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Abstract

of the thesis entitled
“Analysis and Design of Switching Converters for Power Factor
Correction Applications”
submitted by Dylan Dah-Chuan Lu
for the Degree of Doctor of Philosophy
at The Hong Kong Polytechnic University in February 2004

Switching converters for power factor correction (PFC) applications generally
adopted a two-stage approach consisting of two individual power stages - PFC
stage and DC/DC regulation stage. Depending on the output power level, the
two stages are put together into either serially—coqnected individually-controlled
or serially-connected integrated-control configuration. This thesis presents the
analysis and design of some converter topologies and control circuits to improve

the performance of the switching converters for both configurations.

For high power level, a PFC pre-regulation converter is connected in series
with a DC/DC regulation converter and each power stage has its own control
circuitry. Due to the continuous-conduction-mode (CCM) operation of the input
inductor, the rectifier reverse-recovery transition causes switching loss and elec-
tromagnetic interference (EMI) problems. In this thesis, a CCM boost converter
suitable for PFC application is studied. A passive low-loss snubber using a pair
of coupled inductors is proposed so that all the rectifiers turn off softly. The
power switch is also operating in low-voltage turn-on condition, further reducing

the switching loss.

For low to medium power levels, the PFC pre-regulation converter and the
DC/DC regulation converter are basically serially-connected but they share the
common switch(es) to simplify the power stages and control circuitry (integrated-
control). We refer to this afra.ngement as single-stage PFC approach. However,
this configuration causes substantial voltage and current stresses on the passive
and active components of the converter and results in low conversion efficiency.
An improved converter topology is then presented using the direct power transfer

approach to reduce the stresses on the components. We refer to this arrangement
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as parallel-connected integrated-control configuration. Experimental results show
that the conversion efficiency is improved. The approach is then extended to de-
rive a fyback-topology based single-switch single-stage PFC converter to loosely
regulate the storage capacitor voltage using the regulated output voltage. The
range of change of storage capacitor voltage against change of line voltage is

sighificantly. reduced.

In an attempt to provide more rigorous regulation of the storage capacitor
voltage and to provide stand-by mode operation, an auxiliary bi-directional switch
is added to the single-stage PFC converter. This auxiliary switch is operated in
zero-voltage-switching (ZVS) condition and is connected in series with the étorage
capacitor to control the storage capacitor voltage. Besides, this switch helps to
create a direct power transfer path for input power to output load and reduce
the storage capacitor voltage stress at light load condition. A stmple single-loop
control method is also proposed to achieve power factor correction, output voltage

regulation and control of storage capacitor voltage simultaneously.

Experimental results to verify the operation and analysis of the proposed
circuit topologies are given. Comparative results (based on calculation or exper-

iment) are also given to prove the proposed approaches effective.
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Chapter 1

Introduction

1.1 Background and Motivation

Power electronics is an enabling technology for all electrical and electronic appa-
ratus requiring electric power to drive. Over the past twenty years, the power
clectronics industry has grown tremendously. Its growth is a result from increas-
ing demand of reliable, efficient, compact and cost effective power supplies for
telecommunication, computer, and motor drive industries as well as for medical
equipments and military use. This growth is facilitated by the significant un-
provement in semiconductor technology in which smaller packaging and higher
power handling devices have been marketed. In response to the advancement in
semiconductor aﬁd magnetics technology, power electronics researchers and engi-
neers have strived to thoroughly employ these technologies through new circuit
design and topologies, optimized control and packaging techniques, in order to

meel, the industry demands.

At present, AC/DC power supplies share a large market because they are
dominated by consumer products such as cellular phones, notebook and personal
computers, power tools, Hathed scanners and digital cameras. In particular, for
computer products which require power supplies with higher output power or
output current are of increasing demand. This is mainly due to the increasing

couputational speed and power of the central processing unit (CPU) and the
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increasing number of peripherals connected to the computer.

For the simplest and cost-effective design of AC/DC power supplies, a large
capacitive filter is placed in between the bridge rectifier and the load. However,
such power supplies introduce undesirable harmonic currents to the utility. These
harmonic currents cause severe problems such as voltage distortion, heating, noise
and reduced available power from the line. Agencies such as International Elec-
trotechnical Commission (IEC) imposed limit (IEC 61000-3-2) to the harmonic
currents drawn by the off-line: power supplies. The restraint of harmonic currents
promptly drives the direction of research to power factor correction (PFC) to

improve the quality of input current.

Research on PFC generally falls into two categories: active and passive ap-
proaches. Passive PFC uses only passive elements such as inductors, capacitors
and rectifiers while active PFC uses switching devices such as transistors in addi-
tion to the passive elements. The passive PFC approach enjoys high efficiency, low
cost and low electromagnetic interference (EMI) at the expense of large volume
and weight. The active PFC approach, having a higher power factor but larger
noise, follows closely to the market trend of electronic equipment minimization

and advanced technology of packaging.

For high power applications with PFC function, a continuous—condﬁction—
mode (CCM) boost converter is the preferred topology. Due to its simple circuitry,
low component stress and favourable placemént of input inductor, the CCM bhoost
converter becomes the standard PFC converter in most high power off-line power
supplies. However, with CCM operation, the boost converter suffers from extra
power dissipation and EMI due to the reverse-recovery current of the output
vectifier. “To reduce the reverse-recovery current, many have proposed passive or
active snubbers to remedy this problem. Although much work has been done in
this area, few have successfully shown improvement with minimum component

count, soft turu-off of power devices, and least circulation current.

At present, a common practice to achieve high quality input current and

tight output regulation is to connect a PFC converter circuit serially to a DC/DC
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regulator circuit. This, the two-stage approach, is by far the best option in
large AC/DC power supplies , due to the optimized DC/DC regulator stage and
the controlled input current, output voltage and intermediate storage capacitor
voltage. However, for low to medium power applications, the component count,
size, and manufacturing cost of the two-stage approach are not well justificd [1].
This motivated researchers to simplify the power-stage and control circuits by

combining the two-stage circuits using the so-called single-stage approach.

The single-stage approach is developed by rebuilding the two-stage circuits
using shared switch(es) and the so-called integrated control. Typical examples
can be found from references [17]-[22]. In this way, however, the switch(es) can
only control either two out of the three critical circuit parameters, input current,
storage capacitor voltage and output voltage, through duty ratio and switching
frequency modulations. In most cases, the output voltage is controlled by duty
ratio to give tight output regulation. Although switching frequency modulation
may be employed to control the voltage stress on the storage capacitor voltage,
it is difficult to completely suppress the stress over s wide range of line and load
changes. Besides, the common switch suffers from high current stress and low

conversion cilicicncy due to repeated input power processing.

1.2 Objectives

This thesis is intended to systematically address the major technical issues in
existing AC/DC switching converters with PFC applications (active PFC ap-
proach). Firstly, a low-loss passive snubber is proposed for a CCM hoost con-
verter suitable for high-power PFC applications. All the rectifiers can turn off
softly and clamped to the output voltage. The power switch also operates on
low-voltage turn-on condition to reduce switching loss. Secondly, an auxiliary
transformer is added to the single-stage PFC converter to reduce the storage
capacitor voltage stress. Thirdly, a dual-output flvback transformer is added to
control the storage capacitor voltage by the output voltage feedback. The storage

capacitor voltage is found loosely regulated throughout the line and load ranges.
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Finally, a simple direct storage capacitor voltage control method is proposed. An
auxiliary bi-directional switch is inserted serially with the storage capacitor. By
controlling the on-time ratio of the auxiliary switch to that of the main switch
according to change of line voltage, the control of storage capacitor voltage and
output voltage can be achieved in a single-control loop. Extensive simulation and
experimental results confinmed the proposed solutions effective. The organization

of the thesis is summarized in the following section.

1.3 Contributions

In this section, we summarize the original contributions of this thesis to the
field of power electronics. These contributions are related to the development of

switching power converters with PFC applications. These includes the following:

1. Have proposed a passive snubber for CCM boost PFC converter using a
pair of coupled inductors and two additional rectifiers. Not only all the
rectifiers turn-off softly, their voltages are clamped to output voltage. The
coupled inductors also assist low-voltage turn-on transition for the main

power switch.

2. Have applied the direct power transfer approach on single-stage PFC (S?PFC)
converters to solve the high voltage and current stresses and low conversion
efficiency problems. An auxiliary transformer is added to the input stage
of a boost-flyhack S2PFC converter to achieve such purposes. A detailed

analysis is performed on DCM and CCM operation.

Have derived a $*PFC converter with a dual-output flyback transformer to

[

further minimize the fluctuation of storage capacitor voltage against change
of line voltage. By using a single switch, the proposed converter achieves si-
multaneously high power factor, loosely regulated storage capacitor voltage

and tight output voltage.

4. Have proposed a direct control of the storage capacitor voltage for a S?PFC

converter. An auxiliary bi-directional switch is added in series to the storage
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capacitor. This auxiliary switch also provides standby power mode feature

for the converter to cutoff the PFC stage to save power.

1.4 OQOutline of the Thesis

Chapter 2 outlines the basics and potential problems of AC/DC switching con-
verlers. In this chapter, a boost converter for power factor correction {PFC)
application is discussed. This includes the operating principle, modes of opera-
tion and control strategies issues. In particular, the contimious-conduction-mode
(CCM) operation is mentioned due to the severe rectificr reverse-recovery prob-
lem. Based on the two-stage approach to implement PFC and output voltage
regulation functions, the single-stage approach and its potential problems are ex-
plained. This chapter provides information about the problems associated with
AC/DC converters for PFC and serves as an introduction to the techniques pro-

posed in the subsequent chapters of this thesis.

Chapter 3 presents a technique to solve the reverse-recovery and switching
losses in a CCM boost converter. A passive snubber using coupled inductors and
two rectifiers is introduced. All the rectifiers are turned off softly and clamped
© to the output voltage. In addition, the power switch operates in low-voltage
turn-on condition which reduces the switching loss. Detailed operating principle
and analysis are presented. This chapter also considers the criteria to reduce the
reverse-recovery loss and to design the required inductance for proper operation.
Experitments are performed to verify the theoretical analysis and the effectiveness

of the proposed approach.

Chapter 4 introduces a method to reduce the voltage and current stresses in
the single-stage PFC approach. An auxiliary transformer is added to provide a
direct power transfer path for input power to output load. The DCM and CCM
operations of this transformer are discussed. Detailed analysis of reducing the
stresses is given. Hardware prototypes are implemented and tested to confirm
the proposed method. It is [ound from experiments that the conversion efficicucy

15 also improved.
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Chapter 5 proposes a technique to further control the voltage stress on the
storage capacitor. By using a dual-output flyback transformer, the storage capac-
itor voltage is loosely regulated by the controlled output voltage. The transformer
leakage inductance is considered in order to identify the discrepancy in the the-
orefical analysis. The analysis of input current due to the circuit operation is
carried out. Experimental results on a 70W prototype verify the technique and

the ana.lysis;

Chapter 6 presents the direct control of the storage capacitor voltage. An
auxiliary bi-directional switch is inserted in series with the storage capacitor to
control its voltage. This switch works in zero-voltage-switching (ZVS) condition
and assists the provision of direct power transfer feature. This chapter begins
with neglecting the storage capacitor voltage control loop. It is found that the
duty ratio is a function of the load so that the storage capacitor voltage decreases
naturally when the load becomes light. The experimental results verify the theo-
retical analysis of this phenomenon. Further, a simple single control loop, which
incnrporates both the control of storage capacitor voltage and output voltage, is

derived. The control concept is confirmed by simulation results.

Chapter 7 gives some suggestion for future work and concludes the thesis by
summarizing the important results that have been established from the analysis

and design for switching converters for PFC applications.



Chapter 2

Switching Converters for Power
Factor Correction (PFC)

2.1 Introduction

In general, all DC/DC converters can implement AC to DC conversion. How-
ever, boost converter is a preferred topology among the basic DC/DC converters
such as buck and buck-hoost converters, especially for power factor correction
(PFC) application. In this chapter, the operating principle of DC/DC boost
converter is explained. Different control approaches to achieve PFC at three
distinct modes of operation: discontinuous-conduction-mode (DCM), boundary-
conduction-mode (BCM) and continuous-conduction-mode (CCM) for hoost con-
verter are discussed. Among the three modes of operation, the COM operation
causes the most severe rectifier reverse-recovery problem. Various snubber meth-
ods to reduce the reverse-recovery current are discussed. In order to achieve
PFC and tight output regulation simultaneously, two power stages are required.
This chapter further presents the basic concepts of single-stage PFC approach.
It consists of functionally two power stages but integrates the PFC and DC/DC
regulator circuits by sharing the same switch(es). The potential problems in

single-stage approach for PFC are addressed.
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2.2 Power Factor Correction (PFC)

2.2.1 Definitions

For a given voltage v(t) with period T applying across a load Z;, the current
flowing through Zy, is i(t). The power factor (PF) is then defined as the ratio of

the average power Pjyerqge to the apparent power Fopparent flowing through Z, .

PF = Paverage (21)
Pa.pparent
where
1 /T _
Pauerage = ?/{; 'U(t) . 't(t)dt (22)
Papparent = ‘/rms rms (23)

where Vi;; and /., represent the root mean square (rms) values of load voltage
and current respectively. Active power is the power that is actually absorbed hy
the load, whereas apparent power is the power that would be absorbed by the

loal if it were resistive. Given a sinusoidal voltage u(t),
v(t) = Visin(wt + 8;) (2.4)

It v(t) is applied across a nonlinear load, the current waveform will be non-
sinusoidal but can be expressed by Fourier series,
oo
W(t) = I, + Y Lusin(nwt + 6) (2.5)
n=1
Substituting (2.4) and (2.5) into (2.2) and assuming net i(t) is zero (i.e. 1,=0),
we get

Wi
Pauerage = _12_1603(91 - 02) = I/‘1,1"1?1,9lrl,w-ri"tsCOS(6'1 - 02) (26)

Putting (2.6) into (2.1), it becomes

I rms
PF = -2 cos(8) — 6,) (2.7)

y -
Note that Vi, in (2.3) equals V] ,,, in (2.2) as the input voltage is purely sinu-
soidal. The latter term is called the displacement factor (DpF), which indicates

the phase difference between the voltage and current waveform. The former term
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in (2.7) is called the distortion factor (DtF),‘ which indicates the non-sinusoidal
property of the voltage waveform and/or current waveform (current only in this

casc). The total rms current I, can be expressed as the sum of harmonic

currents, .
[s. ]
fims = Z fﬁ,rms (2.8)
n=0
The total harmonic distortion (THD) of the load current is given by,
2 —~J2
THD = || e (2.9)
1,rms

For in this case, v(t) is a pure sinusoidal voltage and is applied to a nonlinear

load, DtF can be expressed as,

1

If the load current i(t) is in phase with the voltage v(¢) (i.e. DpF = 1), THD can

be related to PF as
1 - PF2
THD = “Prz (2.11)

For instance, a power factor of 0.95 would yield a THD of 32.9%. This implies a

relatively high power factor can still yield a conceivably large THD.

2.2.2 Compliance Specifications

In order to limit the harmonic content of input current drawn from AC matns
by the electrical and electronic equipment, compliance requirements for low AC
current harmonic distortion are being enforced by national and international reg-
ulating bodies. The International Electrotechnical Commission (LEC) details the
current harmonic limits in document IEC 61000-3-2. The IEC has representation
in major nations, primarily in Europe. (For in the US presently, they adopted
the IEEE 519-1992 standard.) The original version of [EC 61000-3-2 regulation
was published in 1995 (2], but it has been recently modified since October 2001

[3).

The purpose of IEC 61000-3-2 is to deal with the limitation of harmonic
currents injected into the public supply system. The requirements of [EC 61000-

3-2 apply to electrical and electronic equipment having an input current up to
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and including 16A per phase, and intended to be connected to public low-voltage
distribution systems. For systems with nominal voltages less than 220V (line-to-
neutral), the limits have not yet been considered. For the purpose of harmonic

current limitation, equipment is classified as follows:

Class A:  Balanced three-phase equipiment;
Household appliances excluding equipment identified as class D;
Tools, excluding portable tools;
Dimmers for for incandescent lamps; audio equipment.
Class B:  Portable tools;
. Arc welding equipment which is not professional equipment,.
Class C:  Lighting equipment. _
Class D:  Personal computers and personal computer monitors;

Television receivers.

The major change in the new regulation is how to classify Class D equipment.
In the first edition, Class D was applied to equipment with a special waveform
that fitted a template defined by the regulation. In the modified version, this
Class D line current waveform template has been removed. In addition, the
Class D harmonic limit specifications must now be applied to equipment with a
maximum input power less than or equal to 600W, relating personal computers

and television receivers.

In order to aid in determining into which class a piece of equipment belongs,
the IEC 61000-3-2 provides the flow chart of Figure 2.1. For Class A equipment,
the harmonics of the input current shall not exceed the values given in Table 2.1.
The limits for Class B equipment shall be 1.5 times the limits of Table 2.1. The
limits for Class C are listed in Table 2.2. The limits for lighting equipment is
subject to the type and range of input power of the lighting equipment, and is
out of the scope of this dissertation. The limits for Class D equipment are defined
according to the rated load, as listed in Table 2.3. It is noted that the limits are
not specified in the standard for the equipment with a rated power of 75W or
less, other than lighting equipment (This value may be reduced to 50W in the

future) and professional equipment with a total rated power greater than 1kW.



2. Switching Converters for Power Factor Correction

Balanced
three phase connected

equipment?
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Lighting equipment?

Class C
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and 75W < P < 600W 7
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No
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Figure 2.1: IEC 61000-3-2 equipment classification flowchart.




2. Switching Converters for Power Factor Correction

Harmonic order | Maximum permissible
harmonic current
n A
Odd harmonics
3 2.30
5 1.14
7 0.77
9 0.40
11 0.33
13 0.21
15<n <39 0.15 (%)
Even harmonics
2 1.08
4 0.43
6 0.30
8<n<40 0.23 (8)

Table 2.1: Limits for Class A equipment

Harmonic order Maximum permissible harmonic current
expressed as a percentage of the input
current at the fundamental frequency

n %
2 2
3 30 -A*
5 10
7
9

11<n<39 3

(Odd harmonics only)

*A is the circuit power factor

Table 2.2: Limits for Class C equipment

12
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Harmonic order Maximum permissible | Maximum permissible
harmonic current, harmonic¢ current
per walt

n mA/W A

3 3.4 2.30
5 19 1.14
7 1.0 0.77
9 0.5 0.40
11 0.35 0.33

13<n<39 485 see Table 2.1
(odd harmonics only)

Table 2.3: Limits for Class D equipment

2.3 DC/DC Switching Converter Topologies for
PFC Application

Although passive PFC approach using only inductors and capacitors can achieve
fairly good power factor, the intention of this thesis is to focus on the active
approach where switching transistors (using cutoff and saturation regions) and

rectifiers are being used in addition to inductors and capacitors.

Generally, all switching DC/DC converters can use for implementing PFC
function. The most commonly used basic DC/DC converters are boost, buck and
buck-boost converters. They represent the simplest form of DC/DC converters as
only one inductive storage element is needed to store and transfer energy from a
voltage source to an output load. To implement PFC function, the input voltage
source is just replaced by an AC voltage source and follows by a hridge-rectifier.

Figure 2.2 shows the configuration of boost, buck and buck-boost PFC: converters.

Among the three basic converters, the boost converter has the most desirable
features for implementing PFC. Firstly, the input inductor of the boost converter
is inserted serially with the bridge-rectifier and AC voltage source. This shapes
the input current continuously and smoothly follows the input voltage when the

inductor works in continuous conduction mode (CCM). For buck converter, the
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i ' ~
— M
ZE iE L D
Uin +
Cp ==
S \ Load
(a) Boost
in - YY"
T S L

Co== *
D ZS Load

(b) Buck

"1 Load

(¢) Buck-boost

Figure 2.2: Circuit diagram of basic DC/DC converters for PFC implementation.
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input current cannot flow during the line period where the input voltage is lower
than the output voltage. This causes input current distortion and generate high
current harmonics. Both buck and buck-boost converters draw pulsating input
currents that generate high harmonic currents in any mode of operation. Sec-
ondly, due to the pulsating currents of the buck and buck-boost converters, the
electromagnetic interference (EMI) noise is much larger than that of boost con-
verter. A larger input filter is needed to attenuate the high frequency noise.
‘Thirdly, after the switch S turns off, the drain-to-source voltage (say MOSFET is
used) of the boost converter is clamped to the output voltage. The switching loss
is reduced comparing to that of buck and buck-boost converters because their
switches are subjected to parasitic oscillation due to the series LC arrangement.
Fourthly, the source pin of the boost converter switch is'connected to the com-
mon ground while the switch ends of buck and buck-boost converters are floating.
Additional use of isolated gate drive or level-shift technique to drive the switch
in buck and buck-boost converters is required and that increases the overall size

and cost.

2.4 Modes of Operation of Boost Converter

The basic operating principle of the'boost converter, as shown in Figure 2.3, is
described as follows. When the switch S is turned on, it represents a short circuit,
or & small value resistance (usually a few hundred milli-ohms in MOSFET) and
the inductor L is charged up linearly by the rectified input voltage. The anode
of the rectifier D is shorted to ground and is reverse-biased. Therefore, the
capacitor Cp powers the load and sustains the output voltage. When the switch
S is turned off, the drain-to-source (if MOSFET is used) voltage quickly rises
up to just above the output voltage to turn on the rectificr. After the rectifior
is forward-biased, the drain-to-source voliage is clamped to the output voltage.
Meanwhile, the inductor L is discharged through the rectifier. The stored energy
in L is transferred to feed the capacitor Cg and output load. The switch S turns
on again for some period to begin the next switching cycle. The switching stages

as shown in 2.3 are identical for positive and negative states of AC input voltage.
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{a) S is turned on.

Load

(b) S is turned off.

Figure 2.3: Equivalent circuits of the two switching stages of boost converter.

As being the same as other converters, boost converter can have different
morles of operation depending on the switching frequency f, (or switching period
T,), duty ratio of power switch D, inductance value L, output load R. These
circuit parameters are related by

D(1 - D)’R
2f;

where L in (2.12) is the minimum inductance value required for continuous-

L> (2.12)

conduction-mode (CCM) operation. This is the mode of operation when the

inductor current iy, does not fall to zero at the instant the switch S is turned on,
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(c} Discontinuous-conduction-mode {DCM) op-
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17

Figure 2.4: Inductor current waveform of hoost converter in different modes of

operation.
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as shown in Figure 2.4(a). This mode is sometimes referred to as the incomplete

energy transfer mode.

When the hoost inductance L equals the circuit parameters in right-hand
side of (2.12), the converter is said to be operating in boundary-conduction-mode
(BCM). In this mode, the inductor current iy, is just touching zero when the switch
S is turned on to charge the inductor again, as shown in Figure 2.4(b). When
either decrease in output power, duty ratio or increase in switching frequency,
the converter runs into discontinuous-conduction-mode (DCM). In this mode,
the inductor current i, falls to zero for a while (1 — D — D)7, as shown in
Figure 2.4(c), before the switch turns on and charges the inductor again. Both

BCM and DCM are sometimes referred to as complete energy transfer mode.

2.5 Control of Boost Converter for PFC Appli-

cation

The ideal target of switching converter for PFC application is to shape the input
current such that it is of sinusoidal shape (i.e. distortion factor = 1) with sinu-
soidal input voltage and in phase with the input (i.e. displacement factor =1).
That is, to achieve unity power factor because PF = DtF - DpF = 1. In other
words, what the input side sees into the converter is a purely resistive load R,,

as shown in Figure 2.5, where ohms law applies.

Uin
lin = — 2.13

With different modes of operation, the control strategy for a boost PFC
converter is different.  Figure 2.6 shows a block diagram of basic control of a
boost PFC converter operating in CCM. It consists of basically two voltage loops
and one current loop. In simple words, the voltage loops are used to generate
a voltage reference template Vinref for the current loop to follow to shape the
input current of the boost converter as closely to a sine wave as possible, as

shown in Figure 2.7. While the input voltage loop provides the template with
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Y

Vin - Re

R. Switching Converter

Figure 2.5: The switching converter emulates a purely resistive load for unity

tin I~
L D

| AS\ § Load
ZIS -+

+ ref

power factor.

Figure 2.6: Basic control block diagram of a boost PFC converter in CCM.

required input current shape, the output voltage loop controls the output power
by altering the height of the template. There are numerous control schemes to
implement such PFC control, such as peak current mode control, average current
mode control and hysteresis current control. Although in recent years researchers
tried to simplify the control mechanism by reducing the number of loops involved
[4]-[6], the idea of getting these three control parameters (i.e. input voltage, input

current and output voltage) to implement PFC is fundamentally unchanged.

With BCM operation of the boost converter, a zero current detector is added

to the current loop. When the inductor current falls to zero, the detector {(actu-
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Vinref

Figure 2.7: Use of voltage reference template to shape the input current.

- Vin ref
tin

tin

Figure 2.8: Input current of boost converter in BCM operation.

ally a comparator) is triggered to turn on the switch. When the inductor current
touches the voltage reference template, the switch is turned off. F igure 2.8 shows
the instantaneous and average input current. Using this current shaping tech-

nique, the average instantaneous input current %;, is given by

= Uin DTB
lin = R - Vin T~ {2.14)

It can be seen from (2.14) that unity power factor can be achieved providing vari-
able duty ratio and switching frequency modulations are used. In addition, the
switch of the boost converter at BCM is operating under soft-switching condition:

zero-current and low-voltage turn-on.

When the boost converter is operated in DCM, the average instantaneous
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tin

tin

Figure 2.9: Input current of boost converter in DCM operation.

input current #;,, as shown in Figure 2.9, is given by

- Vin Dsz VB

tin = R - Uin_“z_f'm (2.15)
where Vi is the boost converter output voltage. It can be seen from (2.15)
that unity power factor can be achieved only if conditions of fixed duty ratio
and switching frequency modulation, and the output voltage Vp is much larger
than the input voltage are both fulfilled. In practice, Vi is fixed by the design
specification and high Vg will impose higher switching loss. As a result, distortion
of input current will occur. To remedy this problem, the switching frequency can
be set inversely proportional to the line voltage period [7]. Nevertheless, boost
converter in DCM operation is the simplest current shaping technique among
the others (BCM and CCM) because no voltage reference template is required.
Therefore, to achieve high power factor (with acceptable degree of input current

distortion) in DCM operation, only output voltage loop is needed.

With the fixed switching frequency and constant duty ratio to achieve high
power factor in DCM operation, this opens room for development of single-stage
PFC converters in which a DCM boost PFC converter is combined with a post-
regulated DC/DC converter and they share the same switch{es). This will be
detailed in Section 2.8.2.
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2.6 Rectifier Reverse-Recovery Problem in CCM

Operation

In a boost converter, continuous-conduction-mode (CCM) is the preferred mode
of operation for high power applications when compared to the discontinuous-
conduction-mode (DCM), because CCM has lower conduction loss and smaller
current stress on the semiconductor devices. But the large reverse-recovery cur-
rent, of the output rectifier in a CCM boost converter causes power dissipation
and interference problems. This happens at the instant the switching transistor is
turned on, forcing the output rectifier to be suddenly reverse-biased. Figure 2.10
illustrates the adverse cffects of the rectifier reverse-recovery on a CCM boost
converter. The large reverse-recovery current.spike of the rectifier 7., also flows
into the switching transistor. This cross conduction of current ig and voltage vy,
may cause excessive power dissipation and severe electrom-agnetic interference

(EMI).

2.7 Reported Methodologies — Snubbers

To overcome the reverse-recovery related problems, various passive and active
snubbers are proposed to reduce the current turn-off rate of rectifiers [8] - {16]. In
general, the principle of these approaches is to insert a snubber inductor in series
with the rectifier and the transistor to reduce the di/dt of the rectifier reverse-
recovery current during the period of transistor turn-on. Some of the snubbers
are regenerative and have the ability to recycle the reverse-recovery energy to
the output load or to use it to create a soft-switching condition for the switching

devices.

Active snubbers often employ auxiliary power switches to control the output
rectifier turn-off rate di/dt. Zero-voltage-switching (ZVS) of power switches and
rectifiers may also be achieved 8] - [11]. For instance, in the circuit proposed
in {3], an additional boost converter is inserted across the output rectifier of a

conventional boost converter. The main output current is shifted over to the
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Figure 2.10: Equivalent circuits of the two switching stages of boost converter.
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added boost converter. The purpose of the additional inductor is to limit the
turn-off rate of the rectifier which operates in CCM and to remove the charge
stored in the parasitic capacitance of the auxiliary power switch for ZVS turn-on.
The voltage and current stresses on the semiconductors are similar to those of
a conventional boost converter. However, the main switch is turned on without
soft-switching. The synchronization of the gate drivers for the main and auxiliary
swilches is yet another issue when using active snubbers to reduce the rectifier

reverse-recovery joss.

Passive regenerative snubbers, which employs only inductors, capacitors and
rectifiers, eliminate the use of auxiliary power switch. This increases ther robust-
ness and reliability of the converter. Many topologies have been introduced such
as those proposed in [12] - [16]. A valley-fill circuit is added across the boost
switch in {14] and across the boost rectifier in [15] to reduce the di/dt rate dur-
g rectifier turn-off. However, not all the additional rectifiers are turned off
softly. As a large number of components are added, the components cost and
conduction loss due to the circulating current are increased. In [12], the parasitic
oscillation of the rectifiers would also cause extra power dissipation. Among the
passive snubbers, the one proposed in [16] is more attractive because only a few
additional components {a coupled pair of inductors and a rectifier) are required.
However, the transient spikes caused by the coupled inductors and the parasitic
capacitances of the boost switch during the turn-on transition result in extra
loss and interference. Although a passive snubber can be added to reduce the
transient spikes and to reduce the excessive voltage stress on the rectificr [16], it

causes additional power loss.

2.8 Two-stage PFC Approaches

In Section 2.5, the control of PFC boost converter in different modes of opera-
tion has been discussed. The discussion is focused on how to shape the input
current to achieve unity power factor. Since the average input current over a

line cycle contains the line frequency component, the input power and so as the
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output power also contain this line frequency component. Although a large bulk
capacitor can use for smoothing out the output voltage, it contains substantial
output voltage ripple at twice of the line frequency. In addition, for a boost
converter, the output voltage is always higher than the input voltage. For uni-
versal input voltage application in which the high line voltage reaches 264V,,,,,
the output voltage is loosely regulated at 380V to 400V. In many applications
such as computer products where regulated low voltages are used (e.g. 3.3V, 5V,
12V, etc.), the output voltage of the boost converter certainly cannot meet the
needs. Besides, an isolation transformer is usually required to provide sufficient
safety measure for the power supply. Therefore, an additional stage using an
isolation transformer with voltage step-down and regulated output is necessary
to provide such features. This cascaded configuration of PFC converter with a

DC/DC converter is called the two-stage PFC approach.

There are typically two approaches to implement two-stage PFC, depending
on the output power level. For high power level ( >300W), the serially-connected
and individually-controlled two-stage PFC approach is used. For medium to
low power levels (< 300W), the serially-connected and Integrated-control two-
stage PFC approach is used under the consideration of control complexity and

manufacturing cost and size.

2.8.1 High Power Level

In high power level application which requires PFC and tight output regulation,
the serially-connected and individually-controlled two-stage PFC approach, as
shown in Figure 2.11, is used. The PFC controller is dedicated to improve the
power factor while the DC/DC controller is committed to remove the low fre-
quency ripple on Vg and tightly regulated the output voltage. The advantage of
this approach is the ease of optimization of individual power stages, especially
the DC/DC regulation stage because the storage capacitor voltage Vp is loosely
regulated at around 380Vdc-400Vdc for the entire input line voltage range. The

commonly used converter topologies for DC/DC stage are two-transistor forward,
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Figure 2.11: Serially-connected and individually-controlled two-stage PFC ap-
proach.

hall-bridge and full-bridge converters.

2.8.2 Medium to Low Power Levels

In low power level application where cost is of prime concern, the control complex-
ity and component, count reduce stability and profit margin. In order to simply
the power stages and control circuitry, single-stage PFC (S2PFC) concept has
been proposed. This concept was originated from some early work presented in
[17]-[18]. The paper in [17] introduced a dual-output transformer in which one of
the outputs is regulated DC load voltage (with fast response) and the other is used
to boost up the input voltage to improve the power factor. The input boost stage
is frequency-modulated and the output DC stage is PWM-controlled. Though
the approach is effective, the implementation using a full-bridge converter only
suitable for high power level and additional component used for resonant stage
and boost-up voltage stage increased the converter complexity. In article (18], a
boost PFC converter is connected serially with a DC/DC forward converter by
sharing the same power switch. The duty cycle control is used to regulated the
output voltage while the variable switching frequency control is used to regulated
the storage capacitor voltage. High power factor is obtained by running the boost

converter in DCM.

In 1992 Divan et al presented a cascaded connection of a CCM boost PFC
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converter with a two-transistor forward DC/DC converter and shared the com-
motl bottom switch. Due to the sharing of common switch and different control
constraints in input and output parameters, either one of the two parameters
can be controlled over the entire line cycle. In the same year, Madigan et al
[20] reported a new family of S*PFC AC/DC converters, BIFRED and BIBRED,
which are the integration of a DCM boost PFC converter with a buck or flyback
converter and sharing of one power switch. It is noied that the storage capacitor
is connected in series with the path of the input boost inductor and the trans-
former primary. Unlike the two-stage PFC approach, which processes the input
power twice, the BIFRED and BIBRED inherit the parallel power processing or
reduced redundant power processing feature which improves the conversion effi-
ciency. Detailed about the power processing will be discussed in Sections 2.9.3,
2.10 and 2.11. In 1993, Brkovic and Cuk [21] reported the addition of a diode
serially with the boost inductor in the Cuk topology performs the similar S2PFC
characteristics to that of BIFRED and BIBRED.

In 1994, Red! et al [22] reported a systematical approach to develop S2PFC
AC/DC converters with consideration of different topologies suitable for PFC and
DC/DC stages. Apart from boost converter, other converters such as SEPIC,
buck, buck-boost and Cuk are alternate practical choices for PFC stage imple-
mentation. For DC/DC stage, converters such as current-fed isolated DC/DC
and two-transistor flyback topologies are also suitable for circuit integration. The
paper also described the way to combine different converter topologies to form
S?PFC AC/DC converters. The combination is based on the assumption that the
PFC stage is operated in DCM and the DC/DC stage can be operated either in
DCM or CCM.

In the articles [20]-[22], the control strategy is further simplificd by solely
controlling t;he output voltage (i.e. single-loop voltage mode control). Although
these converters share the common switch(es), two control parameters (input cur-
rent. and output voltage) are needed to shape the input current and give tight
output regulation. Thanks to the DCM operation of PFC converter where con-

stant duty cycle and fixed switching frequency are sufficient to achieve high power
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Figure 2.12: Integrated-controlled and serially-connected two-stage PFC ap-
proach (or single-stage PFC approach).

factor, as discussed in Section 2.5, a wide-bandwidth PWM control can be em-
ployed to monitor and control only the output voltage and to give fast transient

response and improved power factor simultaneously, as shown in Figure 2.12.

It is noted that, apart from the BIFRED and BIBRED, the S2PFC AC/DC
concept and converters proposed in {17] to {22] belong to the two-stage PFC
approach. It is because these converters consist of fundamentally two individual
power stages but the coufiguration and control are siwmplified after sharing of the

same switch(es).

2.9 Potential Problems in Single-stage PFC Con-

verters

Although S?*PFC AC/DC converters enjoy simple converter structure and con-
trol circuitry, they presents more problems than that of individually-controlled
serially-connected converters. In this section, we will investigate the causes of
three important problems in S2PFC approach including high voltage and current
stresses and low conversion efficiency, which limit their practical in medium to

low power level applications.
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2.9.1 High Voltage Stress across the Storage Capacitor

Most of the S’PFC converters employed a boost converter as the front-end power
factor corrector due to its high power factor cabability and ease of integration with
DC/DC regulator. The energy stored in the boost inductor from the line voltage
source will be transferred to the storage capacitor. Due to the input-output
characteristic of the boost converter, the storage capacitor voltage is always higher
than the peak input voltage. According to [24], the ratio of storage capacitor
voltage to peak input voltage should be as high as 1.37 to achieve power factor of
0.97, that will be higher than 500V for high line input condition (i.e. 264V ,,,,).
In other words, better power factor is obtained at the expense of high voltage
stress on the storage capacitor. This will also impose higher voltage stress on the

" semiconductor devices such as power switch and ouiput diode.

In addition, the $*PFC converters employ a single-loop feedback controller
where only the change of output voltage is regulated, the storage capacitor will
therefore vary according to line and load changes. It has been shown that the
storage capacitor voltage of the S’PFC converters where the DC/DC stage work-
ing in continuous conduction mode (CCM) is inversely proportional to the load
current (23]. This voltage may even rise up higher (e.g. 1000V) at high line light
load condition. The rise of storage capacitor voltage due to power imbalance
has already been discovered and investigated {22]-[23]. But most of the analy-
sis only based on mathematical calculation or from the power level standpoint.
However, it is more profitable to look at the problem from the circuit level with

supplementary equations.

Figure 2.13 shows an example circuit of a single-switch S2PFC converter that
combines a DCM boost PFC converter with a CCM flyvback DC/DC converter.
At the time £ (shown in Figure 2.14) when the power switch S1 is turned off, the

secondary current ¢; supplies the output capacitor and output load currents.
iy =t + 1, (2.16)

The rate of change of inductor current and capacitor voltage are given by, respec-
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Figure 2.13: Single-switch single-stage power-factor-corrected converter combin-
ing boost and flvback converters.

tively,
di, N2V
= = ° 2.17
dt L, (2.17)
dv ')
== 2.18
dt C, ( )

Substituting (2.17) and (2.18) into (2.16) and solving this second-order differential
equation with the initial condition of v,(t;) = V;, we finally get

volt — to) = % [(14-5(%) e 3oratd) + (1_ %) e%ﬂff} (2.19)

where

P (2.20)

The output voltage v,(t) during the period {¢; — &) derived in (2.19) is plotted

k(t) = [1 L AN 2Ccﬂ"o(t)] 2

against loading resistance 7,(t) with the following circuit parameters: V=15V,
Co=2200p:F, L,=501H, N=2 and t=10us. As shown in Figure 2.15, the output
voltage increases when the load becomes light (i.e. r,(t) increases). If this hap-
pens, the rate of change of inductor current di,/dt indicated in (2.17) will be
faster (thick solid line in Figure 2.14). It takes i, a shorter period to fall to zero
(¢ instead of ¢ at steady state) when S1 is turned on at ¢,. The rate change
of secondary current results in a steeper rate of change of the primary current
%p but with a smaller peak current comparing to that of the steady state (thin
solid line). It is obvious to observe from the figure that the transformer current,
i, and %, is sell-adjusted (current area A < current area B for decreasing load)

to the change of load current. Consequently, after just a few switching cycles the
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output voltage will be fallen to the regulation range, provided that the change of
load 1s not severe. Since the compensation network of the converter has a cutoff
frequency far below the switching frequency for stability reason, the compensa-
tion is not fast enough to response to this change of voltage and the duty cycle
of 51 remains unchanged. The input current drawn into the converter also keeps
the same amount. Therefore, with smaller demand than supply of current, the
excess current will be stored as charge in the storage capacitor and its voltage

will he increased,

2.9.2 High Current Stress on the Power Switch

Another problem arises in S2PFC converters is the extra current stress on the
switch {or a pair of switches) when compared with the individually-éontrolled
serially-connected approach as shown in Figure 2.11 because it has to handle all
the input currents from the line input voltage and the storage capacitor voltage
at the same time. The current stress is maximum at full load condition and at the
peak of input voltage. Conduction and switching losses are therefore increased
which deteriorate the conversion efficiency and cause high temperature rise. The
power switch becomes the major portion of total power losses and the hottest
point comparing to other power devices in the converter. Larger EMI noise is

another critical issue due to this high current stress.

2.9.3 Repeated Power Processing

In most of the S’PFC converters, in [17]-[18],[21}-{22] for example, the input
power has to be processed twice before transferring to output load. The more
input power is repeatedly processed, the higher power is dissipated to the power
devices. Conversion efficiency is limited to the product of individual efficiency of

each stage.
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2.10 Reported Methodologies

To suppress the voltage stress across the storage capacitor, various approaches are

introduced to reduce the energy feeding the storage capacitor. Variable switching
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frequency (VSF) [25}-[26] limits the input power pumped to the storage capacitor
by increasing the switching frequency at decreasing load. But large load varia-
tion results in wide variation range in switching frequency. The optimization of

filtering is yet another issue when using VSF to cope with high voltage stress

problem.

Recently, a number of circuits applying the negative voltage feedback tech-
nique have been introduced [27]-(29]. An extra coupled winding from the output
transformer is inserted in series with the boost inductor so that the storage ca-
pacitor voltage information is brought forward to the input stage to reduce the
input current when this voltage is increased. The authors attempted to remove
the boost, inductor in [30] to provide a direct control of input current. However,
the input current ceases to flow into the circuit during the line cycle when the
inpnt voltage is smaller than the feedback voltage. This generates high input
current harmonics. Consequently, the input power is concentrated near the peak

of input voltage, resulting in high current stress on the power devices.

Series-charging-parallel-discharging technique [31] cannot reduce input power
when load becomes light but it simply uses two storage capacitors to share the
voltage stress. Balanced sharing of voltage stress becomes a critical design issue
and two storage capacitors increase cost and size of the converters. DCM PFC
+ DCM DC/DC arrangement {32] does not suffer from high voltage stress at
decreasing load but the storage capacitor voltage change largely according to the

line voltage change.

Besides reduction of voltage stress on storage capacitor, the negative voltage
feedback [33} and load current feedback [30] techniques found useful in reducing
the switch current stress. But the reduction of current stress should be Justificd

by the increase in input current harmonics.

Many new topologies have been developed [34)-[42] to reduce the number of
times the input power is repeatedly processed by means of adding direct power
transfer path(s) to the circuits. Using this concept the conversion efficiency is im-

proved by the experimental work shown in {42]. Most of these converters consist of



2. Switching Converters for Power Factor Correction 34

two or more switches that require a sophisticated control to shape the input cur-
rent. and regulate the output voltage. Therefore single-switch AC-DC converters
with this reduced repeated power processing feature have been proposed in [40]
-|42] that simplified the control mechanism. Namely, these converters employ an
parallel-connected integrated-control configuration. Another way to reduce con-
trol complexity is to introduce a simpler control system for the converters like

the one in [37], but the control mechanism detail has not been described yet.

In 2000, Tse and Chow [43] reported a systematical approach for deriving
basic converter configurations that achieve PFC and voltage regulation. Based
on the presentation of power flow and three-pbrt network model, there are six-
teen configurations in total to achieve PFC and voltage regulation with reduced
repeated (or redundant) power processing. The discussion in [43] is based on the
parallel-connected individually-controlled counfiguration. Although unity power
factor is the ideal objective, it is not necessary to meet nowadays regulations with
unity power factor. By inspecting the current harmonics limits in IEC 61000-3-2
for instance, according to different classes they allow certain current harmonics
in the design. In 2001, Garcia et al [44] presented a survey on different converter

conligurations to achieve such purpose.

Besides the rectifier reverse-recovery related problem, simple and cost-effective
solutions to achieve high power factor, to reduce the high voltage and current
stresses and to improve the conversion cfficiency are the objectives of this disser-

tation.

2.11 Summary

In this chapter, a review of boost PFC converter operating in three distinct
modes and associated control methods have been discussed. The rectificr reverse-
recovery related problem and various solutions have been explained. Moreover,
the two-stage approaches in achieving PFC and output regulation , in particular
the single-stage PFC approach, have been presented. The main issues concerning

single-stage PFC approach are the high voltage and current stresses and low
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conversion efficiency, which need further work to resolve.



Chapter 3

Technique for Reducing
Reverse-Recovery and Switching

Losses

3.1 Introduction

Last chapter we discussed the use of CCM converters for PFC function and the as-
sociated reverse-recovery related losses of the rectifier. To provide an improved so-
lution over the existing ones, a single-switch continuous-conduction-mode (CCM)
boost converter with reduced revefse—recovery and switching losses is proposed in
this chapter. By using the leakage inductances of a pair of coupled inductors and
two additional rectifiers, the turn-off rates (di/dt) of the boost output rectifier
and the additional rectifiers are slowed down to reduce the reverse-recovery loss.
The boost power transistor is also operated under a low-voltage turn-on condition
to reduce the switching loss. Experimental results are presented to confirim the

theoretical analysis and the performance of the proposed converter.

The proposed CCM boost converter offers the following advantages:

¢ The leakage inductances of the coupled inductors are used to control the
di/dt rate of the rectifier currents., All rectifiers are turned off softly and
clamped to the output voltage afterwards. They do not require any extra

snubber circuit to protect them from parasitic ringing.

36
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e The boost switch operates under a low-voltage turn-on condition because
the coupled inductors provide a path for the parasitic capacitance of the

boost switch to discharge before the switch is turned on.

3.2 Proposed Circuit and Its Operation

3.2.1 Circuit Description

An improved CCM boost converter, as shown in Figure. 3.1, is formed by adding
a coupled inductor-rectifier (Ly — D) branch to the input and output nodes of a
boost converter and inserting a rectifier (D3} from ground to the common node
of the coupled indnctor-rectifier branch. Rectifier Dy is employed to clamp the
parasitic ringing caused by the output capacitance Cy,, of the boost switch S1,
the coupled inductors and the reverse-bias capacitance of rectifier D, during the
turn-on transition of 51. The magnetic coupling coefficient between L, and L,
is k. As will be shown in Chapter 3.2.2, a smaller value of k results in a better
capability of achieving low-voltage turn-on of the boost switch S1. L, and Lo are
wound in the same orientation and are related by the turns ratio n where n > 1.
In this proposed converter, all rectifier turn-off rates (di/dt) are controlled by the
leakage inductances of the coupled inductors. The inductor currents i L1 and i ;2
run in DCM. However, i;,, and %7, combine to form a continuous input-current.
Comparing to a boost converter with discontinuous input current, the proposed

converter possesses less EMI noise so that a smaller input filter can be used.

3.2.2 Circuit Operation Analysis

For the ease of analysis and explanation, an equivalent circuit model of the con-
verter including the magnetizing inductance and the leakage inductances is de-
veloped, as shown in Figure. 3.2. Some equations relating the equivalent circuit

are given below prior to the description of the converter operation stages.
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(3.4)

(3.5)

(3.6)

Here, L, is the mutual inductance between L, and L,. To facilitate the analysis

of the steady-state operation, some assumptions are made (within each switching

period): 1) The input voltage Vi, is a dc voltage source; 2) The output capacitor

C, is large enough so that the output voltage ripple due to switching is negligible

and V; is essentially a constant; 3) Except for the reverse-recovery of the rectifiers

and the output capacitance of the power switch Cg,, all circuit components have

ideal characteristics. Referring to the equivalent circuit model shown in Figure.

3.2 and the switching waveforms shown in Figure. 3.3, the eight operation stages

of the converter are discussed as follows.
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Figure 3.2: Equivalent circuit model of the proposed converter.

Stage 1 (ty — t;) [Figure. 3.4(a)]: At time ¢ = t,, the boost switch S1 is
turned on. At the same timer, the rectifiers D; and Dj are turned off with reverse
voltages both equal the output voltage V,. The voltage across Ly, (v, + w), is
equal to V;,,. The current iy, starts to increase linearly at the rate of (The detailed

derivation is given in Appendix)

dipg _ (Ly — L)V + LV,

a Lily - L2, (37)
Substituting (3.1} and (3.2) into (3.7), we have
d — k)Vin + KV,
101 . (TL ) + (38)

dt —  nL(1-k2)
Rectifier D, is forward biased such that the input current tin flows through L,.
The voltage across Ly, (v, + vq), is —(V, — Vi) and i, decreases linearly at the

rate of
dity (1 - nk)Viu — V,
dt — n2Li(1 —k?)

This interval ends when 1,5 and ip, reach zero.

(3.9)

Stage 2 (¢ ~ to) [Figure. 3.4(b)]: This is the reverse-recovery period of
D, to release its residual stored charge. The turn-off rate is governed by the
decreasing rate of iz5 in (3.9). In order to remove the parasitic ringing caused

by the reverse-bias capacitance of D, and the leakage inductance of the coupled
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Figure 3.3: Key switching waveforms of the proposed converter.
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inductors, D3 has to turn on to clamp the anode of D, to ground. The induced

eml in Ly should therefore be sufficiently high to turn on D3, namely
Vg > Vin (310)

Substituting (3.1), (3.2) and (3.6) into (3.10), we come up with the requirement
to forward bias Ds:

n%k > 1 (3.11)

In practice, due to the imperfect coupling between the coupled inductors, there
are leakage inductances. The leakage inductances are modeled as (L1 — Lag/n)
in [, and (Ly — nlpy) in Ly, as shown in Figure. 3.2. Referring to (3.11), since
the coupling cocfficicnt k is always less than 1, the turns ratio n must be greater
than 1. If the condition in (3.11) is fulfilled, the voltage applied on D3 may
decrease from V, to zero and D3 may conduct in Stage 2. The voltage across
La, (v; + vg), is then equal to Vi,, and i;, begins to flow in negative direction.
Meanwhile, a reverse voltage is set up in D, from zero towards V. and D; starts
to turn off. This stage ends when D, is completely reverse-biased. Note that for
the absence of Dy, Dy will start ringing between the parasitic capacitance of D,

and the leakage inductance of the coupled inductors once it is turned off at to.

Stage 3 (t2 — t3) [Figure. 3.4(c)]: At t = t,, Dy conducts fully and ip3 = 7y,.

The rate of change of izy (and thus ip3) equals

diL2 _ (1 - nk)v;n

& = WLyl - ) (3.12)
The current iz, continues to ramp up. The rate of change of i, is

dz - k)W,

wy_ (n— k) (3.13)

dt  nL(l-k?)
D3 clamps the anode voltage of D, to ground and prevents it from ringing. This

stage is completed when S1 is turned off.

Stage 4 (t3 —t,4) [Figure. 3.4(d)}: S1 is turned off at ¢t = t3. The current that
was flowing through the drain to source channels of S1 is now being switched
to Coss. As a result, C,,, is charged up by i, in a resonant manner towards

Vo. Since the charging time is short compared to the oscillation period, which is



3. Technique for Reducing Reverse-Recovery and Switching Losses 42

given by 2mv/L Cyss, vps) increases linearly. After vpg reaches V,,, the charging
current will continue to charge up C,ys. vps; then rises above V,. This stage ends

when D is forward-biased.

Stage 5 (t4—t5) [Figure. 3.4(e)]: At t = t,, D, turns on. A constant negative
vollage, —(V, — Vin), is applied across L;. The current in L, decreases linearly

from its peak value with a rate of

diLl _ (n - k)v:n - n‘/o

= 14
dt TLL{(]. - k2) (3 )
In the meantime, the rate of change of iz equals
} - in k‘/o
dILz _ (1 nk)V +n (315)

dt nle(I — k?)
The energy stored in L, and L, are transferred to the load through D; and the

source Vi, respectively. This interval ends when i, and ipg reach zero.

Stage 6 (t5 — t5) [Figure. 3.4(f)]: D3 undergoes a reverse-recovery transition.
The turn-off rate of Dy is limited to the rate of change of iz in (3.15). The
blocking voltage applied across Dy begins to rise towards V,. At the same time,
the reverse voltage applied across D starts to drop from V, to zero. After that,
D, enters conduction state. At the end of this interval, Dj is completely reverse-

hiased.

Stage 7 (t — t7) [Figure. 3.4(g)]: At t = t5, D3 recuperates from reverse-
recovery period and ceases conducting. As D, conducts, a constant negative
vollage, —(V, — V,,.), is applied across L,. However, the current i;, becomes
positive to flow through D, to the output owing to the energy coupled from L.

d’iLg _ (1 — T!.}C)(‘/m - V;,)
dt ~  n2L(1 - k?)

(3.16)

During this stage, the inductor current iz, continues to decrease as the rest of
the energy stored in L, continues to be delivered to output through D,. The rate
of change of iy, is now equal to

diLl _ (n - k)(V;n - Vo)
dt  nL(l-k2)

(3.17)

This mode ends when i, drops to zero.
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Figure 3.4: Eight operation stages of the converter during one switching period.
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Figure 3.4: Eight operation stages of the converter during one switching period.
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Stage 8 (7 —tg) [Figure. 3.4(h)}: i, and ip, drop to zero at ¢ = t7. Reverse-
recovery of Dy occurs at a turn-off rate limited to that of iy, in (3.17). During
this time interval, 7;, flows backward in a current loop consisting of L,, V,, C,
and D,. At the same time, vpg, decreases with a resonance frequency w, because
the charge stored in Cyy, is being transferred through L, back to the input source.
At the end of this stage, vpg, reaches a minimum value and S1 is then turned

on at ¢ = g to begin the next switching cycle. The voltage and current of C,,

during this period are

vpsi{t) = Vo + (Vo ~ Vin)(1 — B)[cosw, (t — t7) — 1] (3.18)
tgoss(t) = (Vin — Vo)1 — 3) Z,sinw, (t — t) (3.19)
where
_k(n+1)
8= m (3.20)
L (3.21)

Wr = —/——=
vV Llcoss
L,

7, = |G (3.22)

g =t; + I (323)

T

Substituting (3.23) into (3.18), the minimum drain-to-source voltage of S1 is

written as

vpsi(ts) = Vo — 2(V, — Vi )(1 - 3) (3.24)

Deline the voltage conversion ratio M = Vo/Vin and let V;,=100V. Equation
(3.24) can then be plotted as shown in F igure. 3.5. It is found that the smaller
is the value of 7, the lower is the drain-to-source voltage for the turn-on of S1. 3
refects effectively the portion of magnetizing inductance of the coupled-inductors.
Also, when M is smaller than 2, only non-ideal zero-voltage-switching (ZVS), or
low-voltage turn-on, for S1 is obtainable. Based on (3.20), a plot of 3 against
turns ratio n for different values of k is given in Figure. 3.6. It can be observed

that  decreases when n is increased, or k is decreased.

It should be noted that the charge stored in C,,; is removed in a resonance

manner by the leakage inductance of the coupled inductors. If S1 is not switched
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on around the time when vpg; is minimum (at ¢ = t3), the low-voltage turn-on
property will be lost. This resuits in higher capacitive turn-on loss as residual
energy in Cpg, is being dissipated through the switch at the instant S1 is turned

on. This capacitive loss, Pc,.s, can be calculated as

1
FPeoss = fcossvf)SL(tS) (325)

As shown in Figure. 3.7, vps, will tend to oscillate if S1 remains off. The
oscillation frequency is wr, but the amplitude will gradually decrease as energy is

being dissipated by the circuit devices along the oscillation path.

3.3 Design Criteria

3.3.1 Condition for Reduction of Reverse-Recovery Loss

Since all rectifier currents reach zero before undergoing the reverse-recovery tran-
sitions, the loss due to the reverse-recovery current will be significantly reduced
compared to the case where a reverse voltage is suddenly applied to a reciifier
while it is heavily conducting in the forward direction. Moreover, the reverse-
recovery currents of the rectifiers in the proposed circuit are all controlled by the
leakage inductances of the coupled inductors (dip;/dt is controlled by leakage in-
ductance (Ly — Ly /n), dipy/dt and dips/dt are controlled by leakage inductance
(La — TLLM)j. Soft turn-off of the rectifiers is thus ensured. However, in order to

obtain the desired operation, the following inequality must be salisfied.

tg—ty <1—d (3.26)

In general, it is preferable to keep the turn-off rate of ultra-fast rectificrs
below 100A/ys in order to alleviate the reverse-recovery problem. As mentioned
ahove, the twn-off rates of Dy, D, and Dj are controlled by (3.17}, (3.9) and
(3.15) respectively. It is clear that the turn-off rates can be reduced by increasing
the leakage inductance. In order to observe the effects of n and & on the turn-off

rate, two normalized expressions (from (3.17)) for the turn-off rate of Dy, 7, p((n)
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Figure 3.5: Minimum vpg, attainable by the converter at different values of 3.

Figure 3.6: (3 versus turns ratio n for different values of k.
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(as a function of n) and r,, pi(k) (as a function of k), are formed.

(1 — ko)
ne — ko)
_ (1=K {n, - k)
- (1 - k2)(n, — k,)

Tn.Dl(n) =

Tn,Dl(k)

(3.27)

(3.28)

where n, and k, are the reference values of n and k. Similarly, for the turn-off
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Figure 3.7: Drain-to-source voltage vpg, of S1 after the switch is turned off.
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Figure 3.9: Normalized di/dt turn-off rates of rectifiers versus turns ratio n.

rates of Dy in (3.9) and Dj in (3.15), we have
n2[(1 - nk,) — M)

2 = S ko) — M) (329
_ (1= kD1 = ngk) - M)
mmo2k) = O (1 k) = M] (3-30)
(1 - nko) + nk,M]
) = 0 )+ kM) (331
o (k) = (1 - k2)[(1 — nok) + nkM] (3.32)

(1= B2)[(1 — nok,) + nokoM]
Define k, = 0.7 and from (3.11) n, = 1.2. Equations (3.27) to (3.32) are plotted
and shown in Figures. 3.8 and 3.9. It can be seen that all the rectificr turn-off
rates are reduced when k is decreased. However, when n is decreased, the di /dt
rate of Dy is reduced and those of D, and D, are increased. Since the main input
current flows through D; and more residue charge will be stored in D, which
has to be removed at the reverse-recovery period, it is better to choose a smaller

n which is close to 1/vk (from (3.11)).

3.3.2 Voltage Conversion Ratio V,/V;,

Relerring to the switching waveforms in Figure. 3.3, it is assumed that Sl is

turned on a little later after ¢, and ip, fall to zero. The delay time should be
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7 fw, in order to achieve low-voltage turn-on. Since 7 /w, is much shorter than
the switching period Ty, L; can be regarded as operating in boundary or critical
mode (between DCM and CCM). Using the voltage-second balance either on [,
or L, the relationship between the input and output voltages of the proposed
converter is given by

V, 1

where d is the duty ratio of S1. Equation (3.33) shows that the voltage conversion

ratio is the same as that of the conventional' CCM boost converter.

3.3.3 Determination of Critical Inductance of I,

As the converter is designed to have L, operating in boundary mode, the critical
value of L, has to be determined. The average output current f,, which is the

sum of average rectifiers currents of Dy and Dy, is given by

I = 'iDl,aug + 2:Dfl,cwg (334)

Equating the voltage-second balances on leakage inductances (Ly ~ Lps/n) and
(L2 — nLy) and substituting (3.33) into the equality, the relationship between

the time intervals is obtained,
t5 - t4 = tl - to (335)

Substituting (3.26) and (3.35) into (3.34), the critical inductance of L, is found

as
RT, n?-1
2 n¥(1-k?)

where R, is the loading resistance.

d(1 - d)* (3.36)

Ly crit =

3.3.4 Control of Input/Output Current

In order to control ¢y, the controller circuit should be designed in such a way that
S1 will be turned off when 7;, reaches a pre-determined value. S1 will be turned
on again when ir, reaches zero. A slight delay may be necessary to ensure that

Coss has been discharged and vpg; has reached a minimum before S1 is turned on.
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In cffect, as can be seen from (3.33) and (3.36), both duty-cycle and frequency
modulation are used for the control of iz,. Since i, can be well controlled, the

circuit may be easily designed to operate as a power-factor-correction circuit.

At present a number of commercial PFC controller ICs such as UC3852 and
M(C34262, which operate in critical conduction mode, can achieve the control
purpose. When the controller switches on S1, 41, is charged up linearly until
it reaches the rectified sine wave envelope. This envelope is generated from the
controller with magnitude controlled by the output voltage and the input rectified
voliage. Using this envelope as a reference, the converter draws input current that
follows in-phase with the rectified input voltage, achieving unity power fact;or.
Meanwhile, the output voltage is also loosely regulated because the input current,
hence the inbut power, is limited by the envelope. The controller also monitors
tpr. Alter ip; reaches zero, a time delay signal equals 7 /w, is introduced by the
zero current detector of the controller. This is to ensure vpg; has been reached

to minimum before 51 is turned on again to reduce turn-on switching loss.

3.3.5 Voltage and Current Stresses of Rectifiers and Switch

To estimate the voltage rating of the boost switch SI, it is assumed that the
voltage spike appearing on vpg; is completely absorbed by the parasitic capaci-
tance Coss, 50 that no voltage overshoot will occur. By analysing the switching
waveforms one can see that the maximum voltages across the rectifiers and Sl
are clamped to V, when they are turned off. Without the addition of Dy to the
circuit, the maximum voltage on Dy, Vi, will no longer being clamped to V, but

it is given by [16]
Vb2 = Vo + (Ly — nlpy) * di(rec) M /dt (3.37)

A snubber is necessary to avoid excessive voltage stress on D, but it introduces
additional loss. In the proposed converter, D, is always clamped by D; to V, after
it is turned off (at ¢, of Figure. 3.3). Moreover, the undesirable resonance between
the leakage inductance of the coupled inductors and the parasitic capacitance of

D, is eliminated, reducing the EMI noise.
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The maximum current of S1 (also the peak current of D)) is equal to the
maximum current of L, at ¢ = t4. Taking into account the converter efficiency #
and assuming that the time interval of ¢, — ¢, is far shorter than dT (true if k
tends to one), the peak current of S1 {or D,} can be found by combining (3.8),

(3.13), (3.33) and (3.36)
2P, maz Gk, n)

i.S'l,maz = iDl,maa: = - V. (338)
where
_ n{n—k)
Glk,n) = T (3.39)

and F, a5 is the maximum output power. Based on the above consideration and
assumption, the peak current of Dy and Dj are found by combining (3.13), (3.16),
(3.33) and (3.36)

tD2,maz = 1D3,maz = Vi : (340)
where
nk—1
n?—-1

G(k,n) and H(k,n) are plotted against turns ratio n for different values of k, as

H{k,n) =

(3.41)

shown in Figs. 3.10 and 3.11. It is noted that, for a given value of &, there is a
point where G(k, n) reaches a minimum (which corresponds to the lowest values of
51,maz aNd ip) maz). Almost stimultaneously, H (k,n) reaches a maximum (which

corresponds to the highest values of ipg mae, and 1D3 maz )-

3.3.6 Control of Leakage Inductance

From the above analysis in Section 3, the coupling of L, and L, is essential to the
overall converter operation. A toroidal core can be used to separate the windings
asidle (as being used in this paper), and yet share the same core and hence achieve
certain coupling. The coupling can be controlled through sliding the windings
along the core. A partially overlapping of the coupled inductors may result in
tighter coupling. A more accurate way to implement the magnetizing and leakage

inductances is to wind the cores separately.

As shown in Figures 3.5, 3.7, and 3.8, the converter will benefit from lower

di/dt and transistor voltage stress if k is decreased. However, if k is too small,
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the current stress on S1 will then be increased. Moreover, the operation of Stage
2 which requires n*k > 1 may not be guaranteed. Dy will not conduct and
achieve the clamping of D,. Parasitic oscillation of D, with stray inductance and
capacitance may occur as a result. Therefore, the optimal &k obtained should he
taken into account of voltage and current stresses of power components, di/dt of

rectifiers, input current ripple, and switching frequency of the converter.

3.3.7 Design Considerations

As mentioned in circuit operation analysis, at Stages 3 to 5 Dy is turned on
and some energy is diverted back to the input source. This circulation energy
should be kept to minimum in order to reduce overall conversion cfficiency. Since
the duration of ip; is fixed by voltage conversion ratio, the di/dt and hence the
average current can be reduced according to the inequality (3.10) or (3.11). That
is, hy making vs small enough to just slightly be larger than V;,,, the di/dt of D5
can be reduced. This supports the analysis in Section 3.3.1.

Although the proposed converter is ideally fitted for high power applications,
the RMS current of power devices should be noticed. Since the inductor currents
operate either in critical or discontinuous conduction mode, the RMS currents
increase as output power increases. The benefits of using the proposed converter
may be diminished as compared to a standard CCM boost converter, which RMS

current and conduction loss are the lowest among all operation modes.

3.4 Design Example

Based on the analysis in Section III, a design example will be presented. The

specifications of the converter are as follows:
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V, = 150V
Vin = IO‘jV
F, = 40W to 200W
fsmin = 50kHz

Here F, is the output power and f; min is the minimum switching frequency. The
main design considerations are to find the optimized values of n and k, and the
critical inductance of L, so that the soft-switching characteristic is preserved, the
reverse-recovery currents are limited and the current stress on S1 is minimized.
From the specifications the voltage conversion ratio is given by

150

The: steady state duty ratio of the switch S1 can be obtained from (3.33) as
1
d=1—-— =03 4
5 0.33 (3.43)

From Figure. 3.10, it can be seen that, n should be chosen to be around 2, where
the current stress of S1 reaches its minimum value. Therefore the turns ratio is
selected as

n=2 (3.44)

In the selection of £, it should be noted that a smaller value of k will result in a
slower turn-off rate of D, and a lower turn-on voltage of S1. However, the current
stress on S1 will then increase (for decreasing value of k). As a compromise, the
coupling cocfficient is chosen as

k=08 (3.45)

Substituting (3.43), (3.44), (3.45) and above specification parameters into (3.36),

the critical inductance of L, is obtained as

Ly it = 3470 H (3.46)
Putting (3.44) and (3.45) into (3.11), we have

nfk=32>1 (3.47)

Equation (3.47) shows that the chosen values of n and k& are valid to ensure a

proper operation of the converter. Then from (3.17), the turn-off rate of D,
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which is controlled by L., is given by dip,/dt = 2.4A/ps. Supposing that the
converter efficiency is 95%, we have is) me. = 3.36A at 200W output power. As
the duty ratio is insensitive to load change according to (3.33), the switching
frequency will be varied when the load is changed. The switching frequency f, is
maximum when the output power is minimum (i.e. R, is maximuin).

2
Ro,maz n°—1

_ _ N2
fs,mu—%lmmz(l_k?)d(l d) (3.48)

In this example, the minimum output power is 40W (or Ry maz = 562.50). There-
fore f;mar=250kHz. Assuming the value of C,,, be 400pF, then from (3.20) we
have 3 = 0.67. Substituting this value into (3.24) and (3.25), we can roughly

estimate the capacitive turn-on loss as P, = 0.68W at minimum output power.

3.5 Experimental Results

Based on the design example described in the preceding section, an improved
CCM boost converter is implemented. The hardware prototype has a 100Vdc
input and a 200W (150V/1.33A) output. The duty ratio is kept at 0.33 to main-
tain the voltage conversion ratio. The switching frequency decreased from around
230kHz to 44kHz when the load current I, increased from 0.25A to 1.33A. The

details of the components used are tabulated in Table 1.

Figure. 3.12 shows the significant reduction of voltage stress and elimination
of ringing caused by leakage inductance and parssitic capacitance of Dy under
same input-output condition (V;,=58V; V,=80V; /,=0.33A). Figure. 3.13 shows
the waveforms of the drain-to-source voltage vpg, of S1 and the currents of the

rectifiers at.a load current of 0.25A. Figure. 3.14 shows the waveforms at [ull

Component, Details

Coupled Inductors L; = 347uH; Ly = 1.38mH; n = 2, k=08
MOSFET MTWI4N50E (for S1) with C,,; = 280pF
Rectifiers MURB20 (for D; — Ds)
Capacitors Co = 2 % 220uF/250V

Table 3.1: Details of components used in 150V-200W CCM boost converter.
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(b) CH1: Vp, (40V/div); CH2: ipy (200mA/div)

Figure 3.12: Comparison of voltage stress on Dy: (a) Without D3 added; (b)
With D3 added. Note the different voltage scale of CH1 of the two experimental
setups under same measurement condition.

loact (P,=200W). As predicted, vpg; is decreased in a resonant manner after i Dt
has reached zero to provide a low-voltage turn-on of S1. It can be seen that all
the rectifier turn-off rate are controlled and no reverse recovery current spikes
appear in all the rectifiers at the turn-off instant. Notice that, as shown in Figs.
3.13 and 3.14, the parasitic ringing on ip; is eliminated. Figure. 3.15 shows the
detailed waveforms of vps; and ig, at full load. Here it is found that no transient
spike is observed at the instant of S1 turn-on. Figure. 3.16 shows the measured
converter efficiency. It is found that the efficiency remains at 97% or higher for

an output power of 80W to 150W.
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Figure 3.13: Measured drain-to-source voltage of S1 and rectifier currents at
F,=37.5W. (vpgi: 100V/div; ip,: 1A/div; ipy: 200mA/div; ip,: 500mA /div;
time base: 2us/div).
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Figure 3.14: Measured drain-to-source voltage of S1 and rectifier currents at
Fy=200W. (vpsi: 100V/div; ipy: 2A/div; ipg: 300mA /div; ips: lA/dlv tirne
base: 5yis/div).
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Figure 3.15: Measured drain-to-source voltage and current of S1 at P,=200W.
(vpsi: 100V/div; ig,: 2A/div; time base: 5ps/div).
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Figure 3.16: Measured efficiency of the proposed CCM boost converter at different
output power levels.

3.6 Comparative Loss Analysis

A brief comparison of conduction loss of additional components of the proposed
CCM boost converter to that of the conventional CCM boost converter is carried
out and tabulated in Table 3.2. The conduction loss of diodes is calculated by
integration of diode current according to experimental switching waveform and
forward voltage drop provided by data sheet at particular forward current. It can
be seen that the conduction losses are comparable. The conduction losses of D1
and D2 are due to the sharing of main output current of the proposed converter.

Conduction loss of D3 is due to the circulation current.

3.7 Comparison with Saturable Inductor

A possible way to reduce the reverse-recovery related loss in CCM hoost converter
is to add a saturable inductor serially with the output rectifier. It is simple and
no extra control is needed. However, this method does not eliminate reverse-
recovery current but only convert this energy to hysteresis loss of saturable core

with square-like BH loop. It is a dissipative method and the core grows very hot
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Conduction Loss | Proposed CCM Boost. | Conventional CCM Boost
D1 0.935 1.209
D2 0.198 N/A
D3 0.100 N/A
Total 1.233W 1.209W ]

Table 3.2: Comparison of components conduction losses at F,=200W.

eventually. For the proposed converter, the reverse-recovery current of all recti-

fiers are reduced to minimum due to the limiting di/dt by the leakage inductance.

3.8 Summary

This chapter presents an improved single-switch CCM boost converter in which all
the rectifiers are turned off softly. The turn-off rates of the rectifiers are controlled
by the leakage inductances of the coupled inductors. Moreover, the hoost switch
can be operated under a low-voltage turn-on condition. The transient spike and
parasitic ringing during the turn-on instant of the switch are successfully elimi-
nated by the addition of a clamping rectifier. The theoretical analysis is verified
by an experimental setup working at 200W output power. The concept depicted
for the boost converter can also be extended to many other non-isolated converter
topoelogies such as buck, buck-boost and Cuk. The converter is particularly useful

for power factor correction applications.



Chapter 4

Voltage and Current Stresses
Reduction Using an Auxiliary

Transformer

4.1 Introduction

This chapter intends to solve the high storage capacitor voltage stress, high cur-
rent stress on the power switch and limited conversion efficiency problems of
single-stage power-factor-corrected (S*PFC) converters, as mentioned in Chap-
ter 2. The proposed method is to add an auxiliary transformer to the S?PFC
converter. This transformer provides a direct power transfer path for input line
to output load after the first power process. The storage capacitor voltage and
its range of voltage change against line voltage change are thus reduced. This
also decreases the current stress and increases the conversion efficiency, due to
this reduced repeated power processing. High power factor is maintained due
to the elimination of dead angle of the input current. A similar idea has also
been proposed at the same time [41], but the authors implemented the idea
on a boost-forward converter working in continuous-conduction mode (CCM)
with a discontinuous-conduction-mode (DCM) auxiliary transformer. The au-
thors mainly concerned about the analysis of operation and the derivation of
storage capacitor voltage. This chapter, however, presents comprehensive anal-

ysis and optimal design of a boost-Ayback S2PFC converter with the auxiliary

62



4. Voltage and Current Stresses Reduction Using an Auxiliary Transformer 63

transformer working in both DCM and CCM. It is found that the auxiliary trans-
foriner with CCM operation reduces the voltage stress on decreasing load while it
is not feasible in DCM operation. Experimental results of a 15V/60W prototype,
with comparison to a S?PFC converter without the auxiliary transformer, are

given to show the proposed method effective.

4.2 Proposed S?PFC Converter with DCM Aux-

iliary Transformer

4.2.1 Circuit Description

The proposed single-switch S2PFC converter, which is formed by adding an aux-
iliary transformer (fyback transformer TR1) to a boost-flyback S2PFC converter
(with boost inductor Lg and flyback transformer TR2), is shown in Figure. 4.1.
Both inductor and transformers are working in DCM. A low-loss snubber is added
to the circuit for suppressing the transistor turn-off loss and recycling the leakage
energy. ‘The inductor Ly is used for improving the power factor and serving as a

storage element for feeding the intermediate storage capacitor Cy. The flyback

Dy
Auxiliary
Transfermer

Low-loss Snubber

Figure 4.1: Proposed boost-fiyback type single-switch single-stage power-factor-
corrected {S2PFC) converter with a low-loss snubber.
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transformers TR1 and TR2 are used for transferring input power being processed
once and twice, respectively, to the output. In the steady state, there are six
morles of operation. The key theoretical waveforms within several switching pe-

riodls are shown in Figure. 4.2.

4.2.2  Circuit Operation Analysis

To facilitate the analysis of the circuit, some assumptions are made. First, the
capacitors Cg and C, are large enough so that the voltage ripple on V3 and V,
are negligible; Vg and V, are essentially dc voltage sources. Second, the switching
frequency f; (=1/T) is much faster than the line frequency so that the rectified
input voltage |V, siné| (V;, is the peak input voltage) within a switching interval is
constant. Third, L, and L, represent the magnetizing inductances of transformers

TRI and TR2.

Mode 1 starts at t = t;, when the power switch S1 is turned on. Since
the storage capacitor voltage Vj is always higher than the rectificd line voltage
[Viesin8|, D, is blocked and Lp and Ly are linearly charged up by {Vinsing| at
the same rate,

diyp _dig, . |Vinsind|

dt dt  Lg+ 1L,
Meanwhile, L, is linearly charged up by the bulk capacitor C'5. The charge stored

(4.1)

in C; is also discharging through L,. The decreasing slope of the charging rate,
dips1/dt, indicates that the charge in C, is being removed. The output capacitor

C, sustains the output voltage V,. The mode ends when S1 is turned off.

In operation Mode 2 at ¢ = #,, S1 is turned off and the energy stored in the
leakage inductance (not shown for brevity) of TR1 and TR2 is being transferred
to s through paths L, — D, — C, — Dgyand Ly— Dy~ C,— Dyy — D, respectively.
At the same time, the energy stored in L, is diverted to the load. Note that the
turns ratio of the snubber transformer is chosen such that the energy stored in
L; will not be dumped to C. Power loss will be reduced if energy is diverted to

the load directly. Therefore the following inequality should be satisfied,

n,V, < Vp (42)
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Figure 4.2: Key theoretical waveforms within several switching periods.

This interval ends when the leakage energy has been transferred to C,.

Mode 3 starts at ¢t = £,. The energy stored in Ly and L, are transferred to
the output load through TR1-D, and TR2-Ds respectively. At the same time,
Lg delivers its stored energy to Cgz with a rate of

dirg Vg — |Vgsind|
dt Lg

(4.3)

Note that Lg and L, form a power divider network for which some portion of
input power is transferred to the output through L, directly to increase conversion
efficiency and reduce the level of Vj. In (4.1) and (4.3), the effective inductance

during charge and discharge periods of the input inductor are Lg + L, and Lg
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respectively. The smaller effective inductance during discharge period gives a
faster discharging rate. This reduces the input current distortion. The drain-to-
source voltage of S1, Vg, rises to Vg + N,V,. This interval ends when Lp has

released all its energy.

During operation Mode 4 (3 — t4), energy stored in TRI and TR2 continue
to discharge through D4 and D; respectively. At the end of the interval, TR1 is
reset. 1ps must reach zero before the next turn-on period of S1, otherwise the
remnant current will reflect. to the primary side of TR1 and add up to iz causing
distortion to the input current. At the end of operation Mode 5 (ta —ts5), TR2 is
reset. In operation Mode 6 (5 — td), there is no energy left either in the inductor
or the transformers. C, sustains the output voltage and Vpg, stays at the bulk
capacitor voltage Vg. At the end of this mode, S1 turns on again to begin the

next switching cycle.

4.3 Steady State Analysis

In this section, the voltage across the storage capacitor C'g, the power factor and
power distribution under different inductance ratios of £, 8/L1 and L, /L, will be
investigated. To facilitate the analysis and design, some useful expressions such
as the duty ratio, the voltage conversion ratio of V; to Vim, and the average input

current are derived.

4.3.1 Duty Ratio D

Since the boost converter operating in DCM corrects the power factor automati-
cally, power factor correction and output voltage regulation of a S2PFC converter
can be achieved simultaneously by solely controlling the output voltage. Refer-
ring to Figure. 3.3, the time to charge up C, (at ¢, — ta2) is far shorter than the
period to discharge TR1 and TR2. Moreover, the leakage energy recycled by the
snubber transformer only contributes to a tiny portion of the total output power.

Therefore, the averaged output current can be approximated by the sum of ip,
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and ’I:D5

1o

— DTs (Nle|sm9| N2VB Db) (4 4)

D,
2 Lg+ L, + L,

where T, is the switching frequency. D, and Dy are the duty ratios as shown
in Figure. 3.3 and they can be found by voltage-second balance on Ly and L,

respectively, Vi Jsindl
mlsind| L,

* T YNV, (Ls + L)
Vg
NoV,
Substitute (4.4), {4.5) and (4.6) into the following equation

(4.5)

Dy=D

(4.6)

Vo=1 oRo (47)
then yields the steady state equation of the duty ratio

6 _' 2M12L2,5'(1 + a)?
)=\ BT [simf + PR3+ 0]

where My = V,/Vi,, My = V/V,, o = Lg/Ly and 8 = L,/L,. It can be seen

(4.8)

thai the duty ratio of the proposed circuit varies according to the input voltage.

4.3.2 Voltage Conversion Ratio of V3 to Vin, Mo

Since the storage capacitor voltage Vg determines the inductor and transformers
valuies, the power factor as well as the portion of power distribution by TR1 and
TR2, it is necessary to derive an expression for V. Consider the energy stores in
Cg during the off-state period of S1. The averaged Ly current during this period
equals the averaged capacitor current. It is given by

aD(0)*T, V2|sing|?
2La(cr +1)2 [ Vig ~ Vjp|sind)|

?:LBO,aug = (49)

While the on-state period of St, the capacitor transfers energy to store in L, and
its averaged capacitor current equals the averaged Lo current

) D(6)*T,
tL2,aug = g[)ﬂ VB (410)

In steady state, the averaged capacitor current over a half line cycle should be

zero, that is

/ 1':.L;B‘O,a'ugvfl{g - f z.L?,cm.gvdg =0 (411)
] ]
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Figure 4.3: Inductance ratio of L;/Ly(= /) against Lg/L\(= «) for values of
different My (= Vg/V,,).

Substituting (4.8), (4.9} and (4.10) into (4.11) and rearranging of terms, a tran-

scendental expression of M, is found,
I [sired|Paf{ov1)%d8
E 0 (Mz—isman[|sin312+M§ﬁ(a+1)2]

7 r 3o+ D)dd
m Jo Jsind| 2+ M2 (e +1)2

M, =

(4.12)

From (4.12) it can be seen that M, depends on o and 3 only and it can
merely be solved by numerical method. According to (4.12), the inductance ratio
Li/La(= 3) is plotted against Lg/L,(= ¢} for different values of My(= Vp/V,,)
and is shown in Figure. 4.3. It is shown in Figure. 4.3 that for a given value
of «r, Vp increases (or M, increases) with increasing value of L, (or a decreasing
ratio of 3). The increase in Vg can be explained as following. When L, becomes
larger, the rate of change of i1, and also the energy stored in L, will be decreased.
The turn-on time of S1 is made longer by the feedback compensation network to
maintain the output voltage constant. The energy stored in Lg and hence Cg
will be increased. Vj is therefore shifted up to higher level. For a given value of
0, Vp increases (or M; increases) with an increasing value of Ly (or an increasing
ratio of ). It is because when Lg gets larger it will store a larger portion of

input energy as Lpg and L, are charged up in series when S1 is turned on. More
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energy will be fed to Cs. However, when « continues to increase {or Ly continues
to decrease), TR1 will handle less output power than that of TR2. In addition,
the increase in o also brings down the charging rate of Lp and L; and so as the
energy stored in them. Therefore energy to be stored in Cp will be getting less
and Vg will be shifted to a lower level. This explains the fall of the curves when

v hicreases.

4.3.3 Condition of Good Power Factor PF

Since the input current i,, equals tLg, the instantaneous average input current,
Zin, can be calculated by considering the area of the triangular waveform within

a switching cycle, we have

!
. _ VuD(D+ DT,
T L+ L)

[sinf| (4.13}

where D, is the ratio of time for Ly to discharge. From the voltage-second balance

on Lg we obtain
a |sind)|
(a + 1) My — |sind)|

Substitute (4.14) into (4.13), the average input current over a half line cycle

D.=D

(4.14)

becomes
. Vi DT,

in — ——————————— " 4 d .
= D fo |sind| F(8)d8 (4.15)

where

_ (M — [sinf])(a + 1) + |sind)
F6) = My ~ |sind|){c + 1)

Moreover, the rms value of the input current is

(4.16)

VT,

Iinrmsz_'—__ i 1|57 2 2.9 .
™ T i /0 D|sind|2F(6)2d (4.17)

The input power is calculated from the product of |V,,siné| and %;,, which is

expressed by
_ ViT,
" QTFL[(O: + 1)

Since the power factor is the ratio of average input power to the apparent power,

f " DP|sind)| F(#)dé (4.18)
0

we have
pp—._fm (4.19)

Vm,rms Iin,rms
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Figure 4.4: Calculated power factor against Lp/I(= ) for differcut values
Ma(= Vg /Vsr).

Substitute (4.8), (4.17) and {4.18) into (4.19), we finally get the expression of

the power factor, which is given by

. \/g Jr G(O)F(0)de
7 Jo [G(6)F(6)) db

(4.20)

where
(a + 1)%sin?0
g) =
) sin®d + Bla + 1)2 M}

From (4.20) a set of graphs showing the relationship between « and the power

(4.21)

facior for differeut values of M, is shown in F igure. 4.4. [t can be seen that
the proposed circuit has already reached a power factor around 0.98 for only
Mz = 1.2 and when « > 0.2. To compare the power factor capability to that
of the S?PFC converters [22], Figure. 4.5 shows the plot of Vg versus V,, at
different values of power factor. It is clear that the proposed S?PFC converter
attains the same power factor with lower Vj. Moreover, the proposed circuit
reduces the range of voltage change against the line voltage change. Note that
the selection of storage capacitor is determined by the capacitance needed for
hold-up time requirement at low line full load and by the maximum tolerable
voltage at high line. From Figure. 4.5 again we can see that, as compared to the

S?PFC converters {22], the proposed S2PFC converter needs a storage capacitor
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Figure 4.5: Comparison of storage capacitor voltage as a function of rms line
~ voltage of the S2PFC converter in [22] and the proposed S2PFC converter for
different values of power factor.

with slightly larger capacitance but with much smaller voltage rating. Therefore,

it is possible for the proposed S*PFC to select a smaller Cp.

4.3.4 Power Distribution by TR1 and TR2

For the proposed S*PFC converter, the output power delivered by transformer
TR1 is processed once, and that by transformer TR2 is processed twice. The
output power is given by

2 2 2 o012
Po— Vo _ ViEDT, [ [sinb|

R, 2Ly |[{a+1)?

In the square blanket of (4.22), the first term and the second term represent the

+ ﬁMg] (4.22)

output power contributed by TR1 and TR2 correspondingly. By the assumption
of constant duty ratio D for simplified analysis, the portion of output power

handled by TR1 and TR2 are found as, respectively,

V2 fo |sin8|?d8
Porpm == =2 23
TR R, g [[sinb)? + Bla + 1)2MZ] dé (423)
— V::rz ;3(0: + 1)2M22 (424)

Porpe = -2 :
TR R, [T [[sind2 + Bla + 1)2M2) 48
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F‘igure 4.6: Percentage of output power delivered by TR1.

Figure 4.6 shows the percentage of output power delivered by TR1 at different o.
It is seen that, with smaller value of o (M, also decreases as indicated in F igure
4.3), TR1 handles more input power to be processed once. This results in higher
conversion cfficicney as less input power will be processed twice. The re-process of
input power causes extra loss to components in the form of heat. From Figure 4.6
it is also observed that, for a given value of ¢, higher M, increases the percentage
of input power handled by TR1. Since the pre-determined power factor constrains
the level of My, the only possible way to increase conversion efficiency is to select
a stnaller value of «v. However, as will be discussed in next section, if « is chosen
to a very small value, the inductances of Lp and L, will decrease rapidly such

that high current stress will be imposed on the semiconductor devices.

4.4 Optimal Design of the Converter

The turns ratios N, and N, are critical parameters to determine the operation
morle of the inductor and transformers, the peak currents on the devices and the
voliage stress on the switch. The proposed S*PFC converter should be designed
such that i.g, ips and ips become discontinuous before the start of the next

turn-on period of S1.
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For a given V,, the discharging rates of ips and ip5 are determined by the
square of turns ratios and the inductances. To prevent L, from entering into
CCM, Dy < (1 — D) must be satisfied. The maximum value of L, can be found

as {which can be determined when siné = 0),

LZ,ma.:r: = (425)

R,T, ( NaM, )2
2 \My+ NoM,;

Take an example of a 15V-60W output S*PFC converter with switching frequency
of 75kHz and it is designed to operate over a wide range of line input voltage (90-
140Vrms). From (4.25), L, reaches its maximum value when the peak input
voltage Vi, is at its minimum (M; = V,/V,,), and M, = 15/(90v/2)=0.118.
Figure. 4.7 shows the plot of Ly ma, against the turns ratio N, for different values
of M, at minimum V,,. To reduce the current stress on the diodes agd switch of
the primary side, L, must be chosen with a larger N, and close to the maximum
value since the switch current stress decreases with increasing value of L, (or M,),

: _ Vo DT, | |sinb|
e [ﬁ(a Iy

The peak current of S1 also occurs at the peak input voltage, that is, |sind] = 1.

+ Mz} (4.26)

Considering the output section, the maximum current stress on Ds occurs when
[sinf] = 0 (for TR2 delivers the total output power). The peak current of Dy is

2T

Roloom (4.27)

ipspk = N2V,

Equation (4.27) shows that a small N, is preferred. The maximum peak current

of Dy, which happens at the peak input voltage (i.e. |sin@| = 1} is given by,

2T,
RoLs [B(a + 1)2MF + 1]

tDapk = vaa\/ (4.28)

From (4.28), an increase in the value of L, and a decrease in the value of N,
lower the peak current of D4. Since Li(= 3L,) is selected from Ly, & and 3 for
the desired power factor and the power distribution percentage of TR1, we need
to use a minimum value for Ny. If TR1 is operated in DCM, D, < (1 — D) must
be fulfilled. The constraint for Ny is

|send| D
Me+1)1-D

N, > (4.29)
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The value of Ly chosen from (4.25} is used for defining the duty ratio D
in (4.8). The minimum value of Ny, must be greater than the maximum value
calculated in (4.29). For iyg operating in DCM, we first consider the waveforms
of iy p and ip4 in Figure. 3.3. Assume ip, works in DCM, the following inequality
must be satistied

De <1 (4.30)
D, — )
Substituting the voltage-second balance of Ly and L, into (4.30), we obtain

< Mg ~ sinf

N 4.31
T (431)

Ny will be a minimum value when sinf = 1 (as M, > 1), so (4.31) becomes

N1<M2—1

4.32
< (432

Equation (4.32) provides the upper limit for Ny to prevent Lg from operating in
CCM. To understand the limits of N, for proper DCM operation of the converter,
(4.29) and (4.32) are used to plot a set of curves, as shown in Figure. 4.8,
illustrating the relationship between N; and « for different values of Ny at M, =
1.15. M, is set to 1.15 for obtaining high power factor (>0.96) and keeping Vg <
450V at high line. Note that the range of « for keeping Lg in DCM is narrowed
with increasing value of N,. Figure. 4.9 shows that the maximum voltage stress
on the switch 51 is Vg + N,V, at high line voltage. It is obvious that Ny <10
is preferred to limit the voltage stress on S1 (<600V). Although a larger N
reduces the switch peak current, yet a higher voltage stress is imposed on the
switch however. As the switching loss of S1 is the area of cross conduction of the
current flowing through S1 and the voltage across it, it may not be an advantage
of increasing N, to minimize the current stress on S1. However, a lower turns
ratio reduces the current stresses on output diodes. It can be concluded that, a
small turns ratio of Nj is preferred for 15V-60W output ratings and should be
chosen near the boundary mode of L to reduce the peak current of S1. Referring
to Figure. 4.4 again, « should be selected to be 0.5 or smaller to keep the power

factor around 0.97. And from Figure. 4.9, turns ratio N, = 6 is therefore chosen.
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4.5 Controller Design

The controller used for the proposed single-switch S?PFC converter resembles
commonly used voltage-mode PWM controller. The input current will he auto-
matically shaped for high power factor provided with DCM operation of input
inductor. The controller shall only montior and control the output voltage ac-
cording to line and load variations. Commercial voltage-mode PWM controller

ICs such as TL494 and TL5001A can be used.

4.6 Experimental Results

In order to confirm the theoretical analysis of the proposed single-switch S?PFC
converter, the converter shown in Figure. 4.1 was implemented with an 15V-
60W output for wide line voltage application (90-140Vrms) at a 75kHz switching
frequency. The control circuit used a voltage-mode PWM controller IC TL494
for output voltage regulation. According to the design criteria in Section 3,

the converter parameters are summarized as follows. Lp=53;H; L,=106.H;
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N1=2.04; L,=340;H and Ny=6. The power components used are: MTENGOE
(S1); MURA460 (D,-D3) and MURS60 (D4-Ds). The measured filtered (an input
LC filter with inductance and capacitance equal 4mH and 680nF respectively)
line-current waveform and the line-voltage is shown in Figure. 4.10. The mea-
sured power factor at this point is 0.953, which is close to the predicted value of
0.967. The discrepancy may be caused by the slight distortion of the line-voltage
in the experimental setup while it is assumed to be a pure sinusoidal waveform in
the theoretical analysis. The power factor and current total harmonic distortion
(THD) of the converter at difforent line voltage and load conditions are shown in
Figures. 4.11 and 4.12 respectively. Figure. 4.13 shows the measured converter
efficiency, which rises gradually as load current increases. This may due to the
decrease in diode forward voltage drop and increase in duty ratio. It can also be
seen that as line voltage increases the converter efficiency drops lightly because
the voltage snubbér handles more recycle energy (v., increases as Vin increases)
and power dissipation through snubber increases. It may be remedied by using
a larger value of L,. The maximum converter efficiency is recorded at 82% at
low-line condition. A comparison between the proposed converter to the conven-
tional one without the auxiliary transformer under the same condition is carried
out. Lg/Ly is set to 0.75 to give power factor of 0.97. Based on (4.25), Ly in
this case is the same as was designed in the proposed S?2PFC converter. The
storage capacitor voltage for the proposed S2PFC converter is always lower than
converter without the auxiliary transformer with same power factor {around 0.96)
as shown in Figure. 4.14. From Figure. 4.15, it can be seen that the proposed

S?PFC converter also has higher officiency.

4.7 Proposed S?’PFC Converter with CCM A ux-

iliary Transformer

The circuit diagram of the proposed single-switch S?PFC converter, which is the
same n Figure 4.1 but without the low-loss snubber, is re-drawn in Figure. 4.16.

The converter consists of a DCM boost inductor Lp to shape the input current
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Figure 4.10: Measured filtered line-voltage v;,, (100V /div) and filtered line-current
iin (2A/div) at Vip pms = 140V and full load (I, = 4A). (Time bse: 5us/div)

and to deliver energy to the storage capacitor. The auxiliary flyback transformer
TR1, working mainly in CCM, is used to control the input current, to reduce the
current stress of the power switch and to provide a direct power transfer path to
the converter. Transformer TR2 mainly works in CCM and is used to maintain

output voltage constant.

To simplify the analysis of the converter, all components are assumed ideal.
The basic operation of the proposed converter is depicted as follows. When the
power switch S1 is turned on, the boost inductor Lg and primary inductance of
TR1 L are charged up linearly in series by the rectified input voltage |vin]. At the
same time, the primary inductance of TR2 L, is also charged up linearly by the
storage capacitor Vg. Diodes D3 and Dy are reverse biased due to the blocking
voltage which equals the output voltage plus the reflected primary voltage on the
secondary (dotted end is positive with respect to non-dotted end). The output
capacitor sustains the output voltage V,. After some time S1 turns off, diode D,
is also reverse biased. Diode Dpg conducts to maintain the current flow through

Lp. Meanwhile, TR1 and TR2 deliver stored energy to output through Iy and
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Figure 4.11: Measured power factor under line and load variations.
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Figure 4.12: Measured current THD under line and load variations.
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Figure 4.13: Measured converter efficiency under line and load variations.
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Figure 4.14: Comparison of storage capacitor voltage between the S?°PFC con-
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Figure 4.15: Comparison of converter efficiency between the S2PFC converter
with and without the auxiliary transformer at v;,, = 90V rms.

D, respectively (non-dotted end is positive with respect to dotted end). Before
S1 is turned on again to begin the next switching cycle, all the energy stored
n Lp is completely transferred to Cp. Otherwise Ly will operate in CCM and

distort the input current.

When ivin| traverses a half line cycle, the currents of TR1 and TR2 enter
different modes of operation, as shown in Figure. 6.3. Note that the current
waveforms of i.g, if, and i;2 shown in Figure. 6.3 are current envelops but
not averaged values. Although TR2 mainly works in CCM, the change of energy
transfer of TR1 due to line voltage variation alters the current level of TR2. There
are three modes of operation (M1-M3), as shown in Figure. 4.18, throughout the

half line cycle, which are described as follows:

Mode 1 [Figure. 4.18(a)]: During this mode (M1 in Figure. 4.17), TR2 runs
in CCM. Since the input power is smaller than the output power, TR2 handles

most the output power and TR1 operates in DCM. Considering the voltage-second
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~ Figure 4.16: Proposed single-switch single-stage power-factor-corrected converter
S?PFC converter with auxiliary transformer TRI1 in CCM.

balance of TR2, the duty ratio D of St is given by

NoV,

D=2 .
AT (4.33)

which resembles a normal CCM flyback converter with a constant duty cycle and
tight output regulation. As |v;,| increases, more input power as well as output
power will be handled by TR1. This pushes TR2 towards DCM as TR1 provides

more output current.

Mode 2 [Figure. 4.18(b)]: In this mode (M2 in Figure. 4.17), TR2 still
runs in CCM but with smaller magnitude of current through D,. TR1 operates
in CCM and handles most of the output power as [vin| increases further. The
duty ratio of S1 remains constant (same as (4.33)) because TR2 automatically
corrects the current difference between Dy and D, to maintain a constant output

current.

Mode 3 [Figure. 4.18(c)]: Within this mode (M3 in Figure. 4.17), TR2
is forced to run in DCM due to the increasing transfer of energy from TR1 as

|vin rises towards its peak value. The duty ratio of S1 can be derived from the
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Figure 4.17: Key switching waveforms of the proposed $?PFC converter at dif-
ferent modes of operation during a line cycle.

voltage-second balance of TR1 and is given by

L |'Uin’
Li+ Ly NV,

D=(1+4d) - d, (4.34)

Note that the duty ratio now depends not only on the output voltage and circuit
parameters, but also on the rectified line voltage. Since the power delivered from
TR1 increases until peak input voltage is reached, D is decreased to maintain
output power constant. When the line voltage decreases from its peak value, the
operation of TR1 and TR2 go back to Mode 2 and then to Mode 1 when finl

falls near the zero crossing region.
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4.8 Expression of the Storage Capacitor Voltage

The derivation of the storage capacitor voltage expression is essential to modeling
and design of the proposed S?PFC converter. Figure. 4.18 shows the current
waveforms of the boost inductor Ly and transformers TR1 and TR2 at different
modes of operation. In Mode 1, the instantaneous average input current, which
equals the averaged i,z within a switching cycle 7,, is obtained from the area of

triangular current waveform.

- D(D + d;)T,
= AL d)s, 4.
1LB,M1 2Lp+ Ly} [vin] (4.35)
The discharging time ratio d; is expressed as
D in
dy = LB [vin (4.36)

B Lg+ L, Vg — |'Uin|

While in Mode 2, the boost current experiences an additional fast slope at the
instant of switch turn-on due to the CCM operation of TR1. The instantaneous

average input current is thus given by

< _ T |[vin| + MV, |Vin|
LB M2 = 5 l:dl,,(QD dl,; + d3,t)T + (D dl,i)(D dl,i + d3,t)LB + Ll
(4.37)
where
dyi = [ Z dii([vin] + N1IV,) + Lo Dlvin|J (Ve ~ |us ”_1 | (4.38)
R A Lg+1, "
NEV,  Ni(joim| + MV,)]7
d i = a 1Yo 1 in /] .
1 a [——Ll + Lo (4.39)
(D - dl i—l)Ts N12V0
;= Ny [bey + o ChizUle g ] ~ D)T, 4
L] . LA P
bi = hjil_lﬂdl,in 'L = 112:3: wan (441)
B

7 is the number of switching period within the interval of Mode 2. The interest
of study here is to find when Mode 2 starts as it helps to predict the voltage and
current stresses, which will be investigated in Section V and VI respectively. At
the transition period of Mode 1 to Mode 2, ip; is operated just in the boundary

mode (i.e. S1 turns on at the instant ip3 becomes zero). Consider the fall period



4. Voltage and Current Stresses Reduction Using an Auxiliary Transformer 86

of ¢py, which equals (1 - D)T, we obtain the angle of input, voltage (#| in Figure.
6.3) where Mode 2 starts,

L
&y = arcsin [(1 + —-E)
L,

NLVB]

A% (4.42)

where |vi,| = Vi |sinfl| and V,, is the peak input voltage. Due to the symmetrical
property of |v;,{, Mode 2 ends at 7 — #,. During Mode 3, the hoost current is
the same as that in Mode 2, though TR2 works in DCM and the duty ratio is
changed from (4.33) to (4.34).

In the steady state, the energy ahsorbed by the converter during a half of
lme cycle is equal to the integral of the product of instant rectified input voltage

and average input current {(boost inductor current), which is given by

ki, = / I'Uml ZLB M1d6 + [ I’Uinl . ELB,M‘zd,a + / , Ivinl - ELB,Mch,H (443)
J-8, .

Assume in lossless condition that the energy absorbed equals the energy output
during a half line cycle (ie. E;, = E,,), the energy output can be expressed in

terms of output power P, and line period T
Ewg = Po v T (444_)

Therefore, the storage capacitor voltage expression can be found by equating

(4.43) and (4.44), which is given by

”1 ,’Um|2 D| D+d3 !Ta (.’H +

Lg+i,

S vl - T [dl_,-(QD —dyg+dy) =l 4 (D g WDy 4 da ) lel| a0 +

L+l

B N AL R U N

It is noted that this expression is transcendental and can only be solved by specific
circuit parameters. In addition, equation (4.45) solely concerns the modes of
operation for either or both transformers working in CCM, which happens at
heavy load. At light load condition, it is possible that both transformers operate
in DCM for the entire line cycles. The equations derived above are then not valid
to describe the storage capacitor voltage. The duty ratio and storage capacitor

voltage for both transformers work in DCM have been found in (4.12).

(4.45)
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If TR1 and TR2 operate in Mode 1 to Mode 3 at heavy load, the storage
capacitor voltage Vp is determined by (4.45). In contrast to the existing S:PFC
converter topologies, even for those with the negative voltage feedback technique
[27]-[29], Vi of the proposed converter decreases as load reduces. This will be
proved analytically and experimentally in Section V and VIII respectively. When
TR1 and TR2 are both run in DCM, Vj is independent of load, as shown in
(4.12). In order to determine the mode of boundary, the discharging ratio d,
of TRI in DCM is considered at the peak of input voltage V.. In this case,
both transformers will be operated in DCM and d4 < 1 — D. Substituting this
inequality into (4.8) and relating it to the power-voltage equation, we come up

with the critical output power Py crit of the mode of boundary.

-2
LiV,, } \J 2L, Lo(Lg + Ly)2V2 }

P it = V2 . 1
ot ° { [ " (Lp + L) NV, T, [Ly Lofvin |2 + VE(L, + Lg)?]

(4.46)

4.9 Analysis of Voltage Stress Reduction

The voltage stress reduction on the storage capacitor of the proposed circuit is
achieved in two ways : 1) energy split by boost inductor Lz and transformer TR1

and 2) input current reduction through transformer TR1 operating in CCM.

4.9.1 Energy Split by Inductor Lg and Transformer TR1

With the insertion of TR1 into the input stage of the converter, the input energy
froin fv;n| is split into two portions. One portion is stored in Lg where energy
will be fed to C'g. The rest is stored in TR1 where energy will be directly coupled
to output. Figure. 4.19 shows the cffeet on Vg for different values of inductance
ratios using the equations (4.45) to (4.46) derived in Section IV. On one hand, the
ratio of boost inductance to auxiliary flyback magnetizing inductance (Lg/Ly)
reduces, the storage capacitor voltage Vi will be decreased. This is due to the
fact that more input energy will be diverted to the output through the auxiliary

ftvhack transformer, without being stored in Cp. On the other hand, if the
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Figure 4.19: Estimated V3 for different values of inductance ratios.
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ratio of auxiliary flyback magnetizing inductance to main flyback magnetizing
inductance (L,/L,) increases, the storage capacitor voltage Vi will be decreased
as well. This is because, viewing from the output side, TR1 handles more output,
power when (L,/L,) increases. With less power handled by TR2, less energy will
he stored in Cp and hence V3 is reduced. The turns ratios (N1 and N,) of the
converter also affect the level of V. As shown in Figure. 4.20, when N, increases
or N decreases, Vp is reduced. With the increase of N, or decrease of N3, more
output current and hence output power will shifted to TR1. It is observed from
Figure. 4.20 that N, has much greater impact on Vg than that of N,. Besides,

the fluctuation of Vi is reduced with decreasing value of N,.

It is noted that when Lg/L; = 0 (i.e. absence of Lg), all input power will
be processed by TR1. The voltage across Cp will be minimum for which Vg is
clamped to the peak of input voitage. In this case, however, the current harmonics
increases rapidly as it incurs dead angle of input current. This is equivalent to a

capacitor-filtered converter without PFC control.

4.9.2 Input Current Control by CCM of TR1

The input current control begins when the converter enters Mode 2 where TR1
is operating in CCM. To illustrate the cffect of input current control, Figure.
4.21 shows the instant when the load R, becomes light. Assume the load reduces
within the short period from ¢, to ¢y, the downslopes of the output diodes currents,
ips and ip4, will be increased (indicated in Figure. 4.21 as thin lines) due to the
increase of output voltage as mentioned in Section II. When the switch Si turns
on at ¢y, Lg and L, will both experience fa.éter charging slopes (L g and L, charge

up in series). The rate of change of i, 5 and i L1 are equal, which is given b
g Y

dicg _ din || + NV,
dt — dt Lg

(4.47)

From (4.47), it is observed that the input current (=iyp) carries the load infor-
mation through the reflected output voltage, which contains the sudden change
of load resistance. On one hand, the current in transformer TR2 will be auto-

matically reduced due to this decrease of load, so that less energy will be taken
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from Cyz. On the other hand, with this slight increase of output voltage due to
loadl reduction, the peak input current as well as the average input current will
be reduced. Therefore, less energy is being stored up in Cp, preventing the rise

in VB'

In addition, in the steady state D3 and D, will have higher peak currents at
heavy load than that at light load. This results in a longer interval of ¢y to ¢, which
allows the inductor currents (irB, i1y and i £2) to ramp up higher and store more
energy even though the rate of change of currents at difforent loading conditions
are the same. Therefore the duty ratio of S1 can remain roughly constant for
wide load change. To verify the above analysis, a series of computer simulation
of the circuit in Figure. 4.16 using PSpice circuit simulator is performed. The
circuit parameters are Lg = 50uH, [, = 200¢H, Ny =22, Ly = 1mH, N, =5, u,,
= 90V, and 60W/15Vpe output is tested. Figure. 4.22 shows the simulation
results of the S?PFC converter in Mode 2 at full load (60W) and half load (30W)
conditions. It can be seen that the duty ratio remains roughly unchanged at
different loading conditions. Although the preceding analysis is conducted for
Mode 2 only, the input current reduction still performs in Mode 3 since TR1

continues to work in CCM.

As mentioned in [41]-[42], when the auxiliary transformer operates in DCM,
voltage level on storage capacitor throughout the output power range is reduced.
However, it cannot help reduce the rising voltage stress on light load condition.
This is because the secondary current of the auxiliary transformer falls to zero
before the end of each switching cycle. At the instant when the power switch
is turned on, the magnetizing inductance is charging from zero. Thus, the state
of load (represented as load current) will not be brought to the input stage.
For the proposed converter with auxiliary transformer TR1 operated in CCM,
however, Vg is reduced at light load due to the input current control feature.
Mathematical estimation of Vg as plotted in Figures. 4.19 and 4.20 has been
proved the proposed approach effective. Experimental verification will be given

in Section VIII.
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Figure 4.21: Input current control of the proposed S?PFC converter in sudden
change of load current.

4.10 Analysis of Current Stress Reduction

The: average switch current 7 s1 of the converter is the sum of boost charging and
main flyback (TR1) primary currents, which is given by

- - - - = - V() -
51 = (iLp — ipp) + 112 = (irp —ipp) + ‘_'/;(Io —1ip3) (4.48)

It can be observed that if ipy = 0 (i.e. absence of TR1), the converter resembles a
normal single-switch S2PFC converter such that S1 has to handie all the currents
from the line input Jvs,| and the storage capacitor C'z. With the increase of
ip3, more output current will be provided by TR1 and hence the average switch
current will be reduced as anticipated from (4.48). However, as i =iL8 — ipg,

which increases when ip; is increased, a more tangible comparison should be
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Ve 51 g

Lg/L Decrease | Decrease | Decrease | Decrease
Ly\/L; Increase | Decrease | Decrease | Increase
Ny Increase Decrease | Decrease | Decrease

N, Decrease Decrease | Decrease | Decrease

Table 4.1: Comparison on current and voltage stresses for different values of
inductance ratios and turns ratios.

made. Figure. 4.23 shows that the estimated %5, using (4.48) over a half of line
cycle. Consider the inductance ratios, it can be seen that the average switch
current reduces when Lg/L, is decreased or L\/Ls is increased. For the turns

ratios, the switch current reduces when N, is increased and N, is decreased.

Table 4.1 shows the comparison on current and voltage stress reduction for
different values of inductance ratios and turns ratios. The average current on
output diodes (D3 and Dy) is not considered due to the fact that the average
output current [, will always equal the sum of diodes currents (ips + ips). From
Table 5.1 it is interesting to notice that the decrease of voltage stress will bring
about reduétion of current stress, except for the slight increase of peak switch
current 331 when L;/L, is increased. The reduction of current stress is due to the
increase of output power handled by TR1, without being re-processed through
the switch again. Despite the reduction of current and voltage stresses on the
primary side (Vg and ig,), the output diodes are expected to suffer from higher

peak currents due to the increase of turns ratio and decrease of inductance.

4.11 Improvement of Input Current Distortion

This section studies the power factor correction capability of the proposed con-
verter hy investigating the linearity of the input current. Since the converter
employs a boost converter (with boost inductor Lp) at the input stage, power
factor correction is automatically achieved if Lg works in DCM and the duty
ratio is roughly constant. In other words, the input stage of the converter will

emlate a resistor (i.e. division of current to voltage results in a linear slope)
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Figire 4.25: Comparison of linearity of input current between the S2PFC con-
verter with and without the auxiliary transformer under the same input-output
condition. '

if the above requirements are fulfilled. With the instantaneous average input
current at Mode 1 and Mode 2/3 represented by (4.35) and (4.37) respectively,
the input current is plotted against the input voltage, as shown in Figure. 4.25.
To compare the performance of the proposed converter with the conventional
S?PFC converter without the auxiliary transformer, the input current of a single-
switch hoost-flyback S2PFC converter under the same input-output condition is
also shown in Figure. 4.25. It can be seen that in Mode 1, the input current of
the proposed converter increases linearly when the input voltage increases (i.e.
the input stage of the converter emulates a resistor). While for the one without
the auxiliary transformer, the input current is much distorted due to the non-
linearity of input current-voltage relationship. During the interval of Mode 2 and
3, the input current of the proposed converter is roughly linear but with diffcrent
slope compared to Mode 1. For the conventional one, the input current keeps
a parabolic relationship with the input voltage and shows a higher peak value
at the peak input voltage. It can be concluded that the proposed converter can
achieve lower input current distortion then the conventional one. Also, in order
to improve the input current further, the duration of Mode 1 can be extended by

increasing Vg as indicated in (4.42).
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Component Details
Inductor Lg =50uH
Transformers TRI(L; = 200pH; N, = 2)
' TRI(L; = 1mH; N, = 5)
MOSFET MTWI14N50E (for S1) with C,,,==280pF
Diodes MURA460 (for Dg, Dy ~ D,); MUR3040TP (for Dy — D,)
Capacitors Cg = 100pF /400V; C, = 2 x 1000.F /25V

Table 4.2: Details of components used in 15V-60W proposed single-switch S?PFC
converter with CCM auxiliary transformer (Fig. 4.16).

The improvement in input current harmonics of the proposed circuit is due
to the addition of TR1. When S1 turns on, Lg and L, charge up together in
series. The effective charging inductance is Ly + L,. After S1 turns off, L, is
detached from the discharging path of Lg as the stored energy is coupled to
output direétly. The effective inductance when discharging becomes.L g which is
much smaller then Lg + L, (as Lp < L;). This reduces the discharging interval
(dsT), which is the main factor to reduce the input current distortion. Note that
in (4.36) and (4.38), a Lg/(Lg + L,} term is added to reduce d3 at both modes

of operation.

4.12 Experimental Verifications

To verify the operation analysis and performance of the proposed single-switch
S?PFC, a hardware prototype with 110 Vems AC input and 60W output (15Vdc/ 4A}
working at 100kHz switching frequency is implemented. The details of the com-

ponents used is tabulated in Table 4.2.

Figure. 4.26 shows the key switching waveforms of the proposed converter
operating in Mode 2 in concert with the theoretical analysis. Figure. 4.27 con-
firms the analysis and simulation that the duty ratio of S1 remains unchanged
during different loading conditions. The measured input voltage and current at
full load are shown in Figure. 4.28. The input current contains no dead angle at

the zero crossing region of input voltage. Figure 4.29 shows the output voltage



4. Voltage and Current Stresses Reduction Using an Auxiliary Transformer 97

v M5 00us

T S00MY R 2000 ~CRT 7 R00mV
Ch3 s500mv Ch4 soomv

Figure 4.26: Experimental key switching waveforms of the proposed converter:
drain-to-source voltage of S1 (CHI: 250V/div), i, (CH2: 2A/div), ip; (CH3:

5A/div) and ips (CH4: 5A/div); time base (Sus/div).
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Figure 4.27: Measured inductor current at different loading conditions (2A and
4A), showing duty cycle (DT} remains roughly unchanged; time base (2us/div).
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Figure 4.28: Measured line input voltage (CHI: 100V/div) and input current
(CH2: 1A/div) at full load (15V/60W); time base (5ms/div).
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Figure 4.29: Measured line input current (CHI: 1A/div) and output voltage
(CH2: 100mV /div) at full load (15V/60W); time base {(5ms/div)
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Figure 4.30: Measured power factor and conversion efficiency of the proposed
converter.
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Figure 4.31: Measured and calculated storage capacitor voltage of the proposed
converter.
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LA) [V, (V) ]
0.5 15.14
1.0 15.08
1.5 15.05
2.0 15.03
2.5 15.01
3.0 15.00
3.5 15.00
4.0 14.94

Table 4.3: Load regulations of proposed converter at Vin=110Vrms.

ripple is about 80mV at full load condition. Figure. 4.30 shows both the mea-
sured power factor and conversion efficiency. It is shown that the power factor
is above 0.97 and the conversion efficiency is around 83% at load current greater
than 1A. Finally, in Figure. 4.31, it can be seen that the measured storage capac-
itor voltage Vp matches the trend of the calculation result. The storage capacitor
vollage at light load is significantly reduced due to the input current control. The

load regulation is within 1%, as shown in Table 4.3.

4.13 Discussion

In this section, the size and related cost of the proposed converter are compared
with the conventional S?PFC converter. Table 4.4 shows the brief comments
on critical power components. From the table it can be seen that the size of
transistor, inductor and storage capacitor are both reduced comparing to that of
the conventional S*PFC converter. This is due to the fact that part of the input
power has been diverted to the output, these components handle less power. Less

current and voltage stresses imply smaller size.

Although the proposed converter uses two transformers, they can be wound
on the same core using integrated magnetics techniques. The core utilization
is improved and size is reduced as a result. For the proposed converter, an

additional diode is used due to the auxiliary output winding. However, the two
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Conventional S?PFC | Proposed S2PFC
Transistor Larger Smaller
Transformer Single Two shared
Inductor Larger Smaller
Diode Two Three
Storage Capacitor Higher V & uF Lower V & F
Output Capacitor Smaller Slightly larger

Table 4.4: Comparison of component size between conventional and proposed
S*PFC converters.

fyback diodes share the total output power and so as the rated current of diodes.
As both diode cathodes are connected to output, series diodes with common
cathode in a package can be used. The size and cost will be pretty much the
same as one with higher current. As a portion of input sinusoidal power will be
coupled to output, a larger capacitor is necessary to attenuate the iow frequency
ripple. Since the proposed converter has higher conversion cfficicncy than that
of the conventional ones, smaller heat sinks can be used. It is believed that the

total size as well as the cost of the converter will be reduced.

4.14 Summary

It has been experimentally verilied that after the insertion of an auxiliary trans-
forier to the proposed DCM boost-flyback S*PFC converter, the storage ca-
pacitor voltage and its range of voltage change when compared to the converter
without the auxiliary transformer are reduced. The conversion efficiency is also
improved as input power is processed less than twice. Expressions for the duty
ratio, the storage capacitor voltage, the power factor and the percentage of out-
put power handled by transformer are derived. It is found that these parameters
are all controlled by the inductance ratio of the input inductor, the auxiliary
and the flyback transformers. Optimal design criteria are then discussed in order
to design a DCM S®PFC converter at 15V-60W output with wide input voltage
range. The results of the converter analysis have been confirmed by extensive

experimental data,
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Although the insertion of an auxiliary transformer operating in DCM to the
nput stage of the S2PFC converter can reduce the level of storage capacitor volt-
age, this voltage still rises when load is reduced as a result from the imbalance
between input and output powers. This chapter further presents an improved
single-switch S2PFC converter with an auxiliary transformer working mainly in
CCM, which can control the input current and hence prevent excess charge being
stored in the intermediate storage capacitor. The storage capacttor voltage de-
creases as load decreases, alleviating the high voltage stress at light load problem

i Lhe existing S?PFC converter.

In addition to the reduction of voltage stress, the current stress of the power
swilch is also reduced. This is due to the fact that the auxiliary transformer,
which directly couples a portion of input power to output after the first power-
process, reduces the input power to be re-processed by the switch again. High
power factor is obtained due to the absence of dead angle of input current and
smaller effective boost inductance during the discharge period. Experimental

results show good agreement with the theoretical predictions.



Chapter 5

Storage Capacitor Voltage
Control Using Output Voltage
Feedback

5.1 Introduction

In Chapter 4, a S2PFC converter based on the reduced repeated power process-
ing approach have been developed to reduce the storage capacitor voltage stress.
Nevertheless, the large storage capacitor voltage swing due to line voltage varia-
tion is still unresolved. The storage capacitor voltage also cannot fall below the
peak input voltage due to the presence of boost converter, which steps up the
storage capacitor voltage. The authors in {37] and [46] have made an attempt to
reduce the storage capacitor voltage below the peak line voltage by using fiyhack-
buckboost and flyhack-boost converters respectively. But these converters require

two switches, making them less attractive for low-power applications.

This chapter introduces a simple method to control the intermediate storage
capacitor voltage of single-switch S?2PFC converter, while maintaining a high
power factor. By employing a dual-output flyback converter in which one of the
output ends is the regulated output voltage and the other is connected across
the storage capacitor, the storage capacitor voltage swing due to line and load

variations is narrowed. This voltage stress is also reduced, reaching below the
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Figure 5.1: Proposed single-switch flyback power-factor-corrected AC/DC
(S?PFC) converter.

peak input voltage at high line.

3.2 Proposed Circuit and Its Operation

The: proposed S?PFC shown in F igure 5.1 is composed of two fiyback convert-
ers sharing a single switch. A flyback converter with dual-output transformer
T1 is connected to the line to shape the input current (works in discontinuous
conduction mode (DCM) for inherent PFC function), to deliver energy to the
intermediaté storage capacitor Cg, to provide a direct power transfer path to
output load and, most importantly, to control the voltage of C'z. Cy delivers
power through another flyback converter with transformer T2, which operates in

either DCM or CCM.

The basic operation of the flyback S2PFC is depicted as follows. When the
power switch 51 is turned on, L, and Ly are charged up linearly by the rectified
input voltage |v;,| and the storage capacitor voltage Vi respectively. Diodes D,
D3 and Dy are reverse biased and not conducting. The output capacitor C,
sustains the output voltage V,. After period d1T;, as shown in Figure 5.3, S1 is

turned off. Diode Dy is forward biased and energy stored in T2 is coupled to the

Pao Yue-kong Library
PolyU « Hong Kong
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Figure 5.2: Operation analysis of the proposed flyback S?’PFC converter in a line
cycle.

load. Meanwhile, the energy stored in T1 transfers to Cp and R, through D,
and L3 respectively. Before S1 turns on again to begin the next switching cycle,
all the energy stored in T1 is completely transferred to the load and Cg (ie. ip
and ipj3 fall to zero). If T2 runs in CCM, V, is maintained by the energy delivered
from T2 through D4. If T2 operates in DCM, no current flows in T2 before the
turn-on of S1. V, is then sustained by C,. To repeat the operation cycle, S1 is

switched on again.

When v, is going through a half line cycle, the current of transformer T2
enters different conduction modes due to the varying output power from T1. In
steady state, as shown in Figure 5.2, there are three modes of operation, which

are described as follows:

Mode 1: During this mode, T2 runs in CCM. Since the input power is
smaller than the output power, T2 handles most of the output power. The major
portion of stored energy in T1 will be coupled to Cp through D). Since the duty
ratio of S1 is constant within this interval, more input power as well as output
power will be handled by T1 as input voltage increases. On one hand, this pushes

T2 towards DCM as T1 provides more output current. On the other hand, the
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Figure 5.3: Key switching waveforms of T1 primary and secondary currents within

a switching period T} at different modes.

current in Dy hecomes larger.

Mode 2: In this mode, T2 runs in DCM. T1 handles most of the output
power. When T2 runs in CCM, it automatically corrects the current difference
in 1y and Dy by shifting the level of CCM. But when both transformers work in
DCM, the duty ratio has to be decreased to maintain a constant output power,

as the line voltage increases.

Mode 3: As.input voltage reduces, T2 again handles the major part of
outpnt power as input power becomes smaller. The duty ratio remains constant

as in Mode 1.

For an ideal transformer T1 where leakage inductance is absence, only the
output with lower reftected output voltage (m Vg or n3V,) will receive energy
froin T1 primary. It is during turn-off of S1 and the rising vps, which {orward
biases either D, or Dy and clamps at the reflected voltage plus the input voltage
|tin]- In practice, the presence of unavoidable leakage inductances (L, and Li3)
in T1 will cause vps; to rise above both rcflected output voltages and force D,
and Dj to turn on simultaneously. As a result, period & — {2 is introduced, as

shown in Figure 5.3.

The peak current of ip; and ipj al to 18 determined by t7,) which is a function
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of |15:n|. Higher peak value of 1., (due to higher |vi,|) will cause more current to
How through both ip, and ¢ps. T1 will then provide more output power but 12
will take less energy from Cg to output. Therefore, Vg will increase slightly but it
is lnosely regulated by short-circuiting it with the tightly regulated V,, by means
of T1. Moreover, Vg can only be loosely regulated (average value, not instant
valie) because it has to balance power between input and output. The differences
hetween voltages |vui,|, Vp and V, and the model of a "real” T1 determines current

waveforms (Mode a or b in Figure 5.3), along the line cycle.

On one hand, when Vg is higher, current flowing through ip, gets less be-
cause the reflected voltage on n, minus Vg is smaller to charge Ly, during £ — £5.
Since V, is well-regulated, ip3 takes more current. The converter is then entered
Mode b (in Figure 5.3). This phenomenon happens mostly at high line or when
|uim| traverses to its peak value. On the other hand, at low line or at zero crossing
region of v, the converter enters Mode a; ip; has a trapezoidal waveform while

ipy has a triangular waveform.

Note that the rate of change of ip, and ip; at period t — {3, as shown in

Figure 57.3, are given by

dipy _ (Lig + n3L,1) Ve —minglp -V, -

= 51
dt n%Llepl + LkS(Lkl + TL%LP[) ( )

dips _ (Lgy +n2Lp1 ) Vo — mangLyp - Vi
dt n3 L Lpy + Lig(Liy + niLyr)

The upslope (thin dash line) or downslope (thick solid line) of ip; and ip; at

(5.2)

period 3 — t3 is determined by the instantaneous value of Vp. Nevertheless, the

slope within this period does not affect, the operation mode (a or b}.

It should be noted that V., is free from low frequency components of the line
voltage at both operation modes (DCM and CCM) of T2. When T2 runs in CCM,
the duty ratio of Sl is constant due to the fast self-adjustment of transformer
current. When T2 runs in DCM (Mode 2 in Figure 5.2), the transformer current
adjnstment disappears but the fast feedback loop of V, gives a valley-shape duty

ratio of S1 which maintains the output constant.
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5.3 Analysis of Storage Capacitor Voltage

For perfect coupling of transformer (i.e. absence of leakage inductance), the
storage capacitor voltage Vg is merely controlled by the turns ratio of transformer

T1 as the output voltage V, is tightly regulated and it is given by
Vg =—V, (5.3)

However, in practice, the wiring inductance ahd the leakage inductance of trans-
forner degrade the cross regulation of converter. Equation (5.3) is no longer
valid. By inspecting the current waveforms in Mode 1 and using input-output
power halance between T1, T2 and V,, the steady state expression of the storage
capacitor voltage during this mode can be found.

_EK2+\¢‘K§—4K1K3V (5 4)

B_Tl.3 2K1 °

where
1
K, = 1—6[167m3Mfkc(2 — k)?/d? — 8ny M\ (2 — k)(3 — 2k)
+nna(l — £)(2 — £)(3 — k) {5.5)
1
K, = B[lﬁnn;,Mfkc(Q ~ k)/d? — 8M,(3 — k)*
+mna(l — k)(3 — k)] (5.6)
1

K= (2 Mk./d} ~ Mik) (5.7)
M, is the ratio of output voltage to peak input voltage, & is the coupling coefficieut
of T1 and k; = L, /(R,T;). Equation (5.4) is valid provided that T2 operates in
CCM throughout the entire line cycle. Otherwise, the equation of steady state
Vg over a half line cycle will involve different modes of operation and complex
calculation. However, from {5.4) it is enough for one to predict that Vg will be

controlled not only by the turns ratio and V,, but also by the peak input voltage.

When the peak input voltage increases, Vg will also increase.
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Vin=90V s | ¥in=140V s | 0;,=240V s
P(W)| PF |THD| PF | THD | PF | THD
10 10867 | 57.5 | 0.768 | 83.4 | 0.501 | 153.8
30 [0932] 389 |0.830| 67.2 { 0.660 | 113.8
50 0.983 ] 187 | 0906 | 46.7 { 0.717 | 97.2
70 | 0997 7.8 |0.932]| 389 |0.770 | 829

Table 5.1: Measured power factor (PF) and total harmonic distortion (THD) at
different line and load conditions.

P,(W) t V, at V=90V | V, at V,,=240V
10 27.19V 27.49V
20 26.86V 27.30V
30 26.68V 27.14V
40 26.53V 27.11V
50 26.41V 26.98V
60 26.26V 26.84V
70 26.00V 26.72V

Table 5.2: Line and load regulations of proposed converter.

5.4 Analysis of Input Current

The average input current %, of the proposed converter within one switching

period equals the average primary current of T1 7., and is given by

@1
in = in(l .
i = S () 58)

which resembles the input current of a normal flyback converter serving as a power
factor correction circuit. Hence, the proposed fiyback S?PFC converter inherits
unity power factor property provided that T2 is working in CCM throughout the
line cycle so that the duty ratio d, can keep constant. It is observed from Figure
5.2 that T2 may enter DCM in Mode 2, resulting in distorted input current as the
third current harmonic component increases {and higher odd harmonics but of
smaller quantity). The longer the duration of Mode 2, the poorer the power factor
will be. In (act when the output power becomes light, T2 has larger tendency to
enter DCM.
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Fignre 5.4: Measured storage capacitor voltage Vg (upper), line input volt-
age (middle) and current (lower) at 90Vrms and different output power (time
base=5ms/div). :

5.5 Controller Design

The: controller used for the proposed single-switch S?PFC converter resembles
conumonly used voltage-mode PWM controller. The input current will be auto-
matically shaped for high power factor provided with DCM operation of input
inductor. The controller shall only montior and control the output voltage ac-
cording to line and load variations. Commercial voltage-mode PWM controller

1Cs such as TL494 and TL5001A can be used.
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Figure 5.6: Comparison of Vg against v;, on different converter topologies.
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Figure 5.7: Measured efficiency against output power at different input line volt-

ages.

5.6 Experimental Results

In order to verify the operation of the proposed S?PFC converter shown in Figure
5.1, a 28Vde-70W hardware prototype with input voltage range 90-240Vrms and
100kHz switching frequency has been implemented and tested. The control circuit
ernploys a voltage-mode PWM controller IC TL494 for output voltage regulation.
As only the output voltage is monitored, a voltage-mode PWM controller TL494
has been used for output voltage regulation. The circuit para.meters used for
the experiment are Ly = 70pH, ny = 0.31, ng = 1.54; L,, = 900pH, n, = 3.3;
Cg = 220pF; C, = 10004.F; S1: MTWI14N50E, Dy: MUR4100E, Dy: MUR460,
Dy - DgMURS60. Figure 5.4 shows the waveforms of the storage capacitor
voltage, the input line voltage and the line current at 90Vrms for light load (30W)
and full load (70W). The measured power factor is 0.946 at 30W and 0.997 at
70W. Table 5.1 shows the performance of the SSPFC at different line and load
conditions. It can be seen from Table 5.1 that when line voltage increases, the
THD is also increased. This is because T2 runs in DCM at high line earlier than
that at low line, resulting more distorted input current. But the THD reduces

at increasing load, matching the prediction in Section 5.4. The storage capacitor
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voliage Vp throughout the load range at different line voltages is recorded in
Figure 5.5. In theory, Vg equals (1.54/0.31)*28=139V according to (5.3). In
practice, due to the inevitable wiring and leakage inductances, Vg increases as
input voltage increases, as predicted in (5.4). However, the increment of Vg of the
proposed single-switch S*PFC converter (around 50-75V for 90-240Vrms input)
is much smaller than that of the existing single-stage topologies (at least 200V
difference). It can also be seen that the variation of Vg is small even for large
changes of output power (or load current). Furthermore, it is shown that Vg
can be loosely regulated at a voltage lower.tha.n the peak input voltage at high
line (240Vrms in this case), so that a smaller voltage-rating capacitor can be
used (e.g. 250V). By comparing with existing converter topologies, Figure 5.6
shows that the proposed S?PFC converter has the lowest Vj at high line voltage
and the least Vp variation for a given change ‘of line voltage. Figure 5.7 shows
that the measured cfficicncy of the S2PFC converter at different input voltages
is around 80% at output power above 20W. The line and load regulations have
been tabulated in Table 5.2, showing less than 4% steady-state error, which is
acceptable for general AC/DC applications (e.g. battery chargers). Depending
on the regulation requirement, this can be inproved by using remote sensing and

increasing copper area for power traces.

5.7 Discussion

As compared to conventional S?PFC converters, the proposed converter adds one
transformer- and diode. However, the output power is shared by the main and
auxiliary transformers, so as the added diode and main flyback diode. Therefore
the size, hence the cost, of additional components will more or less the same
as conventional ones. In addition, the power switch handles only part of input
power due to the direct power transfer process. Furthermore, due to the improved
conversion efficiency, smaller heat sinks for cooling can be used. All these bring

down the size and total cost.

From Table 5.1, it is observed that the total harmonic distortion increases
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with the line voltage. This is the result of direct power transfer from line input to
output through T1. When the line voltage increases, the output power shared by
T1 is increased. This forces T2 to run into DCM more earlier. The power switch
duty cycle therefore appears in valley-shape to keep the output power constant.
From the experiment the THD is out of IEC 1000-3-2 class-D specificaiion, which
requiires THD roughly below 30%. To reduce THD, T2 should be designed to run
more deeper in CCM. This can be achieved by increasing magnetizing inductance

and storage capacitor voltage.

5.8 Summary

This chapter made an attempt to control the intermediate storage capacitor volt-
age of a single-switch single-stage power-factor-corrected (S?PFC) AC/DC con-
verter. The method is to use a dual-output flyback converter, where one output is
connected to the tightly regulated output load and the other output is connected
to the intermediate storage capacitor. Analysis and experimental results showed
thal the storage capacitor voltage can be loosely regulated. Due to the presence
of wiring inductance and leakage inductance in the transformer, however, the
storage capacitor voltage cannot be tightly regulated. The proposed converter
achieved high power factor as the input stage is a DCM flyhack converter and

provided that the main transformer is operated in CCM.



Chapter 6

Direct Control of Storage
Capacitor Voltage

6.1 Introduction

In previous chapters, we have introduced some circuits to reduce the high voltage
stress on the storage capacitor in S?PFC converters. Chapter 4 introduced a
S?PFC converter using an auxiliary transformer to reduce a fraction of this voltage
throughout the entire line and load ranges. In Chapter 5, a flyback transformer
with dual-output is used to loosely regulate the storage capacitor voltage through
the output voltage feedback. Nevertheless, all the circuits proposed in Chapter 4
to 5 so far are using single-switch. Although single-switch S2PFC converters are

simple and easy to control, they do have some weaknesses.

Firstly, standby power feature is hardly achieved where the input power
[rorn line to the converter has to be cut off. Due to the sharing of power switch,
single-switch S?PFC converters draw input power from line and deliver power
to load from storage capacitor simultaneously. Secondly, the storage capacitor
voltage still suffers from significant variation according to the change of line.
Once the power switch is used to control the output voltage, there is no room
for regulation of storage capacitor voltage against line voltage. The converter
proposed in Chapter 5 provides additional control dimension for single-switch

S?PFC converters, but the leakage inductance is an inevitable obstacle at present

115
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to achieve tight storage capacitor voltage regulation.

In this chapter, a family of S?PFC converters with an additional bi-directional
switch is introduced. This switch is placed in series with the storage capacitor to
1) control the storage capacitor voltage; 2) assist tight regulation of output volt-
age; 3) provide direct power transfer feature; 4) provide standby power feature.
To show the capability of the converters to reduce current and voltage stresses
inherently, specific control of the storage capacitor voltage is first ignored in the
analysis; only the output voltage is controlled. But the practical consideration of
the control of storage capacitor voltage and simulation vertfication will be given

afterwards.

6.2 Proposed Concept and Implementation

The conceptual diagram of the proposed S?PFC converter with bi-directional
switch is shown in Figure 6.1. With both uni-directional switches S;, and S,
opened, a portion of the input power, rP;, from the rectified line input |vin| is
processed by the DC/DC converter and transferred to output load directly. The
rest. of it, (1 ~ 7) P, will be diverted to the storage capacitor C'z through S;, for
second power process {P;), when the input power P, is smaller than output power
P,. Power from Cg to output load is processed by the same DC/DC converter
when S,y is closed to maintain output power/voltage constant. Therefore S;,
and S,,; form a bi-directional switch to control the direction of power How to and

from Cg.

With this bi-directional switch, additional control dimension and reduction
of switch current stress are provided for the converter. First, the storage capacitor
voltage is regulated by controlling the amount of energy in and out of it against
change of input voltage. That is, the control of time ratio of S;, and S,,;. Second,
direct power transfer feature is provided by turning oft the bi-directional switch.
Some input power will be processed by the DC/DC converter and diverted to
output directly, so less input power will be processed twice through the power

switch of the DC/DC converter. Moreover, the bi-directional switch prevents the
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Figure 6.1: Conceptual diagram of the proposed S?PFC converter with bi-

directional switch.

simultanecus injection of currents from both input voltage and storage capaci-
tor voltage sources, as it happens in single-switch S?PFC converters. This also
reduces the switch current stress, especially the peak current stress. Another
advantage of using the control switch is to block the input power when standby
mode is required by the electronic system which is connected to this power con-
verter. Power is saved by disconnecting the line voltage source from the DC/DC

converter. This feature is hardly achieved in all single-switch topologies.

The realisation of the proposed concept on a S*PFC converter is shown
in Figure 6.2. A power switch 32 and diode D, instead of two uni-directional
switches are used to reduce the complexity of circuitry and control of the bi-
directional switch. The DC/DC converter is a flvback type, which is composed
of transformer T, power switch S1, output diode [}, and output capacitor C,. A
hoost inductor L, working in DCM is added to achieve PFC function inherently
and to deliver energy to the storage capacitor Cg. The converter supports standby
mocde operation by keeping S2 closed. As the storage capacitor voltage Vg is
always higher than rectified line voltage |vin|, the input current ceases to flow

into the circuit due to the reverse bias of the input bridge-diode.
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Figure 6.2: Realisation of the proposed S?PFC converter using a boost-flyback
topology.

6.3 Operating Principle and Control Strategy

6.3.1 Circuit Operation

To [acilitate the steady-state analysis of the circuit in Figure 6.2, some assump-
tions are made (within each switching period). First, inductor L, works in DCM
and transformer T2 operates in CCM. Second, capacitors C'g and C, are large
enough so that the low frequency ripples on Vg and V, are negligible; Vg and V;, are
essentially de voltage sources. Third, the switching frequency fi(= 1/T}) is much
faster than the line frequency so that the rectified input voltage v |[{(= Vin|struwt|,
where V,, is the peak input voltage and w is the angular frequency of the input
vollage) within a switching interval T is constant. Fourth, L, is the magnetizing
indnuctance of T2. Finally, all circuit components have ideal characteristics except,

for the parasitic output capacitance of S2, Cy -

In the steady state, there are five stages of operation and their equivalent
circuits are shown in Figure 6.3. The key switching waveforms are shown in

-Figure 6.4. The circuit operation is fully analyzed as follows:

Stage 1 (to — ¢1) {Figure 6.3(a)|: Both the switches S1 and S2 are turned on.
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The: voltage applied across L, equals Vg, Since, at any instant, Vi is higher than
|v;nd, the bridge diodes are reverse-biased and no current from the line input can
flow into thé circuit. As L, is operated in DCM and the energy in L, has already
heen discharged before the switches turn on, L, will not charge up. With the
constant voltage Vg, Ly is then charged up linearly at a rate given by

digs  Va
— = — 6.1
dt L, (6.1)
At the same time, a reverse voltage equals (Vg/n+V,) is applied across diode D,,.
Therefore D, is reverse-biased. During this time interval, the output capacitor

C, sustains the output voltage V,. The stage ends when S2 is turned off.

Stage 2 (t; — tp) [Figure 6.3(b)]: At ¢ = t;, S2 is turned off and S1 is kept, on.
The parasitic output capacitance Cheso of S2 is charged up and its voltage rises
towards Vg+nV, (assuming negligible forward bias voltage of D,). Upon reaching
Va+nV,, D, is forward-biased and the voltage polarity across Ly is reversed. The
reflected voltage from output voltage V, on Ls is nV, (non dotted-end of T2 is
now positive) which adds up to |v;,| to charge up L. ip, rises linearly at a rate

given by
d?:[,l _ l'U;‘nl +nVO
dt L

From (6.2), it can be seen that even when [v;,| = 0, input current can still flow

(6.2)

into the circuit as L, ramps up according to the voltage nV, applied across it.
This will help obtain a better power factor, as being shown in [45], when the
input current is not purely sinusoidal. The current in L5 also ramps up with the
same rate as that of L, because L, and L, are connected in series during this
interval. In the meantime, as D, conducts, some energy acquired in L, during
Stage 1 is coupled to the load at a rate partly controlled by (6.2) and is given by

dip,  [n*V, | n{|vin| +nV,)
= L + L (6.3)

This interval ends when ¢p, decreases to zero.

Stage 3 (t2 — t3) [Figure 6.3(c}]: During this interval, S1 remains on. As ip,
has reached zero, a reverse voltage is applied across D, with magnitude eqguals

L‘Z |'Uin. I

= Pl 4
Voo = Ly T (64)
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Figure 6.3: Five operation stages of the proposed converter during one switching

period.
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The voltage applied across Ly and Ly are |vi,| Ly /(L 4 L) and v Lo/ (L1 + L3)

respectively and they continue to charge up at the same rate

digy  digg vl

dt dt L+ Ly

(6.5)

During the period, only C, provides power to the load. This stage ends when 51
is turned off. It should be noted that within this interval L is charged up hy
|vin| in which the energy stored will be delivered to the load without re-process it.
Nainely, Stage 3 is the period for the converter to achieve direct power transfer
function. Therefore the proposed converter has potentially higher efficiency than

that of the cascaded design of AC-DC converters.

Stage 4 ({3 — t4) [Figure 6.3(d)]: At ¢ = t3, Sl is switched off. vpg rises
towards nV, shortly and D, conducts. L, couples its stored energy to the output
through T2 at the rate equals

dip, . —TL2VL
dt L,

(6.6)

At the same time, i;, discharges Cpgso until it reaches zero, Dgs is then forward-

hiased. [, delivers its stored energy to Cp at the rate given by

digy = (Vg — |vin])
T I (6.7)

At the end of this interval, 7, reaches zero and a reverse voltage Vg — |v;,] is
setting up on Dgy. It is noted that once there is input current flowing into the
circuit, energy is stored in L,. This stored energy is used to discharged C,,,2 in
order to achieve ZVS of 582 at turn-on period. As discussed in Stage 2 and from
(6.2), energy is always stored in L; during period ¢; — t; even at the zero crossing
region of input voltage. This .implies ZVS turn-on of 52 is always available and

is also independent of the line and load conditions.

Stage 5 (t4 — t5) [Figure 6.3(e)}: Ds, is reverse biased and stops conducting
at £ = {4. The bridge diodes are also reverse-biased and input current i, ceases
Howing into the circuit. L; continues to deliver the rest of ils energy to the
output. At the end of this interval, S1 and S2 are turned on again to begin the

next switching cycle.
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Realization of reduced repeated power processing by charging up Ly and Ly
in series not only improves conversion efficiency but also reduces switch current
stress. As in the existing single-switch PFC converter topologies, [18]-[20] for
examples, the peak inductor currents of L, and L, happen at the end of each
turn-on period of switch S1, as shown in Figure 6.5(a). The peak switch current
is simply the sum of these peak inductor currents. However for the proposed
S?PFC converter, as shown in Figure 6.5(b), the peak inductor current of £, and

Lps happen at separate turn-on periods of S1 (1e t; and ¢4 respectively).

Consider the current through the power swiiches during the operation modes,
it can be shown that at a time the current flowing through S1 comesl from one
source only, either |v;,| or V. For the single-switch S?PFC converters as in [18]-
(20], howevér, the circuits were constructed so that when the switch is turned
or, both the currents from Vg and |v;,| are injected into the switch. For the
two-switch S2PFC converter in [19], the bottom switch also suffers the same high
current stress as that of the single-switch S2PFC because currents are injected
from Vg and |v;,| simultaneously. For proposed converter, 52 only turns on for
part of the turn-on period of S1. Depending on the control factor K, smaller K
will result in lower current stress of S2. With the decreasing current stress on the
switches, the conduction loss and switching loss of the proposed converter will be

decreased.

6.3.2 Control Strategy

The main objective of the control system is to find a simple and effective way to
control the two switches S1 and S2 so that PFC is achieved and the output voltage
i/, is regulated as line and load vary. Since L, is operated in DCM throughout
the line cycle, PFC is achieved automatically if the duty cycles of S1 and 52 are
roughly constant because L, functions as a boost inductor. Therefore, the two

duty cycles of S1 and 52 will be dependent on the changes of output only.

From the circuit operation discussed previously, L, is powered by two sources,

{vin] and Vg, and with 51 and S2 to control these two sources. The energy stored
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Figure 6.3: Five operation stages of the proposed converter during one switching
period.
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Figure 6.4: Key theoretical waveforms within several switching periods.
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Figure 6.5: Comparison of switch current of the (a) existing single-switch PFC
topologies and (b) proposed S2PFC converter.
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in Ly will be diverted to power the load after the switches turn off. Although
there is a short instant, as shown in Figure 6.4, that L, will couple some en-
ergy to the output when 52 is off and S1 remains on, Ly is mainly working in
CCM. With CCM operation of the fiyback transformer T2, the duty cycles of S1
and S2 are almost constant. It is because the discharging slope of T2 secondary
side, as indicated in (6.6), will be adjusted as V, varies. To explain this further,
we take an example when |u;,| increases or the load resistance R, increases. In
both cases, V, will be increased if the duty cycles of S1 and S2 do not change
instantaneously. With V, increased, the discharging rate of D, will be increased
as indicated in (6.6). Then when the next switching cycle S1 and S2 turn on
again, the initial charging current reflected on L; will be lowered comparing to
the previous switching cycle. Since the feedback control network is designed to
have a cutoff frequency well below the switching frequency f, (usually less than
a quarter of f;) for system stability reason, the duty cycles cannot respon-se $0
fast that they will remain unchanged. So the instantaneous input power in T2
during this switching cycle will be smaller and so as the output power. V, will

then be fallen into the regulation range again.

Now, a control constant K is introduced such that

dy dy

==
dy dy + da + dy

(6.8)

where the numerator and the denominator of the above equation are the duty
cycles of. S? and 51 respectively. This control constant K links up the duty
cycles and allows them to vary in a synchronized manner as the line and load
vary. This makes a single voltage feedback control loop possible. Figure 6.6
shows the basic schematic of the proposed feedback control for the converter.
The output voltage is sensed by the inverting input of the error amplifier £/A
with compensation network, and an error control voltage v, is generated. v, is
shared by two PWM comparators to produce desired duty cycles for S1 and S2.
For the upper comparator, v, is compared with a sawtooth-waveform at a fixed
frequency f, with a peak amplitude Vi so that the duty cycle of S1, d;, can be

expressed hy

dy = ”—g (6.9)
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Figure 6.6: Coufiguration of the adopted PWM control.

For the lower comparator, v, is reduced to a level set by the values of B and R;.
The duty cycle of 82, ds, is then given by

Ry uelt)

dy= — 2
"R+ R, Vo

(6.10)

Figure 6.7 illustrates the generation of duty cycles for the switches. From (6.8},

(6.9) and (6.10) we can relate the theoretical value of K to the practical circuit

Ry
K =
Ri+Rs

(6.11)

6.4 Steady State Analysis

In this section, steady state analysis will he carried out to derive the relationship
between the ratio of storage capacitor voltage to peak input voltage, M,, and
the circuit parameters such as control parameter K, turns ratio n and inductance
ratio L1/ Lo. With these circuit parameters, the equations related to input current,
harmonics will also be formed. For the purpose of this analysis and design, the

duty ratio expression of S1 will be obtained first.
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Figure 6.7: Illustration of generation of duty cycles for the switches.

6.4.1 Duty Ratio of Power.SWitches

Consider the voltage-second balance on Lq, the duty ratio d4 can be expressed by

o+ 1
da = G i [Vods = (KV + 0¥ )dy + V) (6.12)
where
Ly
= (6.13)

From (6.8), ds can also be given by
dy=(1—-K)dy — ds (6.14)

Equating (6.12) and (6.14), we obtain
_di[(1 = K)|stnwt] + (o + 1} (nMy + KM,)} - n(o + 1)M,

1
da [siret] 4 (e + DM, (6.15)
where
Vo
M, = V_m (6.16)
Ve

For each switching period 7}, the average output current is found by adding up
the average diode current, ip, at periods d3T, and (1 — d, )7}

n2v,
2L,

v, V,  Vl|sinwt| +nV,
= Yo o inVe  Valsinwtl Vo) o Ly gy -

2
R, 2| L Ly (1—d1)*Ts (6.18)
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Assume L, is large enough {hecause Ly works in CCM) so that the peak current

ol D, at t3 {=b) can be approximately equal to that at ¢,.

[nVO Vin|sinwt| + nV,
b=mn +

I I ] daT, (6.19)

Substituting {6.15) and {6.19) into (6.18) and assuming d3 < 2(1 — d,), we have

ki 2k — \JRE — Ak + ks

= 6.20
! 2k, + ka) (6.20)
whore
ki = (1 — K)|sinwt| + (e + 1) K My (6.21)
L
ka = nRT M, . (6.23)

For the S?PFC converter with CCM operation of the DC-DC regulator [22] - [23],
which have a duty ratio depending on output voltage only, the duty ratio remains
unchanged even the load becomes light. But for the proposed converter, it can be
seen from (6.20) and (6.23) that duty ratio d, is a function of loading resistance
R,. In other words, the duty ratios of the switches carry the load information.
When the load is reduced (i.e. R, is increased), duty ratio d, (dy as well since
dy = Kd,} is also reduced. Therefore less energy will be stored in L, to feed Cp
after both switches are turned off, reducing the storage capacitor voltage stress

on light load. This will be verified by experiment in Chapter 8.6.

It is observed from the operation principle of the converter that, during
stages 2 to 3 the cutrent through L,, which has the line ripple component, will
be transferred to output. However, from (6.20) and (6.21) we can see that d, is
also a function of line voltage and will respond to |sinwt| to keep V, free from
line ripple component. In addition, the compensation network is designed to have
cutoff frequency well above the line ripple frequency so that the output voltage

will keep tightly regulated.
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6.4.2 Storage Capacitor Voltage to Peak Input Voltage
M,

The: energy stored in £y will be released to Cg during the off-state period of S1.
The average charging current of C'g, which is the average discharging current of
Ly, during this period (i.e. dsT;) is given by

Ve — Viulsinwt
icharge = — Q'Ell ikt IdgTs (6.24)

And ds can be found [rom the voltage-second balance of L;, which is given by

(Vinlsinwt| + nV,)ds + Vm|.sz'nwt|n‘ﬁd4

2
Vg — V. |sinwi| (6:25)

(l:,r, =

When S1 and S2 are closed, the energy stored in Cg will be discharged to L.
The average discharging current of Cg, which equals the average charging current

of L, during this interval (i.e. dyT5) is then

. nV,  V|sinwt] +nV, Ve »
) rge — | 7 s T 11.9 .
Ydischarge l L2 + Ll l d2d3T 2L2 dﬁ (6 26)

[n steady state, the averaged capacitor current over a half line cycle should be
zero, therefore

W o w 5

; /0 't"chargedt - ; /(; Zdi.f>'char-_r,redt =0 (627)
Substituting (6.14), (6.15), (6.20), (6.24) and (6.26) into (6.27) and replacing wt

by {1, a transcendental expression of M is found.

Vs F-F
My == (6.28)
where
F,=2K /0 dy [dy (ky + nfce + 1)My) — nfa + 1)M;] do (6.29)
1 " {dl[(l—K)|smt9|+kM2+nM1] **TLMl}z -
= 9 .
£ (ex ++ 1)2 [0 My — |sind| ‘ (6-30)

a:uwﬁﬂma (6.31)

Nole that M, cannot be solved analytically. However, based on specified circuit

parameters, (6.28) can be solved by numerical method.
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6.4.3 Input Current Harmonics

The average instantaneous input current, which is also inductor L, current, is

given by

Yinaue = TLlave

(24
+

_ ‘/H’ITS
2L,

d " 1|3inwt| + dy{ds + 2dg)(|sinwt] + nMy) + d2(My — |sinwt])
(6.32)
The line input current %;, consists of mainly odd harmonics which can be calcu-
lated using Fourier analysis. Substitution of @ = wt, the Fourier series of i;, is
then expressed as
tin = Xk: bysinkf! {6.33)
1

whore

2 4
by = = ] imave(f)sinkfde,  k=13,5.,2N+1)  (6.34)

7 Jo
The value of N is chosen when b, in the series is negligible. The total harmonic

distortion {THD) and power factor (PF) are obtained using the following equa-

k12
THD = VZ3 % (6.35)

by
by

VET bk

tions:

PF = (6.36)

6.5 Design Considerations

The: derived model equations will be used in this section for the design of an
experimental 100kHz 60W /20Vdc converter prototype with line input voltage at
90 - 110V,,,,. The main design goal is to obtain a set of circuit parameter values
so that low storage voltage stress, high percentage of direct power transfer, high

power factor and low input current harmonics are achieved.

According to the storage capacitor voltage Vg, which is determined by (6.20)-
(6.23) and (6.28), the design variables are inductance L, switching period T,

loarling resistance K, inductance ratio «, turns ratio n and control constant K.
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Figure 6.8: _Calcula.ted M, versus K for ditferent values of k. at V,,=127V and

n=2.

To simplify the design, a coefficient k. relating the circuit parameters is first

defined

T R,

The storage capacitor voltage stress Vg (indicated as Ms) is directly proportional

ke (6.37)

to k. as shown in Figure 6.8 at low line voltage V;, = 90V,,; and n=2. However,
lower value of k. increases the selection range of K at the expense of increasing
the current stress on the diodes and switches at the primary side (because L,
gets smaller for lower k, value). It follows from Figure 6.8 that k, = 1 is set for

{ull load condition.

Figure 6.9 shows the relationship between M; and K with k. = 1 for different
vaines of turns ratio n and inductance ratio o at V,, = 90v/2 = 127V. It can be
seen that, for a given value of K, M, decreases with decreasing value of « or
increasing value of n. When « is decreased, the portion of energy stored in L, to
supply Cg will be decreased as L, is charged up in series with Lo during period
dsT,. And if n is increased, the reflected output current to the primary side of
T2 (ig2 = ip,/n) during the turn-on instant of S1 and S2 will be reduced. The
duty ratios of S1 and S2 will be increased and more charge will be taken away

fromn Cg, resulting in a lower level of Vg. Moreover, for a given value of o, M>
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Figure 6.9; Calculated M, against K with & = 1 for different values of turns
ratio n and inductance ratio « at V=127V, '

K n R M, THD PF
0.5 1.5 0.08 1.2238 9.57 0.9954
0.5 .15 0.10 1.2344 9.9 0.9958
0.9 15 0.08 1.1060 57.77 0.8659
0.9 1.5 0.10 1.1064 54.07 0.8796
0.5 2.0 0.08 1.1549 18.62 0.9831
0.5 2.0 0.10 1.1646 17.89 0.9844
0.9 2.0 10.08 1.0663 56.43 0.8709

0.9 20 0.10 1.0681 56.02 0.8724

Table 6.1: THD and PF versus K, n, @ and M, at V,,=90V,,,.;.

decreases with increasing value of K. When K is increased, the ratio of the period
for discharging Cg to the period for charging L; will be increased. Therefore the
level of Vp will be lowered. It is also interesting to note from Figures 6.8 and
6.9 that at light load (i.e. R, increases or k. decreases) Vg decreases, which is
opposite to that of the S2PFC converter and will be proven by experiment in

Chupter 8.6.

On the contrary, the line current quality of the proposed converter will
be improved with increasing value of inductance ratio « and turns ratio n and

decreasing value of K, as shown in Table 6.1. Therefore a compromise between
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the line current quality and the storage capacitor voltage is made. Besides, K
shonld be chosen as small as possible (i.e. increase the charging period of L, by
|vin|) to maximize the direct power transfer of input power to output load. In this
design example, K = 0.5 is selected. Turns ratio n = 2 is then chosen according
to Figure 6.9 because M» has to keep small at full load. Since L, is operated in
DCM, ds < (1 — d, + dy) must be satisfied. Substituting (6.8), (6.14), (6.15) and

(6.20) into the inequality, one can obtain an inequality relating the coefficient k.

ko < 2 (L= k)[(ks + ka)ks = k) (6.38)
1
where
1

In order to maintain L, in DCM, two worst cases should be considered. Firstly,
low-line and full-load condition is considered because d; and d» are at their max-

imum values. In this case,

v, 20V
Ml= — = ——— =(.157
Vi 902V
V2 (20V)? -
R, = Py = 50w = 6.67Q

where P, nae is the full-load output power. Secondly, L, is more susceptible to
run in CCM at the peak input voltage. Therefore, the point at 6 = 7/2 is used
for the calculation of (6.38). On the other hand, for the CCM operation of Ly,
diodle current ip, at {5 must be greater than or equal zero.
2
v,
7 diT, >0 (6.40)

2

b —

Putting (6.8), (6.14), {6.15) and {6.20) into (6.40), one gets

ke > 17 (U= ks){(ky + ka)ks — ko)l (6.41)
whore
re = nM{(a + 1)k — anM,] (6.42)
.:J (ks — ﬂ‘ﬂ.ﬂ’f[)[(l — K)|s*m(9] + KMy + Tl.Mll + Ctkﬁ(KMg + TLM1) l
kg = My — |sind| (6.43)

1) First iteration: With the transformer turns ratio n = 2 and K = 0.5, it 13

first assumed that «v = 0.05 (A small value of « reduces the voltage stress). From
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Figure 6.9, M, will be 1.14. Substituting (6.21), (6.22), (6.39) and (6.42) into
(6.38) and {6.41), one obtains

-0.52 < k., <0.97

which indicates the assumption of k, = 1 does not fall within range. This also

implies that a CCM operation of L; would happen.

2) Second iteration: Now the value of o is increased from 0.05 to 0.1. From

Figure 6.9, My will be 1.16. Using (6.38) and (6.41) again it is found that
—0.09 < k. £ 1.07

which means I, will run in DCM and L, in CCM safely with the selected circuit,
parameters. Assuming f, = 100kHz (or T, = 10ps), the value of L, can be

calculated using (6.37) when R, is minimum {or output power is maximum).
L, =k.R,T, =66.TuH
Substituting the value of L, into (6.13), one obtains

Ly = L) /a=667pH

6.6 Experimental results

The hardware prototype of the proposed converter as shown in Figure 6.2 is
implemented and tested. The circuit parameters and components used for the
experiment are Vi, = 90-110V,,,,,, L, = 64uH, L, = 640pH, n = 2, Cp = 220pF,
C, = 4700pF, 51/82: MTWIL4N50E, D,: MUR3040PT, V, = 20V. The control
circuit is simply composed of a voltage-mode controller (TL494), a comparator
(LM311) and a logic gate, as shown in Figure 6.10. Figure 6.11 shows the key
switching waveforms of the power circuit. The drain-to-source voltage of S1 and

82 when v, = 127Vy4, are shown in Figure 6.12. It can be seen that vpgs is zero
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before S2 is turned on. The filtered line current for different input line voltages
and output currents are measured and shown in Figure 6.13 respectively. It can he
seen that the input current is not zero at regions near the zero-crossing of the line
input voltage. In Figure 6.14, the input current harmonics contents are plotted
and shown (ulfilling the IEC-1000-3-2 class D standard. Figure 6.15 shows that
the power factor is above 0.96 at output power of 26W or higher. The load and
line regulations have been tabulated in Table 6.2, showing below 8% steady-state
error. The relatively larger error compared to that of Chapter 5 may due to the
tolerance of components in the compensation network. To remedy the problem,
components with narrower tolerance (i.e., 1% [or resistor and 5% for capacitor)
can he used. Moreover, the regulation can be further improved hy using remote

sensing and increasing copper area for power traces.

The measured storage capacitor voltage stresses from light load to full load
are recorded in Figure 6.16. In both cases, the maximum storage capacitor volt-
age Lo peak input voltage ratio, Ms, 1s around 1.17, which s very close to the
theoretical value. Moreover, it is also shown that the storage capacitor voltage
decreases as the load decreases, alleviating the high voltage stress at light load
in SSPFC and counlirmiug the theoretical analysis in the previous section. To
compare the reduction of the storage capacitor voltage under the same power
factor around 0.97, the storage capacitor voltage against the output power of the
SSPFC with hoth stages working in DCM or a DCM boost PFC circuit is also
plotted in Figure 6.16. It can be seen that the proposed converter can achieve

high power factor with lower storage capacitor voltage.

The conversion efficiency is also compared with the cascaded PFC AC-DC
converter (using a boost converter followed by a flyback converter under same
input and output conditions). The measurement is taken using the same hard-
ware prototype of the converter for both cases. To measure the efficiency of the
cascaded one, the individual efficiency for boost converter (measured hy shorting
pritnary of T2 and connectling the load to Cg} and flyback converter {measured
by shorting S2 and connecting a DC supply to Cpg) are first measured. Then the

product of them is the overall conversion cfficiency. The recorded result is shown
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Figure 6.10: Controt schematic of the proposed converter.
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Figure 6.11: Experimental switching waveforms of the power circuit.
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in Figure 6.17, showing the proposed converter has a higher conversion efficiency

than that of the cascaded one.

6.7 Control of Storage Capacitbr Voltage

Although the voltage stress on storage capacitor is significantly rediiced using the

proposed converter, the finctuation of this voltage Vg according to line voltage

|[in| is still considerable. In this section, a simple control method is proposed to

control the storage capacitor voltage Vg of the converter in Figure 6.2 so thatthe

voltage swing of storage capacitor due to line input voltage is further reduced.
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Figure 6.12: Drain-to-Source voltages of S1 and S2 at input voltage equals 127V 4.
(With RCD snubbers connected across drain and source of S1 and 52.)
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Figure 6.13: Measured filtered line-voltage and current at different line voltages
and output currents. (a) Vi,=90Vrms, [,=14; (b) Vi,=90Vrms; [,=3A; (c)

Vin=110Vrms; [,=1A; (d) V;,=110Vrms; I,=3A.
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(d) Upper: Vi, (L00V/div); Lower: [y (1A /div)

Figure 6.13: Measured hltered line-voltage and current at different line voltages
and output currents. (a) Vin,=90Vrms, [,=1A; (b} Vi,=90Vrms; [,=3A; (c)
Vi=110Vrms; [,=1A; (d) Vi,=110Vrms; [,=3A.
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Figure 6.14: Measured harmonics currents at 110Vrms as compared to [EC-1000-
3-2 Class D standard.
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Figure 6.16: Comparison on storage capacitor voltage Vp between the proposed

converter and S?PFC/DCM Boost converter.
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Figure 6.17: Comparison on efficiency between the proposed converter and the
cascaded PFC AC/DC converter at V;,=110V,,,,.

L(A) | V, at Viu=90V | V, at Vi,=110V
0.5 20.76V 20.38V
1.0 20.75V 21.03V
1.5 20.74V 21.54V
2.0 20.74V 21.52V
2.5 20.73V 21.18V
3.0 20,71V 20.80V

Table 6.2: Line and load regulations of proposed converter.



6. Direct Control of Storage Capacitor Voltage 141

6.7.1 Control Concept

The idea is briefed as follows: when both S1 and S2 are turned on, output power
is provided by the storage capacitor; when only the main switch is turned on,
output power is provided by the line voltage; when all the switches turns off,
enetgy is stored in the storage capacitor. Since these three power processes are
done within a switching period, by controlling the on-time ratio of 52 to S1, K,
according to line voltage, the current flowing in and out of the storage capacitor

is controlled and hence its voltage can be regulated.

Referring back to Figure 6.8, we can identify the circuit parameters that
affect the storage capacitor voltage Vig. It can be seen from this figure that Vg
(indicated as My, for My = Vg/V,,) changes due to the changes of inductance
ratio o, coefficient &, and control factor K. Since o and k. (changes only slightly
when load A, 1s changed as shown in Figure 6.16) are fixced by design, the control
faclor K becomes the only parameter to vary Vg when the line voltage |vi,] is

changing.

From Figure 6.8, Vg increases when K is reduced, and vice versa. Therefore,
to minimize the fluctuation of Vg against change of |vy,| (i.e. reduces My when
fuin| is increased), duty ratio of S2, d;, should be controlled in proportional to
|in|- Since K is constant by nature, an external variable is needed to incorporate
the information of |v;,| to vary ds. A varying voltage v, is then added and
multiplied by K for producing a duty ratio {for S2) which is proportional to v, |
but at the same time fulfilling dy;» < dg), as shown in Figure 6.18(a). The control

signal for S2, v., is given by
Ver = K, - Gouy (6.44)

Intuitively, this varying voltage v, should be implemented by |v;,| since it is the
direct way to incorporate information of |v;,| into the control signal v of S2.
However, if we allow certain fluctuation of Vg according to |vi,|, then Vg can also
implement v, because Vg also changes proportionally to |v;,|. Note that &, and
G, are attenuation factors to produce desire range of voltages for compensation

and for S2 control signal respectively.
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(a) Using a varying voltage v, as an additional variable to dg, for control of V.

Vo

Ve
E/A W ds,
R

K= Rz/(Rl + Rg)

{h) Practical implementation of the adopted PWM control incorporating control of
Va.

Figure 6.18: Block diagrams of the adopted storage capacitor voltage control.
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Figure 6.19: Comparison of Vg against |v;,| with and without the proposed con-
trol.

6.7.2 Control Consideration and Implementation

In practical implementation, there are two main factors to minimize the fluctu-
ation of Vg against |v;,|. First, the combination of circuit parameters, including
o, k. and n, should give the maximum deviation of M, against K, as shown in
Figures 6.8 and 6.16. Second, the control signal v, according to (6.44) should be
selected so that dy gives the maximum deviation with the given range of |v|.
The wholeArange of dg (i.e. from 0 to d;) should be used to provide a widest
control of Vg. However, if dsa = 0 (i.e. no energy from Cg) then the output
voltage V, is out of regulation when |v;,|=0. If ds = d,y (i.e. no energy from
|tin]), then ﬁo current flows into the circuit. It follows that the duty ratio of S2
must be within the range given by

Ve

0<dye = KG?UI Ve

< dg (6.45)

where Vr is the peak voltage of the sawtooth waveform of the PWM comparator.
As shown in Figure 6.18(b), the attenuation factors G| and G5 and control factor

K can be implemented by resistive divider network.
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6.7.3 Simulation Results

To verify the proposed Vg control concept (Figure 6.18), a series of simulations
using PSpice circuit simulator has been carried out for the proposed S*PFC
converter in Figure 6.2 with the following power stage parameters: V,=20Vdc;
P,=60W; L; = 150uH; a = 0.2 and n = 1.5. To show the effectiveness of the pro-
posed apprdach, a comparison of Vg against |v;,| with and without the proposed
control is shown in Figure 6.19. Figure 6.19 also shows the proposed control using
both Vg (with R; =200k and Rsy=1k) and |v;,| (with Ry =350k and Ry;=1k)
as vz. A small capacitor with value 0.82uF is inserted in parallel with Ry, to
filier out the ripple voltage. It can be seen that, with the proposed Vg control,
the Auctuation of Vg can be minimized to around 31% using Vg as v, and 50%
using |vi,| as v, comparing to the one without the dedicated Vg control. The

maximum Vg can also be limited to below 450V for high line condition.

From the results shown above, the proposed control circuit inherits limita-
tion. That is, once the minimum or maximum duty ratio is selected through
tuning the values of Rs, and Rj,, the range of duty ratio d,y according to v; is

confined by the following equation.

VRf2 = VU _ R
R IR}'I + sz

Therefore, to reduce the range of storage capacitor voltage fluctuation against

(6.46)

line input voltage, Ry Ry2) should be decreased (increased). Table 6.3 confirms
the effect of Rs on Vp through another series of simulations (Ry; = 140 and

v, = Vg for all setup).

6.8 Topological Variations

The proposed S?PFC converter using reduced repeated power processing concept
can be easily extended to other converters. Figure 6.20(a) shows the circuit
of a boost-forward S?PFC converter. It can be seen that when hoth switches
S1 and S2 are turned on, input current from line Rows through both L, and T1.

Input power is diverted to output directly without being stored in the transformer
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Rj =350k | Ry =250k | Ry = 200k
vin(rms) | Vg(V) Ve(V) Va(V)
90 262 245 218
120 308 274 250
180 382 339 305
265 478 435 422
AVg 216 190 204

Table 6.3: Effect of Ry, on Vp against vin.

{b) Coupled inductor-transformer boost-llyback S2PFC con-
verter.

Figure 6.20: Topological variations of the proposed S?PFC converter.
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because D, is conducted. When S2 turns off and S1 remains on, only Cy delivers
power to output. When bhoth switches are turned off, D, is reversed biased but
D,y is conducted. The energy stored in L, is transferred to C'z. Note that the
addition of diode D), in this circuit actually performs two functions. First, it is a
transformer reset diode to reset the transformer T1 during the off time of switch
S1. Second, it clamps the drain voltage of S1 to Vz. In this way, the voltage

stress on 51 is reduced and limited to V.

To reduce the storage capacitor voltage further, the boost inductor L, can
be coupled with transformer T1 as shown in Figure 6.20(b). When both switches
are turned off, a portion of energy stored in L; will be coupled to output through
secondary winding of T1 while the rest will be diverted to Cg. In this way,
more input power is transferred to output directly after the first power process,
improving the conversion cfficicncy as well. Moreover, since L, is coupled with
T1, integrated magnetics which uses a single magnetic core is easy to implement.

This also reduces the overall converter size.

6.9 Discussion

So far three methods to cope with the voltage and current stresses and conversion
efficiency of S2PFC converters have been introduced. The first method (named
Method 1 here) in Chapter 4 added an auxiliary transformer and a few compo-
nents to exiéting S?PFC converter. The second method (named Method 2 here) in
Chapter 5 uses output voltage feedback technique as in multiple-output converter
to regulate the storage capacitor voltage. The third method (named Method 3
here) in Chapter 6 employed an auxiliary switch with zero-voltage-switching to
a new topology. In this section, a brief comparison among these methods will be

given.

The comparison of component count is based on the S2PFC configuration as
proposed in {22]. As shown in Table 6.4, Method 3 has the minimum additional
component. It is because the auxiliary transistor switches between the input

* sources (The transformers and diodes added in Methods 2 and 3 assist parallelling
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Method 1(Ch. 4)

Method 2(Ch. 5)

Method 3{Ch. 6)

voltage-mode PWM

voltage-mode PWM

| Transformer 1 1 0

Diode 1 2 0

Transistor 0 0 1
Controlier Conventional Conventional Modlified

voltage-mode PWM

Tahle 6.4: Comparison on additional component counts and the types of controller
used for the proposed three methods (from Chapters 4 to 6).

inpnt sources at the same time). As the auxiliary transistor enjoys zero-voltage-
switching, the total size is much smaller than the auxiliary transformer and diode
method (Methods 1 and 2). Moreover, it offers lower stand-by power as compared
to the converters in Methods 1 and 2 because it can isolate the PFC stage from

the DC/DC. stage.

Conventional voltage-mode PWM controller can be used in Methods 1 and 2.
A modified voltage-mode PWM controller is necessary to control the two switches
in Method 3. However, as shown in Figure 6.10, only a few passive components

together with a comparator is added to a standard PWM controller.

For storage capacitor voltage Vg reduction, Method 2 reduces Vg to a value
below peak input voltage and offers the lowest change of storage capacitor voltage
according to change of line voltage. It leads to the lowest and smallest storage

capacitor used among the three methods.

All three methods can reduce the current stress on the main transistor and
Method 3 results in lowest current stress. As part of the input power is directly
coupled to output after the first power process, the transistor handles less input
power and hence less input current. For Methods 2 and 3, the power switch han-
dles currents from both input sources (i.e., AC line input and storage capacitor)
sitnultaneously. The auxiliary switch in Method 3 reduces the drain peak turn-off
current of main switch (MOSFET is used) by separating the current flowing into

the switch from the two input sources.
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6.10 Summary

A family of S?PFC converters with a bi-directional switch to alleviate the inter-
meciate storage voltage stress has been presented and analyzed in this chapter.
Formation of the proposed converter using the reduced repeated power process-
ing concept was discussed. By transferring part of the input power to the load
directly after the firsi power process without being stored in the intermediate
storage capacitor, the storage capacitor voltage stress is reduced. Even so, it
has been experimentally verified that a high power factor is maintained even
with lower intermediate storage capacitor voltage. Conversion efficiency is also
improved. Furthermore, the storage capacitor voltage stress decreases as load
decreases, alleviating the high voltage stress at light load problem in the existing
S2PFC. To reduce the large change of storage capacitor voltage against line input

voltage, a simple PWM control strategy has also been proposed.



Chapter 7

Conclusions and Suggestions for
Future Research

In this thesis, focus is put on the analysis and design of switching converters for
power factor correction {PFC) applications. A number of converter circuits have
been reported to solve various practical problems. In this concluding chapter, the
major findings that have been obtained in the study are summarized. In addition,

some suggestions for future work which may produce promising results are given.

7.1 Conclusions

This thesis broposed a low-loss passive snubber for a CCM boost converter. Ex-
perimental results of a 150Vdc/200W prototype confirmed that all the rectificrs
were turned off softly and clamped to the output voltage. This concept solved
the reverse-recovery related loss problem when the converter operates in CCM.
Parasitic ringing was kept to minimum due to the voltage clamping of the rec-
tifiers to the output voltage. Besides, the main switch also enjoyed low-voltage
turn-on condition, providing the switching frequency is modulated inversely to

the load current.

The main issues concerning single-stage PFC (S?2PFC) converters were in-
vestigated. High voltage stress under line and load variations, high current stress

on the power switch(es), and low efficiency due to repeated power processing had

149
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been identified. A S*PFC converter with an auxiliary switch was proposed to
solved the problems. Experimental results on a 15Vde/60W prototype showed
the voltage and current stresses were suppressed and the conversion efficiency
was improved. It was also found that with CCM operation of the auxiliary trans-

foriner, the voltage stress was suppressed at decreasing load.

A S?PFC converter with a dual-output flyback transformer was also pro-
posed. Experimental results showed that the storage capacitor was loosely regu-
lated by the output voltage. Analytical expression of the storage capacitor votlage
relating circuit parameters was derived. It was found that in the presence of leak-
age and wiring inductances, the stofage capacitor voltage changed slightly and

proportionally to the input voltage.

A direct control method was applied to a S?PFC converter with an ZVS
bi-clirectional switch. By controlling the duty ratios of the main and auxiliary
switch, the storage capacitor voltage change due to line voltage variation was

reduced as much as 50% than that of without the delicated control.

7.2 Future Work

Though much work has been done during this studies, some problems remain
unresolved and several new ideas come up from this work. This section intro-
duces a few areas, following the work described in this thesis, which may produce

promising results.

7.2.1 Topological Extension for Reducing the Rectifier

Reverse-Recovery Current

Chapter 3 proposes a simple passive snubber for a CCM boost converter. This
snubber can also apply on other non-isolated converters such as buck, buck-
hoost and Cuk. Some work needs to be done to incorporate the snubber to
these converters. The snubber is also suitable for commonly used transformer-

isolated converters such as flyback, forward, half-bridge and full-bridge. These



7. Conclusions and Suggestions for Future Research 151

converters usually apply on high current applications so that the current stress
due to the reverse-recovery current may be more severe than that of front-end

PFC converters where voltage stress instead of current stress is of prime concern.

7.2.2 Frequency Modulation for Control of Storage Ca-
pacitor Voltage Against Line Voltage

Chapter 4 introduces an auxiliary transformer to reduce the voltage stress on
the storage capacitor, especially on light load condition. However, the storage
capacitor voltage still changes against line voltage variation. In order to reduce
the size of storage capacitor, its voltage needs to be regulated. In the past,
frequency modulation has been used to shape the input current or to suppress
the storage capacitor volta.gé against load variation. For the proposed converter,
only duty cycle is used to provide high power factor, reduced storage capacitor
voltage against load variation and tight output regulation simultaneously. So the

switching frequency may be used to regulate the capacitor voliage.

7.2.3 Investigation on Circuit Parameters for Control of

Storage Capacitor Voltage

Chapter 5 reports using the tight output voltage feedback to control the storage
capacitor voltage. However, the inevitable leakage inductance of the transformer
hinders the tight regulation of storage capacitor voltage. An investigation on the
circuit parameters which affect the variation of storage capacitor should be car-
ried out. The best combination of parameters such as turns ratio and magnetizing
inductance will be selected to minimize the influence of leakage inductance. Some
other structures such as forward transformer may be considered to give better per-
formance than the present dual-output flyback transformer. Besides, frequency
moculation may be incorporated to assist tight regulation of storage capacitor.
But the effect of frequency modulation on the regulation of output voltage and

the distortion of input current should also he studied.
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7.2.4 Optimization of Circuit and Control Parameters for

Regulation and Conversion Efficiency

Chapter 6 introduces an active method to the control of storage capacitor volt-
age. PFurther improvement on the regulation of storage capacitor voltage and
conversion efficiency are needed. Analysis of circuit parameters is needed to give
the largest storage capacitor voltage to peak input voltage swing. A better con-
trol variable is also necessary to allow the full use of duty ratio range of the
hi-dlirectional switch. A detailed model including the leakage inductance and
resistive component of each device should be derived to estimate the power dissi-
pation and to find out where the losses go. Improvement on conversion efficiency

can he achieved through a deliberate study on the model.

7.2.5 Soft-switching of Switching Power Devices

The S2PFC converters proposed from Chapter 4 to 6 are of mostly hard-switching
of power devices. Disstpative snubbers {e.g. RCD) are normally used to clamp
the voltage stress on the power transistors and diodes. As a result, the conversion
efficiency of these converters is limited. Boundary conduction mode (BCM) or
critical conduction mode is by far the easiest way to achieve soft-switching as
no addition of component is needed. BCM operation in the proposed converters

may take place to improve the conversion efficiency.



Appendix A

Derivation of Rate of Change of
Inductors and Diodes Currents in
Chapter 3

At time ly, the boost switch 51 is turned on. As mentioned, the voltage across

Ly and L, are expressed, respectively, as follows.
Vg + Uy = V, (A. 1)
ve +vg = —(V, — Vi) (A.2)

Substituting (3.6) into (A.1) and (A.2), one obtains

a c_Vo
yy= 8 Y Yo : (A.3)

n—1

Due to the magnetic coupling cffect, the voltage v, can also be written as

Y, v,
— L ( a [+ ) i
L Y A Sy ey s (A4

Equating (A.3) and {A.4) one gets

v _LQ—RLM n(Ll—LM)
¢ LQ—-LM nLl—LM

Ua — ‘/o] (AS)

Substituting {3.3) and (3.4) into (A.1), we have another expression of v,

Ly —nly nl,
= W, - ——— A6
Y LM [ nLl — LMU ( )
Combining (3.3), (A.5)and (A.6) we finally obtain the rate of change of i1,
diLl _ (L2 - LM)V':n + L‘MV:J (A?)

dt LiL, - L2,
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Suhstitution of {3.1) and (3.2) into (A.7) will result in (3.8). The rest of all equa-
tions relating the rate of change of currents are derived using the same method

above,
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