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CHAPTER 1

INTRODUCTION

The series-pass regulator, using the transistor as a nonlinear
variable resistor, was the most frequently used power supply before
the switched-mode power converters became popular. Due to the low

operating efficiency and the bulky filters, these conventional power

supplies (1-4) have been replaced by the switched-mode power converters

in the last decade. Recently, the trend has been to operate the
switched~mode power converters at as high a frequency as possible
(5-10). The motivation‘for‘going to higher frequency operation is
the constant pressure from aerospace and commercial applications for
smaller sizes and lower weights. Of course, a less appreciated bene-
fit of higher frequency operation is the increased control loop band-
width that results in a faster transient response., Because of their

lower internal losses, smaller size, lower weight and costs compared

to the conventional series-pass or linear power supplies, the switched-

mode regulators are in the process of revolutionizing the power supply
industry. However, the advantages offered by switched-mode power

converters are only possible if the following two important factors

- are accounted for during the design process:

1. Early in the design process, a decision must be made on
the switching frequency. The choice of switching frequency is compli-
cated by the fact that most design parameters (weight, size and effi-

ciency, etc.) change rather slowly with increasing frequency. There




is relatively little advantage to be gained by increasiﬁg the switch~-
ing frequency by a factor of two or thiee. The switching frequency
mﬁst be increased high enough tormake the reduction of magnetic aﬁd
capacitive components well worthwhiie becaﬁse of the fact thét the
switching and magnetic losses increase»rapidly at higher fréqﬁencies.

The choiée of switching frequency‘isvcomplicated by other fac-
tors such as the power converter specifications, the chOice'ofipower
switches (bipolar or power MOSFET),:and‘the power level,,etc.i Se-
lecting a switching freqﬁency based purely on a designer's experiences,

results in, in most cases, a piecemeal suboptimum design.

{2) The most attractive advéntage of operating é switching
vcdnverfer at a higher freqﬁenc? range (with the present technology,
‘trénsistors can beHoperated to the hundred KHZ range, power MOSFET
to the MHZ rangé)‘is the'redugtion in volume of the magnetic com—
ponénts,vsuch aé, traﬁsformers, inductors, and CapacitOrs;  Becéuse
of the reduction of core cross sectional area, wire size and the num-
ber of turns at highér frequencies, improper selection of the magnetic
components oftén fesult in cores with too‘much window area. As a
result, the proportions of the core design aré often‘not optimum.
Though the magnetic sizes decrease with higher switching frequency,
improper design of‘magnetic components could‘increase the weight penalty
due to‘the increased magnetic losses.

.- This dissertation presents a detailed analysié and comparison
" of two of;the most popular ana functionally similar switching power
converters, that is, the cénventionalvBuck%Boost converter and the‘

Cuk converter as shown in Figure (1.0-1). Detailed comparisons and
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Figure (1.0-1) .. Circuit Diagrams

(a) Buck-Boost Converter

(b) Cuk Converter



evaluations are made of these two converters in light of total cir-
~cuit weight and power'lcsseé. A powerful and efficient nonlinear
programming technique using the penalty function method is employed

v for the comparisons. In the comparison pfocess, the two important
faqtorsfrelated to switching power converter design as posed above are
soived, Both thebBuck-Boost'converter andbthe Cuk convérter perform
the same function of either stepping ﬁp or stepping down the input
voltage. .The major difference is that the Buck-Boost converter em~
ploys the inductor as the energy transfer device and the Cuk converter
uses the capaéifor for the same purpose. Before presénting the detailed
comparison of the two converters, the motivation behind the research

work ié briefly described in the following.

1.1 Motivation of the Research Work

(l): Moﬁivatioh for the comparison of these two converters

The comparison of'thése two converters is motivated by researéh
conducted by Léndsman and Wood‘(ll,lZ) aﬁdla séries_of publications
(13-22) by Midd‘lebrook-an& Cuk. In 1977, Cuk discz.dsed, for the first
time, the new optimum topologf Cuk converter which is characterize& b&
' nonpulséting'input and output-currenﬁé. The existing Buck-Boost con-
verter, as shown in Figure (l.l—la), comhines the undesirable pulsat-
ing'inpﬁt‘current of the Buck converter and the undesirable pulsating
output cufrent of the Boost cgnverter. Instead of cascading the Buck'
converter by the Boost coﬁverter, Cuk caééaded the Boost converter by
the Buck converter. This, together with some network mahipulatioﬁ (13),

results in the Cuk converter as shown in Figure (1.1-1b).
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Figure (1.1-1) <(a) Basic Buck-Boost Converter .

(b) Basic Boost-Buck or Cuk Converter



This Cuk converter preserves the‘désirable nonpulsating input
current of the Boost converter and the nonpulSating output cﬁrrent of
the Buck converter. At the same time it performs the function of a
conventional Buck-Boost converter of either stepping up or stepping
down the input voltage based on the value of the switching duty cycle
ratio.

Cuk hés claimed that the Cuk converter is the only de-to-dc
converter missing from the existing basic switching converters (i.e.,
Buck, Boost and Buck-Boost converters). Furthermore, he has claimed
that the new converter has all of the advantages and none of the dis-
advantages of the existing basic converters, such as, smaller switching
ripple, higher efficiency, smaller size and weight (13). |

In 1979, Landsman derived the Cuk converter énd the continuous
Buck-Boost converter from a canonical switching cell and proved that
they are electrically equivaleﬁt.. He claimed that the Cuk converter
exhibits no advantages 6ver the conventional Buck-Boost convertér 11).
In the same year, Wood stated that switching converters should be
classified and related by circuit function and not by circuit topology.
Furthermoré; he claimed that the Cuk convertér is nothing more than
the electrical reciprocal of the conventional Buck-Boosﬁ converter.
Neithér Landsman nor Wbod*providgd a detailed comparison and evalua-—
tion of the performances of these two functionally equivalent and
competitive converters. The claims made by Cuk about the advantagés
of his converters were based upon a comparison befween the two con-

verters using the same component values and switching frequency (13).



The drawback of the comparison made by 6uk is that these two conver-—
te:s did not satisfy the same perforﬁaoce specifications. Consequently,
his conclusions about the‘sﬁperiority of the Cuk converter cannot be
fully juStified. Instead ofkosing the same component‘values for the

two converters, theocomparison.should have been based upon the opti-
mum designs for a‘given.set of performance sﬁecifications. Soch a
comparison will be made later in this-diSSertation.

(2) Motivation for the evaluation of coupled inductor Cuk

' rlpple reductlon

After the disclosure of Cuk converter in l977,‘the coupled-
inouctor version of Cuk converter was iotroduced tovfurther reduce
either the input or output current ripples by coupling the input and
‘output inductors on the eame core,.thus”further reducing the size and
weight. = Depending on the relationship between the coupling coefficient
and the turns ratlo, the 1nput and output current rlpples can be
equally‘reduced (balanced ripple reduction) or steered to either the
input or fhe output (unbalanced ripole reduction). Cuk, based on the
'theoretical'WOrk (14,19,20),-pfedicted the balanced end unbalanced/
current ripple feduction of ﬁhis conveftervas a fonction of the coup-
ling coefficient and the effective turms ratio'of the coupled—inducfor
-version of Cuk~oonverter. No quantitative evaluetion‘was made be-
tween these two modes of operation. In this research Wo:k, detailed
comparisons and evaluations are made of these two modes of operation.

A block diagram that outlines the procedure for the compari-

sons between these two converters is given in Figure (1.1-2). Nonlinear



Buck-Boost
Nonlinear
Programmiﬁg
-Cuk

Technique

Detailed Magnetic Design

Evaluation

and

Detailed Loss/Weight Breakdog%s 'Compaxisons

Figure (1.1-2)° Block Diagram for the Evaluation and Comparisons of
the Two Converters '




programming (23) isvutilized to calculate ﬁhe detailed magnetic de-
sign information and the loss/weight breakdowns of the optimum de-
signs of these two converters for a given set of performance specifi-
éations. The information thus obtained is then used for the comparison/
evaluation of these two converters and the implementation of thé com—
plex magnetic components such as theﬂinductors. The detailed magnetic
design information includes the core size, wire size and the number of
turns. The manufacturer's core catalog is then used to implement the
design. In order to make the magnetic design realizable, a'core gap
may have to be incorporated. The information required to determine
the optimum designs of these two converters includes:

(1) The design constants, such as; copper and core density,
transistor and diode switching times, etc.

(2) Performance requiréments, such' as, input aﬁd output vol-
tageblevel, output voltage ripple factof; input filter peaking limit,
etc.

(3) Design constraints, such as, loss constraint, output rip-
ple factor constraint, and maximum operating flux demsity constraint,
etc.

(4) Objective function--the objective function is the quan-
tity which is to be minimized, the quantity could be the total con-
verter weight, loss, or cost. In the comparison of the two converters,
minimum weight is the quéntity to be achieved. ' The detailed non-
lineér prograﬁming aspect utilized for the comparison will be ela-

borated upon. in Chapter' Three.




10

1.2 Review of Literature on the Development and Analysis of
Switched-Mode Power Converters

The search for a more efficient way of obtaining DC power at
#arious voltages to operate eleéectronic circuits and equipment started
more than a decade ago. In 1966, Moore and Wilson (24) laid the
pioneering framework for avmeaningful definition of DC to DC power
conversion by summarizing, from a power-conditioning viewpoint, cer-
tain information on nonlinear circuit theory. In this paper, several
constraints encountered in all DC to DC conversion networks were
pointed out, inclﬁding:

(l) the necessity of DC to AC inversion as an intermediate
step within a DC to DC conversion network;

(2) the minimum amount of AC power which must be involved in
this‘intermediaté step; and

(3) the requirement for any network in which DC to AC inver-
sion takes place to contain one or more active resistors which are

properly connected in relation to the DC source.

In 1968, Kossov (25) derived the output-to-input voltage relation-
ship as a function of duty cycle ratio and the output characteris-
tics for the three basic converters--Buck, Boost, and Buck-Boost,
for both the continuous and discontinous current modes of operation.
Based on the ﬁork by Moore and Wilson, Hoo (26), in 1972, derived
the general laws of DC-DC regulators independent of circuit topology
and device physics. Hoo pointed out in this paper that the speed of
regulation and possible size reduction of the energy storage devices

‘'within the regulator favored a high internal AC frequency. However,
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this resulted in higherilosses. He also pointed out that for a given
set of requifements and a list of available devices, an absolute opti-
mum design was extremely difficult to achieve since such factors as
efficiency, cost, weight, and volume were in conflict. The lack of
propef modeling and design tools was the cause of not achieviﬁg op=
timum converter design.

At this stage, the modeling of nonlinear switching power con-
verter was still lacking. This situation started to change in 1972
when Middlebrook and Wester (27,28) introduced for the first time the
Averaging Technique to model the switching regulator power stage for
the continuous current operation. Simple analytical expressions in
terms of circuit parameters were derived for the characteristic tran-
sient and frequency response for use in designing and understanding
the'behavior:of?switching converter power stages. The modeling of the
highly nonlinear switching converter power stage subsystem was now
available through the invention of the Averaging Technique. - However,
the modéling of the feedback modulator subsystem, which controls the
switching of the po&er transistor of the power stage and which involves
both analog and digital signal processing was still missing. This
rendered the modeling of the entire switching regulator system com-
posed of both the power stage and modulator subsystems incomplete.

In the same year, Middlebrook used the &escribing function
method (DF) (29) to derive the transfer function for a constant fre-
quency, variable duty-ratio, push-pull magnetic modulator employing
square-loop cores (30,31). With the modeling and analysis of the

power stage and feedback modulator subsystems available at this stage,
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the behavior, such as, stability, traﬁsient response, output impe-

~ dance and éudiosusceptibility‘of a complete switching regulator could

N

be analyzed and underétbod for_the first time. Since then, this model-

ing technique has been appliedvto stability anal&sis énd.design’of '
two-loop (32,33,34)‘and multi-loop (35) pulse-width-modulated (PWM)
controlled ﬁC/DC regulators in‘continuous.and'disccntinuous current
- modes. ,
- Then in 1975, Middlebrook described an experimental method to
‘ measﬁré the loop gain of a closed-loop system by a voltage or a
‘current injection techniqué without opening the ioop. The important
feature of this method was that the loop remained closed, so that
waveforms of the operating ﬁoints were not disturbed. This experi~
mental method, coupled with the describing function method, permitted -
the énélysis and designbof switching regulators. The averaging tech-
‘nique is based on équivalent circuit ménipulations, résulting ina
single equivalent linear circuit. The averaging techniqu;, unfor-
tUnéfely, isbnot general aﬁd unified for switching converter power
stages. |

In 1976; Middiebfookvand Cuk coupled thevstaté-éﬁace represen-
tation of  switching networks with the equivalent circuit represen-
tation of the_pfeviously developed Averaging Technique‘resulting
in a new State-Space Averaging Technique (21,22). This technique
offered the advantages of both existing methods——the general unified
treament of the staté—space approach, as well as an equivalént linear
circuit of the averaging’technique. With this new technique, any
DC~to-DC sﬁitching converter can Be,modeled by a canonical circuit

form (21). This canonical circuit model can be easily incorporated
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with the feedback network into'ap equivalent circuit;mgdel,ofva.CQmé
. plete switching regulator to study its dynamic and frequency respbnse.
| The benefits of significantly higher efficiencies and smaller
sizes andeeights of switched-mode regulators in comparison With con—~
ventional linear dissipativeiregulators are not achieved withoht a
price; that is, the regulator input current has a substantial ripple
component at the éwitching frequency, with a consequent necessity
for an inﬁut filter to smooth out the current drawn from the unregu—
 lated line supply. The incorporétion of an improperly designed iﬁput
filter with a switching‘power converter:can cause many_problems._ Yu
pointed»oﬁt that under certain conditions the filter-regulator com-
bination can act like a negative resistance oscillator rathér than a
DC to DC converter (36). Sokai (37), in a more clear statement, de-
rived a simPle'ferﬁula thét pre&icted the oscillation of‘tﬁg filter-
regulator system. At fhe same time, hé ;lso presented techniques to
prevent thé oscillatioﬁ; 'Systematic-investigagion of the effects’of
the iﬁput filter én the stabilit? of a switching regulator did not
come‘until 1976 when Middlebrook applied the stage-space averaging
techniéue to develop a design criteria for the filter;regulator
combination (38,39).‘

At this stage, the modeling, analysis, and désign of switch~
ing regulators were compléte. ‘But the search for new and more
efficientvconvérters went on. In 1976, Harada and Matsﬁo_intro—
duced‘the concept of cascaded connection of switghing converters
(40,41). In this concept,a new cascéded gonve:tér with a small»

fduty-cycle ratio and a large regulation range as well as no .
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~occurrence of switching surge was obtained. In the next year, 1977,

ﬁuk; from the modeling and anal?sis’point of 'view and the drive,to
derive a novel switching converter‘ﬁith E;fh input and output non-
pulsating currents, cascaded the boos; éon%érter by the buck éon-v
verter and came out with a new cénverter which he claimed was the
optiﬁum topology for switching DC-DC power converters (13). 1In

the following year,‘a coupled-inductor version of this new Cuk
convertér was disclosed in IEEE Industry Application Society Annual
Meeting (14). This couéled—inductoryversioﬁ ofaaCukcanverter,coul&
reduce. both the iﬁput and output current ripple as well as steering
the zefo current ripple to either the input or output side (19);

In 1978, isolated single and multiple output versions of the Cuk
converter were disclosed. These new versidns of the Cuk éonverter
are charactérized.by good self and cross regulations (14,15,42,43).

In‘the same year, applications o£ the Cuk converter to the spacecraft

battery, charging and discharging (16L and to high-frequency switched-

mode. power amplifiers (17) were reported.

With thé modeling, analysis and design technique now availahle,

the developmentvgﬁ therswitching regulator‘seems‘to be completé,
"however, this is not the case. A review of the components re-
quired to build a high frequency switching regulatof reveals that,
other than the control loop, there aré four Basic types of com-
ponents which determine the overall power circuit stage performance.
They are: the power switch, the magnetic components, thé diode, and
the capacitor. With the higher power, higher speed semiconductér

devices and the large number of protective circuits now available,
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the design of the magnetic components affects oyerall performance
more than any of the other components. ‘The various magnetic. com~
ponents being used in high frequency electronic power conyersion to-
day can be grouped into two major categories: transformers and in~
ductors. The design details are quite complicated, including the
core dimension, choice of core material, number of turns and the
winding size as well as the problém of nonlinearities arising from
magnetic saturation.

- In 1972, Owen and Wilson (44) developed a series of programs
for the design of the inductors of single-winding flyback converters.
The érograms searched an array of available cdre sizes and permea-
bilities for a complete list of windable cores that matched all con-
straints of the design equations. The design through this search was
iterative and never reached the o?timum design. In 1976, Owen and
Wilson (45) improved the previous method by a screening rule that
was based on the energy transfer réquirement of the magﬁetic core (46).
Using this screening rule, the search process was reduced to a methodi-
cal table search. Again, this was an iterative trial-and-error pro-
cess, and the optimum design was never reached. In the following
year, Judd and Kressler (47) presented a technique for designing
transformers with given size and type of structure to have the maxi-
mum volt-ampere output while at the same time satisfying a number
of design constraints. This technique was based on a mathematical
optimization problem whose solution is a set of parameters charac-
terizing the maximum VA output design. An assumption was made, such

as, all dimensions of a given core geometry retained the same scale
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to one another, in order to get analytic solutions. The’diatingnishr
ing feature of this method was that it did not go through the itera-
tive process as all previous methods did, and the optimum design was
obtained in an attempt to minimize one objective function such as the
power output of the devices. In this dissertation work, a powerful
and efficient Nonlinear Programming technique will be used to deter-
mine the optimum magnetic design,without going through the iterative
processes, and to facilitate the comparisons between the conventional
Buck—Boost and the new Cuk converters. The comparisons made between
thésé two converters under the optimum magnetic design are thus

justified.

1.3 Qutline of the Objectives

The previous two sections pointed out the controversy sur-—
rounding the performance of conventional Buck-Boost versus the new
Cuk éonverters as well as previous work in the design and analysis
of such converters. The research_presented in this dissertation will
mainly focus on the relative performance of the optimum conventional
Buck-Boost and Cuk converters to a given set of performance specifi-
catibns. The bases and procedures followed for these comparisons
are summarized below:

l; The transistor switching frequency is held constant and the
loss and weight breakdowns of the optimum designs for that: fre-—
quency of the two converters are determined. This process is
vepeated for a range of frequencies which allow the determina-
tion of the loss/weight breakdowns as a function of the fre-

quency.. In this work, the frequency ranges from 20 KHZ to
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60 KHZ in 10 KHZ steps. Several distinctive advantages can

be realized by using this approach, namely:

a. By treétiﬁg the frequency as a coﬁstant in each“chpﬁter
run of both.convetters,.the‘program can be brought to
faster convergence.

b. The com@arison of the loss and wéight breakdowns of both
converters as a function of frequency can be clearly pic-
tured. Most important of all, the optimum frequency rénge :
of both comverters can be identified. |

c;‘ The tradeoffs between weights and:losses‘of both converters

as the frequency increases can be evaluated readily.

" Next the switching frequency is treated as an unknown variable

which is determined by Nonlinear Programming for both converters,
such that,the optimum designs for a given set of performance
specificatidns are obtained. Comparisons of these two converters,

for the optimum designs, can ‘then be made. ' Two advantages are

_ gained through this approach, namely:

a. By treating the switching frequepcy as a variable,_the'over-
all design can be accomplished in éne attempt without goiﬁg
through the laborous constant-frequency approach as outlined
in (1) or ény other trial;an&;erroriterative processes re-
sulting in a piecetmeal suﬁoptimum design.

b. Comparisons of the results obtained ﬁnder (1) and (2)‘can
be checked against each other. For example, the optimﬁm
‘switching frequency'frqmvapproach (2) can’be cﬁecked to see
if it falls near the Valley or optimum frequency obtained

from the constant frequency approach.
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The optimum magnetic designs of the inductors for both converters
are realized by the closest available cores from standard core

catalogs to check if the magnetic designs of both conyerters are

~economically feasible. Otherwise they would have to he custom

made.

Examine the merits of the coupled-inductor Cuk comverter under

balanced and unbalanced reduction of input/output current ripples.

- Study the general profiles of loss and weight breakdowns of

both converters as a function of switching frequency.

Study the switching device stresses of both converters. This
study is important for the selection of reliable semiconductor
switching devices.

Study the‘effect of the performance requirements on the Cuk con-
verter design, such as the effect of EMI requirement, output
voltage ripple factor, input voltage selection and the maximum
operating flux density, on the total weight and loss profiles.
This sensitivity analysis can provide’some ingights into
global optimum converter design.

Study the impacts of magnetic lqss and weight breakdowns on

the total converter design.




CHAPTER 2
ANALYSIS OF THE CONVENTIONAL BUCK~BOOST . CONVERTER
AND THE CUK CONVERTER '
It is well known that the Buck, Boost and Buck-Boost con-

verters are the simplest switching converters to realize DC-to-DC

voltage conversion. The Buck converter steps down the input voltage,

the Boost converter steps up the input voltage, while the Buck-Boost
converter can either step up or step down the input voltage depend-
ing on the switching duty cycle ratio. The three basic converters
and their functions are shown in Figure (2.0-1), where symbol D
represents the duty cycle ratio of the converter and is défined as
the ratio of the transistor on time to the total §n/off time or
switching period.

However, the three cohverters all have the serious drawback

of pulsating currents in either the input or the output side or

~ both. For example, pulsating current is found on the input side of

the Buck converter and on the output side of the Boost converter.
It is no surprise that pulsating current is found in ﬁoth the input
and output sides of the Buck-Boost converter since it is the cas~
caded connection of the Buck converter followed by .Boost converter.
Consequently, the Buck—Boost converter inherited the undesirable
properties of both converters.

The pulsating current on either the input or output side of
the basic switching converters can cause serious electromagnetic

interference or EMI problemson both the input and output sides or
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too high of an oufput voltage ripple. Another problem caused by
the pulsed input current is that the DC input source cannot supply
such pulsed current efficiently.  Consequently, input and output
filters are needed in the above three basic converters.

The invention of the Cuk converter was m§tivatéd by the ob-
jective to combine the desirable properties of the e#isting basic‘
converters, that is, to cascade the desirable nonpulsating input
current of Boost converter by the nonpulsating output current of
the Buck converter as shown in Figure (2.0-2). Another desirable
property of cascading the Boost by the Buck converter is that the
general DC conversion property (both increase or decrease of the in-
put voltage) is preserved as shown in Figure (2.0-2C). This con~-

figuration can either step up (D > 0.5) or step down (D < 0.5) the

~input voltage, depending upon the duty cycle ratio D.

It has been shown that the conventional Buck-Boost and the
new Cuk converter are both formed by the cascaded connection of the
existing basic Buck and Boost converters, the only difference being
the cascading sequence. It is also interesting to note that these.
two converters are duals of each other as shown inside the dotted
line in Figure (2.0—3). Although there are only minor topological
differences between these two converters, the overall performance
is quite different as will be brought out in Chapter 4 where de-
tailed comparisons of the loss and weight breakdowns of the re-

spective optimum design of these two converters are made.




22

‘ , 2
“T ] ST R
3 ;
Boost | Buck .
(b) L o L
o (T A :
i\ -Eo
T \ﬁ € =< R
(e) L, (;Jf L,
- rnn\ 1€ msied 7YY e _EO
= E \ C2 T R.é
“'EQ.;"D
E. 1-D
i

Figure (2.0-2) (a) Boost Cascaded by Buck Converter
(b) Transformation to New Cuk Converter

(c) Hardware Realization of the Switching Devices




23

(a)

Ll e e e

= f e e g o - asn - -

R

(b)

A

fEigure (2.0-3) Duality of Buck-Boost and Cuk Converter

(a) Buck-Boost Converter
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2.1 ‘Principles of Circuit Operation of the Two Converters
‘and Waveforms

The research work done by Yu and Biess in 1971 on design as—
pects concerning iﬁput filter for DC-DC converters . (36) had pointed
out that the two-stage input filte; provided the best compromise
among many conflicting implications due to various filter require-
ments. The single-stage filter often cannot satisfy the specified
requirements on audio susceptibility and is even bulkier than the
two-stage filter (48). For these reasons, the two-stage input fil-
ters are incorporated in the comparisons of the.conventional Buck-
Boosé and Cuk converters. Schematics of the final form of the
conventional Buck-Boost and Cuk converters which are used for the

comparisons and evaluations are given in Figure (2.1-1) and Figure

(2.1-2) respectively. The unknown design variables that characterize

the performance of these converters are also given in these figures.
The unknown design variables are determined for a given set of
performance specifications by means of a nonlinear programming tech-

nique which will be discussed later in this dissertation.

2.1.1 Principles of Circuit Operation of the Buck-Boost Converter

The conventional Buck-Boost converter as shown in Figure
(2.1-1) is constructed by four ingredients:

1. The two stage input filter composed of L., L

1’ 72

C3, C4.
2. One power transistor switch and one commutating diode.

3. The energy storage/transfer inductor-LG.

4, The output filter CS'
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R; : EMI Filter Damping Resistor
L, ,I.‘2 : EMI Filter Inductors
Lé ) H Energy Storage Inductor

CB,VC[‘ ’CS : Filter Capacitors

A‘l ,Az ,A3 H Core Cross=Secticn Area
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: Figure (2.1-1) Conventional Buck-Boost Power Converter

With Design Unknown Variables
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DESIGN UNKNOWNS: 24 VARIABLES

Parasitic Resistances of Inductors
EMI Filter Damping Resistof

EMI Filter Inductors .

OQutput Eilter-lnductur

Filter Capacitors

Energy Storage Capaci:ﬁr

Core Cross~Section Area for a Given Magnetic Material
Mean Magnetic Pé:h Length

Number of Turms of the Winding
Winding Area Per Turn

Converter Operating Frequemcy

Overall Operating Efficiency

Cuk Converter with Design Unknown Variables
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All of the resistances of this circuit except for R3 which‘is.uged
as a damping,resisﬁor:and RL.whichﬁrepresénts the load, are para-
sitics of their reépective devices. |
The'input eleétromagnetic interference (EMI) filter serves
two purposes. (1) It solves the.auAio susceptibility‘problem.
~ That is, it isolates the regulator from the inﬁut source‘voltage
variations and the unexpected transients which may appear at the
input to the convefter. (2) It solves the electromagnetic inter-
»ference (EMI) conducted current problem (49554). That is, it
suppresses the switching'alternating current component, generated
by the transistor switching action, from being reflected back to the

source that may interfere with the source or other loads hanging

1

on the same source.

- The power transistor, which is.uéed_as‘a'switch, is respbnsi-
bie fqr the DC‘to AC inversionias an interme&iate,step.neceSsary
in a DC-DC switcher. The output filter is needed to eliminate har-
moﬁics in the oﬁtput DC voltage due to the transistor switching.v'

The detailed circuit operation caﬁ be befter understood by

breaking down the original ciréuit into two circuit configurations
corresponding to the on and off states of the power transistor as
shown in Figure (2.1-3). The critical'circuit waveforms of the
circuit are also shown in detail in Figure (2.1-4) to help ex-

plain the principles of the converter operations.

(1) The interval DT when the transistor is on
The circuit conﬁiguratipn'corresponding to this interval is
shown in Figure (2.1~3a). Starting with the input filter

operation; the first stage, consisting of L1,4C3,~R3,




28

Q

\ £
$

— T
R

E, —. e —— -
b Bt : <E> E
,1f R, ‘ ' 3 &
N , BUCK-BOOST POWER STAGE
(a) SWITCHED ON
: R L,
1
. rn
4 L L :
B = © ° % % ' <t
3‘3 16 . R5 ql
(b) SWITCHED OFF
L PR
J\ a5
} L :
E, = 3 ' - 3 ’
- — 4 <
:L: R, . :
R, : 6 Rs

Figure (2.1-3) Buck-Boost Circuit Configurations

Two Switching Intervals

During the




(2)

‘the ramp current through the tramsistor i
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controls the resonant peaking of the filter, R, is built

3

"~ in to set the O-factor to be.not greater than some specified

value in order to control the damping. Also in order to -
avoid the power loss in the shunt damping resistor, Ry 2

blocking capacitor, C3,-ia~placed in series with.it. The

second stage of the input filter consists of L2, C4 which sup-

ply most of the pulsed current demanded by the power switch
when iﬁ is on. Since 04 provides essentially-moét Qf‘the
pulsed'current, negligible current flows in C3 and,R3; and in-
ductdr Ll passes essentiallyra directvcurrent required by the
power convérter. Since C4 supplieé the pulsed current, a low

ESR (equivalent series resistance) capacitor is highly recom-

" mended in order to reduce the ESR loss. During this interval,

Q

éharges the energy

‘storage/transfer inductor Lg as shown in Figure (2.1-4) ready

for discharging to the output filter and load in the next off
intervai. The commu;ating diode is'reversed.biased and cut
off dufing this interval and consequently the energyvstored
in the outputifilter capacitor is discharged to supply the

load current.

The interval (1-D)T when'the‘tranSistor'is off

The circﬁit configuration corresponding to this interval is
shown in Figure (2.1-3b). Some differences can be‘obserVed
by inspectingvthé‘circuit waveforms shown in Figure (2.1-4).
First, the input current chargés the filter capacitor C,

to compensate for the energy discharged in the previous on
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state. Second, the commutating diode is an automatic switch
in that it.closés’wheﬁlthe'transistbr isvopen in‘or&er'te‘
commutate the continupus energy stqrage/txansfer inductor
current i, .. Third, the energy stored in the energy storage/
transfer inductor in.the’previous state now discharges to
supply the load current and recharges the output filter capa#
citor CS' The energy discharged from energy starége/ﬁransfer
inductor in‘this off state can be depicted by the ramp down

inductor cutrrent iL6 shown in Figure (2.1—4).

The circuit waveforms shown in Figure (2.1-4) are not only

used to understand the qirtuit operation of the converter, but
ﬁhey ére also used to derive some of the design constraints as
will bg shown in the following sections. The designations used
télrépresent the current quanﬁities infEigure (ﬁ;l—&),and the
input-output voltage relationship are summarized in the follow-
ing:

a. Input-Output Voltage Relationship:

E, T g |
T =15 (2.1-1)

where Ton = Transistor on time
) Toff =T- Ton
' 'Ton
D = Duty cyele ratio = I
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Pulse current for transistor base drive

i, =
Ii = Average DC current of the transistor current pulse
.. P E_+E; o
) PO.A.T 5 EQ + El 2.1e2)
eE, T eE. E - -
i “on i o)
av Average DC current drawn from the source
Po
= oE. (2.1-3)
i
Zd6 = Peak-peak AC current ripple through the transistor

E.E
io

io (2.1-4)
(,Eo + Ei)LeF

I
o

Average DC output load current
It is important to point out at this stage two important
factors concerning the circuit waveforms of the conven-

tional Buck-Boost converter. (i) The current through the

transistor is discontinuous. In order to make the average

current in the input and output ports of the two stage in-
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