integrated
inductors. At this stage v, and the reverse voltage across D, are the same as
(5-5) and (5-6), respectively. i, will decrease at rate of

di, 2LV, -3LV_ +3L V.

=2 = (5-21)
dt L{L+6L_)
i3 will continue to increase at the rate of
di; 3LV, -LV, +3L_V, (5-22)

dt L(L+6L_)

The increasing rate of it (the sum of i, and i3) is the same as (5-9).
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t—_p-

Fig. 5.5(i) Operation of the proposed converter: Stage 9 (tz — to).

Stage 9 (t; — t))(The working condition is shown in Fig. 5.5(i).): At the
time t = tg, switch S is tumed off. The output capacitor of S; is charged up
by iy and then rectifier D; begins to conduct. The expressions of v, and the
reverse voltage across D) are the same as (5-10) and (5-11), respectively.
Both i, and i; will decrease at the rate of

ﬂ_ﬂ_ _3(V0 _vin) (5-23)

dt dt | L+6L,
The decreasing rate of i, (the sum of i; and i3) is the same as (5-13).
Once the switch S, is turned on again, the above operation stages will
repeat. From the current waveforms shown in Fig. 5.4, it can be seen that
the current of each output rectifier decreases in steps and finally reduces to
zero before the switch in the same channel is turned on. Although the
inductor current in each channel is 'discontinuous, the overall input current,

iLm, 18 continuous and smooth.
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5.3 Design Considerations

To facilitate the design of the proposed converter, the selection of the
number of turns of the integrated inductors, the determination of inductance
L, and the expression of output voltage Vo will be discussed in this section.
A design example will also be given to illustrate the design procedure.

Before the discussion, two parameters should first be defined:

M=_2 5-24
v, (5-24)
L
= 5-25
neT (5-25)

M refers to the voltage conversion ratio and . is a design parameter.

5.3.1 Relationship between Duty Cycle D, ry, and Voltage

Conversion Ratio M

From the waveform of i in Fig. 5.4, it can be seen that the net change
of iLy in each one third of the switching cycle is equal to zero. Therefore,

from equations (3-2), (5-9), (5-13), (5-24), (5-25), and Fig. 5.6 we have

V, -2V, /3 6V, —3V,
Jo—f¥ol” g1 + 2" 0 (D_B)T, +
a3 BT L+6L. (D-P)T; [

_ (Vo - V)

!
(=-D)T; =0
L+6L, ](3 s

2
(r, —ErLM—M)B+3MD =2(M-1)
(5-26)
where T; 1s the switching period, D is the duty cycle, and f is the ratio of the
time period, starting at the turn-on of the switches and ending when the

inductor currents are discharged to zero, to the switching cycle, as shown in

Fig. 5.4.
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dign _ Vi =2Vpf3  diim _SVi—3V iy, __6(Vo- Vi)

—km -, ¢ — -
dt L. dt L+6L_ dt’ L+6L_
le E E
(e
sl :
BT, 4D-B)1;‘s (13-D)T, 7 Loy 1300)
0 L ! ;
b 4 t, time

Fig. 5.6 Waveform of input current i, in one third of the switching cycle.

It should be noted that, in order to make sure that the current of an
- output rectifier will be reduced to zero before the switch in the same channel
1;s turned on, we need to have

B<D (5-27)

‘With the aim to better utilize the output rect.ifiers and to make the

design simpler, we can choose _

Bp=D | | _ (5-28)
Substituting (5-28) into (5-26),-we have

ZM-2

= (5-29)
r,—2rM/342M

Fig. 5.7 shows the relationship between D and r;, under different values
of M. From Fig. 5.7 it can be seen that the steady-state duty cycle D
increases as the voltage conversion ratio M increases. For the same M, duty

cycle D will slightly decrease as r. changes from zero to one.
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0.3 T .
M=1.4
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M=1.3
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Fig. 5.7 Duty cycle D as a function of r; under different M.

5.3.2 Limitation of r,,

In order to make the converter more cost effective and to achieve a
smaller size, r. should be chosen as small as possible. From the view of
efficiency, since the inductor current in each channel is discontinuous, a
smaller rp will lead to smaller copper loss. However, if rj is chosen too
small, there is a tendency for all the rectifters to conduct simultaneously at
Stage 3, 6, and 9 (Fig. 5.5(c), (f), and (i)). In order to prevent this from
happening, the conducting two inductors should have a sufficiently large
back EMF to reverse bias output rectifier connected to the third inductor.
Consider Stage 3 (Fig. 5.5(c)) as an example. Assuming that the forward
voltage drop of the rectifier is V, v, at this stage should be changed from

(5-10) to
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_ LV, +6L,(V, +V;)

v 5-30
A L+6L (5-30)

Therefore, the reverse voltage of D, is also changed from (5-11) to

Reverse Voltage of D, =(V,-v,)-2(v, -V, V;)
_3L(V, -V ) -18L, Ve +2V, (5-31)
L+6L,

The value of equation (5-31) should be greater than or equal to one volt.
Substituting (5-25) into (5-31), we have

31, (Vo -V, )18V,
r,+6

+2V 21

5-32
6+6V; (5-32)

I, 2
L2V —143(V, - V,)

By assuming V¢ = 1V, equation (5-32) is plotted in Fig. 5.8. Here r,
should be chosen from the shaded area in order to prevent the situation of all
rectifiers conducting simultaneously. From Fig. 5.8, it can be seen that r

can be less than 0.2] when (V, -V, )2 20V,

0.9¢
0.8+
0.7r

0.6

0.4¢
0.3
0.2+

0.1}

0 L Il 1 !
0 20 40 60 80 100

(V,-V, ) /Velt

Fig. 5.8 iz, as a function of (Vg — Vin).
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5.3.3 Determination of Inductance L,

L can be determined by the balance of the input power and the output
power of the converter. The average input inductor current, Iy mavg, should

be found first. From Fig. 5.6, we have

Lavg = Lavg + 1200y 1300y (5-33)

where iz@} and i3y are the values of i; and i at the time t = t;, respectively.
L. can be derived as follows:
S1+52+83

avg= Is_
3

Yo pr | Ya—2Vo/3 6(Vo—Vi) 1 _ (5-34)
5(D B)Ts[ T PL+ L+6L. G D)Ts]

3 o
._T— v
s + 6(V0 vm) (_}__ D)szz + v 2V /3(BT )
2AL+6L,) 3 2L

where S1, 82, and S3 refer to the shaded area in Fig. 5.6.

izqny can be found from (5-4):

1 “2Vo/3,

i2(19) = 5(‘ L ) BT (5-35)

i340) can be found from (5-4), (5-8), (5-12), and (5-14):

1 Va=2Vo/3 Vo,ur , 2LVo-3LV, +3L,V,

i3(:0) =5(‘ L )B st L(L+6L ) (D -P)T, 536
3(V ) 1 _D)T, + l( Vv, -2V, /3 )BT
L+6Lm 3 L,

Assuming that the conversion efficiency of the converter is 1, we have

2
AVl =Yo (5-37)

in Lm,avg R
i

where Ry is the load resistance.
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Substituting (5-24), (5-25), (5-33), (5-34), (5-35), and (5-36) into (5-37)

and using the relationship shown in (5-26), we get

G- 2M)D[3+6(6M D C1+3D)p+ 2MB
r
Lz (5-38)
6- 2M+6M/r,_ oa-M
+t—————(D-P)=
6+r1, nn
where a = wL, .
TR,
Combining (5-28) and (5-38) we have
a=1T [(3 amyp? + XM= 44 apyp sy 2MD] (5-39)
6+1, L
20
18f
161
14F
12+ §
%ot

o0
e
TN

. =2NwWRon

0 L 1 1 1
0 0.2 0.4 0.6 0.8 1

L

Fig. 5.9 a as a function of ry, under different M.

The relationships between a and r;, for different values of M are shown
in Fig. 5.9, For a given r, 2 larger M means a larger . If M is given, a will

decrease as 1. increases. It should be noted that, as far as the efficiency and
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the size of the converter are concerned, a smaller r, would be better.
However, a smaller r; will need a larger a, which in turn will need a larger
inductance Ly, for the same (T -R, ). Although a larger Ly would help to
reduce the ripples of input current, the size and the weight of inductor Ly,
maybe unacceptable. Therefore, on the selection of 1, a trade-off should be

made.

5.3.4 Expression of Output Voltage Vo

From (5-39) we can find the expression of the output voltage Vo.

Equation (5-39) can be changed to:

, ) n
oM +n-[2D2 6(—1+3D)D 2D]_M+n_[6( 1+3D)D_3D,J=0

n 6+r1, n +1,
(5-40)
Then M is found as
2
nz[ZDz _6(—1+3D)D__2_12}
_n_n_[2D2_6(—1+3D)D_2D]+ 6+r,
6+1, I

_4al 6(-1+3D)D _3p?
1t 6+1,

2a
(5-41)
It should be noted that (5-41) is valid only when « is sufficiently smalt
(that is, the load resistance R is sufficiently large} to make M=>1 for a

boost converter. The condition is provided in (5-42).

o< 211:-7|D(2+i) (5-42.A)
2 g
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—LB——I— (5-42.B)
T.D(—+—
Nig (2+r )

L

R, 2

If a is larger than the value given by (5-42.A) (or Ry, is smaller than the
value given by (5-42.B)), the inductor current in each channel will become

continuous and the feature of zero reverse-recovery loss will be lost.

5.3.5 Design Example

Based on the analysis above, a simplified design example will be
presented here to illustrate the design procedure. Suppose the input voltage

of the converter V,, =100 V and the ocutput voltage V, =120 V. Output
powerP, =236 W ~600 W(R =61 ©~24 Q). The minimum switching

frequency f, ., =59 kHz(T,,,, =17 us).

From equation (5-24), we have

1o _

= =1.2 5-43
100 -43)

Because the value of (V,, — V) is equal to 20 V, from Fig. 5.8 we can

find r, 20.21 . Here, the minimum value of r is chosen so r, =0.21.
Therefore, the steady-state duty cycle D =0.164 can be determined from
Fig. 5.7. The corresponding value of a can be determined as o =4.1 from
Fig. 5.9.

According to equations (5-29) and (5-39), the duty cycle is insensitive
to load change while the switching frequency will vary according to the load
change. The switching frequency will become minimum when the loading is

maximum and the switching frequency will become maximum when the
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loading is minimum. According to the definition of K, inductance L,, can be

found

L, =0T, Ry o /(27) = 265 uH (5-44)

m

The maximum switching frequency

5,max =fsmin'R
i » R

Los _ 150 kHz (5-45)

L.min

Assuming permeance L, =L, =L, =555 nH, the number of turns of

integrated inductors is

L

=2 =10 5-46
[ (5-46)

N,=N,;=N,=

sl

Now, we can find the decreasing rate of the output rectifier current. As
shown before, the current decreasing rate of the output rectifiers is governed
by (5-4). Therefore, based on the data above, the decreasing rate of the
output rectifier current can be calculated as 0.69 A/us. It can be seen that all
the rectifiers are softly turned off and the reverse-recovery problem can be
eliminated.

It should be noted that if the output power is below the design range
(below 236 W), one could either increase the switching frequency or vary
the duty cycle while keeping the switch frequency to regulate the output
voltage. In the latter case, the output rectifier current will drop to zero
earlier than in the optimal operation. The output rectifiers will be worse
utilized but the reverse-recovery loss is still eliminated since switches are
turned on under zero output rectifier currents. The conversion efficiency

may drop a little bit for lower output power.
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5.4  Simulation and Experimental Results
In this section, the proposed converter is evaluated by PSpice
simulation with practical component values and experimental work. Similar
to the design example, the converter was designed to have the following
parameters:
(1) Input voltage: V, =100 V;
(2) Output voltage: V, =120 V;
(3) Output power: P, =236 W ~600 W;
{4) Switching frequency: f, =59 kHz ~ 150 kHz;
(5) Inductor L_ =265 uH;
(6) Switch S, S, and S;: NTP15N40;
(7) Output rectifiers Dy, D, and D;: MUR 820;
{8) Output capacitor C, =2x470 uF/200 V;
(9) Inversely-coupled integrated inductors:
Core: Planar OK43618; Turns of windings (N): 10 turns of
#38 AWGx 64; Gapl: 0.2 mm; Gap2: 0.42 mm; Gap3: 0.2
mm; L, =L;=L;=555nH.
The results of simulation, using the equivalent-circuit model shown in
Fig. 5.2(c), are presented in Fig. 5.10(a), Fig. 5.11(a), Fig. 5.12(a), and Fig.
5.13(a). The experimental waveforms are shown in Fig. 5.10(b), Fig. 5.11(b),
Fig. 5.12(b}, and Fig. 5.13(b). It can be seen that they agree well with each

other.
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(a) Simulation waveforms (From top to bottom: i, i3, i3, and iLm).

11

(b) Experimental waveforms (From top to bottom: 1|, 2A/div; iz, 2A/div; 15,
2A/d1v; 1L, 2A/div. Time base: 2us/div).
Fig. 5.10 Simulation and experimental inductor current waveforms when

output power is 236W.
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(a) Simulation waveforms (From top to bottom: i, i, i3, and ip).

e F
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(b) Experimental waveforms (From top to bottom: i), 5A/div; 15, SA/div; i3,

5A/div; iLm, SA/div. Time base: Sps/div).
Fig. 5.11 Simulation and experimental inductor current waveforms when

output power is 600W.
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(a) Simulation waveforms (From top to bottom: ip,, ipz, and ip3).

(b) Experimental waveforms (From top to bottom: ip;, 2A/div; ip2, 2A/div;
ip3, 2A/div. Time base: 2us/div).
Fig. 5.12 Simulation and experimental output rectifier current waveforms

when output power is 236W,
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(a) Simulation waveforms (From top to bottom: ip,, ipz, and ipz).

(b) Experimental waveforms (From top to bottom: ipy, SA/div; ipz, SA/div;
ip3, SA/div. Time base: Sps/div).
Fig. 5.13 Simulation and experimental qutput rectifier current waveforms

when output power is 600W.

136



CHAPTER 5 A THREE-CHANNEL INTERLEAVED CCM BOOST

>

Ip; "

i\
——— I vﬂ

VpSi

(a) Experimental waveforms (From top to bottom: ip;, 2A/div; ig;, 1A/div;

vps1, 100V/div. Time base: 200ns/div).

—
Ip; [
o ,‘.,—”"/"}LA
1 LT l
o
Vpsi J

(b) Experimental waveforms (From top to bottom: ipy, SA/div; is, 2A/div;
vps1, 100V/div. Time base: 500ns/div).
Fig. 5.14 Experimental waveforms ((a) output power: 236W; (b) output

power: 600W).

From Fig. 5.10 and Fig. 5.11 we can find that although the current
ripple in each single channel is large, the overall input current is continuous
and very smooth. From Fig. 5.12 and Fig. 5.13 it can be seen that all the
currents of output rectifiers are decreased in steps and finally reduced to

zero before the corresponding switches are turned on. Fig. 5.14 shows the
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detailed waveform of the rectifier current ip, at the instant of S, turn-on. The
current decreasing rate of output rectifier is controlled and no reverse
recovery spikes appear in the current waveform of the rectifier at the turn-on
instant of S,. It proves that the reverse-recovery loss is eliminated. In
addition, from Fig. 5.12 and Fig. 5.13 it can be seen that the output current
is always shared by two output rectifiers. Therefore, the current stress of
each channel is greatly reduced for the same power level. Fig. 5.15 shows
the measured efficiency of the converter. It is found that the efficiency can

be higher than 98.8% in a wide load range.
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Fig. 5.15 Measured efficiency of the proposed converter for different output

power.

5. Summary

A three-channel interleaved CCM boost converter using inversely-

coupled integrated inductors is presented. The current of the output rectifiers
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is decreased in steps and finally reduced to zero. The %} of the rectifiers is

controlled by the integrated inductors and all the rectifiers can be turned off
softly. A very high efficiency is attained because the reverse-recovery loss
is eliminated and the output power is shared among three channels. The
winding arrangement of the inversely-coupled integrated inductors is
discussed and the equivalent-circuit model is derived. The principle of
operation of the converter and the design issues are also explained. The
converter is verified by simulation and experimental setup and the results

show good agreement with the theoretical predictions.
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CHAPTER 6
CONCLUSIONS AND SUGGESTIONS

FOR FUTURE RESEARCH

6.1 Conclusions

The harmonic reduction requirements imposed by regulatory agencies
have accelerated interest in power factor corrected AC — DC rectifiers for
switching mode power supplies. Passive power filters exhibit high
efficiency and low cost, but they are very hard to optimize for universal line
operation. In addition, they are bulky and heavy due to the size and weight
of the inductors and capacitors. Therefore, passive approach is used only in
low power and fixed line voltage applications. For higher power and
universal line voltage applications, high switching frequency (typically over
30kHz) active techniques are used.

In this thesis, three novel converters are proposed. The first one is a
single-switch high-power-factor regulator with near-zero output current
ripple. The proposed converter employs a modified-boost converter as the
input-current waveform shaper and a double-ended forward converter as the
DC — DC converter. A clamping capacitor is utilized to clamp the voltage
spike due to the transformer leakage inductance at the instant of turning off
the switch. Zero output current ripple and high power factor are achieved. In
this converter, integrated magnetics is utilized to reduce the number and the

size of the magnetic compenents. The proposed converter will find
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applications in low-cost low-power consumer products and it is especially
suitable for low output voltage, high output current applications due to the
feature of near zero output current ripple.

The second one is a two-channel interleaved boost converter with
reduced core loss and copper loss. Each individual channel operates in CRM
to eliminate the reverse-recovery problem. The overall input current is
continuous and smooth, which will reduce the requirement for input filter.
The existing inductor 'winding arrangement for two directly-coupled
inductors is redesigned and a new windjng‘arrangement is proposed. In the
proposed structure, core loss can be reduced because the windings on the
two outer legs are inversely coupled and as a result, the ripple of the AC
flux in the.center leg is greatly reduced. On the other hand, the proposed
structure can increase the equivalent inductance of the coupled inductors so
the practical inductors can be designed with smaller values. Since fewer
turns are used, copper loss is reduced correspondingly. High power factors
and efficiencies were attainred in the experimental pfototype. This circuit can
be used as the front-end of high power PFC reguiators.

The last one is a three-channel interleaved CCM boost converter with
zero diode reverse-recovery loss. Three channels are used to further increase
the power level. An inversely-coupled integrated inductor is utilized to
control the decreasing rate of the rectifier current and as a result, all the
rectifiers can be softly turned off. A very high efficiency is attained because
the reverse-recovery loss is eliminated and the current stress for each
channel is reduced. The overall input current is smooth although each

channel operates in DCM, which will help to reduce the filtering
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requirement. The circuit can be extended to any number of channels and is
particularly suitable for large power applications.
The main contributions of this thesis caﬁ be summarized as follows:

e  For low power applications (typically below 200 W), SSIPP is popular
due to its low cost and simplicity. However, the voltage spike during
the turn-off of the switch in a SSIPP will limit its applications. To
solve this problem, costly or complex techniques should not be used.
The single-switch high-power-factor regulator proposed in this thesis
tackies this problem with the minimum components. At the same time,
a good power factor and zero output current ripple can be achieved
with the proposed converter.

s  For large power applications, boost converters operating in CCM have
been widely used because of lower input current ripple. However,
CCM operation will present severe reverse-recovery problem, which
will increase the losses in both the switch and the rectifier and
generate EMI noise. From the experimental results in Chapter 4 and
Chapter 5 it can be seen that, paralleling and interleaving two or more
channels operating in DCM or CRM can be a good solution to
eliminate the reverse-recovery problem while keeping the feature of
low overall input current ripple.

e  To further increase the power level, one can increase the number of
channels for paralleling and interleaving. By doing so, the input and
output current ripple can be further reduced and the conversion

efficiency can be improved.
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6.2 Suggestions for Future Research
A ) Improve the PFC performance of a boost converter operating in
DCM
As discussed in Chapter 2, a boost converter operating in DCM can
achieve a relatively high power factor and low THD even without a current
loop. However, considerable distortion still exists in the filtered line current,
especially when the peak input voltage is close to the output voltage. Further
distortion reduction can be attained by using frequency modulation
[44][45]{56] or by modifying pulse width modulation [51][85). In the
proposed converter in Chapter 3 and article [60], it is found that inserting a
capacitor into the boost converter can help to improve the power factor due
to the voltage offset of the capacitor. Therefore, further research can focus
on the effect of such a modification of a conventional boost converter and
on other possible structures that can help to improve the power factor

without the need to change the control circuit.

B ) Parallel operation for three-phase AC input

In this thesis, only a single-phase AC input is considered. For large
power applications or three-phase AC input, single-phase rectifiers can be
paralleled. Paralle! operation can improve the reliability of the system by
providing redundancy. Although each rectifier 1s corresponding to a single-
phase input, the control circuit will be much more complicated. Current
sharing scheme should be implemented to make sure that the loading current
is shared equally between each phase. The system should be designed to

allow further parallel operation of similar devices for future expansion.
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The derivation of the voltage of point A (shown in Fig. 5.1), v, and the

rate of change of inductor currents will be carried out in this appendix.
Because the characteristic of interleaving, the first three stages of
operation (o — ty in Fig. 5.4) will be taken as an example. Equations in the
other stages can be derived using the same method.
In orde.r to simply the analysis, we assume that N, =N, = N, = Nand

L, =L, =L, =L,inFig. 5.2(c) and Fig. 5.5.

ty — t; (referring to Fig. 5.5(a)): Because switch S is tumed on and

the output rectifiers D; and D5 are forward-biased, we have

Y=Y - (A1)
V, =V, =V, -V,

From Fig. 5.2(c) one gets

Vit Vi T Vs =0 (A2)
Then, we have
v,/N+v,/N+v,/N=0
2V, (A3)
v,=—2
3
It can also be seen from Fig. 5.2(c) that
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NAi, - Ay, = NA, -Ai,, = NAi, - Ai,,,  (Ad)

. v . v . v
Because Ai,, =ﬁm , Al =1'_~IL2_At' and Ai, =E3_At’ from

(A1) ~ (A4), one gets

Al = Al +

I At = Ai, + Y‘L At (A5)

Due to the fact that Ai,,, = Ai, + Ai, +Ai,, from (4.2) and (AS5) one

obtains
&zﬁzl(vh—zvo/a 2v ) ( -2V, /3 2v0)(A6)
dt At 3 L Lm
e YO e YL S PR A B
d dt At 3 Lm NzL ' Lm
(A7)

t; — t; (referring to Fig. 5.5(b)): In this stage, i, =0 and we have

vV, =V,
{ (A8)

Vi=v, -V,
From (A2) and (A8), v; can be found as follows,
v, =V, -2v, (A9)

Combining (A4), (A8), and (A9) we have

. v

m,=3"*—°a (A10)
NL,

) —3v, +2V

A, = - _?_*ITOM (A1)

Because the rate of change of inductor current iy, can be written as

A, =V—i"LZ-‘-'Am (A12)

m
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Substituting (A10) ~ (Al2) into equation Ai, = Ai, + Ai, + Al,, one
gets

v o= N’L,V, +3L_V, LV, +3L_V,
A N’L, + 6L, L+6L,

(A13)

Substituting (A13) into (A10), (All), and (Al2) respectively, the
following expressions can be attained

di, 3LV, -LV,+3L_V,

~L (Al4)
dt L(L+6L_)

di, 2LV, -3LV, +3L,V, (A15)
dt L(L+6L,)

di, _d(i, +i;) _ 6V, -3V, A16)

dt dt L+6L,

t; — t; (referring to Fig. 5.5(c)): In this stage the switch S, is turned

off and output rectifiers D; and D, are conducting. Therefore,

{v' =Va~Vo (A17)

V=V, — Vg

From (A2) and (A17), we have

v, =2(V, ~v,) (A18)

Combining (A4), (A17), and (A18) one gets

Ai,=ai,=-—%1v"‘)m (A19)

Substituting (A12) and (A19) into equation Ai,, = Ai, + Ai, + Ai,, one

has

_N’LV, +6L_V, LV, +6L_V,

s _in

v, = A20
A N’L, +6L L+6L (AZ0)
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Substituting (A20) into (A19) and (A12} respectively, the following

expressions can be attained

diy _diy __3(Vo-Vy)

= (A21)
dt  dt L+6L_

dij, _dG +i) 6(Vo - V)
dt dt L+6L,

(A22)
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