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Single-Stage AC-DC Converters with Input Current Shaping
and Soft-Switching Features

Student: Yen-Ming Liu Advisor: Dr. Lon-Kou Chang

Department of Electrical and Control Engineering
National Chaio Tung University

Abstract

This dissertation presents innovative techniques and solutions to simultaneously improve
the performance and satisfy the cost-effective consideration for the single-stage input current
shaping (S*ICS) AC-DC converters. These designs are based on the consideration for limiting
the line current harmonics, especially for meeting the stringent current harmonic regulations,
such as IEC 61000-3-2.

For general S’ICS converters employing boost-type input current shaping (ICS) cells,
these circuits usually suffer from the relatively high switch current stress and line current
waveform distortion caused by the ¥oltage-follower control. To remedy these drawbacks, this
dissertation presents a novel ICS technique for'S’ICS converters. Unlike the conventional
single-stage designs, the proposed ICS scheme is intentionally arranged to be charged in the
duty-off time. With this design, the switehyeurrent stress in the duty-on time is significantly
mitigated and accordingly the power.loss is reduced. Moreover, this design produces AC
modulation effect on the charging time ‘of the ICS cell so that the waveforms of the average
charging current and average discharging current of the boost inductor can compensate each
other automatically. Consequently, the input i-v curve has nearly linear relationship.

Another key issue of the S?ICS technique is the high bulk capacitor voltage stress. This
dissertation also presents a novel S’ICS converter employing flyback-forward topology as the
downstream DC-DC cell. In the proposed topology, the flyback and forward sub-converters
are operated in CCM and DCM, respectively. Thus, by deactivating the flyback sub-converter
and keeping the forward sub-converter supplying the output power, the bulk capacitor voltage
at light load condition can be effectively suppressed and reliably maintained below the 450 V
tolerance of commercially available electrolytic capacitors.

All the proposed techniques have been verified by prototype circuits under universal line
voltage condition (90-260 Vrms). Experimental results show that the proposed designs can
effectively address the main issues including high current stress, high voltage stress, and low

conversion efficiency.
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CHAPTER 1

INTRODUCTION

1.1 Background

Conventionally, most of the power conversion equipment employs either diode rectifier
or thyristor rectifier with a bulk capacitor to converter AC voltage to DC voltage before proc-
essing it. For example, Fig. 1.1(a) shows the circuit diagram of a diode-bridge rectifier. The
diode bridge D, rectifies the AC input voltage and the capacitor ¥}, smoothes out the resulting
voltage to make it an almost pure DC waveform. The current drawn from the AC utility
source, however, has a pulse-like non-sinusoidal waveform because the bridge diodes conduct
current only when the rectified input voltage-is equal to or greater than the bulk capacitor
voltage. As a result, the input current waveform has narrow conduction angle and strong dis-
tortion, as shown in Fig. 1.1(b).

For any electrical equipment drawing power from the utility, power factor (PF) is a
widely used term to evaluate the quality of input power accomplished. Obviously, the di-
ode-bridge rectifier shown in Fig. 1 has a poor PF because of the non-sinusoidal input current.
This current has a pulsating shape and thus contains large harmonic components that are in-
jected into the utility supply. If vast numbers of such converters are used in industry, the har-
monics injected in the utility will be so large that they will create a need for increasing
volt-ampere ratings of utility equipment (i.e., transformers, transmission lines, and generators)

and distort the utility voltage.



D,
; + Load or
ac,
C, =V other
- converter
Vac
(a)
— Vb
VHC
iHC
0 2!

Cond‘uction'angle
(b)
Fig. 1.1 Conventional diode-bridge, rectifier:(a) circuit diagram and (b) key waveforms in a

half line cycle.

Since a severely distorted AC.utility voltage can damage sensitive electrical equipment,
regulatory agencies around the world have established standards on the current harmonic
content produced by electrical equipment [1]-[4]. Stricter regulatory agency standards on
harmonic content have resulted in the demise in popularity of the simple diode-bridge rectifier
as the front-end converter in electrical equipment. Meanwhile, more and more electrical
equipment manufacturers are forced to improve or correct the input PF of products supplied
by an AC utility source. To comply with the line harmonics standards, a variety of passive
and active power factor correction (PFC) techniques have been proposed [5], [6]. The passive
techniques normally use a simple line-frequency LC filter to both extend the current conduc-
tion angle and reduce the total harmonic distortion (THD) of the input current of the di-
ode-bridge rectifier. Due to its simplicity, the passive LC filter could be the high efficiency

and low cost PFC solution to meet the line current harmonics specifications in the low power



range [7]. However, the passive LC filter has a major drawback which is its heavy and bulky
low-frequency filter inductor.

To reduce overall size and weight and increase the power quality further, the active PFC
techniques have been introduced. In an active PFC converter, the filter inductor is operated at
the switching frequency, which is normally in the 10 kHz to hundreds of kHz range. There-
fore, the size and weight of the power converter can be significantly reduced by using a
high-frequency inductor. The cost of the active PFC approach can also be lower than that of
the passive filter approach if the conversion power increases. In general, the single-phase ac-
tive PFC techniques can be divided into two categories: the two-stage approach and the sin-

gle-stage approach [8], [9]. These two approaches are introduced in the following.

1.1.1 Two-Stage AC-DC Conversion Technique

The most popular implementation of active PFC is two-stage approach. In this method,
an active PFC stage is adopted as.the front-end-to_force the line current to track the line volt-
age, therefore achieving unity input PF.:The PFC front-end stage converts the AC input volt-
age into DC voltage on a bulky energy-storage capacitor. Then a conventional DC-DC con-
verter is used as the second stage to provide isolation and regulated output voltage.

Figure 1.2 shows an example circuit of the two-stage AC-DC converter. The first PFC
stage can be a boost, buck-boost or flyback converter. Generally, the boost converter is the
most popular topology. In the PFC stage, there is an independent PFC controller, which con-
trols the PFC switch S; in order to achieve sinusoidal input current waveform [10]. Mean-
while, the PFC front-end stage also provides a loosely regulated high DC bus voltage V}, with
small double line-frequency ripples. In general, V is loosely regulated around 380—400 V,
even the line input voltage changes from 90 to 260 Vrms for the universal-line applications.

V' is also the input voltage of the downstream isolated DC-DC output converter, which pro-



vides a tightly regulated low output voltage V, with a high bandwidth feedback control loop.

PFC Stage DC-DC Stage
Lb Dl
YN
Cpl*
£S, _T/b
liac|
Ll PFC | Vb PWM | Vo
-|-----|+ Controller Controller
Vac

Fig. 1.2 Example circuit of the two-stage AC-DC converter.

The boost inductor in the PFC stage, can be operated in several different conduction
modes, such as discontinuous conduction mode (DCM), variable-frequency critical (boundary)
conduction mode, and continuous conduction mode (CCM). In terms of control implementa-
tion, the DCM PFC approach requires the'simplest-control. The PFC switch S; is operated
with a constant duty ratio and fixed switching frequency during a half line cycle, without
sensing the input voltage or current [11], [12]. This provides a low cost solution for low
power applications. The drawback of the DCM boost rectifier is its high input inductor cur-
rent ripple, which causes high current stress on the semiconductor switch and requires a large
electromagnetic-interference (EMI) filter. To reduce the input current ripple, the critical mode
PFC provides an alternative solution with a slightly more complicated control circuit, for in-
put power of up to 500-600 W. In the critical mode PFC, the boost switch is operated with a
variable switching frequency in a half line cycle [13], which keeps the boost inductor operat-
ing at the boundary of DCM and CCM. The boost inductor current ripple has a peak value of
twice that of the average input current. The variable frequency control also spreads the noise

spectrum in the wide frequency range, which can further reduce the EMI filter size [14]. How-



ever, the wide switching frequency range causes difficulty in the optimal design of filter. Be-
sides, the input current ripple is still large. To further reduce the current ripple and EMI filter
size, the CCM PFC approach is widely adopted in the power range from hundreds of watts to
several kilowatts. The CCM PFC performs very well, but it requires the most complicated
control implementation [10].

In summary, the active two-stage PFC converter has good input PF and can be used in
wide ranges of input voltage and output power. This technique is mature and the converter has
good performance. However, it requires additional PFC power stage and PFC controller, so

the component count, the circuit size and weight, and the total cost are increased.

1.1.2 Single-Stage AC-DC Conversion Technique

For low power applications, such as ecomputer electronic products, the development trend
is to rigorously pursue the reduction of size, weight, afid cost. Thus, to reduce the added com-
ponent count and cost of the PFC stage.in the two-stage approach, cost-effective alternatives
attempt to integrate the active PFC inputistage with the isolated DC-DC converter. A number
of single-stage PFC techniques have been proposed in recent years [15]-[41]. The main objec-
tive of this method is really input current shaping (ICS); thus, these circuits are also named as
single-stage ICS (S’ICS) converters.

In the S’ICS converter, the PFC inductor is still necessary, but neither the PFC switch
nor its controller is needed. The remaining controller is the pulse-width-modulation (PWM)
controller, which focuses on the tight regulation of the DC output voltage. Meanwhile, the
input PFC function can be automatically achieved. Fig. 1.3 shows how to integrate a boost
PEC rectifier with a flyback DC-DC converter to obtain a SICS AC-DC converter. When the
DC-DC converter is operated in the steady state, the duty ratio of the PWM switch is almost

constant during a half line cycle. Moreover, the line current can automatically track the line



voltage by operating the boost inductor in DCM and constant duty ratio, as mentioned in sub-
section 1.1.1. This design concept is namely the voltage-follower PFC technique [11] or the
self-PFC property [12]. Since the DCM boost switch S; and the DC-DC converter switch >
are both operated with constant duty ratio, these two switches can be integrated into one
switch by using the same duty ratio and switching frequency [15]. Thus, it is possible to inte-
grate a DCM boost PFC rectifier with a flyback DC-DC converter to get a S?ICS AC-DC con-

verter without the PFC switch and its controller.

PFC Stage DC-DC Stage
ity Ly D,

PFC T PWM | V.

<
Controller < Controller

PWM Ve
Controller

Fig. 1.3 Combining a DCM boost PFC front-end and a PWM DC-DC converter to obtain a

S%ICS AC-DC converter.

Generally, the input power factor of a S’ICS converter is not unity, but its input current



harmonics are small enough to meet the current harmonic constraints, such as the IEC
61000-3-2 Class D. Since instantaneous AC input power always varies, an internal bulk ca-
pacitor Cj is needed to buffer the instantaneous difference between the varying input power
and a constant output power such that the output voltage is regulated tightly and free of line
frequency ripple. Unlike in the two-stage PFC converter, the bulk capacitor voltage V' in the
S’ICS converter is no longer regulated and varies with the line voltage and load current since
the control freedoms are reduced by integrating the PFC and DC-DC switches into one
switch.

Moreover, the design of control circuit and power stage of the DC-DC cell is the same as
that of a conventional switching-mode power supply. For the DC-DC regulator circuit, work-
ing in the CCM is usually the preferred mode of operation, due to the lower turn-off loss and
smaller current stress on the semiconductor devieces. Therefore, the combination of a DCM
ICS cell and a CCM DC-DC cell'is deemed to.be ideal for SICS converters. A general block
diagram of S’ICS converters is shown. in Fig..1.4. However, this approach has an undesirable
feature: high bulk capacitor voltage stress. at light‘load. It should be noted that this issue may
become severe and critical while the situation with high line and light load occurs [33]. To ex-
plain why the bulk capacitor voltage arises while the load becomes light, Fig. 1.5 is given as
follows. This figure shows the relationship between the average input power over a half line
cycle Piyve) and the duty ratio in the ICS cell, and between the average output power over a
half line cycle Po(qve) and the duty ratio in the DC-DC cell.

Assume that the original value of the average input power and average output power is
Py. Since the DC-DC cell operates in CCM, the duty ratio will not change when the output
power suddenly drops from P; to P,. As shown by the solid curves of Fig. 1.5, it can be seen
that the input power still stays in the original power P; due to the unchanged duty ratio D;.
Since P is greater than P, the fact that the excess input energy will be stored in the bulk ca-
pacitor causes the bulk capacitor voltage to increase from Vj; to Vj,, as shown in the dashed

7



curves. Under constant output voltage control, the duty ratio will decrease from D, to D,. Fi-
nally, new balance arrives, where Piyave) = Poave) = P2 and Vj, = Vi, > Vy1. Consequently, the
power balance at light load is reached at the penalty of significant bulk capacitor voltage
stress. In the high line and light load condition for universal line applications, the generated
bulk capacitor voltage could be as high as over 1000 V such that selection of switches and
capacitors is limited and very costly [33], [49]. Thus, this drawback makes the single-stage
designs impractical for the applications that require a universal input voltage of 90-260 Vrms

and a wide range of load variation.

/[\ 'Vv\ ’\/\/\ ) Vq
\'/ |Vac| Vb V(,
v(l(’
ICS DC-DC
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)
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|
PWM |
control+ |~

Fig. 1.4 Functional block diagram of a typical single-stage AC-DC converter.

A
Pin(ave

; — Vn
DCM '
Pl Acem T Vi
2 Vi1 < Vi
[ o
ICS cell [ D
[
Pu(ave“ Il
Pl ]
) 20 R

DC-DC cell
D, D

Fig. 1.5 Relationship between the average input power, average output power, and duty ratio

for DCM ICS + CCM DC-DC.



1.1.3 Standards Regulating Line Current Harmonics

In the international society, some standards for the harmonic content of the line current
of a power converter are published. As early as 1982, the International Electrotechnical
Committee (IEC) published its standard IEC 555-2 [1], which was also adopted in 1987 as
European standard EN 60555-2, by the European Committee for Electrotechnical Standardi-
zation (CENELEC). In 1995, standard IEC 555-2 has been replaced by standard IEC 1000-3-2
[2], and also adopted by CENELEC as European standard EN 61000-3-2.

Standard IEC 1000-3-2 applies to equipment with a rated current up to and including 16
Arms per phase which is to be connected to 50 Hz or 60 Hz, 220-240 Vrms single-phase, or
380—415 Vrms three-phase mains. The standard has been revised several times and a second
edition was published in 2000 [3]*with anmamendment in 2001 [4]. Meanwhile, the standard
was renamed as [EC 61000-3-2,-which has become the most important and popular standard
regulating line current harmonics. It should-be-noted that the limits do not apply for equip-
ment with rated powers of 75W or less‘(it may be reduced to SOW in the future), other than
lighting equipment.

The standard divides electrical equipment into four classes: A, B, C and D. The four
classes include electrical equipment as follows:

Class A: Balanced three-phase equipment, household appliances (excluding equipment
identified as class D), tools (excluding portable tools), dimmers for incandescent lamps and
audio equipment. Equipment not specified in one of the other three classes should be consid-
ered as Class A equipment.

Class B: portable tools and arc welding equipment which is not professional equipment.

Class C: lighting equipment, including dimming device.

Class D: personal computers and personal computer monitors, and television receivers



(active input power equal or less than 600 W).

The converters proposed in this dissertation shall be applied in modern electronic prod-
ucts, such as personal computers, computer peripherals, and television receivers. All these
electronic products’ input power is less than 600W. Therefore, the experimental results will
be criticized by employing the standard Class D. The current harmonics limits for Class D are
shown in Table 1.1.

Table 1.1 Limits for Class D equipment in standard IEC 61000-3-2

Harmonic wave Maximum permissible har- Maximum permissible har-
monic current per watt (mA/W) monic current (A)
Order n
3 3.4 2.30
5 1.9 1.14
7 1.0 0.77
9 0.5 0.40
11 0.35 0.33
13 0.21
3.85/n
15=n=39 0.15x(15/n)

1.2 Motivation and Objectives

Theoretically, changing the two-stage scheme to single-stage scheme can substantially
mitigate the cost and complexity of PFC AC-DC converter. However, the concept of sin-
gle-stage design still has not been extensively adopted in today’s power products. This is be-
cause there are still some of the existing technical challenges with respect to the development
of viable S’ICS AC-DC converters, such as high voltage stress, high current stress and low
conversion efficiency, etc.

With the enforcement of newly issued international regulations, the cost-effective sin-
gle-stage AC-DC conversion has become one of the hottest research areas in power electron-
ics. This dissertation is intended to address the major technical issues in existing single-stage

AC-DC converters and to give simple, reliable, efficient, and cost-effective solutions.
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1.3 Dissertation Outline

This dissertation is composed of five chapters. The content of each chapter is briefly de-
scribed as follows:

Chapter 1 introduces the background regarding the present power factor correction tech-
niques and line current harmonics standard. It then lists the research motivations and objec-
tives.

Chapter 2 offers a review for proposed techniques for the single-stage AC-DC converters
and discusses various issues, trend and challenges.

Chapter 3 first introduces the mechanism of the proposed ICS technique. Then, a new
flyback converter employing the proposed ICS scheme is presented. The content in this chap-
ter contains circuit description, operationzprinciples . circuit design procedure, and prototype
experiment results. In addition, an extended circuit based on topology refinement is proposed
for specific applications.

Chapter 4 deals with the problem-regarding high bulk capacitor voltage stress at light
load. A new flyback-forward converter with the modified ICS scheme proposed in Chapter 3
is presented. The mechanism and performance of the proposed approach for suppressing bulk
capacitor voltage stress are discussed in detail. The content also covers several segments
which are the same as in Chapter 3.

Chapter 5 summarizes the conclusions of this work and presents suggestions for further

work in related research directions.
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CHAPTER 2
REVIEW OF EXISTING SINGLE-STAGE AC-DC

CONVERTERS

In the last decade, the heat wave of studying single-stage ICS AC-DC converters has re-
sulted in hundreds of published papers. For single-stage AC-DC converters, the performance
measures, such as efficiency, component count and circuit complexity, component voltage and
current stresses, input current quality, etc., are largely dependent on the circuit topology. Thus,
the main objective of this chapter is to present a topological study of the representative S’ICS
converters and find a topological relationship among various converters. This study can be
used to topologically explain the main drawbacks of current S’ICS converters and pursue po-
tential topology variations to overéome the barriers ithat limit the application of S*ICS con-

verters.

2.1 Familiar Single-Stage Input Current Shaping (S*ICS) Converters

The concept for S?ICS AC-DC converters can be traced back to some early work pre-
sented in 1991 [18], [19]. In article [18], Kherulawa et al. proposed a single power stage with
dual outputs, including the desired DC output and a boosting supply in series with the input,
as shown in Fig. 2.1. Without active control of the boost supply, a reasonably good input cur-
rent shape can be obtained due to the natural characteristics of the boost resonant circuit. This
circuit is original but the component count is high. Takahashi et al. proposed another way to
realize S’ICS AC-DC converters, which cascades a boost ICS circuit with a DC-DC converter
using one switch [19]. As shown in Fig. 2.2(a), a high frequency “dither source” is inserted

between the input boost inductor L, and the bulk energy-storage capacitor Cp. Since the dither
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source introduces high-frequency pulsating voltage on L, during one line cycle, the rectifier
diode can conduct current even while the instantaneous input line voltage is much lower than
the capacitor voltage V}, as shown in Fig. 2.2(b). As a result, the input current conduction an-
gle is significantly enlarged and the input current harmonics are reduced. This circuit presents
an early form of the single-stage PFC method that integrates a boost PFC rectifier with a
DC-DC converter in a cascade fashion.

So far, many papers have been presented about integrated single-stage AC-DC conver-
sion techniques. In order to systematically understand the basic structure and specific per-
formance of various converters, it is necessary to categorize the representative circuits pub-
lished in recent years. Our survey will focus on the single-stage designs with boost-type ICS
cells. From several points of view, including power flow paths, topology structures, and input
current shapes, these circuits can be divided intorthe following categories as introduced in

subsections 2.1.1-2.1.4.

o, (
@L :

Fig. 2.1 Isolated S’ICS technique using a two-output dual-control converter [18].

D,
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Fig. 2.2 General structure of “dither-rectifier” and its waveforms [19]:

(a) Circuit diagram, (b) conceptual waveforms.

2.1.1 S?ICS Converters with Cascade or Parallel Power Processing Structure
Conventional single-stage AC-DC converters were derived from two-stage scheme and
thus synthesized with a cascade method [15]. As shown in Fig. 2.3(a), the single-stage
AC-DC converters have the dominant configuration integrating two circuit parts. The first
part is derived from a boost-type circuit and has the automatic ICS function. The second part
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is a DC-DC circuit with a bulk capacitor Cj placed between this circuit and the ICS cell. The
downstream DC-DC cell is used to realize fine output regulation, isolation, and fast dynamic
response. In terms of power transfer, the AC input power in such a design must first be trans-
ferred into the intermediate bulk capacitor Cp; this process is completed by the ICS cell. Then
the power stored on the bulk capacitor Cj is processed again by the DC-DC cell to reach final
output. The block diagram for explaining power transfer is shown in Fig. 2.3(b). This double
power processing results in low conversion efficiency, which is the product of the efficiency

of each functional cell.

i —— ; _____________ .
m N : ]Vp' ' 'Nv Flyback + I
D2 | + g for(v)vrard Vo:
Cr Vs output [ R1 -
N i\/ = |
DRy o i
ICHp : A DC-DC cell :
(@)
+
P | 1cs [ | pe-pDC | Powr
':[\> cell | A~Vs| el i‘>
(b)

Fig. 2.3 S’ICS converter with cascade power processing structure: (a) example circuit [15]

and (b) power transfer block diagram.

In order to improve conversion efficiency, some new power transfer approaches have
been proposed in [22]-[28] which allow a part of the input power to be processed only once
and let the remaining input power to be processed twice while still achieving both high PF
and tight output regulation. Those power transfer approaches provide a new way to achieve

more efficient and higher power rating S’ICS converters than the conventional double power
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processing approach shown in Fig. 2.3. An example circuit of the direct power transfer ap-

proach is shown in Fig. 2.4(a) and its power transfer block diagram is shown in Fig. 2.4(b).

B <) e — _
Py |
. - Flyback + |
for(\:vrard Voi
output R; -
|
T
|
ICS cell DC-DC cell |
f T .. a

(a)

Direct Power Transfer
ICS
|P£{> Cell | wbui| DCDC J:/I\P out
Vol cen
(b)

Fig. 2.4 S’ICS converter with parallel power processing structure: (a) example circuit [25]

and (b) power transfer block diagram.

2.1.2 S?ICS Converters with Two-Terminal or Three-Terminal ICS Cells

With the consideration of ICS realization mechanism, the ICS circuits can be symbolized
as two- or three-terminal cells [16], [17]. Each ICS cell contains a boost inductor L, and two
branches, as shown in the dotted rectangle in Fig. 2.5. The charging path P, is used to charge
the boost inductor when the switch S is on. The discharging path P is used to discharge the
boost inductor and transfer the energy from the boost inductor to bulk capacitor or output
when the switch S is off. The two paths are usually composed of diodes, capacitors, inductors,
and extra windings of the transformer or their combinations.

In the implementation of the two-terminal ICS cell, the charging and discharging paths of
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Ly, are connected in parallel and inserted between the full-bridge rectifier D, and the bulk ca-
pacitor Cjp, as shown in Fig. 2.5(a). Notice that one winding coupled to the transformer of a
DC-DC converter is contained in the charging path. The polarity arrangement of the addi-
tional winding intends the voltage across it being in opposition to the bulk capacitor voltage
Vi, during the duty-on time of switch S. Therefore, when the switch is on, the voltage across
the winding can cancel the capacitor voltage V}, so that the charging voltage of the boost in-
ductor only includes the input voltage. The well-known magnetic-switch (MS) topology pro-
posed in [20] is an example circuit, as shown in Fig. 2.6(a). In this converter, the charging and
discharging paths use the same branch, namely, MS winding. Contrarily, in the example cir-
cuit shown in Fig. 2.6(b), the charging and discharging paths use the different branches [29].

T,
R R Ns Flyback +
or
forward R Vo
output L] .

i

=

: Ly T,
H {6666‘ - N, %H LIV,| Flyback +
3 E PC E + fori:/rard Vo
§—||+

|_

(b)
Fig. 2.5 Single-stage AC-DC converters with ICS cell of (a) two-terminal and (b)

three-terminal.
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Fig. 2.6 Example circuits of S’ICS converter:with. two-terminal ICS cell: (a) the charging

and discharging paths use the same branch [20] and (b) the charging and discharging paths use

the different branches [29].

In the implementation of the three-terminal ICS cell, the boost inductor L; is connected
to the full-bridge rectifier D,; the discharging path is connected to the bulk capacitor Cp; and
the charging path is connected to switch S, as shown in Fig. 2.5(b). Therefore, the circuit con-
figuration is named three-terminal. Similar to the two-terminal ICS cell, the boost inductor is
charged by the input voltage when the switch is on, and discharged through the discharging
path. The converter shown in Fig. 2.3(a) is an example circuit.

It is found that the two S’ICS families are functionally equivalent and exhibit very simi-
lar performance although they are topologically different [16], [17]. For example, the con-
verter shown in Fig. 2.6(b) is functionally equivalent to the one shown in Fig. 2.3(a) when the

turns ratio of winding NV is the same as that of winding N,,.
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2.1.3 S?ICS Converters with DCM or CCM ICS Cells

In most of the existing S’ICS converters, the ICS cells are operated in DCM to auto-
matically achieve input PFC function. The mechanism is explained as follows. Since instan-
taneous AC input power always varies, a bulky capacitor is needed to buffer the instantaneous
difference between the varying input power and a constant output power such that the output
voltage is regulated tightly and free of line frequency ripple. Because the bulk capacitor is
sufficiently large, the bulk capacitor voltage ¥, can keep in the condition with small ripple.
Thus, the switch duty cycle is almost constant during one line cycle in the steady-state, and
the line current can automatically track the line voltage by operating the boost inductor in
DCM, as shown in Fig. 2.7(a).

Although the concept of the basic DCM S’ICS is very simple, it will introduce higher
input inductor current ripple and more powersloss due to the relatively high current stress. To
reduce EMI filter size and improve conversion efficiency, several new CCM ICS techniques
have been proposed in resent years [36]-[41].-Most of these methods are implemented by in-
creasing the boost inductance or adding extra passive components to the DCM ICS cell. The
corresponding input current waveforms are shown in Fig. 2.7(b). Although the line current
generated by the CCM ICS cell is slightly deformed as compared to sinusoid, it has low har-

monic components and can meet IEC 61000-3-2 Class D requirements.

i,

(a) (b)

Fig. 2.7 Boost inductor current and its corresponding line current waveforms generated by

(a) DCM ICS cell and (b) CCM ICS cell.
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2.1.4 S?ICS Converters with Current-Source or Voltage-Source ICS Cells

To achieve CCM boost inductor current, several CCM S’ICS techniques have already
been proposed in recent years [38]-[41]. Among them, there are two typical CCM S’ICS
techniques. Fig. 2.8 shows one type of CCM S”ICS technique that incorporates an additional
high-frequency inductor L. Fig. 2.9 shows another CCM S*ICS technique with an additional
high-frequency capacitor C,. Since the inductor L, is comparable to a high-frequency current
source, the circuits in Fig. 2.8 are named as current-source S’ICS (CS-S’ICS) converters.
Similarly, since the capacitor C; is comparable to a high-frequency voltage source, the circuits
in Fig. 2.9 are named as the voltage-source S’ICS (VS-S’ICS) converters. As shown in Figs.
2.8 and 2.9, each circuit utilizes an additional passive component, L; or Cj, on the original

DCM S’ICS to get continuous inductor current.
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Fig. 2.8 Current-source S’ICS Converters with ICS cell of (a) two-terminal and (b)

three-terminal.
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Fig. 2.9 Voltage-source S’ICS Converters with ICS cell of (a) two-terminal and (b)

three-terminal.
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2.2 Main Issues of Single-Stage AC-DC Scheme

The underlining strategy of the single-stage AC-DC scheme is to design the converter
that allows its PFC and DC-DC conversion circuits to share the same power switch with the
same controller. From the above existing research efforts, we found that this kind of arrange-
ment results in several main issues.

The first issue is the high current stress on the power switch since it handles current from
both the AC mains and the bulk capacitor synchronously. Moreover, the ICS cell in a SICS
AC-DC converter normally operates in DCM to utilize its inherent current shaping capability;
therefore, this issue becomes more deteriorated. Obviously, when compared with the conven-
tional two-stage schemes, S’ICS AC-DC converters have relatively high switch current stress.
High current stress not only causes low conversion efficiency and high temperature rise, but
also brings about annoying EMI issues.

The second issue is that the bulk capacitor voltage stress is critical since it is no longer
regulated and increases while thé.anput line-voltage increases or load current decreases. This
is because only a single control loop for the output voltage regulation, and the bulk capacitor
voltage is determined by the input to output average power balance [33]. The high bulk ca-
pacitor voltage stress generally exists for most of S’ICS converters, and this issue is more se-
vere under high line and light load condition [49]. Thus, it is difficult to use S’ICS converters
for the applications that require a universal input voltage of 90-260 Vrms. Moreover, a high
bulk capacitor voltage means high component rating, high cost and low conversion efficiency.
For the commercial consideration, the maximum bulk capacitor voltage must be held below

450 V, so that a commercially available 450 V-rated electrolytic capacitor can be used safely.

2.3 Several Familiar Schemes to Alleviate Bulk Capacitor Voltage Stress

Many off-line power supplies must be able to have a universal-line input, which means
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the power converter may be operated with the international utility voltage. For example, in the
United States, the single-phase input voltage is in the 90-135 Vrms range, while the input
voltage is in the 180-260 Vrms range in Europe. A wide line voltage range may pose an
enormous challenge to designing S’ICS converters, especially in alleviating bulk capacitor
voltage stress. To suppress high bulk capacitor voltage stress, numerous methods have been
presented [50]. In this section, four representative schemes to suppress bus capacitor voltage
stress are analyzed and discussed. Through understanding the approaches of alleviating bus
capacitor voltage stress, it is helpful to derive and develop new topologies of SICS convert-

CrS.

2.3.1 Variable-Frequency Control

The variable-frequency control was proposed in.[49]. Since the voltage gain of the CCM
DC-DC cell depends only on th¢ duty ratio, and the voltage gain of the DCM boost-type ICS
cell depends on the switching frequency rather than the duty ratio, it is possible to regulate the
bulk capacitor voltage by a variable-frequency control. Clearly speaking, for the ICS cell op-
erating in DCM with a constant duty ratio, the average input power is inversely proportional
to the switching frequency, and the unbalanced power between the input and output decreases
with the increase of switching frequency. The drawback of this approach is that large load
variation range results in large range of variation in switching frequency. For a load change
from 10% to full load, the switching frequency has to be 10 times that of the full load to re-
main the same bulk capacitor voltage. Such wide switching frequency variation has problems
such as low conversion efficiency and difficulty in the optimal design of transformers and in-

ductors.
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2.3.2 Bulk Capacitor Voltage Feedback Concept

Fig 2.10 shows the modified BIFRED (Boost Integrated with Flyback Rectifier/Energy
Storage/DC-DC converter) converter with the bulk capacitor voltage feedback [33]. In the
modified scheme, an additional transformer winding N, is inserted in series with the boost
inductor. The winding can feedback the bulk capacitor voltage when the boost inductor is
charged, and the feedback depth depends on the bulk capacitor voltage level. The feedback
depth will increase when the bulk capacitor voltage has an increasing trend. Thus, the input
power can be automatically reduced to guarantee the balance between input and output aver-

age power. As a result, the bulk capacitor voltage is limited within a proper range.

T D,

Fig. 2.10 BIFRED converter with-bulk capacitor voltage feedback [33].

2.3.3 Parallel Power Processing

To reduce extra bulk capacitor voltage stress and extra switch current stress, a parallel
power factor correction (PPFC) approach has been proposed [22]-[28]. The main advantage of
this type of design is the clamped or slightly boosted bulk capacitor voltage since partial input
power is processed only once and directly delivered to the output load rather than stored in Cp.
The configuration shown in Fig. 2.11 is an example circuit [24], in which the additional fly-
back transformer 7, is used to replace most functions of the boost inductor in a conventional
S*ICS AC-DC scheme and provide a path for direct power transfer. This scheme can be ap-
plicable to converters with wide input voltage and load ranges. However, the two transformers

(7,1 and T,,) with similar size and complex circuit structure make this topology less attractive
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in low power applications, for which cost and size are often the dominant concerns.

Fig. 2.11 Example circuit with parallel power processing [24].

2.3.4 Both Functional Blocks Operate in the Same Mode

As discussed in subsection 1.1.2, power imbalance between the input and the output in
the operation combination of DCM ICS'+ CCEM DC-DC will cause high voltage stress on the
intermediate bulk capacitor. However, there is'no high bulk capacitor voltage stress problem
in the combinations with the same operating mode, either in DCM or in CCM for the two
cells [33]. Taking the example of DCM 1CS + DCMDC-DC, the duty ratio will automatically
decrease while the load becomes light, as shown in Fig. 2.12. As a result, the average input
power also decreases due to the decrease of duty ratio. The excess input energy reduces ac-
cordingly and the bulk capacitor voltage can be suppressed [51].

The technique of operating both functional blocks in the same mode is a practical and
useful solution. However, the combination of DCM ICS + DCM DC-DC causes a low effi-
ciency because of higher conduction loss and turn-off switching loss; the combination of
CCM ICS + CCM DC-DC has relatively lower PF and higher distortion in input current as

well as the larger boost inductor.
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Fig. 2.12 Relationship between the average input power, average output power, and duty

ratio for DCM ICS + DCM DC-DC [33].

2.4 Trend and Challenges

For AC-DC conversion, although unity- PF s the ideal objective, it is not necessary to
meet today’s regulations with unity PF; Fot-example, both IEC 555 and IEC 61000-3-2 allow
the presence of harmonics in the line current [1]<[4]. This fact opens the door for the com-
promise techniques between quality and cost, which are capable of overcoming the above is-
sues. Thus, to sum up briefly, the design optimization of a S’ICS circuit needs to meet the
following objectives:

(1) The input current harmonics must meet the IEC 61000-3-2 Class D specifications;

(2) The S’ICS converter should have low bulk capacitor voltage stress in order to mini-

mize the component ratings;

(3) The circuit structure should be simple to maintain lower cost for this converter than it

is with the two-stage approach;

(4) The converter should have low switch current stress and good efficiency as well as

keep V', below 450 V in a wide line voltage range.

In summary, the major challenges of the S’ICS research includes meeting current har-
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monic specifications, limiting bulk capacitor voltage stress, reducing switch current stress,
dealing with the universal-line input voltage range, all with minimum additional cost. How to
understand, analyze, optimize and improve these S’ICS converters has been a very interesting

topic in recent power electronics research.

2.5 Concluding Remarks

A review of existing S2ICS AC-DC converters is given in this chapter. For further com-
paring the system configuration and characteristics of the familiar S’ICS converters, we
summarize the classification of the representative reported single-stage circuits as shown in
Table 2.1.

In addition, main issues such as high_current stress, high voltage stress and low conver-
sion efficiency in current S’ICS AC-DC, approaches.are also presented and discussed in this
chapter. To alleviate switch current stress, a new ICS technique is presented in Chapter 3. The
proposed ICS scheme not only alleviates switch current stress in the duty-on time, but also
provides a well current shaping function.:Moreover, to suppress bulk capacitor voltage stress,
a hybrid operated DC-DC converter is adopted in Chapter 4. This circuit can simultaneously
achieve two functions including bulk capacitor voltage suppression while light load and high

conversion efficiency while heavy load.
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Table 2.1 Classification of the representative reported S’ICS converters

Basis of classification Category Representative Circuits
Power processing structure | Cascade [15], [31], [32]

Parallel [22]—[28]
Topology configuration of 2 _terminal [20], [291, [30]
ICS cell

3-terminal [21], [23]-[28], [31]-[41]
Input boost inductor current DCM [15]’ [21]_[23], [25]_[35], [51]
waveform

CCM [24], [36]-[41]
Topology configuration of CS-S’ICS [36]-[39]
ICS cell VS-S’ICS [40], [41]
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CHAPTER 3
ANALYSIS OF THE PROPOSED ICS TECHNIQUE AND THE

APPLICAION TO FLYBACK CONVERTERS

For the single-stage designs with boost-type ICS cells, the line current actually being the
average (or filtered) boost inductor current is composed of two components. The average
charging current of the boost inductor has linear relation to the instantaneous line voltage,
while the average discharging current of the boost inductor primarily has a quadratic charac-
teristic against the instantaneous line voltage. Thus, the resultant input i-v characteristic
curves are nonlinear as shown in Fig. 3.1(a).and the corresponding line currents have the de-
formed shapes as shown in Fig. 3.1(b), whereM represents the ratio of the bulk capacitor volt-
age V) to the peak line voltage Vc(uw. To improve this'drawback, it is found that V', should be
designed to be as high as possible [1 1. However, this will produce high voltage stress on the
switch and the bulk capacitor. To remedy the problems described above, the charging time of
the boost inductor in the proposed converter is designed to be inversely modulated by the line
voltage, so that the i-v curve of the average charging current presents an opposite deformation
characteristic to that presented by the i-v curve of the average discharging current. Conse-
quently, the line current has the waveform analogous to the line voltage waveform.

In addition, since the ICS cell and DC-DC cell are driven by one common switch, both
the boost inductor current and the transformer current simultaneously flow through the switch
in the duty-on time, as shown in Fig. 3.2(b). As a result, the switch current stress is relatively
high when compared with the conventional two-stage scheme. High current stress not only
accompanies with increased power loss, but also brings about annoying EMI issues. To over-

come this drawback, we adopt the concept of “interleaved operation” in the design of sin-
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gle-stage AC-DC converters. Unlike the conventional single-stage designs, the proposed ICS
scheme is intentionally arranged to be charged in the duty-off time, as shown in Fig. 3.2(c).
With this design, the switch current stress in the duty-on time can be significantly reduced and
correspondingly conduction loss can be relieved. This special ICS function can be imple-

mented by using the technique of multi-winding of power transformer.
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Fig. 3.1 The line current distortion caused by the modulation effect of the boost inductor
discharging time, where M = V;/¥,.-r) and‘the dead angle of the line current is considered: (a)

the input i-v characteristic curves and (b) the corresponding line current waveforms.

On the other hand, the common drawback of using the single-stage circuits is that the
switching components often suffer from the relatively high voltage and current stress during
switching, which increases the component rating and introduces more switching loss too. To
further improve the performance of the proposed single-stage AC-DC converter, an ac-
tive-clamp circuit with zero-voltage-switching (ZVS) function is added to the adopted con-
verter. This circuit can lead to noticeable improvement on voltage spikes across the switches

and significant reduction of electromagnetic noise generation [42]-[48].
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Fig. 3.2 Comparison of switch current stress: (a) PWM control signal of the switch, (b)
switching current waveforms of the.conventional I€S scheme and (c¢) switching current wave-

forms of the proposed ICS scheme.

3.1 Analysis of the Proposed ‘Converter

3.1.1 Circuit Derivation and Configuration

Fig. 3.3 shows the circuit configuration of the proposed single-stage AC-DC converter.
The proposed converter is based on a conventional active-clamp DC-DC converter with
skilled modification in order to satisfy harmonic regulations and cost-effective consideration.
In this converter, a multi-winding transformer 7, is employed. It includes three windings N,
N,, and N; with turns number n;, ny, and n3, respectively, and the primary magnetizing induc-
tance L,. As shown in Fig. 3.3, the converter contains an ICS cell, mainly composed of the
rectifier diode D, boost inductor L;, winding N, and resonant inductor L,. The diode D, is
used to provide fast rectification and prevent the filter capacitor C;, from being charged by the

reverse current of iz,. It is worth mentioning that the proposed converter has a special ICS de-
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sign in which the undotted end of winding N, is intentionally connected to node X instead of
node Y. There are two objectives for this design: charging the boost inductor in the duty-off
time and reducing the size of the boost inductor. Through the winding N; with enough large
turns, the voltage vy; can force to charge L, during the duty-off time since vy turns to nega-
tive. Therefore, only the transformer current flows through the main switch S; in the duty-on
time and correspondingly the switch current stress can be reduced. Meanwhile, the resonant
inductor L, is arranged in the charging path of L, so that L, and L, can provide the volt-
age-boost function together. Consequently, a small inductance for L, is sufficient to achieve
the DCM operation and it can be implemented by either an external inductor or leakage in-
ductance of the transformer.

The ICS cell is then followed by an active-clamp DC-DC circuit which provides isolation
and post-regulation function, as defined by the dotted-line box in Fig. 3.3. The DC-DC cell is
designed to operate in CCM and can be implemented by a flyback or forward circuit. C,
represents the sum of the parasitic capacitances.of main switch S; and auxiliary switch S,. L,
represents an external inductor, which. forms~a series resonant circuit with C, to enable
soft-switching function. The resonant inductor L,, the clamping capacitor C,, and the auxiliary
switch S, form the main part of the active-clamp circuit for limiting the turn-off voltage spike
of ;.

The control circuit can be implemented by a simple control loop, a common PWM con-
troller, and a driver circuit. Moreover, main and auxiliary switches are driven complementary

with small dead time in between to allow for ZVS.

31



.ICS cell

Dy 1p Ly T\ my: mp: 13

s e 'a 7 7o Wity 15¢ 3
: v :

.
| _ X In3 Dy '
: _ i " Flyback +1
b vl e L, <2 M) N; or :
; +| ~e Vo5 " forward T R; Vo:
> ! + - - ) output -
N .

i

— 5 - U" A)) Y isi E
Cu| + == + H
C T 1 :
1C | 55 F :
' SiIT= vosi DC-DC cell :
.
M 1

Fig. 3.3 Proposed single-stage soft-switching AC-DC converter.

3.1.2 Principle of Operation

In this subsection, the detailed operation of.a flyback-type implementation with the pro-
posed ICS scheme is introduced. To simplify. the' analysis, the following assumptions are
made:

(1) The switching and conduction losses of thé components are neglected;

(i1) The rectified line voltage |v,.| is considered constant during a switching period;

(ii1) The bulk capacitor voltage ¥} and the output capacitor voltage V, are ripple-free DC
in each half of a line cycle;

(iv) The leakage inductances of the transformer are neglected,

(v) An external inductor is employed for L.

According to the instantaneous magnitude of the rectified line voltage |v,.|, the operation
of the converter can be divided into two modes during a half line cycle, as shown in Fig. 3.4.
When |v,| is smaller than the boundary voltage Vzp, the converter operates in mode M, and
during the remaining time it operates in mode M,. Fig. 3.5 illustrates that five topological
states exist in a switching period. Referring to the symbol definitions, topological states, and

key waveforms shown in Figs. 3.3, 3.5, and 3.6, respectively, the detailed operation is ex-
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plained as follows.
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Fig. 3.5 Topological states of the proposed converter based on flyback topology:

(a) State 1, (b) State 2, (c) State 3 for mode M, (d) State 3 for mode M,, (e) State 4, and (f)

State 5.
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Fig. 3.6 Steady-state waveforms of the proposed converter in (a) mode M, and (b) mode M.

State 1 [Fig. 3.5(a), ¢,<t<t,]:

At ty, S; 1s on and S, is off. The output rectifier D, is reverse biased. Both L,, and L, are

linearly magnetized as operating in a conventional flyback converter. This current flowing

through L, and L,,, i,, can be written as:
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i) =, 0=, 0) =1, () + (=1, G

Thus, i,(#;) can be obtained by

. : |4
lP (tl ) = lLr (t0)+ Lr +bLm ’ (D - DSS )Tv . (32)

where D is the duty ratio, DssTs = (¢5—t4), and T is the switching period. In this duration, the
current flowing through L, is zero.
State 2 [Fig. 3.5(b), t, <t<t,]:

At 11, S) 1s turned off. C, is rapidly charged by the magnetizing current iz, in this duration;

thus, vpg rises linearly to reach ¥, +v,(t,) in a short time and is given by

VDSl(t):iPC(,—tl)'(t_tl)- (3.3)

I

State 3 [Fig. 3.5(c) or 3.5(d), ¢, <t <t,]:

At 1, vps) rises to the value thatimakes the body diode of S, start to conduct. In this dura-
tion, the transformer secondary-voltage vys 1s- sufficient to forward bias D,. Therefore, the
transformer primary voltage va»ds clamped at_=V i, /n, . Shortly, S, is turned on before i,
resonates to the negative direction; thus, ZVS of 5, is achieved. In mode M,, the line voltage
is not large enough to generate i;;; thus, the resonant tank only includes L, and C. when ne-
glecting the small C,. The voltage and current along the resonant loop can be obtained by

iP(t) = iLr(t) =4 - cos(a)1 (t —t, )) + B, -sin(, (t —t, )) (3.4)

and

v.(1)= &Va + 4.2, -sin(@, (1 ~1,)) - BZ, -cos(m (¢ ~1,)) (3.5)

where

More concisely,

iP(t):CI 'Cos(wl(t_tz)_(ol) (3.6)
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and

Vc(t):n_an+Zlcl'5in(a71(t_tz)_(ﬂ1) (3.7)
ny

where

niZV _vc(tZ)

=477 andthe pase g, =t 5| 2
1P \"1

During this state, the voltage across the primary winding N, is clamped at —V, -n, /n,
by the secondary winding N3, so the magnetizing current iz, decreases linearly as given by
i, ()=i,(t)-—=-22.(r=1,). (3.8)
And by employing Ampere’s law, we can obtain that
ny ol + 1y iy, +150y, =0. (3.9)

Moreover, according to Fig. 3.3, the primaryswinding,current iy» can be obtained by

iNZ(t):iP(t)_iLm(t)' (3.10)
Employing (3.9), one can find the secondary-winding.current in mode M;:
s EREE, ). (.11

3

In mode M,, the line voltage is higher than the boundary voltage V3p and causes the cur-
rent iz, to be generated. Therefore, the resonant tank is formed by L,, L, and C.. In such a de-
sign, the negative vy results in a partial energy of L, being sent back to C, through winding

Ni. According to the topological state shown in Fig. 3.5(d), we obtain

ip(t)= 4, -cos(@,(t ~1,))+ B, -sin(@, (= 1,)) = C, - cos(w,(t = 1,) - 9,) (3.12)
and
L( 1)+ "7, - Vb] L L[ A, -sin(a,(1— 1))+ By, -cos(w, (1-1,)]
v, (t) = n—zVo + e
n, L +L,
_my, L (Vac(q Jmy —Vb] 2.0, sin(y(t—1,)- )
n, L +L, n,
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(3.13)

where

n, +n,

Ly +L,,[ v, (6] +

Vo _Vbj
A =i,(1) B, =—2 s - Vc(tz), C,=+4>+B,,

L L, Z,

oo B 5 [LL
LrLch (Lr + Lb )Cc

LbnzVo+Lr(
n

n +n
t)+——2V, -V,
Vac(x n, 0 bj_ Vc(tz)

=tan'| == |=tan" > )
i (Azj L.Laip (tl) Z,ip (tl)

The detailed derivation of the above equations is shown in Appendix A. So far, by ap-
plying the operating principle obtained in State 3;.the average charging current of the boost
inductor in one switching period-can be calculated. First, the boost inductor current iz, can be

expressed as

0| PP, )1, 0-) o

where 4>, equivalent to i,(¢;), can also be expressed as follows:

2
4= )+ P, -, (l_D)TS+n—2£(1_D)TS+5 e ny + ke
L +1, n, 2 n, L 2 v, (1-D) L +1,

(3.15)
where P, is the output power. The detailed derivation of (3.15) is shown in Appendix B. By
integrating (3.14) through the duty-off time and then dividing (3.14) by T, the average charg-

ing current of the boost inductor over one switching period is given by

) 1
ZLb,ch(ave)(t): I +1 K
r b

Additionally, i;,, and iy, are still ruled by (3.8) and (3.10) and iy3 can be calculated by em-

vac(r)|+ﬁV()—V,,j%—L,Az(1—D) . (3.16)

3
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ploying (3.9):

(1) = _nliLb(t)—'_nZiNZ(t)‘ (3.17)

Ny

Employing KCL, the current iz, can be obtained as

ac

)=, 0)- 70— [[

L+, +ﬂ.V0—Vbj.(t—t2)+LbiP(t)+LrA2 . (3.18)

3

Note that the interval between £, and #; is approximated to (1-D)T;, since the two
neighboring oscillation intervals of States 2 and 4 are very short as compared to the switching
period.

State 4 [Fig. 3.5(e), t, <t<t,]:

At 13, S, is turned off. C. is disconnected and L,, Ly, and C, form a new high frequency
resonant circuit. The transformer primary side current 7, resonates in the negative direction to
discharge C,; therefore, vps; decreases fromwwvi(t3)+¥, to zero. Within this state, vy, turns to
positive and results in D, being icut off. Since the down-slope of diys/dt is determined by the
resonant speed, D, can be designed to.switch-softly to reduce the rectifier switching loss.

Based on the operations shown in Fig. 3:5(¢), we can obtain

ip(t)= 45 -cos(@y(t =1,))+ B, -sin(@(1 = 1,)) = C; - cos(@y(t —1,) - ;) (3.19)
and
L ( RN j L Lo (A, -sinoy(t—1,))+ B, -cosl(t —1.)
vo(t)=n—j~ L+l
LV, +L - (V ‘
—Z—z-VoJr A +ZC3 -sin(e,(t —1,) - @)
(3.20)
where
LV,+L [ 1)+ Vj (Vo(t) '%VUJ
A4, =i,(t), B, = 2 - 2 , C,=+/4°+B,,
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@, = L+L, Z, = _LL, and
’ LrLb .Cr ’ ’ (Lr +Lb )Cr ’

Lbe+Lr'(vac +an0j vCr(t3)_&'Vo
@, =tan”' (ﬂl = tan™ e - ke
L, Ly, t;) Ziin(t;)

3

And the details of the above equations are shown in Appendix C. In this duration, ix, and iy3

have the same expressions as (3.10) and (3.17), respectively. Besides, i;,, is given by
: : , N
sz(t)zlP(t3)——-n—2~(t—t3). (3.21)

Integrating the voltage across L, yields

)= {—[vmw&.n—V,,j-<r—f3)+L},fP(t)+L,A3} for M,
L +L, n,
(3.22)
. . 1 .
i, (1)=—i,(t,)+ oL [—(vac(t) +:—:-Vo = V,,J f(t—1,)+ Li,(¢)+ LFAJ for M,
Subtracting (3.22) from i, yields
. 1 .
0= | (bl o, PP L 0- ) for M,
r b 3
(3.23)

iLb(t):iLb(t3)+LriLb{[vac(t)JrZ—;-Vo—Vb]-(t—t3)+L,-(iP(t)—A3)} for 1,

It should be noted that, for mode M), the current iz, is built up only in this short interval.
Thus, the induced input current is much smaller than that induced in mode 5.
State 5 [Fig. 3.5(%), ¢, <t <]

At t4, the body diode of S; begins to conduct. Shortly after time ¢4, while the body diode
of S; is conducting, S is turned on to achieve ZVS operation. The bulk capacitor voltage V},
much higher than vy, causes iz, to increase linearly. Simultaneously, since |v,| is smaller than
vy1tvan, the boost inductor current iz, linearly decreases and becomes zero at time #5( = ¢).

The above operation gives

39



vac(t] _le(t)_vNZ(t).(t_t4)

iy ()=, 1) + 7 (3.24)
b
where
Ly, +m "y (¢
n
vy (1)= : . (3.25)
L +L, I, +(n1 +n2j L
L, n,

v, ()= (n, /1ny) - vy, (2). (3.26)

The derivation of (3.25) is shown in Appendix D. It is worth mentioning that the output power
is fed directly from the line input by the utilization of winding N, in this state. By integrating
(3.24) through the DysT; interval and then dividing (3.24) by Ty, the average discharging cur-

rent of the boost inductor over one switching period is given by

v (0)

ntn ., L +L,
b

2
l‘Lb,dis(ave) (t) = DY52 T; 2 n2 L Lm P . (3 27)
Lr + m Lb -+ nl +n2 Lr
'y n,

3.1.3 Steady-State Analysis

Based on the circuit analysis of the proposed converter introduced in subsection 3.1.2,
States 2 and 4 can be neglected in the steady-state analysis because these two intervals are
very short as compared with the total switching period. By employing the voltage-second

balance across L, one can obtain the following equation:

L
vy -(D—Dss)—Z—jVo-(l—D)+szDS5=0. (3.28)

Similarly, the voltage-second balance across L, gives

L
VbLm -:L '(D_Dss)_(Vc —Z_jl/()]'(l—D)+([/]) _VNz)'DsS =0. (3.29)

In mode M|, since the D;s is very small and can be neglected in the circuit analysis, the duty

ratio in mode M, can be obtained from (3.28):
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Dy, ~ & . (3.30)

T
o
L,+L n,

b

Adding (3.28) to (3.29), the clamp capacitor voltage in mode M, can be derived as
DMI

M1 —
l—DM1

Vv,. (3.31)

Moreover, according to (3.13), we can obtain the approximated expression of the clamp ca-

pacitor voltage in mode M, by neglecting the small oscillation term:

1, L, + 3

Vc,Mz(t)zn_zVo +LL£

vac(t)|+%Vo —Vbj. (3.32)

Substitute (3.32) into (3.29) to replace V,; thus, the addition of (3.28) and (3.29) yields

L n n
V,-D= . Ly -V =2V |-(1-D). 3.33
b |:Lb+Lr (vac(tx—i—n} 0 b]+n o:| ( ) ( )

3

From (3.33), the time function of the dutyratio-in mode M is given by

,

D,,(t)=1- : (3.34)
n n
LW () +—W,—V, |+V,+2V
Lr+Lb( uc()| n3 o bj b n3 o
Substituting (3.34) into (3.28), the time function of Dys in mode M, is given by
I M0 Py A A P A B
L +L |L+L, n, n, n,
DsS,MZ(t) = (1 - DMz(t))'
Lm
[LJrLVb - sz(t)J
o (3.35)

2
e [ ) RSV 7% AP Rl
L +L, n, n,

T L
v )+, =, |+ e |, M e | M ey ()
L +L, n, n

3 n, n,

where the approximation comes from L, >>L .

In addition, the boundary between modes M, and M, occurs just as |v,.(?)| is large enough

to charge the boost inductor during State 3. Thus, from Figs. 3.5(c) and 3.5(d) and KVL, the

41



boundary voltage of modes M, and M,, Vjp, is determined by

n, +n,

Vep =Vernn vV — V.. (3.36)

n,
The boundary angle 6, shown in Fig. 3.4 can be calculated from (3.36):

n,+n
Vo +V, ———2

c,

y,
6, =sin™' :

7 (3.37)

MM

where |V,cn) 1s the peak rectified line voltage.

3.2 Design Considerations

The design specifications of the proposed converter are given as follows: input voltage
range V,. = 90-260 Vrms (60 Hz); output voltage V, = 48 V; rated output power P, = 100 W;
switching frequency f; = 100 kHz; ‘conversionefficiency » =0.85.

The bulk capacitor voltage:V}is dependent on the line voltage and the output load. Ac-
cording to the empirical rule, the moderate-value of /', usually ranges between 1.1 and 1.2
times as high as V.. Moreover, to maximize the conversion efficiency, the duty ratio should
be from 0.4 to 0.5 at low line since the low line is considered the critical case in this design.
To ensure the proposed converter operating properly, the converter parameters are determined

as follows.

(1) Determining the Turns Ratio ny/n;3
Let L, >>L, . By using the same operation theory applied to a simple flyback circuit
operating in CCM, the primary to secondary turns ratio n,/n3 can be approximately obtained

as

e L max (3.38)
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(2) Determining the Transformer Primary Magnetizing Inductance L,,
To ensure that the flyback cell always operates in CCM, the inductance L,, must satisfy

the following condition:

L ((I—Dmm)-lfo)z-n,(@j | (3.39)
2-fs])o n3

(3) Determining the Clamp Capacitor C.

The resonant frequency determined by C. and L, should be sufficiently low so that the

half resonant period 7,/L.C, is greater than the duty-off time. Thus, the minimum value of

C. can be obtained as:

2
Cy> ((l‘?rrgiz)'Ts) : (3.40)

According to the design specifications and (3.38),:(3.39) and (3.40), the parameters n,/ns,

Ly, and C, are selected as 2.3, 318.4-uH, and-0.22 .uF, respectively. Furthermore, the other

converter parameters with special function, including L, and L,, are determined as follows.

(4) Determining the Boost Inductor L,

To achieve self-PFC, the boost inductor must operate in DCM over the entire line cycle.
Thus, the design must satisfy the condition of Dss < D in the whole line cycle. Since the criti-
cal boundary condition of CCM and DCM occurs at the lowest peak input voltage, the maxi-

mum boost inductance can be determined from (3.35):

] [(”1/”;2"/'722/”3 jz _K].L,,

h,max K — 1

(3.41)
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nl/n3 + nz/”s Vv

. =V .
b, min ac( pk),min
where K = D, ,(nl/ns‘*'nz/nsj. n, /s
- Dmax nZ /n3 I/otc(pk),min + I/anl/n3 - I/h,min

According to (3.41), we can plot the relationship between Ljma.x and ni/n3 at V,. = 90
Vrms for possible Dpax and m (ratio of Vi min/Vac(pk),min), @s shown in Fig. 3.7. It can be found

that the increases in n,/n3 cause Lp max to increase for fixed Dpax, m, na/n3, and L,.

x10" Vac=90 Vrms, Lr=25uH, n2/n3=2.3

=04, m=1.1
5 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Dy = 0.5, m= 12
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nl/n3
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|

Fig. 3.7 The maximum boost inductance L ., versus turns ratio n;/ns.

(5) Determining the Resonant Inductor L,

According to the operating principle of State 4, to ensure the ZVS turn-on for S, the en-
ergy stored in the parallel of resonant inductor L, and boost inductor L, must be greater than
the energy stored in the resonant capacitor C,. Thus, for the given C, contributed by the para-

sitic capacitances of S| and §,, the following relationship should be guaranteed:
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2 2
n n L, n
C.- [V:{y,max + nZV”J C, .{2 vV + TL,) . [Vac(pk)’max + n—l V, - Vbj + Vb}

3
L +L, (isl,Ml (t3 ))2 ’ (isl,MZ (t3 ))2

(3.42)

3.3 Analysis of the Line Current Waveform

As shown in Fig. 3.3, the low pass filter L~C; will filter out the switching frequency
components and harmonics of i;;. Thus, the rectified line current |i,.(?)| is the average value of
irp(f) within a switching period, namely, |ia| = izs.ch(ave) t iLb.dis(ave). MoOTEOVeTr, the expression of

iLb disave) 1N (3.27) can be rearranged as follows by substituting (3.35) into (3.27):

2
— (I_DMZ(t))zzl . n2 Lr+Lm [( nZ j 'Lr+Lm Lb+1jl

N
di
Lb,dis(ave) ) 2 n, + nj Ler n, + n, Ler

2
L
S valt)+ 2w v, |+ 2y |- "2y,
L+L, | L+ L ny n, n,
. (343)

L n
m V o 2
(Lr +'L, b n +n, Vac (l))

According to (3.16), (3.34), and (3.43), iz ch(ave), iLb.dis(ave), and isc| In a half line cycle are

plotted in Fig. 3.8, in which only mode M, is considered. Moreover, based on (3.34) and
(3.35), the curves of (1 - D) and Dys for mode M, can be drawn in Fig. 3.9. These curves are
sketched by using the following parameters: L, = 27.5 uH, L, = 10 uH, L,, = 318.4 uH, n;: ny:
ny=23:23:1, Voe =110 Vims, Vy = 1.15 + Vieiy, Ts = 10 ps, V, =48 V, and P, = 100 W.
Although the determination of turns ratio n;/n; is somewhat arbitrary at present, the detailed
selection criterion of n;/n3 will be discussed in the next section for satisfying the harmonic
requirements.

As shown in Fig. 3.8(a), the 1-v curve of iz cnave) can be designed to bend convexly while
that of iz gisave) Still bends concavely. Since these two bent curves have remarkable compensa-
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tion to each other, the i-v curve of |i,.| has very good linear characteristics. The special charg-
ing mechanism of iz ca(ave) 1 €xplained as follows. When |v,.(f)| increases, D;s also increases
correspondingly. Moreover, the charging voltage of L,, in the DT duration is smaller than
that in the (D — D)7, duration, as illustrated in Fig. 3.6(b). Smaller charging voltage pro-
duces less magnetizing energy injected in L,, and consequently lower output voltage is formed.
To maintain the constant output voltage, the controller will increase the duty ratio D under
output voltage feedback control. Thus, (1 —D), or named the effective duty ratio of the ICS
cell, will be inversely proportional to the instantaneous rectified line voltage with DC offset,
as shown in Fig. 3.9. The AC modulation effect on (1 —D) makes izp chave)(f) convexly vary
with |v(£)]. The compensation produces a result in which the second derivative i, /2" vy is
very small and ranges between -1.1x10™ and 2.2x10™*. This result shows that the relationship

between |i, | and |v,| is nearly lineariand can be expressed as

-V
= QV“C—BD) +negligible nonlinear terms (3.44)

éq

ac

where R,, is the equivalent input resistance. The linear result can be seen clearly from Fig.

25 : : : 25
2+ 2+
‘iuc'l
~1sl liae] sl
< . < LLb,ch(ave)
= [ =
@ Lb,ch(ave), @
5 5
O 1t O 1f
11b dis(ave), i1 dis(ave)
05F 051
Vap \ 0,
3
0 . 0 . . .
0 50 100 150 0 05 1 15 2 25 3
Voltage (V) Line angle (rad)
(a) (b)

Fig. 3.8 Comparison of iz chave), irb dis(ave), and |iac| drawn by the proposed converter in a half
line cycle at 110 Vrms: (a) the currents as a function of instantaneous line voltage and (b) the

current waveforms as a function of line angle.
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Fig. 3.9 (1 - D) and Dss versus line angle for 110 Vrms in a half line cycle.

3.4 Designing the ICS Cell to Meet IEC 61000-3-2 Requirements

Equation (3.37) shows that a‘larger sy/nz will cause a smaller boundary angle and lower
current harmonics. However, a larger n;/n; also causes more energy of L,, to redundantly cir-
culate to Cj, through winding N;."Thus; the'design objective of determining n;/n31s to find its
minimum value with which the input current harmonics can meet the IEC 61000-3-2 Class D
requirements. Note that since n,/n3 has been determined in Section 3.2, the selection of n;/n3 is
equivalent to the selection of the boundary angle. Thus, the design objective becomes finding
the maximum acceptable boundary angle.

Since IEC 61000-3-2 Class D gives the requirements of the acceptable harmonics, to find
the maximum acceptable boundary angle, each input current harmonic should be computed.
According to the conclusion of (3.44) and Fig. 3.8(b), the mathematical expression of the line

current during [0, —0)] can be expressed as

iac(a)t):iac(%j-sin((a)t—ﬁb)- d j (3.45)

m—20,

where w is the angular frequency of the line voltage. Thus, the nth harmonic component 7, can
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be calculated by Fourier analysis:

1,=% _ﬂwb Ay G] ' {[Sin((” -1z =n0,)=sin(n6, )} (n— 1)7z1 ~2n6,
(3.46)

—[sin((n + 1)z = n6,)—sin(n6, )]- ! }

(n + 1)72 —2n6,
where n =1, 3, 5...39. Since the Class D limits are defined as the ratio of current harmonic to
fundamental-frequency component, /,/;. From (3.46), we can obtain the normalized value of
each harmonic as a function of the boundary angle as drawn in Fig. 3. 10. Fig. 3.10 shows that
the most critical harmonic is the fifth for complying with the Class D requirements since its
acceptable boundary angle is smaller than all the others. Therefore, the maximum allowable
boundary angle is 1.005 rad ( = 57.58°). It should be noted that since (3.45) is derived in ne-
glecting the small current components presenting in mode A, the practical allowable bound-

ary angle will be a little larger tham:that obtained. from (3.45).

I3/I1
09 | e I/ Rsa
—— L 1.013 RS
0.8 Brd harmonic limit O N, S5
= Y9’ ;
I I,/ |
0.6 "I E
- 7
= 05 . < 7 4
= Sth harmonic limit s K
0.4+ Jd 1
1.005 z

031 P4 1
7th harmonic limig 7

0.2 1.123 ]
9th harmopiC limit

0.1 [ Ll Ll 7
11thHarment¢ [IMIE ™", o T T S e

O - ) a 885 * . L ' L

0 0.5 1 1.5

Boundary angle (rad)

Fig. 3.10 The maximum boundary angles of 3™_11™ harmonics complying with IEC

61000-3-2 Class D specifications.

Next, by solving the set of (3.30), (3.31), and (3.37), we obtain the value of n,/n3 as
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Moy e Lym L 1 sing ) (3.47)
R R

ac(pk)y Vo ac( pk) 0
In the proposed converter, a higher line input voltage causes a larger boundary angle. Thus,
we must make sure that the design satisfies the requirements of the Class D especially at the
nominal high line input, that is 230 Vrms. Using the same values of L,, L,, ny/ns, V,, and
Vi/Vaeply as in the previous section, we obtain ni/n3 = 2.27 when V,. = 230 Vrms and 6,

=1.005 rad. In other words, n;/n3 = 2.27 is the boundary of compliance with Class D limits.

3.5 Experimental Results

To verify the feasibility of the proposed topology, experimental tests were performed
under the specifications described in Section 3.2. The circuit components used for the experi-
ment are listed in Table 3.1 The capacitaneerCiconsists of only the output capacitances of S|
and S,. In the experimental circuit, the low-cost currént-mode integrated controller UC3843
was used to generate the PWM “control signal: Alse, the combination of simple logic 1C’s,
R-C circuits, and a high-side switch driver IR2110 was used to generate the complementary
control signals for switches S; and S,. Note that the inductance ratio L,/L,, employed in the
prototype circuit is only 0.03, which is about 1/30—1/8 times as large as the L;/L,, ratio em-
ployed in the previous converters with similar line current waveforms [34], [39].

Fig. 3.11 shows the measured switching waveforms of the prototype circuit operating at
110 Vrms. Figs. 3.11(a) and 3.11(b) illustrate the gate-drive voltage of S}, the resonant induc-
tor current, the current of S}, and the drain-to-source voltage of S;. Experiments have verified
the soft-switching characteristics as well as the active clamping of the voltage drop across
switch S;. In Figs. 3.11(c) and 3.11(d), the waveform of the boost inductor current iz, reveals
that the ICS cell operates in DCM. It also can be seen from the waveform of the output recti-

fier current iy3 that the rectifier reverse recovery effect has been suppressed. From Figs. 3.11(b)
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and 3.11(d) with respect to mode M,, it can be seen that is; and iy, are operated with inter-
leaved fashion since the two figures use the same time base.

Fig. 3.12 shows the measured line voltage and line current waveforms at V,. = 110 Vrms.
It can be seen that the current waveform has a near-sinusoidal shape in mode M,. Fig. 3.13
shows that the detailed current harmonics measured from the experimental prototype operat-
ing in the high and low line inputs can satisfy the requirements of IEC 61000-3-2 Class D. Fig.
3.14 shows that the conversion efficiency at full load is 88.3—91.3%. The experimental results
of Figs. 3.13 and 3.14 indicate that with the selected turns ratio n,/n3 = 2.3 the harmonic con-
tents can be guaranteed to comply with the Class D specifications, and meanwhile, the con-
version efficiency can achieve around 90%. Fig. 3.15 shows that the bulk capacitor voltages
are maintained within a desirable range (1.1-1.2 times as high as the peak line voltage) even
though the converter operates in a wide range of input voltage (90-260 Vrms). The maximum
bulk capacitor voltage is 425 V,-which oceurs.at 260 Vrms input voltage. Thus, the commer-
cially available 450V-rated electrolytic-Capacitors can be used. Fig. 3.15 also demonstrated
that the proposed converter can obtain a well shaped line current waveform while M (ratio of
V! Vacpiy) 1s only in the range of 1.1 to 1.2.

Table 3.1 Component values for the prototype circuit

Component Device Description
S1, $2 SPAT1N60C3

D, UO08A100
D, UO8A30C
Ly 10 uH
L, 27.5 uH
Ly 318.4 uH

ni: Ny N3 23:23: 10
Cy 300 uF/450 vV
C, 780 pF
C. 0.22 uF/400 vV
Co 100 puF/100 V
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Fig. 3.11 Measured waveforms
(a) waveforms in mode M;: vgs; (10 : ] /div); is1 (3.2 A/div); vpsi (100 V/div),

(b) waveforms in mode M,: vgs1 (10 V/div); i, (10 A/div); isi (3.2 A/div); vpsi (100 V/div),
(c) waveforms in mode M;: vgsy (10 V/div); iz, (2 A/div); iy (100 V/div), and
(d) waveforms in mode M,: vgs: (10 V/div); iy (5 A/div); iy (100 V/div).

Time scale: 2 1 s/div.
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Fig. 3.13 Measured line current harmonics comparison at full load.
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Fig. 3.14 Conversion efficiency versus input voltage.
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Fig. 3.15 Bulk capacitor voltage versus input voltage.

3.6 Topology Refinement

3.6.1 Proposed Circuit and Operating Principles

As can be seen in Fig. 3.3, since'winding /V; is in-the charging path of L,, the inductor L,
can be used to provide both the boost:.I€S function operating in DCM and the soft-switching
function for the DC-DC cell. Thus; the boost inductor can be saved and the volume and
weight of magnetic components are reduced. Based on the above concept, a new single-stage
soft-switching AC-DC flyback converter, shown in Fig. 3.16, is proposed. Like the fly-
back-type implementation of the topology shown in Fig. 3.3, the new flyback converter can
also provide the two following key functions. First, the ICS cell of the converter is charged in
the duty-off time; therefore, the current stress on the main switch S is alleviated. Second, the
charging time of the ICS cell is designed to be inversely modulated by the line voltage, so that
the i-v curve of the average charging current presents a opposite deformation characteristic to
that of the average discharging current. Therefore, the average charging current of the ICS cell
can effectively compensate the line current distortion caused by the modulation of the ICS
inductor discharging time. To sum up briefly, this converter combines the advantages of sim-
ple topology, line current waveform correction, and switch current stress reduction.
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Fig. 3.16 Proposed single-stage soft-switching AC-DC converter.

The basic operating principles of this converter can be referred to subsection 3.1.2. But
the expressions of the average charging current and the average discharging current of the ICS
cell are different from (3.16) and (3:27), respectively. To evaluate the line current shaping
performance, we derive the related equations.as follows.

Using the operating principle obtained in State 3,-the average charging current of the ICS
cell in one switching period can be calculated. First,' by employing Ampere’s law, the current
iy 1n this state is given by

iy =——"1y, —n—-im. (3.48)
From Fig. 3.16 and KCL, the following equation is given:

iy, +i, =ip=1,, +iy,. (3.49)
Substitute (3.49) into (3.48) to replace iyp, the integration of (3.48) through the duty-off time

can be obtained as:

[ e == [ G O+, (=i O =" [ (e 3.50)

0 7’11 0 ”1
Replacing the time functions of i;,, iz, and iy; with their corresponding voltage expressions

yields
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) I(FD)TS iNl (t)dt

0

}’ll + }12
n,

n 1 ; R ey (3.51)
=2 )+ =LV, -V, | = Ve M b LR
no L, 1, 2|, L, mng 2| n v,

Averaging (3.51) over a switching period, the average charging current of the ICS cell can be

obtained as follows:

r

, (1-DyT. n, 1 n, V. n,| P m
= s . J=. Oy y |2 _Ze. . (3.52
lNl,ch(ave)(t) 2 l’ll +n2 L Vac(tl+ n3 o b ( )

Moreover, the discharging current of the ICS cell in one switching period can be calcu-
lated as follows. By employing Ampere’s law and KCL, the expression of i; in State 5 can be

given by
=~ aakkiiii _n_z'(lzvl T, _le) (3.53)

where i;, and iz, can be expressed as follows:

vac
el
ie)= iL,(t4)+1L+—”‘/”2-z (3.54)
A%
i, (=i, (t, )+ ——"—<——.t. (3.55)

L (1+n/n,)

The substitution of (3.54) and (3.55) into (3.53) to replace iz, and iy, yields

" v L +L
iy (t)=iy )+ —— | -+ A 320
Nl() N1(4) n1+”2 ( Lr 1+I’ll/l’l2 Lsz j ( )

v

ac

By integrating (3.56) through the D57 interval, the average discharging current of the ICS
cell can be given as

. n, Vae (tl Lr + Lm t2
. =l — | V - . .
lNl,dzs(ave) (t) (nl + nzj ( b 1+ nl/n2 Lm j 2L”T‘ |0 (3 57)

_ Ds52 : Ts n2 V _ vac’(tl Lr + Lm
2L, n,+n, " l4n/n, L

m

DTSTT
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3.6.2 Steady-State Analysis

The steady-state analysis of this converter is similar to the analysis introduced in subsec-
tion 3.1.3 and performed as follows. By employing the voltage-second balance across L, one

can obtain the following equation:

L n :
v, - »—|.(D-Dy)-—=V -(1-D)+ - D,=0. 3.58
b {Lm‘f‘LrJ ( 55) n3 o ( ) 1+n1/n2 s5 ( )
Similarly, the voltage-second balance across L, gives
v.| L .p-D. )|V <2y |- (1=-D)+| v, -—L=l_|.p_ —0.  (3.59
L +L ’ < ony ° l+n/n,) °

Since the D,s in mode M| is very small and can be neglected in the circuit analysis, from

(3.58), the duty ratio in mode M, can be approximated as:

Dy ~ s . (3.60)

I/b. Lim &_'_Vo
1l | | N,

Moreover, we assume that the transformer almost has ideal coupling, thus the clamp capacitor

voltage in mode M, can be obtained from KVLalong C;,-D;-N;-N,-5>-C.-Cj.

Iy (3.61)
ny

\%

ac

Vem (tz ) =
Substitute (3.61) into (3.59) to replace V,; thus, the addition of (3.58) and (3.59) yields

n +n,

ac

Vb-(D—Dﬁ)—(v

VU—Vb]-(l—D)+Vb-DS5:0. (3.62)

ny
From (3.62), the time function of the duty ratio in mode M, can be obtained as

Vs

" .
Vac(f)|+nln3nz'Vo

D,,(t)=1- (3.63)

By substituting (3.63) into (3.58), the time function of D,s in mode M, can be obtained as

56



L
m__ Vac(t)|+M'Vo_Vb By
L,+L ny n
L

Dss,Mz(t)z(l_DMz(t))' = - ( i vac(t) ) 2 . (3.64)

b.Lm+L,, 1+, /n,

It is worth mentioning that the expressions of Dy, Vean, Dan, and Dss ap are equal to (3.30),
(3.32), (3.34), and (3.35), respectively, in which if L, is neglected. Additionally, for this con-
verter, the clamp capacitor voltage V. and the boundary angle 8, have the same expressions as

those of the flyback-type implementation of the converter shown in Fig. 3.3.

3.6.3 Analysis of the Line Current Waveform

For a quantitative evaluation of the ICS function of the proposed converter, the charac-
teristic curves of i1 chave) IN1dis(ave), A Jiae|'should be sketched. First, by substituting (3.64)

into (3.57), the expression of in; gi(avey Can be.rearranged as follows:

2
m n, + n, n,
: mEhy _y, |-,
] (1 _ DM2 (t))2 ) ]—; n2 Lr + Lm |:LV & Lm (vac (t) " n3 ’ ij n3 0:|
lNl,dis(ave)(t) = 1 . - .
r n, +n2 Lm [V L Vac(t) J
b

'L,+Lm _1+n1/n2

m

(3.65)
According to (3.52), (3.63), and (3.65), i n1 chave)» N1 dis(ave), AN |igc| in a half line cycle are
plotted in Fig. 3.17, in which only mode M, is considered. These curves are sketched by using

the same parameters as those in Section 3.3 for V,. = 110 Vrms and V}, = 1.15 * Vien.
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Fig. 3.17 Comparison of i1 chave), int disave), and |ige| drawn by the proposed converter in a
half line cycle at 110 Vrms: (a) the currents as a function of instantaneous line voltage and (b)

the current waveforms as a function of line angle.

As shown in Fig. 3.17(a), the 1-v ‘eurve of ini cnave) can be designed to vary convexly
while that of iy gisave) Still variessconcavely. It'issapparent that iy caavey and ini gis(ave) have re-
markable distortion cancellation: result. The special operation mechanism of ini ci(ave) 15 the
same as that of i;j cxave) introduced in Section 3.3. In this design example, the second partial
derivative 9ia02/92vac ranges between 2.4x107 and 2.9x10™. Therefore, the relationship be-
tween |i ] and |v,] has been verified to be nearly linear and can be concluded as (3.44).
Meanwhile, the converter also can draw almost sinusoidal line current from the AC line in

mode M,, as shown in Fig. 3.17(b).

3.6.4 Experimental Results

To verify the discussed features of the proposed topology, a hardware prototype has been
built and tested under the same specifications described in Section 3.2 and the input voltage
range is 90—135 Vrms. The circuit components for the experimental prototype are the same as
listed in Table 3.1 Fig. 3.18 shows the measured waveforms of the line voltage and line cur-
rent. It can be seen that the current waveform has a near-sinusoidal shape in mode M,. Fig.
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3.19 shows that the detailed harmonic contents of the line current well satisfy the require-
ments of [EC 61000-3-2 Class D. It is worth mentioning that the harmonic components are
extremely low except for the third harmonic caused by the limited boundary angle. Fig. 3.20
shows the maximum efficiency at full load is 91.7%. Fig. 3.21 shows that the bulk capacitor
voltages for different input voltages range between 1.1-1.2 times as high as the peak line
voltage. It also demonstrated that the proposed converter can obtain a well shaped line current

waveform while M (ratio of V/Vcpn) 1s only from 1.1 to 1.2.
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Fig. 3.18 Measured line voltage and,current waveforms at V,. = 110 Vrms and 48 V/100 W
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Fig. 3.19 Measured line current harmonics distribution at full load.
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Fig. 3.20 Conversion efficiency versus input voltage.
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Fig. 3.21 Bulk capacitor voltage versus input voltage.

3.7 Comparison of the Two Proposed AC-DC Flyback Converters

To evaluate the impact of L,, we compare the performance of the two proposed flyback
converters shown in Figs. 3.3 and 3.16, respectively, in the same input voltage range (90-130
Vrms). The measured data including the bulk capacitor voltage and conversion efficiency are
shown in Fig. 3.22. From Fig. 3.22(a), it can be found that the use of L, is favorable to sup-
press the voltage stress across C,. This is because L, can resist iy, to charge C, and thus

achieving lower V. However, from Fig. 3.22(b), it can be seen that using L, is detrimental to
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the conversion efficiency. The reason is explained as follows. When L, is used, the bulk ca-
pacitor voltage becomes lower so that the duty ratio must increase to maintain constant output
voltage and thus the power loss on main switch increases too. Even though using L, can lower
the current flowing through N; and thus decrease the recycling power. Experimental results
shown in Fig. 3.22(b) reveal that the power consumption on active components has more sig-

nificant effect on conversion efficiency.
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Fig. 3.22 Comparison of the performance of-two.proposed flyback converters: (a) bulk ca-

pacitor voltage and (b) conversion efficiency.

Moreover, since the design without L is characterized by the rapidly rising V5, it is sug-
gested being operated in the applications with narrow input voltage range. The converter can
be designed to be operated in low line input (90—135 Vrms) or high line input (180-260 Vrms)
by properly adjusting the turns ratio n,/n3. Furthermore, since the boost inductor used in the

conventional ICS cell is saved, it is possible to achieve higher power density in this converter.

3.8 Concluding Remarks

In this chapter, a novel ICS technique for single-stage AC-DC converters has been in-
troduced. The detailed steady-state behavior of flyback-type implementation with the special

ICS function has been studied and analyzed with performance characteristics. It has been
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shown that by employing the proposed ICS technique, two key advantages are obtained. First,
the ICS cell of the proposed converter is charged in the duty-off time so that the current stress
across the main switch is alleviated. Second, the effective duty ratio of the ICS cell is modu-
lated by the instantaneous line voltage. This yields the result that the average charging current
of the boost inductor can effectively compensate the modulation effect of the boost inductor
discharging time. Consequently, a nearly linear relationship between the line current and
voltage through the conduction interval is achieved.

Owing to the ability to draw a near-sinusoidal line current waveform while keeping 7},
below a desirable value (7, <450 V), the proposed ICS technique is suitable for the universal
line voltage applications (90-260 Vrms). Moreover, the design procedure for selecting the
minimum #,/n3 has been presented to comply with the IEC 61000-3-2 Class D requirements.
Using the selected n/n3 ratio, the maximum conversion efficiency of 91.3% can be obtained
at full load. Experimental results-have demonstrated the proposed line current correction func-
tion by a well shaped current waveform.and-the low current harmonics complying with re-
quirements of IEC 61000-3-2 Class'D:Furthermore, the high conversion efficiency has veri-

fied the effectiveness of the switch current stress alleviation and soft-switching function.
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CHAPTER 4
ANALYSIS AND PERFORMANCE OF THE PROPOSED

AC-DC FLYBACK-FORWARD CONVERTER

In general, for a conventional two-stage PFC converter, the input current waveform and
the bulk capacitor voltage are well regulated. However, in the S’ICS converters, the compro-
mise between the input current harmonics, bulk capacitor voltage stress and overall conver-
sion efficiency becomes a very critical issue. A good design of the S?ICS converter must find
a careful trade-off among them. This chapter is going to provide an advanced S’ICS design
with the consideration for suppressing the bulk capacitor voltage stress and improving con-

verter efficiency.

4.1 Analysis of the Proposed Converter

4.1.1 Circuit Derivation

Based on the literature review described in Section 2.3, it can be found that the approach
of operating the DC-DC cell in DCM is the most effective and simplest since the addition of
extra coupled winding or external circuits is not needed. However, the resulting high RMS
current requires a high current-rating switch and reduces the efficiency, as compared with the
CCM DC-DC design. This feature is particularly unfavorable for low-voltage high-current
applications. To remedy the above drawback, a special combination of the flyback and for-
ward topologies shown in Fig. 4.1 is adopted here [52]. This flyback-forward converter is
used as the DC-DC cell in the proposed single-stage design. Moreover, the flyback and for-
ward sub-converters are designed to operate in CCM and DCM, respectively. The design ob-
jective is to deactivate the flyback sub-converter and keep the forward sub-converter provid-
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ing the output power when the converter operates in the light load condition. Thus, it is possi-
ble to achieve high conversion efficiency in the heavy load condition and suppress the bulk

capacitor voltage stress in the light load condition.

D, L,

\V

Fig. 4.1 Basic flyback-forward converter [52].

4.1.2 Circuit Configuration

Fig. 4.2 shows the circuit configuration of the proposed single-stage AC-DC converter.
This converter is derived from a-center-tapped.flyback-forward converter with the addition of
the auxiliary circuit. The auxiliary eircuitforms the ICS cell and the center-tapped fly-
back-forward converter forms the DC-DC cell: In the proposed converter, a multi-winding
transformer 7, is employed. It includes four windings N;, N,, N3, and N4 with turns number 7,
ny, n3, and n4, respectively, and the primary magnetizing inductance L,. As marked by the
shaded area in Fig. 4.2, the ICS circuit, consisting of the rectifier diode D, boost inductor Ly,
and auxiliary winding N, is inserted between the full-bridge rectifier D, and the bulk capaci-
tor Cp. The purpose of this circuit is to force the boost inductor current to be discontinuous
and AC modulated to achieve inherent PFC. The diode D, is used to provide fast rectification
and prevent the filter capacitor C;, from being charged by the reverse current of i;;. Different
from the conventional ICS schemes, bulk capacitor C is intentionally connected to the undot-
ted end of winding N,. Through the winding N, with enough large turns, the coupled voltage
—V, -n,/n, across winding N, can force to charge L, during the duty-off time. Therefore, the
current stress of the main switch S in the duty-on time can be reduced.
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Fig. 4.2 Proposed single-stage soft-switching AC-DC converter.

The ICS cell is then followed by an active-clamp flyback-forward circuit which provides
isolation and post-regulation function. C, represents the sum of the parasitic capacitances con-
tributed by main switch S; and auxiliary switch S,. L, represents the sum of the transformer
leakage inductance and an external:inductor, which. forms a series resonant circuit with C, to
enable soft-switching function. The resonant inductor L,, the clamping capacitor C., and the
auxiliary switch S; form the main part-of the active-clamp circuit for limiting the turn-off
voltage spike of S;. The combination’ of forward (primary and upper secondary of 7,) and fly-
back (primary and lower secondary of 7,) circuits in a single unit by using a center-tapped
transformer ensures that the energy is always transferred to the load even when the main
switch S) is turned off. Moreover, with the use of transformer 7,, the magnetization energy
stored in L,, is split into two portions in duty-off time. One portion is directly delivered to the
output load by the flyback sub-converter; the rest is delivered to the auxiliary winding N; for
generating iz, and charging the bulk capacitor Cp. In addition, the flyback sub-converter is de-
signed to operate in CCM for providing a reflected voltage vy, from the output voltage during
the duty-off time. The forward sub-converter is designed to operate in DCM all the time even
in light load condition while the flyback sub-converter is deactivated. Furthermore, the control
circuit can be implemented by a simple control loop, a common PWM controller, and a driver
circuit.
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4.1.3 Principle of Operation

To simplify the analysis, the following assumptions are made:

(1) The switching and conduction losses of the components are neglected;

(i1) The rectified line voltage |v,.| is considered constant during a switching period,

(1i1) The bulk capacitor voltage ¥} and the output capacitor voltage V, are ripple-free DC

in each half of a line cycle;
(iv) The leakage inductances of the transformer are neglected.
In each half line cycle, the converter has two operation modes, M; and M,, as shown in

Fig. 4.3. In mode M;, the rectified line voltage |v,| is lower than V, -V, -n,/n, ; thus, diode
D is reverse biased and no line current /.. is formed. In this circumstance, the converter sim-
ply operates as an active-clamp flyback-forward DC-DC converter. While |v,| is higher than
V,=V -n/n,, the converter operates in mode M, in which L, can provide the voltage-boost
function and thus the line current.is established. From the definition of operation modes, the

boundary angle 8, between modes M, and M; can be obtained as

g, =sin”! [%’”’1/"4} (4.1)

ac(pk)‘

Furthermore, Fig. 4.4 illustrates that the topological states of the converter during one switch-
ing period. Referring to the symbol definitions, topological states, and key waveforms shown

in Figs. 4.2, 4.4, and 4.5, respectively, the detailed operation is explained as follows.
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t

1.3

Fig. 4.3 Operation modes in a half line cycle.

Fig. 4.4 Topological states of the proposed converter: (a) State 1 for mode M, (b) State 1
for mode M,, (c) State 2, (d) State 3, (e) State 4, (f) State 5 for mode M, (g) State 5 for mode
M,, (h) State 6 for mode M, (i) State 6 for mode M,, (j) State 7 for mode M,, (k) State 7 for

mode M,, and (1) State 8.
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(a) (b)
Fig. 4.5 Steady-state waveforms of the proposed converter in (a) mode M, and (b) mode M.

State 1 [Fig. 4.4(a) or 4.4(b), t,<t<t,]:

In this state, switch S; is on and switch S, is off. From KVL, the bulk capacitor voltage
Vi equals the sum of the voltage across resonant inductor L, and the voltage across the pri-
mary winding N,. The positive voltage across winding N, induces a positive voltage across the
secondary winding Ns. Thus, the output inductor current flows through the diode D, and di-

odes D; and D, are reverse biased. Since V) is approximately constant, both the magnetizing
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inductance L,, and resonant inductor L, are linearly magnetized. The voltage and current at the

transformer primary side can be obtained as

N2,:0 = r T 2 4.2)

1 ny | 1

L L, (nzj L,

. -V
iLr(t) =1y, (t0)+vzﬂ'(t_to)+:_3'(ha (t0)+ et nz/nz - '(t_to )j (4-3)
m 2 o
where

iLo,Ml(to): 0 (4.4)
iLn,MZ(tO): o nz/nz L DT (4.5)

o

where DT, ,equal to (ts—t7), is the duration ,occupied by State 8. The derivation of (4.2) is
shown in Appendix E. In this state;since therlarge positive voltage presents across winding N,
no current flows through L.
State 2 [Fig. 4.4(c), t, <t <t,]:

At 11, S; is turned off. The resonant capacitance C, is charged by the primary current iy,.
Since C, is very small, v¢, rises almost linearly from 0 to 7} in a short time.
State 3 [Fig. 4.4(d), ¢, <t <t,]:

At f, ve, rises to a high value that makes the primary side voltage v, equal zero. Thus,
the secondary side diodes D, and D; conduct and the output inductor current is decreasing
linearly. The resonant tank in this state consists of L, and C,. Solving the resonant network

gives the current and voltage as

1 0)=1,6)-cos(an 1)~ ") sin(ey e 1,) +6)

1
Ver (t): v, - (Vb V. (tz )) COS(a)l (t -1 ))+ iLr(tZ )Zl 'Sin(a)l (t -1 )) 4.7
where @, =1/1/LrCr , Z,=4L,JC, .
State 4 [Fig. 4.4(e), t, <t<t,]
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At 13, v, rises to a value that makes the body diode of S; conduct. Since the clamp ca-
pacitor C. is much greater than the resonant capacitor C,, the resonant tank primarily consists

of L, and C.. Solving the resonant network yields

i (=i, (t)-cos(en (i~ ))_%.sin(wz ((-1) “8)

2

Ve (t): Ve (ta)' COS(COZ (t -1 ))+ I, (t3 )Zz 'Sin(a)z (t 1 )) (4.9)
where o, = 1/ JLC., Z,=,/L,/C, . Furthermore, the increase of v, causes i, to decrease.

Consequently, the diode current ip, keeps decreasing till ip, = 0 and contrarily the diode cur-
rent ip3 increases until ip3 = iz,. Before ip, decreases to zero, the primary side voltage vy, is
still kept zero value.

State 5 [Fig. 4.4(f) or 4.4(g), t, <t <t]:

At t4, ipp = 0 and ip3 = if,. Afterstime t4, the fast varying current iz, decreases to a value
that is smaller than ij,,; thus, the winding current iy, tarns to negative. According to Ampere’s
law, the winding current iy4 will-be induced correspondingly. The fact that diode D4 conducts
results in the voltage vy, being clamped at -V «n, / n, . Shortly, S, is turned on before iz,
resonates to the negative direction; thus, ZVS of S, is achieved. The resonant tank is formed

by L, and C.. The resonant inductor current and clamp capacitor voltage can be found as

nian _vc(t4)

i, (6)=i,,(t,)- cos(, (e - 1,))+ n42— -sin(w, (- 1,)) (4.10)
=22, [—V <z4)j-cos<w2(r—t4 Vi ()2, sin(r-1).  @11)

Within this state, vy turns to negative. If the line voltage is greater than V, =V, -n,/n, , i.e. in

mode M, operation, the current iz, will be generated and is given by

iL,,<z>=Lib[

In such a design, the winding N, also resets a partial energy stored in L, to C,. When i, re-

vac(t)|+ﬂV0—Vb]-(t—t4). “.12)
ny
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duces to zero, this state is ended. Meanwhile, the DCM operation of L, is achieved and D, and
Ds are reverse biased.
State 6 [Fig. 4.4(h) or 4.4(1), t, <t<{]:

This circuit analysis in this state is the same as that in State 5 except the output inductor
current is zero.

State 7 [Fig. 4.4(j) or 4.4(k), t,<t<¢ 1]

At t, S» is turned off. C, is disconnected and L, and C, form a new high frequency reso-
nant circuit. The transformer primary side current i;, resonates in the negative direction to
discharge C,; therefore, v¢, decreases from v (#5)+V} to zero and then vy, turns to positive. At
t7, ips decreases to zero and after then D4 becomes reverse biased. Since the down-slope of
dips/dt 1s determined by the resonant speed, D4 can be designed to switch softly to reduce the
rectifier switching loss. The resonant inductor current and resonant capacitor voltage can be

expressed as

Vb +n72Vo —vcr(IS)

I, (t):iLr(ts)'COS(a’l (t_ts ))+ e 7 'Sin(a)l (t_ts )) (4.13)

vc,<t>=vb+”—2n—(m”—zn—vc,os)]-cos<w1<t—r5>)+fb<r5>zl-sin<wl<f—t5». (4.14)

ny, n,

For the mode M, case, the current i;; is increasing linearly with the same slope as expressed
in (4.12).
State 8 [Fig. 4.4(1), ¢, <t<t]:

At t;, the body diode of S begins to conduct. Shortly after time #;, while the body diode
of S} is conducting, S is turned on to achieve ZVS operation. Since |v,| is smaller than vy +V},
the boost inductor current iz, linearly decreases and becomes zero at time #3( = ) ). The above
operation gives

1%

ac

v Vs (t-1,) (4.15)
Lb

Iy (t) =1y, (t7)+
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where

n,L L nL n
le,t7(t): = - 2o L (4.16)

L+L (n) 1 (m) 1 m
LL, n,) L, \n,) L,

The derivation of (4.16) is shown in Appendix F. It is worth mentioning that the output power

is fed directly from the line input by the utilization of winding N, in this state. In addition,

when the converter operates in mode M, this state does not exist.

4.1.4 Steady-State Analysis

Based on the circuit analysis of the proposed converter introduced in the previous sub-
section, States 2-4 and 7 can be neglected in the steady-state analysis because these four in-
tervals are very short as compared with the total switching period. By employing the volt-

age-second balance across L,,, one can obtain the following equation.

V2,0 '(D _D‘vs)_n_zVo '(1 _D)+VN2,17 Dy =0. (4.17)

ny

Similarly, by employing the voltage-second balance across L, and neglecting the small oscil-

lation term of V., one can obtain

(Vb - VNz,to)' (D _Dss)_ (I/c _&V;j(l _D)+ (Vb - VNz,ﬂ)'Dsg =0. (4.18)

n,

Also, the voltage-second balance across L, gives

VLIC

( +ﬂV0—V,,J-(1—D)+( —ﬂvm—n]-afo. (4.19)
n, n,

VGC

In mode M|, since the Dyg does not exist, the duty ratio in mode M, can be obtained from
4.17):

D, = 0 (4.20)
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According to (4.19), the time function of D,g in mode M, is obtained as

v )+ 2y, -,
D (1)= i (1-D,,(1)). 4.21)

! vee(t)

71‘/1\/2,;7 (t) +V, -
n,

Adding (4.17) to (4.18), the clamp capacitor voltage can be expressed as

y_D

= V. 4.22
c ]_—D b ( )

According to (4.18) and (4.21), the clamp capacitor voltage in mode M, can be further ex-

pressed as

v () + v, -7,

vV,
Vc,Mz(t): n_zVo + n e '(VNz,to(t)_VNz,ﬂ(t)) —t (4.23)
n4 71VN2,[7 (t)+ Vb B vac (tl VNZJO
n,

Thus, from (4.22) and (4.23), the time fiinction’of the duty ratio in mode M, is given by

i (t) i e 8 ) (t)

= (4.24)
VotV (t)

So far, the steady-state analysis: for the full load condition has been carried out. The
steady-state analysis for the light load condition is then derived as follows.
When the output load decreases, the DC-DC cell of the proposed converter degenerates

to an active-clamp forward circuit. Due to the DCM operation of L,, one can obtain

o
n, n, T

s N

. n Lji,, 2PL,
(_3VN2,t7 - VOJ ‘D + (_3VN2,t0 -V, j ) (D - Dss) = ;(pk) = . (4.25)

where i, 18 the peak current of output inductor. By employing the voltage-second balance
across L, and neglecting the small oscillation term of vy, in State 5, one can obtain the fol-

lowing equation.
VN2.10 " (D - Dsg)"' VN2 (1 - D) +Vyo7 D =0. (4.26)

Similarly, the voltage-second balance across L, gives
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(Vb - VNz,to)' (D - Dss)_ (Vc + VN2,:4)' (1 - D)+ (Vb - VN2,:7)' Dy =0. (4.27)

And the voltage-second balance across L, gives

(vuc _ﬂvm,ﬂ - VbJ ) (l _D)+(vac _ﬂVNz,ﬂ _Vbj'Dss =0. (4.28)
n, n,

Adding (4.26) to (4.27), the clamp capacitor voltage can be found as (4.22). From (4.26), one

can obtain
v -(D—DS )+v D,
VNZ,M - _ N2,t0 1_8D N2,t7 8 ) (429)
According to (4.25), the duty ratio in mode M, is given by
2PL, n
T ’73 ' (VNz,ﬂ - VNz,zo)' Dy
D,,, = . n2 . (4.30)
3
Va0V,
P
Substituting (4.29) and (4.30) into.(4.28), Dygcan be‘obtained as
n
Pl Vac _ivm,zo =V
AN ~(vd-7)
* ’73 Voo Vo
D= : . (4.31)
n n
nS.{Vac _nlvNZ,IO_I/bJ , "
(VNz,ﬂ - VNz,to)‘ : n : +— [+ (Vac ——Vyym — Vbj
73"1\12,10 -V, "2 &
n,

4.2 Design Considerations

The design specifications of the proposed converter are given as follows: the input volt-
age range V,. = 90-260 Vrms (60 Hz), output voltage V, = 20 V, rated output power P, = 100
W, and switching frequency f; = 100 kHz. To maximize the conversion efficiency, the duty
ratio range is designed to from 0.15 to 0.4. The conversion efficiency # is assumed to be 0.85.

With the consideration of the voltage limitation of a commercially available electrolytic
capacitor, the maximum bulk capacitor voltage is needed to be kept below 450 V. Moreover,
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according to the empirical rule, the moderate value of ¥}, usually ranges between 1.1 and 1.2
times as high as V. However, when V,. = 260 Vrms, the possible maximum value of V},
equals 260 x/2x1.2 =441 and the value extremely approaches 450 V. Therefore, in the
following design, the target maximum value of Vj, Vp max, 18 chosen to be 1.15 time as high as
Vaery at 260 Vrms line input. To ensure the proposed converter operating properly, the con-

verter parameters including n,/ns, ny/na, ny/na, Ly, Ly, L,, and Ly, are determined as follows.

(1) Determining the Turns Ratio ny/n3
Let L, >> L , thus the voltage vy 4 is approximated to be V}. By using the voltage con-
version ratio theory of the simple forward circuit operating in CCM, the primary to secondary
turns ratio n,/n3 can be approximately expressed as
" V, i D

b,min’— max
=S 4.32
R (4.32)

(2) Determining the Turns Ratio 7a/14

The proposed converter is designed toioperate the forward sub-converter in DCM and
flyback sub-converter in CCM. With this design, the bulk voltage can be easily suppressed in
the worse case, i.e. the high line input with light load condition, by deactivating the flyback
sub-converter. The above function can be achieved by manipulating the voltage of V.. In the
high line with light load case, since D becomes smaller, lower V. and —vy, will be formed.
Thus, the induced voltage across Ni, —vys, can be designed to be insufficient to forward bias
Dy so that the flyback sub-converter is deactivated. Based on the above concept, the following

condition must be satisfied.
Vewin 14 /1, <V, (4.33)

By substituting (4.22) into (4.33), the ratio of n,/n4 can be found:
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vV, :
n_2 — b,max Dmm ) (4.34)
n4 4 1- Dmin

o

(3) Determining the Turns Ratio n;/n4

The design objective of determining 7,/n41s to find its minimum value with which the
input current harmonics can meet the IEC 61000-3-2 Class D requirements. According to (4.1),
the selection of n;/n4 is equivalent to the selection of the boundary angle. Thus, the design ob-
jective becomes finding the maximum acceptable boundary angle. Since IEC 61000-3-2 Class
D gives the requirements of the acceptable harmonics, to find the maximum acceptable
boundary angle, each input current harmonic should be computed. Since the line current is an

analogous sinusoid waveform, the line current during [, 1—0;] can be expressed as

iac(a)t):iac(%j-sin((a)t—eb)- d j (4.35)

7 —20,

where w is the angular frequency of the line voltage. Thus, the nth harmonic component 7, can

be calculated by Fourier analysis:

p/a (n—1)z —2n6,

[ =220 GJ : {[sin((n — 1)z -n8,)-sin(nd,)] !

(4.36)

—[sin((n + 1)z = n6,)—sin(n6, )]- ! }

(n + 1)7[ —2n6,
where n =1, 3, 5...39. Since the Class D limits are defined as the ratio of the current harmonic
to fundamental-frequency component, /,//;. From (4.36), we can obtain the normalized value
of each harmonic as a function of the boundary angle as drawn in Fig. 3.10. Fig. 3.10 shows
that the most critical harmonic is the fifth for complying with the Class D requirements since
its acceptable boundary angle is smaller than all the others. Therefore, the maximum allow-
able boundary angle is 1.005 rad ( = 57.58°). Next, the turns ratio n;/n4 can be obtained by re-

arranging (4.1):
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no_ Vy =V (i SIN G, ' (4.37)
n, V

o

In the proposed converter, a higher line input voltage causes a larger boundary angle. Thus,
we must make sure that the design satisfies the requirements of the Class D especially at the
nominal high line input, that is 230 Vrms. Substituting V' = 1.15 - Vieek) in (4.37), we obtain

ni/ng = 4.97 when V,. = 230 Vrms and 6, = 1.005 rad. In other words, ni/n3 = 4.97 is the

boundary of compliance with Class D limits.

(4) Determining the Resonant Inductor L,

According to the operating principle of State 7, to ensure the ZVS turn-on for S, the en-
ergy stored in the resonant inductor L, must be greater than the energy stored in the resonant
capacitor C,. Thus, for the given C, contributed by the parasitic capacitances of S| and S, the

following relationship should be gnaranteed:

2
Cr . (I/b,max +Voj
ny
5. " (4.38)

(5) Determining the Transformer Primary Magnetizing Inductance L,,

With the design consideration that the flyback sub-converter is deactivated at high line
and light load condition, the output power provided by the sub-converter at 260 Vrms and full
load situation is designed to be lower than P,/2. Meanwhile, this sub-converter is designed to
always operate in CCM at full load. Thus, the inductance L,, must satisfy the following condi-

tion:

L, > ((I—D?;Vo)z 7 (%J . (4.39)

(6) Determining the Output Inductor L,
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According to the design criterion mentioned above, the output power provided by the
forward sub-converter at 260 Vrms should be greater than P,/2. To fulfill this design and en-

sure that L, always operates in DCM, the following relationship should be guaranteed.

(4.40)

n3 1_l)max
D2 T L S
L, < min LhnintsTT meax—m.&_V , 2 max
UL+ L

R, + r n2 I/b,min_ nzVo L_i_i .
L nD \L L

max r

(7) Determining the Boost Inductor L,

To achieve the self-PFC property, the boost inductor must operate in DCM over the en-
tire line cycle. Thus, the design must satisfy the condition of Ds < D in the whole line cycle.
Since the critical boundary condition of CCM and DCM occurs at the lowest peak input volt-

age, the maximum boost inductance can berdetermined from (4.21):

n, (1-D n,
= N ( D ~ j L (Vac(pk),min - Vb,min +— Vo
7’l2 max I’l4

b, max 2 ’
v, . L +L
]me + :Jl/f} - " ;;2 VaC(pk),min _Vb,min + %Vo (l _Dmax )[ ’L L -t [Zsj 2]
r 2™ 1"~ max 4 r'm 2 0
(4.41)

(8) Determining the clamp capacitor C,
The determination of C. is the same as that of the conventional active-clamp flyback

converter. That is to say, the resonant frequency determined by C. and L, should be suffi-

ciently low so that the half resonant period 7,/L.C, is greater than the duty-off time. Thus,

the minimum value of C, can be obtained as:

2
Q>m_%ﬁﬂ). (4.42)

Based on equations (4.32) to (4.42), we choose the desired circuit parameters as follows:
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the turns of n,/ny/n3/ny = 35/24/9/7, L, = 15 pH, L,, = 329 pH, L, = 20 pH, L, = 105 pH, and

C.=0.6 uF.

4.3 Mechanism for Suppressing Bulk Capacitor Voltage Stress

To clarify the mechanism for suppressing bulk capacitor voltage stress in the proposed
converter, the analysis of the boost inductor currents at heavy load and light load is performed
as follows. Fig. 4.6 shows the relation of both the duty-on time change of S| and the boost in-
ductor current change in a switching period under the load variation. At the rated condition,

both the forward and flyback sub-converters work normally. Therefore, the boost inductor is

charged by the voltage |v,.[+V, -n,/n, =V, since the voltage vy, is reflected from the output

side during the duty-off time, as shown by the dashed lines of Fig. 4.6. When the load de-
creases, the bulk capacitor voltage increases due. to the power imbalance between the input
and output. Meanwhile, the duty ratio decreases correspondingly to keep the constant output
voltage in CCM operation. When. the ‘load decreases further, the reduced clamp capacitor
voltage V. caused by the decreased duty ratio can not induce the voltage —vy4 higher enough to
forward bias Djs. Thus, the flyback sub-converter is deactivated and only the forward
sub-converter keeps supplying the output power. In this condition, the voltage vy; is reflected

from the clamp capacitor voltage instead of the output voltage. Therefore, the boost inductor

Ly, is charged by the approximate voltage of |v,.|+V, -n,/n, —V,, as shown by the solid lines

of Fig. 4.6, where V. is determined by the duty ratio as shown in (4.22). Since the value of

V_-n,[n, is smaller than that of ¥V, -n,/n,, the solid triangle will have a small area and a re-

duced boost inductor current is produced. With the proper arrangement of turns ratios between
N1, N,, and N4, the reduced quantity of input current can yield the result that V7, is suppressed

at light load.
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Fig. 4.6 The gate voltage of S| and the boost inductor current for different loads.

To examine the effect of suppressing the voltage stress on the bulk capacitor, it is intu-
itional to calculate the value of V. In steady state, the energy absorbed by the converter
should be equal to the output energy, the bulk capacitor voltages at full and light loads can be

expressed as shown in (4.43) and (4:44), respectively.

v, () + e

: . _ BT
2]; v, (t)- 21’: 4=D,,, ). (t-D,,, + D)t = . (4.43)
z V“”(tlw”% 1?24)2 Vi PT,
22w, (o) Y (1= Dy )T (1= Dy + DY = =2+ (4.44)

where 77 is the line period. However, the values of V), in (4.43) and (4.44) cannot be solved
analytically. Thus, instead of directly calculating the value of V;, we examine the change of
input power under load variation. Fig. 4.7 shows the variations of instantaneous input power
for different load conditions under the assumption of constant bulk capacitor voltage. These
curves are sketched by using the parameters obtained in Section 4.2 for V,. = 260 Vrms and
Vy=1.15 + Vier. From Fig. 4.7, it can be seen that the input power always decreases as the
load is reduced. After the calculation, the change rate of APiyavey/APove) can be obtained as

1.06 when the load is changed from 7, to (3/4)/,, and the value of APiyavey/APoave) 18 2.55
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when the load is changed from (3/4)I, to (1/2)I,. Since the reduction amount of Piyve) 18
greater than that of Py,.), the actual bulk capacitor voltage must decrease to maintain the in-
put and output average power balance. Meanwhile, the actual bulk capacitor voltage has a

gradual decrease with the reduction of load current.
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Fig. 4.7 The variations of'instantaneous input power for different loads.

4.4 Analysis of the Line Current Waveform

To investigate the line current waveform drawn by the proposed converter, the input i-v
characteristic curves should be examined. As shown in Fig. 4.2, since the low pass filter L~Cy
will filter out the switching frequency components and harmonics of iz, the rectified line cur-
rent |i,.(¢)] mathematically approximates to the average value of i;;(f) within a switching pe-
riod, namely, |iac| = b ch(ave) T iLb.dis(ave)- By using (4.12), (4.15), (4.21), (4.23), and (4.24), the

expressions of iz ch(ave) and iy gis(avey can be calculated as follows:

_ (=D, ()T, (

iLb,ch(ave) (t) - 2L
b

4

n
Vac(f)|+n—lVo —Vbj (4.45)
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2 2 2
vac(t)—i_ﬂl/:)_Vb . LV+L’"+ ki .L_{_ ny i
(=D, ()T n, LL, \m) L, \n) L

iLh,dis(ave) (t) - . 446
21, v,  mn, {L‘JFLm{%JZ-I}-(V_ (4.46)
b

With the computation of (4.45) and (4.46), iz chave), iLb.distave), a0d |ig| In a half line cycle
can be obtained as plotted in Fig. 4.8. Moreover, based on (4.20), (4.21) and (4.24), the curves
of (1 - D) and Dys can be drawn in Fig. 4.9. These curves are sketched by using the parame-
ters obtained in Section 4.2 for V,. = 110 Vrms and Vj, = 1.15 - Vepr). According to (4.15),
when |v,(?)| increases, the discharging voltage across L, decreases. Thus, D;g increases corre-
spondingly as shown in Fig. 4.9. Moreover, the charging voltage of energy-storage inductor,
1.e. L, or L,, in the DTy duration is smaller than that in the (D - Dsg)TS duration, as illus-
trated in Fig. 4.5. Smaller chargingwoltage produces less magnetizing energy injected in en-
ergy-storage inductors and consequently lower.output-voltage is formed. To maintain the con-
stant output voltage, the controller will‘increase. the duty ratio D under output voltage feed-
back control. Thus, (1-D) will decreases with the increase of instantaneous rectified line
voltage, as shown in Fig. 4.9. From the above result and (4.45), it can be found that the AC
modulation effect on (1-D) makes iz cnve)(f) convexly vary with |v,(f)|, as shown in Fig.
4.8(a). Thus, the waveform of iz cnve) can compensate the line current distortion caused by
irb disave)- Although the slope of i,-v4 curve is not definitely constant and still consists of
small high order terms, the second derivative 21402/5° Ve is small and ranges between -2.2% 10
and 5.5x10™. This result shows that the relationship between |i,c| and |v,| is nearly linear and

can be expressed as

-V, +V -
= QV“C bR o/ n4) + negligible nonlinear terms (4.47)

eq

i

ac

where R,, is the equivalent input resistance. The linear result can be seen clearly from Fig.

4.8.
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Fig. 4.8 Comparison of iz chave), irb dis(ave), and |iac| drawn by the proposed converter in a half
line cycle at 110 Vrms: (a) the currents as a function of instantaneous line voltage and (b) the

current waveforms as a function of line angle.
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Fig. 4.9 (1 - D) and Dsg versus line angle for 110 Vrms in a half line cycle.

4.5 Experimental Results

To verify the feasibility and performance of the proposed topology, experimental tests
were performed under the specifications described in Section 4.2. The circuit components
used for the experiment are listed in Table 4.1.

Fig. 4.10 shows the measured line voltage and line current waveforms at V,. = 110 Vrms.
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It can be seen that the current waveform has a near-sinusoidal shape in mode M,. Fig. 4.11
shows that the detailed current harmonics measured from the experimental prototype operat-
ing in the nominal high and low line inputs both can satisfy the requirements of IEC
61000-3-2 Class D. Fig. 4.12 shows that the conversion efficiency at full load is 87-91.3%.
Fig. 4.13 shows that the bulk capacitor voltages are maintained within a desirable range
(1.1-1.2 times as high as the peak line voltage) for the universal line voltage range (90-260
Vrms). Fig. 4.14 shows the bulk capacitor voltages with load variation at 260 Vrms line input.
The measured data indicate that the maximum bulk capacitor voltage is 418 V, so the com-
mercially available 450V-rated capacitor can be used safely.

Table 4.1 Component values for the prototype circuit

Component Device Description
S, S SPA1IN60C3
Dy UO08A100
D»,.Ds, Dy U08A20C
Lb 105 },LH
L, 15 uH
L, 329 uH
o 20 uH
ny: Nyl N3t 35:24:9:7
Ch 300 uF/450 V
C, 780 pF
C. 0.6 uF/400 V
G, 2000 pF/50 V
PWM controller UC3843
High-side switch driver IR2110
= : | 2ms
/"’h\\vacg 50 V/div| >
I ‘
o /.-Izac_.ll _Al/d_lv__; | /E
/ | \ / |
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Fig. 4.10 Measured line voltage and current waveforms at V,. = 110 Vrms and full load.
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Fig. 4.11 Measured line current harmonics comparison at full load.
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4.6 Concluding Remarks

In this chapter, a novel S?ICS AC-DC converter for universal line and wide load range
applications has been proposed based on an active=clamp flyback-forward topology. The ICS
scheme is the two-terminal implementation of.that preposed in Chapter 3. By employing the
proposed ICS technique, two key advantages are obtained. First, during the duty-on time, the
current stress across the main switch1s-alleviated. Second, the fact that the effective duty ratio
of the ICS cell, (1 —D), is modulated by the instantaneous line voltage results in a better lin-
ear relationship between the line current and voltage through the conduction interval. More-
over, by the intentional arrangement of deactivating the flyback sub-converter of the DC-DC
cell at light load, the voltage stress across Cj is suppressed effectively because only the DCM
forward sub-converter is operated and the slope of the boost inductor charging current is ad-
justed by the duty ratio.

Experimental results show that the maximum bulk capacitor voltage is 418 V in a wide
range of output load at 260 Vrms line input. Owing to the ability to keep V', below a desirable
value (V5 < 450 V) under wide line and load variations, the proposed converter is very suit-

able for the universal line voltage applications.
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CHAPTER 5

CONCLUSIONS AND SUGGESTIONS FOR FURTHUR WORK

5.1 Conclusions

The original S’ICS concept comes from the integration of the DCM boost rectifier and
PWM DC-DC converter by using one common switch. Thus, conventional S’ICS converters
usually suffer from the relatively high switch current stress and line current waveform distor-
tion caused by the voltage-follower control. To obtain better performance and achieve the
cost-effective objective simultaneously, this dissertation explores advanced techniques for
S*ICS AC-DC converters.

First, a novel ICS technique for single=stage AC-DC converters is introduced. Unlike the
conventional single-stage designs, the proposed ICS scheme is intentionally arranged to be
charged in the duty-off time. With this design;'the switch current stress in the duty-on time is
significantly reduced and accordingly the power loss is reduced. Moreover, this design pro-
duces AC modulation effect on the charging time of the ICS cell so that the waveforms of the
average charging current and average discharging current of the boost inductor can compen-
sate each other automatically. Consequently, the input i-v curve has nearly linear relationship.

The proposed ICS scheme is then employed in an active-clamp DC-DC converter. In the
flyback-type implementation, the resonant inductor L, is arranged in the charging path of the
boost inductor Ly so that L, and L, can provide the voltage-boost function together. Therefore,
a small inductance for L, is sufficient to achieve the DCM operation and the size reduction of
magnetic material is allowable. Moreover, by programming the turns ratio between the addi-
tional and secondary windings, the proposed converter can be guaranteed to comply with the

IEC 61000-3-2 Class D specifications at as high efficiency as possible. Meanwhile, the bulk

87



capacitor voltages can be maintained within a desirable range, 1.1-1.2 times of the peak line
voltage, even though the converter operates in a wide range of input voltage, 90-260 Vrms.
Experimental results have demonstrated the proposed line current correction function by a
well shaped current waveform and the low current harmonics complying with requirements of
IEC 61000-3-2 Class D. Furthermore, the high conversion efficiency around 90% has verified
the effectiveness of the switch current stress alleviation and soft-switching function. In addi-
tion, by saving the boost inductor, a refined topology can be obtained, which is suitable for
narrow input voltage (90—135 Vrms or 180-260 Vrms) and higher power density applications.

Another key issue of S’ICS technique is the high bulk capacitor voltage stress. The bulk
capacitor voltage ¥ is not regulated and varies with the line voltage and the output load. To
limit the bulk capacitor voltage stress below the tolerance of commercially available electro-
lytic capacitors, this dissertation proposes a novel'S’ICS AC-DC converter for universal line
and wide load range applications based on an.active-clamp flyback-forward topology. In the
proposed topology, the flyback and forward-sub-converters are operated in CCM and DCM,
respectively, to achieve the hybrid operation.mode with DCM while light load and CCM
while heavy load. Thus, by deactivating the flyback sub-converter and keeping the forward
sub-converter supplying the output power, the bulk capacitor voltage at light load condition
can be suppressed effectively. Experimental results show that the maximum bulk capacitor
voltage is 418 V in a wide range of output load at 260 Vrms line input. Moreover, owing to
the center-tapped flyback-forward configuration, the energy is continuously transferred from
the DC-DC cell to load irrespective of the state of main switch S;. Hence, this converter can
be adopted in the applications with high output current and/or high output power.

In conclusion, the dissertation provides a practical solution to implement simple, reliable,

efficient and cost-effective AC-DC converters.
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5.2 Suggestions for Further Work

The dissertation employs the technique of using a multi-winding transformer to integrate
a boost PFC rectifier and an active-clamp DC-DC circuit. Based on the proposed converters,
the suggested further work is to realize magnetic integration circuits by integrating the exter-
nal inductors and the power transformer with single magnetic core. This implementation will
result in smaller size, lighter weight and lower cost as well as more attraction for low power
applications.

To further promote the conversion efficiency of the proposed converters, several topics
could be the potential further work for this objective. Since the active-clamp circuit can only
provide turn-on ZVS for the main switch, the suggested further work is to replace the ac-
tive-clamp circuit with advanced soft-switching technique, such as zero-voltage-transition
(ZVT) circuit or zero-current-transition (ZCT) circuit, etc. These techniques can effectively
achieve soft-switching and voltage ‘spike suppression-at turn-off of the power switch. More-
over, although this dissertation employs.the flyback-forward converter to facilitate the power
delivery, there still exists a part of input'power is processed two times before reaching final
output. The part of input power is first transferred to bulk capacitor via the additional winding
N, and then transferred to output port via the DC-DC cell. Thus, another suggested further
work is to achieve the power transfer process in one time delivery from input terminal to out-

put port.
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APPENDIX A

Derivation of Equations (3.12) and (3.13)

According to Fig. 3.5(d), KVL and KCL, the circuit equations are given by
ip(e) =i, (1) + 11, 1)
di, (1)

vac(tl - le(t)_ VNZ(t)_vc(t)_Vb =L,——

dt
di, (t)
— — :L il VAN
vc(t) VNZ(t) r dt

c Wy

where
le(t):—%-Vo and sz(t):—Z—z-Vo.
3 3

Differentiating (A.1), (A.2) and (A.3) with respect to £yields

&3l St i)
dr’ dt’ dt*
d*,,(t)
L Lb
dt bdr
_ dvc (t) — L dziLr (t)
dt Todrt

And rearranging (A.4) yields

ao0)_iy(0)

dt C

c

Substituting (A.7), (A.8) and (A.9) into (A.6) yields
Pil) L)1) i) i)

dr’ L dt L dt LC LC.

Applying Laplace transform to (A.10), we can obtain (3.12).

Moreover, v.(f) can be derived by using the following equation:

a1, 0) i) i)
dt dt dt
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(A.1)

(A.2)

(A3)

(A.4)

(A.5)

(A.6)

(A.7)

(A.8)

(A.9)

(A.10)

(A.11)



The substitution of (A.2) and (A.3) as well as the derivation of (3.12) into (A.11) yields

h'Vo_vc(t) vac+ﬂ'Vo+&'Vo_vc(t)_Vh
L 7 = (- 4y, -sin(@,t)+ B,w, - cos(m,))— e 123 . (A12)
, b

Rearranging (A.12), one can obtain the expression of v. as shown in (3.13). Based on the ini-

tial condition

{ip 0)=1i,(t,) (A.13)

A> and B, can be found.
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APPENDIX B

Derivation of Equation (3.15)

According to Fig. 3.5(d) and Ampere’s law, the current iz, in State 3 is given by

= ——= 0y, (B.1)
n n,
From Fig. 3. 5(d) and KCL, the following equation is given

Lyt =l Ty,

(B.2)
Substituting (B.2) into (B.1) to replace iy,, the integration of (B.1) through the duty-off time
(1-D)T, can be obtained as

(1-p)r, (1-p)r, /. . . (1-D)r,
[, zu,(t)dt=—2—2- (i@ (O (O = [ i (e
1

n

(B.3)

Replacing the time functions of iz, if., and . iys with-their corresponding voltage expressions
yields

n+n, |
n

(1-p)r,
[ i)

(1-p)17;
1 2 - s —
=D '(Vac(f)|+ ! Vo—Vbj.t_ _"_2.#'[(1 oX. ip([)dt+n_2, L, 4, |gl D),
n L+1L X . n, L+ L% n L+
A R
mny L, 2| n, s

(B.4)
Notice that the integration of i, through the duty-off time (1 - D)TS equals zero according to

the charge balance across C.. Rearranging (B.4), one can obtain the integration of i;; through
(1-D)T, as
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2
- G A A R
n+n, L+1I n, o n, +n, L+l17
AN S L
L, (nl+112)113 2|, n+n, V,

(B.5)

Moreover, iz; can also be expressed as (3.14). The integration of (3.14) through the duty-off
time (1-D)T, is given by

(-o)r, | t
J-O lLb(t)dt L +L [( aL M+ J 2

Equating (B.5) with (B.6), one can obtain 4, as expressed in (3.15).

0

(1-D)1;
L4 43”“] . (B.6)
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APPENDIX C

Derivation of Equations (3.19) and (3.20)

The derivation of Equations (3.19) and (3.20) is similar to that described in Appendix A.
The most obvious difference lies in that the resonant capacitance is C, instead of C.. Thus,

according to Fig. 3.5(e), the circuit equations are given by

ip () = 1, (¢) + 1, (1) €D
w007, = 1, %) c2)
Vo= vialt) = ve (1) = Ld’Tt(t) (€3)

2 dVTt(t) i, () (C4)

where v,,(f) and v,,(¢) are the same as (A.5). With the use of the differentiation and sub-

stitution, the equations of resonant currentip(f).and voltage v.(¢) can be obtained as

() ie) i) (C.5)

dt’ LC L,C,

and

V, +I:72Va _vCr(t)
3

L

r

vac(tx—i_ﬂ‘l/a +&‘Va _vCr(t)

= (~ Ay, -sin(@yt) + B, - cos(wyt))— e 7 s (C.6)
b

respectively. Applying Laplace transform to (C.5), one can obtain ip(¢) as expressed in (3.19).

Rearranging (C.6), v¢,(f) can be found as shown in (3.20).
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APPENDIX D

Derivation of Equation (3.25)

Referring to Fig. 3.5(f), the circuit equations are given by

iP(t)ziLr(t)+iLh(t) (D.1)

Iya (t) = iP(t)_ L (t) (D.2)

niy, (t) =Tyl (t) (D.3)

) ral)= 1, 0.4
_, di (1)

V, _VNZ(t)_Lr d (D.5)

vl =T, d%(t) - (D.6)

Substituting (D.2) and (D.3) inte (D.1), and then differentiating (D.1) with respect to #, one

can obtain

diy, (t) " fm+m, | diy,() (D.7)
dt dt n, dt

By substituting (D.4), (D.5), and (D.6) into (D.7), one can obtain

0= 0)

2

L,

(D.8)

Vy=vwat) _ sz(t)_(nl +an,

L L n,

r m

Rearranging (D.8), vy, can be obtained as shown in (3.25).
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APPENDIX E

Derivation of Equation (4.2)

According to Figs. 4.4(a) and 4.4(b), the circuit equations are given by

nziNz(t) = n3iLo(t) (E.1)
iy, (t) =1, (t)"' Iy (t) (E.2)
di, (¢
Ve =Vyaw =L, —ZZ t( ) (E.3)
di, (t
Vnoi0 = L, ZL#() (E4)
n3 dlLa(t)
i -V =L —=~. E.5
I’Z2 VNZ,tO o 0 dt ( )

Substituting (E.1) into (E.2) to replace iy, and then.differentiating (E.2) with respect to ¢, one

can obtain

di, (1) ~di,,(t) LI diy, (t) , (E.6)
dt dt n; o dt

Substituting (E.3), (E.4), and (E.5) into (E.6) yields

n
3
—Vya0 V.

V,—v v n, n ?
b N2,t0 N2,t0
D=0y 3.2 (E.7)

L L, n L

r m [

Rearranging (E.7), va.0 can be obtained as shown in (4.2).
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APPENDIX F

Derivation of Equation (4.16)

According to Fig. 4.4(1), the circuit equations are given by

iy, (1) =1, () + iy, (¢) (F.1)
miy, (£)+ myiy, () = nyiy, (t) (F.2)
O ), = 1, %) )
V, =V n(t) =L, di;;f(ﬁ (F.4)
Vyaio()=L, %t(’) (F.5)
Z—zvmﬂ(t)— V2L, ‘%(’) . (F.6)

Substituting (F.1) into (F.2) to réplace iyp and then differentiating (F.2) with respect to ¢, one

can obtain
. di,,(t) .\ nz(di“(t) diy, (t)j —n, diy, ¢) _ (F.7)
dt dt dt dt
Substituting (F.3), (F.4), (F.5), and (F.6) into (F.7) yields
ny
=V, \t)=V,
. Vac(t)|_VN1,z7(t)_Vb i .[I/b_VN2,17(t)_vN2”7(t)]_n o N2,7() )
1 2 - . .
L L L, L,

Replacing va(t) with (n,/n,)-vy,(t) and rearranging (F.8), vy2,7 can be obtained as

shown in (4.16).
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