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Chapter 1: Introduction

1.1.  Introduction to power processing

1.2. Some applications of power electronics

1.3. Elements of power electronics

Summary of the course

Fundamentals of Power Electronics

z Chapter 1: Introduction

FPower
input

Dc-dc conversion:
Ac-dc rectification:
Dc-ac inversion:

1
Swiiching Power
converter output

T Conerol
input

Change and control voltage magnitude
Possibly control dc voltage, ac current

Produce sinusoid of controllabie
magnitude and frequency

Ac-ac cycloconversion: Change and control voltage magnitude

Fundamentals of Power Electronics

and frequency

3 Chapter 1: Introduction




Control is invariably required

Power Switching Power
input converter output
_—..__._)__. +
/'y
Control
input
Jeedforward Sfeedback
»| Controlier |«
T reference
Fundamentals of Power Electronics 4 Chapter I: Intreduction

High efficiency is essential

06 T
High efficiency leads to fow

power loss within converter
Small size and reliable operation 04
is then feasible
Efficiency is a good measure of 03 ; : ,

converter performance 0 05 i 13
.Plass/Puu!

Fundamentals of Pewer Electronics 3 Chapter 1: Introduction




A high-efficiency converter

Converter

A goal of current converter technology is to construct converters of small
size and weight, which process substantial power at high efficiency

Fundamentals of Power Electronics

Chapter 1: Introduction

171
|

Resistors | Capacitors

Magnetics

. DT, T

linear- s s
mode switched-mode
Semiconductor devices

Fundamentals of Power Electronics

Chapter 1. Introduction




Devices available to the circuit designer

, DT,

lineqr- s Ts

mode switched-mode
Resistors | Capacitors | Magnetics Semiconductor devices

Signal processing: avoid magnetics

Fundamentals of Power Electronics & Chapter 1: Introduction

— T
— ” ,
, BT T
linear s s
mode switched-mode
Resistors | Capacitors | Magnetics Semiconductor devices

Power processing: avoid lossy elements

Fundamentals of Power Electronics 3 Chapter 1: Introduction




Power loss in an ideal switch

Switch closed:  v(r)=0 4
it)
Switch open: i(H=0
v(t)
In either event;  p(H) =v(n) i(HH) =0
Ideal switch consumes zero power
Fundamentals of Power Electronics 10 Chapter 1: Introduction

A simple dc-dc converter example

I
10A
™ +
v, Dc-dc R v
100V converter 50 $ 50V
Input source: 100V
Qutput load: 50V, 10A, 500W
How can this converter be realized?
Fundamentals of Power Electronics 1 Chapter 1: Introduction




Dissipative realization

I
........................ y{ 10A
+
+ 50V -

Vg C+) Pio:s = 300W R s 1%
100v T 59 S0V
P, = 1000W  Freee P, = 500W

Fundamentals of Power Electronics 12 Chapter 1: Intreduction

Dissipative realization

sk e

Series pass regulator: transistor operates in
active region

I
+ 50V - 10A
~~* |
vV linear amplifier] V.
& Ci) and base driver 4 R 5 14
100V 507 sov
Plossz5oow
P, =1000W reed p S00W

Fundamentals of Power Electronics 13 Chapter I: Introduction




Use of a SPDT switch

................... I
I 10A
° / + T+
2
v, v (t) RS vy
100V 0V
vit) 4
VS
V., =DV
0 -
DI — >+ (I-D)T,—~ t
switch
position: )i 2 ]
Fundamentals of Power Electronics 14 Chapter I: Introduction

The switch changes the dc voltage level

Vil 4 v, D = switch duty cycle
V,=DV, 0<D<1
0 ' . T, = switching period
DT, —>+{(1-D)T, > !
switch = switchi
positch 1 , 1 £ = ?V)n;chlng frequency

DC component of v(z) = average value:

1 ("
V“:Tsfo v(t)dt =DV,

Fundamentals of Power Electronics 15 ; Chapter 1: Introduction




Addition of low pass filter

Addition of (ideally lossless) L-C low-pass filter, for
removal of switching harmonics:

; i(1)
© f + f?S;o’U“ T o« |
Ve (j) ’ v (1) C == RS vy

-------- P,,=500W -

P .. small

*  Choose filter cutoff frequency f, much smaller than switching
frequency f,
»  This circuit is known as the “buck converter’

Fundamentals of Power Electronics 16 Chapter I: Introduction

Addition of control system
for regulation of output voltage

Power Switching converter ' Load

input ..
J_ + |
i

: BE AN
v, T A v

rEgon

Y
sensor
- H(s) | gain
rl
transistor
gate driver
5 pulse-width] ¥,
) / modulator [* G(s)
COHIPENSAtor
reference

ar, T, r input 1 Vry

Fundamentals of Power Electronics 1 Chapter 1: Introduction




The boost converter

Fundamentals of Power Electronics 18 Chapter I: Introduction

vit) “H-bridge”

Moduiate switch
duty cycles to
. obtain sinusoidal
! low-frequency
component

Fundamentals of Power Electronics 19 Chapter 1: Introduction



1.2 Several applications of power electronics

iy
I

Power levels encountered in high-efficiency converters
*» less than 1 W in battery-operated portable equipment

* tens, hundreds, or thousands of watts in power supplies for
computers or office equipment

* kW to MW in variable-speed motor drives

* 1000 MW in rectifiers and inverters for utility de transmission
lines

Fundamentals of Power Electronics Z0 Chapter 1: Introduction

o in i s

regulated
dc outputs
i (1) +
Rectifier De-de
v (1) @ o converter
ac line input ,
85-265Vrms de link loads

Fundamentals of Fower Electronics 2l Chapter 1: Introduction




A spacecraft power system

g e, i, ik

Dissipative
shunt regulator
[ d
F
Solar
array Ybus
[ L I [ { T I
Bartery De-de De-de
charge/discharge converter converter
controllers

v LJ G

Payload Payload

Fundamentals of Power Electronics 22 Chapter 1 Introduction

‘A variable-speed ac motor drive system

variable-frequency
+ variable-voltage ac
3gac line Rectifier Inverter
Viink  vyem
50/60Hz
Ac machine

De link

Fundamentals of Power Electronics 23 Chapter 1: Introduction




1.3 Elements of power electronics

Power electronics incorporates concepts from the fields of
analog circuits
electronic devices
control systems
power systems
magnetics
electric machines
numerical simulation

Fundamentals of Power Electrenics 4 Chapter 1: Introduction

SR s

R o RN

Inductor waveforms Averaged equivalent circuit
1 :
vift) v v R DR, DYy 'Ry D
£ + 1 s’ rs
B Ve /D 1% f.R
j’ -
Ly Predicted efficiency
" 'L oo
i il
G DT, T, : il 4
TR
[+l
N os0%
40% -
Discontinuous conduction mode =
Transformer isolation ot

t t 1 t t t t
0 Bl 0z 03 04 05 06 OT OB 0§ !

o

Fundamentals of Power Electronics b Chapter 1: Introduction




Switch realization: semiconductor devices

The IGBT collector SWItChlng IOSS “(;c;gglrz:
gare o—l ﬁ
emitter
Emitter digde
waveftrms
Gate T .

[MJPLLJJ ll_”I L_"JJ

p

minority carrier
P infection

P Baft)

l FVahy

Collector

Fundamentals of Power Electronics 26 Chapter 1 Introduction

Principles of steady state converter analysis

Steady-state equivalent circuit modeling, losses, and efficiency
Switch realization

The discontinuous conduction mode

> oA W N

Converter circuits

Fundamentals of Pewer Electronics 27 - Chapter 1. Introduction




Part II. Converter dynamics and control

Closed-loop converter system Averaging the waveforms
Power Switching converter Load ate
iRt rive
_|.. )
‘)3(” ]r R ‘LH—H—H—D.H.HHHHHJ:“:H}HH_H_H‘
-|- feedback
. connection 4
fransistor actual waveform v(t) '
gate driver compensator inciuding ripple
i) pulse-width] v, G v
modutator s} 4" averaged waveform <v1)>p
j with ripple neglected

&1, / v, voltage
%_\ reference ey (
d'rl TK ' I

Conirolier

1:D
Small-signal L
averaged 70 1w
equivalent circuit

Fundamentals of Power Electronics

V,-V)do

C )
T 5 R

Chapter 1: Introduction

14da

e |
rEEE
28

7.  Ac modeling

8. Converter transfer functions
9. Controller design

10. Ac and dc equivalent circuit modeling of the discontinuous
conduction mode

11.  Current-programmed control

Fundamentals of Power Electronics 29 Chapter I: Introduction
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APPeEn X

5-4-1 Newton-Raphson Algorithm for One Equation
In One Unknown

Consider the equation
fixy=10 (5-33)

and let x = x\ be the jth guess.* We can safely assume that x'? js ror a solution, for
if it were a solution, we are done.* Hence, f{x?) s 0, Suppose that we obtain the
Taylor expansion for f{x) about the point x = x:

(c—x"E g | (5-34)

f@=san+ LB -0yt LD

¥Throughout this section, the jth guess is denoted by 8 superscript (f) rather than by a subscrips
23 in the preceding section. The change of notation is necessary here to avoid possible confusion with
the jth component of a vector, which we shall denote with a subscript,

“It follows from Appendix 5A that if the derivative F{x) = [fix) 00l (D)2 of Fx)
& x — [ ']t £{x) never vanishes for all values of x, then the Newton-Raphson algorithm xt/+t)
= F (/") cannof terminate in a finite nunber of steps uniess the initial guess xt9? = x*, (This assertion
does not apply to finear equations since F'(x) == 0 in this case, See also Problem 5-23.) OF course, it
will genecally take only a finite number of iterations to come close to the exact sofution x*. Other-
wise, the algorithm would be useless!

e

bl gl e m———

[P g,

Ssction 5-4 Newton—Raphson Algorithm l b4l ]

If we let x == x¥*% be the next guess, Eq, (5-34) becomes

Rt

X (U — gy 4, (5-35)

Now suppose that we make the #of necessarily valid assumption that the initial guess
is quite good in the first place so that x*Y — x# 5 4 smail number. If this assumption
is indeed true, we can neglect the higher-order terms in Eq. (5-35), since the nth power
of a smalit number is a much smaller number, for n > 2, In this case, Eq. (5-35) can be
approximated by

Soetemy s fey + L gauen _ q (5-36)

jx =z in

Qur objective is to choose x'*" 5o that it is a solution of Eq. (5-33). Hence, if our
preceding assumption is valid, x'/* should obviously be chosen so that f{x7*1) = 0,
Equating Eq. (5-36) to zero and solving for x/*%, wa obtain the desired “recipe™:

XU = it EJ(x'”)I"f(x"’) (3-37)
where
P30 R [g-g;i) L]' (5-38)

Equation (5-37) can now be identified as the Newton-Raphson equation derived earlier
in (5-29). If our earlier assumption, which led to the derivation of Eq. (5-37) is valid,
this algorithm will converge. It is proved in Appendix SA that, if the initial guess x
is sufficiently close to a correct solution x* of Eq. (5-33), then the Newton-Raphson
algorithm will afways converge to x*. Before proceeding, it will be instructive to
present a geometrical interpretation of this algorithm, A typical curve representing
¥ = f(x) is shown in Fig. 5-6(a). If we let P represent the point on the curve cor-
responding Lo f{x'"), the slope of the tangent drawn through this point is equal to

J(x) = 41X} (5-39)
dx o 18
Hence, the next guess x“*" is simply the distance from the origin to the point of
intersection between the x-axis and the tangent from P, The next point PY*" is
therefore the intersection of this curve and the vertical line drawn through x = xt/+1,
as shown in Fig. 5-6(a). By repeating this procedure, we find the iteration rapidly
approaches point 0, which is the correct solution. To show that the Newton-Raphson
algorithm may not converge, consider the curve shown in Fig. 5-6(b). There are two
solutions in this case corresponding to points 0, and @,. An initial guess correspond-
ing to point P, will eventually converge to point Q,, and an initial guess: corre-
sponding to point P, will eventually converge to point Q,. However, an initial guess at
point P, will cause the iteration to simply oscillate around the loop without ever
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BASICS OF SWITCHED~ MODE POWER CONVERSION:
TOPOLOGIES, MAGNETICS, AND CONTROL

ABSTRACT

Switched-mode power convernsion e ed
necently as an intendisciplinary field which re-
quires a gundamental knowfedge in three areas:
power cincult configurations, contnol systems, and
magnetic eirendits. A tutonial neview of basic
suctched-mode powet conversion topologies, propen-
Lies, and simpfe analysis methods is given §inst,
Prineipfes of magnetic cincuif analysis treated
rext, provide better undenstanding of power inducton
and power Lransfonmen design requirements. Closing
the {eedback Loop in pulse-width modulated (puwm)
systems nequines basie undenstanding of de-fo-de
convertern dynamics, and s0 the accompanying irans-
fen functions and §requency nesponse methods are
Calso reviewed. With these basie building blecks
well undenstood, the sophisticated and complfex
stnuctunes o4 modern electronic powen processing
systems may be more easily and nefiabfy designed.

1. TINTRODUCTION

The practicing engineers in the Power

" 'Electronics field today are faced with an unusual
c¢hallenge. Their everyday job requires expertise
in three fundamental areas of electrical engimeer-
ing: classieal power conversion methods, magnetic
circuit designs, and control system techniques.
Traditionally, each of those areas might be con~
sidered as a specialty in its own right, requiring
considerable effort te master it. Thus, this
review paper is am attempt to ease these difficul-
ties for novices to the field by intreduciag them
to the fundamentals in each of the three key aress:
topologies, magnetics and control. For the reader
of this two volume book, the purpese of this paper

is to build the bridge toward better understanding

of the advanced concepts presented im feollow-up
scientific papers [1I - 16, 18 - 30} which
constitute this two volume book.

This work was sponsored by the Office of Naval
Research,  Washington DC, under Contract NOO014-78-
€<0757; and by the International Business Machines
Corporation, Kingston NY.

In Section 2, the fundamental reasoning for
changing to switching conversion technology from
the classical linear (dissipative) power conversion
control is presented.

Fundamental conversion topologies reviewed by
Section 3 include buck, boost, buck-boost and Cuk
converters. Along the converter topology develop-
ment many topics are introduced at appropriate
Places where they can be easily understoed: de
analysis through volt-sec balance on inductors,
two modes of operation (continuous and discontinu-
ocus conduction), efficiency evaluation in presence
of component nonidealities, dc isolation and
multiple output extensions, two~quadrant (battery
charger/discharger) and four—gquadrant (switched-

- mode amplifier and ac uninterruptible power

supplies) converter classification,

The Section 4 on magnetics fundamentals
reviews the key resuylts pertinent to the under-
standing and design of inductors and transformers
for switching power conversion applications:
analogy of magnetic circuits with electric circuits
and reluctance concept, effect of the airgap on the
inductor flux-current characteristic, inductors
with dec bias, transformer operation and modelling,
transformer design with no dc bias and some simpli-
fied design procedure for inductor and transformer
core selection using area product or core geometry
[43) approach.

Modelling of switching-mode regulator and
its control transfer properties (loop gain) are
reviewed in Section 5 on a very fundamental level,
which demonstrates very simple models of the non-
linmear converter power stage and separately linear

wodulator transfer properties.

2, POWER CONVERSION ALTERNATIVES

Two alternatives for deliverj of eleetric

. poﬁer from a dec source te a load in a controllable.

manner are linear and switched-mode power conver-
sion. They are illustrated in Fig. 1, reduced to
their simplest forms.
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a) tineor

n<50%

b) switched ~mode

.
fU‘lE

ot
L= T

1= 100%

OFF

'

Companison of Linean (dissipative} l(a)
and switched-mode (nondissipative}l (b)
powen conversdion.,

Linear power conversion (Fig. la) relies on
the presence of a series linear element, either a
resistor (mechanical contrel), or a transistor used
in the linear mode, (electronic contrel) such that
the total load current is passed through the serjes
linear element. Therefore, the greater the differ-
ence between the input and output voltages (the
higher the controlling power range) the more power
is lost in the controlling device. Thus, linear.
power cenversion even in its ideal form is dissi-
pative and ipefficient, typically in the 30-60%
efficiency range.

in switched-mode power conversion, (Fig. 1b)
however, the controlling device is an ideal switch,
which is either closed or open. Then by controlling
the ratio of the time intervals spent in the closed
and open position (often defined as duty ratio),
the power flow to the load can be controlled in a
very efficient way. Namely, ideally it is 100%
efficient even for a wide range of power being con-
trolled. However, in practice it is reduced some-
what owing to nonideal realization of the switch.
Nevertheless the semiconductor device (bipolar tran-
sistor, for example} is clearly used in a wuch more
efficient way. When the device is fully ON it has
only a small saturation voltage drop across it (typ-
ically 0.3V to 1¥). In the OFF condition, the re-
verse leakage current is usually negligible, so that
the power loss is negligible despite the fact that
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_similarly further degrade the efficiency.

the blocking voltage across it may be high. How-
ever, the output voltage is far from being dc as in
the linear example, and pulsed power is applied.
Although this may be acceptable for some applica-~
tions such as oven heating, in many other uses a
constant dc output voltage is desired. The power
flow to the load may be easily smoothed out by the
addition of a low-pass LC filter.

We therefore reach two important conclusions:
Efficient electrnic power convernsion and contnol ne-
quines the use of switches as its basic components,
The need to genenate de output voltage iniroduces
dideally Rossfess storage components, inductons, and
capacitons whose rofe is Lo smooth out the inhenent
pubsating behavion oniginating gfrom the switching
action.

ouTY RaTIC conTRoL J LS

Genenal switched-mode powen conversion
consists 0f aiorage components and
switches arnanged in a fopofogy which
nas effective Low~pass §ilten nature.,

Fig. 2.

Thus, in general, efficient switched-mode
power conversion may be postulated as in Fig. 2.
Note the addition of the transformer as a component
which provides an often very important practical
requirement, dc isolation between input and output
grounds. In Fig. 2, the storage components and
switches are purposely shown disconnected to empha-
size a great variety of possible converter topolo-
gies, of which only the very few basic ones will be
reviewed here.

: Conventer topology, however, £8 not random but
has Lo fonm effectively a Low-pass filten in onder
2o achieve the basic de-to-de conversion function,

Although the conversion would be 100% effi-
cient in the ideal case of lossless components such
as in Fig. 2, in practice each of the components in
Fig. 2 is lossy, thus leading to reduced efficiency.
For example, a switch implemented by semiconductor
devices is lossy, as in the real physical inductor,
when its windings resistance and core losees are
taken into account. Transformers and capacitors
There-
fore, the prime objective in switched-mode power
conversion becomes to realize the given conversion
function, (such as de-to-dc conversion) with the
least number of components to improve its overail
efficiency and reliability.




Let us therefore mow take a closer loock at
some of the simplest ways that dc voltage conver=-
sion may be accomplished. In parallel with intro-
duction of the basic switching dc—to-dc converter
configurations, some rudimentary methods for their
analysis will be explained.

3. DC-TO-DC CONVERTER TOPOLOGY FUNDAMENTALS

The simplest de-to-dc converter topologies
consist of a single switch (single-pole, double-
throw ideal switch § in Fig. 3), a single inductor,
and a single capacitor. Let us now see how by dif-
ferent arrangement of this limited number of compo-
nents (Fig. 3) 2 number of useful and different dec—
to-d¢ conversion functions can be realized.

J_—_H/T_% |
[

I
;
|
|
|
I

—{—

Ju

Fig. 3. ALL three simple de-to-de converten
Zopologies: 2the buck, the boost and the
buck-boost can be obtfained by simple re-
awangement of the three components:

- ideal switeh, inducton and eapaciton.

3.1 Buck {(Step—-Down) Dc-to-Dc. Converter

The simplest configuration to understand is the
basic buck converter shown conceptually in block
diagram form in Fig. 4. The input dc voltage V; is
chopped by the switch § (hence the widely used name
“"chopper" for this converter type) resulting in an
intermediate pulsed waveform vy. Low-pass filter—
ing of this waveform passes only the average DV, to
form the output dc wvoltage V = DVg. Here the duty
ratio D is defined as the ratio of the on-time in-
terval {switch S in supply Vg position) to the total
switching interval Tg. As seéen in Fig. &, by com-
trolling the duty ratio of the switch (dotted lime),
the output dc voltage is controlled (dotted line)-.

Frequency Viewpoint {Fourier Anatysis)

the output voltage is not ideal as seen In

Fig. 4, but in addition to a dc component it con—
sists of a small ripple voltage component at the .
switching frequency f, A 1/T;, as seen in Fig. 5.

A frequency viewpoint customary to engineers, be-
comes very useful here. Namely, the.pulse-—width-
modulated (pwm) voltage waveform at the input of
the low-pase IC filter (in Fig. 5, D = 0.5 is illus-
trated) may be broken down into its d¢ component

SWITCH % LOAD
A b Vg " + v‘
L T!: LOW-PASS s 77777
- - >
¢ or, FILTER <
0 el o

Fig. 4. Controlled de-to-dc powen conversion in
a basic buck converter thaough pulse
width modufation. .

el T

oV,
.

DTg

I
I
I
|
1
I -
1
1
t

i
e ;s\f

Fig. 5. Frequency viewpoint reveals that for Low
output switching ripple §ilter coaner
frequencies must be well befow &
frequency.

and harmonics at the switching frequency fg and its
integer multiples by use of the Fourler geries.

The dc component passges unattenuated through the
filter to generate its primary desirable de output

V'-DVS.

Provided that the filter corner frequency
fo > 1/2m YiC is significantly lower than the
switching frequency (typically at least a decade

- below £g), the first and higher order harmonics

are gubstantially attenuated by passing through
the LC filter, resulting in an acceptably low
switching ripple voltage at the output. A quanti-
tative expression for the switching ripple can be
obtajned easily by examination of the character-
istic waveforms in the switching converter.
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Chanactenistic Wavedonms in Swut% )
Conveniens and Evalfuation of Swifching Ripple

The small switching ripple of the converter
(typically specified to be less than 1Z) directly
translates into the idealized rectanguiar voltage
waveforn and triangular current waveform on the in-
ductors seen in Fig. 6. The rising and falling
slopes of the inductor current ripple are easily
deduced from the corresponding linear switched net-
work to be (Vg -~ V)/L (for interval DTg), and V/L
(for interval D'T.),since voltage ripple is being

neglected.
VL -
+ = Veay
r 'L‘
— L Vo=V Py
'L L]
T T el o
S
. 0T, _ v

Quantitative evaluation of the output
voltage switching aipple _ﬂm.qugh charac-
teristic wavefonrms in switchi

conventens . :

Te calculate the switching output voltage
ripple Av, it is assumed that the average inductor
current I flows into the load resistance R to gen-—
erate the dc¢ voltage V = IR, while the inductor
current ripple Aiy flows into the output capacitor
to generate the output voltage ripple Av. This is
very good approximation for small switching ripple.
Since the capacitance wvoltage is the integral of
its current, v = \idt, and since the capacitor
ripple current is triangular in shape, the voltage
ripple

olas. The total voltage ripple Av is easily ob-

tained from the stored charge AQ, which corresponds
to the area wnder inductor current ripple. Hence
DT DT \ Ad
Wit 8] L.l _
N=g\T+ 77 "L @

From the falling.slope of the inductor current V/L,

AL

y @)

¥ oo
= L b Ts

typically consists of segments of two parab~

282

Thus the absolute output voltage ripple is

1 2
oot 1% 10T IE)
[ 8 ¢ 8 LC
and the relative wvoltage ripple Av/V is
' 2
by 17 )
v 8 1c
Restated in terms of the corner frequencies,
2
20t £ 1
&v  TD (¢ where fcé {5)
v 2 fs 2ﬁYEE

For example, for D = 0.5, £, = 500Hz, f; = 20kHz,
the output voltage ripple is 0.134%.

.This result for the buck converter can be
generalized for other switching converters:

small switching
ripple

natural switching (6)
= frequencies<cfrequency

As a consequence of this basic requirement for
small switching ripple, the voltage waveforms on ~
the inductors im many converters have the typical
rectangular shape. This then serves as 2 basis for
an alternative way of finding steady-state (dc)
voltage and current relationships in switching
converters.

Steady-State {Pc) Analysis and Voft-Sec
Balance on Induclons

In the buck converter, the switching function
and filtering function are clearly delineated {(cas—
cade conmection of the twe) such that application
of Fourier transform analysis was possible. How-
ever, in many more complex switching converters,
and even in some simple ones such as the boost and
buck-boost, the switching action is buried within
the low-pass filter network, and an alternative
more general method for finding the dc conditions
must be found.

From Faradey's law for the inductor voltage,

7)

and by integration over the full period Ts’ we get
Ts Ts

S det -S diL = 1L(1's) - 11.(0) =0 (B}

0 0

1

3

"since in the steady state, the initial and final

values of the inductor current must be equal. Re-




moval of the finite (nonzero) proportionality con-
stant L in (8) results in & general criterion for
the steady-state, the so-called volt-second balance
on the inductor, as:

'I‘S volt—-gec balance
S v.dt = 0 on inductors (9)
L

or, for the two switched intervals,

SDTS ST s
det - - det . (10)
¢ DT
s
volt-second volt-second
stored released

0T,

-I- 3 :6}_‘_' "

T
Jua-o "SToREd.  AELEASED
Fig. 7. General method for ginding the steady-

state conditions .in swi convertens :

Volft second batance on inductonrs.
The basic requirement for low ouput voltage
ripple (6) directly translates into the rectangular
voltage waveform on the inductor, since the ripple
is neglected as illustrated for the buck converter
in Fig. 7. This further simplifies the calculations
and reduces them to a simple product of wvoltages and
time intervals. For example, for the buck converter
in Fig. 7, the volt-second balance becomes

‘(‘V - V) DT_= VD'T ai)
g -] s

and, after simplification, the stepped-down con—
version ratio of the buck converter is cbrained as

v
¥ - D (12)
g

Since the converter is ideally 100X efficient (no

second-order parasitic elements taken into accoumt),

the ratio of the output dc current and average in-
put current is the inverse of (12):

el )
]
=] 1]

(13)
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Thus, the buck converter dc conversion function can
be modeled by a simple dc-to-dec transformer whose
turns ratio is8 equal to duty ratio D, as shown in
Fig. 8. Note, however, that the current conversion
ratio (13) is referred to the average and not .in-
stantaneous input and output currents, which as
seen from Fig. 8 substantially deviate from the
ideal constant (dc)} currents, In particular, the
input current consists of large pulses, which often
cause the so-called conducted electromagnetic inter-
ference (EMI) on the source lines. This pufsating
input current causes substantially higher EMI prob-
lems than the nonpufsating output inductor current
(the double~pole inductive filter of Fig. 5 is
assumed here).

PULSATING NONPULSATING
iy iz
- .
o,
-
- -3
M (D}

Fig. &. Input and output currents in the buck
“ coz:étw of Fig. 7 and the definition

of pulsating and nonpufsating cunrents.

Semiconductor Impfementation of the Suwitching
Action

To fully gain electronic control of the con-
verter, a semiconductor implementation of the
single-pole, double-throw switch is desired. Two
alternative implentations, using a diode and a bi-
polar transistor (either npn or pnp type), are shown
in Fig. 9. In either case the diode works in syn-
chronism with the transistor, which is the only con-
trolled device. When the transistor is turned ON,
the input dc voltage reverse-biases the diode and
turns the diode OFF for interval DTIg. Then, when
the transistor turns OFF, the inductor voltage re-
versal forward biases the diode and turns it ON
(inductor current flow cannot be interrupted instan—
taneously). Note, however, that this semiconductor

]

Fig. 9. Semiconducton implementation of the ideal
switch with bipolan transistor (npr on
prp} and a diode.




implementation simulates the original ideal switch
only in a limited fashion. Namely, while the ideal
switch conducts current in either direction and can
block voltage of either polarity (hence, it could be
termed a four-guadrant switch), the shown semicon-—
ductor version limits the current flow to only one
direction and blocks voltage of only one polarity
{hence it could be designated a single-g

switch). Thus, this implementation by ite nature
limits the whole comverter to d{ngfe-quadrant opera-

. tion, that is, only one voltage and one current

polarity are available at the output. In a later
section, it will be shown how the removal of the
limitations imposed by the switch implementation may
iead to a two—quadrant converter and eventually to
a four-quadrant comverter.

3,2 How to Create Step-Up (Boost) Function

The simple buck converter of Fig. 5 achlieves dc
woltage conversion very efficiently compared to its
linear regulator counterpart, but still retains some
of its limitations: it is capable of only reducing
(stepping-down) the input dc wvoltage.

However, only a very simple step is needed to
create a step-up (boost} converter from the origi-
nal buck converter, as showm in Fig. 10. The buck
converter pulsating input current (Fig. 8), often
requires an input filter to smooth out large cur-
rent variations. Hence the buck converter of Fig.
10a hae an input capacitance to reduce current
ripple returned to the source.

A simple interchange of the souwrce and £oad
{bifatenal invension) genenates a boost comverten
from the oniginal buck converter.

gl

—l—

1

g
+

=

buck

L.
T3

<=

boost

—i—

‘F.ig. 10, How 2o create a step-up (boost) conventen '

from a step-down (buck) converter by a
process of bitateaal inversdion.

The dc gain of the new boost configuration,
‘due to the nature of source and load interchange,
is equal to the reciprocal of the buck converter
gain (12), that is, the boost cenverter gain be-
comes:

% -%> 1 for D [0,1] (16)
g - .

Practical boost converter implementation by
use of an npn bipolar transistor as a controlling
device and a diode is showm in Fig. 11, 4in which
the input capacitance is alsc omitted as nonessen-
tial for basic operation of the converter. Hence,
again, conversion is realized by the least mumber of
components: a single switch, inductor, and capaci-
tor put together into a different topology. How-
ever, this time the low-pass LC filter is "broken"
by the switching action, thus mixing the chopping
and filtering functions which were easily differen-
tiated in the buck converter. Thus, the volt-sec
balance on the inductor as a genmeral criteriom, and
the boost converter waveforms of Fig. 11, lead to
the steady-state (dc) voltage gain as: ’

v 1
V- (15)

Note that here the duty cycle D determines 1n57
terval DTg during which the transistor is turned ON
as is customary in all converters, while expression
(14) actually referred to the switch closed during
its complementary interval D', and hence the DD’
conversion.

v
4 tronsistor
o ML
T ON OFF I_
0,10 .I. L e
vy —
T 7 F
]. 2 V-,
’m\ i Vg-¥
-L * &Jr
hr_— T :Io_pe!l_'-

Fig. 11. Mazgm and charactenistic waveforms in
" the boost conventer.
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Effect of Parnasitics on Vollage Gain and
tifeciency

" The importance of including some lossy elements
in the converter analysis now becomes quite obvious,
since otherwise the obtained results may even be
qualitatively misleading. For example, the dc volt-
age gain of the boost converter (15) becomes infi-
nitely large when the duty ratioc D approaches 1,
clearly a physically incorrect result. However, the
inclusion of some lossy elements, such as the para-
sitic resistance Ry of the inductor, corrects this
problem. The efficiency of course, is now reduced
from the origimal 100%, because of the ILZRL loss on
the inductor resistance, to:

P vi/R :
n=—ou - - - (16)
P VIR + 1,°R,

+
out Ploss

Fig. 12. Pulsating output (diode] cunrent is a
-~ source of boost conventen inefficiency at
high duty natios.

From the inductor and diode current waveforms
in Fig. 12, the ratio of the average inductor Iy
and the load current 1 becomes

I
£_1
I -5 17
and the efficiency becomes
R
n= _ where a A 4 {18)
1+ a/(1l - D)? R

. By use of this result, and since efficiency is al-
ternatively n = VI/ngL' the voltage gain becomes:

voI, 1 Y 1-D - . _
—-—-n- = .
v T .1-D 1+a/1 -0 (QA-D2+a
' a9)

‘crease significantly for higher duty ratios.

V7vgh

17{2va’)

low D

e . e s — —

oy

o

Fig. 13. Voltage gain and efficiency of the boost
conventen deterionate significantly at
high duty natios.

As seen in Fig. 13, the voltage dc gain mnow
correctly exhibits a maximum value over the duty
ratio D range. Also, the efficiency is seen to de-
Com—
parison of the inductor and diocde current waveforms
at low and high duty ratios reveals the source of
gross differences in efficiencies at the two ex-
tremes {low and high duty cycle), as illustrated in
Fig. 1l4. ’

For low duty ratio, the average diode current
Ip (equal to dc load current 1), is almost equal to
the average inductor current Ij. Thus, the resis-

tive inductor loss Pjoge = IpRy and power delivered

to the load IR are roughly in the ratio Rg/R.
Hence for Rg/R = 1/100, the efficiency loss is very
good, around 1%. However, for the same amount of
power delivered to the load at high duty ratie D,
the diode current has to be a narrow pulse of high
magnitude (Fig. 14), such that its average value
over the full cycle is unchanged. But, the height
(magnituede) of this pulse also determines the aver—
age inductor current, which now becomes several
times, or even an order of magnitude, higher than

-the; deélivered dc load current. .The fingl conse-

quence is that on- the same inductor resistance it
generates a considerably higher loss. For example
for D = 0.8, and Rg/R = 0.01 as before, the effi-
ciency loss becomes Izz Rp/1I?R = 25%, or 25 times
higher. : :




HIGH D

Fig. 14. Tnedficiency of boost converten at high
“ 'dutgémao% attnibuted to the naraow
pulse, high magnitude output diode

cunrent.

This example clearly demonstrates the two
important facts associated in general with switching
converters:

1., The presence of even minute parasitic elements
can signficantly alter even the qualitative
behavior of switching converters (infinite de
gain vs. finite dc voltage gain, infinite Q
factors vs. finite damping factors for dynamic
considerations).

2, Pulsating currents in general lead to ineffi-
cient use of nonideal physical components
{resistive losses in inductors and capacitors

.etc.), and should be minimized as much as
possible.

This last peint is further reinforced by
consideration of the input currenmt in the buck con-
verter (Fig. 8). Owing to its pulsating nsture,
discharge of the input dec battery will cause, in

its internal source resistance, considerably higher

loss than for a smooth (nonpulsating) current. The
difference will be higher, the lower the duty ratie
of the switch, for the same reason as before —
narrow pulse of high magnitude. Thus, pulsating
current at either input or output is undesirable for
inefficiency as well as high conducted noise
reasons. Later (Section 3.4), a converter which
~meets this criterion will be presented.

The buck converter can only step-dowm input
dc voltage, the boost converter can only step-up de
voltage. Llet us now synthesize a converter which
can perform either of these two functions.

3.3 How to Create the General Step-Dowvm
or Step-Up Function

The previous two converters can now be viewed
as emanating from switching the single inductor
(inductive energy transfer) between the imput (dec

‘source) and the output port {dc load with capaci-

tance across it), as illustrated in Fig. 15a and b.
The remaining third possibility, in which the
inductor is grounded, results in the buck-boost
converter of Fig. 1l5c.

) buck converter

b) boost converter

“

Genenation of three basic induetive .
enengy transger comverdiens by eyelic no-
Lation of the inductance Ln senies with a
Sswiteh

Fig. 15.

From the usual volt-sec balance in steady-
state, the dc voltage gain is :

D , (20)
1-D

v—- =
V .
g

- Thus either a step-up (D > 0.5) or a step~down

(0 < 0.5) function can be achieved in the same con-
verter. As before in the boost converter, inclu-
sion of inductor parasitie resistance results in a
finite voltage gain instead of the infinite gain
given by {20) for D = 1,0. - :
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So far the switch has been considered ideal.
However, the semiconductor implementation as shown
in Fig. 16 results in additional efficiency loss.

Effect of Switch Nonidealities on Efficiency

- The semiconductor switch may well be approxi-
pated by two batteries (Fig. 16): one modelling
the saturation voltage drop of tramsistor Vg, and
the other the forward voltage drop of the diode Vy.
Leakage currents in both devices when they are off
can safely be neglected. To simplify derivations
and observaticns, we now assume that the inductors
are .ideal and consider only efficiency loss due to
gwitch nonidealities. From the input and output
pulsed current waveforms, the average curremts are
calculated, and so the efficiency n 1s

D' viv real voltage gain

n= VL, " D/D' - 1deal voltage gain (21)

L

However in steady-state the voit-sec balance
still applies, and results in

- - ' (22)
(vs vs)n'rs v+ VF) Tg
v+V . N
. @
BTV -V,

Substitution of (23) in (21) finally gives

ne £ -8 —— (24)

In the special case of the buck-boost
converter, this result could have been obtained
from consideration of “input" and “output" circuit
efficliency Ny and Ny, respectively

n g(vg - vs)Iin - vg B Vs
I
v v
g in g
vl ¢ v
.no = ou - ] (25)
(v + v‘F)Iout v+ VF
n = TIITIO

The form of the result (24) is very 1llumi-
nating and leads to a general conclusion:

tigh efficiency is difficult Lo obtain even
with swifehing convertens when either input ox
output voltages are fow and comparable Lo transiston
and diede drops.

For example, for 3V output, efficiency
degradation is 251 due solely to the inclusiom of
the diode drop Vp = 1V. A diode with a lower volt-
age drop (such as a Schottky diode) would improve
efficiency. 4 transistor with a high saturation
voltage causes similar efficiency degradation on
the input side for low input voltages. Simultanecus
low input and low output voltage conversion is
apparently even more inefficient.

However, these dc losses are not the only

“u S
e 03y T
iy, + Otk ~ BRI

VeV
*Vf cemi conductor lossas since, in addition, switching

losses are generated in the semiconductors as well.

Namely, during the switching between its ON and OFF

states which does mot happen instantanecusly, the

transistor travels through its linear high dissi-

pation region as illustrated in Fig. 17. Integra-~

tion of the instautaneous power (product of transis-
— tor voltage and current) over the tramsition inter-
—» val and its averaging over the switching period

g v,
fowt -V .
-]_' 7 = tourd W,
Vg T - . D.IL I
T % T

Fig. 16. Conveater efficiency in presence. of suwitch

nonideatities {nonzenro transistor and
diode voltage drops).

O results in switching losses. New MOSFET power .
transistors have much shorter switching times (rise
and fall times) than comparzbly rated bipolar
transistors, hence reduced switching losses, but
their dc losses are higher due to still substantial
ON resistance of the device. Note that a power FET

— is appropriately modelled by its ON resistance
(typically 0.3Q - 3Q range) rather than the battery
Vg as in the bipolar transistor case. “Thus, the

" Dinclusion of .all losses (semiconductor losses,
perasitic resistance losses, core losses in magnetic
components etc.} may lead to suvbstantial deviation
from the ideal 100% efficiency. . . .
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t

Finite semiconductor switching times Lead

Fig. 17.
witohing Losses duning transition

Lo swi
between the ON and OFF states.

Discontinuous Condiction Mode

In practice load current may change over a
wide range, from no load to full load, and it is
desirable that converter operation not be gignifi-
cantly affected. However, this is not so as
illustrated in Fig. 18. Namely, increase of load
resistance leads to a decrease of load current,
hence the average inductor current is continuously
reduced from waveform a in Fig. 18 to waveform b.
Neverthelegs, further decrease of the load current
does not produce waveform c. The waveform ¢ would
require that the inductor current falis to zero
and zeverses Lts direction during the transistor
OFF time., However, the diode is a current unidi-
rectional element and does not conduct current in -
the opposite direction. Hence at the instant
defined by waveform b in Fig. 18, a new mode of
converter operation is encountered termed discon~
tinuous conduction mode (DCM). Further decrease of
load current beyond that point results in the
typical discontinuwous inductor current waveform
shown in Fig. 19 from which the name originated.
‘The inductor current, after reaching zero level in
interval D,T;, stays at this level for the remain-
ing part of the D'T interval (D,Tg), thus result-
ing in a third linear network for which both
transistor and djode are OFF.

i +
tronsistor
ON OFF
—_—
: t
iL ? -
o~ 8 high R
-
/ \/ 1
c

Fig. 18. Decrease of the Load cuwwnent below some
eritical value (waveform b) Leads to a
new mode of cpexation: discontinuous
eo ion mode.

L
T

iy

1

bl
OTs. " DTy 'DaTy' -

Fig. 19. Salient features of the discontinuous
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conduction mode itlustrated on the buck-
boost converten,
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Y

L

Tet.fst

Four parametens are affecting discontinu-
ous conduction mode: decnease of Load
cwarent, inductance L, swifehing
requency {, and duty cycle D.

Fig. 20.

As seen from Fig. 20, in addition to increase

of load resistance, other parameters are those
which affect the inductor current ripple: decrease
of inductance value, increase of switching period
and decrease of duty ratio. The first three can
conveniently be lumped inte a single dimensionless
parameter K

2L
K= RTS (26)

whose reduction im value leads to the discontinuocus
conduction mode. Note that the decay interval D, Tg
and the voltage gain M are as yet undetermined:

% - £ (D,K) @n
g 1

1)2 - fz(n,x) - (28)

S

However, from the volt-sec balance on the
inductor (Fig. 21) ’

(29)

ol

v
- =
v

8 2z

in which the "decay" duty ratio D; is still unknown.

However, from the instantaneous diode current in
Fig. 21 and 1002 efficiency assumption,

n-— DT, -¥ : (30)

o

¥
L

b

[ |
B

(31)

'L l I’“
vﬂ . -
W3 % _ 1/
Ay
Fig. 21. Evaluation of de conditions {in discontin-

uous conduction mode (DCM) ath/wugh wave-
{oam observation.

Thus, the solution for (27) and (28) becomes

¥y . 2 (32)
v Tx
B
D, - ¥x 33)
The converter will then operate in this
discontinuous conduction mode whenever:
K <¢l - D)? (34)

DCM: D2<1——D

The normal mode of converter operation (K > (l—D)z)
is often designated continuous conduction mode
(coM).

Two-Quadniant Conventer Concept

The onset of discontinuous coanduction mode is
triggered by the inrability of a diode to conduct
current in the reverse direction, that is, because
of the cwurent unidirecti{onal jmplementation of the
ideal switch. However, if an alternative path is
provided for the current to flow in the reverse
direction, this mode of operation will be circum—
vented and continuous conduction mode obtained even
in the no-load case. This is shown by addition of
another transistor across the diode and another
diode across the original transistor, which provide
for alternate current flow and realize in hardware
a curnent bidirectional switch or, as termed here,
a fwo-quadnant swifch. The two transistors in Fig.
22 are switched out of phase (when one transistor
is ON the other is OFF and vice versa), and the
diodes act as synchronous switches. Special pre-

-cautions usually have to be made (dead time) to

guard against their overlapping conductiom.

The i{mmediate result of such two—quadrant
switch implementagtion 1s that the discontinuous
conduction mode is completely eliminated, even at no
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lcad, as seen in Fig. 22. Note, however, that even
though the irstantanecus inductor current may become
negative, its average current {(and also the average
diode current) has to be positive, because the power
flow is in average still from the source to the lead
{from left to right in Fig. 22). Nevertheless, the
direction of power flow can be changed provided an
active load such as a battery or motor turning inte
a generator is used, as illustrated in Fig. 23.

—> power flow
K3

™ |

idinectionat cwwnent implementation of
the ideaf switch eliminates discontinuous
conduction mode even at fow Load curnents.

Fig. 22.

i

Fig. 23. Bidinectional power §Low alfows the molon
Load to become genenaton, and batteny o
change §rom a cwwrent sink (charge) Ao a
curnent sounce {dischangel.

Therefore, the average inductor curremt cam be
either positive (battery charging) or negative
(battery discharging). HNote, however, that the out-
put voltage polarity is the same, negative, for
either current direction. Hence, the converter is
classified as a fwo-quadiant conventen: a single
pelarity of voltage and two polarities of current,
which on voltage vs. current plot would occupy two
quadrants. Finally it 1s apparent that any one-
quadrant converter can easily be turned into a two-
quadrant comverter, provided its switch fmplementa-
tion is current-bidirectional, that is, a two-
gquadrant switch.

Pe lsofation and Muliiple Outputs

For many practical applications dc isolation
is required between the input (source) and (load).
Besides the main protection reasons and requirement
for different output grounds, a number of addition-
al side benefits are achieved, as illustrated on
Fig. 24. The dc isolated version of the buck-boost
converter (scmetimes also referred to as the fly-
back converter) is obtained in two simple steps:
first, the two winding (bifilar or otherwise)
inductor is built (Fig. 24a), and then electrical
connection between the two windings is brokem, thus
resulting in the dc isolated wversion of Fig. 24b.
Rote, however, that this process itself suggests
that the transformer obtained in such a way must
have the same inductive storage capability as the o
original single inductor. This has a rathér serious
drawback, as will be discugsed later in Section 4 en
mapnetics design, since such a transformer has to
be designed to withstand a dc bias greater than the
average input current. Although this may limit its
usefulness for higher power designs, the simplicity
of the dc isolation generation makes this configu-
ration & viable choice for lower power designs.

A8 1

Fig. 24. Simple bififan windings step la) feads 2o

“ ‘a de isclation in the buck-boosi .
converter (b) thaough breaking efectrical
connections.
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The isolation feature, brings as a by product some 3.4 Ome Step Closer to the Ideal De-to-De
additional benefits (as it does in general for any Converter (Cuk converter)
isolated configuration). A simple change of the
igolation transformer turns ratioc contributes an

- additional step-up (or step-down) factor {Fig. 25),
which helps alleviate efficiency degradation prob- ration gradually emerges: an inductor is needed in
lems occurring at high duty cycles {as described in series with both input source and output load for
Paper 18). Namely, an additional step-up is obtaim- either switch position. Then, energy transfer and
ed by the tums ratio without rumning the comverter level conversion is achieved by use of a single
st an excessively high duty cycle. Finally, the capacitance and a single switch as shown in Fig.
original converter limitation (negarive output velt— 26a, or its bipolar transistor, diode implementa-
age polarity for positive inmput voltage polarity) is tion in Fig. 26b. Uplike previous single switch
easily removed by simple interchange of transformer configurations, the Cuk converter is based on
secondary connections (dot polarity marks inverted) capacitive energy transger. Thus its de current

and appropriate change of diode direction, as seen gain may be easily deduced from the capacitor
in Pig. 25. current waveform using a charge-balance method in

steady-state (see waveform in Fig. 26)

With a clearly defined goal of achieving non-
pulsating curreants, the desired converter configu—

r -

I1 b TS = Iz D'l‘s (35)
or, from the 100% efficiency argument, the voltage
dc gain is

. v, D
v 1-0D (36)
8 .
r—3 Ny ~ Vys =t e
1 T TN, I-D that is, the same as for conventional buck-boost
_L {Fig. 24). Note that for simplicity of argument
Ne :E the inductors were assumed to be large emough such
. T that the slope is negligible and results in rectan-—
- gular curreat waveforms. The transistor and diode
in Fig. 26b operate in the usual synchronous manners
when the transistor is OFF, the diode is ON and the
capacitance is charged with polarity direction
showm; when the transistor subsequently turns ON,
Fig. 25. M ptipte outputs and polanity invension the capacitance voltage reverse biases the diode
are immediate additional benefits of the and turns it OFF. More details about the Cuk
] 5 ‘de isofation trans fonmer. ] converter, including the original approach to its
discovery, are given in Paper 18.
a) ig
Both nonisolated and isolated versions of the L
buck-boost counverter are clear examples of the com- o
verter based on inductive emergy transfer -- the L b 5
input energy is stored in the inductor {or trans-— t -—qms

former magnetizing 4nductance) while the transistor

is ON, and released to the load when transistor is ' iR S | T fbb’ﬁ‘ B

OFF. As a consequence both input (transistor) and i, ic 1 | i

output (diode) currents come in lumps {(pulsatinog l l

currents), which can cause substantial imput and b
L -

ly serious problem in gswitching power supplies.

output conducted noise — recognized as a potential~ 'l'

Until recently it was believed that the buck,
the boost, and the buck-boost converters were the
simplest and the only conceivable single—switch b) ey 1t
configurations. However, this was readily disproved i, 11 000 _._iz
by the conception of a new single-switch configura- i} :
tion, which in an elegant and optimm manner re- -
solved deficiencies such as pulsating currents and _I—I_I—L ¥

| - the far from ideal isolation transformer, such as
! that in the buck-boost comverter. -

ARA
Yy

. Fig. 26. Basic Cub convertit’Ts comprised of Bwo
inductons, capaciton, and single switeh (a)
implemented by a tnansision and a diede .-
{b}. S
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