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ABSTRACT

With the increased interest in applying Power Factor Correction (PFC)
to off-line AC-DC converters, the field of integrated, single-stage PFC
converter development has attracted wide attention. Considering the tens of
millions of low-to-medium power supplies manufactured each year for today’s
rechargeable equipment, the expected reduction in cost by utilizing advanced

technologies is significant.

To date, only a few single-stage topologies have made it to the market
due to the inherit limitations in this structure. The high voltage and current
stresses on the components led to reduced efficiency and an increased failure
rate. In addition, the component prices tend to increase with increased
electrical and thermal requirements, jeopardizing the overarching goal of
price reduction. The absence of dedicated control circuitry for each stage
complicates the power balance in these converters, often resulting in an
oversized bus capacitance. These factors have impeded widespread
acceptance of these new techniques by manufacturers, and as such single

stage PFC has remained largely a drawing board concept.

This dissertation will present an in-depth study of innovative solutions
that address these problems directly, rather than proposing more topologies
with the same type of issues. The direct energy transfer concept is analyzed
and presented as a promising solution for the majority of the single-stage

PFC converter limitations. Three topologies are presented and analyzed
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based on this innovative structure. To complete the picture, the dynamics of a
variety of single-stage converters can be analyzed using a proposed switched

transformer model.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

In recent years, new regulations have fostered interest in Power Factor
Correction (PFC) techniques. The demand for PFC has been increasing for
today’s off-line power supplies and even those at low power levels. The off-
line AC-DC power converters employed in most of today’s electrical
equipment have been a significant source of harmonic distortion drawing
distorted current waveforms, polluting the mains, and thereby degrading
power quality. Today, a manufactured converter should satisfy acceptable
power quality metrics. Power quality issues have always been a significant
topic in power engineering, but, in recent years, this topic has drawn a
special attention due to the increased use of high performance electronic

devices [1, 2].

The majority of the Modern PFC converters either utilize a simple and
economical passive filtering technique (low power), which cannot meet the
full range of power quality requirements, or use an additional front-end
converter for the PFC function (resulting in a two stage approach). With the
help of advanced research in this field, a new approach attracted more
attention, namely the integrated single-stage converters. By integrating the
two-stage converter into a single-stage, which performs both the PFC and

DC-DC conversion simultaneously, this new field promises regulation



compliant converters that cost less, are more reliable by using fewer

components, and employ a simpler structure.

The research proposed for this dissertation is intended to assist the
development of new, advanced AC-DC power converters with PFC to be used
mainly in low power applications. Referring to the standards and regulations
on harmonic emission, these converters are classified as Power Factor
Correction (PFC) AC-DC converters. In this Chapter, the definition of power
factor and harmonic distortion will be reviewed, followed by a summary of
the effects of power electronics pollution. After which, the new power quality
regulations will be summarized. In addition, the motivation and research

objectives will be introduced at the end of this chapter.

1.1 Definition of Power Factor and Harmonic Distortion

During the transmission and distribution of electrical power, the utility
voltage waveform maybe distorted by a number of factors, some of which
occur within the customer’s own installations. This waveform distortion,
when steady state and periodic, is a result of harmonic and means the voltage
waveform 1s no longer a perfect sinusoid. In the development that follows,
this distortion will be expressed mathematically. If we assume a periodic
waveform, f(t), then the Fourier series expansion representation for this

waveform will be [3],



J@)=F+ /,(0) + fL(O+.+1,(0)

=F, + Z(an cosnawt +b, sinnawt)

n=1

(1.1)

where, Fop represents the average (DC) value of f(t), n represent the order of

the harmonic and the coefficient a» and b» are evaluated from the following

integrals,
T
a, = %J.f(t) cosnawtdt n=1,23,...,00 (1.2)
0
T
b, =%Jf(t)sinnwtdt n=1273,..,0 (1.3)
0

where T is the period of the waveform and equal to 2n/.
The definition of the power factor is the ratio of the real power (average)
to the apparent power, as described in Eq. (1.4).

Real Power(Average) (1.4)
Apparent Power

PowerFactor (PF) =

In practice, power electronics systems have nonlinear behavior due to
switching devices. Applying the definition of power factor to a distorted

current and voltage we can express the power factor as,



> 1.5
; LT v(2)i(t)dt 1 sV ms €080, (1.5)

n=l1

PF = ; ; = T
r 2 T . 2 s,rms’ S,rms
\/TIO Vo dt\/Tjo o) dt

where, Vsnrms and Isnrms are the rms values of the nth harmonic voltage and
current, respectively, and 6. is the phase shift between the nth harmonic

voltage and ntt harmonic current.

For off-line power supplies where the input voltage is almost a purely

sinusoidal, Eq. (1.5) can be further simplified to,

I,.
PF =" cos@, =k, -k, (1.6)

s, rms

where,
Is1 rms: rms value of the fundamental component in line current;
ka = Isirms/ Is,rms: distortion factor;
ko= cos01: displacement factor.

Another important term that is used to measure the quality of the
waveform is the 7Total Harmonic Distortion (THD). Again assuming the

typical nearly sinusoidal voltage input, the input current THD, is defined as:



(1.7)

There are many negative effects caused by the existence of the harmonic

content. This distortion has several detrimental effects, including but not

limited to the following:

Heat and losses: the current harmonics cause an increase in the
copper losses (conduction), and the voltage harmonics result in an

increase in iron losses (core magnetic).

Inefficient power utilization: the current harmonics increase the
rms value of the total current but they do not deliver any real
power in Watts to the load, resulting in inefficient use of capacity

and unnecessary over rating of the distribution.

Protection failure and safety risks: Fuses and relays can also be

affected in the present of harmonics and they may cause nuisance
tripping.

Changing the network impedance: all the network components
present complex impedances that will vary when presented with

the harmonic frequencies.

Exhausting the power cables: harmonics will lead to the increase

in the ac resistance of a cable is caused by two phenomena, skin
5



effect and proximity effect. This can result in increasing the losses

and may cause insulation failure in the cable.

e Klectro-Magnetic Interference (EMI) Problems: The high
frequency disturbances often categorized as EMI can be radiated
to free space as electromagnetic waves or conducted though the
power lines in a differential or common mode. EMI’s effect on
electronic systems is commonly the subject of power engineer’s

study.

In order to maintain harmonic distortion at reasonable levels and to
comply with the regulatory standards on distortion there are solutions which
are applicable to both the supply system and to the harmonics sources
themselves. These solutions will be presented thoroughly in the next

chapter.

1.2 Harmonics Standards and Regulations

The added circuitry to improve the power factor and overcome the
harmonics problem will add extra cost to the original power supply, typically
20 to 30 percent more cost. This extra cost has made the power supply
manufacturers less interested in implementing these circuits. On the other
hand, the power company wants its consumers to draw clean current

waveforms from its mains. Thus international and national standards have



come into force to limit the level of harmonic injection into the system and to

maintain good power quality [4, 5].

International Electro-technical Commission (IEC)

Standards
v f v
IEC/EN 61000-3-2 IEC/EN 61000-3-4 IEC/EN 61000-3-6
- Became mandatory - Not mandatory - Not mandatory
on January 1, 2001 -from low voltage / -from medium
-from low voltage / up to 75A per phase voltage or high
up to 16A per phase voltage/ up to 75A

per phase

Figure 1-1 The European Standard (IEC) Divisions

The IEEE-Std-519: 1992, recognized as recommended practice in the
U.S., is mainly used in the American market for guidance in the design of
power systems with non-linear loads. This standard contains, in a single
publication, all the topics related to the analysis and control of harmonics in
the power system. On the other hand, the European standard (International
Electro-technical Commission) IEC presents standards on electromagnetic
compatibility in several publications that cover many disturbance
phenomena: harmonics, inter-harmonics, voltage fluctuations, voltage
imbalance, mains signaling, power frequency variation and DC components.
Figure 1-1 shows the divisions of the European standards that superseded

the old IEC 555-2/EN 60555-2. These divisions depend on the load,



equipments’ connections, and whether it is low, medium, or high voltage and

1t also depends on the maximum current drawn per phase by the equipment.

Table 1-1 Harmonic Emission Limits for IEC 61000-3-2 and IEC 555-2

Harmonic Class A Class B Class C Class D IEC 555-2
Number (n) Limits Limits" Limits" Limits" limits for
TV(>165W)
(Arms) (Amms) % Of mA/W of (Arms)
fundamental | input power Max DC
(50-600W) | current<0.05A
2 1.080 1.620 2 n/a 0.300
3 2.300 3.450 30 x PF 34 0.800
4 0.430 0.645 n/a n/a 0.150
5 1.440 2.160 10 1.9 0.600
6 0.300 0.450 n/a n/a n/a
7 0.770 1.155 7 1.0 0.450
8 0.230 0.345 n/a n/a n/a
9 0.400 0.600 5 0.5 0.300
10 0.184 0.276 n/a n/a n/a
11 0.330 0.495 3 0.35 0.170
12 0.153 0.230 n/a n/a n/a
13 0.210 0.315 3 0.296 0.120
Even 14-40 1.84/n 2.760/n n/a n/a n/a
0Odd 15-39 2.25/n 3.338/n 3 3.85/n 1.5/m

“EC 61000-3-2 only
“* Both IEC 61000-3-2 and IEC 555-2

The TIEC 1000-3-2 sets limits for the harmonic currents generated by
electrical and electronic equipment drawing input current up to 16A/phase.

The standard categorizes the equipment into four classes:
e C(Class B for portable tools.

e C(lass C for lighting equipment including dimmers.




e C(Class D for equipments having the special waveform, shown in
Figure 1-2, of input current and an active input power less than or
equal to 600W, except phase angle controlled motor driven

equipment.

e C(lass A for everything else and balanced three-phase equipment.

Table 1-1 shows the harmonic limits for these classes.

An envelope, shown in Figure 1-2, defines the special wave-shape for
Class D. Equipment is deemed to be Class D if the input current waveform
for each half period is within the envelope for at least 95% of the duration of
its half cycle. The centerline of the envelope coincides with the peak of the
input current, which may be not the same position of the peak line voltage.
The envelope is divided into three equal periods of /3 with the amplitude of
the center period is equal to the peak of the input current and the amplitude
of the two sides is equal to 0.35 of that peak value. If the input current is
approximately a sinusoid it will fall outside of that envelope for 40% of the
cycle. Note that if the power above 600W, it is not a Class D product and

hence should be tested for Class A limits. If the power is below 75W, no limits

apply.
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Figure 1-2 Class D Special Waveform

1.3 Classification of Power Factor Correction Approaches

The general approaches to improve power factor can be widely classified
as passive and active approaches. The passive approaches uses capacitive
inductive filters to achieve PFC, while the active approaches use a switched-
Mode power supply to shape the input current. In this section both
approaches will be discussed and some of the common circuits will be

presented.

A. Passive Approaches

In this approach, a full bridge rectifier with an LC filter is used to meet
the line current harmonic limits. Generally, the LC filter can be placed on the
AC-side or the DC-side of the rectifier as shown in Figure 1-3. Placing the L.C

filter on the ac-side will result in purely sinusoidal input current.

10
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Figure 1-3 General Structures of the Passive PFC Approaches

Passive PFC can meet the regulation with high efficiency, superior
reliability, low cost, and low EMI. On the other hand, the filter capacitor
voltage varies with the line voltage, which has a detrimental effect on the
performance and efficiency of the DC-DC converter. When considering the
hold-up time for the power supply, the capacitance of the bulk capacitor has
to be increased and become very bulky compared to what it would have been
without this varying voltage. As a result of this trade, the passive approaches
seem to be more attractive in low power applications, up to 300Watts. This
lack of voltage regulation and poor dynamic response make passive PFC more
suitable for applications with a narrow line voltage range. Other drawbacks
are the size and weight of the filter choke inductor. This inductor is heavy,
bulky, and requires careful design consideration. Even with these limiting
factors, the majority of power supplies manufactured in low power and cost

sensitive applications have adopted this passive technique.
11



B. Active Approaches

In active PFC, a switched-mode converter is employed to overcome the
limitations of the passive approaches. As seen in Figure 1-4, the ideal result
from this PFC stage, is to achieve a unity power factor. Assuming unity
power factor, the line current should be sinusoidal and in phase with the line
voltage. That will result in pulsating output power than contains in addition
to the real (average power), an alternating component with double the line
frequency. Since the power demanded by most loads is constant, an energy
storage element is needed. Since the inductor-stored energy cannot supply
this amount of energy, another storage component is needed. The storage
capacitor, Cs, which will handle the double line frequency ripple component,

1s introduced. This capacitor is usually large and bulky.

iﬂf :E
L
§ R 0
) A
s ¢, b
O\
v DC-DC 0
@ Conveter Y0
Pin that works as
resistor ‘E v v§
emulator

Pin P P

ol 02

Figure 1-4 Power Waveforms Associated with Resister Emulator PFC Stage
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The double line frequency problem that presents itself on the output of
the PFC stage cannot be internally solved. Usually a compromise between
PFC and output voltage ripple can be made, but most of the time this output
voltage 1s not good enough to supply the load. As a result, another DC-DC
converter, or the so called post regulator, is required to solved this problem
and achieve tight output regulation. The result is the most flexible PFC

configuration that is called the active, two-stage PFC, shown in Figure 1-5.

AY

+ PFC — - DC-DC
- Converter ™ Ys | Conveter

L CONTROL CONTROL

Figure 1-5 System Configuration of Two-stage PFC Power Supply

o»0or

The boost converter is widely used in the PFC stage due to its
advantages such as good power factor, grounded switch, input inductor and
simplicity. Usually this PFC converter has a low bandwidth control which
implies a loosely regulated output voltage across the storage capacitor. In
universal line voltage applications, the DC bus voltage may vary between

380-400V. Because of the relative high voltage on the storage capacitor, the

13



value of the capacitance can be optimized to provide the necessary hold-up
time. The DC-DC converter is connected to the storage capacitor to provide
the necessary output voltage regulation with the appropriate gain and often

provides isolation.

Another family under the active approach 1is the single-stage
configuration. This configuration was introduced as a way to reduce the cost
and complexity of the two-stage structure [6]. In reality, it can be viewed
more as a modification of the conventional two-stage PFC rather than as a
class by itself. As can be seen in Figure 1-6, the PFC and the DC-DC cell
share the control circuit and may also share the switches in this
configuration. The energy storage capacitor between the two stages serves as
a buffer and to provide the converter with the necessary hold up time.
However, in the single-stage configuration, the voltage across the storage
capacitor is not regulated, because the controller is used to regulate the
output voltage. As a result this voltage can vary greatly, usually between
130-1000V in universal line applications, depending on the topology. This will
have a negative impact on the design and cost of the PFC converter as will be

discussed in the following Chapters.

14
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Figure 1-6 System Configuration of Single-stage PFC Power Supply

C. Approach Comparisons

Generally, in low power applications and especially when designing to
meet the minimum regulation requirements, if line voltage can be considered
fairly invariant, the passive approach should be considered. However, a
major drawback of the passive approach is the size and weight of the filtering
components. On the other hand, when unity power factor is required, or when
size 1s a key objective, or if the application requires high power, the active

PFC is the only practical solution.

At low power levels, the active single-stage offers a great advantage over
the passive approaches due to its simple structure, low cost, minimum weight
and better PFC performance, even still, its performance, size, and cost are
questionable when it compared to the two-stage approach. The following are

the major problems associated with the single-stage active PFC approach:

< Intermediate Bus Voltage and Power Balance Issue: As

mentioned before, the single-stage converter has only one

15
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feedback control circuit to tightly regulate the output voltage. As
a result, the intermediate bus voltage is kept unregulated and its
voltage level depends on PFC cell topology. Since most likely the
boost topology will be selected, this voltage may reach values of
1000V in a typical design depending on the line and load condition
due to power balance requirements. To illustrate this condition,
assuming that the DC-DC cell operates in CCM for enhanced
performance, then the duty cycle will not change with load
changes. When the load demand decreases, the input power will
not change and all the power difference will be stored in the
Iintermediate bus, raising its voltage to high levels. This condition
will continue until a new power balance condition is achieved,
since with the increase in the bus voltage, the duty cycle will be
reduced to keep the output voltage regulated. More about the high
intermediate bus voltage can be found in [7]. Since the
intermediate bus capacitor should be selected to handle a high
voltage rating, this will increase the converter cost considerably
since capacitors with voltage ratings higher than 450V are
uncommon. The MOSFET voltage rating will also be increased

affecting its losses and price as well.

High current ratings: One way to get around the increased bus

voltage is to use DCM operation for the DC-DC cell. In DCM, the

16



duty cycle depends on the load condition and hence the bus
voltage will not increase is the same manner as in the previous
case. On the other hand, the DCM operation comes with its own
set of disadvantages. In particular, a requirement for higher peak
current ratings for the components in the DCM converter

resulting in device selection with higher cost and lower efficiency.

Sometimes a selector switch (110-220V) will limit some of these
problems, but generally, a trade-off between improving the size and cost
using single switch and one controller, to the cost and size of the storage
capacitor should always be considered. In addition, a more expensive EMI
filter in needed when operating the PFC cell in DCM to achieve automatic

current shaping.

Unity power factor and tight output regulation for any power range can
be achieved using the two-stage, active PFC. This structure is fully capable of
compliance with regulations and is compatible with universal line voltage
applications. Some negative factors include the increased cost and size
associated with the two staged approach and sometimes the reduced
efficiency associated with processing the power through two stages versus

one.

In specific applications, all of the three options are capable of regulation

compliances. Table 2-1 provides a general relative performance comparison

17



for the passive and active single and two-stage approaches with the current

available technologies [8].

Table 1-2 Relative Performance Comparison of Three PFC Approaches

Performance Passive Scheme Active Two-stage Active Single-
Review Stage
THD High Low Medium
Power Factor Low High Medium
Efficiency High High medium

Size Large Medium Medium-Small
Bulk Cap Voltage Variation Constant Variation
Control Simple Complex Medium
Component Count | Least Medium Medium-Low
Power Range <300 W Any <300 W
Design Difficulty Low Medium High

1.4 Research Motivations

In this section, the motivations behind this work are outlined.

% The existing PFC techniques, utilized in the marketplace today,
are either a two stage structure that provides a unity power factor
with high efficiency, or using passive components that cannot
meet the regulation requirements. While the first solution has
flexible structure that can lead to superior performance, it exceeds
regulatory requirements on harmonic content while adding a 30%
increase in the component count, and increasing the cost and the

size of the converter. No other solution can compete with the
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performance of the two stage approach, but at the same time, this
performance is not required to meet the regulations and it comes

with a higher price tag.

% All the previous attempts to integrate the two stage converter in
to a single-stage were not completely successful due to several
factors. First, the uncontrolled bus voltage was high, demanding
an expensive capacitor. Second, high voltage and current stresses
inherent in the design resulted in over-sized, expensive
components and low conversion efficiency. Finally, in order to
overcome these drawbacks, complex single-stage structures were
proposed that have even more components than the two stage
converters. Clearly these proposed schemes missed the underlying

attraction to single stage PFC — potential cost reduction.

X/
°e

Much literature has been devoted to single-stage converters with
a direct energy transfer technique to solve the limitation of the
single-stage approach. None of these papers quantified the
amount of direct energy transferred to the output. In addition,
due to the operation and topology complexity, no clear design
curve or trade-off analyses were performed to make it easier for
the practicing engineer to develop these topologies into an
economically viable product.

Based on these motivations the objectives of this dissertation are:

19



e To review and investigate various recent techniques in harmonic
reduction and power factor correction related to the single-stage
structure, and in particular, to topologies with a direct energy

transfer mechanism.

e To develop cost and performance justified topologies that adopt

these improving techniques

e To perform a comprehensive analyses of these converters, and

produce the design procedure and curves need for development.

e To compare the performance and draw conclusion for future

research

1.5 Dissertation Outline

Chapter 2 will include a comprehensive review of single-stage power
factor schemes and highlight some recent techniques that can be adapted to
improve performance. In Chapter 3, the improved asymmetric half bridge
converter with a parallel energy transfer branch will be introduced and
analyzed. Chapter 4 will introduce the bi-flyback topology as a candidate
topology to compete with current state of art converters. Operation, topology
analysis, and design curves will be provided and the key relationships will be
derived. Chapter 5 will focus on the average modeling. A new five-terminal
general average model will be defined and its terminal relations will be

derived. The new model will be used to obtain the frequency response of the

20



proposed bi-flyback converter. In Chapter VI, the center-tapped flyback
converter will be proposed to overcome some of the limitations of the bi-
flyback topology. Chapter VII will summarize the results obtained in this

dissertation and propose some future work.
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CHAPTER 2 OVERVIEW OF SINGLE-STAGE POWER
FACTOR CORRECTION TECHNIQUES

2.1 Introduction

This chapter presents an overview of various topological
implementations of the single-stage power factor correction converter [9] that
has been recently published in the open literature. The discussion in this
chapter includes commonly used strategies and various types of converter
topologies. A comparison between these strategies and converter topologies
will be given. Since object of the work is to improve mainly the efficiency and
reduce the stress on the PFC converters while keeping cost competitive, only
relevant topologies are discussed.  While the literature is rich with
publications on this topic, only few address a truly feasible solution. The
direct energy transfer capability of these topologies is considered a major
improvement technique offering a promising efficiency advantage. This

approach will be used in the topologies proposed in later Chapters.

2.2 Original Single-Stage Topologies

One of the earliest converters proposed to alleviate the component
count, cost, and complexity issues of the two-stage approach was the BIFRED
converter [6]. The BIFRED is an integrated boost-flyback converter using a
single-switch and a single-controller to achieve both high input PFC and tight

output voltage regulation simultaneously, as shown in Figure 2-1. The main
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advantage of this structure lies in the fact that the transformer primary side
1s In series with the bus capacitor. As a result, the capacitor voltage is
reduced by the amount of the reflected output voltage. The converter’s
proposed operation was DCM for the input boost inductor and CCM for the
flyback output DC-DC converter. This is done in order to achieve both
automatic PFC at the input and to reduce RMS current at the output. The
main disadvantage of this topology is the high storage capacitor voltage due
to the power imbalance. This voltage can be as high as 1000V at light load
conditions, and this solution becomes impractical when considering the

commercial 450V capacitors and 600V MOSFETS.

—
s I+ —o -

Figure 2-1 the BIFRED Converter

To alleviate the stress on the bus capacitor, variable frequency
operation was proposed in [10]. In this contribution, it was noted that the
DC-DC converter gain depends only on the duty cycle, while the input PFC
circuit gain depends on the frequency but not duty cycle, as shown in Eq.
2.1).
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As a result, increasing the switching frequency at lighter load can
regulate the bus capacitor voltage. While this method can effectively regulate
the bus voltage, the implementation faces many difficulties due to the

required frequency variation. These difficulties include the following:

e The frequency has to vary up to 10 times to maintain the bus voltage
at 450V as the load decreases to 10%, as shown in Figure 2-2. This
high switching frequency will lead to efficiency degradation due to

switching losses.

e Complex magnetic design including the main transformer and the

filter.
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Figure 2-2 Switching Frequency vs. Load Current

In order to overcome the limitation in the DCM-CCM operation, a
family of Single-Stage Isolated Power-factor-correction Power supply (SSIPP)
was proposed in [11, 12], shown in Figure 2-3. The basic principle of
operation is that both the PFC and the DC-DC cells always operate in DCM
to alleviate the power balance issue. While the proposed method was effective
in reducing the bus voltage, it was not possible to use the 450V capacitor
because the voltage is still higher than 500V under high line voltage. In
addition, the proposed DCM operation for the DC-DC stage will result in high
peak current on the secondary side of the transformer, which will have the
added consequence of reduced efficiency due to conduction losses. The high
ripple current in the secondary side will also lead to an increase in filter size

at the output.
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Figure 2-3 Single-stage Boost/Flyback Combination Circuit

2.3 DC Bus Voltage Feedback

One of the most effective techniques to solve the excessive DC bus
voltage is called DC bus voltage feedback [13-18]. In this technique a coupled
inductor to the DC-DC transformer is added in the charging path on the boost
inductor, as shown in Figure 2-4. By inspection, this coupled inductor will act
as a negative feedback branch that feeds scaled bus voltage to the charging
path of boost inductor and steady state balance can keep the bus voltage

below 450V, while the DC-DC converter is operating in CCM.
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(b)
Figure 2-4 Single-stage PFC converter: (a) Boost/Flyback with DC-bus

Voltage Feed-back, (b) BIFRED with DC-bus Voltage Feed-back

In addition to the reduced bus voltage stress, this topology can reduce
the current stress on the main switch. This is as a result of the aid given by
the introduced winding in charging the magnetizing inductor of the DC-DC
transformer. This leads to less current discharged from the bus capacitor and
less current processed by the switch. This topology also includes a direct

energy transfer period since the discharging current from the boost inductor
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will be coupled directly to the output without the need to be processed twice.

The same technique is used in the proposed converter in Chapter 6.

On the other hand, the operation of this topology includes a Mode that
does not allow the full conduction angle of the input line current as shown in
Figure 2-5. Mode 1 happens when the reflected bus voltage is higher than the
rectified input voltage and depends on the amount of the bus voltage
feedback (no/ni ratio). The limited conduction angle will deteriorate the
Power Factor (PF) performance of the converter and increase distortion. In
order to comply with the regulations, the amount of voltage feedback has to
be limited, and as a result the reduced switch losses and the amount of direct
energy transfer have to be limited as well. This tradeoff between performance
and PF results in low efficiency, approximately 71% as reported in [17]. This
type of feedback is indirect because the feedback occurs after the bulk
capacitor voltage increases. In conclusion, while this topology can limit the
bus voltage to a reasonable value, the PF and THD requirements limit the
direct energy transferred and the amount of efficiency improvements that can

be expected with the voltage feedback feature.
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Figure 2-5 Modes of Operations in the DC-bus Voltage Feedback Topologies

2.4 CCM Operation of the PFC Cell

To enhance the efficiency in higher power applications, CCM operation
of the single-stage PFC converter was proposed in [18-20]. While CCM
operation is usually employed in the two-stage approach, a dedicated
controller is necessary to modulate the duty cycle in the PFC stage.
Enlarging the boost inductor size to force CCM operation in the single-stage
approach will only result in high current distortion. This is a result of the
fact that the constant duty cycle condition for PFC is only valid during DCM
operation. As a result, a new modulation scheme is necessary to modulate the
effective duty cycle across the boost inductor, while the actual duty cycle

stays constant.

To accomplish this task, the topology in Figure 2-6 was proposed in

[18, 19]. The principle of operation for this circuit is based on changing the
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effective duty cycle on the boost inductor without changing the actual duty

cycle of the converter. The needed effective duty cycle is given by[20],

V.
dpfc ol
A VCS

Sin(a)t)| (2.2)

According to this equation, the duty cycle has to change inversely with the
line voltage. The circuit in Figure 2-6 accomplishes this task by adding an
inductor in the charging path. As shown in Figure 2-7, the added inductor
will prevent the main boost inductor from charging up until the currents in
both inductors are the same. This action will modify the effective duty cycle
to be Don-Dotr1. At the same time, Dor1 depends on the line voltage. When the
line voltage increases, the discharge rate will decrease leading to a longer
discharge time and reduced effective duty cycle. The same concept can be

applied by employing a capacitor in changing path as shown in Figure 2-8.
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C,—~ v,

Figure 2-6 Current Source CCM PFC Circuit
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Figure 2-8 Voltage Source CCM PFC Circuit

While the proposed CCM operation might offer a reduction in the size
of the EMI filter and reduced current ripple in the bus capacitor, the

following should be noted when evaluating this solution:
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CCM operation might offer enhanced efficiency for medium and high
power applications. However, the reverse recovery losses of the boost
diode present a serious threat in low power applications, where the

single-stage approach is especially attractive.

The exact equation that describes the unity power factor condition
requires a time varying inductance, and as a result, these topologies

cannot claim unity power factor operation.

The PFC condition previously discussed only applies to CCM
operation. While the converter will be designed for CCM operation, it
will enter DCM operation each switching cycle at low line voltage. This
behavior will create similar effects to the reduced conduction angle in

voltage feedback topologies discussed earlier.

This topology has a higher RMS current through the single switch
when compared to 2 stage topologies. This will result in efficiency

reduction.

2.5 Direct Energy Processing Approach

Single-stage and two-stage approaches adapt the simple cascade

configuration, where two converters are separated by an energy decoupling
element, the bus capacitor. To understand the nature of energy transfer and

the real need for the decoupling element, the instantaneous input power and
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the average output power waveforms in a single-phase, PFC converter are

shown in Figure 2-9.

1 2P, Pin(t)

S

Figure 2-9 Power Relationship in Single-Phase PFC Converters

The input power is a square sin function with double the line frequency,

p, )=V, I, sin’ ot =2P sin’ ot (2.3)

in”in

As we can see, the converter has to process a peak power that is twice
the output power. At the same time this power has to be stored and then
delivered to the output. Typically, the output capacitor is not the correct
choice to store this energy for two reasons. First, the output voltage will
fluctuate with double line frequency because tight output voltage regulation

will require a small output capacitor. The second reason is the required hold-
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up time of the converter. As a result an energy decoupling capacitor is needed
in the circuit. The location of the energy storage element becomes critical
and general configuration of the topology will play an important role. If we
analyze the power waveforms in Figure 2-9, solving for the time when the
Instantaneous input power is equal to the output power, then integrating the
input power to find the relationship between P; and Pe, we can find that 68%
of the energy can be transferred directly to the output, and only 32% of the
energy has to be stored and then reprocessed to the output. If P; energy is
directly transferred to the output, the output voltage ripple will not see the
double frequency, primarily a result of excesses in power storage. As a result
of these findings, a new family of converters adapted the direct energy
transfer scheme or parallel energy transfer scheme. The main focus is now
changed to the topology structure that can accomplish this task with a
minimum number of components while delivering maximum energy directly
to the output for enhanced efficiency. Figure 2-10 shows the block diagram

that illustrates this direct PFC scheme.
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Figure 2-10 Block Diagram for the Direct PFC Scheme

Many circuit implementations have been suggested to implement the direct
energy transfer scheme[21-27]. Earlier publications were directed more
toward two-stage implementation to improve the efficiency [21, 26]. An
example of the two stage implementation is shown in Figure 2-12. While the
direct energy transfer mechanism 1is clear in this topology, the
implementation scheme itself involves many components and might not be a

good practical implementation.

35



i
L] - D Ll:l
g ‘ o3 DD4
=
Dl:ul — .
TR

a2

Figure 2-11 Parallel Power PFC Converter

The direct energy transfer scheme was later adapted in the single-
stage implementation. An example of the single-stage implementation is the
topology shown in Figure 2-12 [28], which features the direct energy transfer
mechanism. This topology utilizes an extra winding on the main flyback
transformer to create a voltage course in series with the storage capacitor.
Depending on the value of this voltage, the converter will have a limited
conduction angle as shown in Figure 2-13. Before the converter starts to
draw current from the input, all the power will be processed from the storage
capacitor, as shown in Figure 2-14 (a). After the input voltage reaches a
predetermined value, the energy will be processed from the input to the
output directly through the flyback converter, and the remainder of the

needed energy will be processed from the storage capacitor, as shown in
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Figure 2-14 (b). At the same time, the input inductor will be charging the
storage capacitor. While the input voltage continues to increase, more energy
will be processed from the input to the output and to the storage capacitor.
Near the peak input voltage, the input inductor will change operation from
DCM to CCM as a direct result of the increased current processed through
the input. Switching between DCM and CCM leads to more line distortion
and control difficulties. And as in the majority of the published papers, there
was no clear design procedure nor quantified trade-offs between direct energy

transfer, PF, and bus voltage.
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Figure 2-12 Single-switch PFC Converter with Inherent Load Current
Feedback
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Figure 2-14 Energy Transfer Pathéb o)luring the two Modes of Operation
A simple implementation scheme was proposed in [29] through the
flyboost cell. The mechanism of operation in this scheme relies on introducing
a threshold power level Pi,, as shown in Figure 2-15, and when the input
power is lower than this threshold value the power will be transferred
directly to the output, portion Pi, otherwise it will be processed twice by both

stages, portion Pa.
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Figure 2-15 Power flow Diagram of the Proposed Scheme

The flyboost cell can be implemented in any boost-based PFC converter,
by adding another winding to boost inductor and feed it to the output
capacitor [30, 31] as shown in Figure 2-16. Unlike the previous
implementation, the flyboost implementation is simple [32, 33] and can be
adapted in many single-stage converters. In general, to implement the
parallel energy path for any boost-based PFC converter, we can add another
winding to boost inductor and feed it to the output capacitor. On the other
hand, the power flow analysis of these converters is more complicated and
requires several measures in the design procedure as described in the

proceeding chapters.
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Figure 2-16 Basic Circuit Schematic of the AHBC Converter Proposed in
Chapter 3
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CHAPTER 3 IMPROVED ASYMMETRIC HALF-BRIDGE
SOFT-SWITCHING PFC CONVERTER USING DIRECT
ENERGY TRANSFER TECHNIQUES

3.1 Introduction

Of course, the ideal PWM converter is lossless. In reality, power
dissipation is due to the non-idealities in the power components and mainly
the semiconductor switches themselves. With the improvements in
semiconductor technologies, switch performance has become more reliable
and the switching losses have been considerably reduced. With these
improvements, the converter can be operated at a higher switching
frequency, resulting in reduce size and weight of passive components.
Switching losses had become the main concern with the current trend of
increasing the switching frequency. For certain applications, resonant
converters were a promising solution. Resonant converters eliminate nearly
all the switching losses and leave the path open for an even higher switching
frequency, but still, they too have their drawbacks. During the resonant
process, the switch current or voltage reach high values, higher than those in

the regular PWM converters, this drawback increases the conduction losses.

The Asymmetric Half Bridge Converter (AHBC) provides a good method
for soft switching. In this chapter, the development of the original
Asymmetric Half Bridge Converter (AHBC) will be presented. In addition,

the new, improved AHBC will also be discussed including with a discussion of



the detailed analysis and design considerations followed by simulation and

experimental results.

3.2 The Original Asymmetric Half-Bridge Converter

Soft switching can be achieved in any transformer-coupled PWM
converter with half or full bridge configuration operating at 50% duty cycle.
By allowing a small, controlled dead time between the two conduction
periods, the leakage inductance of the transformer can resonate with the
parasitic capacitors in the switches and soft switching can be achieved. The
original half bridge forward converter is shown in Figure 3-1[34]. In addition
to the potential soft switching, the half bridge configuration allows more
power handling capabilities than the single switch topology, and has fewer
components than the full bridge configuration making it a good choice for
medium power applications. The dead time between the switches can be
noticed in Figure 3-2(a). Soft switching can be achieved only at 50% duty
ratio. Soft switching will be lost if the converter operates at any other duty
ratio because the voltage across the switch will rise back again before the
turn ON time of that switch. As a result, no output regulation can be

achieved.
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Figure 3-1 Half-Bridge Forward Converter

In Figure 3-2(b) we can see how the asymmetric switching scheme can
alleviate that problem by operating each switch at a different duty cycle. By
using asymmetric switching with a small dead time between switching to
achieve lossless switching, we can effectively regulate the output by changing
the duty cycle of the switches. Beyond the complementary duty ratio, the
main difference between the symmetric and asymmetric switching is the
different voltage levels on the upper and lower bridge capacitors, C; and Cz in
Figure 3-1. To find the voltage of each capacitor we can write the input
voltage loop equation, Eq. (3.1), and the volt-second balance equation on the
primary magnetizing inductor Ly, Eq. (3.2). Note that Eq. (3.2) ignores the

leakage inductor’s effect.
Ver +Ver =V, 3.1

—VeD+Ve,(1-D)=0 (3.2)
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By solving Eq. (3.1) and Eq. (3.2) we find,

Ver =V, (1-D) (3.3)

ch =V,D (3.4)

Using the volt-second balance equation on the output inductor Lo, we can find

the gain equation of the asymmetric half bridge converter as,

Vi _2D(-D)
M = = (3.5)
v, n
A A
Sl . Sl —
D D
t t
S2 S2
D 1-D
Vin /2 t Ve t
vP Vp
V. 2 t Ve t
VS vS
A A
VO VO
A 4 » \ 4 >
t t
() (b)

Figure 3-2 Switching Waveforms: (a) Symmetric witching, (b) Asymmetric
switching
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The plot of the quadratic relationship in Eq. (3.5) is shown in Figure 3-3.
The gain is at maximum at a duty ratio of 50% and reaches zero at zero or
100% duty ratio. It is therefore possible to regulate the output voltage by

varying the duty ratio while, at the same time, maintain soft switching.

M o5

Figure 3-3 The DC-DC Conversion Characteristics of the Asymmetric
converter

The above analysis shows that the AHBC is advantageous in terms of
the high operating frequency and soft switching, which allow a simple and
small output filter. On the other hand, due to the complementary control
mechanism, the switches experience very different levels of stress. Due to
the nature of the conversion characteristics shown in Figure 3-3, the
converter’s duty ratio should be chosen far from the ideal 50% to allow
regulation to take place. When the duty cycle is small, one switch suffers very

high stress, which deteriorates the performance. To solve this problem, the
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unbalanced magnetic was introduced to bring the duty cycle back closer to
the 50%. Figure 3-4 shows the implementation of this solution with a
current doubler at the output side [35]. Another realization of the AHBC in
the PFC converter can be found in [36] where coupled input inductors were

used.

n,.:

) . . [;/F
vo () Ol & '

szﬁ C, T Dé'_

Figure 3-4 Asymmetric Half Bridge Forward Converter with unbalanced
magnetic and current doubler

)
J1
O< +

It can be shown that the new DC gain equation for this converter is

given by,

(3.6)

This formula is plotted in Figure 3-5, and shows that the curve is simply
tilted from its previous shape. The maximum gain is approximately at D=0.6

now. With this modification the converter can operate closer to 50% duty
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cycle (more nearly a DC input current) over the normal range of the input

voltage.

Many other attempts to improve the performance of the AHBC were
cited in the open literature [37, 38]. The AHBC can also be simplified as show
in Figure 3-6. We still can get the asymmetric operation after eliminating the
upper capacitor. The DC voltage V. across the asymmetric capacitor, or
sometimes refer to it as the balance capacitor, will compensate for the
unbalanced transistor timing. This voltage guarantees that the power
transformer is evenly excited in both directions. The parasitic capacitor of the
switches and the magnetizing inductor was not drawn in Figure 3-6, but the

operation assumes their existence.

n,=1.4

Figure 3-5 M vs. D for the Asymmetric Converter with Unbalanced Magnetics

The final gain equation for this structure is,
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We can notice that Eq. (3.7) and Eq. (3.6) are similar. The advantage of
eliminating one capacitor comes at the expense of a higher difference in the
switches stress levels. However, the circuit shown in Figure 3-6 will be used
as the output cell in the improved asymmetric power factor correction

converter discussed in the coming section.

L
! Y Y
[ ] D _|_
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L, Co T RV,
Lg,
D02

Figure 3-6 Single Capacitor Asymmetric Converter

3.3 The Proposed Soft-Switching Topology

In this section, the improved asymmetric half-bridge converter will be
introduced with both its switches operating in ZVT as the DC-DC of a single-
stage power factor correction converter. The converter operation in the

flyback and the boost regions will be analyzed and the associated Modes will
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be presented. A parallel energy branch is added to further improve the

efficiency.

3.3.1 Principle of Operation

The proposed AC-DC converter is shown in Figure 3-7, and it is obtained
by adding a flyback transformer and a bulk capacitor to the existing DC-DC
AHBC in Figure 3-6. The magnetizing inductance of the flyback transformer
(not shown in Figure 3-7) acts like the boost inductor during a portion of the
rectified AC input voltage, Si1 acts as the main switch, and S2 compensates for
the boost diode. Diodes Dpr and Dsr are fast recovery diodes and provide the
flyback operation during the other portion of the rectified AC input voltage to
transfer the energy directly to the output. The bulk capacitor Cs stores the
energy from the PFC cell and delivers it to the forward configuration of the
AHBC. The capacitor C. balances the asymmetric operation in the output
side. It can be shown that the FPC cell operates in two different regions
during one line cycle, the flyback region and the boost region as shown in
Figure 3-8. Since the boundary voltage for these regions depends on the
storage capacitor voltage Vcs, Cs should be large enough to handle the double
line frequency ripple with a constant voltage. In steady state, the proposed
converter has three switching Modes during one switching cycle. In Mode 2,
the circuit will have two different configurations depending on the operation
region, boost or flyback. The equivalent circuits of the three Modes are shown

in Figure 3-9 and the converter key waveforms are shown in Figure 3-10.
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Figure 3-7 Basic circuit schematic of the proposed Asymmetric Converter

Table 3-1 Switching Modes: time intervals and status of devices

Conducting device

Mode || Time interval | S1 S2 | Dpr | Dsr | Doi | Doa
1 Hh<t<t X X x
2 t<t<t, x x x
tH<t<t X X x
3 L<t<ty+ Ty x x

The following assumptions have been made throughout the analyses:

e Tight output regulation, which means that V; is constant during

the line cycle.

e Vin 1s the average rectified ac input during one switching cycle.
This value 1s a moving average that will vary with time over the

line cycle.
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e The dead time between the switches conduction is negligible.
Although we assumed soft switching operation for the converter
in which this dead time in very important, we will neglect this
time in the analysis. This is because of the inherent ZVS of the
AHBC and the fact that this time has been analyzed previously

[39, 40].

e The capacitors Cs and C, are large enough so that the voltage

ripple across each capacitor is negligible.

’Vin(t)‘
A
Flyback Boost Flyback Boost Flyback
region region region region region
A
VCS' n, Vo
Y >
0 t, T/2-t, T2 T2+, T-t, T

Figure 3-8 Regions of Operation During one Line Cycle

In the following discussion, the DCM operation will be assumed to
achieve high power factor and the CCM operation for the DC-DC cell to
reduce the current stress on the switches. The operation can be described as

follows:

Mode 1 [to<t<ti]:
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At t=to, S1 turns ON and so does Dpr. Vin is applied to the magnetizing
inductor, Lprm, causing the DCM current to increase linearly from zero. The
difference between the storage and the asymmetric capacitors voltage will be
applied to the primary side of T2 causing Lprn to charge linearly. S; will turn
OFF at t=ti1. The equivalent circuit during this Mode is shown in Figure

3-9(a) and the key equations for this Mode are:

| 2

L1 ppm (1) = (t-t,) (3.8)
PFm

VCS — Va _ Vg
iy, (£) = — 2 (t=1,) +1,, (1,) (3.9)
L()

. Ve, =V, .

I (1) ==t —1,) +ipp, (2,) (3.10)
LPm

The time interval is given by,

At =t —t =DT. (3.11)

Mode 2 [ti<t<tg]:

In Mode 2, the circuit behavior depends on the region of operation and it

can be described as follows:

I) Flyback region:

At t=t1, Sg and Dsr will be ON so that the magnetizing current in Lprm

discharges to the secondary winding and the energy stored will be transferred
53



to the output. From the boundary condition, Dpr will be reverse biased
blocking the current from discharging through the storage capacitor. The
negative voltage of C. will be applied to the primary winding of T2 to
discharge the output inductor, L.. The period ends when the magnetizing
inductor current, iLrrm, reaches zero at ta. The equivalent circuit during this

Mode is shown in Figure 3-9(b). The key equations for this Mode are,

2

. V

iy g (6) = I (1) =222 (1 —1,) (3.12)
'PFm

- v,

Lo ) =1 1p, (1) — (t—1) (3.13)

'Pm
. V -V /
i ()=-Yemlm) i) 5.1

o

The interval t2-t; in the flyback region is given by,

At, (Flyback) = V—;DTS (3.15)

1" o

II) Boost region:

In this region, Sz turns ON but Dpr keeps ON and Dsr OFF due to the
region boundary condition. The energy stored in the magnetizing inductor
Lprm will be released to charge Cs. Meanwhile, the negative voltage of Ca will
discharge the output and T2 magnetizing inductors. This Mode ends when the

magnetizing inductor current, irLprm, reaches zero at tz. The same equations
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for iLpm and izo from Mode 2 in the flyback region can be applied here. The

equivalent circuit is shown in Figure 3-9(c), and the key equations for this

Mode are,
I,5-(6)=0 (3.16)
r . V S - K"l
b pn (1) = Ly (1) == (t—1) (3.17)
PFm

This time interval ta-t; 1s given by,

At,(Boost) = V V’_" DT, (3.18)

Cs in

Mode 3 [ta<t<ts]

The current irLsr stays zero in this Mode. The output current will
continue discharging along with izpm until S2 turns OFF again. The same
equations for iLpm and iz, from Mode 2 can be applied here. The time interval

associated with each region can be given as,

At (Flyback) = (1- DT,) — Aty = 1= DT, (1-+—2) (319)
nl o
V.
At,(Boost)=(1-DT,)—At, =1- DT (1+ V ) (3.20)
cs~ Vin
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(a) Mode 1: to<t<t;

(c) Boost Mode 2: t;<t<tz
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(d) Mode 3: to<t<ts
Figure 3-9 Equivalent Topologies for the Three Switching Modes
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Figure 3-10 Operation Waveforms

3.8.2 Steady-State Analysis

A. The boundary regions

According to the discharging path of T1, there are two different
operation regions over one line period. Based on Figure 3-8, the rectified

input voltage is equal to Vcs - n1Vs at the boundary of two Modes. In the first
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quarter of line cycle, the boundary between the two regions occurs at t=tx

given by,
. I(Vw—anUJ
t,=—sin" | S—¢ (3.21)
0] V
)4
where,
v, (1) =V, sin(wr) (3.22)

B. DC-DC cell gain

According to analysis in last section, during the flyback region, all the
input power is transferred to the load. During boost region, some input power
1s stored in the intermediate bus capacitor and the rest is transferred to the
load through Ts. The magnetizing power delivered by T2 is controlled to keep
the total transferred power equal to the output power, in order to keep tight
output voltage regulation. The power flow over one line cycle is shown in
Figure 3-11. Assuming high power factor, the input current will be sinusoidal
and in phase with the line voltage. In this case the input power will be also

sinusoidal with a double line frequency as shown in Figure 3-11.
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Figure 3-11 Power Flow over the Line Period

Since the operation of the proposed topology is symmetrical on
quarterly line cycle, only the first quarter of line period needs to be analyzed.
The DC-DC conversion cell of the proposed topology is a typical asymmetric
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half bridge topology. When it operates in CCM, the duty cycle should be
constant for the entire line period to achieve tight output regulation. The DC-

DC cell’s gain is given by:

V. 2D(0-
M, == _200-D) (3.23)
I/cs n2

C. Flyback region

During the flyback region (0 ~ tx), in a given switching cycle,
transformer T, is charged by the rectified input voltage during the S; ON
period, and is completely discharged to the load during the S2 ON period.

According to Eq. (3.8), the peak magnetizing current at t; is given by:

ILPFm,max = A I/in (324)

The average power transferred directly to the load through T1 during one
switching cycle is given by,

VaD'T,
B, =
2L

PFm

(3.25)

In order to keep tight output voltage regulation, i.e. Vo constant, the total

power delivered directly through T'1 and by the storage capacitors through T2
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should be equal to output power in each switching cycle during the flyback
region. Hence the power delivered through T2 in one switching cycle during

the flyback region is,

VDT
PTz:Po_Pn:Po_M (3.26)
2LPFm

Hence the total power delivered by T2 from the intermediate bus capacitor
during flyback Mode (0~tx) 1s given by,

t

X

PTZ,Flyback = Z PTZ (327)

1=0,T, 2T, ...

K

Since the switching frequency is much higher than line frequency Ts<<T, Vix
1s Eq. (3.27) can be replaced by vix(t) and the summation in Eq. (4.28) can be

written as the following integration,

1o 1¢u(V, DT >
P7"2,Flyback _l‘_'[o Przdt - ZIO [RL - 2LPFm Vin (t) Jdt (3.28)

X

D. Boost region

In the boost region (tx~T/4), all the energy charged by the input
transformer T; is transferred to the storage capacitor Cs to recover its losses

in the flyback region. Based on Figure 3-10, the average input current and
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the average power transmitted through Ti during one switching cycle in the

boost region are given by,

1
Ly e === DT, + Aty (boost)) (3.29)
’ 2T
DT V. V:
PTI = I/inlin,avg = 2L . V < l;v (330)
PFm “Vin

cs

as in Eqgs. (3.27 and 3.28) the average input power during boost region (tx ~

T/4), can be written as,

! h 1 DT V.v, (¢)
I)TI boost — —J-})Tldt = J. s csvm( ) dt
T T 4-2t, T/4=-2¢t °2L,. V. _—v (t)

t, Xt

T T
4

(3.31)

and the average power directly transferred to load though T2 during boost

region 1s equal to the output power,

V2
])TZ,boost = })o = l; (332)

L

E. Steady-state balance

In steady-state, the voltage across the intermediate bus capacitor is
constant; then from Figure 3-11 we can write the general equation for steady-

state as,
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T
(f)Tl,boast - f)TZ,boast ) (Z - trj = B"2,Flyback (tx) (333)

substituting Eqgs. (3.28, 3.31, and 4.33) in Eq. (3.33) yields,

2 4w

DT & v (1)
I/vcs N vm (t) dt —

VT VDT, (zx sin(2a)tx))
— ‘ - (3.34)
2LPFm t Vcs “Vin (1) 4RL 2LPFm

The above equations are only applicable when the DC-DC cell operates in
CCM during entire line period. When load is very light or Lo is low, the DC-
DC cell may enter DCM. In DCM, the duty cycle will keep changing according
to 1nput instantaneous voltage in order to keep tight output voltage

regulation.

Equations (3.21, 3.22, 3.23 and 3.34) show the relationship between
intermediate bus voltage and other circuit parameters. It is a transcendental

equation that can be solved by software, such as MathCAD®.

F. Condition to operate the PFC cell in DCM

In order to achieve high power factor, the PFC cell should always
operate in DCM. The maximum charging voltage and the minimum
discharging voltage across transformer T1, all happens at T/4, when

Vin(T/4)=Vp. At that time the PFC cell will be processing the maximum power
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during the line cycle and the PFC cell will operate in DCM for the entire line

period if it operates in DCM at T/4.

In order to keep the PFC cell in DCM, we can obtain the following condition

for the discharge time in the boost region,
At,(boost) < (1-D)T, (3.35)

substituting for Ata(boost) from Eq. (3.18) we find,

(3.36)

In addition the intermediate bus voltage should always satisfy the following

condition,

Vo <VetnV, (3.37)

G. Condition to operate the DC-DC cell in CCM

For Lo, the lowest load current occurs when the flyback branch is
providing its maximum power to the output at ¢=t.. If the DC-DC cell
operates in CCM at that time, we can guarantee the CCM operation for the

entire line cycle. The following condition has to be met for CCM operation,

A[Lo
—Lo (3.38)

Lo,ave > 2
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where,

A]Lu = ILo,max - ]Lo,min (339)

From the Modes of operation, we can find Iro,max and Iro,min as follows,

V_(1-D) DT VT
I =| - —Vo S+, =—2(1-2D)+1, _ 3.40
Lo,max ( n2 j Lo Lo,min 2 LO ( ) Lo,min ( )
V.D (1-D)T. VT
I, . =—-=—-V S+ ] =——2(0-2D)+1 3.41
Lo,min [ 1’12 oj Lo Lo,max 2L0 ( ) Lo,max ( )
hence,
V'T
Al =—*(1-2D
Y ( ) (3.42)

[

The average power transferred to the output through the transformer T2 in

the flyback region is,
I)TZ = I/oILo,ave (343)
and from Eq. (3.38) we find that,

VT
"LS (1-2D) (3.44)

B>

o
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also the power delivered to the output by T2 is equal to the difference
between the output power and the input power, hence,
I)TZ(tx) = Pa _En(tx)

V;sin’*(wt,)D’T, (3.45)
2L

:PO—

PFm

From Eq. (3.44) and Eq. (3.45) we can find that,

2 .2 2 2
_Visin“(wt,)D7T, S ZOL]; (1-2D) (3.46)

F,
2L

‘PFm

Eq. (3.46) can lead us to the critical output inductance value for CCM

operation as,

__ V1(0.5-D)
o,crit 2 _ 2
op,- DT (3.47)

PFm

3.8.8 Design Curves

In order to describe the input /output characteristics, we can define the

AC-DC conversion ratio as,

IS

(3.48)

-
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we also can define the load time constant as,

T, = (3.49)

=
o
Bas

Based on Eq. (3.48) and (3.49) we can rewrite a new set of normalized

equations as,

b= ésmfl (%_M’“j (3.50a)
_2D(1-D)
T (3.50b)
T/4 sin(wt)’ - M T
dt t)dt = n
J 1— (M, / M)sin(er) +J, sin’ (@0 == (3.50¢)
M
p<1-4
DRV (3.50d)
M
I VARIL (3.500)

These equations can be solved numerically using MathCAD to
investigate the converter characteristics. Figure 3-12 shows a sample

MathCAD solve block used in obtaining the characteristics curves.
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Figure 3-12 MathCAD Numerical Solve Block

We can see that there are seven variables and only three equations. As a

result, four of the variables should be fixed and the sheet can solve for the
remaining variables. The conversion characteristic curves of the gain (M) vs.
duty cycle (D) under different values of normalized load (tn) are obtained from
above equations for fixed values of n; and ns, as shown in Figure 3-13. The
effect of the values of n2 and n; are shown in Figure 3-14 and Figure 3-15
respectively. By studying these sets of curves we can examine the input
regulation capabilities of the converter. We can see that under wide input

range, like universal input from 88-264V, the converter will operate most of

69



the time at low duty cycle when the supplied voltage is 220V. To further
investigate that case, consider the gain (M) under that range. The gain will
vary between 0.1-0.3. For the specific case of an input voltage of 220V, the
gain is 0.13, which will lead to a duty cycle less than 0.15. That operation will
introduce a large mismatched current between the two switches.
Nevertheless, the converter can still handle the operation of the universal

line input.

0.5 T I I I

7, =05

03[ T

7, =1.76

0.1 -

Figure 3-13 M vs. D under different t, values
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Figure 3-16 Storage capacitor voltage of the converter

The curves also provide information about the output regulation
capabilities of the converter and how to choose the right value for the
normalized load. For example, at load t,=0.5, a £20% variation in the line
voltage requires the duty ratio to change by 25% to maintain a constant
output. As a result, the worst load variation has to be confined to the limits of
the line voltage variation to make sure that the converter will work correctly
under any condition. The curves in Figure 3-16 investigate the bulk capacitor
voltage variation in terms of line voltage and load changes. Such curves can
also help the designer to optimize the voltage across the bulk capacitor,

maintaining it at a minimum level. From the figure we notice that load
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changes have only a very small effect on the Vcs, while line voltage changes

will affect it significantly.

3.3.4 Design Examples

Let us consider the following specifications as a design example:

Nominal input voltage: Vin(t)=110 Vrms

Output voltage: Vo=28 'V
Nominal load current: Py=150 Watt
Switching frequency: =200 kHz

Some basic calculations are carried out at the beginning of the design:

v, =1102 =155.56/

@ =2750=314.59rad / sec

To obtain the converter parameters we can use the following design

guidelines.

a. Nominal duty ratio D and the storage capacitor voltage:

As a compromise between the voltage stress and regulation capabilities,
let us select D=0.24. From the DCM condition on the PFC cell, we can

calculate the minimum bus voltage to reduce the switch’s losses.
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V
=—r—=204.7V
1-D

¢s,min

we should choose Vs to be greater than this minimum value to guarantee

stable operation, so we choose Ves=232V.

b. The output transformer turns ratio ns;

From the DC-DC cell gain we can solve for ns as,

2D(1-D
n2=%z3.023

o

we can choose ns to be 3 and recalculate Ves as 230.26.

c. The choke inductance Lprn and the flyback transformer turns ratio ni:

In order to solve for Lprm and n;, we have to resolve the MathCAD sheet

numerically, for n; vs. tn. the resulted curve is shown in Figure 3-17.

Figure 3-17 Numerical Solution for n; vs.tn
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We can see that the lowest turns ratio that satisfies the equations is
greater than 2.5. While any point on this curve is a valid solution, we can see
that the higher ni we choose, the larger Lrrn» will be. That will reflect on the
peak current in the circuit. To reduce the losses we have to choose large
choke inductor value hence the cost and size of the converter will be affected.
On the other hand, if we choose high turns ratio, more power will be

processed twice, and the overall efficiency will be degraded.

As a compromise between switching and conduction losses, we can
choose 1,=1, and from Figure 3-17, we find n1=3.7 and hence Lprrn=46uH. For
this design, approximately 29% of the output power will be delivered directly

through the flyback transformer.

d. The output inductor value Lo:

To guarantee CCM operation for the output inductor, we can use Eq.
(3.47) to calculate it’s critical value. We can find that Lo,cri.=6.1uH. We can

choose Lo to be 50uH.

e. Line voltage and load variation:

After extracting the circuit parameters for the given specifications, we
should consider the line voltage and the load variations. One must ensure
that even at these extremes, the equations still have valid solutions and a
valid value for the duty ratio (D). Otherwise, the first chosen value for D

should be changed and the design step from a-e repeated.
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3.8.5 Simulation and Experimental Results

By wusing the above circuit parameters, the closed-loop PSPICE
simulation of the proposed converter has been carried out over one line cycle
and the simulation results are show in Figure 3-18. It is clear from Figure
3-18 that the input current is following the line voltage, which promises high
power factor. The two regions of operation, flyback and boost, can be
identified in the figure as well. When the rectified input voltage is low, the
flyback transformer, T:, will transfer the energy from the input to the output
directly. In the other region it propagates through the two cells to the output

inductor causing the average output inductor current to rise slightly.

Figure 3-19 and Figure 3-20 show the experimental results obtained
from prototyping the simulated circuit to verify its operation. Experimental
waveforms of input current and voltage are shown in Figure 3-19. The
measured Power Factor was 0.986. Figure 3-20 shows an efficiency of about
84% for 150W@28V output operating at 200 kHz, which is a significant

improvement over the old AHBC by about 3%.
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Figure 3-18 Simulation Waveforms of the Proposed Converter, First trace:
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Figure 3-19 Line current (upper trace) and Line voltage (lower trace)
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3.4 Summary

An improved Asymmetric Half-Bridge Soft-Switching PFC Converter
was introduced in this chapter. By replacing the boost inductor with a flyback
transformer, the energy can be directly delivered to the output during low
line voltage. The simple implementation and the high efficiency of the
proposed converter promise commercial advantage while the selected
topologies will provide high quality performance in terms of PFC and output
regulation. Steady state analysis shows that there exist three Modes of
operation either in the flyback or boost regions. Experimental results have
shown efficacy improves and high PFC was achieved. The proposed converter
1s believed to be competitive in today’s single-stage, PFC market. On the
other hand, while universal line operation can be achieved using this

topology, a high input voltage results in a small duty ratio resulting in a
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large mismatch in the switch currents. Further, these mismatches may

affect the soft switching capabilities of the converter.
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CHAPTER 4 ANALYSIS, DESIGN, AND OPTIMIZATION
OF THE BI-FLYBACK CONVERTER

4.1 Introduction

In the previous chapters, the direct power transfer concept (parallel
power transfer) was discussed in detail for the Asymmetric Half Bridge
Converter (AHBC). This concept can improve the performance of the single-
stage PFC scheme. By carefully designing the flyboost PFC cell, the
intermediate bus voltage can be controlled to less than VijpeaktniV,. For
universal input applications, this voltage is still high on the bulk capacitor.
The peak value of the maximum universal input voltage is 375V. Normally,
n1V, will be chosen equal to the peak value of the minimum input voltage,
which is about 120V. As a result, the intermediate bus voltage will be around
495V, which requires a bus capacitor with a rating around 550V, 100V more
than the economic 450V capacitor that is used in most of today’s power

supplies.

In the boost topology, the output voltage (bus voltage) will be at least
Vin/(1-D). This is the minimum bus voltage required for basic boost steady-
stage operation. In order to reduce the bus voltage, a voltage source should
be introduced to boost the inductor charging and/or discharging path [29, 41,
42]. Adding the voltage source in the discharging path is preferred since it

will not influence the input current waveform.
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The BIFRED topology shown in Figure 4-1 is a good example for this
implementation in universal input applications, because of its high power
factor and low bus voltage. The DC-DC stage’s transformer is located in the
boost inductor charging path, and the intermediate bus voltage can be
reduced by the reflected output voltage value by the DC-DC transformer.
When the DC-DC cell operates under DCM, the intermediate bus can be less
than 400VDC. On the other hand, the power component in this topology
suffers from high current stresses because the DC-DC cell has to operate

under DCM to limit the maximum intermediate bus voltage.

Figure 4-1 BIFRED Topology for Single-stage PFC Applications

In this chapter, the Bi-flyback topology is introduced for single-stage
PFC application[41]. This topology is derived from the BIFRED topology
using the Flyboost direct energy transfer scheme. It adopts the advantages of

both schemes to achieve better performance. Figure 4-2 shows the basic
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topology. Since both flyback circuits share the main switch and output

capacitors, this topology is named the Bi-flyback topology.

With the help of the direct power transfer scheme, this topology can
have an intermediate bus voltage as low as the peak input voltage. In other
words, the maximum intermediate bus voltage can be less than 400VDC for
universal input applications, and the voltage stress across main switch will
be less than 600VDC. Any 450V bulk capacitor and 600V economical

MOSFET can be used to meet the low cost requirement.

In this chapter, the operation of this topology will be reviewed, and the

experimental results will prove the claimed advantage.

4.2 Principle of Operation

In this section, the principle of operation of the bi-flyback converter will
examined. As shown in Figure 4-2, the Bi-flyback converter consists of boost
converter that was integrated with a flyback converter on its output stage. By
adding an additional winding to the boost inductor, another flyback converter
1s constructed creating a parallel path to the output. The PFC inductor, Lmn,
can discharge its energy to the bus capacitor, Cs, and the output capacitor, Co,
through the DC-DC flyback transformer, T%, and Deg, or discharge it directly

to the output through 77.
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Figure 4-2 The Bi-flyback Topology

The input line voltage dictates the discharge path of the boost inductor,
along with the voltage across the bus capacitor and the turn ratios n; and nas.
The mechanism of discharge can be understood by considering the voltage
across the input diode, Di» , when the main switch S turns off. If the voltage
across the diode is greater than zero, the boost inductor will discharge to the
bus and output capacitors. This Mode will be called the Boost Mode because
the magnetizing inductor of 77 will act as a boost inductor. Otherwise, the
magnetizing inductor will discharge to the secondary winding of 77 similar to
the normal flyback operation, and hence this Mode will be called Flyback

Mode. The conditions that govern this operation are given as,
|vin(t) | < Ves+(ne- n)Vo (Flyback Mode) (4.1)

|vin(t) | > Ves +( ne- n)Vo (Boost Mode) (4.2)
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Considering the converter operation during a line cycle, the converter
will change the Mode of operation according to equations (4.1) and (4.2), this
1s further illustrated in Figure 4-3. The boundary Mode condition happens at

txr, which can is given by,

w V‘l7

1 V +I12'V —nI-V
te= —~arcsin[ = 2 > (4.3)

In the following subsections the converter operation will be analyzed
based on these Modes of operation. During this analysis the Ln: is assumed
to be operating in DCM condition to achieve automatic PFC, and Ln2 in CCM

to reduce the peak current in the DC-DC converter.

|Vin|
A
Flyback Boost Flyback Boost Flyback
Mode Mode Mode Mode Mode

Yy—

=~
|
[
o~
(YL
ol

+,

Figure 4-3 Modes of Operation during a Line Cycle
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4.2.1 Flyback Operation Mode

During the flyback operation Mode, T1 will operate as a flyback
converter and discharges its energy directly to the output. The DC-DC
converter will deliver the needed power from the storage capacitor to the
output to keep tight output regulation. During this Mode, there are three
time intervals that characterize the converter operation, as shown in Figure

4-4. The associated waveforms for these intervals are shown in Figure 4-5.

T,
' ngt 22 o +
[ ] [ ]
T~c, "
[
S ! . o =
i V. \Y

(a) Interval 1 (to-t1)

85



(b) Interval 2 (ti-t2)

Dl
W T, L T,
nq1 2 e D, +
Av iLmZ
: ° °
Lmi
'—
S_Im o -
Coa Y
S ’I‘ VCS

(c) Interval 3 (t2-Ts)
Figure 4-4 Equivalent Circuits for the Three Intervals during the Flyback
Mode

86



\/

ILmi Vid/Lny L1Vl I]Lml pk
Lt
i *
n I[Lm])k
> 1
le2 VCS/Lm2 lJ| Vo/Lm2
/ ]Lmz_pk \/
> !

B

iDl \Inl[LmlJ
> [

. —_—

Z tl t T

Figure 4-5 Key Waveforms during Flyback Mode Operation

Interval 1 (to-t1):

The switch is turned on at 9. The magnetizing inductor current, iLmi, is
charging linearly from the main rectified input voltage, while iLme is charging

from the bus capacitor. The following expressions are obtained for the main

waveforms,
Ve
ipmi(t) = 1y = _é(t - to) (4.4)
Lm]
Ves
ipm2(1) = '(t - lo) + iLmZ(to) (45)
m2
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is(8) = ipp () + ipp(0)

Ip; = lpy=ip;=ipy=1i,=0

(4.6)

(4.7)

where V; is the instantaneous value of the input voltage vin(f), which is

assumed constant during the switching cycle.

Interval 2 (t1-t2):

The switch turns off at ¢; causing the magnetizing inductor current of

T, iLm1, to discharge directly to the output through D;. This is due to the fact

that Di» will be blocked according to the boundary Mode equation. The

magnetizing inductor current of T, izme, will discharge to the output through

D2. The following expressions are obtained for the main waveforms during

this interval,

iin = iS =0
—nV
igmi(t) = ipy = ! 0'(1 - 11) + l'Lm1(f1)
ml
-V
igm2(t) = ipy = & 0(1 - 11) + iLmz(fl.)
m2

ip/(t) = npip, (1)

ip(f) = nyipm(0)

io() = ip)(t) + ipx()
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VS = Vcs +ny Vc (414)

Interval 3 (t2-Ts):

At t2, all the magnetizing energy in 77 is discharged to the output and
iLm1 reach zero current. izme2 will continue to discharge to the output at the
same conditions. Because CCM operation was assumed for the DC-DC
converter, this switching interval ends at 7s and another switching cycle

begins. The main equations for this interval are shown below,

lip = ig= iLm](t) = ip] = iDI(t) =0 (415)
—hy Vo
ipm2(t) = ipx(t) = (f - 12) + iLmZ(tZ.) (4.16)
m2
ipx(t) = ip(1) = nyipma(t) (4.17)
Vs=Ves+nyV, (418)

4.2.2 Boost Operation Mode

When ¢>tx, Din starts to conduct when the switch turns off and the
converter enters boost Mode operation. The main difference between the
flyback and boost operation Modes is in the operation of the transformer 77,
which will influence the energy discharge path. In boost Mode, the

magnetizing inductor Lx: will act as a boost inductor, delivering its energy to
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directly to the output through 79 and also charging the bus capacitor Cs at

the same time.

L p
117;7 n21 Hz o) +
[ [ ]
~C, Vo
[ ]

S | . o -

CS T VCS \

(a) Interval 1 (to-t1)
O

TC, Vo
O m

\Y

(b) Interval 2 (ti-t2)
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(a) Interval 3 (t2-Ts)
Figure 4-6 Equivalent Circuits for the Three Intervals during the Boost Mode

S D
[Lm 1_discharge (— VCS-I’lg Vo+ Vg /Lm1
. Vin/ Lml Iy
. VO/L [Lm27d[scharge g
leZ VCS/Lm2 -1y m2 7?’[
7 .
Ipi
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Ipa
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Figure 4-7 Key Waveforms during Boost Mode Operation
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Interval 1 (to-t1):

This interval is similar to the flyback interval 1. The switch is turned on
at to. The magnetizing inductor current, izmi:, is charging linearly from the
main rectified input voltage, while izm2 1s charging from the bus capacitor.
The equations that described the main current waveforms are similar to the

interval 1 equations in the flyback Mode.

Interval 2 (ti-t2):

The switch turns off at ¢;. Unlike in the flyback Mode, the input current
1s high enough to turn on the input diode, Dix. This will force the magnetizing
inductor current of 77, iLmi, to discharge through T1 and directly to the
output through D;. At the same time this current will also start charging the
bus capacitor Cs. The magnetizing inductor current of 7%, iLme, will discharge
to the output through Ds. The following expressions are obtained for the main

waveforms during this interval,

ig=1iy =ip; =0 (4.19)
Ves—n2VotV ,
() =y = — 7 . g(’ —tg)+ i pmi(t) (4.20)
.ml
-nyV,
igm2(t) = = (f - fl) + iLmz(fl.) (4.21)
m2
Ip2(0) = ipm () + ipm2(1) (4.22)
iDZ(t) = io(t) = nZ'ipZ(t) (423)
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VS = Vcs +ny Vc (424)

Interval 3 (t2-Ts):

The operation of the converter in interval 3 is similar to the flyback

Mode.

4.3 Steady State Analysis

This section will address the steady state operation of the bi-flyback
converter over the input line cycle. The previous section shed some light on
the converter operation in steady-state for the flyback and the boost Modes.
This analysis was based on the switching interval. Since the converter will be
operating from a varying input voltage, the analysis will be expanded here to
uncover the important relations and equations that govern the converter
operation during the line cycle. For example, one of the most important
parameters for the circuit design is the bus voltage across the storage
capacitor, Cs. In order to derive the Vs equation, the energy balance equation

should be derived across the line cycle.

The power waveforms of key circuit components are shown in Figure 4-8,
assuming unity power factor. The input power will have double line
frequency with a peak value that is twice the average output power. It should
be noted that the transition time, #x, should occur when the input power is

less than the output power. Otherwise, the converter will be supplying the
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output with more power than needed. This will require over sizing the output

capacitor to store this energy. In addition, this will result in double line

frequency ripple to appear at the output terminal.

A
P, / \ / N e
!
flyback
P Lml discharge
Jt
- é\ /\
P Lml discharge — :
o !
= U T < - - - PO
P, /N /~
* ! _/ \—/ o t

23RN

x 1/4 72 T

Direct Energy Transferred through 71 by Ln:
Direct Energy Transferred through T2 by Ln:
Energy Transferred to Csby Ln:(Charge)
Energy Transferred by Csto the output (flyback)
Energy Transferred by Csto the output (boost)

Figure 4-8 Power Flow Over a line cycle

During the following analysis, the following assumptions will be made,
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e Ideal components, without parasitic parameters such as leakage
inductance of the transformer, on resistance of the switching devices,

etc.
e The input voltage will be considered constant during a switching cycle
e The switching frequency in much higher than the line frequency
e The DC bus voltage is constant during the entire line cycle.
¢ Constant output voltage through tight regulation

e Due to the symmetry of the power waveforms, the energy calculations

will be performed on a quarter line cycle for simplification

4.3.1 Duty Cycle

The duty cycle of the switch will remain constant during a line cycle, if
tight output regulation and constant bus voltage are assumed, and the DC-
DC is operating in CCM. The duty cycle equation is given by,

n,V,

T, 29

4.3.2 Intermediate Bus Voltage

In steady state, the energy discharged from the capacitor during a line
cycle in the flyback and boost Modes should equal the energy that was used

to charge the capacitor in the boost Mode, as shown in Figure 4-8.
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Sflyback boost _ boost
WCsidischarge + WCsidischarge - WCsicharge (426)

During the flyback Mode, it is easier to calculate the energy supplied by
the storage capacitor by subtracting the output energy from the energy
directly delivered to the output by Lm: through 7:. The energy delivered
directly to the output can be calculated by integrating the average power

during a switching cycle over the time of the flyback Mode.

D’T ¢, 2
W hback = % s LZ vin(t) dt (4.27)

Lml _discharge
ml

As a result the final equation for the discharged energy from Cs can be

given by,

Syback _ flyback
4 =Pt -,

Cs_discharge Lml _discharge
D°T ¢, 2 (4.28)
=Pt — SJ vin(t) dt
ZLmI 0

In the boost Mode, the charged energy to the storage capacitor can be
calculated based on the average discharge current of Izmi discharge shown in

Figure 4-7 as follows,
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boost ™
WCs_scharge o J.t I/cs ]Lm 1 discharge dt

X

DIV w® 29
2Lm1 f I/vcs + n2V:) o V‘n (t)

1

The discharged energy from the bus capacitor in the boost Mode can be
found from the power processed through Ts to the output reflected to the
primary side. Since the storage capacitor will compensate for the energy
needed by the output, the energy consumed from the capacitor is the
difference between the energy transferred to the output by ILmi_discharge and

the actual output energy. The final equation is given by,

Cs_disscharge

I LY V. dt
- ‘ n2 Lml discharge nZ o

(4.30)

= J.TM P _ DZT; nZV:)vin(l)Z
b ’ ZLm] I/cs +7’l]I/0 _Vin(v

based on Egs. (4.28)-(4.30), Eq. (4.26) can be rewritten as,

T
222 (4
Tyny 7y Vp sin(w t)2
L, (v 14 1% V. -V, si =1%o (4.31)
]( cs 1o O)J st oV, = psm(wt)
t

v —

T
2
2 2. 2.\ .
Vp ny Vo Ts} (t_x szn(2wlx)J

2 4w
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4.3.3 DCM Condition for the PFC Cell

In order to achieve high power factor, the PFC inductor, Ln:, should
always operate in DCM. The worst case scenario happens when the input
voltage 1s at its peak value, or t=T/4. At that time, the current in the
magnetizing inductor of 77 is at its highest. The inductor is guaranteed to
stay in DCM if the DCM condition was satisfied at that time. The main

condition for DCM operation during that switching cycle 1is,

t,—t,<(1-D)I, (4.32)

At t=T/4, the converter will be operating in the boost Mode. By applying the
equations for the boost Mode, Figure 4-7, and substituting vin=V, Eq. (4.32)

can be reduced to,

v, <V, (4.39)

)4

4.3.4 CCM Condition for the DC-DC Cell

According to Figure 4-8, the minimum load on the DC-DC converter will
happen at t=tx or t=T1/4, depending of the design parameters as will be shown
in the next section. In order to guarantee CCM for the DC-DC cell, it should
be operating in CCM at both of these time instants. The necessary CCM

condition can be found from Figure 4-7 as,
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I > Alpm2(1-D)

Lm2 discharge — 2 (4 34)

Expanding Eq. (4.34) in terms of the circuit parameters will yield the

following equation for the critical inductance,

T
V R
, N cs 5 ny VooV,
m2_crit = > ) N (4.35)
'S D™ T v;,,(0) (Ves+ 12 7,)
I’l2 2L1 (Vcs+n2 VO—Vin(t))
Vin(tx) =Ves t ("2 - n]) Vo (4.36)
T —
Vin Z - Vp (4.37)

substituting Eqgs. (4.36) and (4.37) into Eq. (4.35) alternatively will guarantee

CCM operation for the DC-DC cell.

4.4 Design Equations and Methodology

The main design parameters for the bi-flyback circuit are: ni, ne, Lmi,
and Lme. From the previous sections, there are only two main equations that
can be used in the design, which are Egs. (4.35) and (4.3), for the bus voltage,
Ves and the transition time, tx, respectively. In addition, there are the limits

for the DCM operation of Ln: and CCM operation for Lne, which are given in
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Eqgs. (4.33) and (4.35). In order to properly design the converter, more

conditions and design equations are needed.

4.4.1 Main Equations and Design Curves

For a proper design, the peak power delivered directly to the output
should not exceed the output power at any time. Otherwise, the output
capacitor will be used as a storage element, and double line frequency ripple
will be seen at the output; violating the tight output regulation requirement.
For this reason, the instantaneous average power delivered directly to the
output was plotted in Figure 4-9. The peak power transfer occurs at ¢x in the

flyback Mode and 7'/4 in the boost Mode.

100 T T I I I I I I I

PDirect(t) 50

m T4
]

| | | W | | | |

0
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
t

Figure 4-9 Direct Transferred Power to the Output during Line Cycle
the equations for the peak power transfer are given by,

2 2
D71y vinlt) (4.39)

Pn: =
Direct flyback max
Sy | 2L,
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2
D2 T.v.: (Ij no V
) s 7in| 4 270 (4.39)

P Direct_boost_max ~ T
2Ly (Vcs +tny V- Vzn(Z))

For the design of the bi-flyback converter, Eq. (4.38) can be used to
calculate the value for Lni, while Eq. (4.39) can be used to derive the value
nez. We can notice that the value of Lne2 will not affect the direct power in the
above equations, nor the bus voltage as given in Eq. (4.31). As a result, the
value of L2 can be calculated from Eqs. (4.35) - (4.37). The last unknown in

the design is nz, which can be calculated from Eq. (4.31) if Vs is given.

One of the most important pieces of the puzzle is the THD and PF
values. The input current equation can be found from the steady -state
analysis, then the THD and PF values can be obtained using Fourier analysis

as outlined in the following Eqs. (4.40) to (4.46),

T
’1
I,.= —TJ i () di (4.40)
0

T
i, (1) cos(w 1) di (4.41)
0

~ e

aI:

T
i, (1) sin(w 1) di (4.42)
0

C]: ’a12+b12 (4.43)
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Lons] = ﬁ (4.44)
/ 2
THD, = || /| -1 (4.45)
l Lms1
1
PF = rmsl (4.46)

rms

In order to understand the trade-offs in the design, the following
analysis will be done to create a comprehensive design curves for the flyback
converter under different design parameters. First, the peak direct power
transferred to the output, Pbirect_fiyback_max and Pbirect_boost_max, Will be assumed
to be equal = Pp, Eq. (4.47). Then a numerical solve block will be created to
solve for Vs, tx, Lmi, ne, for a given value of Pp and ni, as shown in Figure

4-10.

PDirect - flyback max = P Direct_boost max ~ Pp (4.47)
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T
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Tg-my -V, -V, ( sin(w-t)z T Vo mp VT (tx sm(Z-wtx)j

. dt=P, — —
Ly(Ves + 12:Vy) Ves + 02-V, = V,sin (w-t) 2
t

Ly-(Ves + n2~V0)2 2 4w

X

1 . Vcs+ n2'Vo_n1'V0
ty=—-asin| ———
w Vv

Ve 2V,
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-V, 2
T
Ve + 1V,
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Ve+mV, ) S0P

(Ves+ 12 Vg - nl-V(,)2 =Pp
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2L-(Veg + my-Vy - V) D

SB(ny, Pp) = Find(Ve,, t,, Ly, ny)

Figure 4-10 MathCAD Solve Block

The solve block was used to general the following set of curves, for the
these circuit parameters: Vinrms=110V, F=50Hz, V,=20V, P,=100W,
Fs=100kHz. The variation in the storage capacitor voltage is shown in Figure
4-11. The bus voltage will decrease when the peak direct power increases,
and increase when n; increases. The average direct power transferred to the
output also increases when the peak power increases, and when the turn
ratio n; increases as well, as shown in Figure 4-12. It should be noted that for
each 10% increase in the peak power, the average power increases 5%, half
the value. The maximum average direct energy transferred to the output

caps around 55%. While this is a physical limitation, there are other limits

103



that will act to reduce this value as the THD and PF restriction that will be
discussed next. While it 1s desirable to maximize the average power
transferred directly to the output, the main drive for this topology is to
reduce the losses and current stress on the switch. For this reason, the
average RMS switch current during a switching cycle was derived, Eq. (4.48),
then averaged over a line cycle, and the results are plotted in Figure 4-13. It
should be noted that it is desirable to increase direct power transferred to
reduce the switch conduction losses, but actually the relation is not linear.
Increasing the peak power from 50% to 60% has a big effect on the switching
current, but increasing it further does little, a peak power increase from 80%
to 90% results in almost no change. Another observation in the sweet-spot

between n;values of 3 to 4.
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Figure 4-11 Bus Capacitor Voltage versus n; for Different Pp Values
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Figure 4-13 RMS value of the Switch Current versus n; for Different Pp
Values
In order to meet the regulatory requirement, such as IEC 100-3-2 Class
D, 45% THD and 0.9 PF are usually required. For this purpose, the THD and
the PF curves were plotted in Figure 4-14 and Figure 4-15 respectively. As
expected, the input current distortion increases if Pp increases. This demands
peak power reduction in order to meet regulatory requirements. However,
this problem can be mitigated by increasing the turns ratio n:;, which will
have negative consequences in terms of increased bus voltage as well as

larger component ratings that will incur more losses, as will be shown next.
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Figure 4-15 PF versus n; for Different Pp Values

An important part of the design is to study the trade-offs in component

sizing. In order to understand how the transformer’s size will be affected by
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the selection of n: and Pp values, these relationships have been plotted in
Figure 4-16 - Figure 4-18, for Lmi, Lm2 and n2 respectively. It can be noted
that enhancing the THD and PF will come in the expenses of increasing the
size of the transformers, especially T2 where Lme value rises sharply with

Increasing ns.
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Figure 4-16 Ln: versus n; for Different Pp Values
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4.4.2 Stress Equations

Stress equations are important for sizing the semiconductor components.

The peak vaule ILmi_max and ILm2 max Will be used for this pupose,

) DTV,
Lm]_max(t) T (4.49)
1
2
Im2 max= I_O - Z b + Ves 2 s (4.50)
— ny 2Ly (Veg+ng VO—Vp) 2L,

The MOSFET has to handle the maximum current in both magnetizing

inductors summed together when the switch is on,

ISW_PK = 1Lm2_max + ILmI_max (4.51)

The diodes D1 and D2 have to withstand even higher peak current because of

their location in the low voltage side of the circuit.
Ip1 PK ="11Lm1 max (4.52)

1D2_PK =n2 ([LmZ_max + ILmI_max) (4.53)

The voltage stress on the diodes and the switch are given by the

following equations,
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(4.54)

Vy=Vegtna ¥,

v, (4.55)

p .
VD]: V0+—

ny

Ves (4.56)
VD2: V0+_

n

4.4.3 Design Example

Table 4-1 highlights the main specifications for the design example, which are

typical for notebook power supply.

Table 4-1: Bi-flyback Design Specifications

Input Voltage Universal (85-265Vac,rms)
Output voltage 20V
Output Power 100 W

Switching Frequency 100kHz

Measured PF IEC 100-3-2 Class D

The curves in Figure 4-11 - Figure 4-18, can be used as the first step in a trade-
off study for this design. Starting from Figure 4-14, we can see that we need n;=6 for
Pp=90% and 40%THD. Proceeding to Figure 4-17, we can see that a very large value
for Lz will be needed (1600uH), and using such a large value might not be optimum
point for all aspects of the design. Going back to Figure 4-14, we need n:=5.5 for

Pp=80%, and this time the needed L2 is only 600uH.
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Table 4-2: Bi-flyback Design Example Calculation Results

(n1=5.5, n2=3.5, Li=95uH,
L>=800uH)
Ves 175V
Pp_siyback 78.6%
Pp_poost 80%
THD, PF 0.4, 93%
Isw_Px 5.6A
Ip1_age, Ip1_PK 1A, 25.6A
Ip2 Age, In2 PK 4A, 19.6A
Vs 246A
\ %5y’ 48V
\ %% 70V
Average
43.3%
Direct Power

4.5 Simulation Results

The closed-loop PSPICE simulation of the proposed converter, Figure
4-19, has been carried out over one line cycle and the simulation results are

show in Figure 4-20 to Figure 4-22. It is clear from simulation waveforms
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that the theoretical and simulation waveforms correspond to each other in
both the flyback Mode and the boost Mode. The input current waveform in
Figure 4-22 promises high power factor and match the predicted shape with

slight changes due to the presence of the leakage inductance in the
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Figure 4-19 Simulation Schematics for the Bi-flyback Converter

113



a0 T ]

o . l ]
O

.05

+ W)

0 -
40 A
.05

o fLmi)

40 A
G045

26 = — — =

o[ Lm2)

o (DIN)

iy h |l'.___‘—nﬂ"—1 *\-G_-__‘—'_‘_"I |\'_"_‘—u—‘—'1
2.00515mes 2.01000ms 2.0M500ms 202000ms 202500ms 203000ms 2 03500ms 2.04000ms

Tirme

Figure 4-20 Simulation Waveforms during the Flyback Mode

| |
ST T T
ST T B

!
REREES

EERE

4.0A = im?) = ‘ J

aon [ TTT ]

. L]

2SI T ] |

OA

i ANERREARY

L

T T
10A I I I
0A

N

]
7
REmn

J

il

|

el gesles
/

N S N i
ey e e B

.6440ms 2.6480ms 2.6520ms 2.6560ms 2.6600ms 2.6640ms

204 S

seLos, il = ra

2.6320ms 2.6360ms 2.6400ms
o |(D2)

o ——H

Time

Figure 4-21 Simulation Waveforms during the Boost Mode

114



3.0

=

fLli L T

0s 1ms 2ms 3ms 4ms 5ms 6ms 7ms 8ms 9ms 10ms
9 AVGX(I(LK),10u) T.
ime

Figure 4-22 Input Current Simulation Waveforms over Switching Cycles

4.6 Experimental Results

To verify the topology’s operation, a single-stage PFC converter
prototype based on the design example and simulation results were built and

tested.
The main design specifications are:
=  Input: 85~220Vacrms
=  Qutput: 21VDC @ 110W
=  Switching frequency: 100kHz
= Input inductance Ly = 95uH, n;=6

*» Primary inductance Lm2= 700uH, na =, n=3.5
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The main components include:

= MOSFET: IPP60R099CP (650V, 31A)

=  Secondary diode D; and D2: MBR20200CT (200V, 20A)

» Storage capacitor Cs: 120uF / 450V

=  Controller IC: UC3844

The measurement tables (Table 4-3 and Table 4-4) represent the
recorded values and Figure 4-23 to Figure 4-27 are plots of some important
curves that was obtained from these tables. Figure 4-23 shows the efficiency
curve for the converter when operating from 110Vrms input at different
power levels. The peak recorded efficiency was around 83.5% close to half
rated power. Figure 4-24 shows the variation in the bus voltage at 110Vrms
input and different load conditions. Figure 4-25 shows the efficiency recorded
at different input voltages and at rated output power. Figure 4-26 shows the
bus voltage when the input voltage was changes, and it could be noted that
the voltage did not increase beyond 400V. Figure 4-27 shows the PF recorded
for different input voltages. The recorded PF will comply with the regulatory
requirements and ensure low harmonic contents. The input current waveform
1s shown in Figure 4-28 at 110Vrms input and rated output power. Since the
prototype didn’t include an input filter, the current waveform was not smooth
but we still can correlate the average value with the simulation results in

Figure 4-22. The output voltage in Figure 4-29 was AC coupled to investigate
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the double line frequency ripple presence in the output waveforms. As can be
seen when the converter is properly designed there is no double line
frequency ripple on the output waveforms. When the input voltage was
increased, the direct power transferred to the output during the flyback mode
will also increase. The result in Figure 4-30 shows how the double line
frequency contaminates the output voltage in this case. The converter can be
designed to avoid this scenario but the direct power transferred at lower

voltages will be reduced.

Table 4-3: Prototype Measurement Results for 110Vrms Input Voltage

Vbus
Vin(RMS) \) Vout(V) lo(A) Pin(W) Po(W)
110 178 21.65 0.75 20.5 16.2 79.2
110 177 21.64 1.14 30.3 24.7 81.4
110 177 21.63 1.53 40.3 33.1 82.1
110 176 21.62 1.94 50.7 41.9 82.7
110 175 21.6 2.41 62.5 52.1 83.3
110 172 21.6 2.7 69.8 58.3 83.6
110 171 21.59 3.07 79.4 66.3 83.5
110 170 21.57 3.55 91.9 76.6 83.3
110 164 21.55 4.23 110.1 91.2 82.8
110 157 21.52 5.19 135.8 111.7 82.2

Table 4-4: Prototype Measurement Results when the Input Voltage is
changed from 85-220Vrms

Vin(RMS)  Vbus(V) PF Vout(V) lo(A) Pin(W) Po(W) n (%)

85 112 94.2 20.4 4.92 126.4 100.368 | 79.40506
110 157 93.4 21.52 5.19 135.4 | 111.6888 | 82.48804
140 210 92.5 21.49 5.21 135.4 | 111.9629 | 82.69047
160 244 91.8 21.5 5.2 134.3 111.8 | 83.24646
180 275 91.2 21.5 5.18 134.1 111.37 | 83.04996
200 305 90.4 21.52 5.18 133.7 | 111.4736 | 83.37592
220 330 89.9 215 5.18 133.8 111.37 | 83.23617
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Figure 4-23 Measured Efficiency versus Output Power at 110Vrms
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Figure 4-24 Measured Bus Voltage versus Output Power at 110Vrms
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Figure 4-29 Measured output voltage (AC coupled) at rated power, 110Vrms
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Figure 4-30 Measured output voltage (AC coupled) at rated power, 180Vrms
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4.7 Summary

In this chapter, the Bi-flyback topology was re-analyzed and all the
design curves and the design procedures were presented. In the design
process, it was demonstrated that the peak direct power delivered to the
output should be controlled by design not to exceed the output power. If this
should occur, the output voltage will be contaminated with voltage ripple at
double line frequency. The design curves have quantified the trade-offs
between bus voltage, the percentage of direct energy transferred to the
output, semiconductor voltage / current stress, overall size of the magnetic
components, power factor, and total harmonic distortion. This provides the
designer a complete set of tools to develop optimal design points for any
application. On the other hand, the analysis revealed some limitations due to
the dependency between input voltage and various design parameters. For
the example, in the universal input application, the power factor and THD
will be at their worst at low line. The maximum bus voltage will occur at the
highest input voltage and critical load. The most important limitation is
related to the peak direct energy that supplied to the output. The design has
to accommodate worst case scenarios in both at the lowest line voltage and
highest line voltage. The peak power directly delivered to the output through
the flyback Mode will occur at the highest line voltage, while the peak direct
power in the boost Mode will occur at the lowest line voltage. Limiting the

peak power at both of these extremes will lead to lower direct power transfer.

122



While this limitation will not eliminate the suitability of the converter for
universal line application, it will only make it more attractive for applications
with narrower voltage range. The experimental efficiency measures near
84%, while keeping tight output voltage regulation, limited bus voltage, and

complying with PF and THD regulation limits.

As a future research topic, the converter should be analyzed when the
output stage is operating in DCM. An optimal design point might be when
the output stage is operating in CCM during a portion of the line cycle and in
DCM during the other portion. This operation mechanism might also

alleviate the issue of direct energy transfer variation with the input voltage.

Another interesting topic could be analyzing the converter operation
while considering the leakage inductor’s effect on the flyboost operation. The
presence of the leakage inductor will alter the operation of the input stage

and might affect the design of the converter.
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CHAPTER 5 AVERAGE MODELING AND AC ANALYSIS OF
PFC CONVERTERS

5.1 Introduction

Modeling and simulation play an important role in the design of power
electronic systems. The classic design approach begins with an overall
performance investigation of the system, under various conditions through
mathematical modeling. This step is usually followed by computer simulation
to verify the desired performance. Finally, prototyping should be carried out

with several iterations of fine-tuning the system parameters.

Unlike traditional DC-DC converters, variations in the line current,
voltage, and duty cycle cannot be ignored in the AC-DC PFC converters [43-
45]. The steady state operating point fluctuates significantly at double the
line frequency. In single-stage converters, the controller aims to keep a good
power factor while regulating the output voltage at the same time. The choice
of average modeling to study both the large and small signal characteristics
of the PFC converters should be considered, especially with its adaptability to
computer simulation. In PFC converters, simulation for multiple line cycles is
required to reach steady state. Average model simulation reduces the
simulation time considerably, eliminates convergence difficulties, all while

maintaining the ability to study the dynamics of the system.

The modeling of PFC converters has not been studied thoroughly. In

fact, many engineers and researchers adapted the popular averaging
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technique for the analysis of DC-DC converters to the modeling of AC-DC
systems. One of the most well known approaches is the state-space averaging
method. This method that can be applied to any PWM converter [46, 47].
While state-space averaging is a good systematic approach, it depends on a
long mathematical calculation and matrix manipulation. Recent
contributions were also reported to enhance the model characteristics in
Discontinuous Conduction Mode (DCM), and to extend the model to include

components parasitics [48, 49]

Since the development of the state-space averaging approach, the
concept of averaging has been explored extensively, and among the important
contributions was the three-terminal PWM switch, shown in Figure 5-1(a)
[60, 51]. Unlike state-space averaging, the PWM switch model solely follows a
circuit oriented approach. In this approach, only the non-linear components
are encapsulated by the three-terminal model and all other components are
left untouched. This sharp contrast with the state-space averaging method
made this topology independent model very popular. In addition, the PWM
switch approach improves the accuracy of the DCM dynamics in the high
frequency range. And finally, the model comes directly with a convenient
circuit form which makes it particularly suitable for use in circuit simulation

tools.

Another important contribution in the average modeling arena was the

Generic Switched Inductor model (GSIM) [562-54]. The GSIM, Figure 5-1(b),
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used well-defined mathematical equations to control Behavioral dependent
sources. The unified model was efficient in modeling all the basic converters
on the simulation platform, including the non-ideal parasitic resistance of the
source, MOSFET, and the output capacitance ESR. What makes the GSIM
stand out are its simple concept and the ability to switch between Continuous
Conduction Mode (CCM) and Discontinuous Conduction Mode (DCM) in a
seamless fashion, unlike the PWM switch model where the model is defined
for CCM or DCM operation separately. This advantage overcomes the severe
limitation other models experience during time domain simulation at wide

load changes or during the simulation startup transient.

a c a PN
oﬂo—o [ \—>/ ®C
di.
I dv,,
4
Y4

Figure 5-1 Switch Models (a) PWM Switch, (b) GSIM
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The three-terminal networks mentioned encapsulate the switching
elements and help in the investigation and rapid prototyping of the DC-DC
converters. Other methods have also been reported in literature to aid in the
simulation process [55, 56]. However, these models, while extremely useful,
have a prerequisite for their use - the three-terminal network must be
identified in the circuit. In the example of the single-stage PFC converters,
such as the bi-flyback converter in Figure 5-2 [29, 57], there is usually more
than one passive switch and it is usually separated from the active switch by
the High Frequency (HF) transformer. As a result, in this example, the three-
terminal cell is hard to conceptualize, especially if the leakage inductance is
considered. As such, various assumptions and approximations are generally

used to get past this difficulty, often sacrificing accuracy in the process.

In this situation, the conventional approach of finding such a switch or
equivalent switch needs to be modified and a more generalized PWM switch
should be investigated. Previous attempts to model single-stage PFC
converters was limited to topology specific models [58-63]. This is due to the
limitation of the existing general average models and their ability to

accommodate a complex structure.
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Figure 5-2 The Bi-flyback PFC Converter

This chapter presents a more generalized five-terminal switching
network model that is capable of modeling DC-DC, AC-DC, and the more
complex single-stage PFC converters. Since the flyback structure can be often
found in PFC converters either as the front-end PFC or the output stage, the
proposed model shown in Figure 5-3 encapsulates the flyback transformer,
taking in account the leakage inductance, an intermediate bus input, and can
address both CCM and DCM operation. It will be shown that the derived
model can be easily implemented in a PSPICE subcircuit to facilitate steady-
state and transient analysis and yield fast simulation with high accuracy. In
addition, the model will help investigate the dynamic response of the system.
The introduced model is general and can be easily used to model many
converters. Further, this model is the first model that takes the leakage
inductance effects in consideration, which is particularly important when the
leakage inductance plays a role in the topology operation. Previous results
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have highlighted the significant impact of the leakage inductance on the

basic flyback converter operation in both the time and frequency domains

[64].
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Figure 5-3 The Proposed Five-terminal Switched Transformer Model
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5.2 The Switched Transformer Model (STM) Principle of Operation

The basic principle in developing all average models is that the average
inductor current can be generated from the average voltage across the
inductor during a switching period, or simply the differential equation for the
inductor current and voltage relation can be rewritten in terms of average

values as in eq. (1).

di(?)
L ;’(t) =v, (1) (5.1)

Assuming the average voltage across the inductor will not change
significantly during the switching cycle and the switching period is much

smaller than the basic time constant of the converter system.

To derive the average voltage for the inductor we should consider the
various possibilities of the inductor current waveforms. For the basic non-
isolated topologies operating in CCM, the average voltage can be described as
a function of the voltage across the terminals and the time the switch stays
ON or OFF. For the boost converter, as an example, the average voltage can

be expressed by,

EL = I/inDon + (V:n - I/out)Doﬁ’ (52)
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In the proposed model, the voltage equation is more elaborate due to
presence of two inductors, Lm and Lk These inductors describe the
magnetizing and leakage inductances respectively. In addition, it has more
than the simple CCM or DCM operation, where ideally there are four
combinations when each inductor operates in either CCM or DCM. For
generality, the model will also consider the case when the magnetizing
inductor does not discharge to the output, but will instead act as a boost
inductor in series with the leakage inductance and discharge to the bus. This
case can happen often during start up, heavy bus load, or due to a special
PFC operation mechanism we will see in the following sections. The
development will refer to the case where the magnetizing inductance
discharges to the output as the Flyback Mode, and the Boost Mode when it

discharges to the bus as shown in Figure 5-4.
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Figure 5-4 Flyback versus Boost Operation

After deriving the inductors voltage equations the model will generate
the average inductor current using basic circuit operators as shown in Figure
5-3. Then, the average terminal currents will be derived from mathematical
relations between the average inductor current, the transformer turns ratio,

and the duty cycle.

The last step in developing the average model is modeling the duty cycle
using algebraic behavioral equations. As mentioned in the introduction, the
model should automatically switch between various CCM and DCM

operational combinations depending on the converter parameters and
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terminal voltages. In order to address these complex Modes of operation, the

proposed model will define several time periods as depicted in Figure 5-5.
DonTs: Time duration where the main switch is conducting
DosfTs: Magnetizing inductor discharge time.
Di.Ts: Leakage inductor discharge time.

DouiTs: Time duration between the turn on of the main switch and the

moment the leakage and magnetizing inductor currents are equal.

N \/
tL
ik / /
tL
D T D, T,
< on's e M5y Doﬂ]-; T
4_><_l)0l/ll‘]-;’ < >

Figure 5-5 Time Duration Definition of the Proposed Model

5.3 The Switched Transformer Model (STM) Operation Modes

In this section, the operating Modes of the proposed model are discussed

in detail. The main objective when creating a good average model is to

133



accurately 1identify all the possible combination of Modes with their
associated charging and discharging voltages for the leakage and
magnetizing inductors. This is done in order to derive the generalized
equations. For simplification, the operating Mode is defined by the current
conduction Mode of the magnetizing inductor followed by the leakage
inductor of the switched transformer model. For example, flyback CCM+DCM
means that the transformer operates like a flyback transformer, with
magnetizing inductor operating under CCM and leakage inductor operating
under DCM, while boost DCM+DCM means that the transformer’s leakage
and magnetizing inductors operate as a simple boost inductor and both are in
DCM. All the waveforms associated with the Modes of operation are shown in

Figure 5-6.

1) Flyback DCM-DCM: At light load, the flyback transformer
magnetizing and leakage inductors currents are discontinuous. For this case,

we can identify four operational intervals as follows:

Interval 1 (to ~ t1): S is turned on at .. The input voltage, Vi, is applied

to primary winding of the flyback transformer, which includes the
magnetizing inductor L and the leakage inductor L. The input voltage
across each inductor is voltage divided according to the inductance value. The
current in both inductors is identical since both inductors operate in DCM

with the same charging slope.
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Interval 2 (t1 ~ t9): S is turned off at #;. The magnetizing inductor

discharges to output through the transformer secondary winding, while the
leakage inductor discharges through the Vius terminal. At t2 the leakage

inductor current reaches zero and D¢ disconnects.

Interval 3 (t2 ~ t3): The magnetizing inductor continues to discharge to

the output until its current reaches zero at ¢s.

Interval 4 (ts ~Ts): During this interval, there is no current following in

the model. The main switch S is turned on again at 7T's, and a new switching

cycle begins.

2) Flyback CCM+DCM: When the load increases, the current through
the magnetizing inductor becomes continuous, while the current through the
leakage inductance, Lz, is still discontinuous because of the difference in
inductance value. As shown in Figure 5-6(b), the leakage inductor will cause
some delay for the current transition between transformer primary and

secondary windings.

Interval 1 (t, ~ t1): S is turned on at t.. The input voltage Vin is applied

across the magnetizing and leakage inductors, L» and Lr. The current im
continues to discharge with initial current, Ime, while ix will start charging
from zero. The difference between the magnetizing and leakage currents
reflects to the secondary of the flyback transformer. At ¢;, the leakage and

magnetizing currents become equal.
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Interval 2 (t;1 ~ ts): At t1, Vin will charge L» and Lx according to their

inductance values. The charging will end when the S is turned off at 2.

Interval 3 (t2 ~ ts3): im and ir will discharge to the output and bus

terminals respectively. At ts, ir will reach zero and Dg will disconnect.

Interval 4 (ts ~Ts): As in flyback DCM+DCM.

3) Flyback CCM-CCM: During start-up or at high load on the bus
terminal, the non-ideal flyback converter may enter a condition at which both
the leakage and the magnetizing inductors operate in CCM. As shown in

Figure 5-6(c), there are three operation intervals in this Mode,

Interval 1 (t, ~ t1): S is turned on at t,. The input voltage Vin is applied

across Lm and Lk. while in and ir will start with initial currents Im2 and Irs
respectively, the current in magnetizing inductor is higher and until ¢, a

current-transition interval exists until both currents are equal.

Interval 2 (t1 ~ t2): As in flyback CCM+DCM

Interval 3 (t2 ~ Ts): At tz2, the main switch is turned off. The magnetizing

inductor is discharged to the output through the transformer secondary
winding, while the leakage inductor is discharging through Vius. At Ts

another switching cycle starts.

4) Boost DCM-DCM: During start-up, heavy load on the bus terminal, or

for PFC application, the non-ideal flyback converter may operate like a boost
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converter without any current transferred to secondary output. This Mode is

self explanatory from its waveforms in Figure 5-6(d).

5) Boost CCM-CCM: Under this Mode, the transformer primary winding
operates like a typical CCM boost inductor. This Mode is also self explanatory

from the waveforms in Figure 5-6(e).
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Figure 5-6 Primary and Secondary Current Waveforms in the Flyback and
Boost Modes

5.4 Unified Model Equations

By careful inspection of the waveforms discussed in the previous section,
it was determined that it was possible to merge all the operational Modes
together under a unified model. The basic method for constructing this

average model is to find the average voltage applied to each inductor, and the
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average current through each terminal. The known parameters in the model
include the inductors values, the terminal voltages, the duty cycle Don, and
the switching frequency. Based on these parameters, all the variables for the

model will be derived in a general form in this section.

The unified model equations in this section represent a set of equations
that can be solved numerically inside a simulator that provides this

capability, such as PSPICE, or even general mathematical software like

MathCAD.

A. The Average Inductors Voltage Equations

Based on the waveforms in Figure 5-6, the charging voltage for both the
magnetizing and leakage inductances is simply a voltage division of the input
voltage across Lm and Lkr. However, unlike the charging voltage, the
discharging voltage is different between the flyback and boost Modes. In
order to identify the general relationship, we have to consider the voltage
across D; in Figure 5-3. D; will stay on if:

Vv <—=2—(V, =V
n 0<L +L ( bus zn) (53)

m k

If this inequality is true then the model operates in the flyback Mode
and hence L» will discharge by nV,, otherwise the model is operating in the
boost Mode. Based on this observation, the following equations represent the

unified discharge voltages for the inductors:
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L
V, =min m V., =V ),nV 5.4
Im (Lm +Lk ( bus m) oj ( )

L
V;k = maXEL ‘ (I/hm _Vin)’l/bus _I/in _nr/oj (55)

Hence, the average voltage can be obtained by the following equations:

£, = A = +Vi '(Doff + Douz) (5.6)
L +L, :

m

LvV.\D, —D
Ey = E “ ) b, (V) D 6

Egs. (5.6) and (5.7) are valid representations of the average voltage across the
Ln and L in all Modes. While Dout is not present in some Modes its value is

equal to zero and the equations are still valid.

B. Time Intervals and duty-ratios Calculation

In the above voltage equations Do, Dieak, and Dow: need to be identified
and modeled in general equations that are valid for all the waveforms in

Figure 5-6 and a function of the control input, Don.

If the magnetizing current operates in CCM, Dof will be I-Don. In DCM,

the discharge time can be derived using the peak and average inductor
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current values. The generalized equation can be described by the following

equation,
= min - ’— - on .
A G N oy
using the same methodology, the Diear generalized equation is,
21, -1
Dleak = min(l_DON’%-’-Dout _Dcm] (59)
ml

The current transition period occurs in the flyback CCM-DCM and CCM-

CCM, can be calculated from as follows,

D, = (5.10)

We can notice that Dou: 1s equal to zero if Im2=Ir3, and hence Eq. (5.10) is valid

for all Modes in Figure 5-6.
C. Minimum and Maximum Currents values

The duty ratio equations described above require some peak and
minimum inductor currents equations. The following equations were derived

in a general form,
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] + I/in (Dnn — D )T;

Lm out

- (5.11)
D, +D, 2(L,+L,)
I,  Vu(D,=D,T
[ tmZaBn T DT, (5.12)
Dﬂn + Dqtf 2(Lm + Lk)
2/ -I.D -1 (D —-D +D
IH _ Lk m2 on ml( on out l""k) (513)

D +D

leak out

D. Average Current Equations

To finalize the generalized model equations, the average input and

output current quantities can be derived from the inductors average currents

as follows,
I,=1, (5.14)
I =n(I, 1)) (5.15)

Finally, the average bus current can be derived from the leakage

inductor current waveform as:

I_ — (1 + 1k3 )D/eak

. = 5 (5.16)

E. Average Model Implementation

145



The derived equations (5.4) to (5.16) can be directly implemented using

the ABM function blocks in PSPICE, as shown in Figure 5-7(a). This circuit
can be masked under a simple subcircuit block as shown in Figure 5-7(b) that

can be used to model many topologies as will be demonstrated in the

upcoming sections.

Lm1 Lk1 -n*(I(VLM)-I(VLK))
<> out
EXP1 = V(in)*Lk*(V(Don)-V(Pout))/ c[
EXP1 = V(in)*Lm*(V(Don)-V(Dout)m EXP2 = (Lm+Lk)
EXP2 = (Lm+Lk)- (Lm} EXP3 = +(V(in)+n*V(out))*V(Doutk
EXP3 = V(Vm1)*(V(Doff)+V(D3ut) ) EXP4 = - V(Vk1)*V(Dleak) {Lk} =
EXP4 = 0
)
G]”—'||| * Lm%, Lm2 Qll_'| | * kR Lk2
XLM RLm VLk ll?uLk -0.5*(\V(Ik1)+V(Ik3) )*V(Dleak)
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ETABLE ETABLE :I_
. Doff1 i IN+OU Doff TO
. N- O - . N- O -
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0  TABLE = (0,0) (1,1) 0 TABLE=(0,0)(1,1) I(VLK)
{—O N
ETABLE ETABLE :I_
. INTOU Dleak1 - INTOU Dout L
. N- O - . N- O - '0

= (2*1(VLK)-V(Im2)*V(Don))M(Im1)+V(Dout) — Min(V(Don), (V(Im2)-V(Ik3))*(Lk*Fs)/(V(in)*n*V(out)) )
0 TABLE=(0,0)(1,1) 0  TABLE = (0,0) (1,1)

0.999
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U _Dleak ok J <>b
FL O FN o 0
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L e o [ ]

. N- O -

0
I(VLM)/(V(Don)+V(Doff))+0.5*V(in)*(V(Don)-V(Dout))/((Lm+LK)*ES)
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(a) Average Model Equations
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(b) Sub-circuit Block Model
Figure 5-7 Average Model implementation in Pspice

5.5 Average Modeling Applied to the Bi-Flyback Converter

The Bi-flyback single-stage PFC converter consists of two flyback
transformers, as shown in Figure 5-2. In this topology, the input flyback
transformer, 77, has a special boost operation period depending on the
instantaneous value of the input line voltage as shown in Figure 5-8. In the
flyback Mode, the two circuits operate independently while in the boost Mode
all the current from the PFC cell flows through the primary winding of the

DC-DC cell transformer and then to the output.
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Figure 5-8 Operational Modes of the Bi-flyback Converter during One Line
Period

After a careful study of the Bi-flyback converter operation, the STM was
used to model the PFC cell because of the important role of the leakage
inductance during the transition between the flyback and the boost Modes.
The DC-DC cell was modeled using a DC-transformer model. This way, the
operation of the two flyback circuits is separated, and the average model of
the Bi-flyback converter can be developed easily from the basic models. The
final average model is shown in Figure 5-9(b), where an ideal transformer,
T1, 1s used to connect the two cells in a manner that mimics the actual circuit

operation.
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Figure 5-9 The Bi-flyback PFC Converter Switching and Average Simulation
Models
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A. Time-Domain Operation

Both the switching and average models of Bi-flyback PFC converter
were used to perform a time domain analysis and the simulation results were
compared. The average model simulation discards the high frequency effects
during the individual switching cycles, allowing fast simulation for the
model. As a result, the simulation for several line cycles is possible within a
short amount of time. For comparison purposes, the Avgx function was used
to obtain the average waveforms from switching model. From the simulation
results in Figure 5-10, it is clear that the switching and the average models
correspond very well to each other. In addition, the switching simulation took
additional simulation time and many convergence problems in PSPICE
needed to be addressed due to switching nature. This can highlight the

benefits of the proposed average model as a viable simulation tool.
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0 12ms 14ms 16ms 18ms 20ms 22ms 24ms 26ms 28ms  30ms
I(D1) Time

(a)Switching Model Simulation Results
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Figure 5-10 The Bi-flyback PFC Converter Simulation Results
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B. AC operation

The model of Figure 5-9(b) was used in the AC analysis except the
sinusoidal input voltage source was replaced by a DC voltage source to
represent the instantaneous input voltage at a specified simulation time. The
simulation model was also adjusted to match the experimental circuit in the
following section (output capacitor value, leakage and magnetizing
inductance, and output load). The frequency response was simulated at
different input voltages (90V to 170V with 10V increments). The control to
output transfer function is shown in Figure 5-11. As shown in the results, the
gain of the transfer function was changed at different intervals during one
line cycle. The maximum gain happens when the input voltage reaches its
peak value. The variation as a function of input will be considered during

compensator design.
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Figure 5-11 Control to Output (Vo/d) Frequency Response Simulation Results
Bi-Flyback by Average Model

5.6 Experimental Results

To verify the modeling results, a prototype of the biflyback converter in
Figure 5-10 was tested and its frequency response was measured using
Venable frequency analyzer. For completeness, Table 5-1 outlines the
converter specifications, efficiency, and the PF. The experimental results in
Figure 5-12 represent the control to output voltage transfer function (V./d).
There 1s great agreement in the shape between the experimental and

simulation results in Figure 5-11.
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Table 5-1 Converter Specification and Performance

Input Voltage Universal (85-265Vac,rms)

Output voltage 20V

Output Power 9w

Switching 100kHz

Frequency

Measured 83% @ 90W and 110Vacrms

Efficiency input

Measured PF 97.5% @ 90W and 110Vac,rms
input

To illustrate the measurement procedure, Figure 5-13 outlines the
measurement setup. The frequency analyzer oscillator (OSC) was connected
directly to the DSP Analog to Digital Converter (ADC), and an appropriate
DC level from the OSC output was used to setup the needed DC operating
point. The DSP was configured to convert the ADC reading linearly to a
corresponding duty cycle on the DSP PWM output that was connected to
driver and then directly to the main switch. The converter DC operating
point was perturbed by the analyzer OSC and the output voltage was
modulated accordingly. Before the final measurements were done, the DSP
frequency response was measured and the final measurements were adjusted
to compensate for the DSP gain. It is to be noted that the results in Figure
5-12 are obtained using an open loop frequency measurement to eliminate
any potential mismatch in the compensation network that might result from

using the DSP. During the experiment, parasitic elements and noise in the
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developed prototype caused many difficulties in measuring the response at
rated power. Hence, the load was changed from 5 to 10 ohms in order to
attain presentable results. The graph in Figure 5-12 consists mainly of a first
order pole and a left half-plane zero. In addition, a high frequency delay is
present, due to unknown parasitics and sampling effects. It was also noticed
that the pole position depends on the load and the output capacitance, while

the zero depends on the output capacitance and ESR value.
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Gain

-40

1 Frequency 50 k

45

Phase

135
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Figure 5-12 Experimental Control to Output Voltage (Vo/d) Frequency
Response measured for the Bi-flyback PFC converter

155



Converter
ﬁ Main
ISwitch

@Path =

=) PWM ADC ?\J‘ £ l o

OSC CH1 CH2
DSP J7 Frequency Analyzer

Vo L

RLoad

Figure 5-13 Frequency Response Measurement Setup

5.7 Summary

In this chapter, a five-terminal switched inductor model was proposed
and its generalized equations were derived. The proposed model is capable of
modeling the single-stage PFC converters with more accuracy since it
includes more terminals to accommodate its complex structure. In addition,
the model also takes in consideration the leakage inductance of the
transformer for more accurate time and frequency domain analysis. The
proposed model was applied to the Bi-flyback converter and its time domain
waveforms match the switched simulation results with great accuracy and
were more than fifty times faster to create. Small-signal analysis forms the
basis for effective control loop design; the proposed model enables easy
frequency response analysis for the single-stage PFC converters, an area that
has been overlooked in the past. The developed frequency response analyses
show good agreement with the experimental results. The mechanism
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presented in this chapter enables rapid simulation, supports AC small signal
analysis directly, and most importantly, produces a comprehensive
investigation of a converter topology that cannot be modeled by existing

approaches.
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CHAPTER 6 ANALYSIS, DESIGN, AND OPTIMIZATION OF
THE CENTER-TAPPED FLYBACK CONVERTER

6.1 Introduction

This chapter presents a new topology to be analyzed based on direct
energy transfer concept. The bi-flyback converter was able to deliver energy
directly to the output during the flyback Mode and the boost Mode, but at the
same time input power factor will degrade when more energy is delivered to
the output directly. Also the converter was not able to deliver maximum
power evenly during universal line input voltage, which will result in less
than optimal efficiency results. This chapter focuses on another topology that
can alleviate these issue and promises good results for universal line input

voltage applications.

6.2 Principle of Operation

In this section, the principle of operation of the center-tapped flyback
converter will be examined. As shown in Figure 6-1, the converter consists of
a BIFRED flyback converter that was modified by adding an additional
winding to the main transformer in series with the main switch. This
modification will serve many purposes. First, it will allow the input inductor
changing current to be stored in the additional winding and then to be
transferred directly to the output. Second, by changing the turns ratio, ni:ng ,
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the current can be steered away from the main switching to the other branch
of the flyback inductor, this will reduce the current stress and improve the
converter efficiency. In addition, the added winding will introduce a bus
voltage feedback mechanism that will automatically limit the voltage on the
bus capacitor, Cs. On the other hand, the new circuit has added complexity
due the introduced winding. This new design dimension has to be analyzed

and a proper design procedure has to be developed to maximize the

utilization of the new topology.
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(a) Derivation and Concept Illustration
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(b) Rearranged for Clarity
Figure 6-1 The Center-Tapped Flyback Topology

The input line voltage dictates the operation of the topology and whether
the input inductor will be engaged in the operation or not. This mechanism
can be understood by considering the voltage across the input diode Di» when
the main switch S turns on. If the voltage across the diode is greater than
zero, the diode will conduct and the boost inductor will charge through the
tapped flyback transformer to the magnetizing inductor, and then discharges
to the output directly. Otherwise, the diode will block the current flow and
the converter will simply operate like a typical flyback converter supplying
all the output power from the stored energy in the bus capacitor. The Mode
the input inductor is not engaged will be called Mode 1, because it happens
first during the line cycle. Later on the input inductor will be utilized during

Mode 2. The conditions that govern this operation are given as,
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|vin(t) | <(n1/Np)Ves (Mode 1) (6.1)

|vin(t) | > (n1/Np)Ves (Mode 2) (6.2)

Considering the converter operation during a line cycle, the converter
will change the Mode of operation according to equations (6.1) and (6.2), this
is further illustrated in Figure 6-2. Due to the nature of the operation, the
conduction angle of the converter is limited unlike the bi-flyback converter
described in previous chapters. This can impact the power factor of the
converter if not properly designed. The boundary Mode condition happens at

tx, which can is given by,

ny V
t =iasin L& (6.3)
ow N ¥V

p 'p

Vcs(nl/Np) I

Ty

f 0.5T-t, 0.5T 0.5T+t, T,

Figure 6-2 Modes of Operation during a Line Cycle
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In the following subsections the converter operation will be analyzed
based on its Modes of operation. The following assumptions will be considered

during the analysis,

e Linis assumed to be operating in DCM to achieve automatic PFC

e Lnis assumed to be operating in CCM to reduce the peak current in the

DC-DC converter

e Ideal components without parasitic parameters such as leakage
inductance of the transformer, on resistance of the switching devices,

etc.
e The input voltage will be considered constant during a switching cycle

e (Constant output voltage through tight regulation

6.2.1 Mode 1 Operation

During Mode 1, the input diode, Din, will be off and the converter will
operate like a typical flyback converter charging the magnetizing inductance
of the transformer, Lm, from the bus capacitor and then discharging its
energy to the output. The DC-DC converter will deliver the needed power
from the storage capacitor to the output to keep tight output regulation.
During this Mode, there are two time intervals that characterize the
converter operation, as shown in Figure 6-3. The associated waveforms for

these intervals are shown in Figure 6-4.
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Figure 6-3 Equivalent Circuits for the Three Intervals during Mode 1
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Figure 6-4 Key Waveforms during Mode 1 Operation

Interval 1 (to-ti):

The switch is turned on at f0. The magnetizing inductor current, iLm, 18
charging linearly from the bus voltage, while the same current flows through
primary windings. The following expressions are obtained for the main

waveforms,
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v
i (D) = %(r —to) + ipplTy) (6.4)

m

Ip1 = iLin=1p2 = ip=_ (6.5)

Interval 2 (t1-T5):

The switch turns off at ¢; causing the magnetizing inductor current, iLm,
to discharge though the primary winding to the output through D. The

following expressions are obtained for the main waveforms during this

interval,
-N Vo
Lm0 = (c=17) + izads) (6.6)
m
ipo(0) = ip () = iy (1) (6.7)
—N VO
igm2(t) = ipy = = (f - 11) + iLmz(f1.> (6.8)
m2

where Np=ni+ns.

6.2.2 Mode 2 Operation

When >tx, Din starts to conduct when the switch turns on and the
converter enters operation Mode 2. The main difference between the two

Modes is the engagement of the input boost inductor in the operation. During
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this Mode, the bus capacitor energy should be recovered to maintain steady
state operation. In addition, the input power will be directly transferred to
the output in this Mode. The amount of the direct energy transferred to the
output will ramp up with the input voltage and then be capped at the output

power level.
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(a) Interval 1 (to-t1)
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Figure 6-5 Equivalent Circuits for the Three Intervals during Mode 2
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Figure 6-6 Key Waveforms during Mode 2 Operation

Interval 1 (to-t1):

The switch is turned on at f0. The magnetizing inductor current, iLm, 18
charging linearly from the bus capacitor voltage as in interval 1 in Mode 1.
However, iLin 1s also charging from the input rectified voltage in Mode 2. The
input current will be divided between the primary windings according to
their turns-ratio. The input current will offset the charging current from the
bus capacitor. Further, at higher input voltages the input current will also
charge the bus capacitor. The equations that describe the main current

waveforms are similar to the interval 1 equations in Mode 1.
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v,

CS
i (D) = L—(t —to) + ipplTy) (6.10)
m
n
Ve~ N, Ves (6.11)
0= ——2— (11,
mn
iLin(t) nj
i) = —— (6.12)
p Np
iLin(t) n
i ()= ——= (6.13)
p Np
io(1) = i (0 ~ () (6.14)

where Vg is the instantaneous input voltage, which is assumed to be constant

during the switching interval.

Interval 2 (ti-t2):

The switch turns off at ¢;. Unlike in Mode 1, the input current is already
charged through the input diode, Din. This will force the boost inductor
current, iLin, to discharge through the second primary winding, ne. At the
same time, this current will be reflected directly to the output without having
to be processed through the main switch. The input inductor discharging
current will also flow to charge the bus capacitor. The magnetizing inductor
current will discharge from the reflected output voltage. This interval ends
when the input inductor current discharges to zero. The following expressions

are obtained for the main waveforms during this interval,
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-V, N

le(l) = p(l—t]) + le<D TS) (6'15)
m
Vo=Veg—ny v,
if (0 = =2 ; 2(e-1) + (D T) (6.16)
mn
i1 () = =ip (D) (6.17)
2 (1) = (D) + i (D) (6.18)
iDZ(t) = io(t) = nZ'ipZ(t) (619)
ics(D) = ipin(0) (6.20)

Interval 3 (t2-Ts):

The operation of the converter in interval 3 is similar to interval 2 of the

Mode 1 operation.

6.3 Steady State Analysis

This section will address the steady state operation of the center-tapped
flyback converter over the input line cycle. While the analysis in the previous
section shed some light on the converter operation in steady state, this
analysis was based on the switching interval. Since the converter will be
operating from a varying input voltage, the analysis will be expanded here to
uncover the important relations and equations that govern the converter
operation during the line cycle. For example, one of the most important

parameters for the circuit design is the bus voltage across the storage
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capacitor, Cs. In order to derive the Vs equation, the energy balance equation

should be derived across the line cycle.

During the following analysis, the following assumptions will be made:

Ideal components, without parasitic parameters such as leakage
inductance of the transformer, on resistance of the switching devices,

etc.
e The input voltage will be considered constant during a switching cycle
e The switching frequency in much higher than the line frequency
e The DC bus voltage is constant during the entire line cycle.
e Constant output voltage through tight regulation

e Due to the symmetry of the power waveforms, the energy calculations

will be performed on quarter line cycle for simplification

6.3.1 Duty Cycle

When operating in CCM, the duty cycle of the switch will remain
constant during a line cycle, when tight output regulation and constant bus

voltage is assumed. The duty cycle equation is given by,

NV
D=——Pc
V. +N,V (6.21)
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6.3.2 Intermediate Bus Voltage

In steady state, the energy discharged from the capacitor during a line
cycle in Mode 1 should equal the energy that was used to charge the capacitor

in the Mode 2, the expression for capacitor charge balance is,

Ml _ M2
WCs_discharge - WCs_charge (6-22)

During Mode 1, it is easy to calculate the energy supplied by the storage
capacitor by considering the average charging current in the magnetizing
inductor. The energy discharged from the bus capacitor can be calculated by
integrating the average power during a switching cycle over the time of Mode

1.

V.lD ¢t
M1 . — Cs” o x dt
Cs_discharge Np (1 _ D) I (623)

0

In Mode 2, the charging energy to the storage capacitor can be
calculated based on the average capacitor current according to the Mode 2

analysis as follows,

M2 4| | n | . .
WCs_charge e L lLin_avg_charge N + lLin_avg_discharge o le_avg_charge dt (6'24)
’ p
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based on Egs. (6.23) and (6.24), Eq. (6.22) can be rewritten as,

T
—

D2 Ts ny ny
Vp sin(w ) —— Vg | — - dt
2L, Np N,

p

2 V, sin(w t) = — Vg
DT | P N,

- +
2L, VegtnyV, —Vpszn(wt) Np(l—D)
-1, D

+—
N, (1-D)

6.3.3 DCM Condition for the Input boost inductor

(6.25)

In order to achieve high power factor, the PFC inductor, Lin, should

operate in DCM during the entire line cycle. The worst case scenario happens

when the input voltage is at its peak value, or at t=T/4 as shown in Figure

6-7. At the time the current in the boost inductor is the highest, the inductor

1s guaranteed to stay in DCM if the DCM condition was satisfied at that time.

The main condition for DCM operation during that switching cycle is,

t,—t,<(1-D)T.
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Figure 6-7 Average Input Current during Line Cycle

At t=T/4, the converter will be operating in the Mode 2. By applying the
equations for that interval, Figure 6-6, and substituting vin=V), Eq. (6.26) can
be rewritten as,

V,-— V¢
PN, ) (6.27)

VCS+n2V_V D

6.3.4 CCM Condition for the DC-DC Cell

According to Mode 2 operation, the minimum load on the DC-DC
converter will happen at t=7/4, when the input inductor providing the
maximum direct output current as shown in Figure 6-8. In order to guarantee
CCM for the DC-DC cell, it should be operating in CCM at that time instant.

The necessary CCM condition can be found from Figure 6-6 as,

DIpm

5 (6.28)

I Lm_avg (T; / 4) 2
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Figure 6-8 Average Flyback Magnetizing Current during Line Cycle

Expanding Eq. (6.28) in terms of the circuit parameters will yield the

following equation for the critical inductance,

2
[ 7
p s
P s Np (6.29)
o
I ~ 2Lll’l VCS+n2V —Vp
m_crit (1-D) Np

6.4 Design Equations and Methodology

The main design parameters for the single-stage, center-tapped flyback
circuit are: ni, ne2, Lin, and Lmn. From the previous sections, the main
equations that can be used in the design are Egs. (6.3), (6.21), (6.25), (6.27),
and (6.29), for the transition time, tx, duty ratio, D, bus voltage, Vcs, and the
critical inductance for Li» and L respectively. In order to properly design the
converter, the interaction and dependency between these variables will lead
to a multi-dimensional design process that needs further investigation to

highlight the trade-offs.
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6.4.1 Main Equations and Design Curves

Unlike the bi-flyback topology in CHAPTER 4, the center-tapped flyback
topology does not suffer from the potential problem of delivering high peak
power to the output. In this topology, there is no separate direct energy
transfer path from the input to the output, and all power has to be processed
through the coupled flyback inductor. As such, there is direct feedback for
any excess energy through the voltage of the bus capacitor. This will limit the
direct energy transferred naturally, and there is no need for design

mitigation.

In order to understand the design trade-offs, the following analysis will
be carried out to create a comprehensive set of design curves for the converter
under different conditions. A numerical solve block will be created to solve for
Vs, D, tx, and Lin for a given value of N, and IV, where N is the ratio between

nz and ni, as shown in Figure 6-9.
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Figure 6-9 MathCAD Solve Block

The solve block was used to generalize a set of design curves for the
following circuit parameters: Vinms=110V, F=60Hz, V,=20V, P,=70W,
Fs=100kHz. The variations include different primary to secondary turns
ratio, Np, and different primary winding turns ratio, N. Increasing N will
result in more current redirected to the second primary winding, which will
result in less current passing through the switch and more direct energy to
the output The solve block will select the critical inductance for Lin. This will
be further developed later on in this section since it reflects a maximum
value. According to the results, the storage capacitor voltage is always
constant and equal to the peak input voltage, 155.54V in this case. The bus
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voltage will start to slightly increase when the input inductance starts

decreasing.

In the following discussion, the various design curves and trade-offs will
be discussed. Primarily related to THD, PFC, direct energy transfer, size,

MOSFET losses, and devices stress.

A. Total Harmonic distortion and Power Factor

One of the most important design trade-offs is the THD and PF values.
The input current equation can be found from the steady -state analysis, then
the THD and PF values can be obtained using Fourier analysis as outlined in

the following Egs. (6.30) to (6.36),

T
1
lms= |7 J im(t)2 di (6.30)
0
2 (T
ay= ; i1,(2) cos(w 1) di (6.31)
70
2 (T
by=" | i sin(w i) d (6.32)
70
C1= ’012+b12 (633)
¢
]rms] = E (6.34)
; 2
THD; = ( e ] —1 (6.35)
rms1
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PF = Irmsl

(6.36)

rms

In order to meet the regulatory requirement, such as IEC 100-3-2 Class
D, 45% THD and 0.9 PF are usually required. For this purpose, the THD and
the PF curves were plotted in Figure 6-10 and Figure 6-11 respectively. As
expected, the input current distortion decreases when INp or n increases. This
1s due to the boundary mode condition in (6.1). As the threshold voltage gets
lower, the conduction angle will increase, which will increase PFC and reduce
THD. It can be concluded from the graphs that N, of 2 and n of 3 or higher

will be needed to satisfy the THD and PFC conditions.

0.8
07 N
o ——n=1
£
—l—n=2
n=3
—>—=n=4

Np

Figure 6-10 THD versus N, for Different N Values
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Figure 6-11 PF versus N, for Different n Values

B. Direct Energy Transfer

The direct energy transfer from the input to the output is one of the
primary features of this converter. To quantify the amount of direct energy or
power transferred to the output, the power delivered by the bus capacitor can
be calculated in both Modes 1 and 2. Then, the total direct power transferred
to the output can be found by subtracting output power from the power

delivered from the bus, Eq. (6.37), the results are shown in Figure 6-12.

P in_Direct (=P, -P Cs_Direct @ (6.37)
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Figure 6-12 Direct Energy Transferred to the Output over Half Line Cycle

By integrating the direct input power transferred to the output over a
half line cycle, the graph in Figure 6-13 shows how the direct power
transferred varies with turn ratios. Unlike the bi-flyback topology, improving
the PF and THD coincides with increasing the direct power. According to
Figure 6-13, the direct power transfer can reach 60% compared to 50% in the
bi-flyback topology. There are some practical limitations on this number as

will be shown in the following sections.
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Figure 6-13 Direct Energy Transferred to the Output versus N, for Different
n Values

C. Main Switch RMS Current

While it is desirable maximize the average power transferred directly to
the output, the main drive for this topology is to reduce the losses and
current stress on the switch. For this reason, the average RMS switch current
during a switching cycle was derived and averaged over a line cycle. From
there the conduction power results are plotted in Figure 6-14. By observation,
1t 1s desirable to increase turns ratios to reduce the switch conduction losses,
but actually the relation is not linear. Increasing the primary turns ratio
from 1 to 4 will have a significant impact, but any further increase will have
the opposite effect. Increasing n beyond 2 to 3 will have almost no difference

in switch conduction losses.
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Figure 6-14 Main Switch Conduction Losses versus N, for Different n Values

D. Magnetic Component Size

An important part of the design is to study the trade-offs in component
sizing. In order to understand how the transformers and the input inductor
size will be affected by the selection of N, and n values, these relationships
were plotted in Figure 6-15-Figure 6-17, for Lin, and Ln respectively. In the
figures we can see that enhancing the THD, PF and improving direct power
transfer and switch losses will come with the ultimate price of increasing the
size of the magnetic components, especially Ln where size rises sharply after

increasing the turns-ratio above a certain level.
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6.4.2 Stress Equations
Stress equations are important for the sizing of the semiconductor

components. The peak vaules ILm_mar and ILin_pr will be used for this pupose,

nj
Vin =~ Ve (6.38)
p
Iin_pk M2 ()= —————— D1,
m
Ves D I (6.39)

[Lm_max_MZ(t) = ]Lm_ave_MZ(t) + Y
m

The MOSFET has to handle the maximum current in both magnetizing
inductors summed together in addition to maximum input current reflected

to the first primary winding.
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Lin_pk M2 (D 13

Np

T
ISW_pk(t) = ILm_max_MZ(t) + if 1, <t< 5 I (6.40)

1 Lm_max Ml otherwise

The equation for the peak switch current is time varing during the line
cycle, and the absolute maximum occurs at a different time instance

depending on the design values as illustrated in Figure 6-18.

Isw pk(t)

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
t

Figure 6-18 Maximum Switch Current during a Line Cycle

The output diode has to withstand an even higher peak current because

of its location (on the low voltage side of the circuit).

) T
]D_pk(t) = ([Lin_pk_MZ 0+ ILm_max_MZ(t)) ny+ ]Lm_max_M2(t) nyp it <t< E - (6.41)

ILm_max_MI Np otherwise

The voltage stress on the diodes and the switch are given by the

following equations,

VS_Max = Np Vo + Ve (6.42)
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Ves
VD Max=Vo N (6.43)

The MOSFET and diode stress equations can highlight the trade-offs
between different designs. For that purpose, Figure 6-19 - Figure 6-21 was
plotted to quantify the differences. Figure 6-19 shows how the voltage stress
on the MOSFET increases with the primary turns-ratio Np, while the diode
voltage stress decreases. While this graph was generated for a 110Vrms
input, it should be noted the maximum stress will happen at 220Vrms in
universal line applications. Voltage stress can reflect on the semiconductor
device selection. Lower voltage devices tend to have better efficiency. This is

especially significant when a schottky diode can be used at the output side.
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Figure 6-19 MOSFET and Diode Voltage Stress versus N,
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The peak current stress on the MOSFET is shown in Figure 6-20. While
the voltage on the MOSFET will increase with primary turns ratio, the peak
current will decrease. This will raise the question about switching losses
where both the peak current and voltage will play a significant role. For that
purpose, Figure 6-21 was plotted to evaluate the switching losses. It is clear
that despite the increasing voltage stress, the overall losses will decrease

while the primary turns-ratio is increased.
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Figure 6-20 MOSFET Peak Current Stress versus N, for Different n Values
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Figure 6-21 MOSFET Estimated Switching Losses versus N, for Different n
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6.4.3 Design Example

Table 6-1 highlights the main specifications for the design example, which are

typical for notebook power supply.

Table 6-1: Center-tapped flyback Converter Design Specifications

Input Voltage Universal (85-265Vac,rms)
Output voltage 20V
Output Power 70 W
Switching Frequency 100kHz
Measured PF IEC 100-3-2 Class D
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The curves in Figure 6-10 - Figure 6-17, can be used as the first step in a trade-
off study for this design. Starting from Figure 6-10 and Figure 6-11, we can see that
we need N, > 2 to meet PF>90% and THD<0.45. For the case of N, = 2, the converter
should utilize n > 3, or n > 2 for any other higher N, value, to comply with PF and
THD requirements. Proceeding to Figure 6-13, we can get an idea about how the
direct power transfer varies with the selection. For the options mentioned above, the
direct power transferred to the output can vary from 50% to 60%. Now, proceeding to
Figure 6-14 we can see that the optimum point for conduction losses is at N,=4, but
these results were further expanded in Figure 6-21 to include switching losses.
These losses tend to be more dominant in low power high voltage applications. Thus
far, all the curves indicate a performance enhancement with increasing turns ratio,
however size reduction will dominate and limits how far the turns ratio can be
increased. According to Figure 6-15 to Figure 6-17, the size of the magnetic
components will increase significantly with increasing turns ratio. This will
practically eliminate any design choice with N, above 4. As can be established from
the curves, the improvement will start to be very limited above N,=4, while the size
penalty is increasing significantly. Another observation is a limited increase in size
at lower N, values when n is increased. As a result, the design will be recommended
for Ny=2 and n=4 or N,=3 and n=3. The results of the analysis for the two design

choices are shown below.
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Table 6-2: Summary of Design Results

Design 1 Design 2
(Np=2, n=4, Lin=75uH, (Np=3, n=3, Lin=100uH,
Lm=150pH) Lm=340puH)
Ves 346V 360V
% Pnpirect 54.4% 55%
THD, PF 40.3,92.7% 38, 93.5%
Isw pk 5.5A 3.9A
Ip pk 10.54A 11.8A
Vsw Max 386V 419V
Vb Max 193V 140V
Li, energy 844 1017
(MH.AY)
L, energy 4170 5239
(MH.A")

6.5 Simulation Results

The closed-loop PSPICE simulation of the proposed converter, Figure
6-22, has been carried out over one line cycle and the simulation results are
show in Figure 6-23 to Figure 6-26. It is clear from simulation waveforms
that the theoretical and simulation waveforms correspond to each other in
both the Mode 1 and the Mode 2. The input current waveform in Figure 6-26

promises high power factor and match the predicted shape.
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Figure 6-22 Circuit Schematics of the Simulated Center-tapped Flyback

Converter
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Figure 6-26 Simulation Result for the filtered Input Current Waveform
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6.6 Experimental Results

To verify the topology operation a universal input single-stage PFC converter
prototype based on the design example and simulation results was built and

tested.

The main design specifications are:

= Input: 85~265VacrMs

= Qutput: 21VDC @ 75W

=  Switching frequency: 100kHz

= Input inductance Lin = 72uH

* Primary inductance L, = 170uH, turn ratio Np= 1.9, n=3.5

The main components include:

= MOSFET: FCP20N60 (600V, 20A)

» Secondary diode D: SBR 10U300CT (300V, 10A)

= Storage capacitor Cgs: 120uF / 450V

=  Controller IC: UC3844

The measurement tables (Table 6-4 and Table 6-5) represent the
recorded values and Figure 6-27 to Figure 6-31 are plots of some important
curves that was obtained from these tables. Figure 6-27 shows the efficiency
curve for the converter when operating from 110Vrms input at different

power levels. The peak recorded efficiency was around 87%, which is a

195



considerable improvement over the bi-flyback converter in chapter 4. Figure
6-29 shows the variation in the bus voltage at 110Vrms input and different
load conditions. Figure 6-28 shows the efficiency recorded at different input
voltages and at rated output power. Figure 6-30 shows the bus voltage when
the input voltage was changes, and it could be noted that the voltage did not
increase beyond 400V. Figure 6-31 shows the PF recorded for different input
voltages. The recorded PF will comply with the regulatory requirements and
ensure low harmonic contents. The input current waveform is shown in
Figure 6-32 and Figure 6-33 at 110Vrms input and rated output power and

they correlate with the simulation results in Figure 6-26.

Table 6-3: Experimental Testing Data at 110Vrms

Vin(RMS) Vbus (V)  Vout(V) lo(A) Pin(W) Po(W) n (%)

110 175 21.6 0.56 14.9 12 81.18
110 175 21.59 1.27 32.2 27 85.15
110 175 21.56 1.65 41.4 36 85.93
110 165 21.49 2.12 52.8 46 86.29
110 160 21.5 2.42 60 52 86.72
110 151 21.43 3.08 76.1 66 86.73
110 150 21.37 3.55 88 76 86.21

196



Table 6-4: Experimental Testing Data at 110Vrms

Vin(RMS) = Vbus (V) = Vout(V) ‘ lo(A) Pin(W) | Po(W) n (%)
220 382 21.6 0.98 26.8 21 78.99
220 383 21.58 1.53 40.7 33 81.12
220 382 21.56 1.95 51 42 82.44
220 379 21.52 2.41 62.6 52 82.85
220 360 21.48 3.06 78.7 66 83.52
220 350 21.47 3.54 90.7 76 83.80

Table 6-5: Experimental Testing Data between 85-265Vrms

Vin(RMS) | Vbus(V) PF Vout(V) lo(A) Pin(W) Po(W) N (%)

85 116 92.9 21.44 2.69 67.4 | 57.6736 | 85.56914
110 150 93.2 21.37 3.55 88 | 75.8635 | 86.20852
160 254 92.8 21.44 3.55 89.1 76.112 | 85.42312
200 315 92.2 21.47 3.06 78.65 | 65.6982 | 83.53236
220 350 91.8 21.47 3.54 90.7 | 76.0038 | 83.79691
240 384 91.2 21.46 3.54 91.2 | 75.9684 | 83.29868
265 370 78.3 21.51 3.54 97.2 | 76.1454 | 78.33889
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Figure 6-28 Measured Efficiency when the Input Voltage Varies between 85-
265Vrms at Rated Output Power
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Figure 6-29 Measured Bus Voltage versus Output Power for 110Vrms and
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Figure 6-30 Measured Bus Voltage when the Input Voltage Varies between
85-265Vrms at Rated Output Power
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Figure 6-32 Input Current Waveform at 110Vrms under Full Load
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6.7 Summary

In this Chapter, the proposed center-tapped flyback converter was
analyzed and the design equations were derived. The proposed converter is
capable of transferring more than 60% of the input power directly to the
output while keeping tight output regulation, compared to only 50% for the
bi-flyback topology in Chapter 4. The bus voltage is also limited by a feedback
mechanism that prevents elevated voltages and allows the use of common,
commercially available, electrolytic capacitors. The proposed topology does
not require any additional components to perform direct energy transfer. By
adding only an input inductor to the flyback converter, the new topology can
perform PFC and comply with the current regulations. The main

modification is in the winding structure of the flyback transformer and the
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placement of the components. The analysis was verified by simulation and
experimental data. The measured efficiency of the converter approaches 87%,
which makes it very competitive with the commercial, two-stage solution. The
main challenge in the design was shifted to the construction of the center-
tapped flyback converter. The converter’s ability to transfer power directly to
the output is proportional to the size of the main flyback transformer. It is
possible to optimize the design of the proposed converter to make it suitable
for many applications through the size versus performance study provided in

this chapter.

As a future modification, the input inductor can be coupled to the output
to construct a flyboost cell. While this will increase the complexity and cost of
the converter, the input PF can be further enhanced and an overall efficiency

improvement can be achieved.
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CHAPTER 7 SUMMARY AND FUTURE WORK

7.1 Summary and Conclusions

The growing electronics industry imposes both a demand and an
opportunity on the power electronics R&D to keep up with the current trends
in the market. Rechargeable electronics is becoming an essential part of our
daily life, and regulatory agencies along with utility companies realize the
effect of poor power factor electronics. In order to comply with regulations
and support the increasing demand, the power electronics industry has to
come up with a suitable solution that is both cost effective and reguations

compliant.

One example for a growing market segment is notebook computers.
While demanding more functions and enhanced performance, the overall size
and cost must stay appealing to consumers. Despite an increase in power
requirements, the notebook adapter has to stay enclosed and safe, driving the
need for higher efficiency. In order to have power densities in excess of
6W/in3, the minimum efficiency of the converter has to stay in the 85-87%
range. In order to achieve this high efficiency with reduced cost, there is a

need for more advanced topologies.

Throughout the previous dissertation, the need for clean power and its
associated regulations was presented. A comprehensive survey of the current

PFC approaches and control methods was reviewed. This review concluded
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that while the two stage approach has superior performance in terms of
efficiency and PFC, its high cost has overcome its attractive features
especially for low power applications. On the other hand, the current
structure of the single-stage approach has its own deficiencies that cause the
intermediate bus capacitor to have high voltage rating, in addition to higher
current and voltage stresses on the components. These inheriting problems in
the single-stage structure can threaten the main justification for pursuing

these converters, which is the cost advantage over the two stage topologies.

This dissertation presented a systematic approach to analyze and
overcome the limitations in the single-stage topologies. The research showed
that the direct energy transfer scheme can address all of these issues with no
significant cost increase for the additional components. This scheme can be
realized through many different circuit configurations. One method to
implement the direct energy transfer is through employing a flyboost cell.
The flyboost cell can process the input power directly to the output and clamp
the voltage on the bus capacitor at the same time. Previously the power had
to be processed twice, once through the PFC converter and another time
through the primary converter to the output. Using the direct energy
transfer, the power is processed directly to the output during a portion of the

line cycle; this feature can enhance the efficiency in a considerable way.

Two new converters were analyzed in Chapters 3 and 4 that adopt the
flyboost cell to enhance their performance. In Chapter 3, an Asymmetric Half
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Bridge Converter (AHBC) was used in the DC-DC cell to test the ability of
the single-stage converter to process medium to high power loads. Beside the
narrow input voltage limitation on the original AHBC, the results proved
that the modified converter was able to operate under universal line input
voltage. On the other hand, the analysis showed that the duty cycle
mismatch between the switches will result in high imbalance in the current
stress between the switches. In conclusion, this topology was recommended

for applications with narrower line voltage range.

In Chapter 4, the Bi-flyback topology was analyzed focusing on the
single-stage approach for low power applications. A previous attempt to
analyze this topology fell short in that a design procedure and design curves
were not produced. Many characteristics of the converter were unknown. This
led to a serious limitation in the performance and the application of this
converter. The trade-offs between direct energy transfer, power factor
performance, and semiconductors stress is needed for a proper design. The
results from an earlier experiment showed the presence of double line
frequency ripple on the output side. In Chapter 4, the converter was analyzed
and the design curves and the design procedure were presented. In the design
process, it was shown that the peak direct power delivered to the output
should be controlled by design not to exceed the output power; otherwise the
output voltage will be contaminated with voltage ripple at double line

frequency. The design curves in chapter 4 also quantified the trade-offs
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between bus voltage, the percentage of direct energy transferred to the
output, semiconductor voltage and current stress, overall size of the magnetic
component, power factor, and total harmonic distortion. This provides the
designer a complete set of optimal design tools. On the other hand, the
analysis revealed some limitations due to the dependency the input voltage
and various design parameters. The experimental efficiency results approach
84%, while keeping tight output voltage regulation, limited bus voltage, and

complying with PF and THD regulation limits.

In Chapter 5, a five-terminal switched inductor model was proposed and
its generalized equations were derived. The proposed model is capable of
modeling the single-stage PFC converters with more accuracy since it
includes more terminals to accommodate its complex structure and the model
also takes in consideration the leakage inductance of the transformer for
more accurate time and frequency domain analysis. The proposed model was
applied to the Bi-flyback and converter and its time domain waveforms
match the switched simulation results with great accuracy and was more
than fifty times faster. Small-signal analysis forms the basis for effective
control loop design; the proposed model enables easy frequency response
analysis for the single-stage PFC converters, an area that was overlooked in
the past. The developed frequency response analysis show good agreement
with the experimental results when applied to the Bi-flyback converter. It

was concluded that the bi-flyback converter did not a bandwidth limitation
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causing the double line frequency oscillation on the output voltage. Rather, it
was related to the topology operation as explained in chapter 4. The
mechanism presented in Chapter 5 enables rapid simulation and AC small
signal analysis directly by the simulator for fast and comprehensive

investigation of converter topology.

In Chapter 6, the proposed center-tapped flyback converter was
analyzed and the design equations were derived. The proposed converter is
capable of transferring more than 60% of the input power directly to the
output while keeping tight output regulation, compared to only 50% for the
bi-flyback topology in Chapter 4. The bus voltage is also limited by a feedback
mechanism that prevents alleviated voltages and allows the use of
commercially available electrolytic capacitors. The proposed topology does not
require any additional components to perform direct energy transfer. By
adding only an input inductor to the traditional flyback converter the new
topology can perform PFC and comply with the current regulations. The
main modification is in the winding structure of the flyback transformer and
the placement of the components. The analysis was verified by simulation
and experimental data. The measured efficiency of the converter approach
87% which make it very competitive with the commercial two-stage solution.
The main challenge in the design was shifted to the construction of the
center-tapped flyback transformer. The converter’s ability to transfer power

directly to the output is proportional to the size of the main flyback converter.

207



It is possible to optimize the design of the proposed converter to make it
suitable for many applications through the size versus performance study

performed in this chapter.

In conclusion, this dissertation provided in-depth analysis of 3
converters with direct energy transfer feature. The topology in chapter 6 has
the highest efficiency numbers combined with minimum component count.
The work also described a new switched transformer model that can be used

for rapid simulation and ac analysis of single-stage PFC converters.

7.2 Future Research

In addition to the current regulatory requirements related to THD and
PF, a new set of regulation is planned and might be enforced in the near
future related to low power efficiency and performance. With the increased
use of low power electronics, the total demand from the grid is increasing and
a closer look is needed for the wasted energy during ideal time. Most of these
devices are not in operation at full power most of the time. A weighted
efficiency at different power level from 10% to 90% will be able to describe the
amount of the expected wasted energy in a better way. To enhance the low
power efficiency, a smarter controller and components are needed to be able
to adapt to the load condition. Variable frequency control and modular
construction approaches might aid in the optimization of the efficiency curve.
The ability to recognize an idle condition and subsequently switch off

unnecessary circuit parts is essential. A new set of regulatory requirements
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will open the door for a new research area where university researchers,
component manufactures, and OEMs can join forced to address these new

challenges.
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