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Preface

Looking back, I realize there was actually never an exact moment when I said to myself

“I have had it with Physics — let me do Electronics now”! My near mid-life career change
was a rather gradual process. Faced with an exponentially declining interest in pi-mesons,
Lagrangian multipliers, quantum electrodynamics, and so on, my grades had started scraping
the bottom of the barrel. It didn’t help that I perceived my last bunch of professors to be
largely apathetic to students in general — it seemed that teaching just happened to be what
they needed to keep doing, to be eligible for research grants, which is what they really
enjoyed doing. And Physics itself, for all its initial undergraduate allure, had at the
post-graduate level, turned suddenly very mathematical and abstruse, contradicting my
inherent desire to be firmly embedded in reality (not virtual reality). Unfortunately, the
disenchantment reached a culmination only during my second Masters degree program, in
Chicago. Too late! So though I eventually did part company with Physics (as good friends,

I may add), there was a slight problem — I didn’t have a clue what to do next. I call that my
Problem Number 1.

Back in hot, bustling and dusty India, it took me several years to figure things out. But
finally, I did! The small bags of transistors, capacitors, resistors and inductors that I had
lately started tinkering with, held the answer to all my problems. And hope for the future.
This was my long-awaited lifeboat. I could now feel, touch, build and test whatever I did.
No deceptive sense of comfort lolling around in lush minefields of equations and algebraic
abstractions. This was the real world, the one that we live in every day.

Problem Number 2: 1 still didn’t know the ABCs (or the NPNs) of electronics. So I had to
teach myself very gradually, working days and often very late into the nights, barely
stopping only to ask the elderly local components dealer, daring questions like — what is

a transistor?! This act went on for a pretty long time — in fact I became the Rocky Horror
Midnight show — you got to see me mostly at midnight for several years in succession.

But it would have still been impossible if I had not met a few very remarkable men along the
way (see Acknowledgements). Finally, with all the help at my disposal (most of it mine),

I think I made it into the exciting world of electronics. And into power electronics.

Aha! I could start rolling down the shutters now. Or could 1?
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Preface

The above chain of hair-raising events is the one and only reason this book ever got written
in the first place!

But wait! I have explained “how” this book got written, but did I explain why? Actually

I haven’t yet. Because that has something to do with the last major problem I faced. I call it
Problem Number 3 — encountering people who knowingly or unknowingly thwart the
growth of the engineering discipline that gives us growth. Now, I had personally been
through a rather life-changing process (of being rescued by Electronics). So perhaps it was
more natural for me to always think I owed Electronics my best, in return for favors received.
But I realize not everyone thinks along those lines, at least not all the time. Maybe they had
affluent fathers paying for their shiny EE degrees from MIT or Yale. But I didn’t have an
affluent father nor an EE degree. However, at some stage, we all have to realize that we share
the same forces of nature, and a common stake in its existence and further development. Our
destiny is eventually common, and therefore we have a common responsibility to uphold it
too. Anybody who has learnt enough about the immense mystical forces of nature realizes
that he or she has really learnt nothing at all. It will therefore be very surprising if they don’t
end up imbibing the sense of humility that Newton once expressed in the following

words:

“I know not what I may appear to the world, but to myself I seem to have been only like a boy
playing on the sea-shore, and diverting myself in now and then finding a smoother pebble or a

’

prettier shell, whilst the great ocean of truth lay all undiscovered before me.’

Power Electronics too, is just a small part of that infinitesimal part of the universe that we
have just begun to understand. There is much, much more, just waiting to be discovered.
Should we be the ones to encourage that onward natural process, or thwart it (even
momentarily) with our petty office-space personal agendas?

Finally, when I had seen too much and heard too much, I wrote the following paragraphs
somewhere on the web, in what is now a rather controversial opinion piece for some people
who obviously don’t understand the logic or the motivation for it (see last page of
Appendix 1)

“Technology may never gain a foothold in a “king’s court,” where you are either rewarded
with largesse for being vehemently agreeable, or unceremoniously sentenced to the dark
dungeons for the rest of your life. Engineers like to speak out - but usually only when they were
sure of their facts and have incontrovertible data to back themselves up. They therefore
deserve and need a “peer environment,” where they are judged (primarily) by the respect
received from their peers — the king be damned (on occasion)!

It must be kept in mind that this can really bother the king sometimes! So managers who
supervise engineers, should be fairly competent at a technical level themselves and respect
data and facts equally. They can’t attempt to win a technical argument by throwing rank on
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their subordinates. Nor should they ever go around, God forbid, trying to subsequently shoot
the “emotional and/or disrespectful” engineer down (“that’ll teach him”). Surprisingly that
does happen more than we dare admit. Not only does the good engineer pay the price, but so
does technology in the long run.’

The only reason that this piece (based largely on the old wisdom of my dear long-time
mentor and former-former Boss Dr GT Murthy) turned controversial was I suspect, because
it had hit closer to home than even I had imagined. It is always amusing that whenever
someone has one-too-many skeletons in their closets, the very sound of a distant siren
triggers off their worst fears. I was told to stop talking about things I didn’t understand, and
stick to my (humble) circuits. I was also refused the normal official Author Encouragement
Program payment that I thought was due to me as per their guidelines — for this article and
even for my other popular power electronics book, which they had already used freely to
promote their products. Finally the best thing I did was to quit as soon as I could! Without
notice. Then surprise, surprise! Just after I resigned, they went and restructured exactly as

I had been preaching all along — by re-amalgamating their two erstwhile groups “Portable
Power” and “Power Management” into one, saying privately that there would be “more
sharing among the engineers finally”. My words exactly (read the article)! Weighing all these
events in mind, I found some peace knowing the net result of my article was that a few
better-designed, more peer-reviewed products would ultimately emerge from the very same
company in question (whether they cared to admit it or not). For sure, the winner wasn’t me,
certainly not some insecure small-minded manager in a hopelessly high position. It was
electronics that had had its day. And that was enough for me.

Till a while ago, I had naively thought large corporations, especially those showcasing
themselves in glitzy facilities headquartered in Silicon Valley, had woken up to the times and
become more professionally managed. To me that meant things like not allowing race-related
slurs to demoralize struggling engineers, not allowing chilling war-rhetoric indiscriminately
sent via company E-mail (making employees wary of their own supervisor’s basic sanity at
times), and simply, simply, just rewarding all efforts fairly and without discrimination. Too
much to ask! I wasn’t too sure anymore that the field of electronics, the one that I was trying
so hard to nurture, was getting even close to what it deserved. Sure, they had now started
declaring “record gross margins” and so on. But behind this benumbing onslaught of pure
PR, you have to remember that that their new-found exhilaration was a) borne mainly on the
shoulders of a new breed of extremely talented, friendly and pro-active engineers and

b) basically, they just stopped loss-making operations, in areas that were outside their “core
competence” (in reality: those business units that had been so badly managed from start to
finish, that even the engineers couldn’t make a difference anymore). Further, almost without
further thought, they kept laying-off several talented or promising engineers, some that

I knew personally — often because their own managers had screwed up so bad they needed
alibis to present before their equally bad supervisors, who needed alibis to present to
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theirs .... and so on. Of course the last man standing was apparently just too busy counting
the millions of dollars cash bonus he had just received for meeting the company’s
(short-term?) “targets”. End of story. Not a tear for those engineers that were walked out one
fine day a) without the slightest warning b) without even being given an opportunity to
present their side of the story — quite unlike even a normal court of law anywhere in the
world. I asked myself — what if Newton or Einstein had been similarly dogged by
incompetent dishonest supervisors? Would the world have been a better place today? And
come to think of it, how many potential Newtons and Einsteins had these companies already
banned into the hell of dark obscurity, and possibly premature retirement, while chanting that
their analog ICs were nature incarnate (“the sight and sound of information”)? We never
know the real casualty toll ever, do we?

As you can see, | can honestly say I have not found the solution to Problem Number 3 yet.
But I am still trying! And this book is an effort to do just that.

So now, it is time to tell you what exactly I have tried to achieve with this book. One unique
aspect about designing power supplies is that the “devil is in the details”. In other words,

I, as a technical writer, can either put in everything, including the supporting Math, and
come up with a book that (only) professionals would like. Or I could try making it very
simple and straightforward for the beginner. But then the chances are very high I would miss
out on the very essence of what power supply design is all about — the optimization, and
design trade-offs. To strike a meaningful compromise between simplicity and depth requires
a very carefully considered structure of presentation, one that I have really tried hard to
achieve in this book. For example, several books out there, try to give a step-by-step detailed
design procedure for DC-DC converters. However, they seem to routinely miss out on the
important fact that the input is rarely, if ever, a “single-point” input voltage level. It is
usually a “wide-range input” and we need to be very clear which converter stresses are at
their worst at the highest end of the input, and which ones at the lowest input end. We also
need to know which stresses we need to give priority to during a particular design step
within that procedure. Clearly, designing a good power supply is not a trivial task! In
Chapter 2 I have presented a universal design procedure for DC-DC converters that
hopefully fulfills the simultaneous demands of rigorous detail as well as simplicity.

So what did we do in Chapter 1? That to most readers is just an introduction that they can
readily skim over. Wrong! Let’s take a step (and page) back. This particular introduction
actually starts at the component level, not at the topology level as most other books do. The
hope is that now, even a beginner, can understand the mysteries of a capacitor and inductor,
then tie them up synergistically, to derive a switching converter topology. In fact, it will
become clear that all topologies evolve out of a basic understanding of how, in particular, the
inductor works. Here, advanced readers should beware. Because, while interviewing even
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senior engineers for applications engineer positions, I found that many of them are still quite
uncomfortable with the very concept of an inductor. Therefore, I think it is a good idea for
every reader, novice or advanced, to read the book in the order of chapters presented,
starting from the very first chapter. Just don’t be caught reading it (by your perception-driven
supervisor!). The temptation of jumping straight into an advanced chapter to “save time”
may just end up slowing things down even more in the long run (besides causing avoidable
bruising of self-confidence for some, along the way). Basic concepts always need to be
brought in at the right time, exemplified, and then firmed up to last a lifetime.

In Chapter 3 I have tried to start at a fairly basic level again, but then ramped up steeply to
provide one of the most detailed step-by-step procedures available for designing off-line
converters and their associated magnetics. This includes the dreaded Proximity Effect
analysis. I have broken up the basic procedure into two separate iterative strategies — one
for foil windings and another for round windings, because their respective optimization
procedures are really very different. There are also generous amounts of curves and plots
thrown in to quickly help the engineer visualize and design the magnetics optimally.

I have included a chapter devoted largely to switching losses in MOSFETs, since this topic
has become increasingly vital as switching frequencies are increased. But it has been
presented with some of the most carefully prepared and detailed graphics probably seen in
related literature — highlighting each phase of the turn-on and turn-off individually.
Common simplifying assumptions have also been made whenever appropriate, and the user
should thereafter have no trouble anymore practicing this rather poorly understood area of
power conversion. There is also some interesting parameterized graphical information
available that can come in handy either for an applications engineer selecting external
MOSFETs:, or an IC designer trying to optimize the driver stages of the chip.

The chapter on loop stability is likewise presented from scratch to finish, with very detailed
accompanying graphics. My hope is that for the first time the reader will have easy access to
almost all the equations required for loop compensation. Now, even a novice, can very
quickly get very deep into this area (as I once did).

There are also seven chapters on EMI, starting from the very basics and moving up to a full
mathematical treatment. This is again a topic that has been almost studiously avoided in most
related literature, and yet is needed so badly today. It needs much more elaboration I thought.

To cap it all, there is an “interview-friendly” FAQ, several Mathcad files, and various design
spreadsheets thrown in.

As you can see, the book has been designed to try to live up to its name “A to Z”. Of course
that is never really going to be possible, least of all in an all-encompassing area such as
Power Conversion. But hey, I did give it a shot! The stage is now set. I hope you like

Xv



Preface

this book, even if it is A to Z with some of the alphabets missing along the way, and go on to
make a small but noticeable difference, using it. Though I do strongly suggest you choose
where you attempt to do it, because that that makes a big difference in the long run — to
technology and to its committed practitioners: you the engineers. And of course, it is to you
that this book is solely dedicated.

—Sanjaya Maniktala
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CHAPTER 1

The Principles of Switching Power Conversion

Introduction

Imagine we are at some busy “metro” terminus one evening at peak hour. Almost instantly,
thousands of commuters swarm the station trying to make their way home. Of course there is
no train big enough to carry all of them simultaneously. So, what do we do? Simple! We
split this sea of humanity into several trainloads — and move them out in rapid succession.
Many of these outbound passengers will later transfer to alternative forms of transport. So
for example, trainloads may turn into bus-loads or taxi-loads, and so on. But eventually, all
these “packets” will merge once again, and a throng will be seen, exiting at the destination.

Switching power conversion is remarkably similar to a mass transit system. The difference is
that instead of people, it is energy that gets transferred from one level to another. So we
draw energy continuously from an “input source,” chop this incoming stream into packets by
means of a ‘switch’ (a transistor), and then transfer it with the help of components (inductors
and capacitors), that are able to accommodate these energy packets and exchange them
among themselves as required. Finally, we make all these packets merge again, and thereby
get a smooth and steady flow of energy into the output.

So, in either of the cases above (energy or people), from the viewpoint of an observer, a
stream will be seen entering, and a similar one exiting. But at an intermediate stage, the
transference is accomplished by breaking up this stream into more manageable packets.

Looking more closely at the train station analogy, we also realize that to be able to transfer a
given number of passengers in a given time (note that in electrical engineering, energy
transferred in unit time is ‘power’) — either we need bigger trains with departure times
spaced relatively far apart OR several smaller trains leaving in rapid succession. Therefore,
it should come as no surprise, that in switching power conversion, we always try to switch at
high frequencies. The primary purpose for that is to reduce the size of the energy packets,
and thereby also the size of the components required to store and transport them.

Power supplies that use this principle are called ‘switching power supplies’ or ‘switching
power converters.’

‘Dc-dc converters’ are the basic building blocks of modern high-frequency switching power
supplies. As their name suggests, they ‘convert’ an available dc (direct current) input voltage
rail ‘Vin,’ to another more desirable or usable dc output voltage level ‘Vg.” ‘Ac-dc
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Figure 1-1: Typical Off-line Power Supply

converters’ (see Figure 1-1), also called ‘off-line power supplies,’ typically run off the mains
input (or ‘line input’). But they first rectify the incoming sinusoidal ac (alternating current)
voltage ‘Vac’ to a dc voltage level (often called the ‘HVDC’ rail, or ‘high voltage dc rail’)
— which then gets applied at the input of what is essentially just another dc-dc converter
stage (or derivative thereof). We thus see that power conversion is, in essence, almost always
a dc-dc voltage conversion process.

But it is also equally important to create a steady dc output voltage level, from what can
often be a widely varying and different dc input voltage level. Therefore, a ‘control circuit’ is
used in all power converters to constantly monitor and compare the output voltage against an
internal ‘reference voltage.” Corrective action is taken if the output drifts from its set value.
This process is called ‘output regulation’ or simply ‘regulation.” Hence the generic term
‘voltage regulator’ for supplies which can achieve this function, switching or otherwise.

In a practical implementation, ‘application conditions’ are considered to be the applied
input voltage Vin (also called the ‘line voltage’), the current being drawn from the output,
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that is, Ip (the ‘load current’) and the set output voltage Vo. Temperature is also an
application condition, but we will ignore it for now, since its effect on the system is usually
not so dramatic. Therefore, for a given output voltage, there are two specific application
conditions whose variations can cause the output voltage to be immediately impacted (were
it not for the control circuit). Maintaining the output voltage steady when Vi varies over its
stated operating range VinMiN to VinmMax (minimum input to maximum input), is called
‘line regulation.” Whereas maintaining regulation when Ig varies over its operating range
IommN to Iomax (minimum to maximum load), is referred to as ‘load regulation.” Of course,
nothing is ever “perfect,” so nor is the regulation. Therefore, despite the correction, there is a
small but measurable change in the output voltage, which we call “AVg” here. Note that
mathematically, line regulation is expressed as “AVo/Vo x 100% (implicitly implying it

is over VinmiN to Vinmax).” Load regulation is similarly “AVo/Vo x 100%” (from Ioyn
to Iomax).

However, the rate at which the output can be corrected by the power supply (under sudden
changes in line and load) is also important — since no physical process is “instantaneous”
either. So the property of any converter to provide quick regulation (correction) under
external disturbances is referred to as its ‘loop response.’ Clearly, the loop response is as
before, a combination of its ‘step-load response’ and its ‘line transient response.’

As we move on, we will first introduce the reader to some of the most basic terminology of
power conversion and its key concerns. Later, we will progress toward understanding the
behavior of the most vital component of power conversion — the inductor. It is this
component that even some relatively experienced power designers still have trouble with!
Clearly, real progress in any area cannot occur without a clear understanding of the
components and basic concepts involved. Therefore, only after understanding the inductor
well, will we go on to demonstrate that switching converters themselves are not all that
mysterious either — in fact they evolve quite naturally out of our newly acquired
understanding of the inductor.

Overview and Basic Terminology

Efficiency

Any regulator carries out the process of power conversion with an ‘efficiency,” defined as
— Po
T Py

where Pg is the ‘output power,” equal to

Po = Vo x Ip
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and Ppy is the ‘input power,” equal to
Pin = Vin X IIN

Here, I1y is the average or dc current being drawn from the source.

Ideally we want = 1, and that would represent a “perfect” conversion efficiency of 100%.
But in a real converter, that is with < 1, the difference ‘Pin — Po’ is simply the wasted
power “Pjogs,” or ‘dissipation’ (occurring within the converter itself). By simple manipulation
we get

Pioss = PIn — Po

Po
Ploss =——Pg
1

1 —n
Ploss = l)O X (—>
Yl

This is the loss expressed in terms of the output power. In terms of the input power we
would similarly get

Pioss = PIN X (1 - Y])

The loss manifests itself as heat in the converter, which in turn causes a certain measurable
‘temperature rise’ AT over the surrounding ‘room temperature’ (or ‘ambient temperature’).
Note that high temperatures affect the reliability of all systems — the rule-of-thumb being
that every 10°C rise causes the failure rate to double. Therefore, part of our skill as designers
is to reduce this temperature rise, and thereby also achieve higher efficiencies.

Coming to the input current (drawn by the converter), for the hypothetical case of 100%
efficiency, we get

Vo
IIN_ideat = Io % Vi

So, in a real converter, the input current increases from its “ideal” value by the factor 1/v.

IImeeasured = ﬁ X IINfideal

Therefore, if we can achieve a high efficiency, the current drawn from the input (keeping
application conditions unchanged) will decrease — but only up to a point. The input
current clearly cannot fall below the “brickwall” that is “IjN_jdeal,” because this current is
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equal to Po/ViN — that is, related only to the ‘useful power’ Po, delivered by the power
supply, which we are assuming has not changed.

Further, since

Vo x Iop = VIN X IIN_ideal

by simple algebra, the dissipation in the power supply (energy lost per second as heat) can
also be written as

Ploss — VIN X (IIN_measured - IIN_ideaLl)

This form of the dissipation equation indicates a little more explicitly how additional energy
(more input current for a given input voltage) is pushed into the input terminals of the power
supply by the applied dc source — to compensate for the wasted energy inside the power
supply — even as the converter continues to provide the useful energy Po being constantly
demanded by the load.

A modern switching power supply’s efficiency can typically range from 65 to 95% — that
figure being considered attractive enough to have taken switchers to the level of interest they
arouse today, and their consequent wide application. Traditional regulators (like the ‘linear
regulator’) provide much poorer efficiencies — and that is the main reason why they are
slowly but surely getting replaced by switching regulators.

Linear Regulators

‘Linear regulators,” equivalently called ‘series-pass regulators,” or simply ‘series regulators,’
also produce a regulated dc output rail from an input rail. But they do this by placing a
transistor in series between the input and output. Further, this ‘series-pass transistor’

(or ‘pass-transistor’) is operated in the /inear region of its voltage-current characteristics —
thus acting like a variable resistance of sorts. As shown in the uppermost schematic of
Figure 1-2, this transistor is made to literally “drop” (abandon) the unwanted or “excess”
voltage across itself.

The excess voltage is clearly just the difference ‘Vin — Vo’ — and this term is commonly
called the ‘headroom’ of the linear regulator. We can see that the headroom needs to be a
positive number always, thus implying Vo < Vn. Therefore, linear regulators are, in
principle, always ‘step-down’ in nature — that being their most obvious limitation.

In some applications (e.g. battery powered portable electronic equipment), we may want the
output rail to remain well-regulated even if the input voltage dips very low — say down to
within 0.6 V or less of the set output level Vo. In such cases, the minimum possible
headroom (or ‘dropout’) achievable by the linear regulator stage may become an issue.
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Figure 1-2: Basic Types of Linear and Switching Regulators

No switch is perfect, and even if held fully conducting, it does have some voltage drop
across it. So the dropout is simply the minimum achievable ‘forward-drop’ across the switch.
Regulators which can continue to work (i.e. regulate their output), with Viy barely exceeding
Vo, are called ‘low dropout’ regulators, or ‘LDOs.” But note that there is really no precise
voltage drop at which a linear regulator “officially” becomes an LDO. So the term is
sometimes applied rather loosely to linear regulators in general. However, the rule-of thumb
is that a dropout of about 200 mV or lower qualifies as an LDO, whereas older devices
(conventional linear regulators) have a typical dropout voltage of around 2 V. There is also
an intermediate category, called ‘quasi-LDOs’ that have a dropout of about 1 V, that is,
somewhere in between the two.

Besides being step-down in principle, linear regulators have another limitation — poor
efficiency. Let us understand why that is so. The instantaneous power dissipated in any
device is by definition the cross-product V x I, where V is the instantaneous voltage drop
across it and I the instantaneous current through it. In the case of the series-pass transistor,
under steady application conditions, both V and I are actually constant with respect to
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time — V in this case being the headroom VN — Vo, and I the load current Ig (since the
transistor is always in series with the load). So we see that the V x I dissipation term for
linear regulators can, under certain conditions, become a significant proportion of the useful
output power Po. And that simply spells “poor efficiency”! Further, if we stare hard at the
equations, we will realize there is also nothing we can do about it — how can we possibly
argue against something as basic as V x I? For example, if the input is 12 V, and the output
is 5V, then at a load current of 100 mA, the dissipation in the regulator is necessarily

AV x 1o =(12—-5) V x 100 mA = 700 mW. The useful (output) power is however

Vo x Ip =5V x 100 mA = 500 mW. Therefore, the efficiency is Po/Pin = 500/(700 +
500) = 41.6%. What can we do about that?!

On the positive side, linear regulators are very “quiet” — exhibiting none of the noise and
EMI (electromagnetic interference) that have unfortunately become a “signature” or
“trademark” of modern switching regulators. Switching regulators need filters — usually
both at the input and the output, to quell some of this noise, which can interfere with other
gadgets in the vicinity, possibly causing them to malfunction. Note that sometimes, the usual
input/output capacitors of the converter may themselves serve the purpose, especially when
we are dealing with ‘low-power’ (and ‘low-voltage’) applications. But in general, we may
require filter stages containing both inductors and capacitors. Sometimes these stages may
need to be cascaded to provide even greater noise attenuation.

Achieving High Efficiency through Switching
Why are switchers so much more efficient than “linears”?

As their name indicates, in a switching regulator, the series transistor is not held in a
perpetual partially conducting (and therefore dissipative) mode — but is instead switched
repetitively. So there are only two states possible — either the switch is held ‘ON’ (fully
conducting) or it is ‘OFF’ (fully non-conducting) — there is no “middle ground” (at least not
in principle). When the transistor is ON, there is (ideally) zero voltage across it (V = 0), and
when it is OFF we have zero current through it (I = 0). So it is clear that the cross-product
‘V x I’ is also zero for either of the two states. And that simply implies zero ‘switch
dissipation’ at all times. Of course this too represents an impractical or “ideal” case. Real
switches do dissipate. One reason for that they are never either fully ON nor fully OFF. Even
when they are supposedly ON, they have a small voltage drop across them, and when they
are supposedly “OFF,” a small current still flows through them. Further, no device switches
“instantly” either — there is a always definable period in which the device is transiting
between states. During this interval too, V x I is not zero, and some additional dissipation
occurs.

We may have noticed that in most introductory texts on switching power conversion, the
switch is shown as a mechanical device — with contacts that simply open (“switch OFF”)
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or close (“switch ON”). So a mechanical device comes very close to our definition of a
“perfect switch” — and that is the reason why it is often the vehicle of choice to present the
most basic principles of power conversion. But one obvious problem with actually using a
mechanical switch in any practical converter is that such switches can wear out and fail over
a relatively short period of time. So in practice, we always prefer to use a semiconductor
device (e.g. a transistor) as the switching element. As expected, that greatly enhances the life
and reliability of the converter. But the most important advantage is that since a
semiconductor switch has none of the mechanical “inertia” associated with a mechanical
device, it gives us the ability to switch repetitively between the ON and OFF states — and
do so very fast. We have already realized that that will lead to smaller components in
general.

We should be clear that the phrase “switching fast,” or “high switching speed,” has slightly
varying connotations, even within the area of switching power conversion. When it is
applied to the overall circuit, it refers to the frequency at which we are repeatedly switching
— ON OFF ON OFF and so on. This is the converter’s basic switching frequency ‘f’ (in Hz).
But when the same term is applied specifically to the switching element or device, it refers to
the time spent transiting between its two states (i.e. from ON to OFF and OFF to ON), and is
typically expressed in ‘ns’ (nanoseconds). Of course this transition interval is then rather
implicitly and intuitively being compared to the total ‘time period’ T (where T = 1/f), and
therefore to the switching frequency — though we should be clear there is no direct
relationship between the transition time and the switching frequency.

We will learn shortly that the ability to crossover (i.e. transit) quickly between switching
states is in fact rather crucial. Yes, up to a point, the switching speed is almost completely
determined by how “strong” and effective we can make our external ‘drive circuit.” But
ultimately, the speed becomes limited purely by the device and its technology — an “inertia”
of sorts at an electrical level.

Basic Types of Semiconductor Switches

Historically, most power supplies used the ‘bjt’ (bipolar junction transistor) shown in

Figure 1-2. It is admittedly a rather slow device by modern standards. But it is still relatively
cheap! In fact its ‘npn’ version is even cheaper, and therefore more popular than its ‘pnp’
version. Modern switching supplies prefer to use a ‘mosfet’ (metal oxide semiconductor field
effect transistor), often simply called a ‘fet’ (see Figure [-2 again). This modern high-speed
switching device also comes in several “flavors” — the most commonly used ones being the
n-channel and p-channel types (both usually being the ‘enhancement mode’ variety). The
n-channel mosfet happens to be the favorite in terms of cost-effectiveness and performance,
for most applications. However, sometimes, p-channel devices may be preferred for various
reasons — mainly because they usually require simpler drive circuits.
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Despite the steady course of history in favor of mosfets in general, there still remain some
arguments for continuing to prefer bjts in certain applications. Some points to consider and
debate here are:

a)

b)

c)

d)

It is often said that it is easier to drive a mosfet than a bjt. In a bjt we do need a
large drive current (injected into its ‘base’ terminal) — to turn it ON. We also need
to keep injecting base current to keep it in that state. On the other hand, a mosfet

is considered easier to drive. In theory, we just have to apply a certain voltage at its
‘gate’ terminal to turn it ON, and also keep it that way. Therefore, a mosfet is called a
‘voltage-controlled’ device, whereas a bjt is considered a ‘current controlled’ device.
However, in reality, a modern mosfet needs a certain amount of gate current during
the time it is in transit (ON to OFF and OFF to ON). Further, to make it change state
fast, we may in fact need to push in (or pull) out a lot of current (typically 1 to 2 A).

The drive requirements of a bjt may actually turn out easier to implement in many
cases. The reason for that is, to turn an npn bjt ON for example, its gate has to be
taken only about 0.8 V above its emitter (and can even be tied directly to its collector
on occasion). Whereas, in an n-channel mosfet, its gate has to be taken several volts
higher than its source. Therefore, in certain types of dc-dc converters, when using an
n-channel mosfet, it can be shown that we need a ‘drive rail’ that is significantly higher
than the (available) input rail Viy. And how else can we hope to have such a rail
except by a circuit that can somehow manage to “push” or “pump” the input voltage
to a higher level? When thus implemented, such a rail is called the ‘bootstrap’ rail.
Note: The most obvious implementation of a ‘bootstrap circuit’ may just consist of a small
capacitor that gets charged by the input source (through a small signal diode) whenever the switch
turns OFF. Thereafter, when the switch turns ON, we know that certain voltage nodes in the power
supply suddenly “flip” whenever the switch changes state. But since the ‘bootstrap capacitor’
continues to hold on to its acquired voltage (and charge), it automatically pumps the bootstrap rail to

a level higher than the input rail, as desired. This rail then helps drive the mosfet properly under all
conditions.

The main advantage of bijts is that they are known to generate significantly less EMI
and ‘noise and ripple’ than mosfets. That ironically is a positive outcome of their
slower switching speed!

Bjts are also often better suited for high-current applications — because their ‘forward
drop’ (on-state voltage drop) is relatively constant, even for very high switch currents.
This leads to significantly lower ‘switch dissipation,” more so when the switching
frequencies are not too high. On the contrary, in a mosfet, the forward drop is almost
proportional to the current passing through it — so its dissipation can become
significant at high loads. Luckily, since it also switches faster (lower transition
times), it usually more than makes up, and so in fact becomes much better in terms
of the overall loss — more so when operated at very high switching frequencies.
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Note: In an effort to combine the “best of both worlds,” a “combo” device called the ‘IGBT’
(insulated gate bipolar transistor) is also often used nowadays. It is driven like a mosfet
(voltage-controlled), but behaves like a bjt in other ways (the forward drop and switching
speed). It too is therefore suited mainly for low-frequency and high-current applications, but is
considered easier to drive than a bjt.

Semiconductor Switches Are Not “Perfect”

We mentioned that all semiconductor switches suffer losses. Despite their advantages, they
are certainly not the perfect or ideal switches we may have imagined them to be at first sight.

So for example, unlike a mechanical switch, in the case of a semiconductor device, we may
have to account for the small but measurable ‘leakage current’ flowing through it when it is
considered “fully OFF” (i.e. non-conducting). This gives us a dissipation term called the
‘leakage loss.” This term is usually not very significant and can be ignored. However, there is
a small but significant voltage drop (‘forward drop’) across the semiconductor when it is
considered “fully ON” (i.e. conducting) — and that gives us a significant ‘conduction loss’
term. In addition, there is also a brief moment as we transition between the two switching
states, when the current and voltage in the switch need to slew up or down almost
simultaneously to their new respective levels. So, during this ‘transition time’ or ‘crossover
time,” we neither have V = 0 nor I = 0 instantaneously, and therefore nor is V x I = 0. This
therefore leads to some additional dissipation, and is called the ‘crossover loss’ (or
sometimes just ‘switching loss’). Eventually, we need to learn to minimize all such loss
terms if we want to improve the efficiency of our power supply.

However, we must remember that power supply design is by its very nature full of design
tradeoffs and subtle compromises. For example, if we look around for a transistor with

a very low forward voltage drop, possibly with the intent of minimizing the conduction loss,
we usually end up with a device that also happens to transition more slowly — thus leading
to a higher crossover loss. There is also an overriding concern for cost that needs to be
constantly looked into, particularly in the commercial power supply arena. So, we should not
underestimate the importance of having an astute and seasoned engineer at the helm of affairs,
one who can really grapple with the finer details of power supply design. As a corollary,
neither can we probably ever hope to replace him or her (at least not entirely), by some smart
automatic test system, nor by any “expert design software” that we may have been dreaming of.

Achieving High Efficiency through the Use of Reactive Components

We have seen that one reason why switching regulators have such a high efficiency is
because they use a switch (rather than a transistor that “thinks” it is a resistor, as in an LDO).
Another root cause of the high efficiency of modern switching power supplies is their
effective use of both capacitors and inductors.
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Capacitors and inductors are categorized as ‘reactive’ components because they have the
unique ability of being able to store energy. However, that is why they cannot ever be made
to dissipate any energy either (at least not within themselves) — they just store any energy
“thrown at them”! On the other hand, we know that ‘resistive’ components dissipate energy,
but unfortunately, can’t store any!

A capacitor’s stored energy is called electrostatic, equal to % x C x V2 where C is the
‘capacitance’ (in Farads), and V the voltage across the capacitor. Whereas an inductor stores
magnetic energy, equal to % x L x 12, L being the ‘inductance’ (in Henries) and I the current
passing through it (at any given moment).

But we may well ask — despite the obvious efficiency concerns, do we really need reactive
components in principle? For example, we may have realized we don’t really need an input
or output capacitor for implementing a linear regulator — because the series-pass element is
all that is required to block any excess voltage. For switching regulators however, the
reasoning is rather different. This leads us to the general “logic of switching power
conversion” summarized below.

®m A transistor is needed to establish control on the output voltage, and thereby bring it
into regulation. The reason we switch it is as follows — dissipation in this control
element is related to the product of the voltage across the control device and the
current through it, that is V x 1. So if we make either V or I zero (or very small),
we will get zero (or very small) dissipation. By switching constantly between ON
and OFF states, we can keep the switch dissipation down, but at the same time, by
controlling the ratio of the ON and OFF intervals, we can regulate the output, based
on average energy flow considerations.

®  But whenever we switch the transistor, we effectively disconnect the input from the
output (during either the ON or OFF state). However, the output (load) always
demands a continuous flow of energy. Therefore we need to introduce energy storage
elements somewhere inside the converter. In particular, we use output capacitors to
“hold” the voltage steady across the load during the above-mentioned input-to-output
“disconnect” interval.

®  But as soon as we put in a capacitor, we now also need to limit the inrush current
into it — all capacitors connected directly across a dc source, will exhibit this
uncontrolled inrush — and that can’t be good either for noise, EMI, or for efficiency.
Of course we could simply opt for a resistor to subdue this inrush, and that in fact
was the approach behind the early “bucket regulators” (Figure 1-2).

®m  But unfortunately a resistor always dissipates — so what we may have saved in
terms of switch dissipation, may ultimately end up in the resistor! To maximize the
overall efficiency, we therefore need to use only reactive elements in the conversion
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process. Reactive elements can sfore energy but do not dissipate any (in principle).
Therefore, an inductor becomes our final choice (along with the capacitor), based on
its ability to non-dissipatively limit the (rate of rise) of current, as is desired for the
purpose of limiting the capacitor inrush current.

Some of the finer points in this summary will become clearer as we go on. We will also learn
that once the inductor has stored some energy, we just can’t wish this stored energy away

at the drop of a hat”. We need to do something about it! And that in fact gives us an actual
working converter down the road.

Early RC-based Switching Regulators

As indicated above, a possible way out of the “input-to-output disconnect” problem is to use
only an output capacitor. This can store some extra energy when the switch connects the load
to the input, and then provide this energy to the load when the switch disconnects the load.

But we still need to limit the capacitor charging current (‘inrush current’). And as indicated,
we could use a resistor. That was in fact the basic principle behind some early
linear-to-switcher “crossover products” like the ‘bucket regulator’ shown in Figure 1-2.

The bucket regulator uses a transistor driven like a switch (as in modern switching
regulators), a small series resistor to limit the current (not entirely unlike a linear regulator),
and an output capacitor (the “bucket”) to store and then provide energy when the switch is
OFF. Whenever the output voltage falls below a certain threshold, the switch turns ON, “tops
up” the bucket, and then turns OFF. Another version of the bucket regulator uses a cheap
low-frequency switch called an SCR (‘semiconductor controlled rectifier’) that works off the
secondary windings of a step-down transformer connected to an ac mains supply, as also
shown in Figure 1-2. Note that in this case, the resistance of the windings (usually) serves as
the (only) effective limiting resistance.

Note also that in either of these RC-based bucket regulator implementations, the switch
ultimately ends up being roggled repetitively at a certain rate — and in the process, a rather
crudely regulated stepped down output dc rail is created. By definition, that makes these
regulators switching regulators too!

But we realize that the very use of a resistor in any power conversion process always bodes
ill for efficiency. So, we may have just succeeded in shifting the dissipation away from the
transistor — into the resistor! If we really want to maximize overall efficiency, we need to
do away with any intervening resistance altogether.

So we attempt to use an inductor instead of a resistor for the purpose — we don’t really have
many other component choices left in our bag! In fact, if we manage to do that, we get our
first modern LC-based switching regulator — the ‘buck regulator’ (i.e. step-down converter),
as also presented in Figure 1-2.
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LC-based Switching Regulators

Though the detailed functioning of the modern buck regulator of Figure 1-2 will be
explained a little later, we note that besides the obvious replacement of R with an L, it looks
very similar to the bucket regulator — except for a “mysterious” diode. The basic principles
of power conversion will in fact become clear only when we realize the purpose of this diode.
This component goes by several names — ‘catch diode,” ‘freewheeling diode,” ‘commutation
diode,” and ‘output diode,” to name a few! But its basic purpose is always the same — a
purpose we will soon learn is intricately related to the behavior of the inductor itself.

Aside from the buck regulator, there are rwo other ways to implement the basic goal of
switching power conversion (using both inductors and capacitors). Each of these leads to a
distinct ‘fopology.’ So besides the buck (step-down), we also have the ‘boost’ (step-up), and
the ‘buck-boost’ (step-up or step-down). We will see that though all these are based on the
same underlying principles, they are set up to look and behave quite differently. As a
prospective power supply designer, we really do need to learn and master each of them
almost on an individual basis. We must also keep in mind that in the process, our mental
picture will usually need a drastic change as we go from one topology to another.

Note: There are some other capacitor-based possibilities — in particular ‘charge pumps’ — also called

‘inductor-less switching regulators.” These are usually restricted to rather low powers and produce output

rails that are rather crudely regulated multiples of the input rail. In this book, we are going to ignore these
types altogether.

Then there are also some other types of LC-based possibilities — in particular the ‘resonant topologies.’
Like conventional dc-dc converters, these also use both types of reactive components (L and C) along with a
switch. However, their basic principle of operation is very different. Without getting into their actual details,
we note that these topologies do not maintain a constant switching frequency, which is something we usually
rather strongly desire. From a practical standpoint, any switching topology with a variable switching
frequency, can lead to an unpredictable and varying EMI spectrum and noise signature. To mitigate these
effects, we may require rather complicated filters. For such reasons, resonant topologies have not really
found widespread acceptance in commercial designs, and so we too will largely ignore them from this

point on.

The Role of Parasitics

In using conventional LC-based switching regulators, we may have noticed that their
constituent inductors and capacitors do get fairly /ot in most applications. But if, as we said,
these components are reactive, why at all are they getting hot? We need to know why,
because any source of heat impacts the overall efficiency! And efficiency is what modern
switching regulators are all about!

The heat arising from real-world reactive components can invariably be traced back to
dissipation occurring within the small ‘parasitic’ resistive elements, which always accompany
any such (reactive) component.
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For example, a real inductor has the basic property of inductance L, but it also has a certain
non-zero dc resistance (‘DCR’) term, mainly associated with the copper windings used.
Similarly, any real capacitor has a capacitance C, but it also has a small equivalent series
resistance (‘ESR’). Each of these terms produces ‘ohmic’ losses — that can all add up and
become fairly significant.

As indicated previously, a real-world semiconductor switch can also be considered as having
a parasitic resistance “strapped” across it. This parallel resistor in effect “models” the
leakage current path, and thus the ‘leakage loss’ term. Similarly, the forward drop across the
device can also, in a sense, be thought of as a series parasitic resistance — leading to a
conduction loss term.

But any real-world component also comes along with various reactive parasitics. For
example an inductor can have a significant parasitic capacitance across its terminals —
associated with electrostatic effects between the layers of its windings. A capacitor can also
have an equivalent series inductance (‘ESL’) — coming from the small inductances
associated with its leads, foil, and terminations. Similarly, a mosfet also has various
parasitics — for example the “unseen” capacitances present between each of its terminals
(within the package). In fact, these mosfet parasitics play a major part in determining the
limits of its switching speed (transition times).

In terms of dissipation, we understand that reactive parasitics certainly cannot dissipate heat
— at least not within the parasitic element itself. But more often than not, these reactive
parasitics do manage to “dump” their stored energy (at specific moments during the switching
cycle) into a nearby resistive element — thus increasing the overall losses indirectly.

Therefore we see that to improve efficiency, we generally need to go about minimizing all
such parasitics — resistive or reactive. We should not forget they are the very reason we are
not getting 100% efficiency from our converter in the first place. Of course, we have to learn
to be able to do this optimization to within reasonable and cost-effective bounds, as dictated
by market compulsions and similar constraints.

But we should also bear in mind that nothing is so straightforward in power! So these
parasitic elements should not be considered entirely “useless” either. In fact they do play a
rather helpful and stabilizing role on occasion.

m  For example, if we short the outputs of a dc-dc converter, we know it is unable to
regulate, however hard it tries. In this ‘fault condition’ (‘open-loop’), the momentary
‘overload current’ within the circuit can be “tamed” (or mitigated) a great deal by the
very presence of certain identifiably “friendly” parasitics.

®  We will also learn that the so-called ‘voltage-mode control’ switching regulators
actually rely on the ESR of the output capacitor for ensuring ‘loop stability’ — even
under normal operation. As indicated previously, loop stability refers to the ability of
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a power supply to regulate its output quickly, when faced with sudden changes in
line and load, without undue oscillations or ringing.

Certain other parasitics however may just prove to be a nuisance and some others a sheer
bane. But their actual roles too may keep shifting, depending upon the prevailing conditions
in the converter. For example

B A certain parasitic inductance may be quite helpful during the turn-on transition of
the switch — by acting to limit any current spike trying to pass through the switch.
But it can be harmful due to the high voltage spike it creates across the switch at
turn-off (as it tries to release its stored magnetic energy).

®  On the other hand, a parasitic capacitance present across the switch for example,
can be helpful at turn-off — but unhelpful at turn-on, as it tries to dump its stored
electrostatic energy inside the switch.

Note: We will find that during turn-off, the parasitic capacitance mentioned above helps limit or
‘clamp’ any potentially destructive voltage spikes appearing across the switch, by absorbing the
energy residing in that spike. It also helps decrease the crossover loss by slowing down the rising
ramp of voltage, and thereby reducing the V-1 “overlap” (between the transiting V and I waveforms
of the switch). However at turn-on, the same parasitic capacitance now has to discharge whatever
energy it acquired during the preceding turn-off transition — and that leads to a current spike
inside the switch. Note that this spike is externally “invisible” — apparent only by the
higher-than-expected switch dissipation, and the resulting higher-than-expected temperature.

Therefore, generally speaking, all parasitics constitute a somewhat “double-edged sword,”
one that we just can’t afford to overlook for very long in practical power supply design.
However, as we too will do in some of our discussions that follow, sometimes we can
consciously and selectively decide to ignore some of these second-order influences initially,
just to build up basic concepts in power first. Because the truth is if we don’t do that, we just
run the risk of feeling quite overwhelmed, too early in the game!

Switching at High Frequencies

In attempting to generally reduce parasitics and their associated losses, we may notice that
these are often dependent on various external factors — temperature for one. Some losses
increase with temperature — for example the conduction loss in a mosfet. And some may
decrease — for example the conduction loss in a bjt (when operated with low currents).
Another example of the latter type is the ESR-related loss of a typical aluminum electrolytic
capacitor, which also decreases with temperature. On the other hand, some losses may have
rather “strange” shapes. For example, we could have an inverted “bell-shaped” curve —
representing an optimum operating point somewhere between the two extremes. This is what
the ‘core loss’ term of many modern ‘ferrite’ materials (used for inductor cores) looks like —
it is at its minimum at around 80 to 90°C, increasing on either side.
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From an overall perspective, it is hard to predict how all these variations with respect to
temperature add up — and how the efficiency of the power supply is thereby affected by
changes in temperature.

Coming to the dependency of parasitics and related loss terms on frequency, we do find a
somewhat clearer trend. In fact it is rather rare to find any loss term that decreases at higher
frequencies (though a notable exception to this is the loss in an aluminum electrolytic
capacitor — because its ESR decreases with frequency). Some of the loss terms are
virtually independent of frequency (e.g. conduction loss). And the remaining losses actually
increase almost proportionally to the switching frequency — for example, the crossover loss.
So in general, we realize that lowering, not increasing, the switching frequency would almost
invariably help improve efficiency.

There are other frequency-related issues too, besides efficiency. For example, we know that
switching power supplies are inherently noisy, and generate a lot of EMI. By going to higher
switching frequencies, we may just be making matters worse. We can mentally visualize that
even the small connecting wires and ‘printed circuit board’ (PCB) traces become very
effective antennas at high frequencies, and will likely spew out radiated EMI in every
direction.

This therefore begs the question: why at all are we face to face with a modern trend of
ever-increasing switching frequencies? Why should we not decrease the switching
frequency?

The first motivation toward higher switching frequencies was to simply take “the action”
beyond audible human hearing range. Reactive components are prone to creating sound
pressure waves for various reasons. So, the early LC-based switching power supplies
switched at around 15-20 kHz, and were therefore barely audible, if at all.

The next impetus toward even higher switching frequencies came with the realization that
the bulkiest component of a power supply, that is, the inductor, could be almost
proportionately reduced in size if the switching frequency was increased (everybody does
seem to want smaller products, after all!). Therefore, successive generations of power
converters moved upward in almost arbitrary steps, typically 20 kHz, 50 kHz, 70 kHz,
100 kHz, 150 kHz, 250 kHz, 300 kHz, 500 kHz, 1 MHz, 2 MHz, and often even higher
today. This actually helped simultaneously reduce the size of the conducted EMI and
input/output filtering components — including the capacitors! High switching frequencies
can also almost proportionately enhance the loop response of a power supply.

Therefore, we realize that the only thing holding us back at any moment of time from going
to even higher frequencies are the “switching losses.” This term is in fact rather broad —-
encompassing all the losses that occur at the moment when we actually switch the transistor
(i.e. from ON to OFF and/or OFF to ON). Clearly, the crossover loss mentioned earlier is
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just one of several possible switching loss terms. Note that it is easy to visualize why such
losses are (usually) exactly proportional to the switching frequency — since energy is lost
only whenever we actually switch — therefore, the greater the number of times we do that
(in a second), the more energy is lost (dissipation).

Finally, we also do need to learn how to manage whatever dissipation is still remaining in
the power supply. This is called ‘thermal management,” and that is one of the most important
goals in any good power supply design. Let us look at that now.

Reliability, Life, and Thermal Management

Thermal management basically just means trying to get the heat out from the power supply
and into the surroundings — thereby lowering the local temperatures at various points
inside it. The most basic and obvious reason for doing this is to keep all the components to
within their maximum rated operating temperatures. But in fact, that is rarely enough. We
always strive to reduce the temperatures even further, and every couple of degrees Celsius
(°C) may well be worth fighting for.

The reliability ‘R’ of a power supply at any given moment of time is defined as R(t) = e~ .

So at time t = O (start of operational life), the reliability is considered to be at its maximum
value of 1. Thereafter it decreases exponentially as time elapses. ‘A is the failure rate of a
power supply, that is, the number of supplies failing over a specified period of time. Another
commonly used term is ‘MTBE,” or mean time between failures. This is the reciprocal of the
overall failure rate, that is, A = 1/MTBF. A typical commercial power supply will have an
MTBF of between 100,000 hours to 500,000 hours — assuming it is being operated at a
fairly typical and benign ‘ambient temperature’ of around 25°C.

Looking now at the variation of failure rate with respect to temperature, we come across the
well-known rule-of-thumb — failure rate doubles every 10°C rise in temperature. If we apply
this admittedly loose rule-of-thumb to each and every component used in the power supply,
we see it must also hold for the entire power supply too — since the overall failure rate of
the power supply is simply the sum of the failure rates of each component comprising it

(L =1+ 22+ A3 +....). All this clearly gives us a good reason to try and reduce
temperatures of al/l the components even further.

But aside from failure rate, which clearly applies to every component used in a power
supply, there are also certain ‘lifetime’ considerations that apply to specific components. The
‘life’ of a component is stated to be the duration it can work for continuously, without
degrading beyond certain specified limits. At the end of this ‘useful life,’ it is considered to
have become a ‘wearout failure’ — or simply put — it is “worn-out.” Note that this need not
imply the component has failed “catastrophically” — more often than not, it may be just
“out of spec.” The latter phrase simply means the component no longer provides the
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expected performance — as specified by the limits published in the electrical tables of its
datasheet.

Note: Of course a datasheet can always be “massaged” to make the part look good in one way or

another — and that is the origin of a rather shady but widespread industry practice called “specmanship.”
A good designer will therefore keep in mind that not all vendors’ datasheets are equal — even for what may
seem to be the same or equivalent part number at first sight.

As designers, it is important that we not only do our best to extend the ‘useful life’ of any
such component, but also account upfront for its slow degradation over time. In effect, that
implies that the power supply may initially perform better than its minimum specifications.
Ultimately however, the worn-out component, especially if it is present at a critical location,
could cause the entire power supply to “go out of spec,” and even fail catastrophically.

Luckily, most of the components used in a power supply have no meaningful or definable
lifetime — at least not within the usual 5 to 10 years of useful life expected from most
electronic products. We therefore usually don’t, for example, talk in terms of an inductor or
transistor “degrading” (over a period of time) — though of course either of these
components can certainly fail at any given moment, even under normal operation, as
evidenced by their non-zero failure rates.

Note: Lifetime issues related to the materials used in the construction of a component can affect the life of
the component indirectly. For example, if a semiconductor device is operated well beyond its usual maximum
rating of 150°C, its plastic package can exhibit wearout or degradation — even though nothing happens to
the semiconductor itself up to a much higher temperature. Subsequently, over a period of time, this degraded
package can cause the junction to get severely affected by environmental factors, causing the device to fail
catastrophically — usually taking the power supply (and system) with it too! In a similar manner, inductors
made of a ‘powdered iron’ type of core material are also known to degrade under extended periods of high
temperatures — and this can produce not only a failed inductor, but a failed power supply too.

A common example of lifetime considerations in a commercial power supply design comes
from its use of aluminum electrolytic capacitors. Despite their great affordability and
respectable performance in many applications, such capacitors are a victim of wearout due to
the steady evaporation of their enclosed electrolyte over time. Extensive calculations are
needed to predict their internal temperature (‘core temperature’) and thereby estimate the
true rate of evaporation and thereby extend the capacitor’s useful life. The rule
recommended for doing this life calculation is — the useful life of an aluminum electrolytic
capacitor halves every 10°C rise in temperature. We can see that this relatively hard-and-fast
rule is uncannily similar to the rule-of-thumb of failure rate. But that again is just a
coincidence, since life and failure rate are really two different issues altogether.

In either case, we can now clearly see that the way to extend life and improve reliability is
to lower the temperatures of all the components in a power supply and also the ambient
temperature inside the enclosure of the power supply. This may also call out for a
better-ventilated enclosure (more air vents), more exposed copper on the PCB (printed
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circuit board), or say, even a built-in fan to push the hot air out. Though in the latter case,
we now have to start worrying about both the failure rate and life of the fan itself!

Stress Derating

Temperature can ultimately be viewed as a ‘thermal stress’ — one that causes an increase in
failure rate (and life if applicable). But how severe a stress really is, must naturally be
judged relative to the ‘ratings’ of the device. For example, most semiconductors are rated for
a ‘maximum junction temperature’ of 150°C. Therefore, keeping the junction no higher than
105°C in a given application represents a stress reduction factor, or alternately — a
‘temperature derating’ factor equal to 105/150 = 70%.

In general, ‘stress derating’ is the established technique used by good designers to diminish
internal stresses and thereby reduce the failure rate. Besides temperature, the failure rate
(and life) of any component can also depend on the applied electrical stresses — voltage and
current. For example, a typical ‘voltage derating’ of 80% as applied to semiconductors
means that the worst-case operating voltage across the component never exceeds 80% of the
maximum specified voltage rating of the device. Similarly, we can usually apply a typical
‘current derating’ of 70-80% to most semiconductors.

The practice of derating also implies that we need to select our components judiciously
during the design phase itself — with well-considered and built-in operating margins. And
though, as we know, some loss terms decrease with temperature, contemplating raising the
temperatures just to achieve better efficiency or performance is clearly not the preferred
direction, because of the obvious impact on system reliability.

A good designer eventually learns to weigh reliability and life concerns against cost,
performance, size, and so on.

Advances in Technology

But despite the best efforts of many a good power supply designer, certain sought after
improvements may still have remained merely on our annual Christmas wish list! Luckily,
there have been significant accompanying advances in the technology of the components
available, to help enact our goals. For example, the burning desire to reduce resistive losses
and simultaneously make designs suitable for high frequency operation has ushered in
significant improvements in terms of a whole new generation of high-frequency, low-ESR
ceramic and other specialty capacitors. We also have diodes with very low forward voltage
drops and ‘ultra-fast recovery,” much faster switches like the mosfet, and several new
low-loss ferrite material types for making the transformers and inductors.

Note: ‘Recovery’ refers to the ability of a diode to quickly change from a conducting state to a
non-conducting (i.e. ‘blocking’) state as soon as the voltage across it reverses. Diodes which do this well are
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called ‘ultrafast diodes.” Note that the ‘Schottky diode’ is preferred in certain applications, because of its low
forward drop (~0.5 V). In principle, it is also supposed to have zero recovery time. But unfortunately, it also
has a comparatively higher parasitic ‘body capacitance’ (across itself), that in some ways tends to mimic
conventional recovery phenomena. Note that it also has a higher leakage current and is typically limited to
blocking voltages of less than 100 V.

However we observe that the actual fopologies used in power conversion have not really
changed significantly over the years. We still have just three basic topologies: the buck, the
boost, and the buck-boost. Admittedly, there have been significant improvements like ‘ZVS’
(zero voltage switching), ‘current-fed converters,” and ‘composite topologies’ like the ‘Cuk
converter’ and the ‘SEPIC’ (single ended primary inductance converter), but all these are
perhaps best viewed as icing on a three-layer cake. The basic building blocks (or topologies)
of power conversion have themselves proven to be quite fundamental. And that is borne out
by the fact that they have stood the test of time and remained virtually unchallenged

to date.

So, finally, we can get on with the task of really getting to understand these topologies well.
We will soon realize that the best way to do so is via the route that takes us past that rather
enigmatic component — the inductor. And that’s where we begin our journey now. . .

Understanding the Inductor
Capacitors/Inductors and Voltage/Current

In power conversion, we may have noticed that we always talk rather instinctively of voltage
rails. That is why we also have dc-dc voltage converters forming the subject of this book.
But why not current rails, or current converters for example?

We should realize that the world we live in, keenly interact with, and are thus comfortable
with, is ultimately one of voltage, not current. So for example, every electrical gadget or
appliance we use runs off a specified voltage source, the currents drawn from which being
largely ours to determine. So for example, we may have 110 V-ac or 115 V-ac ‘mains input’
available in many countries. Many other places may have 220 V-ac or 240 V-ac. So if for
example, an electric room heater is connected to the ‘mains outlet,” it would draw a very
large current (~10-20 amperes), but the line voltage itself would hardly change in the
process. Similarly, a clock radio would typically draw only a few hundred milliamperes of
current, the line voltage again remaining fixed. That is by definition a voltage source. On the
other hand, imagine for a moment that we had a 20 A current source outlet available in our
wall. By definition, this would try to push out 20 A, come what may — even adjusting the
voltage if necessary to bring that about. So, even if don’t connect any appliance to it,

it would still attempt to arc over, just to keep 20 A flowing. No wonder we hate current
sources!
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We may have also observed that capacitors have a rather more direct relationship with
voltage, rather than current. So C = Q/V, where C is the capacitance, Q is the charge on
either plate of the capacitor, and V is the voltage across it. This gives capacitors a somewhat
imperceptible, but natural association with our more “comfortable” world of voltages.

It’s perhaps no wonder we tend to understand their behavior so readily.

Unfortunately, capacitors are not the only power-handling component in a switching power
supply! Let us now take a closer look at the main circuit blocks and components of a typical
off-line power supply as shown in Figure I-1. Knowing what we now know about capacitors
and their natural relationship to voltage, we are not surprised to find there are capacitors
present at both the input and output ends of the supply. But we also find an inductor (or
‘choke’) — in fact a rather bulky one at that too! We will learn that this behaves like a
current source, and therefore, quite naturally, we don’t relate too well to it! However, to gain
mastery in the field of power conversion, we need to understand both the key components
involved in the process: capacitors and inductors.

Coming in from a more seemingly natural world of voltages and capacitances, it may require
a certain degree of mental re-adjustment to understand inductors well enough. Sure, most
power supply engineers, novice or experienced, are able to faithfully reproduce the buck
converter duty cycle equation for example (i.e. the relationship between input and output
voltage). Perhaps they can even derive it too on a good day! But scratch the surface, and we
can surprisingly often find a noticeable lack of “feel” for inductors. We would do well to
recognize this early on and remedy it. With that intention, we are going to start at the very
basics. . ..

The Inductor and Capacitor Charging/Discharging Circuits

Let’s start by a simple question, one that is sometimes asked of a prospective power supply
hire (read “nervous interviewee”). This is shown in Figure 1-3.

Note that here we are using a mechanical switch for the sake of simplicity, thus also
assuming it has none of the parasitics we talked about earlier. At time t = 0, we close the
switch (ON), and thus apply the dc voltage supply (Vin) across the capacitor (C) through the
small series limiting resistor (R). What happens?

Most people get this right. The capacitor voltage increases according to the well-known
exponential curve Viy x (1 — e~Y"), with a ‘time constant’ of T = RC. The capacitor current,
on the other hand, starts from a high initial value of ViN/R and then decays exponentially
according to (Vin/R) x e Y. Yes, if we wait “a very long time,” the capacitor would get
charged up almost fully to the applied voltage Vin, and the current would correspondingly
fall (almost) to zero. Let us now open the switch (OFF), though not necessarily having
waited a very long time. In doing so we are essentially attempting to force the current to
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Figure 1-3: Basic Charging/Discharging Circuits for

Capacitor and Inductor

zero (that is what a series switch is always supposed to do). What happens? The capacitor
remains charged to whatever voltage it had already reached, and its current goes down
immediately to zero (if not already there).

Now let us repeat the same experiment, but with the capacitor replaced by an inductor (L), as
also shown in Figure I-3. Interviewees usually get the “charging” part (switch-closed phase)
of this question right too. They are quick to point out that the current in the inductor behaves
just as the voltage across the capacitor did during the charging phase. And the voltage across
the inductor decays exponentially, just as the capacitor current did. They also seem to know

that the time constant here is T = L/R, not RC.

This is actually quite encouraging, as it seems we have, after all, heard of the ‘duality
principle.’ In simple terms this principle says that a capacitor can be considered as an inverse
(or ‘mirror’) of an inductor, because the voltage-current equations of the two devices can be
transformed into one another by exchanging the voltage and current terms. So, in essence,
capacitors are analogous to inductors, and voltage to current.

But wait! Why are we even interested in this exotic-sounding new principle? Don’t we have
enough on our hands already? Well, it so happens, that by using the duality principle we can
often derive a lot of clues about any L-based circuit from a C-based circuit, and vice versa —
right off the bat — without having to plunge headlong into a web of hopelessly non-intuitive
equations. So in fact, we would do well to try and use the duality principle to our advantage
if possible.
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With the duality principle in mind, let us attempt to open the switch in the inductor circuit
and try to predict the outcome. What happens? No! Unfortunately, things don’t remain
almost “unchanged” as they did for a capacitor. In fact, the behavior of the inductor during
the off-phase is really no replica of the off-phase of the capacitor circuit.

So does that mean we need to jettison our precious duality principle altogether? Actually we
don’t. The problem here is that the two circuits in Figure 1-3, despite being deceptively
similar, are really not duals of each other. And for that reason, we really can’t use them to
derive any clues either. A little later, we will construct proper dual circuits. But for now we
may have already started to suspect that we really don’t understand inductors as well as we
thought, nor in fact the duality principle we were perhaps counting on to do so.

The Law of Conservation of Energy

If a nervous interviewee hazards the guess that the current in the inductor simply “goes to
zero immediately” on opening the switch, a gentle reminder of what we all learnt in high
school is probably due. The stored energy in a capacitor is CV2/2, and so there is really no
problem opening the switch in the capacitor circuit — the capacitor just continues to hold its
stored energy (and voltage). But in an inductor, the stored energy is LI?/2. Therefore, if we
speculate that the current in the inductor circuit is at some finite value before the switch is
opened and zero immediately afterward, the question arises: to where did all the stored
inductor energy suddenly disappear? Hint: we have all heard of the law of conservation of
energy — energy can change its form, but it just cannot be wished away!

Yes, sometimes a particularly intrepid interviewee will suggest that the inductor current
“decays exponentially to zero” on opening the switch. So the question arises — where is the
current in the inductor flowing to and from? We always need a closed galvanic path for
current to flow (from Kirchhoff’s laws)!

But, wait! Do we even fully understand the charging phase of the inductor well enough?
Now this is getting really troubling! Let’s find out for ourselves!

The Charging Phase and the Concept of Induced Voltage

From an intuitive viewpoint, most engineers are quite comfortable with the mental picture
they have acquired over time of a capacitor being charged — the accumulated charge keeps
trying to repel any charge trying to climb aboard the capacitor plates, till finally a balance is
reached and the incoming charge (current) gets reduced to near-zero. This picture is also
intuitively reassuring, because at the back of our minds, we realize it corresponds closely
with our understanding of real-life situations — like that of an over-crowded bus during rush
hour, where the number of commuters that manage to get on board at a stop depends on the
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capacity of the bus (double-decker or otherwise), and also on the sheer desperation of the
commuters (the applied voltage).

But coming to the inductor charging circuit (i.e. switch closed), we can’t seem to connect
this too readily to any of our immediate real-life experiences. Our basic question here is —
why does the charging current in the inductor circuit actually increase with time. Or
equivalently, what prevents the current from being high to start with? We know there is no
mutually repelling “charge” here, as in the case of the capacitor. So why?

We can also ask an even more basic question — why is there any voltage even present across
the inductor? We always accept a voltage across a resistor without argument — because we
know Ohm’s law (V =1 x R) all too well. But an inductor has (almost) no resistance — it is
basically just a length of solid conducting copper wire (wound on a certain core). So how
does it manage to “hold-off” any voltage across it? In fact, we are comfortable about the fact
that a capacitor can hold voltage across it. But for the inductor — we are not very clear!
Further, if what we have learnt in school is true — that electric field by definition is the
voltage gradient dV/dx (“x” being the distance), we are now faced with having to explain

a mysterious electric field somewhere inside the inductor! Where did that come from?

It turns out, that according to Lenz and/or Faraday, the current takes time to build up in an
inductor only because of ‘induced voltage.” This voltage, by definition, opposes any external
effort to change the existing flux (or current) in an inductor. So if the current is fixed, yes,
there is no voltage present across the inductor — it then behaves just as a piece of
conducting wire. But the moment we try to change the current, we get an induced voltage
across it. By definition, the voltage measured across an inductor at any moment (whether the
switch is open or closed, as in Figure 1-3) is the ‘induced voltage.’

Note: We also observe that the analogy between a capacitor/inductor and voltage/current, as invoked by the
duality principle, doesn’t stop right there! For example, it was considered equally puzzling at some point in
history, how at all any current was apparently managing to flow through a capacitor — when the applied
voltage across it was changed. Keeping in mind that a capacitor is basically two metal plates with an
interposing (non-conducting) insulator, it seemed contrary to the very understanding of what an “insulator”
was supposed to be. This phenomenon was ultimately explained in terms of a ‘displacement current,’ that
flows (or rather seems to flow) through the plates of the capacitor, when the voltage changes. In fact, this
current is completely analogous to the concept of ‘induced voltage’ — introduced much later to explain the
fact that a voltage was being observed across an inductor, when the current through it was changing.

So let us now try to figure out exactly how the induced voltage behaves when the switch is
closed. Looking at the inductor charging phase in Figure 1-3, the inductor current is initially
zero. Thereafter, by closing the switch, we are attempting to cause a sudden change in the
current. The induced voltage now steps in to try to keep the current down to its initial value
(zero). So we apply ‘Kirchhoff’s voltage law’ to the closed loop in question. Therefore,

at the moment the switch closes, the induced voltage must be exactly equal to the applied
voltage, since the voltage drop across the series resistance R is initially zero (by Ohm’s law).
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As time progresses, we can think intuitively in terms of the applied voltage “winning.” This
causes the current to rise up progressively. But that also causes the voltage drop across R to
increase, and so the induced voltage must fall by the same amount (to remain faithful to
Kirchhoff’s voltage law). That tells us exactly what the induced voltage (voltage across
inductor) is during the entire switch-closed phase.

Why does the applied voltage “win”? For a moment, let’s suppose it didn’t. That would mean
the applied voltage and the induced voltage have managed to completely counter-balance
each other — and the current would then remain at zero. However, that cannot be, because
zero rate of change in current implies no induced voltage either! In other words, the very
existence of induced voltage depends on the fact that current changes, and it must change.

We also observe rather thankfully, that all the laws of nature bear each other out. There is no
contradiction whichever way we look at the situation. For example, even though the current
in the inductor is subsequently higher, its rate of change is less, and therefore, so is the
induced voltage (on the basis of Faraday’s/Lenz’s law). And this “allows” for the additional
drop appearing across the resistor, as per Kirchhoff’s voltage law!

But we still don’t know how the induced voltage behaves when the switch turns OFF! To
unravel this part of the puzzle, we actually need some more analysis.

The Effect of the Series Resistance on the Time Constant

Let us ask — what are the final levels at the end of the charging phase in Figure 1-3 —
that is, of the current in the inductor and the voltage across the capacitor. This requires us
to focus on the exact role being played by R. Intuitively we expect that for the capacitor
circuit, increasing the R will increase the charging time constant t. This is borne out by the
equation T = RC too, and is what happens in reality too. But for the inductor charging
circuit, we are again up against another seemingly counter-intuitive behavior — increasing
R actually decreases the charging time constant. That is in fact indicated by T = L/R too.

Let us attempt to explain all this. Looking at Figure /-4 which shows the inductor charging
current, we can see that the R = 1 Q current curve does indeed rise faster than the R =2 Q
curve (as intuitively expected). But the final value of the R = 1 Q2 curve is twice as high.
Since by definition, the time constant is “the time to get to 63% of the final value,” therefore
the R = 1 Q2 curve has a larger time constant, despite the fact that it did rise much faster
from the get-go. So that explains the inductor current waveforms.

But looking at the inductor voltage waveforms in Figure 1-5, we see there is still some
explaining to do. Note that for a decaying exponential curve, the time constant is defined as
the time it takes to get to 37% of the initial value. So in this case we see that though the
initial values of all the curves are the same, yet for example, the R = 1 Q curve has a slower
decay (larger time constant) than the R = 2 Q curve! There is actually no mystery involved
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here, since we already know what the current is doing during this time (Figure 1-4), and

therefore the voltage curves follow automatically from Kirchhoff’s laws.
The conclusion is that if, in general, we ever make the mistake of looking only at an inductor

voltage waveform, we may find ourselves continually baffled by an inductor! For an
inductor, we should always try to see what the current in it is trying to do. That is why, as we
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just found out, the voltage during the off-time is determined entirely by the current. The
voltage just follows the dictates of the current, not the other way around. In fact, in
Chapter 5, we will see how this particular behavioral aspect of an inductor determines the
exact shape of the voltage and current waveforms during a switch transition, and thereby
determines the crossover (transition) loss too.

The Inductor Charging Circuit with R = 0, and the “Inductor Equation”
What happens if R is made to decrease to zero?

From Figure 1-5 we can correctly guess that the only reason that the voltage across the
inductor during the on-time changes at all from its initial value Vyy is the presence of R!

So if R is 0, we can expect that the voltage across the inductor never changes during the
on-time! The induced voltage must then be equal to the applied dc voltage. That is not
strange at all — if we look at it from the point of view of Kirchhoff’s voltage law, there

is no voltage drop present across the resistor — simply because there is no resistor! So in
this case, all the applied voltage appears across the inductor. And we know it can “hold-off”
this applied voltage, provided the current in it is changing. Alternatively, if any voltage is
present across an inductor, the current through it must be changing!

So now, as suggested by the low-R curves of Figure 1-4 and Figure 1-5, we expect that the
inductor current will keep ramping up with a constant slope during the on-time. Eventually,
it will reach an infinite value (in theory). In fact, this can be mathematically proven to
ourselves by differentiating the inductor charging current equation with respect to time, and
then putting R = 0 as follows

R
I(t) = % <1 et /L)

o _ Vi (R )

dt R L
dI(t) . ViN
dt [r_o L

So we see that when the inductor is connected directly across a voltage source Vi, the slope
of the line representing the inductor current is constant, and equal to Vin/L (the current
rising constantly).

Note that in the above derivation, the voltage across the inductor happened to be equal to
VN, because R was 0. But in general, if we call “V” the voltage actually present across the
inductor (at any given moment), I being the current through it, we get the general

29



Chapter 1

“inductor equation”

a_Vv (induct tion)
— mauctor equaition
dt L K

This equation applies to an ideal inductor (R = 0), in any circuit, under any condition.
For example, it not only applies to the “charging” phase of the inductor, but also its
“discharging” phase!

Note: When working with the inductor equation, for simplicity, we usually plug in only the magnitudes of

all the quantities involved (though we do mentally keep track of what is really happening — i.e. current
rising or falling).

The Duality Principle

We now know how the voltage and current (rather its rate of change), are mutually related in
an inductor, during both the charging and discharging phases. Let us use this information,
along with a more complete statement of the duality principle, to finally understand what
really happens when we try to interrupt the current in an inductor.

The principle of duality concerns the transformation between two apparently different circuits,
which have similar properties when current and voltage are interchanged. Duality
transformations are applicable to planar circuits only, and involve a topological conversion:
capacitor and inductor interchange, resistance and conductance interchange, and voltage
source and current source interchange.

We can thus spot our “mistakes” in Figure I-3. First, we were using an input voltage source
applied to both circuits — whereas we should have used a current source for the “other”
circuit. Second, we used a series switch in both the circuits. We note that the primary
function of a series switch is only to interrupt the flow of current — not to change the
voltage (though that may happen as a result). So if we really want to create proper mirror
(dual) circuits, then forcing the current to zero in the inductor is the dual of forcing the
voltage across the capacitor to zero. And to implement that, we obviously need to place a
switch in parallel to the capacitor (not in series with it). With these changes in mind,

we have finally created true dual circuits as shown in Figure 1-6 (both are actually equally
impractical in reality!).

The “Capacitor Equation”

To analyze what happens in Figure 1-6 we must first learn the “capacitor equation” —
analogous to the “inductor equation” derived previously. If the duality principle is correct,
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both the following two equations must be valid
dar . :
V= La (inductor equation)

dv . .
I= CE (capacitor equation)

Further, if we are dealing with “straight-line segments” (constant V for an inductor and
constant I for a capacitor), we can write the above equations in terms of the corresponding
increments or decrements during the given time segment.

Al
V= LE (inductor equation for constant voltage)

AV
I= CE (capacitor equation for constant current)
It is interesting to observe that the duality principle is actually helping us understand how the
capacitor behaves when being charged (or discharged) by a current source! We can guess

that the voltage across the capacitor will then ramp up in a straight line — to near infinite
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values — just as the inductor current does with an applied voltage source. And in both cases,
the final values reached (of the voltage across the capacitor and the current through the
inductor) are dictated only by various parasitics that we have not considered here — mainly
the ESR of the capacitor and the DCR of the inductor respectively.

The Inductor Discharge Phase
We now analyze the mirror circuits of Figure /-6 in more detail.

We know intuitively (and also from the capacitor equation) what happens to a capacitor
when we attempt to suddenly discharge it (by means of the parallel switch). Therefore, we
can now easily guess what happens when we suddenly try to “discharge” the inductor (i.e.
force its current to zero by means of the series switch).

We know that if a “short” is applied across any capacitor terminals, we get an extremely
high current surge for a brief moment — during which time the capacitor discharges, and the
voltage across it ramps down steeply to zero. So we can correctly infer that if we try to
interrupt the current through an inductor, we will get a very high voltage across it — with the
current simultaneously ramping down steeply to zero. So the mystery of the inductor
“discharge” phase is solved — with the help of the duality principle!

But we still don’t know exactly what the actual magnitude of the voltage spike appearing
across the switch/inductor is. That is simple — as we said previously, during the off-time,
the voltage will take on any value to force current continuity. So a brief arc will appear
across the contacts as we try to pull them apart (see Figure 1-6). If the contacts are separated
by a greater distance, the voltage will increase automatically to maintain the spark. And
during this time, the current will ramp down steeply. The arcing will last for as long as there
is any remaining inductor stored energy — that is, till the current completely ramps down to
zero. The rate of fall of current is simply V/L, from the inductor equation. So eventually,

all the stored energy in the inductor is completely dissipated in the resulting flash of heat and
light, and the current returns to zero simultaneously. At this moment, the induced voltage
collapses to zero too, its purpose complete. This is in fact the basic principle behind the
automotive spark plug, and the camera flash too (occurring in a more controlled fashion).

But wait — we have stated above that the rate of fall of current in the inductor circuit was
“V/L.” What is V? V is the voltage across the inductor, not the voltage across the contacts.
In the following sections, we will learn that the voltage across an inductor (almost always)
reverses when we try to interrupt its current. If that is true, then by Kirchhoff’s voltage law,
since the algebraic sum of all the voltage drops in any closed circuit must add up to zero, the
voltage across the contacts will be equal to the sum of the magnitudes of the induced voltage
and the applied dc rail — however, the sign of the voltage across the contacts (i.e. its
direction) will necessarily be opposite to the other voltages (see the gray triangles in the
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lower schematic of Figure 1-6). Therefore, we conclude that the magnitude of the voltage
spike across the inductor is equal to the magnitude of the voltage across the contacts, minus
the magnitude of the input dc voltage.

Finally, we know everything about the puzzling inductor discharge phase!

Flyback Energy and Freewheeling Current

The energy that “must get out” of the inductor when we try to open the switch is called the
‘flyback’ energy. The current that continues to force its way through is called the
‘freewheeling’ current. Note that this not only sounds, but in fact is, very similar to another
real-world situation — that of a mechanical spinning wheel, or a ‘flywheel.” In fact,
understanding the flywheel can help greatly in gaining an intuitive insight into the behavior
of an inductor.

Just as the inductor has stored energy related to the current flowing through it, the flywheel
stores energy related to its spinning action. And neither of these energy terms can be wished
away in an instant. In the case of the flywheel, we can apply “brakes” to dissipate its
rotational energy (as heat in the brake linings) — and we know this will produce a
progressive reduction in the spinning. Further, if the brakes are applied more emphatically,
the time that will elapse till the spinning stops entirely gets proportionately decreased. That is
very similar to an inductor — with the induced voltage (during the off-time) playing the part
of the “brakes” and the current being akin to the spinning. So, the induced voltage causes a
progressive reduction in the current. If we have a higher induced voltage, this will cause a
steeper fall in the current. In fact, that is also indicated by the inductor equation V = LdI/dt!

However, we have also learned something more fundamental about the behavior of an
inductor, as described next.

Current Must Be Continuous, Its Slope Need Not Be

The key word in the previous section was progressive. From a completely
mathematical/geometrical point of view now, we should understand that any curve
representing inductor current cannot be discontinuous (no sudden jumps allowed) — because
that will in effect cause energy to be discontinuous, which we know is impossible. But we
can certainly cause the slope of the current (i.e. its dI/dt) to have “jumps.” So we can, for
example, change the slope of current (dl/dt) in an instant — from one representing a rising
ramp (increasing stored energy), to one representing a falling ramp (opposite sign, i.e.
decreasing energy). However, the current itself must always be continuous. This is shown in
Figure 1-7, under the choices marked “possible.”

Note that there are two options in the figure that are “possible.” Both are so, simply because
they do not violate any known physical laws. However, one of these choices is considered
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Figure 1-7: Inductor Current Must Be Continuous, But Its Slope
Need Not Be. Capacitor Voltage Must Be Continuous, But Its Slope
Need Not Be.

“unacceptable,” because of the huge spike — which we know can damage the switch. The
other choice, marked “acceptable,” is in fact what really happens in any switching converter
topology, as we will soon see.

The Voltage Reversal Phenomenon

We mentioned there is a voltage reversal across the switch, when we try to interrupt its
current. Let us try to understand this better now.
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An intuitive (but not necessarily rigorous) way to visualize it is shown in Figure 1-8. Here
we note that when the switch is closed (upper schematic), the current is shown leaving the
positive terminal of the applied dc voltage source — that being the normal convention for
describing the direction of current flow. During this on-time, the upper end of the inductor
gets set to a higher voltage than its lower end. Subsequently, when the switch opens, the
input dc source gets disconnected from the inductor. But we have just learnt that the current
demands to keep flowing (at least for a while) — in the same direction as previously flowing.
So during the switch off-time, we can mentally visualize the inductor as becoming a sort of
“voltage source,” forcing the current to keep flowing. For that reason, we have placed an
imaginary (gray) voltage source (battery symbol) across the inductor in the lower half of the
figure — its polarity in accordance with the convention that current must leave by the
positive terminal of any voltage source. Thus we can see that this causes the lower end of
the inductor to now be at a higher voltage than its upper end. Clearly, voltage reversal has
occurred — simply by the need to maintain current continuity.

The phenomena of voltage reversal can be traced back to the fact that induced voltage
always opposes any change (in current). However, in fact, voltage reversal does not

always occur. For example, voltage reversal does not occur during the initial startup
(‘power-up’) phase of a boost converter. That is because the primary requirement is only
that the inductor current somehow needs to keep flowing — voltage takes a backseat.

So hypothetically, if a circuit is wired in a certain way, and the conditions are “right,” it is
certainly possible that voltage reversal won’t occur, so long as current continuity can still be
maintained.

However, we must be clear that if and when a converter reaches a ‘steady state,” voltage
reversal will necessarily occur at every switch transition.

For that we now have to understand what a “steady state” is.
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A Steady State in Power Conversion, and the Different Operating Modes

A steady state is, as the name indicates — stable. So it is in essence the opposite of a
runaway or unstable condition. But we can easily visualize that we will in fact get an
unstable condition if at the end of every cycle, we don’t return to the current we started the
cycle with — because then, every successive cycle, we will accumulate a net increase or
decrease of current, and the situation will keep changing forever (in theory).

From V = LAI/At, it is clear that if the current is ramping up for a positive (i.e. applied)
voltage, the current must ramp down if the voltage reverses. So the following equations must
apply (magnitudes only)

Al
Von =L N
AtoN
Alopr
Vorr =L
AtoFF

Here the subscript “ON” refers to the switch being closed, and “OFF” refers to the switch
being open. Von and Vorr are the respective voltages across the inductor during the
durations Aton and Atopr. Note that very often, Aton is written simply as “ton,” the switch
on-time. And similarly, Atopr is simply “topr,” the switch off-time.

Now suppose we are able to create a circuit in which the amount the current ramps up by in
the on-time (AlpN) is exactly equal to the amount the current ramps down by during the
off-time (Alppr). If that happens, we would have reached a steady state. Now we could
repeat the same sequence an innumerable amount of times, and get the same result each and
every time. In other words, every “switching cycle” would then be an exact replica of the
previous cycle. Further, we could also perhaps get our circuit to deliver a steady stream of
(identical) energy packets continuously to an output capacitor and load. If we could do that,
by definition, we would have created a power converter!

Achieving a steady state is luckily not as hard as it may sound. Nature automatically tries to
help every natural process move towards a stable state (without “user intervention”). So in
our case, all we need to do on our part is to provide a circuit that allows these conditions to
develop naturally (over several cycles). And if we have created the right conditions, a steady
state will ultimately result. Further, this would be self-sustaining thereafter. Such a circuit
would then be called a switching “topology’!

Conversely, any valid topology must be able to reach a state described by the following key
equation Alpny = Alorpr = AL If it can’t get this to happen, it is not a topology. Therefore,
this simple current increment/decrement equation forms the litmus test for validating any
new switching topology.
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Note that the inductor equation, and thereby the definition of ‘steady state,” refers only to the
increase/decrease in current — it says nothing about the actual (absolute) value of the
current at the start (and end) of every cycle. So there are in fact several possibilities. We
could have a steady state in which the current returns to zero every cycle, and this is called
a ‘discontinuous conduction mode’ (DCM). However, if the current stays pegged at some
non-zero value throughout, we will have ‘continuous conduction mode’ (CCM). The latter
mode is the most common mode of operation encountered in power conversion. In

Figure 1-9 we have graphically shown these operating modes (all in steady state). We also
have some other modes that we will talk about very soon. Note that in the figure, the
“square” waveform is the voltage across the inductor, and the slowly ramping waveform is
the inductor current. Let us make some related observations:

a) We see that the voltage across the inductor always reverses at every switching event
(as expected in steady state).

b) We note that since the inductor equation relates voltage to the slope of the current,
not to the actual current, therefore, for a given Von and Vgpr, several current
waveforms are possible (all having the same dl/dt for corresponding segments).
Each of these possibilities has a name — CCM, DCM, BCM (boundary conduction
mode, also called critical conduction mode), and so on. Which of these operating
modes actually occurs depends on the specific circuit (i.e. the topology) and also the
application conditions (how much output power we are demanding and what the
input and output voltages are).

¢) The inductor voltages, Von and Vorr shown in the figure, are related to the
application conditions Vin and/or Vo. Their exact relationship will become known a
little later, and we will also learn that it depends on the specific topology.

d) A key question is — what is the exact relationship between the average inductor
current and the load current? We will soon see that that too depends on the specific
topology. However, in all cases, the average inductor current (“Iayg” or “IL”) is
proportional to the load current (“Ip”). So if for example Ip is 2 A and Iayg is 10 A,
then if Ip is decreased to 1 A, Iayg will fall to 5 A. Therefore on decreasing the
load current, we can get Iayg to decrease, as indicated in Figure 1-9.

e) Typically, we transit automatically from CCM to DCM, just by reducing the load
current of the converter. But note that we will necessarily have to pass through
BCM along the way.

f) “BCM?” is just that — a ‘boundary conduction mode’ — situated exactly between
CCM and DCM. 1t is therefore a purely philosophical question to ask whether BCM
should be viewed as CCM or DCM (at their respective extremes) — it really doesn’t
matter.
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Figure 1-9: Different Operating Modes of Switching Regulators

g) Note that in all the cases shown in Figure 1-9, with the exception of DCM, the
average inductor current Iayg is just the geometrical center of the ramp part of the
current waveform. In DCM however, we have an additional interval in which there
is no current passing for a while. So, to find the average value of the inductor
current, a rather more detailed calculation is required. In fact that is the primary
reason why DCM equations turn out looking so complicated — to the point that
many engineers seem to rather instinctively ignore DCM altogether, despite some
advantages of operating a converter in DCM instead of CCM.
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h)

3

Note: Expectedly, all DCM equations lead to exactly the same numerical results as the CCM
equations — when the converter is in BCM. Practically speaking, we can freely pick and choose
whether to use the CCM equations, or the more formidable looking DCM equations, for
evaluating a converter in BCM. Of course, there is no reason why we would ever want to struggle
through complicated equations, when we can use much simpler equations to get the same results!

What really is the average inductor current “Iayg” as shown in Figure 1-9?7 A nice
way to understand this parameter is through the “car analogy.” Suppose we press the
gas pedal of a car. The car responds by increasing its speed. In an analogous
fashion, when we apply a voltage across an inductor (the on-time voltage “Von),
the current ramps up. Subsequently, suppose we press on the brakes of the car. The
car will then respond by decreasing its speed. Similarly, when the applied voltage is
removed from the inductor, voltage reversal occurs, and an induced voltage (the
“brakes”) appears across the inductor, “Vopg.” Since it is in the opposite direction
as Von, it causes the current to ramp down. So now, if we press the gas pedal
(Von), followed by the brakes (Vogr), in quick succession, and with the right
timing, we could still make the car continue to move forward despite the constant
lurching. It would then have a certain average speed — depending on the ratio of
the gas pedal duration and the subsequent braking duration. In power conversion,
this “lurching” is analogous to the ‘current ripple’ Al = Alon = Alprr. And quite
similarly, we have an ‘average inductor current’ [ayg too, as shown in Figure 1-9.
However, we do understand that in a power converter, the output capacitor
eventually absorbs (or smoothens) this “lurching,” and thus manages to deliver a
steady dc current to the load as desired.

Some control ICs manage to maintain the converter in BCM mode under all
application conditions. Examples of these are certain types of ‘hysteretic controllers’
and self-oscillating types called ‘ringing choke converters’ (RCCs). However, we
know that the current ramps down at a rate V/L. And since V depends on the
input/output voltages, the time to get to zero current depends on the specific
application conditions. Therefore, in any BCM implementation, we always lose the
advantage of fixed switching frequency operation.

Most conventional topologies are nowadays labeled ‘non-synchronous’ — to
distinguish them from more recent ‘synchronous’ topologies. In the former, a diode
is always present (the catch diode), that prevents the inductor current from reversing
direction, any time during the switching cycle. That is why, on reducing output
power and/or increasing input voltage, we automatically transit from CCM to DCM.
However, in synchronous topologies, the catch diode is either supplanted or
completely replaced by a ‘low-drop’ mosfet across it. So whenever the diode is
supposed to conduct, we force this extra mosfet into conduction for that duration.
Since the drop across this mosfet is much lower than across a diode, not only do we
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manage to significantly reduce the conduction loss in the freewheeling path,
but we can also now allow reverse inductor current — that is, current moving
instantaneously away from the load. However note that the average inductor current
could still be positive — see Figure 1-9. Further, with negative currents now being
“allowed,” we no longer get DCM on reducing output power, but rather enter
FPWM/FCCM as described in the figure.
Note: It is fortunate that almost all the standard CCM design equations (for non-synchronous
topologies) apply equally to FCCM. So from the viewpoint of a harried designer, one of the
“advantages” of using synchronous topologies is that the complicated DCM equations are a thing

of the past! Though there are some new complications and nuances of synchronous topologies that
we need to understand eventually.

The Voltseconds Law, Inductor Rest, and Converter Duty Cycle

There is another way to describe a steady state, by bringing in the inductor equation
V =LAl/At.

We know that during a steady state Alon = Alorr = Al So what we are also saying is that

In steady state, the product of the voltage applied across the inductor, multiplied by the
duration we apply it for (i.e. the on-time), must be equal to the voltage that appears across the
inductor during the off-time, multiplied by the duration that lasts for.

Therefore we get

Von X ton = VOrr X tofrr

The product of the voltage, and the time for which it appears across the inductor, is called
the ‘voltseconds’ across the inductor. So equivalently, what we are also saying is that

If we have an inductor in a steady state, the voltseconds present across it during the on-time
(i.e. current ramp-up phase) must be exactly equal in magnitude, though opposite in sign, to
the voltseconds present across it during the off-time (i.e. during the current ramp-down phase).

That also means that if we plot the inductor voltage versus time, the area under the voltage
curve during the on-time must be equal to the area under the voltage curve during the off-time.
But we also know that voltage reversal always occurs in steady state. So clearly, these two
areas must have the opposite sign. See the vertically and horizontally hatched segments in
Figure 1-9.

Therefore, we can also say that the net area under the voltage curve of an inductor must be
equal to zero (in any switching cycle under steady state operation).

Note that since the typical times involved in modern switching power conversion are so
small, “voltseconds” turns out to be a very small number. Therefore, to make numbers more
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manageable, we usually prefer to talk in terms of ‘Et’ or the ‘voltuseconds.” Et is clearly just
the voltage applied across the inductor multiplied by the time in microseconds (not seconds).
Further, we know that typical inductance values used in power conversion are also better
expressed in terms of “wH” (microhenries), not H. So from V = LdI/dt we can write

Von X ton  Von Xton un _ Et
L LuH LMH

AlpN =
or simply

Et
Al = T (steady state, L in (tH)

Note: If in any given equation Et and L appear together, it should be generally assumed that L is in pH.
Similarly, if we are using voltseconds, that would usually imply L is in H (unless otherwise indicated).

Another term often used in power, one that tells us that we have managed to return to the
same inductor current (and energy) that we started off with, is called inductor ‘reset.” Reset
occurs at the very moment when the equality Alopr = Alpn is established. Of course, we
could also have a non-repetitive (or ‘single-shot’) event, where the current starts at zero and
then returns to zero — and that too would be inductor “reset.”

The corollary is that in a repetitive switching scenario (steady state), an inductor must be
able to reset every cycle. Reversing the argument — any circuit configuration that makes
inductor reset an impossibility, is not a viable switching topology.

When we switch repetitively at a switching frequency “f,” the ‘time period’ (T) is equal
to 1/f. We can also define the ‘duty cycle’ (D) of a power converter as the ratio of the
on-time of the switch to the time period. So

t
D= % (duty cycle definition)
Note that we can also write this as

D= toN
ton + (T — ton)

(duty cycle definition)

At this point we should be very clear how we are defining “topr” in particular. While
applying the voltseconds law, we had implicitly assumed that topr was the time for which the
induced voltage Vorr lasts, not necessarily the time for which the switch is OFF

(i.e. T — ton). In DCM they are not the same (see Figure 1-9)! Only in CCM do we get

torr = T —ton  (duty cycle in CCM)
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and therefore

t
D= XN (duty cycle in CCM)
toN + toFF

If working in DCM, we should stick to the more general definition of duty cycle given
initially.

Using and Protecting Semiconductor Switches

We realize that all topologies exist only because they can achieve a steady state. In an
“experimental” topology in which we can’t make Alpn = Alppr happen, the inductor may
see a net increase of current every cycle, and this can eventually escalate to a very large,
almost uncontrolled value of current in just a few cycles. The name given to this progressive
ramping-up (or down) of current (or inductor energy), one that is ultimately limited only by
parasitics like the ESR and DCR, is called ‘staircasing.” The switch will also turn ON into
the same current, and can thus be destroyed — that is if the induced voltage spike hasn’t
already done so (which can happen, if the situation is anything similar to the “unacceptable”
plots shown in Figure 1-7!).

Note: The very use of the inductor equation V = LdI/dt actually implies we are ignoring its parasitic

resistance, DCR. The inductor equation is an idealization, applying only to a “perfect” inductor. That is why
we had to put R = 0 when we derived it previously.

In an actual power supply, the “mechanical switch” is replaced with a modern semiconductor
device (like the mosfet) — largely because then the switching action can be implemented
reliably and also at a very high repetition rate. But semiconductor devices have certain
electrical ratings that we need to be well aware of.

Every semiconductor device has an ‘absolute maximum voltage rating’ that, unlike any
typical mechanical relay, cannot be exceeded even momentarily — without possibly causing
its immediate destruction. So most mosfets do not allow any “latitude” whatsoever, in terms
of their voltage ratings.

Note: There are some ‘avalanche-rated’ mosfets available, which can internally ‘clamp’ the excess voltage
appearing across them to some extent. In doing so, they are basically dissipating the excess energy
associated with the voltage spike, within their internal clamp. Therefore, they can survive a certain amount
of excess voltage (and energy), but only for a short duration (since the device heats up quickly).

There is also a maximum semiconductor device ‘current rating,” but that is usually more
long-term in nature, dictated by the comparatively slower process of internal heat build-up
inside the device. So hypothetically speaking, we could perhaps exceed the current rating
somewhat, though only for a short time. Of course we don’t want to run a device constantly
in this excess-current condition. However, under ‘abnormal conditions,” like an “overload”
on the output of the converter (or the extreme case of a shorted output), we may judiciously
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allow for a certain amount of “abuse” with regard to the current rating — but certainly not
with the voltage rating!

In a practical implementation, we have to design the converter, select the switch, and then
lay it all out on a printed circuit board (PCB) with great care — to ensure in particular that
there is no voltage spike that can “kill” the switch (nor any other semiconductor devices
present on the board). Occasionally, we may therefore need to add an external ‘snubber’ or
‘clamp’ across the switch, so as to truncate any remnant spikes to within the voltage ratings
of the switch.

To protect the switch (and converter) from excess currents, a ‘current limit’ is usually
required. In this case, the current in the inductor, or in the switch, is sensed, and then
compared against a set threshold. If and when that is momentarily exceeded, the control
circuitry forces the switch to turn OFF immediately for the remainder of the switching cycle,
so as to protect itself. In the next cycle, no “memory” is usually retained of what may have
happened in the preceding cycle. Therefore, every switching cycle is started “afresh,” with
the current being continuously monitored to ensure it is at a “safe” level. If not, protective
action is again initiated, and can be repeated every cycle for several cycles if necessary, until
the “overcurrent” condition ceases.

Note: One of the best-known examples of the perils of “previous-cycle memory” in implementing
current limit occurs in the popular “Simple Switcher®” family of parts (at www.national.com). In the
“third generation” LM267x family, the control circuit rather surprisingly reduces the duty cycle to about
45% for several cycles after any single current limit event. It then tries to progressively allow the duty
cycle to increase over several successive cycles back to its required value. But this causes severe output
‘foldback’ and consequent inability to regulate up to full rated load, particularly in applications that require
a duty cycle greater than 50%. This condition is further exacerbated with large output capacitances, because
the higher currents required to charge the output capacitor after the removal of an abnormal condition

(e.g. output short), can lead to another current limit event (and consequent foldback for several cycles
again) — before the duty cycle has been able to return to its desired value. In effect the converter goes

into a continuous “motorboating” condition on removal of the output short, and so the output never
recovers. This is rather obliquely “revealed” only deep within the product datasheets (liability cover?).

With the introduction to power conversion now complete, we turn our attention to how
switching topologies develop naturally out of the behavior of an inductor.

Evolution of Switching Topologies
Controlling the Induced Voltage Spike by Diversion through a Diode

We realize that our “problem” with using an inductor is two-fold: either we are going to end
up with near-infinite induced voltage spikes, as shown in Figure 1-6 and Figure 1-7, or if
we do somehow manage to control the induced voltage to some finite level, the equation

V = Ldl/dt tells us we could very well end up with near-infinite currents (staircasing).
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And further, coming to think of it, our basic purpose is still not close to being fulfilled — we
still don’t know how to derive any useful power from our circuit!

Luckily, all the above problems can be solved in one stroke! And in doing so, we will arrive
at our very first ‘switching topology.” Let’s now see how that comes about.

We recollect from Figure 1-6 that the spike of induced voltage at switch turn-off occurs only
because the current (previously flowing in the inductor) was still demanding a path along
which to flow — and somehow unknowingly, we had failed to provide any. Therefore nature,
in search of the “weakest link,” found this in the switch itself — and produced an arc across
it, to try and move the current across anyway.

But suppose we consciously provide a “diversionary path”? Then there would be no problem
turning the switch OFF and stopping the inductor current flowing through the switch —
because it could continue to flow via this alternate route. The inductor would then no longer
“complain” in the form of a dangerous voltage spike. Thereafter, perhaps we can even
re-route the current back into the switch when it turns ON again. Finally, we can perhaps
even repeat the ON-OFF-ON-OFF process indefinitely, at a certain switching frequency.

In Figure 1-10 we have created such an alternate path. We will see that the way the diode is
pointed, this path can come into play automatically, and only when the switch turns OFF.

Example:
Vi = 12V is the applied dc voltage
Vp= 0.5V is the forward drop across diode V
D _ VOFF
ON 12V 0V Inductor Current L
ab ! OFF v
| ON
+12V_ |+ +12V L on ~JON
\J == OFF L

ov ‘lT_ ov t

VON=12V OFF OFF
Ip
OFF ON ON i
-0.5V 0oV
Switch Current
vy 12V -0.5V, | oy .
FF
ov | ov SW ' oNA oer
b {
VOFF=0.5V

Figure 1-10: Providing a “Diversion” for the Inductor Current through a Diode
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Just to make things clearer, we have used some sample numbers in Figure 1-10. We have
taken the applied input voltage to be 12 V and assumed a typical Schottky diode forward
drop of 0.5 V. Note that we are assuming a “perfect” switch here (no forward drop), for the
sake of simplicity. We make the following observations:

When the switch is ON (closed), the voltage at the upper end of the inductor L is at
12 V and the lower end is at 0 V (‘ground’). So the diode is reverse-biased and does
not conduct. Energy is then being built up in the inductor by the applied dc voltage

source.

The magnitude of the voltage applied across the inductor during the on-time of the
switch (i.e. ‘Von’) is equal to 12V,

When the switch turns OFF (open), an alternate path is available for the inductor
current to flow — through the diode. And we can be sure that “nature” (in our case
the “induced voltage™) will attempt to exploit this path — by forcing the diode to
conduct. But for that, the diode must get ‘forward-biased,’ that is, its anode must get
to a voltage 0.5 V higher than the cathode. But the anode is being held at ground

(0 V rail). Therefore, the cathode must fall to —0.5 V.

The magnitude of the voltage applied across the inductor during the off-time of the
switch (i.e. ‘Vorr’) is equal to 0.5 V.

Note that the induced voltage during the switch off-time has had its polarity reversed.

The rate of rise of the current (in the inductor and switch) during the on-time is equal
to Von/L. And during the off-time, the current ramps down (much more slowly), at a
rate of Vogr/L (in the inductor and diode).

Yes, if we wait long enough the inductor current will finally ramp down to zero
(inductor ‘reset’). But if we don’t wait, and turn the switch back ON again, the
current will again start to ramp up (staircasing), as shown in Figure 1-10.

Note that both the switch and diode currents have a “choppy” waveform — since
one takes over where the other left off. This is in fact always true for any switching
power converter (or topology).

Summarizing: We see that having provided a diversionary path for the current, the inductor
isn’t ‘complaining’ anymore, and there is no uncontrolled induced voltage spike anymore.
But we certainly have now ended up with a possible problem of escalating currents. And
come to think of it, neither do we have a useful output rail yet, which is what we are
basically looking to do finally. In fact, all that we are accomplishing in Figure 1-10 is
dissipating some of the stored energy built-up in the inductor during the on-time, within the
diode during the off-time.
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Achieving a Steady State and Deriving Useful Energy

We realize, that to prevent staircasing, we need to somehow induce voltseconds balance. Yes,
as mentioned, we could perhaps wait long enough before turning the switch ON again. But
that still won’t give us a useful output rail.

To finally solve all our problems in one go, let us take a hint from our “natural world of
voltages.” Since we realize we are looking for an output dc voltage rail, isn’t it natural to use
a capacitor somewhere in the circuit of Figure 1-10? Let us therefore now interpose a
capacitor in series with the diode, as shown in Figure 1-11. If we do that, the diode
(freewheeling) current would charge the capacitor up — and hopefully the capacitor voltage
would eventually reach a steady level ‘Vo’! Further, since that would increase the voltage
drop appearing across the inductor during the off-time (Vorr), it would increase the rate at
which the inductor current can ramp down — which we recognize was the basic problem
with the circuit in Figure 1-10. So we are finally seeing light at the end of the tunnel — by
making Vopr comparable to Von, we are hoping to achieve voltseconds balance expressed

by Von X ton = VOFF X tOFF.

In Figure I-11 the current escalates initially, but then after several cycles, automatically
levels out, in what is clearly a steady state. That is because every cycle the capacitor charges
up, it progressively increases the slope of the down-ramp, eventually allowing the converter
to settle down naturally into the basic condition Alpny = Alpopr = Al And once that is
achieved, it is self-sustaining!

We also have a useful rail now — available across the output capacitor, from which we can
draw some stored energy. So we have shown a dc current passing through to the load by the
dashed arrows in Figure I-11.

In fact, this is our very first switching topology — the buck-boost topology.

Note: Under the abnormal condition of an output short for example, Figure 1-11 effectively reduces to
Figure 1-10! Therefore, to protect the converter under such conditions, a current limit is required.

The Buck-boost Converter

To understand Figure 1-11 better, we are actually going to work backward from here. So let
us assume we have achieved a steady state — and therefore the output capacitor too has
reached a steady value of say, 5 V. Let us now find the conditions needed to make that a
reality.

In Figure 1-11 the slope of the rising ramp is unchanged every cycle, being equal to Vin/L.
The slope of the falling ramp is initially Vp/L, where “Vp” is the drop across the diode. So
from the inductor equation, initially Alon > Alopr. Thus the current starts to staircase. But
the magnitude of the slope of the falling ramp, and therefore Alorr, keeps getting larger and
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Example:

V\n=2V s the applied dc voltage

Vp= 0.5V is the forward drop across diode

Vo= 5V is the final value of voltage across output capacitor

ON
| 12V -5V
-5V
vy ALl +12V LOAD Vg
ov ! oV * ov
Von=12V
OFF -5.5V -5V
-5V
ViN +12V |+ -5.5V, LOAD Vg
ov | ov Tov
Vorp=5.5V

Inductor Current

Von
IL (startup simplified) (steady state) L
OFF
_ Vorr
L

Figure 1-11: Evolution of the Buck-boost Topology
larger as the capacitor charges up. Eventually we will reach a steady state defined by
Alorr = Alpn. At that moment, the voltseconds law applies.

Von X ton = VOFF X tOFF

Using the numbers of the example, we get

12 X toNn = 5.5 X topr
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We see that a 5 V output is possible only if we have been switching with a constant ratio
between the switch ON and switch OFF time, as given by

tOFF _ 12

— =2.18
toN 5.5

So to get the voltseconds to balance out for this case (5 V output and a 12 V input), we have
to make the off-time 2.18 times larger than the on-time. Why so? Simply because the voltage
during the on-time (across the inductor) is larger by exactly the same proportion: 12 V during
the on-time as compared to 5.5 V during the off-time. Check: 12/5.5 = 2.18.

The duty cycle (assuming CCM) is therefore equal to

toN 1 1

— — = =0314
ton +torr 1+ g_F; 14218

Now, had we taken a semiconductor switch instead of a mechanical one, we would have had
a non-zero forward voltage drop, of say “Vgw.” This forward drop effectively just subtracts
from the applied dc input during the on-time. So, had we done the above calculations
symbolically, we would get

Von = Vin — Vsw  (Buck-boost)
and
Vore = Vo + Vp  (Buck-boost)

Then, from the voltseconds law

torr  VIN — Vsw
toN Vo+ Vp

(Buck-boost)

We thus get the duty cycle

D= Vo + Vp
ViN — Vsw + Vo + Vp

(Buck-boost)
If the switch and diode drops are small as compared to the input and output rails, we can
simply write

Vo

D~ ————— (Buck-boost)
Vin + Vo
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We can also write the relationship between the input and output as follows

Vo = VIN X 1 (Buck-boost)

Note that some other easily derivable, and convenient relationships to remember are

toN D
AN topol
e 1-D (any topology)
D
ton = + (any topology)
1-D D’
toFF = <=7 (any topology)

where we have defined D’ = 1 — D as the ‘duty cycle of the diode,’ since the diode is
conducting for the remainder of the switching cycle duration (in CCM).

Ground-referencing Our Circuits

We need to clearly establish what is referred to as the ‘ground’ rail in any dc-dc switching
topology. We know that there are two rails by which we apply the dc input voltage (current
goes in from one and returns from the other). Similarly, there are also two output rails. But
all practical topologies generally have one rail that is common to both the input and the
output. It is this common rail, that by convention, is called the system ‘ground’ in dc-dc
converter applications.

However, there is yet another convention in place — the ground is also considered to be
“0 V” (zero volts).

The Buck-boost Configurations
In Figure 1-12 the common (ground) rails have been highlighted in bold gray background.

We now realize that the buck-boost we presented in Figure 1-11 is actually a ‘positive
(input) to negative (output)’ buck-boost. There is another possibility, as shown in the lower
half of Figure 1-12. We have re-labeled its ground in accordance with the normal
convention. Therefore this is a ‘negative to positive buck-boost.’

For either configuration, we see that whatever polarity is present at the input, it gets reversed
at the output. Therefore, the buck-boost is often simply called an ‘inverting’ topology (though
we should keep in mind that that allows for two different configurations).

49



Chapter 1

Positive to Negative
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Figure 1-12: The Two Configurations of the Buck-boost (inverting)
Topology

The Switching Node

Very simply put — the “point of detour” for the inductor current, that is, between the switch
and the diode, is called the ‘switching node.” Current coming into this node from the
inductor, can go either into the diode or the switch, depending upon the state of the switch.
Every dc-dc switching topology has this node (without it we would get the huge voltage
spike we talked about!).

Since the current at this node needs to alternate between the diode and the switch, it needs to
alternately force the diode to change state too (i.e. reverse-biased when the switch turns ON
and forward-biased when the switch is OFF). So, the voltage at this node must necessarily be
‘swinging.” An oscilloscope probe connected here (with its ground clip connected to the
power supply ground, i.e. 0 V), will always see a voltage waveform with “square edges.”
This is in fact very similar to the voltage across the inductor, except that it is dc level-shifted
by a certain amount, depending on the topology.
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On a practical level, while designing the PCB (printed circuit board), we have to be
cautious in not putting too much copper at the switching node. Otherwise it becomes an
effective electric-field antenna, spewing radiated radio frequency interference all around.
The output cables can thereafter pick up the radiated noise and transmit it directly to the load.

Analyzing the Buck-boost

In Figure 1-13 we have drawn a line ‘I’ through the geometric center of the ramp portion of
the steady-state inductor current waveform. This is defined as the average inductor current.
The switch current also has an average value of Iy, during the interval ton. Similarly the
average of the diode current is also Iy, during topr. However, the switch and diode currents
when averaged over the entire cycle (i.e. over both the ON and OFF durations) are by simple

BUCK-BOOST Note:
I, is the average Inductor Current
lp is the average Load Current

inductor

Average Inductor Current is I,
Average Switch Currentis | xD

Average Diode Currentis | _x(1-D) o

I, =
Average Input Current equals Average Switch Current L= 1-D
Average Output Current is equal to average Diode Current
VIN_VSW
Voltage at
Switching Node
AND
Voltage across
Inductor
—(Vo+Vp) R ——
Vo, Vy magnitudes only
Minimum Switch Rating Vin+ Vo oD
(1-D)
Minimum Diode Rating Vin+ Vo o — Vo
- : Vin+ Vo
Minimum Inductor Rating 121
(1-D)

Figure 1-13: Analyzing the Buck-boost
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mathematics their respective weighted averages.

tON
Isw avg =1L x T = I x D (Buck-boost)

t
Ip_avg = I x % —1. xD' =1 x (1-D) (Buck-boost)

where D’ is the duty cycle of the diode, that is, 1 — D. It is also easy to visualize that for this
particular topology, the average input current is equal to the average switch current. Further,
as we will see below, the average diode current is equal to the load current. This is what
makes the buck-boost topology quite different from the buck topology.

Properties of the Buck-boost
We now make some observations based on Figure 1-11, Figure 1-12, and Figure 1-13

m  For example, a “positive to negative” buck-boost can convert 12 V to —5 V (step
down) or 12 V to —15 V (step up). A “negative to positive” buck-boost can convert
say —12Vto5Vor5Vto 15V, and so on. The magnitude of the output voltage
can thus be either smaller or larger (or equal to) the magnitude of the input voltage.

®  When the switch is ON, energy is delivered only into the inductor by the input dc
source (via the switch), and none of it passes through to the output.

®  When the switch is OFF, only the stored energy of the inductor is pushed into the
output (through the diode), and none comes directly from the input dc source.

m  The above two observations make the buck-boost topology the only “pure flyback”
topology around, in the sense that all the energy transferred from the input to the
output, must have been previously stored in the inductor. No other topology shares
this unique property.

®  The current coming from the input capacitor (dc source) is “choppy,” that is,
pulsating. That is because, this current, combined with the steady dc current (Ijn)
coming in from the dc source, basically forms the switch current waveform (which
we know is always choppy for any topology) (see Figure 1-9).

®m  Similarly, the current into the output capacitor is also choppy, because combined
with the steady dc current into the load (Iout), it forms the diode current (which we
know is always choppy for any topology) (see Figure 1-9).

®  We know that heat dissipation is proportional to the square of the RMS current. And
since choppy waveforms have high RMS values, the efficiency of a buck-boost is not
very good. Also, there is generally a relatively high level of noise and ripple across
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the board. Therefore, the buck-boost may also demand much better filtering at its
input, and often at its output too.

®  Though current enters the output capacitor to charge it up when the switch turns ON,
and leaves it to go into the load when the switch is OFF, the average capacitor
current is always zero. In fact, any capacitor in ‘steady state’ must, by definition,
have zero average current passing through it — otherwise it would keep charging or
discharging until it too reaches a steady state, just like the inductor current.

Since the average current from the output capacitor is zero, therefore, for the
buck-boost, the average diode current must be equal to the load current (where else
can the current come from?). Therefore

Ip_avg =lo =1 x (1-D)
So,

T 1-D

IL (Buck-boost)

This is the relationship between the average inductor current and the load current. Note
that in Figure 1-13, in the embedded table, we have asked for an inductor rated for

1.2 x Io/(1 — D). The factor “1.2” comes from the fact, that by typical design criteria, the
peak of the inductor current waveform is about 20% higher than its average. So we need to
look for an inductor rated at least for a current of 1.2 x Ip..

Why Three Basic Topologies Only?

There are certainly several ways to set up circuits using an inductor, which provide a
“freewheeling path” too, for the inductor current. But some of these are usually disqualified
simply because the input and output do not share a common rail, and thus there is no proper
ground reference available for the converter and the rest of the system. Two examples of
such “working-but-unacceptable” converters are the buck-boost configurations shown in
Figure 1-14. Compare these with Figure 1-12 to see what the problem is! However, note that
if these were “front-end converters,” the system ground could be established starting at the
output of this converter itself, and may thus be acceptable.

Of the remaining ways, several are just “configurations” of a basic topology (like the two
configurations in Figure 1-12). Among the basic topologies, we actually have just three —
the buck, the boost, and the buck-boost. Why only three? That is because of the way the
inductor is connected. Note that with proper ground-referencing in place, there are only three
distinct rails possible — the input, the output, and the (common) ground. So if one end of
the inductor is connected to the ground, it becomes a buck-boost! On the other hand, if it is
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Buck-boost configurations with no proper Ground Reference
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ViN Loap Vo

Figure 1-14: Improperly Referenced Buck-boost Configurations

connected to the input, it becomes a boost. And if connected to the output, it becomes a
buck. See Figure I-15.

The Boost Topology

In Figure 1-16 we have presented the schematic of the boost topology. The direct and the
freewheeling paths are indicated therein. In Figure [-17, we have the corresponding analysis,
including the key waveforms.

We now make some observations

®  For example, a “positive to positive” boost can convert 12 V to 50 V. A “negative to
negative” boost would be able to convert say —12 V to —50 V. The magnitude of the
output voltage must therefore always be larger than the magnitude of the input
voltage. So a boost converter only steps-up, and also does not change the polarity.
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BUCK-BOOST
Figure 1-15: Three Basic Topologies
Possible Only
INO—— —oO0uUT
BOOST
INO—— MM —— o OuT
BUCK
INo—— MM oo0uT

When the switch is ON, energy is delivered only into the inductor by the input dc
source (via the switch), and none of it passes through to the output.

When the switch is OFF, the stored energy of the inductor is pushed into the output
(through the diode). But some of it also comes from the input dc source.

The current coming from the input capacitor (dc source) is “smooth,” since it is in
series with the inductor (which prevents sudden jumps in current).

However, the current into the output capacitor is “choppy,” because combined with
the steady dc current into the load (Ioyrt), it forms the diode current (which we know
is always choppy for any topology) (see Figure 1-9).
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Positive-to-Positive Boost
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Figure 1-16: The (positive) Boost and Buck Topologies

®m  Since the average current from the output capacitor is zero, therefore, for the boost,
the average diode current must be equal to the load current (where else can the
current come from?). Therefore

Ip avg =Io =1L x (1 — D)

So,

IL = Boost
L o (Boost)

This is the relationship between the average inductor current and the load current. Note
that in Figure I-17, in the embedded table, we have asked for an inductor rated for

1.2 x Io/(1 — D). The factor “1.2” comes from the fact, that by typical design criteria, the
peak of the inductor current waveform is about 20% higher than its average. So we need to
look for an inductor rated at least for a current of 1.2 x Ip..

Let us analyze the boost topology in terms of the voltseconds in steady state. We have
Von = ViIn — Vsw  (Boost)

56



The Principles of Switching Power Conversion

BOOST Note:

I, is the average Inductor Current
inductor Ip is the average Load Current

Average Inductor Current is I,
Average Switch Currentis | xD
Average Diode Currentis|_x(1-D)

lo

I, =
Average Input Current equals Average Inductor Current L=1-D
Average Output Current is equal to average Diode Current
Vo+Vp
Voltage at
Switching Node
Vew

Vo, V,y magnitudes only

Minimum Switch Rating Vo lo D
(1-D)
Minimum Diode Rating Vo lo D - Vo-ViNn
Minimum Inductor Rating 1.2 1 Vo
(1-D)

Figure 1-17: Analyzing the Boost
and

Vore = Vo + Vp — VI (Boost)

So, from the voltseconds law

t Vin —V
OFF _ IN SW (Boost)
toN' Vo+ Vp— VN
Performing some algebra on this to eliminate topg
t Vin — V
OFF | = IN SwW +1
toN Vo+Vp — Vi
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torr +ton _ VIN — Vsw + Vo + Vp — Vin
toN Vo + Vp — ViN

Finally, the ‘duty cycle’ of the converter D, which is defined as
toN
D= T (any topology)

is the reciprocal of the preceding equation. So

D= Vo+ Vp — Vin
Vo + Vp — Vsw

(Boost)

We have thus derived the classical dc transfer function of a boost converter.

If the switch and diode drops are small as compared to the input and output rails, we can just
write

_Vo—VIN
Vo

D (Boost)

We can also write the relationship between the input and output as follows

(Boost)

VO:VIN)(]

The Buck Topology

In Figure 1-16 we had also presented the schematic of the buck topology. The direct and the
freewheeling paths are indicated therein. In Figure 1-18, we have the corresponding analysis,
including the key waveforms.

We now make some observations

®  For example, a “positive to positive” buck can convert 12 V to 5 V. A “negative to
negative” buck would be able to convert say —12 V to —5 V. The magnitude of the
output voltage must therefore always be smaller than the magnitude of the input
voltage. So a buck converter only steps-down, and also does not change the polarity.

®  When the switch is ON, energy is delivered to the inductor by the input dc source
(via the switch). But some of it also passes through to the output.

®  When the switch is OFF, the stored energy of the inductor is pushed into the output
(through the diode). And none of it now comes from the input dc source.

®  The current coming from the input capacitor (dc source) is “choppy.” That is
because, this current, combined with the steady dc current (Iry) coming in from the
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BUCK Note:
I, is the average Inductor Current
inductor lp is the average Load Current

Average Inductor Currentis I,
Average Switch Currentis | xD
Average Diode Currentis|_x(1-D)

Average Input Current equals Average Switch Current
Average Output Current is equal to average Diode Current
VIN - VSW
Voltage at
Switching Node
— VD
Vo, V)y magnitudes only
Minimum Switch Rating Vin lo D
Minimum Diode Rating Vin (D) | _ Vo
Minimum Inductor Rating 121 Vin

Figure 1-18: Analyzing the Buck

dc source, basically forms the switch current waveform (which we know is always
choppy for any topology).

®  However, the current into the output capacitor is “smooth,” because it is in series
with the inductor (which prevents sudden jumps in current).

®m  Since the average current from the output capacitor is zero, therefore, for the buck,
the average inductor current must be equal to the load current (where else can the
current come from?). Therefore

I, =1o (Buck)
This is the relationship between the average inductor current and the load current. Note that
in Figure 1-18, in the embedded table, we have asked for an inductor rated for 1.2 x Ip.

The factor “1.2” comes from the fact, that by typical design criteria, the peak of the inductor
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current waveform is about 20% higher than its average. So we need to look for an inductor
rated at least for a current of 1.2 x Ij..

Let us analyze the buck topology in terms of the voltseconds in steady state. We have
Von = ViN — Vsw — Vo (Buck)
and

Vorr = Vo — (=Vp) = Vo + Vp  (Buck)

As before, using the voltseconds law and simplifying, we get the ‘duty cycle’ of the converter

. Vo + Vp
ViN + Vp — Vsw

(Buck)

We have thus derived the classical dc transfer function of a buck converter. If the switch and
diode drops are small as compared to the input and output rails, we can just write

Vo
D~ — (Buck)
VIN

We can also write the relationship between the input and output as follows

Vo = VIN x D (Buck)

Advanced Converter Design

This should serve as an introduction to understanding and designing switching power
converters. More details and worked examples can be found in the next chapter (titled
“DC-DC Converter Design and Magnetics”). The reader can also at this point briefly scan
Chapter 4 for some finer nuances of design. A full design table is also available in
Appendix 2 for future reference.
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CHAPTER 2

DC-DC Converter Design and Magnetics

The reader is strongly advised to read Chapter I before attempting this chapter.

The magnetic components of any switching power supply are an integral part of its topology.
The design and/or selection of the magnetics can affect the selection and cost of all the other
associated power components, besides dictating the overall performance and size of the
converter itself. Therefore, we really should not try to design a converter, without looking
closely at its magnetics, and vice versa. With that in mind, in this chapter, we will be
introducing the basic concepts of magnetics — in parallel with a formal dc-dc converter
design procedure.

Note that in the area of dc-dc converters, we have only a single magnetic component to
consider — its inductor. Further, in this particular area of power conversion, it is customary
to just pick an off-the-shelf inductor for most applications. Of course there cannot possibly
be enough “standard” inductors going around to cover all possible application scenarios. But
the good news is that, given a certain inductor, and knowing its performance under a stated
set of conditions, we can easily calculate how it will perform under our specific application
conditions. And thereby, we can either validate or invalidate our initial selection. It may take
more than one iteration or attempt, but moving in this direction, we can almost always find a
standard inductor that fits our application.

In the next chapter we will take up “off-line” power supply design. Such converters usually
work off an ac (mains) input that ranges from 90 to 270 Volts. To protect users from the high
voltage, these converters almost invariably use an isolating transformer — in addition to

or in place of the inductor. But though these topologies are really just derivatives of standard
dc-dc topologies, in terms of their magnetics, they are quite different. For example, we
encounter significant (non-negligible) high-frequency effects within the transformer — like
skin depth and proximity effects — the analysis of which can be quite challenging.

In addition, we find that there are definitely not enough general-purpose (off-the-shelf) parts
going around, that can meet all possible permutations and combinations of requirements,

as can arise in off-line applications. So in these applications, we usually always end up
having to custom-design the magnetics. And as mentioned, this is not a mean task. But by
trying to first understand dc-dc converter design, and the selection of off-the-shelf inductors,
we are in a much better position to tackle off-line power supplies. We can thereby build up
basic concepts and skills, while garnering a much-needed “feel” for magnetics.
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Off-line converters and dc-dc converters are also relatively quite different in terms of some
rather implicit (often completely unstated) differences in basic design strategy — like the
issue relating to the size of the magnetics vis-a-vis the current limit of the converter, as we
will soon learn. With regard to their similarities, we should remember that both can have a
wide-input voltage range, not a single-value input voltage, as is often assumed in related
literature. Having a wide-input raises the following question — what voltage point within the
prescribed input range is the “worst-case” (or maximum) for a given stress parameter? Note
that in selecting a power component we often need to consider the worst-case stress it is
going to endure in our application. And then, provided that that particular stress parameter
happens to be a relevant and decisive factor in its selection, we usually add an additional
amount of safety margin, for the sake of reliability. However, the problem is that different
stress parameters do not attain their worst-case values at the same input voltage point. We
therefore realize that the design of a wide-input converter is necessarily going to be “tricky.”
For sure, designing a functional switching converter may be considered “easy,” but
designing it well certainly isn’t.

Toward the end of this chapter, we will finally present the detailed dc-dc converter
design procedure. But to account for a wide-input range, we will proceed in two distinct
steps:

B A “general inductor design procedure,” for choosing and validating an off-the-shelf
inductor for our application. We will see that depending on the topology at hand, this
is to be carried out at a certain, specified voltage end — one that we will identify as
being the “worst-case” from the viewpoint of the inductor.

®  Then we will consider the other power components. We will point out which
particular stress parameters are important in each case, and also the input voltage
at which they reach their maximum, and how to ultimately select the component.

Note that, although the design procedure may be seen to specifically address only the buck
topology, the accompanying annotations clearly indicate how a particular step or equation
may need to change if the procedure were being carried out for a boost or a buck-boost

topology.

DC Transfer Functions

When the switch turns ON, the current ramps up in the inductor according to the inductor
equation Von = L x Alpon/ton. The current increment during the on-time is Alony =
(Von X ton)/L. When the switch turns OFF, the inductor equation Vopr = L x Alon/torr
leads to a current decrement Alorr = (Vorr X torr)/L.
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Table 2-1: Derivation of dc transfer functions of the three topologies

Applying Voltseconds Law and D = toN/(toN + toFF)
Steps Von X ton = VorrF X torr
ton _ VorrF
torr Von
ton _ Vorr
ton +torr  Vorr+ Von
Therefore,
Vorr
D= ——"—— . .
Von + Vorr | (duty cycle equation for all topologies)
Buck Boost Buck-Boost
Von Vin —Vo Vin Vin
VorFF Vo Vo — Vin Vo
DC Transfer Vo Vo — Vin Vo
Functions D=— D=—— D= —"—
ViN Vo Vin+ Vo

The current increment Algn must be equal to the decrement Alppg, so that the current

at the end of the switching cycle returns to the exact value it had at the start of the cycle —
otherwise we wouldn’t be in a repeatable (steady) state. Using this argument, we can derive
the input-output (dc) transfer functions of the three topologies, as shown in Table 2-1. It is
interesting to note that the reason the transfer functions turn out different in each of the three
cases can be traced back to the fact that the expressions for Von and Vorr are different.
Other than that, the derivation and its underlying principles remain the same for all
topologies.

The DC Level and the “Swing” of the Inductor Current Waveform

From V = Ldl/dt, we get Al = VAt/L. So the “swinging” component of the inductor
current “Al” is completely determined by the applied voltseconds and the inductance.
Voltseconds is the applied voltage multiplied by the time that it is applied for. To calculate it,
we can either use Von times ton (where tony = D/f), or Vo times topr (Where

torr = (1 — D)/f) — and we will get the same result (for that is how D gets defined in the
first place!). But note also, that if we apply 10 V across a given inductor for 2 s, we will
get the same current swing Al if we apply say, 20 V for 1 ps, or 5 V for 4 s, and so on.
So, for a given inductor, either talking about the voltseconds or about Al is effectively one
and the same thing.
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Table 2-2: How varying the inductance, frequency, load current, and duty cycle influence Al
and IDC

Action:
L 1t (increasing) lo 1 (increasing) D 1 (increasing) f 1 (increasing)
Buck |Boost |Buck- |Buck |Boost |Buck- [Buck |Boost |Buck- |Buck |Boost |Buck-

Boost Boost Boost Boost

Response:) A1=7] ) ) X X X ) DR ) N N N
Ipc=17 X X X (=) |1 T X 1 T X X X

1 indicates it increases and decreases over the range
* maximum at D = 0.5
“X’indicates no change

1 (=) indicates — Ipc is increasing and is equal to lo

What does the voltseconds depend on? It depends on the input/output voltages (duty cycle)
and the switching frequency. Therefore, only by changing L, f, or D can we affect Al.
Nothing else! See Table 2-2. In particular, changing the load current lp does nothing to Al.
Ip is therefore, in effect, an altogether independent influence on the inductor current
waveform. But what part of the inductor current does it specifically influence/determine?
We will see that 1o is proportional to the average inductor current.

The inductor current waveform is considered to have another (independent) component
besides its swing AI — this is the dc (average) level “Ipc,” defined as the level around
which the swing Al takes place symmetrically — that is, AI/2 above it, and Al/2 below it.
See Figure 2-1. Geometrically speaking, this is the “center of the ramp.” It is sometimes also
called the “platform” or “pedestal” of the inductor current. The important point to note is
that Ipc is based only on energy flow requirements — that is, the need to maintain an
average rate of energy flow consistent with the input/output voltages and desired output
power. So if the “application conditions,” that is, the output power and the input/output
voltages, do not change, there is in fact nothing we can do to alter this dc level — in that
sense, Ipc is rather “stubborn” (see Figure 2-1). In particular

®  Changing the inductance L doesn’t affect Ipc.
m  Changing the frequency f doesn’t affect Ipc.
m  Changing the duty cycle D does affect Ipc — for the boost and buck-boost.

To understand the last bullet above, we should note the following equations that we will
derive a little later

Ipc =1o (buck)
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Figure 2-1: If D and Ip Are Fixed, Ipc Cannot Change

I
Ipc = % (boost and buck-boost)

The intuitive reason why the above relations are different is that in a buck, the output is in
series with the inductor (from the standpoint of the dc currents — the output capacitor
contributing nothing to the dc current distribution), and therefore the average inductor
current must at all times be equal to the load current. Whereas, in a boost and buck-boost,
the output is likewise in series with the diode, and so the average diode current is equal to
the load current.

Therefore, if we keep the load current constant, and change only the input/output voltages
(duty cycle), we can affect Inc — in all cases except for the buck. In fact, the only way to
change the dc inductor current level for a buck is to change the load current. Nothing else
will work!

In the buck, Ipc and Ip are equal. But in the boost and buck-boost, Ipc depends also on the
duty cycle. That makes the design/selection of magnetics for these two topologies rather
different from a buck. For example, if the duty cycle is 0.5, their average inductor current is
twice the load current. Therefore, using a 5 A inductor for a 5 A load current may be a recipe
for disaster.
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One thing we can be sure of is that in the boost and buck-boost, Ipc is always greater than
the load current. We may be able to cause this dc level to fall and even approach the load
current value if we reduce the duty cycle close to 0 (i.e. a very small difference between the
input and output voltages). But then, on increasing the duty cycle toward 1, the dc level of
the inductor current will climb steeply. It is important we recognize this clearly and early on.

Another thing we can conclude with certainty is that in all the topologies, the dc level of the
inductor current is proportional to the load current. So doubling the load current for example
(keeping everything else the same), doubles the dc level of the inductor current (whatever it
was to start with). So in a boost with a duty cycle of 0.5 for example, if we have a 5 A load,
then the Ipc is 10 A. And if Ig is increased to 10 A, Ipc will become 20 A.

Summarizing, changing the input/output voltages (duty cycle) does affect the dc level of the

inductor current for the boost and the buck-boost. But changing D affects the swing Al in all
three topologies, because it changes the duration of the applied voltage and thereby changes

the voltseconds.

®  Changing the duty cycle affects Ipc for the boost and the buck-boost.

®  Changing the duty cycle affects Al for all topologies.

Note: The off-line forward converter transformer is probably the only known exception to the above logic.
We will learn that if we for example double the duty cycle (i.e double tgy), then almost coincidentally, Von
halves, and therefore the voltseconds does not change (and nor does Al). In effect, Al is then independent
of duty cycle.

Based on the discussions above, and also the detailed design equations, we have summarized
these “variations” in Table 2-2. This table should hopefully help the reader eventually
develop a more intuitive and analytical “feel” for converter and magnetics design, one which
can come in handy at a later stage. We will continue to discuss certain aspects of this table,
in more detail, a little later.

Defining the AC, DC, and Peak Currents

In Figure 2-2, we see how the ac, dc, peak-to-peak, and peak values of the inductor current
waveform are defined. In particular we note that the ac value of the current waveform is
defined as

Al

Iac = —
AC )

We should also note from Figure 2-2 that I, = Ipc. Therefore, sometimes in our discussions
that follow, we may refer to the dc level of the inductor current as “Ipc,” and sometimes as
the average inductor current “Iy,” but they are actually synonymous. In particular we
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I, is the same as Ipc = Average Inductor Current

I G L SR S %

T I B~ s~ S
All Topologies:
Buck IL=lo lpk = Ipc+lac ILX[”%]
Buck{SB%Oosst;‘ 'LZ% lpp %> 2xlac ILxr
Example: . Al E2><I,/_\C
Il Ipc

Buck_ If load current is 1A I is 1A.
So if r=0.4 peak-to-peak current (‘Al’) is 0.4A and the peak current is
1.2A

Boost/Buck-Boost  If load current is 1A D=0.5 | is 2A.
So if r=0.4, peak-to-peak current (‘Al’) is 0.8A and the peak current is
2.4A

Figure 2-2: The AC, DC, Peak, and Peak-to-Peak Currents, and the Current Ripple Ratio ‘r’
Defined

should not get confused by the subscript “L” in “Iy..” The “L” stands for inductor, not load.
The load current is always designated as “lp.” Of course, we do realize that Iy, = Ip for a
buck, but that is just happenstance.

In Figure 2-2 we have also defined another key parameter called ‘r,” or the ‘current ripple
ratio.” This connects the two independent current components Ipc and Al. We will explore
this particular parameter in much greater detail a little later. Here, it suffices to mention that
r needs to be set to an “optimum” value in any converter — usually around 0.3 to 0.5,
irrespective of the specific application conditions, the switching frequency, and even the
topology itself. That therefore becomes a universal design rule-of-thumb. We will also learn
that the choice of r affects the current stresses and dissipation in all the power components,
and thereby impacts their selection. Therefore, setting r should be the first step when
commencing any power converter design.

The dc level of the inductor current (largely) determines the I°R losses in the copper
windings (‘copper loss’). However, the final temperature of the inductor is also affected by
another term — the ‘core loss’ — that occurs inside the magnetic material (core) of the
inductor. Core loss is, to a first approximation, determined only by the ac (swinging)
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component of the inductor current (Al), and is therefore virtually independent of the dc level
(Ipc or “dc bias™).

We must pay the closest attention to the peak current. Note that in any converter, the terms
‘peak inductor current’, ‘peak switch current’ and ‘peak diode’ current are all synonymous.
Therefore, in general, we just refer to all of them as simply the ‘peak current’ Ipx where

Ipk = Ipc +Iac

The peak current is in fact the most critical current component of all — because it is not just
a source of long-term heat buildup and consequent temperature rise, but a potential cause of
immediate destruction of the switch. We will show later that the inductor current is
instantaneously proportional to the magnetic field inside the core. So at the exact moment
when the current reaches its peak value, so does this field. We also know that real-world
inductors can ‘saturate’ (start losing their inductance) if the field inside them exceeds a
certain “safe” level — that value being dependent on the actual material used for the core
(not on the geometry, or number of turns or even the air-gap, for example). Once saturation
occurs, we may get an almost uncontrolled surge of current passing through the switch —
because, the ability to limit current (which is one of the reasons the inductor is used in
switching power supplies in the first place), depends on the inductor behaving like one.
Therefore, losing inductance is certainly not going to help! In fact, we usually cannot afford
to allow the inductor to ‘saturate’ even momentarily. And for this reason, we need to monitor
the peak current closely (usually on a cycle-by-cycle basis). As indicated, the peak is the
likeliest point of the inductor current waveform where saturation can start to occur.

Note: A slight amount of core saturation may turn out to be acceptable on occasion, especially if it occurs
only under temporary conditions, like power-up for example. This will be discussed in more detail later.

Understanding the AC, DC and Peak Currents

We have seen that the ac component (Iac = Al/2) is derivable from the voltseconds law.
From the basic inductor equation V = LdI/dt, we get

voltseconds
2xIac=Al= ————

inductance
So the current swing Ipp = Al, can be intuitively visualized as “voltseconds per unit
inductance”. If the applied voltseconds doubles, so does the current swing (and ac
component). And if the inductance doubles, the swing (and ac component) is halved.

Let us now consider the dc level again. Note that any capacitor has zero average (dc) current
through it in steady-state, so all capacitors can be considered to be missing altogether when
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calculating dc current distributions. Therefore, for a buck, since energy flows into the output
during both the on-time and off-time, and via the inductor, therefore the average inductor
current must always be equal to the load current. So

I, =1o (buck)

On the other hand, in both the boost and the buck-boost, energy flows into the output only
during the off-time, and via the diode. Therefore, in this case, the average diode current must
be equal to the load current. Note that the diode current has an average value equal to I,
when it is conducting (see the dashed line passing through the center of the down-ramp in the
upper half of Figure 2-3). If we calculate the average of this diode current over the entire
switching cycle, we need to weight it by its duty cycle, that is, 1 — D. Therefore, calling ‘Ip’
the average diode current, we get

Ipb=ILx(1-D)=1Ip

Buck-Boost
Vinmax corresponds to Dy

Current \ Vinmin COrresponds to Dyax

At Vinuaxe the ac component
decreases, dc component
lo decreases even more, and so
peak current decreases
VINMIN
Average diode current time
v isl x(1-D)=lg
INMAX I_=lo/(1 - D)
Current
Buck
/ Vinmax corresponds to Dy
o Vinmin corresponds to Dyax
At Vinuax, the ac component
increases, dc component remains
Average inductor time {he same, and so peak current
currentis I, = Ig increases

IL: Io

Figure 2-3: Visualizing the AC and DC Components of the Inductor Current as Input Voltage
Varies
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solving

Io
1-D

I = (boost and buck-boost)

Note also, that for any topology, a high duty cycle corresponds to a low input voltage, and a
low duty cycle is equivalent to a high input. So increasing D amounts to decreasing the input
voltage (its magnitude) in all cases. Therefore, in a boost or buck-boost, if the difference
between the input and output voltages is large, we get the highest dc inductor current.

Finally, with the dc and ac components known, we can calculate the peak current using

Al
Irk =Iac +Ipc = 7+IL

Defining the “Worst-case” Input Voltage

So far, we have been implicitly assuming a fixed input voltage. In reality, in most practical
applications, the input voltage is a certain range, say from ‘Vinvn’ to “Vinmax'- We
therefore also need to know how the ac, dc, and peak current components change as we vary
the input voltage. Most importantly, we need to know at what specific voltage within this
range we get the maximum peak current. As mentioned, the peak is critical from the
standpoint of ensuring there is no inductor saturation. Therefore, defining the “worst-case”
voltage (for inductor design) as the point of the input voltage range where the peak current is
at its maximum, we need to design/select our inductor at this particular point always. This is
in fact the underlying basis of the “general inductor design procedure” that we will be
presenting soon.

We will now try to understand where and why we get the highest peak currents for each
topology. In Figure 2-3, we have drawn various inductor current waveforms to help us better
visualize what really happens as the input is varied. We have chosen two topologies here, the
buck and the buck-boost, for which we display two waveforms each, corresponding to two
different input voltages. Finally, in Figure 2-4 we have plotted out the ac, dc, and peak
values. Note that these plots are based on the actual design equations, which are also
presented within the same figure. While interpreting the plots, we should again keep in mind
that for all topologies, a high D corresponds to a low input. The following analysis will also
explain certain cells of the previously provided Table 2-2, where the variations of Al and
Ipc, with respect to D, were summarized.

a) For the buck, the situation can be analyzed as follows:

®  As the input increases, the duty cycle decreases in an effort to maintain
regulation. But the slope of the down-ramp Al/torrp cannot change, because it
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|L, lo and Vi held constant in all cases, typical variations only |
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Figure 2-4: Plotting How the AC, DC, and Peak Currents Change with Duty Cycle

is equal to Vopr/L, that is, Vo/L, and we are assuming Vg is fixed. But now,
since topr has increased, but the slope Al/topr has not changed, the only
possibility is that AT must have increased (proportionally). So we conclude

— that the ac component of the buck inductor current actually increases as the
input increases (even though the duty cycle decreased in the process).

B On the other hand, the center of the ramp Ip, is fixed at Ip, so we know the dc
level does not change.

®  So finally, since the peak current is the sum of the ac and dc components, we
realize it also increases at high input voltages (see relevant plot in Figure 2-4).

Therefore, for a buck, it is always preferable to start the inductor design at ViNnmax
(i.e. at DyN).

b) For the buck-boost, the situation can be analyzed as follows:

®m  Ags the input increases, the duty cycle decreases. But the slope of the
down-ramp Al/torr cannot change, because it is equal to Vopp/L, that is,
Vo/L, and Vg is fixed (same situation as for the buck). But since topg has
increased, Al must also increase to keep the slope Al/torr unchanged. So we
see that the ac component (Al/2) increases as the input increases (duty cycle
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decreasing). Note that up till this point, the analysis is the same as for the buck
— traced back to the fact that in both these topologies Vorr = Vo.

But now coming to the dc level I, of the buck-boost, we will find it must
change for this topology (though it remained fixed for the buck). Note that the
shaded portion of the waveform in the upper half of Figure 2-3 represents the
diode current. The average value of this during the off-time is the square
dashed line passing through its center, that is, I. So the average diode
current, calculated over the entire switching cycle, is Iy, x (1 — D). And we
know this must equal the load current Ip. So, as the input increases and duty
cycle decreases, the term (1 — D) increases. So the only way Ii, x (1 — D) can
remain constant at the value lp is if Iy, decreases correspondingly. We
therefore realize that the dc level decreases as the input increases (duty cycle
decreasing).

Further, since the peak current is the sum of the ac and dc components, it also
decreases at high input voltages (see relevant plot in Figure 2-4).

Therefore, for a buck-boost, we should always start the inductor design at Vinvn (i.e. at

Dyiax)-

c) For the boost, the situation is a little trickier to understand. On the face of it, it is
quite similar to the buck-boost, but there is a notable difference — and that is the
reason why we did not even try to include it in Figure 2-3.

Once again, as the input increases, the duty cycle decreases. But the difference
here is that the slope of the down-ramp Al/torr must decrease — because it
is equal to Vopg/L, that is, (Vo — VIn)/L (magnitudes only) — and we know
that Vo — VN is decreasing. Further, the required decrease in the slope Al/topr
can come about in two ways — either from an increase in topp (Which is
already occurring as the duty cycle decreases), or from a decrease in Al. But
in fact, Al may actually increase rather than decrease (as we increase the
input). For example, if topr is increasing more the increase in AI — then
Al/torr will still decrease as required. And in practice, that is what actually
does happen in the case of the boost. With some detailed math, we can show
that Al increases as D approaches 0.5, but decreases on either side (see

Table 2-2 and Figure 2-4).

It is therefore also clear that in either case above, the increase/decrease in the
ac level does not dominate, and therefore, the peak current ends up being
dictated only by the dc component. But we already know that the dc level of a
boost changes in exactly the same way as for the buck-boost (discussed above)
— it decreases as the input increases (duty cycle decreasing).
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m  So we conclude that the peak current for the boost also decreases at high input
voltages (see relevant plot in Figure 2-4).

Therefore, for a boost, we should always start the inductor design at Vinvin (i.e. at Dyiax).

The Current Ripple Ratio r’

In Figure 2-2 we first introduced the most basic, yet far-reaching design parameter of the
power supply itself — its current ripple ratio ‘r.’ This is a geometrical ratio that compares
and connects the ac value of the inductor current to its associated dc value. So

Al Iac
r=—=2x —

I Inc
Here we have used Al = 2 x Iac, as defined earlier in Figure 2-2. Once r is set by the
designer (at maximum load current and worst-case input), almost everything else is
pre-ordained — like the currents in the input and output capacitors, the ‘RMS’ (root mean
square) current in the switch, and so on. Therefore, the choice of r affects component
selection and cost, and it must be understood clearly, and picked carefully.

Note that the ratio r is defined for CCM (continuous conduction mode) operation only. Its
valid range is from O to 2. When r is 0, AI must be 0, and the inductor equation then implies
a very large (infinite) inductance. Clearly, r = O is not a practical value! If r equals 2, the
converter is operating at the boundary of continuous and discontinuous conduction modes
(boundary conduction mode or ‘BCM’). See Figure 2-5. In this so-called boundary (or
“critical”) conduction mode, Iac = Ipc by definition. Note that readers can refer back to
Chapter 1, in which CCM, DCM, and BCM were all initially introduced and explained.

Note that an exception to the “valid” range of r from 0 to 2 occurs in ‘forced CCM’ mode,
discussed in more detail later.

Relating r to the Inductance

We know that current swing is voltseconds per unit inductance. So we can also write

Al = Et/Lyu (any topology)

Here ‘Et’is defined as the (magnitude of the) voltuseconds across the inductor (either during
the on-time or off-time — both being necessarily equal in steady state), and Ly is the
inductance in wWH. The reason for defining Et is that this number is simply easier to
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Figure 2-5: BCM and Forced CCM Operating Modes

manipulate than voltseconds because of the very small time intervals involved in modern
power conversion.

Therefore, the current ripple ratio is

Al Bt

I = — =
I  Lynlo

(any topology)

Note also that from now on, whenever L is paired up with Et in any given equation, we will
drop the subscript of L, that is, “uH.” It will then be “understood” that L is in uH.

Finally, we have the following key relationships between r and L.

Et Von x D _VOFFX(I—D)

(L X IL) (L X IL) < (L % IL) < f (any topology)

Incidentally, the preceding equation, that is, the one involving Vofr, assumes CCM, because
it assumes that topr (the time for which Vorr is applied) is equal to the full available
off-time (1 — D)/f.
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Conversely, L as a function of r is

A% D
L — YoN X

= ——— (any topology)
rxIp xf

In subsequent sections we will often use the following easy-fo-remember form of the
previous equations. We are going to nickname this the “L x I’’ equation (or rule)

Et
L xIp = — (any topology)
r

But perhaps we are still wondering — why do we even need to talk in terms of » — why not
talk directly in terms of L? We do realize from the above equations that L and r are related.
However, the “desirable” value of inductance depends on the specific application conditions,
the switching frequency, and even the topology. So it is just not possible to give a general
design rule for picking L. But there is in fact such a general design rule-of-thumb for
selecting r — one that applies almost universally. We mentioned that it should be around

0.3 to 0.5 in all cases. And that is why it makes sense to calculate L by first setting the value
of r. Of course, once we pick r, L gets automatically determined — but only for a given set
of application conditions and switching frequency.

The Optimum Value of r

It can be shown that, in terms of overall stresses in a converter and size, r &~ 0.4 represents
an “optimum” of sorts. We will now try to understand why this is so, and later we will try to
point out exceptions to this reasoning.

The size of an inductor can be thought of as being virtually proportional to its
energy-handling capability (the effect of air-gap on size will be studied later). So for
example, we probably already know intuitively that we need bigger cores to handle higher
powers. The energy-handling capability of the selected core must, at a bare minimum, match
the energy we need to store in it in our application — that is, % x L x Ipg?. Otherwise the
inductor will saturate.

In Figure 2-6, we have plotted the energy, E = % x L x Ipg?, as a function of . We see that

it has a “knee” at around 0.4. This tells us that if we try to reduce r much lower than 0.4, we
will certainly need a very large inductor. On the other hand, if we increase r, there isn’t
much greater reduction in the size of the inductor. In fact, we will see that beyond r ~ 0.4,
we enter a region of diminishing returns.
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Figure 2-6: How Varying the Current Ripple Ratio r Affects All the Components

In Figure 2-6, we have also plotted the capacitor RMS currents for a buck converter. We see
that if r is increased beyond 0.4, the currents will increase significantly. This will lead to
increased heat generation inside the capacitors (and other related components too).
Eventually, we may be forced to pick a capacitor with a lower ESR and/or lower case-to-air
thermal resistance (more expensive/bigger).

Note: The RMS value of the current through any component is the current component responsible for the
heat developed in it — via the equation P = IRM32 x R, where P is the dissipation, and R is the series
resistance term associated with the particular component (e.g. the DCR of an inductor, or the ESR of a
capacitor). However, it can be shown that the switch, diode, and inductor RMS current values are not very
“shape-dependent.” Therefore, the heat developed in them does not depend much on r, but mainly on the
average value of the current. On the other hand, the RMS of the capacitor current waveforms can increase
significantly, if r is increased. So capacitor currents are very “shape-dependent,” and therefore depend
strongly on r. The reason for that is fairly obvious — any capacitor in a steady state has zero average (dc)
current through it. So since a capacitor effectively subtracts out the dc level of the accompanying current
waveform, we are left with a capacitor current waveform that has a large “ramp portion” built-in into it.
Therefore, changing r changes this ramp portion, thereby impacting the capacitor current greatly.

Note that in Figure 2-6, though we have used the buck topology as an example, the energy
curve in particular is exactly the same for any topology. The capacitor current curves though,
may not be identical to those of the buck, but are similar, and so the conclusions above still

apply.
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Therefore, in general, a current ripple ratio of around 0.4 is a good design target for any
topology, any application, and any switching frequency.

Later, we will discuss some reasons/considerations for not adhering to this r ~ 0.4
rule-of-thumb (under certain conditions).

Do We Mean Inductor? Or Inductance?

Note that in the previous section, we said nothing explicitly about what the inductance
was — we just talked about the size of the inductor. We know that in theory, we can put
almost any number of turns on a given core, and get almost any inductance. So inductance
and size of inductor are not necessarily related. However, we will now see that in power
conversion they often do turn out to be so, though rather indirectly.

Looking at Figure 2-6, we can see that a smaller » will require a higher energy-handling
capability, and thus a larger inductor. Let us now formally go through all the possible ways
of reducing r.

Since we are assuming our application conditions are fixed, the load current and input/output
voltages are also fixed. Therefore, Ipc is fixed too. The only way we can cause r to decrease
under these circumstances is to make AI smaller. However, Al is

B voltseconds

I=——7—— (V-s/H)

inductance

But we know the applied voltseconds is fixed too (input and output voltages being fixed). So
the only way to decrease r (for a given set of application conditions) is to increase the
inductance. We can therefore conclude that if we choose a high inductance, we will
invariably require a bigger inductor. It is therefore no surprise that when power supply
designers instinctively ask for a “large inductance,” they might well mean a “large inductor.”
Therefore the designer is cautioned against being too “ripple-phobic” in their designs.

A certain amount of ripple is certainly “healthy.”

However, we must not forget that if, for example, we increase the load current (i.e. a change
in application conditions), we will clearly need to move to a larger inductor (with greater
energy-handling capability). But simultaneously, we will need to decrease the inductance.
That’s because Ipc will increase, and so to keep to the “optimum” value of r, we will need
to increase Al in the same proportion as the increase in Ipc. And to do this, we have to
decrease, rather than increase, L.

The