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Student: Heng-Yi Li Advisor: Dr. Lon-Kou Chang/ Dr. Hung-Chi Chen

Institute of Electrical Control Engineering
National Chaio Tung University

Abstract

It is known that part of the power is repeatedly processed or recycled in the conventional
single-stage (S?) and two-stage AC/DC converters. Therefore, a novel S? scheme is presented
based on the parallel power factor correction (PPFC). In the scheme, the boost-flyback
semi-stage containing boost cell and flyback cell is used to generate two energy processing
path. The main input power flow stream is processed only by flyback cell and output to load
directly. And the remaining input power stream is stored in bulk capacitor by boost cell and
then transferred by DC/DC semi-stage to output for regulating output power. Theoretical
analysis shows that as the boost cell and flyback cell operate in DCM and duty ratio and
switching frequency are kept constant, using smaller boost inductor can result in higher power
factor. Since most power is processed. only once, the power conversion efficiency is improved
and the current stress of control switch isreduced. The scheme can also be applied to other
conversion circuits by replacing flyback cell and DC/DC semi-stage with other topology.

Taking the parallel boost-flyback-flyback converter as an example, the operation modes and
average switching period signals are analyzed, the key parameters of power distribution and
bulk capacitor voltage, design equations, and design procedure are also presented. By follow-
ing the procedure, an 80 W universal prototype has been built and tested. The experimental
results show that at the worst condition of operation range the measured line harmonic current
complies with the IEC61000-3-2 class D limits, the maximum bulk capacitor voltage is about
415.4 V, and the maximum efficiency is about 85.8%.

It can be seen from the converter analysis, there are two operation modes in half line cycle
and the duty ratio varied with line phase to keep output constant in one mode. The small sig-
nal transfer function of the converter with variable duty ratio cannot be validated with con-
ventional frequency response measurement. Hence, the small-signal models of operation
modes are built and the compensator design at the boundary of modes is presented, the dy-
namic response has small steady state error, fast rise time, and heavily damping within opera-
tion range. Finally, the dynamic model and designed compensator of parallel converter are
verified in time domain by simulation and experiment.

Keywords: AC to DC converter, parallel power factor correction, flyback converter.
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Notation

The follow notations are adopted throughout this work.
AC/DC: ac-to-dc

BIFRED: boost integrated/flyback rectifier/energy storage/dc-to-dc converter
DC/DC: dc-to-dc

ICS: input current shaper

Kpp: direct power ratio

Kipp: indirect power ratio

Kwmi: inductance ratio

Mcg: voltage gain of boost cell

Mo: voltage gain of flyback cell

PF: power factor

PFC: power factor correction

PPFC: parallel power factor correction
SSTO: single-switch two-output

S?% single-stage

S* single-stage-single-switch

TIBuck: two-input-buck

Two: half line period

T.: line period

Ts: switching period

<x(t)>: moving average of x(t) over Ts
X(t): the dc part of <x(t)> or x(t)

x(t): the ac part of <x(t)> or x(t)



CHAPTER 1

INTRODUCTION

1.1 Background

Most electronic equipment is supplied by 60 Hz utility power by using the ac-to-dc (AC/DC)
converter which is a diode rectifier followed by a bulk capacitor. Since these power convert-
ers absorb energy from the AC line only when the line voltage is higher than the DC bus
voltage, the input line current contains rich harmonics, which pollute the power system and
interfere with other electric equipment.

Hence, the power factor correction (PFC) has been widely employed for improving the
power quality of the power converters. In conventional converters design, a two-stage struc-
ture as shown in Fig. 1.1 was usually employed for performing PFC and output regulation
simultaneously, where the bulk capacitor: Cg is.in the power transfer path between the PFC
stage and dc-to-dc (DC/DC) stage. This structure can give high power factor and high regula-
tion simultaneously by using two independent controllers and power stages, but the cost of
switching devices and the control circuitry is not easy to cut down especially in low power
application. Although unity power factor is the ideal objective, it is no longer an essential re-
quirement. According to the regulation IEC61000-3-2 [1], the power supplies of low power
products such as computers, PC monitors and television sets have to comply with Class D
limits as shown in Table 1.1. This fact promotes the development of the single-stage (S%)
AC/DC converter as shown in Fig. 1.2, such as boost integrated/flyback rectifier/energy stor-
age/dc-to-dc converter (BIFRED) [2] and boost input current shaper (ICS) [3]-[8], which
comply with the regulations without achieving unity power factor. In those designs two power
stages were integrated into one stage by using only one controller and sharing the control
switch so that the component count and cost could be reduced. However, these converters

have the problems of high bulk capacitor voltage at high line and light load when PFC



semi-stage is operated in DCM and DC/DC semi-stage in CCM. Some alternative designs
[5]-[8] using additional coupled feedback windings could reduce the bulk capacitor voltage,
but they also result in dead angle in the input current so the input current distortion is increas-
ing. Furthermore, it can be seen that part of the power is repeatedly processed or recycled in
both the conventional two-stage and single-stage AC/DC converters.

To improve the power processing, the parallel power factor correction (PPFC) scheme as
shown in Fig. 1.3 has been proposed in [9] and [10]. In those schemes, two parallel power
flow paths are used and part of the input power is processed only once. Therefore, the con-
verters could transfer power with higher efficiency. Since each path only transmits part of the
whole conversion power, the components can be replaced with smaller ones. However, the
PPFC design has complex circuit with special control scheme as mentioned in [11]. Another
scheme of parallel power processing approach was presented on the base of two-output
pre-regulator cascaded with two-input post-regulator [12]. Although the output capacitor is
smaller and the power conversion efficiency Is-high, some extra implementation prices exist,
such as, multiple switching devices and floating MOSFET driver. In addition, the output
voltage range of the post-regulator is limited so it is not suitable for universal input, and it is a
two-stage structure so it needs two controllers. The universal boost/forward converter pre-
sented in [14]-[15] makes use of an auxiliary transformer to reduce link voltage stress without
inducing the dead angle of the line current. Hence, it inspires the parallel idea for the

universal S? converter in this dissertation.

¢ ¢ Pout
L osses I L osses —_
PFC - DC/DC ™
Cs Co| R
Load

Fig. 1.1 Two-stage AC/DC converter scheme.



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

Harmonic wave

Maximum permissible har-
monic current per watt (mA/W)

Maximum permissible har-
monic current (A)

Ordern
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)
)|
)
]
. > |P
fd e e out
LossesPFCLosses <
+ C.| R
DC/DC ol ¢
Load

Fig. 1.2 Typical single-stage AC/DC converter scheme.

P DC/DC
-
L
CB _l\ Losses
PZ € 7
Pl Pout
iLosses ;_\'
2 output c. | R
PFC -
Load

Fig. 1.3 Parallel power factor correction converter scheme.




1.2 Motivation

For the power relationship of an ideal PFC AC/DC converter as shown in Fig. 1.4, the ac
input power (Pi,) is a sine square function biased by constant output power (Poy). It is clear
that 68% of line average input power (P1) can be transferred to output directly through PFC
stage, which is called the direct power. Only the remaining 32% of line average input power
(P2/ P3) needs to be stored in Cg temporarily through PFC stage and taken off from the Cg
through DC/DC stage. Since the processed powers are not directly transferred from ac input to
dc output, they are called indirect powers. However, for conventional scheme, no matter
whether it is a two-stage or a single-stage configuration as shown in Fig. 1.1 and 1.2, Py, is
first transferred into somewhat pulsating dc power stored on Cg by the PFC stage. The power
stored on Cg is processed again by the DC/DC stage to reach final Py for load (Co and Ry).
The conversion efficiency of the double power processing is low, which is the product of the
efficiency of each power conversion. In addition, these two processing stages are in cascade,
they both have to handle whole input power. Fortunately the parallel scheme can transfer par-
tial input power to output directly without going through DC/DC stage as shown in Fig. 1.3.
Therefore, based on the aforementioned concept, a new family of S? parallel AC/DC converter
is proposed in this dissertation to increase the direct power content percentage on the input
power. The parallel converters are expected to have advantages of high efficiency and small

rating components.



0 | | T  ot=2n

Fig. 1.4 Power relationship of ideal PFC converter.

1.3 Contributions of the Dissertation

This study proposes a new family of S?parallel AC/DC converter. In the circuits, the front
semi-stage is of single-switch two-output (SSTO) boost-flyback configuration that works as a
power factor corrector. Part of input power is-processed only with the front flyback cell, and
the remainder of input power is processed through the path along boost cell-Cg-DC/DC
semi-stage. To illustrate the circuit and control of the proposed converter, several recently
published low-power single-stage approaches are tabulated in Table 1.2. Only the proposed
converter and those in [20-21] are implemented with single switch and single-loop controller.
However, the efficiency of [20] is significantly lower than the proposed one and the compo-
nent count of [21] is more than the proposed one. It can be seen from Table 1.2 that the cir-
cuits in [20], [21], and [13] have relatively small capacitor voltages. However, the circuit of
[20] has the shortcoming of low efficiency. The circuit of [21] employs two bulk capacitors
and multi-winding transformer to get low voltage. The circuit in [13] puts bulk capacitor on
the secondary side of flyback transformer, which results in the low capacitor voltage. How-
ever, it also has the shortcomings of extra control switch and that the efficiency would de-
crease when universal voltage is applied. Though the bulk capacitor voltage in proposed con-

5



verter is higher than those in [13], [20], and [21], it is not higher than 450 V, the voltage limi-
tation of commercial capacitors. Additionally, the use of single switch with small current
stress, two parallel power streams with small components, and single-loop controller is a
competitive advantage in the low-power universal applications. The modeling and control of
the parallel converter is also presented. The technique can solve the model uncertainty prob-

lem and be generalized to other parallel converter.

Table 1.2 Recently published S? approaches

Diode|Control {Magnetic Control  |V¢g (V) |Switching|lnput  |Output |Output|Maximum [PF (%) or
switch [components frequency |voltage |voltage power |efficiency |compliance

(kHZ)  |(Vims) |(V)  |(W) |(%)

[20] 4 1 1Twith3 |[Single <375 |96 90-264 |5 60 732 IEC
2004 windings + 1 |controller 1000-3-2

L Class D
[21] 7 1 1Twith3 |[Single <260~ (100 85-265 (28 150 |83.2 >0.97
2005 windings + 1 |controller

T+1L UC3844

[13] 2 2 1T+1L Single <35 ? 187-265|56 100 [85.4 IEC
2007 controller 61000-3-2
Class D
[22] 4 2 1T+1L Two con- |400 50 100-240(24 100 |87 0.93-0.96
2008 trollers IEC
and logic 61000-3-2
Class D
[23] 2 2 1Twith6 |[Single ? 140 110-120(? 150 |92 IEC
2008 windings controller 1000-3-2
and logic Class D
Proposed|5 1 2T+1L Single <415.4 |100 85-265 |54 80 85.8 0.91-0.99
controller IEC
UC3844 61000-3-2
Class D

Letter T denotes transformer, letter L denotes inductor, Vg denotes bulk capacitor voltage, mark “?° denotes that

the item was not mentioned in the literature.



1.4 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 parallel converter concept. It then lists the research motivations and contributions.

Chapter 2 offers a review of conventional parallel AC/DC converters and introduces pro-
posed parallel boost-flyback converter.

Chapter 3 analyzes the parallel boost-flyback-flyback converter by averaging method at first.
Then, the power distribution and bulk capacitor voltage of the converter are studied. The de-
sign equations and procedure for universal application are also derived. In addition, the ex-
periment results of 80 W prototype are presented.

Chapter 4 depicts the modeling and:control of the parallel boost-flyback-flyback converter.
The text contains the large signal model, small signal model, compensator design, simulation
and experimental results.

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

work in related research directions.



CHAPTER 2

SYNTHESIS OF SINGLE-STAGE PARALLEL CONVERTERS

In the last decade, many efforts were made to implement the PPFC scheme for reducing
power processing. However, besides efficiency, there are several aspects must be considered
from the viewpoint of AC/DC converter, such as component count, circuit complexity, com-
ponent voltage and current stresses, input current quality, etc. Thus, the main objective of this
chapter is to present a topological study of the representative parallel converters and then pro-

pose a new family of parallel boost-flyback converters.

2.1 Review of Conventional Parallel AC-to-DC Converters

The concept and scheme of PPFC are first proposed by Y. Jiang et al. [9-10] and imple-
mented with full bridge boost PPFC circuit as shown in Fig. 2.1. The circuit operates in two
cases. For the case Pi, > Poy, all switches act so that the partial input energy is transferred to
load through T; directly and excess energy-is-put into Cg. Whereas, for the case Pi, < Pou, all
switches act so that the input energy is transferred to Cg and the stored energy in Cg is trans-
ferred to load through T».

The PPFC circuit shown in Fig. 2.1 clearly demonstrates that the power is through two par-
allel processing paths and partial input power is processed only once. However, the circuit
contains two isolation transformers, fives switches and multi-loop control together with logic
circuits. Complicated circuit structure may cause practical issues such as sophisticated opera-
tion mechanism, complex control, and thus difficult design and poor reliability. Thus, this
converter would be good for those applications where the power level is high. For below a

certain power level, it seems too complex and expensive.
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Fig. 2.1 Full bridge boost PPFC circuit [9-10].

To simplify the circuit, another parallel method [12] that could improve the dynamic re-
sponse of PFC stage with almost no efficiency penalty is shown in Fig. 2.2(a). In the circuit,
the first stage is a two-output flyback converter, which supplies two “poorly regulated” (from
the dynamic point of view) outputs-instead of one, both at relatively close voltages. The sec-
ond stage is a Two-Input-Buck (TIBuck) postregulator, which is highly efficient. From the
static characteristic of view, the TIBuck postregulator is equivalent to two half converters in
series as shown in Fig. 2.2(b). For the half converter at the top, it is a standard buck converter,
whose input and output voltages are vi-v, and Vo-Vz, respectively, and whose output load is R,
(vo-v2)/vo. Besides, for the converter at the bottom, it works as a lossless converter, whose
input and output voltages are v, and the load is R, vo/vo. Therefore, the total output power
comes up to the load following two different paths. A considerable fraction of the input power
(typically 85%-90%) comes up to the load with no power processing, whereas the remaining
power undergoes a power processing based on a buck topology, therefore, with a typical effi-
ciency of 80%—-95%.

Although the parallel method with TIBuck converter has the advantages of small output ca-
pacitor and high power conversion efficiency, some extra implementation prices exist, such as,
multiple switching devices and floating MOSFET driver. In addition, the output voltage range
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of the post-regulator is limited so as not suitable for universal input, and each stage needs in-

dividual controller.

IS

@,

Two-out flyback

@
Buck half c
Vo V)V,
+
V.-V P
V _V _O 2
Pin 1V, out
Lossless half
+
V
2
V2 -
V. /vO

(b)

Fig. 2.2 The parallel method with TIBuck converter: (a) Two-output flyback converter with

TIBuck postregulator [12] and (b) equivalent circuit of TIBuck postregulator.

To realize the PPFC concept with a single stage topology, a single-switch PPFC AC/DC
converter with flyback converter [20] is proposed as shown in Fig. 2.3. The concept is to cre-
ate a voltage source that is parallel to the rectified input voltage source. When the line voltage
is near the zero crossing area, the paralleled voltage source that is approximate to
Veg - Nl/(N1 +N,) provides the output power as Ps. When the line voltage is near the peak area,
it is the rectified input voltage source that provides main power P; to the output directly and
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also stores some extra power P, in the bulk capacitor. Furthermore, during peak line voltage
both Lg and T, operate in CCM, and the boost inductor current is strongly dependent on the
reflected load current. This inherent load current feedback mechanism can reduce the input
power at light load without reducing the duty ratio. All the current processed by the switch is
the primary side current of the feedback converter. Hence, the load current feedback can ef-
fectively reduce both the voltage stress of the bulk capacitor and the current stress of the ac-
tive stress. The proposed converters combine the advantages of simple topology, low bulk
capacitor voltage and low switch current stress. However, the efficiency and power factor are

not better compared to other methods as can be seen in Table 1.2.

Fig. 2.3 Single switch parallel power factor correction AC/DC converter with inherent load

current feedback.

To improve the efficiency and power factor, an alternative method based on a novel PFC
cell called “flyboost” to reduce redundant power processing is presented [21]. The method
contains a new family of S? converters derived from the direct power transfer concept and is
intended for use in low to medium power level AC/DC converters such as adapters of per-
sonal computers.

The representative flyboost circuit shown in Fig. 2.4 has two operation modes. When recti-
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fied line voltage |vac(t)| is less than 2Vcg-n1Vo (N1 the turn ratio of Ty; Vo: output voltage),
Transformer T, works like a flyback transformer to discharge all stored input power directly
to the load. The portion of power is processed by active switch S; only once. Meanwhile,
DC/DC cell will deliver some power from bus capacitors to the load to keep tight output
voltage regulation. When instantaneous input voltage goes higher, and | vac(t)| is higher than
2Vce-n1Vo, the voltage across transformer T, primary winding is clamped to 2Veg—| Vac(t)|
during S; OFF interval, which will be less than n;Vo. It means that diode Dy in T; secondary
discharging path will not conduct. T; works like a boost inductor and discharges its magnet-
izing energy to both bus capacitors via D,. And DC/DC cell will deliver all output power
from bus capacitors to the load. Under this mode, the input power is stored in bus capacitors,
and then transferred to the load by DC/DC cell, resulting in this portion of power being proc-
essed twice by switch S;.

It can be seen that the derived S*flyboast converters are of simplified circuit configuration
and control, and typically, only one simple voltage control and one power switch are needed
in circuit implementation. Experimental results demonstrate that the flyboost cell significantly
improves the efficiency over the conventional converter. Moreover, experiments also verify
that a newly derived S? converter can operate in discontinuous current mode + continuous
current mode (DCM+CCM) operation due to the clamped bulk capacitor voltage characteris-
tic of flyboost PFC cell. However, the components of the circuit of seem excessive because

two bulk capacitors and multi-winding transformer are employed to get low voltage.
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Fig. 2.4 Single-stage AC/DC converters with flyboost cell.

2.2 $% Parallel Boost-Flyback Converter

2.2.1 Principle

The new design power flow scheme of a single-stage (S?) PPFC is shown in Fig. 2.5. In Fig.
2.5, the line power, pin is fed to SSTO boost-flyback semi-stage and split to two power flow
streams, p; and p,. The power flow stream py Is-processed only by flyback cell and transferred
to output directly, and hence it is direct power. Since the instantaneous pi, is always different
from output power Poy, the remaining input power, p,, is buffered to bulk capacitor Cg
through the boost function of boost cell to regulate power flow. To fulfill a better output
power regulation, a DC/DC semi-stage is employed to transfer the power, denoted by ps, from
Cs to the output when piy, is low, especially smaller than Poy. The power series p, and ps are
processed twice from ac input to dc output, and hence they are indirect powers. Furthermore,
to obtain high power factor, the boost and flyback cells both had better operate in discontinu-
ous conduction mode (DCM), whereas the DC/DC semi-stage can be implemented with for-
ward or flyback configuration and operate either in continuous conduction mode (CCM) or
DCM. A S? implemented circuit of Fig. 2.5 is shown in Fig. 2.6(a). The circuit has been sim-
plified so as to use only one common power control switch for SSTO boost-flyback and
DC/DC semi-stages as shown in Fig. 2.6(b). In Fig. 2.6(b), PFC and output regulation are
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performed with one feedback controller as shown in Fig. 2.6(c). The practical realization cir-
cuit in Fig. 2.6(b) is composed of a SSTO boost-flyback semi-stage, which is constructed by
Lg, Dg, T1, Do1, Di1, S, Dy, and a bulk capacitor Cg, and a DC/DC semi-stage, which is im-
plemented by a flyback circuit and constructed by Ty, Doz, Di2, S, and Dy. In Fig. 2.6(a) and
(b), the two transformers T, and T, share the load current, so their size could be small. Fur-
thermore, the boost inductor Lg and transformers T, process the input power together when
switch S is on, so the size of Lg could be of smaller one. Therefore, the sizes of Lg, T1 and T,

can be chosen smaller ones in this design.

VAV Flyback or
P; | Forward (T,)

Cy
H{ 4 | Dc/be
Bogst Cell..p Lk Semi-stage

B p /\/\ D
JUN S %27 Bad ] Py
pin j N
P, N V

-0
) nAa 1‘
& ) Fiyback Cel 1R
<
SSTOPFC | 4 PWM‘
Semi-stage ~ :
Duty Ratio Controller

Fig. 2.5 Proposed S* PPFC scheme.
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Fig. 2.6 S? Implementation circuit of parallel boost-flyback-flyback converter: (a)
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2.2.2 SSTO Boost-Flyback Circuit

In order to clearly build the primary operation concepts and theories of the proposed S? par-
allel AC/DC converter depicted in Fig. 2.5 and 2.6, the operation of a SSTO boost-flyback
converter depicted in Fig. 2.7(a) will be introduced in advance. In SSTO boost-flyback con-
verter, T1-Do1-Di1-Co-Ro-S is the flyback cell and Lg-Dg-Cg-Rg-S is the boost cell. This con-
verter has power factor correction function that will be demonstrated later. In the converter,
the boost inductance Lg and the flyback transformer T, both operate in DCM. When control
switch S is turned on, T, and Lg are charged serially. When S is turned off, T; and Lg are dis-
charged to Ro-Co and Rg-Cg respectively. The main current waveforms of SSTO

boost-flyback converter operating in one switching period are shown in Fig. 2.7(b). To dem-

onstrate the operation theory of the converter, the:-moving average notation (x(t)y of a wave-

form x(t) over a switching period Ts is employed and defined as follows [16],
(x(t) = (x(t)), == j x(r)dz . (2.1)

To focus on the primary analyses, some assumptions are made as follows:

1) All components are ideal.

2) Since switching frequency fs is far greater than line frequency f.=1/T,, where T, is line
period. The input voltagev, (t), regarded as the rectified line voltageV,,, [sin(w, -t} , is ap-
proximated to a constant over one switching period, where Vinpi is the ac voltage ampli-
tude, and w, =2-7/T, .

3) Since bulk capacitor Cg and output capacitor Co are sufficiently large, flyback output
voltage Vo and boost output voltage Vg are regarded as constants within one half line

cycle.
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From Fig. 2.7(a), it can be seen that the average input current (i, (t)) is equal to the sum of
average flyback input diode current(iy,(t))and average boost output diode currentiy(t)).
Therefore, by summing the current waveforms of (i,,(t)) and (i (t)) shown in Fig.

2.7(b), (i, (t)) can be obtained as

iy x(d+d,)

(i (O) = igne (0) + {ing (1) =2 C 222 2.2)

2

where d is the duty ratio of S, d; is the boost cell diode conduction time ratio, and the current

peak value can be obtained from

d-v (t d, (Veg —Viplt)) dy-n -V
” Vm() _% ( cB Vm())= 1" Vo , (2.3)
fs (LB + LMl) fslg fsLus

where Ly is the primary magnetizing inductance of Ty, ny is the primary turns ratio of T4, and

d, is the flyback cell output diode conduction time ratio. From (2.3), d, can be obtained as

4o d() [ Le j (2.4)

7 (VCB ~Vin (t)) Lg + Ly

With substituting (2.3) and (2.4) into (2.2), (i, (t)) can-be found as

(nth =3 fj:i"f?m{“ T (i D ' (25)

Since the average current of Co over a half line cycle is zero at steady state, the half line av-

erage current of ipo; is equal to the average output current. Thus,

% L‘*”’L<iw(t)>dt=ﬁ—z. (2.6)

From Fig. 2.7(b), average current over one switching period i,(t)) in (2.6) can be obtained as

follows

<iD01(t)> = %kldla (2-7)

where the magnetism discharging time ratio of T, transformer, d;, can be found from (2.3) as

g, = 'Vin(t){ b j (2.8)

n -Vo \ Lg + Ly

With substituting (2.3) and (2.8) into (2.7), {iy, (t)) can be obtained as
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Ly, d°vi (t)

ipos(t)) = . 2.9
<ID01( )> 2f (LB + LMl)ZVO @9)
Substituting (2.9) into (2.6), the voltage gain of flyback cell Mg can be obtained as
Vv Ly, R
M,=—0 _d. M 2.10
® " Vi 414(Lg + Ly, )/ (210)

where Ro is the load resistance of flyback cell.
Similarly, since Cg has zero average current over a half line cycle in steady state, the aver-

age current relation can be obtained as
2 o V,
f.[o <IDB (t))dt = —<B y (211)

where (i, (t)) can be obtained from Fig. 2.7(b) as

. Cdpacdy Lyd2V2(t)
R TH Y { (AR ) 212

The voltage gain of boost cell Mcg is defined and obtained with substituting (2.12) into (2.11)
as

Mcg = (2-13)

Veg v d%Ry Ly I sin @
Vik, 27 Fo(Ly + Ly, %0 Mg — |sm0|

where Rg is the load resistance of boost semi-stage.

It can be seen from (2.5) that while d and fs are regarded as constants, the arrangement of
smaller ratio of L,/(L,+L,,)can result in higher linear relation between i, (t))andv,(t), in
other words, lower input harmonic distortion. Furthermore, (2.10) and (2.13) show that volt-
age gain rises as load resistance increases. In particular, Vcg in (2.13) can be very high at light
load and high line. Therefore, the method to keep it under commonly accepted limit would be

presented in Chapter 3.
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Fig. 2.7 SSTO boost-flyback converter: (a) circuit and (b) main waveforms.

2.3 New Family of Parallel Boost-Flyback Converter

Based on the proposed S? PPFC scheme shown in Fig. 2.5, more circuits of the proposed S*
boost-flyback converters can be formed by modifying the DC/DC semi-stage or flyback cell.
By replacing the flyback DC/DC semi-stage in Fig. 2.6 with another DC/DC circuit such as
forward circuit, a new single-stage-single-switch parallel AC/DC converter is obtained in Fig.
2.8(a). Moreover, the SSTO boost-flyback converter can be incorporated with the two-input
Buck (TIBuck) post-regulator [12] to form another new single stage single switch parallel
AC/DC converter as shown in Fig. 2.8(b). This converter can decrease the size of the bulk
capacitor and improve the dynamic response with almost no efficiency penalty in either. Al-
ternatively, the flyback cell of SSTO boost-flyback semi-stage can be replaced with a
two-switch-flyback circuit to form another parallel scheme shown in Fig. 2.8(c), which has

the merits of low switch voltage stress and leakage inductance clamping.
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Fig. 2.8 Derived topologies from proposed parallel scheme: (a) with forward semi-stage, (b)

with TIBuck semi-stage, (c) S? boost-two-switch-flyback parallel converter scheme.
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CHAPTER 3
Analysis and Design of a Single-Stage-Single-Switch Parallel

Boost-Flyback-Flyback Converter

The practical realization circuit of proposed S? PPFC scheme is composed of a SSTO
boost-flyback semi-stage, Cg, and a DC/DC semi-stage. The SSTO boost-flyback semi-stage
splits input power into two power flow streams including direct power stream and indirect
stream. The direct power stream is processed only by flyback cell and transferred to output
directly. The indirect power stream is buffered to Cg through the boost function of boost cell
to regulate power flow through DC/DC semi-stage. As the boost cell and flyback cell operate
in DCM, and duty ratio and switching frequency are constants, the arrangement of smaller ra-
tio of boost inductor can result in higher power factor. The Vcg can be very high at light load
and high line. Therefore, the methad to keep input current harmonics and Vcg under com-

monly accepted limit would be presented later.

3.1 Analysis of the Proposed Converter

The proposed S? boost-flyback-flyback PPFC that has two semi-stages is shown in Fig. 2.5
and Fig. 2.6. The S? implementation circuit in Fig. 2.6(b) is redrawn as Fig. 3.1(a). The
boost-flyback semi-stage has power factor correction function and simultaneously gives two
energy-processing paths. Being the remaining semi-stage, the flyback DC/DC converter cir-
cuit has fast output regulation ability. The proposed circuit has three magnetic elements, and
each element has two operation modes (i.e. CCM and DCM). Hence, there are eight modes
may happen in the circuit as shown Table 3.1. In order to obtain good power factor, the boost
and flyback cells are designed to operate in DCM, whereas the flyback DC/DC semi-stage

operates in either CCM or DCM in a line cycle. Thus, the converter has two operating states.
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The operation state while the flyback DC/DC semi-stage operates in CCM is defined as the
M; state. Contrarily, the operation state while the flyback DC/DC semi-stage operates in
DCM is defined as the M, state. However, making Lg operate in DCM in universal application
is not easy, and CCM offers higher efficiency and lower current stress than DCM. M3 and My
modes are allowed under harmonic limitation of IEC 61000-3-2 Class D, and not discussed in
this dissertation. With properly selected ng, it is easy to control T; in DCM, so Ms-Mg modes
would not happen. The main current waveforms of the boost-flyback semi-stage in a switch-
ing period are the same as Fig. 2.7(b), and the waveforms of flyback DC/DC semi-stage in
both two modes are shown in Fig. 3.1 (b) and (c). The circuit operations of the single-switch

implemented circuit shown in Fig. 2.6(b) are demonstrated as follows:

Int, <t <t control switch S is switched on, flyback input diode D); conducts, and Dg, Do
and Do, are cut-off. Because the boost inductor.Lg and the flyback transformer primary in-
ductance Ly1 both are connected in series, they are charged by the input power at the same
time. The current i g, which is equal t0ip;1 and also the magnetizing current of Ty, i my, in-
creases linearly from zero. Meanwhile, the currents ipj2, which is equal to the magnetizing
current of Ty, iLme, also increases linearly from its initial value while in M; mode and from
zero while in M3 mode. At the moment t;, S is turned off. The currents iig, ipi1, and i m; reach

the same peak value iy and the currents, ipi2 and ipw2 reach another peak value ig.

Int, <t<t,, the main switch S is off, the diode D), and Dy, are off, and Dg, Do:1 and Do, are
on. The magnetic energy of inductor Lg is transferred to Cg and the magnetic energies of the

transformers T, and T, are transferred to the same output load R, simultaneously. Conse-

quently, the energy discharging in T, produces the result that i,y and ipo1 (=n,-i,,, ) both de-

crease linearly to zero at t,, and keep zero until t3, and i g and ipg decrease linearly to zero at

top. The energy discharging in T, gives the result that both i v, and ipo2 (=n,-i,,,) decrease

linearly to none zero final values at t; for M; mode and to zero at ty; for M, mode.
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Since M; and M, modes are to be discussed, three kinds of the combination of operation
modes may be yielded within a half line cycle as shown in Table 3.2. The major currents
waveforms and the corresponding duty ratios waveforms are depicted and shown in Fig. 3.2.
Case | normally happens in low input voltage and high output power condition, whereas Case

I11 normally happens at high input voltage and low output power.

For transient current balance of Co, the transient load current can be expressed as
io(t)= i001(t)+ iDOZ(t)_ ico (t)' (3.1a)
where iy, (t),ipe, (t),andi, (t) represent the transient current of Doy, Doz, and Co. By an ideal

output voltage feedback control, the duty-cycle of control switch is varied in order to set out-
put voltage on reference value. As shown in Fig. 3.1, the input current (i, (t)+ipe,(t)) of Co is
regulated to balance with output current (io) in Ts so that (i, (t)) =15, (ico (t)) = 0, (v, (t)) =V, , and

(3.1a) can be expressed as

o :\é_(iz 50: =<iD01(t)>+<iDOZ(t)>’ (31b)

where Vo is the average output voltage, Ry is the load resistance, <ipoi(t)> represents the av-
eraging current of Doz as expressed in (2.9), and <ipoy(t)> represents the averaging current of
Do>. Although the input voltage varies in a half line cycle, the output power will be kept con-
stant through the output feedback control. To make (3.1b) come true, the ideal output voltage
feedback controller should have superior transient response and robust stability. The structure
of controller is implemented with current mode controller with optically isolated feedback as
shown in Fig. 2.6(c). In the circuit of Fig. 2.6(c), output voltage signal Vo is transferred to
UC3844 via TL431 and opt-coupler, the switch current is is sensed and fed back to compara-

tor, then the duty ratio d of control switch S is well controlled.

For the M; mode, consider the bulk capacitance is a large one. Then the duty ratio d in M;

mode will be kept nearly constant Dy,; and yield a high regulation output, which is given by

23



Vo=—eerd (3.2)

n,(L-d)l, o

where n; is the turns ratio of T,. From (3.2), D can be found as

d=Dy =120 (33)
NVo +Veg
From (3.1b), <ipoz(t)> can be obtained as
<iD02(t)> = Io - <iDOl(t)>|d:Dm1 : (34)

While in M, mode, T, operates in DCM. From Fig. 3.1(b) by following the similar deriving

procedure of (2.9), <ipo2(t)> can be obtained as

. n2 . ipk2 : d3 d2 VCZB |
. i | 3.5
< Doz( )) 2 2 fs LM ZVO |d=dmz ( )

where dp; is the instant duty ratio in M, mode. Substituting (2.9) and (3.5) into (3.1b), it can

be obtained as

2P

T dyy(0)= \/( <P (3.6)

2 2 !
LyaVinpksin“0 | vég j

(Lg+Lym1 Lm2

where 6 = o, -tis the phase of sinusoidal line voltage, and Py is the output power. In order to
generate the complex duty dm2, the compensator in the current mode control had been opti-
mized to possess superior transient responses such as small rising time, low overshoot, and
zero steady state error. Addition, the compensator also can generate the correct duty dm, with

different operation modes due to its superior performances.

From (2.9) and (3.1b), <ipoi(t)> reaches maximum and <ipoz(t)> reaches minimum at
0=r/2. For case I, the converter operates only in M; mode (T, operates in CCM), lo must be
greater than the boundary value I ;o0 + 15028 »

lo 2 Ipoipk + Ipozs s (3-7)

where 1., IS the peak value of <ipoi(t)> andi,,,, is the boundary value of ipoz between
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CCM and DCM. The former can be obtained by replacing d with Dpn; and vin(t)

withv, , sin(z/2) in (2.9), and expressed as

inp

Ly D2V,
M1~ml |npk2 , (38)
2fS (LB + LMl) VO

I DOIPK —

and the latter can be obtained by replacing d with Dy in (3.5) and expressed as

_ Dri1~VCZB
Ino2e T (3.9)
Furthermore, as lo is smaller than the boundary value in (3.7), M, mode shows in the opera-
tion of the proposed converter as plotted in Fig. 3.2(b). From the equality 1,4, = 15,5 and

(3.1b), the transition angle &, from M; to M, mode can be expressed as

LM 1D,$]1V-2

inpk

2
b =w -t =Sin1[\/2fS(LB i LMl) Yo (lo —IDOZB) : (310)

As lo gets smaller, the interval of M, becomes wider and My becomes narrower. It can also
be seen from (2.9) that <ipoi(t)> reaches zero at line voltage phase being 0 and~and from
(3.1b) that <ippy(t)> reaches maximum at the same time. Thus, as lpo gets smaller than the
boundary value of (3.9), the converter‘would-work in M, mode only during a half line cycle.
Consequently, for case Il operation that the converter works in both M; and M, modes in a
half line cycle, 1o will be in the range of

Ioowrk *+ 1oo2s = o = 102 - (3.11)

Besides, for case Il operation that the converter works only in M, mode in a half of a line

cycle, o is smaller than the boundary value
loose = 1o - (3.12)

Based on above discussion, the theoretical currents and voltages waveforms for the cases |
to 111 examples are illustrated in Fig. 3.2(a)-(c) and the corresponding parameters used are
shown in Table 3.3. For the case | operation, the value of Ly in (3.9) is intentionally selected
a large one so that (3.7) can be satisfied and case | operation can present. For the other pa-

rameters, Lg, Lm1, N1, and ny, they are selected according to the procedure described in Section
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3.4 so that cases Il and 111 can be activated.

From Fig. 2.6 and Fig. 3.2(a)-(c), it can be seen that the average input current <ij,(t)> is di-
vided into <ipj;(t)> and <ipg(t)> through the operation of boost-flyback semi-stage. Among
these two currents, <ipji(t)> is transformed to <ipoi(t)> by the flyback cell, and then trans-
ferred to R_ directly. Alternatively, <ipg(t)> is mainly buffered in Cg during vi, peak, then
transformed to <ipo(t)> by the flyback DC/DC semi-stage, and then transferred to R, for
output regulation. The output current lo is primarily supplied by <ipo2(t)> in low line voltage
duration.

The switch current of conventional cascade S* converter like [3] mainly composed of in-
ductor current of the boost-ICS semi-stage and the transformer primary current of the flyback
semi-stage. Both semi-stages have to handle the whole input power. Hence, the peak switch
current is doubled and reaches peak value'when input power is the maximum and occurs at
0=w_-t=r/2.In Fig. 2.6, the average switch current <ig(t)> of the proposed converter is the
sum of <ip1(t)> and <ip2(t)>, and can be expressed as

(is (O)=(ion t) + (o2 (), (3.13)
where both <ip1(t)> and <ipj(t)> represent the charged current of the first semi-stage from
line input and the transformer primary current of second semi-stage from bulk capacitor, and

can be obtained from Fig. 2.7(b) as

<iDI1(t)>:<iLB(t)>_<iDB(t)>! (314)
and
(o126 = {io0e (1) = >-{1o ~ (ioolt) (3.15)

CB CB

It can be seen from (3.13) and (3.15) that if <ipos(t)> increases, more output current will be
provided by flyback cell, and <is(t)> will be reduced. Contrarily, if flyback cell is absent (i.e.
<ipo1(t)>=0), the circuit in Fig. 2.6(b) will be reduced to a conventional S* converter [3].

Furthermore, from Fig. 2.7(b), <ipi1(t)> can be further obtained as
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Cgeed  dWVsin(o 1)

<iDI1(t)> = =

2 2fs(Lg +Ly,) (3.16)

Substituting (2.9) into (3.4) and the result is substituted into (3.15), <ipj2(t)> for My mode can

be further expressed as

- V. Vi sin? (e 1)
flora(0) = &1 ~ i), (317)

CB

Substituting (3.5) into (3.15), <ipj(t)> for M, mode can be further obtained as

<iDI2(t)> = %

el (3.18)

d=dp2

where dy, can be obtained from (3.6). It can be seen from (3.16)-(3.18) and Fig. 3.3 that

<ipja(t)> reaches local maximum até =, -t=7z/2 while <ip;2(t)> is minimum, and <ip(t)>
reaches local maximum at 9=w_-t=0 or z while <ipji(t)> is zero. Therefore, the power
processed by flyback cell is transferred to load directly and would not be processed by the
switch again, the local maximum current stresses due to direct and indirect power do not ap-
pear at the same time during half line cycle, so the overall current stress of main switch com-

pared small with that of conventional S*converter,
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Fig. 3.1 Parallel boost-flyback-flyback converter: (a) Implementation circuit, (b) DC/DC

semi-stage waveform in M; mode, and (c) DC/DC semi-stage waveform in M, mode.
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Table 3.1 Various operation modes in the proposed circuit

Mode M; M, M M, Ms...Ms
Ls DCM DCM CCM CCM CCM/DCM
T DCM DCM DCM DCM CCM
T, CCM DCM CCM DCM CCM/DCM
Self PFC Self PFC Allowed under CL. D | Allowed under CL. D Not happen
Table 3.2 Various cases in the proposed circuit
Case Mode Vac Pout
| M, Low High
I M+ M, Medium Medium
1 M High Low
Table 3.3 The corresponding parameters of cases I-111 illustration example
Case Lg Lms ny Lmz n, Vac Vo Pout fs fL Vs
I 3BuH| 13BuHl 12| 4mH| 14| 85V 54V| 70W| 100kHz| 60Hz| 1285V
Il 30uH| 150 #H| 16| 15mH| 19| 265V 54V| 50W| 100kHz| 60Hz| 4445V
1] 30uH| 150 uH| 16| 15mH| 19| 265Vm| 54V 20W| 100kHz| 60Hz| 4499V
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Fig. 3.2 Main waveforms of parallel boost-flyback-flyback converter in a line cycle: (a) case |

(M1 mode only), (b) case Il (both:M; and M,modes), and (c) case 111 (M, mode only).
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3.2 Power Distribution and Bulk Capacitor Voltage

In the proposed S? PPFC scheme shown in Fig. 2.5, the power distribution between the di-
rect (p1) and indirect power (p, or ps) processing paths is one of the important design consid-
erations since it affects not only the converter efficiency but also the power ratings required to
the components in each processing power path. Besides, in the indirect power path, the energy
balance between the power flow into (p;) and out (ps) of bulk capacitor determines the bulk
capacitor voltage, which can be very high if not properly design. Based on the above design
considerations, the power distribution will be analyzed according to the implementation cir-
cuit shown in Fig. 2.6(b), and hence the formula related to power distribution and bulk ca-
pacitance voltage can be derived. They are formulated as follows:

The input power pi, is composed of.pyand py,

Pu{0)=Vin tKiie () = p.(6)+ p,(6). (3.19)

The direct power processed by flyback semi-stage is given by

Bu(6) = Vi ()—— (i1, () = Vo (i (1) - (3.202)

Lg +Ly;

Substitution of (i, (t)) given by (2.9) to (3.20a) gives

n.(0)=2k,P,,sin’@, (3.20b)

where
o A 62

and

Ly, d V2
_ Mld inpk = (322)
4 fS (LB + LMl)

I:)l,pk (d)
In M1 mode, k; is a constant and can be found by

Ky =K p|s-pp = Kps - (3.23)
In M2 mode, k; is a function of o and obtained by
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L. .V2
K=k |y o=k, (0)=— Mgk ik (3.24
p P|d‘dm2(g) pZ() zlLMlvir?kainzg"‘vc*B(LB+LM1)ZJ

Lm2

It can be seen from (3.24) that K, is independent of Py, The values of Dy1 and dmz can be
obtained from (3.3) and (3.6).
The indirect power processed by boost semi-stage from Lg to Cg is given by:

P,(0)=Ves (ing () - (3.25a)
Substitution of (i, (t)) given by (2.12) into (3.25a) gives

Mg sin®6 2k, Py,

P.(6)= Vi —find Ko, (3.25h)
where Ky is called inductance ratio and expressed as
Kypp =2 (3.26)

The dimensionless variable Mcg in (2.13) in (3.25b) can be regarded as the normalized Vcg
with respect to Vinpk. In practice, the true:value of Vcg is lower than the theoretical value be-
cause of presence of the equivalent series resistance (ESR) of inductance and capacitor. Thus,
in order to avoid the bulk capacitorvoltage Vcg from exceeding the limitation voltage, 450 V,
of the commercial capacitor, it is suggested that Mcg had better been controlled below or just
equal to 1.2 for V,c=265 Vms. Furthermore, the indirect power processed by flyback DC/DC
semi-stage from Cg can be expressed as

03(0) =V inos () = Py — p1(6) = Py, [L— 2k, 5in?6). (3.27a)

Substituting (3.5) into (3.27a), ps for M, mode can be expressed as

2(0)= %d-dm = d(szz—BLM\Z"k)zdd (3.27b)
Since p; and p (or p3) vary withé =, -t , they would be expressed as
el 1 =%L”px(9)dex_123 (3.28)
Therefore, direct power ratio Kpp is defined as
Kyp = e (3.29)

out
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In this equation, high Kpp implies high efficiency and large utilization performance of T;.
Because the average power sent to and out from Cg are equal for a half line cycle, the indirect

power ratio K,pp can be defined as

P P
Kipp = ; = ; =1-Kpp. (3.30)
out out

The more detailed indirect power ratio expressions defined in (3.30) for three cases can be
derived as shown in Table 3.4 by substituting (3.25b) and (3.27a) into (3.28) and normalizing
with Poy. By using iterative approaching methodology for obtaining accurate Mcg, the de-
tailed expressions in Table 3.4 are calculated repeatedly until (3.30) is satisfied, and Kpp, Kipp,
and Mcg can be solved consequently. Following the iterative calculation process, the curves of
direct power ratio Kpp versus output power Po for different line input voltage V4. and opera-
tion cases are obtained and shown in Fig. 3.4, and the curves are obtained by taking the con-
verter parameters in Table 3.3-case | as-an example. It can be seen from Fig. 3.4 that the rela-
tion between Kpp and case is (Kpp)in>(Kpp)i>(Kop)1. Kpp increases as Poy; is low or Vi is
high.

The curves of Kpp and Mcg versus Py for different Ky and Ly, at the assigned conditions
of the converter, Ly1=150 z H, ny=1.7, V4c=265 Vs, and Vo=54 V, are shown in Fig. 3.5.
Substituting (3.19) into case 111 of Table 3.4, Mcg obtained from (3.30) is independent of Pg.
Hence, each Mcg curve in Fig. 3.5(b) is horizontal when converter operates in case I11. From
Fig. 3.5(a), it can be seen that Kpp is greater at low output power. That is to say, Kpp rises as
output power increases. This implies that the direct power is the main portion providing the
load and the indirect power is regarded as energy reservoir used for regulating the power flow
to load. Besides, it can be seen from Fig. 3.5(b) that Mcg increases as P, decreases, and ap-
proaches and holds to the maximum value at lighter load. This phenomenon shows that high
bulk capacitor voltage will be resulted at high line and case I11. However, from Fig. 3.5, it also

can be seen that Kpp goes up and Mcg slides down as Ky; increases. This is because more in-
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put power goes through flyback cell without being buffered by Cg. Hence, for the purpose of
obtaining high efficiency and low Vcg it is better to select Ky as large as possible. Further-
more, the decrease of Ly, can lower both Kpp and Mcg since it can be seen from (3.5) that low
Lm2 will result in large current ipo, for M, mode, or equivalently to say that the output power
ratio provided by Cg will be increased. In other words, more output power comes from buff-
ered energy and less input power passes through flyback cell, so this will result in lower effi-
ciency. However, it is good for reducing the maximum value of Mcg since more power is con-
tinuously sent out from Cg. Therefore, Mcg has to be lower to achieve half line cycle average
indirect power balance in (3.30) as can be seen from (3.25b) and (3.27b). Besides, decreasing
Lm2 would cause flyback DC/DC semi-stage closer to DCM but make worse output voltage
regulation. A compromise is suggested for selecting proper value of Ly in considering of the
proper values of Vcg, Kpp, and output.voltage regulation. It can be seen from Fig. 3.5 that
curves (1) and (2) have high Kpp and the maximum values of Mcg are below or close to 1.2
among all curves. Thus, with the ‘consideration of obtaining high efficiency and low Vcg,
curves (1) and (2) are better choices.

Table 3.4 K\pp indirect power ratio

Case Pz,ave/Pout Ps,ave/Pout

I 2Kpy " Mggsin® o 1-K,,
7-Kyy 90 Mg —[sing|

w| 4 D'O@r MCBSinzg-.KpldeJrJ‘ﬁMCBSinze-_kpz(H)de} E{L%(1—2Kplsin29)d9+j - 2K, (0)sin 2 ohio }

7Ky, (Mg —[sinéd)]) o (Mg —Jsing]) ju
1T CBsm 20-k,,(0) Lo -
7 K I Mo |Sm0| do ;L (1—2kp2(6)sm 9)d9
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3.3 Design equations

The design equations are going to be derived for the objectives of obtaining proper power
factor correction and output voltage regulation. The DCM operation design of boost-flyback
semi-stage is essential for obtaining good power factor correction. It can be seen from i w1
waveform in Fig. 2.7(b) that to guarantee T; operating in DCM, d;Ts should be smaller than

(1-d) Ts. Thus, ny should be designed to satisfy the following equation derived from (2.8)

Kys Vi dye

Ky +1) Vo [L-d,, )" (3.31a)

n, >

where dp is the duty ratio occurring até = /2as shown in Fig. 3.2. From (3.31a), the mini-

mum turns ratio for T, to operate in DCM is obtained as

K Vin k,min d k,max
b L . : 3.31b
M= Mo =T ) L-d,, max) ( )

where dpmax IS the maximum of dy-and occurs at the lowest rectified line input volt-
age v, (t)=Viy mnlsin(z/2) and the largest output power. With conservative design, dpmax can be
replaced with the acceptable maximum value:

Similarly, to guarantee Lg operating in DCM, d,Ts should be smaller than (1-d) Ts. Thus, Lg

and Ly should be designed to satisfy the following equation derived from (2.4):

LB dpk
LB + LMl) (MCB _1)

(-d,)= ( , (3.32a)

where Mcg can be solved from (3.30) and Table 3.4. From previous section, it can be known
that Mcg will slide down and dy thus rises as output power is increasing. Thus, the worst
DCM condition occurs at the low input voltage and the large output power for universal ap-
plication. From (3.32a), the minimum time ratio needed for i_g to decay to zero before the end

of switch off time duration can be obtained as

L d
Dy, =7 pume 3.32b
‘ (LB + LMl) (M CB,min _1) ( )

and Vcg min 1S the minimum bulk capacitor voltage occurring at

where MCB,min :VCB,min/V

inpk,min 7
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the lowest rectified line input voltage and the largest output power. However, the converter
needs sufficient secondary open voltage of DC/DC semi-stage transformer T, Vcg/ny, to
guarantee the output regulation operation all the time even atv, (t)=0. Hence, for flyblack

DC/DC semi-stage, the following relation must be satisfied

Vﬂ dzc —
n, (1_dzc)_vo ' (333a)

where d, is the duty ratio atv,, (t)=0as denoted in Fig. 3.2. It can be seen from (3.33a) that Vo

is decreasing as n, increases. Thus, after rearranging (3.33a), the turns ratio limitation of T, is

obtained as:

n, <

VCB,min dzc,max _
Vo (1_ d ) - nZ,max ' (333b)

where d;c max IS the maximum d,c while occurring at the lowest rectified line input voltage and
the largest output power, and n, max iS the upper bound of n; to satisfy output voltage require-

ment shown in (3.33a).

3.4 Example and Design Procedure

To verify the proposed boost-flyback-flyback converter, a prototype converter with the fol-
lowing specifications was designed:

® AC input voltage (Vac): 85-265 Vs,

® Output voltage (Vo): 54 V;

® Maximum output power (Poutmax): 80 W;

® Switching frequency (fs): 100 kHz;

®  Maximum duty ratio (Dmay) at Vac =85 Vims: 0.44.

As the suggested criterion [17] for universal input voltage single stage converter, the main
design objective is to comply with the line current harmonic standards such as IEC 61000-3-2
Class D, to keep bulk capacitor voltage below 450 V, and to filter output ripple as small as
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possible.

From the previous section, it can be known that Lg tends to operate in CCM as input volt-
age decreases and load increases, thus at this condition the harmonic current will get large.
Furthermore, the bulk capacitor voltage will be high and may increase over 450 V at high line
and light load. While considering the object of input current, the DCM operation gives a bet-
ter PF in comparing with that given by the CCM operation. However, the CCM operation of-
fers higher conversion efficiency and lower switch current stress than those given by the
DCM operation. For the regular design, it is not easy to be realized in practice that Lg operates
in DCM under the lowest line and the fullest load condition. Hence, it is not necessary for Lg
to operate in DCM during the whole half cycle, and the worst DCM condition for Lg in this
example is set at V=85 Vims, and Py, =60 W. It is permissible that Lg operates in CCM during
a small interval within a half line cycle, .that'is also called semi-continuous conduction mode
(SCM) [17] while V4=85 Vms and Pq,>60 W, as long as the IEC regulation can be satisfied.
With the substitution of the above specifications to (3.31b), DCM condition for T; could be
reached as long as n; and Ky, were properly selected. However, Ly, and Lg cannot be deter-
mined by (3.32b) directly since Ly, must be assigned in advance, and further, Mcg min and
dpkmax have to be calculated. For the object of low bulk capacitor voltage, Mcg had better no
more than 1.2 at high line and light load condition in order to guarantee Vcg below 450 V by
properly selecting Ky1 and Ly,. The critical parameters Lg, Ly, N1, Lmz, and n, are interre-
lated and designed from the following procedure:

1) Assign Lwo at first, and calculate Mcgmin and dokmax by following the iterative calculat-
ing process in Section 3.2 at the preset worst DCM condition of Lg, Vac=85 Vims, and
Pout=60 W;

2) Generate the curves of (1-dymax) and Dy, versus Lus for different Lg by using equation
(31b) with the calculated Mcg min and dpkmax in step 1;

3) Generate the curves of nymax versus Ly for different Lg with substituting Mcg min and
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dzcmax N (3.28b), and set dc max t0 0.42 while P,,=60 W to prevent from over 0.44 when
Pout=80 W,

4) Select Ly; and Lg from the curves of (1-dpkmax) and Dg, provided from step 2 such that
Lg can operate in DCM at the preset worst DCM condition, and hence Kyi=Lwi/Lg is de-
termined;

5) Select n, with selected Ly; and Lg from n, max Curves given by step 3 such that flyback
DC/DC semi-stage can correctly fulfill output regulation;

6) Select n; with the selected Ky, from step 4 substituted to (3.31b) such that T; can oper-
ate in DCM;

7) Calculate Mcg at high line and light load with the selected Lg, Lm1, N1, Lm2, and n, by
following the iterative calculating process in Section 3.2;

8) Check Mcg whether it is below 1.2:at'high line and light load or not. If not, reduce Ly
and repeat steps 1-7 until Mcg is-:equal to or smaller than 1.2 at high line and light load.

Following the above procedure, the final curves of (1-dpkmax) and Dy, is shown in Fig. 3.6,

the curves of ny max is shown in Fig. 3.7, and the designed parameters of key components are

obtained as: Lg=30 x H, Lm1=150 2 H, n;=1.6, Ly>=1.5 mH, n,=1.7.

40



0.8

0.75f
0.7
0.65¢

0.6

0.551

0.5r

0.45¢

0.4

0.35f

_ Ly (1H)
Of 1 1 1 1 1 H 1 1 1
20 125 130 135 140 145 150 155 160 165 170

Fig. 3.6 Dg; and (1-dpkmax) Versus Lws for different Lg, Lyz =1.5 mH,

at DmaX: 042, Vac: 85 Vrms, VO: 54 \/, and Pout: 60 W

2.1f

|
3 1
! |
' 1
|
\2\\
1.7F ] ]
1
i
1
1 1 1 1 1 1 : 1 1 LMl(IHH)
'?20 125 130 135 140 145 150 155 160 165 170

Fig. 3.7 Mcg min and Nz max Versus Ly for different Lg, Ly =1.5 mH,

at Dmax= 0.42, Vo= 85 Vims, Vo= 54V, and Poy= 60 W.

41



3.5 Experimental Results

For presenting the performance of the prototype based on the proposed topology, the circuit
of Fig. 2.6(b) and (c) has been built and tested in the specifications described in Section 3.4.
The parameters of the critical components are given in Table 3.5. Because the input current
lin=I_g Of the proposed converter is pulsating when Lg operates in DCM, the EMI level would
be above the limits of standard such as FCC or CISPR. Hence, an input filter which low input
displacement angle between input voltage and current, minimum interaction with the con-
verter and system stability is designed to attenuate EMI to meet regulatory specifications and
get smooth waveform of line input current i, in Fig. 3.8 and 10(a). The detailed design and
analysis about input filter could be referred to [18] and [19]. The key waveforms at V,.=85
Vims/Pout=60 W, V=265 Vins/Poui=60 W, and V,:=265 Vms/Poui=20 W are presented in Fig.
3.8, and the switching current waveforms. for-M; mode and M; mode at V,=130
Vms/RL=60.24Q are presented in Fig. 3.9. As can be seen, the shapes of line input current i,
are approaching to the average input currents shown in Fig. 3.2. The measured key waveforms
at the worst condition (Vac=85 Vims and Po,:=80 W) are shown in Fig. 3.10(a) and the power
factor is 0.91. Although the line input current is distorted due to the SCM operation of Lg, its
harmonic contents still comply with the class D limits as shown in Fig. 3.10(b) and the total
harmonic distortion is 45.5%. Fig. 3.11 shows the measured bulk capacitor voltage versus
load under line variations. The maximum bulk capacitor voltage is 415.4 V, which is below
the commercial size 450 V and occurs at Vac=265 Vims With Pou=20 W. Fig. 3.12 shows
measured power factor versus load under line variations. It can be seen that the lowest power
factor is 0.91 and occurs at the worst condition. The power factors at most conditions are
above 0.95 and some even reach 0.99. As described in Section 3.3 and C, Lg tends to operate
in CCM as input voltage decreases and load increases, and the worst DCM condition for Lg is
set at Vac=85 Vs, and Py, =60 W. Hence, Lg begins to operate in semi-continuous conduction
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mode (SCM) when P, is greater or equal to 60 W. Consequently, i, is distorted and PF de-
grades as can be seen V=85 Vs curve in Fig. 3.12. Fig. 3.13 shows efficiency versus load
under line variations. The efficiency is greater than 80% in most operating range, and the

Table 3.5 Parameters of critical components

L 35uH

T, Lm1=145 x H; n1=1.6
T Lm2=1.4 mH; n,=1.8
S K2968

Cs 470 1 FI450 V
Co 2204 F/100 V
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Fig. 3.12 Measured power factor versus load under line variations.
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Fig. 3.13 Measured efficiency versus load under line variations.
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CHAPTER 4
CONTROLLER DESIGN FOR A SINGLE-SWITCH PARALLEL

BOOST-FLYBACK-FLYBACK CONVERTER

The electronic dc loads are wide spread interfacing on the utility system via AC/DC con-
verters. Conventional two-stage AC/DC converter uses the power factor stage to obtain sinu-
soidal input current and a DC/DC stage to regulate output voltage. The DC/DC stage needs a
fast voltage control loop, and the power factor correction (PFC) stage requires three intercon-
nected control loops [24]: a wide bandwidth loop for shaping the input current, a slower loop
for output voltage regulation, and a low-pass-filtered line-voltage RMS loop to ensure in-
put-output power balance. This approach can get nearly unity power factor, yet has the draw-
back of complex circuit and high cost. For the purpose of simplicity and cost down, the two
processing stages are integrated to the single stage (S°) AC/DC converters, such as boost in-
tegrated/flyback rectifier/energy storage/de-to-dc converter (BIFRED) [25], boost input cur-
rent shaper [4, 26], parallel converter [13, 21, 27] were also presented. In those designs, only
one output feedback controller is needed and the input current shaping is automatically
achieved. Usually, small signal transfer function and bode plots were employed for compen-
sator design [28]. Unlike traditional dc-to-dc converters, variations in the line voltage and
duty ratio cannot be ignored in the AC/DC power factor correction converters modeling. For
the S converters [4, 25-26] that integrate a DCM boost inductor with a dc-to-dc stage, the
duty ratio has to be held relatively constant to regulate output voltage and improve power
factor. The small signal model of such converter with constant duty can be built with double
averaging method [29] or Fourier series substitution [10], and verified by frequency response
measurement technique [31]. However, for parallel converter, which allows partial power to
be processed only once or transfers partial power directly. They have duty ratio varied with
line phase to keep output constant [13, 21, 27] or more than one operation modes in half line
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cycle [13, 21]. Hence, as described in [32] the small signal transfer function of the converter
with variable duty ratio cannot be validated with frequency response instrument, because the
operating points are not constant. Fortunately, the problems of operating point changing and
different operation modes can be solved by large signal method [32] or switched transformer
average model [33]. Nevertheless, the controller design for parallel converter operating under
universal voltage and load variation is seldom to see in publishing literatures. If the control
loop features are poor, not only additional distortion might appear in the input current but also
higher output voltage ripple would be induced.

The single-stage-single-switch (S*) parallel boost-flyback-flyback converter mentioned in
chapter 2 and 3 had been presented by [34] and is of parallel structure for universal usage with
high efficiency. The parallel converter operates as other parallel converters have variable duty
ratio and two operation modes. Therefore; this.dissertation proposes the small signal modeling
and the controller design for S* parallel boost-flyback-flyback converter. First, the nonlinear
large signal models of two operation modes are described according to the operation principle.
By linearizing the large signal models, the small-signal models are developed as the state
space equations. From the equations, the uncertainty of transfer function caused by the
changing of operation points is investigated. To overcome the uncertainty problem, an opti-
cally isolated feedback compensator for current mode control is proposed. The compensator is
designed according to the transfer function at the boundary of modes and assures small steady
state error, fast rise time, and heavily damping within operation range. The dynamic model
and designed controller of parallel boost-flyback converter are demonstrated by simulation

and experiment.
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Fig 4.1 Schematic diagram of S* parallel boost-flyback-flyback converter with optocoupler

feedback current mode controller.
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semi-stage + CCM flyback DC/DC semi-stage (M; mode); (b) for DCM-DCM boost-flyback
semi-stage + DCM flyback DC/DC semi-stage DCM (M, mode)
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Fig. 4.3 Operation waveforms in a line cycle: (a) case | (M; mode only), (b) case Il (both M;

and M, modes), and (c) case I11 (M, mode only).
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4.1 Small Signal Modeling

In this section, both the small-signal modeling for S* parallel boost-flyback-flyback con-
verter and current mode control with optocoupler feedback are developed for controller design.
The boost-flyback-flyback converter with optocoupler feedback current mode controller is
plotted in Fig. 4.1. The waveforms within a switching period for the waveforms for M; and
M, modes are shown in Fig. 4.2(a) and (b), respectively. The major current waveforms and the
corresponding duty ratio waveforms of three combination cases are depicted and shown in Fig.

4.3.

4.1.1 M; Mode

It can be seen from Fig. 4.1 that there are five energy storage elements Lg, Lm1, Lm2, Cg and
Co in the converter. For M1 mode, both Lg'and:Ly; operate in DCM, and their initial and final
inductor currents vanish in each switching period Ts. Thus, these inductor currents should not
be selected as state variables. Whereas Ly, operates-in CCM, and thus, only vcg, Vco, and fly-
back DC/DC transformer magnetizing current iy, are chosen as the state variables in the fol-
lowing small-signal modeling.

Based on the definition (2.1), the average state variable description of the converter is

Ce d<V3—:(t)> = <iCB (t» (4.1&)
codwiﬁ»zcwa» (4.1b)
M2 d<iL:;t2(t)> =<VLM2(t)> . (41C)

Moreover, in DCM, the inductor voltage averaged over a switching period is zero and inde-

pendent of duty ratio. Hence, two constraints are given by

M1 d<iL('\jAt1(t)> = <V|_M1(t)> =0 (42&)
gdgiﬁ»:@wa»zo (4.2b)



and the output equation is expressed as

<Vo (t )> = (Vco (t )>

(4.3)

From the waveforms in Fig. 4.3, the averaged variables in (4.1a)-(4.2b) can be written as

<iCB(t)>:%ipk1d2 _%(ipKZ +ipk2 _AiLMZ)d

<ico (t» = %nlipkldl +%n2<ipk2 + ipkz _AiLM le_ d )_ io
<VLM 2(t)> = (VCB (t)>d - n2<Vco (t»(l_ d )
(Vi) = T2 00 =y o (1),

(LB +LM1)

where

Substituting (4.4d) and (4.4e) into constraint (4.2a) and (4.2b) yields

_ Ly Vin (t)
L) e @)

d, = L Viot) d

(LB + LMl) ((VCB (t)>_vin (t))
Substituting (4.5a)-(4.5c) and (4.6a)-(4.6b) into (4.4a) and (4.4b) yields

a-d®-vq(t)

(ics(t»: <VCB(t)>_Vin(t) _<iuv|2(t)>d
(o)~ 20 s 00-0)-1,

where
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(4.4a)

(4.4b)
(4.4c)

(4.4d)

(4.4e)

(4.5a)

(4.5b)

(4.5¢)

(4.5d)

(4.6a)

(4.6b)

(4.7a)

(4.7h)

(4.82)



e 2 (4.8b)

Substituting (4.4c) and (4.7a)-(4.8b) into (4.1a)-(4.1c) yields
c d<VCB(t)> _ a-d’ 'Vii(t)

B dt = ((vCB (t)>_vin (t))_<i|_rv|2(t)>d (4.9&)
CO d <V;i (t)> = p (\(j:o(\t/;g(t) +N, <iLM 2 (t»(l_ d )_ io (49b)
e d<ij;t2 ) 00 -y veo 0)a—0) (4.9¢)

In (4.9a) and (4.9c)C, is sufficiently large, (v, )can be considered as constantv,, . Besides, a

dynamic equation linearized around the operating point is derived as follows. Small perturba-

tons: (Veo) =Veo +Veo + {iuwz) = hiwa iz + Vi =Vin +7n» lo=lo+lp, andd=D+d are intro-
duced into (4.9a)-(4.9¢). Thus, the linearized small-signal model is given by
R (AT [B, e 6. o + [B,
y =[c][x] (4.10)

where the parameters are expressed as

{i}: [TLMZ vco]T )

[A]{_ j[ - M CAE [tilf]’[ I{Zj[cﬂéﬂ

a,;,=0,a, = _nz(l_ D)

ﬂD2V<2 1
=n,(L-D), a,=- V2 - "R
co

b111 =0, b211 =0, b311 =Veg +NVeo

2D, 2/DV,q
L! b221 =-1 b321 =

co co

by = LT
(4.11)
In (4.10), [x]is the vector of state variables, d is system input, which is manipulated by the

controller, v, andi, stand for the exogenous disturbances, which are not manipulated by the
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controller, and y is the sensed or measured output. Hence, the following five transfer func-
tions for M; mode can be derived from (4.10) and (4.11) by Laplace transformation: the open
loop audio susceptibility G,, =V,(s)/V,,(s) , the line-to-inductor current transfer func-
tionG,, =i.,,(s)/¥,(s), the duty ratio-to-output transfer functionG,, =7,(s)/d(s), the duty ra-
tio-to-inductor current transfer function G, =1i,,,(s)/d(s), the open loop output imped-
ance Z, =V, (s)/iy(s), where s is a complex variable.

4.1.2 M, Mode

For M2 mode Ly operates in DCM, (4.4a)-(4.4c) are given by

. 1. 1.
(ICB(t»:Ekaldz _Elpkzd (4.123)
. 1 1 .
{ico (1) =5 iy +5 Mol da —io (4.12b)
<VLM z(t» = <VCB (t»d - n2<Vco (t)>d3 =0 (4.12C)
where

. Ver
ka2 — d 'TS (413)

Lya

With substituting (4.12a)-(4.12b) and (4.13) into (4.1a)-(4.1c), (4.9a)-(4.9c) can be expressed

as
d<Vca (t)> a-d?-v2 (t) d2<VCB (t)>
0 et vl 2fL, (4-142)
dieol)  poa? i)  0(al)
0 T el)  2hby ol © (4.14b)
Mzmg—j(t»:o (4.14c)

With (4.13), (4.14a)-(4.14c), parameters in (4.11) can be reduced to

{i} = [\7CB vco]T 1

[A]{:j 8- [ZZ] .- m[ - [E][CHO )

aD?:  D?
(VCB_Vin)2 2fSLM2’
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D 2VCB _ ﬁD 2Vi§ D 2VCZB 1

ay = , =— - _=
“ fsLvaVeo # cho 2fsLy 2V<:20 R,
b. = aDZVin (ZVCB _Vin) b...=0.b.. = 2aDV,§ _ DVCB
11 = > v Do =V, D3y =
(VCB _Vin) VCB _Vin fs LM 2
2 2 2
by, = 2DV, v Dy =-1,by, = 2OV, + BVeo
Veo Veo fsLluaVeo

(4.15)

It can be seen that Gyv(s), Gvp(s), and Zo(s) for M, mode can be derived from (4.10) and
(4.15). Furthermore, it can be seen from (4.11) and (4.15) that, the input voltage
V,, =V, sin(e,_ -t} in the model is time-dependent, Ry is varied within required range, and D is
not fixed in M, mode. Furthermore, the small-signal modeling of M is quite different from
that of M, mode. These modeling uncertainties would be a challenge to design a compensator

with robustness.

4.1.3 Current Mode Controller and Optocoupler Feedback

As mentioned in [35], the current-mode controlled converter possesses the advantages of
input voltage feed forward characteristic and easy of making current limiting, and optocoupler
is the most popular and widely used for necessary isolation of analog error signal. Hence, the
commercially available IC UC3844 associated with TL431 based optically feedback circuit is
employed to implement the switching control of parallel boost-flyback-flyback converter as
shown in Fig. 4.1.The output voltage signal vo is transferred to UC3844 via TL431 and opto-
coupler, the switch current is is sensed and fed back to the comparator, then the duty ratio d of
control switch S is well controlled.

Its necessary components include TL431, the output voltage error calculation circuit Gga
(Rou, Zc2), the optocoupler, and the compensator of current mode control. The TL431, which
consists of voltage reference, amplifier and driver, is designed as a shunt regulator for modu-
lating the LED current in response to the feedback voltage error. Then an error voltage is
yielded from the optocoupler output, and the current command is further generated from the
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compensator Aoc, which is implemented using the compensating network (Zcs, Zcs) con-
nected externally. Through properly choosing the low pass filter Zg and the current compensa-
tion network according to the power stage dynamic behavior, the excellent current mode con-
trol is yielded. The small signal model of the optocoupler feedback circuit is derived with
Laplace transformation as follows:

For M; mode, the flyback DC/DC semi-stage operates in CCM. With the CCM current
mode control model proposed by Ridley [36], and the control voltage is expressed
as(v.) =V, +V;, duty ratio perturbation d is related to its control perturbation v. and in-
ductor current perturbation i,,,, by the relation of
d =Fy (7 — Ho(S)Reeniima ) (4.16a)
where

F, = —tiilitiyg _ Voo Ren (4.16D)

(Sn+Se)TS N LMZ

In (4.16a) and (4.16b), the sampling gain H.(s)~1, the slope of saw-tooth ramp S, can be ig-

nored and current mode control modulator gainFy is equal to the on-time slope of the cur-
rent-sense waveform S, as duty ratio is smaller than 0.5 for UC3844. The small signal block
diagram of parallel boost-flyback-flyback converter with optocoupler feedback current mode
controller for My mode is shown in Fig. 4.4(a), and the control-to-output transfer function is

given as

Gye (S)= Vo (Sg — FuGuwo (S) (4_17)

For M, mode, the flyback DC/DC semi-stage operates in DCM. According to the DCM cur-

rent mode control model [37], d is given by

d=F,T.. (4.18)
The small signal block diagram of parallel boost-flyback-flyback converter with optocoupler
feedback current mode controller for M, mode is shown in Fig. 4.4(b), and the con-

trol-to-output transfer function is given as
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Gyc (5)= FuGuwo (5) .
The output sensing feedback transfer function is given by

The transfer function of compensator and optocoupler is given by

\70(5) ZCA(S)'ZE(S)'CTR ,

e W Ay

where V.. (s)=V,(s)-V,(s) and CTR is current transfer ratio.

The output-to-control transfer function can be expressed as

Ve (s)

Vo(s)

= —Aoc (S)L+Ge, (9)).

The loop gain is derived as
T=Gy (S)Aoc (S)(1+ Gea (5))

For the case of G.,(s)>>1, (4.23) can be obtained as

T =Gy (S)Gc (S) 1

where G, (s) is the compensation transfer function.

Gc (S)= Aoc (S) GEA(S) :

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

As mentioned in [28], it is desirable to maximize loop gain T in order to achieve the best re-

jection of line and load disturbances.
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Fig. 4.4 Small signal block diagram: (a) M; mode and (b) M2 mode.

4.2 Controller Design

4.2.1 Model Uncertainty

To investigate the characteristic of the model obtained in preceding section the parallel

converter of the design specifications and component values listed in Table 4.1 are taken as an
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example. With substituting the parameters in Table 4.1 into equation (4.10), (4.11), and (4.15),
it can be seen that the coefficient matrices would vary as the operating point changes, and is
so called model uncertainty. The open loop poles and zero of various line phases (o, -t =0
to z/2) at a certain condition (Vac=85 Vims and Po,:=30 W) listed in Table 4.2. The effect of the
second pole and zero are ignored, because they are both far away from origin and on the left
real axis. It can be seen that the dominant pole moves toward origin when phase is near transi-
tion angle, which is between (z/20)3and(z/20)4. In addition, the locations of poles and zeros
on both sides of the transition angle violently change when line phase cross the transition an-
gle, because the dynamic equations of M; and M, modes are quit different. Hence, the closed
loop system with designed compensator should be stable over the operation range, especially

at the transition angle.

Table 4.1 Converter specifications and parameters of components

Vin 85-265 Vs

Vo 54V

Pout 60 W

fs 100 kHz

Ls 35uH

T, Lm1=145 #H;n;=1.6
T Lm2=1.4 mH; n,=1.8
S K2968

Cs 470 1 FI450 V

Co 1000 . F/63 V
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Table 4.2 Open loop poles and zero for various phases

NO| ot Mode Pole Pole Zero

1 0 M -88.16|-1.6685*10°| 2.015*10°

2 | (z20)1| My -86.97|-1.6685*10°| 2.425*10°

3| (z2002| My -83.52|-1.6686*10° 5.9211*10°

4 | (r/203| My | -78.14/-1.6688*10%-4.7536*10°

5| (z/2004| M, | -2.8688| -93.5279 -2.5704

6 | (z/2005| M, | -3.8504| -93.5279 -4.0014

7 | (z/2006 | M, | -5.7128] -93.5279 -6.1503

8 | (z/20)7| My | -8.8468| -93.5279 -9.5094

9 | (/20)8 | Mp |-13.3798] -93.5279| -14.2412

10| (z/20)9 | My .1|-18.1843| -93.5279, -19.2016

11| #/2 M, |-20.4032|  ~-93.5279| -21.4826

* Operation conditions 1S at V3c=85 Vms and Py, =30 W.

4.2.2 Controller design

In order to generate the complex duty dm. in (4.9), the controlled system had to possess
small rising time, low overshoot, and zero steady state error. In addition, the compensator also
can generate the correct duty d in (3.3) and (3.6) with different operation modes and points.
Since the coefficient matrices in (4.11) and (4.15) varies as the operating point changes, espe-
cially the open loop poles and zero of the system move as the line phase increases and vio-
lently change at transition angle. Hence, the compensator is designed so that the loop gain has
desired dc gain, gain crossover frequency, and phase margin at the transition angle over the

operation range. The feedback control loop shown in Fig. 4.1 is implemented with

1
Zczchz*'C — Zea=Rey| , and Zca=Rcd|| c

c2 Ccs' ca’

LI Consequently, the transfer functions
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of error amplifier and compensator can be obtained as

gl(+1j
Ges(8)=——— (4.26a)
and
g{sﬂj
A (s)=—2 (4.26b)
S
@,
where
o = 1 g :Rc4-RE-CTR 0 = 1 o = 1 o = 1
' RorCep G Res'Re ' ° Rea'Ccp ' ° ResCes ' + ReaCes
(4.26¢)

In (4.26a), there is a pole at zero frequency so that the gain could be kept high at dc level. The
design criteria of the parameters in (4.26c¢) are shaping the loop frequency response by placing
pole , near the crossover frequency o, Setting the zeros », and «, below . and near
the pole of plant. The good output regulation accuracy can be achieve by increasing dc gain,
which can be expressed as

9se =Guc (0)- Anc (0) (4.27)
Consequently, the designed corresponding circuit parameters are listed in Table 4.3. The dc

gain g, , the gain crossover frequenciesw, , and phase margins Py, of loop gain for various

gc !
conditions are listed in Table 4.4. It can be seen that the compensated system has dc gain of
58.4818 dB, crossover frequency of 1.3349.10° rad/s and phase margin of 67.5056 degrees at

least.
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Table 4.3 Parameters of controller and optocoupler circuit

Ro1 22k © Re 2.4kQ
Rog 1.05k o Re 18k
Rc2 4.4k CTR 1

Res 510 Ce 22nF
Rca 33ka Ccs 100nF
Resen 0.22ala| Ce 470pF

Table 4.4 Gain crossover frequency and phase margin for various conditions

NO | Vac (Vrms) | Pout (W) | 6; (rad) | Mode Open Loop system Compensated loop

Pole Pole Zero | Qe (dB)| @y (rad/s)| P, (deg)
1 85 30 0.6271 M, -71.43| -1.669-10°|-1.4615-10°| 70.3268| 1.5334-10°(105.4899
2 85 30 0.6271 M, -2.8638| -93.5279| -2.5607| 74.8905| 3.7717-10°| 95.1699
3 175 30 0.3721 M, -91.37| -1.319-10°| -3.401:10°| 70.2323| 1.3430-10°| 79.0114
4 175 30 0.3721 M, -0.5638| -93.5279| -0.09642| 58.4818| 2.9587-10°| 96.5204
5 265 30 0.2743 M -105.3(-1.2099-10°|-6.1354-10°| 69.7509| 1.3349-10°| 67.5056
6 265 30 0.2743 M, -0.257| | -93.5279| 0.06242| 60.7801| 2.7037-10°| 97.0965
7 85 60 1.1972 M, -109.2|-1.7128-10°|-4.4395-10*| 66.4146| 5.5232-10°|106.1982
8 85 60 1.1972 M; -42.5721|.-187.0557| -44.9171| 76.5502| 7.8111-10°| 92.5365
9 175 60 0.7706 M, -113.4|-1.3303-10°|-6.7166-10*| 68.2781| 3.6071-10°|105.0967
10 175 60 0.7706 M, -1.874| -187.0557| -1.9477| 74.2250| 6.0540-10° 93.2640
1 265 60 0.6609 M; -121|-1.2156-10°(-8.0031-10*| 68.5006| 3.0272-10°|103.4549
12 265 60 0.6609 M, -0.6273| -187.0557 -0.591| 72.5892| 5.5262-10°| 93.5710

4.3 Simulation and Experimental Results

Since the small-signal behavior predicted by means of the average model cannot be meas-
ured with frequency instrument directly, the validation of the proposed model together with
designed feedback control loop will be verified in the time domain. The specification of the
prototype is shown in Table 4.1, and the parameters of control circuits are shown in Table 4.3.

For comparison purpose, the theoretical model, PSPICE simulation and experimentally

measured waveforms of the boost-flyback-flyback at Vi = 265V s and Poy,=60W are put to-
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gether and shown in Fig. 4.5-4.7 From the waveforms in Fig. 4.5 and 4.6, it is clear that the
theoretical model and PSPICE simulation waveforms correspond very well in <i g>, <ipg>,
<ip;1>, <ipor>, and <ippz>. The waveforms correspond well in d for M, mode, but PSPICE d
waveform for M; mode varies because of the feedback effect of vp ripple. Furthermore, the
PSPICE simulation and experimentally measured waveforms are similar in iy Shape and
steadily stable in vo in Fig. 4.6 and 4.7. It can be seen in Fig. 4.7 that iy is slightly distorted
form <i g> because of the characteristics of line filter and snubber. This doesn’t affect dis-
cerning the modes of M; and M. Hence the theoretical model can be verified.

To show the input current shape and output voltage regulation, the measured power factor,
output voltage, and output ripple with different line inputs and output loads are given in Table
4.5. The maximum output ripple is 170.573 mV, and occurs at 265 Vs and 60 W. The data
tabulation shows that the converter with:properly designed controller has high power factor
and small steady state error over the entire operation range.

The PSPICE dynamic waveforms for positive load changing from 97.2 Q to 48.6 Q are
shown in Fig. 4.8(a), and waveforms for negative load changing from 48.6 Q to 97.2 Q are
shown in Fig. 4.8(b), both Fig 4.8(a) and (b) are at V. = 85 Vms. The output ripple voltages
are 0.21 V at 97.2 Q and 0.26 V at 48.6 Q, the steady state error is smaller than 0.5%, and the
settling time is small than 1.111 ms. The measured dynamic waveforms for positive load
stepping from 0.555 A to 1.110 A are shown in Fig. 4.9(a), and waveforms for negative load
changing from 1.110 A to 0.555 A are shown in Fig. 4.9(b), both Fig 4.9(a) and (b) are at Va¢
= 85 Vms. The overshoot or dropped voltages are small than 0.1 V, the settling time is small
than 2 ms, and the output ripple voltage is very small. Accordingly, the simulation and ex-
periment results in Fig. 4.8 and Fig. 4.9 match well in the superior dynamic response. More-
over, the duty cycle and the line current are adjusted to the new load conditions instantane-
ously. Hence, the converter does not require several line cycles to reach the new steady state
conditions. Because the controlled system possesses fast dynamic response and tightly regu-
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lated output voltage, the <i,c> can have low harmonics and high power factor as shown in Ta-

ble 4.5.
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Fig. 4.7 Experimental waveforms of the parallel boost-flyback-flyback converter

at Vae = 265 Vms and Py =60 W.

Table 4.5 Measured power factor, load regulation, and ripple voltage

Vac (Vrms) RL (Q)/Pout (W) PF Vo.ave (V) Vo,pp (MV)
85 98.03/30 0.98 53.8341 83.3333
175 98.03/30 0.95 53.8341 85.9375
265 98.03/30 0.93 53.8306 105.469
85 49.01/60 0.97 53.8074 175.781
175 49.01/60 0.99 53.8011 147.135
265 49.01/60 0.95 53.7895 170.573
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CHAPTER 5
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

5.1 Conclusions

In conventional AC/DC converters design, a two-stage structure was usually employed for
performing PFC and output regulation simultaneously. However, it is preferred to employed
S? converter for low power products because of reduced component count and low cost. No
matter in the conventional two-stage converter or S> AC/DC converter, it can be seen that part
of the power is repeatedly processed or recycled. To improve the power processing and
achieve the cost-effective objective simultaneously, this dissertation explores advanced tech-
niques for S? parallel AC/DC converters.

Conventional parallel AC/DC converters have high efficiency because of reduced power
processing. However, they either suffer from complex circuit or not good efficiency. To up-
grade the performance of the conventional parallel converters, a novel S PPFC scheme are
presented. In the PPFC scheme, the line power is fed to SSTO boost-flyback semi-stage that
contains boost cell and flyback cell, and split to two power flow streams. The main power
flow stream is processed only by flyback cell, and the remaining input power stream is stored
in bulk capacitor by boost cell and taken off by DC/DC semi-stage for regulating output
power. Theoretical analysis of SSTO boost-flyback circuit shows that as the boost cell and
flyback cell operate in DCM, and duty ratio and switching frequency are constants, the ar-
rangement of smaller ratio of boost inductor can result in higher power factor. With the
scheme, a family of S parallel converters is generalized.

After analyzing one of the S? parallel families, S* parallel boost-flyback-flyback converter,
it can be seen that there are two modes with self-PFC property and hence three cases may
happen. And power flow analysis shows that the direct power ratio is dependent on the opera-
tion conditions and inductance. Furthermore, the voltage gain of the boost cell could be con-
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trolled with adjusting the inductance ratio and the inductance of T,. To keep boost cell and
flyback cell in DCM and allow flyback DC/DC semi-stage regulating output, the design equa-
tions are derived. By the design equations, the design procedure for satisfying the harmonic
regulation and keeping the bulk capacitor voltage below commercial limit under universal
range are also presented. With this procedure, an 80 W prototype was built and tested. The
experimental results show that the voltage across bulk capacitor is kept under 415.4 V for full
range operation (85-265 Vms) and load (20-80 W). The maximum power factor is 0.99 and the
measured line current harmonic contents at the worst condition comply with the
IEC61000-3-2 class D limits. The maximum efficiency is 85.8%. This new circuit structure
also can be extended to more alternative parallel combinations. Therefore, the proposed par-
allel converter presents an overall good performance in the main aspects of universal sin-
gle-stage PFC converters.

The S* parallel boost-flyback-flyback converter operates as other parallel converters have
two operation modes in a half line cycle and duty cycle varied with line phase in one mode.
After linearizing the large signal models of M; and M, modes, the small-signal models of the
two modes are developed as the dynamic equations, which involve input voltage and load
current as disturbances. From the equations, the small-signal transfer functions could be de-
rived. It can be shown that the dynamic characteristic varies as the operation point changes,
and violently changes at the transition angle. To solve the problem of model uncertainty, an
optically isolated compensator is proposed. By properly design the zeros and poles of
compensator, the loop gain could have enough dc gain, crossover frequency, and phase
margin at all conditions. Hence, the controlled converter possesses small steady state error,
fast rise time, and heavily damped within operation range. The theoretical model, PSPICE
simulation, and experimentally measured waveforms match well in steady state and dynamic
response. Hence, the model and dynamic of parallel boost-flyback converter with the de-
signed compensator are verified over wide operation range by the results of simulation and
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experiment.
In conclusion, the dissertation provides a practical solution to implement simple, reliable,

efficient, cost-effective, and well-controlled parallel AC/DC converters.

5.2 Suggestions for Further Work

The dissertation employs SSTO boost-flyback semi-stage to generate two power flow
streams, and one of the streams is for direct power transferring. However, there are one in-
ductor and two transformers in the circuit. Hence, the suggested further work is to realize
magnetic integration circuits by integrating the boost inductor and two transformers 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 and power rating of the proposed converters,
several topics could be the potential further work for this objective. Since DCM boost-flyback
semi-stage results rich EMI in ac source and high current stress of control switch, the sug-
gested further work is to push boost-flyback semi-stage in CCM with soft-switching tech-
nique, such as active clamp circuit or zero-voltage-transition (ZCT) circuit, etc. These tech-
niques can effectively achieve soft-switching and voltage spike suppression at turn-off of the
power switch. Moreover, although this dissertation focuses on single stage AC/DC converter,
there still exists potential for S> PPFC inverter. The inverter would be applicable to ballast of

fluorescent and high intensity discharge (HID) lamp.
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