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Preface

Power Supply Cookbook was written by a praclicing design engincer for practic-
ing design engineers. Through designing power supplics for many years, along
ith a variety of electronic products ranging from industrial control to satellite
ems, I have acquired a great appreciation for the “systems-level” develop-
ment process and the trade-offs associated with them. Many of the approaches

[ use involve issues outside the immediate design of the power supply and their
impact on the design.

Power Supply Cookbook, Second Edition has been updated with the latest
advances in the field of efficient power conversion, Efficiencies of between 80
fo 95 percent are now possible using these new technigues. The major losses
within the switching power supply and the modern techniques to reduce them
discussed at length. These include: synchronous rectification, lossless
bbers, and active clamps. The information on methods of control, noise

ol, and optimum printed circuit board layout has also been updated.

' As with the previous edition, the “cookbook™ approach taken in Power Supply
sokbook, Second Edition facilitates information finding for both the novice and
ned engincer. The information is organized so that the reader need only
‘the material for the degree of in-depth knowledge he or she wishes to
Because of the enclosed design flow, the typical power supply can be
ned schematically in less than 8 hours, which can cut wecks from the
d design period.
purpose of this hook is not to advance the bastions of academia, but to
- the tried and true design approaches implemented by many engineers in
er ficld. Tt offers advice and examples which can be immediately applied
cader’s own designs.




Introduction

This book is an invaluable adjunct to those engineers wanting to better under-
stand power supply operation in order to effectively implement the computer-
ed design (CAD) tools available. The broad implementation and success of
D tools, along with the internationalization of the world’s design resources,
5 led to competition that has shortened the typical product design c¢ycle from
nore than a year to a matter of months. As a result, it is important for design
ngmeers o locate and apply just the right amount of information without a
g learning period.

 Power Supply Cookbook, Second Edition is organized in a rather umique
anner and, if followed correctly, can greatly shorten the amount of time
ed to desipn a power supply. By presenting intuitive descriptions of the
wer supply system’s operation along with commonly used circuit approaches,
s designed 1o help anyone with a working clectronics knowledge to design a
ry complex switching power supply quickly.

[ developed the concept for Power Supply Cookbook atter having spent many
s working with design engineers on their power supply designs and, subse-
tly, my own designs.

ookbook” Method of Organization

Supply Cookbook, Second Fdition follows the same tried and true “cook-
‘organization as its predecessor, This easy-to-use format helps readers
ocate the power supply design sections they need without reading the
from start to finish. Additionally, the text follows the design flow that a
power supply designer would follow. Circuit sections are designed in
@y that provides information needed by subsequent circuit sections. Cover-
of more complicated design arcas, such as magnetics and feedback loops,
ented in a step-by-step format to help designers reduce the opportunity
pistakes.

e results of the calculations m this book lead to a conservative (“middle of
oad”) design. The results are “calculated estimates™ that can be adjusted
¢ way or another to enhance a performance or a physical property of the
r supply. These compromises are discussed in the appropriate sections of

e fext.
FE:-I best results, the new reader should follow this flow:

:!L. Read Chapter 1 on the role of the power supply within the system and
design program. This chapter provides the reader with insight as to the
role of the power supply within the overall system, and develops the power
supply design specification.

B. Read the introduction sections for the type of power supply you wish
to develop (lincar, pulsewidth modulated [PWM] switching, or high-
efficiency).

C. Follow the order of the design “Howchart” and refer to the appropriate
section within the book. Within cach section, read the basic operation of
that subcircuit, Then choose a design implementation that would best




Xii Introduction

fit your requirements from the selection of common industry design
approaches,
D. Calculate the component values and ratings from the design equations
using your particular set of operating conditions.
“Paste” the resulting subcircuit into the main schematic and proceed 1o
the next subcircuil to be designed.
At the end of the “paper design™ (estimated 8 1o 12 hours), read the
section on PCB layout and begin building the first prototype,
- Debug and test the prototype,
. Finalize the physical and electrical design in preparation for production
release.

m

e om

The appendices arc provided for those technical areas that are common
among the various power supply technologies. They also present more detail
for those designers who wish a deeper understanding of the subjects. The mate-
rial on the design of basic PWM switching power supplies should be followed
for all switching power supply designs. Chapter 4 describes how one can further
enhance the overall efficiency of the power supply being designed.

In short, this book is written for working engincers hy a working cngineer,
I hope you find it infinitely useful.




1. The Role of the Power Supply within
the System and Design Program

- The power supply assumes a very umique role within a typical system. In
* many respects, it is the mother of the system. It gives the system life by pro-
* viding consistent and repeatable power to its circuits. It defends the system
* apainst the harsh world outside the confines of the enclosure and protects its
ards by not letting them do harm to themselves. If the supply expericnces a
* failure within itself, it must fail gracefully and not allow the failure to reach the
s systnrm
~ Alas, mothers are taken for granted, and their important functions are not
. pprecmted The power system is routinely left until late in the design program
~ for two main reasons. First, nobody wants to touch it because everybody wants
o design more exciting circuils and rarely do engineers have a background in
- power systems. Secondly, bench supplies provide all the necessary power during
¢ syslem debugging stage and it is not until the product is at the integration
: that one says “Oops, we forgot to design the power supply!” All too fre-
quently, the designer assigned to the power supply has very little experience
I pﬂwm‘ supply design and has very little time to learn before the product is
~ secheduled to enter production.
‘This type of situation can lead to the “millstone effect” which in simple terms

Getting Started. This Journey Starts with
the First Question

~In order to produce a good design, many questions must be asked prior lo the
~ beginning of the design process. The earlier they are asked the better off you
~ are. These questions also avoid many problems later in the design program due
" 1o lack of communication and forethought. The basic questions to be asked
include the following.

From the marketing department

1. From what power source must the system draw its power? There are
different design approaches for each power system and one can also get
information as to what adverse operating conditions are experienced
for each.
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2. What safety and radio frequency interference and electromagnetic inter-

ference (RFI/EMI) regulations must the system meet to be able to be sold
into the target market? This would affect not only the electrical design but
also the physical design.

. What is the maintenance philosophy of the system? This dictates what

sort of protection schemes and physical design would match the
application.

- What are the environmental conditions in which the product must

operate? These are temperature range, ambient RF levels, dust, dirt,
shock, vibration, and any other physical considerations.

. What type of graceful degradation of product performance is desired when

portions of the product fail? This would determine the type of power
busing scheme and power sequencing that may be necessary within the
system,

From the designers of the other areas of the product

L.

What are the technologies of the integrated circuits that are being uscd
within the design of the system? One cannot protect something, if one
doesn’t know how it breaks,

. What are the “best guess” maximum and minimum limits of the load
£

current and are there any intermittent characteristics in its current demand
such as those presented by motors, video monitors, pulsed loads, and so
forth? Always add 50 percent more to what is told to you since these
estimales always turn out to be low. Also what are the maximum excur-
sions in supply voltage that the designer feels that the circuit can with-
stand. This dictates the design approaches of the cross-regulation of the
outputs, and feedback compensation in order (o provide the needs of the
loads.

- Are there any circuits that are particularly noise-sensitive? These include

analog-to-digital and digital-to-analog converters, video monitors, ete.
This may dictate that the supply has additional filtering or may need to be
synchronized to the sensitive circuit.

Are there any special requirements of power sequencing that are neces-
sary for each respective circuit to operate reliably?

- How much physical space and what shape is allocated for the power supply

within the enclosure? It is always too small, so start negotiating for vour
fair share.

- Are there any special interfaces required of the power supply? This would

be any power-down interrupts, etc., that may be required by any of the
product’s circuits.

This inquisitiveness also scts Lhe stage for the beginning of the design by defin-
ing the environment in which the power supply must operate. This then forms
the basis of the design specification of the power supply.

1.2 Power System Organization

The organization of the power system within the final product should com-
plement the product philosophy. The goal of the power syslem is to dis-
tribute power effectively to cach section of the entire product and to do it in a

F
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1.3 Selecting the Appropriate Power Supply Technology

ashion that meets the needs of each subsection within the product. To accom-
h this, one or more power syslem organization can be used within the
aroduct.

' For products that are composed of one functional “module™ that is insepa-
able during the product’s life, such as a cellular telephone, CRT monitor, RF
-5.'2 giver, etc., an integrated power systam is the traditional system organization,
Here, the product has one main power supply which is completely self-contained
nd outputs directly to the product’s circuits. An integrated power sysiem may
ct ally have more than one power supply within it if one of the load circuits
jas power demand or sequencing requirements which cannot be accommodated
f the main power supply without compromising ils operation.

“For those products that have many diverse modules that can be reconfigured
1 the life of the product, such as PCB card cage systems and cellular tele-
hone ground stations, etc., then the distributed power system is more appro-
tiate. This type of system typically has one main “bulk” power supply that
ides power to a bus which is distributed throughout the entire product. The
r needs of any one module within the system are provided by smaller,
i-level regulators. Here, voltage drops experienced across connectors and
g within the system do not bather the circuits.

integrated powet system is inherently more efficient (less losses). The
buted system has two or more power supplies in series, where the overall
jer systemn efficiency is the product of the efficiencies of the two power sup-
So, for example, two 80 percent efficient power supplies in series produces
rall system etficiency of 64 percent.

he typical power system can usually end up being a combination of the two
ms and can use switching and linear power supplies.

: engineer’s motto to life is “Life is a tradeoff” and it comes into play here.
£ 18 impossible to design a power supply system that meets afl the requirements
are initially set out by the other engineers and management and keep it
n cost, space, and weight limits. The typical initial requirement of a power
ly is to provide infinitely adaptable functions, deliver kilowatts within zero
space, and cost no money. Obviously, some compromise is in order.

= LT

Selecting the Appropriate Power Supply Technology

the power supply system organization has been established, the designer
needs to select the technology of each of the power supplies within the
m. At the early stage of the design program, this process may be iterative
ween reorganizing the system and the choice of power supply technologies.
e important issues that influence this stage of the design are:

. (Cost.
2. Weight and space.
. How much heat can be generated within the product.
. The input power source(s).
. The noise tolerance of the load circuits.
. Battery life (if the product is to be portable).
. The number of output voltages required and their particular characteris-
tics.
8. The time to market the product.
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The three major power supply technologies that can be considered within a
power supply system are:

1. Linear regulators.
2. Pulsewidth modulated (PWM) switching power supplies.
3. High efficiency resonant technology switching power supplics,

Each of these technologies excels in one or more of the system considera-
tions mentioned above and must be weighed against the other considerations
to determine the optimum mixture of technologies that meet the needs of
the final product. The power supply industry has chasen to utilize each of the
lechnologies within certain areas of product applications as detailed in the
following,

Linear

Linear regulators are used predominantly in ground-based equipments where
the generation of heat and low efficiency are not of major concern and also where
low cost and a short design period are desired. They are very popular as board-
level regulators in distributed power systems where Lhe distributed voltage is less
than 40VDC. For off-line (plug into the wall) products, a power supply stage
ahead of the linear regulator must be provided for safety in order to produce
dielectric isolation from the ac power line. Linear regulators can only produce
output voltages lower than their input voltages and cach linear regulator can
produce only one output voltage. Each linear re gulator has an average efficiency
of between 35 and 50 percent. The losses arce dissipated as heat.

PWM switching power supplies

PWM switching power supplies are much more cfficient and fexible in their
use than linear regulators. One commonly finds them used within port-
able products, aircraft and automotive products, small instruments, off-line
applications, and generally those applications where high efficiency and
multiple output voltages are required, Their weight is much less than that of
linear regulators since they requirc less heatsinking for the same oulput ralings.
They do, however, cost more to produce and require more engineering
development time.

High efficiency resonant technology switching power supplies

This variation on the basic PWM switching power supply finds its place in appli-
cations where still lighter weight and smaller size are desired, and most impor-
tantly, where a reduced amount of radiated noise (interference) is desired. The
common products where these power supplies are utilized are aircraft avionics,
spacceraft electronics, and lightweight portable equipment and modules. The
drawbacks are that this power supply technology requires the grealest
amount of engineering design time and usually costs more than the other two
technologics.

The trends within the industry are away from linear regulators (except for
board-level regulators) towards PWM switching power supplies. Resonant
and quasi-resonant switching power supplies are cmerging slowly as the
technology matures and their designs are made casier. To help in the selec-
tion, Table 1-1 summarizes some of the trade-offs made during the selcction
process.
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1.4 Developing the Power System Design Specification

Table 1-1 CGomparison of the Four Power Supply Technologies

Resonant
Transition Quasi-Resonant
Linear PWM Switching Switching Switching
Regulator Regulator Regulator Regulator
Cost Low High High Highest
- Mass High Low-medium Low-medium Low-medium
~ RF Noise None High Medinm Medinm
: ;Efﬁc:[anqr 35-50% TO-85% T8-92% TRL2,
‘Multiple outputs No Yes Yes Yes
D pvelopment time 1 week 8 person-months 10 person- 10 person-months®
1o production months'
. 5 person-months” 8 person- 8 person-months®
months

ased upon a reasonable level of experience and facilities.

actually designing the power system, the designer should develop the
er system design specification. The design specification acts as the perfor-
- goal that the ultimate power supply must meet in order for the entire
to mect its overall performance specification. Onee developed, it should
ewed as a semi-firm document and should only be changed after the needs
e product formally change.
n developing the design specification, the power supply designer must
mind what is a reasonable requirement and what is an idealistic require-
Enpineers not experienced in power supply design often will produce
ents on the power supply that cither will cost an unnecessary fortunc
up too much space or will be impossible to meet with the present state
e technology. Here the power supply designer should press the other engi-
5, managers, and marketers for compromises that will prompt them to
w their requirements to decide what they ean actually live with.
Fhe power system specification will be based upon the questions that should
eviously have been asked of the other departments involved in defining and
gning the product. Some of the requirements can be anticipated to grow,
h as the current needed by various subsystems within the product. Always
d 25 to 50 percent to the output current capabilitics of the power supply
ing the design process Lo accommodate this inevitable event. Also, the space
llocated to the power system and its cost will almost always be less than what
~ will be finally required. Some negotiations will be in order. Since the power
* system is a support function within the product, its design will always be modi-
~ficd in reaction 1o design issues within the other sections of the product. This
~ will always make the power supply design the last circuit to be released for pro-
~ duction. Recognizing and addressing these potential trouble areas early in the
design period will help avoid delays later in the program.

To develop a good design specification, the designer should understand the
meaning of the terms used within the power supply field. These are measurable
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power supply parameters with a common set of test conditions that the actual
design affects, These paramelers are the following,

Input voltage
L P— The input voltage at which the product expects to
operate for >99 percent of its life.
Vinitoss The lowest anticipated operational input voltage
(brown-out).
Fiamn The highest anticipated operational average input
voltage.

Line Frequency(s) de, 50, 60, or 400Hz, ete.

Include any adverse operating conditions that may require the supply to operate
outside the conventional specifications such as:

Dropout A period of time over which the input line voltage
completely disappears (the specification is typically
SmS for 60Hz ac off-line applications).

Surge A defined period of time where the inpul voltage will
exceed the Vi, specification that the unit must
survive and during which it may need to operate,

Transients These are very high voltage “spikes” (+/-) that are
characteristic of the input power system,

Emergency operation  Any operation required of the product during any
adverse operating periods, This may be because the
product’s function is so critical for the survival of the
operator of the unit, that it must operate to just short
of its own destruction.

Input current

Finmayy  This is the maximum average input current. Its maximum limit may
be specified by a safety regulatory agency.

Output voltage(s)

Fosaiesy  The nominal output voltage (ideal).

Viouimiay ~ The output voltage below which the load should be inhibited or
turned off.

Vawimayy - The maximum output voltage under which normal operation of the
load circuits can operate.

Vosiiasy  The voltage at which the loads reach their destructive limits.

Ripple voltage (switching power supplies) This is measured in peak-to-peak
volts, and its frequency and level should be acceptable to the load circuits.

Output current

Loujriey - The maximum average current that will be drawn from an
output.

Loy The minimum current that will be drawn from the output during
normal operation.

£ The maximum current limit that should be delivered into a short-
circuited load.
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1.4 Developing the Power System Design Specification

Jescribe any unusual load demand characteristics related Lo any output. These
snsist of intermittent loads such as motors, CRTs, ete., and also any loads
that may be removed from or added to the system as part of an overall syslem
rchitecture, such as probes, handsets, and the like.

Dynamic load response time: This is the amount of time it requires the power
supply to recover to within load regulation limils in response to a step

- change in the load.
Line regulation: Percentage change in the output voltage(s) in response Lo a
- change in the input voltage.

I/:I iim) l/n l-in)
Line Reg, = —mil _Zaleinl . 100(%) (L0)
] Esun-in )

Load regulation: Percentage change in the output voltage(s) in response (0 4
. change in load current from onc-half rated to rated load current.

I/u'u o 3 ¥l balf-load }
Lﬂtﬂ.dRCg..= [ Culklnad ) | bialE-load | “ﬁ?{)] (l].}

K‘.l}_‘rabﬂd—]wﬂf‘

Dverall efficiency: This will determine how much heat will be generated within
e product and whether any heatsinking will be needed in the physical

Effic.= 1o -100(%) (1.3)

m

fusing limits.
-urrent foldback on the outputs.
rvoltage (rip protection limits.
dervoltage lockout on the input power line.
graceful degradation features and repair philosophy after system

fety regulatory agency issues

| Dielectric withstanding voltage (hipot).
#® Insulation rcsistance.
Enclosure considerations (interlocks, insulation class, shock, marking,

et

"RFIEMI (Radiofrequency and eleciromagnetic interference) which regulatory
apency specifications the product must meet.

& Conducted EML: line filtering.
® Radiated RFI: physical layout and enclosures.

Special funcrionalities required of the power supply. These include any power-un
resets and power-fail signals needed by any microcomputers in the system,
remote turn-off, output voltage or currenl programming, power sequencing,
stalus signals, elc.
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This now forms a very good basis from which to begin a power supply design.
This specification is now at a puint that it can dictate which design paths must
be pursued in order to meet the above specifications and will help Lo guide the
designer during the design process,

1.5 A Generalized Design Approach to Power Supplies:
Introducing the Building-block Approach to Power
Supply Design

All power supply engincers follow » general pattern of steps in the design of
power supplies. If the pattern is followed. cach slep actually sets the foundation
for subsequent design steps and will guide the designer through a path of [east
resistance to the desired result. This text presents an approach that consists
of two facets: first it breaks the power supply into distinet blocks that can he
designed in 4 modular fashion: secondly, it prescribes the order in which the
blocks are to be designed in order to ease their “pasting” together. The reader
is further helped by the inclusion of typical industry design approaches for each
block of various applications used by power supply designers in the field. Each
block includes the associated design equations from which (he component
values can be quickly caleulated. The result is g coherent, logical design flow in
which the unknowns are minimized. The approach is organized such that the
typical inexperienced designer can produce a “professional” prade power supply
schematic in under 8 working hours, which is about 40 percent of the entire
design process. The physical design, such as breadboarding techniques, low-
noise printed circuit board (PCB) layouts, transformer winding techniques, ctc.,
are shown through example. The physical factors always present a problem, not
only to the incxpericnced designer, but to the experienced designer as well, Tt
is hoped that these practical examples will keep the problems to a minimum.
All power supplies, regardless of whether they are linear or switching, follow a
general design flow. The linear power supplies, though, because of the maturity
of the technology and the level of integration offered by the semiconductor
manufacturers, will be presented mainly via examples. The design flow of the
switching power supplies, which are much more complicated, will be covered in
more detail in the respective chapters dealing with the selecied power supply
technology. The generalized approach is as follows.

1. Select the appropriate technology and topology for your application.

2. Perform “black box™ approximations knowing only the design specification
requirements. This resulls in estimates of semiconductor power losses,
peak currents and voltages. It may also indicate 1o the designer that the
chosen topology is mappropriate and a different choice is necessary, It also
allows the designer to order any scmiconductor samples that may be
required during the breadboarding phase of the program,

3. Design the power supply schematically, guided by the design flowcharts,

4. Build the breadboard using the techniques outlined in the physical layout
and construction sections in the text.

3. TEST, TEST, TEST! Test the power supply against the requirements stated
in the design specification. If they do not meet the requirements, some

design modifications may be necessary, Make “bascline” TMEASUTEMENTS 50
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1.7 Basic Test Equipment Needed

that you can measure any subsequent changes in the power supply’s per-
formance. Conduet tests with the final product connected to the supply to
check for unwanted interactions. And by all means, begin to measure items
related to safety and RFIVEMI prior to submitting the final product to the
- approval bodies.

6. Finalize the physical design. This would include physical packaging within
the product, heatsink design, and the PCB design.
7. Submit the final product for approval body safety and RFLEMI testing
and approval. Some modifications are usually required, but if you have
done your homework in the previous design stages, these can be minor.
. Production Release!

It all sounds simple, but the legendary and cursed philosopher, Murphy, runs
ﬂimugh the field of power supply design, so expect many a visil from this

velcome guest.

A Comment about Power Supply Design Software

ere is an abundance of software-based power supply design tools, particu-
for PWM switching power supply designs. Many of these software pack-
were wrillen by the semiconductor manufacturers for their own highly
ated switching power supply integrated circuits (ICs). Many of these 1Cs
the power devices as well as the control circuitry. These types of soft-
pckages should only be used with the targeted products and not for
power supply designs. The designs presented by these manufacturers
ed for minimum cost, weight, and design time, and the arrangements
 external components are unique to that IC.
: are several generalized switching power supply design software pack-
flable primarily from circuit simulator companies. Caution should be
d in reviewing all software-based switching power supply design tools.
rs should compare the results from the software to those obtained man-
pally by executing the appropriate design equations. Such a comparison will
designers to determine whether the programmer and his or her company
understands the issues surrounding switching power supply design.
mber, mast of the digital world thinks that designing switching power
' plies is just a matter of copying schematics.
The software packages may also obscure the amount of latitude a designer
dunng a power supply design. By making the program as broad in its
lication as possible, the results may be very conservative, To the seasoned
gner this is only a first step. He or she knows how Lo “push”™ the result to
phance the power supply’s performance in a certain area. All generally applied
ations and software results should be viewed as calculated cstimates. In
rt, the software may then lead the designer to a result that works but is not

“optimum for the system.

gt

1? Basic Test Equipment Needed

" Power supplics, especially switching power supplics, require the designer to view
- parameters not commonly encountered in the other fields of electronics. Aside
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from ac and dc voltage, the designer must also look al ac and de current
measurements and waveforms, and RF spectrum analysis. Although the vision
of large capital expenditurcs flashes through your mind when this is mentioned,
the basic equipment can be obtained for under US $3000. The equipment can
be classified as necessary and optional, but somewhere along the line, all the
cquipment will have to be used whether one buys the items or rents them.

Necessary test equipment

1. A 100 MHz or higher bandwidih, time-based oscilloscope. The bandwidth
is especially needed for swilching power supply design. A digital oscillo-
Scope may miss important transients on some of the key waveforms, so
evaluate any digital oscilloscope carefully.

2. 10:1 voltage probes for the oscilloscope.

3. A dcfac volt and ampere multimeter. A true RMS rcading meter is
optional,

4. An ac and/or dc current probe for the vscilloscope. Especially needed for
switching power supply design. Some appropriate models are Tektronics
P6021 or P6022 and A6302 or AB303, or better,

3. A bench-top power supply that can simulate the input power source. This
will be a large de power supply with voltage and current ratings in excess
of what is needed. For off-line power supplies, use a variac with a current
raling in excess of what is needed.

Note: Please isolate all test equipment from earth ground when lesting,

Optional test equipment

1. Spectrum analyzer. This can be used to view the RFI and EMI perfor-
mance of the power supply prior to submission to « regulatory agency. It
would be oo costly to set up a full testing laboratory, so 1 would recom-
mend using an third-party testing house,

2. A true RMS wattmeter for conveniently measuring efficiency and power
factor. This is needed for off-line power supplies,



2. An Introduction to the
Linear Regulator

The linear regulator is the original form of the regulating power supply. 1t relies
‘upon the variable conductivity of an active clectronic device 1o drop voltage
from an input voltage to a regulated oulput voltage. In accomplishing this, the
Jinear regulator wastes a lot of power in the form of heat, and therefore gets
jot. It is, though, a very electrically “quiet™ power supply.
- The lincar power supply finds a very strong niche within applications where
Jits inefficiency is not important. These include wall-powered, ground-base
‘equipment where forced air cooling is not a problem; and also those applica-
tions in which the instrument is so sensilive to electrical noise that it requires
“an electrically “quiet” power supply—these products might include audio and
‘wideo amplifiers, RF receivers, and so forth. Linear regulators are also popular
as local, board-level regulators. Here only a few watts are needed by the board,
80 the few watts of loss can be accommodated by a simple heatsink. If dielec-
tric isolation is desired from an ac input power source il is provided by an ac
transformer or bulk power supply.
~ In peneral, the linear regulator is quite useful for those power supply appli-
gations requiring less than 10W of output power. Above 10W, the heatsink
required becomes so large and expensive that a swilching power supply becomes
-more attractive. '

2.1 Basic Linear Regulator Operation

- All power supplies work under the same basic principle, whether the supply 1s
a linear or a more complicated switching supply. All power supplies have al their
heart a closed negative feedback loop. This feedback loop does nothing more
than hold the output voltage at a constant value. Figure 2-1 shows the major
parts of a series-pass lincar regulator.

Linear regulators are step-down regulators only; that is, the input voltage
~ source must be higher than the desired output voltage. There are two types of
lincar regulators: the shunt regulator and the serfes-pass regulator. The shunt
regulator is a voltage regulator that is placed in parallel with the load. An
unregulated current source is connected to a higher voltage source, the shunt
regulator draws output current to maintain a constant voltage across the load
given a variable input voltage and load current. A common example of this is a
Zener diode regulator. The series-pass lincar regulator is more efficient than
the shunt regulator and uses an active semiconductor as the series-pass umnit,
between the input source and the load.
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Figure 2-1 The basic linear regulator,

The series-pass unit operates in the lincar mode, which means that the unit
is not designed Lo operate in the full on or off mode but instead operates in a
degree of “partially on.” The negative feedback loop determines the degree of
conductivity the pass unit should assume (0 maintain the output voltage.

The heart of the negative feedback loop is a high-gain operational amplifier
called a voltage ervor amplifier. 1ts purpose is to continuously comparc Lhe dif-
ference between a very stable voltage reference and the output voltage. If the
outpul differs by mere millivolts, then a correction to the pass unit’s conductiv-
ity is made. A stable voltage reference is placed on the noninverting input and
is usually lower than the output voltage. The output voltage is divided down 1o
the level of the voltage reference. This divided output voltage is placed into the
mverting input of the operational amplifier. So at the rated output voltage. the
center node of the output voltage divider is identical to the reference voltage.

The gain of the error amplifier produces a voltage that represents the greatly
amplified difference between the reference and the oulput voliage (error
voltage). The error voltage directly controls the conductivity of the pass unit
thus maintaining the rated output voltage. Il the load increases, the output
voltage will fall. This will then increase the amplifier’s oulpul, thus providing
more current to the load. Similarly, if the load decreases, the output voltage will
rise, thus making the error amplifier respond by decreasing pass unit current to
the load.

The speed by which the error amplificr responds to any changes on the output
and how accurately the output voltage is maintained depends on the error
amplifier’s feedback loop compensation. The feedback compensation is con-
trolled by the placement of elements within the voltage divider and between the
negative inputl and the output of the error amplifier. Its design dictates how
much gain at de is exhibited, which dictates how accurate oulput voltage will be.
It also dictates how much gain at a higher frequency and bandwidth the ampli-
fier exhibits, which dictates the time it takes to respond to output load changes
or Iransient response time.

The operation of a lincar regulator is very simple. The very same circuitry
cxists in the heart of all regulators, including the more complicated switching
regulators. The voltage feedback loop performs the ultimate function of the
power supply—the maintaining of the output voltage.

Fuion B




2.2 General Linear Regulator Considerations
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Figure 2-2 The pass unit's influence on the dropout voltage: (a) NPN pass unit; (b) PNP
pass unit {low dropout).

terminal regulator integrated circuits, Occasionally, though, the application calls
for cither a higher output current or greater functionality than the 3-terminal
regulators can provide.

There are design considerations that are common to both approaches and
those that are only applicable to the nonintegrated, custom designs. These con-
siderations define the operating boundary conditions that the final design will
meet, and the relevant ones must be caleulated for each design. Unfortunately,
many engineers neglect them and have trouble over the entire specified
operating range of the product after production.

The first consideration is the headroom voliage. The headroom voltage is the
actual voltage drop between the input voltage and the output voltage during
operation. This enters predominantly into the later design process, but it should
be considered first, just to see whether the linear supply is appropriate for the
needs of the system. First, more than 95 percent of all the power lost within the
linear regulator is lost across this voltage drop. This headroom loss is found by

PIIR = [:V.IJL{II.I.‘E—I] = I/ﬂu: ]Ih'\bih:Tubdd._l ':2 ]-:l

If the system cannot handle the heat dissipated by this loss at its maximum
specified ambient operating temperature, then another design approach should
be taken. This loss determines how large a heatsink the lincar regulator must
have on the pass unit.

A quick estimated thermal analysis will reveal to the designer whether the
linear regulator will have enough thermal margin to meet the needs of the
product at its highest specified operating ambient temperature. One can find
such a thermal analysis in Appendix A.

The second major consideration is the minimum dropout voltage of a par-
ticular topology of linear regulator. This voltage is the minimum headroom
voltage that can be experienced by thedinear regulator, below which it falls out
of regulation. This is predicated only by how the pass transistors derive their
drive bias current and voltage. The common positive linear regulator utilizes an
NPN bipolar power transistor (see Figure 2-2a). To generate the needed buse-
emitter voltage for the pass transistor’s operation, this voltage must be derived
from its own collector-emitter voltage. For the NPN pass units, this is the actual
minimum headroom voltage. This dictates that the headroom voltage cannot
get any lower than the base-emitter voltage (~0.65VDC) of the NPN pass unit
plus the drop across any base drive deviees (transistors and resistors). For the
three terminal regulators such as the MCT8XX series, this voltage is 1.8 to 2.5
VDC. For custom designs using NPN pass transistors for positive outputs, the

-
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dropout voltage may be higher. For applications where the input voltage may
come even closer than 1.8-25VDC to the output voltage, a low dropott rege-
lator is recommended. This topology utilizes a PNP pass transistor, which now
derives its base-emitter voltage from the output voltage instead of the head-
room or input voltage (see Figure 2-2b), This allows the regulator to have a
dropout voltage of 0.6 VDC minimum. P-Channel MOSFET: can also be used
in this function and can exhibit dropout voltages close to zero valts.

The dropout voltage becomes a driving issue when the input to the linear
regulator during normal operation is allowed to fall close to the output voliage,
If operating from an ac wall transformer, this would occur at brown-out condi-
tions (minimum ac voltages). The low dropout regulator (e.g.. LM293X) would
allow the regulator to operate to a lower ac input voltage. Low dropout regu-
lators are also widely used as post regulators on the output of switching power
supplies. Within swilching regulalors, the efficiency is of great concern, so the
headroom drop needs to be kept to a minimum. Here, the low dropout regula-
tor will save several W of loss over a conventional NPN-based linear regulator.
If the application will never see headroom voltages less than 2.5V, then use the
conventional linear regulators (e.g., MCTRXX).

Another consideration is the type of pass unit to be used, From a hcadroom
loss standpoint, it makes absolutely no difference whether a bipolar power tran-
sistor or a power MOSFET is used. The difference comes in the drive circuitry.
If the headroom voltage is high, the controller {usually a ground-oriented
circuit) must pull current from the input or output voltage to ground. For 4
single bipolar pass transistor this current is

T =4 st (2.2)
The power lost just in driving the bipolar pass transistor is
li-!:|ri-.-u = I;i--nl_n-nux_j- ¢ !H or V-rur 2 IB (23}

This drive lnss can become significant. A driver transistor can be added to the
pass transistor to increase the effective gain of the puss unit and thus decrease
the drive current, or a power MOSFET can be used as a pass unit that uses
magnitudes less de drive current than the bipolar power transistor. Unfortu-
nately, the MOSFET requires up to 10VDC o drive the gate. This can drasti-
cally increase the dropout voltage. In the vast majority of lincar regulator
applications, there is little difference in operation between a buffered pass unit
and a MOSFET insofar as efficiency is concerned. Bipolar transistors are much
less expensive than power MOSFET: and have less propensity to oscillate.

The linear regulator is a mature technology and therefore can usually be
accommodated by the integrated solutions provided by the semiconductor
manutacturers. For applications bevond the limits of these integrated lincar
regulators alone, usually adding more components around the IC will satisfy the
requirement. Otherwise, a completely custom approach would need to be
utilized. These various approaches are overviewed in the design cxamples in
the following section.

2.3 Linear Power Supply Design Examples

Linear regulators can be designed to meet a variety of cost and functional needs.
The design examples that follow illustrate that linear regulator designs can
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Figure 2-3 A Zener shunt regulator.

" range from the very elementary to the more complex. Designs for enhanced
3-lerminal regulator designs will be abbreviated, since the integrated circuit
* datasheets usually contain great detail. Due to the relatively large power loss of
~ linear regulators, the thermal considerations typically represent a significant
- problem, Some thermal analysis and design is done in the examples. For further
~ insight on this please refer to Appendix A.

23.1 Elementary Discrete Linear Regulator Designs

" These types of Linear regulators were commonly built before the advent of
~ operational amplifiers and they can save moncy in consumer designs. Some of
. their drawbacks include drift with temperature and limited load current range.

The Zener shunt regulator

This type of regulator is typically used for very local voltage regulation for less
than 200mW of a load. A series resistance is placed between a higher voltage
~ and is used to limit the current to the load and Zener diode. The Zener diode
compensates for the variation in load current. The Zener voltage will drift with
temperature, The drift characleristics are given in many Zener diode datasheets,
~ Its load regulation is adequate for most supply specifications for integrated cir-
~ cuits. It also has a higher loss than the serics-pass type of linear regulator, since
its loss is set for the maximum load current, which for any load remains less
than that value. A Zener shunt regulator can be seen in Figure 2-3.

- The one-transistor series-pass linear regulator
By adding a transistor to the basic Zener regulator, one can take advantage
of the gain that the bipolar transistor offers. The transistor is hooked up as
~ an emitter follower, which can now provide a much higher current to the
'~ load, and the Zener current can be lowered. Here the transistor acts as a rudi-
- mentary error amplifier (refer to Figure 2-4). When the load current increases,
it places a higher voltage into the base, which increases its conductivity,
~ thus restoring the voltage to its original level. The transistor can be sized o
- meet the demands of the load and the headroom loss. It can be a TO-92 tran-
sistor for those loads up to 0.25 W or a TO-220 for heavier loads (depending on
heatsinking).

2.3.2 Basic Three-Terminal Regulator Designs

Three-terminal regulators are used in the majority of board-level regulator
applications. They excel in cost and ease of use for these applications. They can
also, with care, be used as the basis or higher functionality linear regulators.

15
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Figure 2-4 A discrete bipolar series-pass regulator,

The most often ignored consideration is the overcurrent limiting method
used in 3-terminal regulators. They typically uvse an overtemperature cutoff
on the dic of the regulator which is typically between +150°C and +165°C.
If the load current is passed through the 3-terminal repulator, and if the
heatsink is too large, the regulator may fail due to overcurrent (bondwire, IC
traces, etc.). If the heatsink is too small, then one may not be able to get
enough power from the regulator. Another consideration is if the load
current is being conducted by an external pass-unit the overtemperature cutoff
will be nonfunctional, and another method of overcurrent protection will be
needed.

2321 The Basic Three-Terminal Positive Regulator Design

This example will ilustrate the design considerations that should be undertaken
with each 3-terminal regulator design. Many designers view only the electrical
specifications of the regulators and forget the thermal derating of the part, Al
high headroom voltages, and at high ambient operating temperatures, the
regulator can only deliver a fraction of its full-rated performance. Actually, in
the majority of the 3-lerminal applications, the heatsink determines the regu-
lator’s maximum output current. The manufacturer’s electrical ratings can be
viewed as having the part bolted onto a large piece of metal and placed in an
ocean. Any application not employing those unorthodox components must
operate at a lower level. The following cxample illusirates a typical recom-
mended design procedure.

Design Example 1. Using Three-Terminal Regulators

Specification Input: 12 ¥DC (max)
8.5 VDC (min)
Output: 50 VDC
0.1-0.25 Amp

Temperature:  —40-450°C

Note: The 1N4001 is required for discharging the 100uF capacitor when the
system is turned off.

Thermal Design (refer also to Appendix A)
Given in data sheet: Ry =3"C'W
R = 65°C/W
Ty = 150°C

I

H.?Lumx:- = {Vi.n-:msxj _Vc-m } A Jrl¢o.=||1l|.1|snc,'
=(12=-5V)023A) = 1.75W (headroom loss)
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Figure 2-5 A 3-terminal requlatar.

Without a healsink the junction temperature will be:

Ti= B R+ Tapmag = (L73WHESC /W) + 50
= 163.75°C.

A small “clip-on” style heatsink is required to bring the junction temperature
down to below its maximum rafings.
Refer to Appendix A for aid in the sclection of heatsinks.

Selecting the heatsink—Thermalloy P/N 60738

(yiven in heatsink data: R = 14°C/W
Using a silicon insulator  Raes = 65°C/W

The new worst case junction temperature is now:

Trenax) =PD{RGJL'+R¢'CS+R&‘:A}+I« .
=(1.75W)(5°C, W+65°C/ W +14°C/ W) +50°C
=844°C

2.3.2.2 Three-Terminal Regulator Design Variations

The following design examples illustrate how 3-terminal tegulator integrated
circuits can form the basis of higher-current, more complicated designs. Care
must be taken, though, because all of the examples render the overtemperature
protection feature of the 3-terminal regulators uscless. Any overcurrent pro-
tection must now be added externally to the integrated circuit.

The current-boosted regulator

The design shown in Figure 2-6 adds just a resistor and a transistor to the 3-
terminal regulator to yield a linear regulator that can provide more current to
the load. The current-boosted positive regulator is shown, but the same equa-
tions hold for the boosted negative regulator. For the negative regulators, the
power transistor changes from a PNP o an WPMN. Beware, there is no over-
current or overtemperature protection in this particular design.

The current-boosted 3-terminal regulator with overcurrent protection
This design adds the overcurrent protection externally to the IC. It employs the
base-emitter (0.6V) junction of a transistor to accomplish the overcurrent

17
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Figure 2-6 Current-boosted 3-terminal reguletor without overcurrent protection,
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Figure 2-7 - (a) Positive current-boosted 3-terminal regulator with current limiting.
ib) Negative current-boosted 3-terminal regulator with current limiting.

threshold and gain of the overcurrent stage. For the nepative voltage version of
this, all the external transistors change from NPN to PNP and vice versa. These
can be seen in Figures 2-7a and b,

233 Floating Linear Regulators

A Aoating linear regulator is one way of achieving high-voltage linear regula-
tion. Its philosophy is one in which the regulator controller section and the
series-pass transistor “float” on the input voltage. The output voltage regula-
tion is accomplished by sensing the ground, which appears as a negative voltage
when referenced to the output voltage. The output voltage serves as the “float-
ing ground” for the controller and the power for the controller and series-pass
transistor is drawn from the headroom voltage (the input-to-output difference)
or is provided by an auxiliary isolated power supply.
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Figure 2-8 A high voltage floating linear regulator.
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Figure 2-9 A 350 valt, 10 mA floating linear regulator.

The power transistor still needs to have a breakdown voltage rating greater
* than the input voltage, since al start-up, it must see the entire input voltage
* across it, Other methods such as a bootstrap Zener diode can also be used in
* order to shunt the voltage around the pass transistor, but only when the input
* voltage itself is switched on and off to activate the power supply. Also, caulion
~ must be taken to ensure that any controller input or output pin never goes
~ npegative with respect to the floating ground of the IC. Protection diodes are
* usually used for this purpose. One last caution is the little-known breakdown
* voltage of common resistors. If the output voltage exceeds 200V, more than one
sensing resistor must be placed in series in order to avoid the 250V breakdown
characteristic of 1/4W resistors.
A common low-voltage positive floating regulator is the LM317 (the negative
regulator complementary part is the LM337). The MC1723 can also be used to
create a floating linear regulator, but care must be taken to protect the IC
against the high voltage.
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The first example shows how an LM317 can be modified to create a 70V
linear regulator from a 100V input voltage. Several design restrictions must be
strictly followed, for cxample, the operational headroom wvoltage must not
exceed the voltage rating of the bootstrap Zener diode or regulation will be lost.
Also the use of the protection diode on the error amplifier is mandatory. This
regulator can be scen in Figure 2-8.

The second example illustrates a 350V floating linear regulator that can
provide up to 10mA of load current from a 400 to 450V unregulated source.
The TIPSO provides the bias supply for the controller, which must withstand the
full input voltage during start-up and power supply foldback. The controller is
“grounded” on the output voltage and the minimum headroom voltage is 15 V.
To readjust the output voltage. one changes the value of the two series resistors
in the voltage sensing branch and this is set by

Rs-em-u = {]/l:-ul. + 4*“";],".. I:o: T (2'4}

Floating lincar regulators are particularly suited for high-output voltage regu-
lation, but may be used anywhere. This regulator can be seen in Figure 2-9.




3. Pulsewidth Modulated Switching

Power Supplies

Although pulsewidth modulated (PWM) switching power supplies have been

around for a long time, it wasn’t until the mid-1970s that they became maore

accepted and broadly applied. Switching power supplies offer many advantages
over linear regulators.
Switching power supplies are more efficient and are smaller in size than lincar

regulators of similar ratings. They are, however, more difficult to design and

radiate more cleetromagnetic interference (EMI).
Today, there are two ways to approach the design of switching power sup-
plics. The design of board-level, de/dc (de-in, de-out) switching power supplies

“¢an be copied directly from the semiconductor maker’s datasheet and can use

standard components from other manufacturers. However, if any of the require-
ments fall outside the standardized approaches, then it becomes a custom
design, and is much more complex.

This book is organized so that the massive process of designing a custom
switching power supply is broken down into smaller, more understandable
pieces. Each piece is then explained in “non-power engineer” terms, and com-

- monly accepted design approaches are illustrated with the relevant design equa-

tions. The intent is for the reader to read the section, choose the best design
approach to meet his or her needs, use his or her particular system parameters,
and produce a subcircuit that can be inserted into a larger power supply design.
The design order is the way that seasoned power engineers use to approach
their designs, and has proven to provide answers before the questions have
arisen.

3.1 The Fundamentals of PWM Switching Power
Supplies

The operation of switching power supplies can be relatively easy to understand.
Unlike linear regulators which operate the power transistor in the linear mode,
the PWM switching power supply operates the power transistors in both the
saturated and cutoff states. In these states, the volt-ampere product across the
power transistor is always kept low (saturated, low-F/high-I; and cutoff, Hi-
V/No-I). This El product within the power device is the loss within all the power
semiconductors.

This more efficient operation of the PWM switching power supply is done by
“chopping” the direct current (dc) input voltage into pulses whose amplitude is
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the magnitude of the input vollage and whose duty cycle is controlled by a
switching regulator controller. Once the input voltage is converted to an ac rec-
tangular waveform, the amplitude can be stepped up or down by a transformer.
Additional output voltages can be derived by adding secondaries to the trans-
former. Ultimately these ac waveforms are then filtered to provide the dc output
voltages.

The controller, whose main purpose is to maintain a regulated output voltage,
operates very much like a linear style controller. That is, the functional blocks,
voltage reference, and crror amplitier are arranged identical to the linear
regulator’s. The difference is, the output of the error amplifier (the error
voltage) is then placed into a voltage-to-pulsewidth converter stage prior to
driving the power switches.

There are two major operational types of switching power supplics: the
forward-mode converter and the boost-mode converter. Although their arrange-
ments of paris are sublly different, their operation is very different and each
has advantages in certain areas of application.

3.1.1 The Forward-mode Canverter

Forward-mode regulators form a large family of switching power supply topolo-
gics, They can be recognized by an L-C filter just after the power switch or after
the output rectifier on the secondary of a transformer. A simple form of
the forward-mode regulator can be seen in Figure 3-1. This is called the buck
reglator,

Its operation can be seen as analogous to a mechanical flywheel and a one-
piston engine. The L-C filter, like the flywheel, stores energy between the power
pulses of the driver. The input to the L-C filter (choke input filter) is the chopped
input voltage. The L-C filter volt-time averages this duly-cycle modulated input
voltage waveform. The L-C filtering function can be approximated by

Vo = V- duty cycle. (3.1)

The output voltage is maintained by the controller by varving the duty cycle.
The buck converter is also known as a step-dows converter, since its output must
be less than the input voltage.

The operation of the buck regulator can be seen by breaking its operation
into two periods (refer to Figure 3-2). When the switch is turned on, the input
vollage is presented to the input of the L-C filter. The inductor current ramps
linearly upward and is described as

I/in = I/|11|r t .
J:-r.l:nn:l = {—]If'ﬂ + Lt « {3.2}
i
SW L
+ A%
1""Iriu C) Dx Cou T R
o ]'"" Inl‘r

Figurs 3-1 A basic forward-mode converter (buck converter shown).
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The energy stored within the inductor during this period is

Emlred = [%)l’—u {ipj; = ‘:Tn'in }: {3.3:]

This input energy is stored by the flux contained within the core material of the
inductor.

When the power switch is turned off, the input voltage to the inductor wants
to fiy below ground and the diode (D), called a catch diede, becomes forward
biased. This continues to conduct the current that was formerly flowing through
the power switch and some of the stored energy is discharged to the load. This
forms a local current loop that includes the diode, inductor, and the load. The
current through the inductor is described during this period by

; 3 I/::ul z Pl-:|l'l'
Ijo) =k = (3.4}
LI

The current waveform, this time, is a negative lincar ramp whose slope s
—V,/L. When the power switch once again turns on, the diode snaps off and
the current now flows through the input power source and the power switch.
The inductor’s current (i) just prior to the switch being turned on, becomes
the initial current the power switch must then initially pass.

The de output load current value falls between the peak and the minimum
current values. In typical applications, the peak inductor current is about 130
percent of the de load current and the minimum current is about 50 percent.

The advantages of forward-mode converters are: they exhibit lower output
peak-lo-peak ripple voltages than do boost-mode converters, and they can
provide much higher levels of output power. Forward-mode converters can
provide up to kilowatts of power.

Veat
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=z T =Y
£
% Power Switch | Power Switch | Power Switch Power Switch
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=
2
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= _T time
e [pk —_—
g w, ~
=g = [oud e
C & | L ~ /
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= Power Sw, Dinde Power Sw, Diode
S 1 1 L l 1 time

Figure 3-2 The voltage and current waveforms for a forward-mode converter (buck converter).
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A transformer can be placed between the power switch and the L-C filter
which serves as a voltage siep-up or step-down of the input voltage. These
topologies form a family of converters called rransformer-isolated forward con-
verters (refer to Figures 3-14 through 3-17). The transformer offers some dis-
tinct advantages, such as providing a dielectric barrier from the input to the
output and the ability to add additional outputs, and makes the output voltages
independent from the level of the input voltage.

3.1.2 The Boost-made Converter

The second family of converters are the boost-mode converters. The most ele-
mentary boost-mode (or boost-derived) converter can be seen in Figure 3-3. It
is called a hoost converter,

As one can notice, the boost-mode converter has the same parts as the
forward-mode converter, but they have been rearranged. This new arrangement
causes the converter to operate in a completely different fashion than the
torward-mode converter. This time, when the power swilch is turned on, a
current loop is created that only includes the inductor, the power switch, and
the inpul voltage source. The diode is reverse-biased during this period. The
inductor’s current waveform (Figure 3—4) is also a positive linear ramp and is
described by

4 i Lo
11.{f¢u}=— (3.5)
L
i iaiin] M .
o+
v, C) L o
” Sw =g R}'.l:-.d
% 1 C\JIII
Lo
Tivaut

—

Figure 3-3 A basic boost-mode converter {boost converler shown).
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Figure 344 Waveforms for a discantinuous-mode boost convarter,
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Energy is stored in the flux within the inductor’s core material. When the
power switch is turned off, the inductor’s voltage, “flies back” above the input
voltage. Quickly, the diode becomes forward biased when the inductor’s voltage
exceeds the output voltage. The inductor voltage is then clamped at the value
of the output voltage. This voltage level is referred to as the fiyback voltage and
is the value of the output voltage plus one diode forward voltage drop. The
inductor current during the power switch’s off period is described by

{Vum 5 Vin } - Lo
L

i-J [tl‘ff} = Ip'nlfuu.:l s {3.'&}

When the core’s flux is completely emptied prior to the next cycle, it is
referred to as the discontinuous-mode of operation. This is seen in the inductor
current and voltage waveforms in Figure 34, When the core does not com-
pletely empty itself, a residual amount of energy remains in the core. This is
called the continuous mode of operation and can be seen in Figure 3-5. The
majority of boost-mode converters operate in the discontinuous mode since
there are some intrinsic instability problems when operating in the continuous
mode.

The energy stored within the inductor of a discontinuous-mode boost con-
verter is described by

| oy
Euvea=( 3 L0 (37)

The energy delivered per second (joules/second or walls) must be sufficient
to meet the continuous power demands of the load. This means that the energy
stored during the ON time of the power switch must have a high cnough I, to
satisfy equation 3.8:

Power
'-I Switch = Wikl ""'qu'.}
& ON
= e Diode Power Diode
. ON i ON
= ON
&

{Amps)

Inductor Current

Figure 3-5 Waveforms for a continuous-mode boast converter,

lime

tme
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Boa< By = .fl:lP |:% (L'prk f :[ (38}

where f, is the frequency of operation of the converter.

The boost converter shown in Figure 3-3 can only be used as a step-up con-
verter. That is, the output voltage must be higher than the highest value of input
voltape input. If the inductor is replaced by a transformer, as seen in Figure
315, a wpology called a fivback converter is made. The fiyback voliage and
current, as seen by the power switch, are similar Lo those in the boost converter,
but are affected by the turns ratio of the transformer. The flyback voltage, which
is still Vo + Fajoge 0 the secondary, is scaled by the turns ratio of the trans-
former when viewed from the power switch. The (ransformer also provides a
diclectric barrier from the input to the output, and additional output voltages
can be derived from the same transformer. The outputs also become indepen-
dent from the level of the input voliage, thus giving the fiyback topology the
highest input dynamic range of all the topologies.

Due to the higher peak currents within boost-mode converters, they can only
be used in applications of 150W or less, They have the least parts of all
the topologies and are therefore very popular in the low to medium power
applications.

3.2 The Building-block Approach to PWM Switching
Power Supply Design

PWM switching power supplies lend themselves quite nicely to an organized
approach to their design. They are more complicated and therefore can be par-
titioned into more functional blocks of an elementary nature. The swilching
power supply designer, whether knowingly or unknowingly, does its design in a
functional block approach and this approach will be presented.

Executing the design in a specific order and fashion makes the design flow
much easier by predetermining information needed for subsequent portions. In
general, PWM and resonant switching power supply designs start with the
overall considerations, next comes the design of the power sections, then the
designs proceed through the control and ancillary functions, and finally is
the testing and perfecting stage. It all begins with a well-defined design specifi-
cation as outlined in Section 1.3. By first defining the operation of the supply
and the environment in which it must operate, the design flow takes the form
#s seen 1n Figure 3-6. Some initial decisions must be made at the beginning,
namely which topology of switching power supply to use,

Once the topology is selected, the design path is determined and the design
may proceed. By proceeding through the block diagram in Figure 3-7, in the
order indicated by the design flow in Figure 36, the design will progress rela-
tively guickly. The first-lime designer may be able to produce a very good “paper
design” (or schematic) within 8 working hours, if he or she has a good library
of data books. Each functional block in Figure 3-7 will have a choice of typical
design approaches for that block. The designer determines from his or her
requirements which approach is most appropriate for the needs of the supply.
Then, by executing the design equations and using the parameters supplied by
the design specification, the block can be designed within a matter of minutes,
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switching regulator topology

Determine semiconductor parts and
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Design transformer, wire gauges, etc.
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Design driver circuits
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removal considerations

PCB layout considerations, and
Form [actor considerations.
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Figure 36 Design flow for a PWM switching power supply.
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Figure 3-7 The functional block diagram for a PWM switching power supply.

3.3 Which Topology of PWM Switching Power Supply
to Use?

A major decision that must be considered at the beginning of a switching power
supply design is which basic topology to use. The term topology refers to the
arrangement of the power components within the switching power supply
design. This arrangement has a large bearing on which environment the supply
can operate in safely and how much power the power supply can provide to the
loads. This is the point in the design process where the major cost versus per-
formance tradeoffs are made. Each topology has its relative merit. One topol-
ogy may have a low parts cost, but can only provide a limited amount of power;
another has ample power capability, but costs more, and sa on. More than one
topology will work for any application, but one of the choices may provide the
best performance at the needed cost. A summary of the relative merits of the
various topologies is given in Table 3-1.
The major factors that determine the optimum choice of topology are:

1. Is transformer isolation needed from input to output?

2. How much input voltage appears across the primary winding of the trans-
former or inductor?

3. What is the peak current through the power switches?

4, What is the maximum operating voltage across the power switches?

The nontransformer isolated topologies are used for board-fevel converters.
These are in distributed power systems where an intermediate bus voltage is
distributed throughout the system and each board within the system has its own
power supplies. The bus voltage is always a "safe” level that is not deemed lethal
to the operator of the equipment, therefore diclectric isolation is optional. T still
heartily recommend transformer isolation in most applications. The added cost
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Table 3-1 Comparison of the PWM Switching Regulator Topologies
Typical Relative

Power Range Viniae In/Out  Efficiency  Parts
Topology (W) Range Isolation {%) Cost
Buck O0=1000 5-40 No 78 1.0
Boost 0-150 5-40 No &0 1.0
Buck-boost (-150 5-40 No 80 1.0
1T forward 0-150 5-500 Yes 78 1.4
Flyback 0-150 5-500 Yes &0 1.2
Push-pull 100-1000 50-1000 Yes 75 2.0
Half-bridge 100-500 S0-1000 Yes 75 2.2
Full-bridge 4002000+  50-1000 Yes 73 2.5

is minimal compared to the added level of protection for the load. Transformer
isolation is mandatory for all switching power supplies having a de input voltage
ol 40VDC or higher.

The amount of voltage appearing across the primary of the transformer is
indicative of how much peak current is flowing through the power switches.
Switching power supplies are constant power circuits. That is, the lower the
primary voltage, the higher the peak currents in order to provide the nceded
output power. For power transistors and MOSFETS in TO-220) packages and
smaller, a maximum peak current limit of 20A is recommended. Above 204,
the failure modes of the power switches become very erratic and the power
devices are difficult to protect. By using another topology, the peak current can
be reduced.

The higher the maximum voltage the power switches experience, the greater
the likelihood that they will exceed their safe operating areas (80A). Voltage
spikes are very common within switching power supplics, and the opportunity
of these spikes cxceeding the avalanche voltage rating of the power switch
becomes more likely. For transformer isolated topologies, the industry has
settled into certain topologies that they use within the different ranges of appli-
cations. This is shown in Figure 3-8.

The fivback topology (see Figure 3-12) is the favorite below 100 to 150W
because of its low parts count (hence cost) and intrinsically better efficiency.
But because its peak currents are much higher than the forward-mode con-
verters, it reaches the SOA limits of the power switches at a relatively low output
power. Between an output power of 150 and 500W the half-bridge (see Figure
3-15) becomes the favorite, The parts cost more but they are still reasonable.
The half-bridge converter only places one-half of the input voltage across the
primary winding and therefore exhibits fairly high peak currents. It therefore is
only used to S00W or less. Above S00W and into many kilowatts, the full-bridge
(see Figure 3-16) topology is used. This requires four power switches, two of
which have floating drive circuits, and is the most costly to implement, but at
these output power levels the added cost is necessary. The push-pull (see Figure
3-14) can also be used in this region, but it suffers from a potentially severe
failure mode called core imbalance. This is where the flux within the transformer
will operate non-symmetrically about a “zero” balance point. This will cause the
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Figure 3-9 The buck (step-down) converter,

transformer to saturate in the direction of one power switch and burn it out
within nanoseconds when step changes occur in the load. Pulse-to-pulse current-
protected voltage-mode control or current-mode control techniques must be
used to avoid this problem.

By reviewing Table 3-1 and Figure 3-8, you can develop a good idea as to
where your application fits. The appropnate topology then can be chosen.
| Figures 3-9 through 3-16 show the basic PWM switching power supply
| topologies along with their salient waveforms and some estimated important
parameters.
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3.4 The "Black Box™ Considerations for Switching
Power Supplies

This preliminary step in the design phase, predetermines some of the major
parameters the switching power supply will exhibit. This allows the designer
to determine whether his or her choice of topology is correct and also allows
the designer to order components for the breadboard, long before they are
required. 1t also results in knowing some of the particularly important parame-
ters needed later during the design. For determining the “black box™ estimates,
the designer need only know the environmental parameters from the design
specification and then treat the future power supply as a black box; that is, a
box with only input and output lines emerging from it (refer to Figure 3-17).
The estimates are done as follows:

1. Output power

'E.'II.I.I = Z U/-.lul[m] e -'-ruullf.'!r]} {3.9}

M=l

2. Input power
'PI'IIH

.. G, (3.10)
effie(est)

Fiy
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Figure 3-17 The SMPS treated like a black box.
3. Average input currents
EII -
'lriﬂl:ﬂ.\':l[u.'ll.'ﬂ.l T {3. ll}

innum)

where “nom” is the operational value of the input voltage during normal
operation.

Solve for the highest input average input current that occurs at the lowest
specified input voltage. This value allows the designer to determine the size of
the wire used in the primary winding of the transformer or inductor.

4. The input peak current

This is completely determined by the topology previously chosen.

o k- Fo (3.12)
I;inlfmin_l

: 1.4 for the Buck, Half-forward, and Full-Bridge.
: 2.8 for the Half-bridge, IT Forward.
: 5.5 for the Boost, Buck-boost, and Flyback.

The value of the peak current is useful in the design of the flyback-mode
inductors and transformers. For the forward-mode supplies, it is just a curios-
ity at this time.

ok

where £

Ik

I

5. Selecting the power switches and rectifiers

Each topology has predictable voltage and current stresses for the power
switches and rectifiers. These estimates have about a 90 percent confidence
factor, Selecting the power devices at this stage in the design cycle can save
precious time later in the program by not having to wait for parts. Table 32
contains equations that may be conservative in nature, but will work in the appli-
cation.

6. Estimating component losses (optional)

The relative losses among the various sections within a PWM switching power
supply are somewhat predictable from experience. These loss proportions are
of eourse affected by the design paths pursued by the designer, but at this stage
only a “good guess” estimate is desired. Table 3-3 shows the “typical” efficiency
for each major topology and the percentage of loss that occurs between the
power switch stage and the output rectifier stage.
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Table 3-2  Estimating the Significant Minimum Parameters of the Power
Semiconductors )
Bipolar Power MOSFET Power
Switch 5%; B Rectifier(s}
Topology Veeo fa Voss b & VR A
Buck .",: "rl:lu! : l'-/ill . _'_.:1;1 lVil!l. L11|1
2P, T
Boost Vow Vin{mm} Vau.t ‘i,“'ﬂm— EL‘I vmlt "'l.‘:ul
2P|::|u. I
Buck/boost Vin = ¥om - Vie=Wgh _'zfﬂt'— e Vo
Vin{min} ‘ Vm}
2P, P
Fl}rbmk l'TVmim'-”‘} V_-PL l'sviﬁ-{M, ﬁ_‘ lnvuut -!;-:ul.t
o i ) . Vm]‘
One Transistor 5P 1.5,
Forward 21",1'1'1 m ZVi.'ﬂ _‘}""""_} 3‘;.:“‘ fm“
1.2P 2P,
Push—pl]ﬂ EVI'“ ——t Zprln H"Fm' B zvﬂllt Il.":ll.l.[
an{mm} V%]
Half-bridge Vo —ob SRS
Vim’min] me]
1.2F
Full‘bridgﬁ l'f:ial —= l'fin L& zllKI-I:JI.II: -|’|,:.u|_
Vlllflnll1] V*ﬂ'm}

To determine cach section’s respective loss for your power supply topology,
use the following

Posici) = P - (1 —effic)- Bay (3.13)

where (%) is the typical estimated percentage loss of the desired section with
respect to the total loss of the power supply (see Table 3-3).

When the topology has multiple power switches, then multiply the P
by

0.5 (50%) for the push-pull and half-bridge
0.25 (25%) for the full-bridge.

To estimate the loss within each output rectifier within a multiple output
switching power supply, use the ratio of the desired output’s power compared
to the total outpul power as in Equation 3.14.

3 I/-'i'::u; £l
f:lfnfl 5=t‘-'J-:.il:l '{l_efﬁc,]'ﬁ:ﬁ.] 'L_!Ll] [.3']4}

il

These loss figures can be used in determining the appropriate packages
needed for the semiconductors. That is, do some of the semicomductors need
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Tahle 3-3 The “Black Box" Estimates for Losses within the Various Topologies
Estimated Percent of Total Loss (P,

Power Switch  Owerall

Type Estimated PowerSwitch Qutput
Efficiency and Drive Rectifier Magnetics Miscellaneous

Topology Bipolar MOS 1%} (%) {%a) (%) (%)

Buck * 72 42 48 ] 5

1 L * 76 35 35 5 5

Boost * 74 55 35 ] 5
7 ® i 45 42 5 5
~ Buck-hoost ® 74 55 35 5 5
: ® 77 48 42 5 5

Flybuck % 75 44 46 5 3
b 78 33 57 5 5

- Half-forward x 74 44 46 5 5
: b 77 33 57 5 5
Push-pull x 69 50 40 5 5
,. = 72 40 50 5 5
Half-bridge x 69 48 42 5 5
_ x T2 40 20 5 5

Full-bridge x 63 50 40 3 5
E * 70 40 S0 5 5

to be attached to a heatsink? Also, a guess at how much heatsinking is required
can be made.

This completes the black box estimates portion of the design program. As one
~ can see, some very useful information can be determined by performing these
~ estimates.

- 3.5 Design of the Magnetic Elements

- The design of the magnetic clements forms the backbone of a good switching
- power supply design. Their proper electrical and physical design have a large
- affeet on the reliable operation of every switching power supply design. Entire
books have been written devoted to their design and theory, but in keeping with
the premise behind this publication, T have chosen to take a different approach.
Since switching power supplies are a specialized narrow application of magnetic
elements, the design process for the magnetic elements can be greatly focused
and simplified. This yviclds the quickest working design without having to under-
stand the subtleties involved with each facet of the design. For more detail in
the operation of the core materials, refer to Appendix D.

35.1 The Generalized Design Flow of the Magnetic Elements

Part of the confusion in designing the magnetic elements is the inexactness
invalved in their design. At best, the results of calculations should be considered
a *calculated estimate.” Pushing the result of a calculation in on¢ direction or
another will still yield a working design, but may offer advantages in some other
facet of the power supply design such as core size, power supply input dynamic
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range, etc. These trade-offs will be discussed at the appropriate points in the
text,
The generalized design flow for the magnetic elements is as follows.

1. Select the core material appropriate for the application and for the fre-

quency of operation {Appendix [¥).

2. Select the desirable core style that will meet the needs of the application

and of any regulator agency the power supply should meet (Appendix D).

3. Determine the size of the core needed to provide the required output

power of the power supply (Section 3.5.2).

4. Determine whether an airgap is nceded and caleulate the number of turns
needed for each winding. Then determine whether the accuracy of the
output voltages meets the needs of the requirements and whether the
winding actually fit into the sclected core size (Sections 3.5.3 through
3.5.7).

. Wind the magnetic component using the deseribed physical winding tech-
niques given in Section 3.5.9,

6. During the prototype stage, verify its operation with respect to the level

of voltage spikes, cross regulation, output accuracy and ripple, and RFI,
ete., and make corrections where necessary.

L

If the above procedure is executed, the initial design of any magnetic com-
ponent should take less than 30 minutes. Please refer to the end of Appendix
D for the listing of the core manufacturer’s websites where the necded
information can be downloaded.

352 Determining the Size of the Magnetic Core

Each manufacturer uses different core sizing procedures. Some use graphs,
others simply state how much power ecach core can handle for a particular
application, and some use cryptic equations that are confused by the mixture of
unrelated units. The following two procedures are generalized approaches for
estimating the initial core size.

The following methods take two forms. The first is a simple table of size versus
power which yields a good “guess” if you do not have many or complicated wind-
ings. The second is a calculated approach which has “fudge factors” that involve
the number of windings, and whether the component must meet a regulatory
agency requirement. The results of both should be considered estimates, 5o
samples of the resulting core size should be requested along with samples of the
next larger size. This will eliminate the need to go back later if the windings
grow too large for the core.

There are five major factors in selection of the size of a core for an
application:

Factor: Parameter Affected:

Qutput power A, (core cross sectional area)
Bipolar or unipolar flux 4, (core cross sectional area)
Input voltage A, (window area)

Number of windings A, (window area)

Winding configuration A, (window area)

Other considerations enter into the operation of the magnetic element, such
as the desired range of leakage inductance for each winding, clectrostatic shield-
ing, etc. (see Appendix D). These tactors affect the size and cost of the final
magnetic element




3.5 Design of the Magnetic Elements

Core Sizing Method 1

Use Table 3—4 to determine the range of power into which your application fits,
Consult a core manufacturer’s data book for cores that fit vour application and
select the closest or next larger size of core. Order those samples (refer to Table

3-4).

- Core Sizing Method 2
‘This method begins with the assumption of a one-winding transformer. Each
winding and each additional regulatory requirement only tend to make the
‘winding area and hence the core to grow. The influences of each of the factors
“are multiplied together to arrive at a combined “scaling factor.” The scaling
tor is then used to scale the size of the basic one-winding inductor.
- The first step is to determine the size of the one-winding inductor. This is
und by using Equation 3.15.
i’
WA, < 208 P du 10 i)
B ¢ f
e, is the area of the wire used in the primary winding in circular
mils or square inches (refer to the wire table in Appendix E).
Bue 15 the peak operating flux density (G).
f is the frequency of operation.
P, is the total output power of the supply.
For the MKS (pure metric) system the following equation is used:
WA, =M {31{])
where:  d, isthe area of the wire used in the primary winding in cm’® (refer
to the wire table in Appendix E).
B, isthe peak operating flux density {Teslas).
f is the frequency of operation (Hz).
P, is the total output power of the supply (W).
Next the scaling influences need to be identified and a combined scaling factor
'~ calculated, These scaling factors are found in Table 3-5.
. Combine the individual scaling factors as follows:

3

Kosr = KoKy 01, (3.17)
The estimated size for the final transformer is obtained from:
W, AL = K, W, A, (3.18)

Tahle 3-4  Approximate Core Size versus Dutput Power

Qutput Power MPF Toroid E-E, E-L, etc. Core
W) Diameter {inch{mm}} {each side) linchimm))
<5 0.65 (16) 0.5 (11)
=25 0.80 (20} 1.1 (30)
<5l 1.1 (30} 1.1 (30)
=100 1.5 (38) 1.8 (47)

<250 2.0 (51) 2.4 (60)
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Table 3-5 Transformer Growth Scaling Factors
Consideration Scaling Factor

Flyback transformer
One secondary

Two or more secondaries
Isolated sccondarics

UL ar CSA approval
IEC approval

Faraday shield

BT o Sl e
e o e T TS R

In the U.5., the result will be in inches®; for the metric system the results will
be in meters*, The relationship to convert between the two numbering system
results is

meters® = 2.402 x 10" inches® (3.19a)
inches' = 4,162 = 10" meters* (3.19h)

Some of the core manufacturer’s data sheets specify a core parameter WA,
that can be compared with the results of the above caleulations. The core with
the closest or next higher value should be chosen,

1If you desire to use the core manufacturer’s own method of determining core
size, then feel free to do so. This phase of the transformer design is a gross
estimation.

353 Designing the Forward-mode Transformer

There are two main functions the forward-mode transformer performs: the first
is to provide a diclectric isolation barrier from the input to the output; and the
second is to step up or step down the pulsewidth modulated ac input voltage
signal. The design flow becomes a step-by-step design procedure.

The forward-mode transformer stores no energy other than a small amount
within the magnetization of the core material itself. There are only two major
considerations which are important during the gross schematic design of the
transformer:

1. The peak operating flux density (B, should never closely approach or
enter saturation over the power supply’s entire operating range.

2. Do the resulting windings provide an accurate enough output voltage to
meet the design specifications?

Other considerations are important during the physical winding process and
involve winding losses, leakage inductance, shielding, and physical space, They
do not need to be considered now.

The first step is to determine the number of turns needed for the primary
winding. For this, the parameters from the core data sheet of the particular core
and core material are used. Also, the minimum level of flux density already
should have been determined (refer 1o Appendix D). The equation for
determining the number of turns for the primary winding in the CGS System
(U.S.) is

I'/in[u;smj- ‘ ]-DF‘

= (3.20a)
4'II'BI|M 'A\'.'

pei
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where A, is the effective core cross sectional area of the desired core
(cm®).
Fininony 18 the typical operating input voltage (V).
B... isthe maximum operating flux density {gauss {weher&:’cmj}}.
In the MKS System (Europe) system this is

I/il:\ul:r.u:i:||j-
Nj=————— (3.20b)
R - S
 where A. is the effective core cross sectional area of the desired core

(m).
Vinpmomy 15 the typical operating input voltage (V).
B.. is the maximum operating flux density (teslas (webers/m®)).
~ Some core companies use still a third metric system, milliTeslas (mT), and
millimeters. These companies tend to be Japanese.

= l;iI-'ll.l.'r_'>|.'|'|'| L ]UI;
4. f' Bnlsn : A-.‘:

‘where A, is the effective core cross sectional area of the desired core
(mm?).

Vingaomy 15 the typical operating input voltage (V).

E B, s the maxinmum operating flux density (mT (webers/mm-)).

- This number of turns now serves as the reference winding upon which all the

olher windings will be determined.

~ Next, one determines the number of turns of the highest power output sec-

“ondary winding. The voltage drop across the output rectifiers cannot be ignored.

- The equation to determine the number of turns for this winding is

Miow L Y et (3.21)
hrpri [Vim:mm] }DC i

“where V). is the forward voltage drop of the anticipated output rectifier.
DC e is the maximum expected duty cycle (0.95 is good).
: Vingminy 15 the minimum expected mput voltage.

This equation can be solved for the needed secondary turns at the lowest
anticipated inpul voltage. At any input voltage lower than that, the regulator
~will fall out of regulation.

The next step is to determine the number of turns for the other secondaries
based on the turns of the first secondary winding. The starting point 15

W = Vot Vet
T
(Mowsiny + Vo)

T

i

(3.20c)

(3.22)

where V., isthe additional output voltage.
Fp s the anticipated rectifier’s forward voltage drop.

The result of this caleulation will always yield a noninteger number, but many
cores can only accept an integer number of turns. Therefore, one must round
off the results 1o the closest integer. This results in an error in the eventual
~ output voltages of these additional outputs. One must now check to sec il these
errors are too much for the application. Using the original output’s “volts per
turn” value, calculate the new output voltages using the rounded-off turms on
the additional windings. If the error in any of the output voltages is too great,
first consider changing the technology of the rectifier—to one that has a higher

L1l
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or lower forward voltage drop. If that is insufficient. add a turn to the original
outpul winding, recaleulate the new value for the additional turns, and recheck
that the error is acceptable. If the result is still unacceptable, go back to the
primary and add turns and recalculate the new secondaries. Remember that
adding turns on the primary winding is moving in the safe direction of lower
flux density and adding turns to the secondary makes the power supply fall out
of regulation at a lower input voltage. This iterative process should continue
until all the outputs have an acceptable amount of error from the “ideal” output
voltage. The designer will have to accept some error in the output voltages as
a fact of life.

The next step is o decide how the secondary windings should be arranged.
That is, whether it is desired to have isolated secondaries, center-tapped or non-
center-tapped, or have “autotransformer” style secondaries that share windings
of lower voltage outputs (refer to Figure 3-18).

Remember that the amount of current flowing through each half of a center-
tapped winding is one-half the continuous current and therefore needs only one-
half the wire cross-secltional area. Also, autotransfomer windings have more
than one output current flowing though the lower winding, 50 adjustments to
the wire gauges are necessary.

Lastly in the “paper design,” the designer should verify that the turns and
their respective wire gauges fit inside the area reserved for windings. This is
done by summing the products of each winding times its respective wire cross-
sectional area and verifying that the sum is less than the winding area specified
for the core or bobbin.

Womk 2 (Ni- Auig) (3.23)

where k is the between 1.2 and 1.4 for winding inefficiencies and insulating tape.
The final design step is the method for physically building the transformer;
for this refer to Section 3.5.8.

3.5.4 Designing the Flyback Transformer

The flyback transformer operates ditferently from the forward-mode trans-
former. Instead of both windings conducting current simultaneously, energy is
stored within the core material by the primary winding and then transferred to
the secondary circuit when the primary turns off. Accordingly, the classic trans-
former relationships of reflected impedances and primary-to-secondary turns
ratios do not apply directly. Now the vollage, time, and energy become the main
COTCErnS.

To start the design, the peak current should have been estimated during the
proceeding “black box” estimation phase. The core style and material should
have also been selected (refer to Appendix D). This time an air gap is ncees-
sary for reliable operation.

One begins by realizing that the primary winding behaves like an elementary
inductor during the power switch’s on-time and obeys the relationship in
Equation 3.24:

(3.24)

Rearranging for L., and substituting T,, = d,../f. one can solve for the
maximum primary inductance using known power supply operating parameters
using Equation 3.25:
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Figure 3-18 Forward-mode secondary winding arrangements: {a) center-tapped
secondarias: (b) full-wave secondaries; (¢} isolated secondaries.

FI m{n.m-  Omax (3.25)
'Tpk ; |r
where 3.y 18 the maximum duty cycle (usually 50 percent or 0.5).
This inductance value should be considered the maximum value since any
higher value will cause the power supply to fall out of regulation above the

minimum operational input voltage.
The energy entering the core during each an time of the power switch is

B =L"'T“P“j (3.26)
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1o verify that the maximum continuous output power capability of the trans-
former can satisfy the maximum power requirements of the load, one calculates

1 ] i
jl:Eul'l.'ncrw:':l = E Lp|i{j1-.k} ﬁu = -E.uw: {JETJ

An air-gap is required for all unipolar flux drive applications such as this. One
method of achieving this is shown in Equation 3.28a (CGS system (U.8.)).

O.4xL . f7, - 10°
- —ELW-f— cm (3.284)
A Bs..

where A, is the effective core cross-sectional area {em?).
By is the maximum operational flux density (gauss (webersicm?)),
In the MKS (Europe) system:

0.4xL,.45
A:Bi.,
where A, is the effective core cross-sectional arca (meters’).

B... is the maximum operational flux density (T (webers/m™)).
This is an estimated air-gap length. The designer should use the closest valuc
of air-gap available within the standard core part number.
The core manufacturer provides a parameter called 4, for each airgap length.
This parameter is the inductance of the core when 1,000 turns is placed on it
(U.S.). To determine the number of turns required to achieve the desired value

of inductance one solves Equation 3.29:

bao meters (3.28b)

[
Ilﬁ (3.29)
Vo4

where L, is the value of the primary inductance in mIH.

If the Ay value is not given for a particular core/air-gap combination, Equa-
tion 3.30 can be used. Do not mix CGS and MKS unils {gauss and centimeters
with teslas and meters).

N, = 1,000

-H‘n'mm:l!1 il
Np;] - faplactual) (33[]]
04! pk

This value of N; represents the maximum value of primary inductance that can
place the required energy in the core within the time period available at the
lowest expected input voltage. Any future modifications to this number should
be in the downward direction.

Now determine the turns of the highest power secondary winding by using
Equation 3.31.

i *h‘rp'riﬁ;mr +I/|_u.'\d}|{] _a(m;u])
I/i::ll:ﬂl.l.lﬂ b lalI:rnmc_:-

where d,.. is the maximum on-time duty eycle (usually 50 percent).

The result of Equation 3.31 should be viewed as the maximum number of
turns, since any more turns would increase the secondary’s inductance and take
longer to empty the core’s energy. This calculation will always result in a non-
integer number of tums. Many cores do not support fractional turns. so round
this number to the closest fractional turn that the core will allow.

N (3.31)
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Figure 3-19 Flyback transformer secondary arrangements: (a) center-tapped secondaries;
{b) isolated secondaries.

To determine the turns for any additional windings, use the procedure given
for the forward-mode transformer (refer to Equation 3.22). Once again, if the
resulting errors in the outpul voltages from the “ideal” values of output vollage
are excessive, an itcrative process will have to be under taken. Start by remov-
ing one turn from the original secondary winding and recalculating the output
voltages (including the forward voltage drops of the rectifiers). Eventually, some
error will have Lo be accepted in the output voltages,

The arrangement of the secondary should now be considered. The designer
may either want to choose autotransformer style secondaries (i.e., shared turns
with lower voltage windings) or isolated windings. Since flyback sccondaries are
half-wave rectified, noncenter-tapped winding or full-wave rectifier bridges
are not possible (refer to Figure 3-19). When the desired secondary winding
arrangement is decided, the windings must be checked to see if they stll fit
within the core’s winding area. This is done in the same fashion as seen in Equa-
tion 3.23.

The physical design of the transformer is critical in flyback converters.
If they are not properly designed physically, excessive voltage spikes could be
generated that would adversely affect the reliable operation of the semi-
conductor components (refer 1o Section 3.5.8).
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355 Designing the Forward-mode Filter Choke

The forward-mode filter choke is the inductor filter on every forward-mode con-
verter's output. Its purpose is to store energy for the load during the periods
when the power switch(es) are turned off. Its electrical function is to integrate
the rectangular switching pulses into dc.

Its design is somewhat simple, First, the core should be chosen. Usually, a
mopermalloy toroid is used for this application. This is because this material is
self-gapped, Gapped ferrite cores can also be used with no difficulties, If a
gapped ferrite core is desired follow the core sizing procedure in Section 3.5.2
for a simplc one-winding inductor, The following method will demonstrate how
to design a choke using the mopermalloy toroid.

The first step is to determine the minimum inductance needed for the output,
using Equation 3,32

[Vulim.u,l o J:fuu: ] v Tr.-]'l.'[ual]
1.4. Iﬂul[-nln'l

where V.. isthe highest peak voltage following the output rectifier of that
particular output.
Vow is the output voltage.
Toteay I8 the estimated on time of power switches at the highest input
voltage (30 percent of 1, is a good guess).
siminy 15 the lightest expected load current for that output.
This value represents the minimum value for the inductance, below which the
core will empty of flux at the minimum rated load current for that output.
For mopermalloy toroids, the method for estimating the needed core size is
done by calculating an intermediate value of the encrgy being stored in the core,
using Equation 3.33:

Lm:'n - {332}

BL=L-F_ (3.33)
Refer to Figure 3-20 and locate this value on the x-axis and move verlically until
the first curve is intersected. Then move horizontally and read the part number.
Then referring to that part number’s data sheet and reading the value of AL
for the core, the designer can calculate the number of turns needed by using
Equation 3.29. In general, the higher the averiage current flowing through the
choke, the lower the recommended permeability of the MPP core material,
Next the designer must check whether the turns will fit into the window or
winding area of the toroid. The percent of occupied window area is determined
by
% Window = e (100) (3.34)
indery
where  A,.. is the cross-sectional ares of the wire (refer to the wire table
in Appendix F) (in® or m?).
Auindow I8 the available wire area of the toroid {(window arca) (in° or
m°).
N is the number of turns.
If this value is greater than 40 to 50 percent, then too much of the window is
taken up by the wire. This is because a winding shuttle must fit through that
remaining hole and it cannot pass through in less than 50 percent of the avail-
able window area. The solution is to £0 to the next larger core size or to drop
the wirc gauge by one size. The latter will increase the temperature of the indue-
tor through added resistive losses.
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Lastly, if the supply operates at a high frequency and the current through the
filter is high, then the one might consider using itz wire, which is a wire made
up of much smaller gauge wires to reduce the skin effect. Litz wire has an overall
larger diameter than single-strand wire with the same overall cross-sectional

. area.

356 Designing the Mutually Coupled Forward-mode Filter Choke
~ Within multiple-output forward converters, it is possible to easily combine the

filter chokes of complementary outputs (iLe., +/— 5V, etc.) together on the same

~ core (see Figure 3-21). This offers several advantages; it saves space, vastly
- improves cross-regulation of those outputs, and exhibits superior ripple voltage

levels on both outputs.

First the core style and material should be selected. This is done in an iden-
tical fashion as the single-output filter choke. Either a mopermalloy (MPP)
toroid (refer to Section 3.5.5) or a ferrite bobbin core (refer to Section 3.5.2)
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Figure 3-21 The mutually coupled output filter chaoke,

\._* T

— Return

can be used. For the MPP toroid core, determine the size of the core needed,
add the two load currents together, use the appropriate wire gauge for this
current, and use Equation 3.33 for the toroid. The necessary core winding area
will be almost twice as large as for the single-winding choke.

The number of turns for both windings is determined by culculating the
minimum inductance and the number of turns tor the lowest current output,
This is done using Equations 3.32 and 3.9, The other winding will have the
identical number of turns.

These windings should be bifilar wound, which means that the wirces are
twisted together prior to winding them on the core or bobbin, This guarantees
that the turns will be identical, which is critical for its operation. A twist pitch
of about three twists per linear inch is good for #22 AWG and a lower twist
pitch works for larger gauge wires.

The fluxes contributed by both windings should add within the core. Since the
winding sense (i.c., wound in the same direction) and the voltage polarities are
both opposite in complementary output, then the polarity dots should be on
opposite sides of the inductor (sce Figure 3-20). If the windings are mistakenly
hooked up in the wrong polarity, the windings will fight one another and the
overall operation of the power supply will be impaired.

More windings could be added to the mutually coupled filter choke core, but
I highly recommend against this temptation. If the windings are not exact (o
the turn), the supply will loose approximately 1 percent in efficiency for each
turn in error on each output. Tnstead, use a mutually coupled filter choke for
each complementary sct of outputs, and use the Output cross-sensing technique
described in Section 3.9,

3.5.7 Designing the dc Filter Choke

The DC filter choke is used for ripple voltage and current reduction on the
output of the switching power supply immediately following the existing filters,
It is also used as an EMI filter on switching power supplies that have 2 single
power line on the imput, such as battery and distributed power SYSLems,

The de filter inductor has de current flowing through the inductor with a small
ac signal summed onto it. With such a large de current flowing through the
choke, an air-gap is needed. The common choice of core is the MPP toroid core.
These cores have distributed air-gaps within the core material and come in
various permeabilitics. The rule of thumb iy that the higher the de currents
flowing through the inductor, the lower the permeability that should be used.

Actually the design of the de EMI filter inductor is an easy matter. The core
manufacturer provides a graph entitled “Normal Magnetization Curves” for
the MPP cores, as scen in Figure 3-22. A permeability of 60 or below is
recommended.

The first step is to determine the wire size needed. This can be done by
knowing the average dc current flowing through the inductor, then referring to




3.5 Design of the Magnetic Elements 49

PERMEABILITY VS. FREQUENCY

e e e — e E R e e N = e
TN | TR LT TS
5 "--...__HH HHL‘-\&H\R el oo [
£ " N NSNS
E N £ '\..\ B \'\ \\1:1:“. N
: . ININL NN
- N :T AN
g w N INH
E s \\\ \\\ A
R \\ Neo N :
10 S i e xkﬁim\\h—
H""-
o e O ot
NORMAL MAGNETIZATION CURVES
pE— ==
i () 14u re ; //' ] .r”"/“
3 4V 7/ AD
o VAV.V/ 17 AR 4D
0 & trai // /f//;i A // ./
] (&) 200
g E-'ifmuuu / ¥ ’ /]
: ﬁm i 5500 IIIr/ j.i'f ///// / /
R ANV 77]
z gl S affsl || A
e / a4 7
e Seie / /J’I /f ¥, / /
2 y@///ARVARAV
i avay/ My any
U4y /A AmY. AV
// / // .z/ / /
1000 / /f' 7 'f’_,.r"’ T
e LT
1 2 4 4 8 10 ol 40 60 B0 100 200 400 &00 1000

MAGNETIZING FORCE OERSTEDS

Figure 3-22 Pulsewidth Modulated Switching Power Supplies {Courtesy of Magnetics, Inc.).



Pulsewidth Modulated Switching Power Supplies

the wire table (sce Appendix F) and finding the wire gauge that can pass this
current. Litz wire is not needed since the amount of ac passing through the
inductor is negligible,

Next refer to the normal magnetization curves and select a value of {(miag-
netizing force, oersteds (Oe)) that is below the point on the curves where the
permeability starts 1o drop due to the saturation of the core material. From the
chart in figure 3-22 a value of 200e is 4 good value. Choosing a permeability
of 60 yields a reasonably low value of flux density.

Next comes an iterative process. A winding tactor of 50 percent or less s good
for manufacturability; assume that approximately 10 tumms are going to be
placed on the core. Calculate the wire ares by multiplying the chosen wire cross-
scctional area by 10, Then refer to the core data sheets and find a core that is
at least double this valye.

For the initial choice of core, calculate the actual number of turns needed by
using Equation 3.35.

H-
04-x-1,,

where H is the chosen magnetizing force (De)
! is the magnetic path length of the core (cm or meters)
I, s the average current Howing through the inductor {A)

Check the winding factor once again 1o see if the window fillage is less than
50 percent. If it is larger 20 to the next larger core, and if it is less than 30 percent
2o to the next smaller core, Then recalculate the new turns for that core. Litz
wire is not needed for this application, since the amount of ac current Howing
through the winding is very small,

N= (3.35)

3.5.8 Base and Gate Drive Transformers

The purpose of gate or base drive transformers is to provide isolation between
the controller section and a floatin g power switch. Their design is relatively easy,
but it is important to the reliable operation of the switching power supply.

There are several important factors to consider during the design of the gate
or base drive transformer:

1. The dielectric isolation of the transformer should be at least able to with-
stand twice the input voltage. Although this transformer is not tested
during the HIPOT test, failure of its insulation would cause a catastrophic
failure in the control circuitry in the event of a power switch failure.

2. The turns ratio is typically 1: 1, but if other turns ratios are used, the output
voltage should not cause an avalunche failure of the power switch.

3. Winding techniques that exhibit good primary-to-secondary coupling
should be used. Any degradation in good coupling causes the isolated
power switches to switch slower than the grounded power swilches,

The design of the base or gate drive transformer is similar to the forward-
mode power transformer. For unipolar drivers {as seen in Figure 3-23a), cou-
pling capacitors should be used between the driver and the transformer, and on
the output between the transformer and the power switch. These coupling
capacitors should be at least 10 times the valye of the gate-lo-source capaci-
tance of the chosen power MOSFET. This is because these capacitors form 4
capacitive voltage divider with the gate-to-source capacitance and will reduce
the gate’s drive voltage. For bipolar driver outputs (as in Figure 3-23b), the
input coupling capacitor can be omitted.
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.Fiut;rn 3-23 Examples of transformer-coupled base and gate drives: (a) single MOSFET
‘drive circuit; (b) dual MOSFET drive.

A de restoration circuit is needed following the output coupling capacitor to
~make the drive voltage referenced to the power switch’s common. The supply
- yoltage of the driver should be well bypassed so that its voltage does not “droop™
during the drive pulse.

- Remember that a forward-mode transformer reflects the impedance from one
side to the other. This means that if drivers are single-ended on the primary
‘side (i.e., active turn-on, passive turm-off) the power switch will still have a slow
turn-off. If totem-pole outputs are driving the primary are used, the power
itch’s response will be fast.

A ferrite toroid or E core can be used for a drive transformer. No gap is
‘needed since the input coupling capacitor guarantees that the core will operate
in a bipolar fashion. A high permeability core is also suitable for this purpose.
‘The wire that is going to be used will be in the range of #32 to #36 AWG. The
re size will be approximately 0.4 to 0.6 inches (10 to 15mm}).

- The B, should be approximately one-half the saturation flux density (B.,)
at 10°C. A B, of 1800 to 2500G (0.18 to 0.25T) is satisfactory. To determine
‘the number of turns on the primary, use Equations 3.36a and 3.36b.

= el (3.360)
4. ,r'l : Brn.us . Ac
..‘;ﬁ':hCTt.‘: A, is in em?, and B, is in G.
pri = oo {3.36b)
4. _f S Brru.l. i3 AL‘

where A4, is in m?, and B, isin T
Round upwards to the nearest integer all fractional turns in the results. Next
multiply this result by the desired turns ratio to determine the number of
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secondary turns. The typical transformer will have a 1:1 turns ratio for a power
MOSFET, and may be less that for a bipolar power transistor.

For dc input voltages that are more than 100VDC, 4 layer of Mylar tape
should be placed between primary and the secondary(ies) and between any mul-
tiple secondaries. One should not completely trust the insulation breakdown
voltage rating of the magnet wire since it could nick during the winding process.

359 Winding Techniques for Switchmode Transformers
The physical winding of switching power supply transformers i very important,
Tt can make the difference between a switching power supply that is excellent
and one that is noisy and poorly regulated. The design of switching power supply
transtormers is much more critical than that of 50/60 Hz transformers,

There arc three major factors in (he winding of the transformer:

1. Must the POWET supply meet any safety regulatory specifications?
2. The windings should have tight clectrical coupling,
3. The leakage inductance of all the windings should be as low us passible.

Some of these factors fight one another so one should use the hest compromise
practices.

Winding to meet safety regulations

If the input voltage of the switching power supply is greater than 40V at the
peak, then the power supply comes under the regulation of one or more inter-
national safety regulatory agencies, Many of these agencies mirror cach other's
safety limits, but the designer should still review the requirements for the
markets into which his or her company’s products are being sold. The Interna-
tional Enginecring Consortium (TEC) is the main standard-writing body, whose
slandards have heen adopted by all of the European Community safety agen-
cies. The remaining safety agencies, such as Underwriters Laboralories (UL} in
the U.S., Canadian Standards Agency (CSA) in Canada, and VOCT in Japan,
are working together to adopt a uniform set of safety standards based upon the
IEC standard. This will allow one st of standards to be utilized all gver the
world. Until the “harmonized” standards are adopted, there will be dif lerences
4mong countries around the world,

There are also differing standards between the markets in cach of these coun-
tries. For instance, the telecom market has vastly different safety requirements
than the patient-contact medical market. So, it is important to determine the
target market early in the product design process. These market differences will
also be included in the IEC standards harmonizing cfforts,

The typical cores used in “off-line™ or N to 265 VAC input switching power
supplies are the E-E cores and their derivatives. These are bobbin-based cores
and lend themselves for ease of manufacturing. The requirements of the safety
agencies are quite clear in the ares of transformer construction. The creepage,
or the distance across a surface belween the input and output windings of a
transformer, can be no less than 4mm. To accomplish this, the transtormer
maker places a 2mm tape build-up on both ends of the winding area in the
bobbin and places the winding between the border tape. The border tape creates
a 4mm total creepage distance between isolated windings, The typical TEC com-
pliant transformer can be seen in Figure 3-24,

An insulating sleeve must also be placed around the wires as they exit from
the bobbin because the wire passes within the 4mm space required by the
regulations. The distance between the input and output pins must also be 4 mm
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secondary turns, The typical transformer will have a 1:1 turns ratio for a power
MOSFET, and may be less that for a bipolar power (ransistor.

For dc input voltages that are more than 100VDC, a layer of Mylar tape
should be placed between primary and the secondary(ies) and between any mul-
tiple secondaries. One should not completely trust the insulation breakdown
voltage rating of the magnet wire since it could nick during the winding process.

359 Winding Technigues for Switchmode Transformers
The physical winding of switching power supply transformers is very important.
It can make the difference between a switching power supply that is excellent
and one that is noisy and poorly regulated. The design of switching power supply
transformers is much more critical than that of 530/60 Hz transformers,

There are three major factors in the winding of the transformer:

1. Must the power supply meet any safety regulatory specifications?
2. The windings should have tight electrical coupling,
3. The leakage inductance of all the windings should be as low as possible.

Some of these factors fight one another so one should use the best compromise
practices.

Winding to meet safety regulations

If the input voltage of the switching power supply is greater than 40V at the
peik, then the power supply comes under the regulation of one or more inter-
national safety regulatory agencies. Many of Lhese agencies mirror each other’s
safety limits, but the designer should still review the requircments for the
markets into which his or her company’s products are being sold. The Interna-
tional Engineering Consortium (IEC) is the main standard-writing body, whose
standards have been adopted by all of the European Community safety agen-
cies. The remaining satety agencies, such as Underwriters Laboratories (UL) in
the ULS., Canadian Standards Agency (CSA) in Canada, and VCCI in Japan,
are working together to adopt a uniform set of safety standards bascd upon the
IEC standard. This will allow one set of standards to be utilized all over the
world. Until the “harmonized” standards are adopted, there will be differences
among countries around the world.

There are also differing standards between the markets in each of these coun-
trics. For instance, the telecom market has vastly different safety requirements
than the patient-contact medical markel. So, it is important to determine the
target market early in the product design process. These market differences will
also be included in the 1IEC standards harmonizing efforts.

The typical cores used in “off-line™ ar 90 ta 265 VAC input switching power
supplies are the E-E cores and their derivatives. These are bobbin-based cores
and lend themselves for ease of manufacturing. The requirements of the safety
agencics are quite clear in the arca of transtormer construction. The creepage,
or the distance across a surface between the input and oulpul windings of a
transformer, can be no less than 4mm. To accomplish this, the transformer
maker places a 2mm tape builld-up on both ends of the winding area in the
bobbin and places the winding between the border tape. The border tape creates
a 4mm total creepage distance between isolated windings. The typical IEC com-
pliant transformer can be seen in Figure 3-24.

An insulating sleeve must also be placed around the wires as they cxit from
the bobbin because the wire passes within the 4mm space required by the
regulations. The distance between the input and output pins must also be 4mm
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Figure 3-24 IEC-compliant, interleaved, off-line transformer.
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Figure 3-25 Off-line transformer using triple-insulated wire,

more creepage distance apart from each other. This can also be accomplished
¢ having “fins” molded between the pins on the bobbin and other similar
Structures.
- The creepage distance between the opposing phases of the input (between
'-: + and - dc and between the H1 and H2 (or hot and neutral) must be
_T'Ernm minimum.
" The conductivity of a surface varies with the long-term pollution exposure in
the operating atmosphere and its average humidity. The previously mentioned
erecpage spacings change for different appilcatmnq such as industrial, telecom,
‘etc. The designer must refer to the appropriate specification.
~ The addition of tape, insulating sleeving, and pin spacing makes the final
transformer much larger and higher in cost. This is because taping is a manual
‘operation and takes a significant amount of time to perform.
Another method to meel the safety specifications is Lhe use of triple-insulated
wire for the secondary windings. Its usc can reduce the transformer’s size and
leakage inductance compared to the border-tape method. Triple-insulated wire
‘has three distinct, approved layers of insulation and it may be wound directly
in contact with the primary windings. Whether Mylar tape is needed in or
“around the transformer depends upon the insulation system used in its con-
'~ struction. This type of transformer can be seen in Figure 3-25.
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Winding for low leakage inductance
"There are choices and techniques that can minimize the amount of leakage
inductance a winding will exhibit. Leakage inductance is a measurable amount
of inductance that does not couple to the core or to another winding. It behaves
like a separate inductor in series with the winding lead. It is a parasitic clement
that causes spikes on the drain or collector of power switches and on the anodes
of output diodes. That is because its flux cannot be loaded by the reflected
impedances within the core.

An equation that estimates the amount of leakage inductance one might
expect from a selected core and caleulated winding is shown in Equation 3.37,

Kl{Lm;mE( b'r:.
Degp =——22|T 4% 3.37
e T SJ s

where K, is equal to 3 for a simple primary and secondary winding, and is
equal to 0.85 if the secondary winding is interleaved between two
layers of primary windings.
Ly is the mean length of a tum around the hobbin for the whole
winding (in).
n, is the number of turns contained in the winding being analyzed.
W) s the length of the winding from end-to-end (in).
T is the thickness of the wire insulation (in).
b, is the build (or thickness from the bobhin center-leg) of all the
windings of the completed transformer (in).

The equation gives the major factors that affect the amount of leakape induc-
tance the winding will exhibit. A major factor that is under the control of the
transformer designer is the selection of a core that has a long center-leg. The
longer the winding, the less leakage inductance will result. Keeping the number
of turns of a winding to its minimum also will help greatly, since its influence is
squared. Additionally, the coupling of the primary winding to the secondaries
has a large affect on the primary leakage inductance. This is seen when the
secondary is sandwiched, or interleaved, between two halves of the primary
winding,

Another annoying transformer parasitic element is the infer-furn capacitance.
This resembles small capacitors distributed between turns throughout the
winding. Inter-turn capacitance is a problem in transformers with very high volt-
ages across the primary winding. It is particularly a problem in off-line and high
input voltage switching power supplies. It is caused by two adjacent turns on the
same winding that reside at very different voltages. Equation 3.38 describes the
cnergy thal is stored between only two turns within a winding. Of course this
encrgy is multiplied many times by all of the turns that are next to one another,
but the equation is informative as to the causes of the capacitance. This energy
is released as spikes during the transition times.

0.0194)*
E[s‘.-:unl} e
|n[f_5‘1
d/
where s is the space between the windings (m).
d is the diameter of the wire (m).

The distributed capacitances can store a great amount of energy when lavers
of turns are wound back and forth on top of one another. At the ends, their

(3.38)
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Figure 3-26 Winding technique for minimizing inter-turn capacitance,

s arc very different and may even be close to the insulation breakdown.
Il yield poor results. In Figure 3-26 three techniques are shown.

hve winding is when one to five turns wind across the first layer, then
ire is stepped back over that first layer and a second layer is placed on lop.
s most voltage that any turn sees is the number of turns in that progressive
nent. A sectioned bobbin can be used to separate cqual winding segments
primary winding so that the greatest vollage difference within a section
he the input voltage divided by the number of sections.

last technigue is called Z-winding. After one layer is completed, the wire
atop the bottom layer to the beginning side of the winding and then wo und
first layer. Its performance falls between the mg—zag method first men-
(worst), and the sectioned bobbin and progressive techniques (best).
capacitance winding techniques also greatly reduces the dielectric stress
wire insulation. This reduces the paossibility of a arc jumping between two
t windings due to insulation breakdown.

ing the transformer for tight coupling

pl‘l[l]ﬂr}'—tﬂ -secondary and secondary-to-secondary coupling is the ulti-
te goal of the transformer designer. Poor coupling causes the power signals
delayed prior to reaching the output rectifier(s). The forward recovery
d of the output rectifier(s) is also added to this delay. This makes the
adings essentially unloaded during the switching transitions, which creates
ery large spikes on the windings due to the stored magnetization energy in the
e, Add the energy stored in the leakage inductance and the inter-turn capae-
of the winding, and one has a problem.

put cross regulation is affected by the amount of coupling between the
scondary windings. Cross-regulation is how the variation of the load on one
tput affects the other outputs. It can be seen as the amount of “stiffness” in
| of the outputs in a multiple ontput power supply in response to a change in
iion any one output. Poor cross-regulation especially affects sccondaries with
dde differences in the turns ratios, that is, high voltage outputs mixed with low
sltage outputs. There are two areas in which the designer can improve the
atput cross-regulation: the intrinsic cross-regulation that is designed into the
mnsformer through its construction techniques, and the electrical cross-
ation found in Section 3.9 (voltage feedback). Maximizing the performance
i both methods is usually needed for a reasonable power supply performance.
- The first technique that enhances coupling between windings is misted pair
inding. This occurs when two or more wires are twisted together and then
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wound onto the bobbin at the same time. For 24 though 28 gauge wires about
3 twists per inch (or 1 twist per cm) is about right. Any tighter and the insula-
tion could be damaged. This technique offers the best coupling by guarantee-
ing that the wires always will be placed adjacent to one another, Even windings
of different lengths (turns) are helped by this technique. Having only a portion
of the length twisted together, the coupling is improved.

Another winding technique is filar winding, This occurs when two or more
wires are wound at the same time, but arc not twisted. They rest next to the
other wire(s) during most of the winding, but not all of it.

One wire product on the market is called Multiwire, with which two insulated
wires are bonded together, which accomplishes the same purpose. 1t is also more
easily handled by the transformer maker.

Of course filar or twisted pair winding technigues cannot be used between
the primary and secondary when the peak primary voltage is more than 40V,
The safety agencies requirc that 3 layers of 1 mil thick Mylar tape (lotal thick-
ness .006 inches with adhesive (0.167mm)) be placed between the primary and
secondary windings for input voltages less than 260 VAC, This ruins the cou-
pling between the two windings. One method to improve the primary-to-
secondary coupling is to interleave the windings (sce Fipure 3-24). This tech-
nique’s cost in labor is higher than simply having the secondary layered atop of
the primary. Hence, it is recommended that the mterleave technique be used
when the primary-to-secondary turns ratio exceeds 15-20: 1. This would include
switching power supplies that operate at 240 VAC or above and have a +5VDC
output or below. Figurc 3-27 shows the effects of interleaving on a 480 VAC
input, off-line fiyback.

One can easily notice the difference in the spike energy between the two oscil-
lographs. Typically, this energy is dissipated as heat within a clamp and/or
snubber across the primary winding.

Using transformer winding techniques that are effective, even though they
may be more costly Lo the transformer, can improve the overall performance of
the power supply. This may save money for the whole power supply in the long
rum.

3.6 The Design of the Output Stages

The output stage rectifies and filters the high frequency ac switching waveform
created by the power switch(es). The nontransformer-isolated topologies (buck.
boost, buck-boost, and sepic) rectify and filler the power switch-generated ac
signal dircctly. The transformer-isolated topologies have a transformer between
the output stage and the power switches. The design of the output stage perhaps
has the greatest effect on the efficiency of the power supply than any other stage.
since the majority of the losses within the supply are seen in the output stage.

There are two basic types of output stage: those used in forward-mode con-
verters and those used in boost-mode converters. The difference is the presence
of the output filter inductor between the rectifier and the output filter capaci-
tor in the forward-mode outpul stage. Figure 3-28 shows the common output
stages.

For nontransformer-isolated switching power supply topologies. the output
rectifier is connected directly 1o the power switch and the output stage operates
in the half-wave mode. In transformer-isolated topologies, the output stage can
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Figure 3-27 The effects of interleaving on the electrical waveforms of an off-line flyback
converter. {Note spike amplitude and overall degree of “ringing.”}

“pperate cither in the half-wave mode (one transistor forward) (sce Figure
' 3-28a) or in the full-wave mode (push-pull, half- and full-hridges). The sec-
ondary windings in the full-wave topologics can have a center-tap (Figure
' 3-28b) or be noncenter-tapped (Figure 3-28c) in which a full-wave rectifier
bridge is used. The boost-mode topologies can only have a half-wave output
(Figure 3-28d).

" First, the designer should choose the type of rectification technology that is
most appropriate for the application. The choice is whether o use passive rec-
tification in which semiconductor rectifiers are used or synchronous recification
in which power MOSFETS are placed in parallel with a smaller passive rectifier.
Synchronous rectifiers are typically used in battery operated portable products
where the added efficicncy, usually an added two to cight percent, is important
to extend the operating life of the battery or in applications where heat is impor-
‘tant. In today’s switching power supplies, passive rectifiers can dissipate 40 to
60 percent of the total losses within the power supply. Synchronous rectifiers
affect only the conduction loss, which can be reduced by as much as 90 percent.
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Figure 3-28 Qutput stages for forward and boost-mode converters: (a) half-wave forward-
mode; (b} center-tapped forward-mode; (¢} full-wave bridge forward-mode; (d) boost-mode.

Their use, though, is restricted only to continuous-mode, forward-mode outputs
where the current flow can be guaranteed only in one direction. The designer
should carefully consider the increase in efficiency verses the added cost of the
drive circuitry for the end application,

3.6.1 The Passive Qutput Stage

The passive output stage is the traditional passive, semiconductor rectifier-
based design. It is used for many applications that are not battery operated, and
where swilching power supply efficiencies of between 72 and 84 percent arc
acceptable. This would include many off-line applications where the heat gen-
erated by the supply is easily handled within the power supply.

The choice of rectifier technology has a large affect on the overall efficicncy
of power supply. There are commeon choices for rectifiers that tend to be depen-
dent upon the output and input voltages, These two factors determine the
maximum reverse voltage seen by the rectifier, which then dictates which type
of rectifier to use. The input voltage is seen by the oulput rectifier multiplied
by the transformer turns ratio and the type of secondary winding used. In
outputs that are full-wave rectified, the rectifiers only see the input voltage mul-
tiplied by the sccondary-to-primary turns ratio. Center-tapped secondaries
present twice the voltage seen by the full-wave rectified output. Equation 3.39
gives the relationship for determining the minimum reverse blocking voltage
required for a particular applications.

I/r = k{nl ,."IFHI }I/;r.l,rnnt:- (rﬂmuld] {_3.39'&}
i:/f = {”3 }/”. }I/:n {mnx "'Vum {ﬂ:ﬂ'bﬂﬂk}} (3.35‘-"])

where k is 1 for full-wave secondary, and k& is 2 for a center-tapped secondary.
The ultrafast diode has a 0.8 to 1.1V forward voltage drop and exhibits a 35
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reverse recovery time. All P-N diodes have a significant reverse recov-
g, where the ultrafast-type diode exhibits the shortest time, The reverse
sy fime 0of a P-N diode is caused by the charge stored within the P-N junc-
t the instant that the reverse voltage 1s applied to the diode. These minor-
rriers must then reverse direction and require a finite period of time to
¢h the junction boundary. This is seen in the circuit as a current momentar-
: ing in the reverse direction, when the voltage has already reached its
amimum reverse bias. This equates to a very large instantancous power |oss
efer to Section 4.1). Ultrafast diodes are used in outpuis stages when the
fverse voltage seen by the diode is too great for a schottky diode.
Schottky rectifiers have a 0.3 to 0.6V forward voltage drop and exhibit less
han a 10nS reverse recovery characteristic. Schottky diodes are generally more
gsirable, but have practical maximum reverse blocking voltages of about 40 to
V. This typically limits schottky diodes to those outputs of 15VDC or less.
same schottky diodes have reverse blocking voltages as high as 200 but exhibit
gh junction capacitance characteristic that resembles the performance of a
reverse recovery characterstic,
. Another difference between the ultrafast P-N and the schottky diode is the
mature of the conduction characteristic of the diodes. The schottky diode has a
gher conduction resistance which makes its forward voltage drop increase with
‘increased forward current, as scen in Figure 3-29, curve A. This is caused by
he resistive nature of the bulk resistance of the drift region of the silicon. The
P-N-1ype diodes have a “flatter” forward conduction voltage characteristic more
indicative of the forward drop of the actual P-N junction, as seen in Figure 3-29,
curve B.
The use of a full-wave bridge causes an added rectifier loss in series with the
‘putput current, which may lower overall efficiency. If the difference in reverse
- woltage is great enough to use Schottky diodes instead of one P-N diode, usually
the advantage falls to the Schottky diodes. The advantages would be a slightly
smaller secondary winding and better reverse recovery performance.
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3.6.2 Active Output Stages (Synchronous Rectifiers)

For those applications where high efficiency is important, synchronous rectifi-
cation may be used on the higher current (power) outputs. Synchronous recti-
fier circuits are much more complicaled than the passive 2-leaded rectifier
circuits. These are power MOSFETS, which are utilized in the reverse condue-
tion direction where the anti-parallel intrinsic diode conduets, The MOSFET is
turned on whenever the rectifier is required to conduct, thus reducing the
forward voltage drop to less than 0.1 V. Synchronous rectifiers can be used only
when the diode current flows in the forward direction, that is in continyous-
mode forward converters.

Figure 3-30 shows the common ways synchronous rectifiers are employed
within switching power supplies.

A small Schottky rectifier with a current rating of about 20 to 30 percent of
the MOSFET current rating (Ir) is placed in parallel with the MOSFET's intrin-
sic P-N diode. The parallel schottky diode is used to prevent the MOSFET's
intrinsic P-N diode from conducting. If it were allowed to conduct, it would
exhibit both a higher forward voltage drop and its reverse recovery character-
istic. Both can degrade its efficiency of the supply by one to two percent.

Vi + O+ .,

- .
—=0 -

SO U U L,

s
from IC EI
{a)
L.
' 1 T m j + VUU'.
Primary émj% FC,
it I‘ b -
()
Gate e o
p G
Vg 2ji it
- [
: Z 1K
E - E‘
Control 1:1 +
IC
= C>10p,
(e}

Figure 3-30 Commaon synchronaus ractifier circuits: {a) nonisolated; (b} self-driven;
{c) transformer-coupled.



3.6 The Design of the Output Stages

' The gates of the MOSFET must be precisely driven. If the gates turn off too
slowly, then a punch-through current can occur between power switch MOSFET
nd the synchronous rectifier MOSFET. This is where both the MOSFETs are
ementarily conducting at the same time. This unrestricted current would add
the losses and quickly lead to a failure, Figure 3-31 shows the critical periods
e operation of the synchronous rectifier.
' The hidden loss for synchronous rectifiers is the charge needed to drive the
es of the MOSFETs, Refer to Section 3.7.2 for the information on the gate
rge calculations. Essentially, one must drive a gate whose capacitance is
gen 800 and 2800 pF from OFF to ON and vise versa each cycle of opera-
This loss increases linearly with switching frequency and gate capacitances
e and Cr,).

5.3 The Output Filter

output filter converts the rectified rectangular ac waveform into the de
t. Forward-mode converters have a two-pole L-C [ilter which produces
e dc average of the rectified rectangular waveform. Boost-mode converters
a single-pole, capacitive input filter which produces a dc voltage which is
& peak voltage of the rectified waveform. Both are reactive impedance filters
ibit very little loss.
gning the output filter choke (L,) in a forward-mode converter is done
)I'h:s simple procedure can be seen in Section 3.5.5. A key design factor is
gn the inductor to operate in the continuous current mode. The typical
of peak inductor current is 150 percent of the rated output current. The
valley (minimum) current is about 50 percent of the rated output current.
; _é:,rstr,m-rr,iau.d consideration is the cross-regulation of the outputs. Cross-
dation is the degree of tracking of the output voltages when one or more of
E ]nads change on their outputs. A manifestation of poor cross-regulation
hibits itself when a sensed output is loaded and the unsensed outputs greatly
¢ in voltage. To improve the cross-regulation in forward-mode converters, the
ique of mutually coupled output filter chokes can be used. This places two
filter inductors {rom complementary output voltages (i.e., +- 3V, etc.)
same core. This vastly improves Lthe cross-regulation of those two outpuls
nd exhibits much lower outpul ripple voltage (refer to Section 3.5 5.6).

3 & L5 16

Vs (MOSFET)

4
1

e
N schottky i g P-N

diode Conduction diode Conduction

Figure 3-31 Critical time periods in tha operation of a synchronous rectifier,
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The calculation of the output filter capacitor (C,) is the same for both the
forward-mode and boost-mode output stages. Its value is simply determined by
deciding how much peak-to-peak output ripple voltage one desires on the
output voltage. Chetput ripple voltage is a small triangular ac waveform that rides
atop the de output voltage. For forward-mode converlers, one can expect
a typical output ripple voltage of 30mV,,. In boast-mode outputs a value of
150mVp-p is typical. If ripple-sensitive circuits are on a4 particular output, the
designer should consider the addition of a de filter stage following the output
filter capacitor (refer to Section 3.5.7). To calculate the value of the output filter
capacitor one executes Equation 3.40.

% IL"'LIU.HIH.'E.' {J- ailu"i.‘} {_34‘“}
f' I/ll;lpli:l:;lk—].'k]
where fo I8 the rated output carrent for that output (amps).
d{min) is the smallest estimated duty cvcle at high input line and
at light load (an estimate of 0.3 is good).
Vrinpaipepy 18 the desired peak-to-peak output ripple voltage (volts).

Especially within flyback-mode converters, the choice of the proper capaci-
tor is extremely important. This is because the flyback-mode converters have no
inductive impedance between the rectifier and themselves. This allows very high
instantaneous values of current to enter and exit the capacitor. This high ac
current lows through the ESR (equivalent series resistance) and ESL (equivalent
serfes inductance) of the capacitor. The ESR causes the capacitor to get hot,
shortens its life, and adds additional ripple voltage to the theoretical value used
in Equation 3.40. ESL adds sharp step functions and spikes to the theoretical
ripple voltage waveform, Tantalum capacitors are better than aluminum elec-
tralytic capacitors in regards to superior ESR and ESL properties. In boost-
mode converters, the approximate peak-to-peak ac ripple currents entering the
filter capacitor is given by using Equation 3.41. Converting this peak-to-peak
value to RMS, given by capacitor manufacturers, can be a difficult exercise in
mathematics. As an approximation use about 33 percent of the peak-to-peak
vilue as the RMS.

C
vaulkmin)

2'jr-ul;ll:u.'\r ¥

{3.41)

L ppteiphpi) =

Capacitor manufacturers have only begun to specify the use of their capaci-
tors in high frequency switching power supplies. One must use care when
reviewing capacitors for use in one’s power supply. The ESR should be speci-
fed at a frequency greater than 1 kHz

To properly design the capacitance for the output stage, one should place
enough capacitors in parallel so that each capacitor operates at about 70 Lo 80
percent of its maximum ripple current rating. The sum of the capacitors should
equal the final calculated value, but each capacitor should have the value of
Ciw/rz, where n is the number of capacitors in parallel.

Ultimately, the designer must try-out the final design and check the output
ripple voltage and the temperature rise of each capacitor.

One last factor is the physical layout of the output stage when more than one
output filter capacitor is used. The capacitors should be located radially sym-
metric from the output rectifier, and the printed circuit traces for the rectified
voltage and the grounds should be of similar trace-widths and lengths. Any dis-
similarity of these traces causcs more serics resistance and inductance W the
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remote capacitor. This makes the closest capacitor experience more of the
mipple current and therefore get hotter. PCB traces also add to the ESR and
ESL values to the capacitors. Refer to Section 3.14 for a more in-depth discus-
on on PC dQS{gI‘I.

" A high frequency capacitor could also be placed in parallel with the larger
apacitors. This is because the aluminum electrolytic and tantalum capacitors
snnot absorb the very high frequency current components being presented to
gm. A .01 or .1puF ceramic capacitor is well suited for this purpose.

Designing the Power Switch and Driver Section

he main purpose behind the power switch section is to convert the de input
ltage to a pulsewidth modulated ac voltage. The following stages can use a
ansformer to step-up or step-down the ac waveform, and finally the output
e converts the ac into the de output({s). To accomplish the de-to-ac conver-
sion, the power switch operates only in the saturated and cutoff states. This
‘makes the losses as low as possible.

 There are two major types of power switches used today: the bipolar power
ansistor (BJT) and the power MOSFET. The IGBT (integrated gate bipolar
sistor) is used in the higher power industrial applications, such as >>1kW
power supplies and electronic motor drives. The IBGT has a slower turn-off
than does the MOSFET, sa it is typically used for switching frequencies of less

an 20kHz.

3.7.1 The Bipolar Power Transistor Drive Circuits

The bipolar power transistor is a current driven device. To guarantee a “switch-
like” operation, it must operate close or within its saturated state. For this to
‘occur, the “on” base current must satisfy (also refer to Figure 3-29).

g
[ |
IH e

> (3.42)
hEF.[:'nm]

ere Iy 1s “on” base drive current.
Fpuey 18 the maximum anticipated collector current.

hep  is the minimum specified de gain of the transistor,

- There are two types of base drive schemes. Fixed base drive, shown in Figure
333, drives the transistor into saturation over the entire conduction period.
Since the collector current is almost always less than the maximum expected
value, the transistor is nearly always being overdriven. Driving the transistor
* deep into saturation results in a slow turn-off time. The parameter storage time
{t<) is the time delay between the “off” signal to the base and when the collec-
tor begins to turn off. During this time the collector-to-emitter voltage contin-
~ ues to maintain a saturated voltage level. Although it is not a loss, it does require
* a shortening of the maximum duty cycle the power supply can use. The drive
circuil should provide fast transitions in the base current (on and off) and draw
~ the base voltage slightly negative.

The design philosophy behind the fixed-base drive circuit is to draw current
from a relatively low voltage source (3 to 5V) which is usually provided by an
- auxiliary winding on the power transformer. The resistor dircetly in series with
the base (R2 as shown in Figure 3-33) should be on the order of 100ohms. lts
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Figure 3-32 Waveforms for a hipolar power transistor within 8 PVWM switching power
supply.

purpose is to limit the de current entering the base during turn on and turn off.
A small capacitor on the order of 100pF should be placed in parallel with this
series tesistor (R2). This is called a base speed-up capacitor, which provides a
rapid positive and negative surge of current during the turn-on and turn-off
transitions of the transistor. This reduces switching times and reduces the threat
of second breakdown and current crowding. The resistor on the collector of the
base driver transistor (R1 as shown in Figure 3-33) further controls the on-state
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base drive current. The base voltage should be checked with an oscilloscope and
' should go slightly negative during the turn-off transition, but should not exceed
the basc-emitter avalanche voltage rating (<5 V).

The second scheme, shown in Figure 3-34, is called proportional base drive
and always drives the transistor at or just below the transistor’s saturation state.
" The collector-emitter voltage is higher than with fixed base drive, but the tran-
sistor can now switch in about 100 to 20008, This is five to ten times faster than
with fixed basc drive. In practice, though, the fixed base drive scheme 18 used in
'~ the majority of low- to medium-power, low-cost applications. Proportional base
~ drive is used for the higher-power applications.

T
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Figure 3-34 Proportional base drive circuits: (a) the Baker clamp; (b} transformer-coupled
proportional basé drve.

The last consideration is from which voltage to draw the base current. Since
the base-emitler junction resembles a forward-biased diode, the maximuom Vg
is 0.7 to 1.0V, Ideally, a voltage source of 2.5 to 4.0V is sufficient. If the basc
drive voltage source is too high, there will be a significant loss associated with
driving the base.

In the initial breadboard, the voltage and current waveforms associated with
the power transistor must be carefully scrutinized and it must be verified that
they do not exceed the S0A limits. This is also the time to modify any values
that enhance its switching characteristics, since it represents about 40 percent
of the supply’s entire losses. The drive schemes shown in Figures 3-33 and 3-34
are the common approaches to driving the bipolar transistor and will give the
designer a verv good staring point.

3.7.2 The Power MOSFET Power Switch

The power MOSFET is the most common choice as a power swilch. Its cost and
saturation loss are comparable to the bipolar transistor in most applications and
it switches five to ten times faster. It is also easier to use in a design.

The MOSFET is a voltage-controlled current source. To drive a MOSFET
into saturation, enough voltage must be applied between the gate-source ter-
minals in order to pass more than the maximum expected drain current. The
relationship between gate-to-source voltage and drain current is called transcon-
ductance or g,. Power MOSFET:s fall ypically into two categories: standard
MOSFET:, which must have about 8 tolOv V,, to guarantee full-rated drain
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Figure 3-35 Tha symbol of a power MOSFET with the parasitic capacitances.

Figure 3-36 The MOSFET waveforms.

~ current, and logic-level MOSFETS, in which only 4.0 to 4.5V is needed. Logic-

level MOSFET: typically have low drain-to-source voltage ratings (<60 V).
MOSFET: can switch very quickly, typically from 40 to 80nS is common. To

. drive the MOSFET this fast, one must consider the intrinsic parasitic capaci-
. tors which exist in all power MOSFETs (see Figure 3-35).

These capacitances are specified in each power MOSFET datasheet and are
very important. C,,, or drain-to-source capacitance, is considered in the drain
loads, but does not directly enter into the drive design. The €, and C,, have
direct and calculable effects upon the switching performance of the MOSFET.
Figure 3-36 shows the pate and drain waveforms of a typical N-channel
MOSFET switching cycle.

The plateau in the gate drive voltage signal is caused by the opposing transi-
tion in the drain-to-source signal being coupled into the gate node through the
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Figure 3-37 Representative datasheet curves for a MOSFET.

miller capacitor (C,,;). During this period, a large impulse is seen in the gate
drive current. This plateau occurs at a voltage slightly higher than the rated gate
threshold voltage and is Vo + fn/g,. The value of the plateau voltage can also
be determined by using the transfer function graph provided in every MOSFET
data sheet (see Figure 3-37). For an inaccurate estimation, the threshold voltage
can be used. The MOSFET datasheets provide the graphs seen in Figure 3-37.

These capacitances cause delays in the switching performance of the
MOSFET. The drive circuits should be able to drive capacitive lnads. First, the
amount of charge required to transition the gate through each voltage level must
be determined. Figure 3-37 vields this information when one subtracts the
differences in gate drive voltage operating points from one another. The switch-
ing delay can be calculated from Equations 3.43 through 3.50.

Turn-an delays:

CMOS  Bipolar

Turn-off Delay #(1) = Quy  QunRuriom (3.43)
errI 1-)I;:ZII[
Risetime #(2) — Qo LaRetion) (3.44)

1H I:/I'_.'lj.-j. o Vpl
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I‘(ﬂ |r1| Q{r-‘f'R'-JrlUHJ (3.45)
fnn' VU.H._ pl
¥
RurT{lI}L:' -—= y
fon, (3'4ﬁ}
-off delays
COMS Bipolar
Torn-off Delay 103} = O QuaRenion (3.47)
fon Vor =V
a2 irl Re il
Falltime 1(2) - S, Do) (3.48)
oL VDI. e By
K1) — Qi QunResiaon) (3.49)
T Vo =V
For =V
Ristioiy =0 (30)
oL

lar-based drivers are more able to source the current surges needed by
OSFET gate than CMOS-based drivers, which act more like a current-
ted source and sink. Speed is typically controlled by placing a resistor in
jes between the driver and the gate. In switching power supplies, when rapid
hing is required, a resistor of over 27ohms is not advisable, since its switch-
ed would drop and its switching loss would rise significantly. Larger scries
sistors would create short periods of oscillation when the drain voltage

ransitioning,

3 The IGBT as a Power Switch
e IGBT is a silicon hybrid composed of a power MOSFET on the gate ter-
1 and an “unlatchable” SCR between the collector and emitter terminals.
rnal schematic can be seen in Figure 3-39.
= advantages of IGBTs over MOSFET devices are the savings in silicon die
and its bipolar collector current characteristics. It also has two disadvan-
higher saturation voltage due to two serics P-N junctions, and the fact
at IGBTS can have a long turn-off “tail,” which adds to the swilching loss. The
ail” loss has limited the switching frequencies to less than 20kHz. This has
ade it ideal for industrial electronic motor drives where the switching fre-
ency is just beyond the human audio range.
BTs have been the target of much research by semiconductor companies
ad the tail time has been shortened significantly. Originally, the tail (ime was
bout 5 uS; now the tail time is about 10008 and is improving. ‘1 ‘he saturation
se has also been improving from approximately 4V to less than 2V.
ough this is a problem for low-voltage de-de converters, it has a great deal
eal for off-line and industrial, high-power converters. As a personal judg-
ent, 1 would consider IGBTs for those converters with input voltages greater
an 220 VAC and 1KW.

69
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Figure 3-39 The |GBT.

Driving the IGBT is identical to the MOSFET. It has similar gate driving char-
acteristics and a MOSFET driver 1C works very well with an IGBT.

3.8 Selecting the Controller IC

Today, one has many choices in the area of controller-integrated circuits. One
must decide early in the design process how much functionality and integration
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s desired in the TC, such as whether the power switch should be inside the IC,
he high voltage start-up circuit, soft start circuit, synchronization cireuits, etc.
Phis is driven by the application and the extra functions that are desired.
~ Exireme caution must be practiced reviewing candidate 1Cs. The first page
the data sheet docs not always completely describe the IC. Subtle factors
wolving the method of control, how the output drivers are to be used, and hovw
¢ protection circuit operates must be further investigaled. This requires
review of the internal IC and applications schematics. An example where
sion creeps in is the newer generations of buck controller ICs for less than
outputs. These 1Cs are designed to operate from a higher supply voltage
i their input power line and drive the MOSFETS at a very low voltage level.
traditional buck controller operates from its input voltage and drives the
FET from the input voltage. One cannot differentiate these two 1Cs apart
the first page of the datasheet and it is even more difficult to tell them
if they are presented as a result of a search on a supplier’s website. This
| cost you valuable time.
ay, more than ever, the new control 1Cs are targeted narrow application
. This typically includes removing as many pins as possible from the
ge to minimize external circuits. This severely limits the flexibility of an
% This makes the sclection process even more imporlant.

1 Short Overview of Switching Power Supply Control

short averview may be redundant from the earlier part of this chapter, but
appropriate. The primary purpose of the controller is to maintain a con-
it output voltage for a large range of load currents. A negative feedback loop
ed for this purpose. All power supply controllers, both linear and switch-
ense the output voltage. The rated output voltage is reduced to the level
of a voltage reference somewhere within the control IC. This feedback voltage
is placed into the inverting input of a high-gain op amp called the voltage error
amplifier. The reference voltage is placed into the non-inverting input of the
same op amp. The output of the amplificr represents a greatly amplified version
f the difference between the reference and the output voltage. This output
tage is called the error voltage. This error voltage is then used to control the
‘amount of energy the power supply wants to pass to the load. Tt can have a
' pusitive value, indicating that the output is too low and the power supply needs
o supply more encrgy to the output, Conversely, a negative value indicates that
* the output is too high and the thruput energy should be reduced.
- Current is typically sensed so that the power supply does not exceed its power
' ralings. There are two methods of measuring current: average outpul current
and instantaneous current, Average current circuits operale in a very similar
" manner to the voltage feedback loop described previously. Current is typically
- measured as a voltage across a resistor placed in series with the current to be
measured. This voltage is amplificd or used in its very small value. This voltage
is then placed into the inverting pin of an operational amplifier and a reference
voltage representing the desired maximum value of the output. When the
current gets too high, the current error voliage swings from positive Lo negative,
indicating that the output current has exceeded the desired maximum amount.
" This signal can be used to override the voltage error signal and reduce the
energy thruput of the power supply.
Instantaneous current sensing is used to protect the power semiconductors. A
current sensing resistor is placed in the power switch current path and its voltage
represents the instantaneous current flowing through the power device. This

n
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voltage is then taken to a very fast analog comparator where if a predetermined
voltage is ever exceeded, the power device is instantly turned off. This offers
very nice protection of the power device.

3.8.2 Selecting the Optimum Control Method

The selection of the control IC is very important. If the wrong choice is made,
it could result in supply instability and waste valuable time. The designer should
understand the subtle difference between the various forms of control, In
general, forward-mode topologies usually have voltage-mode controllers, and
boost-mode topologies usually have current-mode control. This is not a rock-
solid rule since every method of control can be used for every topology, with
mixed results.

Voltage-mode control
This method of control can be seen in Figure 340, The important trait of
voltage-mode control is thal the error voltage is placed into a PWM compara-
tor and compared against a clock generated sawtooth waveform. As the error
voltage rises and falls the pulsewidth of the output signal increases and
decreases. To identify a voltage-mode control IC. look for a capacitor R-C oscil-
lator and see if the capacitor sawtooth voltage goes io a comparator with the error
veltage.

There are two versions of overcurrent protection on voltage-mode control
1Cs. The older version is average current foldback. Here, the output current is

Table 3-6 PWM Control Methads

Control Method Optimum Topology Issues
Voltage-maode with Forward-mode OC foldback slow, could
average OC foldback cause power switch
failures
Vollage-mode with Forward-mode Very good OC protection;
pulse-to-pulse OC usually hi-side current
limiting sensing
Hysteretic current- Forwird- and Heavily patented;
mode boost-mode few control 1Cs
Curtent-mode, Boost Very good OC protection;
turn-on with clock many 1Cs; typically

GMND-driven SW

Quasi-Resonant and Resonant-transition Control Methods

Control Method Optimum Topology Issues
Constant off-time Zero voltage Variable [requency
switching QR High frequency limit
needed
Constant on-time Zero current Viriable frequency
swilching QR Low frequency lmit
needed
Phase modulated PWM forward- Fixed frequency

maode full bridge
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wre 3-30 Voltage-made control with average output and pulse-to-pulse current limiting.

psed with a resistor in scries with the load. The current signal may be ampli-
d and inputted Lo a compensated current error amplifier. The current ampli-
i then senses when the outpul current approaches its preset limit and will
erride the voltage error amplifier and limit the current, if the current attempts
' larger. Average current foldback has one inherent flaw when used by
ell as an overcurrent protection, its response is too slow to prevent damage
the power switch if a sudden short circuit is applied to its output and cannot
nse when the magnetic elements are entering the saturated state, These can
ate exponential currents in a matter of several microseconds and destroy the
switch.

The second method of overcurrent protection is pulse-ro-pulse overcurrent pro-
etion. This method guarantees a maximum safe power switch current. A
urrent sensing element (resistor or current transformer) is placed in series with
e power switch(es), It views the instantaneous current flowing through the
swer switch and will instantly cutoff the power swilch if a preset instantaneous
ent limit is exceeded. This circuit must be very fast and will protect the
ower switch from all forms of instantancous overcurrents including core satu-
ation. It is not a form of current-mode control since this protection limit is fixed
1d not influenced by external parameters.

One last form of voltage-mode control is very rudimentary. It could be called
hysteretic voltage-mode. In this form of control, a fived frequency oscillator is
gated “ON” only when the output voltage has fallen to below a limil dictated
by the voltage feedback loop. Tt is sometimes called “hiccup-mode™ because the
‘power switch occasionally bursts on and then returns to a constant off state.
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There are a few control 1Cs and integrated switching power supply ICs that have
this mode of control. It produces a fixed amount of ripple on the output voltage
which varies in frequency in proportion to the load current.

Current-mode control

Current-mode control is best used in topologies where the linear slopes within
the current waveforms are higher. This would be the boost-mode topologies
such as boost, buck-boost, and fiyback.

Current-mode methods control the peak (and sometimes the minimum)
current excursion points flowing though the power switch, This equates to the
excursions of the flux density within the magnetic core. Essentially the magnetic
behavior of the core is being regulated. The maost common form of current-
maode is “turn-on with clock.” This is when a fixed frequency oscillator sets a
flip-flop and a high speed current comparator resets the Hip-fop. The “17 statc
of the flip-flop is when the power switch is conducting.

The threshold for the current comparator is set by the output of the voltage
error amplifier. If the voltage error amplifier indicates that the output voltage
is too low, then the current threshold is raised to allow more energy to reach
the load. The converse is true too.

Current mode control has an inherent overcurrent protection. The high-
speed current comparator provides pulse-to-pulse current limiting. This form
of protection is a constant power form of overload protection (see Section 3.11).
This form of protection folds back the current and voltage to maintain a con-
stant power into the load. This may not be optimum for all products, especially
where the typical failures slowly increase the failure current. Another form of
overload protection can also be placed in the circuit.

Another form current-mode control is called hysteretic crrrent-mode control.
Here both the peak and the valley currents are controlled. This is obviously
better for continuous-mode forward for boost converters. It is somewhat com-
plicated to set-up, but it does offer very fast response times. 1L is not a very
common method of control and its frequency varies.

Other modes of control

Some IC makers today take many liberties in creating new modes of control or
switching control methods at some operating points to enhance the overall effi-
ciency of the targel power supply, This practice can be confusing and may not
operate in all applications other than the application it was design. For example,
some buck controller ICs will allow the inductor to enter the discontinuous-
maode, by dropping the frequency of operation. The feedback loop stability may
change, so they use some obscure control method to compensate for the anti-
cipated instability.

Violiuge Hysteretic Control. This is what people used to call “hiccup-mode.” A
simple comparator is used to view the output voltage. If the voltage falls below
a certain limit, the PWM loop turns on for a period of time until this limit is
surpassed (plus some hysteresis voltage). It guaraniees that the output voliage
ripple is equal to or greater than the amount of hysteresis voltage in the control
eircuit.

Variable Frequency Control. At light loads, fixed frequency control methods
loose efficiency because of the fixed switching losses. Some controllers will
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Figure 3-41 Turn-on with clock current-mode control,

ich to a variable frequency clock at light loads, but retain the same method
gontrol.

mary. Be very careful in selecting a control 1C for your application!

.-"Besigning the Voltage Feedback Circuit

e only function of the voltage feedback loop is to hold the output voltage(s)
\constant value. Complications arise in areas such as transient load response,
guracy of the outpui(s), multiple outputs, and isolated outputs. All of these
dividually can be nightmares for the designer, but if the design approaches
e understood then each factor can easily be satisfactorily addressed.

“The heart of the vollage feedback loop is a high-gain operational amplifier
thich is called an error amplifier, which is nothing more than a high-gain ampli-
er that amplifies the difference between two voltages and creates an crror
pltage. Tn power supplies, one of these vollages is a reference voltage and the
ther represents the level of the output voltage. The output voltage is typically
divided down to the voltage of the voltage reference prior to being presented
o the error amplifier. This creates a “zero error” point for the error amplifier.
f the output deviates from this “ideal” value, the error voltage output of the
amplitier changes significantly. This error voltage then is used by the power
supply to provide a correction to the pulsewidth to bring the output voltage back
1o iis ideal value,
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Figure 342 Example of hysteretic current-mode contraller.

The major design issues surrounding the error amplifier are that it should
have a high gain at dc which promotes good output load regulation and have a
good high frequency response which promotes good transicnt load response,
Cuutpreet load regulation is how closely the output voltage is maintained with a
change in the load of the sensed output. Transient response is how quickly the
outpul voltage returns o its rated valoe after a step response to the load has
occurred. These issues come under the area of feedback loop compensation,
which is covered in detail in Appendix B.

An cxample of an clementary voltage feedback application is the nonisolated,
single-output switching power supply. If we neglect the error amplifier com-
pensation, then the design is quite simple. Let us examine a situation where a
5V output is regulated and a 2.5V reference is provided within the control IC.
This can be seen in Figure 343,

To begin the process, one decides how much sense current is to be drawn
through the output voltage resistor divider, For the sake of reasonable values
to be calculated for the error amplifier compensation values, resistance values
in the range of 1.5 to 15 K should be used in the upper leg of the resistor divider.
Let us use a sense current of 1mA as the resistor divider sense corrent. This
makes the lower resistor in the divider (R))

R =25V/001A=25K

The accuracy of the output voltage is dircetly affected by the tolerance of the
resistors used in the voltage divider and the accuracy of the voltage reference.
All of the tolerances add to determine the resulting accuracy. That is, if two one
percent Tesistors are uscd within the divider, and a two percent reference was
also used, a four percent accuracy can then be expected in the final output
voltage. Some additional error is introduced by the input offset voltage of the
amplifier. Its error contribution is the value offset voltage divided by the divide
ratio of the resistor divider. 5o, if an amplifier has a 10mV maximum offset
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Figure 3-43 A nonisolated voltage feedback circuit,

woltage in this design example, one can expect a output voltage error of 20mV
that will drift with temperature.

‘Continuing the design example, let us use the closest 1 percent resistor value
-2.49 K. This makes the actual sense current

Is =2.5V,/2.49K = 1.004 mA
[he upper resistor in the resistor divider (R,) is then
R: =(5.0V-2.5V)/1.004mA = 2.49K ohms

hat completes its sct-up. Later, the compensation around the amplifier needs
b be done to set the de gain and the bandwidth performance.

& cross-regulation abilities of the transformer and/or output filters. This can
e guite poor, meaning that a change in the sensed output’s load causes the
wsenscd outputs to change significantly. Conversely, if an unsensed output’s
is changed, it is not adequately sensed through the coupling in the trans-
brmer to the sensed oulpul, Lo have it exhibit good regulation.

o preatly improve the cross-regulation of the outputs, one can sense more
jan one output voltage; this is called mudtiple output sensing. It usually is not
ractical to sense all of the outputs and it really is not needed. An example of
he improvement of cross-regulation can be seen in a typical multiple output
yback converter with a +5V, a +12 V and a =12V output. When the +5 V outpul
soes from half-rated load (o full load, the +12V goes to +13.5 ¥, and the —12V
goes to ~14.5V,

" This indicates the poor intrinsic cross-regulation capabilities of the trans-
er, which can be slightly improved by using filar winding techniques
described in Section 3.5.9. If the +5V and the +12V outpuls were both sensed,
and the +5 V output was then loaded as described previously, then the +12 goes
to +12.25V, and the —12V goes to —12.75V.

Multiple output scnsing is done by using two resistors in the top of the voltage
sensing resistor divider. The top-end of each resistor goes to a different posi-
tive output voltage as scen in Figure 3—44.

The center node of the resistor divider becomes a current summing node
where a portion of the total sense current comes from each of the sensed output
' voltages. The higher power output, and usually the output that requires a Lighter
output regulation, require the majority of sense current. The lighter loaded

11
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Figure 344 Multiple sense outputs.

output tequires the balance of the sense current. The percentage of sense
current from each indicates how well regulated each output 15,

Let us again examine the power supply with 5V, 412V, and —12V outputs.
Sinee +—12V loads usually provide power to op amplifiers that are relatively
immune to variations on their Vee and VEE supply lines, their voltage regula-
tion can be looser. Using the same situation as the first example in this section,
K, is 249K and a sense current of 1004 mA,

The first step is to assign a current split. The less sense current drawn from
a particular output, the poorer its output regulation, Let us assign a current split
of 70 percent for the +3V and 30 percent for the +12V. R; becomes

R, =(5.0V =2.5V)/(0.7)(1.004mA) = 3,557 ohms
R; =3.57K (closest value)

The tesistor to the +12V (R;) is
R =(12V -2.5V)/(0.3)(1.004 mA) = 31.5K ohms

The closest value is 31.6 K.

Improvements in all combinations of loading arc expericnced when the
outputs are multiple sensed.

The last arrangement of voltage feedback is the isofated feedback. This is used
when the input voltage is considered lethal to the operator of the cquipment
(=42.5VDC). The two accepted methods of electrical isolation are aptical
(optoisolator) or magnetic (transformer). This section will talk about the more
common method of isolation, when an optoisolator is used 1o isolate the lethal
portions of the circuit from the operator portion. The optoisolator’s C,, (current
transfer ratio (or I,,/T,,)) drifts with temperature, can degrade slightly with age,
and typically has wide tolerance from part to part. €, is the corrent gain of an
optoisolator measured in a percentage. To compensate for these variations in
the optoisolator and to eliminate the need for a potentiometer, the error ampli-
fier should be placed on the secondary side {or input) of the optoisolator, The
error amplifier will sense the deviation in the outpul caused by the optoisola-
tor drift and adjust the current accordingly. The schematic of the typical iso-
lated feedback circuit is shown in Figure 3—45.

The usual choice for a secondary error amplifier is the TL431 which has a
temperature compensated voltage reference, and an amplifier within a three-
leaded package. It does need a minimum of 1.0mA continuous current flowing
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Figure 345 Example of an optoisolated voltage feedback circuit.

3o its output pin for proper operation, the output signal will then add to that
jas current.
‘In this example, the crror amp on the control IC (a UC3843AF) is disabled
g wiring the inputs of the error amp so that the outpul is guaranteed to be
igh. The values of R are not important (say 10K each). The compensation pin
85 a 1 mA current source internally and has a “high” voltage of +4.3V for the
il cutput condition,
"The network that sets the output pulsewidth on the compensation pin is a
grent summing network. R, guarantees that the operating current from the
1431 coupled through the optoisolator, does not load the 1mA internal
gll-up current source in the control IC and that +4.5V is achieved on this pin
en full output pulsewidth is desired. This worst-case minimum current at full

Fonminy = Tocfunas)  Corr{max)

Taiminy =(1.2mAN130%) =1.56 mA

his makes R, equal

R =(0.5V)/(1.56mA - 1.0mA)

R, = 892 ohms - make 820ohms (safety margin)

The optoisolator must provide more current for the compensation pin to

its minimum output point of +#1.3V. To do this the current transmitted
fom the optoisolator must be

-
' Tisimss = (4.5V =03 V)/(8200hms) = 5.12mA
_- sistor K. can now be determined by adding the other maximum voltage drops
of the LED of the optoisolator and the terminal voltage of the TLA31:
R, =[SV -(1.4V+25V)]/(5.12mA)
R, = 214 ohms — make 2000hms (safety margin)
" The resistors uscd in the sensing of the output voltage arc the same as used
in the previous example using cross-sensing. Only the error amplifier compen-

_- ation remains to be done to complete this section (Appendix B). I must caution
¢ designer in this design: Tolerances and temperature driflt play a very large

L)



|
f

Pulsewidth Modulated Switching Power Supplies

part in the isolated feedback design and they must be accommodated in the part
value caleulations, Optoisolators, for instance the C,,, can vary over a range of
300 percent, which may necessitale a potentiomeler to be added to the circuit.
Some optoisolators are sorted by their manufacturers (o a narrower ¢, range,
but it is rare and not liked by them. The voltage reference should also be a
lemperature-compensated variety, such as provided in the TL431,

The issue of outpul accuracy from unit to unit usually requires that the ref-
erence uscd be trimmed to two percent variation or less, and the resistors within
the resistor voliage divider be one percent. The aceuracy of the outputs then
are these tolerances added together plus any inaccuracies within the trans-
former turns.

There can be many variations on the voltage feedback design and only the
most straightforward approaches have been shown as these are the most
common types of approaches.

3.10 Start-up and IC Bias Circuit Designs

The start-up and bias supply circuit provides the operating voltage for the
control IC and power switch drive sections. This circuit is sometimes called the
bootstrap start-up circuit. Since all of the power drawn and delivered by this
circuit is considered a loss, it is important to keep its overall function as effi-
cient as possible,

The bootstrap start-up circuit gains in importance for higher input voltages.
For input voltages greater than 20 VDC where the controller IC and the pOwer
switch cannot directly use the input voltage for their own power, a start-up/hias
circuit must be used. Its function is basically that of a shunt or series linear
regulalor in order to provide a relatively stable voltage for the controller and
power swilch drive circuits.

For starting a power supply from a totally unpowered state, such as experi-
enced when input power is first applied to the power supply, current must be
drawn from the input power line. The voltage rating of the start-up circuit must
be greater than the highesi anticipated input voltage including any voltage
surges that might get passed the input EMI filter section of the power supply.
For this circuit, a little thought must be given to its desired functionality, There
are several common functions that the start-up circuit can perform and its fune-
tion should be appropriate for the operational requirements of the overall
system.

L. Full functionality of the control/power switch circuit during a short-circuit
on the power supply’s output with immediate return to operation upon the
removal of the short.

2. The power supply enters a hiccup restarting mode of operation during
short-circuits and restarts upon the removal of the short-circuit.

3. Enter a complete shut-down state thus turning off the system during a
short-circuit. The input power must be turned off and then back on in
order to restart the power supply.

The first two modes of operation are the common approaches to the start-up
circuit’s functionality and it is recommended where the system has removable
sections such as telephone systems or card-cage systems, or where routine
service is expected and service people may inadvertently create a short-circuit
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vithin the load. The shut-down method of functionality is appropriate for
mporlant instruments where erroneous operation can be detrimental to the
istrument or its operator.
In products where a little added loss is not important, a simple Zener shunt
lator is typically the approach as seen in Figure 3-46. Here the start-up
wrrent is constantly being drawn from the input power line, even during stcady-
fate operation. If the starl-up current is less than the current required to
perate the 1C and driver (-0.5mA), then the power supply has a hiccup
e of recovery. If the start-up current is enough to power the circuit (~10 1o
imA ), then the power supply remains in a overcurrent foldback state during
prt-circuits and immediately recovers upon remaval of the short-circuit. The
ence is the amount of power lost within the start-up circuit during opera-
The amount of hysteresis voltage in any LV1 (low voltage inhibit) circuit
thin the control IC affects the hiccup restart of the supply. An IC supply
ppass capacitor of 10uF or more is needed to store enough energy to get the
pply started before its vollage drops and resets the LVL. In general, the larger
g hysteresis voltage, the more certain the supply will start on the first attempt.
for off-line switchers, where continuous current drawn from the input line
uild represent a significant loss, cutting off the start-up current during steady-
& operation is recommended. After the entire power supply has stabilized
Steady-state operation, the IC and drive circuits can draw all of their power
n the auxiliary winding on the transformer. Here the conversion efficiency
about 75 percent as compared to the 5 to 10 percent. This method is shown
re 347 is such a circuit, The circuit is a high-voltage current-limited,
sar regulator, and cutting off its start-up current is accomplished by reverse-
sing the diode on the emitter and the base-emitter junction during steady-
2 operation. The small signal transistor must have a Frrogsys, greater that
E maximum input voltage. The collector resistor sustains nearly all the loss.
iy a small bias current continues to flow into the basc of the transistor and
mer diode.
Once again, the designer can choose whether to make the supply operate in
¢ hiccup mode restarting or to have the control and driver section continue
operate during a short-circuit condition. Choosing the value of the collector
istor for 0.5 or 15mA current sclects the respective operation.
& variation on this method is called the shur-down on overcurrent circuil
wn in Figure 3-48. Here the start-up circuit is a discrete, high-voltage, one-
gl circuit that is active only during the start-up sequence, but turns completely
hereafter. If an overcurrent foldback condition is experienced, the 1C and
circuits no longer have a voltage supply from which to draw current. This
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Figure 3-46 The Zener diode controller supply regulator.
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Figure 3-48 The overcurrent shut-down circuit,

turns off the entire power supply until the input voltage is turned off and then
turned back on.

The designs previously described have worked particularly well for me, but
there are many varying implementations along the same principles of operation.
If a different design approach is being contemplated, keep one thing in mind—
the start-up period of the switching power supply is the most traumatic period
in its operational life. That is, more failures occur during the start-up period
than any other period of operation. The sequencing of the various bias supplies
is very critical to the supply. The power switch drivers should always be fully
powered before the control IC begins the switching process. I it is not, the
power switches will not operate in a saturated manner and may therefore fail
due to overdissipation.

Another factor is the rated breakdown voltage of resistors. For a one-quarter
waltt resistor, the rated breakdown voltage is 250 VDC. The one-half watt resis-
tor is 350VDC. To design safely, two resistors in series should be used on all
branches that are connected to the input line in off-line converters.

3.11 Output Protection Schemes

Protection schemes for the outputs of a power supply should be developed care-
fully to complement the use and Tunctionality of the end product. Although
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these circuits are used only in the event of an unusual system failure, one does
‘ot want additional damage or additional user aggravation to he derived from
the activation of a protection function. One should also consider the nature of
the loads, their likely failure modes and causes, and the limits beyond which
further damage is caused.
- Protection of the load and of the power supply from [ailures in the load should
be an important consideration within all switching power supply designs. 1L is
dimportant to know what failores are likely to occur within the switching power
upply and the load. An exercise that is frequently required in military designs
what is called a FMEA (failure modes and ¢ffects analysis), where each com-
ponent is hypothetically assumed to fail open-circuited and then short-circuited.
With such failures, how does each failure affect the other scetions of the circuit?
anticipation of failures can make a power supply design robust. It is the
ponsibility of the power supply designer to provide protection to the load
fircuitry from anomalies encountered from the input line and failures within
_.,. e supply and the load circuitry. Often, protection schemes can be cascaded to
provide redundant protection in the event of a failure in a protection circuil. A
fuse or a circuit-breaker usually provides such a back-up function.
When considering the method(s) of protection used within a power supply
and any power busing system, it is important to consider the end user of the
product and the product’s function. The repair philosophy of the product should
he carefully reviewed. If the product will have service people routinely “with
heir fingers in the circuits,” then a circuit-breaker, a self-restarting bootstrap
tart-up circuit, and a simple overeurrent foldback circuit is the desired combi-
pation of circuits. If the produet’s function is noneritical and its operation can
be casily done without, then a fuse, an overcurrent shut-down type of start-up
uit,-and overcurrent foldback and/or crowbar circuit may be desired. Some
ction methods may necessitate the equipment being brought into a repair
for checking prior to being reused. The types of protection philosophies
into three categories:

~ 1. Repair after failure (fuses, fusistors, etc.).

- 2. Recovery after failure (circuit-breakers, overcurrent foldback, overvoltage

~ override circuits, etc.).

3. Shut-down after failure, but recoverable when the fault is removed (over-
current shut-down type of start-up circuits, ete.).

" Choosing the most appropriate combination of protection schemes can make
a large difference in the customer’s perceptions of the product and hence in its
repulation and sales.

‘There are basically three types of overcurrent protection. These are shown in
Figure 3-49. Current-mode control or any primary-side peak current controller
pffers a constant output power limiling when a short-circuit is “sofl,” but does
gventually foldback both the voltage and current into hard shorts. When an
overcurrent failure presents a lower and lower resistance to the supply, the
0 tpln‘. voltage decreases, but the outpul current can continue to increase. This
a}r produce burning of printed eircuit board traces and components. This
“teducing of the output voltage can be useful in conjunction with a shut-down
" on failure type of start-up circuit. Constant current limiting (see Figure 3-50)
is produced when the voltage across a current sensing resistor is amplified and
compared to a reference voltage. When the trip point is exceeded, the outpul
current is held constant for any greater load. Output current must be sensed for
this type of overcurrent proteetion. Overcurrent foldback limiting only occurs
when a small amount of the output voltage is used as a threshold reference for
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Figure 3-49 Types of overcurrent protection.

the trip point of the overcurrent knee. When the current through the current
sense resistor is large enough to exeeed the trip point, the voltage is folded back
thus also folding back the output current in proportion to the output voltage.
This protects the load circuitry from burning (see Figure 3-51).

Overvoltage protection on the output lines can take two forms, the brute
force approaches, and the overvoltage override approaches. The brute force
approaches are the overvoltage clamps and crowbars, as seen in Figure 3-52.
These approaches assume that the power supply has failed and cannot limit the
current into the load. The most problematic topology is the buck topology,
where a shorted series pass unit directly connect the input to the output. The
buck converter must definitely have a erowbar circuit (if 7, is greater than 1A)
or an overvollage Zener clamp (if I is less than 1 A) on its output. For all the
other topologies, especially the transformer-isolated topologies, this is not a
possibility and therefore a crowbar is a nuisance. Overvoltage Zener diodes on
the outputs can serve as useful insurance in the case of a voltage feedback loop
failure or poor output cross-regulation. An input fuse or circuit breaker is
required with these forms of overvoltage protection.

The overvoltage override methods assume that the power supply is still
operatling and the voltage feedback has become open-circuited, or that one
of the outputs has become light loaded and its voltage rises above the maximum
specification. These methods have a separate comparator or transistor and
resistor dividers wired to each output. The comparator or transistor would then
override the error amplifier. These are shown in Figure 3-53.

Choosing the form(s) of protection is always is a matler of cconomics and
bouard space. Be creative with your approaches to protection, but check them
out carefully under all operating conditions.

3.12 Designing the Input Rectifier/Filter Section

The input rectifier/filter circuit plays a largely unappreciated role within the
switching power supply. The typical input rectifier/filter circoit is composed of
three to five major subsections: an EMI filter, possibly a start-up surge current
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Methods of constant current limiting: (a) discreta overcurrent limiting
nt-current limiting); {b} precision resistive current-sensing overcurrent protection
-gurrant limiting); (e} use of a current transformer to sense ac current,

ier, a surge voltage suppressor, a rectification stage (for off-line applica-
and the input filter capacitor. Many new ac off-line power supplics are
jired to have power factor correction (PFC). For these applications, design
input stage described here, then refer to Appendix C. The designs of the

br off-line switching supplies, the first task is to scleetl the input rectifiers.
se are standard recovery diodes, such as the IN400X rectifiers. The major
ameters under consideration are average forward current ({o), surge current
¢} the de blocking voltage ()., and the anticipated power dissipation (Pp).
£ surge current occurs at power-up and can be greater than 10 times the
e RMS input current. It is caused by the fully discharged input filter
tor taking the classic impulse of current when a step change in voltage
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gre 351 Methods of ovarriding the voltage feedback loop in the event of its failure: (a)
wervaltage override circuit (when voltage loop goes open-circuited); (b} multiple-output
aryoltage override circuit

4 on its terminals, A thermistor is usually added just following the EMI
ilter to protect the ac rectifiers. The “cold” value of the thermistor is typically
tween 6 and 12ohms, After start-up, the thermistor heats up and should
¢ a “hot” resistance value of approximately 0.5 to 1.0ohm.
The average current through the input rectifiers is a thermal consideration.
ferring to Figure C—1 in Appendix C, you can see the actual waveform flowing
ough the nonpower factor-corrected ac rectifiers. The peak current can be
‘as much as five times the average de current flowing through the diode. This
‘causes grealer heating of the rectifier, To compensate for this, a higher current
‘diode is selected to minimize the peak current forward voltage drop and to rid
‘the die of the heal. In summary, the minimum diode ratings should be

T =2 La4ld o pimax) (3.51)
Ir 215 Lipeiimen {352}
.fng =5 ".lil- (3.53}

The typical diodes for this application are
If the currentis <1A:  1IN400X
] <1.5A; INS39X
<3A:  IN5S40X
<f A: MR73X
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Figure 3-54 Typical ac and de input filter circuits: (a) ac input filter circuit for a single or
universal input power supply {common-mode EMI filter shown); (b} a voltage doubling ac
input circuit for 110V and 220V ac inputs; {c) single dc bus input filter,

The next operation is to calculate the value of the input filter capacitor. The
designer needs to decide how much ripple voltage the supply can Lolerale on
the dc input line. The less ripple voltage desired, the larper the capacitor, and
the larger the surge current during the power-up period. There are three major
considerations when selecting a capacitor for this function: the value to yield
the desired ripple voltage, the voltage rating, and the ripple current rating of
the capacitor.

The typical design goals for the ripple voltage are about five to eight percent
of the peak rectified input ac voltage for ac off-line converters and about 0.1 to
0.5 volts peak-to-peak in de-de converters. The value of the bulk input capaci-
tor can be found by

0.3 lFlin[nl.']

.ﬁ.ru {V.n[miu_l\.l{yﬂpplt-fp—p]]:

where: fin 15 the minimum rated ac line frequency for off-line supplies.
Vi is the minimum peak rectified value of the ac line.

is the peak-to-peak droop in voltage desired across the input

capacitor.

Cin — (3.54)

V:jppl-:
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3.12 Designing the Input Rectifier/Filter Section

"The voltage rating of the capacitor should be
(off-line) Vo > 1.8Vangrurs) (3.55)

ﬂﬂ-w-dﬂ} V‘Jr = l-il/inlmaxl (3.56}

" In ac off-line converters, aluminum electrolytic capacitors are used as the
input filter capacitor. They have proven to be more rugged than any other type
‘of capacitor in the hazardous environment existing on the ac line. Choosing the
final capacitor depends mostly upon the expected operating temperature range,
guality level, and case dimensions.

| The input capacitors in de-de converters are much more critical. DC-DC con-
verters typically draw much higher ripple currents at the switching frequency of
the supply. These currents cause internal heating of the input filter capacitors
jnd shorten their operating life, if they are not selected properly. The input
ter capacitor needs to have a low ESR and a high ripple current rating. The
ire current waveform seen on the power switch within the power supply is
ing into and out of the input filter capacitor. The input line, becausc of the
sistence of serics impedances in the wiring, cannot provide the high frequency
urrent pulses demanded by the power switch inside the switching power supply.
fhe input capacitor serves a very important role of receiving charge at a low
ency from the input line and supplying charge to the power switch at high
requency. Therclore, the current experienced by the power switch is completely
een by the input filter capacitor. oo

The designer must convert the current waveform observed at the power
witch into a worst-case RMS value. Converting a triangular or trapezoidal
surrent waveform into an RMS value depends upon the waveforms peak ampli-
de and its duty-cycle. One can estimate the RMS value of a waveform by
breaking a waveform into simpler waveforms whose RMS value is known. For
sample, a Lrapezoidal waveform can be broken into a rectangular wave whose
RMS highest value is 50 percent of the peak value (50 percent duty cycle) and
& triangular waveform whose highest value is about 33 percent of the peak value.
fhese individual estimated values are then added to estimate the worsl case
total RMS value.

~ It is unusual to be able to find one capacitor to handle the entire ripple
gurrent of the supply. Typically one should consider paralleling two or more
gapacitors (n) of 1/n the capacitance of the calculated capacitance, This will cut
he ripple current into each capacitor by the number of paralleled capacitors,
"Each capacitor can then operate below its maximum ripple current rating. It is
eritical that the printed circuit board be laid out with symmetrical traced to each
‘eapacitor so that they truly share the current. A ceramic capacitor (~0.1uF)
‘should also be placed in parallel with the input capacitor(s) to accommodate
the high frequency components of the ripple current.

Ahead of this section is the EMI filter. The design of the single-line dc filter
inductor is found in Section 3.5.7. This inductor has a relatively high value of
' de current flowing through it and wants to isolate the high frequency switching
noise from the input power bus.

In ac off-line applications the commaon-mode choke is typically used and its
design procedure can be found in Appendix E. The filters resemble “pi” filters,
but are actually bi-directional L-C filters. The important function is to filter the
noise penerated by the switcher before it exits via the input power lines.

The capacitors used for this function are high-voltage film or ceramic capac-
itors that exhibit very good high frequency characteristics. These capacitors
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range in value from 0.005 to 0.1 pF Care must be taken as to the working voltage
rating of the capacitors. Off-line converters must pass regulatory testing which
places an extra voltage stress upon them. The test is called the dielectric with-
standing voltage test or “HIPOT” Any capacitor placed between the input lines
to the carth ground lead (green wire) must be able to withstand this test voltage.
These voltages are: UL, 1700 VRMS (2500 VDC): for VDE, IEC, and CSA, 2500
VRMS (3750 VDC). To pass the regulatory agencies in the European common-
wealth, special capacitors intended just for this application must be used. These
capacitor families arc tested and certified for these ac EMI filter applications.

The surge suppression section should be physically placed behind the EMI
filter inductor and before the ac rectifiers (off-line) and before the input filter
capacitor (dc-inputs). All surge suppressors need the series impedance of the
EMI inductor lo keep them from exceeding their instantaneous energy ratings.
The EMI inductor drastically reduces the peak transient voltage and spreads it
out over time, thus reducing the instantaneous effects of the transient upon the
transient suppressor, This improves the survivability of the suppressor. Be aware
that different technologies of surge suppressors have different serics inherent
resistance characteristics. The metal-oxide varistor (MOV) has a relatively high
resistance when it is conducting. Semiconductor transorbs exhibit a lower resis-
tance. The series resistance affects how much additional voltage will appear
across its terminals during the surge period. For example, a 180V MOV may
rise to 230 volts at the peak of the transient. This should be considered when
selecting hoth the input capacitor and the surge suppressor. MOVs, although
inexpensive, do degrade after suppressing a few high-energy transients and
exhibit a higher leakage current. The “trip” voltage of the surge suppressor
should be higher than the maximum high input operating voltage specification
of the supply so that it docs not conduct during normal operation. For example,
for the 110VRMS line, a 180 to 200V trip voltage is typically used.

A comment on RFI and this circuit: The EMI filter stage should be placed
as close to the entrance of the power feed wire into the enclosure as possible.
The conducted EMI from outside can be reradiated into the case if the wire
length is too large before the filter. Conversely any RFI may be picked up by
the long length of power cord inside the case and radiated outside where the
regulatory testers will feel they've earned their pay by “nabbing”™ another errant
produet. Refer to Appendix E for noise control methods.

3.13 Additional Functions Normally Associated with
Power Supplies

Additional functions are added to the basic switching power supply so that the
supply’s operation better complements the function of the overall product. The
overviewed functions are those routinely found in some switching power sup-
plies, but certainly are not all of the possible functions. These functions may
include: synchronization, undervoltage alerts, input undervoltage inhibit, and
partial supply shut-down.

3.13.1 Synchronization of the Power Supply to an External Source

Synchronization allows the switching power supply to be phasc-locked with
another circuit in the external product. This may be necessary for circuits which
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ude CRTs (cathode ray tubes), analog-to-digital and digital-to-analog con-
ters, etc. The noise generated by the switching power supply could interfere
th these circuits. For example, lines may be displayed on a CRT at the instant
n the power switch and retifiers turn on or off. Noise spikes picked up in
sensitive input signals of a comparator can cause it to compare at the wrong
ant within an A-to-D converter. To solve this. it may be desirable to lock the
gk within the supply to the timing of these sensitive circuits to try to place
iy noise spikes in a harmless point in time,
Some power supply control ICs have synchronization inpuls for this purposc.
those ICs which have an oscillator, but not a synchronization pin, the circuit
sure 3-55 can be used. The frequency on the IC must be sct lower than the
onization signal. The sync signal causes the oscillator to prematurely

L.

3.2 Input, Low Voltage Inhibit

w times it is desirable to shut the product off during brownowt conditions.
are conditions where the input voltage falls below the minimum specifi-
tion for normal operation. This condition can canse a voltage-mode con-
rolled power supply to eater a type of “latch-up” mode where the supply would
ickly jump to its maximum duty cycle and would no longer control the output
lation. This could be destructive to the supply and the loads when the input
age teturns to normal levels. Also, at the lower input voltages, the higher
currents flowing through the power switches can cause them to fail due to
gerdissipation. To avoid this, a simple voltage comparator sensing the input
ne is needed as in Figure 3-56.

| Contral IC
|
From 39K 0001F
Squarewave »—4h—j Oscillator fosc) = 0.9 F(sync)
Source C, |
| e
Figure 3-55 Synchronizing a switching power supply (no sync pin on the IC).
RZ= __1'!"r;ﬂ_
Lo
21 [ 1M {E};slcrcsisj
e Vu:-‘r."anl I \"rn'l'
: To e e
.-I'" in{IHCh - ! ' 3 CDI‘IIPETISB.T.'i.DIl SUNEL
L L -l'iﬂ- Pin
R2 % Ll ae— VY _ (RD(RY)
I-n‘n:: R]. + RZ
> t DC input GND

Op Amp: single supply,
rail-to-rail type

Figure 3-56 Input undervoltage shutdown circuit.
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3.13.3 Impending Loss of Power Signal

For products that include microprocessors, Noppy or hard disk drives, or any
other device where a sudden loss of power during its operation could cause
damage to the product or injury to the user, it is recommended that a power
fail signal be issued by the power supply. For a simple microprocessor system,
a simple low voltage sensor on the 45 volt line may be sufficient. If the product
includes any electromechanical devices which may require a finite time to insti-
tute an orderly shut down, a longer pericd of time may be required. This means
sensing the power supply’s input voltage and making the input filter capacitor
larger so that the supply can maintain a regulated output longer. Caution must
be practiced since large input filter capacitors will significantly increase the turn-
on surge current through any input rectifiers, which can cause rectifier failures.
This method may yield as much as 8 to 15mS of additional time to shut the
device down. These circuits can be scen in Figure 3-57.

> 5 +3% Output
EI =4
i =47K
MCM;]MP TR o
3
b l » GND
(al
T 2 +"'Ilnu,|_ 25\‘!
Rl = 4 L 7= g
= =47K PR
4 6
MC3425P1 * PWR DWN R] = Y outimin) 2.5V
I'E*CI'IS-I.‘
R2 E; -
: T":DLV
3 » Output GND
i)
""rrl.'l
R2= e
v Controller +5V sanss
T ¥iuDo ]
t - ? 1M Rl =1"'rm[miri'-“""_r=r
Rl [=.- {h}rST-ETE'S.ES:I Sense
> g il ~(RINERZ)
s - ~(RI}EZ]
T Coun 8 Moo
R2 £ R3
7. Whe— Vit Op Amp: MC33172F
|
Z0% 3 Input GND

ich

Figure 3-57 Power fail indicator/alert circuits: {a) a 5 under-voltage indicator; (b} an
under-voltage indicator for any voltage; (¢} power-down signal derived from the input line
(longest warming period).
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3.14 Laying Out the Printed Circuit Board

3.13.4 Output Voltage Shut-down

Sometimes it is desirable to turn ofl a section of the product but leave other
portions operating, This is typically the case in laptop compulers for power
savings or consumer appliance applications, such as CRT monitors, televisions,
“ancd slereo equipment.
Many consumer appliances must place themselves in the standby mode when
¢ user has walked away from the product, This type of operation is called
en certified.” This certification dictates that the product must use less than
5 watts of power while in the standby mode. The switching power supply alone
would have quiescent operating current greater than 5 watts, so a very low power
itching power supply, with much lower quiescent currents, can be used Lo
yower only that portion of the product needed to reactivate the product upon
demand.
" In the case of power factor corrected ac power supplies, the main converter
gan be turned off and the circuil 1o remain active could use the auxiliary voltage
on the power factor transformer. The power factor circuit would run at a much
educed pulsewidth and/or frequency.
ﬂ‘hﬂ portable equipment market usually needs to turn off any temporarily
nused circuits to extend its battery life. In this case, a# simple series MOSFET
witch can be used. The RDS(ON) should be as low as possible to minimize the
ower dissipation within the MOSFET switch. These approaches are shown in
Fiplire 358,

14 Laying Out the Printed Circuit Board

he final stage in the design of any switching power supply is the physical design
f the printed circuit board (PCB). If it is designed improperly, the PCB could
tributa to the supply’s instability, and radiate excessive clectromagnetic
terference (EMI). The role of the designer is to insure a good PCB design by
mderstanding the physical operation of the circuit.
Switching power supplics contain signals that are rich in high frequencies and
iny PCE trace can act as an antenna. A trace’s length and width affect its resis-
e and inductance, which in tum affeets its [requency response. Even traces
sontaining dc signals can pick-up RF signals from neighboring traces and cause
it problems or even reradiate the interfering signal again. All traces that
ac current must be made as short and wide as possible. That means thal
power-handling components that connect to a trace and to other power
ces must be located adjacent to one another. The length of a trace is directly
proportional to the amount of inductance and resistance the trace will exhibit.
Tis width is inversely proportional Lo the trace’s inductance and resistance. The
length dictates the wavelengths to which the trace will respond. The longer its
length, the lower the frequency the trace can receive and transmit and the more
RF cnergy it is susceptible to.

'3.14.1 The Major Current Loops

" There are four current loops inside of every switching power supply. Each of
these loops must be kept separate from one another. ThL}' are listed in order
-~ of their importance to a good PCB layout.
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Figure 3-58 Methods of switching power buses: (a) dual switching power supply with
enable; (b} a dc power switch.

1. The power switch ac current loop.
2. The output rectifier ac current loop.
3, The input source current loop.

4. The output load current loop.

These loops can be seen in Fipures 3-59 a, b, and c for the three major switch-
ing power supply topology types.

The input source and output lnad current loops typically do not present prob-
lems. The current within these loops is largely composed of de flow with some
small ac current summed onto the waveform. These two loops typically also have
special fillers (o discourage the escape of ac noise into the surrounding envi-
ronment. The terminals of the input and output filter capacitors should be the
only places where the input and output current loops, respectively, connect to
the power supply. The inpul loop charges the inpul capacitor with a near-de
current but is unable to supply the high frequency current pulses required by
the switching power supply. The filter capacitor’s main role is to perform this
wide band, energy reservoir function. The output filter capacitor similarly stores
the high frequency energy from the output rectifier and allows the output load
loop to remove the energy in a dc fashion. Therefore, the terminals of the input
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igure 3-59 The major current loops within the major switching power supply topology
es; (a) the nonisolated buck converter; (b} the nonisolated boost convarter; (¢} the
nsformer-isolated convarter,

and output filter capacitors are very imporiant, I the conneetions between the
imput or output loops and the power switch or rectifier loops are not routed
directly to the capacitor’s terminals, then ac energy will go around the input or
output filter capacitors and escape into the enviromment via the input and
output current loops.

The power switch and rectifier ac-current loops contain very high trapezoidal
- current wavetorms typical in PWM switching power supplics. These waveforms
are rich in harmonics which extend far above the basic switching frequency.
These ac currents can have peak amplitudes two to five times that of the
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Power
Switch Inductor

Diode Control !
Ground

Connection

Figure 3-60 A good layout for a buck converter.

continuous inpul or output de currents. The transition times are typically about
50nS. These two loops, therefore, have the greatest ability to create clectro-
magnetic interference (EMI).

These ac current loops should be routed before any other traces in the power
supply. The three major components that make up each loop: the filter
capacitor, the power switch or rectifier, and the inductor or transformer must
be located adjacent to ome anather. The components must also be oriented such
that the current path between them is as short as possible. A good example of
a layout of the power section of a buck (or step-down) converter can be seen
in Figure 3-6(.

The traces within these loops also have the greatest affect on the converter’s
measured efficiency. If a significant voltage drop is experienced on any of these
traces, the converter will appear less cfficient, because it is operating at a lower
voltage (hence higher current). But, if DVMs or meters are used to calculate
its efficiency, the input voltage readings will be higher than the comverter is
actually experiencing, thus creating a misleadingly larger VxI product.

3.14.2 The Grounds Inside the Switching Power Supply

The grounds represent the bottom branch of the current loops discussed earlier.
Grounds, though, serve a very important function as the common point of ref-
erence for the circuitry. Therefore, grounds must be carefully placed in the
layout. Intermingling these grounds will cause problems with the stability of the
power supply.

There is an additional ground to consider and that is the control ground. This
is the ground connected to the control integrated circuit and all of its associ-
ated passive components. This ground is extremely sensitive and should he
placed after the other ac current loops are placed. There are very specific points
where the control ground connects to the other grounds. The connection, in
general, is at the common-end of any component across which the control 1C
wants to sense a small voltage. These points would include the common end of
the current sense resistor in a current-mode switching converter, and the bottom
end of the output voltage resistor divider. The purpose is to create a low-noise
Kelvin connection between the sensing components and the sensitive inputs to
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' gure 3-61 The ground arrangements for the major converter topologies: (a) the
‘nonisolated de/de converter; (b} the nonisolated, transformer-coupled converter; [c) the
Uigolated, transformer-coupled convarter.

the voltage error or current amplifiers. If the control ground is connected at any
‘other points, noise generated within those loops will be summed onto control
signals, therefore adversely affecting the control 1C’s proper functioning.

The grounds for the three major switching power supply topology types can
" be seen in Figure 3-61.
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Each of the high current grounds must be short and have wide traces. As a
general rule, the common terminal of the filter capacitors should be the only
points where the other grounds couple into the high current AC grounds. The
only exception may be the control ground.

3.14.3 The AC Voltage Node

There is one node within each switching power supply that has the highest ac
voltage compared to the others. This node is the ac node found at the drain (or
collector) of the power switch. In nonisolated de/de converters, this node is also
connected to the inductor and catch (or output) rectifier. In transformer-
isolated topologies, there are as many ac nodes as there are windings on the trans-
former. Electrically, they still represent a commeon node, only reflected through
the transformer. Special attention must be paid to each ac node separately.

This node(s) presents a different problem. Its AC vollage can be casily capac-
itively coupled inlo any adjacent traces on different metal layers. as well as
radiate EML Unfortunately, it is generally the trace that must also act as a
heatsink for both the power switch and the reclifiers, especially in surface mount
power supplics. Elcetrically, the trace wants to be as small as possible, but ther-
mally, it wants to be large. There is one good compromise in the surface mount
designs, and that is to make the top PCRB island identical to the bottom PCB
island and conneet them with numerous vias (or thru-hole connections). This
can be seen in Figure 3-62,

This technique greatly reduces the capacilive coupling to other traces while
more than doubling the heatsink volume and surface area. In thru-hole appli-
cations, one must keep the other signals and grounds, away from the high
voltage trace and any of its heatsinks. In off-line converters, the earth ground
cun pick-up energy from this node through the heatsink (scparated from the
drain tab with an insulator) and allow it to exit the product via the ac plug.

Plated-Thru PCB bottom
Huole

Figure 3-62 A good method for enhancing the heatsinking capabilities of a PCB island and
minimizing capacitive coupling to ather PCB traces.
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4 Parallsling Filter Capacitors
Frequently, capacitors are placed in parallel to reduce the combined cquivalent
rics resistance (ESR) of the filter capacitor function. This practice also allows
ch capacitor to “share” a portion of the overall ripple current such that each
apacitor can operate within its ripple current specification. Equal “sharing” of
he ripple current can only occur when the trace impedance between each of
e capacitors and the source of the ripple current is identical to one another.
his means that the traces between the rectifier or the power switch must be of
qual length and width for each capacitor.
e templation is to place capacitors in a row and wire them sequentially as
sen in Figure 3-63a. This arrangement causces the capacitors closest to the
swer switch or rectifier (o experience much more ripple current than the other
apacitors further away. This shortens the life of the closer capacitors. Figure
_63b shows a better way to arrange the traces for paralleled capacitors.
' The designer should attempt to keep the capacitors “radially symmetric” from
k& ripple current source for both sides of the loop.

1145 The Best Method of Creating a PCB for a Switching Power Supply

he best method of creating a layout for a switching power supply is analogous
3 its clectrical design. The best design flow is as follows,

Transformer Rectifier

{a)

Transformer
Rectifier

il

(b}

Figure 3-63 Laying out paralleled capacitors: (a) a poor layout for paralleled capacitors; (b}
a hettar layout for paralleled capacitors.




100

Pulsewidth Modulated Switching Power Supplies

1. Place the transformer or inductor,

2. Layout the power switch current loop.

3. Layout the output rectificr current loop(s).

4. Connect the control circuitry to the ac power circuits,
3. Layout the input source loop and input filter.

fi. Layout the outpul load loop(s) and output filters.

As a good rule, the designer should “4ill” the PCB with metal. That is, therc
should not be large areas of bare fiberglass. Grounds and power traces should
be widened to fill these blank areas. This is a good practice for two reasons:
first, the converter radiates heat better, and secondly, large copper areas capture
and dissipate RF energy better by promoting eddy currents to flow,

Of course, the power supply is usually left to the last moment, so its allocated
ared 15 usually too small and its location is poor. This all means that the flow
outlined above usually cannot be strictly followed, so each designer must do the
best he or she can, by understanding the important electrical factors.

3.15 PWM Design Examples

Today’s switching power supply market has two approaches to the design of
switching power supplies: the brut-force design from the ground-up style, and
the copy out of the data sheel style, Although there are many good controller
ICs being made in the markel today, many of which have a “pre-packaged”
design procedure conveved in the data sheet, the purpasc of this book is to give
a deeper, more fundamental understanding of the topic. Therefore, the follow-
ing design examples contain controller 1Cs thal Tequire design expertise to com-
plete the power system. These design examples contain basic truths aboul the
design of switching power supplies that transcend the “power supplies made
easy” methods of some of the 1C suppliers. The design of the magnetic com-
ponents, feedback loop compensation, and input and output filtering still
hold true.

The following examples, though tedious, should provide a good insight into
the design process of a PWM switching power supply.

3.15.1 A Board-level 10 Watt Step-down Buck Converter

Application
This switching power supply can be used for a board-level regulator where a
lincar regulator would ereate too much heat for the board to dissipate. A loosely
regulated pre-regulator produces a distribution vollage of between +10 to
+18V. The output voltage of the board-level regulator is +3.3 V.

This design example purposely avoids the use of a highly integrated buck con-
troller 1C. It would be instructional to show the sclection and design process
invalved in a switching power supply. Refer to Figure 3-65

Design specification

Input voltage range: +H0V - +14VDC
Outputl voltage: +3WVIDC
Maximum output current: 2A

Output npple voltage: +30mV p-p
Output regulation: +— 1%
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. “Black hox” predesign estimates
Output power: (+3.0V)(ZA) = 10.0W (max)

Input power: P../Est. Effic. = 10.0 W80 = 12.5W
Power switch Joss:  (12.5 - 10W)(0.4) = 1.OW
Catch diode loss: (125 - I0W)(D.6)=15W T

Input average currents
Low input: (125W)(10V)=1.25A
High input: (125W)(14V) =05 A
Estimated peak current: 1.4 (L)

14(2.0A) = 28A

"The desired frequency of operation is 100kHz.

Inductor design (refer to Section 3.5.5)
‘The worst case operating condilion is at the high input voltage.
{Vin[rnnx} —Vu )1~ I‘/uu'._.":l['/.-nlinlh.l}
LA i fow
(14V-5V)[1-5V/14V)
1.4(0.5 A)100kHz)

Lia

=82.6uH

“Men

‘where: Vi 1% the maximum possible input voltage.
V. is the output voltage.
Tuiminy 15 the lightest expected load current.
for 18 the operating frequency,
The inductor is to be a surface mount toroid on a J-leaded plastic mounting
board, There are standard surface mount inductors available from many sup-
pliers. I have chosen the part DO3340P-104 from Coileraft.

- Selection of the power switch and catch diode

' Power switch. The power switch is going to be a P-channel power MOSFET. The
~ maximum input voltage is 18VDC. Therefore, 4 Vg rating of 430VDC or
higher will be satisfactory. The peak current is 2.8 A, Tt is also desired to keep
. the heat dissipation less than 1 walt so the estimated RDS(on) should be less
~ than:

RJJS[u:-u-r.mx. = Pﬂ{!*l}/uilkfm:l}-
=(1 W}/ (2.8A) <127 milliohms (maximum)

I will select the ubiguitous FDS#435 P-channel MOSFET with an on-
resistance of 45 milliohms packaged in an SO8 package.

Catch diode. The catch diode needs to be a schottky diode to minimize the con-
duction loss and the switching loss of the function. The diode that has a rea-
somahle forward voltage drop at the 3A peak current is the MBRD330 with a
0.45V drop at 3A (at +25°C).

The output capacitor (refer to Section 3.6)
The value for the output capacitor is determined by the following equation.
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quil:mux] (1 = ?El:mln_l}
Jow {Vriprﬂrir- ,-.]}

bridec oottt e el S 0
(100KHZ)30mV)

The major concern of both output and input filler capacitors is the ripple
current entering the capacitor. In this application, the ripple current is identi-
cal to the inductor ac current. The maximum limits of the inductor current is
2.8A for I peak and about one-half the maximum output current or LOA. So
the ripple current is 1.8 A p-p or an estimated RMS value of (1.6 A (about one-
third of the p-p value).

I will be using a surface mount tantalum capacitor because they typically
exhibit about 50 percent of the ESR of electrolytic capacitors. 1 will also
derate the rating of the candidate capacitors by 30 percent at +85°C ambient
temperature.

The best candidate capacitors are from AVX, which have very low ESE. and
thus can handle very high levels of ripple current. These capacitors are excep-
tional and not typical. One piece of these could handle the output demands.

AVX:

TPSE4TTMO10R0050  470uF (209%:), 10V, 50mohm, 1,625 Arms
TPSE4TTMO10R0100 470 uF (209%), 10V, 100 mohm, 1.149 Arms
Nichicon:

F751A47TMD 4701F (20%%), 10V, 120mohms, .92 Arms

There are very few surface mount capacitors with the desired value, voltage
rating, and low ESR all in one part. It would be more conservative to parallel
twao capacitors of no less than one-half the desired capacitance value. This allows
many more second sourced capacitors to be used and lowers the ESR. Lets use
two 330pFE 10V tantalum capacitors in parallel. The Candidates now become:

KEMET:

TS10X337MO10AS  330uF (20%), 10V, 35mohms, 2.0A4,...
Nichicon:

F751A337MD 330pF (20%), 10V, 150mohms, 0.84...,

Cl:-ul{min_:l

walimin}

The input filter capacitor

This capacitor expericnces the same current waveform at the power switch,
which is a trapezoid with an initial current of about 1 A rising to 2.8 A with very
sharp edges. This capacitor has much more rigorous operating conditions than
the output filter capacitor. I will estimate the RMS value of the trapezoidal
current waveform as a piecewise superposition of two waveforms, a rectangu-
lar 1A peak waveform and a triangular waveform with a 1.8 A peak. This viclds
an estimated RMS value of 1.1 A. The value of the capacitor is then calculated
a5]

ool B, . 125W
fulWVieinm)  (100kHz)(1.0)
Co =125uF

Capacitors at the higher voltages have smaller capacitance values. There will
be two 68 WF capacitors in parallel. The candidates are:
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AVX: (2 required per system)
TPS6R6MO16R0150 68uF (209%), 16V, 150mohms, 0.8944

AVX: (3 required per system)

TAJ4A76MO16 47uF (20%), 16V, 900 mohms , 0.27 ohms (net)
Nichicon: (3 required per system)
Fr21C47T6MR 47uF (209%), 16V, 750mohms, (.19 ohms (net)

lecting the controller IC
The desired featurcs one might look for in a buck controller IC would be:

1. Ahility to operate directly from the input voltage.
2. Pulse-to-pulsc overcurrent limiting.
- 3. Totem-pole MOSFET drivers.

fhere are many buck controller ICs on the market, but the one that was chosen
LIC3873. The internal reference presented to the voltage error amplifier
18 1.50 V+/— 2 percent.
Setting the frequency of operation ((3)
from the datasheet, one sets the frequency by the following equation.

¢ =1/[(15K)£, =1/(15K)(100kF1z)

€, =666 pF the closest value is 680 pF
Cu ent sense resistor (R1)
[he type of protection on this IC is a pulse-to-pulse current sense that cuts off
& power switch instantly upon exceeding a 0.47V threshold. I will allow a 25

erccnt margin between the expected peak current and the protection cutoff
threshold (protection 1.25(2.8 A) = 3.5 A).

Rl =(0.47V)/(3.5A)=0.1340hms

The closest standard value of sub-one ohm resistors is (1.1 ohms.

Voltage sensing resistor divider (R3 and R4)
R4 (bottom resistor)

: R4 =(1.5V)/(IlmA)=149K ohms 1%

This makes the actual sense current LOO6mA.
B3 (top resistor):

R3=(5.0V-15V)/(1.006 mA)=3.48 Kohms 1%
" Compensating the voltage feedback loop (refer to Appendix B)

This is a voltage-mode, forward converter. To produce the best transient
' response lime, a 2-pole, 2-zero methad of compensation is going to be used.

" Defining the control-to-output characteristic
. The output filter pole is determined by the filter inductor and capacitor and is
a —40dB/decade rolloff. Its nominal corner frequency is

1
im0,
1
fin = 7 e
21 7/ (100 LH){660 1F)

fin

=619Hz
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The zero caused by the output filter capacitor(s) is (ESR is two 120mohms in
parallel)

1 1
2R Co 21(60me)(660 4F)
The intrinsic absolute gain of the power circuit al de is

Apc =V AV, = (14V)/(3.0V) = 4.66
Gpe =20Log(Ape ) =13.4 dB

=4020Hz

ﬁ:v =

Locating the compensating poles and zeros in the crror amplifier
The gain cross-over frequency of the closed loop should not be any higher than
20 percent of the switching frequency (or 20kHz). | have found that gain cross-
over frequencies of 10kHz to 15kHz are quite satisfactory for the majority of
applications. This yiclds a transicnt response time around 200uS.

fu=15kHz

First one assumes that the final closed loop compensation network will have
a continuous —20dB/decade slope. T achieve a 15kHz cross-over frequency,
the amplifier must add gain to the input signal and “push-up” the gain curve of
the Bode plot.
G,, =20Log (ﬁ,,;"lﬁ-p]—{?.{}(."=2ﬂu:g{lﬁ ka,.f'ﬁlsJHz‘J—laAdB
G, =G2=+143dB
Ay = A2 =5.2 (absolute equivalent)

This is the gain needed at the midband plateau (G2) to achieve the desired
cross-over frequency.
The gain exhibited at the first set of compensating zeros s

Gy =G, + 20 Log(f.o/ f.1) = +14.3dB + 20 Log (310Hz,/ 4020 Hz)

(s, =—HdB

A = -0.4 (absolute equivalent)
To compensate for the double filter pole, T will place two zeros at onc-half the
filterpole frequency:

foat = forr = 310Hz
The first compensating pole will be located at the capacitor’s ESR frequency
(4.020Hz).
fcpl = 4,020 Hz

The second compensating pole is just used to maintain high frequency stability
by depressing the gain above the cross-over frequency.

fzp.’! 22 I-Sfxg - 22.51{1‘1’3

Now one can begin calculating the component values within the error
amplifier.

b 1 = i 1
' 2n(f N A2)(R3)  21(15kHz)(5.2)(3.48k€2)
C; = 5806 pF make 560 pF
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R, =(A1)(R1) =(0.4)(3.48k€2) =1.39k make 15k
C. = 1 = 1
2n(f.)(R2)  2m(310Hz)(1.5k0)

C, =2.9uF or 2.2 uF
Ry = R2/ A2 =(1.5kQ)//(0.4) = 3.75kQ make 3.9kQ
e = Sx - 1 =] 1
" 2n(fun(RS)  27(22.5KHz)(3.9Kk€)
! Cyy = 1814 pF make 1800 pF

Refer to Figure 3-64.

3.152 Low-Cost, 28-Watt PWM Fiyback Converter

Application
_- is power supply is going to provide power for a piece of process control instru-
‘ment. The instrument receives its power from a +24 V bulk power supply which

also provides transformer isolation from the input bus voltage to the unit. Please
refer to Figure 3-60.

1

'~.. ecifications

+3VDC at 2 A maximum current, (L5 A minimum,
+12VDC at D5 A
“1Z2VDCal 05 A
: +24VDC at 0.25A

V.. 18 to 36 VDC required operational range
+24VDC nominal input line voltage

“Black box” pre-design considerations (refer to Section 3.4)
P =(5V-2A)+(12V-054)+(12V -0.5A) +(24V -0.25A)
= 28 Watls
P, = P,/ efficlest) = (28 W)/.75
= 37.3 Watts
Linthigh) = Fm/]:/i-n{llm'l =(37.3 'W],-"fmv
= 2.07 Amps
Luiopt = Pa Visouws = (373 W)/ 24V
=1.55Amps

This indicates that a #18 AWG wire or equivalent should be used on the primary
winding of the transformer.

I-p's == 5.5 & P.;m; J'/Vznl:m'inj- il 5'5 [ESW}J{I{IHV
=855 Ampﬂ
Select the frequency of operation of the power supply to be 40kI1z (01 T
= 12.5u8).

Designing the flyback transformer (refer to Section 3.5.5)

‘r-'pn' = VL‘U':IIUII:' E IilT'-n )I(ka . (18 v}“ 2.5 #LT}."I{ESSA
=263 uH
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Figure 3-64 The gain and phase Bode plots for the design example 3.15.1; (a) the phase
plot for the buck converter; {b) the phase plot for the buck converter,

Check the energy throughput of the core
I ¥
Emim] = JrI'r!n > ”,mt:' /2 = 40,(]]]{2:&3;&1’}{855} /2
= 38.45Watis—OK
I'will use an MPP toroid core. The core sizing procedure is contained in Section
3.5.5. Estimate the core size required:
z 1
E =“LPF"=L, (1) =(0263mH)}{8.55A)
=192




3.15 PWM Design Examples

Figure 3-65 A 10-watt buck {step-down) converter.

Reference to Figure 3-21 yields the part number 55310-A2 with a perme-

bility of 125. This core has an AL of 90mH/1,000 T

- | P

N =1000,/——
s P

1.

the number of turns for the primary is:

N,i =1000(0.0263mH /90mH)
=17.09 turns - round down to 17 turns

I3

h number of secondary turns on the lowest voltage (+5 V) output (assuming
ottky rectifier) is
ol gl Np.ri(Vn it Vﬂ}ﬂ_amu}
: !'(,jrll'min.:l i am;u
N(+5V)=17T(5.0+0.5 V}{Sﬂ%}l.-"' (18 V)(50%%)
=519 turns round down to 5 turns

* The other windings (assuming ultrafast rectifiers) are
0] [VE + Mo JN1
(Vi 4+ V)
Nizvy = (120 409 V)5T)/(5.0+05V)
= 11.73 Turns round to 12 turns (—12 V winding has the same)
Nisasws = (24.0+09V)5T)/(5.0+0.5V)
= 22.6 turns—round to 23 turns

" The amount of error in each output is

+-12V: +.3volts
+24 V:  +0.4 volts acceptable

| chose an autotransformer style secondary which means that the higher voltage
windings will include the lower voltage windings. The turns associated with this
and the wire sizes are

+5V: 5 turns, #17AWG (usc 3 strands of #22AWG)
+12%: 7 turns, #21 AWG

RI o1 L1
W T2r \ : o +V,,
5 236 e RS
4 35 B3
b s UC3573 4 2 _TUU
Cl czﬂ" Ci=F 5 §E 6 1 % = D1 CH -_"'_-CQF"-:
R2
=7
Cd=x C5+ C{T R4
i I" lr < GND
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—12V: 12 turns, #21 AWG
+24V: 11 turns, #26 AWG
pri: 17 turns, #19 AWG (use 2 strands of #22 AWG)

Transformer winding technigue

It is not economical to bifilar wind all the windings of the transformer together,
Instead a selective bifilar winding technique will be used. The primary winding
will be twisted together with the +24V winding and the +12V and —12V wind-
ings will be twisted together prior to winding them on the core, The +24V
winding will act as the catch winding for the primary and will reduce the voltage
spike during the tumn-off of the power switch.

The +5V winding is wound first, distributed equally around the circumfer-
ence of the toroid. Next the primary/+24 ¥ bundle is wound evenly around the
core. Lastly, the +12V and —12V bundle is wound on the eore. This winding
can physically “squeeze” between the last winding.

Far production considerations, the typical mounting approach 1s to place the
finished toroid on a terminal board and pot the toroid assembly. This makes the
assembly impervious to handling damage and allows the assembly to be easily
placed into a PCB. Estimated parts cost approximately $2.50 ULS.

Selecting the power switch and rectifiers
Power Switch. There is a distinct advantage in using a power MOSFET in this
application. Tt should have less drive and switching losses.

VT:IS'.['.'nin'i = (.r/l-'\fl.ll "'VD lﬁ?’prij‘lﬂﬁ'rm.a.:l"'v;nl_mu!
>(244V+09 V](l?T/ESTH 6V
>54.7V (neglecting any spikes caused by leakage 1)
use 100
In: For fivback-mode converters it is a good idea to select a power switch average
current rating of about 1.5 times the maximum average input current of the
supply. Another consideration is the loss. By overspecifying the cwrent the
2Ry loss (conduclion loss) can be reduced with very little penalty on cost
and input capacitance,
Inimny = 1.5(2.07 A} = 3.11 Amps

Use the MTPLION10M. T have selected the current sensing style of power
MOSFET since I wish to implement a current-mode controller and this will
reduce my sensing losses by three orders of magnitude.

Rectifiers.
5V, i
Vatminy = Vow = l'“Vunjumil{Nm-/Npu.J]
>+5V+36(5/17) =156V
fl-'{miu:n = L) = 2AMPS
Use the 1N5824 (3A).

+=12V output (sce above procedure). Use the MUR110 (DS and D7).
+24 ¥ output. Use the MUR110 (D4).

The output-filter section (refer to Section 3.6}
The walues for the output filler capacitors are to be determined by using
Equation 3.36.
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.Fr-:|r[<11nx 1 3 .' “—a[:"m ;)

|- I oWt

Couisvi = 480 pF at 10V —uses 2 ea. 220 uF at 10V tantalum {C14 and 15)
* capacitors in parallel to reduce height and to reduce the ESR.

Coi-izvy = 122 yF at 20V —use 150 uF 35V Tantalum

(€12 & C16)

i ngvt = 60 UF at 35V —use 2 ea 47 uF at 35V

e

cl!'l.ll.l:'nﬁl Je==

e switch-mode controller
attempting to select a controller IC one should make a list of the important

sired for the design. Also make a “nice but nonessential”™ list.

a5 “Nice—but”
Low parts count Undervoltage lockout
Current-mode control Low I.... threshold

MOSFET driver outpul (totem-pole) 50 percent duty cycle limiting

ple output driver

oW Cosl

fter reviewing the list of popular controller ICs, the UC3R45P appears to
isty all the above requirements. (T also chose it because of its instructional

rring to the dita sheet in the Motorola “Linear and Interface Integrated
its” data hook, the basic schematic implementation is given in the appli-
tion figures. The designer need only determine the values for the timing resis-
and capacitor, and the current-sense resistor. All of the other components
re involved with the Vee supply and the feedback compensation, which will be
esigncd later. Looking at the “Timing Resistor vs. Oscillator Frequency™ graph
ad wishing to operate the supply at a nominal 40kHz, one determines a value

R =K, = 22K ohms
ﬂg’,‘:ﬂﬂ"“

'Ei = W: {H/I?RJ
= 6V(8.5A,/1800) = 127 ohms make 1200hms

is value will no doubt need to be adjusted during the breadboard stage.

The voltage feedback section (refer to Section 3.9)

In order to enhance the cross-regulation of the multiple outputs, it is desired to

sense a portion of all the positive output voltages. To do this, one must investi-

gate the technology of the circuits that must draw their power from the outputs.
& hypothetical loads, in this case, are

+5V A microcontroller and T4HC logic with a +/— 10 percent tolerance
on the V.

+/~12V Has operational amplifier centered analog circuitry. These tend Lo
be immune to fluctuations in their supply voltages.

=24V These are external process interfaces that have a +18V low-line
limit. The +53V logic should be the tightest regulated.
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First select a voltage divider sense current—a nominal 1 mA. Determine the
lower resistor (R10 + R11) in the voltage divider:

Rip 4 Riy =Vt | Tonseiens =25V /1mA
=2.5K—round up to 2.7 Kohms

Let us add a 1 KLl potentiometer to the divider to adjust the final cutput volt-
ages during the final test stage of manufacturing. The “pot™ will be wired as a
rhenstat with the wiper being connected with the upper lead, The weakness of
potentiomelers is that the wiper gets “noisy™ on open circuits. Wiring the “pot”
in this fashion cavses the output voltages to fall if the wiper opens. Otherwise
the supply would go to its maximum duty eycle and destroy the loads. Assume
the “pot” is adjusted mid-way so R10 then becomes

Ry=2.7KQ—5000 = 2.2 K0
The true sense current is
Lasna =¥, / (Ruy+Ry)=25V ‘.-"' 2.7K =0.96mA (use this value)

il

Select the proportion of sense current to be drawn from each output: +5, 60
percent; +12, 20 percent; +24, 20 percent.
Determine the values of the upper divider resistors:

Rysense = Vaur = Vier) % + et}

+5: Ry=(5.0-25V)/{(0.6(0.96mA)) = 43400 round up 1o 4.7KQ
+12V Ry=(12.3 - 25V)/(0.2(0.96mA)) = 51 KQ
424V Ry =(244 - 25V)/(0.2(0.96mA)) =114 KQ make 110KQ

I will leave the feedback-loop compensation to the end.

The input filter section (refer to Section 3.12)

Cin.
f L {Kimlul_p—'p}:]
G =2(37.3W)//[(40,000Hz)(1 Vip — p)]
—186 4F

Place 2 each 100uF 50V aluminum electrolvtic capacitors and a 0.1pE 100V
ceramic in parallel.

Lin. Since we have a single input wire with a common ground, I will use an
MPP toroid. Referring to the manufacturer’s “Normal Magnetization Curves,”
I see that 20 Oe provides a dc bias at less than half the saturation Mux density
of the core. The recommended permeability is 125 4. The estimated core size
should be a magnetics P/N 55120-A2 using two strands of #20AWG. The
number of turns needed s
i

i R
N =(200)(4.11 cm}/f Ar(2.044)

=32 Turmns




3.15 PWM Design Examples m

Start-up section (refer to Section 3.10)

Although, the input line is low enough to draw all the bias current to run the
control 1C and the MOSFET, doing so would waste approximately 1.2W, or a
4.2 percent efficiency loss. A start-up circuit that provides current from the input
only during start-up or overcurrent foldback is best. The 1C and MOSFET can
receive power from the +12V output during normal operation. Refer to
schematic in Figure 3-39:

ID: Usean 11V 500mW Zencr—1N5241

Ri: R1=(18V - 11V)/(0.4mA) = 17.5K{}—make 18K1L2
31: Use an MPSAUOS

RZ: RZI=(18V -12V){(5.0mA)= 12K

D2 Use a 1N4148

D3 Use an MBRO3M.

Feedback loop compensation (refer to Appendix B)

b exhibit the tightest output regulation and the fastest transient response time,
have decided to use the single pole-zero method of compensation, The
gontrol-to-output characteristic curves for a current-mode controlled flyback-
mode converter are of a single pole nature 5o a single pole-zero method of com-
‘pensation should be used. The +5V output is the highest power output and is
the highest sensed, so it is the primary output. The placement of the filter pole,
ESR zero, and DC gain are

) (36V-5V) 5T
BV-25V 17T

W

—3.14
Goc = 20Log(3.14) = 9.94dB
]
ot = SV T2 AYaa0 aF)
=144Hz (at rated load (2 A))
|
ﬁ'r-flm':l =

2m(5V /0.5 AY440 uF)
=36.2Hz (at light load (0.5A))

The control-to-output curves can be seen in Figure 3-67.
. The gain cross-over frequency should be less than fsw/S or

for < 40KkHz/5 = 8kHz
Determine the amount of gain needed to boost the closed loop function to
0dB al the gain cross-over frequency (sec Equation B.24).
G =20108(fro/ fiirir) = G
= 2010g(8,000,144) - 9.94dB
=2495dB (needed for Bode Plot only)
A =524 (absolute gain—needed later)

Locate the compensating error amplifier zero at the location of the lowest
manifestation of the filter pole or

fur=fr=362Hz
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Locate the compensating error amplifier pole at the lowest anticipated zero
frequency caused by the ESR of the capacitor or
fio = fuieswy = 20kHz (approximated)
Enowing the upper resistor in the +5 ¥ voltage sensing divider (4.7 K),
EE 1
U 2mAy R fo
=1/ 2 x(52.4)4.7 K)(RkI1z)
= B0pF make 52 pF
B =A. R
= 52.4(4.7K)
= 246 K—round to 270K
B gibek
2nf. R
=1/2x(36.2 Hz)(270K)
=.016 yF make .015 y4F

Cs

This completes the design of the feedback loop compensation elements, and
the error amplifier curves and the overall plots are also included in Figure 3-66.
This also completes the design of the major portions of the switching power
supply. The schematic is shown in Figure 3-67.

Parts list
Cl
C2-3
C4

L1pE 100, ceramic
100uF 50%, aluminum electrolytic
0.1pE 100V, ceramic

C

-V,

—i

Rl

B

A )i o

—

=

a1

C3

L+
Clé

D1 D2

—

k-
El

m
UIC3B45P 2

i
(Y]
=P

3
il

+OUTPUT
GND

Figure 3-66 Schematic for design example 3.15.2. A 28W current-mode, flyback de-to-dc
converter,
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Owerall Closed Loop

1 1 10 W0 1K WK 100K
Frequency (Hz)
A_The Gain Plot for the Power Supply

0 —
Control-lo-Output” ~ \/
90+t S

o Error Amp
B e ~,
/Lw i
LBalyoig sl of MR s RS Load T
Light Load
~360-+ : ' + : t +
%! ] 10 100 1K 10K 1K

Frequency (Hz)

B. The Phase Plot for the Power Supply

e 367 The gain and phase Bode plots for design example 3.15.2 (compansation
ign).

5 10pF, 20V, tantalum L1 Inductor—see text
Co 0.015pF, ceramic Q1 MPSADS

C7 82pFE, 50V, ceramic 02 Pwr MOSFET—

CH 0.022uF 50V, ceramic MTPILON1OM

9 470pF, 50V, ceramic Rl 15K, 1/4W

C10 47uF, 35V, tantalum R2 12K 12W

Cll 100pF, 20V, tantalum B3 2TOK, 1/4W

ci12 0.1 pE 50V, ceramic R4 1BK. 14w

C13-14 220pF 10V, tantalum E5 1K, 14w

Cl5 100uF, 20, tantalum Ro 120 ohms, 1/4W

D1 1Y, S00mW, Zener 1IN5241 R7T 47K, 1/4W

32 1N4148 B8 51K, 1/4'W

D3 MERUO30 RY 10K, 1/4W

D4 MURI110 R10 1K, Variable Resistance
125 MURI110 R11 22K, 1/4W

D 1N5824 Tl  Transformer—custom
D7 MURIIN Ul IC UC3E45AN
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3.15.3 65 Watt, Universal AC Input, Multiple-output Flyback Converter

This switching power supply can be used for electronic products that plug into
ac power sources ranging from 85 VAC to 240 VAC. This particular switching
power supply can be “scaled” to provide from 23 watts to 150 watts of output
power. This supply can be used for products such as small office PBX5, cte.
Please refer to Figure 3-72.

Design Specification

Input voltage range: Q0 VAC-240 VAC, 50/60 Hz
Outputs: +5VDC @ 1A rated, 750mAmin,
+12VDC @ 1A rated, 100 mA min.
~12VDC @ 1A rated, 100mAmin.
= +24VDC @ 1.5A rated, .25 Amin,
Output ripple voltage:  +5V, 4/~ 12V; 100mVp-p(max)
+24V; 250 mVp-p(max)
Output Regulation; +5V, +/= 12V; +/- 5% max
+ 24V +/— 105 max.

Cost Goal: $25.00BOM, 100 pcs
System protection and added features:
Low input inhibit: The power supply and product is to be inhibited from
operalion any time the input voltage is below 85 VAC
+/— 5%.

MPU power fail signal:  An open collector output is to be provided by the
power system when ever the <5V output is less than
4.6V +/- 5%.

“Black box" predesign considerations (refer to Section 3.4)

1. Total output power: P,= (VY 1AR2(12V)1AMH24V)(1.5A)
= 065 walls
2. Estimated input power: Py = Pup. = 65 W/ 8 =81.25W
3. DC Input Voltages
a. From 110VAC line: Vi, = (UVAC)(1.414) = 127VDC
Vo = (130VAC)(1.414) = 184 VDC
b. From 220VAC line: Vi, = (185 VAC)(1.414) = 262VDC
Vi = (240 VAC)(1.414) = 340 VDC
4. Average inpul currents:
a. Highest average .0 i = Ponviaimin
= 81.25W/127VDC
= (.64 Amps DC
b. Min. average [;.: iniminy = Propvingemas)
= 8L.25W/340VDC
=0.24 Amps DC
Noter Make the AWG of the primary #20 AWG or equivalent.
5. Estimated peak current: I, = 3.5P.u/Viimin
= 5.5(B5W)/127V = 2.81 Amps
6. Heatsinking
Rule of thumb for MOSFET-based fiyback converters:
35 percent of losses in MOSFETS and 60 percent of losses in rectifiers.
Estimated losses = 16.25W (at 80 percent efficient)
a. MOSFETS: Py = (16.25W)(0.35) = 5.7 Watts
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b. Rectifiers: Pris = (5631625 W)H(0.6) =0.75W
P'le—_-'—l]'l == {lﬂﬁﬁ}{lﬁ.l‘?}(l]ﬁ} =1.8W
Puon = (36/65)(16.25 W)(0.6) = 5.4W

Note: These dissipated heats are within the range of free-standing, screw-on
heatsinks—call for samples of thermalloy heatsinks,

- Predesign decisions

The topology is going to be an isolated, multiple output flyback converter that
must meet the safely requirements of UL, CSA, and VDE. These considera-
tions affect the design of the final packaging, transformer, and voltage feedback

[ 1ETS,

- The controller to be used is to be the UC3843P current-mode controller 1C
unning at 3 frequency of 30kHz.

ansformer design (refer to Section 3.5.4)

The most common style of core is an E-E core in this application, For this power
evel, the size that is approximately appropriate is one with 1.1 inches (28 mm})

er side. I will use the “F” material from Magnetics, Inc. (3C8 Ferroxcube).

' The part numbers of the core parts (Magnetics, Inc.) are: core, F-43515-EC;
d bobbin, PC-B3515-L1.

1. The minimum primary inductance will be
_ Vw1 Oy _ (127 V)(0.5)
gt Lio-f  (281A)(50,000)
= 452 uH
‘2. The air-gap required to prevent the core from cnlering saturation is
| (04nLda)I0° 4314 .000451X2.8110°

Pty 2

A:B (904 cm?)(2,000G)
=0.044 cm = 17 mils.
The closest standard gap for this core is 67 mils with an AL of 100 mI1/1000
T. The final core part numbers are: gapped piece, F-43515-EC-02:
ungapped picee, F-43515-EC-00.
3, The maximum number of turns required for the primary winding is

[froe P
451 mIl

N, = 1000 L _ 1000,
Y4 Y 100mH

= (7.2 tums—round Lo 67 turns
4. The number of turns required for the +5V output are:
NV +Vp M1=8p) (BT THSV +.5)(1-.5)
Waima) - = - - ~{127V)3)
= 2.9 turms—rounds to 3.0 turns

l""‘rn‘r ==

5. The number of turns for the remaining windings are

(PE_'IE + VH:‘ ]l"“rmn:'.

Nm.'.l =
(Mo +VJ-.'11:|

+=12V:
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(12W + 9v)3)
Ny s
(3V+.35V)
= 7.03 turns—round to 7.0 turns
+24 v
y (24V +.9V)3)
J'o.‘-:_1 - R

(5W+.5V)
= 13.6 turns—round to 14 turns

Checking the errors in the respective output voltages:
+H-12V: 1193V OK
+24V: 2476V DK

Transformer winding technigue
Because the transformer must operate in a safety regulated environment, I am
going to use an interleaved method of winding as shown in Figure 1. Three
layers of Mylar tape must be used between the primary and the secondary with
a 2mm spacc from the ends of the bobbin for the VDE crecpage requirement
as shown in Figure 3-68.

The wire gauges used in the respective winding are:

Primary: #24 AWG, 1 strand each scction
+5V: #24 AWG, 4 strands

+12V: F2AWG, 2 strands

-12V: #22AWG, 2 strands

+24 'V #22AWG, 2 strands

Vst #26 AWG, 1 strand

The wiring arrangement of the windings is shown in Figure 3-69.

Designing the output-filter section (refer to Section 3.6)
The owlput rectifiers. +5¥ oulput;

N2
Vl{ = Vl.‘lul + el I/inl:m..u i
¥ pii

Ve =SV +(3T/67TH340V) > 203V

‘_Pll'imftry
3 Layers winding
My Secondary
s winding
Primary
winding

+ aux winding
= |— 2 mm space — |l

Figure 368 The transformer winding technigue for design exampla 3.15.3,
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Vi >

+24% +12V =

. | OFGnd —12v | *
Tape Tape

Sw o>

Figure 3-69 Transformer winding arrangement of design example 3.15.3,

: g =1, = 1A Select Schottky rectifiers P/N MBR341),
[~12%: Use the same approach as above, Select MBR37.
W Select MUR42(.

elermining the minimum values of output filter capacitors.
43V outpul:

1 !um[mnx'l?-:m'm:m ]

i
- Cclulfmin ; ik
l/l'l-]1r|1El:(|Es;:TEll:|

=[(1.5A)18 uS)l/ (100mV)
= 270 uF make 2 ¢ca 150 pF @& 10V
- +—12 'V output:
Cow = 180 yF make 2 ea 100 uF @ 20V
+24%Y Output:
C.. = 180 uF make 3 ea 47 uF @ 33V
Design of the controller-driver section
Selecting the power semiconductors (refer to Section 3.4). The power switch

{power MOSFET)
The Vs

J"'l"l-"i i
VI'EIF\'.S = 1-/;'II'.»]. - i:/il.'nl:1||=d1r:- At Ii"_ {I/:u'.l ke I’u,ll'

Vs > 340V +(67T/3TY SV +0.5V) > 462 V

The 1,,: approximately L, or = 3A.
Select the IRF740, :

Selecting the SMPS controller IC. The important factors within this application
that affect the choice of switching power supply controller IC are MOSFET
driver needed (lotem-pole driver), single-ended output, 50 percent duty cycle
limit desired, and current-mode control desired. The popular industry choice
that meets these needs is the UC3B43B.
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Designing the voltage feedback loop (refer to Section 3.9)

The voltage feedback loop must be isolated from the input voltage line and the
control IC. An optoisolator must be used. To minimize the drift effect of the
optoisolator an error amplifier is desired on the secondary side. A TL431CP
does this job nicely. The topology of the feedback circuitry is shown in
Figure 3-70.

To improve the effects of poor output cross-regulation, sensing some current
from cach positive output greatly improves the behavior of each output in
response to changes in individual loads,

The design of this section begins at the control IC. It is decided to bypass the
error amplifier inside the UC3845. This means that the optoisolator must drive
the same circuitry as the error amplifier itself. The error amplifier has a pull-
up current source of 1.0mA. The TL431 must draw 1.0mA through the optoiso-
lator LED in order to operate, and any control current must be added to this
amount. If we arbitrarily assign a value of 1.0mA/volt R, becomes

50V
R, = = L.OK ohms
5.0mA
R (optoisolator LED bias resistor) is
5.0V =(25V+1.4V))

G.0mA

R = 183 0hms, make 180 ohms

Let us assign a sense current of approximately 1mA. Then for £,

2.5V
Ry =— = 2.5K, make 27K
1.0mA

The actual sense current becomes

235V
line = ——=0926mA
27K

UC 3843P (example)
Error Amp d) [ +24V
1 mA ‘ L1V
25V p— i o
[1ma
v I R4 E4
ol
) FR S |- _J MOCB101
R1 ' J.Esensc
v i | T L926mA)
<20V :l'(
1
)
& - |

- -
Input Ground Diclectric %Z'TK
Barces — Oulput Ground

Figure 3-70 The voltage feedback circuit,
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Now let us assign the degrees of sensing for each positive output in response
to the requirements of the application. The +5 have an MCU and HCMOS logic
and should be fairly tightly regulated to within 0.25V. The +/— 12V has opera-
‘tional amplifiers and an RSR232 driver, which are relatively insensitive to supply
variations. The +24V need only be regulated to within +/= 2'V. So assign sense
current proportions as follows: +5V, 70 percent; +12V, 20 percent; +24V, 10
percent.

" The +3V sense resistor (K,) becomes

50V-2.
CSEVEREY] 3,8560hms, make 3.9K
0.7(0.926mA)
R: (+12V)
12V-25V
i -{—J- = 51,2950hms, make 51K
0.2(0.926mA)
R, (+24V)
{24V -25V)

= =232 K, make 240K
0.1(0.926mA)

The compensation elements will be designed later.

The current sense resistor
The current sense resistor in the source connection of the power MOSFET is

;‘_kppmxlmately

oA v '
R.=——= : =().2490hms

I _ 2.81 Amps

‘This value usually must be lowered during the testing phase when it is some-
‘times determined that the supply cannot provide the full rated load at the

‘minimum input voltage.

Designing the feedback loop compensation
This supply has the single-pole output filter characteristic found in all current-

mode switching power supplies. Refer to Appendix B.
For the control-to-output characteristics, the lowest exhibited filter pole for

the +5V output (minimum load) is
1

fip = - =79.6Hz
2x2(5 V75 A)300 uF)

Since the +5 is the most sensed output but has only SW of the 65W output, let
us calculate the highest power output filter pole and use it for our compensa-
tion activities since its filter pole will be much lower in frequency and pushing
its compensation lower in frequency will only boost the phase of the closed loop.
This is erring in the safe direction.

: =11.8Hz
2m(24V/ 25 A)(141 uF)

Sz =

The de gain of the system is
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(340V = 5.0V) 3T
e = 14,77
(340 VY1 V)T T

ADI:‘:TI’!J.‘E.I =

The gain expressed in dB is

Gocime = 20Lop(14.7) = 23.4dB
Assign the approximate location of the zero caused by the ESR of the output
filter capacitor at 20 KHz.

Assipn the location of the error amplifier compensating pole and zero. To
compensate for the light-load output filter pole with a zero,

\..! = _ﬁ'[!l::i!hl!(lilﬂ:l
_IF;.TI = J7T5R)
The bandwidth of the closed-loop system should be equal to or less than

10KHz. The amount of gain needed to be added by the error amplifier in
order to achieve this bandwidth is

10kHz
er_; =20 I_ﬂg[
11Hz

) -234dB =36.60dB

or an absolute gain of 63.
Calculate the values of the compensating elements using the component
numbering system in the appendix:

1

G = = ¥
27(3.9K)(63)(20kHz)

R, = 3.9K(63) = 240K

C; = : = 0.056 uF

2r(11.8K)(240K)

Designing the input EMI filter section (refer to Appendix E)
I will be using a second-order, common-mode filter. The main purpose of
an EMI filter is 1o filter the swilching noise and its harmonics from the input
power line. One starts by estimating the amount of attenuvation needed at the
switching frequency.

A good starting point is 1o assume the need for 24dB of attenuation at
50kI1z. That make the corner frequency of the common-maode filter

=

fo = fo 10040
where Att is the attenuation needed at the switching frequency in negative dB.

S TR

oo I[SUkHz}IEILE-' =12.5kHz

Assume that a damping factor of 0,707 or greater is good and provides a
—-3dB attenuation at the corner frequency and does not produce noise due to
ringing. Also assume that the input line impedance is 50 ohms since the regu-
latory agencies use an LISN test which make the line impedance equal this
value. Calculate the values needed in the common-mode inductor and “Y”
capacitors:
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closed loop
o

o i ~

) LY

'“; by i e e e e T e i i e o o S &

= T —

g 201 R ~
40 T fekoteot
60 ¢ : : . . : ,

| 1 10 100 1K 10K 100K
Frequency (Hz)
{a)

Control-to-Output
e -y

-
!
f
!
/
/
!
/

E Error Amp
2180 + L r— —_—
é Rated Load ™ .
=270 + I -
(9 Light Load
360 - t + t + + +
i | 1 10 100 1K 10K 100K
Frequency (Hz)

{b)

Figure 3-71  The gain and phase plots for design example 3.15.3: {a} the gain plot for the
power supply; {b) the phase plot for the power supply.

Ri-£ _ (50)(0.707) _

g 7 fr  w(12.5KHz) s
1 |
C= = ‘
(2nf.) L [27(12.5KHz)] (900 uH)
=0.18 uF

Real world values do not allow a capacitor of this large a value. The largest
vilue capacitor that will pass the ac leakage current test is 0.05pE This is 27
percent of the calculated capacitor value, so the inductor must be increased 360
percent in order to maintain the same corner frequency. The inductance then
becomes 3.24mH and the resultant damping factor is 2.5, which is acceptable.
Coilcraft offers off-the-shelf common-mode filter chokes (transformers); the
part number closest to this value is E3493. With this filter design I can expect
4 minimum of —40dB between the frequencies of 500 KHz and 10 MHz. IT later
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324mH
= Ld T 400V 1N4004s 3
400V H M oy 00uF= 2 1M, 12W
H2 - 2 . 250V _E._‘..
054 L ps gﬂﬂuFT TIM12W
Earlh, 3KV IKV 20y + PWR GND
To Output GND
A, AC Input Section.
T1 MUR420
+¥ [ -
2Kz 47K, Li2w !
221(1 47K, 12W i
MPSA4d Snubber |
] J1N4148 v elements ; £ ® X
12V " ¢ Youens ¥ “MBR370
IN5241A4 10 uF i» s
i 7 8 GNDI1
s 61— 13 TRF720
w2 1, UCB4SAN 3TN
H T+ 1K=s02400
e ‘ 470 45 412 +24
: 18002
e : o e 1 MOCE102
|y [ %056 240Ks 39 251Kg 240K
320.0K 51KE [ z1K S £5,
} | gndl 31 $oF [ﬁ&:ajm Ly
= b q#—.ﬁ
205K 39KEMOCEI0ZY | 2\ TLamice, 1 (G
[ Earth 2-?K1 3
; - . L OFG
PWR GND Id | GNID
" 1N4148

Figure 3-72 65 watt, off-line flyback converter,

during the EMI testing stage, I find I need additional filtering, I will add a third
order to the filter design by using a differential-mode filter.
The final schematic can be seen in Figure 3-72,

3.15.4 A 280 Watt, Off-line, Half-Bridge Converter

This switching power supply is intended as a bulk power supply within a
distributed power system. It will provide a “safe™ bus voltage of 28 volts de to
the system. It has an ac input in which a tap must be changed in order to
accommodate either a 1I0VAC or a 240 VAC ac input power system. Please
refer to Figure 3-77.

Design specification

Input voltage ranges: 90 to 130 VAC, 50/60Hz
200 to 240VAC, 50/60Hz

Output voltage: +28VDC at 10 A maximum rated,
1 A minimum load

Output ripple voltage: S0mVp-p

Cutput regulation: +/— 2 percent

Cost target: 550,00 US in 1000 piece quantities
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Black box” predesign considerations
1. Rated output power: P, = (28V)(10A) = 280W

2. Estimated input power:  Po = 280WN0.8 = 350W
3, DC input voltages (a voltage doubler is used for 110 VAC)

a. From 110 VAC: Voo = 2(1414)(90VAC) = 254 VDC
Voo = 2(1.414)(130 VAC) = 368 VDC
b. From 220 VAC: Vinow) = 1.414(185 VAC) = 262VDC

Vlm'h':] = 1.414{_2?” VﬁC} = BEEWC
* 4. Average input currents (dc)
. a. Highest average: Loy = 350 W/254VDC = 138 A
. Lowest average: oy = 350W/382VDC = 0.92A
5. Estimated maximum peak current [, = 2.8(280W)254VDC =3.1A

jesign decisions

this is going to be a current-mode controlled half-bridge topology. It will have
pft-start to minimize the starl-up surge of the system. The power supply must
ect UL, CSA, and VDE safety regulations.

"t is decided that the power supply will operale at an operating frequency of
00KHz, and the controller IC will be an MC34025T.

ansformer design (refer to Section 3.5.3)

will be using an E-E core since it has the largest wire area of all the core styles.
he large wire area will be needed for all the additional insulating layers
equired for the VDE certification. No air-gap is needed for bipolar forward-
node converters. The core material is going to be 3C8 (Ferroxcube) or “F7
IMagnetics, Tnc.) material. This material will yield reasonable core losses at this
requency.

‘The estimated core size for this application is approximately 1.3 inches
33mm) on each side. The closest sized core is Magnetics part number F-43515.
| will request that core and also F-44317, which is the next core size larger, just
n case the windings grow beyond the limits of the window area.

For the F-43515 core. When calculating the number of turns for the primary,
gne needs to consider the initial start-up condition, which places the full input
woltage across the primary winding for the first few milliseconds of operation.
The designer must be assured that the transformer will not enter saturation
during this period. The transformer design conditions become the maximum
specificd ambient temperature and the highest specified ac input. The number

o

of primary turns needed for the primary winding will be
” (382V)- 10

4{100kHz)(2800G)(.904 cm* )
make 38 turms.

' Note: This would make the B,,., during steady state operation at about 1300 to
1500 G.

=317T

pri

_ 11{28V +0.5V)(38T)
Rl {254V o 2 V}[L‘;ﬁ}

Since there cannot be fractonal turns on an E-E core, round this up to 5.0 turns.
This will yicld a maximum duty cycle at the minimum input voltage of

=4.97T
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95
22X Xeouw
50 095

This is acceptable.

For the auxliary winding.
3TH12S
{ 1}{12.‘)\.-’}_12,1_

(285V)

Rounding the result to 2.0 turns would yicld a secondary voltage of 11.4V at
low-line, which is acceplable.

Wire Gauges.

Primary:  #19AWG or equivalent
Secondary: #12AWG or equivalent
Auxiliary: — #28AWG

Transtormer winding technigune

The transformer will be wound in an interleaved fashion. The primary winding
will be made up of four strands of #22AWG, and the secondary will be 5mil
thick foil, 0.5 inches (12mm) width. Two strands of the primary will he wound
first around the bobbin, along with the auxiliary winding, then three lavers of
1mil Mylar tape for insulation. The secondary then will be wound on the core.
Then add another layer of Mylar tape and the remaining two strands of primary
winding. The windings are then covered with at least two layers of Mylar tape.
This process can be seen in Figure 3-73,

Selection of power semiconductors
1. Power switches: (refer to Sections 3.4 and 3.7)
Vose = ¥, =382 VDC make 500V
In =L > 2.75A, make > 4 A

Select IRF730
2. Output rectifiers:

Ve = 2, = 36 VDC make > 70 VDO
Tewn = Loina = 10A, make 20 A

Select MBRZ0100CT
Design of the output filters

1. The minimum ac outpul filter inductance (refer to Section 3.5.5)

4TV -28V)4.25
-L.'llluilz:l = ( I JUH} = 5?.&#1‘1
L4(1 Amp)
Using the LI" method of determining the size of an MPP toroid, one deter-
mings the Magnetics core part number P/N 55930A2. The number of turns
should be

E
Nio = mm{% = 19.2T make 20T
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Sccondary
Primary L
| |
Aux, | I
5 rns
2 turns gg tT.urn; | Foil | ;3 'l"’m:
#98 AWG strands : | Srrands
424 AWG S s #24 AWG
| Fail |
I I
[ |,—_< Center Tap
J 3 lavers
2 Strands—— " . o Mylar tape
G 2 layers
Fail )
Mylar tape
Sceondary
2 Sirunds —
Primary

+2 tumns (Aux) —| |&——— 2mm (cach side) ——| |~

Figure 3-73 Transformer construction.

The toroid should have an overall wire gauge of #12AWG. T will use 100
strand Litz wire to minimiz¢ Lthe skin effects.
- 2. The minimum output filter capacitance (refer to Section 3.6):
i (I0AN425u8) __
Calminy = = ﬂf_r-v— = E'}U.U'F

P

Make this capacitor four paralleled aluminum clectrolytic capacitors of
220puF invalue. This will keep the RMS ripple current experienced by each
capacitor to less than 3A.

3. Design the output de filter choke (refer to Section 3.5.7). Referring to the
permeability versus de bias graph (Figure 3-22) and selecting a perme-
ability that does notl excessively degrade at a reasonable de bias level, T
choose a 60mu core at an “I17 level of 40 Ocrsteds,

Using the same core size as above and solving Equation 3.35 one gets:

400)(6.33
i 1e0ike o) = 20.2 turns, make 20 turns

0.4x(10A)

We still need #12 AWG wire, and since Litz wire is easier to wind onto the
core, we will use that. Otherwise, in this application, it is vnnecessary,

Designing the gate drive transformer (refer to Section 3.5.8)

This procedure is identical to that of designing a forward-mode power trans-
former. 1 will use a small E-E core and will separate the primary and the sec-
ondary windings with several layers of insulating Mylar tape. The gate drive
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transformer has the same voltage siresses as the main transformer and there-
fore should be insulated accordingly. The tape will not allow a MOSFET failure
to propagate to the control circuitry.

I will use Magnetics E-E core P/N F-41808EC without an air-gap.

1. Solve for the number of turns on the primary winding, (Use Equation 3.20
a, b, or c. This transformer is designed the same way as a forward-mode
power transformer).

3 (18 V)10°
~ 4{100kHz)(1800G)(.228 cm?)

2. Since the input control TC bias voltage is about 15V, we need to make the
turns ratio about 1:1. So the secondary turns will be 11 turns.

=11 turns

pei

The primary winding will be wound first, then the two layers of Mylar tape.
The secondaries will be bifilar-wound next and then covered with two layers of
Mylar tape. The wire gauges will be #30 AWG for each winding.

Designing the bootstrap start-up circuit (refer to Section 3.10)

I will use a similar boostrap start-up circuit as the previous design example. For
control ICs that have a small voltage hysteresis, such as the MC34025, the start-
up circuil must sustain the full operating current of the 1C and MOSFET drive
current during overcurrent conditions and start-up. By providing an auxiliary
voltage from the main transformer that is higher than the “regulated” output
of the start-up stage, il cuts-off any current flow through the highly dissipative
collector resistors during operation. This will save a few watts during normal
operation.

The transistor is operating as a starved (highly current-limited) linear regu-
lator. Here the collector resistors dissipate the bulk of the power. The transis-
tor, though, should be able to handle about one watt of dissipation at an ambient
temperature of +50°C. This dictates that a TO-220 package should be used. It
must also handle 40VDC in breakdown voltage. A TIPSO would be more than
sufficient for this purpose.

The total resistance of the collector resistors (two resistors in series for
voltage breakdown reasons) should have an approximate resistance of

2534V
Rogy=—=169K, make 2 each 8.2 K
SmA
The power dissipated by these resistors is
2
3B2V
Dimux) = { } =/8W
164K

If we place two 8.2K ohm, 3'W resistors in series, we can spit the dissipation
between two resistors and also guarantee that the resistors will not reach their

breakdown voltage.
Far the base resistor(s) design,
254V
Rpee = ——— =508 K, make 510K ohms
S0mA

Once again, place two resistors in series to avoid resistor voltage breakdown
problems (250 for 1/4W resistors). So two 240K, 1/4 W resistors will be used.
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Design of the controller circuitry

The overall control strategy will be curtent-mode control. The industry stan-
* dard controller is the UC3525N or the MC34025F The IC can be configured as
either a current-mode or voltage-mode controller, [ will use the current-mode
- control configuration.

The oscillator frequency is set by referring to 4 timing graph. In order to
provide a 100kHz operating frequency, the values for RT and CT are

RT = 7.5K ohms
CT = 2200 pF

The design of the current sensing circuit

I have decided to use a current lransformer to sense the primary current
waveform, since resistive methods are impractical in the half-bridge topology.
Several transformer manufacturers make current transformers for such a
purpose wound on a toroidal core. Coileraft makes current transformers with
50, 100, and 200 turms on their secondaries. The secondary vollage must be
determined in order to have reprosentative current waveforms of the level
to work with the control IC. The voltage needed on the output of the current
transformer is

Vetise) = Ve +2Via =10V +2(0.65)=2.3V
Selecting a 100 1 ratio current transformer, the secondary current is given by
Lo =(Noi/ N =(3.1 Amps) /100 = 31 mA
The resistor necded Lo convert this current into the needed voltage is
R, =2.3V/31mA = 750hms

In order to improve the slope compensation circuitry that depends upon a
resistor to ground all the time, I will split this resistor between the secondary
winding of the current transformer and after the rectifiers. I will double the
value of the two resistors (150 ohms each), so that when the diodes arc con-
ducting, the net value is the same.

It is necessary to add a small leading edge spike filter to the current sensing
output. To keep the time delay to a reasonable value, T will use a 1K ohm resis-
tor and a 470pF capacitor.

Slope compensation

Every current-mode control application that exceeds 50 percent duty cycle must
have slope compensation on the current ramp waveform. Otherwise an insta-
bility will occur whenever the duty cycle exceeds 50 percent. This is typically
done by summing into the current waveform some of the oscillator ramp wave-
form. This will increase the slope of the current waveform and therefore trip
the current sense comparator earlier. A common problem is the inadvertent
loading of the oscillator, so I will use a PNP emitter-follower to buffer the oscil-
lator. The circnit configuration can be seen in Figure 3-74,

The design of the slope compensation circuit is almost fairly qualitative and
may eventually need to be adjusted at the breadboard stage. To estimate how
much additional ramp voltage is nceded to keep the power supply stable, one
perfarms the following equation. A, is the gain or step-down influences of the
transformers between the output and the current sense pin.
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Current-
Sense pin

Osc

Figure 3-74 Current slope compensation pin.

g V-m.- f_am:uc . 18}-'41 - Vﬂcc (amar —0.1 g}Nw : Nl(.'l Rs:
f_.q I‘i) 5 I|'..'Il[tu ! 'Mz';.']
~ 32V(0.94 -0.18)(ST)(1T)(75€)
(S8 I )(38T)100T)
= 4.1 x10* V/ uSec
The actual level of the ramp voltage needed to be summed into the current
ramp signal at the end of the maximum on-time is
AVr = (4.1 104 v/ uS)(4.25 uS) =0.174 Volts

The components connected between the emitter-follower and the current-
sensing filter capacitor can be thought of as a resistor divider. An additional
017V needs to appear at pin 7 (through a 1 K resistor) so the amount of current
that must be contributed to that node is 0.17V/1 K which is 170 pA. The capac-
itive coupling of the PNP to pin 7 essentially centers the oscillator waveform
upon the current ramp. So,

e Haw SV 2OV e 60
2-1, 20170 uA)

Se

Designing the voltage feedback loop
The voltage feedback loop must be isolated from the primary to the secondary,
I am choosing an optoisolated method. The voltage feedback circuit will be the
arrangement shown in Figure 3-735.

The error amplifier within the MC34025 has a tolem-pole output circuil,
which means that its output is not easily overriden. It will be used as a simple
voltage follower and the error amplifier function will take place completely
within the TL431 on the secondary side of the power supply.

Starting on the secondary side of the power supply, assign the sense current
through the voltage sensing resistor divider to be approximately 1maA (or 1K
per valt), Using the closest resistor value for the lower resistor a 2.7 K resistor
vields and actual sense current of 0,926 mA. One can immediately calculate the
value of the upper resistor (R3):

(28V-25V)

e =————— L T SARE
Foppe 0.926mA

Make this 27K

The value of the resistor that would provide the bias current through the
optoisolator and the TLA31 is set by the minimum operating current require-
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Figure 3-75 Voltage feedback arrangement.

nts of the TL431. This is a minimum of 1mA. Let us assign the maximum
ent through the branch to be 6mA. That makes the bias resistor value (R5)

(2BV {25V +14 V)
omA

bins =

|
= 401 6chms, make this 3.9K, —W
4

3t

~ On the primary side of the power supply, the transistor output of the oploiso-
tor will be a simple common-emitter amplifier. The MOCHS12 has a typical
eurrent transfer ratio of 100 percent with a +/— 25 percent tolerance. When the
TL431 is full-on, 6mA will be drawn from the transistor within the MOCS102.
The transistor should be in a saturated statc at that time, so its collector
resistor (R1) must be

(5V-03V¥)

RLI"L‘L‘I.\.'I( =2t
6mA

make this 8200hms

This completes the design of the uncompensated voltage feedback circuit.

=7830hms

Designing the voltage feedback compensation (refer to Appendix B)
Current-mode controlled, forward-mode converters have a one pole filter char-
acteristic. The optimum compensation is the single-paole, single-zero method of
compensation.
One starts this by calculating the approximate elements of the control-to-
outpul characteristic.
The intrinsic gain of the open loop power supply is
l/i '?'Jsac

AV, Ny

IEIVIST
- —-—{ Y5T) =502

(1V)(38T)

Apc =

129



130

Pulsewidth Modulated Switching Power Supplies

In terms of dB the gain at dec of the power supply is
G =20Log(Ap:)=34dB

The location of the lowest manifestation of the output filter pole occurs at
the lightest anticipated output load on the power supply. The equivalent light-
load resistance is 28 V/1 A or 28 ohms. It is found from
- el

2nR, C,
£ 1

2m(28Q)(B8O uF)
=6.5Hz

fis

The zero in the control-to-outputl characteristic caused by the ESR of the
output filter capacitor can be found by two methods: if the value of the actual
ESR is known from the capacitor’s data sheet, then the location of the zero
can be calculated, if not, it can be grossly estimated. Using four aluminum
electrolytic capacitors in parallel should cut the tolal ESR o one-quarter that
exhibited by each. I will estimate the zero to be at 10KHz.

Using the procedure given in Appendix B, the location of the pole and zero
within the error amplifier’s compensation network arc

fu=fr=65Hz
fop = fupsny =10kHz

I am selecting the bandwidth of the closed loop (fwo) power supply to be
6 kHz. It could be as high as 15 to 20kHz, but there is a double pole at one-half
the switching [requency which, if approached too closely, would ruin the phase
and gain margin of the closed loop.

The error amplifier must add gain to the eventual closed loop function in
order to achieve the desired closed loop bandwidth. This gain is

Gxo =20Lo [ﬁ‘—”]—

X0 = B 5 Cinc

iP

}—341:1B =25.3dB

=20 Lng[

Converting this back to absolute terms:

Gxa
Aygp =100 # 7 =184
Knowing or assigning the values to the critical points in the closed-loop char-
acteristics, one can now calculate the actual component values. (Refer to Figure
3-49 for the component designations.)

C: = %
2w A_!{_D - Rj X j:'P
& : = 80pF
272(18.4)(27 K)(4000)
R = Ay - R3

=({184)27K) = 496K
Make 510K
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{:-3 i 7 e L
2r-Rd-f,
- : — 0,048 4T
27(510K)(6.5Hz)
Make 0.05 uF

‘Designing the rectifier and input filter circuit (refer to Section 3.12)
‘The approximate value of the bulk input filter capacitor is found from

g "ml:.:rv:l
E'f'Vnnrﬂr'f?-P'J
138A
B{I 20Hz)(20V)
+120 1
+100
IR
™~ closed loop
4 3 *\.‘:"‘" - EITOT AP
+40 1 i
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Figure 3-76 Gain and phase plots for design example 3.1 5.4 (a) the gain plot for the power
supply; (b} the phase plot for the poser supply.
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The standard recovery rectifiers used in the rectifier bridge must accommaodate
the highest average current expected which ocecurs al the ac low-line voltage,
This has been calculated during the predesign estimates (black box considera-
tions). The rated forward current should be more than 2 A and minimum block-
ing voltage should be twice the maximum high ac line crest voltage. This is more
than 764 V. A 1N5406 would be a good choice.

A0ouH

HI1 >
90-130 VAC 1 1N5406s

Ty
i 1 .L L“J.:= == ;5MDV
B0 T RO - 400 . H150uF 1M
£ 5 110V =
195270 VAC H ! ] . ; 200V ¥1.f2w__ 1

"V (DO)

LT
¥

i - = a o -
osue | [ osuF [ L0 e Ve 1500V
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Figure 3-77 Schematic of a 100 kHz, 2B0W, half-bridge converter.
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Designing the input EMI filter (refer to Appendix E)

1 will use a second-order, common-mode filter. The frequency of operation is
100KHz. A good starting point is to assume the need for 24dB of attenuation
at 100KIIz. That make the corner frequency of the common-mode filter

I"i"‘“ |
_.'rn = _Ir;:':'.' L g
where At is the attenuation needed at the switching frequency in negative dB,

(=247

f. =(100kHz)10" % ' =25kHz

Assume that a damping factor of 0,707 or greater is good and provides a
~3dB attenuation at the comer frequency and does not produce noise due to
ringing. Also assume that the input line impedance is 50 ohms since the regu-
latory agencies use an LISN test that make the line impedance equal this value.

lculating the wvalues needed in the common-mode inductor and “Y”
wpacitors:

—_
(=

C

{279‘;-}114 [27(25k Hz}]: (450 i)
=09 uF make 1 uF

Real world values do not allow a capacitor of this large a value. The largest
value capacitor that will pass the ac leakage current test is 0.05uE This is 50
percent of the calculated capacitor value, so the inductor must be increased 200
‘percent in order to maintain the same corner frequency. The inductance then
‘becomes 900pH and the resultant damping factor is 2.5 which is acceptable.
‘The resulting schematic is shown in Figure 3-77.
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4. Waveshaping Techniques to Improve
Switching Power Supply Efficiency

ch research and work has been dong in the past two decades to improve the
sfficiency of the basic PWM switching power supply. During the 1980s, the
provements largely took the form of improved semiconductor devices and
ite materials. Their contributions allowed the switching frequencies to rise
d their efficiency to improve about another +5 to +10 percent over the bipolar
ransistor-based designs. The most recent technigues include the use of reso-
nt and charge redirection technigues. These modifications along with the use
synchronous rectifiers (where applicable), allowed switching power supplies
routinely exceed 90 percent efficiency.
The ultimate goal of the recent circuit techniques is to reduce or eliminate
e voltage-current product, primarily during the switching transitions. This
ning” of the waveforms inside the basic PWM converter can add about +3
to +10 percent efficicney to the supply. The tuning process, though, can add a
significant amount of time to the development process. Care must he taken so
that more sources of EMI are not created by the rapid switching of charge within
the power sections of the supply. The printed circuit board design also becomes
a significant factor in the overall design of the supply.
. Any energy that has been redirected away [rom the power stages for the
purpose of improving efficiency must be reinserted back into the power section
in a place where the energy can be recovered. Otherwise there will be no
improvement in cfficiency. So, a good understanding of both the supply’s oper-
ation and the tuning circuit being placed into it is necessary to take advantage
of the benefits.

4.1 Major Losses within the PWM Switching
Power Supply

To improve the efficiency of a switching power supply, one must be able Lo iden-
tify and roughly quantify the various losses. Losses within a switching power
supply roughly fall into four categories: switching, conduction, guiescent, and
resistive losses. These losses usually occur in combination within any lossy com-
ponent and are treated separately.

Section 3.4, Table 3-3, provides some insight as to where the major losses
occur and to what degree. The losses highlighted in that table are for the basic
PWM switching power supply without much effort placed into making them
more efficient. These efficiency numbers, therefore, can be seen as the baseline
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efficiency of a particular topology. The areas where the major losses occur
can be viewed on the ac nodes within the power section. From the single or
multiple nodes, depending upon whether the topology is transformer-isolated
or not, one can view the switching transitions and the conduction conditions
of the power switch{es) and rectifier(s). The most informative ac node 18 the
drain, or colleetor, of the power switch. The second most important ac node is
the anode of the output rectifier(s). These nodes will be the primary focus
of the majority of our work in improving the efficiency of the switching power
supply.

Losses associated with the power switch
The power swilch is one of two of the most prominent sources for loss within
the typical switching power supply. The losses basically fall into two catepories:
conduction losses and switching losses. The conduction loss is where the power
switch is in the ON state after the drive and switching waveforms have
stabilized. Switching losses occur when the power switch has been driven into a
new state of operation. The drive and switched waveforms are in a state of
transition. These periods and their typical waveforms can be viewed in
Figure 4-1.

The conduction loss (¢;) is measured as the product of the switch terminal
voltage and current waveforms. These waveforms are typically guite linear and
the power loss during this period is given in Equation 4.1

ﬁhl_co.uu:.uﬂ! . {Vaal }[lrm} (4. ]}

To control this loss one typically attempts to minimize the voltage drop across
the power switch during its on-time. To do this, the designer must operate
the switch in a saturated state. These conditions are given in Equations 4.2a and
b. This is identified by overdriving the base or gate such that the eollector or
drain current is controlled by the external ¢lements and not by the power switch
itself.

BIT:  Byeondu) = {Vu: }“L‘} (4.22)
MUS: IF-'.l':lI'|:v::n:|l.1|.'|:I = { 'r]':l }: (RI l-;(nn]} {_4.2]3]

The switching losses during the transition times of the power switch are more
complicated, both in their nature and their associated comtributors. The wave-
forms that show the losses can only be viewed with the use of an oscilloscope
with a voltage probe across the drain and source (collector and emitter) con-
nections, and an ac current probe measuring the drain, or collector, current.
The method of quantifying the amount of loss during each switching transition
must be carefully viewed with probes with shiclded cables and short connection
leads. This is because any long, unshielded wires tend to pick-up noise radiated
from other portions of the supply, thus presenting an inaccurale representation
of the true waveform. Once good waveforms are received, one can approximate
the areas under both curves as a piccewise summation of the areas of simple
triangles and rectangles. For example, the turn-on switching loss of Figure 4-1
can be written as Equation 4.3.

Picmmoar = Pl Vi 20+ (0 LY 3 i (4.3)

This results in watts for the loss seen only during the turn-on transitions of
the power switch. One would add the turn-off and conduction loss to this
amount to arrive at the total loss within the power switch.
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Figure -1 Power switch losses.

sses associated with the output rectifier

e output rectifier represents between 40 and 65 percent of the total losses
vithin the typical nonsynchronous rectified switching power supply. So, it is very
important to understand this section. The waveforms associated with the output
rectifier can be scen in Figure 4-2.

The losses can once again be broken into three periods: the turn-on loss, the

conduction loss, and the turm-off loss.
* The conduction loss of a rectifier is when the current and voltage waveforms
have stabilized when the rectifier is conducting. Its loss is controlled by select-
ing a rectifier with the lowest forward voltage drop for the operating current.
P-N diodes have a more flat V-I charactenistic in the forward direction, but have
a fairly high voltage drop (0.7 to 1.1 V). Schottky diodes have a lower “knee”
voltage (0.3 to 0.6'V), but have a more resistive vollage-current characteristic.
That means that the forward voltage increases more significantly with higher
currents as compared to the P-N diode. The loss can be guantified in a4 manner
as shown in Equation 4.3 by breaking the transitional sections of the waveform
into piecewise rectangle and triangular areas which are then used to calculate
the loss for that period.

Analyzing the switching loss of an output rectifier is much more complicated.
The inherent behavior of the rectifier itself causes problems within the local
circuits.

During turn-on, the transition is controlled by the forward recovery charac-
terstic of the selected rectificr. The forward recovery fime () is the time it takes
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Figure 4-2 Rectifier lossaes.

for the diode to begin conducting forward current after a forward voltage
is placed across its terminals, In P-N diodes, this period can be 5 to 15n5 for
ultrafast rectifiers. Schottky rectifiers can sometimes exhibit a longer forward
recovery-like characteristic because of their inherently higher junction capaci-
tances. Although this is not a significant loss, it can cause other problems inside
the supply. During the forward recovery period, the inductor or transformer has
no significant load impedance because the power switch is open and the recti-
fier still appears open-circuited. This allows any stored energy to create ringing
in its waveforms until the rectifier finally beging to conduct forward current and
it clamps the power signal.

During the turn-off tramsition, the reverse recovery characteristic domi-
nates its behavior. The reverse recovery characteristic within P-N diodes is
caused by the carriers trapped within the junction when the reverse voltage is
applied to the diode’s terminals. These carriers, which have limited mobility,
need to reverse direction and exit the junction from the direction they had
originally come. This appears to be a reverse current flowing through the diode,
just after the reverse voltage 1s applied. The loss associated with this can be
significant, because the reverse voltage can rapidly climb to very high levels
before the charge has completely emptied from the junction region. The
reverse current can also be reflected through any power transformer and
add to the loss within the power switch during its turn-on transition. This
can be seen, for example, in Figure 4-1 during the turn-on period as a current
peak.

Reverse recovery-like behavior can also occur in high voltage Schottky recti-
fiers. This behavior is caused not by carriers, but the higher junction capacitance
exhibited by this type of Schottky diode. High-voltage Schottky diodes are those
that have a reverse breakdown voltage of greater than 60V,
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Losses associated with the filter capacitors

The input and output filter capacitors do not contribute a significant source of
loss to a swilching power supply, although they can greatly affect the operating
life of the supply. The input capacitor(s), if chosen incorrectly, can make the
supply appear like it is operating less efficiently than it actually is.

Every capacitor has a small resistance and inductance in series with the spec-
ified capacitance of the capacitor. The equivalent series resistance (ESR} and
equivalent series inductance (ESL) are parasitic elements caused by the con-
struction of the capacitor. Both tend to isolate the internal capacitance from
the signal on its terminals, Hence a capacitor will have its best characteristics
at dc, but may behave more poorly at the switching frequency of the supply.

The input and output capacitors are the only source (or sink) of the high fre-
(quency currents created by the power switch or the output rectifier. So, by
 wviewing these current waveforms, one can reasonably determine the currents
flowing through the ESR of these capacitors. This unavoidably creates heating
- within the capacitor. The major design activity surrounding filter capacitors is
to assure that the internal heating of the capacitor is kept low enough to assure
the product life specified for the supply.

Calculating the real power loss created by the ESR of the capacitor is given
in Equation 4.4.

Prieey = (L }2 (Rese) [input capacitor] (4.4a)

or (fn) (Resr) [output capacitor-boast] (4.4b)

‘Here not only does the resistive portion of the capacitor model cause problems,
but if the PCB is laid out asymmetrically between paralleled capacitors, the trace
inductance causes unbalanced heating within the capacitors, thus shortening the
life of the hotlest capacitor.

The quiescent losses
Quicscent losses are associated with all of the functions required to operate the
- power circuits. That is all of the circuits associated with the controller 1C and
any feedback circuits elsewhere in the supply. These losses are typically small

any improvement can be made.

The first circuit that can burn up a significant amount of power is the start-
up circuit. Here dc current is taken from the input voltage so that the control
I and driver circuits have enough power to start the power supply. If the type
of start-up circuit does not cutoff its current flow after a successful start-up has
been done, then up to 3W can be continuously dissipated within the cireuit
depending upon the input voltage.

The second significant area is the power switch driver circuit. For bipolar
power transistors used as power switches, the base drive current must be greater
than the peak drain current divided by the gain (A of the transistor. A typical
gain of a power transistor is between 5 and 15, which means, for example, a
peak current of 10 A would require a base cuwrrent of between (1.66 and 2A. The
base-emitter has a drive voltage of 0.7V and if this current is not derived from
a voltage very close to this voltage then a significant loss will result.

Power MOSFETs can be driven more efficiently than bipolar power transis-
tors. The gate of a MOSFET has two equivalenl capacitors connected to the
terminal, the gate-to-souree capacitor (C,.) and the drain-to-source capacitance
(C,..). The loss exhibited by the gate drive of the MOSFET is created by charg-

compared Lo the other losses within the supply, bul can be analyzed to see if
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ing the gate capacitances from the auxiliary voltage to turn the MOSFET ON,
and this discharging the capacitances (o ground when tuming the MOSFET
OFF The equation for the gate drive loss is given in Eguation 4.5.

Boger =156, [cm Vine) +ColV }:] (4.5)

There is not much that can be done about this loss except to select a MOSFET
with lower values for Ci. and C,. and Lo possibly slightly lower the maximum
gate drive voltage.

Losses associated with the magnetic components

This area is very complicated for the average design engineer because of the
unusual nature of magnetic terminology. The losses described next are typically
presented in graphical form by the core manufacturers, which are very casy to
use. These losses are being presented here for one’s appreciation of the nature
of the losses.

There are three major losses associated with transformers and inductors; hys-
teresis loss, eddy current loss, and resistive loss. These losses are controlled
during the transformer or inductor’s design and construction.

The hysteresis loss is caused by the amount of turns placed upon the core by
the driving circuit. This dictates how large an area within the B-H curve is swepl
out during each cycle of operation (see Figure D-3 in Appendix D). The area
swept out by the operating minor-loop 1s the amount of work that is required to
apply force to the magnetic domains within the core and some of them remain
reoriented (residual flux density). The larger the area swept out, the more hys-
teresis loss. The loss is given by Equation 4.6

Ph}r-l = 'ifl'V:._.Efp {Bm.u :]2 (4'ﬁ)

where: K, is the hysteresis loss constant for the material.
V, 1s the volume of the core (Cm®).
fe is the switching frequency (Hz).
B_... is the maximum excursion of the operating flux density.

As seen in the equation, the loss is proportional to the operating frequency
and to the square of the peak operating flux density (B,...). Although this loss
is nol as significant as the losses seen within the power swilch and rectifiers, it
can he a problem if it is not addressed properly. At 100kHz, B, should he set
to about 50 percent of the material’s saturation Hux density (B..,). At 500kHz,
thi By should be no more than 25 percent of B, and at 1 MHz, the B, should
be about 10 percent of B,,,. This is based upon the behavior ferrite material tvp-
ically used in switching power supplies (3C8, etc.).

The eddy current loss is & much smaller loss than the hysteresis loss, but
increases significantly with the operating frequency. [t is shown in Equation 4.7,

Pessy =V o Bune) (4.7)
where: k. is the eddy current loss constant for the material.

Eddy currents are circular currents induced in wide areas within the core in
the surrounding wires and structures by the presence of high magnetic fields.
There is not much that a typical designer can do to reduce these losses.

Resistive losses are those losses associated with the resistance of the wind-
ings contained within the transformer or inductor. There are two forms of resis-
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tive losses, de resistance losses and skin effect resistive lpsses. The de resistive
losses are simply caused by the dc resistance exhibited by the length of wire used
in the winding multiplied by the sgquare of the RMS value of the current wave-
form. The skin effect is the effective increase in the resistance of the wire caused
by the “pushing™ of the current flow from the center of the wire to the surface
by the intense ac magnetic ficlds within the wire. The current flows over a
~ smaller cross-sectional arca, thus appearing to be a smaller diameter wire. The
equation that combines the two losses in one expression is given in Equation
4.8.

|87 x 107 fou
i = e |II g RIS ey ST [4.3]
L

where:  mr is the ratio of the ac resistance to the dc resistance.
P 15 the de resistance of the wire (ohms).
fu 15 the switching frequency (Hz).
i, is the relative permeability of the wire material.
F. 15 the tesistivity of the conductor material.

The solid wire can be replaced by a tubular wire which has a thickness given
by Equation 4.9.
ki
1 (107,

dw —— |
2\ fou

meters (4.9)

The leakage inductance (represented by a small inductor in series with a
winding) causes some flux not to couple with the core, but to escape into the
surrounding air and materials. Its behavior is not governed by its associated
~ transformer or inductor, hence any reflected impedance to the winding in ques-

tion does not affect the behavior of the leakage inductor.
" The leakage inductance causcs a problem because it traps energy which is not
passed onto the load bul causes ringing energy within the surrounding compo-
nents. The physical design of the transformer or inductor controls the amount
of leakage inductance a winding will exhibit. Its value varies from unit to unil,
but falls close to a nominal value.

Some general rules of thumb: Things that decrcase the leakage inductance
exhibited by a winding are: a longer physical winding length, closer physical dis-
tance to the core, elose coupling techniques between windings, and turns ratios
that arc similar (i.e., close to 1:1). For the typical E-E core used in de-de con-
verters, the amount of leakage inductance one can expect is between three and
five percent of the inductance of the winding. In off-line converters, the leakage
exhibited by the primary winding may go as high as 12 percent of winding induc-
tance value if the transformer must meet stringent safety regulatory requirc-
ments. The tape needed to isolate the windings, make the windings shorter, and
space the windings away from the core and from the other windings.

The parasitic loss caused by the leakage inductance can be harnessed as seen
later.

In dc magnetic applications, an air-gap is usually required somewhere along
the magnetic path of the core. In ferrite cores, the gap is placed in the center-
leg of the core. The flux leaves one end of the core and flows towards the oppos-
ing end. The flux, though, repels itself and causes the flux lines (o “bulge™ out
away from the centerline of the core. The presence of an air-gap creates an area
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of intense magnetic intensity, which can cause eddy currents to Mow within the
neighboring wires or within metallic structures close o the gap. This loss is typ-
ically not very large and it is difficult to identify.

4.1.1 An Overview of the Major Parasitic Elements within a Switching
Power Supply

Parasitic elements are the unintended electrical behavior of physical ¢lements
within the circuit. They typically store energy and react with existing elements
that cause the creation of noisc and losses. Identifying, quantifying, and mini-
mizing or harnessing their effects is a significant challenge to the designer. Par-
asitic behavior is accentuated under the influence of ac waveforms. There are
two major nodes within the typical switching power supply that have large levels
of ac. The first node is the collector or drain of the power switch, and the seccond
is the anode of the output rectifier. Much attention is given to these particular
nodes.

Major parasitic elements within all converters

There are common parasitic elements that exists in all switching power supplies.
Their influence is typically noticed when one views the waveforms at the major
ac nodes within the converter. Some are even characterized within the
datasheets of the physical components, such as the intrinsic capcitances of a
MOSFET. Some of the major parasitic elements for two types of common con-
verters can be seen in Figure 4-3.

Some parasites are well defined, such as the MOSFET capacitances. Others
may be distributed over many sources and are lumped together to make any
modeling effort easier. Attempting Lo assign a value to these less-defined para-
sitic clements is very difficult and usually they are just treated as an empirical
value. That is, when it is time to redirect energy, the components chosen are
the ones that provide the best desired results. Placing the parasitic elements in
the proper locations within the schematic is important because some elecirical
branches are only active during a portion of the converter's operation.
For example. the junction capacitance of a rectifier is only significant when the
rectifier is reverse-biased and disappears when the diode becomes forward-
biased. Table 4-1 lists some of the more easily identificd parasitic elements,
the components that cause them, and the general range of values. Some
specific parasitic values may be obtained from the particular component’s data
sheet.

The printed circuil board (PCB) contributes parasitic influences distributed
almost everywhere. Many of these influences want to be minimized though the
use of good PCB layout rules (refer to Section 3.14). Traces that carry high peak
currents are susceplible (o inductance and resistance contributed by any PCB
trace. These traces must be short and wide. PCB pads (or islands) that have
high ac voltages, such as the drain or collector of the power switch or the anode
of rectifier, are susceptible to capacitive coupling to neighboring traces. This
couples ac noise into the guieter surrounding traces. This can be avoided by
making all of the layers beneath the ac trace the same signal as the ac node by
conneeling them through “vias™ or feedthru holes, The parasitic effects that
remain are typically summed into neighboring parasitic elements.

Understanding the nature of the parasitic elements contributed by each of
the components that make up a typical converter will aide in the specifying of
magnetic components, designing PCBs, designing filters for EMI control, ete.
This is the black-magic portion of all switching power supply designs.
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converter.

4.2 Techniques for Reducing the Major Losses

A PWM switching power supply that is

designed with no extraordinary loss-

control methods will exhibit efficiencies as seen in Table 3-3. For switching

power supplics that have no problem in

getting rid of the heat, such as some

off-line applications, the aforementioned efficiencies may be satisfactory, For

portable applications and equipment that

must be small in size much better effi-

ciencies must be sought. To improve the overall efficiency of a power supply,

several techniques can be used.
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Table 4-1 Major Sources of Parasitic Behavior

Source Mame Typical Range
MOSFET s 100800 pE*®
C.. 200-3000 pF*
el 20400 pF*
Intrinsic diode 0.2-1.01;
Lead inductance 2-10nH
Rectifier Lead inductance 2-10nH
Junction capacitance 20400 pF#
Capacitor ESR 0.05-10 €2
ESL 10-100nH
Inductor Leakage inductance 1-8% L{winding)
Winding capacitance ~1.75In(T} [pF]
Transformer Leakage inductances 1-8%% L{winding)
Winding capacitances —~=1.75In(T} |pF|
Core losses See Appendix D
E:'nuplinE capacitance 1-10HpF

* Low voltage trench MOSFET: (TD = 1-20 A).
# Schotlky and P-N diodes measured at rated reverse voltage.

As seen in Section 4.1, the major types of losses are the conduction and
switching losses, Conduction losses are addressed by selecting a better power
switch or rectifier with a lower conduction voltage. The synchronous rectifier
can be used to reduce the conduction loss of a rectifier, but it can only be vsed
for forward-mode topologics, and excludes the discontinuous boost-mode con-
verters. The synchronous rectifier will improve the efficiency of a power supply
about one to six percent depending upon the average operating duty cyele of
the supply. For further improvements. other techniques must be pursued.

Switching losses are more significant within a switching power supply when
the input or cutput voltage(s) are high (greater than 20VDC). The rectifier
forward voltage drops are less significant when compared to the inputl or outpul
voltage. The instantancous product of the voltage and current in switching tran-
sitinns are proportional to both voltage and current.

Switching losses occur at two equivalent nodes within every switching power
supply: the drain (or collector) of the power switch(es), and the anode of the
outpul rectifier(s). These are the only ac nodes within each type of PWM switch-
ing power supply. Within the nontransformer isolated topologies, these nodes
are physically one node where the collector (or drain) of the power switch is
dircctly connected to the anode of the output rectifier. Within transformer-
isolated topologies, these two nodes are separated by the transformer and the
two nodes are treated slightly differently.

The waveforms of the typical PWM switching power supply can be seen in
Figures 4-1 and 4-2 of Section 4.1. As one may observe in these figures, the
values of voltage and current are significant values during the transitions, and
voltage or current “spikes”™ can also oceur during these periods, making the loss
even higher.

There are four goals one wants to accomplish at these two nodes:

1. Lower the voltage and current cross-over point during all turn-om and off
transitions.




4.3 Snubbers

. Minimize the effects of the reverse recovery of any P-N rectifiers.
Remove any spikes created by the parasitic elements.

Recover as much of this “loss” energy as possible and return it to the
power flow of the power supply.

2w

The designer cannot accomplish all of the goals completely, but improving
the conditions can add another =3 to +9 percent in overall power supply
efficiency.

Ome additional consideration when working on these circuits is to make all
efforts to band-limit the waveforms in order to reduce any radiated EML The
transitions of a switching power supply create the majority of the EMI cnergy
radiated into the surrounding environment. Typically, by adding a small induc-
tance to the current path that returns the energy to the supply, one can greatly
improve the EMI performance.

To accomplish this, one normally uses additional reactive elements with
diodes or MOSFETs 1o control the effects. The types of modifications to the
standard PWM topologies fall into three categories:

1. Lossless snubbers.
2. Active clamps.
3. Quasi-resonant modifications.

Lossless snubbers and active clamps produce PWM waveforms with “soft”
edpges.

For the power switch ac node, the voltage wanls 1o be delayed on the turn-
off transition. This provides loading of the magnetic element during the forward
recovery time of the output rectifier. For the output rectifier ac node, the current
wants to be delayed at its turn-off. This limits the reflected current spike caused
by the reverse recovery period of the rectifier. These techniques are shown in
the following scclions.

4.3 Snubbers

Snubbers are passive networks that delay the risetime of the voltage waveform.
Historically, snubbers have been used to keep power devices within their
forward- and reverse-biascd safe operating arcas (FBSOA and RBSOA) or to
control RF emissions from the power supply. They are essentially lossy tank
circuits (L-C circuits with R). Using them offered more of an advantage than
the loss incurred. Semiconductor components are more rugged today and the
traditional need for the RLC snubber for protection has lessened, but occa-
sionally a snubber is still needed,

In modern, high-efficiency switching power supplies, the trend is to recover
the energy from any waveshaping circuits and to return it to the power circuits
for use. Here the lossless snubbers arc used. The challenge in the modern switch-
ing power supplics is to minimize the losses everywhere in the circuit. For com-
pletencss, though, the design of bath is offered within this section.

4.3.1 Design of the Traditional Snubber

‘The traditional snubber has been the approach used to keep bipolar power tran-
sistors away from second breakdown conditions. It is also useful in the reduc-
tion of radiated EMI by controlling the dv/dt of rectifiers with abrupt reverse
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Figure 44 The traditional snubber.

recovery characteristics, Its design is very important because if designed improp-
erly, it will loose more power than is required. Its design, though, is based more
upon an empirical process than a theoretical approach. This is because the
waveforms that the snubber needs to affect are generated, in large part, by the
parasitic elements existing in the circuit. The snubber should be designed after
the circuits have been physically built. That is, one has to build the first proto-
type from the final PC board, transformer, power switch, and rectifiers so that
the parasitic elements will be most like the final product. The traditional
snubber can be seen in Figure 4—4.
The empirical design process of the traditional snubber is as follows:

1. Measure the period of the ringing that is exhibited on the unsnubbed
signal (T/F;).

2. Place a high-frequency capacitor (ceramic or film) across the primary
winding of the transformer, rectifier, or the element to be snubbed. Deter-
mine the capacitor value that produces an oscillation period which is three
times the original period (C,).

3. The resistor that should be placed in series with the capacitor will approx-
imately have the value of:

A
2nf,C,

There is more than one combination of R and C that will produce a satis-
factory waveform, but the above values of R and C should yield the least lossy
and most effective values, If one were to change the values, larger resistance
and smaller capacitance produces less loss.

NOTE: Do not use snubber values or snubber ¢lements intended for silicon-
controlled rectifier (SCR) circuits in switching power supplies. The impedances
and parasitic values of these circuits are much lower than within switching power
supplies. They will create far too much loss in switching power supply circuits.

R

(4.10)

4.3.2 The Passive Lossless Snubber

The lossless snubber is a means of redirecting cnergy that is contained within a
spike or an edge and possibly restoring the energy to either the input or the
ouwlpul. It is very important to redeposit the energy in a place where it is going
to be used, otherwise the energy becomes a loss.
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Figure 85 Lossless snubber for 8 one-transistor forward or flyback converter.

The power switch turn-off transition creales significant spikes. The major
cause of the turn-off spike is the cnergy stored in the parasitic and actual mag-
;lenc components prior Lo the output rectifier turning-on. During the forward
ecovery period of the rectifier, the rectifier is open-circuited and the stored
- magnetic energy creates large voltage swings on all of the ac nodes.
~ The passive lossless snubber uses a diode to select the desired edge. The rapid
{dt is gated into a discharged capacitor. The amount of slowing of the edge
 determined by the value of this snubber capacitor. After the capacitor’s
oltage has equalized with the post-transition voltage, the energy trapped by the
acitor must hopelully be deposited in a useful place prior to the next cyele.
sless snubbers are specifically designed for each lopology and may be imple-
“mented in many forms.
One form of lossless snubber for a one-transistor, transformer-isolated con-
verter can be seen in Figure 4-5, The initial condition of the snubber capacitor
is zero volts. When the power swilch drain or collector voltage exceeds the input
voltage during the turn-off transition, the capacitor then begins to charge, Laking
energy from what is typically a spike. The capacitor remains charged until the
drain or collector voltage retumns to ground where the capacitor is discharged
through the diode and inductor. The cycle is then repeated. The loss [rom this
type of lossless snubber resembles more the gale drive loss of a power MOSFET.
The loss is diverted to the ground which bypasses the power sections of the
circuit.
In boost converters the lossless snubber shown in Figurc 4-6 can he used.
The reset should be resonant to reduce the amount of noise that could be
generated by the rapid discharge of the clamp capacitor. An inductor of about
2 to 3uH is useful. An etched printed circuit board spiral inductor can also be
used for this purpose, if the space can be spared. Since the average current is
small, the trace need be omly about 10 to 20 mils (0.25 to 0.5 mm) in width, Three
spiraled turns produce about the inductance needed.
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Figure 46 Lossless snubber for a boost converter.

4.4 The Active Clamp

An active clamp is a reactive circuit connected to an ac node whose affects are
directly controlled by the control IC. Active clamps are used o slow the tran-
sition time of the voltage waveform for only one edge of an ac power waveform.
By slowing the transition time of the voltage waveform, the swilching loss during
that transition can be significantly reduced by lowering the instantaneous
voltage valuc during the cross-over perod,

A typical active clamp can be seen in Figure 4-7 along with its effect upon
the ac waveform. During turn-off, a discharged clamp capacitor is placed in par-
allel with the power switch, The capacitor then forms a resonant tank circuit
with the primary inductance plus its leakage inductance. The capacitor’s voltage
then increases until it reaches the value of the reflected transformer voltage.
The series MOSFET clamp switch must be turned off prior to the next turn-on
period of the power switch. The clamp switch must then be turned back on just
prior to the next murn-off of the power switch with sufficient time Lo allow the
capacitor to completely discharge. It is important to not allow the clamp capac-
itor to be electrically attached to the drain during its turp-on transition. The
cycle is then repeated.

Only a few controller 1Cs available at the time of this publication directly
support an active clamp drive (for cxample, Texas Instruments UCC3580).
There will be more since its function seems to increase the efficiency of a switch-
ing power supply by several percentages.

Making an active clamp from a controller 1C that does not support its direct
drive depends upon which signals are brought out from the 1C. Figure 4-8 gives
a couple of ideas.

At the present, active clamps are still not broadly used because of the diffi-
culty in implementation. This will change as the industry evalves.

45 Saturable Inductors to Limit Rectifier Reverse
Recovery Current

Continuous-mode converters, both forward and boost, suffer from one common
problem: The output rectifiers have forward current flowing through them just
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~

prior to an instant voltage reversal across their terminals. This causes a sizeable
spike of reverse currenl (o flow through the diode. This spike usually flows
through the power switch at its turn-on transition. This is true for both the
nontransformer-isolated and transformer-isolated topologies. If the input
voltage of the supply is high, this added switching loss can be much more than
the conduction loss of the power switch. This current spike caused by the reverse
recovery of the output rectifier at the turn-on of the power switch can be seen
in Figure 4-1.

One method to reduce this phenomenon is to add a saturable inductor in
series with the output rectifier. A saturable inductor is an inductor whose core
exhibits a very square B-H curve as exhibiled by core materials, such as mag-
nisil and Orthanol. Inductors made with these core materials have very high
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Figure 48 Designing an active clamp from an IC that does not drive an active clamp.

Figure 4-9 Typical use of saturable inductors in reducing reverse racovery losses.

permeabilities and quickly enter saturation, but do pass through a perind of
linear inductance behavior, Essentially, anytime their current is reversed, they
behave as an inductor for the amount of time dictated by the value of the
stepped current, the turns, and the permeability. Then they effectively short-
circuit across their terminals when they enters saturation. A common imple-
mentation can be seen in Figure 4-9.

The saturable inductor should be a small size because one only needs to
exhibit an inductive characteristic for as long as the expected reverse recovery
time of the associated output rectifier (20 to 30nS). Any longer, and the output
power will be needlessly reduced. Also the same inductive behavior will affect
the forward recovery period of the rectifier, which may cause more ringing on
the opposite edge. Design of the saturable reactor is best done with the core
manufacturer's design data.

One normally must check the saturable inductor’s affect upon the circuit. One
should verify its performance by measuring the overall efficiency of the power
supply versus every value of the saturable inductor’s value. Although one can
make an educated guess from the output rectifier’s specitied reverse recovery
time, the process ends-up being an iterative “luning” process.
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1.6 Quasi-resonant Converters

‘Quasi-resonant converters are a separate class of switching power supplies that
tune the ac power waveforms to reduce or climinate the switching loss within
the supply. This is done by placing resonant tank circuits within the ac current
paths to create pseudo-sinusoidal voltage or current waveforms. Because the
_ cireuits have one resonant frequeney, the method of control needs o he
podified to a variable frequency control where the resonant period is fixed and
the control varies the period of the non-resonant period. The quasi-resonant
fonverters usually operate in the 300kHz to 2MHz frequency range.
" The advantages of a quasi-resonant converter over a classic PWM converter
ire smaller size and typically higher efficiencies. Although when a smaller size
 pursued by increasing its operating frequency, the improvement in efficiency
s sacrificed due to other frequency dependent losses.
" The disadvantage of the quasi-resonant converter compared to the newer
pssless snubber and active clamp technigues in addition to the basic FWM con-
perters, is the voltage or current stresses placed upon the power components.
fhe peak voltage or current values that exist within quasi-resonant converters
an be two to three times higher than in PWM converters. This forces the
signer to use higher-rated power switches and rectifiers which may not have
§ gond conduction characteristics.
In general, it is probably better for the typical application to use the lossless
mubbing and active clamp techniques than the quasi-resonant techniques,
ause of design time and end product cost.

6.1 Quasi-resonant Converter Fundamentals

Quasi-resonant converters force the voltage or current waveform into a haver-
ine waveshape, If the power switch(es) are switched at the right moments, then
here are no switching losses expenicnced. Also because of the controlled rates
‘of change for the voltage or current waveforms, much better RFI/EMI perfor-
‘mance is realized. Most of the basic topologies that exist within the PWM family
are also in the quasi-resonant family.
" Quasi-resonant converters utilize an L-C tank circuit, which “rings™ at its
‘matural resonance frequency in response Lo a step change in its terminal voltage
i current. The tank circuit is placed between the power switch and the trans-
former and/or the transformer and the output filter.

Control is accomplished by controlling the nonresonant portion of the wave-
form and with a fixed period allowed for the resonant portion of the waveform.

46.1.1 The Zero-current Switching Quasi-resonant Converter

The zero current switching (ZCS) quasi-resonant (QR) switching power supply
forees the current through the power switch to be sinusoidal. The transistor is
always switched when the current through the power switch is zero. To under-
stand the operation of a ZCS QR switching power supply, it is best to study in
detail the operation of its most elementary topology—the ZCS QR buck con-
verter (and its waveforms) as seen in Figure 4-10.

As one can see, there is the familiar choke input filter (L-C) on the output,
which is characteristic of the buck and all forward-mode converiers, The con-
figuration shown in Figure 4-10 is called a parallel resonant topology because
the load impedance (the L-C filter acting as a damping impedance} is
placed in parallel to the resonant capacitor. The input to the L-C filter stage
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Figure 8-10 The schematic and waveforms of a ZCS quasi-resonant buck converter.

represents a high ac impedance al the tank circuit’s resonance trequency.
Otherwise, it would lower the O of the tank circuit and adverscly affeet its
ability to “ring.”

The operation of the ZCS QR buck converter can be broken into four
periods. Period 1 is its quiescent or initial state, where the tank clements are
“uncharged,” the power switch is off, and the catch diode is conducting the load
current through the inductor as in 4 PWM buck converter. Period 2 starts when
the power switch turns on and the voltage across the power switch makes a step
change. With the catch diode conducting, the resonant capacitor is effectively
shorted to ground. The power switch only sees the inductance of the resonant
inductor, The switch current is al zero when the voltage has switched since
current cannot change instantaneously through the resonant inductor. The
switch current begins a linear ramp from zero amps with a positive slope of
+V /L. This continues until the amount of current Howing through the switch
and resonant inductor exceeds the load current being conducted by the catch
dicde. The catch diode then turns off in a zero current fashion by the load
currcnt being displaced by the power switch,
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Period 3 begins when the resonant capacitor is released. The current wave-

form now assumes a sinusoidal waveshape, proceeds over ils crest, and
decreases until it passes through zero amps. The resonant inductor’s current
then begins to flow backwards through the antiparallel diode of the power
switch. The power switch may turn off at any time during the “ringback” period
with no switching loss since any current during this time is lowing through the
antiparallel diode. Any excess inductor energy is returned to the input filter
eapacitor, During period 3, the resonant capacitor's voltage exhibits a sinusoidal
wavelorm, but is lagging the current wavetform by 90 degrees. So, when the
inductor’s current passes through zero, the resonant capacitor’s voltage has
reached its peak and starts its decline.
During period 4, the input to the buck filter mductor (L) represents a current
sink and creates a downward linear voltage ramp that discharges the rest of the
Tesonant capacitor’s energy into the L-C filter. When the voltage ramp reaches
zero, the guicscent state of the tank circuit is again reached and it awaits the
next conduction period of the power switch.

As one can see, the power switch switches at zero current on both switching
edges. The commutation diode switches at zero current because of the current
displacement by the power switch at its turn-on, and a linearly declining voltage
ramp at its turn-off (zero voltage turn-off). The net result is no switching losses
in both power semiconductors including the ringback diode.

The “on” period of the power switch must be set 1o the resonant period of
the tank circuit. The power transferred to the load is done by varying the amount
of on-times per second of the power switch. So the ZCS quasi-resonant con-
verter needs a fixed on-time, variable off-time method of control. The control
ICs presently available on the market perform just this function. The control
equation is given by

Wk

Vof

Care must be taken to specify a low and high limit to the output power of the
converter. At light loads, the frequency can drop drastically. 1 the frequency
comes within a decade of the output L-C filter pole, too much ripple will be
allowed to pass to the load. At heavy loads, the frequency can become tow high,

and the power switch conduction cycles will run together, thus producing a
nonzero current switching situation. So,

108 % £ L1 (4.12)

where: fj, is the L-C filter pole frequency (see Equation B.8).
fu is the switching frequency of the supply.
/. is the resonant frequency of the tank circuit (sze Equation 4.13).

(4.11)

' Frequency limiting is also provided on all the resonant controllers on the
rket today. The resonant frequency of the tank circuit is given by
= l_

. 2xVLC,

One-half of the reciprocal of this equation is the positive hall period of the
circuit waveform. Since the tank circvit has been partially emptied of 1its
., the ringback period is shorter than a half period. On the average, an
itional 75 percent of the above period should be reserved for the ringback
iod.

(4.13)
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Figure 811 The schematic and waveforms of a ZVS quasi-resonant buck converter.

4.6.1.2 The Zero-voltage Switching Quasi-resonant Converter

A second type of quasi-resonant converter is the zero voltage switching (ZVS)
quasi-resonant family. A ZVS QR buck converter and its waveforms are shown
in Figure 4-11. Here the power switch remains “on™ most of the time and per-
torms resonant off periods to decrease the output power. Actually, the ZCS and
the ZVS families mirror one another, If you were to compare the switch voltage
and current waveforms between the two families, and if one inverts both the
voltage and current waveforms in order to reference them to the power switch,
the wavetforms would have a striking resemblance to one another.

The time segments are mirrored oppositely in the ZVS family as compared
to the ZCS family. The commutating diode conducts during the resonant off-
period. The power switch is “on” between the resonant off-periods, and the
power switch's current during these on-periods is the familiar current ramp from
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a forward-mode PWM converter whose slope is (V. — Vo /Loy This period is
also the quiescent time of the tank circuit. During this time, the resonant induc-
tor i saturated and is effectively a short-circuit. The resonant capacitor has 1,
‘across its terminals.

A resonant period is initiated by the power switch turning off. The resonant
capacitor’s voltage cannot change instantaneously, so the power switch's termi-
nal voltage remains at 7, while the current is being cut off. The resonant capac-
itor’s voltage then begins to fall. The resonant inductor’s current has already
reached zero. The catch diode then begins contributing load current when the
resonant inductor’s current falls below the value of the load current. The reso-
ant inductor falls out of saturation and the forward-biased catch diode shunts

capacitor’s voltage rings back above the input voltage and current flows through
the antiparallel diode of the power swilch. Once again, during the ringback

i, the catch diode is on, and the switch sees the impedance of the resonant
mductor to ground. So, a current slope of +F,/Lr is seen. When this current
sceeds the load current being conducted by the catch diode, the diode turns
off. Then the resonant inductor can enter saturation and the current ramp
reverts to a slope of {17, — FLu)Lo, This completes the periods of operation
of the ZVS quasi-resonant buck converter.

" The method of control of the ZVS QR converter is inverse from the ZCS.
At light loads, the control frequency is high, thus performing many off-times.
When the load is heavy, the number of off-times decreases. So its control
relationship is

=+ 4.14

f e
Once again, high and low frequency limiting must be introduced on the
gontrol IC in order to minimize output ripple voltage and zero switching loss
conditions.

- ZVS QR topologies appear to be the more popular of two methods of quasi-
Tesonant technologies. This is mainly due to two reasons: first, its typical varia-
ion in frequency over its mput and load variations is 4:1 as opposed to 10:1
for the ZCS topologies; secondly, it has a better heavy load performance. Also,
some of the more troublesome parasitic elements within the circnit can be more
| easily harnessed.

Bk
ki

4,6.2 Quasi-resonant Switching Power Supply Topalogies

CAs with PWM switching power supplies, there are comparable topologies within
the zero-current switching (ZCS) and zero-voltage switching (ZVS) quasi-
resonant families. You'll immediately recognize the family members upon
- seeing them.

Because current or voltage waveforms within QR converters are sinusoidal,
the peak values are higher than those equivalent parameters found in PWM
switching power supplies where the waveforms are typically rectangular or
trapezoidal. One can expect the peak values to be about 1.5 or more times
higher than PWM topologies. The ZCS QR supplies present a high current
stress upon the power switches, and the ZVS QR supplics present a high voltage
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Figure 4-12 Nontransformer-isolated quasi-resonant topologies.

stress. This stress can vary with the input voltage and the output loading, making
some topologies better suited for certain ranges of input voltages and output
powers. For instance, the ZCS QR supplies are good at high input voltages, but
poor at high output powers. Conversely ZVS OR converters are good at high
output powers but poor at high input voltages.

Most zero-current quasi-resonant applications are no more than 300W, but
zero-voltage quasi-resonant applications can provide many kilowatts in output
power. Two power switch topologies will distribute the losses in two packages
thus making them better for the higher output powers. The lopologies are sum-
marized in Figures 4-12 throogh 4-14.

4.6.3 Designing the Resonant Tank Circuit

The resonant tank circuit gives the quasi-resonant switching power supply its
unique functionality. Because switching power supplies are made up of many
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Figure 4-13 One transistor, transformer-isolated quasi-resonant topologies.

power elements that exhibit some other parasitic characteristics, the resonant
topologies can actually turn these annoying parasitic characteristics into useful
functions within the power supply. The skill of the designer is to know where
parasitic behaviors are located and how to best arrange the L-C lank circuit to
lake advantage of them,

A tank circuit is made up of reactive elements with no loss elements (resis-
tive). It vields the lowest branch impedance when the ac impedances of the
inductor and the capacitor equal one another, or the net phase shift equals zero
degrees. This point is called its natural resonance frequency. If the tank circuit is
subjected to a signal whose frequency is equal to its resonance, it will actually
produce a voltage much greater than the exciting signal. The degree of this
“amplification” is referred to as its Q. It is proportional to the amount of resis-
tive damping or loss that exists within the tank circuit. A tank circuit, if sub-
jected to a transient spike or a step function, will “ring” at its natural resonance
frequency, thus forcing the input signal into a sinusoidal wave shape as it passes
through the cireuit.

Let us examine how the quasi-resonant switching power supplics employ tank
circuils within their topologies. Any energy taken from the tank circuit by the
output is a loss of its stored energy to the tank circuit. The problem is to harness
this energy within the tank circuit, but not load the tank circvit too much as to
ruin its Q. There are two ways to remove energy from an L-C tank circuit: by
placing relatively high impedance in parallel with the capacitor (parallel
loading); or by placing a relatively low impedance in series with the inductor
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(series loading). This leads to quasi-resonant “subspecies™ series-resonant,
zero current (or voltage) quasi-resonant switching power supplies and parallel-
resonant zero current (or voltage) quasi-resonant switching power supplies.
They ditfer in how they load the resonant tank circuit and can be seen in Figure

4-15,
Let

us examine how one determines the values of the inductor and

capacitor. Several assumptions have to be made at the beginning of the design
process since several of the tank circuit’s characteristics arc variable within the
application. The first is to assume a value for the Q of the tank circuit. In the
application, the Q varies greatly with the amount of load placed on the output
of the supply. 50, a good value to start with is

Q=3

Mext, decide the natural resonance frequency of the tank circuit. For the avail-
able quasi-resomant controller ICs on the market, the range is between 1 and
2MHz. This limit should be considered the maximum limit within conven-
tional QR designs, So 1 to 1.5 MHz is 4 typical choice. Lower frequencies can
be used and some efficiencies can be gained. The equation for the resonance

frequency is
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h= e (4.15)

where: L is the value of the resonant inductance in Henrics.
C is the value of the resonant capacitor in Farads.

Here we have one equation and two unknowns, obviously another relationship
is needed. Many values will satisfy the above equations.

The typical assumption is 1o make the energies balance between the L and
‘the C. This is done by

lil':|r.111k = E L‘r £L e ECI 'I'/;u (41 ﬁ}

Substiluting E,. = P, and solving for the value of the capacitor from the
“eniergy stored within the capacitor (second equation) is

£ 2FI'IIIT
Voufi

-

(4.17)

Solve this equation by using the parameters known from your application.
Then substituting this relationship for the resonmant capacitor into the resonance
- equation (Equation 4.8), one gets

1

ey

The results of this excrcise should be considered a starting point. This is
because the parasitic elements in the power supply in the area of the tank circuit
- are of comparable value. The particular parasitic elements are the leakage
inductance(s) of the transformer which would sum into the above value, and the
output capacitance of a power MOSFET (if used) which also sums into the res-
onance capacitor's value. Some applications aclually use these parasitic ele-
ments as the resonance elements, but much caution must be used, because these
are elements resulting from the physical construction of the transformer and
MOSFET. These can vary greatly from pait to parl,

What if the above relationship between the resonant inductor and capacitor
were “pushed” one direction or the other. One could use a “large” L and a
“small” C or vice versa. The relative size of the two components does affect
some hehaviors of the circuit. For instance, if a “small” C is used in a ZV5 QR

Ly (4.18)
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Figure 4-16 “Pushing” the resonant capacitor through a transformer in ZCS8 QR supplies: (a)
primary-side resonance; (b) secondary-side resonance.

supply the peak ring voltage will increase thus producing a higher voltage stress
on the power switch. Inserting the desired limiting voltage value into Equation
4.17 and solving will adjust the estimated capacitor value to achieve this
maximum voltage. In typical 1 to 1.5 MHz QR applications the range of values
for the tank elements are

C, = 7.000 1o 10,000 pF
L,=21to5uH

Another arrangement for the tank cireuit in ZCS QR supplics takes advan-
tage of the leakage inductances of the primary and secondary(ies). The designer
can “push” the resonant capacitor through the transformer and place it on the
secondary as seen in Figure 4-16. This is done by utilizing the cquation that
deseribes the reflection of impedances through a transformer.

. 2
. =[”‘*“ 12, (4.19)

[

Substituting the value of the resonant capacitor (across the primary winding)
for Z,; one can determine the value needed on the secondary of the trans-
former. Without “pushing” the capacitor through the transformer, inductive
voltage spikes still ure present on the primary during transitions. When the
resonant capacitor “pushed” through the transformer, the leakage inductances
are summed into the resonant inductor and their dv/dts are now controlled by
the tank circuit and the voltage spikes disappear. This eliminates the need for
snubbing across the primary winding and will improve the RFT behavior of the
supply.

If the transformer has multiple secondaries, the ZCS resonant capacitor can
be split and placed on cach secondary or can be placed across the entire sce-
ondary winding il an autotransformer secondary arrangement is used as shown
in Figure 4-17.

If multiple isolated secondaries are used. one might split the values of the
seeondary resonant eapacitors in proportion o the respective output powers.
That is

Py P
Ciiw = [——nw] @] o (4.20)

F.':]{k“m] i
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Figure 4-17 Second-side resonance arrangemants for complex secondary designs in Z03
OR supplies: (a) autotransformer secondaries; (b} isolated secondaries.

(One caution: Whenever the resonant capacitor is placed on a lower vollage
output, the ripple current entering the capacitor increases. So, carefully check
the ratings against the application.

In ZVS QR supplies that use power MOSFETS, the resonant capacilor
(placed across the drain and source pins) will be summed with the output capac-
itance (Cngs) of the MOSFET during its off-time. Some designers use only the
Css of the MOSFET. Caution must be used with this approach since this capac-
' itance is highly nonlincar and varies with voltage and from part to part. But, by
doing this, the designer reduces what is called charge dumping. During the turn-
~ on of the MOSFET, the drain must shunt the charge developed across the Coss
o ground.

Identifying and harnessing these parasitic losses into the operation of the QR
power supply is an interesting challenge that should be undertaken. So, care-
fully analyze its operation and play with the arrangement of the tank circuils.

" 46.4 Phase Modulated PWM Full-bridge Converters

Since full-bridge converters occupy the highest output power region of the
topologies, their power switch losses pose a particularly significant problem. In
the normal PWM full-bridge converter, the power switches in opposing corners
are switched simultaneously. This practice completely releases the primary
winding from any low impedance ac ground. This results in large spikes and
ringing caused by the leakage inductance of the primary and any residual mag-
netization inductance. Historically, this noise can only be reduced by the use of
d lossy snubber network.

By changing the power switch control strategy so that only one corner power
switch is first turned off, the opposing end of the primary winding remains con-
nected to an ac ground. This allows the unloaded end of the primary winding
ta be “tuned” with a resonant capacitance and produce a controlled dv/dt. The
value of the leakage inductance and the output capacitance of the power
MOSFET contribute to the resonant network. The open-end terminal of the
primary winding voltage then rings to the opposing input voltage rail where that
MOSFET is then turned-on in a ZVS fashion. The MOSFET on the lagging
end of the primary winding can then be turned off and its end of the primary
can ring to its opposing input voltage and the opposing MOSFET can then be
turned on. The waveforms can be seen in Figure 4-18.
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Figure 4-18 Phase modulation of 8 PWM full-bridge converter,

Since both ends of the primary winding have a single-ended loaded winding
during their respective turn-off transitions, each of the MOSFETS accomplish
ZV§ turn-off. The output rectifiers gain some cfficiency since their current tran-
sitions appear more zero-current switching in nature,

There are control ICs presently in the market. This is one technigue to
increase the frequency of full-bridge converters and gain three to five percent
in efficiency over the normal PWM full-bridge converters. The cost of the supply
does increase since more gate drive transformers are required.
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4.7 High Efficiency Design Examples

The [ollowing design examples comtain various technigues to improve the
overall efficiency of common designs. Most of the designs of active clamps and
lossless snubbers arc empirical, so they are nol included within these design
examples.

Care must be taken in using the new techniques because of the patents that
cover many of their uses. There may be a licensing fee that needs to be paid
direetly Lo the patent holder or a small per-piece fee that is paid when buying
the control IC. Please investigate this before introducing these power supplies
to prodiiction.

4.7.1 A 10 Watt Synchronous Buck Converter

Application
This design example is a redesign of the PWM design example 1 that shows how
one would include synchranous rectifiers (Section 3.15.1).

In designing a synchronous switching power supply, one must be very carclul
when choosing the control 1C. For the sake of maximizing efficiency and mini-
mizing space, the average synchronous controllers take many liberties in system
operation, which make them only good for the IC supplier’s mentioned appli-
cation. Many subtleties of operation cannot be determined unless the datasheet
is read completely. For instance, every time 1 altempt to design a synchronous
converler and try to use off-the-shelf 1Cs, T throw out three to four designs. This
is because 1 encounter an unexpected operational mode that cannot be over-
come or modificd because the function is not brought out Lo a pin, Needless to
say, it is a frustrating process if one wants something different from the “cookie
cutter” solution (refer to Figure 4-20 for the schematic).

Design specification

Input voltage range: +10V o +14VDC
Cuiput voltage: +5.0VDC

Rated output current: 204

Owvercurrent limit: 3.0A

Output ripple voltage: +30mV p-p
Output regulation: += 1%

Maximum operating lemperature:  +40°C

“Black box" predesign estimates

Output power: (+5.0V)(2ZA) = 10.0W (max)

Input power: £, /Est. Effic. = 100W/0.590 = 11.1W
Power switch loss:  (11.1 - 10W)(0.5) =0.5W

Catch diode loss: (111 = I0W)(0.5) =0.5W

Input average currents
Low input: (ILIW)H10V)I=111A
High input: (ILIW)(14V)=08A
Estimated peak current: 1.4 (Fojnes)
1.420A)=28A

The desired frequency of operation is 300kHz.
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Inductor design (refer to Section 3.5.5)
The worst case operating condition is at the high input voltage.
{Viulmax‘.- L Prr_'lul}(l e rfllu._.";II;l'nl:m;u:l}

-Llr_i.n i
1. 4I¢Iul|:l.‘l1l.‘l1:| _Ilrsw

MY -5V)1-5V/14V
IL'|.|||.u RS { }( ; }: 2?.5 J'.I]:‘I
1.4(0.5 A 300kHz)

where: Fima 15 the maximum possible input vollage.
V.. is the output voltage.
Lousgmimy 18 the lightest expected load current.
[ is the operating frequency.

The inductor is to be a surface mount toroid on a J-leaded plastic mounting
board. There are standard surface mount inductors available from many sup-
pliers. I have chosen the part DO3340P-333 from Coileraft (33 uH).

Selection of the power switch and synchronous rectifier MOSFETSs

Power switch. The power switch is going to be a transformer-coupled N-channel
power MOSFET. I plan to use a dual N-Channel MOSFET in an SO-8 package
to help save on PCB space. The maximum input voltage is 14 VDC, Therefore,
a Pres rating of +30VDC or higher will be satisfactory. The peak current is
28A.

The first step in the selection process is to determine the maximum Ry,
for the desired MOSFETS. This is done by examining the thermal model (see
Appendix A). The maximum Rrpg,., is found by

Rostaatmsst = [Tymae = an.m:mw:-]/ [{-* D }2 (RJ,».J]

It is also desired to keep the heat dissipation less than 1 W for the device so the
estimated Rpsjny should be less than

i
RDGIm—mu] = PDIEH:I;'IIII{kaI:t'il:I}
2
=(1 W],"' (2.8A) <127 milliohms (max. each MOSFET)

I will select the FIXS6912A dual N-channel MOSFET with an on-resistance of
28 milliohms at a VGS of 10V packaged in an SO8 package.

Syrchronous Diode. A Schottky diode about 30 percent of the rating of the con-
tinuous rating of the synchronous MOSFET needs to be placed in parallel with
the MOSFETs intrinsic diode. This would be about 0.66 A at 30V, T will use an
MBRS5130. This dinde produces a 0.35V forward voltage drop at 0.66 A.

Alternate choice. Fairchild Semiconductor, at the time of wriling this book,
released an integrated Schottky diode and MOSFET where the parallel
Schottky diode is placed directly on the MOSFET silicon die (SyncFET).
The SyncFET has a 40 milliohm N-channel MOSFET, copackaged with a 28
millioshm SyncFET. The part number is FDS6982S.

The output capacitor (refer to Section 3.6)
The value for the outpul capacitor is determined by the following equation™
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II.II.I.‘.':.I'H.M:I |:.1 = Dcl'rnin'l}

(?nl:lr[min:l = :
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2AN1-5V/ 14V
i M=SVTAEY). a5 ap
(300kHz)30mV)

" The major concern of both output and input filter capacitors is the ripple
‘current entering the capacitor. In this application, the ripple current is identi-
¢cal to the inductor ac current. The maximum limits of the inductor current is

" I will be using a surface mount tantalum capacitor because they typically
‘exhibit about 10 to 20 percent of the ESR of electrolytic capacitors. I will also
‘derate the rating of the candidate capacitors by 30 percent at +85°C ambient
lemperature.

The best candidate capacitors are from AVX. They have very low ESR and
us can handle very high levels of ripple current. These capacitors are cxcep-
tional. I will place two pieces of the following parts in parallel on the output.

- AVX:
- TPSE10TMOLRO150 100 4F (209%), 10V, 150mohm, (LB94 A .,
TPSELD7MO1R0125 100 uF (20%), 10V, 125mohm, 0.980 A,

Nichicon:
F751A107MD 100 4F (20%), 10V, 120 mohms, 0.92 A,

The input filter capacitors (Sections C.1 and C.2)

This capacitor experiences the same current waveform at the power swilch,
‘which is a trapezoid with an initial current of about 1 A rising Lo 2.8 A with very
‘sharp cdges. This capacitor has much more rigorous operating conditions than
the output filter capacitor. T will estimate the RMS value of the traperoidal
current waveform as a piecewise superposition of two waveforms: a rectangu-
lar 1 A peak waveform and a triangular waveform with a 1.8 A peak. This yields
~ an estimated RMS valuc of 1.1 A.

The value of the capacitor is then calculated as

P, 1L.1W

Cln - T

£ WVirmeion)  (300KHZ)0.5)

Capacitors at the higher voltages have smaller capacilance values. There will be
two 100pF capacitors in parallel. The candidates are

AV (two required per system):
TPS10TMO20R0085 100 4uF (20%), 20V, 85mohms, 1.534 A
TPS107TMO20R0085  100uF (20%), 20V, 200mohms, 1.0 A,

Selecting the controller IC (U1}
The desired features one might look for in a buck controller 1C are:

1. Ability to operate directly from the input voltage.
2. Pulse-to-pulse overcurrent limiting.
3. Totem-pole MOSFET drivers.
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4. Some control over the delay between the power switch and the synchro-
nous rectifier MOSFETE.

There are very few synchronous buck contrallers on the market that are not
targeted to the +5 to 1.8V microprocessor local regulator application (i.c., Fy
of +12V, and Vj, of +5V). Also 1Cs that bring out enough functions to pins so
that one may tailor its performance to the application. 1 threw out two entire
product offerings from two major California companies (not Lo throw stones)
and found only one part that fits my needs, the UC3580-3 from Unitrode/TT.

The internal reference presented to the voltage error amplifier is 2.5V +/-
2.5 percent.

Setting the frequency of operation (R7, RS, and C8)

R& charges the timing capacitor (C8) and R7 discharges the timing capacitor.
First, one decides the maximum duly cycle of the converter. Since the output
voltage is about 50 percent of the lowest input voltage, 1 will choose a 60 percent
maxmum duty cycle. From the data sheet:

max duty eycle = R8/(R8+ 1.25R7)
or
R8 = 1.875-R7

The charge time is (L6/300kHz or 245 maximum on time. The parameter
tables use a timing capacitor value of 100pF which is fairly small and will not
dissipate much cnergy. 1 will use this value. The value of RE, therefore, is

R8 = (2.048)/(100pF) = 20k ohms
R7 = (20k)/1,875 = 10.66k make 12k

The volt-second limiter (R4 and C5)
This IC has a method of feed-forward maximum pulsewidth limiting. As the
input voltage increases, the expected operating pulsewidth of the buck converter
decreases. An R-C oscillator is directly connected to the input voltage and its
timeout is inversely proportional to the input voltage. Its timeout period is set
to about 30 percent longer than the excepted operating pulsewidth. If the pass
unit is still conducting at the moment that the volt-second oscillator times out,
the pass unit is cutoff.

I am selecting C5 to also be 1NpF since its timing is about the same fre-
quency as the oscillator, That makes R4 around 47 K ohms.

Setting the deadtime between the pass unit and the synchronous

rectifier MOSFETSs

One could perform the turn-on and turn-off delay calculations presented in
Section 3.7.2 and still have to adjust the value of the deadtime delay-setting
resistor (R6) at the breadboard stage. A starting value of 100nS is good. The
typical MOSFET turn-on delay is about 6005, The 100nS will assure that there
is no push-through current.

The IC produces an asymmetrical deadtime delay. From the graph in the
datasheet a value of 100kohms will produce a pass unit turn-on delay of about
110nS and a turn-off delay of 180nS.

1 am fully planning to reduce these delays at the breadboard stage. Delays
this long cause the diodes to conduct too long, thus causing the losses to be
high. But this is operating on the safe sidec.
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Design of the gate drive transformer (T1}

The gate drive transformer is a very simple 1:1 turns ratio forward-mode Lrans-
former, There are not extraordinary demands being placed on the transformer
since it is a very low power, ac-coupled (bipolar flux). 300kHz transformer.

A ferrite toroid about (.4 inches (10mm) is sufficient, such as TDK part
number K. T10x2.5%5 (B, is 3300G), or Philips part number 2667T125-3D3 (B,
is 3,800G).

From Section 3.5.3, the number of turns to produce 1,000G (0.1T) or 0.3 8.,
is

e I'/iul_l:lur_u]luH
pri ot il e
(12 V)10F
N_

4(300kHz){1,000G)(0.06 cm)
= 16.6 turns round up to 17 turns

The gate drive transformer will be bifilar wound where two identical wires
(about #30AWG) will be wound simultaneously with equal turns. For conve-
nience, the transformer will be mounted on a four-pin, gull wing, surface mount
header.

Current sense resistor (R15) and voltage sensing resistor divider

(R11 and R13)

The 1C provides only a shutdown pin with an activation threshold of 0.4V
minimum. I plan to enter a hiccup mode of overcurrent protection as a form of
back-up protection. To minimize the size of the current sensing resistor, T will
employ a variation of the current foldback sensing circuit. Here 0.35V will be
contributed by a resistor in the voltage sensing resistor divider (R14). The value
of R135 is then

R15=0.05V/3A = 16.6 mohms make 20 mohms

The Dale resistor is WSL-2010-.02-05.
 Iwill assign a sense current of about 1.0mA through the voltage scnsing resis-
tor divider. This make the resistance represented by the sum of R13 and R14

Run=25V/1.0mA =25k
R14 is then
R15=035 V,./ 1.0mA = 350 ohms make 360 ohms

R13 then becomes

2.5k — 360 ohms = 2.14kohms
make 2.15kohms 1 percent tolerance.

R11 is then

R11=(50V - 25V)/1mA = 2.5k
make 2.49k ohms 1%

Compensating the voltage feedback loop (refer to Appendix B)
This is a voltage-mode, forward converter. To produce the best transient response
time, a two-pole, two-zero method of compensation is going to be used.
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Defining the control-to-output characteristic
The output filter pole is determined by the filter inductor and capacitor and is
a —40dB/decade rolloff. Its nominal corner frequency is

1
o= 23VE,C,
f= -

* 27+(33 uH)(200 uF)

The zero caused by the output filter capacitor(s) (ESR is two 150mohms in
parallel) is

=1,959Hz= (3.58)

1 1
© 2aR..C, 2m(75m)(2004F)

The intrinsic absolute gain of the power circuit at de is

e =10,610Hz

Anc =V AViror = (14V)/(29V) = 4.8
Gre = 20Log(Apc) = 13.6dB

Locating the compensating poles and zeros of the error amplifier
I shall use a gain cross-aver frequency of 15kHz, which is quite satisfactory for
the majority of applications. This yields a transient response time around
200 us.

fu=15kHz

First one assumes that the final closed loop compensation network will have
a continuous —20 dB/decade slope. To achieve a 15kHz cross-over frequency the
amplifier must add gain to the input signal and “push-up” the gain curve of the
Bode plot.

G = 20L0g(fon/ fir)— Gie- = 20Log(15kHz/ 1,959 Hz) - 13.6dB
G, =G2=+41dB
Ay, = A2 =1.6 (absolute gain)
This is the gain needed at the midband plateau (G2) to achieve the desired
cross-over frequency.
The gain exhibited at the first set of compensating zeros is
Gl :G2+2ﬂLog{_ﬁd/_ﬁ.P]}: +4.1dB+20Lng[QEﬂHzflﬂ,ﬁ1ﬂ Hz)
Gl=-16.5dB
A1=0.15 (absolute gain)
To compensate for the double filter pole, I will place two zeros at one-half
the filter pole frequency:
_|rEZ| :_lrer2 = ‘S‘EﬂHz.
The first compensating pole will be located at the capacitor’'s ESR frequency
(4,020 Hz):
feni = 10,610 Hz
The second compensating pole is just used to maintain high-frequency stability
by depressing the gain above the cross-over frequency:
fee=15f,=225kHz

Now one can begin calculating the component values within the error ampli-
fier. Refer to Figure 4-19,
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Figure 4-19 The gain and phase Bode plots for design example 4.7.1: (a} the gain plot for the
synchronous buck converter; (bj the phase plot for the buck synchronous converter.

Cide : = .
T am(f N AZNRIL)  2x(15kHZ)(1.6)(2.49k%)

€13 = 0.0026 uF make 0.0027 uF
R10 = (A1)(R11) = (0.15)(2.59kQ) = 3730 make 360Q

1 1
2l fonRI0)  27(10,610Hz)(360 2)

Cl2=




170

"'\"'rinc'

e

1
T

L1

C15C27

it 100uF

Adh
L ad

1

car®

10Flus 1

1k

Waveshaping Techniques to Improve Power Supply Efficiency

GND o ——

0V 200

’@
| R2
(K]

1F .
=
E.

2

C4.

1

!

PGND

L1 1.11-_~

5

DRI PGND
DRI comp
U1
VDD EAin

UC3sR0-3
Line eqrmwm

12 C12 R10

FFW:—-

Cl13
RGO

LEE

—= GND

D&

C35 -—r—v

Srag
DEC2
ALMND

——— e
10 ,:1
L R7 .
REF 55 B
114 +15—‘
67 C7 b

Figure 4-20 A 10 watt synchronous buck converter.

T

Ré

€12 = 0,042 uF make 0.05 uF

R12 = R10/42 = (36092)/(1.6) = 2250 make 220Q
1 I

25 (f.a)R12) 27 (22.5kHz)(220 £ )

C10 = 0.31 uF make 0,33 uF

10

4.7.2 A 15 Watt, ZVS Quasi-resonant, Current-mode Controlled
Flyback Canverter

This design is a novel turn about to the traditional voltage-mode controlled ZVS
quasi-resonant converters. By modifying a conventional, non-duty cycle limited
current-mode control IC into fixed off-time, current-mode controlled on-time
method of control, a ZVS topology can be crealed. The added advantage is
having the overcurrent protection and responsiveness of current-mode while
having the reduced switching losses of a resonant technology. Although its fre-
quency of operation may not exceed 1 MHz, it docs offer the advantages of no
switching losses and reduced EMI radiation. Please refer to Figure 4-22 for the
schematic,

Diesign specification

Input voltage range:
Output voltage:
Low voltage “no start” voltage:

18V to 32VDC, +24 VDC (Nominal)
+15VDC @ 05A to 1A
BOV +-1.0V
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Predesign “black box” considerations
- Output power:  F,-L,=(15V)(1A) = 15 Wals
Maximum peak current:
55 P S55(15W)

Iy = = = 4.6 Amps
rﬂc P;n Imin 18V
~ Input average currents:
15°W
-'rir.l.-l.'r' i R‘Il = = U.? Amp\s
E_ﬂ-' I/inl::lllilln] 9{24 ‘ll"ll}
Pmlr I'S w d
Loty = = = 0.926 Amps

Eﬁ'[’,u-flm_l 9“3\"']

Determining the gauge wire needed on the primary, the supply is required 1o
aperate at 18V at the rated load current, so the primary wire gauge needs to
equivalent to #20 AWG.

esigning the flyback transformer

The transformer is going to be the only nonsurface mount component inside
& power supply because there is no surface mount core style large enough to
support 15W A toroid will work but I will be using a low profile E-E core from
TDK. The “EPC” style of low profile cores will do.

ﬂerfmlmmg the core material. The power supply will be operating over the fre-
quency range of around 150kIz to 500kHz, which is an area where two types
of core material could be used. The “F”, “3C8", and “H-P." {similar materials
made by different manufacturers) are useable up to about 800kHz. The “N7,
#3857, and “H,Py" are useable into the MHz region, with slightly lower core
liisses in this operational region. For this application, 1 will use the I1;Py, mate-
rial (TDK).

Determining the core size. TDK rates its cores by the amount of power that can
'~ be handled by the core in a one-transistor forward converter. Tts volume require-
ments are very similar to a flyback converter, The EPC core that rated at 15'W
-~ or greater is the EPC 17 core size. The part numbers for this assembly are: core,
- PCAOEPCI17-Z; bobbin, BER17-1111CPH; and clamp, FEPC17-A.

- Determining the primary inductence. T am assigning a maximum on-time of 7us,
which would occur at the minimum input voltage. The primary inductance
would then be

I T/i.:-li'rr.in :;I:Inl:l'llu.'i i

T
~ (1BV)T us)
(4.6A)

The length of the air-gap should be approximately

0.47LI3, 10"
I!1|g;.|-| ST TR e

ABru
0427 uHY4.6 A) 10°

(0.22 cm? N1800)

L.

=273uH

= _llJlem

m
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The A, of the core with this air-gap is about 55nH/N* This A, is the version
used by TDK and uses the following equation to determine the number of turns:
L (27uH
N.i= Ly = e =222 turns, make 22 turns

" Va4 VssuH

The secondary winding’s inductance controls how guickly the core would empty
itself of the stored energy for the discontinuous-mode of operation. Since the
input and output voltages are very close in magnitude, a 1:1 turns ratio would
be possible. This would result in a 3 uS off-time within a comparable PWM
system. Let us use a 1:1 turns ratio; it could be bifilar wound to promote the
tightest coupling.

Noe = 22 turns
Wire gauges

Primary: #20 AWG or equivalent—make 3 strands of #24 AWG
Secondary: #20AWG or equivalent—make 3 strands of #24 AWG

To reduce confusion, I will use two differently colored wires,

Transformer winding technique

The primary and secondary windings will be twisted together prior to winding
them onto the bobbin. The windings will be separated on cach end (distin-
guished by the colors) and soldered to the assigned terminals. A layer of Mylar
tape will be placed on the exterior surface for aesthetics and safety.

Designing the resonant tank cirenit

This is a first-pass cstimate for the values of the lank circuil since al this time

it is impaossible to predict the influences of all the parasitic elements that would

oceur in the physical circuit. Readjustment of calculated tank values and the off-

time setting on the controller 1C will be necessary at the breadboard stage.
First one assumes that the power stored within the L-C tank circuit will be

shared equally, or that

By Gl ik

f 2 2
Rearranging and solving for the resonance capacitor value,
S

I wish to limit the peak voltage across the resonant capacitor (C7) to less than
100V and solve

¢ oUW

=————— = (1024 yF, make 02 yF
(70V) (250kHz)

I have chosen the maximum operating frequency of the power supply to be
250kHz. At light loads, the maximum on-time should be in the order of 10 to
15 percent. So, the resonance frequency will be around 250kHz as well. Solving
for the resonant inductor,
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ek
C.(27f)
- 2 _ = 20pH
(.02 uF}27(250kHz))

Designing the output rectifier/filter stage
Selection of the output rectifier

V ler + {lemaﬂ}
pri

=15V+R2V=4TV
Let us select the MBR360 for D4

- Calculating the needed output filter capacitor

C,_-l s lrrvnrl,rnnx'ITuH
Veiepie
_(1AK2u8)

S0mV

make C8 equal 47 yF at 25 VDC. I will use a very good grade tantalum capaci-
'~ tor and place in parallel a 0.5 yF ceramic capacitor.

= 4 uF

-I}esignlng the bootstrap start-up section
I will be using the current limited linear regulator Lype of start-up circuit.
For R1, the base bias resistor,

Rl1=(18V-12V)/(0.5mA)=12K
For R2, the collector current limiting resistor,
R2 =(18V =13V)/(10mA) = 500 ohms make 510 ohms

~ Design of the controller section

1 will be using a garden variety UC3842 current-mode control IC. The IC selec-
' tion is important because it cannot have 50 percent duty cycle limiting. The
' oscillator will be operating as a fixed off-time one-shot, which means shorting
the timing capacitor to ground and the on-time is then only controlled by the
~ current sense input pin. When appropriate current is achieved, then the timing
capacitor will be release and the oscillator will operate like a one-shot timer for
the off-time and restart the next on cycle.

" Modifving the controller to fived off-time. This is done by placing a small signal
" N-channel MOSFET across the timing capacitor. The gate is connected to the
 gate of the main power MOSFET. A couple of good choices for the small signal
. MOSFET is the BS170 or 2N7002. By referring to the data sheet for the timing
" elements and needing an off-time of approximately 2 uS, means that the timing

' components will be approximately 15 Kohms for the timing resistor and 220pF
for the timing capacitor. These values will be adjusted to match the resonant
half-period of the tank circuit during the breadboard stage.
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Design of the voltage feedback loop
I am going Lo usc a sense current of 1.0mA, This makes the lower resistor in
the voltage sensing resistor divider (R9) a 249K 1 percent resistor.

The upper resistor (RE) is

R8=(15V—25V)/1mA = 12.5K ohms
make 12.4K 1 percent.

Designing the feedback loop compensation

Zero voltage quasi-resonant power supplies usually vary in frequency 4: 1 with
varying mput line and load, Thal variation would make the estimated mini-
mum switching frequency at 80kHz. We will need to estimate this for the
compensation.

The control-to-output characteristic curves for a current-mode controlled
fiyback-mode converier, even though it is operating in variable frequency, are
of a single-pole nature. So a single pole-zero method of compensation should
be used. The placement of the filter pole, ESR zero, and dc gain are

_(BV-15V)
T 28V-25V
=241

Goe = 20Log(2.41) = 7.7dB

1
Jr {hiy =
T 2m(15V/1A)47 uF)
= 225Hz (at rated load (1A))
1
_ﬁ!l“\.lw_; ta

27(15V/0.5A)47 uF)
= 112 Hz (at light load (0.5A))
The control-to-output curves can be seen in Figure 4-21.
The gain cross-over frequency should be less than f../5 or
f.. < 80kHz/S < 16kHz
I'll settle for 10kHz,

To determine the amount of gain necded to boost the closed loop function
to 0dB at the gain cross-over frequency (see Equation B.24):

G = 2010g( o { fis )~ Goc
= 20log(10,000/225) - 7.7dB
= 25.2dB (needed for Bode Plot only)

Ay = 183 (scaler gain—needed later)
Locale the compensating error amplificr zero at the location of the lowest mani-
festation of the filter pole or
j;,- = -|rrl"|.|'"‘".| =112Hz

Locate the compensating error amplifier pole at the lowest anticipated zero fre-
guency caused by the ESR of the capacitor or
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Figure 4-21 The gain and phase Bode plots for design example 4.7.1 {compensation design):
(a) the gain plot for the power supply; (b) the phase plot for the pawar supply.

fop = fupse) = 10kHz (approximated)

Knowing the upper resistor in the +3 V voltage sensing divider (12.4K).

4 ap ¥ el ke
E- EE-A!I\IR]'I};I)
L2 =1/ 27(18.3)12.4K)10KHz)
L = 70pF make 68pF
£
: R3i=A,Rl1

= 13.3{1 2.4 K]
=227K =round Lo 220K
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1N4148
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Va 5 5
18-32V MBR3a0
RI 15V
L2 S L 47 uF
et i 8 s R s GND(oip)
; 35V e @
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Figure 4-22 A 7VS quasi-resonant current-mode flyback converter.

1
2nf.R2
= 1/ 2x(112 Hz)(220K)
= (.065 — round to 0.06 uF

Cd=

473 A Zero Voltage Switched Quasi-resonant Off-line
Half-bridge Converter

This converter is intended to function as a bulk power supply for a distributed
system. It has only one +28 VDC output at 10A. This is going to be a classic
ZVS quasi-resonant half-bridge converter; that is, variable frequency, voltage-
mode eontrolled with averaging overcurrent prolection. It is representative of
the designs using the available control 1Cs on the market today.

This design cxample is the PWM design example (Section 3.15.4), modified
to a quasi-resonant topology. Please refer to Figure 4-25.

Design specification
Output voltage: +28VDC +—-05V
Output rated eurrent: 10 A rated, minimum Load 1A
Input ac voltage range: 105 VAC-130VAC
208 VAC-240VAC
Output ripple voltage:  50mV p-p
Output regulation: +i— 2 percent

Predesign considerations

1. Rated output power: (2BV)(10A) = 280'W
2. Estimated input power: P, .= 280 W/0.8 = 350W
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3. DC input voltages (a voltage doubler is used for 110VAC)
a. From 110VAC: Ve = 2(1.414)(30VAC) = 254 VDC
Voo = 201.414)(130 VAC) = 36AVDC
b. From 220VAC: Vi, = L4185 VAC) = 262VDC
Vi = 1414270 VAC) = 352 VDC
4. Awerage input currents (dc):
a. Highest average: Fiopmag = 350W/254VDC = 1.38A
b. Lowest average:  Jyn= 3I50WERZVDC = 0,924
5. Estimated maximum peak current: [, = 2.8(280W)/254VDC =3.1A

This converter is going (o be able to pass UL, CSA, and VDE safety require-
ments, which will affect the design approach that is taken. It will operate
between the frequencies of 1MHz al the minimum specified load and no less
than 200kIz at the maximum specified load.

Design of the transformer

1 will be using an E-E core with the necessary Mylar tape insulating layers to
meet the isolation requirements of the safety approval agencies. At these oper-
ating frequencies, a high-frequency core material will have to be used to mini-
mize the core losses at 1 MHz. The material should be the “K” material from
Magnetics, Inc, “3C85" material from Phillips, or “N67" material from Siemans.

One consideration is the variation in the operating flux density over the oper-
aling range of the supply. At minimum load (1A) the frequency will be at its
highest {1 MHz), and the B, should be about 0.1 #.,. At maximum load (10 A)
the operating frequency is no less than 200kHz. so its B, should be less than
0.3 B..,. Let us start by assigning the ., at 1MIz at 200G and usc this as the
reference operation point.

The size of the core will be approximately 1.3 inches (41 mm) on a side. This
corresponds to the K-43515 core from Magnetics, Inc. In designing the trans-
former, one must kecp in mind that the first pulse issucd in starting up is at the
full input voltage and the subsequent pulses will be at or closer to one-half of
the input voltage. To be positive that the core will not enter saturation during
that first pulse, one limits the maximum B, at a higher than normal level:

. (382 V)-10*
4{200KHz)(2,200 G)(.904 cm* )

Checking the maximum operating flux densities using Faraday’s law, at light
load, the frequency is approximately 1 MHz, the B,,.. is 211 G. Al its heavy load
(200kI1z) the B, is 1,100 G. This seems to be exactly what is required.

In caleulating the number of sccondary turns needed, one needs to consider
that the resonant transition period is approximately 0.5 ySce within a 2.5 uSec
maximum period per MOSFET at 200kHz. That corresponds to an 84 percent
duty cycle. So,

e =24T

LUZBV +05VH24T

= ( X ) =355T
(254 WV - 2 V)(.84)

Make 4 turns.

B

The auxiliary winding should be two turns.

Transformer winding technique (refer to Section 3.5.9)
The transformer is going to be wound in an identical fashion as the PWM half-
bridge design example (Section 3.15.4). That is, the secondary will be inter-
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leaved between two layers of primary windings. The auxiliary winding will be
placed next to the core, Of course the necessary layers of Mylar tape and a 2
mm spacing from the side walls of the bobbin are necessary for VDE.

Considerations in the design of the L-C tank circuit

1t 15 desired that the resonance frequency of the tank circuit be 1 MHz. In ZVS
OR converters, the tank circuit is not responsible for storing and passing on
energy as it is in ZCS QR converters. The lank eircuil can be seen more as an
off-time transition shaper similar to a snubber when used in PWM converters,
Here a wide range of values for both the inductor and the capacitor will work
as long as their combined resonant frequency is 1 MHz or

o 1
eV LG,

T

I am planning to use the leakage inductance of the primary as a part of the
resonant inductor. For transformers of this nature, a leakage inductance of 0.3
to 1uH is typical. I will specify the winding method to the transformer manu-
facturer so that the variation in the transformer’s leakage inductance will be
held to a minimum. T will have to add a small inductor external to the trans-
former. T will also use the C,, (output capacitance) of the power MOSFET as
a portion of the resonant capacitor. This is a highly variable and nonlinear
capacitance and it is difficult to predict its value. The value of the C.., is depen-
dent upon the off-time VDSS of the MOSFET, which will be changing during
the resonant off-time. Obviously, this requires some adjustment during the
breadboard stage.

Just as an estimate, let us calculate the approximate value required for the
resonant capacitor.

S 1
L(2xf)  (1uH)2r(1MHz))
=025 uF

This value is higher than that exhibited by the output capacitance of the
MOSFET: so I will add an external resonant capacitor outside the MOSFET.
Selection of the power semiconductors
1. The power MOSFET (refer to Section 3.4):
Voss = Vi, = 382V make 500V
Ip = Ly = 2.75 Amps make 4 Amps

We can usc the MTP4NSOE. but the MTPENS0E will result in lower con-
duction losses.
2. Output rectifier:

Ve = 2V, = 56VDC make > TOVDC
lJF'ﬂ.-'I':I > 'rmlr[mux] = lﬂﬁumps, make Eﬂﬁmps
Select MBR20100CT
Design of the output filters

1. The minimum ac output filter inductance (refer to Section 3.5.5):
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(40V — 28 V}[] us)
. L.41Amp)
" Using the LI2 method of determining the size of an MPP toroid, one deter-

mines the Magnetics P/N 55206A2 core part number.
The number of turns should be:

= 8.5uH

(min) =

MNi.=1 Dﬂﬂqlil% = 11.2 turns, make 12 turns

The toroid should have an overall wire gauge of #12 AWG. We will use 100
. strand Litz wire to minimize the skin effects.
~ 2. The minimum output filter capacitance (refer to Section 3.6):

(10A)(11S)
MV

C||.II::|1|u| fret = 200 .L[F

1 will use four capacitors at a value of 47 uF tantalum capacitors. This will
make the RMS ripple current within the ratings of typical capacitors. | will
~ also place a 0.5 yF ceramic capacitor in parallel with the other capacitors.

" 3. Design the output de filter choke (refer to Scetion 3.5.7): Referring to the
permeability versus de bias graph (Figure 3-22) and selecting a perme-
ability that does not excessively dﬁgr&de at a reasonable de bias level, 1
choose a pem‘.teab:hty of 60 at an “H” level of 400,

Usmg the same core size as above one gels:

_ (300)(5.08 cm)

= 12,12 turns, make 13 turns
0.4x(10A)

' _ We still need #12 AW G wire. Litz wire is easier to wind around a toroid and
* reduces the skin effect so I will use it.

Setting the minimum operating frequency

. The minimum operating frequency of the control IC is set by the combination
" of the R and C on the oscillator pin. First one select the oscillator capacitor
" from a graph. The discharge period to produce a 200 kHz period (5 uS) can be
" produced with a 200 to 300 pF capacitor. Make C,,.=220pF. The oscillator resis-
- tor is calculated from

T — 7005 X (2.5}.!3 — 07 4S)
0.348C.,.. U.34~8{22{IPF}I
=31.7K., make 33K

" The maximum operating frequency is set by additional discharge current being
drawn by the error amp through resistor Ry, The equation to determine the
~ additional discharge current {Imax) 15

5.I:=

5. Ce + fome = 1.5(220pF ){1MHz)

-'rmn:
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The current flowing through the parallel oscillator resistor is
i s "l
\ i cacCone

1

I' .

ks - (PUOREE) (32K 220 pE )/

The value of the series discharge resistor (RVFO) from the output of the error
amp to the oscillator is

25~V 25-3

AR PN .| 1 Gt 15
= 7.16 K ohms, make 6.8 K ohms

Ryro =

Setting the one-shot timer
The one-shot timer can be set entirely from a graph and the approximate values
from the graph are RT = 1.5 K ohms and the CT = 220pE.

Design of the voltage feedback circuit

The voltage feedback circuit is to be an isolated variety using the error ampli-
fier as a noninverting voltage-follower. This is to provide a buffer between the
optoisolator and the VFO. Sinee this method of quasi-resonant control is a form
of voltage-mode control a 2-pole—2-zero form of feedback compensation is nec-
esgary. The circuit will take the form shown in Figure 4-23. Refer to Figure 4-24
for part designations within these calculations.

I am designating the maximum voltage at the input to the error amplifier to
be +4.5V. The MOCEI102 has a nominal C,, of 100 percent and the TLA431
requires a minimum of 1 mA passing through it to operate. This makes the value
of the resistor R1:

R1=(0.5V)/(1mA)= 500 ohms, make 470 ohms

When the input to the error amp is at its lowest voltage, the input voltage
shall be at the saturation of the output of the optoisolator or 0.3V, The current
that then must be sunk by the output of the optoisolator is

_50V-03V

470

R2, then is then determined at the maximum current point of its operation,
which is 10mA. It becomes

i 28V —Fhow — Froan " BV -14V-235V
f 10mA
= 2,410 ohms, make 2.4 kohms

The wvoltage-sense voltage divider is started by selecting a sense current
through the divider. T will use 1 mA. The lower resistor (R3) becomes

R3=125 VflmA =25Kor 249K 1%
The upper resistor of the divider (R4) is then

BV -25V
=—=M5K 1%
1mA

L =10mA

R2

R4
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+28V To VFO
I +5% Ref
Ri= é
; R4 RZ
G+ +MOCA102
Ra CZ2 o
\ Error
Cl w

I
-y———’-'k TL431 BP = Control 1C

sl
Output
GND
Figure 423 The valtage feedback circuit.

Design of the feedback loop compensation (refer to Appendix B)

The form of compensation is the 2-pole—2-zero method of compensation. This

is to compensate for the effect of the double pole caused by the output filter

inductor and capacitor. One starts by determining the control-to-output char-
acteristic of the open-loop system.

. The pain exhibited at dc of the system is

ViuNee _ (340V)4T)
WNp  (LVI24T)
. Apc =566

Expressing this in dB for the Bode plot, (GDC) is
Gne = 20 Log(Anc) = +35dB
' The frequency of the output filter pole is

A =

i 1
fo = VLG, 2nV(8.5 AHIX188 F)
=3.981 Hz

:—:The estimated frequency of the zero caused by the tantalum output filter capaci-
tor and its ESR is around 20kHz, so

fI{ESH'II L ZUkHz
Let us select the gain cross-over frequency to be 20kI1z. It could be selected
. as high as 40 KHz but the gain-bandwidth product of the TL431 is not extraor-

dinary and we may have problems attaining that high a cross-over frequency.
Leaving the pole pair together in their frequency location, the location is then

ful EfBIE = n.sfﬁ-_. = 1991 H=

" The location of the lower of the two error amplifier zeros (f.,) is placed at the
' location of the estimated zero of the output capacitor and its ESR. Hence,

fem = 20kHz

The remaining pole (f.0) is placed higher than the gain cross-over frequency,
S0
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The gain needed between the two compensating poles (G2) to achieve the
desired gain cross-over frequency is

Gy, =G2= WMg{';—:]
( 20kHz

=-41:}I,.¢.:|@L ]—Sﬁdﬂ
3,981 He

AZ s 0.40
The gain exhibited at the location of the two compensating zeros (., & f...)

is

Gl=GZ+ Zﬂbug(::—h]

i
- 6948+ 20Log =)
. 20kHz
Gl=-20.0dB
Al is 0.045]

The compensation values can now be calculated (refer to Figure 4-23).

ARG et
2xf,,(A2)(R4)
1
© 22(20kHz)(0.4)(25.5K)
= T80pF, make 750pF

R6= A2 Rl = (0.4)(25.5k)

= 100:2 k ochms, make 10k ohms
S SRl

 2nfa(R1)

) 1

© 27(1,991Hz)(25.5K)
=3,134pF, make 0.003 yF

C3

R3= R2/ A2 =(10k ohms),/(0.0451) = 221 kohms
make 220 kohms

(o it
2nf(R2)
1
 27(30kHz)(220K)
=24pF




+90 -I-
=
+80 T
>~ closed loop
r +60 1
40 F L"‘*_ s o _ Control-to-Oulput
— = m—— - T el
-+ ““"‘\.,
— +20
2 g
g Y
= -
Q20 £ITor amp
r gl
| 60 Ty : : + : : :
| | 1 10 100 1K 10K 10K
| Frequency (Hz)
{a)
Control-to-Cutput
i g e, el e s _—
= Ty
L.
"_E 80T e fne ;e - LT
E, Errar Amp
[ 1 T e
g - ra N
_ E Closed Loop s
F L e s R e S ER
360 + + $ t $ +
| | 1 10 110 1K 10K 100K
i Frequency (Hz)
(b}

~ Figure 4-24 The gain and phase Bode plots for design example 4.7.2 (compensation design}:
{a) the gain plot for the power supply; {b) the phase plot for the power supply.

* The resulting gain and phase Bode plots can be seen in Figure 4-24.

~ Design of the overcurrent protection circuit

The MC34067 has only a simple comparator with a 1.0V threshold that then
latches an R-S flip-flop. Either the input voltage must be removed and then
reapplicd, or the Ve of the control IC must be interrupted momentarily to reset
~ the failure latch.

I desire only a fairly rudimentary overcurrent protection that will be sct at
about 12 A. T will use a 100: 1 current transformer followed by a rectifier bridge
then an R-C integrator-smoother.

The peak current within the primary circuit is 3.1 A, which will occur at low-
line and at a 200 to 400 kHz operating frequency. Then the output current from
the secondary of the current transformer is
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Figure 4-25 Schematic for the ZV5 QR half-bridge converter.

Ler = (3.1A)1/100) = 31mA

The voltage needed [rom the output of the current transformer must overcome
the forward drops of rectifiers and exceed 1.0V threshold on the control IC, so

VEF.‘T =10V + 2{{'6 V:l = 2.2 volts
The resistor needed on the current transformer’s secondary is
Rur = 22V/31mA = 709K




4.7 High Efficiency Design Examples

For a 20 percent overcurrent trip point, lower this resistance by 20 percent or
a resistor value of 56 ohms.

I would like a time constant for the R-C filter to be about 1mS5. Selecting the
value of the capacitor to be 0.1 uF, the charging resistor should be

R=T/C = 1mS/0.14F = 10 kohms
This completes the major design of the parts of the circuit that are ditferent

from design example 3.15.4. For the unchanging sections, please refer to that
section. The finalized schematic is shown in Figure 4-25.
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Appendix A. Thermal Analysis

and

Design

Proper thermal design is essential to the overall design of a power supply.
Overdissipation failures account for probably the largest portion of the failures.
Thercfore, it is essential that the designer understands its basic principles.

Thermal analysis is really no more difficult than Ohm’s Law. There are similar
parameters to voltage, resistance, nodes, and branches. For the majority of elec-
tronic applications, the thermal “circuit” models are quite elementary and il
enough is known of the thermal system. values can be calculated in a matter of
minutes. If one has a temperature-measuring probe, the thermal components
can also casily be measured and calculated.

There are two main goals in designing the thermal system: the first is to never
allow any component to exceed its maximum operating junction temperature
{Thmu); the sccond is to keep the components as cool as possible given the
restrictions for space and weight. Failure to maintain the first condition will
cause a component to fail within minutes. The second consideration affects the
long-term life of the system. MIL-217, a reliability prediction tool for high-
reliability applications, makes the following generalization, “The life of a
component will be halved every +10°C rive above room temperature.” In most
applications, the designer should be concerned if any component's case
temperature exceeds +60°C.

A.1 Developing the Thermal Model

Thermal system analysis is actually a variation of Ohm’s Law. There are
equivalent circuit elements which map dircetly to the elements within the
electrical domain (refer to Table A-1).

These elements always form a loop, with the power source providing the
driving force for the entire model. Each circuit element and node corresponds
to a physical structure or surface within the actual physical design. The power
soutee corresponds to a heat-producing element within the circuit which creates
a calculable or measurable power. The power semiconductors are typically
the major heat-producing clements within a power supply. The power may be
measured by graphically multiplying the terminal voltage and current wave-
forms from an oscilloscope and normalizing the energy product to one second
(power = energy/second) or by measuring voltage and current directly using «
digital volmeter (DVM), if it is a dc application. The result is expressed in watts.

The thermal resistance can Tepresent two physical situations. The first is
the resistunce to heat flow across a surface boundary such as a power
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Table A-1 Analogous Elements between the Thermal and Electrical Domains

Electrical element Thermal equivalent
Voltage source Power (heat) source
Resistance : Thermal resistance
Node voltage Temperature of clement
Current loop Thermal loop
Circuit ground Ambient air temperature

POWER PACKAGE

DIE ") Insulator

1{dc)
2(CS) ——]

I "

1
CASE {"C")

HEATSINE ("5")
3{54) > I [

AR [AMBIENT) ("A™)

Interfaces

Figure A-1 Development of the thermal model for power packages.

transistor bolted to the surface of a heatsink. The sccond situation is how well
the heat spreads through a body from the heat-emitting surface to a radiating
surface. Both of these physical situations are simply represented by a single
thermal element—the thermal resistor, which is represented by the Greek
symbaol theta. Its units are measured in degrees Celsius per watt (*C/W), which
represents the temperature difference across a boundary given a certain power
dissipation. Some of the thermal resistances related to the semiconductor are
as follows,

Power packages

R, Thermal resistance from the junction to the air
Ry Thermal resistance from the junction to the case
Ras  Thermal resistance from the case to the heatsink
Ras  Thermal resistance from the heatsink to the air

Diodes

Ry Thermal resistance from the junction to the lead
Ras Thermal resistance from the lead to the air

All of the semiconductor case-related parameters are published by the
semiconductor manufacturers. The sink-to-air parameter is published by the
heatsink manufacturers, if one buys a heatsink. If one makes his or her own, it
15 easy to measure these resistances from any model.

Every thermal model has as its ground, the ambient air temperature, unless
the heat removing medium is water or a refrigerant, in which case the ambient
temperature of that medium is used. This must be the case, since the power pro-
ducing device can be no cooler than the coolest media around it and since heat
fows from the warmer to the cooler body.
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The nodes in the model are the respective surfaces of bodies along the path
of flow of the heat. These can be transistor cases, heatsink surfaces, the semi-
conductor die, ete. The calculated temperatures of these surfaces can actually
measured using a temperature probe at their respective surfaces. If the power
dissipation is not known but all the thermal resistances are known, one can
rapolate backwards within the model and determine the power being dissi-
ted within the die by simply measuring the temperature difference across onc
the thermal boundaries.

A.2 Power Packages on a Heatsink (T0-3, T0-220,
T0-218, etc.)

is physical situation can be modeled as shown in Figure A-2. The thermal
uation would look like

Lty = Po(Rosc + Roes + Rosa )+ T (Al)

Since the heatsink performs the vast majority of the heat radiation, it is
ssumcd that all the power flows through all the other thermal elements.

- Temperature tests can be condueted at ambient room temperature, but the
signer must remember that the typical product is enclosed in a case and its
ternal temperature rise must be added to the readings. Another considera-
tion is the highest external ambient temperature the product may experience.
In the desert, where this book was written, daytime temperatures may reach
'43°C in the shade and exceed 55°C inside an automobile.

Some lypical thermal resistances associated with the different power pack-
ages are given in Table A-2.

These thermal estimates are minimums and maximums for those types of
packages. The thermal resistance values are highly dependent on the size of the
die inside the package, so refer Lo the data sheet for the exact maximum value.

The insulating pad also adds to the thermal resistance of the case-to-heatsink.
Choosing the proper insulating pad can minimize this thermal resistance. Two
- common technologies are mica and silicone. There are also some ceramic
technnlogies but these are for highly specialized applications. In addition, some
insulators require thermal grease to attain a good thermal contact, such as mica
{see the references at the end of this Appendix).

T
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Figure A-2 The thermal model for a transistor on a heatsink.
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Table A-2 Thermal Resistances of Common Thru-hole Power Packages

Package Minimum Maximum Minimum Maximum
TO-3 X 30.0 0.7 1.536
TO-3P a 30.0 0.67 1.0}
TO-218 i 30.0 0.7 1.00
TO-218FP * 30.0 2.0 3.20
TO-220 * 62.5 1.25 4,110
TO-225 i 62.5 312 10,0
T0-247 o 30,0 0.67 1.0
DPACK 710 100.0 6.25 8.33
Ambient
Air [A)

T PCB

Figure A-3 A free-standing power package.

Bt

Figure A1 Thermal model of a free-standing power package.

Ta

A.3 Power Packages Not on a Heatsink (Free Standing)

Power packages nol mounted on a suitable heatsink can expect to dissipate less
than five percent of the maximum specificd power capability of the package. So
100'W devices will only dissipate 1 to 2W when they are free standing. This also
includes using the PC board copper plating as a heatsink. Thus, great discretion
should be used when cost is the most important issue.

The thermal model for the case in Figure A-3 is shown in Figure A-4. The
thermal equation becomes

Tiimany = Po- Rapa + T4 (A2)

As one can see by the typical values of the junction-to-air thermal resistance, it
doesn't require much power to result in very high junction temperatures. If the
designer can possible mount the power package on any metal surface Lo increase
the radiating surface arca, it will only improve the junction temperature.
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designer can possible mount the power package on any metal surface Lo increase
the radiating surface arca, it will only improve the junction temperature.
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There are some heatsinks for radially-leaded diodes that solder to one of the
leads. These are also available from the transistor heatsink manufacturers. In
this situation the thermal equation (sec Figure A—6b) becomes

T}l’mm’] = HJ[-R&JL +-R(b.‘|.]|+r\ {"ﬁ*'q'}

These heatsinks will help a marginal heat situation. The alternative is Lo use
a rectifier in a power transistor package such as a TO-220, TO-218, etc., and
place it on a heatsink or to investigate a different technology of diode that
exhibits a lower forward voltage drop such as a Schottky.

A5 Surface Mount Parts

The use of surface mount parts is widespread. Surface mount parts can rid them-
sclves of heat only through their leads which are soldered to a printed circuit
board. The thickness and surface area of the copper island become the heatsink
system. The thermal resistances in surface mount devices are much higher,
therefore their designs have much less margin and room for error. ‘Table A-3
has nominal values for thermal resistances of common surface mount packages.
Flease refer to the individual part data sheet for the exact value,

It is very important to select the package is appropriate for the function being
performed. For switching signals, which are signal currents of less than S0mA,
the SOT23, SOD123, and other simple packages with gull-wing, J-leaded, and
solder bump leaded packages are very compact and economical. For currents
of 100mA through amperes, the package must have a tab or multiple leads con-
nected directly to the die. This is typically the drain, collector, or cathode. The
common packages are the S(¥T223, DPAK, SMB, and SMC. These tabs offer a
very low resistance channel to remove the heat from the die and get it onto the
PC board for dissipation.

In surface mount printed circuit board applications, more than one issue
usually must be considered. Heatsinking must be considered, along with signal
and EMI/RFI considerations. The trace that must dissipate the greatest heat
within a switching power supply is also the node that has the largest dv/dts which
couple very easily to the surrounding traces.

Table A-3 Typical Surface Mount Package Thermal Resistances

Package J-A! J-C2
SOD123 34 150
SOT23 55h 75
S0T223 159 TS
S0-8 63 21
SMEBE 13
SMC 11
DPAK 50 &
DZ2PAK 1] 2

' Theremal resistance for a reference pad size.
* Thermal resistance for a very large pad size.
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Figura A=7 Example of the effect of increasing pad area versus theta JA.

Laying out heatsinking systems for surface mount packaging technology
systems is still an uncertain process. Semiconductor manufacturers still do not
offer adequate information for each power package w feel confident about the
adequacy of the heatsinking design. The graph in Figure A-7 is a normalized
plot based upon a SOT223 package. The curve is 20z copper on the top of the
PCB only. The curve, such as contained in Figure A-7, are needed to properly
size the PC board heatsink island.

A6 Examples of Some Thermal Applications

These examples will show the reader a typical application of thermal analysis
but with common application variations. These variations are useful in defining
thermal boundaries within a design.

A.6.1 Determine the Smallest Heatsink {or Maximum Allowed Thermal
Resistance) for the Application

This approach is useful for determining the smallest possible heatsink that an
application can use before the thermal limit of a power device is exceeded. This
is an example of a consumer markel approach to designing a heatsink system.

Specification
The device is an FDP66T0 (Fairchild MOSFET?) in a switching power supply.
Convection cooling,
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T =150 5 &
Bye = 1.53°C/w
- ¢t Tr = don't care
IDB 4
Bee =052°C/w
THg = dan't care

95.‘!& =72
Nt

Figure A8 Thermal model for design example AB.1.

PD = 10 watts
Taionms) = +50°C

By = 20°C/ W

&, =0.53°C/W (Thermalloy P/N 53-77-5)
i) = 175°C

The thermal model is shown in Figure A-8.
Rearranging Equation A.l and solving for the thermal resistance of the
heatsink,

ﬂ‘h"\.(m:u il < ETJ' 7z T_i., }IEIIIPD o E"_- - &L:) {A"ﬁ}

B~ is assumed at 1.0°C/W. Being conservative by not requiring the junction
al its maximum temperature makes the maximum allowable junction tempera-
ture 150°C. The result is

Bsaimen) = 7.0°C/ W

The PC board-mounted heatsink choices are: Thermalloy part numbers
T021B through 70258 for low-cost sheet-metal type heatsinks,

A6.2 Determine the Maximum Power That Can Be Dissipated by a Three-
terminal Regulator at the Maximum Specified Ambient Temperature
without a Heatsink "

A 3-terminal regulator’s overcurrent protection is totally dependent upon the

heatsinking system. When the dic reaches approximately 165°C, the regulator
shuts down. This cxample demonstrates the nonheatsink capabilities of &

UATS05.
Specification
The desired 3-terminal regulator is a pATR0SKC (TO220) (Texas Instruments).

oy “150°C
Tty 450°C
Vimay  100VDC
Il.'ou.I'rnu] 200mA
By, = 22°C/W

The power dissipated by the regulator is




Thermal Analysis and Design

-ﬂ_‘l == {V"'.Inms::- _I;mr} 5 'rnu‘.[mu'\c_l {ﬁ-h}

T

Pn ama ].{] W
The thermal model is that of Figure A4, and the thermal equation is Equa-
tion A.2 rearranged to
Taiaast = Tiimaxy — Fio - 61a (AT
Taimar) = 150°C —(LOW)22 deg C_,.-'fW}
I:—“\I_-'nax_l e IEEL’{:‘
So the uATR0SKC will operate within its maximum junction lemperature ratings
for this application.
A6.3 Determine the Junction Temperature of a Rectifier with a Known
Lead Temperature
This is uscful in verifving whether a diode’s junction temperature is within its
e operating temperature,
cification
is is a Zener diode, shunt regulator application. The diode is a IN5240B8
luv{uuu:]! +-"I_ 5{__?0}.

I_z[n'lﬂk:l sum
TAIDM} +S[-ID{:-I
T +46°C (measured at TA = +25°C)
‘Lead length  3/8 inch (1.0em) cach (175°C/W)
worst-case power dissipation is
B, =1L05(10VN50mA) = 525mW or 0.525 W
This situation would fit the thermal model as seen in Figure A-Tb. It does
not matter in this case not all the elements of the model are known since all the
elements above the lead temperature node are known for this first step. The

thermal expression for the temperature rise above the measured lead tem-
peratute is

.fj'll:ris.e'! 5 PD i H.“_ (A‘E]
or
T, = {0.525W)(175°C/ W) = 92°C risc

The junction temperature at the specified maximum local ambient tempera-
ture is

T-Tl:rnux:l = T'I[ri:oc:l + .r‘tlflm-.i:l {A,q}
Ty = 142°C

The maximum junction temperature specified in the data sheet is +200°C, so
the junction will be operating safely,
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The heart of every linear and switching power supply is a negative feedback loop
which maintains a constant value for the output voltage(s). To accomplish this,
an error amplificr is vscd, which atlempts to minimize the error between the
output voltage and an ideal reference voltage. If the world were well behaved,
a very high-gain inverting amplifier would be used and this job would be simple.
The reality is that loads change, and the input voltage suddenly goes up or
down. The error amplifier must respond to these changes quickly and without
oscillating. This is complicated because the response in the power portion of
the power supply is relatively “lethargic.” If the error amplifier takes too long
io respond to these changes, the supply behaves sluggishly. If the response s
speeded up, the supply reaches a point where it may oscillate. So the problem
becomes one of how fast and to what degree the response of the error ampli-
ficr should tailored to the power circuits.

Do not feel alone in vour apprehensiveness about your knowledge in this area.
There are few engineers that understand feedback loop compensation, because
its been “cluttered” with too much fundamental mathematics that 1s not casily
transferable to the actual circuit design. My approach is an easy step-by-step
method which has always worked in my designs and can be completed in less
than 20 minutes.

B.1 The Bode Response of Common Circuits
Encountered in Switching Power Supplies

The Bade plotis a good method for working with feedback systems over a range
of frequencies. It does employ logarithms, so a scientific calculator will be
needed. The purpose of this section is not to teach the reader everything he or
she needs to know aboul Bode plots, but instead should give a reasonable under-
standing of the behavior of the actual circuit elements and what their inlluences
are on the responsiveness of the supply.

The Bode plot is actually composed of two graphs: a gain vs. frequency graph
and a phase vs, frequency graph. 1L is a representation of the relative gain and
phase shift of the output voltage sighal referenced to the input voltage signal
contributed by any 2-port circuit stage, When more than one circuit stage is cas-
caded together, their respective Bode responses can simply be added together
to vield a combined Bode response.

Simple combinations of components produce responses which are called poles
and zeros. A single pole (Figure B-1) produces a flat gain response from de (o
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\I Figure B-1 A single-pole RC low-pass filter,

comer frequency. It then produces a —20 dB/decade gain slope above its corner
frequency. The comer [requency is the frequency at which the impedances of
the two components equal one another. At least one of the components is reac-
- which means the value of its impedance varies with the frequency. The
impedance value of an inductor (Z; = j2xfL) increases with frequency and its
branch current always leads the branch vollage by 90 degrees. The impedance
value of a capacitor (Z; = 1/j2xfC) starts at infinity at dc and drops with fre-
guency, and its current always lags the voltage by 90 degrees. In Figure B-L a
simple low-pass filter, the capacitor starts with an impedance at dc of infinity;
then when the capacitor impedance equals the resistor value, an ac vollage
divider is formed where the output amplitude is one-half the input amplitude.
This is called the 6dB point. The output phase as compared to the input voltage
is —435 degrees, which means that it is lagging the input signal. Eventually, its
phase would reach 90 degrees as the impedance of the capacitor becomes mag-
nitudes larger than that of the resistor. The rule-of-thumb for phase is that all
phase influences from a pole or zero occur within a +/—1 decade about its corner
frequency. A zero (Figure B-2) is just the opposite from a pole, It has a flat
gain response from de to its corner frequency, then proceeds at a +20dB/decade
gain response and a maximum phase lead of +90 degrees.

There are circuits within switching power supplies that exhibit double pole
responses. This is where both elements in the stage are reactive, such as the
L-C filter on the output stage of a forward-mode converter. This is best seen in
Figure B-3. Here the response is flal from dc to its resonance frequency and
then exhibits a —40dB/decade gain response and a —180 degree lapging phase
response at high frequencies. Lagging phase corresponds directly to a time delay
through the forward-mode switching power supply output filter.

In swilching power supplies, operational amplifiers (op amps) are used to
alter the Bode functions (refer to Figure B—4). First, the op amp contributes an
additional —180degrees of lag (inverting amp) and any pole or zero adds or sub-
tracts gain and phase from this ~180) degree starting point. The generalized error
amp is seen in Figure B—4. With op amps, a comer frequency of a simple pole
or zero is defined as:
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Figure B-3 A two-pole filter: choke input filter.

Figure B4 A generalized errar amplifier.

Zy=2y fﬂl}

Some implementations of these error amp circuits are shown in Figures B-5
through B-7. Some uscful mathematical tools when working with Bode plots
are given below.
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Figure B-6 An active single-pole filter with flat high- and low-frequency responses.

1, To find values of gain and phasc at a different frequencies along a
~20dB/decade gain slope and its associated phase curve:

: i f&j
e _ £)=20log £ B.2
AG(f: = f) o8| P (B.2)
b
dpif-fil=ta [_r.J (B.3)

2, To find values of gain and phase al different frequencies along a
-4} dB/decade gain slope and its assaciated phase curve:
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Figure B-7 An active high-pass filter {single zero) with flat high- and low-frequency
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Figure B-8 [llustrating how the mathematical tools are used.

AG(fz —f.}=4ﬂlﬂg[%] (B.4)

g
-fi=2 = B.A
HF— Fimd e (;J (B.5)

These tools and circuits form the basis of the design approach within the feed-
back loop compensation circuits in power supplics.




Feedback Loop Compensation 20

B.2 Defining the Open Loop Response of the Switching
Power Supply—The Control-to-Output
Characteristics

Before the designer can begin to develop a stable negative feedback circuit, the

shavior of the system that is Lo be controlled must be defined. To do this, the
designer should have a general understanding of what each of the major sec-
jions of the switching power supply contributes to the entire open-loop Bode
ssponse of the switching power supply. Fortunately, the commonly employed

alo lwo major responses. The choice of which response to use is easily made .;j/ P
m the design path that has been previously chosen by you. The response (= / %
Wpes are \ \4 2

1. Voltage-mode controlled forward-mode converters. S 3
- 2. Voltage-mode controlled fiyback-mode converters, and current-mode con- o
. trolled forward- and fiyback-mode converters.

afluence only on the de characteristics of the model. The flyback-mode con-
erters mentioned above are operating in the discontinuous mode of operation

e control-to-output characteristic is simply the behavior of the power supply
fhen the error amplifier is removed from the system. The point where the error
altage enters the PWM-to-pulsewidth converter is viewed as the input port of
system. The point where the output voltage feedback enters the error ampli-
er's negative input is the output port of the system. This can be seen in Figure

9. When the “input” is swept with a sweep generator, the resulting Bode plot
the control-to-output characteristic. This is the plot which is most meaning-
il for the purposes of stabilization. An approximate control-lo-output plot may
g0 be done by the following procedure with very satisfactory results.

121 The Voltage-mode Controlled Forward-mode Converter

¢ commaon topologies which are encompassed under this category are: the
uck, half-forward, push-pull, half and full bridge, with only the traditional
tage-mode control method. Tts representative circuit diagram is given in
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Figure B-4 The meaning of the control-to-output characteristic.
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Figure B-10 The cantrol-to-output model for a voltage-mode controlled forward convertar.

Figure B-10. Figure B-10 shows the presence of a transformer, For the buck
converter, the designer can assume that the turns ratio is 1:1.

The first step is to determine the gain of the system at de. This is the starl-
ing poinl for developing the gain plol. The dc gain is found by

V-'IIH = NE(‘L‘ .DC = V'-'n : ".i"'r'u:'r

l/il.'l N]Il'. "Ju/l:' W

{ pri

Apc = 'L(HJE"]'

where DC  is the maximum duty cycle (-95 percent).
AV, is the peak-to-peak outpul voltage of the error amplifier.

To convert the de gain into decibels,
Gc = 20 Log( Ay ) (B.7)

Gine is then the starting point of the gain Bode plot at de.

The first major pole is contributed by the output L-C filter, Tt represents a
sccond order pole which exhibits 4 Q" phenomenon, which is typically ignored,
and a —40dB/decade rolloff above ils corner frequency. The phase plot will
quickly begin to lag starting at a frequency of 1/10th the corner frequency, and
will reach the full 180 degrees of lag at 10 times the comer frequency. The loca-
tion of this double pole is found from

: 1
f=—— (B.5)
2N L, C,
where L, and C,, are the values of the inductor and capacitor in the output .-
C filter (in henries and farads). If there are multiple outpuls on the switching
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power supply, then use the filler values from the highest power output that is
sensed.

The next item is the zero exhibited by the series combination of the ESK of
the output filter capacitance and the actual value of the output filter capacitor
itself. Its corner frequency is found from

1
fx—.‘m -

QJTRF;;'R ; C._,
is causes the control-to-output characteristic to add gain and phase above the
ation of this zero, This can be a problem with respect to the stahility of the
supply. Unfortunately, many capacitor manufacturers do not present the value
the ESR for their capacitors, Typically, the zero caused by the output filter
acitor falls in the following range:

(B.9)

Alupiinum electrolytic  1-5kHz
Ta | talum 10-25kHz

one can sce, the choice of the type of output filter capacitor can influence
control-to-output characteristic, sometimes detrimentally,

The resulting control-to-output Bode plots for the voltage-mode controlled
ward converter are given in Figure B-11.

.2 Voltage-mode Controlled Flyback Converter and Current-mode
Controlled Forward-mode Converter Contral-ta-Output
Characteristics

¢ operation of a discontinuous-mode, flyback converter is quite different
from that of a forward-mode converter, and likewise their control-to-output
aracteristics are very different. The topologics that fall into this category of
nirol-to-output characteristics are the boost, buck/boost, and the flvback. The
forward and flyback-mode converters operating under current-mode control
fall into this category. Only their de value is determined differently. Their
presentative circuit diagram is given in Figure B-12.

The de gain exhibited by the power section of the switching power supply of
a current- or voltage controlled flyback converter is approximately

2
R N
ALM:: i {_KI P Kul} b ad {B_]ﬂ}

VoAV, N
AVe in this case can be the peak-to-peak voltage of the oscillator ramp if the
method of control is voltage-mode, or the maximum peak voltage representing
the primary current within the current-mode method of control. The gain can
be converted into decibels, which is shown in Equation B.7.

The current-mode controlled forward-mode converter exhibits the same
dc pain as the voltage-mode controlled forward converter, as shown in
Equation B.o.

The output filter pole in both voltage-mode controlled flyback converter and
the current-mode controlled forward and flyback is highly dependent on the
equivalent resistance of the load. This means that when the load current
increases or decreascs, the location of the output filter pole moves. The filter
pole can be found from

1

s (B.11)
2nR, C,

I

“‘h’:re li'Z'I. i5 1"";r-:||_I.-'I'L||_l'
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power supply, then use the filler values from the highest power output that is
sensed.

The next item is the zero exhibited by the series combination of the ESK of
the output filter capacitance and the actual value of the output filter capacitor
itself. Its corner frequency is found from

1
fx—.‘m -

QJTRF;;'R ; C._,
is causes the control-to-output characteristic to add gain and phase above the
ation of this zero, This can be a problem with respect to the stahility of the
supply. Unfortunately, many capacitor manufacturers do not present the value
the ESR for their capacitors, Typically, the zero caused by the output filter
acitor falls in the following range:
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one can sce, the choice of the type of output filter capacitor can influence
control-to-output characteristic, sometimes detrimentally,

The resulting control-to-output Bode plots for the voltage-mode controlled
ward converter are given in Figure B-11.

.2 Voltage-mode Controlled Flyback Converter and Current-mode
Controlled Forward-mode Converter Contral-ta-Output
Characteristics

¢ operation of a discontinuous-mode, flyback converter is quite different
from that of a forward-mode converter, and likewise their control-to-output
aracteristics are very different. The topologics that fall into this category of
nirol-to-output characteristics are the boost, buck/boost, and the flvback. The
forward and flyback-mode converters operating under current-mode control
fall into this category. Only their de value is determined differently. Their
presentative circuit diagram is given in Figure B-12.

The de gain exhibited by the power section of the switching power supply of
a current- or voltage controlled flyback converter is approximately

2
R N
ALM:: i {_KI P Kul} b ad {B_]ﬂ}

VoAV, N
AVe in this case can be the peak-to-peak voltage of the oscillator ramp if the
method of control is voltage-mode, or the maximum peak voltage representing
the primary current within the current-mode method of control. The gain can
be converted into decibels, which is shown in Equation B.7.

The current-mode controlled forward-mode converter exhibits the same
dc pain as the voltage-mode controlled forward converter, as shown in
Equation B.o.

The output filter pole in both voltage-mode controlled flyback converter and
the current-mode controlled forward and flyback is highly dependent on the
equivalent resistance of the load. This means that when the load current
increases or decreascs, the location of the output filter pole moves. The filter
pole can be found from

1

s (B.11)
2nR, C,

I

“‘h’:re li'Z'I. i5 1"";r-:||_I.-'I'L||_l'
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Figure B-12 The control-to-output model for a voltage-mode controlled flyback
Converter.

B.3 The Stability Criteria Applied to Switching Power
Supplies

Before starting the design for the compensation of the crror amplifier, it is
desirable to know what constitutes a stable closed-loop system. The rule is
glementary:

The closed loop phase shall never excecd =330 degrees of lag whenever the
gain of the closed-loop system is greater than 1 {or OdB).

Actually, a total closed-loop phase lag limit of 315 degrees is commonly used
by designers; any closer to 360 degrees would constitute a metastable system.
This could result in the power supply breaking out into periods of oscillation
when large loads or line transients are experienced.

Figure B-15 shows some of the terms ¢ncountered in stability analysis.

1. Phase margin. This is the value of the phase of a closed-loop system at the
gain cross-over frequency (G(s) = 0dB).

2. Gain margin. This is the value of the gain when the phase crosses over
=360 degrees.

3. Excess phase. This is the point of closest approach of the phase character-
istic to =360 degrees anylime the gain is greater than 1 (0dB).

The excess phase is the most important consideration of the three, since the
gain cross-over frequency is usually much higher than the pomnt of maximum
phase lag caused by a filter pole.
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Figare B-13 The control-to-output characteristics for a voltage-mode contralled flyback
converter.

B.4 Common Error Amplifier Compensation Designs

There are four guidelines that should be kept in mind when designing the error
amplificr compensation. If reasonably followed, they will yield a good compen-
sation design.

1. The closed-loop phase should be kept less than =300 degrees whenever
the gain is greater than (}dB.

2. The closed-loop gain cross-over frequency should be as high as practically
possible, This quickens the transient response time of the supply.

3. The closed-loop gain at de should be as high as possible. This has a direct
bearing on the output load regulation of the supply.

4, The resulting average slope of the closed-loop gain curve should be an
average of —20dB/decade.

An additional consideration is the pain-bandwidth product specification of
the operational amplifier used as the error amplifier. If the Bode character-
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ure B-14 The control-to-output characteristics for a current-mode controlied forward
nuartar.

istics of the op amp are too low in frequency, the desired compensation scheme
ay not work completely,

The compensation schemes shown in this book are the most common

ethods. Several of these will work in each applications, bul only one for cach

considered the optimum method insofar as the de gain and closed-loop band-

width aspects are concerned. Tables B-1 and B-2 will help match a possible

mpensation method with your application,

B.4.1 Single-pole Compensation

is type of compensation is used for those converter topologies that exhibit
minimal phase shift prior to the anticipated closed-loop gain cross-over point.
This topology would be that of the forward-mode converters using voltage-mode
gontrol. This compensation method, though requiring the minimum amount of
parts and excellent load regulation, yields a very poor closed-loop bandwidth
that produces a sluggish transicni response time.
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Figure B-15 The definition of stability terms.

Table B-1 Which Compensation Schemes Work for Which Case

Single

Single Pole with 1-Pole-  2-Pole-
Supply Type Pole Gain Limitation 1-Zero 2-Zero
Forward-mode with voltage- X ®
mode control
Boost-mode with voltage- ® %
or current- mode control
Forward-mode with current- ® *
mode control

Table B-2 The Relative Merits of the Various Common Methods of
Compensation

Load Transient
Compensation Type Regulation Response
Single-pole Good Poor
Single-pole with in-band gain limiting Fair Good
Pole—zero Good Good
2-pole-2-zero Good Good

The schematic and Bode plot for the single-pole method of compensation are
given in Figure B-16. At dc it exhibits the full open-loop pain of the op amp,
and its gain drops at -~20dB/decade from dc. It also has a constant —270 degree
phase shift. Any phase shift contributed by the control-to-output characteristic
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Figure B=16 The single-pole method of compensation.

cannot then add more than the desired excess phase (—315 to =330 degrees) or
an additional 30 to 45 degrees.
The first step in determining the component values for this compensation
method is to determine the inherent de gain of the power stages. The calcula-
tion should be performed with the maximum value of the input voltage, since
this is where the system will have its widest exhibited bandwidth. This is done
using Equation B.12.
i

Ao = B (B.12)

AV Npw
Refer to Section B.2.1 for any additional help. Do not yet convert this value
to dB.
Next find the closed-loop gain cross-over frequency by deciding how
much phase margin you desire in your system. A good value is 45 degrees.
Ignoring any effeet of the Q of the L-C filler, the gain cross-over point is
found from
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fun = frTan(gpm, 2) (B.13)
MNexl find the cross-over frequency of the error amplifier from
fre = fr - 1070700 (B.14)

Then find the value of the feedback capacitor C. The designer knows the value
of the input resistor (R). It is the upper resistor in the voltage divider respon-
sible for the voltage feedback to the crror amplifier. One then performs
Equation B.15.

C = AL'IL'
2RY,.

This compensation method, although casy to design, exhibits very sluggish
transient load response. This is because the gain cross-over point is always much
lower than that of the output filter pole. This usually results in loop bandwidths
of 50 to 500Hz. This may cause a problem to the load circuitry by having the
supply voltages exhibil momentary excursions outside their operating specifica-
tions. Figure B-17 shows an implementation of this compensation method.
As one may be able to see, a high () characteristic of the L-C filter can cause

(B.15)
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Figure B-17 Single-pole compansation used with a voltage-mode controlled forward
requlator.
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oscillation at the resonance frequency of the output filter. The designer would
then have to further lower the closed-loop gain cross-over frequency to avoid
this problem. This vields even worse transient performance.

B.4.2 Single-pole Compensation with In-band Gain Limiting

This method of compensation is recommended for only those topologies that
exhibit a singlc-pole filter response. These would be the current-mode con-
trolled forward converters and eurrent- or voltage-mode controlled flyback
mode converters. This method’s bandwidth can go beyond the frequency of the
single output filter pole and the method’s only drawback is it has lower de gain
than the other compensation methods, which would then make the switching
power supply exhibit worse load regulation. Its circuit diagram and Bode plots
are shown in Figurc B-18.

This compensation method now cxhibits a —180 degree phase lag at low fre-
guencies, then beginning at one-tenth the error amplifier’s filter pole ( frr) the
‘phase lag increases to its high frequency limit of —270 degrees.
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Figure B-18  The one-pole with in-band gain limiting method of compensation.
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To begin the design process, one of course needs the inherent maximum de
gain exhibited by the power circuit’s control-to-output characteristic (Anc). The
worst-case condition is considered at the highest input voltage. The closed-loop
gain cross-over frequency is imited to one-fifth the switching frequency. This is
because if the cross-over frequency were higher, too much of the switching fre-
quency would he amplified by the error amplifier which would bbe detrimental.
50 the closed-loop pain cross-over frequency is

fro <02 (B.16)

where f, is the switching frequency of the switching power supply.

The location of the error amplifier’s pole is used to counteract the cffects of
the outpul filter capacitor’s zero caused by the ESR. The error amplifier’s pole
should be located by

fir = Frpnn  (lowest frequency) (B.17)

Mext, one must determine the amount of gain needed by the error amplifier
tr bring the control-to-output function up to (0dB at the closed-loop cross-over
frequency:

G = Zﬂlugffﬂ]—(fm {in dB) (B.18)
\ fis
To find the amount of gain needed below the error amplifier pole;
Gy =G, +2ﬂlug[&] (B.19)
ap
To find the valuc of the feedback capacitor, one evaluates the following:
Ay = 10092 (aheolute gain of G,,) (B.20)
C= B - (B.21)
2rR A for
To find the feedback resistor value,
Ap =10'%)  (absolute gain of G, ) (B.22)
Rg :A_,-‘ % R| (H.?ﬁ)

This completes the design of the single-pole with in-band gain limiting
method of compensation. Its closed-loop Bode plot can be seen in Figure B-19.
If you attempt this method, there is one drawback. Due to the high-gain and
wide bandwidth nature of this method, it is very easy to encounter the maximum
gain-bandwidth characteristics of the op amp itselt. That is, the op amp may not
have enough gain at the frequencies required, There are two alternatives: lower
the crossover point, or use an external op amp with a higher Gy, specification.

B.4.3 Pole-Zero Compensation

This compensation method is intended for those topologies that exhibit a single
filter pole response. That would include: the voltage-mode controlled, discon-
tinuous, flyback converter, and the current-mode controlled forward and flyback
converters. It possesses a high de gain, and a phase lead characteristic. This
method gives the designer the opportunity to tailor the compensation to the
power supply. Its circuit and Bode response can be scen in Figure B-20.
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Figure B-19  An example of single-pole with in-band gain limiting compensation used with
a voltage/current-made controlled flyback converter.

This compensation method has a pole at de that provides the open-loop op
amp gain for good outpul regulation. A zero is introduced at or below the
supply’s lowest manifestation of the output filter pole in order to compensate
for the phase lag by that pole. The phase lag of the error amplifier actually
decreases between the error amplifier’s zero and pole. Its theoretical limit is
~180 degrees (or +90 degree “phase bump™). This phase bump should be placed
where the greatesl phase lag from the output filter pole will exisl. In that way,
good control over the excess phase of the system can be maintained. The last
pole is put into the compensation to roll otf the gain at high frequencics and to
counteract the capacitor’s zero caused by the ESR. Its closed-loop Bode plot
can be seen in Figure B-21.

To begin the design, the inherent de gain of the control-to-output character-
istic should be found. For voltage and current-mode controlled flyback con-
verters, refer to Equation B.10. For current controlled forward-converters reler
to Equation B.6. These should be calculated at the highest input voltage since
that will yield the highest dc gain (worst case).

Next determine the maximum closed-loop gain cross-over frequency. Less
than one-fifth of the switching power supply’s operating frequency is a good
mule.

foo S .2 fsw (B.24)
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Figure B-20 The pole-zero compensation method.

Determine how much gain is required to elevate the control to output gain curve
to 0dB at the gain cross-over frequency.

G, =20 1ug[ff““1— Ge: (B.25)
Ip

The next task is to determine the placement of the compensating zero and
pole within the error amplifier, The zero is placed at the lowest [requency
manifestation of the filter pole. Since for the voltage-mode controlled flyback
converter, and the current-mode controlled flyback and forward converters,
this pole’s frequency changes in response to the equivalent load resistance,
The lightest expected load results in the lowest output filter pole frequency.
The error amplifier’s high frequency compensating pole is placed at the lowest
anticipated zero frequency in the control-to-output curve cause by the ESR of
the capacitor. In short:
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Figure B-21  An exampla of pole-zero compensation used with a voltage/currant-mode
controlled flyback converter.

fert fer = Jrhtignnond) (B.26)
and
(B.27)

Jot fo = Fairsgming

MNow the component values can be calculated. The value of the input resistor

(R1) is known since il is the upper resistor in the feedback voltage divider. The
value of the feedback components arc found as follows:

s P (B.28)
zﬂ-_fxu b A_m " R]-
Ri=A4,. Rl (B.29)

where A, is the absolute value for the gain needed at the cross-over frequency
{non dB).

P Ty S (B.30)
2rf.R2

The amount of phase boost exhibited by the error amplifier is
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v ,,ﬁ‘l

Pro = 2 tan™ [ - 40 (B.31)

Ve

The phase boost is proportional to the separation of the zero-pole pair in the
error amplifier, but that is of secondary nature since the error amplifier’s pole
and zero were placed to compensate the worst case zero and pole in the control=
to-output characteristics. The actual location of the zero caused by the ESR,
which amounts to the choice of a vendor and part number, will affect the amount
of excess phase the supply will exhibit. 5o the designer may have to relocate the
compensating pole if there is any possibility that the excess phase will fall to less
that 30 degrees {—330 degree lag).

B.4.4 2-Pole-2-Zero Compensation

This compensation is intended for voltage-made controlled forward converters
which exhibit a second order output filter pole characteristic. This would also
include a quasi-resonant forward-mode converter that uses variable frequency,
voltage-mode control. The L-C filter has a severe 180 degree phase lag and a
—40 dB/decade gain rolloff. To get any sort of wide bandwidth from the supply
at all, this type of compensation must be used.

This method has a pair of zeroes that counteract the gain and e‘spemail} the
phase of the double filter pole (see Figure B-22). This requltq in a closed-loop
slope of —20dB/decade above the filter pole. It also has a high-frequency pole
to counteract the capacitor induced zero caused by the ESR. Lastly, it has a very
high frequency pole to guarantee that the phase and gain margins at the closed-
loop gain and phase cross-over frequencies are well behaved.

The more complicated methods of compensation, such as this, allow the
designer much more control aver the final closed-loop bode response of the
system. The poles and zeros can be located independently of one another. Once
their frequencies are chosen, the corresponding component values can be casily
determined by the step-by-step procedure below. The zero and pole pairs can
be kept together in pairs, or can be separated. The high-frequency pole pair
appear to vield better results if they are separated and placed as below. The
zeTo pair are usually kept together, but can be separated and placed cither side
of the output filter pole’s corner frequency to help minimize the gain effects of
the “Q" of the L-C filter (refer to Figure B-23).

To begin the design process, the inherent de gain of the control-to-output gain
function ({7, and A} is found using equations B.6 and B.7.

Next, the maximum closed-loop gain cross-over frequency (f,.) is determined
and is, once again, no more than one-fifth the minimum swilching of the switch-

ing power supply:
foo < 2(f) (B.32)
Determine the amount of gain that is required to bring the control-to-output

gain function up to 0dB at the gain cross-over frequency. This can be approxi-
mated from

G,, = 40log [J;—“] =G (B.33)
Jip

Determine the placement of the compensating zeroes (f.; and f.;). If the
zeroes are (o be placed at the same frequency, then




216

Feedback Loop Compensation

Vo |

Pro = 2 tan™ [ - 40 (B.31)

Y j,, J
The phase boost is proportional to the separation of the zero-pole pair in the
error amplifier, but that is of secondary nature since the error amplifier’s pole
and zero were placed to compensate the worst case zero and pole in the control=
to-output characteristics. The actual location of the zero caused by the ESR,
which amounts to the choice of a vendor and part number, will affect the amount
of excess phase the supply will exhibit. 5o the designer may have to relocate the
compensating pole if there is any possibility that the excess phase will fall to less
that 30 degrees {—330 degree lag).

B.4.4 2-Pole-2-Zero Compensation

This compensation is intended for voltage-made controlled forward converters
which exhibit a second order output filter pole characteristic. This would also
include a quasi-resonant forward-mode converter that uses variable frequency,
voltage-mode control. The L-C filter has a severe 180 degree phase lag and a
—40 dB/decade gain rolloff. To get any sort of wide bandwidth from the supply
at all, this type of compensation must be used.

This method has a pair of zeroes that counteract the gain and e‘spemail} the
phase of the double filter pole (see Figure B-22). This requltq in a closed-loop
slope of —20dB/decade above the filter pole. It also has a high-frequency pole
to counteract the capacitor induced zero caused by the ESR. Lastly, it has a very
high frequency pole to guarantee that the phase and gain margins at the closed-
loop gain and phase cross-over frequencies are well behaved.

The more complicated methods of compensation, such as this, allow the
designer much more control aver the final closed-loop bode response of the
system. The poles and zeros can be located independently of one another. Once
their frequencies are chosen, the corresponding component values can be casily
determined by the step-by-step procedure below. The zero and pole pairs can
be kept together in pairs, or can be separated. The high-frequency pole pair
appear to vield better results if they are separated and placed as below. The
zeTo pair are usually kept together, but can be separated and placed cither side
of the output filter pole’s corner frequency to help minimize the gain effects of
the “Q" of the L-C filter (refer to Figure B-23).

To begin the design process, the inherent de gain of the control-to-output gain
function ({7, and A} is found using equations B.6 and B.7.

Next, the maximum closed-loop gain cross-over frequency (f,.) is determined
and is, once again, no more than one-fifth the minimum swilching of the switch-

ing power supply:
foo < 2(f) (B.32)
Determine the amount of gain that is required to bring the control-to-output

gain function up to 0dB at the gain cross-over frequency. This can be approxi-
mated from

G, =40 Ing[ J; ] =G (B.33)
Jip

Determine the placement of the compensating zeroes (f.; and f.;). If the
zeroes are (o be placed at the same frequency, then
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Figure B-23  An example of 2-pole-2-zero compensation used with a voltage-controlled
forward converter.

Loz 15E, (B.38)

Now one can determine the component values. One first calculates the gain
al the location of the two compensating zeros (). (See Figure B-22 for the
meanings of the variable.)

Gl=G2+120 ]Lag!('f'—‘zj

\ Fout
Al =100 (B.39)
Then
1
Cl=——— (B.40)
2nf. AR
R2 = Al - Rl (B.41)
T e (B.42)

2rf.-R1
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ra= 12 (B.43)
A2
i (B.44)
Z?Tﬁ-p: R2

where 4, and A; are the absalute values of the gain (not dB).

The method performed above with the placement of the poles and zeroes will
yicld a minimum value for the excess phase of 45 degrees, which is satisfactory.
If other pole and zcro locations are attempled, then locate the maximum phase
lag point of the L-C filter at the geometric mean frequency between f.» and fo.
This will guarantee the best phase performance. The amount of phase boost of
the compensation design will be

(Al f
Broce = 4 1an | —l—"‘-L"]— 180° (B.45)

L ,IFN?.
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Appendix C. Power Factor Correction

).

Power factor correclion is becoming a very important area in the power waorld,
Adding more generating capacity to the world's electrical pool is very costlyland
would consume additional resources. One method of creating about 30 percent
excess generating capacity is to use the ac power more efficiently through the
broad use of power factor correction. Motors, electronic power supplies, and
fluorescent lighting consume about 40 percent of the power in the world and
each of these would benefit from power factor correction. From the mid-1990s
Lo 2002, many of the countries of the world are adopting requirements for power
factor correction for the new products marketed within their borders. The
added circuitry will add about 20 to 30 percent to the cost of power supplics,
but the near-term energy savings will greatly ourweigh the initial costs.

The term “power factor” in the field of power supplies is a slight departure
from the traditional usage of the term, which applied to reactive ac loads, such
as motors, powered from the ac power line. Here, the current drawn by the
motor would be displaced in phase with respect to the voltage. The resulting
power being drawn would have a very large Teactive component and hile power
is actually used for producing work. Since power meters do not measure -ph‘eiéfe,
the power measured is the scaler voltage times current. Capacitor banks are
typically used to bring the phase more towards zero degrees il motors are
the primary load.

In switching power supplies, the problem lies in the input rectification and
filter network. The typical input circuit and its associated waveforms are shown
in Figurc C-1. As one can see, the input rectifiers can only conduct current when
the ac line voltage exceeds the voltage on the input filter capacitor. This typi-
cally occurs within 15 degrees of the crest of the ac voltage waveform, The result
is that current pulses are 5 to 10 times higher than the expected average current
draw. This also can lead to distortion of the ac voltage waveform and an imbal-
ance of the three-phase power lines tfeeding the circuits. This produces a neutral
line current where no current flow is expected. Another drawback is that no
current is drawn when the rectifiers are not conducting, thus throwing away a
significant portion of the power system’s energy capability,

Power factor correction circuits are intended to increase the conduction angle
of the rectificrs and (o make the ac input current waveform sinusoidal and in
phase with the voltage waveform. The input waveforms can be seen in Figure
-2, This means that all the power drawn from the power line is real power and
not reactive. The net resull is that the peak and RMS current drawn from the
line is much lower than that drawn by the capacitive input filter circuit tradi-
tionally used.

Active power factor correctlion circuils can Lake the form of nontransformer
isolated switching power supply topologies, such as buck, boost, and buck/boost,
The buck topology in Figure C-3 produces an output de voltage lower than
found at its input, whenever the PFC stage is operating (Vi = Fa). In other
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Figure -1 The waveforms of a capacitive input filtar.
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Figure C-3 A buck power factor correctian circuit.
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words, the output voltage is typically in the 30 to 30 VDC range. This can present
a problem for higher powered loads which would then draw a large amount of
current from the PFC circuit. The boost and the buck/boost topologies are
popular within the field, since they produce a higher de output voltage than the
peak input voltage, which means lower average oulput currents. These are seen
in Figures C—4 and C-5.

The buck/hoost develops an output voltage that is negative with respeet o
the input ground following the rectifiers. The cascaded power supply and the
PFC voltage sense networks must work with a negative voltage, but the de
output voltage can be independent from the values of the rectificd input ag
wavetorm. The major disadvantage is the need for a high-side power switch and
high breakdown voltage requirements for the semiconductors. The boost topol-
ogy has become the most popular topology. It has a low-side power switch that
is easy to drive. Its only restriction is that the de output vollage must be higher
than the highest expected ac crest voltage. This means that for a PFC circuit to
be wselul in all power grids in the world, the output voltage must be greater
than 390VDC, and will pass voltage surges onto the load. Otherwise, it reguires
the least parts and hence costs the least.

Control of the power factor correction stage is a point of debate and battling
patents. There are three gencral methods of control: fixed on-time, critical
mmim:tin_'tq-mudu (just discontinuous), and continuous-mode. Fixed on-time
has the minimum amount of circuitry, but limits the instantaneous current that
can be drawn from the input line. Critical conduction-mode has no output
rectifier reverse tecovery loss, but is limited in output to about 300 o 60 W,
Continuous-mode boost PFC circuits can go much higher in output power, but
suffer in severe rectifier reverse recovery losses, unless some zero-transition loss
circuits are added, which can add cost,

Added cosl is very important in this area since power factor correction is an
unseen benefit to the customer who does not want to pay for anything he or she
cannot directly see. An example is PFC corrected, ¢lectronic Nuorescent light-

J—*E—N-—F'—'-DE
“ To Power

Eril
Filter

csma]l’[ Contral f TClerge Supply
i | | i
Figure C-4 A buck/boost power factor correction circuit
EM| X —
Filter e el
= c L Ta Power
sma.'l'l’[ Control large Supply
i G -

Figure C-5 A boost power factor correction circuit,
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Figure C—6 A generalized typical power factor control IC,

ing ballasts al two times the purchase price versus magnetic fluorescent hallasts.
Only industrial customers are thoughtful enough to see the vast difference in
their yearly electric bill 12 month later.

The basic PEC controller takes the form as shown in Figure C-6, which would
include the critical and discontinuous-mode circuits and the continuous-mode
gircuits. There is a multiplier subcircuit inside the control 1C which multiplics
the instantancous value of the input full-wave rectified voltage waveform with
the output of the error amplifier. This produces a current limit signal which
maukes the input current follow the voltage sinusoidal waveshape. The ac input
is filtered by the input EMI filter to produce a 5 to 60 Hz input current wave-
form that i free of switching artifacts.

Theé inductor operating mode is a major consideralion in designing a PFC
circuit. The discontinuous-mode of operation is lypically used for power levels
less than 300 to 600W, It has high peak currents that limit its usc at the higher
input power levels. For powers greater than 300W, the continuous-mode of
operation is typically used. This lowers the peak currents seen by the power
switch and output rectifier and is much easier to filter in the input EMI filter
since there are no rapid transitions in the input switched current waveforms.
The only disadvantage is that the diode-related switching losses rise significantly
since the power switch must force the output rectifier to turn off al the begin-
ning of each on-time period. The choice of output rectifier (low Trr) becomes
- critical to the operation of the PFC slage.

How power factor and harmonies arc specified

I strongly recommend that your company engage a third-party EMI testing
house to test your products. The minimum-level of test equipment required to
test for the discussed factors is very expensive and there is a long learning period
involved.

The following discussion is primarily based upon EN61000-3-2, which is more
industrial-based products. EN60555 is the newer version of IEC-553 and covers
the emitted harmonics of household products. Knowing the product class is very
important for designing the power factor interface for the ac line. Products that
draw less than 75W today and 50W in the near future, do not have to comply
with the relative limits, only to absolute maximums laid out hy the specifica-
tions, The limits presented in Table C—1 may change, so please refer to the latest
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released version. This is a developing field so be aware of the most rece
specifications at the time of your product’s release.
The real power delivered to a load is given by

B, =V, - 1, - (Power Factor) (C~-
where

Real Pow
Power Factor = et (C2

Real Power + Reactive Power

In terms of strictly passive reactive loads, the power factor is the resulting p
between the voltage and the current waveforms. In power supplies though, il i
the distortion to the voltage waveform resulting from the time which inpu
rectifiers conduct. Power factor is measured from 0 to 1 where 1 is where all t
power is uscd by the load (purely resistive). The typical capacitive input filt
found in power supplies has an average power factor of 0.3 to 0.7,

In running the tests, a power analyzer must be used such as the Volte
PMIO00, PM12(0, or PM3000. Also an audio spectrum analyzer is needed t
measure the amplitude of the harmonic components of the ac current. The tat
input voltage and currents arc given hy

] - 2
af ] ] - - :
Vroasiua) ¥ fmd{Rvg) T Vukwu i V:[RMS; il (C 3}

and

(42 2 %
Trmsio = N L5z T Limnes) T aimus) - (C.4)

where the subscript of 1, 2,...are the harmonics of 50 or 60Hz. In power
supplies the third harmonic is by far the next largest amplitude and therefore
the largest problem, Harmonics cause problems because, in a pure sense, only
the fundamental current frequency produces real power. So the reduction of
harmonics produces a better power factor.

A term used in PFC is fofal harmonic distortion. This is defined as

-I;HR'\.-'I!S_I + Dajgas) - - -

T.HD.=

(C.5)

Il-'.hi:.i:mulj

and it is an indication as to the performance of a PFC circuit.

From the power analyzer or the spectrum analyzer, one can measurc the
amplitude values needed to verfy compliance to the PFC specifications.
EN61000-3-2 has the limits shown in Table C-1. Class A and D are shown
because they are common product categories.

These limits must be measured with a LISN (line impedance stabilization
network) as specified by the regulatory agencies. This makes the input power
line a 50 ohm impedance and serves the basis of all of these tests. The test results
arc highly dependent upon the ac line impedance.

Some comments on the design of PFC circuits. First, the EMI filter is an integral
part of any PFC circuit. It filters out the switching harmonics from the input
current waveform. Without an EMI filter, your product will fail the EMI/RFL
tests which arc in addition to the power factor tests. Please refer to Appendix
E for information on how to design an EMI filter. Sccondly, using a variac
during the measurements will affect the input line impedance and thus affects
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Table C-1 1EC555-2 Harmonic Current Limits

Class A Class D
Harmonic RMS-Amps RMS-Amps
Los 2.30
2,30 —
(.43 —
144 114
(.30 -
(.77 (.77
.40 0.40
(.33 0.20
0.21 N33
B<n<40 0.23 = &
1ll<=n=<39 0.15 =% 15/n .15 % 15/m

e validity of the data vou are trying to measure. Many units will pass testing
ithout the use of a LISN, but fail when the LISN is used. The added imped-
ce of a LISN distorts the waveforms more than the impedance of the typical
ac line in use at that moment. Thirdly, all voltage measurements must be
erential and use the specified current measuring apparatus.

1 A Universal Input, 180W, Active Power Factor
Correction Circuit

is design example demonstrates the design process of a 180W discontinuous-
mode boost PFC circuit. Tt can be scaled to provide output powers up to 200W,
The PEC stage is designed to work from every residential ac power system
within the world; that is, from 85 to 270 VRMS at 50 and 6011z without the need
for a jumper.

Design specification

AC input voltage range: 85-270VRMS
AC line frequencics S0-60Hz
Oulput voltage: ANVDC +- 10V

Input power factor at rated load:  >98%
Total harmonic distortion (THD)  under ENTO00-3-2 limits

Predesign considerations

Having a rating less than a 200 W has many benefits for a power factor correc-
tion stage, The major benefit is that it can operate in the discontinuous-mode.
Within higher power PFC designs the continuous-mode must be employed
which presents a significant loss within the circuit due to the reverse recovery
time of the output rectifier. In fixed frequency discontinuous-mode PFC con-
trollers, there is still a period when the circuit operates in the continuous-mode
{(Vin < 50V (approx.)). By employing a critical conduction-mode controller, the
designer can guarantee that the continuous-mode is never entered.

The first consideration is to determine the peak ac input voltages.
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110V input:
Ve = LA1H110V) = 1555V
Viina = 1414(130 V) = 183.8V
240V input (Britain—worst case):
Framam = 1414240 V) = 3304V
Vo = 14140270 V) = 381 8 V

The output voltage should be higher than the highest anticipated input peak
crest voltage, The output voltage of the PFC stage is now chosen to be 40 VD,
The maximum value for the peak inductor current will occur at the crest
voltage of the minimum expected ac input voltage. This is
l:pkl'max: = ]1414{2}”’9":[;;@1]Jf[(ﬂm IVu-_I_m.-'u IHMSJ
= 1A14(2) (180 W),/ (0.9)(85Vuss )
=6.0A

Inductor design

In designing the boost inductor, one would designate the point of reference as
the erest voltage of the minimum expected ac input voltage. For any sel ol oper-
ating conditions with this method of PFC control (ie., fixed load and ac input
voltage, the on time pulsewidth remains constant over the entire half-sinusoid
waveform), To determine the on lime al the minimum peak ac input vollage
one would do the following operations:

R _I/IT..,.T:.[-; __ 4oy
VIV ncrmiy 181485 ons)
R=33
The maximum on time which occurs at this point is
I Belaal
I+ R) [(30KHz)1+3.3)
=153 uSs

The approximate maximum value of the boost inductor is

5 T_,-,n|'m;,x'|{NII2VH_;~(|1|“]£E?'!TJ
ER\JIIIHIII 1
(15.3 HS)1.414(8Vanes J0.9)

B it R S50 i
2(180'W)

The power winding of the inductor (transformer) not only must support the
maximum average input current but the output current as well. 5o, the wire
gauge of the winding should be

— IJI'IJ i + ﬁ

eﬁf_anmmﬂ
180W  180W

(0985 Viwus) 400V

V, -
wimme-me | =

=284

e
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The wire gauge to accommaodate this average current would then be #17 AWG.
T will use three strands of #22 AWG (which adds up to the same wire cross-
sectional arca), which is more flexible during the winding process and will help
reduce the ac resistance of the winding duc o the skin effect. Also, due to the
high voltages present within the same winding, I will be using quad-thickness
insulation to reduce the threat of interturn arc-overs,

| am selecting a PO core style. A major concern is Lhe length of air-gap
required for various core styles in unipolar applications. The larger air-gaps
(=50 mils) cause excessive electromagnetic radiation into the immediate envi-
ronment thus making it harder to RFI filter, To reduce the air-gap, one needs
to find a ferrite core with the largest core cross-sectional area for a given corc
size. The PQ core has this characteristic. Referring to the WaAc vs. power charts
provided by Magnetics, Inc., the resulting PQ core part number is P-43220-X3X.
(XX is the gap length in mils),

The approximate air-gap needed in the core is

0.47L - 1, 10°
'{uup R

A ABi
_ 0.47(552 pH)6.6 A)10°

{(L.70cm” }(2,000G)

= hiymils

Let us make the air-gap S0 mils, which is a custom air-gap. Magnetics has
no problem with this practice and usually adds only a couple of percent to the
core cost. The inductance factor (AL) for this core with this gap is estimated at
160 mHAD00T (using a lincar extrapolation of AL reduction versus air-gap
length).

The number of turns needed for this inductance 1s

0.55mH
N =1000,| ———— = 59 turns
Y 160mH

ecking to sce if the core will support this many turns (neglecting the
xiliary winding area):

o (A9THLATT :
Aw _ (59T)A "I“U_]' =59% OK
W, 47 mm*

wrring the auxiliary winding, The auxiliary winding will have the low fre-
ency (100 to 120Hz) variation on its output peak rectificd voltage, so the con-
oller filter capacitor needs to be large to minimize the droop in the Vee of the
antroller. The highest fiyback-mode rectified voltage will occur at low input
tages and will be of the form

Jafc.ux [ [",uu'. &5 Vil'.'}
N

Vi =

ac wavelorm is seen in Figure C-7.

" The MC34262 has a high-side driver clamp ol 16 VI2C, so in order to keep
high-side driver dissipation to a minimum, the peak voltage of the rectified
iliary voltage should be around 16 V. Determine the turns ratio needed for
18 from
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Figure C-7 The rectified ac waveform present on the auxiliary winding.
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Figure -8 Construction of the PFC boost inductor,

- (39TN16V)

(400V - 30V)

= 2.5turns

I will make this winding three turns hecause of concern about low ac line
operation. I will use one strand of #28 AWG heavy insulated magnet wire.
The capacitor needed to filter this voltage with approximately 2V of voltage
ripple 15
¢ Il _(@5mAY6mS)
AU if;,;l.lr;c 20V
=75uF make 100uF @ 20 VDC

Transformer construction

The two-winding transformer will be constructed by first winding the 59 turns
of the three strands of #22 AWG quad-thickness magnet wire onto the bobbin.
Then place two layers of Mylar tape. Then the three turns for the auxliary
winding, and lastly three layers of Mylar tape. The internal layers of tape arc Lo
discourage any arcing that may occur due to the high voltages between the
primary winding and the auxiliary winding.

Designing the start-up circuit

1 will use a passive resistor for starting up the control 1C and to provide current
to the gate drive of the MOSFET. For the resistor T need to use two resistors
placed in series, since Lthe 370V peak on the rectified input is comparable to
the breakdown voltages of the resistors themselves. The start-up resistors will
charge the 100uF bypass capacitor and the subsequent energy stored in the
capacitor must be sufficient to operate the control IC for the 6mS before the
worst-case rectified peak voltage from the auxiliary winding is available to
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operate the TC. The start-up voltage threshold hysteresis is 1.75% minimum.
Checking whether the bypass capacitor is large enough Lo start the circuit before
the turn-off threshold is reached:

pr L Tl (25mA )6 mS)
el 100 uF
= 1.5V, —O0K

1 would like to keep the dissipation less than 1W at the high input voltage line.
To do this one needs to determine the maximum current that that should pass
through the start-up resistors.

1.0W

-l‘-lbj'ml < - = 3.?1’1’14‘"1
270 Vos
e tolal resistance is then:
270V =16V
o = —————— = B K{min}
3. 7mA

Make the total resistance about 100K or two 47 Kohm, 1/2'W resistors.

Designing the voltage multiplier input circuit

The minimum specified maximum linear limit of the input to the multiphicr

[pin3) is 2.5 V. This level should be the peak value of the divided rectified input
aveform at the highest expected ac input voltage at the crest of the sinusoid

370'V). If a sense current of 200 ¢A is selected at this point the resistor divider

25Y
200uA

he true sense current is 2.5 V/12K = 208 pA.
The top resistor becomes

=12.5K makeit 12K,

'Iehtlllill'ﬂ =

30V -25V
0 (o Sl S R

T 208pA

ake this two resistors in series cach with a value of 910Kohms.

The power rating of these resistors are P = (370V)2/1.76 M or (1.8 W. Each
ssistor should have 1/2W power rating,

esign of the current sensing circuit
The current sense resistor should be sized in order to reach the 1.1V current
nse threshold voltage at the low ac input voltage. The value then becomes
11V
R-. =——— =0.30hms
6.6 A

leading edge spike filter of 1 K and 470 pF will also be added before inputting
current signal to pin 4.

signing the voltage feedback circuit
the output voltage sense resistor divider, selecting the sense current as
200 wA, the lower resistor becomes
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B 235V .

— = —= 125K Makel2OK.

e 200uA

This makes the true sense current 2.5 V2K = 208 pA. The upper resistor is
{400V -2.5V)

T J0RuA

Ieh-mhlm =

=1.91Mohms

Make this resistor a 1Mohm and a 910K ohm resistor in series, each with a
1/2W rating.

The compensation of the voltage error amplifier should be a single-pole
rolloff with a unity gain frequency of 38 Hz. This is required to reject the fun-
damental line frequencies of 50 and 6011z, The feedback capacitor around the
voltage error amplifier becomes

1 1
20 R 2m(38H2N1.82M)
= 0.043 uF or .05 uF

Crn =

Designing the input EMI filter section
I will be using a second order, common-mode filter. The difficulty in consider-
ing an input conducted EMI for this power factor correction circuit is its vari-
able frequency of operation. The lowest instantaneous frequency of operation
oceurs 4l the crests of the sinusoid voltage waveform. This is where the core
requires the Jongest time o completely discharge the core. The estimated fre-
quency of operation has been 50kHz, so T will use this as an assumed minimum
frequency.

A pood starting point is to assume that I will need 24 dB of attenuation at
S0kIz. This makes the corner frequency of the common-mode filter

{ An

fro = fow - 100

where Att is the attenuation needed at the switching frequency in negative dB.
£ =(S0KHZ)10' % | =12.5kHz

Assuming that a damping factor of 0.707 or greater is good and provides a —
3dB attenuation at the corner frequency and does not produce noise due to
ringing. Also assume that the input line impedance is 50ohms since the regu-
latory agencies use an LISN test which make the line impedance equal this
value, Calculating the values needed in the common-mode inductor and “Y”
capacitors:

& (50)(0.707)

I = =900 uH
m-fe  m{12.5kHz)
- 12 & 1 :
(2rf-) L [27(12.5kHz)] (900 uH)
=0.18uF

Real-world values do not allow a capacitor of this large a value. The largest
value capacitor that will pass the ac leakage current test is 0.05 uF. This is 27
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Figure C-9 The schamatic for the 180W power factor circuit fwith EMI filter).

percent of the calculated capacitor value, so the inductor must be increased 360
reent in order to maitain the same cormner frequency. The inductance then
comes 3.24mH and the resultant damping factor is 2.5 which is acceptable.
‘Coileraft offers off-the-shelf common-mode filter chokes (transformers) and
e part number closest to this value is E3493. With this filter design [ can expect
minimum of —40 dB between the frequencies of S0 kHz and 10MHz. If later
ing the EMI testing stage, 1 find T need additional filtering, I will add a third
der to the filter design by using a differential-mode filter.
The resulting schematic of the power factor correction circuit is given in
igure C-9,

Printed circuit board considerations

The unit in which this power factor correction circuil resides is going to be mar-
keted cverywhere in the world. The toughest saflcty requirements are issued by
VDE in Germany. Here the creepage distance, or the distance that an arc must
travel aver a surface, is 3.2mm for those signals that are opposite phases of an
ac power line up to 300 VRMS. This means that there must be 3.2mm spacing
between traces of H1 and H2 (Ilot and Neutral), and their rectified de signals,
Also there must be a 3.2mm (minimum) surface distance between the windings
on the mput common-mode filter transformer and between high and low pins
of the flyback inductor. The spacing of the 400V output must be more than
4.0mm from all other traces carrying less voltage. The creepage between any
earth ground trace and the other traces must be more than 8.0mm.

All current-carrying traces should be as wide and as short as possible. One-
point grounding practices between the input, output, and low-level grounds
should be done at the ground side of the current sense resistor.



Appendix D. Magnetism and
Magnetic Components

The magnetic elements form the backbone of the switching power supply's
operation. Understanding their basic operation, and the practical tradeofts
during their design is crucial to the entire power supply’s proper operation.
Factors such as efficiency and reliability are highly dependent on the magnetie
compaonent’s design,

Unfortunately, the typical engineer’s college curriculum only includes about
a course and one-half of magnetism-related theory, which is easily forgotten.
The purpose of this appendix is to refresh your memory with some magnetic
theory highly slanted to switching power supply applications.

D.1 Basic Magnetic Theory Applied to Switching
Power Supplies

Magnetic fields are the invisible companion to the readily visible electric signals
within electronics. Every time there is an clectron current flowing, there are
associated electric and magnetic fields. Their orientations are easily remem-
bered by the use of the righi-hand rule, as seen in Figure D-1a. As one can see,
the electric field emanates radially from the wire carrving the current. If the
wire is oriented as in Figure D-1a. and the current is flowing towards the reader,
the magnetic field flows in a counterclockwise direction around the wire. When
a wire is “coiled”™ upon itself, as in inductors, the magnetic fields flow around
the entire coil as in Figure D-1b. The lines of flie shown in Figure D-1 are a
graphical representation of flux densiry. Within the coil, the magnetic field
is compressed within a small area in coil’s center; therefore, the flux density
is higher. Outside the coil, the arca is boundless, and the magnetic field is
permitted to spread out over a much larger area, therefore the flux density is
lower,

When a coil of wire is wrapped around a ring of magnetic material such as a
ferrite toroid, the magnetic field travels almost exclusively within the ferrite core
material. This is because the magnetic resistance, called reluciance, is much
lower than that of air and it forms a complete magnetic loop. When a second,
identical winding is placed on the toroid, and the test sct-up is assembled as
shown in Figure D-2, a familiar curve is traced out. This is called the B cunve,
This curve is the unique *fingerprint” for magnetic materials and their alloys.
If the ac excitation voltage is driven high enough, soon the curve becomes “Hat-
tened™ at both the top and the bottom. This condition is called saturation when
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nearly all the magnetic domains within the magnetic material become aligned
with the applicd magnetic field. The significance of the curve is that it repre-
sents the amount of work required to reorient the magnetic domains within the
magnetic material in the direction of the magnetic ficld created by the winding
and the driving voltage. This work is lost and ends up as heat within the core.
This is called the hvsteresiy loss of the core material. This loss is necessary to
perform the work needed by the power supply during each cyele of operation,
It can be seen as a delivery truck. The energy expended in moving the weight
of the truck from its starling point o all its delivery locations and back again is
waste, but it does accomplish additional work in the process. The X-axis is the
coercive force or magnetic field strength (H) and has the units of ampere-turns
per meter or gersteds (Oc). This provides the driving force to develop a mag-
netic ficld. Tts clasest electrical equivalent is voltage.

H = # (D1}

where & s the number of turns on the drive winding,
I is the peak current through the drive winding (amps).
{,, 1s the length of the magnetic path (cm).

The Y-axis is the e density (B) measured in gauss ((3) or webers per square
centimeter in the U.5., and teslas or webers per square meler within the metric
system. Its behavior can be seen by a useful relationship given by Faraday's law:
E-00
By = —————  Gauss (U.S) (D.2a)
k-N-A - f
where & s 4.0 for rectangular waves and 4.4 for sinewaves.
is the core cross-sectional area {em®).
is the voltage applied to the drive winding {V').
is the frequency of operation (Hz).

-

In the MKS system used outside the LS., the equation becomes

Binary = . Teslas (metric) (D.2h)
k-NA-f
where &k  is 4.0 for rectangular waves and 4.4 for sinewaves.
A, 13 the core cross-sectional area (meters™),
E  is the voltage applied to the drive winding (V).
f 1s the frequency of operation {Hz).

This equation is useful for determining how close to saturation an inductor
or transformer is operating, which could avoid a catastrophe.

The slope of the sides of the B-H curve is referred to as the permeability of
the material. It can be seen as the degree of ease it takes to reorient the
magnetic domains within the material. The greater the slope, the less magnetic
field strength and current it requires to create a given fux density. 11s value
has a great bearing on how much inductance one gets per turn of a winding.
The higher the value of permeability (or steeper slope), the more inductance
one gets per turn added:

i = AB/AH (D.3)

The relationship between them is given by
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B=uH (D.4)

When using an induetor or transformer within a switching power supply. the
core is never operated to the point of saturation, Instead il is operated in what
is called a minor loop, These are B-H curves thal are wholly contained within
the boundary of the saturated B-I1 curve. In 20 to 50kHz PWM switching power
supplies, the peak excursion of the flux density (B...) is usually half of the
saturation flux density (B, ). This results in a core loss of two percent in over-
all converter efficiency, which is considered acceptable. For higher frequencies
of operation, B, should be lowered to keep the core lnsses at or below two
reent loss of efficiency. The common minor-loop curves are seen in Figure
D-3. Curve A is the B-H curve within the transformer of a “push-pull” style
forward converler such as the push-pull, half-bridge. and lull-bridge converters.
Curve B is the B-H curve of a discontinuous-mode flyback converter. Curve C
i the B-H operation of a forward-mode filter choke and a flyback transformer
erating in the continuous-mode. For de and unipolar flux applications, it
is desirable to place a small air-gap within the magnetic path of the core. lis
effcet on the B-H curve can be seen in Figure D-3. As one can notice, the
rmeability of the overall inductor drops. This drop is in proportion to the
ngth of the air-pap introduced. This offers an advantage to the inductor's or
ansformer’s operation in that it requires a greater current through the drive

the energy placed within the core is now stored in the air-gap and the result
is the flux density within the magnetic core material drops. For these applica-
tions, additional turns will have to be added to the core to maintain the same

Figure D-3 Minor lnop B-H curves for various magnetic components.

winding to drive the core’s flux densily to enter a state of saturation. Most of
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inductance value, This will make the volume of the overall inductor or trans-
former grow, but it is necessary for a greater margin of safe operation for the
power supply.

The major losses within any core material are the hysteresis loss and eddy
crrrent loss. These losses are typically lumped together by the core manufac-
turer and given in a graph of watts lost per unit volume vs. the peak operational
flux density (B,...) and frequency of operation. Hysleresis loss is given as

By =g F o(Base) : (D.5)

where & is the hysteresis loss constant for the material.
v is the volume of the core (em’ (CGS), m’ (MKS)).
i is the frequency of operation (Hz).
B is maximum flux density (Gauss(CGS), Teslas (MKS)).

The eddy current loss is caused by electron currents that are induced within
the core material by the high local magnetic fields. These usually flow in circu-
lar paths and arc encouraged to flow when large unbroken volumes of core
material are present. They also are common in cores with corners, They can be
discouraged either by using a core with high reluctance that offers resistance to
the flow of current or by using a laminated core that breaks the core into small
cross-sections, thus discouraging a circular current path, The eddy current losses
are described by

Bo=ke v f -(Buw) (D.6)

As one can see, both losses increase dramatically with the increasing levels
of B, and the eddy current loss increases drastically with the frequency of
operation. These losses cause an increase in the size of the inductor or trans-
former for an increased frequency of operation. Increasing the frequency of
operation of a swilching power supply does not necessarily reduce the size of
the core.

In designing the magnetic components within the power supply, most of the
problems arise from the very naticeable difference in nomenclature between
the normal electronic design literature and the core manufacturer’s literature.
The difference in units between ULS. and non-U.8, manufacturers also can be
confusing, especially when they do not clearly present the exact form of the
equations and units they expect you to use. For core loss information, each
manufacturer seems to use its own units. Some use watts per unit volume (em®
or m"} or per unit weight (Ib). The designer can only use a point of reference
within ¢ach manufacturer’s graph which is typically one-half of B, at 50kHz,
which should pive two percent loss in overall supply efficiency. The designer
then can readjust the 8, (0 maintain that twa percent loss figure. You should
review the utilized units carefully, and use the appropriate magnetic equation.
Usually the core manufacturer will have applications literature that presents the
equations that work with their respective units.

D.2 Selecting the Core Material and Style

Selecting the core material and style for a switching power supply application
is often viewed as a “dart board” type of selection process by a designer start-
ing his or her first transformer design. Although almost every core material and
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style will work in all applications, their behavior within the application dictates
which 1s best. There really is some sense to the selection process.

Selecting the core material is the first issue (0 be addressed. All core
materials are alloys based on ferrite. The major factor in a material’s worthi-
ness is its loss at the frequency of operation and the flux density of the appli-
cation, A good place to start is with the materials the core manufacturer’s
themselves recommend for PWM switching power supplics and those that are
commonly used by the designers in the field (see Table D-1).

Using one of the core materials listed in Table D-1, the designer can feel
reasonably confident that he or she has made the best choice for a ferrite.
Mopermalloy is a ferrite alloy that has nonmagnetic molybdenum mixed with
it, The molybdenum acts as a distributed air-gap within the material, which
makes the material excellent for dc biased or unipolar applications. Unfortu-
nately, it is only available in toroid core styles, and it typically used for output
filter chokes.

What if a new material emerges onto the scene and you arc asked to review
it? The primary points of interest arc the core loss (W/em?), the amount of B-1T
degradation at ¢levated temperatures, and whether it is offered in the desired
core style (with air-gaps). The primary issue is the core loss. This is composed
of both the hysteresis and cddy current losses combined, Manufacturers utilize
graphs that plot loss versus frequency of operation versus maximum operational
Mux density, which makes it easy to compare materials (refer o Figure D-4).
Be careful though, the manufacturers use differing units of measurements such
as teslas or gauss, or different bases such as volume or weight, The conversion
factors are given in Appendix E. To use these graphs, the designer should already
have a pood idea as to what frequency of operation he or she is going to use.
The second factor needed is the maximum flux density (8., ). The industry’s rule-
of-thumb for the amount of allowable loss within the magnetic clements should
be no more than a two percent loss in overall power supply efficiency. For
instance, at 50kHz the nominal B, should be half that of the B.,.. B, should
follow the guidelines presented in Table D-2 to maintain the same amount of

Table D1 Common Core Materials Usad within the Industry
Core Material {Ferrites)

Manufacturer : <100kHz <1 MHz
Magnctics, Inc. ETF F KN
TDK P7. C4 P7, C40
Philips ICH 3CHS
Sicmens N2T N&T

Table D-2 Recommended Flux Density Limits vs. Frequency

Maximum Operational

Freguency Flux Density {Bpax!
<50 kHz (.58,

<100 kHz .48,

<500 kHz 0.258,,,

<1 MHz 0.18.,,
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Figure D4 Curves showing volumetric core loss vs. frequency and 8, (3C8 material
shown). {Courtesy of Philips Components.)

core loss within the power supply design. To use a chart similar to Figure D,
locate your B, on the x-axis; go vertically until the desired frequency curve is
intersected and read the volumetric core loss from the y-axis,

The second consideration is how much the #,; of the material degrades
with increased operating temperature (see Figure D-35). Some materials
degrade more than others. In general for the commonly used materials, a drop
of 30 percent in B, is expected al 100°C, This ells the designer to never have
Mux cxcursions above 70 percent of the rated saturation flux density of the
material. Lastly, some materials exhibit lower core losses at elevated core
temperatures. Cores will always be hotter than the ambient temperature. Core
temperature rises of 10-4PC are not uncommaon. Sometimes a graph is pro-
vided by the core manufacturers illustrating this point at a given drive level. If
the material reaches a minimum loss at 50°C, this will be an advantage to the
designer.

Once a core material has been selected, the core style must be considered.
Many different core styles are offered by the core manutacturers: thev fall basi-
cally into the categories shown in Figure D=6, Each has an advantage of siee,
cost, or shielding, and these factors should be considered in the light of the
application. They fall basically into two styles: toroid and bobbin style cores.
Toroidal transformers are more cxpensive (o build because of the special
machinery needed to wind the turns onto the core, but they are superior in the
amount of radiated flux escaping from the transformer. Bobbin cores are typi-
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ble D-3 Core Styles and Their Merits

Core Material
sic Core i Winding Core Manufacturing

Permalloy Ferrite Gapped Shielding Cost Cost
ks % Yes/No No Low High
* Yes No Low Low
* Yes No Low Low
® Yes Yes High Medium
*

Yes No Low  Medium

y less expensive to build than toroids, which is a distinct advantage, but cost
pre than toroids for the basic core parts. Some of these considerations are
utline in Table D-3. Pol cores and their derivatives (PO, RS, cic.) are expen-
ive to buy, bul are inexpensive to have a transformer built. Pot cores offer good
agnetic shielding of the windings and the gap. Unfortunately, the lack of
rflow around the windings causes them to operate at a higher temperature. E-
and E-1 cores are less expensive than pot cores and have a generally larger
inding area. Since, in the winding of transformers, the winding area 1s whal
ically determines a corc size. this makes E-E and E-l cores the most preva-
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Figure D-6 The common styles of magnetic cores.

lent choice among designers, The windings are exposed to the air so that the
windings operate at cooler temperatures, but radiate more to the environment

because of the exposed air-gap.
Trade-offs in basic core cost, final transformer cost, and RFI are the primary

considerations.




Appendix E. Noise Control and
Electromagnetic Interference

Controlling high frequency noise generation and radiation is the blackest of
the “black box” art in switching power supply and product-system design. Tt is
a subjcet that warrahts a book all to itself and it is the final area that will inter-
fere with the release of your product into the market. This appendix cannot ade-
guately cover the subject, but will overview the major considerations involved
with product design.

Most companies cannot afford the expense of setting up a noise testing lab-
' oratory suitable for regulatory agency testing. The equipment is expensive and
the operators must have special training. It is recommended that a company
employ a regulatory testing consultant company to help it through this phase of
the program. The majority of products initially submitted for RFI/EMI approval
fail one or both of the radiated or conducted EMI tests. Almost always the
design needs last-minute changes in order to pass the tests. The consultant engi-
neers have been through this exercise many times before and are familiar with
the problem areas and their solutions.

With help from this appendix, and Sections 3.12 and 3.14, it is hoped that
your design will at least have an acceptable PC board layout. input EMT filter,
and enclosure design that can serve as a basis for minor modifications at the
time of testing. The PC board layout is the first major thing that the designer
¢an do to minimize the cffects of noise. The use of waveshaping techniques are
the second, and the enclosure design is the third most important thing, One
general rule is that if you design for the most stringent of your regulatory
requirements, you will be better off when it comes time to test the product. Most
of the countries in the world are “harmonizing™ on their testing limits within
their specifications.

If one passes one country’s EMIFEMC specification, it is likely that the
product will have no trouble in passing another country’s requirements.

E.1 The Nature and Sources of Electrical Noise

Moise is created whenever there are rapid transitions in voltage and/or current
waveforms, Many waveforms, especially in switching power supplies, are peri-
odic. That is, the signal that contains pulses with high frequency edges repealts
itself at predictable pulse repetition frequencies (PRF). For rectangular pulse-
trains, the inverse of the period dictates the fundamental frequency of the wave-
form itself, The fourier conversion of 4 rectangular waveform generates a wealth
of harmonics of this fundamental frequency. The inverse of lwice the edge
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risetime or falltime of these pulses are estimates of the spectral fundamental
frequency of the edges. This is wypically in the megaherts range and their har-
monics can go much higher in frequency.

In PWM switching power supplies, the pulsewidih of the rectangular wave-
shape is continuously changing in response o the supply’s operatling condilions.
The result is typically an almost white noise energy distribution that exhibits
some peaks and the amplitude rolls off with higher frequencies. Figure E-1 18
a near-field radiated spectrum of an off-line PWM llyback switching power
supply with no snubbing. As one can see, the spectral components extend well
over 100 MHz (far right) and would interfere with consumer electronics equip-
ment, if not filtercd and shiclded,

Quasi-resonant and resonant transition switching power supplies have a much
more attractive radiated spectral shape. This is because the transitions are
forced to be at a lower frequency by the resonant elements, hence only the low
frequency spectral components are exhibited (below 30MHz). The lower rate

“of change during the transitions are responsible for behavior. The higher fre-

quency spectral components are almost non existent. The near-field radiated
spectrum of & guasi-resonant, Oyback converter are shown in Figure E-2. The
quasi-resonant and soft switching families of converters are much “quieter” and
easier to filter.

Conducted noise, that is, noise currents that exit the product enclosure via
the power lines and any input or output lines, can manifest itself in two forms:
common-mode and differential-mode. Common-mode noise 15 noise that cxats
the case only on the power lines and not the earth ground and can be measured
with respect to the power lines (refer to Figure E-3a). Differential-mode noise
is noise that can only be measured from the earth ground to one of the power
leads. Noise currents are actually exiting via the carth ground lead. Its model
can be scen in Figure E-3h. Each mode of noise can only be controlled by spe-
cific filter topologies and in each power supply design may require two types of
input filtering, These filters have inductors and capacitors which are called “X”
and “Y" clements. The X elements go across the power lines filtering the

Figure E-1 The radiated spectrum of a typical off-line PWM flyback converter.
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Figure E-3 Common-mode and differential noise models: {a) common mode; (b differential
mode.

common-mode noise artifacts and the Y elements go between the pawer lines
and carth ground filtering the differential noise artifacts.

Regulatory approval hodies check for both radiated and conducted noise
during their certification testing. Radiated noise is checked by locating a cali-
hrated antenna and receiver at a specified distance (1 meter) from the product
and plotting the resulting spectrum well into the GHz region. Radiated noise
causes interference with other equipment, bul conducted noise uses the power
and L/O lines to radiate its noise and therefore is also checked. Conducted noise
is checked by coupling into the input power lines via a high-frequency current
transformer and the resultant spectrum is checked beyond | GHz

E.2 Typical Sources of Noise

Noise, especially radiated noise, can be reduced by understanding its sources
and what design techniques can reduce its effects. There are several major
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sources of noise within a PWM switching power supply that create the
majority of radiated and conducted noise. These sources can be casily located
and their design can be modified to reduce the noise gencration of the power
supply.

Noise sources are part of noise loops which are printed circuit board con-
nections between high-frequency current sinks and current sources. Following
the PC board design practices in Section 3.14 will help greatly in reducing the
radiated RF1. Appreciation of the high-frequency characteristics of the commuon
components and PC boards is needed.

The first major source of noise is the input power circuit, which includes
the power switch, the primary winding of the transformer, and the input
filter capacitor. The input filter capacitor provides the entire trapezoidal
current waveforms needed by the power supply, since the input line is always
heavily filtered with a bandwidth much less than the operating frequency of
the power supply. The PCB traces must be as physically short and as fat as
possible. Fat traces have lower inductance than thin traces. The trace length
dictates the frequencies above which noise will be easily radiated into the
environment. Shorter traces radiate less energy at the higher frequencics.
The input filter capacitor and the power switch should be next to the trans-
former to minimize the trace lengths. A high-frequency ceramic or film
capacitor also should be placed in parallel with any aluminum electrolytic
or tantalum input capacitor since they have poor high-frequency characleris-
tics. The worse the ESR and ESL characteristics of the input filter capacitor,
the more high frequency noise energy the power supply will draw directly
from the power line, thus promoting poor common-mode conducted EMI
behavior.

Another major source of noise is the loop consisting of the output rectifiers,
the output filter capacitor, and the transtormer secondary windings. Once again,
high-peak valued trapczoidal current waveforms flow between these compo-
nents. The output filter capacitor and rectifier also want to be located as phys-
ically close to the transformer as possible to minimize the radiated noise, This
source also generates common-mode conducted noise mainly on the output
lines of the power supply.

COne subtle, but major noise source is the output rectifier. The shape of the
reverse recovery characteristic of the rectifiers has a dircet affect on the noise
generated within the supply. The abruptness or sharpness of the reverse recov-
ery currenl waveform is often a major source of high-frequency noise. An abrupt
recovery diode may need a snubber placed in parallel with it in order o lower
its high-frequency speetral characteristics. A snubber will cost the designer in
efficiency. Finding a soft recovery rectifier will definitely be an advantage in the
design.

One structure that encourages the conduction of differential-mode noise
15 the heatsink, Heatsinks are typically connected to earth ground as a
protection to the operator or service person. Any power switch or rectifier
that is bolted to a heatsink allows capacitively coupled noise into the heatsink
through the insulating pad. This noise then exits the case via the green, earth
ground wire. One way of reducing the injection of this noise onto the ground
is to use a power device insulator pad with an cmbedded foil pad. This
reduces the mounting capacitance by pacing two capacitor in series, or the
designer can connect the internal foil layer to the internal power supply
common.
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E.3 Enclosure Design

Product enclosure should act as an electromagnetic shield for the noise
radiated by the circuitry within the package. A metal-based, magnetic material
should be used in the enclosure construction. The material should be iron, steel,
nickel, or Mu metal. For plastic enclosures, there are an assortment of con-
ductive paints that can be used to add EML/RFI shielding to the case. Also, any
vent openings may need magnetic screening covering the openings.

The philosophy of any EMI shield is 1o encourage eddy currents to Aow within
the surfaces, thus dissipating the noise energy. Also, the assembled enclosurc
should act as a gaussian enclosure where there is good electrical conduction
totally around the enclosure, So removable hatches and enclosure members
need very good electrical connections around their peripheries. RF gasketing is
somelimes used in particularly troublesome cases.

Leads that enter or exit the enclosure ideally should have their associated
EMI filters at the point of entry or exit from the enclosure. Any unfiltered
leadlengths that run within the enclosure will inductively pick-up noise within
the case and allow it to exit the case, thus making any EMI filtering less effec-
tive. Likewise, any unfiltered leads within the case will radiate any transients
from outside the case into the case, which may affect the static discharge
hehavior of the contained circuits to exlernal static events.

E.4 Conducted EMI Filters

There are two types of input power buses, DC power buses are single-wire
power connections such as found in automobiles and aircraft, The ground con-
nection forms the other leg of the power system. The other form of input con-
nection is the ac. or two ur three-wire feed systems as found in ac power systems.
The design of the EMI filter for de systems is covered in Section 3.12 and takes
the form of a simple L-C filter. All the noise is common-mode between the
single power wire and the ground return. The de filter is much more compli-
cated, because of the parasitic behavior of the components involved.

To design a filter for the input of a switching power supply, the designer first
needs to know which of the regulatory specifications is appropriate for the
product. The specifications dictate the conducted and radiated EMI/RFI limits
the product must meet to be sold into the particular markel. A company’s
marketing department should know which areas of the world the product will
be sold and hence the designers can determine the requirements that are appro-
priate. It is always a good idea to design for the most stringent specification that
is applicable to your market.

The purpose of an input conducted EMI filter is to keep the high-frequency
conducted noise inside the case. The main noise source is the switching power
supply. Filtering on any of the input/output (1/0) lines is also important to kecp
noise from any internal circuit, like microprocessors, inside the case.

Design of the common-mode filter

The common-mode filter essentially filters out noise that is generated between
the two power lines (Hot and Neutral or IT1 and H2). The common-mode filter
schematic is shown as part of Figure E—4.
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Figure E-4 A complete third-order, input EM| filier {comman-mode and differential-mode),

In the common-mode filter the windings of the “rransformer” are in phase,
but the ac currents flowing through the windings are out of phase. The result is
that the common-made ac Aux within the core for those signals that are equal
and opposing phases on the two power lines cancel out.

The problem with designing the common-mode filter is that at high frequen-
cies, where one wants and needs the filtering, the ideal characteristics of the
components are compromised by their parasitic behavior, The major parasitic
element is the interturn capacitance of the transformer itself. This is the small
capacitance that exists between all windings, where the voltage difference
(volts/turn) between turns behaves like a capacitor. This capacitor, at high fre-
quency, effectively acts as a shunt around the winding and allows more high-
frequency ac current to go around the windings. The frequency at which this
becomes a problem is above what is called the selfresonance of the winding. A
tank circuit is formed berween the winding inductance itsell and this distributed
interturn capacitance. Above the self-resonance point the effects of the
capacitance become larger than the inductance which then reduces the level of
allenuation at high lrequencies. The effect of this within the common-mode
filter can be seen in Figure E-5. Iis affect can be reduced by purposely using a
larger X capacitor. The self-resonance frequency is the point where the great-
est possible attenuation for the filter is exhibited. So hy choosing the winding
method of the transformer, one can locate this point on top of a frequency that
needs the greatest filtering, such as a harmonic peak in the unfiltered system
noise spectrum.

Another area of concern is the “0" of the filter at self-resonance. If the O is
too high, or in other words, the damping factor is too low, the filter will actu-
ally generate noise in the form of narrow-band ringing. This can be dealt with
during the design. :

Some major transformer manufacturers build standard off-the-shelf compo-
nents used in the design of common-mode filter transformers such as Coileraft
(Cary, IL). These transformers have various inductance values, and current
ratings and also provide the needed creepage dimensions. This can make the
designer’s job a lot casier,

The initial common-mode filter component values can be determined in a
step-by-step process (like everything else in this book). To begin this process,
either a baseline measurement of the untiltered conducted noise spectrum is
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Figure E-5 Frequency responsa of a second-order common-mode filter (£ = TmH).

needed or some assumptions need to be made. This is in order to know how
much attenuation is needed and al what frequencies. Obviously, making the
measurement will yield a good result (with minor tweeks) the first time. Assum-
ing that one needs a particular filter response on paper may lead to additional
“fudging” of the circuit on the test table.

A reasonable beginning is that one needs about 24dB of attenuation at the
switching frequency of the switching power supply. This, of course, should be
modified in response to the actual conducted noise spectral shape. One deter-
mines the cormner frequency of the filter by

Y
Attenuation (—dB) = 40 Log[& |
* Taw 4
or

[ A

fo = fow 1000

where: f. is the desired corner frequency of the filter.
[, is the operating frequency of the power supply.

For this example, the switching frequency is assumed to be 50kHz. The corner
frequency to produce —24 dB of attenuation at this point is
[ A
fe =(S0KHz)L0 «© ) =12.5klIz
One assumes that the line impedance is 50ohms (because that is what the
LISN test’s impedance is). This impedance is then the damping element within
the reactive filter circuil.

Choosing the damping factor

The minimum damping factor () should be no less than 0.707. Less than that
would allow ringing to occur and produce less than 3dB of attenuation at the
corner frequency.
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Calculating the initial component values

LRt Boo707)

L6
7 fr  m(12.5kHz)

Q00 uH

P R s

(2rf) L ) [2m(12.5 kHz}f (900 uH)

Choosing “real world” available components

The largest value of capacitor that is available in the 4KV voltage rating is
0.05 uF. This is 27 percent of the calculated value. In order for the corner fre-
quency o remain the same, the inductor value should be increased by a factor
of 3.6. This would make the value 324 mH. The damping factor is directly pro-
portional to the value of the inductance so the resultant damping factor is 2.5
which is acceptable.

The closest Coilcraft common-mode inductor part number is E3493 and its
self-resonance frequency is 1MHz The caleulated capacitors are what are
typically called “Y™ capacitors. These are placed between each phasc and the
earth ground and must meet the full HIPOT test voltage of 2500 VRMS. “X”"
capacitors are the ones that are placed between the power lines and need only
meet the 250 VRMS rating of the power line and be able to withstand any surge
that may be anticipated. Choosing the value of the X capacitors is mainly arbi-
trary and wsually they fall in the 0.001 to 0.3mF range.

One can reasonably expect this filter to provide a minimum of 60dB of atten-
uation between the frequencies of 500kHz and 10MHz.

Once the component values have been calculated, the physical construction
of the transformer and the PCB layout become critical for the effectivencss of
the filter stage. Magnetic coupling due to stray inductive pick-up ol high-
frequency noise by the traces and components can circumvent the filter all
together. Added to this is the fact that the common-mode filter choke looks
more and more capacitive above its self-resonance frequency. The net result is
the designer needs to be concerned about the high-frequency behavior of the
filter typically above 20 to 40MHz.

Physical layout of the PCB is important. The filter should be laid out in a
linear fashion so that the input portion of the filter is physically distant from the
output portion. Large, low-inductance traces should be also used, but keep in
mind the creepage requirements of the regulatory specifications.

Sometimes the high-frequency attenuation is insufficient to meet the specifi-
cations and a third pole needs to be added to the EMI filter. This filter is
typically a differential-mode filter and will share the Y capacitors from the
common-mode filter. Its corner frequency is typically the same as the common-

-mode filter. This filter is made up of a separate choke on cach power line, and

is placed between the input rectifiers and the common-mode filter.

The differential-mode filter should have a lower damping factor than the
common-mode because the combined damping response of the entire filter
section would be too sluggish if higher damping factors were used. A damping
factor of a minimum of 0.5 is acceptable.

Calculating the differential-mode choke value
_ Rt __(50/03)
2 f 2m(12.5kHz)
=318l
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The addition of this stage of filtering will bring the very high-frequency
attenuation under control and further attenuate any differential-mode noise
on the earth ground lead. It will also produce a combined attenuation af
-36dB at the switching frequency of the power supply.

Real-world considerations
If one was to build the inductive elements instead of buying off-the-shelf parts
from a manufacturer, the following guidelines are common industry practices.

Commaon-mode chokes (transformers)

1. A toroid is best for this application because it produces very little stray

magnetic fields.

. A high permeability ferrite is used such as the W malterial from

Magnetics, Inc. which has a permeability of 10,000.

3. Tf an E-E core is used (which is a common choice), there should be no air-
gap and the mating surfaces of the cores must be polished. Any surface
imperfections would lower the permeability.

4. The bobbin should be a two-section bobbin and not be completely filled
with windings. A 2mm space from the outside surface of the bobbin is
required for the 4mm creepage requirement of VDE.

]

Differential-mode chokes

1. These are wound on separate cores (not mutually coupled).

2. Use a powdercd iron material such as available from MicroMetals
{Evanston, IL}.

3. Bar cores are typically used because of cost.
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This appendix containg a potpourri of miscellaneous information that may be
needed occasionally.

F1 Measurement Unit Conversions

This is by far the most confusing area of global cooperation. There are those
countries which have completely converted to metric and use the MES (meters-
kilogram-second) system, there are countries that use a hvbrid metric system
with a mixture of metric units, such as Japan, and then there is the U.S. which
mixes metric CGS (centimeter-gram-second) system with old English units such
as inches, mils, and circular mils, All three systems are used by major core
manufacturers around the world. The designer, depending upon where he or
she wanis o buy magnetics, must be extremely cautious as to which equations
he or she is using and the units of measurement of the variables each particu-
lar equation. Core manufacturers rarcly claborate on their units of measure-
ment. As an aide to the designer, the conversion constants between the systems
are given below.

Flux Density

1 Tesla (Webers/m®) = 10° Gauss (Webers/cm®) (Europe)
1 Gauss (Webers/cm®) = 10~ Tesla (Webers/m®) (USA)

1 milliTesla = 10~ Tesla (Japan)

1 milliTesla = 10 Gauss (Japan)

Linear Measuremenis

1 centimeter = (1,394 inches
1 millimeter = 0.0394 inches
1 inch = 2.54 centimeters

1 inch = 25.4 millimeters

Area Measuremenits

1 square inch (in) = 6.45 square centimeters (cm”)
1in® = 645 square millimeters (mm°)

lem? = 0,155 in’

1 mm? = 0.00155in*

1 circular mil = 7.854 » 1077 in?

1 circular mil = 5.07 x 10 em’

lin® = 1.273 » 106 circular mils

lem® = 1.974 % 105 circular mils
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F.2 Wires

The specification of wires can be confusing. All wires diameters are based upon
the American Wire Gauge (AWG) table, published in the early 20th century.
The metric countries directly converted these dimension {inches) o millimeters
and created what is now the TEC R20 wire table. This is shown below in both
measurecment systems in Table F-1.

The R20 chart is being eventually replaced with the IEC R40 standard as
shown in Table F=2. The wire diameters are still very close to the AWG table.

Table -1 Wire Table {USA and IEC R20)

IEC (R20) Copper Overall Wire de Current
AWG  Diameter Diameter Diameter (Grade 1) Area Resistance Capacity*
{mm} (i) (in) {mm} lin%) imm?) (1000 f (A

11 2.500 0.102 0.107 2.72 0.008 15 5.50 L.og 1038
11 2.240 0.091 0,096 2431 000647 4.17 1.26 B.230
12 2.000 0.081 0.086 2172 000513 3.31 1.58 (3.530
13 1.800 0.072 0.076 1.943  0.004 07 279 2.00 5180
14 1.600 0.064 0.068 1.737  0.00322 2.08 2.53 4.110
15 1.400 0.057 0.061 1711 0.002 56 2.01 3.1% 3.260
16 1.250) 0.051 0.055 1.38¢  0.00203 1.31 4.02 2.580
17 1.120 0.045 0.049 1.247  0.001 61 1.04 5.06 2.050
15 1,000 {.0440 0.044 1.118  0.00127 0.82 6.39 1.620
19 0.900 0.026 0.034 1.003  0.00101 .65 85.05 1.290
20 (1,800 (3.032 (0.035 0.897  0.000 80 (1.52 10.1 1.020
21 0.710 (.029 0.032 0,805  0.000 64 0.41 12.8 0.810
22 {.630 0.025 0.028 0,721 000051 0,32 16.2 0. 640
23 0.560 0.023 0.026 0.650 0000 44) 0.26 20.3 0,510
24 0. 500 0.020 0.023 0.582 0.00032 0.21 25.7 [, 400
25 0,450 0.018 0.021 0.523  0.00025 .16 324 0.320
26 (.40 0.016 0.018 0.467  0.00020 0.13 41.0 0.253
27 0.355 0.014 0.016 0,419  0.000 16 .10 51.4 0,202
28 (0,315 0.013 0.015 0376  0.000 13 0,080 653 0159
29 (1.280 0.011 0.3 0.340  0.000 10 0.065 51.2 0.128
30 250 0.010 0012 0,305 0000079 0.051 104 0, L
) 0.224 0.008 9 0.011 0,274 0000062 0.040 131 0.079
32 0.200 00080 0.010 0.24% 0000050  0.032 162 0.064
33 0.180 0.0071 (.009 0,224 0000040  0.026 206 {0,050
34 0.160 0.006 3 (.00 0,198 0000031 0.020 261 0.040
35 (}.140 00056 0.007 0178 0000025 0.016 331 (L1031
36 0.125 (.005 0 (1.006 0.163 0.000020 0013 415 0.025
37 112 0.004 5 poos7 0145 0000016 0.010 512 0,020
35 0.100 0.004 0 0.005 1 0,130 0000013 0.008 648 0016
39 0,090 0.3 5 0.004 5 0114 0000009 0006 847 .02

40 0.071 0.003 1 00041 0104 0000008  0.003 1080 .010

*Bascd on @ current density of 1275 Adn® (L1000 cirewlar milsiA),
Note: IEC R20 is an intermediate wire gauge eventually to be replaced by TEC R40.
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Table F-2 Wire Table — IEC R&0

Copper Maximum Owverall Diameter — Insulated Current
Diameter Wire Capability*
Grade 1 Grade 2 Grade 3

{rm) {mmj {mm) {mm}) (&)
2.650 2.730 2.772 2.811 11.66
2.360 2.438 2.478 2.516 9.25
2.120 2.195 2.235 2.272 7.46
1.900 1.974 2.012 2.048 6.0
1.700 1.772 1.809 1.844 4.80
1.500 1.570 1.606 1.640 3.74
1.320 1.388 1.422 1.455 2.89
1.180 1.246 1.279 1.311 .31
1.060 1.124 1.157 1.188 1.87
(.950 1.012 1.044 1.074 1.50
().850 0.909 (.939 (.968 1.20
0.750 (.805 (.834 ).861 (.93
0.670 0.722 0.749 0.774 0.702
(.600 0.649 0.674 0.695 0.598
0.530 (0.576 0.600 0.623 0.467
0.475 0.519 0.541 0.562 0.375
0.425 (0.466 0,488 0.508 0. 300
0.375 0.414 0.434 0.453 0.234
0.335 0.372 (1.3491 0.408 0.186
0.300 0.334 0.352 0.3649 0.1449
(1.265 (0.297 0.314 (.330 0.117
0.236 0.267 (.283 0.298 0.092
0.212 0.240 0.254 0.268 0.075
0.190 0.216 (0.228 0,240 0.060
0.170 0.194 0.205 0.217 0.048
0.150 0.171 0.182 0.193 0.037
0.132 0.152 0.162 0.171 (.029
0.118 0.136 0.145 0.154 0.023
0.106 0,123 0,132 0.140 0.019
0.095 0.111 0.119 0.126 0.015
0.083 0.100 0.107 0.114 0.012
0.075 0.089 0.095 0.102 0,009

*Based on a current density of 2.11 A‘mm? (1000 circular mils/A).

Skin ¢ffect is the apparent increase in wire resistance when high-frequency
ac currents are passed through them. A wire's real resistance when involving
losses within a switching power supply is given in Equation E1.

R1|11.|'| = RDF‘ + RN.' ‘:F‘-] :I

R, is the result of multiplying the below ratio with the de resistance for a round
copper wire such as round magnet wire. The equation below is the percent of
increase of the ac resistance over the de resistance for a single strand of round
copper wire in open air.
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Rac 047 7.dF (R2)

Ry

where d is the diameter of the wire in centimeters.
f is the frequency of the fundamental frequency of the current
waveform in hertz.

As one can sce, the larger-diameter wires suffer a much more rapid degra-
dation in ac resistance with increasing frequency than do smaller-diameter
wires. So it is advantageous Lo use multiple strands of smaller wires instead of
one large diameter wire. The ac current density of the smaller wires (=30 AWG)
can actually be pushed to two to three times the assumed current density used
in the charts because their surface area to cross-scctional area ratio is much
greater.

The ac resistance increase due to skin effect given above should be considered
as a minimum. When wires are placed next to one another and placed in layers
within a transformer, the near field magnetic cffects between wires turther
crowd the current density into even smaller areas within the wire’s cross-section.
For instance, when wires are wound next to one another, the current is pushed
away from the points of contact along the surfaces of the wires to areas orthog-
onal to the winding plane. When layers are placed on top of one another the
inner layers show much greater degradation in apparent resistance than do the
outermost layers.

For estimation purposes, using the above resistance numbers will be
sufficient.
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Index

A
AC voltage nodes, 98
Active clamps, 148-49
Active output stages (Synchronous
Rectifiers), 6061
Ambient temperature, 188
American Wire Gauge (AWG) table, 251
Amplificr compensation designs,
common error, 206-19
Amplifiers
error, 75, 198
lncating compensaling poles in error,
212, 215, 217-18
locating zeros in error, 212, 215,
217-18
voltage crror, 12, 71
Average current foldback, 72
AWG (American Wire Gauge) table, 251

B

B-H curves, 232-35

Base drive transformers, 50-52

Base drives, lixed, 63

Base speed-up capacitors, 64

Bias circuit designs, start up and IC,
8082

Bililar wound windings, 45

Bipolar power transistor drive circuits,
6366

Black box

considerations for switching power
supplies, 34-37
predesign considerations, 114-15

Board-level converters, 3, 28

Bode responses of circuits in switching
puwet supplies, 196-200

Boost-mode converters, 22, 24-26, 31

Roost power factor correction circuit, 222

Bootstrap start-up circuits, 80, 126

Brownout conditions, 91

Buck-boost converters, 31

Buck/boost power factor corTection
circuil, 222

Buck converters, 30, 100-3, 163-70

Buck power factor correction circuits, 221

C
Canadian Standards Agency (CSA), 52
Capacitances, inter-turn, 54

Capacitive input filter, wavelorms of,
221
Capacitors
base specd-up, 64
input filter, 102-3, 165
Iosses associated with filter, 134
output, 101-2, 164-65
paralleling filter, %9
resonant, 160
Carch diodes, 23, 101
CGS (centimeter-gram-seeond), 230
Choke input fillers, 22, 198
Choke value, caleulating differential-
mode, 24849
Chokes
commot-mode, 2449
designing de filter, 4850
designing forward-mode filter, 4647
designing mutually coupled forward-
mode filter, 4748
differential-mode, 249
Circuit designs, start up and IC bias,
BO—82
Clamps, gclive, 14549
Common-mode chokes, 249
Common-mode filters, designing, 24547
Compensating poles, locating, 212, 215,
217-18
Compensation
designing feedback loop, 11520,
174-76, 181-83, 196215
designing voltage feedback, 125-31
feedback loop, 12, 111-13, 196-21%
in-band gain limiting, 213
pole-zero, 212-16
single-pale, 207-11
slope, 127-28
2-pale-2-zera, 216-19
Compensation designs, COMMOL 10T
amplifier, 206-1%
Compensation method, pole-zero, 214
Components
choosing real world available, 248
losses associated with magnetic,
140-42
Conduction losses, 136-8
Conduction-mode controller, critical, 223
Conductors, fields around, 233
Continuous mode of operation, 25
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Index

Cantrol IC, power factor, 223
Control method, selecting optinum,
72-715
Control, miscellaneous modes of, 74-75
Conirol-to-output characteristics, 2001-3
defining, 168
Controller TC s selecting, T0-75
Controllers
critical conduction-mode, 225
switch-mode, 106
Converters, PWM design cxamples,
10 watt synchronous buck, 163-70
desipn examples, 163
28 ware PWM fiyhack, 105-13
63 wart multiple-ourput fiyback,
114-22
280 wart half-bridge, 122-33
slope compensation, 127-28
translormer design, 123-24
transformer winding lechinique, 124
board-level, 28
hoard-level 10 watt step-down buck,
100-105
hoose, 26, 31
boost-mode, 24-26
buck, 30
buck-hoost, 31
current-mode controlled forward-mode
compensalion, 203-5
fivhack, 26, 32
forward-mode, 22-24
full-bridge, 2%, 34
half-bridge, 29, 33
one-transistor forward, 32
parasitic elements within all, 142-43
phase modulated PWM [ull-bridge,
16162
push-pull, 29, 33
OR {quasi-resonant), 151-85
step down, 30
step-down, 22
step-up, 31
synchronous buck, 163-70
transformer-isolated forward, 24
transformer-isolated QR (quasi-
resonant), 158
voltage/current-mode controlled
lyback compensation, 213, 213
voltage-mode controlled Oyvback
compensation, 203-5
voltage-mode controlled forward-mode
compensation, 201-3
IVS OR, 154-55
V5 QR current-miode controlled
flyback, 170-76
ZVS OR off-line half-bridge, 17683

Core, DC hias, 47
Caore imbalance defined, 29
Caore loss vs, frequency, 238
Core material and style, selecting, 236—
40
Core materials used within industry,
commaon, 237
Caore styles and merits, 239
Cores
common stvles of magnetic, 240
determining sizes of magnetic, 3340
Corner frequencies, 196-97
Critical conduction-mode controller, 225
Cross-regulation, 55, 61
CSA (Canadian Standards Agency), 52
Current error voltage, 71
Current foldback, average, 72
Current loops, major (PCB), 93-95
Current loss, eddy, 236
Cutrent mode control, 74
hysteretic, 74
Current-mode controlled forward-mode
converters, 203-5
Currcnt; See alve Overcurrent
limiting rectifier Teverse recoveTy,
148-50
punch-through, 61
Current sense resistors, 167
Current sensing circuit, designing, 127,
229
Current sensing, instantancous, 71-72
Curves, B-H, 232-35

D
Damping factor, choosing, 24748
DC-DC converters, 84
DC filter chokes, designing, 48-50
D resistive losses, 141
Differential-mode choke values,
calculating, 24549
Differential-mode chokes, 249
Differentiators, zero, 195
Diigital voltmeters (1WMs), 96, 187
Dhiondes
catch, 23, 101
radial-leaded, 191-92
synchronous, 164
Dhiscontinuous-maode of operation, 25
Diiscrete linear regulators designs, 15
Distortion, total harmonic, 224
Dristributed power system, 3
[Drive circuits, bipolar power transistor,
6366
Dirive translormers, designing gale,
125-26. 167
Diriver sections, designing, 63-70




Drives, fixed base, 63
Dropout voltage defined, 13

L
Eddy current loss, 236
Elcctrical noise, nature and sources of,
24143
Elements, parasitic, 141
EMI (electromagnetic interference), 21,
03, 96, 98, 135, 145, 223
and noise contral, 24149
EMI/EMC, 241
EMI lilters, 48, 87, 89-00, 241, 245, 248
conducted, 245-49
designing input, 120-22, 133, 230-31
EMEIREL 192, 224, 245
Enclosure design, 245
Equivalent series inductance (ESL). 62,
139
Fouivalent serics resistance (ESR), 62,
89, 4, 102, 139, 203, 216
Error amplifiers, 73, 198
compensation, design, 196-219
voltage, 71
Error voltage, current, 71
Error voltages, 71
ESL (cquivalent series inductanee), 62,
139
ESR (equivalent series resistance), 62,
80,09, 139, 203, 216
External sources, synchronization of
power supplies to, 90-91

F
Furaday's law, 234
FBSOA (forward-biased safe operating
areas), 145
Feedback
isolared, 78
voltage. 109-10, 129
Feedhack circuits
designing voltage, 75-80, LH0-81.
220-30)
voltage, 118
Feedback compensation, designing
voltage, 129-31, 196-219
Feedback loop compensation, 12, 111-13,
196-219
designing, 119-20, 174-76, 181-83
Feedbuck loops, designing voltage,
11814, 128-29, 196-219
Feedback voltage, 71
Ficlds around conductors in free air, 233
Filar winding, 56
Filter capacilors
input, 1023, 165

Index

losses associaled with, 139
paralleling, 99
Filter chokes
designing de, d8-30)
designing Forward-mode, 4647
designing mutually coupled forward-
mode, 4748
Filter circuies, desipning input, 131-32
Filter scction
designing inpur EMI, 12022, 230~
31
designing input rectifier, 84-90
designing output, 116-17
input, 110
output, 108-9
Filters
choke input, 22, 198
conducted EML, 24549
designing common-mode, 245-47
designing input EMIT, 133
designing outpul, 124-25, 17579
EMI, 48, 87, 8900, 241, 245, 243
high-pass, 195
output, H1-63
O of, 246
RC low-pass, 197
single-pole filler, 1499
two-pole, 198
waveforms of capacitive input, 221
Fixed base drivers, 63
Floaling linear regulators, 18-20
Flux density, 232, 234, 237
Flux, lines of, 232
Flyback converters, 26, 32
28 watt PWM, 103-13
65 watt multiple-output, 114-22
voltage/ourrent-maode controlled, 213,
215
voltage-mode controlled, 203-5
Z¥5 OR current-mode controlled
fiyback converters, 170-76
Flyback topology, 29
Flyback transiormers
designing, 4245, 1038, 171-72
secondary arrangements, 43
FMEA (failure modes and effects
analysis), 83
Forward-hiased safe operating arcas
(FBSOA), 145
Forward converiers
buck, 30
full-bridge, 34
half-bridge, 33
one-transistor, 32
push-pull, 33
transformer-isolated, 24
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Forward-mode converters, 22-24
current-mode controlled, 203-3
voltage-mode controlled, 201-3

Forward-mode filter chokes
designing, 4647
designing mutually coupled, 4743

Forward-mode secondary winding

arrangements, 43

Forward-mode transformers, designing,

4042

Frequencies
core loss v, 238
corner, 196-97
flux density limits vs., 237
natural resonance, 157
resonance, 197

Frequency control, variable, 74-75

Frequency responses, 199-200

Full-bridge converters, 29, 34
phase modulated PWM, 161-62

G

Grain limiting, single-pole compensation
with in-band, 211-12

Gaate drive transformers, 50-52

designing, 125-26, 167

Giass, 234

Ground, control, %6

Grounds inside switching power supply,
Y698

H
Half-bridge converters, 29, 33

280 wagr, 122-33

ZVS (zero voltage switched) OR

(quasi-resonant) off-line, 17685

Harmonic distortion, total, 224
Harmonies, power factor and, 223
Headroom voltage defined, 13
Heatsinks

determining smallest, 193-94

maximum ambient emperarure

without, 194-95

power packages not on, 19

power packages on, 189-00)

thermal models for transistors on, 1849
Hiccup-mode start-up, 73, 80
High-pass filters, 198
Hysteresis loss, 234, 236
Llysteretic control, voltage, 73, 74
Hysteretic current mode control, 74

|

O (inputfoutput), 245

IC bias circuit designs, start up and,
BO-A2

ICs (integrated circuits), 9
current-mode control, 74-75
power [actor control, 223
selecting controller, 70-73
voltage-mode contral, 72

IEC {International Engineering

Consortium), 52
IGETS as power switches, 63, 69-70
In-band gain limiting, single-pole
compensation with, 211-12
Inductance, winding for low leakage
inductance, 5435
Inductor design, 226-28
Inductors, saturable, 148-50
Input circuit, designing voltage
multiplier, 229

Tnput EMI filter section, designing, 110,
120-22, 131-32, 230-31

Input EMI input filters, designing,
133
Input filter capacitors, 102-3, 165
Input filters
choke, 1498
waveforms of capacitive, 221
Input low voltage inhibit, 91
Inputfoutput (1/0) Noise, 245
Input, power factor corrected, 221
Input rectifier/filter scction, designing,
B4-G)

Instantancous current sensing, swilching
power supplics, 71-72

Integrated circuits (1Cs); See ICs
(integrated circuirs)

Integrated gate bipolar transistors
(TGBTs), 63

Integrated power system, 3

Inter-turn capacitance, 54

Interleaving windings, 56-57

International Engineering Consortium

(IEC), 52

Isolated feedback, 78

J
Junction lemperatures
maximum operating, 187
of rectifiers, 193
Junction-to-air, thermal resistance, 154,
190
Junction-to-case, thermal resistance,
18889
Junction-to-lead, thermal resistance, 188,
192

L
[.-C’ tank circuits, designing, 178
Lead temperatures, 193




Leakage inductance, winding for low,
54-55
Line impedance stabilization network
(LISNY, 224-25, 230, 247
Linear power supply design examples,
14-20
Lincar regulators
discrete designs, 13
floating, 18-20
general considerations, 12-14
introduction o, 11-20
operation, 11-12
LISN (line impedance stabilization
network), 224-25, 230, 247
Ltz wires, 47
Load regulation, output, 76
Loop compensation
designing {eedback, 119-20, 17476
feedback, 111-13, 196219
Loops
designing voltage feedback, 118-19,
128-29
major current (PCB), 93-96
minor (B-H), 140, 233, 235
Losses
associated with filter capacitors, 139
associated with magnetic components,
14042, 236
associated with output rectificrs,
137-38
associated with power switches, 136-37
conduction, 136-38
DC resistive winding, 141
eddy current, 140, 236
hysteresis, 140, 234, 236
within PWM switching power supply,
13543
quiescent, 13940
reducing major, 143-45
skin effect resistive, 141
switching, 136-38
Lnssless snubbers, 145-46
Low dropout regulators, 14
Low-pass filter, RC, 197
Low voltage inhibit (LVI), 81, %1

M
Magnetic components
losses associated with, 14042
magnetism and, 232-40
Mapnetic cores
common styles of, 240
determining sizes of, 3840
Magnetic elements, 37-56
design fow of, 37-38
Magnetic field strength (H), 234

Index

Magnetic theory applied Lo switching
power supplies, 232-36
hWagnetism and magnetic components,
232-40
Major losses, reducing, 14345
Maximum operating junction
temperature, 187
Measurement unit conversions, 230
Metal-oxide varistors (MOVs), 90
Minor-loop magnetic, 140
MEKS (meters-kilogram-second), 250
Modes of control, 74-75
current-mode, 74
current-hysteretic, 74
hiccup, 73
hiccup restarting, 80
voltage-hysteretic, 73
voltage-mode, 73
MOSFET, clamp switch, 148
MOSFET power switches, power, 66—
69
MOSFETs, 14, 29, 50, 57, 61, 71, 93, 126,
139, 142, 159
selection of synchronous rectifier, 164
MOVs (metal-oxide varistors), 90
Multiple-output fiyback converlers, 63
watt, 114-22
Multiple output sensing, 77-78
Multiplier PFC, 229

N
Natural resonance frequency defined,
157
Nodes, AC voltage, 598
Noise
nature and sources of electrical,
241-43
typical sources of, 24344
Nuoise control and EMI (cleciromagnetic
mterference), 24149
MNonisolated single-output switching
power supply, 76
Nonisolated topologics, 30-31

0

One-transistor forward converters, 32

Optoisolators, 78

Optoisolated feedback, 75580

Output capacitors, 101-2, 16465

Output-filter section, 61-63, 1089
designing, 116-17, 124-25, 178-79

Output load regulation, 7, 76

Cutpul protection schemes, 8284

Output rectifiers, losses associated with,

137-38
Output ripple voltage, 6, 62

261



262

Index

Output sensing, multiple, 77-78
Output stages
active, 661
designing, 56-63
passive, 35-59
Qutpul voltage shut-down, 93
Crvercurrent protection
circuits, 18345
pulse-to-pulse, 73
Owerload protection, constant power
form of, 74

F
Parasitic behavior, major sources of, 144
Parasitic elements within all converters,
14243
Parts, surface mount thermal, 192-93
Passive lossless snubbers, 14648
Passive output stages, 35-59
Passive rectification, 57
PCBs (printed circuit boards), 89, 93,
142, 231, 248
creating for switching power supplics,
99-100
laying out, 53-100
PFC circuirs, designing, 224-23
PFCs (power factor corrections), B3,
220-31
Phase modulated PWHM full-bridge
converters, 161-62
Pole-zero compensation, 212-16
Poles
delined, 196
locating compensating, 104-3, 168-70
Post regulators, 14
Power dissipated, maximum, 194-95
Power factor and harmonics, 223
Power factor control 1C, 223
Power [actor corrected input, 221
Power form of overload protection,
constant, 74
Power MOSFET power switches, 66—69
Power packages not on heatsinks, 190
Power packages on heatsinks, 189-90
Power signal, impending loss of, 92
Power supplies

black box considerations for switching,

34-37

building-block approach to, -9

building-block approach to WM
switching, 2628

creating PCBs for switching, 99-100

defining open loop response of
switching, 201-5

fundamentals of PWM switching,
21-26

generalized design approach to, 8-9
grounds inside switching, 9098
magnetic theary applied to switching,
231-36
miscellancous functions associated
with, 90-93
parasitic elemenis within switching,
14243
PWM (pulsewidth modulated)
switching, 21-133
QF (quasi-resonant) switching, 151-62
role of, 1-10
software, 9
stability criteria applied to switching,
205-6
synchromization to external sources,
a1
topologics of PWM switching, 28-34
Power supply control, switching, 71-75
Power supply design examples, high
elficiency, 163-82
Power supply design cxamples, linear,
14-20)
Power Supply design examples, switching,
100-33
Power supply efficiency, waveshaping
improves swilching, 135-83
Power supply technology, selecting, 3-3
Power switches, 100, 164
hipolar transistors, 63-66
designing, 63-70
IGBTs as, 69-T0
losses associated with, 136-37
power MOSFET, 6669
Power switches and rectifiers, selecting,
108
Power system
design specifications, 5-8
distributed, 3
integrated, 3
organization, 2-3
Power transistor drive circuits, bipolar,
FER
PRF (pulse repetition frequencies), 241
Frinted circuit boards (PCBs), 8-9, 93,
142, 231, 244
creating for swilching power supplics,
90-100
laying out, 93100
Progressive winding, 55
Protection
constant power form of overload, 74
output, 82-54
overcurrent, 18385
pulse-to-pulse overcurrent, 73
Pulse repetition frequencies (PRI, 241




Punch-through current, 61
Push-pull converters, 249, 33
PWM design examples, 100-33
28 watt PWM flyback converlers,
105-13
250 watt half-bridge converters, 122-33
6% watt multiple-output fiyback
converters, 114-22
board-level 10 watt slep down buck
converters, 100-5
PWM flyback converters, 28 watt, 105-13
PWM full-bridge converters, phasc
modulated, 161-62
PWM (pulsewidth modulated) switching
power supplies, 21-133
PWM (pulsewidth modulation), 4, 135
WM swilching power supplies
fundamentals of, 21-26
lopologies of, 28-34
PWM switching power supply design,
building-hlock approach to, 26-28
PWM switching power supply. losses
within, 13543

Q
Q
defined, 137
of filter at sell-resonance, 246
(R (quasi-resonant) converters, 151-62
fundamentals, 15155
topologies, 15658
transformer-isolated, 158
ZC8 (zero-current switching), 151-54
ZVS (zero voltage switching), 134
QR (quasi-resonant} switching power
supplies, 151
Chuiescent losses, 13940

R
Radial-leaded dindes, 191-492
Radio frequency interference/
electromagnetic interference
(RFLEMI), 2,7, 9, 151, 241
Radio frequency interference (RFT), 90
RBSOA {reverse-biased safe operating
argas), 143
RC low-pass filter, 197
Rectification
passive, 537-59
synchronous, 37, 60-61
Rectifierffilter stage, designing outpur,
131-32, 173
Rectifier MOSFETE, sclection of
synchronous, 164
Rectifier reverse recovery currcnot,
limniting, 1458-50

Index

Rectiliers
junction temperatures of, 193
losses associated with output, 137-38
selecting power swilches and, 108
synchronous, -1
Regulation; See also Cross-regulation
line, 7
outpul load, 7, 76
winding o meet safety, 52-53
Regulator design variations, three-
terminal, 17-18
Regulator designs, three-terminal, 15—
18
Regulators: See also Lingar regulators
board-level, 3
low dropout, 14
post, 14
series-pass, 11
shunt, 11-12
three-terminal, 194-95
RBeluctance, 232
Resistance
maximum allowed thermal, 193-44
winding losses, 14041
Resistive losses, DC, 141
Resistive losses, skin effect, 141
Resistors, cwrrent sense, 83, 167
Resonance, second-side, 161
Resonance frequencies, 197
natural, 157
Resonance; See Sclf-resonance
Resonunt capacitors, pushing through
transformers, 160
Resonant tank circuils
designing, 156-61, 172-73
loading, 159
Reverse-hiased safe operating areas
{RBS0OA), 145
RFIVEMI (radio frequency interference/
electromagnetic interfercnce},
2,7.9, 151, 241
RFI (radio frequency interference), 90
Right-hand rule, 232
Ripple voltage, output, 62

3

Safe operating areas (SOAs), 29, 66

Safely regulations, windings 1o meet,
52-53

Saturable mduclors, 148-50

Saturation, 232

SCRs (silicon-controlled reetifiers), 146

Secondary arrangements, fivback
transformer, 43

Secondary winding amangements,
furward-made, 43
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Index

Secondary windings, 42
Self-resonance
0 of filter at, 246
of winding, 246
Sensing
current, 83, 229
instantaneous current, 71-72
multiple output, 77-78
voltage, 7580
Series-pass regulators, 11
Shunt regulators, 11-12
Shut-down
circuits, 81
output voltage, 93
Signal, impending loss of power, 92
Silicon-controlled rectifiers (SCRs), 146
Single-pole compensation, 20711
with in-band gain limiting, 211-12
Single-pole filters, active, 199
6dB point, 197
Skin effect resistive losses, 141
Slope compensation, 127-28
Snubbers, 14548
design of traditional, 145-46
lossless, 145
passive lossless, 14648
S0As (safe operating areas), 29, 66
Software, power supply design, 9
Start up and IC bias circuit designs,
80482
Start-up circuits
bootstrap, 80
designing, 228-29
designing bootstrap, 126
Step down buck converters, hoard-level
10 watt, 100-5
Step-down converters, 22, 30
Slep-up converters, 31
Surface mount parts, 192-93
Switch-mode controller, 100
Switches
bipolar, as power, 6396
designing power, 63-70
TGBTs as power, 69-T0
losses associated with power, 136-37
MOSFET clamp, 148
power MOSFET power, 66-69
Swilching losses, 136-38
Switching power supplics
hlack box considerations for, 34-37
Bode responses of circuits in, 196-200
crcating PCBs for, 99-100
defining open loop response of, 201-5
fundamentals of PWM, 21-26
grounds inside, Y698
losses within PWM, 13543

magnetic theory applied Lo, 232-36
parasitic clements within, 14243
WM (pulsewidth modulated), 21-133
QR (quasi-resonant), 151-62
stability criteria applied to, 205-6
topologies of PWM, 28-34
topalogies of QR, 156-58
Switching power supply design, building-
block approach to PWM, 26-28
Switching power supply efficiency,
waveshaping improves, 135-85
Switchmode transformers, winding
technigues for, 52-56
Synchronous buck converters, 10 watt,
163-70
Synchronous rectifier MOSFETS,
selection of, 164
Synchronous rectifiers, 57, 60-61

T
Table, AWG (American Wire Gauge),
251, 252
Tank circuits
designing 1.-C, 178
designing resonant, 172-73
loading resonant, 159
Temperature
ambient, 194-55
maximum operating junction, 187
Temperatures, lead, 195
Temperatures of rectifiers, junction, 195
Test equipment needed, S—10
THD {total harmonic distortion), 224-25
Thermal analysis and design, 187-95
Thermal applications, examples of,
19395
Thermal derating, 16
Thermal models, developing, 187859
Thermal resistance, maximum allowed,
193-94
Topalogies, 248
PWM, 2534
guasi-resonant, 1558
Total harmonic distortion (THD), 224-25
Transformer-isolated forward converters,
24
Transformer-isolated OR {guasi-
resonant), converters, 158
Transformer winding technigue, 108,
116-17, 124, 177-T8
Transformers, 78, 249
base drive, 30-52
construction, 228
design, 115-16, 123-24
designing fivback, 42435, 1054,
171-72




designing forward-mode, #1042
designing gate drive, 125-26, 167
Nyback, 45
gate drive, S0-52
pushing resonant capacitors through,
a0
winding for tight couplings, 35-36
winding techniques lor switchmode,
52-56
Transient response defined, 76
Transient response lime, 12
Transistor drive circuits, bipolar, 6366
Transistors on heatsinks, thermal models
for, 184
Triple-insulated wire, 53
Twisted pair winding, 55
2-pole-2-zero compensation, 216-19
Two-pole filters, 198

u
UL {Underwriters Laboratories), 52

v
Variahle frequency control, 74-75
Voltage
dropout, 13
error, 71
headroom, 13
multiplier input circuits, 229
output ripple, 62
Voltage/current-mode controlled fiyback
converter, 213, 213
Voltage error amplificrs, 71
delined, 12
Viltage feedback
circuirts, 7380, 180-81, 229-30
compensation, 129-31, 196-219
loops design, 118-19, 128-29
Voltage hysterctic control, 73-74
Vollage inhibit, low, 91
Voltage-mode control, 72-74
Voltage-mode controlled fiyback
converters compensation, 200-5
Voltage-mode controlled forward-mode
comverlers compensation, 201-3

Index 265

Voltage nodes, AC, 98
WVoltage shut-down, output, 93

.!IFTI-

Waveshaping improves swilching power
supply cfficicncy, 13585
Winding arrangements, forward-mode

secondary, 43
Winding; See also Windings
filar technique, 56
interleaving, 5657
for low leakage inductance, 5433
progressive technigue, 55
self-resonance of, 246
transformers for tight couplings, 55—
56
twisted pair, 55
£ technigue, 35
Winding technigques
for switchmode transformers, 52-30
transtormer, 108, 116-17, 124, 177-
T8
Windings
bifilar wound, 48
to meet safety regulations, 32-53
secondary, 42
Wires, 251-53
lite, 47
triple-insulated, 53

Z
Z-winding lechnique, 35
ZCS (zero-current switching) QR
{guasi-resonant)
converiers, 151-54
topologies, 156-58
Zero compensation, pole, 212-16
Zeros defined, 196
ZVE (zero-voltage switching) QR
comverters, 154-35
current-mode controlled flvback
converter, design example, 170-T6
off-line half bridge converters, design
example, 176-85
topologies, 136-58
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