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DESIGN, ANALYSIS AND IMPLEMENTATION OF AN INTERLEAVED
PFC BOOST DC/DC CONVERTER FOR AN LCD TV POWER SUPPLY

ABSTRACT

Nowadays, because of the increasing use of semiconductors and power
electronics devices, current harmonics effects on the electrical systems have become
intolerable. Therefore, it has become essential to reduce these harmonic currents,
which affect the energy system quality negatively. This also affects the shape of
current to achieve a good power factor. According to the EU standard for harmonic
reduction IEC 61000-3-2, an active power factor control stage should be utilized if
the power consumed by an LCD-TV is above 75 W. The largest power consuming
sub-system of an LCD TV is the backlight driving circuit. Plasma technology was
the first historical solution; however, Cold Cathode Fluorescents Lamps (CCFL) with
LCD panels previously used for note books rapidly took the leadership. These
florescent lamps came into use with only medium sized screen TVs, but they are now
used in every size. The LED backlight solution for LCD TVs is started to become a
very popular way to allow small depth design with slim cabinets, particularly with
Edge LED solutions. This thesis studies the design stages of this technology in

accordance with the slim converter board.

The focus of this thesis is the design and implementation of such a high
performance switched—mode power supply. The work involves the design and
implementation of an interleaved Power Factor Correction (PFC) for high
performance and small size, the controller design and implementation of boost
DC/DC converter. With Frequency Clamped Critical Conduction Mode (FCCrM)
PFC, the overall system efficiency is increased since the active power consumption is

decreased.

The design procedure, including the design of the circuit components and the
control loop, is implemented and the results are verified by a 150W prototype
converter. The interleaved dual Boundary Conduction Mode (BCM) PFC controller

operates two parallel-connected boost power converters 180 degree out of phase,



extending the maximum practical power level of this control technique from 200-
300W up to 800W. The converter designed in this work can be applied to CCFL or
LED backlight LCD TV application since converter circuit driving the backlight unit
is placed on a different board. Flexibility and adaptation for different backlight
inverter units are satisfied by this application.

Keywords: CCFL (Cold Cathode Fluorescent Lamp), PFC (Power Factor
Correction), FCCrM (Frequency Critical Conduction Mode), Boost Converter,
Interleaved PFC.



LCD TV IiCiN AYRIK MOD GUC FAKTORU DUZENLEYICISI
YUKSELTICI TiPTE DA/DA CEVIRICI DEVRE TASARIMI
DOGRULAMASI VE INCELENMESI

(074

Glinlimiizde yariiletken elemanlarn ve buna bagh olarak giic elektronigi
cthazlarmin kullanimimnin artmasiyla birlikte harmonik akimlarin sebekeye etkileri
yadsmamaz hale gelmistir. Sebekeden cekilen enerjinin kalitesizlesmesine neden
olan bu akimlarin azaltilmasi ve akimin sekillendirilmesi tizerine ¢aligsmalar yaparak
giic faktorii degerinin uygun seviyelere ¢ekilmesi bir gereksinim olmustur. LCD TV
lerde gegerli olan ve AB standartlarina gore diizenlenen IEC-61000-3-2° ye gore,
eger tasarlanan TV evrensel olarak satisa sunulacaksa ve 75W’in iizerinde c¢ikis
giiciine sahip ise aktif gii¢ faktorii diizenleyicisi kullanmasi zorunludur. Tarihte ilk
olarak biiyiik gii¢ler tiikketen plazma teknolojisi ile ortaya ¢ikan bu aktif gii¢ faktorii
diizenlemesi, diistik gii¢ tiikketimleri ile hizla plazmanin yerini alan LCD TV’ lerde de
uygulanmaktadir. Son yillarda ortaya ¢ikan cesitli LED arka plan uygulamalari,
incelikleri sayesinde LCD’lere gore daha ince kabin yapisinda kullanilmaktadir.Bu
calismamizda tasarim asamalar1 anlatilan ¢evirici kartin tasarimi ince kabin yapisina

uygun olarak tasarlanmustir.

Bu tez caligmamizin esas amaci yliksek performansli anahtarlamali gii¢ kaynagi
tasarlanmasi ve uygulanmasidir. Bu calismada yiiksek verimli, kiiciik boyutlarda ve
ayrik mod yapisina sahip gii¢ faktorii diizenleyicisi ile yiikseltici gevirici topolojisine

uygun DA/DA ¢evirici birlestirilerek tasarlanmis ve uygulamasi gergeklestirilmistir.
Tasarlanan bu déniistiiriiciide Frekans Kritik Iletim Modu (FCCrM) PFC ve
ylikseltici ¢eviricili denetleyici topolojileri kullanilmaktadir. Bu yap1 sayesinde aktif

giic tiiketimi azalmasina saglar iken genel sistem verimliligini de arttirmaktadir.

Bu tasarim i¢in hazirlanan prototip kartin deneysel olarak 150W destekledigi

dogrulanmistir. Bu uygulamada kullanilan 180 derece faz farki ile ¢alisan ayrik

Vi



yapist sayesinde 200-300W’ lik gii¢ seviyelerinden 800W’ lik giic seviyelerine
ulasabilen tasarim yapilmasina olanak saglamaktadir. Tasarlanan bu Kkart
CCFL(Cold Cathode Fluorasent Lamp) ya da LED aydinlatmalar igin
kullanilabilmektedir. Bu ¢aligmada tasarlamis oldugumuz g¢eviricinin yani sira ayri
bir kartta tasarlanan evirici sayesinde biiyiik bir esneklik kazandirilarak tim CCFL

ve LED arka plan aydinlatmalarinda kullanilabilmesi saglanmistir.
Anahtar kelimeler: CCFL (Soguk katot florasan lamba), PFC (Gii¢ faktorii

diizenleyici), FCCrM (Frekans Kritik Iletim Modu), Yiikseltici Cevirici, Ayrik Giig

Faktorii Diizenleyici.
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CHAPTER ONE
INTRODUCTION

1.1 Description

The usage of electronic equipments is increasing rapidly in the daily life
according to consumer or industrial needs. All these electronic equipments have
power supplies that obtain required energy from utility grid. These electronic
systems generally use one or more switched mode power supplies (SMPS) that draw
a non-sinusoidal current. This causes current and voltage distortions that affect other
equipments connected to the same power grid, thus, lowering the capability of the
power source. In order to overcome these problems, new standards have been
developed for limiting the harmonic content of the input current. Manufacturers

should find solutions for meeting the requirements of these standards.

Most of the power supplies consist of AC/DC converter stages based on diode or
thyristor rectifier circuits. Conventionally, these stages consist of a diode rectifier
with an output capacitor. These rectifier circuits constitute a major cause of mains
harmonic distortion. Line-frequency diode rectifiers convert AC voltage into DC
output voltage in an uncontrolled way. For low power applications (such as PCs,
TVs, home appliances, etc...) single-phase diode rectifiers are chosen owing to low
cost and simple structure. For high power applications (such as industrial equipments
and motor drives) three-phase diode or thyristor rectifiers are used. A typical offline
SMPS contains full-wave bridge rectifier with a large smoothing capacitor. This
combination is one of the easiest and lowest cost solutions for AC/DC conversion.
This input rectifier with capacitive filter draws non-sinusoidal input current from

utility.

In the general usage, different load groups are supplied by different phases. If one
of the phases is loaded with nonlinear loads, unbalanced currents flow through the

neutral line of star configuration.



These unbalanced currents cause heating and power loss in the conductors and
voltage distortion and electromagnetic compatibility (EMC) problems occur.
Moreover the harmonic content of this pulsating current causes additional losses and
dielectric stresses in capacitors and cables, increasing currents in windings of
rotating machinery and transformers and noise emissions in many products, and
bringing about early failure of fuses and other safety components. Harmonics can
affect other devices that are connected to the same system.

In order to reduce these harmonic polluting effects, international standards such as
IEC 61000-3-2 have been developed for limiting harmonic currents. The
International Electro technical Commission (IEC) sets limits for harmonics in the
current of small single-phase or three-phase loads, less than 16 A per phase, in
Electromagnetic compatibility (EMC) - Part 3-2: Limits - Limits for harmonic
current emissions (IEC 61000-3-2) [1]. The circuit classifications and harmonic
limits are given in this standard. The power supply manufacturers use different
solutions for complying with the specifications. The techniques for reduction of
current harmonics are called Power Factor Correction (PFC) solutions. The aim of

PFC is providing a resistive load behavior of all power supplies.

1.2 Literature Overview

As the use of energy is increasing, the requirements for the quality of the supplied
electrical energy are more tighten. This means that power electronic converters must
be used to convert the input voltage to a precisely regulated DC voltage to the load.
Regulated DC power supplies are needed for most analog and digital electronic
systems. Most power supplies are designed to meet regulated output, isolation and
multiple outputs (Mohan, et al. 2005).

Regulation means that the output voltage must be held constant within a
specified tolerance for changes within a specified range in the input voltage and the

output loading.



Isolation is needed when the output is required to be electrically isolated from the
input. They might be multiple outputs that may differ in their voltage and current
ratings. Such outputs can be isolated from each other.

Beside these requirements, common goals are to reduce power supply size and
weight and improve their efficiency. Traditionally, linear power supplies have been
used. However, advances in semiconductor technology have lead to switching power
supplies, which are smaller and much more efficient compared to linear power
supplies. But the cost comparison between linear and switching power supplies

depends on the power rating (Dixon, 1988).

The number of SMPS and other power electronics appliances are increasing.
SMPS are needed to convert electrical energy from AC to DC. SMPS are used as a
replacement of the linear power supplies when higher efficiency, smaller size or
lighter weight is required. Motors, electronic power supplies and fluorescent lighting
consume the majority of power in the world and each of these would benefit from
power factor correction. In the middle of 1990s, many of the countries of the world
have adopted requirements for power factor correction for new products marketed

within their borders.

PFC is becoming a very important field in power electronic world. Adding more
generating capacity to the world’s electrical companies due to higher demand
recently is very costly and would consume additional resources. One method of using
extra power capacity is to use the AC power more efficiently through the broad use
of PFC (Brown, 1994).

Most of research in PFC are based on reduction of harmonic contents in the line
current. In passive PFC, only passive elements are used to repair the shape of input

line current. Obviously, the output voltage cannot be controlled.



In active PFC circuit, an active semiconductor device is used together with passive
elements to shape the input current and also controlling the output voltage (Ross,
1997).

In another study by Woo-Young Choi and Bong-Hwan Kwon (Choi& Kwon,
2008) an efficient PFC for plasma display panels (PDPs) is presented to reduce
harmonic currents and power consumption. A high-efficient interleaved boost
converter is proposed, which can reduce the conduction losses and diode reverse-
recovery problems in the continuous-conduction-mode operation. A zero-current
switching (ZCS) condition is obtained to solve the reverse-recovery problems of the
output diodes. In addition, a control strategy is suggested for the use of the proposed
converter in a practical design. A high power factor can be achieved without sensing
the input voltage. The analysis of the proposed converter and its design

considerations are presented in detail.

In another study by Jong C. Wang and Hon-Ji.Chen (Wang & Chen,2001) , two
current sharing control schemes based on average current mode control is proposed
for interleaved PFC converter. The boost inductor current of each phases of
interleaved PFC must be sensed to achieve current sharing and power limiting. To
meet this requirement, it is proposed a current transformers current sense skill which
achieve current sharing and also can improve current harmonic distortion during high

line operation.

In another study by K. I. Hwu and C. F. Chuang (Hwu & Chuang, 2006), a two-
phase boost converter based on interleaved control is presented to upgrade the output
power as well as to improve the power factor. Such interleaved control is realized via
the proposed control rule and implemented by logic circuits.Some simulation and
experimental results are provided to demonstrate the effectiveness of the proposed

control strategy.



In another study by Dodi Garinto (Garinto, 2007), a very unique boost converter
system with a combination of interleaving and zero-ripple techniques for PFC is
proposed. The converter allows clean power in the universal AC line (90 V to 265 V)
and compliance with any standards or regulations.

The converter is designed in Discontinuous Conduction Mode (DCM) operation to
reduce the system complexity and to eliminate diode reverse recovery loss. This can
remove electromagnetic interfrance (EMI) filter without sacrificing the input current
harmonics. Consequently, high density PFC converter with low cost can be achieved.

In this study, first of all, general information about harmonics, which causes
measurement errors, overheating of motor windings and switches etc., and most
common harmonic sources are given. After that, relation between harmonics and
power factor is mentioned and converters, one of the harmonic sources,are explained

and analyzed. Passive and active PFC techniquesare studied.

Finally, the design procedure which is including the design of the circuit
components and the control loop is implemented and the results are verified by a
150W prototype converter. The interleaved dual Boundary Conduction Mode (BCM)
PFC controller operates two parallel-connected boost power converters 180° out of
phase and converter is designed for CCFL or LED backlight LCD TV application
since converter circuit driving the backlight unit is placed on a different board.
Flexibility and adaptation for different backlight inverter units are satisfied by this

application.



1.3 Thesis Outline

This thesis is organized in five chapters. The first chapter covers the literature
rewiew about basics of the PFC, harmonic current standards and general solutions for
PFC.

The second chapter deals with popular passive and active power factor correction
methods.
Different techniques are analyzed and theoretical analysis is verified by experimental
results are given. Furthermore, designing passive and active solutions to comply with

harmonic current standards are discussed.

In the third chapter Average Current Mode Controlled,which is the main subject of
this mode control with boost type converter is implemented by using NCP1379 IC.

This case is analyzed then theoretical and experimental results are given.

In the fourth chapter Critical Conduction Mode control and interleaved PFC are
examined. The circuit is implemented by NCP1631 IC which is a special control
technique that includes interleaved structure. This special case is analyzed,and its

experimental verification is presented.

Finally, the last chapter covers the advantages and disadvantages of the PFC

which are evaluated throughout the thesis.



CHAPTER TWO
POWER FACTOR CORRECTION

2.1 Backround

After achieving alternative energy sources, fossil fuels or the roads that traverse a
long and happy to spend time causing homes, our factories allow us to generate
revenue by producing, altering our view of the world by sending rockets into space
cockpits, computers, televisions, large and small human found on most machines,
and briefly devices that use electricity and electricity can be found in every place.
Most of the electricity we use is in the form of alternating current. Alternating
current power systems for the distribution of a given voltage and a fixed frequency
sinusoidal current and voltage waveforms must be complete. However, the linear and
nonlinear reactive elements, the use of elements that is unable to follow each other in
the network’s current and voltage waveforms and sine current wave form of phase
shift leads to corruption. Sinusoidal harmonic components of the mountain, the way
the event occurs in the form of deviation is evaluated. Power factor leading to decline
in these situations, especially for the active power consumed means more capacity.

( Scillic, (2004), “Power Factor Correction Handbook™.)

A typical offline SMPS contains full-wave bridge rectifier with a large smoothing
capacitor. This combination is one of the easiest and lowest cost solutions for AC-
DC conversion. This input rectifier with capacitive filter draws non sinusoidal input
current from utility. The pulsating current waveform is rich of harmonics (N. Mohan,
T. Udeland, & W. Robbins, Power Electronics: Converters, Applications and
Design, 2nd ed. New York: Wiley, 1995). A typical single-phase rectifier with
capacitive smoothing and its output voltage and input current waveforms are shown

in Figure 2.1 and Figure 2.2.
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Figure 2.1 Single-phase rectifier with capacitive smoothing.

Figure 2.2 Waveforms for single-phase rectifier with capacitive smoothing.

Passive methods, AC and DC coil and capacitor parties are provided to improve
by adding the current wave shape. In addition, the serial-parallel resonant band stop
filter, harmonic gripper approaches are frequently used. Passive approaches,
simplicity, reliability, lack of advantages such as high-frequency loss, while the
heavy and bulky material employed, the dynamic responses have disadvantages such
as poor and lack of output voltage regulation. Active filters are suffering in the non-
linear elements in the form of sine wave is not the inverse of the current system by
injecting a sinusoidal current withdrawal offer from the network. Active filters,
although they are expensive to conduct more than one filter for harmonic frequency

in the system due to changes in the superior to passive filters.



Active PFC techniques are examined in low frequency and high frequency
operations. These circuits, used in the topology, control the shape, the coil,
depending on criteria such as current status, follows the input current and voltage
with the output values and allows to shift the phase between current and voltage,
current, wave shape, preventing deterioration.(Dorf, C., Richard, Ed., (2000), “The
Electrical Engineering Handbook™.)

2.2 Definitions

Power factor, the "real” operating power, and apparent power, can be found by
proportion. Real power (W), apparent power (VA) and reactive power (VAr) are
shown as the edges of a right triangle. Thus, W is the real power, apparent power VA
multiplied by the cosine of the angle @ between the two powers in this section

(Cos 0), including the results of the "power factor," gives the known rate.

Qc

Figure 2.3 Power factor correction vectors.

PF has range between 0 and 1 and is defined as the ratio of the real power to the

apparent power.

cos @ = % (2.1)
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The real power is defined as the product of the fundamental voltage and
fundamental current and the phase displacement between the two.

P =V ms X 1jyms X COS © (2.2)

where Vims lims are the rms values of the fundamental line current and the
fundamental line voltage, respectively, and is the phase shift between line current
and line voltage.

The apparent power is the product of rms voltage and rms current :

Papp = Vims X Lrms (2.3)

In a linear load system, the power factor depends on phase difference between Vs

and Iims. Then, the power factor can be expressed as:

i x I X CoS @
PF = = = coso@ (2.4)

Vims X Irms

It is shown that in the case of both sinusoidal voltage and current waveform
systems with no phase difference between fundamental component of the current and
voltage achieve unity power factor. This situation appears in resistive load circuits.
In a nonlinear load system with distorted current waveform, the rms values of the
input current and the fundamental frequency component of the input current are not
the same. The various harmonic components of the current appear as distorted power
on the line. Then the power factor expression in the case of stable line voltage can be

written as:

Il,rms
PF = X COS©@ = kdistortion X kdisplacement (2-5)

rms

_ I 1,rms /I

Where kgistortion = is the distortion factor and kyispiacement = €0S @ IS

rms

the displacement factor.
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Distortion factor describes harmonic content of the current. It shows the difference

between fundamental component of the current and actual waveform.

Total Harmonic Distortion (THD) shows the ratio of the rms value of the
waveform (not including the fundamental component) to the rms value of the

fundamental component.

?;,: Irzl,rms
THD = Y= (2.6)

I1rms

Then distortion factor can be written by using THD definition in Eq. (2.6)

1
Kaistortion = 1% (THD)? (2.7)

In Figure 2.4, it can be seen that the different voltage and current waveforms result in

different PF and THD due to distortion factor and displacement factor.

4[_ Ko< 1 Ky = 1 } { kg = 1 Kg= 1 l_
i
W m v
lpms=2.63A loss="1.44A
P.F. = 0.50 T.H.D. = 172%: P.F. = 0.90 T.H.D. = 47%

4[ kKg= 1 Ko< 1 } { Kg = 1 Kg= 1 ],_

o
i W
=30

Imh_:'l.ﬁﬁﬁ
P.F. = 0.8T T.H.D. = 0%

IR“5=1-30ﬂ.

P.F. =1.00 T.H.D.. = 0%

Figure 2.4 Different current and voltage waveforms of single phase rectifier
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2.3 Harmonics and Current Emission Standards

Harmonic is not a new subject in. This issue were to come across as a problem
for a long time. Communication systems, especially the first times in a way quite
often these effects came from the agenda.

Magnetizing currents of transformers in these systems, the open-line telephone
networks, inductive interference caused by harmonic currents. It is impossible to
speak he was so Ventures. Investigation and had brought along on this issue,
studying required. Finally, the transformer magnetizing currents brought to the rules
designed to minimize and filter it was possible. Harmonics on power system
components and load a number of undesirable effects. These are short-and long-term
effects. Short-term effects are usually associated with the most obvious ones and
over-voltage surge. On the other hand, long-term effects are usually inconspicuous
and increased resistance depends on the losses and voltage stresses. Short-term
adverse affect sensitive loads will cause the initiation. Computer controlled, some
loads are sensitive to voltage fluctuations. Voltage fluctuation can be problematic,
while 5% had no cases out of over 10% of the transformer to overheat and cause
unwanted triggers. (R. Redl, P.Tenti & V.Wyk, Power electronics polluting effects,
IEEE Spectrum, Volume 34, Issue 5, May 1997)

Most electrical equipments are designed to operate under ideal sinusoidal
environment. In the case of a harmonically polluted system the power line loses its
ideal characteristic. The practical problems that may arise from excessive harmonic

levels are:

» Harmonic currents flowing in the supply network generate additional energy

losses and cause distortion of supply voltage.
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» Higher frequency harmonic currents cause power losses (copper and iron
losses) which result in an increase in the heating of elements. Equipment
ratings must take the presence of harmonics into account. The higher rated

neutral conductor is required to carry the added high frequency currents.

» Distorted waveforms result in poor power factor.

» Interference to equipment which is sensitive to voltage waveform

» Damage to power factor correction capacitors. Malfunction of ripple control
and other mains signaling systems, protective relays and, possibly, in other

control systems.

» Additional losses in capacitors and rotating machines.

» Additional acoustic noise from motors and other apparatus, reducing the

efficiency of motors.

» The diode bridge input circuit in a single-phase AC drive is the same as used
in a very wide range of electronic equipment such as personal computers and

domestic appliances. All of these cause similar current harmonics.

Their effect is cumulative if they are all connected to the same low voltage (e.g.
230V) supply system. This means that to estimate the total harmonic current in an
installation of single-phase units, the harmonics have to be added directly. The power
system is designed for predefined current values and all components belonging to
this system have standard ratings and protection elements. Low power factor devices
that draw higher current from the mains reduce the efficient power supplied by the
mains. This means that low power nonlinear loads are reflected to the mains side

with higher power ratings.
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Since the power line system is designed for fixed values, available power at the

load side is decreased because of low power factor loads.

Harmonic currents in the AC distribution network require higher current carrying
capacity that results in extra cost and power losses. This increasing capacity first
affects the device and then the electric utility.

The wire sizes and ratings should be increased. In residences and offices, energy
meters cannot measure the reactive power that affects dissipative circuit elements so
the user is not directly penalized in terms of utility costs for the reactive component
of the power. In ideal case the voltage at the utility side is assumed to be an ideal

sinusoidal waveform. But actually AC source has small source impedance.

Highly distorted current loads affect power line, resulting in distorting AC source
voltage. The movement of the source voltage towards to non sinusoidal waveform
can affect other equipments which are connected to the same power system.( R.
Redl, Electromagnetic Environmental Impact of Power Electronics Equipment,
Proceedings of the IEEE, Vol 89, No:6, June 2001)

The harmonic polluting effects of conventional AC rectification must be limited
and this is done in accordance with the standards of electricity utility network. To
maintain power system quality, compliance requirements for current harmonic
distortion are being enforced by national and international bodies .( IEC61000-3-2,
Electromagnetic Compatibility (EMC)—Part 3: Limits—Section 2: Limits for
Harmonic Current Emissions (Equipment Input Current <16A per Phase),). The EN
61000-3-2 standard defines measurement requirements, ac power source
requirements and limits for testing the harmonic current emissions of electronic and

electrical equipment.

The purpose of EN 61000-3-2 is limitation of harmonic currents injected to the
power system. After some changes, this standard applies to any equipment with rated

current up to 16 A RMS per phase for 50-Hz, 230-V single-phase systems or 400-V
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three-phase mains network. There are 4 different classes in the EN 61000-3-2 that

have different limit values. This classification is made according to:

>

Number of pieces of equipment in use (how many are being used by

consumers)

Duration of use (number of hours in operation)

Simultaneity of use (the same types of equipment used on the same time

frame)

Power consumption

Harmonics spectrum, including phase (how clean or distorted is the current

drawn by the equipment)

There are no limits for:

>

>

Equipment with input power P > 75 W.

Professional equipment with input power P > 1 kW.

Symmetrical controlled heating elements with input power P > 200 W.

Independent dimming devices for light bulb

Non-public networks.

Medical equipment

Equipment for rated voltages less than 230 VAC (limit not yet been

considered).
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Equipment can be grouped into 4 classes based on the above criteria as evaluated
by the IEC committee members: Class A, B, C and D. They have several limitations
of odd and even harmonics. In here | gave Class D table because of my LCD power
supply application belong to this class.( TS EN 61000-3-2, Elektromanyetik
Uyumluluk (EMU)-Bdéliim 3-2: Sinwr Degerler-Harmonik Akim Emisyonlar I¢in Sinir
Degerler (Faz Basina Donanim Giris Akimi <164), TSE, MART 2003 )

Table 2.1 Class D absolute maximum harmonic limits

Harmonic Order 75W<P<600W P>600W

(n) Maximum permissible current | Maximum
(A) permissible current

(A)

3 3,4 2,30

5 1,9 1,14

7 1,0 0,77

9 0,5 0,40

11 0,35 0,33

13 0,296 0,25

15<n<39 3,85/n 2,25/n

Class D limits are very strict to meet as seen in Table 2.4. These limits depend on
the equipments’ power rating and apply to equipments that are connected to the
utility network for a significant part of its life cycle, resulting in great impact on the

power supply network. PCs and TVs are examples of such equipment.

The current limits for class D are expressed in terms of mA per Watt of the power
consumed. Low-power equipment has very low absolute limits of harmonic current.
All rectifier based power supplies that are directly connected to the mains are
generally classified as Class A or Class D. Such converters that have highly distorted

current waveform and used more frequently are classified as in Class D.
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IEC61000-3-2:1995

IEC61000-3-2:2001

IEC61000-3-2:2005

MANIPULATION

using thel.5s first order filter

EDITION 1.0 EDITION 2.1 EDITION 3.0
CLASS D | Special waveform envelope TV, PC and Monitor (75W to | TV, PC and Monitor (75 to
DEFINITION (75W to 600W) 600W) 100W)
MEASUREMENT Steady and transitory Transitory only Transitory | Transitory only
METHODS only
MEASUREMENT 16 cycles | 200 ms (10/12 cycles@50/60 | 200 ms (10/12 cycles@50/60
METHODS (320/267ms@50/60Hz) HZ) (16 HZ)
cycles permitted through
2004)
DATA Transitory only All data must be smoothed | All data must be smoothed

using the 1.5s first order filter

PASS/FAIL FOR

Every window result <150%

Every window result <150%

Every window result <150%

RELAXATION*

INDIVIDUAL of limit of test time >100% | of limit 10% of test time | of limit 10% of test time
HARMONICS permitted >100% permitted >100%
CLASS A | No special provision No special provision <200 time of limit only IF

>150% for 10% of test time
AND average

power
(Class D) or current & PF
,Class C

specify test power or current
level provided it is within

+10% of the measured value

ODD HARMONICS | No special provision Provision for POHC | Provision for POHC
21-39* calculation calculation
permitting the average of | permitting the average of
some some
individual ~ harmonics  to | individual  harmonics  to
>100% >100%
CLASS C&D LIMITS Proportional to measured | Allows  manufacturer o | Allows  manufacturer o

specify test power or current
level provided it is within

+10% of the measured value

TEST/OBSERVATION

Not specially defined but to
find

the max. harmonics emission

Specified to be significantly
long
+5%

repeatability. If to long select

enough to acquire

the 2.5 min. max.

Specified to be significantly
long
enough to acquire £5%

repeatability.
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2.4 Power Factor Correction Approaches and Comparisons
2.4.1 Power Factor Correction Methods

The need for Power Factor Correction brings a lot of new PFC methods and
applications. The most important issue is finding optimum PFC solution according to
needed application. There are several survey papers in order to help to find the best
solution for power factor correction.( Fernandez, A., Sebastian, J., Hernando,
M.M.,Villegas, P.& Garcia, J. “Helpful hints to select a power-factor-correction
solution for low- and medium-power single222 phase power supplies” Industrial

Electronics, IEEE Transactions on VVolume 52,Issue 1, Feb. 2005 Page(s): 46 — 55)

The Power Factor Correction methods can be classified according to following

specifications:

» System level classification (passive, active)

» Number of stages (single stage, two stage)

» Circuit based classification (isolated, non isolated)

» Type of power stages (buck, boost, fly back etc...)

» Waveform based classification (sinusoidal, non-sinusoidal)

» Control methods (current mode, voltage mode)

» The other aspects (power level, cost, complexity, etc...)

Generally, two PFC approaches are commonly used in current power supply

products with high power features, i.e., passive approach and active PFC approach.

Each one has its merits and limitations and applicable field.
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Passive PFC approaches are used in low-power, low-cost applications. Generally,
in this approach, an L-C filter is inserted between the AC mains line and the input
port of the diode rectifier of AC-to-DC converter. Passive PFC method is simple and
low cost but has bulky size and heavy weight and low power factor. Active solutions
are used at high power levels with high PF and low harmonic distortion. We can
classify active PFC methods as two stage and single stage by considering number of
conversion stages.( Gracia O., Jose A.,Prieto R. & Uceda J, “Single Phase Power
Factor Correction:A Survey”, IEEE Transactions on Power Electronics,Voi
18,No03,May 2003,pp-749-755.)

The most commonly used active approach is the two-stage approach with higher
quality. Generally two-stage PFC systems consist of a pre-regulator cascaded with a
DC/DC converter. In the first stage, generally called as pre-regulator, a non-isolated
boost converter has the role of power factor correction. This front end PFC stage
converter generally operates for low harmonic input current and intermediate dc bus
voltage. The second stage operates for required dc voltage level with higher
bandwidth.

The second stage generally has isolation two-stage systems have higher quality
with higher PF and low harmonic distortion. However, the two-stage approach
causes an increase in the total system cost and manufacturing complexity. Especially
in low-power applications, two-stage solutions have higher cost. For reducing system
cost and component count, single stage solutions have been introduced. In the single-
stage systems, PFC, isolation and dc voltage regulation are performed in one stage

with lower component number.

2.4.2 Passive Approach

In the passive PFC approaches, passive elements are used to improve the power
quality of the power circuit. Passive elements like inductors and capacitors are placed
at the inputs or outputs of the diode bridge rectifier in order to improve current

waveform. Generally, output voltage is not controlled.
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Passive PFC systems are dependent on the power system and has low power
factor. Generally, line frequency LC filters are used as a passive solution. The simple
passive filter with LC components is shown in Figure 2.5. The passive components
improve current conduction angle and reduce THD of the input current. Line
frequency inductance can be placed either on the DC or AC side of the rectifier.(
Sharifipour, B. Huang, J. S., Liao, P., Huber L. & Jovanovic, M. M.
“Manufacturing and cost analysis of power-factor-correction circuits,” IEEE
Applied Power Electronics Conf. (APEC) Proc., 1997, pp.490-494 )

Due to its simplicity, the passive LC filter could be a high-efficiency and low-cost
PFC solution in order to meet the IEC 61000-3-2 specifications. Passive power factor
correction method meets Class-A/D equipment specifications up to 300 W, at a much
lower cost than a comparable switch mode power supply (SMPS) employing active
PFC techniques. The passive PFC technique is most suitable for applications with a
narrow line voltage range. However, it can be also employed in power supplies

operating in the universal line-voltage range (90 - 265 VAC).

e T e ey
L ()

() s 1
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S

Figure 2.5 Simple passive PFC circuit.

The major advantages of the passive PFC technique are higher efficiency, low
complexity, and lower cost. The lower component count and absence of active
switches and control circuitry, translate into higher reliability and somewhat smaller
size. Also, when compared to active circuits, the losses of the passive filters are
lower. However, the passive filters have heavy and bulky low frequency passive
elements like line frequency inductance. The other disadvantage of the passive filters
is the unregulated varying dc bus voltage that becomes the input to the
DC/DCconverter.
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This varying input voltage has effects on the efficiency of the DC/DC converter.
The power factor of passive PFC circuits is around 0.60 - 0.70 and, needs
arrangement of component ratings when operated under universal line voltage

conditions.

Generally a large DC bus capacitance is needed in the output of the rectifier for
better hold-up time and low ripple output voltage. Meeting the Class-A harmonic
requirements can be easily done by passive filters for low-power applications but
class-D applications require passive filters of a bigger size. This bigger size brings

higher cost and physically higher dimensions.

2.4.2.1 Single Phase Full-Wave Rectifier

Generally, most of the AC-DC power supplies consist of a full bridge diode
rectifier as an input stage. A bulk capacitor is installed to the output of the rectifier to
regulate the output DC voltage. As mentioned in the previous chapter, the load of
the rectifier requires low ripple supply voltage. The large capacitor supplies low
ripple DC output voltage but this shortens considerably the input current’s
conduction duration.( Redl,R. & Balogh,L. “Power-Factor Correction in Bridge and
Voltage-Doubler  Rectifier ~ Circuits ~ with  Inductors and  Capacitors”
APEC'95,pp.466-472) Short current conduction interval results in a narrow pulsed
current waveform. This current waveform is rich in harmonics that have negative

effects on the main side of the system as explained in Chapter 1.

A typical single-phase full bridge diode rectifier is shown in Figure 2.6 with

supply impedance and large output capacitor filter.
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Figure 2.6 Typical single-phase rectifier.
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LOAD

The short conduction times for diode rectifier causes short current conduction

interval because the diodes conduct only when the input voltage is greater than the

output capacitor voltage.

This period is short when the output capacitor is fully charged. The general

current and voltage waveforms for a single-phase rectifier with large output capacitor

are given in Figure 2.6.
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The output capacitor defines the shape and the amplitude of the input line current.
Large value of output capacitor provides low ripple output voltage, however input
current has small conduction period, because diode rectifier conducts only when
input voltage is higher than output capacitor voltage. In this condition, input current
has significant harmonics and system has lower power factor. Input current distortion
can be reduced by using a smaller output capacitor. With smaller capacitance filter

output voltage increases and the current conduction interval widens.

This method is very easy to implement and cheaper than other solutions, but the
load is directly affected by increased output voltage ripple. In the SMPS applications,
generally a DC/DC converter is inserted after diode bridge rectifier. This DC/DC
converter is designed assuming that the input voltage is stable and well regulated. In
the case of small output filter capacitance, it is hard to implement a constant power

DC/DC converter with variable input voltage.
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Figure 2.8 Simulated input voltage and current waveforms with capacitive filter.
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This solution can be applied if the load accepts a largely pulsating DC supply
voltage and it is used, for example, in some hand held tools.( Redl,R. and ELFI S.A,,
“An Economical Single-Phase Power- Factor- Corrected Rectifier: Topology,
Operation, Extensions, and Design For Compliance” PEC 98, pp.454-460 )A single-
phase diode bridge rectifier with capacitive filter is simulated for different values of
output capacitor filter. The filter capacitor is selected for two different values, 0.5
uF/W and 2.35 puF/W. A 200-W constant power loaded single-phase rectifier is
simulated by SIMPLORER simulation tool. The input current waveforms and output

voltage waveforms are shown in Figures 2.8 and 2.9.
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Figure 2.9 Simulated output voltage ripple with capacitive filter.

It can be seen from these figures that, when output capacitor is reduced, input
current conduction interval increases, however output voltage ripple increases also.
Usually, this increased output ripple is unwanted in the switch mode power supply

applications.



25

2.4.2.2 Passive Power Factor Correction Methods

Passive power factor correction is implemented by connecting passive elements to
the diode bridge rectifier. There are various combinations of passive elements for
power factor correction with different circuit topologies .Before the harmonic
limiting standards, the investigators have designed passive solutions for better PF
and efficiency because there were no limits for current harmonics. After the IEC
61000-3-2 standard was accepted, the designers had to change the previous solutions
or design new circuits obeying the standards. In this thesis, three of the various
passive power factor correction techniques are investigated in detail and simulation

and experimental results are verified. These are

> LC filter

> Series Connected Parallel Resonant Filter

2.4.2.2.1 LC Filter Method . The simplest passive solution to comply with the
EN 61000-3-2 standard is LC filter method. Passive LC filter power factor correction
can be done by connecting one inductor to the capacitive filtered diode bridge
rectifier. Filter inductor can be placed either on the AC side or DC side. When the
inductor is connected to the AC side, current harmonic distortion can be reduced by
large inductance but voltage drop (reduced output power) in the inductor will be
large. By connecting the filter inductor to the DC side, output power will be
independent from filter inductance but harmonic limiting capability will be lower
than inductor in the AC side.

In this section, the design of single-phase diode bridge rectifier with output LC
filter complying with the EN 61000-3-2 standard is given. In the design the
following criteria are considered.

» Standard compliance

» Maximum Power Factor

» Minimum Line Current Harmonic
» Cost and Size
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Optimum solutions satisfying the above criteria are given. A general single-phase
diode rectifier with LC filter is given in Figure 2.10. While designing LC filter, input
voltage is assumed as a zero-impedance source and diode rectifier is assumed
lossless (ideal diodes). The output power and output voltage are assumed constant

(large output capacitor).
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Figure 2.10 Normalized single phase rectifier.

The circuit can be analyzed easily by normalization procedure The operation
modes of the circuit and the current waveforms depending on the output filter
inductance can be evaluated using normalization methods. The circuit variables are
converted to the normalized values by using reference values. In the rectifier system
three main reference values are utilized. These are voltage, current and the time

references.

2.4.2.2.2 Series Connected Parallel Resonant Filter. Power factor improvement via
reducing input current harmonics for a single-phase rectifier with a capacitive output
filter can alternatively be done by using resonant filters. There are different resonant
network based passive solutions. Two main resonant solutions are:

» Series connected series resonant band pass filter tuned at line frequency

» Series connected parallel resonant band stop filter tuned at third harmonic
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In this section, the series connected parallel resonant filter shown in Figure 2.11
is investigated and verified experimentally, since it requires lower values of reactive

elements compared to other solutions.

Ifrl [ Lr -~ F
Va3 3 Cc=V. [%]
r % F %

Figure 2.11 Series connected parallel resonant filter.

A single-phase full bridge rectifier with capacitive filter draws higher harmonic
currents from line. The most significant harmonic is the third harmonic. If this one is
reduced or cancelled, the rectifier will have higher power factor due to lower input
RMS current and lower THD. The series connected parallel resonant filter is tuned to
3rd harmonic and, generally, called as a third harmonic filter. The proposed filter in
Figure 2.11 has an input LC parallel resonant tank tuned at 3rd harmonic. The
inductance and capacitance values of the resonant tank are selected to behave as an
infinite (theoretically) impedance to the third harmonic input current component. So
the system will eliminate the third harmonic content of the input current. This
condition brings lower input rms current value with lower THD. So the system will
have higher power factor and efficiency. The nth order equivalent impedance of the

resonant tank can be defined by:

Xcr
_ TlXerT

(2.8)

. X
jnXpr—j=<r
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where XLr, is the impedance of the input resonant inductor Lr at fundamental
frequency, XCr, is the impedance of the input resonant capacitor Cr at fundamental
frequency. The third harmonic impedance from (2.8) becomes infinity (theoretically)
when;

3X,, = (2.9)
Or

L, = (2.10)

T 9wz,

Where w = 2nf;,

The single-phase rectifier is assumed lossless with no voltage drop in the diodes.
The output voltage is assumed ripple free with large output capacitor. The line
voltage is assumed sinusoidal and the load is assumed to be a constant power load.
The values of the reactive elements in the resonant filters are selected for higher

power factor defined in the section 2.4.2.

2.4.2.3 Limitations of Passive PFC Circuits. The simplicity, reliability,
insensitivity to noise and surges and the no generation of any high-frequency EMI
offered by passive power factor circuits are of significant usefulness. However, the
bulky size of these filters, their poor dynamic response, complexity and high cost, the
lack of voltage regulation and their sensitivity to line frequency, limits their use to
below 200-W applications. Moreover, even though line current harmonics are
reduced, the fundamental component may show an excessive phase shift resulting in

reduction in power factor.
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2.4.3 Active PFC

Active power factor correction techniques are used for high quality rectifiers.
Active PFC circuits shape the input current into a sinusoidal form in phase with line
voltage. Besides they provide a regulated dc output voltage. These circuits have
resistor behaviors at the line side of the converter. Generally power factor of active
PFC circuits is close to unity with lower input current THD around 3 %. Active PFC
circuits have small size but these systems have higher manufacturing cost and
complexity. A DC/DC converter operates as an active shaper in the range of 10 kHz
to hundreds of kHz. Active switches are used in conjunction with reactive elements
in order to increase the effectiveness of the line current shaping and to obtain
controllable output voltage. Higher operation frequency provides smaller size of
reactive components such as inductors.( Basu,S.& Undeland, T.M., Fellow, IEEE.
“PFC Strategies in light of EN 61000-3-2”. (EPE-PEMC 2004 Conference in Riga,
LATVIA, 1- 3 September 2004) )

Traditionally, the implementation of power factor correction circuits has been
accomplished by using analog controllers. Active PFC can achieve high power factor
controlled by analog circuits using several methods. Various analog PFC ICs are
available in the electronic markets, which are manufactured by TI/Unitrode,
Fairchild, Onsemi and others manufacturers. Complete list of the available PFC ICs
and the specifications will be given in the appendix. Analog control is simple and
low cost. Continuous operation and higher operating dynamics make the analog
control suitable. But analog control has higher element count. Analog control
methods are also application dependent. It is hard to adopt a new operating condition
when a change is needed. The system should be redesigned from scratch. Recently,
power supplies are implemented by digital controllers. Recent developments in
digital control techniques and low cost digital control ICs make digital control
optimum for power supply applications. It is not easy to maintain the available
control methods with digital controllers, because these control methods require high

speed calculations and high-speed analog to digital conversions.
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The operating frequency and the speed of the digital control devices are limited.
New control strategies have been developed suitable for digital operations. Digital
systems need lower component count then analog systems, so size of the digital
implementations are smaller. Digital systems are flexible and can be operated under
different conditions by software based control strategies. The single-phase active
PFC techniques can be divided into two categories: the two stage approach and the

single-stage approach shown in Figure 2.12.
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Figure 2.12 a) Two-stage PFC b) Single-stage PFC.

2.4.3.1 Active Two-Stage Approach

The most popular scheme for power factor corrected AC-DC power supplies is
the two-stage approach. In this approach, two converters share power factor
correction and dc voltage regulation roles. The front-end converter operates as power
factor corrector while shaping line current, therefore achieving unity input power

factor.
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The PFC front-end stage operates as DC/DC converter with regulating output
voltage and provides isolation if needed. Both converters are controlled separately.
Independent PFC controller provides sinusoidal input current with intermediate
regulated output voltage. Second DC/DC controller provides tight regulated output
voltage with high bandwidth. The first PFC stage can be a boost, buck/boost or fly
back or can assume any other power converter topology. Generally, the boost type
topology shown in Figure 2.13 is so far the most popular configuration. It provides
input-current shaping with low bandwidth control. With the boost-type topology, the
system has some advantages

such as:

» The inductor current and the input current have the same waveform so it is
easy to apply current mode control over boost inductor.
» The system has lower EMI with the help of series boost inductor with the ac

line.
> Input current can be continuous or discontinuous.
» The switching element such as MOSFET or IGBT is parallel to the power

line. The system has better efficiency and low noise. But it requires extra

protection to input- output short circuit and start-up spikes.
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Figure 2.13 Boost type active PFC.
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The boost-type PFC can be operated in continuous-conduction-mode (CCM),
discontinuous-conduction-mode (DCM), variable-frequency critical (boundary)
conduction mode.

There are several control methods for high power and low current THD. This
thesis is concerned with the control methods of boost type active PFC which are
implemented experimentally. Popular control methods are explained and the results

are given by computer simulations and experimentally.

In summary, the active two-stage PFC converter has good input power factor and
can be used in wide ranges of input voltage and output power. However, the two-
stage approach suffers from an increased circuit complexity since it requires two
switches and two controllers with associated circuitry. It is very undesirable for low-
power supplies used in consumer electronic products. In the high power applications,

the two-stage system seems the best solution.

2.4.3.2 Active Single-Stage Approach

If the aim for designing PFC solution for an available AC-DC converter is only
meeting the harmonic standards with lower harmonic quality and lower
manufacturing cost, the single-stage systems are suitable methods for power factor
correction. In the single-stage approach, PFC and dc voltage regulation are made by
one controller. Most single-stage topologies combine the input current shaping with
the DC/DC down-conversion in a single stage. Single-stage solution with single
switch seems to be the right solution at lower power levels (< 200 W), because
reduced component count and cost of the PFC stage provide a cheaper solution than
two stage systems. The only controller is the DC/DC controller, which focuses on the
tight regulation of the output voltage. The input power factor of a single-stage
converter is not unity, but its input current harmonics are small enough to meet the
specifications, such as the IEC 61000-3-2 class D. Generally, the active single-stage
approach offers a performance (THD and PF) which is better than the corresponding
performance of the passive solution, but not as good as that of the active two-stage

approach.
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The primary advantages of this approach are lower part count and cost than two-
stage PFC topologies. With these technologies, the PF is typically >0.75 and THD is
typically <80%. The major deficiency of any single-stage circuit is that the voltage of
the internal energy-storage (bulk) capacitor varies with the line voltage and load
current. Because of all process is done by single controller, the system has

higher control complexity.

2.4.4 Comparison of PFC Solutions
The above mentioned three solutions for power factor correction have advantages
over the other according to application and usage. A summary of the three methods is

given below:

Passive harmonic line current reduction

» Simple and not complex circuit
» Large and bulky low frequency reactive elements
» Less costly than active PFC

> Redesign needed for wider operation range

Active harmonic line current reduction

» High power factor (close to unity) and lower THD of line current

» Higher cost and component count

» Complex to control and design

» Increased noise such as EMI, RFI
In Figure 2.14, the input voltage and current waveforms are shown for three
operations.
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Figure 2.14 Waveforms without/with PFC (a) Without PFC b) passive PFC c) active PFC.)
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According to the above evaluation, the designer can choose best solution for
power factor correction considering selection criteria, especially power level for
single phase power conversion. If the output power is less than 200 W, single-stage
PFC and the passive PFC are valid options. Above 200 W, the conventional two-
stage PFC seems to be the best choice. If the purpose is to obtain a sinusoidal line
current, the classical two-stage approach is the best option mainly if universal line
voltage operation is required. Passive solutions are adequate in low power for
simplicity. Single-stage solutions are a good option to meet the low frequency
harmonic regulations in low power applications with low cost a comparison chart is

given in Table 2.3,

Table 2.3 Comparison table of three solutions

PASSIVE ACTIVE ACTIVE
TWO-STAGE | SINGLE -STAGE

THD High Low Medium
POWER Low High Medium
FACTOR
EFFICIENCY High Medium Low
SIZE Medium Large Small
WEIGHT Very High Low Low
BULK CAP Varies Constant Varies
VOLTAGE
CONTROL Simple Complex Simple
COMPONENT Very Low High Medium
COUNT
POWER RANGE | <200-300W | Any < 200-300W
DESIGN Low Medium High
DIFFICULTY




CHAPTER THREE
AVERAGE CURRENT CONTROL MODE OF BOOST CONVERTER

3.1 Description of Average Current Control Mode of Boost Converter

This chapter deals with the average current mode control of a single-phase boost
PFC (Dixon, L. H. High Power Factor Preregulators for Off-Line Power Supplies,
Unitrode Power Supply Design Seminar Manual SEM600, 1988) A detailed
theoretical analysis of the average current mode control of PFC will be reviewed and
supported by hardware implementation. The PFC IC, NCP1379, will be used to
implement this strategy and design and functional description of the circuit will be
explained.

The block diagram of the PFC circuit is given in Figure 3.1. The circuit consists
of a single-phase rectifier with a cascaded boost converter that provides active wave
shaping of the input current and regulation of the output voltage. Active power factor

correction is achieved by the power switch duty cycle.

The switching frequency of the converter is higher than line frequency such as
100 kHz for 50-Hz power system. When the switch is turned on, the boost inductor
stores energy from input. At the same time, the output rectifier diode is reverse
biased and the load is supplied by the output capacitor. When the switch is turned
off, the output capacitor and the load are supplied by the input over the boost

inductance.

The average current controlled PFC system has two control loops. The system
has fast inner current loop that enables the input current to follow the reference
current. The reference current is multiplication of the reference shape and reference

amplitude.
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Figure 3.1 Average current mode control of PFC

The reference current gets the sinusoidal shape of the input voltage. The
amplitude of the reference current is defined by the outer voltage loop. The system
has a low bandwidth outer voltage loop which programs the required input current
reference magnitude according to the power consumption of the load. This function

is done by using an output voltage regulator control circuit.

The inner current loop operates in average current mode that controls the average
input current. The input current I is compared with lref per switching cycle and
passed through an error amplifier that produces a control voltage ve. This control
voltage is than compared with constant frequency saw tooth waveform to produce
required duty cycle of the power switch. The saw tooth waveform defines the
switching frequency. The bandwidth of the current loop is very high such as decade
of the switching frequency. The higher bandwidth current controller allows the input

current to follow reference current with lower noise.
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The output loop has an output voltage controller for regulating the output voltage.
The output voltage vow is compared with reference voltage vret. The voltage
controller consists of a voltage error amplifier that produces error voltage Vaout
according to the variations in the output voltage. This error voltage Vaout programs
the current reference magnitude.High power factor operation is obtained by average
current mode control. The inputcurrent follows the sinusoidal reference. Finally, the
input current and the voltage of the PFC system will have the same waveform and

phase.
3.2 Power Balance Analysis of the Circuit

In a converter system, the output voltage should be regulated to the required level
bya voltage controller in a closed system. Generally, the output voltage is constant in
DC/DC converter. The constant dc output voltage v, (t) = V is obtained by a wide
bandwidth voltage controller. If the converter has constant load, the instantaneous

load power is also constant.
Po() = Py = vo(t) x i (t) = VI (3.1)

Generally, the load of a PFC system is a DC/DC converter. This load draws constant

power. But the instantaneous input power pac(t) is not constant.
Pac(t) = Vg(t) X ig(t) (3.2)

where vg(t) and ig(t) are input ac voltage and current, respectively. The instantaneous
input power can be written according to resistor emulation concept by using the

peak input voltage value.

vE . 147
Pac(D) = - sinot = Rﬂ(l — 2cosmt) (3.3)

The input power varies with time. The output capacitor provides power balance to
maintain the input-output power balance. The difference between input and output

power flows through output electrolytic capacitor.
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So the power on the output capacitor can be written:

dGCVE(D)

- (3.4)

Dc t = Pac 1 — Po 1=
where vc(t) is output capacitor voltage. When pac(t) > po(t) than energy flows into
output capacitor and vc(t) increases. When pac(t) < po(t), the capacitor voltage vc(t)
decreases. So the capacitor voltage increases and decreases for power balance action.

The changes of input power and capacitor voltage are shown in Figure 3.2.

Do (1)

VAAVARVARN

V_(T) &

Figure 3.2 Variation on the capacitor voltage.

The output voltage regulation is achieved by comparing the actual output
capacitor voltage with reference voltage. The error voltage amplifier provides
enough amplitude information for current reference for power balance operation. A

block diagram of the outer voltage loop is shown in Figure 3.3.
]rf;;" V. (I )
Il 1 -V p v
AC ~ | JAOUT VOLTAGE err /N )
—_— >/ < CONTROLLER 1/ *+V s

MULTIPLIE

Figure 3.3 Multiplier based control.
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Ve O=V+ Vripple () (3.5)

where viippie () = Vyipple COS(2Wt) is second harmonic voltage ripple due to second
harmonic current component of the output current. This ripple voltage lags the ripple
current by 90°. It is assumed that reference voltage vref is equal to the DC component
of ve(t).

Vref = \Y (36)

So the error voltage verr is equal to only second harmonic component of the capacitor

voltage.
Verr 1= Vripple cos (2wt) (3.7)
Assume that the voltage controller compensator has wide bandwidth so 2nd harmonic

component feeds back through the voltage error amplifier. A general equation for the

output of the voltage error amplifier Va.:can be written as:
Vaour(t) = eripple cos(2wt) (3.8)
In a multiplier based system shown in Figure 3.3, the current reference I iS

obtained by the multiplication of the current reference waveform I, with the output

of the voltage error amplifier Vaq:.

Iref = LucVour (3.9)
It is known that waveform component Iac of the current reference evaluated from the
rectified input voltage has only sinusoidal waveform information. So a general

equation for this component Iac can be written as:

IAC (t) = kZSin (Wt) (310)



40

So the reference current Ir can be written as:
Lier = LacVour = kpsin(wt) x k,cos(2wt) (3.11)
The equation can then be rearranged as:
Lep = Ier = IncVour = k2 kg (2—1 Vripple Sin( wt) + 2_1Vripple sin(3 wt) (3.12)

It is shown in the equation above that, the 2nd harmonic distortion on the output
voltage distorts the input current reference Iref. The second order harmonic
component of the output voltage adds a 3rd harmonic component to reference current

with a half magnitude of the second harmonic component.

So in average current mode controlled PFC system, the input current is forced to
follow input current reference. If a distortion occurs in reference current also actual

input current distorts. This 3rd harmonic distortion in the input current lower PF.

The solution for lowering this distortion is to configure the output voltage error
amplifier to block the second harmonic component of the output voltage. This is
done by using an error amplifier that has lower bandwidth. The bandwidth of this
controller should be lower than 2nd order frequency of the line voltage such as 20 Hz.
But lower bandwidth means slower response. The slower transient response makes
the dc regulation worse. A designer should consider the trade-off between lower
THD and faster transient response.( Dixon, L. H. Optimizing the Design of High
Power Factor Switching Preregulator, Unitrode Power Supply Design Seminar
Manual SEM700, 1990) Generally, the load of PFC system is a second DC/DC
converter that has a tight output voltage regulation. So the designer should choose
better input current waveform. But if the second DC/DC converter needs a narrow
range input voltage, the designer should consider transient response. There are some
strategies to get better voltage loop response as given in literature. But the solution is
inside the application. Detailed analyses of the voltage loop are given in the control

circuit description section.
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3.3 Input Voltage Feed-Forward

It was mentioned that a power factor pre-regulator is generally the first stage of a
two-stage power supply system. The second stage is the load of the PFC stage and
composed of a constant power DC/DC converter. So PFC stage has a constant power
load that does not change with the input rms voltage. The PFC stage maintains a
fairly constant output voltage and the load draws constant power regardless of the
variations of output voltage of the PFC stage. In a high efficient PFC circuit, if the
output load power is constant, the input power drawn from line does not change with
rms line voltage. So if there is a change in input rms voltage, the input rms current
should change inversely proportional to the rms input voltage. But it is known that
the reference current is directly proportional to the input line voltage in an average
current controlled PFC in Figure 3.1. There is a conflict between power balance and

control circuit when operated in universal line (90-270 Vac).

Basically, the current reference Iref is obtained by multiplication of the input
voltage waveform information signal 1ac and the output voltage error signal V aour.
It is assumed that the PFC circuit operates with 120Vac input voltage Vin with
constant output power. The waveforms for the input voltage Vin and the

corresponding input current Lin for 120-Vac operation are shown in Figure 3.4.

—_— r - -!-»-.I_-;L_C

/’ YN RS

—_— i
/
|
|

Figure 3.4 Rectified line voltage and current for 120-Vac line voltage.
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The multiplier inputs Iac and Vaout are shown in Figure 3.5 for 120-Vac operation.

Figure 3.5 Multiplier inputs Iacand Vaour at 120-Vac line voltage.

Assume PFC is operating in universal input line and the input voltage Vin is
doubled from 120 Vac to 240 Vac. When input voltage Vi is doubled, input current
lin should be halved in order to maintain constant power to the load. The waveforms
for the input voltage Vinand the corresponding input current lin for doubled input
voltage operation are shown in Figure 3.6.

A /

|

— V= 240 VAC

Figure 3.6 Rectified line voltage and current for 240-Vac line voltage.

The multiplier input lac is directly proportional to the input voltage Vin. When
VN is doubled, Iac is also doubled. The multiplier output Irf is current reference for
the actual input current lin, has to halve, that can only be accomplished by reducing

voltage error amplifier voltage Vaout by factor four.



43

The multiplier inputs Iac andVaout are shown in Figure 3.7 for 240-Vac operation.

Figure 3.7 Multiplier inputs IAC andV AOUT at 240-Vac line voltage.

So the optimum PFC performance is obtained by fast response voltage loop
controller in a universal power line operation. But the voltage loop limitation
problem has already been mentioned in the previous section. The outer voltage loop
controller should have small bandwidth in order to remove the second harmonic
component in the voltage feedback circuit. The output of the voltage feedback
controller should be constant in the half cycle of line frequency. If the voltage loop
controller has small bandwidth, the control circuit should be independent of the line
voltage in order to solve the problems due to the variations of the line voltage. The
solution is called as input voltage feed-forward.( Williams, J. B. "Design of
Feedback Loop in Unity Power Factor AC to DC Converter”, PESC Conf. Proc.,
1989, pp. 959-967.)

The input voltage feed-forward makes the control circuit independent from the
input line voltage by modifying the multiplier concept. A new signal proportional to
the input voltage is added to the input of the multiplier. This signal is called as
feedforward and represented by Vre. The feed-forward signal Vrer is squared and
inversed so VFrr signal becomes as a divider factor (1/ Vr?). The modified average

control system with input voltage feed-forward is shown in Figure 3.8.
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Figure 3.8 Block diagram of the average current PFC with feed-forward.

The new control strategy provides independent operation of voltage error
controller to the input voltage variations. In fact, the output voltage error amplifier is
only dependent on the output power. If the input voltage doubles, the doubled Iac
signal is divided by factor four by the new input feed-forward signal (1/ V). So the
new current reference Iref is equal to half of the original signal before doubling line
voltage without any change in Vaout. The new equation for the current reference Iref

can be written as:

hﬁzkﬁ%fﬂ (3.13)

The control system with input voltage feed-forward has all the capabilities for
high power factor application for universal input line. The current reference Iref is the
combination of lac that has the waveform of the rectified input voltage and Vaout
that is proportional to the output power. And it is mentioned that the output voltage
loop has smaller crossover frequency and the output Vaour is constant during line
cycle. The other input lac of multiplier is derived by a resistor dividing circuit of
rectified input voltage so lac varies during line cycle. The third input of the multiplier
is the feed-forward signal Vrr. Now the design of the feed-forward application will

be considered.
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Since the feed-forward signal Vrr consists of the rms input voltage information,
this signal can be obtained by resistor divider connected to the dc side of bridge
rectifier. Since the rectified input voltage has large 2nd harmonic component, the
feed-forward signal VVrr should be filtered.

This averaging network is done by low pass filter. The first order averaging low
pass filter for the feed-forward signal Vrr is shown in Figure 3.9. The capacitor
averages the rectified input voltage waveform and reduces the 2nd harmonic ripple.
The time constant of the filter network defines the amount of the 2nd harmonic ripple
in the input of the multiplier.

If time constant (RC) is smaller, the feed-forward compensation network will have a

faster response but 2nd harmonic ripple will be high.

'

T o e

é sae
| g

Figure 3.9 First order input voltage feed-forward sensing scheme

-

This will reduce power factor. If the time constant is larger, there will be too
much feed-forward delay resulting in worse transient response such as higher
overshoots. The transient response can be increased with lower 2nd order ripple
distortion and can be achieved by a second order low pass filter as shown in Figure
3.10.



46

T =
Figure 3.10 Second order input voltage feed-forward sensing scheme.
A second order low pass filter network can increase the complexity and

manufacturing cost. In fact, input voltage does not change instantaneously so fast

transient response is not really required.

Some new generation IC’s combines the evaluation of lac and Vrr .The feed-
forward signal Vrr is obtained by mirroring lac signal so a second resistor divider
circuit is removed. The new voltage feed-forward sensing schemes is shown in
Figure 3.11.

The amount of ripple on the feed-forward signal Vrrdistorts the input current. The
low pass filter attenuates most of 2nd order harmonic but some 2nd order harmonic
exists in feed-forward signal. The distortion is the same as the voltage loop distortion
explained in the previous section. 2nd harmonic ripple in the feed-forward signal
causes 3rd harmonic distortion in the line current. But the amplitude of the 3rd
harmonic distortion is equal to the 2nd harmonic ripple amplitude in the feed-forward
signal due to squaring process. On the other hand, distortions due to feed-forward
sensing scheme and voltage loop have the same phase and are multiplied as the
inputs of the multiplier.( Noon, J.P. & Dalal, D. Practical design issues for PFC
circuits, IEEE APEC 1997.)
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Figure 3.11 First order input voltage feed-forward sensing scheme
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3.4 Control Loop Design

In average current controlled PFC application, there are two control loops that
provide a sinusoidal input current in phase with input voltage.
The design of the voltage and current loops has significant affects in the system
performance, such as amount of THD and PF. The control circuit has inner current
loop that ensures the form of Iref based on the input voltage. The outer voltage loop
determines the amplitude of the current reference Iref based on the output voltage
feedback. The outer voltage loop adjusts the inductor current amplitude to bring the
output voltage to the reference voltage. The block diagram of the control loops for an

average current controlled PFC is shown in Figure 3.12.

|sin o
v’ 1 CURRENT LOOP
ref l,:" . 1’ '|1 V
—>‘ VOLTAGE -”-UL"'.VXN > CURRENT C BOWER 0
ICOMTROLLER T\ | _GICONTROLLER _|-
l STAGE
sel
f L

Figure 3.12 PFC control loops.

The control loops are designed separately. The inner current loop has higher

bandwidth. The voltage loop has lower bandwidth due to distortion factors.
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3.4.1 Current Loop Design

Inner current loop of average current controlled PFC needs inductor current
sensing. The sensed current via shunt resistor or current transformer is compared
with reference current that is output of the multiplier. The error between actual
inductor current and the reference current is amplified with a properly designed
current compensator. The output of the compensator is compared with a saw tooth
waveform to produce required duty cycle for the PFC boost operation.

The main feature of the average current control is the presence of the current error
amplifier (compensator) that provides controlling the average inductor current. The
inner current loop block diagram can be built with the combination of the current
sensing circuit, current error amplifier, PWM generator and power stage of the PFC

boost converter as shown in Figure 3.13.

[
ref V (1) V
=2 CURRENT LSy PWM _(.., POWER T—> 0
CONTROLLER STAGE
!I_.

Figure 3.13 PFC current loop.

The inner current loop has large bandwidth around one decade of the switching
frequency. A small signal model of the inner current loop is needed to design a
proper compensator with optimum performance and stability. A Laplace domain of

the inner current loop is shown in the figure 3.14.

. CURRENT PVWM POWER
[r'vf (§ CONTROLLER | ) ;;f STAGE

| |
b (s (5) (s
|—@1_.. Ge(s) Fm(s) = Gp(s) ',(5)

Figure 3.14 Laplace domain block-schema of the current loop
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The open loop transfer function of the inner current loop can be written as:
Ti(S)=Fm(S)RsGp(s)Ge(s) (3.14)

where Fm (s) is modulator gain of the PFC controller, Rs is the current sensing
resistor, Gp(s) is power stage transfer function, and Ge (s) is current compensator

transfer function.

The transfer function of the modulator is dependent on the peak value of the ramp
voltage in the PWM controller. So the transfer function of the modulator can be

written as:

F,.(s) = — (3.15)

Vse

where Vst is equal to the peak-to-peak amplitude of the external ramp. A small
signal model of the power converter is needed for the design of the current

compensator.

The averaged small-signal model of the converter defines the dependence of the
average input current on the duty cycle. When the converter operates at steady-state,
the output voltage has small variations around a steady-state component. The output

voltage can be expressed as:
(Vo (s =V+V( (1) (3.16)
The averaged small signal model of the PFC boost converter with dynamically

changed variables is shown in Figure 3.15. The linearization and the perturbation

procedure are used for completing the small signal model of the converter.
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Figure 3.15 Linearized model of the PFC boost converter.

The average inductor voltage of the PFC boost converter can be written as:

LD = (7 (6))s — O V+ V() (3.17)
The nonlinear term dV(t) + v*(t) in the equation (3.17) is much smaller than the
linear term d'(t)V . Therefore, this nonlinear term can be discarded. The average

inductor voltage can be obtained as:

LEED = (v ) - d OV (3.18)
The equivalent circuit given in Figure 3.15 is used to obtain control-to-input transfer
function by using the equation (3.18) and found by setting the independent inputs to

zero and solving the inductor current lg. The simplified small signal transfer function

of the PFC boost converter Gp(s) is written as

IL(s 1%
Gos)= )= 31 (3.19)

The open loop transfer function of the current loop without the current compensator
Gid(s) can be written as the combination of the power stage, sensing resistor and
PWM modulator.
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(3.20)
(3.21)

1mH, Vo =400V, Vse = 4V) is shown in

Boda Diagram

Fm(S)RsGp(s)
Gid(S) GC(S)

Ti(S)

Gid(S)
The current compensator is designed according to the behavior of the converter

The complete open loop transfer function of the current loop with current
without the current compensator. The current compensator should be designed for
optimal performance and stability for overall current loop. The Bode blot of the
Gid(s) is a good reference for the design of the current compensator. The Bode plot of

the Gid(s) with arbitrary chosen values (L

compensator Ti(s) is
Figure 3.16.
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It can be seen from Figure 3.16 that the power stage transfer function has a single
pole response at the usual frequencies. A two-pole, single-zero error amplifier can be
used as a current compensator in the average current control method. A pole placed
at the origin provides a higher loop dc gain and zero dc steady-state error in the

Figure 3.16 Magnitude and phase plots of the converter transfer function G(s).

current controller transfer function Ge (S).
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The zero is placed to achieve the desired phase margin for stability purposes. The
other pole is placed generally at one half of the switching frequency to filter the
switching noise.A general equation for a two-pole, single-zero current compensator

is given below:
C(1+S
Go(s) Wi fws) (3.21)
wp)

The construction of a two-pole, single-zero current compensator and a general gain

response are shown in Figures 3.17.a and 3.17.b, respectively.
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Figure 3.17 (a) Circuit Diagram (b) Gain response of current compensator.

It is shown that, if the high frequency pole is placed at or after half of the
switching frequency to filter out the switching ripple of the sensed inductor current,
it has no effect on the gain and the phase of the current — loop gain before the half of
the switching frequency. Only the pole placed at the origin (acting as integrator) and
the zero affect the current loop gain below half of the switching frequency. The
current loop should be designed to have maximum low frequency gain and
acceptable phase margin at the crossover frequency to minimize the input current

distortions. The overall current loop transfer function can be written as:
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(3.22)

S
VR, w; (7
SLVsg s (1+°S
SE ( /Wp)

Ti(s)

| | |
\\\\\ b — - — - —
I — I
= - =
1 i 1

Bode Diagram

[ I
1 L
I I
———d L
| |
I I
L [
I I
I I
I I
I I
| |

— =
- L
i

Y S—
/

|
|
|
|
|
|
|
[ |
|
|
|
|
|

0
50
5(

(gp) spryubep

The compensated current loop transfer function has the following gain and phase

responses shown in Figure 3.18.
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Figure 3.18 Compensated loop gain and phase plots of the inner current loop.

3.4.2 Voltage Loop Design

The outer voltage loop determines the required amplitude of the current reference

due to the requirement for the power balance operation. On the other hand, it was

mentioned that the outer voltage loop should have limited bandwidth, less than half

of the line frequency, for minimum distortion in the line current. This limited

bandwidth brings slower transient response. The outer voltage loop should be

designed for optimal transient response with minimal input current distortion due to

the 2nda harmonic component in the output capacitor voltage. The block diagram of

the outer voltage loop can be constructed with closed current loop as shown in Figure

3.19.
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Figure 3.19 Voltage control loop.

Assuming the inner current loop is well designed, it provides a good current
regulation according to the predefined current reference. It can be assumed that the
closed current loop has no effect in the outer voltage loop, simply behaves as a unity
gain block in the block diagram of the voltage loop shown in Figure 3.19. So the
only thing is the design of the voltage error amplifier. This voltage compensator
should be designed according to low frequency behavior of the power stage of the
PFC. Because the outer voltage loop has smaller crossover frequency around 20 Hz,
a small signal model of the power stage accurate at frequencies below 100 Hz should
be used.( Dixon, L. H. High Power Factor Preregulators for Off-Line Power
Supplies, Unitrode Power Supply Design Seminar Manual SEM600, 1988)The small
signal model of the PFC converter consists of a controlled power source modeled as

a current source shunted by a resistor as shown in Figure 3.20.

- + V5
Ve o
®D = e ==

Figure 3.20 Small signal model of outer loop.

The variable source resistance ro is equal to the load resistance RL. ro changes
when Rc changes. The load can be a resistive load or a constant power load such as a
DC/DC converter.
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In the case of resistive load, ro is equal to the load resistance RL and the parallel
combination of these variables defines the single pole response of the transfer
function. However, in the case of the constant power load, it has a negative small
signal resistance (-RL). The negative resistance is equal and opposite in sign to the dc
resistance and parallel combination approaches infinity.

So the model becomes a current source driving a dc capacitor. So the power stage
transfer function will have a single pole response that is placed at 0 Hz. The power
stage transfer function can be written by using this simple circuit, current source

driving the dccapacitor, by using the power changes in the output capacitor.

Gps(S) = ——in— (3.23)

SCVoAVgout
Where SCV,AV,,.: IS equal to the voltage ripple in the capacitor voltage.

The voltage compensator should have a pole at the origin to achieve zero steady
state error. This integral compensation adds another 90 degrees of the phase shift at
low frequency, since the transfer function of the power stage has single pole roll-off.
A zero is needed to achieve optimal phase margin and placed before the loop
crossover frequency. The location of the zero should be chosen as high as possible in
frequency considering a zero will be a dominant pole in the closed loop system. So a
high frequency zero provides better transient response in the closed loop system. The
second pole is placed at the loop crossover frequency. A two-pole, single-zero
voltage compensator is the best choice for better transient response and low current
distortion. The general definition for the voltage controller is given in the equation
(3.24).

C(1+5/,,
Gy(s)= wi 0wy (3.24)

s (1+ S/Wp)

The voltage loop is designed according to chosen output capacitor value, output

voltage ripple and allowable input current distortion.
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3.5 Simulation of Average Current Control Mode of Boost Converter
Single Phase average current mode controlled PFC circuit is simulated by
SIMPLORER simulation tool and simulation results are verified. The simulated

circuit and control blocks are shown in Figure 3.21.
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Figure 3.21 Simulation block diagram of average current mode PFC.

The performance analyses of average current controlled PFC is done by simulation
methods. The input current and output voltage simulation waveforms are illustrated
and analyzed. The current waveform behavior for different input voltages and the
output voltage differences at step load conditions are verified. The circuit is

simulated with the following simulation parameters given in Table 3.1.
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Table 3.1 Simulation parameters of average current mode PFC

Output Power, Pgy 250 W
Input Voltage, Vin 90-
265V
Input Voltage Frequency 50Hz
Switching Frequency 100
kHz
Output Voltage, Vo 400V
Boost Inductor, L 1mH
Output Capacitor, CO 330uF
Integration Formula Euler
Minimum Step Time 0.1u

The control loops for average current mode control is implemented by s-block
subcircuit in the simulation system. The output voltage controller is chosen as a low
bandwidth error amplifier. The output voltage controller has two poles and one zero
characteristics with 20 Hz crossover frequency. A pole is placed at origin where the
other pole is placed at crossover frequency. The zero is placed before the crossover
frequency for stability reasons. The current controller is also implemented by s-block
sub-circuit. The current controller has two poles and one zero with one decade of
switching frequency crossover (10 kHz). The zero is placed at crossover frequency
and the pole is placed at half of the switching frequency to filter the higher switching
frequency noises. (Ridley, R. B. "Average Small-Signal Analysis of the Boost
Power- Factor- Correction Circuit", VPEC Seminar Proc., 1989, pp. 108-120.)The
used parameters for the voltage controller (GS1) and current controller (GS2) are

shown in Figure 3.22.
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Figure 3.22 S-Transfer function for the voltage and current controller used in simulation

The simulation results for the input voltage and the input current for 220-V input

voltage at full-load is shown in Figure 3.23.
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Figure 3.23 Line voltage and line current simulation waveforms for 220-V input voltage at 250-W

PFC system (current scale: 10x).

The output voltage reference is defined as 400 Vdc. The output voltage and input
current simulation waveforms are at steady state for 220 V input voltage and fullload

output power is shown in Figure 3.24.
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Figure 3.24 Output voltage and input current simulation waveforms for 220 V input
voltage at 250-W PFC system (current scale: 10x).

The system is simulated for the lower input voltage conditions. The input voltage
is lowered to 120 Vac and the corresponding current and output voltage waveforms
are simulated. The input voltage and input current simulation waveforms for 120 Vac

at full-load power are shown in Figure 3.25.
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Figure 3.25 Line voltage and line current simulation waveforms for 120 V input
voltage at 250-W PFC system (current scale: 10x).

The output voltage and input current simulation waveforms for 120 V input voltage

at full-load are shown in Figure 3.26.
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Figure 3.26 Output voltage and input current simulation waveforms for 120V input voltage at 250W
PFC system (current scale: 10x).

The transient response for the outer voltage control loop is satisfied with the
simulation. The load is increased from half load to full load at steady-state and the
corresponding changes at the output voltage and input current are illustrated by the

simulation. The step response for the output voltage and input current is shown in
Figure 3.27.
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Figure 3.27 Step response for output voltage and input current simulation waveforms
for 220 V input voltage at half-load to full-load step (current scale: 10x).
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In the above simulation results, it is shown that a sinusoidal input current
waveform is achieved for different input voltage values by the average current mode
controlled PFC. There are some distortions in the input current at the zero crossings
of the input voltage due to the lower inductor voltage at these regions. The lower
inductor voltage cannot provide enough inductor current to track reference
waveform. In the case of the lower input voltage such as 120 Vac, these distortions
are smaller. The output voltage controller has limited bandwidth and shows slower
response to transient situations. But it is seen from Figure 3.27 that the voltage and
current controller shows optimum response for load changes without any distortions

or overshoots.

3.6 Hardware Implementation of Average Current Control Mode of Boost

Converter

This section describes the general specifications of the power circuit and control
circuit elements of an average current controlled converter system. It is known that
the single-phase PFC is shaped from a single-phase diode rectifier and a cascaded
DC/DC boost converter. The types of the components in the power circuitwith their
general specifications are summarized briefly in the subsection 3.6.1. The analog
smps controller IC, NCP1379, is chosen to implement average current mode smsps
application. The general parameters and the block diagram of the controller are given

in the subsection 3.6.2.

3.6.1 Functional Description of the Power Circuit

The power circuit consists of input bridge rectifier, filtering ac capacitor after
bridge, boost inductor, boost switch, boost diode and output capacitor. A current
sensing resistor series to power line is placed to sense the inductor current for
average current mode control. An inrush current limiter NTC is placed at the input of
the rectifier to limit the startup current. This inrush current limiter has cold resistance

at start-up and a small resistance when the rated current flows through it.
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A glass fuse is placed at the input of the power line to protect the circuit from
high input currents.

A diode is placed between the output of the rectifier and the output capacitor in
order to protect the circuit elements during the start-up. It is known that output
electrolytic capacitor draws higher currents during initial charging at the start-up so
boost diode can saturate at this current level and can damage the circuit elements
such as boost diode. This parallel diode conducts only at the start-up because the
output voltage is smaller than the input voltage. At steady-state, output voltage will
be higher than the nput voltage due to boost operation.

Input bridge rectifier is selected according to required ratings of the system. This
bridge rectifier is followed by a filtering capacitor. This filtering capacitor reduces
the noise in the output of the bridge rectifier and provides a good reference
waveform for the current reference. A displacement factor occurs, if the value of this
capacitor is high. The boost inductor, power switch and diode form the boost pre-
regulator operation. The boost inductor is made of ferrite core with appropriate
ratings. The power switch is selected as a power MOSFET with a small on-
resistance. The output diode has fast switching capability with soft recovery

characteristics.

The output capacitor is one of the main elements in the power circuit. The value of
this electrolytic capacitor affects the output voltage ripple, performance of the
voltage error amplifier, hold-up time, and start-up inrush current. A small current
sensing resistor with higher power rating is used to sense the inductor current. This is
the easiest way to sense the inductor current but some power dissipation occurs in the
sensing resistor. As the system has low power level, current sensing is a good and
cheap solution. In high power applications current sensing transformers or Hall-
effect devices should be used to sense the current. But these methods need extra

circuit to amplify the sensed current to the appropriate value for the controller.
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3.6.2 Functional Description of the Control Circuit

The control circuit is implemented with the OnSemi integrated circuit NCP1379

and the required external circuit elements. The NCP1379 controller 1C provides
average current mode.
The controller IC needs external passive components chosen according to the
application. The IC has internal reference voltage generator, current and voltage error
amplifiers, saw tooth oscillator, gate drive circuit with soft start and peak current
limiting features. The block diagram of the controller IC is shown in Figure 3.28.

The controller IC operates with constant 12-VVdc power supply. the controller
prevents valley—jumping instability and steadily locks out in selected valley as the
power demand goes down. Once the fourth valley is reached, the controller continues
to reduce the frequency further down, offering excellent efficiency over a wide

operating range.
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Figure 3.28 Block diagram of the NCP1379 controller IC.
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Due to a fault timer combined to an OPP circuitry, the controller is able to
efficiently limit the output power at high—line. NCP1379 optimizes the efficiency by
switching in the valley of the MOSFET drain—source voltage. Due to a proprietary
circuitry, the controller locks—out in a selected valley and remains locked until the
output loading significantly changes. This behavior is obtained by monitoring the

feedback voltage.

When the load becomes lighter, the feedback setpoint changes and the controller
jumps into the next valley. It can go down to the 4th valley if necessary. Beyond this
point, the controller reduces its switching frequency by freezing the peak current

setpoint.
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Figure 3.29 Output Load is Decreased from 2.4 Ato 0.5 A at 120 Vdc Input Voltage

3.7 Design of the Average Current Controlled Circuit
In this section, design procedure for implementing average current mode
controlled PFC with NCP1379 IC is presented. First, the design specification for the

circuit is defined as given in Table 3.2.
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Table 3.2 Design parameters of 250W average current PFC

Output Power, Po 250 W
Input Voltage, Vin 90-270V
Input Voltage Frequency 50Hz
Switching Frequency 100 kHz
Output Voltage, Vo 385V
Input current THD 3%
Efficiency 90%
Hold-up time 50ms
Inductor Current Ripple 20%

The design process is realized by using following procedure.
1) Power stage considerations
2) Selection of the switching frequency fs
3) Selection of the boost inductor L
4) Selection of the output capacitor Co
5) Selection of the power switch elements, MOSFET and PFC diode
Average current mode controlled PFC with NCP1379 controller IC is
implemented with the selected external elements. The schematic diagram of the

hardware is shown in Figure 3.30.
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Figure 3.30 Schematic diagram of Primary side the 250-W, average current controlled PFC.
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1) Power Stage Considerations: A 250-W single-phase power factor correction
circuit is implemented and tested in the laboratory conditions. The average current
mode control has no limit for the power level of the PFC system. Traditionally, the
SMPS has lower power levels that are used in commercial equipments. So, 250-W
PFC is a good example to show the basics of the average current mode controlled
PFC circuit. The PFC circuit is designed to operate anywhere in the world (universal

input line).

The first issue to design the power stage is defining the output voltage level. The
output voltage should be greater than the peak of the maximum input voltage. In this
example, output voltage reference is selected as 385 Vdc. The main elements of the
circuit are boost inductor, power switch, boost diode and output capacitor. The boost
inductor is designed for the inductor ripple current at the worst case operation of the
circuit. The selection of the power switch is done by considering the rms value of the
switch current. The boost diode should have fast reverse recovery characteristics for
CCM operation. Both power switch and diode should be rated at about 20 % above
of the output voltage. The output capacitor should be selected by considering the

output voltage ripple and hold-up time.

2) Selection of the switching frequency fs: Switching frequency should be high
enough to reduce power component size but low enough to reduce the power losses.
So selection of the switching frequency is defined by the trade-off between size and
switching losses. The controller provides wide range of switching frequency (20
kHz-250 kHz). In this example, 21,439 kHz switching frequency is selected for

better utilization and smaller circuit elements.

2Py _ N2X2BOW _ 4594 (3.25)

I, =
inpeak(max) =y, o min) 0.9x85V
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Figure 3.31 Switching frequency measurement

3) Selection of the boost inductor L: The boost inductor determines the high
frequency ripple for the inductor current. Inductor is designed to handle maximum
peak current and defined current ripple. First, the maximum peak current that occurs
in operating at minimum input voltage has to be defined. The maximum input peak

current lin,peak(max) IS ;

The peak to peak ripple current is defined as 20% of the maximum input peak

current. So the high frequency ripple current is:
Al=0.2 X Iy peak (max)=0, 9A (3.26)

The value of the inductor is selected at the maximum input current and low input

voltage with corresponding duty ratio, D.

D:VO_Vin,peak(min) — 385_\/535 85 — 069 (327)
Vo 385

where D is the duty cycle, fsis the switching frequency and _1 is the inductor current
ripple. A 900 uH, ferrite core, high frequency inductor is used with 6-A current
handling capacity.

Vinpeak(mim)XD _ 120Vx0.69

L= =
foxAl 100kHz x 0.94

= 0.9mH (3.28)
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4) Selection of the Output Capacitor Co: The capacitance and the rated voltage
value should be designed according to predefined output voltage, output voltage
ripple and hold-up time for the output voltage. Total current through the output
capacitor is the rms value of the high frequency ripple current and second harmonic
of the line current. The capacitor with voltage and current ratings grater than the
normal operating point values with smaller ESR is selected. Hold-up time is the other
selection criterion for the selection of the capacitance. Hold-up time is the length of
the time where the output voltage remains within the specified range after input
voltage is turned off. In this example hold-up time is selected as 20 ms. Calculating

the capacitance is done according to the equation (3.29).

_ 2xPoxAt 2 x250Wx20ms __
O WE Vi) | (3852-3202) 200pF (3.29)

where Al is the hold-up time. 220uF, 450-V electrolytic capacitor with lower ESR
is chosen for 385-V output voltage and 250-W output power.

5) Selection of the power switches elements, MOSFET and PFC diode: The

selection of the switch elements, power switch and boost diode, depends on
thevoltage and current ratings, and switching losses. The power switch and diode
shouldhave sufficient operation ratings. Power losses should be considered while
selectingpower switch. Total power loss is the sum of the switching loss and

conduction loss.

Choosing a switch with minimum gate charge and switch capacitance reduces the
turn-on and turn-off losses. A small on-resistance will reduce the conduction losses.
A power MOSFET with current rating higher than the maximum peak current of the

inductor and voltage rating greater than the output voltage is chosen as power switch.
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3.8 Experimental Results

The Boost converter has been designed to support general types of TV
applications with up to 3 output voltages which can be selected by transformer
design with adapted turn’s ratio of each secondary winding. The first application that
has been developed supports the most common application working with 5 V and 12
V, with 50 W continuous power, up to 70 W peak with up to 4 A on each of the 2
outputs.The third output could be used for a 24 V most likely dedicated to Audio
amplifiers with lower current capability limited to 1 A or 2 A peak.

Connected to the auxiliary winding through R205, the ZCD / pin 1 detects the
core reset event such that the controller will always drive the system with full
demagnetization. The value of the small capacitor C210 (with both R205 and R211)
will set the delay to switch by the minimum voltage and reduce as much as possible
switching looses and EMI. This will be true even by the fourth valley when the

output power is low.

Also, injecting a negative voltage smaller than 0.3 V on this pin during the
conduction of the power MOS will perform over power protection defined by R206.
The diode D203 allows both ZCD and OPP individual adjustment.

80 acqs RL:100k

Figure 3.31 Experimental measurement of ZCD pin of IC NCP1379.
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The secondary feedback opto coupler collector connected to the FB / pin 2 will
allow regulation via primary current regulation, lower voltage on this pin will

immediately reduce the output power.

Figure 3.32 Experimental measurement of FB pin of IC NCP1379.

The CS / pin 3 monitors the primary peak current going through the Power MOS
Q203 and the primary of the transformer. If the first level of 0.8 V limits the current
cycle by cycle and start the internal timer, the second level of 1.2 V (150%) will
switch OFF immediately and latch the IC as this is the result of strong secondary

diode short circuit. The GND / pin 4 is connected to the primary ground.

The DRV / pin 5 is the driver’s output which directly drives the gate of external
Power MOS Q203. Although the IC is designed to directly drive large Power
MOS, an added external PNP transistor Q204 is used to reduce current loop and
possible EMI related to the high di/dt necessary to switch OFF the Power MOS in

a small amount of time.
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Figure 3.33 Experimental measurement of DRV pin of IC NCP1379

The Vcc / pin 6 is the supply pin of the IC connected to the general supply Vccd
through a dedicated filter (R209), after standby switch Q101 with energy coming
from Standby (Vccl) or Boost (Vcc3) SMPS.
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Figure 3.34 Experimental measurement of Vcc pin of IC NCP1379

To avoid direct impact of output power though leakage inductance on the primary
auxiliary voltage Vcc3, a large resistance R207 has been inserted in series to the
rectifier diode to get the closest voltage to the plateau which is the image from output
regulated voltage. This voltage Vcc3 is also used to detect over voltage and acts to

latch the 1C through the BO pin protection.
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The BO / pin 7 observes the HV rail or the voltage coming from PFC OK
(through the divider R203 and R214) to allow starting phase only when PFC-OUT
supply line is correct. It also offers a way to latch the circuit in case of over voltage
event through the diode D206 when the zener diode ZD200 is switch ON (Open
regulation loop protection) and provide 2.5 V to pin 7.

A capacitor connected to the CT / pin 8 acts as the timing capacitor in foldback
mode and adjusts the frequency in VCO mode. As for general Boost application, a
voltage clamp is used to reduce the Max voltage on the Power MOS linked to the
leakage inductance of the transformer. To avoid over temperature, up to 3 power
resistances R200, R251 and R252 can be used.
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Figure 3.35 Experimental measurement of CT pin of IC NCP1379

3.9 Summary

The average current mode control PFC circuit is analyzed theoretically and
simulation and experimental results are verified. It is shown that the average current
mode control seems attractive for active power factor correction circuit. However,
there is too much design procedure making the system complex. Also the number of
elements used in the circuit is high. In the following chapters, another active PFC

control method will be analyzed and verified experimentally.



CHAPTER FOUR
FREQUENCY CLAMPED CRITICAL CONDUCTION MODE
CONTROL OF PFC

4.1 Introduction

In this chapter, firstly the analysis of single-phase active power factor correction
circuit operated in the critical conduction mode is presented. The critical conduction
mode is also called as boundary conduction mode or transition mode control. The
word “boundary” comes from the operation characteristics of the proposed control
method. In the boundary conduction mode control (BCM), the inductor current
operates at the boundary of continuous conduction mode (CCM) and discontinuous
conduction mode (DCM).After that in section 4.5 gives detail information about
interleaving method which operates frequency clamped critical conduction mode
(FCCrM).( Balogh L. & Redl R. Power-factor correction with interleaved boost
converters in continuous inductor current mode. In: Proc IEEE APEC’93 conf, San
Diego, CA; March 1993. p. 168-74.)

Critical conduction mode operation is the most popular solution for the low power

applications due to the following reasons:

%+ The control topology needs few external components and serves simple

design process

¢+ Low cost solution to achieve near unity power factor application

e

AS

Smaller magnetic element sizes due to the CCM operation

K/
*

Lower switching losses and stress on the power switch elements in the

application.
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% The power switch turns-on at zero current and the reverse recovery loss of the

boost diode is minimized.

However, the switching frequency of the boundary conduction mode is not
constant and varies over a line cycle. The switching frequency at the zero crossing of
the line is higher in contrary, lower in the peak of the line cycle. So this large
switching frequency variation causes distortions in the input current. Because the
inductor current peak value is twice of the input current peak value, boundary

conduction mode is not suitable for high power applications.

This chapter describes the basics of a PFC boost converter operating at the critical
conduction mode. Operation principle and derivation of circuit parameters are
discussed. Steady-state characteristics, switching frequency derivation, input and
inductor current properties are explained throughout the chapter. Simulation and

experimental results are verified and compared.
4.2 Operation of Critical Conduction Mode
PFC boost converter such as in average current mode control is used to analyze

the basics of the critical conduction mode. A typical critical conduction mode control

is illustrated in Figure 4.1.
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Figure 4.1 Block diagram of a BCM boost converter.

The reference current is obtained by the same method as in the average current

mode control scheme. The sensed sinusoidal waveform is multiplied with the output
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of the voltage error amplifier and required current reference is built. The switch
current is sensed. The power switch is turned on when the inductor current drops to
zero. The power switch is turned off when the inductor current reaches the reference
current.

Thus inductor current has a triangular waveshape with a sinusoidal envelope. An
input filter capacitor is used to average the triangular waveshape thus providing a
sinusoidal input current. The resulting waveforms of inductor current IL, averaged
input current lac and reference current Irgr are shown for a half line cycle in Figure
4.2.
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Figure 4.2 Current waveforms during half of an AC line cycle

In critical conduction mode, boost converter operates in two modes. The inductor
current builds up linearly with the slope (Vin/L) during on time. Theoretically, the
on-time duration of the power switch is constant. However, due to finite switching
frequency, the switch on time varies throughout the entire cycle. Second mode
begins with the turning-off of the power switch. The inductor current decreases
linearly with the slope (VO - Vin / L). This switching sequence repeats at every zero
crossing of the inductor current. So the inductor current is zero when the switch is
turned on. This provides a zero current turn-on, hence minimizes the switching

losses. These conduction modes are illustrated in Figure 4.3.



76

SWITCH TURMN-OMN SWITCH TURN-OFF

Ty L Ly Tray L iy

Fowy ! orr

Figure 4.3 Switching sequences of PFC Stage

The critical conduction mode control eliminates the inner current controller. A
simple on-off control with a zero current detector block is enough to implement a

boundary conduction mode control. In addition only switch current is sensed.

As a result, the inductor peak current is twice of the line peak current at the
boundary conduction mode. This control topology requires smaller boost inductor
but requires input filtering capacitor to smooth the current and minimize the EMI.
Design procedure is simple and low cost. It is suitable for low power applications
due to higher peak currents and variable switching frequency.( Elmore MS.”Input
current ripple cancellation in synchronized, paralel connected critically continuous
boost converters”. In: Proc IEEE APEC’96 conf, San Jose, CA; March 1996. p. 152
8.)

4.3 Analysis of Switching Characteristics Critical Conduction Mode
In this section, steady-state characteristics, switching-on and -off time, duty cycle,
switching frequency and their dependency on ac input voltage and power level are

discussed.

The BCM boost converter operates as a power factor pre-regulator so the input

voltage and input current of the system have sinusoidal waveform without any
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displacement. Thus the sinusoidal equations for the input voltage Vin(t) and input

current lin(t) can be expressed as follows:

Vin (t) = \/EX Vin,rms x sin (wt) (4.1)
And
Iin(t) = V2 x I s X sin (wt) 4.2)

The operation of the BCM control is explained in section 4.2. Actual and averaged

inductor currents with corresponding gate signals are illustrated in Figure 4.4.
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Figure 4.4 Inductor Current and Corresponding Gate Signals

-

The input current lin is equal to the averaged inductor current IL that is half of the

peak value of the inductor current I_,peak.

1 ea
Iin(t) = (IL>TS = L'ka (4.3)
where Ts is the switching period. So peak inductor current can be written by using

equation (4.4) as:

Iin(t) = 2 x V2 X [ i yyms x sin(wt) (4.4)
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The basic input power definition can be used for the derivation of the peak inductor
current. The averaged input power is equal to the product of the rms values of the
input voltage and current. Averaged input power can be expressed as:

<Pin)TS = Vin,rms ve Iin,rms (4-5)

Peak inductor current is a function of averaged power and rms value of input voltage

I pear =2 x VZx 2y sin(wt) (4.6)

in,rms

The BCM converter operates with variable switching frequency as illustrated in
Figure 4.3. As already stated, the inductor current consists of two phases. During the
on time of the power switch, the inductor voltage is equal to the input voltage and
inductor current increases with a Vin/L slope. The inductor current in the on time can

be expressed as:
() =720 xt (4.7)

At the end of the on-time duration, the inductor current 1, is equal to the peak

inductor current I_,peak. Thus

— Vin(t)

IL,peak - L X ton (4-8)

The on time is then expressed by using equation (4.1) and (4.6) as:

(Pin) .
2x/2 x —— x sin(wt) x L
__TrpearxL _ Vinrms _ 2x{Pip) XL (4 9)

t — el =
on : 2
Vin(t) V2 X Viprms X sin (wt) Vinrms

It is clear from equation (4.9) that, the on time ton is constant during line cycle.

The on-time duration depends on power level, inductance and input rms voltage. The
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off time duration can be explained by using the second phase of the inductor current.
During this second phase, inductor current flows through the output diode and feeds

the output capacitor and load.

The inductor voltage becomes negative and inductor current decreases with a
linear (VO - Vin )/L slope. The inductor current is equal to the peak value at the
beginning of the off-time duration and drops to zero at the end of this second phase.
The variation in the inductor current in the second phase can be

written as:

Vo—Vin(t
L) = L pear — [2=229 x ¢ (4.10)

This second phase ends when the inductor current reaches zero, and the off time is

given by the following equation:

P.
2x2x stin(wt)x L
t — I peak X L — Vinrms (4 11)
off Vo=Vin(t) Vo—V2 X Vin,rms ¥ sin (wt)

Off-time duration is not constant and varies during each half cycle. Total switching

period is the sum of ton and toff. Thus

Ts=ton + toff (4.12)

The equation for the switching period TS can be expressed by using equation (4.1)
and (4.6) as:

(Pin) x Vo
2
Vin‘rms X (VO_Vl‘n(t))

T,=2x L=

(4.13)

Thus the switching frequency fs is the inverse of the switching period TS.
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Consequently,

Vinrms V2 x Vingrms X sin (wt)
fo = sy [q — ] (4.14)

T 2xLx(Pip) Vo

This equation shows that, the switching frequency consists of a constant component
that has a value dependent on the operating point and a variable component that
makes the switching frequency vary within AC line cycle. The following figure
illustrates the variations of the switching frequency within a half AC line cycle.

15

" L in (o)
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LI 1.0 20 3.0
ol

0

Figure 4.5 Switching frequency over the AC line cycle

The switching frequency is high near the zero crossings of the line cycle where
the inductor current has lower amplitude. Besides, the switching frequency is
approximately divided by five at the top of the sinusoid, where the inductor current
has higher amplitude. In actual implementation, the rectified input voltage is filtered
with a high frequency AC capacitor to provide a clean reference waveform. The

output voltage error amplifier determines the amplitude of the current reference.

The turn-on time is controlled by the comparison of the reference and the actual
inductor current. The power switch is turned on when the actual inductor current
drops to zero and turned off when actual inductor current reaches the reference. In

the next section, computer simulation analysis of a CCM converter will be verified.
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4.4 Simulation of Critical Conduction Mode PFC

Single-phase critical conduction mode controlled PFC circuit is simulated by

SIMPLORER simulation tool and simulation results are verified. The simulated

circuit and control blocks are shown in Figure 4.6.

Rectifier |Boost Stage]|

— T { |
YN j
PN =1 1 . L '5'-: .<;
Q® \ [
D2 ZS D4 ZS
I

Critical
Conduction

Mode Controller
= <] EI SISO
Sine Waveiorm| Multiplier [coner]

Voltage Loop

Figure 4.6 Block diagram of simulation circuit

Computer simulation of critical conduction mode control is used for the analysis
of circuit parameters and waveforms at different operating points. The input current,
inductor current, switching signals and output voltage waveforms are illustrated and
analyzed. The current waveform behavior for different input voltages and the output

voltage differences at step load conditions are verified. The circuit is simulated with

the following simulation parameters given in Table 4.1.



Table 4.1 Simulation parameters of critical conduction mode PFC

Output Power, PO 150 W
Input Voltage, Vin 90-265V
Input Voltage Frequency | 50Hz
Switching Frequency Variable
Output Voltage, VO 400V
Boost Inductor, L 0.8mH
Output Capacitor, CO 330uF
Integration Formula Euler
Minimum Step Time 0.1u
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The output voltage controller is a low bandwidth voltage error amplifier that is

built with s-transfer function block in the simulation tool. The crossover frequency of

the voltage controller is chosen as 20 Hz. A 400-V reference voltage is used in the

comparator at the input of the voltage error amplifier. There is no inner current

controller in the critical conduction mode control. Simply an on-off control is applied

in the simulation tool. Inductor current is compared with the switch current. (Lee
PW., Lee YS., Cheng DKW., & Liu XC.” Steady-state analysis of an interleaved
boost converter with coupled inductors”. IEEE Trans Ind Electron 2000;47(4):787—

95.)
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< > < >
Sample Time [s] 4 j Input Signal
[~ UsePin ¥ Use Pin
< >
Semple Time[s|  [1y - Default Dutputs
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Figure 4.7 S-Transfer function for the voltage and current controller used in simulation
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The control algorithm for this type of control is realized by using equation block
tool in the simulation. The voltage controller s-transfer function block (GS1) and
current control equation block (EQUBL1) are shown in Figure 4.7.

The circuit is simulated for 220 Vac input voltage and 150 W output power. The
input voltage, and generated inductor current reference and the actual inductor
current waveforms are illustrated in Figure 4.8. The corresponding input current is

shown in Figure 4.9.
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Figure 4.8 Line voltage, reference inductor current and actual inductor currentsimulation waveforms
for 220 V input voltage at 150 W PFC (current scale: 40x).
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Figure 4.9 Line voltage and input current simulation waveforms for 220 V input voltage at 150 W

PFC system (current scale: 40x).
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The output voltage reference is set to 400 Vdc level. The output voltage waveform at
steady state with the input current is illustrated in Figure 4.10.
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Figure 4.10 Output voltage and input current simulation waveforms for 220 V input voltage at 150 W
PFC system (current scale: 100x).

The transient response for the output voltage at the start-up and step load response
are verified in the simulation. The load is increased at steady state and corresponding

output voltage waveform is illustrated in Figure 4.11.
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Figure 4.11 Transient response for output voltage simulation waveforms for 220 V input voltage at
start-up and half-load to full-load step.
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4.5 Operation Interleaved PFC System

In high power applications, interleaved operation (the paralel connection of
switching converters) of two or more boost converters has been proposed to increase
the output power and to reduce the output ripple. This technique consists of a phase
shifting of the control signals of several cells in parallel operating at the same

switching frequency.

As a result, the input and output current waveforms exhibit lower ripple amplitude
and smaller harmonics content than in synchronous operation modes. The resulting
cancellation of low-frequency harmonics allows the reduction of size and losses of
the filtering stages. Moreover, a converter employing the interleaving strategy can
feature a great power density without the penalty of reduced power-conversion

efficiency.

However, current sharing among the parallel paths in continuous inductor current
and at average current control is a major design problem because of the mismatch in
duty cycle.( Braga HAC.,& Barbi 1. A “3-kW unity-power-factor rectifier based on a
two-cell boost converter using a new parallel-connection technique”. IEEE Trans
Power Electron 1999;14(1):209-17.)

Higher power density and faster transient response can be achieved by increasing
switching frequency. In Figure 4.12 a general structure for an N—phase interleaved
boost converter is given. Mathematically there is no limit for the number of
interleaved power branches. But, in practice as the phase number increases, the

system complexity increases and maintenance becomes difficult.
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Figure 4.12 N-Phase interleaved boost converter.

Higher switching frequency causes increase in switching losses and a serious
electromagnetic interference (EMI) problem in hard switched PWM converters. The
switching losses of the boost switches make a significant amount of power
dissipation. Therefore, the switching losses of the converter should be minimized to
increase the efficiency and power density by using soft switching techniques. These

techniques are implemented by passive or active snubber circuits.

Various kinds of soft switching techniques have been proposed in the literature to
minimize switching losses of the boost converters. Converters operating at soft
switching with passive snubbers are attractive, since there is no need for extra active
switches and also the control scheme is simpler. The main problem with these kinds
of converters is that the voltage stresses on the power switches are too high and the
converter is bulky. The study presented in is an example for this type application in
which the active power switches of the converter are turned on at zero voltage
switching by which the switching losses are reduced. The auxiliary inductor used in
this circuit is very big (nearly half of the main inductors) and this results in a bulky

circuit.
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Figure 4.13 The scheme of controller power stage of the proposed topology

Active auxiliary snubbers are also developed to reduce switching losses of boost
and interleaved boost converters without having the disadvantages of passive
auxiliary circuits. These active snubbers have additional gate circuits for the
auxiliary switches to generate their gate pulses and to synchronize them with the

main switch.

4.6 Interleaved PFC Technique Analysis of Switching Characteristics

By using the segmentation, phase shifting and merging principles, the output
power level is possible to be increased without sacrificing the converter efficiency, as
well as high power density can be obtained due to small inductance values with
lower operating frequency can be utilized with no penalty in term of input and output
current stresses. Moreover, minimum external heatsink and a simple controller in
CCM operation can be achieved. Fig. 4 shows a two-cell structure where capacitor
C1 can be used together.

Consequently, smaller current stress of this capacitor normally is reduced, as can
be seen in Fig. 4(c). It is clear that the interleaving technique also allows significant
reduction for inductor L1 without introducing electromagnetic interference (EMI)

problem, as shown in Fig. 4(b).
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Fig 4.14 Proposed interleaved PFC boost converter system and the operation waveforms
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In principle, the switching cycle of the proposed interleaved boost PFC converter

system can be divided into six stages:

Stage I:

During interval TO -- T1, in steady state operation, switch S1 is on, switch S2 and

diode D1 are off, and diode D2 is on. Diode D2 releases the energy stored in L3 to

the load, and inductor current IL2 increases linearly. At the same time, the current

flows directly from input to the load through inductor L1, diode rectifier and

capacitor C1. There is a very small voltage drop across inductor L1 due to zeroripple

phenomenon. The voltage stress across C1 is Vi = VO - Vgec
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r rF 11 I o
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Fig 4.15 Interval To—T;
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Stage II:

During interval T1 -- T2, due to the CCM operation, there is no energy stored in
L3. Therefore, diode D2 is off. In this condition, the energy stored in C1 is
discharged to the load through L2 and S1.

Fig 4.16 Interval T,—T,
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|
I
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I ]
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Stage I11:

During interval T2 -- T3, switch S1 is off and diode D1 is forward biased. Thus,
the energy stored in inductor L2 is transferred to the load through diode D1. At the
same time, the current flows directly from input to the load through inductor L1 and

capacitor C1. Hence, C1 is charged, and I.; = I,.

\ Io
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= 12 pl |4
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Fig 4.17 Interval T,—Tj3
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Stage 1V:

During interval T3 -- T4, due to the phase shifting principle, switch S2 is on,
switch S1 and diode D2 are off, and diode D1 is on. In this condition, the current
flows from input to L1, L3 and S2. Also, the energy stored in L2 is delivered to the
load through diode D1. Therefore, inductor current I, decreases linearly and
inductor current I3 increases linearly, but inductor current I is always continuous
and operates in zero-ripple fashion. At the same time, the current flows directly from
input to the load through inductor L1 and capacitor C1. Consequently, capacitor C1

is charged.
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Fig 4.18 Interval T;—T,

Stage V:

During interval T4 -- T5, due to the DCM operation, the inductor current I,
reaches zero at T = T4. It causes diode D1 off. Switch S2 is on until T = T5, At the
same time, the energy stored in capacitor C1 is discharged to the load through
inductor L3 and switch S2.
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Fig 4.19 Interval T,—Ts



91

Stage VI:

During interval T5 -- T6, switch S2 is off, switch S1 and diode D1 are off, and
diode D2 is on. Thus, the energy stored in inductor L3 is transferred to the load
through diode D2. In this condition, the current also flows from input to the load
through inductor L1 and capacitor C1. This causes capacitor C1 is charged again and
inductor current I; = lo. In this case, the current flows from the ac line through
inductor L1.
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Fig 4.20 Interval Ts—Tsg

It is interesting that the characteristics of the proposed interleaved boost PFC
converter system not only ripple-free input current with separate inductors can be
obtained, but also the energy transfer mechanism occurs during the main switch both

on and off.

4.7 Simulation of Interleaved PFC
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Fig 4.21 Circuit Schematic
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Fig 4.22 Simulation results of iL1-iL2—-ig (for V=230V)

Figure 4.22 and Figure 4.23 are full load at low line and highline voltage.As

expected, the input current has the shape of a CCM current. At low line and high

line, the phase shift is well controlled and is 180°. Each branch operates in CRM at

low line and in DCM fixed frequency at high line which is called FCCrM structure.
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Fig 4.23 Simulation results of iL1-iL2-ig (for V=90V)
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Fig 4.23 Simulation results of Vd & Id (for V=90V)

According to these results, the auxiliary switch is turned on and off under soft
switching conditions.Figs 4.23 and 4.24 show the simulation and experimental
results of the voltage of resonant capacitor used in the auxiliary circuit. The switching
operations of the output and auxiliary circuit diodes are also observed via simulation
and experimental studies. It is observed that the output diodes and auxiliary circuit
diodes turn on and turn off under soft switching and there is no voltage stress on the
diodes.. An experimental circuit for conventional hard switched interleaved boost

converter is also built up to compare with the pro- posed soft switched topology.
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Fig 4.24 Simulation results of Vd & id (for V=230V)
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4.8 Hardware Implementation of Boundary Conduction Mode PFC

In this section, the implementation of the average current mode control boost
converter with PFC controller I1C is explained. The analog PFC controller IC,
NCP1631, is chosen to implement frrequency clamped critical conduction mode PFC
application. General specifications of the power circuit and control circuit elements
of an critical conduction mode power factor correctionsystem is derived. The single-
phase PFC is shaped from a single-phase diode rectifier and a cascaded DC/DC boost
converter. The types of the components in the power circuit with their general
specifications are summarized briefly in subsection 4.4.1. The general parameters

and the block diagram of the controller are given in subsection 4.4.2.

4.8.1 Functional Description of the Power Circuit

Single-phase bridge rectifier with a cascaded boost converter is built and critical
conduction mode control is applied. The load is chosen as a resistive load. Input is
supplied by an isolated variable AC power supply. A high-frequency filtering
capacitor is installed after the bridge rectifier to smooth the output of the rectifier.
The boost inductor, boost diode, power switch and output capacitor assume the
power factor pre-regulator role. The ratings for the switching elements are chosen by
considering maximum peak current levels. A fast acting glass fuse and a bypass

diode are placed in the circuit to prevent the components in the case over current.

Also an NTC is placed in the input of the circuit to limit the start-up current due
to initial charge of the output capacitor. At steady state, the resistance of this NTC is
very small, thus provides minimum power loss in the NTC. A sensing resistor with
smaller resistance is placed at the source of the power MOSFET to sense the switch
current. Auxiliary windings in the boost inductor are used for the zero current
detection of the inductor current. Also these windings are used to supply controller
IC.
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4.8.2 Functional Description of the Control Circuit

Average current control mode is implemented by the ON Semiconductor
integrated circuit NCP 1379 with selected passive elements. The NCP1631
controller is the one of the most popularfrequency clamped critical conduction mode
IC for PFC due to easy design requirements. The controller has internal voltage
reference generator, trans-conductance type voltage error amplifier, multiplier, zero
current detector, over voltage comparator etc. The block diagram of the controller 1C
is shown in Figure 4.25
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Fig 4.25 Block Diagram of NCP 1631 Interleaved PFC IC

The NCP1631 is designed for use in a pre-regulator in electronic ballasts and off-
line power supplies applications. The controller consists of all required control
blocks including protection blocks. Also gate drive circuit is adequate to drive any
power switch element such as MOSFET or IGBT. The controller has internal output
voltage error amplifier. The inverting and output pins of this error amplifier are
accessible. The non-inverting input is connected internally to the voltage reference.
The output voltage divider feedback should be scaled to this reference level. The
error amplifier is a transconductance type, meaning that is has high output impedance
with controlled voltage-to-current gain. The gain of transconductance is around 100
mhos.
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The transconductance type amplifier provides better performance; also the inverting
input of the amplifier can be used for different purposes such as over voltage

comparator.

The compensation passive elements are placed between the output of the
amplifier and ground. An overvoltage comparator is used to protect the circuit in
case of over voltage at the output capacitor. The overvoltage limit is set to 1.08 of the
reference output voltage. When this limit is exceeded, the gate is turned off until

safety limits are reached again.

The multiplier is the core of the system. The inputs for the multiplier are the
output of the voltage error amplifier and current waveform reference. The output of
the multiplier is the reference inductor current. The actual inductor current is forced

to flow between this reference and zero.

An internal zero current detector is used to turn on the power switch when the
inductor current drops to zero. This inductor current information is taken from the
auxiliary windings of the boost inductor. The zero current detector initiates the next
On time by setting the RS Latch at the instant the inductor current reaches zero. An
internal watch dog timer is used to start or restart the converter if the drive output has
been off more than 600 usec after the inductor current reaches zero. The control IC is

supplied with an auxiliary supply circuit.

There is no need of external power supply. An undervoltage lockout comparator
has been incorporated to guarantee that the IC is fully functional before enabling the
output stage. In the next section, design of the 150W PFC circuit with NCP1631 is
explained.( Bodur H. & Bakan AF. “A new ZVT-ZCT-PWM DC-DC converter”.
IEEE Trans Power Electron 2004;19(3):676-84.)
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4.9 Design of the Frequency Clamped Critical Conduction Mode PFC

Converter

In this section, design procedure for implementing frequency cllamped critical
conduction mode controlled PFC with NCP1631 IC is presented. The circuit is
implemented for low power applications. First, the design specifications for the
circuit are defined as given in Table 4.2,

Table 4.2 Design parameters of current conduction PFC
Output Power, PO 150 W

Input Voltage, Vin 85-270V
Input Voltage 50Hz

Frequency

Switching Frequency | Variable
Output Voltage, VO 400V
Input current THD 3%
Efficiency 90%
Hold-up time 50ms

The design process is realized using the following design procedure.

1) Power stage considerations

2) Switching frequency fs considerations

3) Selection of the boost inductor L

4) Selection of the output capacitor CO

Frequency clamped critical conduction mode controlled PFC with NCP 1631
controller IC is implemented with the selected external elements. The schematic

diagram of the hardware is shown in Figure 4.26
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Fig 4.26 Typical Application Schematic Diagram of NCP 1631 Interleaved PFC IC

1) Power Stage Considerations:

A 150-W single-phase power factor correction circuit is implemented and tested
in the laboratory conditions. The critical conduction mode control is suitable for the
low power applications. The circuit is designed to operate with universal input
voltage range. A resistive load or a DC/DC converter can be used as load of the

circuit. A resistive load is used to carry out experiments in the laboratory.

The output voltage reference is set to 400 Vdc with 430 Vdc over voltage
protection. The main elements of the circuit are boost inductor, power switch, boost
diode and output capacitor. The boost inductor is designed with auxiliary windings to
be used in the zero current detector. The selection of the power switch is done by
considering the rms value of the switch current. The boost diode should have fast
reverse recovery characteristics for FCrCM operation. Both power switch and diode
should be rated about 20% above of the output voltage. The output capacitor should

be selected by considering the output voltage ripple and hold-up time.
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2) Switching frequency fs considerations:

The switching frequency is variable in the critical conduction mode control. The
variation of the switching frequency during a line cycle is explained in section 4.3.
The switching frequency characteristics for different input level are analyzed by
using equation (4.14). The deviations in the switching frequency for the 220 Vac
input voltage is shown in Figure 4.27. Figure 4.28shows the switching frequency
variations for 120 Vac input voltage.

Input voltage
350,0
300,0
250,0
@D
2 2000
S 150,0
=
100,0
50,0
0,0 T . .
0 45 90 135 180
Degrees
Freq vs. time
200 ¢
150 +
— C
= E
= 100
= C
o r
[N L
50 +
4] ! ! t
4] a5 90 135 180
Degrees

Figure 4.27 Switching frequency for 220VAC line voltage for critical current mode PFC.
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Figure 4.28 Switching frequency for 1220VAC line voltage for critical current mode PFC.

3) Selection of the boost inductor L:

The inductance is designed for minimum switching period. Assuming that the

minimum switching period is equal to 40 usec for the universal line (85-270), the

inductance value can be calculated as:

Vo 2 400 2
tx (E_Vin,rms(low)) X Vinrms(low) _ 40usec x (ﬁ—ss) x 85

Lp = VZx Vo x Py ST Zxacoxisow 600 uH (4.15)

The inductor is built from ferrite core material. The primary of the inductor is
measured as 700 uH. 80 turns are placed in the primary of the inductor. Auxiliary
windings are placed in the secondary for zero current detection and power supply for

the controller IC. 5 turns are placed in the secondary.
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4) Selection of the Output Capacitor :

The output capacitor defines the output voltage ripple and hold-up time for the
PFC. The capacitance and the rated voltage value should be designed regarding the
predefined output voltage, output voltage ripple and hold-up time for the output
voltage. The capacitor with voltage and current rating greater than the normal
operating point values with smaller ESR is selected. In this example a 330 uF
electrolytic capacitor is used and corresponding output voltage ripple is shown in
Figure 4.29

Output Ripple
Angle (degrees)
0 45 90 135 180
5 1 L 1
4
2
@
g 4]
S N
-4
-6

Figure 4.29 Output voltage ripple.

4.10 Experimental Results

The NCP1631 integrates a dual MOSFET driver for interleaved, 2—phase PFC
applications. It drives the two branches in so—called Frequency Clamped Critical
conduction Mode (FCCrM) where each phase operates in Critical conduction Mode
(CrM) in the most stressful conditions and in Discontinuous Conduction Mode
(DCM) otherwise, acting as a CrM controller with a frequency clamp (given by the
oscillator). According to theconditions, the PFC stage actually jumps from DCM to
CrM (and vice versa) with no discontinuity in operation and without degradation of

the current shape.
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Figure 4.30Interleaved PFC Controller Zero Current Detection Pin. (probel0x)

At Figure 4.30 the zero current detection pin for phase land phase2 of the
interleaved PFC stage. Apply the voltage from an auxiliary winding to detect the
core reset of the inductor and the valley of the MOSFET drain source voltage.

File | Edit | vertical | Horiziaca | Trig | Display | cursors Measure | Mask | Math | MyScope | Analyze | Utiities | Help {n Tek M =@
o B R B G R R S i T T R S
-]
1Y b b %Y s
4 L T s 4
e} b IR VUMY o VAN AR VRN Y- VUMY Y-cH TV AN B AN UMM VAN - VAN - Y - VA -
T 40.0mV/div 1MQ 8§,:20.0M ] AT [43.399us &= _/ 329mV 20.0us/div 200MS/s 5.0ns/pt
T 50 2580s
46.850us 84 acqs RL:40.0k
E®I® 21.341kHz Auto May 07, 2011 04:39:51
Value Mean Min Max St Dev Count  Info ‘|
RMS* [250-AmVv [249.97033m [249.5m [250.am [255.71 [8a.0 |

Figure 4.31Interleaved PFC Controller Feedback Pin. (probe10x)

At Figure 4.31 receives a portion of the pre—converter output voltage. This
information is used for the regulation and the “output low” detection (VOUTL) that
drastically speed—up the loop response when the output voltage drops below 95.5%
of the wished level.
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At Figure 4.32 Connect a capacitor to set the clamp frequency of the PFC stage.
If wished, this frequency can be reduced in light load as a function of the resistor

placed between pin 6 and ground (frequency fold—back).
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[ value Min Max St Dov Count Info
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Figure 4.32 Interleaved PFC Controller Oscillator Pin. (probel0x)

If the coil current cycle is longer than the selected switching period, the circuit
delays the next cycle until the core is reset. Hence, the PFC stage can operate in

Critical Conduction Mode in the most stressful conditions.
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Figure 4.33 Interleaved PFC Controller Vcontroller Pin. (probel10x)
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At Figure 4.33 the error amplifier output is available on this pin. The capacitor
connected between this pin and ground adjusts the regulation loop bandwidth that is
typically set below 20 Hz to achieve high Power Factor ratios. Pin5 is grounded
when the circuit is off so that when it starts operation, the power increases slowly
(soft—start).
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AT [56.544p8 10 acqs RL:100k
W (17.685kHz Auto  May 14, 2011 01:21:10
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@® rms-  [i68mv_ [i6 [i583m  [i7:48m  [467.1n 0.0 I

Figure 4.34 Interleaved PFC Controller Frequency Foldback Pin(probel0x)

Apply a resistor between pin 6 and ground to adjust the oscillator charge current.
Clamped not to exceed 100 uA, this charge current is made proportional to the power
level for a reduced switching frequency at light load and an optimum efficiency over
the load range
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Figure 4.35 Interleaved PFC Controller Frequency Foldback Pin(probel0x)
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At Figure 4.35 Apply a voltage higher than 2.5 V to latch—off the circuit. The
device is reset by unplugging the PFC stage (practically when the circuit detects a
brown—out detection) or by forcing the circuit VCC below VCCRST (4 V typically).
Operation can then resume when the line is applied back.

wsors | measure | mask | matn | myscope | anaiyze | utmies | wer | Tex R WO
= Y T T ——TT

! Il | Il
(e _/1.32v ]

20.0us/div 500MS/s 2.0ns/pt

3 acqs RL:100K
Auto  May 14, 2011 01:2

Figure 4.36 Interleaved PFC Controller Drive Pin(probel10x)

This is the gate drive pin for phase 1 and phase 2 of the interleaved PFC stage.
The high current capability of the totem pole gate drive (+0.5/—0.8 A) makes it
suitable to effectively drive high gate charge power MOSFETS.
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Figure 4.37 Interleaved PFC Controller Vcc Pin (probel10x)
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This pin is the positive supply of the IC. The circuit starts to operate when VCC
exceeds 12 V and turns off when VCC goes below 10 V (typical values). After
start—up, the operating range is 9.5 Vup to 20 V

4.11 Summary

In this chapter, the frequency clamped critical conduction mode control of PFC is
discussed. The operation characteristics and dynamic responses are analyzed.
Simulation and experimental implementations are presented. The conceived system
is suitable to test the performance of an average current control of a power factor pre-

regulator.



CHAPTER FIVE
CONCLUSIONS AND FUTURE WORK

This thesis is concerned with the power factor correction methods for single-
phase converters. A complete power board that includes active power factor
correction solutions is designed and implemented. The analyzed solutions are

selected in accordance with their benefits, performance and popularity.

The second chapter of the thesis involves the passive power factor correction
methods for a single-phase bridge rectifier. The harmonic filter is analyzed and
designed according to harmonic emission standard IEC 61000-3-2. Theoretical and
experimental results show that, a passive filtering method seems attractive for low
power application due to their low cost and few complexity characteristics. The size
and weight of the filtering elements are disadvantages of the passive filtering

methods.

The third chapter, reviews the active power factor correction methods. A single-
phase diode rectifier with a cascaded boost converter has advantages over the other
topologies. In addition, the control technique for active PFC is analyzed. One of the
control methods is implemented. Of the available control methods average current
control mode is selected due to its performance, popularity and design complexity.
With the experimental result, advantages of implemented control technigue is studied
and reviewed. The average current control seems more attractive with its

performance but the design of this type control is more complex.

In the fourth stage, the control techniques for active PFC are analyzed. Two of the
control methods are implemented. These are critical conduction mode and frequency
clamped critical conduction mode. The selected control methods are chosen in

accordance with their performance, popularity and design complexity.

107
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The critical conduction mode reduces design complexity however it is suitable for

low power applications due to operating with higher peak current levels.

As a result, the harmonic polluting effects of the single-phase diode rectifier
based power converters are reviewed theoretically and experimentally. The harmonic
limiting standards and the common solutions for power factor correction are
analyzed. The popular passive and active power factor correction schemes are

analyzed and verified with simulation and experimental results.

The final part involves the monolithic chip based control implementation of the
single-phase interleaved PFC converter. This is one of the novel features of the
thesis, as this chip has recently become available on the market and it provides
advantageous features compared to the conventional implementation which involves
the development of such a controller (involving the phase shift between the phases
and the parallel operation of the current loops) by the design engineers. Having
completed the design and system hardware manufacturing, the converter

performance was verified by detailed laboratory experiments.

As a further study, the power board can be improved by using the latest
developments in semiconductor technology. In addition, if warm-up problems at
transformer is solved by changing transformer winding number to the appropriate
values, the power level is increased. Power loss considerations and new techniques to
reduce these losses can be implemented. Finally this thesis includes design and
implementation of such a high efficienct SMPS which is boost DC/DC converter and

it is combined with an interleaved PFC having high performance and small size.
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APPENDIX-A

NCP1379

Quasi-Resonant
Current-Mode Controller for
High-Power Universal
Off-line Supplies

The NCP1379 hosts a high-performance circuitry aimed to
powering quasi-resonant converters. Capitalizing on a proprietary
valley—lockout system, the controller shifts gears and reduces the
switching frequency as the power loading becomes lighter. This
results in a stable operation despite switching events always occurring
in the drain—source valley. This system works down to the 41" valley
and toggles to a wvariable frequency mode bevond, ensuring an
excellent standby power performance.

The controller includes an Owver Power Protection circuit which
clamps the delivered power at high—line. Safety—wise, a fixed internal
timer relies on the feedback voltage to detect a fault. Once the timer
elapses, the controller stops and enters auto-recovery mode, ensuring
a low duty—cycle burst operation. To further improve the safety of the
power supply, the NCP1379 features a pin to implement a combined
brown—out/overvoltage protection.

Particularly well suited for TVs power supply applications, the
controller features a low startup voltage allowing the use of an
auxiliary power supply to power the device.

Features

® (Quasi—Resonant Peak Current-Mode Control Operation

® Valley Switching Operation with Valley-Lockout for Noise-Immune
Operation

® Frequency Foldback at Light Load to Improve the Light Load

Efficiency

Adjustable Over Power Protection

Auto-Recovery Output Short—Circuit Protection

Fixed Internal 80 ms Timer for Short-Circuit Protection

Combined Overvoltage Protection and Brown—out

+500 mA / —800 mA Peak Current Source/Sink Capability

Internal Temperature Shutdown

Direct Optocoupler Connection

Low Vco(on) Allowing to Use a Standby Power Supply to Power the

Device

Extremely Low No-Load Standby Power

® 508 Package

® These Devices are Pb—Free and are RoHS Compliant

Typical Applications
® High Power ac—dc Converters for TVs, Set-Top Boxes etc.
® Offline Adapters for Notebooks

© Semiconductor Components industmes, LLE, 2008 i
December, 2009 - Rev. 0
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NCP1379

TYPICAL APPLICATION EXAMPLE
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Figure 1. Typical Application Schematic

PIN FUNCTION DESCRIPTION

Pin N* Pin Name Function Pin Description
1 ZCD Zero Crossing Detection Connected to the auxiliary winding, this pin detects the core reset
Adjust the over power pratection event.

Also, injecting a negative voltage smaller than 0.3V on this pin will
perform over power protedion.

2 FB Feedback pin Hooking an optocoupler collector to this pin will allow regulation.

3 Cs Current sense This pin monitors the primary peak.

4 GND The controller ground

5 DRV Driver output The driver's output to an external MOSFET

6 Vee Supplies the controller This pin is connedted to an external auxiliary voltage.

7 Fault Overvoltage protection This pin cbserves the HV rail and protects the circuit in case of low

Brown-out main conditions. It also offers a way to latch the circuit in case of over

voltage event.

8 Cr Timing capacitor A capacitor connected to this pin acts as the timing capacitor in fold-

back mode.
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NCP1379

INTERNAL CIRCUIT ARCHITECTURE
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Figure 2. Internal Circuit Architecture
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NCP1379
MAXIMUM RATINGS TABLE(S)

Symbol Rating Value Unit

Voomay | Maximum Power Supply voltage, VCC pin, continuous voltage 031028 v
lecmaxy | Maximum current for VCC pin =30 mA

VoRviMax) | Maximum driver pin voltage, DRV pin, continuous voltage 03to20 "
IpRvMax) | Maximum current for DRV pin =1000 mA

Viax Maximum voltage on low power pins (except pins DRV and Vo) 03to10 "
I Currert range for low power pins (except pins ZCD, DRV and Vo) +=10 mA
lzcpmax) | Maximum current for ZCD pin +3 [ -2 mA
Raya Themal Resistance Junction-to-Air 120 “Cw

Tamasg Maximum Junction Temperature 150 “C

Operating Temperature Range 40 to +125 °C

Storage Temperature Range 60 to +150 °C

ESD Capability, Human Body Model (HBM) model (Note 1) 4 kv

ESD Capability, COM model (Note 1) 2 kV

Stresses exceeding Maximum Ratings may damage the device. Maximum Ratings are stress ratings only. Functional operation above the
Recommended Operating Conditions is not implied. Extended exposure to stresses above the Recormmended Operating Conditions may affect
device reliability.
1. This device series contains ESD protection and exceeds the following tests: Human Body Model 4000V per Mil-Std-883, Method 3015.

Charged Device Model 2000V per JEDEC Standard JESD22-C101D

2. This device contains latchup protection and exceeds 100 mA per JEDEC Standard JESDTE.

ELECTRICAL CHARACTERISTICS (Unless otherwise noted: For typical values T = 25°C, Voo = 12V Vzep =0V, Vg =3 V,
Vg =0V, Vg = 1.5V, C1 = 680 pF) For min/max values T = -40°C to +125°C, Max T = 150°C, Vo = 12V)

Symbol Parameter Conditions | Min | Typ | Max | Unit |
SUPPLY SECTION - STARTUP AND SUPPLY CIRCUITS
Supply Voltage v
Vec(on Startup Threshold Ve increasing 10.5 1.4 12.3
Voot Minimum Operating Voltage Vo decreasing B.3 2.0 9.4
VCCthysﬂ HYStEI’ESiS VCC(OH] VCCI:Dﬂ] 2.0 24
Veciresst) Internal logic reset Voo decreasing ] 7 8
tycciom Vg noise filter 5 us
t‘JCCI:rBs«Eﬂ] VCC(IM] noise filter 20 ws
loc(starty Startup current FB pinopen 07 1.2 mA
Voo = Viogjon - 0.5V
Supply Current mA
loe Device Disabled/Fault (Mote 3) Ve = Voo 1.7 20
lecs Device EnabledMNo output load on pin 5 Few= 10 k?—!z 1.7 2.0
locas, Device Switching (s, = 65 kHz) Comy = 1 nF, Fay = 65 kHz 265 | 3.00
locas Device Switching (Fsw around 12 kHz) Corv=1nF Vg =125V 20
CURRENT COMPARATOR - CURRENT SENSE
ViLm Current Sense Voltage Threshold Vig = 4 V, Vg increasing 0.76 0.80 0.84 v
tEm Leading Edge Blanking Duration for Vim Minimum on time minus 210 275 330 ns
tim
lbias Input Bias Current (Mote 3) DRV high 2 2 A
M Propagation Delay Vesg = Vium to DRV 125 175 ns
turn-off
| paakivico) Percentage of maximum peak current level at which Veg=04V Vs 15.4 17.5 19.6 %
VOO takes over (Mote 4) increasing

Ll ol

Guaraneed by design
The peak current setpoint goes down as the load decreases. It is frozen below lpaskivco) (| paak = cst)

If negative voltage in excess to -300 mV is applied to ZCD pin, the current setpoint decrease is no longer guaranteed to be linear
Minimum value for T, = 125°C

http: /onsemi.com
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NCP1379

ELECTRICAL CHARACTERISTICS (Unless otherwise noted: For typical values T = 25°C, Voo = 12V, Vzep = 0V, Vrg =3 V,
Vg = 0V, Viay = 1.5V, Ct = 680 pF) For min/max values Ty = -40°C to +125°C, Max T = 150°C, Voo = 12 V)

Symbol Parameter Conditions | Min | Typ | Max | Unit |
CURRENT COMPARATOR - CURRENT SENSE
VDPPI'M»’-\K] SEtDDil'rt decrease for VZCD = =300 mV {NDtE 5! VZ:D = =300 I"I'IV: VFB = 35.0 37.5 40.0 %
' 4 W, Vicg increasing
Ves(sop) Threshold for immediate fault protection activation 1125 | 1.200 | 1.275 v
tacs Leading Edge Blanking Duration for Vg gop 120 ns
DRIVE OUTPUT - GATE DRIVE
Drive Resistance Q
Rsnk DRV Sink Vpry= 10V 12.5
Rspe DRV Source Vppy =2V 20
Drive current capability mé
lsnic DRV Sink Vpry= 10V 800
Ishc DRV Source Vopy =2V 500
t Rise Time (10 % to 90 %) Copry = 1 nF, Vpry from 0 40 75 ns
to12V
4 Fall Time (90 % to 10 %) Cpry = 1 nF, Vg from 0 25 60 ns
to12V
VoA low) DRV Low Voltage Voo = Viog(om + 0.2V 8.4 9.1 v
Cppy = 1 nF, Rppy=33 k2
VDRV fhigh) DRV High Voltage (Mote 6) Ve = Vioomax) 105 13.0 15.5 v
Corv =1nF
DEMAGNETIZATION INPUT - ZERO VOLTAGE DETECTION CIRCUIT
Vzepmh) ZCD threshold voltage Vzcp decreasing 3s 55 a0 mv'
Vzcpmvs) ZCD hysteresis Wzop increasing 15 35 55 mv'
Input clamp voltage v
VeoH High state lgint = 3.0 mA 8 10 12
VoL Low state lgini = -2.0 mA 09 0.7 0.3
toEM Propagation Delay Vzcp decreasing from 4 W 150 250 ns
to 0.3V
Crar Internal input capadtance 10 pF
taLanK Blanking delay after on-time 2.30 3.15 4.00 us
toutss Timeout after last demag transition During soft-start 28 41 54 us
t After the end of soft-start 5.0 5.9 6.7
Rzcoipdowny | Pulldown resistor (Note 3) 140 320 500 ki2
TIMING CAPACITOR - TIMING CAPACITOR
Vormeax) Maximum voltage on Ct pin Vre < VramH) 515 540 565 v
leT Source current Ver=0V 18 20 22 Wiy
Ve immg Minimum voltage on C pin, discharge switch 90 m'
' activated
Cr Recommended timing capacitor value 220 pF
FEEDBACK SECTION - FEEDBACK
RFB[puIIup] Inmternal pullup resistor 15 18 22 1%}
heatic Pin FB to current setpoint division ratio 3.8 4.0 4.2
VEB(TH) FB pin threshold under which Cr is clamped to 0.26 0.30 0.34 v
VioTmax)
3. Guaranteed by design
4. The peak current setpoint goes down as the load decreases. It is frozen below I ou o) (lpsak = €5
5. If negative voltage in excess to -300 mV is applied to ZCD pin, the current setpoint decrease is no longer guaranteed to be linear
6. Minimum value for T = 125°C
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ELECTRICAL CHARACTERISTICS (Unless otherwise nated: For typical values Ty = 25°C, Voo =12V, Vzep =0V, Vg =3 V,

Vg =0V, Vi = 1.5V, C1 = 680 pF) For min/max values T = -40°C to +125°C, Max T, = 150°C, Vec = 12 V)

Symboal Parameter Conditions | min | Typ | Max | unit
FEEDBACK SECTION - FEEDBACK
Valley threshold v
VHzD FB voltage where 15! valley ends andE“dl.ralley rg decreases 1.316 14 1.484
Vhap ?Sr:rscﬂtage where 29 valley ends and 3 valley Vg decreases 1128 | 12 | 1.272
Viapo ?;r\:sultage where 3 valley ends and 41 valley Vg decreases 0.846 0.9 0.954
Vuvooo ?;r:rsultage where 4th valley ends and VCO starts rg decreases 0.732 0.8 0.828
Vihveo! FB voltage where VCO ends and 41" valley starts Vg increases 1.316 14 1.484
Vil FB voltage where 4t valley ends and 3™ valley VEgincreases 1.504 1.6 1.696
Vial ?gr\frsultage where 3 valley ends and 2™ valley VEg increases 1.692 1.8 1.908
Vi ?gr:rsnltage where 279 valley ends and 15t valley Vg increases 1.880 20 2120
starts
PROTECTIONS - FAULT PROTECTION
TsHDN Thermal Shutdown Device switching (Fsw 140 170 °C
around 65 kHz)
TSHOMHYS) Thermal Shutdown Hysteresis 40 °C
tovLp Overload Timer Ve =4V, Vo = Vium 75 85 a5 ms
tovLDioR) OFF phase in auto-recovery fault mode 1.0 1.2 1.4 5
tesTART Soft-start duration Vg = 4V, Vg ramping 28 38 48 ms
up, measured from 12
DRV pulse to Viesipaa) =
0% of ViLm
Veo Brown-Out level VFaut decreasing 0.744 | 0.800 | 0.B56 \
=% Sourced hysteresis current Veaw > Veo VFaut=Veo + 0.2V 9 10 11 (.Y
t50dalay) Delay before entering and exiting Brown-out 225 30.0 37.5 s
Vaup Internal Fault detection level for OVP Wrauy increasing 235 25 265 v
Hatchidelay Delay before latch confirmation (OVP) 225 30 37.5 us
VEaultjclamp) Clamped voltage (Fault pin left open) Fault pin open 1.0 1.2 14 A
Rrauticamp | Clamping resistor (Note 3) 1.30 1.65 1.80 ki2

3. Guararnteed by design
4. The peak current setpoint goes down as the load decreases. It is frazen below lneakiveo) '”peak = st

5. If negative voltage in excess to -300 mV is applied to ZCD pin, the current setpoint decrease is no longer guaranteed to be linear
6. Minimum value for T; = 125°C
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APPENDIX-B

NCP1631

Interleaved, 2-Phase Power
Factor Controller

The NCP1631 integrates a dual MOSFET driver for interleaved
PFC applications. Interleaving consisis of paralleling two small
stages in lieu of a bigger one, more difficult to design. This approach
has several merits like the ease of implementation, the use of smaller
components or a better distribution of the heating.

Also, Interleaving extends the power range of Critical Conduction
Mode that is an efficient and cost—effective technique (no need for
low t; diodes). In addition, the NCP1631 drivers are 1807 phase shift
for a significantly reduced current ripple.

Housed in a SOIC16 package, the circuit incorporates all the
features necessary for building robust and compact interleaved PFC
stages, with a minimum of external components.

General Features

® Near-Unity Power Factor

® Substantial 180° Phase Shift in All Conditions Including Transient
Phases

® Frequency Clamped Critical Conduction Mode (FCCrM) e,
Fixed Frequency, Discontinuous Conduction Mode Operation with
Critical Conduction Achievable in Most Stressful Conditions

® FCCrM Operation Optimizes the PFC Stage Efficiency Over the
Load Range

® (Out—of-phase Control for Low EMI and a Reduced rms Current in
the Bulk Capacitor

® Frequency Fold-back at Low Power to Further Improve the Light
Load Efficiency

® Accurate Zero Current Detection by Auxiliary Winding for Valley
Turn On

® Fast Line / Load Transient Compensation

® High Drive Capability: =500 mA / +800 mA

® Signal to Indicate that the PFC is Ready for Operation (“pfcOK”
Pin)

® Vo Range: from 10 Vio 20 V

Safety Features

® Output Over and Under Voltage Protection

® Brown-0ut Detection with a 50-ms Delay to Help
Meet Hold—up Time Specifications

Soft-Start for Smooth Start-up Operation
Programmable Adjustment of the Maximum Power
Orver Current Limitation

Detection of Inrush Currents

*For additional information on our Pb-Free strategy and soldering details, please
downloadthe ON Semiconductor Solderng and Mounting Techniques Reference
Manual, SOLDERRM/D.

@ Semconducior Components Industies, LLC, 2009 i
October, 2009 - Rev. 1

ON Semiconductor®
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MARKING DIAGRAM
AHEAAAAARA
NCP1831G
S0IC-16
D SUFFIX L AWLYWWG
CASE 751B HEHHETHE
A = Assembly Location
WL =Wafer Lot
Y = Year
Ww =Work Week
G =Pb-Free Package
PIN ASSIGNMENT
ZCD2 EEQ_I o ZCD1
FB o FO REFSV/pfcOK
Rt 04 [ DRV1
0SC o o GMD
Veontrol 0 D Veo
FFOLD 0oj — DRVZ2
BO 4 O Latch
OVP [UVP o5 o C5
{Top View)
ORDERING INFORMATION
Device Package Shipping®
NCP1631DR2G | SOIC-16 | 2500/ Tape & Reel
(Pb-Free)

tFor information on tape and reel specifications,
including part ofentation and tape sizes, please
refer to our Tape and Reel Packaging Specification
Brochure, BRD8011/D.

Typical Applications

& Computer Power Supplies

® LCD / Plasma Flat Panels

® All Off Line Appliances Requiring Power Factor
Correction

Publication Order Number:
NCP1631/D




NCP1631

Vout
LOAD
Ac line
EMI
Filter = C =
Cin Rocp bulk
Rcs
M <
lin =
Figure 1. Typical Application Schematic
Table 1. MAXIMUM RATINGS TABLE
Symbol Rating Pin Value Unit
Ve Maximum Power Supply Voltage Continuous 1 0.3, +20 W
e Maximum Input Voltage on Low Power Fins 1,23,4,.6, 7, 0.3, +9.0 W
8.9, 10, 15,
and 16
VeontraliMaxy | Vioontra Pin Maximum Input Voltage 5 0.3, Vantraliclamp) (Mote 1) W
Power Dissipation and Thermal Charaderistics
Pp Maximum Power Dissipation @ Ty = 70°C 550 mw
Ray-a Themal Resistance Junction-to-Air 145 “CTW
T, Operating Junction Temperature Range 40to +125 °C
Tmaxy Maximum Junction Temperature 150 °C
Ts ax) Storage Temperature Range 65 to +150 “C
TLimax) Lead Temperature (Soldering, 10s) 300 “C
ESD Capability, HBM mode| (Note 2) 3 kW
ESD Capability, Machine Mode! (Mate 2) 250 W

Stresses exceeding Maximum Ratings may damage the device. Maximum Ratings are stress ratings only. Functional operation above the
Recommended Operating Conditions is not implied. Extended exposure to stresses above the Recommended Opermating Conditions may affect

device reliability.
1. vCDmmltc,Iam

?' is the pin5 clamp voltage.

2. This dewvice(s) contains ESD pratection and exceeds the following tests:
Human Body Model 2000 V per JEDEC Standard JESD22-A114E
Machine Model Method 200 V per JEDEC Standard JESD22-A115-A

3. This device contains latch-up protection and excesds 100 mA per JEDEC Standard JESD78.
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Table 2. TYPICAL ELECTRICAL CHA

NCP1631

RACTERISTICS TABLE

(Condtitions: Vg = 15V, Vg = 2V, Vjingp = 0V Ty = -40°Cto +125°C, unless otherwise specified)

120

Characteristics Test Conditions Symbol Min | Tvp | Max | Unit |
STARTUP AND SUPPLY CIRCUITS
Supply Voltage v
Startup Threshold Ve increasing Vecion) 11 11.85 127
Minimum Operating Violtage Vo decreasing Voo 9.5 10 10.5
Hysteresis Vocion) — Vieciof Vecihyst 15 1.85
Internal Logic Reset Vo decreasing Ve resst) 4.0 5.75 7.5
Statup current Veoc=94V locistart) 35 100 [T
Supply Current mA
Device Enabled/Mo output load on ping Feyw = 130 kHz (Mote 4) lecy 5.0 7.0
Current that discharges Ve in latch mode Vec =15V, Vpin‘Cl =5V lecpaten) - 0.4 0.8
Current that discharges Voo in OFF Vee = 15V, pin 7 grounded I (off) 0.4 0.8
mode
OSCILLATOR AND FREQUENCY FOLDBACK
Clamping Chaming Current Pin & open losciclamg) 315 35 385 uA
Charge Cumrert with no frequency foldback Pin 6 grounded loscicH1) 126 140 154 A
Charge Current @ Iping = 50 WA Iping = 50 wA loscicHz) 76.5 85 935 [T
Maximum Discharge Current Pin 6 grounded loscipiscH) 945 105 115.5 wA
with no frequency foldback
DiSDhEFQE Current @ Ipinﬁ =50 uA |pinﬁ = 50 pA IDSCI:DlSCHE] 45 50 55 T
Voltage on pin & Iping = 50 WA, Vying = 2.5 V Ve 09 1.0 1.3 v
Oscillator Upper Threshold Voscimigh 5 v
Oscillator Lower Threshold Vosciow 3.6 4.0 4.4 v
Oscillator Swing (Mote 5) Vs ciewing D83 | D@8 | 103 v
CURRENT SENSE
Current Sense Voltage Offset Iping = 100 pA Vs mHion 20 0 20 my
lping = 10 uA VCB(TH-Q] 10 0 10
Current Sense Protection Threshold Tj=25°C (ITNITS 202 210 226 A
Tj = -40°Cto 125°C Iz 194 210 226
Threshold for In-rush Current Detection | F—_— 11 14 17 WA
(Note 5)
GATE DRIVE
Drive Resistance Q
DRV1 Sink lyini 4 = 100 MA Risnis - 7 15
DRV Source lpint4 =-100 mA Rspct - 15 25
DRV2 Sink lgin11 = 100 mA Rgnke - 7 15
DRV2 Source lgini1 = =100 mA Rspce - 15 25
Drive Current Capability (Note 5) mA
DRVA Sink Voryr = 10V lsmict 800
DRV1 Source Vpav1 =0V IsRct 500
DRV2 Sink Vpayz = 10V leptcs 800
DRV2 Source Vopyz=0V lspct 500
Rise Time ns
DRWA Copry1=1nF,Vpry1 =1to 10V tr 40
DRV2 Cpryz=11F Vpryz =110 10V to 40

il

DRV1 and DRV2 pulsating at half this fre

quency, that is, 65 kHz.

Not tested. Guaranteed by design and characterzation.
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Table 2. TYPICAL ELECTRICAL CHARACTERISTICS TABLE
(Conditions: Vg = 15V, Vpine = 2V, Vpinig = 0 M Ty = -40°C to +125°C, unless atherwise specified)

121

Characteristics Test Conditions Symbol Min | Typ | Max | unit |
GATE DRIVE
Fall Time ns
DRWV1 Corvi=1nF Vpryi =100 1V 1 - 20 =
DRWV2 Corya=1nF Vpryz=10t0 1V ti2 - 20 =
REGULATION BLOCK
Feedback Voltage Reference VREF 2.44 2500 | 256 v
Error Amplifier Source Cumrent Capability @ Vpinz = 24V lEA(sRT) 20 wh
Error Amplifier Sink Current Capability @ Vpinz = 26 V IEAISNK) +20
Error Amplifier Gain Gpa 110 200 290 us
Pin 5 Source Current when (Voupow | cortrolpoest) 184 230 276 nh
Detect) is activated
Pin2 Bias Current Vipinz =25V IFBbias) 500 500 nA
Pin 5 Voltage: @ Vpinz =24V VConnoh:clamp] 3.6 W
@Vpinz =26V VCormoh:MN] 0.6
VCornrc-Itrange] 2.7 3 3.3
Internal VreguL Voltage @ijnz:.E.E\l': lging = 90 pA VHEGLIL(MIN] 0.1 v
(measured on pin &): @ Vpinz = 2.4V, lping = 90 uA VREGULICIamp) 1.66
Ratio Nouu:law] Detect Threshold/ Veeg) FB falling Vom(bnj-"\l"FEF 95.0 955 96.0 %
(Note 5)
Ratio Nou'u:luw] Detect Hysteresis / FB rising HDLHU-CM']-'IVHEF 0.5 %
VHEF:I I:NDtE EJ
SKIP MODE
DL.IT)’ WD|E vpina =3V DMlN | | 0] | % |
RAMP CONTROL (valid for the two phases)
Maximum DRV and DRV2 On-Time Vpin7 = 1.1V, Iping = 50 pA tant 145 195 225 ns
{FB pin grounded) Vpin7 = 1.1 V] lping = 200 pA (Note 5) tore 1.10 | 1.35 | 1.60
T, =-25°C to +125°C v
gin7 = 2.2 V, |ging = 100 pA (Note 5) tora 400 | 500 | 6.00
Vping = 22 ¥, ljing = 400 pA (Note 5) tond 035 | 0.41 | D48
Maximum DRV1 and DRV2 On-Time Viing = 1.1V, lging = 50 pA tant 14.0 19.5 225 us
(FB pin grounded) Vgin7 = 1.1 ¥, lging = 200 pA (Note 5) tore 106 | 1.35 | 160
4= Vping = 22V, lzg = 100 pA (Note 5) tons 3e4 | 500 | 6.00
Vping = 2.2 ¥, lping = 400 uA (Note 5) tord 033 | 0.41 | D48
Pin 3 voltage Vag = Vging = 1.1V ling = 50 uA Vit 1.071 | 1096 | 1121 | Vv
VB0 = Vipin7 = 1.1V, Iping = 200 pA Vato 1.071 | 1.008 | 1121
VB0 = Vginz = 2.2V, ling = 50 uA Vais 2169 | 2196 | 2.223
Vao = Viing = 2.2V, lging = 200 pA Vs 2169 | 2196 | 2.223
Maximum W, Voltage Mot tested Vionmax 5 v
Pin 3 Current Capability IRtiMac) 1 mA
Pin 3 sourced current below which the |Rtj off) 7 wA
controller is OFF
Pin 3 Curert Range Not tested IRt(ranga) 20 1000 wh
ZERO VOLTAGE DETECTION CIRCUIT (valid for ZCD1 and ZCD2)
ZCD Threshold Voltage Vzop increasing VzcomH H 0.40 0.50 0.60 v
\.I’;_,:Dfalling \.I’;_,:DUH].L 0.20 0.25 0.30
ZCD H‘j’&tEI’ESiE- VZCD IjEI]'EEEiI'Ig VZDD(HYS] 0.25 v

4. DRV1 and DRVZ pulsating at half this frequency, that is, 65 kHz.
5. Mot tested. Guaranteed by design and characterzation.
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Table 2. TYPICAL ELECTRICAL CHARACTERISTICS TABLE
(Conditions: Ve = 15V, Vjinz = 2V, Vpinig = 0V, T) = -40°Cto +125°C, unless athemwise specified)

Characteristics Test Conditions symbol | Min | Typ | Max | unit |
ZERO VOLTAGE DETECTION CIRCUIT (valid for ZCD1 and ZCD2)
Input Clamp Voltage "
High State lgint = 5.0 mA VzoD(high) 10
Low State Ipint = 5.0 mA Vzcoow) 0.65
Internal Input Capactance (Note 5) Cao 10 pF
ZCD Watchdog Delay tzco 80 200 320 us
BROWN-OUT DETECTION
Brown-0Out Comparator Threshold VBom) 0.97 1.00 1.03 "
Brown-0ut Current Source Ipa ] 7 8 wh
Brown-0ut Blanking Time (Mote 5) B0 ELANK) 38 50 62 ms
Brown-Out Monitoring Window (Note 5) tB Ofwindow) 38 50 62 ms
Pin 7 clamped voltage if Veo < Veom) Ipirz = =100 wA VB0 clamp) 965 mv
during teo|BLANK)
Current Capability of the BO Clamp I BO(ciamp) 100 A
Hysteresis Vaom — Va0 ciamp) lgin7 = - 100 WA VeomHys) 10 35 &0 my
Current Capability of the BO pin Clamp lBoEnR 100 wh
PMP Transistor
Pin BO voltage when damped by the PNP lpin7 = - 100 A VaoEne) 035 | 070 | oso v
OVER AND UNDER VOLTAGE PROTECTIONS
Over-\bitage Pratection Threshold Viove 2425 | 2500 | 2575 v
Ratio Waye / Vaes) (Note 5) [y — o2 | a7 |1o02 | =
Ratio UVP Threshold over Vigep VuveVRer ] 12 16 %
Pin 8 Bias Curent Vping = 2.5V lovp pias) 500 500 nA
Vging = 0.3V
LATCH INPUT
Pin Latch Threshold for Shutdown Viatch 2375 | 2500 | 2625 v
Pin Latch Bias Current Vinip =23V I stehibias) 500 500 nA
pfcOK / REF5V
Pin 15 Voltage Low State Vpinr = 0V Igin s = 250 uA VREFSVIoW) 60 120 my
Pin 15 Voltage High State Wpin7 = 0V, lpin1s = 5 mA VREFsV high 47 4.85 5.3 v
Current Capability IrEFsVY 5 10 mi
THERMAL SHUTDOWN
Thermal Shutdown Threshold Tenon 130 | 140 | 1850 C
Thermal Shutdown Hysteresis TSHON(HYS) 50 *C

4. DRV1 and DRVZ pulsating at half this frequency, that is, 65 kHz.
5. Not tested. Guaranteed by design and charactenzation.
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Table 3. DETAILED PIN DESCRIPTION

Pin Number

Name

Function

1

ZCD2

This is the zero current detection pin for phase 2 of the interleaved PFC stage. Apply the voltage
fram an auxiliary winding to detect the core reset of the inductor and the valley of the MOSFET
drain source voltage

FB

This pin receives a portion of the pre-converter output voltage. This information is used for the reg-
ulation and the “output low” detection (VoutL) that drastically speed-up the loop response when the
output voltage drops below 95.5% of the wished level.

Rt

The resistor placed between pin 3 and ground adjusts the maximum on-time of our system for both
phases, and hence the maximum power that can be delivered by the PFC stage.

0sC

Connect a capacitor to set the clamp frequency of the PFC stage. If wished, this frequency can be
reduced in light load as a function of the resistor placed between pin 6 and ground (frequency
fold-back). If the coil current cycle is longer than the selected switching period, the circuit delays
the next cyde until the core is reset. Hence, the PFC stage can operate in Critical Conduction Mode
in the most stressful conditions.

Meontral

The error amplifier output is available on this pin. The capacitor connected between this pin and
ground adjusts the regulation loop bandwidth that is typically set below 20 Hz to achieve high Power
Factor ratios.

Pin5 is grounded when the circuit is off so that when it starts operation, the power increases slowly
(soft-start).

Freq. Foldback

Apply a resistor between pin 6 and ground to adjust the osdllator charge current. Clamped not to
exceed 100 pA, this charge curent is made proportional to the power level for a reduced switching
frequency at light load and an optimum efficiency over the load range.

BO

{Brown-out
Pratection)

Apply an averaged portion of the input voltage to detect brown-out conditions when Viine drops
below 1 V. A 100-ms internal delay blanks short mains interruptions to help meet hold-up time re-
quirements. When it detects a brown-out condition, the circuit stops pulsing and grounds the
“pfcOK” pin to disable the downstream converter. Also an internal 7-pA current source is activated
to offer a programmable hysteresis.

The pin2 voltage is internally re-used for feed -forward.

Ground pin 2 to disable the part.

OWVP [ UVP

The circuit turns off when Viping goes below 480 mV (UVP) and disables the drive as long as the pin
voltage exceeds 2.5V {ng),

Cs

This pin monitors & negative voltage proportional to the coil current. This signal is sensed to limit the
maximum coil current and protect the PFC stage in presence of in-rush currents.

10

Latch

Apply avoltage higher than 2.5 V' to latch-off the circuit. The device is reset by unplugging the PFC
stage (practically when the circuit detects a brown-out detection) or by forcing the circuit Voo below
VooRST (4 V typically). Operation can then resume when the line is applied back.

1

DRvVZ

This is the gate drive pin for phase 2 of the interleaved PFC stage. The high cument capability of the
totem pole gate drive (+0.5/-0.8 A) makes it suitable to effectively drive high gate charge power
MOSFETs.

12

Vee

This pin is the positive supply of the IC. The circuit starts to operate when Voo exceeds 12 V and
turns off when Voo goes below 10 V {typical values). After start-up, the operating range is 9.5 V up
to20V.

13

GND

Connect this pin to the pre-converter ground.

14

DRV1

This is the gate drive pin for phase 1 of the interleaved PFC stage. The high curent capability of the
totem pole gate drive (+0.5/-0.8 A) makes it suitable to effectively drive high gate charge power
MOSFETs.

15

REFSV
pfeOK

The pin15 voltage is high (5 V) when the PFC stage is in a normal, steady state situation and low
otherwise. This signal serves to “inform™ the downstream converter that the PFC stage is ready and
that hence, it can start operation.

16

ZC

This is the zero current detection pin for phase 1 of the interleaved PFC stage. Apply the voltage
fram an auxiliary winding to detect the core reset of the inductor and the valley of the MOSFET
drain source voltage.
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