POWER-SWITCHING
CONVERTERS

Second Edition

SIMON ANG

University of Arkansas
Fayetteville, Arkansas, U.S.A.

ALEJANDRO OLIVA

Universidad Nacional del Sur
Bahia Blanca, Argentina

Taylor & Francis
Taylor & Francis Group

Boca Raton London New York Singapore

A CRC title, part of the Taylor & Francis imprint, a member of the
Taylor & Francis Group, the acadernic division of T&F Informa plc.




Published in 2005 by

CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2005 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group

No claim to original U.S. Government works
Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number-10: 0-8247-2245-0 (Hardcover)
International Standard Book Number-13: 978-0-8247-2245-6 (Hardcover)
Library of Congress Card Number 2004059348

This book contains information obtained from authentic and highly regarded sources. Reprinted material is
quoted with permission, and sources are indicated. A wide variety of references are listed. Reasonable efforts
have been made 1o publish reliable data and information, but the author and the publisher cannot assume
responsibility for the validity of all materials or for the consequences of their use.

No part of this book may be reprinted, reproduced, transmitted, or utilized in any form by any electronic,
mechanical, or other now known or hereafter invented, including photocopying, microfilming, and
recording, or in any information storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com
(http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC) 222 Rosewood Drive,
Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and registration
for a variety of users. For organizations that have been granted a photocopy license by the CCC, a separate
system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only
for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Ang, Simon 3., 1957—
Power-switching converters / Simon Ang, Alejandro Oliva — 2nd ed.
p. cm. -- (Electrical and computer engineering)
Includes bibliographical references and index.
1SBN 0-8247-2245-0 (alk. paper)
1. Power electronics. 2. Electric current converters. 3. Switching circuits.
1. Oliva, Alejandro. II. Title. IIL. Series.

TK7881.15.A54 2004
621.31"7--dc22 s . 2004059348

' 5 Visit the Taylor & Francis Web site at
I informa) Mhmimsmmmine

. Taylor & Francis Group and the CRC Press Web site at
is the Academic Division of T&F Informa plc. hitp://WWW.CICpress.com




Preface to the Second Edition

In this second edition, Dr. Simon Ang welcomes co-author, Dr. Alejandro
Oliva of the Universidad Nacional del Sur, Argentina. Much new material
and many references have been added. Several chapters have been com-
pletely revised, and two new chapters on interleaved converters and switched
capacitor converters have been added. The discrete-time modeling method
has been included in the dynamic analysis-of switching converters. Design
case studies have been replaced with new cases.

This book is intended to be used as a textbook for a senior-level
electrical engineering course on switching converters. The introductory
course would cover the basic switching converter topologies described in
Chapters 1 to 4, followed by an introduction to basic control techniques
presented in Chapter 5. The instructor may choose to skip to Chapters 7 and
8 on interleaved converters and switching capacitor converters, respectively.

Chapter 6 covers the closed-loop control and stability considerations
in the design of switching converters. It discusses the dynamic analysis of
switching converters based on state-space averaging and linearization. This
chapter is divided into two parts. The first part covers continuous-time




x . Preface

models and control techniques, while the second part introduces discrete-
time models based on sampled-data modeling. Many of the topics presented
in this chapter can be skipped and covered later in a more advanced level
course. h

Chapter 9 provides tools for the simulation of switching converters. It
introduces both PSpice and MATLAB simulations of switching converters.
This chapter may be partially taught after Chapter 2 and concurrently with
Chapters 4 to 6. The discussion of switching converters is not complete until
a switching converter is analyzed, designed, and finally prototyped. Chapter
10 contains complete design examples, including experimental designs,
which may be used as technical reference or for a class project.

Supplementary information and material, updated periodically, are
available on the download page at hitp://www.crcpress.com. These include
class slides, selected PSpice examples, and MATLAB scripts. The PSpice
examples are designed to run on the OrCAD 10.0 demo software.

Several individuals have contributed to this second edition of Power-
Switching Converters by providing assistance, suggestions, and criticisms.
We appreciate the collaboration of Dr. Juan Carlos Balda for his detailed
and constructive criticism, which improve the accuracy and content of
Chapter 6. We would like to thank Dr. Roberto M. Schupbach for his
thorough reading and error detection in the MATLAB code. Graciela
Rodriguez (Mrs. Oliva) gave up her vacations to offer invaluable help with
the figures and equations. Several design case studies in Chapter 10 were
adapted from the class projects of our former graduate students at the
University of Arkansas, in particular, those of Kien Truong and Lan
Phuong Bui Pham. We gratefully acknowledge Claudio Frate for preparing -
most of the figures in the text. Finally, we like to sincerely express our
gratitude to our families for their support and love.

Simon S. Ang
Alejandro R. Oliva
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1

Introduction to Switching Converters

1.1 INTRODUCTION

A switching converter_or switch-mode power converter is a power elec-
tronic system, which converts one level of electrical energy into another
level of electrical energy at the load, by switching action. Switching con-
verters have been in existence since the 1950s. However, the unavailability
of reliable and low-cost power switching transistors had limited their usage
primarily to the military and space applications. The advances and avail-
ability of modern power semiconductor devices in the early 1970s have
made the switching converter a popular choice in power supplies. In DC-
DC switching converter circuits, semiconductor switches control the dy-
namic transfer of power, from the input direct current (DC) source to
the load, by connecting the source to the load for some predetermined
duration. These switching converters find applications in high-efficiency
power supplies and DC motor drives. In comparison to linear voliage
converters, or linear voltage regulators, switching power supplies have
higher energy efficiency and a higher power packing density. New and

1



2 Power-Switching Converters

improved power semiconductor devices such as power MOSFETs
and insulated-gate bipolar transistors (IGBTS), integrated magnetics,
newer topologies, and VLSI pulse-width-modulating integrated circuits,
which pack more control and supervisory features in a smaller volume,

have contributed to the increased power packing density of switching
converters.

1.2 INDUSTRY TRENDS

Over the past few years, the DC-DC switching converter technology has
undergone tremendous changes. The required supply voltage for many inte-
grated circuits and their associated electronic systems decreases from the
historic 5 V standard to less than 1.5 V. At the same time, the load current
levels have simultaneously risen to levels that would have been unimaginable
just a few years ago. Some electronic systems are now requiring 2.5Vat 60 A,
1.8 Vat 60 A or 1V at 100 A from the power supply. In the near future, supply
voltages for some microprocessors will move towards 0.5V and currents up to
400 A are expected. A normal dynamic requirement for a DC-DC switching
converter is to provide a peak output voltage in response to a load transient of
75-100-75 A at a slew rate of 100 A/psec with only 60 mV of deviation. At the
same time, the converter should recover to within + 1.5% of output voltage in
less than 4 psec. These requirements are making it very difficult to deliver high
current, low voltage power from a centralized power supply. Designers are
now increasingly turning to distributed power supply architectures to provide
lower voltages at high currents from a DC-DC converter to power today’s
complex loads.

A distributed power system generates a high-voltage DC bus (e.g.,
48 V) and distributes this voltage at a lower current around the electronics
system to the various loads. Near each load, one or more modular DC-DC
switching converters convert the bus voltage to a low-voltage source (e.g.,
1 V) needed by the load circuitry. Besides reducing the voltage, the modular
DC-DC switching converter also provides electrical isolation and increased
load transient performance. Distributed power systems eliminate the mech-
anical and cost problems of the thick copper buses required in a centralized
power supply system. The lower voltage draws a larger current and has less
tolerance for deviations in its voltage [1]. .

In 1999, the measure for high density was 25 W/in.2 at 5 V. By 2001, this
had increased to 40 W/in.? at 3.3 V. Nowadays, power densities of greater
than 50 W/in.? are achievable, while high-power density is considered to be
around 90 W/in.? The continuing evolution in magnetic components and its
integration with passives has played a key role in increasing the power




Introduction to Switching Converters 3

density without sacrificing performance [2]. A dramatic increase in converter
efficiency and power density was accomplished by synchronous rectification,
especially for low-voltage converters. The combination of synchronous rec-
tifiers and interleaving techniques led to commercial converters that can
achieve efficiencies higher than 92%, while efficiencies of 85% are routinely
obtainable [1].

Interleaving (or multiphase) converters offer several -advantages over
a single power stage, including lower current ripple on the input and output
capacitors, faster transient response to load changes, and improved power
handling capabilities at greater than 90% power efficiency. Commercial
controllers can operate each phase at a switching frequency in the MHz
range, resulting in effective size reduction [3} The new generation of
switching converter controllers is based on DSP technology to implement
the digital control, monitoring, and communication functions into a single
DSP chip, simplifying designs and resulting in a considerable part count
reduction. This simplified design allows for the control of multiple power
supply products with a single control architecture, which is customized
for each power supply through software. The computational power of the
DSP can be used to achieve higher efficiencies, by implementing soft-
switching techniques, such as zero-voltage switching (ZVS) and zero-cur-
rent switching (ZCS). In addition, more efficient topologies that take
advantage of advanced nonlinear digital control techniques may be used
to obtain optimum performance over the complete operating range of the
power supply [4].

1.3 LINEAR CONVERTER

There are two types of linear converters or voltage regulators: series

and shunt. They differ only in the way that their output voltage is regu-
lated. .

1.3.1 Linear Series-Pass Regulator

The series-pass regulator shown in Figure 1.1 is essentially an electrically
variable resistance in the form of a transistor operating in its linear mode in
series with the output load. . .

An error amplifier senses the DC output voltage across a sampling
resistor network R; and R, and compares it with a reference voltage Vier.
The error amplifier output voltage drives the base of the series-pass NPN
transistor via a current amplifier. The output voltage is regulated by modu-
lating the base-drive of the series-pass NPN transistor. An increase in
the sampling voltage across R, decreases the base drive of the series-pass
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Series-pass NPN transistor

+ l +
R,
Vin b !

Error Ampilifier Vou
Base Driver
- ~_ sl Ve X
L 3 A, -
= . Reference =, =_|--
0 Voltage 0 0
=0

Figure 1.1 Series-pass voltage regulator.

transistor such that a smaller current is delivered to the output and hence,
the output voltage drops. The regulated output voltage, Vou, is

R
Vom = Vrer (1 +-1?l' . 1y
2

This is the relationship of a noninverting operational amplifier circuit,
assuming that the series-pass transistor is ideal. A change in the input
voltage results in a change in the equivalent resistance R; of the series-pass
transistor. The product of this resistance and the load current, Jj,,4, creates a

changing differential voltage, Vi, which compensates for a changing input
voltage AVj,. The output voltage can be expressed as

Vout = Vin — Vairr,

(1.2
and
Vaitr = BoaaRs, (1.3)
or
Vou = Vin — lioaaRs. (1.4)
Thus, for a changing input voltage
AR, = AVin , i 1.5
Toaa
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assuming that ¥, and V;, are fixed, and for a changing load current

—RsAIload

AR, =
* Iload

(1.6)

Any change inthe input voltage will essentially be absorbed across the series-
pass transistor. The stability of the output voltage is mainly determined by the
gain of the open-loop feedback amplifier. A series-pass regulator provides a
simple and inexpensive way to obtain a source of regulated voltage. However,
it can only provide a lower regulated voltage than its input source voltage.
Even though its output voltage always has one DC common with the input
voltage, frequently DC isolation between input and output is réquired. The
major drawback of the series-pass regulator is the excessive power dissipation
in the series-pass transistor in high-current applications. The power dissipated
across the collector—emitter junction of the series-pass transistor 1s

Pgyiss = (Vin - Voul)lload- (1-7)

It is evident that as the input voltage increases for a constant regulated output
voltage, the power dissipated in the series-pass transistor increases. The effi-

ciency of this regulator, disregarding any fluctuations of the input and output
voltages, is

_ Pow _ Vowdioad ___ Vout

= = . (1.8
P; Vinlioaa V; )

This is plotted-in Figure 1.2 for a 5-V regulator and assuming a “‘drop-out”
voltage of 2.5 V. The “drop-out” voltage is the minimum magnitude of input
voltage above-tlie regulated output voltage required for voltage regulation.
Low drop-out (0.5 to 1 V) regulators are usually designed with a PNP series-
pass transistor. As.can be seen, the maximum efficiency of a 5-V series-pass
regulator is about 67%. The efficiency drops as the input voltage increases. It
is only 42% with a 12-V input voltage. It is evident that its efficiency
increases with increasing output voltage.

1.3.2 Linear Shunt Regulator

The shunt regulator employs a shunt element that varies its shunt current
requirement to account for varying input voltages or changing load condi-
tions. A basic shunt regulator is shown in Figure 1.3.

The output voltage of the shunt regulator is given by

Vour = Vin — (]load + Is)Rs, a -9)
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0.75 T T T T T T ¥

0.7} 4

0.67

Efficiency (pu)

0.5 ]

0.45 | A

0.42 - ;-
0_4 X, 2 2 L L i ;
7.5 8 85 9 95 10 10.5 1" 115 12
Vin (V) i

Figure 1.2 Efficiency versus input voltage for a 5-V series-pass regulator with a
drop-out voltage of 2.5V.

Rs ’Ioad
+
s B
Error Amplifier- i Vou
Shunt transistor | 3
j—— Base Driver s Viy i
- s R, -
‘—'If—_ ’ Reference = '?'L
’ ] Voltage 0 0
—-—___‘:0 N . ’.__—0

Figure 1.3 Shunt voltage regulator.
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where I, is the shunt current. The shunt regulator is Jess sensitive to input
voltage transients, therefore, it does not reflect load current transients back
to the source, and it is inherently short-circuit proof. The efficiency of the
linear shunt regulator is
n= Voutfioad _ lioad _ hoad Rs
Vin(’load + Is) Iload +Is Vin )

As can be seen, the efficiency of the linear shunt regulator decreases with
increasing R, due to larger power dissipation in R.. The efficiency also
decreases with increasing shunt current, /. In general, the efficiency of the
shunt regulator is smaller than that of the series-pass regulator.

Despite many drawbacks, linear voltage regulators such as the 1.5-A,
5.V UA7805CKC series regulator and TL431CP shunt regulator are com-
mercially available at relatively low costs. They are most cost effective for
low-power applications. However, power dissipation becomes a major prob-
lem for applications above an output current of about 5 A.

(1.10)

1.4 SWITCHING CONVERTERS

A simple DC-DC switching converter circuit consists of two semiconductor
switches (usually one switching transistor and one switching diode), one
inductor, and one capacitor, as shown in Figure 1.4. The arrangement of
these switches and storage elements defines the topology of the switching
converter. In the case that the load is a direct-current motor, the DC-DC
switching converter is commonly known as a chopper or a DC motor drive
system. The principal merits of the switching converter are its high conver-
sion efficiency and its high power packing density, which result in significant
weight reduction. However, switching converters often require complex
control circuits, and noise or electromagnetic interference (EMI) filters. An
input line filter is often required in some applications.

O— ——0%50——— — Y —O

Vin l : J— VOU\

o— B—o)

Figure 1.4 Basic switching converter components.
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1.4.1 Basic Switching Converter with Resistive Load

The fundamental concept of the switching converter can be understood from
the simple switching circuit shown in Figure 1.5(a). The switch opens and
closes for durations of DT and (I—D)T, respectively. D, the duty cycle, is the
ratio.of the on-time 1, to the switching period T, viz.,

1
D=—;..rl= tonfs, . (1.1

where f is the switching frequency.

During the interval DT, the load resistor is connected to the input power
source V,. However, the load resistor is disconnected from the input
power source during the interval (J—D)T. The resulting voltage across the
load resistor v,,(f) is a chopped version of the input power source ¥ as shown
in Figure 1.5(b). The average output voltage ¥, is given by

=
S
~

[ pa 0T
7 | Vdt=—F
[1]

Va = DV.. : (1.12)

Thus, the average output voltage is proportional to the duty cycle D. When
the duty cycle is one, the output voltage will be the same as the input voltage.
In this case, there is no switching action and the switch is closed at all times.
The average load current I, is found from Ohm’s law:

V. DYV,
I =-2— L 1.13
=R =R (1.13)
(1-D)T Vxﬂ
[ o T
DT
Ve
+
+ ) >
_TT.—.VS . HLE:Vou! _____,___‘é._
> 1
; DT T
(@) )

Figure 1.5 (a) Fundamental switching converter circuit. (b) Voltage waveform
across output resistor, Ry -

o e
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The root-mean-square value of the output voltage is

DT
I v2dt = V,V/D. (1.149)
(1]

1
T

Vout,rms =

The average input power of this switching converter, assuming a V. drop
across the switching transistor, is simply

fon fon
1 . 1 ViV — Vee) V(Vs — VeeXon
L V. —_ — dt = . 1.15
P T j siadt T J R 4 RiT ( )
0 ° :
The output power P, is
1P (Vs = Vo (Vs — Ve
— t p—
P.o—_ s— Vee) 4y _Ton Vs = V) 1.16
°o=T J R ITT T R (1.16)
)
Thus, the conversion efficiency is
P Vi Ve (1.17)
P; Ve

As can be seen from Equation (1.17), the conversion efficiency increases with
increasing input voltage, V,. This is in contrast to the series-pass linear
converter.

The output voltage can also be expressed in terms of a Fourier series as
o0 ‘ 0

Vou(f) = o+ Y _ acos (2anfst) + > bysin @anfio), (1.18)
. n=1 n=}

where ay is the average value
27

] £(#) cos(2nf,f)d(wr) | (1.19)
1}

an =

3=

and
27

b, = 71,_ j (D) sinQRarnfH)d(wi). (1.20)
° v
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Now consider the case D=0.5; the cosine terms are zero since the voltage
waveform is an odd function and the Fourier series reduces to

Vouli) = DV + i V:[1 — cos (2Dnm)]sin 2amfst)

nmw

(1.21)

n=1

The first term in Equation (1.2)) (i.e,, DV) is the average, or DC value, of

the output voltage. The magnitude of the fundamental component (f;) of the
output voltage is calculated as

V(1 —
Vo, =Ll —cosm) :"s ™) - 0.637V,, (1.22)

or 63.7% of the input source voltage V5. Similarly, the third harmonic (3f) is
0.21V; or 21% of V. Figure 1.6 shows the harmonic spectrum of the output
voltage of the fundamental switching converter with a 50% duty cycle. Since
the current waveform follows the voltage waveform, the harmonic content is
similar to the voltage waveform except that it is divided by the load resist-
ance. The discontinuous input source current contributes to EMI. There is
no practical application for this simple switching converter (except for
resistive heating) due to the high harmonic contents of its output voltage.
A typical switching converter would have a low-pass filter between the

Vo ﬂ\
V. +
0.637 V,
bV, |
0.21V,
S 0.127 V,
1 T I T 1 >
0 £, 21, 3t af, sf, 6f,

Figure 1.6 Harmonic spectrum of the output voltage for the fundamental switch-
ing converter.
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switch and the load to filter out the frequency components starting at fsand
keeping only the DC component.

1.4.2 Basic Switching Converter with RA,_Load

With an R, load such as a DC motor and the addition of a second switch as
shown in Figure 1.7 the current waveform flowing through the load can be
made to be continuous. The second switch is necessary since the inductor
current cannot be interrupted abruptly without causing high-voltage spikes.

The operation of this switching converter can be divided into two
modes: S; on/S, off (mode 1) for 0<t<t,, and S) off/S, on (mode 2) for
ton<t<T. The equivalent circuit for mode 1 and the voltage across the Ry
load are shown in Figure 1.8(a) and (b), respectively.

During mode 1, current flows from the input source V, to the Ry load.
Using Kirchoff’s voltage law,

di; (1)
dt

Vs=Ri()+ L + Vemf, (1.23)
where Vo is the back emf of the DC motor. The current i;(1) during this
mode of operation can be solved using the Laplace transformation assuming
that the initial current is I, i.e., iy(t = 0) =I,. Taking the Laplace transform-
ation of Equation (1.23) with the initial condition of I;, we have

V. V.
= = RO + Lish(s) — [+ =5

129

S

L

Figure 1.7 Simple switching converter with an Ry load.
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VrL
A

DT T
()

Figure 1.8 (a) Equivalent circnit for mode 1 with S; on/S, off. (b) Voltage
waveform across the R load.

Solving for I)(s):
(Vs — Vemr ) 1 1 ) I
Ii(s) = - _ ) 1.25
1) R s s+ RD) sy ®R/D (1.25)
Taking the inverse Laplace transform, the current i)(#) becomes
Vs = Ven) (1 - '£) .
i) = + e 'L (1.26)

R

for 0<t<t,,. During mode 2, S, is switched off while S is switched on. The
equivalent circuit is shown in Figure 1.9(a). The load current, ix(?), continues
to flow through S,. From the Kirchoff’s voltage law,

di
0 = Ri() + L§+ Vet 127
Assuming an initial current of i, and solving Equation (1.27), the current
i(1) is N

i) = Le 'L — %(1 —e ). (1.28)

For a large inductance value compared to the resistance value, or a large
time constant (L/R), ix(f) decreases linearly. Hence, the current waveforms
for i)(f) and i»(7) are almost linear as shown in Figure 1.9(b). Equations
(1.26) and (1.28) are valid only for continuous current flow in the inductor.
The load currents #;(f) and i»(f) would be continuous if the time constant,
L/R is much greater than the switching period, T. This means that the

switching frequency, f;, of the switching converter must be much larger
than R/L.
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5, b L)
o > A
OFF *
Lt
. 52 Ve I A_\/\
V.= ON ] |

_ ]
i ) pT T

(@) (b)

Figure 1.9 Equivalent circuit for mode 2 with S off/S; on. (b) Current waveform
through the RL load.

1.5 PRINCIPLES OF STEADY-STATE CONVERTER
ANALYSIS

If the duty cycle D is held constant at a fixed switching frequency over a
large enough number of switching cycles; for example, n cycles, then the
current and voltage waveforms would reach a point where they would start
repeating every T seconds. This means that the current and voltage wave-
forms become periodic, with period T or i((n + DT) = i(nT) and v((n +
1)7T) = v(nT). This condition is known as the steady state. There are two
very important principles that describe the steady-state operation of switch-
ing converters: the volt—second balance—on the inductor and the charge
balance on the capacitor. These two properties will be used throughout
the book to analyze the steady-state operation of various switching con-
verters.

1.5.1 Inductor Voii—-Second Balance

The steady-state condition imposes a periodic behavior of the current flow-
ing through the inductor; thus,

it T) = iL((n+ DT). : (1.29)
Also,

- L%. : (1.30)
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Integration over one switching period yields:

1 (n+ )T
i+ DT) ~ AT =7 j v (i)dt (1.31)
nT

Since the left-hand side of Equation (1.31) is zero, then the right-hand side
must be zero too, i.e., ’

(n+1)T

0= J vL(i)dt. ) . (1.32)
nT e

Equation (1.32) states that the integral of the voltage across the inductor
along a switching period must be zero for the steady state. The imtegral has
units of volts—second; giving the name of voli—second balance to this prop-
erty. An intuitive analysis shows that if the integral of the voltage across the
inductor along a switching period would not be zero, then the current
amplitude would continuously increase.

1.5.2 Capacitor Charge Balance

A similar analysis can be applied to the capacitor. The equation defining the
relationship between the voltage across and the current flowing through a
capacitor is:

io()) = cd‘zf‘). (1.33)

The integration of this equation over one switching period yields:

] (DT
ve( (n+ DT) = welnT) = j iW(ndr. (1.34)
nT

Since the left-hand side of Equation (1.34) is zero, then the right-hand side
must also be zero; i.e.,

(n+DHT

0= j (). ' (1.35)

nT

Equation (1.35) states that the integral of the current flowing through the
capacitor along a switching period must be zero for the steady state. The
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integral has units of Ampere-second; giving the name of Amp-second
balance (or charge balance) to this property. An intuitive analysis shows
that if the integral of the current flowing through the capacitor (or the
accumulated charge) over a switching period would not be zero, then its
voltage amplitude would continuously increase.

PROBLEMS

1.1.

1.2

1.3.

A linear shunt regulator shown in Figure 1.3 has an input supply of
12 V. The load requirements are a constant 5-V supply to some logic
circuitry at a current of 0.5 A. As an engineer, you are required to select
the appropriate R, value, given that the shunt current, I, is 10% of the
load current, I;. Determine the efficiency of the shunt regulator,
neglecting the power dissipation across the sampling resistors R; and
R,. What effects do the choice of R, have on the efficiency?

The fundamental switching converter shown in Figure 1.7 has a resist-
ance value of 1 Q and an inductance of 1 H, V,=3.72V, anda V,e=0V.
During the interval of 0 <=1 sec, S) ison and S, is off. S; is off and S»
is on during the interval of 1=t<2sec. The current flowing through the
inductor at the beginning of the switching cycle is 1 A. Determine the
peak-to-peak ripple current in the inductor during the first switching
cycle. Draw and label the waveforms for the current flowing through
the inductor and the voltage across the resistor.

The fundamental switching converter of Figure 1.5 converter has a
resistive load of 10 Q and an input voltage of 48V. The switching
frequency is 1 kHz with a duty cycle of 50%. The semiconductor-switch
has a voltage drop of 1V in its on-state. (a) Deterinine the average
output voltage and the rms output voltage of this switching comnverter.
(b) Using Fourier series, express the output voltage in terms of their
fundamental component and the next two higher harmonics. Find the
rms value of the fundamental component of the output voltage.

. Determine the duty cycle for the maximum ripple current to occur ina

fundamental switching converter shown in Figure 1.7 with an Ry load.
Also determine the maximum ripple current for this converter.

. For the converter of Problem 2, draw the voltage across the inductor

and calculate its integral along a switching period.

. Repeat Problem 2 for D=0.25. )
. Consider a power converter that has reached the steady state. (a) Show

that the average power absorbed by the inductor in one switchingcycle
is zero. (b) Show that the average power absorbed by the capacitor in
one switching cycle is zero.
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Basic Switching Converter Topologies

2.1 INTRODUCTION

The word topology refers:to-the science of place. The topological properties of
a circuit are those invariant with stretching, squeezing, bending, or twisting of
the circuit graph. Two networks are topologically equivalent if they differ
only in the circuit elements that make up their branches [1]. The switching
converter consists of a2 number of storage elements and switches which are
connected in a topology such that the periodic switching actions of the
switches control the dynamic transfer of power from the input to the output
to produce a desired DC conversion at the output. The storage elements
(inductor and capacitor), in general, have to be connected in such a way
that they form a low-pass filter to yield a low output ripple voltage. The two
fundamental topologies of switching converters are the buck converter and
the boost converter. Most of the other topologies are either buck-derived or
boost-derived converters since they are the topological equivalent to the buck
or the boost converter. The buck—boost converter is a unique cascade com-
bination of the buck and boost converters that results in output voltage

17
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inversion. The forward converter and the push—pull converter are examples of
buck-derived switching converters. Flyback and Ciik switching converters are
derived from the buck—boost converter. The resonant converter employs a
resonating inductor—capacitor (LC) tank circuit to shape the voltage or
current waveform of its switching transistor from the typical rectangular
pulses into a sinusoidal waveform. Other topologies, such-as the single-
ended primary inductance converter (SEPIC), are a derivative of the Cik
converter. ’

The analyses of the buck, boost, buck-boost, Ciik, and resonant switch-
ing converters are performed in steady-state. Steady-state signifies that the
duty cycle D is held constant at a fixed switching frequency over a sequence of
switching eycles; for example, n cycles. This leads to the current and voltage
periodicity requirements of #(0) = i(nT) and v(0) = v(nT), where n is the num-
ber of switching cycles during steady-state operation. It is important to realize
that switching converters are inherently nonlinear electronic systems due to
their switching actions. The linearization and state-space averaging technig-

ue for the small-signal analysis of the switching.converter is presented in
Chapter 6.

2.2 BUCK CONVERTER

The basic buck converter using a power MOSFET is shown in Figure 2.1.Ina
buck converter, the average output voltage ¥, is lower than its input voltage,
V.. The operation of the buck converter can be divided into two modes,
depending on the switching actions of its switching transistor. According to
the continuity of the current flowing through the output inductor, the buck

converter can be operating either in the continuous mode or-in the discon-
tinuous mode.

i(n Qs i(D L
- Lot +
Is lﬂv L + Win -
| a . iy L L ¥ bl
T

L e V0 < Va0, Ve
-T _ * AL

Vel -l' c

Figure 2.1  Circuit schematic of a buck converter.
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221 Continuous Mode
Mode 1 (0 <t <iy,)

At the beginning of a switching cycle (at ¢ = 0) during mode 1, the
switching transistor Q; is switched on. The equivalent circuit for mode 1 is
shown in Figure 2.2. Since the input voltage (V5) is greater than the average
output voltage ¥, the current in the inductor i 1(f) ramps upward during this
interval. The voltage across the inductor L is related to the rate of rise of its
current and is given by:

vdﬂ:Lg. @.D

For a large inductance value, the inductor current i (¢) rises linearly from 7,
to I, during I, thérefore,

Vi—Va=L

L-h_ A 2.2)

- +ton ton
and the duration of mode 1 is

LAI

Iop = (—Vs—_'_—lzj (2.3)

Thus, mode 1 is characteﬁzed by the storage of energy in the magnetic field
of the inductor.
Mode 2 (Ion <t< D

Mode 2 begins when the switching transistor Qs is switched off at t =
fon- Its equivalent circuit is shown in Figure 2.3.

=i L
+ VL( t) - +
icf?) Wl L

=L Vo), Va
T A

e

Figure 2.2 Mode ! equivalent circuit for the buck converter 0 <t = ton)
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i L
Y Y Y @—
- W + +
ic(h 4 L Lk v it
V(0. V,
D 2 ol

L
T A
- _

Figure 2.3 Mode 2 equivalent circuit for the buck converter (o, < 7 =< T).

Since it is not possible to change the current flowing through the
inductor instantaneously, the voltage polarity across the inductor immedi-
ately reverses trying to maintain the same current /,, which had been flowing
just-prior to switching off of the switching transistor Q. This phenomenon is
called inductive kick. The freewheeling diode Dy,, conducts since it is forward-
biased just as the inductor voltage reverses its polarity. A high-negative
voltage spike would appear at the source of the switching transistor Q if it
were not for the presence of Dy,. The inductor current falls, as the energy
stored in it is transferred to the capacitor and expended by the load. The

voltage across the inductor v;(f) is now —¥, and its current falls linearly
from I, to I} in time 7,

—Va= L‘_I‘__IZ, 24
—Loff
or
V,= Lﬂ . 2.5
Loff
The duration of mode 2 is
LAI
=_ . 2.
toff Va £ . ( 6)
and the peak-to-peak current ripple in the inductor is
Vatoir '
Al =22, 2.7
- @7
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The peak-to-peak current ripple in the inductor, Al, is the same during
0 <t =ty and 1., = 1 < T for steady-state operation,

— (Vs - Va)ton Vatoﬂ'

AT 1 =7 2.8)
Substituting fo, = DT and 1o = (1 — D)T into Equation (2.8) gives

(Vs — Vao)DT = V,(1 — D)T 29
or

V, = g = V,D. | (2.10)

The average output voltage V, of the buck converter is the product of the
duty cycle D and the input voltage V. The duty cycle of a voltage regulator
implemented with a buck converter is periodically changing in order to
maintain a constant average output voltage V, during a load change or an
input voltage fluctuation. This periodic change in the duty cycle is accom-
plished using a negative feedback scheme with pulse-width modulation
discussed in Chapter 5. The on time #,, and off time 7, are defined as

LAI LAI

ton =W_—7a§ 'o!T‘—"‘-I;a—- 211
The switching period T is the sum of 1, and #o:
1
T === ton + tofr (2.12)
I
LAI LAT LVAI
T= — = $ ; 2.13
Vs - Va Va Va( Vs - Va) ( )
The current ripple in the inductor, A/, can then be expressed as
ar=YaVs—VaT DV(1-D) @.14)

LY, SsL

Thus, the peak-to-peak current ripple in the indhictor is inversely propor-
tional to its inductance value and switching frequency f;. Using Kirchoff’s
current law, the inductor current is

iy, = i + . (2.15)
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The average capacitor current I is zero for a switching period since the
output capacitor is charged and discharged by the same amount during
steady-state operation. The average inductor current I is equal to the
average output current I,, then charging of the output capacitor occurs
whenever i.(7) is greater than I, (i.e., i(?) is flowing into the capacitor) and
discharging of the output capacitor occurs whenever ir(f) is less than I,. The
change in inductor current, assuming a constant load current, is

Aip = Al + Aip ~ Aic. (2.16)

The charging and discharging intervals, therefore, must be equal dur-
ing a switching cycle and are both equal to half the switching period. The
average charging or discharging current, which flows for (ton/2) + (tosf2) =
(772) is

AT -
L= 2.17)

The capacitor voltage v (1) is

T2

ve(t) = vc(0)+% J i(2)de (2.18)
0

The capacitor ripple voltage Ay, is given by:

T/2
Al
Ave = ve(?) — v(0) =lc j -é]—dt ral

39=3¢c “%ic (2.19)
0

Substituting A from Equation (2.14) into Equation (2.19), the capacitor
ripple voltage is -

_DV1-D) 1 _V.D(1-D)

A —
ve FL  8.C 8f2LC

(2.20)

The capacitor ripple voltage Av. is also equal to the output ripple
voltage Av,, since the output capacitor is connected directly across the
load: It can be seen that the output ripple voltage is inversely proportional
to f;2 and the LC product. Hence, to decrease the output ripple voltage, the
product of LC should be large and the switching frequency should be high.
Since the output inductor L, and the output capacitor, C, form a low-pass
filter in the buck converter, the choice of the values of L and C determines
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the cutofT frequency of the output low-pass filter and ultimately determines
the amount of switching ripples and spikes in the output.

Switching waveforms for the buck converter operating in the continu-
ous mode are shown in Figure 2.4. The input current is discontinuous, and a
smoothing input filter, consisting of a series inductor and a shunt capacitor,
is normally required to reduce electromagnetic interference (EMI). The
output inductor current is continuous, due to the freewheeling action of
the freewheeling diode. During the on-time, the output capacitor is initially
discharged because the output inductor current is smaller than the required
load current, i(f). However, as the output inductor current increases beyond
the current required by the load, the output capacitor is charged. The
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Figure 2.4 Buck converter switching waveforms.
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maximum capacitor charging current, J, — I,, occurs at the end of the on-
time, i.e., DT. The maximum capacitor discharging current, I, — I,, occurs at
the end of the switching cycle. It should be noted that the capacitor ripple
voltage lags its current by 90°.

Neglecting the switching losses, the efficiency of the buck converter can
be calculated in terms of conduction losses in the NPN switching transistor
Q. and the freewheeling diode Dg,. The conduction losses are

: 1 z

Pioss = P, + Poy, = 12 Rng+ Lo (1= %) Vi, @21)

where R, is the on-state resistance of the switching transistor Q; and V_ is

the diode forward drop, which is current dependent. Thus, the efficiency of
the buck converter is

_ Pow _ Va
(Poul + P]oss) (Va + IoRonD + (1 - D) VD;.,,) ’

n (2.22)

It is evident that a higher efficiency is achieved by minimizing the R,, and
the VDrw‘

2.2.2 Discontinuous Mode A

For a given value of load resistance, the ratio of the peak inductor current I
to the average inductor current I; becomes larger as the inductance becomes
smaller according to Equation (2.14). The value of L for which i;, = 0 at one
and only one point per cycle is defined as the critical inductance, L.. When this
happens, the stored energy in the inductor is completely expended just prior to
the beginning of the next switching cycle. The peak inductor current, I, is
twice the average inductor current, I, i.e.,

ILP — 21L — A] — (Vs - Va)ton — (Vs — Va)D. (2_23)

L Jsle

The critical inductance L. can be found by assuming an ideal buck converter

whereby the input power is equal to its output power. The input power is
given as

Py =V,=VI.D. _ (2:29)
since I, = DI;. The output power is

V2
Poy = Ta, - (2'25)
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therefore,
VZ
Vi D= 7" . - (2.26)

The average inductor current I, can be found from Equation (2.23), and is

_AI (Vs—Va.)D

I = 2 =L 2.27
Substituting I; from Equation (2.27) into Equation (2.26) results in
Vi-Va)D?_ V2
y s _akr 3 2.28
S =R 228)

Substituting D = (V./V,) into the numerator of the left-hand side of the
above equation yields ’ .

Vi -D)yp* V2
T P (2.29)

simplifying gives

1—-D)p*V: V2

The critical inductance L. is then

_RQ-D)
R

As can be seen, the critical inductance L. is directly proportional to the load
resistance R and inversely proportional to the switching frequency f;- As /s
increases, L. decreases. Increasing the load current or decreasing the load
resistance R also reduces L.. It is important for the inductance not to go
below L. when designing for a large load swing. The inductor current ir(D)is
not continuous when L is less than L. The buck converter is said to be operat-
ing in its discontinuous conduction mode when this occurs. For a constant
inductance L, the buck converter will be operating in the discontinuous mode
if the load resistance R is greater than its critical load resistance R.. Thus,

Rnom .
1—-D°

Le (231

R.=

Ryom = 2./;‘11: : (232)
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where Ruom is 2 design parameter and is defined in Ref. 2. This design
parameter is evident from Equation (2.31).

It is necessary to modify the mode 2 equivalent circuit to account
for the energy in the inductor expended before the start of the next switch-
ing cycle. Figure 2.5(a) and (b) shows the mode 2 equivalent circuits for the
buck switching converter operating in the discontinuous mode.

Define t,, which is less than the switching period T, as the time at
which i,(f) goes to zero as shown in Figure 2.6. From the finite current
constraint [1] or the constant volt-second requirement in an inductor, the

W9 L
_ _ p YY)

(@) Lu< t=

ko, % :

O O

1
9]
D

]

@b<t=T

Figure 2.5 Discontinuous mode 2 equivalent circuits for the buck converter.

i)
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Figure 2.6 Discontinuous-mode inductor current waveform.
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average inductor voltage per cycle for the buck converter operating in the
discontinuous mode is zero in accordance with the equation:

(Vs — VaMonSs — Valtz — ton)fs = 0. (2:33)

Since the average capacitor current /¢ per switching cycle is zero, for steady-
state operation, then the average inductor current I, is equal to the average
output current J,:

Inptzfs _Va

> R (2.34)

The voltage across the inductor is related to the rate of increase of its
current, thus

Vi Vo=L2. 235)

on
Simplifying (2.33) and multiplying by f; gives
Vstonf; - Vatzf; =0. (236)

_ Solving for 1>f; in Equation (2.34) and I | in Equation (2.35) and substitut-
ing into Equation (2.36), we have

DL, , DL

V24V, V.— S _p2_T
s+ VaVsqa—pr~ Va-pirL

0. 237

The open-loop voltage conversion ratio V,/¥; of the buck converter in the
discontinuous mode of operation can be obtained by solving the above
quadratic equation:

v, D[\/(ZL(l D)Ly + D~ D]
V.o 2L(1 — D)/L. '

(2.38)

or

Va 2

= ,L
Ve 1++/1+(@L(1 - D)/D2Lo) <Le

(2.39)

Figure 2.7 shows the voltage conversion ratio versus the duty cycle of the
buck converter operating in the continuous and discontinuous modes for
several values of L/L..




28 Power-Switching Converters
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Figure 2.7 Open-loop voltage conversions ratio versus duty cycle of the buck
converter operating in continuous and discontinuous modes.

In the discontinuous mode of operation, the average output voltage
increases rapidly at small L/L. values with increasing duty cycle and then
asymptotically reaches the input supply voltage V. As the L/L. value
approaches 1, the voltage conversion ratio versus duty cycle plot becomes
more linear. The voltage conversion ratio versus duty cycle in the continuous
mode of operation (L/L, > 1) is linear with a slope equal to 1. The time 1, at
which the inductor current reduces to zero can be obtained by substituting
Equation (2.38) into Equation (2.36). Thus,

_ QLA -D)LS)
V@LA —D)/Ly+D*—D

1

for L < L. (2.40)

Figure 2.8 shows the £,/T rdtio versus the duty cycle of the buck converter in
the discontinuous mode of operation.

As shown, 1,/T decreases with decreasing L/L. values for a constant
duty cycle. Furthermore, t,/T decreases more rapidly for small L/L_ values,
as the duty cycle decreases. The energy stored in the inductor is less because
of small L/L values in the discontinuous mode; therefore, the discharge time
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Figure 2.8 The 1,/T versus duty cycle of the buck converter in the discontinuous
mode of operation.

1, is smaller. Using L Hépital’s rule in Equation (2.38), it can be shown that
as the inductor value reduces to zero, the average output voltage V, ap-
proaches the input voltage V;. The switching waveforms for a discontinuous
mode of operation are shown in Figure 2.9.

Discontinuous mode of operation is frequently used at low power levels,
especially where large output load ranges are possible. It iscommon practice to
design the switching converter to operate either in the continuous or the
discontinuous mode, avoiding the change from one mode of operation into
the other during normal operation. This is to avoid changes in the switching
converter model that may lead to serious regulation orstability problems. If the
load of a buck converter is suddenly removed, the output voltage of an open-
Joop buck converter will rise to the same level as the input voltage. Ina closed-
loop buck converter, the output voltage will fall to zero with a time constant
dependent on the values of the output capacitance and any leakage resistance
inherent in the circuit. The advantages of the buck converter are its ability to
easily control output voltages and currents during turn-on and turn-off and
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Figure 2.9 Buck converter waveforms for (2) L > Lcand (b) L < L.

under fault conditions. The boost converter, however, does not pbssess such
advantageous properties. '

Example 2.1. The buck converter shown in Figure 2.1 has an input voltage
of 10V. The switching frequency is 1kHz. The load requires an average
voltage of 5V with a maximum ripple voltage of 20mV. The maximum
ripple current of the output inductor is 0.2 A. Determine: (a) the duty cycle,
(b) the output inductance, (c) the output capacitance, and (d) the output
capacitance if the switching frequency is increased to 10kHz.

Solution. The given paraJ_'heters for the buck converter are: V5= 10V, f; =
1kHz, V, = 5V, AV, =20mV, and AI; = 0.2A.
(2) From Equation (2.10),

Va 5
D—VS_T(—)_O'S'
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(b) From Equation (2.14),

_ DVi(1—D)_0.5(10)0.5) _ _
L= = 00003 — 0.0125H = 12.5mH.

(c) From Equation (2.20),

C= ViD(1-D) 10(0.5)(0.5)
8/ZLAV,  8(1000)%0.0125(0.02)

= 1250 uF.

(d) The duty cycle does not change since the output voltage remains at
5V. The output inductance is

_0.5(10)0.5)

= Toooo0z) = "125H-.

Thus, the output capacitance is

10(0.5)(0.5)
= . —.125pF.
8(10000)20.00125(0.02)

This example illustrates that increasing the switching frequency by an
order of magnitude decreases the values of both the output inductor and
capacitor by an order of magnitude. Hence, increasing the switching fre-
quency of the buck converter, assuming that increased switching losses do
not degrade its performance, decreases its size, weight, and cost.

23 SYNCHRONOUS RECTIFIER

The current technology in computer miCroprocessors and peripherals
requires power supply voltages of 1.2V at high currents. An important
limitation in efficiency is the voltage drop across the diode, V. When the
output voltage of a buck converter is calculated, considering Vy yields:

Va= DV, - (1 - D)V;. (2.41)

It is obvious that the larger the voltage drop across the diode is, the smaller is
the resulting output voltage. The ability of the MOSFET channel to conduct
current in both directions makes it possible to replace the Schottky diode by a
synchronous rectifier, which is gated when the diode should conduct. The gate
signal to this device is complementary to that of the main switch M,. Figure
2.10 shows an example of a buck converter with a synchronous rectifier M.
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Figure 2.10 Synchronous rectifier.

Sometimes, the MOSFET may not be fast enough, and a Schottky diode is
connected in parallel to assist during the turn on. Once M is completely on,
the voltage drop across its channel resistance may be much smaller than the
forward voltage drop of the diode and it will take on all the current.

The synchronous rectification enables the current through the inductor
to reverse its direction; thus, the synchronous buck converter of Figure 2.10
works only in the continuous conduction mode.

2.4 BOOST CONVERTER

The boost converter is capable of providing an output voltage, which is
greater than the input voltage. It is also known as a ringing choke or a step-
up converter. A boost converter using a power MOSFET as the switching
transistor is shown in Figure 2.11.

Its switching waveforms areshown in Figure 2.12. The operation of the
boost converter can also be divided into two modes, depending on the
switching actions of its switching transistor. Similar to the buck converter,

KD L i oD
Y Y el =
el Lol L
IS . IL ’wa DM +
) ichy Ic Ly io(D
N
Ve === I L__E_- Vas(h Vol
T , ) | LOAD| Va
- —-cC
} ]

Figure 2.11 Circuit schematic-of a boost converter.
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...........................

Al

bT' T T+DT
Figure 2.12 Waveforms for the boost converter.

the boost converter can either be operating in the continuous or discontinu-
ous mode.

2.4.1 Continuous Mode

Mode 1 (0 <t = t,)

Mode 1 begins when the switching transistor Qs is switchedonatt = 0
and it terminates at t = 1, (i.e., 0 < 1 = #,,). The equivalent circuit for mode
1 is shown in Figure 2.13.
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Figure 2.13 Mode 1 equivalent circuit for the boost converter (0 < ¢ < Zon)-

The diode Dy, is reverse biased since the voltage drop across the
switching transistor Q; is smaller than the output voltage. The inductor
current iz(7) ramps up linearly from I; to I in time Zo,:

L-hL _ Al 242)

IOI'I z on

Vi=L

The duration of this interval 1., can be expressed as

LATI
fon =5 (2.43)
The energy stored in the inductor is
= S LA = 5 Vi, 2.44)

The output current during this interval is supplied entirely from the output
capacitor C, which is chosen large enough to supply the load current during
the on-time, #,,, with a minimum specified droop in output current.

Mode 2 (fon < t<T) -

Mode 2 begins when the sw:tchmg transistor Q; is switched off at 1 =
ton- The equivalent circuit for this mode is shown in Figure 2.14. Since the
current in the inductor cannot change instantaneously, the voltage in the
inductor reverses its polarity in an attempt to maintain a constant current.
The current, which was flowing through the switching transistor ;, would
now flow through L, C, diode Dy,, and the load. The inductor current falls
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Figure 2.14 Mode 2 equivalent circuit for the boost converter (ton<t=T).

until the switching transistor Qs is turned on again in the next cycle. The
inductor delivers its stored energy to the capacitor C and charges it up via
Dr., 10 a higher voltage than the input voltage, V. This energy supplies the
current and replenishes the charge drained away from the capacitor C when
it alone was supplying the load current during the on-time. The voltage
across the inductor is (Vs — Va) and its current falls linearly from I to I,
in time fo

L-1r
Ve— Vy=L2—2 (2.45)
toff
or
Va—Vs= L—A—I—. (2.46)
Loff
The duration of the interval t.5 can then be expressed as
LAI
4 = —_———, 2.47
off Va — V. ( )

Since the change in the peak-to-peak current Al is the same during to, and

togr for steady-state operation, it can be shown from Equations (2.43) and
(2.47) that

— Vston _ (Va— Vs)toﬂ‘
L L ’

Al (2.48)

Substituting zon, = DT and for = (1 — D)T into Equation (2.47), we have

V.DT = (Vs — V)(1 — D)T = Va(1 = D)T — V(1 — D)T. (2.49)
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Simplifying the above equation,

VDT = V,(1 — D)T — V,T 4+ VDT (2.50)
or

Vs = Va(l1 — D). 2.51)
The average output voltage ¥V, for- a boost converter is

Vs
V=15 (2.52)

Thus, the average output voltage ¥, is inversely proportional to (1-D). It is
obvious that the duty cycle D cannot be equal to 1 because there would not be
any energy transfer to the output. Assuming a lossless boost converter, then

VI
Vi, = VoI, = a _s ;)). (2.53)
The average input current I, can be expressed as
1,
L[ =———"—r. 2.54
= GoD (2.59)

Note that the average output current I, is reduced by the factor of (1-D)
from the average input current since the output power can only be at best
equal to the input power. The switching period T is the sum of 7., and fog:

LAI . LAI LAIV,
T = =ton+lof ==+ = . 2.55
fs o off Vs Va - Vs Vs( Va - Vs) ( )
The peak-to-peak inductor current ripple Al is
Vi(Va — V)T (Vs/Q —-D) -V,
AI — s a S, — S ) 2'
LV, . Vs f.LV, (2:56)
Simplifying the above equ;ltion, we have
V.D ' . '
Al =—"—. v 2.57
71 @57

Thus, the magnitude of the peak-to-peak inductor current AJ is inver-
sely proportional to the switching frequency f; and the inductance L.
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Comparatively speaking, Al is larger in magnitude for the boost converter
than the peak-to-peak current ripple in the buck converter, as shown in
Figure 2.15. For a constant V/f;L, the peak-to-peak inductor current ripple
in the buck converter is smaller than the peak-to-peak inductor current
ripple in the boost converter by a factor of (1--D).

When the switching transistor Q; is switched on, the capacitorsupplies
the load current for the entire on-time. Thus, the average capacitor current,
I, is equal to the average output current I, during this interval. During the
off-time interval, the output capacitor is charged. The capacitor charging
current decreases linearly from an initial value of I, — I, to a final value of
I, — I, as shown in Figure 2.12. For steady-state operation, the average
capacitor charging current during the off-time interval must be equal to
the average capacitor discharging current during the on-time interval. The
capacitor ripple voltage can be found by recognizing that the average

capacitor current during the on-time is equal to the average output current
I,. Thus,

fon

1 It
Ave =ve = ve(0) = & J Ldt=2 C"“. (2.58)
0
Al
Boost converter
(KD)
Buck converter
KD (1-D)
1 = D
0 0.5 1

Figure 2.15 A comparison of the peak-to-peak inductor ripple current versus the
duty cycle for the buck and boost converters at a constant K = VJfsL.
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From Equation (2.50)

Vs _ WT _ WT
Va_l—-D_T—DT_T—tm, (2-59)
or
y .
T = tog = ST. : (2.60)
Va

The on-time, ?,,, can also be expressed as

VT Va—Vs
i, =7 ——— = 2.61
on = @61

Substituting Equation (2.61) into Equation (2.58),

_']a(Va" s)_Ia(Va_ s)
o 2.62)
1-D”°

Simplifying the above equation,

_ L=V, +DV)/A=D) _LD
Ae=TWJa-DMC AC @69

The peak-to-peak output ripple voltage, Av,, is equal to the capacitor peak-
to-peak ripple voltage, Av.. It is evident that Av, can be reduced by either
increasing the switching frequency or the capacitance of the output capaci-
tor. The inductor is used for energy storage, and it does not act as a part of
the output filter. Therefore, the peak-to-peak output ripple voltage of the
boost converter is generally larger than that of the buck converter.

2.4.2 Discontinuous Mode

If the current flowing thro{lgh the inductor has fallen to zero before the
next turn-on of the switching transistor O, the boost converter is said to be
operating in the discontinuous mode. The critical inductance, L., can be
derived by assuming that the input power of the boost converter is equal to
the output power:

V
Vil =2 (2.64)
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The average inductor current is

Al VD

n=5-37 (2.65)

Since the average input current, I, is also equal to the average inductor
current, I;, then

v _»:

— a . .
5L~ R (2.66)
The critical inductance, L., is

_ RD(1 — DY
==

The boost converter will be operating in the discontinuous mode if the
load resistance, R, is greater than its critical resistance, R, given by

Le (2.67)

Rnom
D(Q1 — Dy’

c =

(2.68)

where Rpom is a design parameter equal to 2fL[2].

Figure 2.16 shows the mode 2 equivalent circuits of the boost converter
operating in the discontinuous mode. The voltage conversion ratio of the
boost converter for the discontinuous mode of operation can be derived by
imposing a constant volt-second requirement on its inductor. The average
voltages across the inductor are V; and (Va— V,) during the DT and DT

intervals as shown in Figure 2.17, respectively.
Thus

VsD — (Va— Vi)D2 =0, (2.69)

where D, is defined as (t3 — ton)/T.
The average input current, I, is equal to the average inductor current,

I, in the boost converter, where -
I,, VD
I === .
2 2Lf

(2.70)

2

1 1y —1
=% j =220 @.71)

ton
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Figure 2.16 Discontinuous mode 2 equivalent circuits for the boost converter
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Figure 2.17 Waveforms for (a) voltage across and (b) current flowing through
the inductor for a boost converter in the discontinuous mode of operation.
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The average output current, ,, is related to the average inductor current, I,
by a factor D, viz.,

V.

L=—Z=1Ds ' (2.72)

Substituting Equations (2.70) and (2.72) into Equation (2.69) yields a quad-
ratic equation:

V2DL.
Vo VWV, ——3""C_—0. . 2.73
a s¥a L(l _D)z ( )

The open-loop voltage conversion ratio, V,/V;, in the discontinuous mode of
operation can be found by solving the quadratic equation:

v. 144/1+ (4DL./L(1 — D)?
e Vi+( 2“’ : )for L=L.. .74

Figure 2.18 shows the open-loop voltage conversion ratio versus duty cycle
of the boost converter operating in both the continuous and discontinuous
modes. As shown, the voltage conversion characteristics of the two modes of
operation differ from each other only in the rate of increase of the average
output voltage. In the discontinuous mode of operation, the voltage conver-
sion ratio increases at a much faster rate compared to the voltage conversion
ratio in the continuous mode of operation. Thus, the discontinuous mode of
operation of a boost converter yields a larger average output voltage at a
smaller duty cycle compared to the continuous mode of operation. The
discontinuous-mode switching waveforms of a boost converter are shown
in Figure 2.19.

The input current of the boost converter is continuous. At the initial
turn-on of the boost converter, an inrush current with an amplitude of
several times the steady-state input current is flowing through the switching
transistor. The switching transistor must be able to handle this initial
switching stress. It is also important to limit the inrush current so as not to
saturate the input inductor. Otherwise, a higher inrush current limited only
by the source impedances and parasitic resistances will flow. The output
current is always pulsating in both the continuous.and discontinuous modes
of operation. The output voltage is very sensitive to changes in duty cycle;
therefore, the design of the feedback circuitry is critical. The effects of
component parasitic resistances become quite noticeable when the average
output voltage V, is greater than three times the input voltage V. The boost
converter must always have a load connected to its output; otherwise, the
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Figure 2.18 Open-loop voltage conversion ratio versus duty cycle of the boost
converter operating in the continuous and discontinuous modes.

output voltage will continue to rise until a component (usually the output
capacitor) fails. If the output of the boost converter is shorted, simply
reducing the duty cycle of the switching transistor will not limit the amount
of current drawn from the input supply. This is because the switching
transistor is not in series with the output. An additional switching transistor

in series with the input supply must be added if an overload protection is
desired. -

2.5 BUCK-BOOST CONVERTER

The buck—boost converter is a special cascade combination of a buck con--
verter and a boost converter which provides an output voltage that may be
less than or greater than the input voltage, with a polarity opposite to that of
the input voltage. As such, it is also known as an inverting converter. The
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Figure 2.19 Waveforms for the discontinuous-mode boost converter.

basic circuit for a buck—boost converter is shown in Figure 2.20. Its switch-
ing waveforms are shown in Figure 2.21. The operation of this converter can
also be divided into two modes, depending on the switching actions of its
switching transistor. Depending on the continuity of the current flowing
through the inductor, the operation of the buck—boost converter can also be
classified as the continuous or discontinuous mode.
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Figure 2.20 Circuit schematic of a buck-boost converter.
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Figure 2.21 Buck-boost converter waveforms.
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251 Continuous Mode
Mode 1 (0 <t<ly,)

Mode 1 begins when the switching transistor, O, istarnedonat ¢t = 0.
Its equivalent circuit is shown in Figure 2.22. The freewheeling diode, Dy, is
reverse-biased since the voltage across the inductor is near the input voltage,
V., assuming that the output voltage, vo(?), is of negative polarity. The
inductor current rises linearly from I, to I in the time 7,,:

yoopfzh_ A 2.75)
ton ton
The duration of mode 1, f,,, can be expressed as
LAI

ton = —Vs—, ) (2.76)
and the energy stored in the inductor is

E; = lL Vs ton 2— L pzp . .77

L=3%\"1L ) 2L ™ :

Mode 2 (on <t < T)

Mode 2 begins when the switching transistor, Qs, is switched off at ton.
Its equivalent circuit is shown in Figure 2.23. The polarity of the voltage
across the inductor reverses in an attempt to keep its current from changing.
Thus, at the instant of turning off, the current that was flowing through the
inductor would now flow through L, C, Dr, and the load. This current

(D

4
s Iy i +

Vs% ) ﬁL c LOAD| V()

Figure 2.22 Mode 1 equivalent circuit of the buck—boost converter 0<t=1t5).
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Figure 2.23 Mode 2 equivalent circuit for the buck—boost converter (f,, <2 = T).

flowing upward through the output capacitor charges the top end of the
capacitor to a negative voltage as previously assumed. The energy stored in
inductor L is transferred to the load and the inductor current falls until the
switching transistor, Qs, is switched on again in the next cycle. Assuming the
inductor current falls linearly from I, to I; in time Zo4:

Al

V,=-L=—. (2.78)
Toff

The duration of this interval, o5, can then be expressed as

LAI
fofr = ———- (2.79)

Since the peak-to-peak inductor ripple currents present during the 7,,, and
tor intervals are the same for steady-state operation, it can be shown from
Equations (2.76) and (2.79) that

Vit Vit
Af = 3on __ 7aloff 2.80
T 7 (2.80)

Rearranging the above equation,
Vston = — Vatost- (28])
Substituting 7o, = DT and toy = (1—-D)T into the above equation,

V.DT = —V,(1 — D)T. _ (2.82)
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Simplifying, we get

_ Va(l - D)

V, = .
> (2.83)

The average output voltage, V5, is then

VsD

Va=—l_D.

289

As can be seen, V, has an opposite polarity to the input voltage V. The
numerator D is the output conversion factor of a buck converter while the
denominator (1—D) is the output conversion factor for a boost converter.
Assuming a lossless buck—boost converter, the input power, (Vs ), is equal
to the output power (¥, L,):

L(—- VD
V.I, = V.l =_“(]__—5_)_ (2.85)
The average input current, I, can be expressed as
LD .
= - . 2.86
L=-7F (2.86)
The switching period, T, is the sum of Zon and Zog
AIL AIL  AIL(V,—V5)
fon Ffol =577, A7 @8
The peak-to-peak inductor ripple current, A, is then
VsVaT V.V,
Al =—2-2 = A (2.8%)
L(V,=Vy) fiL(Va—Vs)
Simplifying the above equation, we obtain

TAL(-V.D/Q-D) -V LL°

The peak-to-peak inductor ripple current is, therefore, similar to that of the
boost converter. When the switching transistor is switched on, the output
capacitor supplies the load current for the entire on-time interval. The
average discharging current of the capacitor is equal to I,. During the off-
time interval, the output capacitor is charged by the stored energy in the
inductor. The capacitor charging current decreases linearly from I — I, to
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I, — I, during this interval. For steady-state operation, the average capacitor
charging current during the off-time interval must be equal to the average
capacitor discharging current during the on-time interval. The peak-to-peak
ripple capacitor voltage, Av,, can be found by integrating the average cap-
acitor discharging current during the on-time interval:

fon fon

1 1 It

Ave = j Idt == j’]adt = —“—Cﬂ _ (290
0 °

f.n can be expressed in terms of the input voltage, switching frequency, and

average output voltage. From Equation (2.84), with t,,=DT .

V., = — Vs(’on/T) — Vs(ton/T)
2 1 (ton/T) (ton/T) -1

Multiplying both sides of the above equation by its denominator gives

(2.91)

fon _pton |
= 1) Vo= Vgt (2.92)
or
fony _lony _y (2.93)
T a T S a -
or
V,— V.
Ton (‘—77_5‘> = Va. (2-94)

The on-time, o5, can be expressed as

V.T Va
Ion = = . 29
Vo V. as VIR (293)

Substituting Equation (2.95) into Equation (2.90), we have

LV,

A== vasc | @29

Substituting Equation (2.85) into Equation (2.96), the peak-to-peak capaci-
tor ripple voltage is
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Ia( — VSD/(l _ D)) _ IaD

Ave == V.Dj( - D) — VofiC  fiC

(2.97)

The above result can also be found by recognizing that 1o, = D/fs. As can be
seen, the expression for the output ripple voltage, Av,, is similar to that for
the boost converter and its magnitude can be decreased by either increasing
the switching frequency f; or increasing the output capacitor value. Again,

the input inductor is used for energy storage and it does not act as part of the
output filter.

2.5.2 Discontinuous Mode

If the current flowing through the inductor has fallen to zero before the
next turn-on of the switching transistor, the buck-boost converter is said to
be operating in the discontinuous mode. The boundary between the con-
tinuous and discontinuous modes in an open-loop configuration is deter-
mined by the critical inductance, L.. The critical inductance can be derived

by assuming an ideal buck—boost converter with the input power equal to
its output power:

2 .
Vi, = %. (2.98)

The average inductor current is

VD
L="=5 ,‘ (2.99)

The average input current I is related to the average inductor current I, by
Ton ’
) 2.100
T I I, dt T I (2.100)

or

I, =I.D. (2.101)

Substituting Equation (2.99) into Equation (2.101) and then into Equation
(2.98), we get:

vip?  v? '
= 2.102
%L R » (2102)
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The critical inductance, L, is

__RD*V? _R(1-DY

L=t == (2.103)

The open-loop conversion ratio V,/V; can be found from Equation (2.102):

V2 RD :

V22fiL (2-104)
or

Va RD2 - L.

_f === — < . .

7 L= 0D 7 for L< L (1.105)

Figure 2.24 shows the open-loop voltage conversion ratio versus duty cycle
of the buck—boost converter for the two modes of operation. As shown, the

VAYR'A
1 0 L] T T
Discontinuous mode
8 L/L =01 » .
6 I . Discontinuous mode

L/l =05

Continuous mode
L/L,=1.0

0

0 0.2 0.4 0.6 0.8 1

Figure 2.24 Open-loop voltage conversion ratio versus duty cycle of the buck—
boost converter operating in the continuous and discontinuous modes.
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voltage conversion ratio increases more rapidly for smaller L/L. values.
Thus, the discontinuous mode of operation of a buck-boost converter yields
a larger average output voltage V, compared to the continuous mode of
operation for a similar duty cycle.

The output voltage of the buck-boost converter has the - opposite
polarity with respect to the input voltage. The input current in the buck—
boost converter is pulsating. As in the boost converter, a high inrush current
is flowing during initial turn-on of the switching transistor. The switching
transistor, therefore, must be capable of handling this initial switching stress.

Comparisons of the voltage conversion ratio V,/¥; for the three types
of switching converters are shown in Figure 2.25. As shown previously, a
linear relationship between the input and output voltages are a characteristic
of the buck switching converter. The rapid changing output voltage, when
operating at above 50% duty cycle in the boost and the buck—boost switch-
ing converters, presents some challenging stability problems in the designing
of these switching converters.

Example 2.2. The buck—boost converter shown in Figure 2.20 has an input
voltage of 12V and a load resistance of 24 . The switching frequency is
10kHz. The values of the inductor and output capacitor are 1 mH and
100 uF, respectively. If the output voltage is required to be twice that of
the input, determine (a) the duty cycle, (b) the peak-to-peak output ripple
voltage, (c) the magnitude of the average input current, (d) the magnitude of
the average inductor current, and (¢) the peak inductor current.

(V] V)l

Buék—boost

uck

L ) D
0.5 1

Figure 2.25 Comparisons of the voltage conversion ratios of buck, boost, and
buck—boost switching converters.
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Solution.

(a) From Equation (2.84), the voltage conversion ratio for the buck—
boost converter is

Therefore, the duty cycle, D, is 2/3 or 66.7%.
(b) From Ohm’s law, the average output current is

From Equation (2.97), the peak-to-peak output ripple voltage is

I,D 12/3)

V = —— =
AVa =7 = 100000100 x 10-5)

=0.667V.

(c) From Equation (2.86), the magnitude of the average input current is

_ LD 2/3
“1-D 1-(@2/3)

I 2A.

(d) From Equations (2.86) and (2.100), the magnitude of the average
inductor current is

I, 1

L=~ 1=¢/3 "

3A.

(e) From Equation (2.89), the peak-to-peak inductor ripple current is

v.D  122/3)

Al = = = 0.8A.
£ L 10000(0.001) 0.8A
The peak inductor current is
Al 0.8
IL,pcak = ]L +—2— =3 +—2—= 34 A.

2.6 CUK CONVERTER [4]

The Ciik converter can be considered as a series combination of a boost
converter followed by a buck converter with the particular feature that the
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output boost capacitor is an energy source for the buck section of the system
and that both converters share the same switching elements [5) as shown in
Figure 2.26. It provides an output voltage which is less than, or greater than,
the input voltage with an opposite polarity to its input voltage. It is a
derivative of the buck—boost converter in that the energy transfer from the
input to the output is achieved by a capacitor rather than by an inductor as
in the buck—boost converter. Its switching waveforms are shown in Figure
2.27. Notice that the current flowing through the output capacitor, ico(),
has been drawn in the negative direction according to the passive sign
convention; therefore the waveforms show a change in polarity. The oper-
ation of the Ciik converter can be divided into two modes, depending on the
switching actions of its switching transistor. The continuous mode of oper-
ation of the Cilik converter is discussed below.

Mode 1 (0 < 1< Iyy,)

Mode 1 begins when the switching transistor, Qs, is switched onat f = 0.1Its
equivalent circuit is shown in Figure 2.28. The current flowing through the
input inductor, L;, rises. At the same time, the voltage across the energy-
transfer capacitor, C,, reverse biases diode Dy, and turns it off. C, discharges
its energy to the circuit formed by C,, C,, Lo, and the load. If the current of
the input inductor L; rises linearly from I to I, in-time fon:

Ve la =T g AL (2.106)
ton ton
The duration of this interval, t,,, is
1o, = BB (2.107)
Vs _ .
L G leilt) Lo ioft)
T + Voo - +
Qf__ + \Z N LoAD [ Vo), V4,
+ Vas 37 Diw Veolt) 7 Co
V.= +
E T -
Hrice() A i

Figure 2.26 Circuit schematic of a Citk converter.
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Figure 2.27 Ciik converter switching waveforms.
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4 I G i Lo
a0 e - - V0 .
* B | LOAD| Vo(d, Va
y 4l Viu(D Vel = Go
ST - + -
Megn  1icto

Figure 2.28 Mode 1 equivalent circuit for the Cik converter.

Due to the discharge of C,, the current flowing through the output inductor,
Lo, rises linearly from I,  to I, , in time fg,, :

Vo — VazLL(ILﬂ_—{_I*L)_ (2.108)

t on
The duration of 1., can, therefore, be expressed as

_ LoAlL

== 2.109
ton = 5225 (2.109)

Mode 2 (lon<t<T)

Mode 2 begins when the switching transistor, Qs, is switched off at t = fon.
Fhe voltage across the input inductor reverses its polarity in order to
maintain its current uninterrupted. The diode Dy, is forward-biased since
the anode is at a higher potential than its cathode. The converter’s equiva-
lent circuit is shown in Figure 2.29. The energy-transfer capacitor, C,, is
charged by the input source ¥ and the stored energy in the input inductor
L,. The load current i (f) is now supplied by the energy stored in the output
inductor, L., and the output capacitor, C,. The current flowing through the
input inductor, L;, falls linearly from I, to I in time o2

AL,

Vi— Ve, =L; . (2.110)
Lofr
The duration for the 7, interval is
_ _Lidl, (2.111)

toﬂ' s >
Vs - VC.
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h; L k, G Lo
—p— Yo |} Y'Y
+ Vc, - +
+ —
+ LOAD| Vy(n, V,
+ vy Vlw Dy Vco G

Vs = +

B iy iy } 5

Figure 2.29 Mode 2 equivalent circuit for the Ciik converter.

where V¢, is the average voltage across C,. At the same time, the current

flowing through the output inductor, iy (1), fa]ls linearly from I, ,to I,  in
time ¢ Therefore,

V, = _%. (2.112)
toff
The duration for the t.y interval can also be-expressed as
Al
loff = _LAL, (2.113)
Va

The peak-to-peak ripple current in the input inductor L;, A I, can be found
from Equations (2.107) and (2.111):

Vston _(Vs - VC.)toIT

Al = = . 2.114
L=, L; (2.114)

Substituting t,, = DT and togy = (1 — D)T into the above equation and
solving for V¢, gives

V, .
Ve =1—"p" - (2.115)

The energy-transfer capacitor stores its energy in the form of an electric field.
The electrostatic energy stored in the energy-transfer capacitor is

1 1 v:
=§ctV3‘=§C.(—]_—°b?. (2.116)
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The peak-to-peak ripple current in the output inductor, Al , can be found
from Equations (2.108) and (2.112):

AILo — (Vct - Va)ton —_ Va’off .

” i (2.117)

Substituting fo, = DT and t,¢ = (1 — D)T into theabove equation, we obtain
Va=——. (2.118)

Equating Equations (2.115) and (2.118)

V.  Va
- 1=b D 2.119)
The average output voltage V, is
—-DV,
vV, = s 12
*71-D (2.120)

This is similar to the average output voltage of the buck-boost converter.
Assuming a lossless Cik converter, the input power is equal to its output
power, and

Vo, = Vol = ;D Vs L. (2.121)

—D

The average input current, I, is

—DL : (2.122)

I =
: 1-D

This is, again, similar to the average input current of the buck-—-boost
converter. The switching period, T, is the sum of 7, and Zo from Equations
(2.107) and (2.111):

1 LMy, LAIL,
T=—= = . 2.123
f; ton + toft Vs + Vs — Vq ( )
Simplifying
7 = LAl (2.124)

T Ve(Ve, — Vo)’
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The peak-to-peak ripple current in the input inductor, Al;, can be deter-
mined from the above equation:

Vs(Ve, — Vs)
Al =A% 2.125
b SLive, @123
Simplifying
V.D
Al ==22, 2.126
L=TT, ( )

Thus, the peak-to-peak ripple current in the input inductor is inversely
proportional to the switching frequency and its inductance value.

The switching period, T, can also be found from Equations (2.109) and
(2.113):

1 LoAl, LoAl,  LoVcAILL
== ton + b = - = : . 2.127
AR it n A e 7 (A B el
The peak-to-peak ripple current in the output inductor is
Va(Ve, + Va)
Al =222 2.128
Fe SsLoVe, ( )
or
ar, =24 =D DV, (2.129)

fiLe  fLo

Thus, the peak-to-peak ripple current in the output inductor, Al , is
also inversely proportional to its switching frequency and its inductance
value, L. ‘

When the switching transistor, O, is switched on, the energy-transfer
capacitor, C,, discharges its stored energy to Lo, C,, and the load circuit. The
discharging current increas;s from I, to I, The average discharging
current, Ic, in C; is equal to the average output current, Ia. During the
off-time, the energy-transfer capacitor is charged by the energy stored in the
input inductor and the inpit source. The charging current decreases from I,
to Iy, . Therefore, the average charging current, Ic, is the same as the
average input current, I,. The charging and discharging current—time prod-
ucts for the energy-transfer capacitor, for steady-state operation, must be

equal. The peak-to-peak ripple voltage of the energy-transfer capacitor,
AVC', is
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i 1T I
Toft
Ave, =— | Icdt =— de =222 2.130
=g | K C.j’s‘ C, (-130)
0 0
Since tosr = (1 — D)T and T = 1/f;, then
(1—-D)
tofy = . (2.131
off _/; ( )
The peak-to-peak capacitor ripple voltage is
Is(1 - D)
Ave, = ——F——=. . 2.132
C 7.G ( )

Thus, the peak-to-peak ripple voltage across the energy-transfer capacitor,
Ave, is directly proportional to its average input current, I, and inversely
proportional to the product of its switching frequency and the capacitance
value. Assuming that the peak-to-peak load ripple current, A, is negligible,
then Aiy = Aico- The average charging current of the output capacitor Co,
which flows for time 772, is Ico = (AIL/4). Therefore,

Nt 1 E Al TA Al
I Lo
A _ d — — L, = ? = 2.133
S =G J’C° =G J 2 Y= ""%C, (2.133)
0 0
or
Avccz—Va(l—D)— DVs (2.134)

8CoLof2  8CoLof2’

The peak-to-peak output ripple voltage, Av,, is equal to the peak-to-
peak output capacitor ripple voltage, Avc,, since the output capacitor is
connected directly across the load. The most effective way to reduce the
output ripple voltage is to increase the switching frequency, since the output
ripple voltage is inversely proportional to the square of the switching
frequency.

The input and output currents of the Ciik converter are continuous,
which reduces EMI problems. The output ripple voltage and ripple current
of the Ciik converter are much smaller than those of the buck—boost con-
verter. A substantial weight and size reduction of the Ciik converter over the
buck—boost converter is the result of a smaller output filter inductor, L, and
a smaller energy-transfer capacitor C,, because the capacitive energy storage
in a Ciik converter is more efficient than the inductive energy storage in a
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conventional buck—boost converter. The switching transistor and the free-
wheeling diode in the Ciik converter have to carry the currents flowing
through both the input and output inductors. At first sight, it scems that
the Ciik converter has higher DC conduction losses when compared to the
conventional buck—boost converter. However, both types of switching con-
verters have been shown to have the same DC conduction losses in the ideal .
case when both the parasitic resistances in the input and output inductors
are neglected [6]. In fact, the Cik converter has been shown to have an
overall higher efficiency when compared to the conventional buck-boost
converter with the same component values and output requirements. Fur-
thermore, the use of coupled inductors in the Ciik converter has been shown
to reduce both the output current ripple as well as the output switching
ripple [7)

Example 2.3. The Ciik converter shown in Figure 2.26 has an input voltage
of 48 V. The switching frequency is 64 kHz. The magnitude of the average

_ output voltage is 36 V across a 9-(} load resistor. The maximum ripple voltage
across the energy-transfer capacitor is 0.5V. If L;=10mH, L,=1mH, and
C, = 100 uF, determine (a) the duty cycle, (b) the value of the energy-transfer
capacitor, C,, and (c) the peak-to-peak ripple current in L;.

Solution.
(a) From Equation (2.120), the duty cycle is

Va/ Vs (36/48)

D=aF(vayviy) ~ U+ (36/4%))

= 0.429.

(b) From Ohm’s law, the average output current is

From Equation (2.122), the average input current is

DI, 0.429(4) 3A

L=G—p~a ~0.429)

The value of the energy-transfer capacitor can be found from Equation
(2.132):

_L(1—-D) 3(1-0429)

G = fAve,  64000(0.5)

53.6 pF.
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(c) From Equation (2.114), the peak-to-peak ripple current in L; is

Viton _ 48(0.429/64000)
Ly 10x1073

Al = =0.032A.

27 CONVERTER REALIZATION WITH NONIDEAL
COMPONENTS

In practical applications, components do not always behave as predicted.
Unexpected parasitics and other effects may result in a capacitance thatis a
tenth of what was expected, or even worse, the capacitor may be acting like
an inductor or the inductor acting like a capacitor.

So far, the basic configurations of DC-DC switching converters have
been analyzed considering ideal components. This section introduces a non-
ideal model for capacitors and inductors and analyzes the impact that the
ponidealities, including the semiconductor losses, have on the behavior of a
switching converter. A buck converter is used as an example.

2.7.1 Inductor Model

Figure 2.30 illustrates the equivalent circuit model for a real inductor with
parasitic elements. Most inductors can be represented with an acceptable
degree of accuracy by one of the circuits shown in Figure 2.30. Circuit A
typically represents an inductor that uses a magnetic core material, such as
ferrite or powdered iron. Circuit B represents most nonmagnetic core in-
ductors, commonly referred to as air cores.

Most inductors are used well below their self-resonant frequency
(SRF) and the basic three-element inductor models will be very accurate
under these conditions. The SRF of the inductor occurs when the inductive
reactance (XL) is equal to the capacitive reactance (XC) of the inductor.
The impedance of the inductor is at its maximum and would be infinite if
there were no core losses or if the resistance of the inductor were zero.
Above the SRF, the XC exceeds XL and the inductor behaves like a
capacitor. As the frequency increases above the SRF, the inductor will go
through other resonant phases, caused by secondary parasitic elements.
Modeling this behavior requires a more complex equivalent circuit. For
this reason, the typical useful range for the three-element inductor models
is the SRF of the inductor plus about 25% [8}.

The parasitic capacitor is usually very small. In switching applications
it charges fast to the voltage applied to the inductor terminals contributing
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11

11

A ' B

Figure 2.30 Inductor model.

with a current spike; after that no further current circulates through it.
Therefore, an RL model is normally used to model power converters.

2.7.2 Semiconductor Losses

The switch, implemented with a BIT or a MOSFET, can be represented in
the on state by a resistance (Ro,). A good model for the forward biased
diode is a voltage source (V) in series with the dynamic resistance of the
diode (Ry). Other parasitics like capacitors and inductors are not consid-
ered here. Figure 2.31 represents a buck converter that has been modeled

M Bon A Ly
LT W
» Rd L
PWM ' :r ¢ A
2l - -
Vo= ’ _— Vy
-] +
D

Figure 2.31 Equivalent circuit of a buck converter including losses.
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including the losses of the inductor and the semiconductors. During Ton,
the inductor voltage is

View = (Vs - Va) - Ia(Ron + Rs)_ (2.]35)
During Ty, the inductor voltage is
Vi =—Va— Va— I(Ra + Ry)- (2.136)

For the steady-state operation, the time-voltage product in the inductor
must be null; thus

Dv; =1 —D)v,. 2.137)
Then
D{(Vs — Vo) — L(Ron + R} = (1 = D){ — Va — Va — L(Ra + R)}- (2.138)

Approximating I, = V,/R, and assuming that R,, = Ry, the expression for
the duty cycle can be derived as:

_ Va+ Va(l + ((Ron + Rs)/ RL))
h Vs + Vd )

D

(2.139)

It is clear that the losses demand a larger than the ideal duty cycle for fixed
¥V, and V. Note that if V4 = Ron = Rs = 0, then the duty cycle adopts the
ideal value.

The expression for the average output voltage yields

DV,— (1 — D)Va

Va= 0+ ((Ren + RY/RD)

(2.140)

Therefore, for a ﬁxed D and V., the losses reduce the output voltage.

2.7.3 Capacitor Model

The simple RLC model of Figure 2.32 is often considered a good representa-
tion of the capacitor in varying frequency applications. The resistive element is
known as the effective series resistance (ESR), while the inductive element isthe
effective series inductance (ESL). However, things are never as simple as they
seem. For example, the resistive element changes with frequency and elec-
trolytic capacitors have a steep capacitance roll-off at higher frequencies [9].
The ceramic capacitor model is distinguished by a frequency-
dependent resistive element that seems to result in a minimum ESR at or
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R L C
Figure 2.32 Capacitor model.

near the SRF of the capacitor. At the SRF the capacitive reactance and the
inductive reactance cancel each other; thus, the capacitor gets reduced to its
ESR. Though the capacitancé may decay by 1% per decade of frequency,
this is insignificant in modeling the performance and is usually disregarded.
The tantalum capacitor shows a strong dependency of the capacitance with
frequency, which can decay 20% or more per decade. This has been
explained by different RC-ladders to define the performance.

Consider now that the ideal capacitor of the output filter of the buck
converter of Figure 2.1 is replaced by its RLC model. A capacitor with a
large ESL would produce spikes on the capacitor voltage due to the 9i./01.
Since the ESL is not usually evident when the right capacitor is chosen, only
the effect of the ESR will be analyzed. In the steady state, the average
current through the capacitor is zero, with the current ripple through the
inductor (A]) becoming the effective current through the capacitor. The
AT will produce a voltage drop across the ESR that will add to the output

ripple voltage. The magnitude of this extra ripple voltage can be cal-
culated as:

Avepsg = ESRAL (2.141)

PROBLEMS

2.1. A buck converter has an input voltage of 12 V. The switching frequency
is 10 XHz. The load is a resistor of 6 Q. The average load current is 1 A.
If the ripple current of the output inductor is limited to 0.1 A and the
ripple voltage of the output capacitor is 20mV. Determine (a) the duty
cycle, (b) the filter capacitance, and (c) the output inductance.

2.2. A boost converter has an input voltage of 12V. The average output
voltage is 15V with a ripple of 100mV. It has a resistive load of 3 . If
the inductor, L, is 1 mH and the output capacitor is 220 pF. Determine
(a) the required switching frequency and (b) the peak-to-peak ripple
current in the inductor. Sketch the waveforms for the currents flowing
through the inductor and capacitor.
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2.3.

2.4.

2.5.

2.6.

2.7.

A buck—boost converter has an input voltage of 9V and an inductor of
10mH. The magnitude of the average output voltage is 12V at a
switching frequency of 1 kHz. Determine (a) the duty cycle and (b) the
magnitude of the ripple inductor current in this converter.

Derive the critical inductance, L, in terms of the load resistance, R,
duty cycle, D, and switching frequency, f;, that will-make the inductor
current, in a practical buck converter, discontinuous. Assume that the
voltage drop across the switching device is ¥ and the average inductor
current during the on-time is equal to half the peak inductor current.
A boost converter has a switching frequency of 1 kHz with a duty cycle
of 50%. Its maximum ripple current is 4 A and the initial current is 10 A.
Determine (a) the average input current, and (b) the average output
current. Plot the inductor and output capacitor current waveforms
using the passive sign convention. Determine the average charging
and discharging currents for the output capacitor. Explain your results.
The component specifications for a Ciik converter are: L, = 150 pH,
C, = 220 uF, and L; = 200 uH and C, = 200 p.F. The input voltage is
12V. It is operating at a switching frequency of 25kHz witha duty cycle
of 25%. The average load current is 3 A. Determine (a) peak-to-peak
ripple current in the inductor L;, (b) peak-to-peak ripple current in the
inductor L., and (c) the average input current, /. Plot the current
flowing through the energy-transfer capacitor, ic, (7), for a complete
switching cycle. Determine the average charging and discharging cur-
rents for the energy-transfer capacitor.

The duty cycle for the two switches, S;.and S, of a switching converter
shown in Figure 2.33 is 40% with a switching frequency of 10kHz.
Determine (a) the output voltage, V,, and its polarity, and (b) the peak-
to-peak ripple current in the input inductor, Al Sketch the current
waveform flowing through the inductor L;.

. A buck—-boost converter has an input voltage of 9V, an inductor of

10mH, an output resistant of 12 £, and an output capacitance of
200 pF. The magnitude of the average output voltage is 12V with a

Figure 2.33 Circuit schematic of the switching converter for Problem 2.7.
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switching frequency of 1kHz. Determine (a) the duty cycle, (b) the
magnitude of the average input current, (c) the peak input current, (d)
the peak inductor current, and (€) the capacitor charging current—time
product. -

2.9. Calculate the efficiency of the buck converter of Figure 2.31. Find the
requirements for high efficiency.

2.10. Find the maximum output voltage that can be obtained with the buck
converter of Figure 2.31, when V= 10V, V3=0.7V, Ryn=Ra=0.2
0, R=120,and R, =3 ).

2.11. Consider the ideal buck converter of Figure 2.1. Using PSpice, analyze
the effect of an output capacitor with ESR =10 m$, XESL(f,)=0.1
XC(f,). Compare your results with the waveforms obtained using ideal
components.

2.12. Draw the equivalent circuit for a boost converter including the losses
in the transistor, the diode and the inductor; then calculate the duty
cycle.

2.13. (a) Calculate the efficiency of a buck comverter with V;=5V,
V,=12V, V4=0.3V, and R, =0.1 . (b) Repeat (a) replacing the
diode with a synchronous rectifier with Ron= 3m{}.

2.14. (a) Calculate the critical load resistance for the buck converter of
Example 2.1. (b) The addition of a synchronous switch, M, in parallel
with the diode converts the circuit into a synchronous buck converter.
Draw the steady-state waveforms for a load resistance 20% larger than
the critical resistance.

2.15. Show that the charging and discharging intervals of the output cap-
acitor of a buck converter are both equal to half the switching period.

REFERENCES

1. 1. W. Nilsson. Electric Circuits, 3rd ed., Addison-Wesley, Boston, 1990,
chap. 5.

2. S. Ciik and R. D. Middlebrook. Advances in Switched-Mode Power
Conversion, Vol. 1, TESLAco, Pasadena, 1982, 109 pp.

3. D. M. Mitchell. DC~DC Switching Regulator Analysis, McGraw-Hill,
New York, 1988, 13 pp.

4. S.Ciik and R. D. Middlebrook. DC-to-DC Switching Converter, uUs.
Patent 4,184,197, January 15, 1980. )

5. A. S. Kislovski, R. Redl, and N. O. Sokal. Dynamic Analysis of
Switching-Mode .DC/DC Converters, Van Nostrand Reinhold, New
York, 1991, 177 pp.




Basic Switching Converter Topologies 67

6.

7.

S. Cik and R. D. Middlebrook. Advances in Switched-Mode Power
ConversionNol. 2, TESLAco, Pasadena, 1982, 311 pp.

S. Ciik and R. D. Middlebrook, Coupled-inductor and other extensions
of a new optimum topology switching dc-to-dc converter, IEEE Industry
Applications Society Annual Meeting, Los Angeles, 1977.

Vishay Dale Engineering Note, Circuit Simulation of Surface Mount
Inductors and Impedance Beads, Document Number 34098, Revision
August 27, 2002.

J. Prymak. SPICE Models of Capacitors, Vol. 4, No. 5, Kemet Tech.
Topics, Kemet Electronics Corp., September 1994.






3

Resonant Converters

3.1 INTRODUCTION

The major thrusts in switching converter design are to achieve a higher
power packing density and higher conversion efficiency. To increase the
power packing density, the switching frequency of the switching converter
is often increased to reduce the size and weight of its reactive components.
However, the conventional or hard-switching switching converter, employ-
ing pulse-width modulation to control the dynamic transfer of electrical
energy from the input to the output, suffers an excessive switching loss as
its switching frequency approaches 1 MHz. The higher switching losses of
the power transistor require a larger heat sink capacity that offsets the net
magnetic size reduction when operating at a higher switching frequency.
At high switching frequencies, capacitive turn-on losses in power MOSFETSs
become the predominant switching losses. A power MOSFET with a Cys of
100 pF, switching at 500V, will have a turn-on loss of 0.5C4ofsVas’, OF
12.5W, when operating at 1 MHz. However, the turn-on loss increases to

69



70 Power-Switching Converters

62.5W when this device operates at a switching frequency of 5MHz.
Resonant converters offer an attractive solution to the above dilemma.

There are many topological variations of the resonant converter. Only
two of the common resonant converter topologies, the quasi-resonant
converter and the load-resonant converter, will be discussed in this chapter.
The quasi-resonant converter employs an LC tank circuit to shape
the current or voltage waveform of the switching transistor, resulting
in a zero-current or zero-voliage condition during device turn-off or turn-
on. Zero-current-switching (ZCS) quasi-resonant switches are employed to
reduce the turn-off switching losses, while zero-voltage-switching (ZVS)
quasi-resonant switches are used to mitigate the turn-on switching losses.
In general, ZVS is preferable to ZCS at high switching frequencies. The
load-resonant converter can be classified as either a voltage-source series-
resonant converter or a current-source parallel-resonant converter. The
voltage-source series-resonant converter can be further subdivided into
either a series-loaded or parallel-loaded resonant converter. In the series-
loaded resonant converter, the load is connected in series with the resonant
circuit and the output voltage is obtained from the resonant current. As
such, the output voltage is sensitive to load variations. However, the
series-loaded resonant converter is inherently overload protected. In
the parallel-loaded resonant converter, the load is connected in parallel
with the resonant capacitor and the output voltage is obtained from
the voltage across this capacitor. Because of this, the output voltage of the
parallel-loaded resonant converter is not sensitive to load variations. How-
ever, it requires protection against overloading since the output energy is
derived directly from the resonant capacitor.

One of the major advantages of resonant converters is the absorption
of the switching transistor capacitance and other parasitic components into
the converter topologies. However, the switching transistors in the resonant
converters generally have to carry a higher peak current or voltage for the
same output power than their counterparts in conventional switching con-
verters. Since resonant converters regulate their output by changing their
switching frequencies or by frequency modulation, electromagnetic inter-
ference may be unpredictable. The choice of using resonant converters over
conventional switching converters should be based on the fact that the
reduction in switching losses is greater than the increase in semiconductor
device conduction losses associated with the higher peak current or voltage
in the resonant topologies. A review of the fundamental concept of parallel
and series resonant circuits is done to help with the analysis of some of the
simple resonant converter topologies.
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32 PARALLEL RESONANT CIRCUIT — A REVIEW

Consider a current source I(jw) connected in parallel with a resistor R,.a
capacitor C, and an inductor L, as shown in Figure 3.1. As the frequency of
the current source changes, the voltage across terminals a and b is given by

-

I
(/R) + joC + (1/joL)
1. 10° 3D

- (1/R?) + (@C — (wL)) Ltan~! [R(C — (}/wL))] '

]70 (jo) =

The resonant frequency in this circuit is defined as the frequency at which the
impedance seen by the current source is purely resistive. This frequency
makes the corresponding admittance purely conductive, since Y=2"".
The resonant frequency, w,, is then

1

0,C = oL (3.2a)
or

w, = 1 (3.2b)

n \/R . .

At the resonant frequency, the voltage across terminals a and bis

Vo(w = wy) = Vi, = ImR. (3.3)
The capacitor current, T (w,), during resonance is

- ,

Tw = wy) = =2 = jw,Cl,R = jImR\/§ €X))

Z, L

grj L(jw) R

- o(iw)
..‘

T AAAS—
E.
A
E.
o]~
i
1 +

Figure 3.1 A parallel-resonant circuit.
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while the inductor current, I (), is

- V. I,R C
I = —3 ——o = m = —7J, R\/:'. 3.5
L@ = wy) ZL  jonL jlm I (3.5)
The phasor diagram depicting .the currents and voltages at the resonant
frequency is shown in Figure 3.2. It can be seen that the capacitive current
is of the same magnitude but opposite in sign to the inductive current at

resonance. Thus, electrical energy is exchanged between the inductor and the
capacitor.

3.3 SERIES RESONANT CIRCUIT — A REVIEW

Consider a voltage source ¥ (jw) connected in series with a resistor R, an
inductor L, and a capacitor C, as shown in Figure 3.3. As the frequency of
the voltage source changes, the current flowing in the circuit is given by

-

Vs
R+ j(@L — (1/0C))
Vo L0° (3.6)

- \/R2 + (oL — (1 /0C))* Ltan™! (ﬂl'——-_%/—w9> .

I=

jImRE =ldo=0,)

~inAfC =tw=o)

Figure 3.2 Phasor diagram showing the inductor and capacitor currents at the
resonant frequency. ’
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R ] jo L

Figure 3.3 A serics-resonant circuit.

Again, the resonant frequency in this circuit is defined as the frequency at
which the impedance seen by the voltage source is purely resistive. Thus, the
resonant frequency, @,, is also given by -

@y =

1
VIC ¢D

At the resonant frequency; the current flowing in the circuit is simply

T = 0,) = Tnax = - (-3
R
The voltage across the inductor, V(wy), is
- . - 1% L . )
V(@ = wn) = (j0nL)max =LR£ \/—;-, (3.9)

and the voltage across the capacitor, 171}(0)0), is

74 _I max ] Vm L
= = = ——— —_— . 0
V(o = wy) = jonC r VT (3.10)

The phasor diagram depicting the voltages and currents of the series reson-
ant circuit is shown in Figure 3.4. It can be seen that the voltage across the
inductor is equal in amplitude, but opposite in phase, to the voltage across
the capacitor. Hence, there is a constant exchange of electrical energy
between the capacitor and inductor at resonance.

3.4 CLASSIFICATION OF QUASI-RESONANT SWITCHES

The quasi-resonant switch is basically a conventional semiconductor power
switching device with an LC tank circuitincorporated into a circuit to shape
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ﬂ Vi(o=a,)= X’;‘_"_
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Figure 3.4 Phasor diagram showing the capacitor and inductor voltages at the
resonant frequency.

either the voliage across the device or current flowing through it from
rectangular pulses into a sinusoidal waveform. The two types of quasi-
resonant switches are the current-mode quasi-resonant switch and the volt-
age-mode quasi-resonant switch. For the current-mode quasi-resonant
switch, the inductor of the resonant tank circuit is connected in series with
the switching transistor to shape the current flowing through it. There are
two current-mode quasi-resonant switch configurations: the L-type and the
M-type, as shown in Figure 3.5 [1].

In both cases, the resonant inductor, L,, is connected in series with the
switching transistor, O, while the resonant capacitor, C,, is connected in
parallel with the switching transistor Qs and the resonant inductor. The
resonant inductor and capacitor constitute a series-resonant tank circuit
whose resonance occurs during the major portion of the on-time of the
switching transistor. The quasi-resonant switch is said to operate in a half-
wave mode since the resonant current is not allowed to flow back to the
source. If an antiparallel diode, D), is connected across the switching tran-
sistor, then the quasi-resonant switch is configured to operate in a full-wave
mode and the resonant current can flow bi-directionally to both the load and
the source. :

At turn-on, the switching transistor, Js, is first driven into saturation
before the current flowing through it gradually rises in a quasi-sinusoidal
fashion. The switching transistor is commutated naturally as the current
flowing through it tends to oscillate to a negative value. The effect of the
resonant switch on the reduction of switching stress and switching loss is
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Figure 3.5 Current-mode quasi-resonant switches.

evident from the load-line trajectories shown in Figure 3.6. Path A shows a
typical load-line trajectory for inductive switching of a switching transistor
with conventional forced turn-off. It traverses through a high-stress region
where the switching transistor is subjected to both high voltage and high
current simultaneously, whereas the load-line trajectory for inductive switch-
ing with a current-mode resonant switch is along either the voltage axis or
the current axis, as shown by path B in Figure 3.6. Consequently, the
switching stresses and losses in the current-mode quasi-resonant switch are
greatly reduced.

The voltage-mode quasi-resonant switch is implemented by connecting
a resonant capacitor, C;, in parallel with the switching transistor, Q. The
strategy in the voltage-mode quasi-resonant switch is to shape the voltage
waveform across the switching transistor during its off-time such that a zero-
voltage condition is created before the device is allowed to switch on.
Voltage-mode quasi-resonant switches are primarily used to reduce capaci-
tive turn-on loss in power MOSFETs at very high switching frequencies.
Nonzero-voltage turn-on in the power MOSFET switching transistor gen-
erates substantial noise that interferes with the controller, and reduces its
switching speed due to the switching Miller effect. There are also two
voltage-mode quasi-resonant switch configurations: the L-type and the
M-type as shown in Figure 3.7 [2]. The voltage-mode quasi-resonant switch
is said to operate in a half-wave mode when the voltage across the resonant
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ON

v

OFF

Figure 3.6 Load-line trajectories of a switching transistor: path A, forced switch-
ing; path B, resonant switching.

C;
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—K—e L L,
Qs OsI c,
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Figure 3.7 Voltage-mode quasi-resonant switches.
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capacitor is not allowed to swing to its negative cycle. This is accomplished
by a clamping diode, D, connected across the resonant capacitor. However,
if the diode, D), is connected in series with the switching transistor, then the
voltage-mode quasi-resonant switch is said to operate in a full-wave mode
since the voltage across the resonant capacitor is allowed to swing freely to
pegative values.

All the basic switching converter topologies can be converted into
quasi-resonant converters simply by replacing the switching transistor with
cither the current-mode or voltage-mode quasi-resonant switch. They are
called guasi-resonant converters because there are resonant and nonreso-
nant intervals in the switching waveforms [1,2}. The quasi-resonant switch-
ing converter utilizes a voltage-controlled oscillator in its control circuit to
change its switching frequency, as shown in Figure 3.8, to maintain a
constant output voltage.

3.5 ZERO-CURRENT-SWITCHING QUASI-RESONANT
BUCK CONVERTER

A ZCS guasi-resonant converter can be easily implemented by replacing the
conventional switching transistor with a current-mode quasi-resonant
switch. A half-wave ZCS quasi-resonant buck converter with a L.-type switch
is shown in Figure 3.9(a) and a full-wave ZCS quasi-resonant buck converter
with a L-type switch is shown in Figure 3.9(b). The analysis of this ZCS

A,
Vs Quasi-resonant converler A
Ry
Z
—
. Z
Voltage-controlied | v ~ e
oscillator £ . <V
Error ) ol
Amplifier =

Figure 3.8 Control scheme for a quasi-resonant converter. '
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©

Figure 3.9 Zero-current-switching (ZCS) quasi-resonant buck converter with: (a)
a half-wave, L-type switch and (b) a full-wave, L-type switch.

resonant buck converter can be simplified considerably by making the
following assumptions [1}. The output inductance, Lo, is assumed to be
much larger than the resonant inductance, L,. The corner frequency of the
output filter L, — C,, f-, is much lower than the switching frequency. Thus,
the output filter L, — C, and Ry can be treated as a constant current sink of
I, The switching devices are ideal semiconductor switches with no forward
drops in their on-state and no leakage currents in their off-state. There are
also no time delays at both turn-on and turn-off. The resonant inductor and
capacitor are ideal circuit elements with no lossy or parasitic elements.

The operation of the ZCS quasi-resonant buck converter can be div-
ided into four modes. Suppose that before the switching transistor is
switched on, the freewheeling diode, Dg,, carries the steady-state output
current of I, and the resonant capacitor voltage, vc (1=0), is clamped at
zero volt by the freewheeling diode. Also, there is no current flowing through
the resonant inductor, i.e., i, (0) = 0.

Mode1(0<t<it)

Mode 1 begins at time 1 = 0 when the switching transistor, 0, is switched

on. The freewheeling diode, Dy, carries the steady-state output current
inmitially, since the resonant capacitor is clamped at zero volt. Hence, both
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Figure 3.10 Mode 1 equivalent circuit of the ZCS quasi-resonant buck
converter.

the switching transistor and the freewheeling diode are switched on during
mode 1. The mode 1 equivalent circuit is shown in Figure 3.10. The current
flowing through the resonant inductor, iz (£), increases linearly from zero to
the steady-state output current of J,. The voltage across the resonant in-
ductor is related to the rate of rise of its current. At the end of mode 1, the
voltage across the resonant inductor, v, (?), is given by

A =14—;,°—1. (3.11)

The duration of mode 1, T, is

LI,

Ty = V.

(3.12)

Thus, mode 1 is characterized by inductor charging and the storage of
electrical energy, in magnetic form, in the resonant inductor.

Mode 2 (t; < I < I)

Mode 2 begins when the current flowing through the resonant inductor,
ir (1), reaches the stcady—state output current, I,. The freewheeling diode,
Dy, is reverse biased since the resonant capacitor is charged by the differ-
ence between the current flowing through the resonant inductor, iy (¢), and
the steady-state output current, I, (.., ir (f) — I). The voltage across the
resonant capacitor increases in a quasx-smusondal fashnon Figure 3.11 shows
the equivalent circuit for mode 2.
The rate of increase of the resonant current is

(_lii . (Vs — VC,(I)) .

=T (3.13)
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Figure 3.11 Mode 2 equivalent circuit of the ZCS quasi-resonant buck
converter. o :

The rate of increase of the resonant capacitor voltage 15

S ove, (L)1)
d—dT = (3.14)

The initial resonant capacitor voltage is zero (i-e., vc(ty) = vc(0) = 0), while
the initial resonant inductor current, iz (0), is Lo. The first-order differential
Equations (3.13) and (3.14) can be solved using the two known initial
conditions. The expression for the resonant inductor current, iz (1), is

ir,(D=1=I+ %s- sin wyt, (3.15)

where Z, = /L:/C; is the characteristic impedance and w, = 1/ VL. C; 1s
the resonant frequency of the resonant tank. The expression for the resonant
capacitor voltage, vc({), is

ve, (1) = V(1 — cos wpl). (3.16)

The current flowing through the resonant inductor is sinusoidal. However,
the voltage across the resonant capacitor increases according to a versine
function. Thus, mode 2 is also known as the resonant stage. In the half-wave
quasi-resonant buck converter, the switching transistor, O, will be naturally
commutated at time 7, when the resonant inductor current, i (1), reduces to
zero as shown in Figure 3.12. In a full-wave quasi-resonant buck converter,
the resonant inductor current will continue to oscillate and feed energy back
to the voltage source, Vs, through the antiparallel diode D, The current
flowing through diode D, oscillates to zero again at time f, as shown in
Figure 3.13.

. The duration of this resonant mode, T>=1> — 1;, can be found by
setting i, (T2) = O,
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Vgs

Figure 3.12 Waveforms for the half-wave ZCS quasi-resonant buck converter.

i1,(T2) = 0 = Io &2 sin (@, T2). (3.17)

Rearranging the above equation,

1,2,

sin(w, 1) = — , (3.18)
Vs
and the duration of mode 2, T>, is
= —1
T, = sin” (—IoZ,/V5) - g_ (3.19).

@p @y

For the half-wave mode, a takes on values between and 3n/2. The
resonant mode ends at 1, when the resonant inductor current reduces
to zero. For the full-wave mode, « adopts values between 37/2 and 2.
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v (1)

Figure 3.13 Waveforms for the full-wave ZCS quasi-resonant buck converter.

The resonant mode terminates at f, after the resonant inductor current
feeds energy back to the input voltage source. The resonant capacitor still
holds some charge even after the current in the resonant inductor
is reduced to zero. As such, the freewheeling diode is kept reverse biased
at the end of the resonant mode. The resonant capacitor voltage, vc, (), at
t=12 1S .

ve,(82) = Vi(l — cos a). (3.20)

The switching transistor is switched off after ¢, for the half-wave mode. For
the full-wave mode, the switching transistor is switched off between 2, and ty,.
Thus, a zero current condition is created for the switching transistor to
switch off in order to reduce turn-off switching losses. The steady-state

output current, I,, must be less than VJ/Z, for the switching transistor to
switch off during zero current.
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Mode 3 (‘2 <f< ts)

Mode 3 begins after the switching transistor switches off at 75. The equiva-
lent circuit is shown in Figure 3.14.

The resonant capacitor, C,, begins to discharge through the output
loop and v¢(2) decreases linearly to zero-at time t;. Thus,

Vc, o '
c,dE = —Iy. (3.2

The initial resonant capacitor voltage is given by Equation (3.20). At the end
of this mode, the voltage across the resonant capacitor, v, (3), is zero. Using

the boundary conditions, Equation (3.21) can be solved for the duration of
mode 3, T3,

ve,(13) — ve (1) _ c V(1 — cosa)

T3 =1t3—t2=C,
3 3 2 r _10 10

(3.22)

The drain-to-source voltage of the switching transistor increases during
mode 3. At the end of mode 3 (i.e., at 13), the drain-to-source voltage of
the switching transistor is equal to the input voltage, ¥V, as the switching
transistor is completely switched off.

Mode 4 (t; < t< To)

Mode 4 begins when the voltage across the resonant capacitor reduces
to zero at time t=t3. The freewheeling diode, Dy, switches on and the
output current now flows through Dg,. The equivalent circuit is shown in
Figure 3.15.

The duration of mode 4, T,, is

Ta=T,—Ts— T2 — Th, (3.23)

s L, '
oO—— Y YY"\ o Y

Vs c,_[ | Z30) Dpw @lo

Figure 3.14 Mode 3 equivalent circuit of the ZCS quasi-resonant buck
converter.
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m ®

Vs C, Dy gllb Iy

Figure 3.15 Mode 4 equivalent circuit of the ZCS quasi-resonant buck
converter. . )

where T, is the switching period. By controlling the freewheeling time
interval, T, the output voltage, V,, can be regulated.

The voltage conversion ratio of the full-wave ZCS quasi-resonant buck
converter can be found by imposing the constant volt-second relationship on
the output inductor, L, since the average voltage across the output inductor
is zero under steady-state conditions. Since the resonant capacitor voltage
waveform is approximately V(1 — cos w,f) during the interval between #3
and t,, its average value is approximately equal to the input voltage, V. The
resonant period is approximately T, = 13 — 1. During this time interval, the
average voltage across the output inductor is (Vs — Va). The voltage across
the output inductor during the remaining switching period, i.e., Ty — T, is
—V,. From the constant volt-second relationship,

(Vs — Va)Tn - Va(Ts - Tn) =0. (__3-24)

Rearranging this equation, the voltage conversion ratio, V,/V;, for a full-
wave ZCS quasi-resonant buck converter is

Va Tn_fs

A 629

Thus, the output voltage of a ZCS quasi-resonant buck converter is regu-
lated by changing the switching frequency. It is obvious that the switching
frequency, f;, must be less than the resonant frequency, fa-

In a half-wave ZCS quasi-resonant buck converter, the output voltage
is very sensitive to load variations as shown in Figure 3.16 [1]. This is because
the only means for the half-wave quasi-resonant buck converter to regulate
the output voltage is by varying the switching frequency since it takes a
longer time to discharge the tank energy to the load in a light load situation.
The voltage conversion ratio of the full-wave ZCS quasi-resonant buck
converter is insensitive to load variations. This is because the excess tank
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Figure 3.16  Voltage conversion ratio for the half-wave ZCS quasi-resonant buck
converter. (From K.H. Liu, R. Oruganti, and F.C. Lee. Resonant Switches—Topol-
ogies and Characteristics, IEEE Power Electronics Specialists Conference 1985,
Record: 106, 1985. With permission.)

energy in the full-wave ZCS quasi-resonant buck converter is allowed to feed
back to the input source during a small output load current requirement.
When the required output current is large, the time interval to charge the
resonant inductor is longer, and consequently, the resonant inductor is
charged to a higher value according to the requirement of the load as
shown in Figure 3.17.

Since most of the stored magnetic energy in the resonant inductor is
used to satisfy the output current requirement, very little excess tank energy is
fed back to the input source. Consequently, the magnitude of the resonant
inductor current is higher in the first half-cycle during the resonant mode, and
is lower during the second half-cycle when the excess energy is fed back to the
input source as shown in Figure 3.17(a). Conversely, when the required
output current is small, the magnitude of the current flowing through the
resonant inductor is small during the resonant mode and is larger during the
second half-cycle as shown in Figure 3.17(b). This is because a larger amount
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Figure 3.17 Resonant inductor current and resonant capacitor voltage for (a)
heavy load and (b) light load. (From K.H. Liu, R. Oruganti, and F.C. Lee. Resonant
Switches —— Topologies and Characteristics, 1IEEE Power Electronics Specialists
Conference 1985, Record: 106, 1985. With permission.) N

of stored energy is fed back to the input source. Thus, the full-wave ZCS
quasi-resonant buck converter is able to regulate its output voltage against
load variations without a large change in the switching frequency.

Example 3.1. The zero-current-switching quasi-resonant buck converter
shown in Figure 3.9(b) has an input voltage of 12V. The values of the
resonant inductor, L,, and resonant capacitor, C;, are 2pH and 79nF,
respectively. The average output voltage is 9V across a 9-Q resistor. The
output inductor and output capacitor are 10mH and 100 pF, respectively.
Determine (a) the switching frequency, f;, (b) the duration that the resonant
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inductor is charged, (c) the peak current in the resonant inductor, and (d) the
peak voltage across the resonant capacitor.

Solution.
(a) The resonant frequency is
-1 1 _ 1 !
2n JLC 27 /2 x 10-8(79 x 10~)

From Equation (3.25), the switching frequency, £, is

Ja

= 400 kHz.

Va 9
fi= —'—,:j;, = -1—2400 kIjIz“— 300 kHz.

(b) The average output current is

vV, 9
L=p=5=1A

From Equation (3.12), the resonant inductor is charged for

LI, 2x10°%1)
== = 0167ps.

T,

(c) From Equation (3.15), the peak current in the resonant inductor is

I, ... =lo+5= 1 +——]2———=3.385 A.

Z" (Lr/ Cr)

(d) From Equation (3.16), the expression for the voltage across the
resonant capacitor is

Ve, = Vs [1 — cos ] = 12[1 — cos (2.516 x 10°)]

t
VvL:C

The peak voltage across the resonant capacitor is

Ve, m = 120+ 1) =24V.

3.6 ZERO-CURRENT-SWITCHING QUASI-RESONANT
BOOST CONVERTER

The circuit schematic of a full-wave, ZCS quasi-resonant boost converter is
shown in Figure 3.18. The analysis of this converter can be simplified by
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Figure 3.18 Circuit schematic of a full-wave ZCS quasi-resonant boost con-
verter.

adopting the same assumptions made in Section 3.5. Furthermore, the input
of the boost converter is treated as a constant-current source, I, supplying
power to a constant-voltage load, V,.

The operation of the ZCS quasi-resonant boost converter can also be
divided into four modes. Suppose before the switching tramsistor, O, is
switched on, the freewheeling diode is conducting, and consequently, the
resonant capacitor is charged to the output voltage, Va.

Mode 1 (0 <t<t)

Mode 1 begins when the switching transistor, O, is switched on at z=0.
The equivalent circuit is shown in Figure 3.19. The current flowing through
the resonant inductor, i; (f), increases linearly from zero to the steady-state
input current I;. The voltage across the resonant inductor is related to
the rate of rise of its current. At the end of mode 1, the voltage across the
resonant inductor, vz (1), is given by

Dy,

o
{p—

@:

Figure 3.19 Mode 1 equivalent circuit of the ZCS quasi-resonant boost con-
verter.
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I
V, = L,%. (3.26)

The duration of mode 1, Ty, is -

_ L
Ty =37 (3.27)

Thus, mode 1 is characterized by the storage of electrical energy in the
resonant inductor in magnetic form.

Mode 2 (t1 <t< fz)

Mode 2 begins when the current flowing through the resonant inductor
reaches the input current, ;. The freewheeling diode is reverse biased as
the resonant capacitor discharges its stored energy into the resonant in-
ductor. The equivalent circuit is shown in Figure 3.20. The voltage across
the resonant capacitor, vc, (£), decreases sinusoidally according to

d'l’cr (t)

G dt

= I, — i (f). (3.28)

The rate of increase of the resonant inductor current, (di., (1)/d), is

die, () _ve (D)

< T (3.29)

The above first-order differential equations can be solved using the two

known initial conditions: iy (t;) =i, (0)=1I; and vc(t)=vc, (0)="Va. The
expression for the resonant inductor current, g (1), is

ir,()=1I +-Z—a sin{wpt) - (3.30)

> i}

Figure 3.20 Mode 2 equivalent circuit of the ZCS quasi-resonant boost converter.
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where Z,=+/L;/C; is the circuit characteristic impedance and w,=
1//L;C; is the resonant frequency. The expression for the resonant capacitor
voltage, v¢, (1), is

ve,(t) = Vacos(w,1). (3.3

Thus, both the current flowing through the resonant inductor and the
voltage across the resonant capacitor are sinusoidal. Hence, electrical energy
is exchanged between the resonant inductor and capacitor. Mode 2 is also
known as the resonantmode. The resonant inductor current continues to
swing to its negative cycle when it feeds energy back to the input source as
shown in Figure 3.21. At the beginning of this mode, the resonant capacitor
discharges its energy to the resonant jnductor. However, as the resonant
inductor current decreases below the steady-state input current, I, the
resonant capacitor voltage increases toward the output voltage, V.. The

duration of this resonant mode, T>=1,—1;, can be found by setting
iL{(Ty)=0:

t_

Figure 3.21 Waveforms for the full-wave ZCS quasi-resonant boost converter.
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V.
i, (T)=0=IL+ 2‘1 sin (w,T7)- (3.32)
The duration for mode 2, T>, is

_ sin”! (= (Z.1s/ Va)) =2

@p ®p

T

(3.33)

where a takes on values between 1.57 and 27. The resonant mode termin-
ates at 1 = 1y, after the resonant inductor has completely fed its stored
energy back to the input source. After z,, the switching transistor, O, can
now be switched off. Thus, a zero-current condition is created for the
switching transistor to switch off. The input current, I, should be smaller
than V./Z, for the switching transistor to switch off during zero current.

Mode 3 (fz <l< l3)

Mode 3 begins after the resonant inductor current decreases to zero from its
negative peak at time 1. The switching transistor, Qs, switches off and its
drain-to-source voltage continues to rise during this interval. The equivalent
circuit is shown in Figure 3.22.

The resonant capacitor continues to charge towards the output voltage,
V,, by the input current, /5. The rate of increase of the capacitor voltage is

v, (1) I
d——=—. .
i C. 3.39
The initial resonant capacitor voltage is
ve,(12) = Vacos(a). (3.35)
D
° —0 "o——
L
45 Is Cr 9_5 Va

Qs _ »

Figure 3.22 Mode 3 equivalent circuit of the ZCS quasi-resonant boost con-
verter.



92 Power-Switching Converters
The duration of mode 3, T3, is

Ty = C V(1 I— cosa) ) (3.36)
s

Mode 4 (I3 < t< Tg)

Mode 4 begins when the resonant capacitor voltage reaches V, at 13. The
freewheeling diode, Dy, is forward biased and switched on. The equivalent
circuit is shown in Figure 3.23. The duration of mode 4 is

Ty=Ts—T1y—Th— T3, (3.37)

where T is the switching period.

The voltage conversion ratio of the full-wave ZCS quasi-resonant
boost converter can be found by imposing the constant volt-second relation-
ship on the input inductor, L;, since the average voltage across it is zero for
steady-state operation. The average voltage across the input inductor during
the time interval between #, and 15 (i.e., the resonant period T,) is V since the
average V, is zero. During the remaining time interval (i.e., Ty — T,), the
average voltage across the input inductor is (Vs — V,). Thus,

ViTn + (Ts — Tn)(Vs - Va) =0. (3-38)

The voltage conversion ratio for the full-wave ZCS quasi-resonant boost
converter is

Va 1
V. A=) G-3%
Dy
o —O Ty
Lr >
QI‘B Is _' = 9_5‘/3
Qs :

Figure 3.23 Mode 4 equivalent circuit of the ZCS quasi-resonant boost con-
verter.
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Note that this voltage conversion ratio is similar to that of the conventional
boost switching converter if the ratio of the switching frequency to the
resonant frequency is replaced by its duty cycle, D. The voltage conversion
ratio versus fJ/f, relationship for a full-wave ZCS quasi-resonant boost
converter is shown in Figure 3.24. It should be noted that the switching
frequency, f;, must be smaller than the resonant frequency. In a half-wave
ZCS quasi-resonant boost converter, the output voltage is very sensitive to
load variations. Thus, the only means to regulate its output voltage is to
change the switching frequency. On the other hand, the full-wave ZCS quasi-
resonant boost converter is able to regulate its output voltage against load
variation without a large change in switching frequency.

Example 3.2. The zero-current-switching quasi-resonant boost converter
shown in Figure 3.18 has an input voltage of 12 V. The values of the resonant
inductor, L, and resonant capacitor, C,, are 2 pH anid 79nF, respectively.
The output voltage is 15V across a 10-(2 resistor. The output inductor and
output capacitor are 10mH and 100 pF, respectively. Determine (a) the
switching frequency, f;, (b) the duration that the resonant inductor is
charged, (c) the peak current in the resonant inductor, and (d) the peak
voltage across the resonant capacitor.

Aumammne

L
[ T e e

B

S
. K
L L

0

Wt
0 0.2 0.4

o
o
=)
[s]

1

Figure 3.24 Voltage conversion ratio Vérsus‘fs/_ﬂ, for a full-wave ZCS quasi-
resonant boost converter. -
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Solution.

(a) From Equatioﬁ (3.39), the switching frequency, Jo is
Vs 12
= —— = —— = H .
Js (1 Va)fn (1 s 400kHz = 80 kHz

(b) The average output current 1s

Assuming a lossless converter, the input current, g, is

I = Val,  15(1.5)
STV, 12

= 1.875A.

From Equation (3.27), the duration that the resonant inductor is charged is

LI, 2x107°(1.875) _
T] = Va = 15 = 0.25 PS.

(c) From Equation (3.30), the peak current in the resonant inductor is

2 15
I, max = Is +— = 1875+ = 4.86A.
Lemax =8 Z, V@ x 10-6/79 x 10-9)

(d) From Equation (3.31), the peak voltage across the resonant cap-
acitor is

Ve, max = Va=15V.

3.7 ZERO-VOLTAGE-SWITCHING QUASI-RESONANT
BUCK CONVERTER

The circuit schematic of a full-wave ZVS quasi-resonant buck converter is
shown in Figure 3.25. The analysis of this converter can be simplified by using
the same assumptions made for the ZCS quasi-resonant buck converter. The
operation of the ZVS quasi-resonant buck converter can be divided into four
modes. Suppose that before the switching transistor, O, is switched off, the
resonant inductor, L,, carries the load current, I,. The resonant capacitor, C,,
is clamped at zero volt and the freewheeling diode, Dy, is switched off.
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Figure 3.25 Circuit schematic of a full-wave ZVS quasi-resonant buck con-
verter.

Mode 1 (0<t<t)

Mode 1 begins when the switching transistor is switched off at time 1 = 0.
The equivalent circuit is shown in Figure 3.26. The resonant capacitor begins
its charging process as soon as the switching transistor is switched off. At the
end of mode 1, the current flowing through the resonant capacitor is

v,
I, = C,?:, (3.40)

The duration of mode 1, T, 1s

GV

Ty = A

. : (3.41)

Thus, mode 1 is characterized by the capacitor charging and the storage of
electrical energy in electrostatic-form in the resonant capacitor. It should be
noted that both the switching transistor and the freewheeling diode remain
off during mode 1.

Qs L,
o O Y Y g
Vs C. 1

Figure 3.26 Mode.1 equivalent circuit of the full-wave ZVS quasi-resonant buck
converter.
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Mode 2 (11 <f< tz)

Mode 2 begins when the voltage across the resonant capacitor reaches the
input supply voltage, V, at time #;. The freewheeling diode, Dgw, is switched
on and the current flowing in the resonant inductor decreases in a sinusoidal

fashion. Figure 3.27 shows the equivalent circuit for mode 2. The rate of
decrease of the resonant inductor current is

dip, _ ve, (1)
ar = Vs o (342

The rate of increase of the resonant capacitor voltage is

dve, i ?)
=G _ g 3.4
dt G (.43

The initial resonant inductor current, iy (t;), is Lo, while the initial resonant
capacitor voltage, vc(t1), is Vs. The above first-order differential equations
can be solved using the two known initial conditions. The expression for the
resonant inductor current, ir (1), is

iy (1) = I, coswyt (3.449)
and the resonant capacitor voltage, ve(D), is
ve (D) = Vs + Zplosinwnt, (3.45)

where Z,=+/L;/C; is the circuit characteristic impedance and
w, = 1//L,;C; is the resonant frequency. Mode 2 is also known as the
resonant mode. The voltage across the resonant capacitor continues to
swing to its negative cycle as it feeds energy back to the input source as
shown in Figure 3.28. The current flowing through the resonant inductor
decreases to its minimum value as the voltage across the resonant capacitor

Qs L

Figure 3.27 Mode 2 equivalent circuit of the full-wave ZVS quasi-resonant buck
converter. ’
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Figure 3.28 Waveforms of the full-wave ZVS quasi-resonant buck converter.

is again at ¥V, After this, the current in the resonant inductor increases
toward I,. The duration of this resonant mode, T;=1,—1#;, can be found
by setting v¢, (72)=0:

ve(T2) = Vs + Zplo sin(w,T2) = 0. (3.46)

Thus, the duration of mode 2,'T 5, 1S

_sinT (= (Vs/Zalo)) _ @
- [ - Wy

T, (3.47)

where a takes on values between 1.57 and 2. The resonant mode termin-
ates at 1, after the resonant capacitor has completely fed its stored energy
back to the input source. The switching transistor should be switched on
during the negative part of the resonant capacitor voltage. Otherwise, the
resonant capacitor will begin to recharge and the -switching transistor will
lose the opportunity to switch on under zero-voltage condition. It should be
noted that the steady-state load current, I,, must be greater than (VJ/Z,) for
the switching transistor to switch on at zero voltage.
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Mode 3 (o< t < I3)

Mode 3 begins after the resonant capacitor voltage decreases to zero from its
negative peak at time #,. The equivalent circuit is shown in Figure 3.29. The
resonant inductor current continues to increase toward the steady-state output
current, I,. The rate of increase of the resonant inductor current is

a% =7 (3.48)

The current flowing through the resonant inductor at the beginning of this
mode is

ir, (1) = Iy cos (). (3.49)

The duration of mode 3, T3, is

T3 =

L1,
| 4

s

(1 — cosa). (3.50)

Mode 4 (l3<t< To)

Mode 4 begins when the current in the resonant inductor reaches the steady-
state output current, I, at time #3. The freewheeling diode is switched off at

time 75. The equivalent circuit is shown in Figure 3.30. The duration of this
mode is

Ty=T—Th—Tr-T13, (3.51)

where T is the switching period.

The voltage conversion ratio of the full-wave ZVS quasi-resonant buck
converter can be solved by imposing the constant volt-second relationship
on the output inductor, L,. The average voltage across the output inductor

Figure 3.29 Mode 3 equivalent circuit of the full-wave ZVS quasi-resonant buck
converter.
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Figure 3.30 Mode 4 equivalent circuit of the full-wave ZVS quasi-resonant buck
converter.

during the time interval between 1y and 13, 0r T, = t3— t1is — V. During the
remaining time interval (i.e., T; — T,), the average voltage across the output
inductor is approximately (V5 — V3,). Thus

VT + (Vs — VaX(Ts — Tp) = 0. (3.52)

The voltage conversion ratio of the full-wave ZVS quasi-resonant buck
converter is

A plot of the voltage conversion ratio versus fi/f, is shown in Figure 3.31. As
can be seen, it is very insensitive to any load variations. Note that the voltage
conversion ratio of the ZVS resonant buck converter is quite different from
that of the ZCS quasi-resonant buck converter and the conventional buck
converter. Since the resonant mode occurs during the off-time of the switch-
ing transistor, it is expected that the voltage conversion ratio is related to this
period. As in the previous two ZCS quasi-resonant converters, the switching
frequency of the ZVS quasi-resonant converter must be less than its resonant
frequency. The voltage conversion ratio of the half-wave ZVS quasi-
resonant buck converter is also very sensitive to load variations. Thus, the
half-wave ZVS quasi-resonant buck converter requires a larger change in
switching frequency to regulate its output voltage compared to the full-wave,
ZVS, quasi-resonant buck converter.

Example 3.3. The ZVS quasi-resonant buck converter shown in Figure
3.25 has an input voltage of 12V and a resistive load of 2Q}. The values of
the resonant inductor, L,, and resonant capacitor, C,, are 2pH and 79 nF,
respectively. The switching frequency is 200 kHz. The output inductor and
output capacitor are 10mH and 100 pF, respectively. Determine (a) the
average output voltage, V,, (b) the duration that the resonant capacitor is
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Figure 3.31 Voltage conversion ratio versus fJ/f, for the full-wave ZVS quasi-
resonant buck converter.

charged, (c) the peak voltage across the resonant capacitor, and (d) the
expression for the resonant inductor current.

Solution.

(a) From Equation (3.53), the average output voltage is

3 JAY 200k
Va_(] -7 )¥e= 1~ Zoox 12=6V.

(b) The average output current is

Vo 6
Io—-E—i—3A.

From Equation (3.41), the duration that the resonant capacitor is charged is

C.V. 79 x107°(12)
I, 3
(c) From Equation (3.45), the peak voltage across the resonant cap-
acitor 1s

Va 2% 106
V =V =V, +— _— 1/ —
cr,max = Vi + Z,1l, = + C. 124 = >\ 79 % 109 27.1V.

T =

= 0.316 ps.
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(d) From Equation (3.44), the expression for the resonant inductor
current is

i, = I, cos (wat) = 3cos \/I_:a = 3cos (2.516 x 10%)1 A.
3.8 ZERO-VOLTAGE-SWITCHING QUASI-RESONANT
BOOST CONVERTER

The circuit schematic of a full-wave ZVS quasi-resonant boost converter is
shown in Figure 3.32. The same assumptions made for the ZCS quasi-
resonant boost converter are valid here. Suppose that before the switching
transistor, O, is switched off, it carries the input current, /. Also, the
freewheeling diode, Dy,, is switched off.

Mode 1 (0 < f<ty)

Mode 1 begins when the switching transistor, O, is switched offatz = 0. The
resonant capacitor, C;, is charged up and its voltage increases according to

V¢,
Cd—==1I. . .54
d A I (3.54)

The duration of mode 1, T3, is

Ty = C,-II/—a. . (3.55)

S

Thus, mode 1 is characterized by-the charging of the resonant capacitor and
the storage of energy in electrostatic form. Both the switching transistor and
the freewheeling diode are switched off during mode 1 as shown by the
equivalent circuit shown in Figure 3.33.

L Dy

L ' "
D,
V. s . Cr Co HL
%) ’:1 b . ,

Figure 3.32 Circuit schematic of- a full-wave ZVS quasi-resonant boost con-
verter.
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%1\515 as _[ C, 95 v,
Figure 3.33 Mode 1 equivalent circuit of the full-wave ZVS quasi-resonant boost
converter. B

Mode 2 (t1 < ts tz)

Mode 2 commences when the voltage across the resonant capacitor reaches
the steady-state output voltage, V,. The freewheeling diode, Dy, is forward-
biased and switched on. Current starts to flow through the resonant in-
ductor. The equivalent circuit is shown in Figure 3.34.

The rate of increase of the resonant inductor current, i, (1), is

iﬁ _ ve()—Va
d i L (3.56)

The voltage across the resonant capacitor continues to increase beyond the
steady-state output voltage, V,, according to

de, .
C'_d_ = I, —ig (). 3.57)
t
The expressions for the resonant inductor current, i (f), and resonant cap-
acitor voltage, vc,(#), can be found by using the initial conditions iz (t;) = 0

L Dy,
Y

—0—0

@5 I ° _; c, 95 v,

Figure 3.34 Mode 2 equivalent circuit of the full-wave ZVS quasi-resonant boost
converter.
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and vc(t)) = V.. The resonant inductor current, ip (1), is

ir (1) = L(1 — cos w,1), (3.58)
while the resonant capacitor voltage, v (), is

vel(D) = Va+ [Z, sin w,t, (3.59)
where Z, and w, are the circuit characteristic impedance and resonant
frequency, respectively, as defined previously. Mode 2 is also known as the
resonant mode. The resonant capacitor voltage continues to swing to the
negative cycle as it feeds energy back to the input source as shown in Figure
3.35.

The duration of the resonant mode, T> = f,—1;, can be found by setting
ve(T2) = 0: R

ve(T2) = Va + LZy sin (w,T3) = 0. (3.60)

The duration of mode 2, T, is

e |
Tz — sm ( - (Va/IsZn)) — _‘f_’ (361)

Wy Wy

h b

Figure 3.35 Waveforms of the full-wave ZCS quasi-resonant boost converter.
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where a takes on values of 1.57 and 2. The resonant mode terminates after
all the stored energy in the resonant capacitor has been fed back to the input
source. The switching transistor, Qs, should be switched on during the
pegative resonant capacitor voltage cycle. Otherwise, the resonant capacitor
will begin to recharge and the switching transistor will miss the opportunity
to switch on at the zero-voltage condition. It should be noted that the input
current, I, must be greater than V,/Z, for the switching transistor to switch
on at zero voltage. ’

Mode 3 (tz <ft< t3)

Mode 3 begins after the resonant capacitor voltage decreases to zero frem its
negative peak at time r,. The equivalent circuit is shown in Figure 3.36. Both
the switching transistor, O, and the freewheeling diode, Dy, are switched on
during this mode. The resonant inductor current continues to decrease
according to

; .
L,dﬁ =V, (3.62)

The initial resonant inductor current is
iL,(tz) = L[1 — cosal. (3.63)
The duration of mode 3, T3 = t3 — I, is

T; = E_S[]_;M_ (3.64)
a

Figure 3.36 Mode 3 equivalent circuit of the full-wave ZVS guasi-resonant boost
converter.
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Mode 4 (i3 < < T5)

Mode 4 begins when the resonant inductor current decreases to zero at time
t5. The freewheeling diode, Dy, is now reverse biased and switched off at
time 5. The equivalent circuit is shown in Figure 3.37. The duration of this
mode is

Tu=T.—T1—T2— T3, (3.65)

where T is the switching period. ‘

The voltage conversion ratio of the full-wave ZVS guasi-resonant
boost converter can be found by imposing the constant volt-second relation-
ship on the input inductor, L;. The average voltage across the input inductor
during the time interval between t, and 13 (e, T, = 13 — t) is (Vs — Va)-
During the remaining time interval (i.e., Ts — T,), the average voltage across
the input inductor is ¥;. Thus,

(Ve— V)Tn+ V(To = T) = 0. ' (3.66)

The voltage conversion ratio of the full-wave ZVS quasi-resonant boost
converter is

Va Ja
V=7 | (3.67)

A plot of the voltage conversion ratio versus f/f, of a full-wave ZVS quasi-
resonant boost converter is shown in Figure 3.38. As shown, the voitage
conversion ratio is inversely proportional to the f/f, ratio. A lower switching
frequency in the ZVS quasi-resonant boost converter yields a higher aver-
age output voltage. Note that the voltage conversion ratio of the
ZVS quasi-resonant boost converter is quite different from that of the ZCS

L Dy

e YY) 7ol [

q\B y s I G : ve
Figure 3.37 Mode 4 equivalent circuit of the full-wave ZVS quasi-resonant boost
converter.




106 Power-Switching Converters

V! Vs
¥ ]
S N S - S—
] 1 ]
1 1 A |
1 1] t
1 ] 1
L ot 2 e e T YT T T
I ] b
1 1 ]
4 L )
Y A B N S8 -__:_ _____
1
]
]
_________________________ | I
2 L} 1] 1 1)
1 ] ]
3 ] ] ]
1 ] 1 )
_____ [ (S SN R Pl —_————
1 ] ] ¥ ) 1
13 ] ¥ ) ]
1 1 ] t ]
o , X X . X ol f,
0 0.2 04 0.6 0.8 1

Figure 3.38 Voltage conversion ratio versus fif, for the full-wave ZVS quasi-
resonant boost converter.

quasi-resonant boost converter, as well as the conventional boost converter. As
in all other quasi-resonant converters, the switching frequency of the ZVS
quasi-resonant boost converter must be less than its resonant frequency, fr.
The voltage conversion ratio of the half-wave ZVS quasi-resonant boost

converter is very sensitive to load variations for the same reasons previously
mentioned.

Example 34. The ZVS quasi-resonant boost converter shown in Figure
3.32 has an input voltage of 12V. The output voltage is 24V across a
resistive load of 6 ). The values of the resonant inductor, L,, and resonant
capacitor, C,, are 2 pH and 79nF, respectively. Determine (a) the switching
frequency, f;, (b) the duration that the resonant capacitor is charged, (c) the

peak resonant inductor current, and (d) the peak voltage across the resonant
capacitor.

Solution.

(a) The resonant frequency, f,, is 400 kHz.
From Equation (3.67), the switching frequency, I, 18

Vs 12
fs__s=_

= v =2 400 kHz = 200kHz.
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(b) From Ohm’s law, the average output current 1s

Va_ 24

L=%=%

4A.

Assuming a lossless converter, the average input current is

_ Val, 248
L=—2=""=8A

From Equation (3.55), the resonant capacitor is charged for
V. 4
Ty =C—==(19 x 10-9)2— = 237ns.
I 8

(c) From Equation (3.58), the peak current in the resonant inductor is
I max =K1 - (= D]=8(2) = 16A.

(d) From Equation (3.59), the peak voltage across the resonant cap-
acitor is

Ve, man = Va+ 5iZn = 24+ 8 /% —64.25V.
T

3.9 SERIES-LOADED RESONANT CONVERTER (3]

The circuit schematic of a half-bridge series-loaded resonant converter is
shown in Figure 3.39. As the name implies, both, the resonant inductor, L.,
and the resonant capacitor, C,, are connected in series with the output load
via a full-wave rectification circuit. The series-loaded resonant converter
topology has an important advantage over the parallel-loaded resonant
converter in high-voltage applications since it does not require an output

+ + | ko gos D, ' +
V2 C'JL—i.;j“

L c
- A —SYYYL i———=% 8
Vs o

Co < Y
p:

] ~v{/z__|fc, ——n—.__l:'f’z—%:ng zlkq, 2%; { -

Figure 3.39 Circuit schematic of a half-bridge series-loaded resonant converter.
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inductor. For a very large output filter capacitor, the rectification circuit and
the load can be represented as a constant output voltage source of V,. In the
steady-state symmetrical operation, the switching transistors, Q; and 0,
conduct for less than each half cycle of a switching period. Similarly, the two
antiparallel diodes, D) and D, conduct during a portion of each half cycle of
a switching period. Thus, it is sufficient to analyze only one-half cycle of the
operation in this resonant converter. The input voltage, ¥V, is divided
equally between the two symmetrical input capacitors that serve as the
input sources during each half of the switching cycle. As such, the one-half
equivalent circuit, neglecting all parasitic resistances, can be represented as
shown in Figure 3.40.

This is essentially an undamped series-resonant circuit. In the steady-
state, the operation of the half-bridge series-loaded resonant converter can
be classified as either the discontinuous mode or the continuous mode. There

are two continuous modes of operation, depending on the switching
frequency.

3.9.1 Discontinuous Mode (0 < f < 0.5f,)

In the discontinuous mode of operation, the energy in the resonant inductor
is consumed before the second switching transistor is switched on in the
second-half of a switching cycle. There are six stages of operation in one
switching cycle. Suppose before the beginning of a switching cycle, the
voltage across the resonant capacitor, vc, (0), is charged to (V, — 0.5 Vo)
and the current flowing through the resonant inductor, iz, (0), is zero. Stage 1
(0 < t = 1) begins when the switching transistor Q; is switched on at time
t = 0. The current in the resonant inductor begins to increase sinusoidally as
the resonant capacitor voltage increases from itsnitial value of (Vo — 0.5 V)
toward a positive vatue. It should be noted that ¥, < 0.5 ¥;. The equivalent
circuit for stage 1 is shown in Figure 3.41(a).

HU] - Ve ~

*tovy2

A

Figure 3.40 Equivalent circuit for the half-bridge series-loaded resonant con-
verter.
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Figure 3.41 Discontinuous-mode equivalent circuits for the half-bridge series-
loaded resonant converter.

T T

(d)stage 5 (I, < t =< I5)

S

(c)stage 4 (<1< 1)

The rate of rise of the resonant inductor current is related to the
voltage across its terminals according to

di, (0 (Ve/2) = Vo —va (D)

= L (3.68)
while the rate of rise of the resonant capacitor voltage is
QY _ i) (3.69)

dr G

Thus, the series-loaded resonant converter acts as a step-down converter
without an output transformer. The current flowing through the resonant
inductor, iz (1), is '

V. —

|4
i) =222 sin (wu), (3.70)
Z,
and the voltage across the resonant capacitor, vc, (1), is
Vs
ve(® == - Vo — (Vs — 2Vo) cos (wnl), (3.71)

where w, = 1/vL;C; is the resonant frequency and Z, = /L,/C; is the
characteristic impedance. Stage 1 ends at time f; when the current flowing
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through the resonant inductor decreases to zero and the voltage across the
resonant capacitor reaches its peak value of (3V/2) — 3V,. Hence, the
switching transistor commutates naturally and switches off at both zero
current and zero voltage.

Stage 2 (1; < 1 = 1) begins when the antiparallel diode, D), is forward-
biased at t; as the direction of the resonant inductor current reverses. The
voltage across the resonant capacitor decreases as it discharges its stored
energy to the upper input source via the antiparallel diode, D,. The equiva-
lent circuit is shown in Figure 3.41(b). The polarity of the voltage across
terminals B and C (i.¢., vgc) is reversed since the current now flows through
the rectifiers D4 and Ds. Stage 2 ends when the current in the resonant
inductor decreases to zero again and the voltage across the resonant capaci-
tor reaches a value of 0.5 ¥, — V,. Thus, the antiparallel diode, D,, switches
on and off at zero current. During stage 3 (12 < ¢ =< 13), all the switching
devices remain off. The resonant capacitor voltage remains at 05V, -V,
since there is no discharge path. This completes the first half-cycle of
operation. Stage 4 (13 < t = 14) begins when the lower switching transistor,
0,, switches on at time #5. The polarity of the source voltage reverses since it
is connected through the lower switching transistor, Q5. Both the resonant
inductor current and the resonant capacitor voltage begin to decrease to-
ward their negative peaks. The equivalent circuit during stage 4 is shown in
Figure 3.41(c). Stage 4 ends when the current in the resonant inductor
reaches zero from its negative value. The switching transistor, @, commu-
tates naturally. At the same time, the antiparallel diode, D, switches on as it
is forward-biased, thus feeding the stored energy in the resonant tank back
to the lower input source during stage 5 (14 < f = I5). Vpc Teverses its polarity
as the output current flows through the rectifiers D3 and Dg. Stage 6 (15 <1 =
T) is characterized by zero current in the resonant inductor and a constant
voltage of ¥V, — 0.5 V; across the resonant capacitor. This completes the
switching cycle. The switching waveforms for the half-bridge series-loaded
resonant converter are shown in Figure 3.42. Since the switching transistors
switch off at both zero current and zero voltage in the discontinuous mode
of operation, it is feasible to use conventional silicon-controlled rectifiers

without the need for commutation circuits in high-power, low-frequency
applications.

3.9.2 Continuous Moae (f, > f,, or Above-Resonant Mode)

There are six stages of operation in the above-resonant continuous mode of
operation. Figure 3.43 shows the first three stages during the first-half cycle
of operation. Suppose before the beginning of a switching cycle, the voltage
across the resonant capacitor is at some negative value, while the resonant

*u




Resonant Converters ’ 111

V.-2V,
Z

éoﬁé : off

. Qyon : _Dyon I Gon 1 Dyon :
stage: Lo Lagn gn ) P P

12 "3’ 4 : 5 6

Figure 3.42 Switching waveforms for the discontinuous-mode half-bridge series-
loaded resonant converter.

inductor current is at some positive value. Stage 1 (0 <1 = 1)) begins when
the switching transistor, Q,, switches on at ¢ = 0: The rate of rise of the
resonant inductor current is related to the voltage across its terminals
according to

dlL,(t) — (¥/2) — Vo —vc, () , (3.72)
dr L,
while the rate of rise of the resonant capacitor voltage is
dve, () _ i) (3.73)

dr G

The above two equations can be solved using the initial conditions iz (0) (for
iz, (0) > 0) and v, (0) (for v¢, (0) < 0). The resonant inductor current, iz (1, 1s -

_((Va/D = Vo — 76 (0)
Z,

i, () sin (wp?) + iL, (0) cos (@n 1), (3.74)
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Figure 3.43 Continuous-mode (f; > f,) equivalent circuits for the half-bridge
series-loaded resonant converter.

(c) stage 3(L<t= )

and the voltage across the resonant capacitor, vc, (), is

ve, (1) = (% - Vo) — (% — Vo — vc,(O)) cos (wn?)
+ i, (0)Z, sin (w,1). (3.75)

It is noted that the peak of the resonant inductor current occurs when the
resonant capacitor voltage is equal to (0.5 V;—Vp). Stage 2 (1, <t = 1)
begins when the switching transistor @, is forced to switch off at time ¢;.
Since the resonant inductor current cannot be interrupted, the antiparallel
diode, D,, starts to conduct as it is forward-biased and the resonant inductor
current continues to flow through the path along Ds, the output ¥, Ds, the
bottom input source 0.5 V5, and D,. The resonant capacitor voltage con-
tinues to increase according to

ve () = — (Yz—s + Vo) + (—ZS-+ Vo + vc,(tl)) cos (wnl)
+i2,(0)Z05in (nd), | (379

and the resonant inductor current decreases according to

() = — W(vs/2)+ IZ’o + v (1))

sin (wpt) + ir (11) cos (wat). (3.77)
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Figure 3.44 Switching waveforms for the above-resonant continuous-mode half-
bridge series-loaded resonant converter.

Stage 2 ends when the resonant inductor current decreases to zero at time 7,.
The resonant capacitor voltage is now at its positive peak value. Stage 3
(t2 < t =< t3) begins when the resonant inductor current decreases to zero at
time 5. The antiparallel diode, D, is forward-biased and feeds energy back
to the upper voltage source. Stage 3 ends when the switching transistor, Q2,
switches on at time z5. This completes the first half-cycle of operation. The
switching waveforms of this continuous mode of operation are shown in
Figure 3.44. The combined conduction interval for the positive resonant
induetor current is less than 180° of the resonant frequency, thus resulting in
fi>faor T, < T,

3.9.3 Continuou.:s.Mode (0.5f, < f < f, or Below-Resonant Mode)

The below-resonant continuous mode has four stages of operation in one
switching cycle. Suppose before the start of a switching cycle, the inductor
current is positive while the voltage across the resonant capacitor is negative.
The switching waveforms and equivalent circuits are shown in Figure 3.45
and Figure 3.46, respectively. Stage 1 (0 < 7 =< 1,) begins when the switching
transistor, Q,;, switches on at ¢t = 0. The resonant inductor current Increases
and reaches its peak amplitude when the resonant capacitor voltage reaches
(0.5 ¥V; — V,). The switching transistor remains conducting until it is natur-
ally commutated when the resonant inductor current reduces to zero. Stage 2
(i <-t =< t,) begins as the antiparallel diode, D), conducts. The resonant
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Figure 3.45 Switching waveforms for the below-resonant continuous-mode half-
bridge series-loaded resonant converter.
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Figure 3.46 Equivalent circuits for the below-resonant continuous-mode half-
bridge series-loaded resonant converter.

inductor current reverses its direction as it feeds energy back to the upper
input source. At the same time, vpc reverses its polarity as the output current
flows through D4 and Ds. Stage 3 (1 <t = t5) commences as the switching
transistor, @,, switches on at time £ and remains conducting until it is
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Figure 3.47 Steady-state output characteristics of a half-bridge series-loaded
resonant converter: (A) discontinnous mode, (B) below-resonant continuous mode,
and (C) above-resonant continuous mode.

naturally commutated at time t5. Stage 4 (f; < t = T) begins as the resonant
inductor current continues to flow through D,. The next cycle starts when
the switching transistor, @, switches on again. :
Figure 3.47 shows the steady-state normalized output current 1, versus
/J/f.. characteristics of the series-loaded resonant converter. As shown, the
discontinuous mode requires a larger change in switching frequency to main-
tain a constant output voltage, V., as the load current changes. As such, the
discontinuous mode of operation is to be avoided for a large load swing. The
output voltage remains fairly constant in the two continuous modes of
operation. In the above-resonant mode, the switching frequency must de-
crease to increase the output voltage or current, while the switching frequency
in the below-resonant mode must be increased to increase the output voltage
or current. However, the continuous mode is the preferred mode of operation
since it requires a smaller frequency range to regulate the output voltage.

Example 3.5. The series-loaded resonant converter shown in Figure 3.39
has the following parameters for its components: C;=0.1 pF, L= 100 uH,
Cy=1000pF, and C,=2000pF. The input source, ¥V, is 24V and the
output voltage, V,, is 5V. The switching frequency is 20kHz. Identify
the mode of operation for this series-loaded resonant converter. Determine
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(a) the peak amplitude of the resonant inductor current and (b) the peak
value of the resonant capacitor voltage.

Solution. The resonant frequency, f,, is

1
= ——————== 50.3 kHz.
h=sr e Hz

Since f;=20kHz is less than f/2=25.15kHz, the series-loaded resonant
converter is operating in the discontinuous mode of operation.

(a) From Equation (3.70), the peak amplitude of the resonant inductor
current is

V,—2V, 24—10
ILl(ptnll) == =

A J/(100/0.1) 0

(b) From Equation (3.71), the peak amplitude of the resonant capaci-
tor voltage is

443 A.

V. 37,
VCitpenty =—2if Vo — (Ve =2V (-1 = 2‘—3V.,=21v.

3.10 PARALLEL-LOADED RESONANT CONVERTER [4]

In the parallel-loaded resonant converter, the load is connected directly
across the resonant capacitor, C,, via a full-wave rectification circunit as
shown in Figure 3.48. This converter is capable of providing an output
voltage that is higher or lower in amplitude than its input voltage without
the use of a transformer. Parallel-loaded resonant converters are mainly used
for low-voltage, high-current applications since the output inductor reduces

+ + I D,
Q. 1
vz TAI1— %ﬁ 40
- A .———-’YVV\——I———‘
Vs ) L C,
. 2 ' - c

B G 3 L P _

Figure 3.48 Circuit schematic of a half-bridge parallel-loaded resonant con-
verter.
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the ripple current in the output capacitor. For a sufficiently large output
inductor, the output of the parallel-loaded resonant converter can be repre-
sented as a constant current sink of magnitude I,. The equivalent circuit of
the parallel-loaded resonant converter is shown in Figure 3.49. In the steady-
state, these converters can operate in either the discontinuous or continuous
modes of operation.

3.10.1 Discontinuous Mode {0 < f<0.51,)

Suppose before the beginning of a switching cycle, the resonant inductor
current is zero and the output current, I,, is freewheeling through the four
rectifiers. The resonant capacitor is clamped at zero volt by the freewheeling
action. The switching waveforms for the below-resonant discontinuous
mode of operation are shown in Figure 3.50.

Stage 1 (0 < t =< t,) begins when the switching transistor, Oy, switches
on at time 7 = 0. The equivalent circuit is shown in Figure 3.51(a).

The rate of increase of the resonant inductor current is

i[_r(l) _ Vs
d T (3.78)
The resonant inductor current increases linearly according to
V.
i, () = 57~ (3.79)
The duration of stage 1 is -
_ 2L.I,
=== (3-80)
iL{
A Y
L n o
Vg2 4 g VelD ES
Dé — 6 C

Figure 3.49 Equivalent circuit for the half-bridge parallel-loaded resonant con-
verter.
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—>
stage

Figure 3.50 Switching wavefonms for the discontinuous-mode half-bridge paral-
lel-loaded resonant converter.

Stage 2 (t; < t = 1) begins when the resonant inductor current reaches the
magnitude of the output current, /o, at time #;. The output current, I,,, is now
supplied entirely by the input source. The resonant capacitor is charged by
the difference between the resonant inductor current and the output current
(i.e., i (1) — Io)- As the resonant capacitor voltage increases, rectifiers Dy

and Ds are reverse-biased. Rectifier Ds and Dg remain conducting and the

equivalent circuit is shown in Figure 3.51(b). The rate of rise of the voltage
across the resonant capacitor is

dve () it (-1 :
(D _in, _ 81
dt C;: (-3 81

The resonant inductor current begins to increase in a sinusoidal fashion. The
rate of increase of the resonant inductor current, ir (D, is

diL(,l(tl) _ ((Vs/Z)L— ve, () _(3.82)

The resonant capacitor voltage, vc, (#), and the resonant inductor current,
i, (1), can be found using the initial conditions of iy (0) = I,and v, (0) = 0
to yield
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i) = Io + 52 sinfen(t — 1)) (3.83)

and

ve () = —gs-[l — coswy(t — 1)), (3.849)

where Zo = /(L:/ Cr).

It can be seen from the above equation that the resonant capacitor
voltage approximates a haversine function with a peak value of V,. The
resonant inductor current reaches its peak value when the resonant capacitor
voltage reaches 0.5 V. On the other hand, the resonant capacitor voltage
attains its peak as the resonant inductor current decreases to I, from its
peak. The switching transistor, O, remains conducting until its current
decreases to zero at a time #,, given by

[7 +sin™' (21, Z,/ V5)) -

(0]

=1+

(3.85)

Thus, the switching transistors switch off naturally in the discontinuous
mode of operation.

Stage 3 (f, < t =< t3) begins when the anti-parallel diode, D,, switches
on at time 7, as the current in the resonant inductor decreases to zero. The
equivalent circuit is shown in Figure 3.51(c). The tank energy is fed back to
the source through the antiparallel diode, D;. Stage 3 ends when the reson-
ant inductor current decreases to zero from its negative peak at a time f3,
given by

3=1n-+

[27 — sin™" @1oZo/ val (3.86)

Wn
Stage 4 (13 < t = 1,) commences at time 3. The resonant capacitor voltage

during this time interval is

vet) = [ 11t = vets) - Ll —ty) 387

>
T Jrs Cl'

where

V.
ve,(t3) = —23 [1 — cos (an' —sin”! 210722)] . (3.88)
s
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The resonant capacitor continues to discharge its stored energy to the output
as shown by the equivalent circuit in Figure 3.51(d) until time 24, given by

=13+ f’lvlc_(@ (3.89)
o

Stage 5 (14 < t = t5) commences when the voltage across the resonant
capacitor decreases to zero. The output circuit is now freewheeling through
the rectifiers to maintain a constant output current, I,. This completes the
first half-cycle of operation. The above half-cycle operation is repeated as
the switching transistor, Q», switches on at time s, except that the direction
of the resonant inductor current and the polarity of the resonant capacitor’
voltage are reversed. The average output voltage is determined by rectifying
and averaging the resonant capacitor voltage:

21 s | " I(t —13)
V, = T Uh —2—[1 — cos wn(t — fi)]dt + L [Vc,(fa) -—c dr
2 [(Ve/2)@nTs — sin (@nT5)) LT3 '
=7 [ o +vc(13)Ta 2C,
(3.90)
Q A L

(a) stage 1(0 < t= t;)}

D, A L . L

B Ae Y'Y 3 —o B

Ds¢

(c)stage 3 (<1< 1) (d) stage 4 (.13 <t=1ty)

Figure 3.51 Discontinuous-mode equivalent circuits for the half-bridge paraliel-
loaded resonant converter.
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where
ain—]
Ty = 1y — 1y = 27 S @hoZo/ V)] 391
@p
and
Ta=ts—1t3 =_Cifi’3—). (3.92)
']

Thus, the output voltage in the discontinuous mode of operation can be
regulated by controlling the off-time of the switching transistor while keep-
ing its on-time fixed.

3.10.2 Continuous Mode (f; > f; or Above-Resonant Mode)

There are six stages of operation in a switching cycle for the above-resonant
continuous mode. In this mode of operation, the turn-on losses in the
switching transistors are mitigated since they are switched on at zero reson-
ant inductor current. The switching waveforms and equivalent circuits are
shown in Figure 3.52 and Figure 3.53, respectively.

Suppose before the switching transistor is switched on, there is no
current flowing through the resonant inductor, while the resonant capacitor
voltage is at some negative value. Stage 1 (0 <7 = t;) commences when the
switching transistor, 0, switches on at ¢ = 0. Since the resonant capacitor
voltage is negative, both the resonant inductor current and the steady-state
output current, I,, flow into the resonant capacitor. The voltage across the
resonant capacitor increases from its negative value. Stage 2 (1) <t = I2)
begins when the resonant capacitor voltage reaches zero. However, the
resonant inductor current continues to increase. The output current now
flows through rectifiers D3 and Dg as the resonant capacitor voltage becomes
positive. The resonant capacitor is now charged by the difference in the
resonant inductor current and the steady-state output current G.e, ir (D —
I,). Stage 3 (12 < t = t3) begins when the switching transistor is forced to
switch off at time 7. Since the resonant inductor current cannot be inter-
rupted, the antiparallel diode, D5, starts to conduct. The resonant inductor
current decreases from its peak value. However, the resonant capacitor
voltage continues to increase as it is charged by the difference in the resonant
inductor current and the output current (i.e., ir (f) — lo). The resonant
capacitor voltage is at its peak value when the resonant inductor current is
equal to the steady-state output current. The resonant capacitor then begins
to discharge in order to maintain a constant output current, I,,. Stage 3 ends
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Figure 3.52 Switching waveforms for the above-resonant continuous-mode half-
bridge parallel-loaded resonant converter.
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Figure 3.53 Equivalent circuits for the above-resonant continuous-mode half-
bridge parallellloaded resonant converter. :
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when the resonant inductor current decreases to zero at time #3. This com-
pletes the first half-cycle of operation. The next half-cycle repeats the same
way as the first half-cycle except that the direction of the resonant inductor
current and the polarity of the resonant capacitor voltage are reversed.

3.10.3 Continuous Mode (0.5f, <-f; < f, or Below-Resonant Mode)

There are six stages of operation in one switching cycle, as shown in Figure
3.54. The equivalent circuits for the first three stages are shown in Figure 3.55.

Suppose before the start of a switching cycle, the resonant inductor
current attains a positive value while the resonant capacitor voltage is
negative. Stage 1 (0 < 7 < 1,) begins when the switching transistor, O,
switches on at time ¢ = 0. The resonant capacitor voltage increases from
its negative value as it is charged by both the resonant inductor current and
the output current, I,, until it reaches zero at time #;. Stage 2 (1) < 1 = 12)
begins when the resonant capacitor voltage reaches zero at time ;. The
steady-state output current now flows through rectifiers D3 and Ds, as the
voltage across the resonant capacitor becomes positive. The resonant cap-
acitor is charged by the difference in the resonant inductor current and the

Aio

ve

- 'o

-2

Stage :

Figure 3.54 Switching waveforms for the below-resonant continuous-mode half-
bridge parallel-Joaded resonant converter:
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Figure 3.55 Eguivalent circuits for the below-resonant continuous-mode half-
bridge parallel-loaded resonant converter.

steady-state output current. The switching transistor, Q,, remains conduct-
ing until it is switched off naturally when the resopant inductor current
reaches zero at time 1. Stage 3 (t; < t = t3) begins when the antiparallel
diode, D,, starts to conduct and feeds the stored energy in the resonant tank
back to the input source. Stage 3 ends when the switching transistor, O, is
switched on at 75. This completes the first half-cycle of operation. The next
half-cycle repeats the same way as the first half-cycle except that the direc-
tion of the resonant inductor current and the polarity of the resonant
capacitor voltage are reversed.

Figure 3.56 shows the voltage conversion ratio, V./0.5 V, versus ff»
characteristics of a half-bridge parallel-loaded resonant converter. The output
voltage of the parallel-loaded resonant converter operating in the below-
resonant discontinuous mode is always less than the input voltage of 0.5 V.
‘On the other hand, the output voltage can be higher than the input voltage of
0.5 ¥, for both the above-resonant and below-resonant continuous mode of
operation. However, the above-resonant continuous mode is preferred since it
can maintain a constant output current as the output voltage changes with a
smaller change in frequency as compared to the other two modes of operation.

Example 3.6. The parallel-loaded resonant converter shown in Figure 3.48
has the following parameters for its components: L, = S0pH, C; = 1pF,
C, = SOOpF, L, = 1mH, and Cr = 1000 wF. The input source, Vj, is a
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Figure 3.56 Voltage conversion ratio (2V,/V;) versus fJ/f of a typical half-bridge
parallel-loaded resonant converter.

12-V automotive battery and the steady-state output current, I, is 1A. The
switching frequency is 10 kHz and the resonant capacitor voltage is clamped
at zero volt before the beginning of a switching cycle. Identify the mode of
operation for this converter. Determine (a) the peak value of the resonant
inductor current and (b) the duration that the switching transistor is
switched on.

Solution. The resonant frequency, f,, is given by

1
o= e— .5 -
Ja P o 22.5kHz

Since £, is less than 0.5 f,,, the parallel-loaded resonant converter is operating

in the discontinuous mode of operation. )
(a) The peak value of the resonant inductor current can be found from

Equation (3.83). The resonant inductor current reaches its peak value when

@
27t

= 11.1ps.
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(b) From Equation (3.85), the duration that the switching transistor is
switched on is

. 1 -
1y = 2L, + {7+ sin™ (216Z,/ Vs)] ~ 4343 pS.
Vil ~Wn

PROBLEMS

3.1. The ZCS quasi-resonant buck converter shown in Figure 3.9 has an
input voltage of 48V and a resistive load of 12 €). The values of the
resonant inductor and resonant capacitor are 4 pH and 147 nF, respect-
ively. The switching frequency is 100kHz. The output inductor and
output capacitor are 10mH and 100 pF, respectively. Determine (a) the
average output voltage, V,, (b) the duration of the resonant mode, and-
(c) the minimum load resistance for this quasi-resonant converter. "

3.2. Draw a circuit schematic of a full-wave ZCS quasi-resonant buck
converter with an M-type switch. Sketch the waveforms for the current
flowing through the resonant inductor and voltage across the resonant
capacitor over two switching periods given the following parameters:
L,=2pH, C,=T79nF, f,=200kHz, L,=10mH, and C,= 100 pF.

3.3. The ZCS quasi-resonant boost converter shown in Figure 3.18 has an
input voltage of 24V and a resistive load of 40 €). The values of the
resonant inductor and resonant capacitor are 10 nH and 470nF, re-
spectively. The switching frequency is 25 kHz. The output inductor and
output capacitor are 10mH and 100 pF, respectively. Determine (a) the
average output voltage, V,, (b) the duration of the resonant mode, (c)
the time when the resonant inductor current is at its negative peak, and
(d) the minimum load-resistance for this quasi-resonant converter.

»
- 53
iy
I~
Ry

Ow
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H

Figure 3.57 Circuit schematic for Problem 3.4.
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34.

3.5.

3.6.

3.7.

Q Dy Ly
— I_I__D}__JWY\ - ” K =

gi) Vs c L, C %RL

Identify the topology of the quasi-resonant converter shown in Figure
3.57. Sketch the equivalent circuits for the four modes of operation in
one switching period.

The ZVS quasi-resonant buck converter shown in Figure 3.25 has an
input voltage of 24V and a load resistance of 3Q. The values of the
resonant inductor and resonant capacitor are 2 H and 47 nF, respect-
ively. The average output voltage, V,,is 12'V. The output inductor and
output capacitor are 10mH and 100 pF, respectively. Determine (a) the
switching frequency, (b) the duration of the resonant mode, {c) the time
that the current flowing through the resonant inductor crosses zero
during the resonant mode, and (d) the maximum load resistance for
this quasi-resonant converter. -
Draw a circuit schematic for a full-wave ZVS quasi-rescnant boost con-
verter with a L-type switch with the following parameters: L,= 10 pH,
C,=470nF, f;=25kHz, L,=10mH, and C, =100 wF. Sketch the wave-
forms for the current flowing through the resonant inductor and voltage
across the resonant capacitor over two switching periods.

Identify the topology of the resonant converter shown in Figure 3.58.
State whether it is a full-wave or half-wave and L- or M-type switch.

D,

4 |

\—

Figure 3.58 Circuit schematic for Problem 3.7.

L
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Figure 3.59 Circuit schematic for Problem 3.8.
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3.8. Identify the topology of the resonant converter shown in Figure 3.59.
State whether it is a full-wave or half-wave and L- or M-type switch.

3.9. The series-loaded resonant converter shown in Figure 3.39 has the
following parameters for its components: C,=0.1 pF, L,= 100 pH,
Cr=2000 nF, and C, =200 uF. The input source, V, is 36V and the
output voltage is 12'V. The switching frequency is 20 kHz. Identify the
mode of operation for this series-loaded resonant converter. Deter-
mine (a) the peak amplitude of the resonant inductor current, (b) the
duration of the negative resonant inductor current (i.e., fz — ), and
(c) the duration of the positive-cycle of operation, #5.

3.10. The parallel-loaded resonant converter shown in Figure 3.48 has the
following parameters for its components: L= 100 pH, C,=0.1pF,
Cy=2500 pF, L,=1mH, and C,=470 pnF. The input source, ¥, is
24 V. The switching frequency is 20 kHz. Identify the mode of oper-
ation for this converter. Determine (a) the maximum steady-state load
current, I, (b) expressions for the resonant inductor current when the
upper switching transistor is switched on, and (c) the duration of the
upper switching transistor switched on.

3.11. In the quasi-resonant ZCS buck converter, the output steady-state
current, I,, must be less than V,/Z, for the switching transistor to
switch off during zero current. Explain its physical significance.
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‘Transformerized Switching Converters

4.1 INTRODUCTION

One of the most important drawbacks of the switching converter topologies,
discussed in Chapters 2 and 3, is that their inputs and outputs are not
isolated from each other. Isolation between the common or ground of the

input supply and the output load is often desired to isolate the common
“returns from different parts of the electronic system to eliminate ground

loops between circuitries. In switching power supplies, there is always a need
to have multiple outputs with the same or different voltages for different
load requirements. The switching converter topologies discussed so far can
only provide a single regulated output.

Transformers are commonly used to provide isolation between the

_inputs and outputs of alternating-current systems. In switching converters,
" transformers can also be used to isolate the output load from the input

power supply. Transformers also provide the necessary voltage scaling, thus
enabling a higher output voltage in all the topologies considered. The use
of transformers thus offers the advantage of having multiple outputs at

129
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different voltage levels. The transformerized switching converters to be
discussed in this chapter are the forward converter, push—pull switching
converter, half-bridge switching converter, full-bridge switching converter,
flyback converter, and resonant switching converter. Forward converters are
used for medium power applications from 100 to S00W. Push—pull-switch-
ing converters are mainly used for high-power applications to a few thou-
sand watts. Half-bridge and full bridge switching converters are mainly used
for off-line applications. Flyback converters are often used for high-voltage
applications for output power from about 5 to 200 W. The choice of a
switching converter for a specific application often requires many other
considerations such as economic feasibility, electromagnetic interference
generation, and size and weight of the switching converter.

4.2 FORWARD CONVERTER

The forward converter is the most commonly used switching converter for
medium power applications below 500 W. A circuit schematic of the forward
converter with a slave output is shown in Figure 4.1. The forward converter
resembles the buck converter in that the switching transistor in the basic
buck-switching converter is replaced by the transformer, the switching tran-
sistor, and the rectifier combination. As shown, the center-tapped trans-
former consists of two primary and two secondary windings. It should be
noted that the dotted ends represent the transformer windings that are in
phase with each other. This implies that the terminal voltages at the dotted
ends increase or decrease simultaneously. The output with a negative feed-

Do Lo
. L) +
oD l
Nr Nss Dlw2 COST ROSE’ Vas
* ip(0 D Lom A2 +
N, D L s11 V.
Sm Twi Com Romf; am
OV 2 Yenld 17 nes
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Driver Modulator H—

Figure 4.1 Circuit schematic of the forward converter.
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back loop is called the master output while the nonfeedback output is called
the slave output. In general, the dynamic behavior of the slave output
depends on the load and closed-loop characteristic of the master output
circuitry. However, the regulation of the slave output voltage can be im-
proved significantly with the use of a magnetic amplifier postregulator in the
slave output circuitry. By using a magnetic core as a switch, it is pessible to
regulate the slave output efficiently with very few parts, over a wide power
range, at a reasonable cost [1]. The operation of the forward converter in the
continuous mode can be divided into two modes.

Mode1(0<t<ty)

Mode 1 begins when the switching transistor, Oy, is switched on at t = 0.
Since the dotted end of the primary winding, Ny, is connected to the positive
input supply voltage, V;, all the dotted ends of the transformer windings are
positive with respect to the undotted ends. The current in the primary
winding rises linearly from /) to I in time fon according to:

L—-1L

ton

Vi=L, (4.1)

neglecting the saturated collector—emitter voliage of the switching transistor.
The duration of mode 1 is

I —
fon = L“’(Z—Vill‘)' | 4.2)

The currents in the secondary windings rise synchronously with-the ‘main
primary winding, their magnitude being scaled by the inverse turns-ratio of
the transformer (i.e., N/N;). The current in the secondary master winding

increases from 1;(Ny/Nym) 10 Io(Np/Nyp) in time Zon. The voltage at the dotted
end of the secondary master winding is

N,
Vem = Vi—2, 4.3)
sm 1 Np

where Ngpy, is the number of turns in the secondary master winding. Similarly,
the voltage at the dotted end of the slave secondary winding is
N. ‘ '
Vi = V‘Fs:' _ 4.9
Thus, different output voltages can be accomplished using different number
of turns for the master and slave windings. In principle, the forward
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converter can accommodate multiple secondary slaves according to load
requirements. Since the polarity of the dotted end of the secondaries is
positive with respect to the undotted ends, the rectifiers, D, and D, are
forward-biased. The freewheeling diodes, Dg.q and Dy, are reverse-biased.
Thus, the input energy is “forward-transferred” to the output inductors
during the on-time of the switching transistor and, hence, this switching
converter topology is called the forward converter.

Mode 2 {ton, < < T3)

Mode 2 begins when the switching transistor, O, switches off at ,,. Since
the current flowing through the main primary winding is now interrupted,
the voltage across the primary winding reverses its polarity to oppose this

. change. As such, the voltages at all the dotted ends of the transformer
windings are now negative with respect to their undotted ends. The clamp
diode, D,, connected between the dotted end of the reset winding, N,, and
the input common, prevents this voltage from falling below its turn-on
voltage of about 1 V. Hence, the rectifiers, D, and D,, are reverse-biased.
At the same time, the freewheeling diodes, Dy, and Dy, are forward-biased
and allow the output inductors to discharge their stored energies to satisfy
the load requirements. Neglecting the leakage inductance of the transformer,
the voltage across the primary winding is

Np

Vp(‘) ==V N.

(4.5)

Neglecting the voltage drop across the clamp diode, the voltage across the
reset winding is simply the input supply voltage, V. The off-state collector
voltage of the switching transistor is then

N, N,
V.=V, V,=2=r;{1+=2). 4.6
o= Vn+ R +N,) @.6)

If the number of turns in the reset winding, N,, is equal to the number of the
primary winding, N, then the voltages across the primary and reset wind-
ings are equal to the input supply voltage, ¥;. The voltage at the collector of
the switching transistor.is then twice the input supply voltage, i.e., 2V;. The
off-state collector voltage is smaller if the number of turns in the reset
winding is larger than the primary winding as shown in Equation 4.6).
However, the peak primary current for a given output power is greater
than the case when N, is equal to N,. The voltage spike observed at the
collector of the switching transistor shown in Figure 4.2, immediately after it
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Figure 4.2 Switching waveforms of the forward converter for Ni/Np.
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is switched off, is due to the stray inductance in the collector circuit and
leakage inductance in the transformer.
This is because the falling current of the switching transistor induces a
positive-going spike at the collector according to
dic
Vik = Lix—, 4.7
ik = L, 4.7

where Ly is the sum of the stray and ieakage inductances in the collector
circuit.

The clamp diode, D, conducts immediately after the switching tran-
sistor is switched off at #,,. Thus, the trapped energy in the primary winding
is fed back to the input source. It remains conducting for a time 1, to satisfy
the volt-second product given by

N,
w (R Vi) — ton¥; (4.8)
or
N
Iy = ton]_v::- ‘ (4-8b)

This is because the magnetic core in the transformer must be completely
reset before the beginning of the next switching cycle. In magnetic terms, the
core must be restored to its original position on the hysteresis loop or the
core will be saturated. Thus, the on-state volt-second products must be equal
to the off-state volt-second products, as shown in the cross-hatched areas of
A, and A,, respectively, of Figure 4.2. The clamp diode, D, switches off
after satisfying the volt-second requirement of the magnetic core. The col-
Jector voltage of the switching transistor is now equal to the input supply
voltage, V;, for N, equals Np. It is essential to choose a switching period
greater than the sum of #,, and 1, to ensure that the magnetic core is reset
before the start of the next switching cycle. If the transformer is completely
reset before the next switching cycle, the maximum value of (¢/T) is (1 — D).
Therefore, the maximum duty cycle, Dmax, With a given turns ratio, N,/Ny, is

(tr/nmax =(1- D)max = DmaX(Nl'[Np) (4.92)
or

1

Dpax = o -
1+ (Ne/Np)

(4.9b)
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The maximum duty cycle is 50% if the number of turns of the reset winding,
N,, is equal to the number of turmns of the primary winding, Np. The
maximum duty cycle will be larger than 50% if the number of turns of the
reset winding is smaller than the number of turns of the primary winding.

The voltage conversion ratio of the forward converter can be derived
by imposing the constant volt-second relationship on the output inductor,
Lom, of the master secondary output. The average voltages across the output
inductor are (V; (Ngn/Np) — V) and — Vo during the on-time and off-time,
respectively. V.., is the average output voltage of the secondary master
output. Thus,

. |
K Vi ) ton + (= Vo =0. (410)
P

The voltage conversion ratio is

Vam=V;(1;;")D. . @.11)

1t can be seen that the voltage conversion ratio of the forward converter is
similar to that of the conventional buck converter. The turns ratio, Ngn/Np,
is to account for the voltage scaling of the transformer in the forward
converter.

Following a similar analysis as in the buck converter, the peak-to-peak
ripple current in the output inductor is

DVi(Nan/Np)(1 — D)

Al = 4.12)
om .,; Lom
The output ripple voltage of the forward converter is
Vi%m D(1 - D)
Avom = L (4.13)

8/2LomCom

As can be seen, both the peak-to-peak inductor ripple current and output
ripple voltage of the forward converter are similar to those of the conven-
tional buck converter, except that they are scaled by the transformer turns
ratio, (Ng/Ny)- )

The forward converter has a low output ripple voltage. However, it has
a poor transient response and its efficiency is low due to poor transformer
utilization. Thus, the size and weight of the transformer is a2 major factor in
choosing the forward converter for a specific-application.
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Example 4.1. The forward converter shown in Figure 4.1 has an input
supply voltage of 60 V and an average output voltage of 5V at the secondary
master output. The switching frequency is 1kHz with a maximum output
inductor ripple current of 0.1 A. The number of turns in the primary winding
is 60 and the turns ratio, N,/Np, is equal to one. Determine (a) the smallest
number of turns in the secondary master winding Ny, and (b) the output
filter inductance L,y,.

Solution.

(a) From Equation (4.9b), the maximum duty cycle Dpax is

1 1

_D = = =
T (Ne/Np) 141

0.5.

From Equation (4.1)),

sm _Va_s
(Np Dmax =5 = 50"

min
Therefore, the smallest number of turns in the secondary winding is

5 1 5 1
(Nsm)min = Np (6—'0> B:n—; = 60 (36 63 = 10 turns.

(b) From Equation (4.12),

DV;(Nem/Np)(1—D) 0.5(60)(10/60)(1—-0.5)
Sblom - 1000(0.1)

om =

4.3 PUSH-PULL CONVERTER

The push—pull converter is derived from two forward converters working in
antiphase. As such, the push—pull converter topology has the advantage over
the forward converter in that the voltage across the transformer and, hence,
the peak collector voltage of the switching transistor is limited to twice the
input voltage. This is dueto the symmetrical center-tapped transformer with

equal number of turns in the primary windings. Since the power supplied to

the load is never stored in the transformer, more power can be handled at a
greater efficiency and with a better regulation than the forward converter.

The basic circuit schematic of a push—pull converter is shown in Figure 4.3..

The switching transistors, @) and Q,, alternately conduct each half cycle at a

=0.025H=25mH.
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Figure 4.3 Circuit schematic of the push-pull converter.

duty cycle determined by the input supply voltage, V;, transformer turn ratio,
and the desired output voltage. Thus, the maximum duty cycle attainable is
slightly less than 50% to account for the turn-off times of the switching
transistors. Otherwise, “shoot through” will occur in the two switching tran-
sistors, resulting in irreversible damage to them. This “shoot through™ phe-
nomenon can be avoided by defining a dead time, #4, between the turn-on of Q2
and the turn-off of Q) switching transistors. The dead time 1y should, at least,
be equal to turn-off times of the switching transistors.

When the switching transistor, Q;, is switched on during the first half
of the switching period, all the undotted ends of the transformer windings
are now positive as the input supply voltage is applied across the primary
winding, Np,. Its collector current, i:;(#), increases linearly from I, to I, in
time t4, as shown in Figure 4.4. The collector of the switching transistor, O2,
is now at twice the input supply voltage since both the primary windings
have the same number of turns.

The voltage at the anode of the rectifier D, is a rectangular waveform
of the input supply voltage, V;, except it is scaled by the turns-ratio of the
transformer:

Nn
y,—m

"Ny’
where N, < N, = Np,. The rectifier D, is now forward-biased. Thus, the

output inductor, Loy, is charged during this time intefval. The current flowing
through therectifier Dy, ip, (1), is a scaled version of the collector current, i ():

V=

(4.149)

i (@) = I ()R- (4.15)
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Figure 4.4 Waveforms of the push—pull converter.
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The switching transistor, 0, is switched off at 7 = fon. It should be noted
that f, must be less than half the switching period to accommodate the turn-
off time of the switching transistor. As the switching transistor, @, is
switched off, a voltage spike appears at its collector due to the induced
voltage caused by the falling collector current and the stray and leakage
inductances in the collector circuit. The collector voltage momentarily drops
" to the input supply voltage after the trapped energy is dissipated. The
collector voltages of the two switching transistors are now at the input
supply voltage since both are switched off. As the collector current in Q)
drops abruptly to zero at f,,, a ledge current continues to flow through the
rectifiers before the other switching transistor, Q2, is switched on as shown in
Figure 4.5. This ledge current is due to the voltage reversal of the output
inductor, Lom, as the switching transistor, 0, is switched off.

The negative voltage at the cathodes of both rectifiers causes them to
be forward-biased. Each rectifier is now carrying half the total current in the
inductor. Hence, the rectifiers in the push—pull converter perform the func-
tion of freewheeling as in a conventional buck converter.

The voltage conversion ratio of the push—pull switching converter can
be derived by imposing the constant volt-second relationship on the output

PWM(Qz)(%

—> 1

Vol 1 v N T T .l
N

t
gD 4

— 1
(D W

IL

Figure 4.5 Output waveforms of the push-pull converter.
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inductor, Lom. Neglecting the on-state voltages of the switching transistor
and the rectifier, the avérage voltage across the output inductor, when either
one of the switching transistors is switched on, is (Vi(Nw/Np) — Vam).

During the freewheeling of the rectifiers, the average voltage across the
output inductor is — Vyp,. Thus

N,
(V’TVE - Vam)zton - Vam(T - 2‘on) =0. (4‘]6)
P

The factor of 2 for f,, is to account for the fact that the output inductor is
charged twice in one switching cycle. The voltage conversion ratio is

N\ (2ton '
e (32) )

2ton
T

or

Vam = (Vi = Vessa) 22 — Vel 4.18)
Np

when the on-state voltages of the switching transistors and rectifiers are
taken into consideration. The most common failure mode in the push—pull
converter with bipolar switching transistors is caused by a flux imbalance in
the transformer. This occurs when the volt-second products across the two
primary windings are not equal to each other. When this occurs, the mag-
netic core will not return to its original starting point in its hysteresis loop
after a switching cycle. After a number of switching cycles, the magnetic core
will saturate. Once in saturation, the magnetic core will not be able to
support the applied input voltage. Thus, the bipolar switching transistors
are subjected to high current and high voltage situations and may eventually
be destroyed due to thermal run-away. This failure mode is less severe in the
push—pull converter with power MOSFET switching transistors. This is due
to the negative temperature coefficient of the drain current in power
MOSFETs. As the device temperature increases in a power MOSFET due
to a flux imbalance problem, its drain current tends to decrease. Thus,
thermal runaway caused by flux imbalance in the transformer is mitigated
in the push—pull converter with the use of power MOSFETs.

4.4 HALF-BRIDGE SWITCHING CONVERTER

The half-bridge topology is primarily used in off-line switching converters
since their switching transistors are not subjected to twice the input supply




Transformerized Switching Converters 141

voltage as in the forward and push-pull switching converters. Figure 4.6
shows the circuit schematic of a half-bridge switching converter. As shown,
the undotted end of the transformer is connected to the common terminal of
the two identical filter capacitors, Cy; and Cp,, via 2 DC blocking capacitor,
C,. The DC blocking capacitor can be omitted in some applications. A drop
in primary voltage will result due to the charging of this capacitor by the
current flowing in the transformer. The input supply voltage, V;, is divided
between the two filter capacitors. Thus, the common terminal of the filter
capacitors has an average voltage of ¥y/2. The purpose of the DC blocking
capacitor, Cy, is to avoid the flux imbalance problem caused when the
voltage at the common terminal is not exactly half the input supply voltage.
The dotted end of the transformer is connected to the common terminal
of the switching transistors configured in a totem-pole configuration. The
switching transistors, Qy and (», alternately conduct each half cycle of
a switching cycle. Thus, the two switching transistors alternately connect
the dotted end of the transformer to ¥; or ground, while the undotted end
of the transformer is maintained at Vy/2. When the switching transistor, 01,
is switched on, the voltage at the dotted end of the primary winding is
now V;. The voltage across the primary winding is ¥y/2, since the undotted
end is maintained at Vi/2. Thus, the polarity of the voltages at all the dotted
ends of the secondary windings is positive. The collector of O, is at V; as long
as ) remains conducting. The rectifier, D>, conducts and the output in-
ductor, L., is charged during this time interval. When @, is switched off at
I = I, the dotted end of the transformer is now grounded by the switching
transistor, Q,. The undotted ends of the transformer windings are now
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Figure 4.6 Circuit schematic of a half-bridge converter.
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positive with respect to the dotted ends. Rectifier D, is now forward-biased
and the output inductor is charged. It is obvious that the voltage across the
primary winding is always maintained at half the input supply voltage.
During the interval between the on-time of the two switching transistors,
the two rectifiers, D, and D,, are freewheeling as the energy stored in the
output inductor, L, is transferred to the output capacitor and the load as
the ledge current. Figure 4.7 shows the switching waveforms of the half-
bridge switching converter.

The voltage conversion ratio of the half-bridge switching converter can
be derived by imposing the constant volt-second relationship on the output
inductor. The average voltages across the output inductor are [(¥3/2) (N¢/Np)
— V,} and — V¥, during 1., and o, respectively. Thus

Vi N, 2Ion Ioff
G8  p Yoy, _o 4.1
o ) oy, 0 4.19)
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Figure 4.7 Waveforms for the half-bridge converter.
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The factor of 2 for f,, is to account for the fact the output inductor is
charged twice in one switching cycle. The voltage conversion ratio is

— a4 5 ton .
v, = V,(N“p)z(T) (4.202)
or

- Vi N fon

when the on-state voltages of the switching transistors and rectifiers are
taken into consideration.

The half-bridge switching converter requires a more complex control
circuitry. An isolated driver is required for the switching tramsistor, Q;, since
its emitter is not directly connected to ground. The filter capacitors are
usually bulky and costly since they have to handle the full primary current.
The full-wave output of the half-bridge switching converter results in the use
of smaller output inductor and capacitor when compared to the forward
converter. The other important feature of the half-bridge switching con-
verter is that the leakage inductance spikes are clamped to the input supply
bus. Thus, any energy stored in the leakage inductance is conducted back to
the input bus instead of having to be dissipated in some resistive elements.

4.5 FULL-BRIDGE SWITCHING CONVERTER

The full-bridge converter topology is primarily used in off-line switching
converters since-their switching transistors are only subjected to the magni-
tude of the input supply voltage V;. Figure 4.8 shows the circuit schematic of
a full-bridge converter. As shown, the switching transistors are configured in
a full- or half-bridge topology. The switching transistor pairs of Q) — Qqand
Q, — 05 are switched on alternately during each half cycle of a switching
period. When the transistor pair, @) — Qs is switched on, the dotted end of
the primary winding is connected to the input supply voltage, Vi, while the
undotted end of the primary winding is connected to near ground potential.
Thus, all the dotted ends of the secondary windings are now positive with
respect to their undotted ends. The output rectifier, D>, conducts and
delivers the energy to the output inductor. The voltage at the secondary
winding is a scaled version of the primary winding voltage. When the
transistor pair, Q> — Qs, is switched on, the undotted end of the primary
winding is now-at V;, while the dotted end is at near ground potential. The
output rectifier, D, conducts and delivers energy to charge the output
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Figure 4.8 Circuit schematic of a full-bridge converter.

inductor. The rectifiers, D, and D5, are freewheeling when both the switch-
ing transistor pairs are switched off. Figure 4.9 shows the switching wave-
forms of the full-bridge converter.

The voltage conversion ratio of the full-bridge converter can be derived
by imposing the constant volt-second relationship on the output inductor.
The average voltages across the output inductor are [Vi(NJ/Nyp) — V5] and
—V, during ton and 1.y, respectively. Thus :

N 2ton 2tor B
vV _ Zon =0. : 421
( N, Va) 7~ Va=p 0 | 4.21)
The voltage conversion ratio is

Va N\ /ton .

Ta _of s} on 4.2

v, 2 (N,,) ) (4.222)
or

Va Ns :

— =2t . * 4.22b

7 N, D | (4.22b)

The output power of the full-bridge converter is double that of the half-
bridge converter because the full input supply voltage, rather than half, is
applied to the primary winding. The full-bridge converter has good trans-
former utilization. However, it requires a more complex driver circuitry that
is capable of driving high-side and low-side switching transistors. The flux
imbalance is also a potential problem in the full-bridge converter.
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Figure 4.9 Waveforms for the full-bridge converter.

4.6 FLYBACK CONVERTER

The flyback converter is widely used for high voltage as well as offline power
supplies applications. It is essentially a constant-output-power switching
converter. An output inductor is not required for the flyback converter. As
such, it is attractive for multiple output application with a better output
voltage tracking than most other switching converter topologies. The sav-
ings in cost and size, due to the absence of the output inductor, is a
significant advantage over other switching converter topologies.

Figure 4.10 shows the circuit schematic of a flyback converter. When
the switching transistor, Q,, is switched on at t = 0, the dotted ends of the
windings are negative with respect to the undotted ends. As such, the output
rectifier, D,, is reverse-biased. During this time interval, the output load
current is maintained by the output capacitor, C,. It should be noted that a
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Figure 4.10 Circuit schematic of a flyback.

freewheeling diode is not required for the flyback converter. Neglecting the
on-state collector-to-emitter voltage drop of the switching transistor, Q, the
current in the primary winding increases linearly at a rate determined by

== (4.23)

where L, is the magnetizing inductance of the primary winding. The peak
primary current, I max, i given by

V;
Ip, max = zi ton, (4-24)

where oy, is the on-time of the switching transistor. It can be seen that the
maximuin input current, J; max does not depend on load variation. Thus, the
flyback converter delivers a constant power.

The switching transistor is switched off at ¢t = t,,. Since the current
flowing in the primary winding cannot change instantaneously, the voltage
across the primary winding reverses its polarity. As such, the dotted ends of
the windings are now positive with respect to the undotted ends. The output .
rectifier, D;, is now forward-biased and current flows from the secondary
winding. The current in the secondary winding decreases linearly at a rate
determined by

di, Vs
s 4.2
&L (4.25)
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where L, is the magnetizing inductance of the secondary winding and V; is
the voltage across the master secondary winding. The peak secondary cur-
rent, Jsmax, is related to the peak primary current and is given by
N,
Is,max = (ﬁg)lp,max- (4.26)
s

If the current in the secondary winding has decreased to zero before
the switching transistor switches on again as shown in Figure 4.11, the
flyback converter is said to be operating in the discontinuous mode of
operation. Thus, the flyback converter first stores the energy in the trans-

Vp(n A
- -V
t
T
v, Mo
N,
A
L N — — lpmax
4
ton T
\
(0 1— _ ls,max
SN |
bn L v
3
- N,
P
> 1
-v, L
Vs,ofl —

Figure 4.11 Waveforms for the diseoentinnous-mode flyback converter.
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former during the on-time, and subsequently, transfers this energy to the

load during the off-time of the switching transistor. The input power, P;, is
defined as

2
P = ﬁi.’;%‘i : (4.27a)

From Equation (4.24), the input power can also be expressed as

(Viton)
_ ifon) @
Fi=5r11, (4.27b)

Since the flyback converter is a constant-power switching converter, its
output voltage is maintained by keeping the product V;t,, constant. The
efficiency of this converter is defined as

_ Pout o (1/2T)152,max _ 5 (Is,max)2

— Tow _ — 4.28
=P T Q2DLE e Ly (4-28)

Ip, max

The relationship between the primary and secondary winding currents can
be found from Equation (4.28) as:

L
I s,max — \/7_7 ‘LBI p, max> (4.29a)
s
or
N, .
IS, max — \/7_7 (Fp) Ip, maxs» (429b)
s .

since (VN /N; ?=(Ly/Ls). The average load current, I,, can be found
by integrating the current in the secondary winding over a switching
period, T:

1 t
L= ‘2‘Is,max (‘T‘Z' - (4.30)

From Equation (4.30), 1, can be found:

[V.N, 2L,
= 4.31
5] V.N. IR 4.31)

where R is the load resistance.




i

Transformerized Switching Converters . 149

The flyback converter is said to be operating in the continuous mode of
operation if the switching transistor is switched on while energy is dumped
into the load. The switching waveforms of a contimious mode flyback
converter are shown in Figure 4.12. When the switching transistor is
switched on at 1 =< 0, the current in the primary winding increases linearly
from a minimum value of I, min t0 a2 maximum value of Jpmax in time fo,
according to:

1 — .
v, = L, Jomx ~ Jpsin (4.32)

fon

me ﬂ\
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-V, L

Vs, off }—

Figure 4.12 Waveforms for the continuous-mode flyback converter.
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When the switching transistor is switched off at ¢ = 1,,,, current appears in
the secondary winding and decreases linearly from a maximum value of
I, max to 2 minimum value of I mip in time o according to:

V, = les,max — Is,min

, 4.33)
tory

where L, is the inductance in the secondary winding.

Since the switching transistor is switched on again before the second-
ary current drops to zero, it is transferred back to the primary through the
current, I, . The secondary current is related to the primary current
through the inverse turns-ratio of the transformer:

N, A
Is, max — Is,min = ’ATP (I ,max Ip,min)- (4'34)
s
The average output current, I, is

I - mi :
I, = s,max'z*'ls,mm t_(}l_‘f__ (4_35)

The average output voltage, V,, of the flyback converter operating in the
continuous mode is

N, D
() @20

The off-state collector voltage of the switching transistor is

V.=vi+ ey (4.37)
N

The discontinuous mode flyback converter is suited for those applications,
which require a constant output current, while the continuous mode flyback
converter is suited for applications that require a constant output voltage.
The discontinuous mode flyback converter responds more rapidly and with
a lower transient output voltage spike to sudden changes in load current or
input voltage when compared to the continuous mode flyback converter.
However, the peak currents in the discontinuous mode are larger than those
in the continuous mode. As such, the discontinuous mode flyback converter
requires a flyback transformer with a larger current rating and output
capacitor- with a larger ripple current rating than those required in the
continuous mode flyback converter. The design of the flyback transformer
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[3-5] is also critical due to poor transformer utilization. The input supply is
isolated from the load so that faults, which occur on the secondary, are not
directly reflected to the primary. The flyback converter also has a high
output ripple voltage due to the absence of the output inductor. Three
flyback converter designs are evaluated in Chapter 10.

Example 4.2. The continuous-mode flyback converter shown in Figure
4.10 has an input voltage of 50V and an average output voltage of 100V.
The magnetizing inductance of the primary winding, L, is 1 mH. The turns
ratio, (Ns/Np), is 4. For a switching frequency, f;, of 1kHz, determine (a) the
duty cycle and (b) the magnetizing inductance of the secondary winding.

Solution.

(a) From Equation (4.36),

w5 (7)) - (%) )=

Therefore, the required duty cycle is

0.5

D=13

= 0.333.

(b) The magnetizing inductance in the secondary winding, L, is

2
Li=1L, (g—p) = (1mH)(4)’ = 16 mH.

4.7 ZERO-CURRENT-SWITCHING QUASI-RESONANT
HALF-BRIDGE CONVERTER [2]

The circuit schematic of a ZCS, half-wave, quasi-resonant half-bridge con-

 verter with secondary-side resonance is shown in Figure 4.13. As shown, it is

similar to the conventional half-bridge converter except for the resonant
capacitor, C,, connected across the freewheeling diode, Dy,. The secondary-
side resonant ZCS quasi-resonant converter makes use of the leakage in-
ductance, L,, of the transformer as the resonant inductor. The operation of
this converter can be divided into four modes. All components, except the
transformer, are assumed to be ideal. The output inductor, L, is much
larger than the leakage inductance of the transformer, L,. Thus, the output
inductor, output capacitor, and the load, can be modeled as a constant
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Figure 413 _Circuit schematic of a ZCS, half-wave, guasi-resonant half-bridge
converter.

current sink of I,. Suppose before the switching transistor, Q,, is switched
on, the freewheeling diode, Dy, carries the steady-state output current, I,
and the voltage across the resonant capacitor, V¢, (1 = 0), is clamped at zero
volt by the freewheeling diode.

Mode1(0<t<t)

Mode 1 begins when the switching transistor, Q;, switches on atz = 0. The
current in the upper secondary winding of the transformer, ir (D), increases
linearly from zero to the steady-state output current of I,. Its equivalent
circuit is shown in Figure 4.14.

The voltage across the upper secondary winding is related to the rate of
rise of its current. At the end of mode 1, the voltage across the
upper secondary winding, vsupper (1) is given by

Vil I,

Vs,upper(tl) = _2_]V—p_ = L"_ﬁ, (438)

i L l
Vi Ng 3
2N, -{Cr 2% GD ko
Figure 4.14 Mode 1 equivalent circuit for the ZCS, half wave, quasi-resonant
half-bridge converter.
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where N, and N, are the numbers of turns in the secondary and primary
windings, respectively. The duration of mode 1, T, is

2L.I,Np
=— 4.39
1 VN, 4.39)
Thus, mode 1 is characterized by charging of the leakage inductance of the
transformer and the storage of electrical energy in magnetic form in the
resonant inductor.

Mode 2 (f) < < b)

Mode 2 begins when the current flowing ‘through the upper secondary
winding reaches the steady-state output current of I,,. Its equivalent circuit
is shown in Figure 4.15.

The voltage across the resonant capacitor, vc (1), increases, as it is
charged by the difference between the input current, iz (), and output
steady-state current, I, (i.e:, ir (7) — I,). The freewheeling diode, Dy, 1S
reverse-biased as the voltage across the resonant capacitor increases accord-
ing to

ve, iLr(t) -1
T 4
d ar C. (4.40)

The current in the upper secondary winding, iz (1), continues to increase in a
sinusoidal fashion according to

diy, _ Vil

,-—dT— 2Np - VC,(t)- v (441)

The above two first-order differential equations can be solved using the
following initial conditions:

ve,(11)) =0, i ()=l (4.42)
Woo b (01
2N, . + °
Vc,(‘)-l— G '

Figure 4.15 Mode 2 equivalent circuit for the ZCS, half wave, quasi-resonant
half-bridge converter.
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The expression for the resonant inductor current, iy (1), 1s

V;N.
. I Vs - 4.4
i, =1I,+ IN,Z, sin (wyt) (4.43)

and the expression for the resonant capacitor voltage, vc, (N, 1s
V;iN, ’
TS ee— -— 4'
ve) =7 N, [1 — cos(waD)}, | _ (4.49)

where Z, = +/L;/C; is the characteristic impedance and w, = 1/VL:C; is
the resonant frequency. Zero-current switching requires that
V;N,
Zn =< . 4.45
2N, 1, (4.45)

Mode 2 ends when the current in the resonant inductor, i (1), reaches zero.
At this time, the switching transistor, O, should be switched off to take
advantage of the ZCS condition. The duration of mode 2 can be found by
setting Equation (4.43) to zero and solving for T, = 1 — 1i:

ViNs .
ir (T2) =1, + 5 ]\; Zs sin(w,T%) = 0. (4.46)
pn
Thus,
- i
T, = sin”! [—(21,ZaNp/ ViN;)| _e @7

®, Wp
where « takes on values between 7 and 3#/2.

Mode 3 (L < < )

Mode 3 begins when the current flowing through the resonant inductor,
ir (f), decreases to zero. Its equivalent circuit is shown in Figure 4.16. Since
the unidirectional switching transistor, Q, prevents current reversal through
the resonant inductor, the resonant capacitor begins to discharge its stored
energy to the output. The freewheeling diode, Dy, is still reverse-biased by
the voltage across the resonant capacitor. The voltage across the resonant
capacitor decreases linearly according to

dve, Vil It
e Pt — - =, 4.48
C. ar = 2N, (1 — cosa) (4.48)

r
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e o

Vc,(l) *" G

Figure 4.16 Mode 3 equivalent circuit for the ZCS, half wave, quasi-resonant
half-bridge converter.

Mode 3 ends when the voltage across the resonant capacitor becomes zero.
The duration of mode 3, T3, is

_ GViN,
T 2Nyl

Ts (1 — cos a). (4.49)

Mode 4 (I3 < t < TJ/2)

Mode 4 begins when the voltage across the resonant capacitor decreases to
zero at time ¢t = 5. The freewheeling diode, Dy, starts to conduct and the
output current is freewheeling through it. Its equivalent circuit is shown in
Figure 4.17. The duration of mode 4 is

Ts = %" TWh—T,— T3, (4.50)
where T is the switching period. .

Figure 4.18(a) and (b) shows the switching waveforms of the ZCS,
quasi-resonant half-bridge converter. The voltage conversion ratio of this
converter can be derived by imposing the constant volt-second relationship
on the output inductor, L,. The average voltages-across the output inductor
are (ViNg/2N,) — V) and -V, during the resonant period 7, and ((7¢/2) —
T,) intervals, respectively. Thus,

Vil T, B
(2Np Va) T, — Va(i— T,,) =0. (4.51)

X b, @,

Figure 4.17 Mode 4 equivalent circuit for the ZCS, half wave, quasi-resonant
half-bridge converter.
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: : : i : - \
4 L L L b y T

Figure 4.18 Switching waveforms for the ZCS, half-wave, quasi-resonant, half-
bridge converter [2].
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The voltage conversion ratio for maximum load (i.e., 1o Z, = (V; Ny/2N))is

Figure 4.19 shows the straight-line characteristics of the voltage conversion
ratios for several x values [2], where x = 2/,Z,Np/ ViN;.

Example 4.3. The ZCS, half-wave, quasi-resonant half-bridge resonant
converter shown in Figure 4.13 has an input voltage, V;, of 50V and a
steady-state output current, I,, of SA. The capacitance for the resonant
capacitor is 10 pF. The turn-ratio of the transformer is 2, with a leakage
inductance, L,, of 10 pH. Determine (a) the peak amplitude of the resonant
inductor current, (b) the peak value of the resonant capacitor voltage, and
(c) the duration of the resonant mode. ]

Solution.

(a) From Equation (4.43), the peak value of the resonant inductor
current is o

V;N,
Iy =1, +——2 =55A.
L =71 "9N,2Z,
2V,N, / VoN,

1 y — X=02" x=05 %=1
os} -
0.6} i
0.4} -
o2} _

S . . \ . FJf,
0 0.2 0.4 0.6 0.8 1

Figyre 4.19 Voltage conversion versus fJ/f, of the ZCS, . quasi-resonant half-
bridge converter for several normalized output current values [2].
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(b) From Equation (4.44), the peak resonant capacitor voltage is

_ViNs _ (50)(2)
Vo =3n. = 2 =50V.

(c) For a half-wave mode, a takes on values between 7 and 37/2. Thus,

sin~! (— 0.1) = 7 + 0.1 = 3.1416 + 0.1=3.2416.

From Equation (4.47), the duration of the resonant mode is
: =21, '
T, =sin~! —2loZuNy VLG, =324ps.
ViNs

PROBLEMS

4.1. The forward converter shown in Figure 4.1 has an input voltage of 50V
and a switching frequency of 1kHz. The average output voltage is 25V
with a maximum duty cycle of 0.6. The number of turns of the primary
winding is 100. Determine (a) the number of turns of the reset winding,
(b) the number of turns of the secondary winding, and (c) the duration,
t,, when the secondary current is flowing.

4.2. The discontinuous-mode flyback converter shown in Figure 4.10 has an
input voltage of 50V. The magnetizing inductance of the primary
winding is 500 pH with a turns ratio, NJ/N,, of 4. The switching
frequency is 1 kHz with a duty cycle of 20%. Determine (a) the peak
value of the primary current, (b) the duration of the secondary current
1,, and (c) the average output voltage.

4.3. The ZCS, half-wave, quasi-resonant half-bridge resonant converter
shown in Figure 4.13 has an input voltage of 40V and a steady-state
output current of 5A. The capacitance for the resonant capacitor is
1 pF. The turn-ratio for the transformer is 2, with a leakage inductance
of 10 pH. Determine (a) the peak amplitude of the resonant inductor
current, (b) the duration of the resonant mode, and (c) the switching
frequency required for the maximum load.

4.4. Derive the expressions for the duty cycle, output voltage, and average

input current for a flyback converter operating in the discontinuous
mode. :
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Control Schemes of Switching Converters

5.1 INTRODUCTION

The figure-of-merits in switching converters are the load and line regula-
tions. Load regulation is defined as the change in the output voltage corre-
sponding to a 1-mA change in the load current while line regulation is
defined as the change in the output voltage corresponding to a 1-V change
in the input voltage. The load and line regulations of the switching con-
verters depend largely on their control schemes. By varying the on time of
the switching transistor in a switching converter, the output voltage can be
maintained at a constant during load variations and supply-voltage vari-
ations. Pulse-width modulation (PWM) is the most common control scheme
for switching converters. The abundance of commercially available PWM
integrated-circuit controllers has contributed to making the switching con-
verters a popular choice in many system applications. On the other hand, the
resonant switching converters require a variable-frequency controller or
frequency modulator to achieve the desired energy conversion. The imple-
mentation of the variable-frequency controller is more involved than the

161
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pulse-width-modulated-controller. This chapter presents the most common
control techniques for DC-DC switching converters and a description of
some commercial controller circuits.

5.2 PULSE-WIDTH MODULATION

The technique of modulating the duration of the ON or OFF pulses, or both,
that are applied to the switching transistor is called pulse-width modulation
(PWM). The purpose of the PWM is to vary the duty cycle d according to

H
d= =00 _ .
fonfs ton + foff G-h

Thus, modulating either #,,, Or for OF both can vary d. There are two schemes
of PWM: the fixed-frequency PWM and the variable-frequency PWM. The
variable-frequency PWM can be achieved by: (a) keeping fon fixed and
varying fom, (b) keeping fo5r fixed and varying ton, and (c) changing both
ton and tog as shown in Figure 5.1(a)~(c), respectively. The major problem
associated with the variable-frequency PWM is the unpredictable electro-
magnetic interference (EMI) due to the varying switching frequencies. The
fixed-frequency PWM is achieved by changing both the 7o, and t,y durations
while maintaining a constant switching period, as shown in Figure 5.2. This
PWM scheme is the most popular due to its ease of implementation by
commercially available integrated-circuit controllers and because its EMI
can be filtered without difficulty.

There are two PWM modes of operation depending on the control
signals required. The voltage-mode PWM derives its control signal from the
output voltage of the switching converter, whereas the current-mode or
current-injected PWM utilizes both the output voltage information as well
as the information from the inductor current in the switching converter to
determine the desired duty cycle applied to the switching transistor.

5.2.1 Voltage-Mode PWM Scheme

The schematic of a fixed-frequency voltage-mode PWM controller is shown
in Figure 5.3(a). The error amplifier compares the sampled output voltage
V,p with a fixed reference voltage Vier and generates an error voltage Ve
given by:

Z R
Ve = Vier _—Z_T (Vail—_:—Rz- Vref)- (5-2)
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Figure 5.1 Variable-frequency PWM schemes: (a) fixed ton, variable fom ()
variable 1, fixed 1.n; and (c) variable 1,,, variable ton.

This error voltage is then fed to the noninverting input of a comparator that
compares the error voltage with a sawtooth signal at its inverting input. The
charging and discharging of a capacitor C; via a switching transistor Qs
driven by a fixed-rate clock pulse generates this positive-going sawtooth
signal. The frequency of this fixed-rate clock pulse determines the switching
frequency of the converter. To achieve a linear positive-going slope, it is

“assumed that the time constant R.C is much larger than the switching

period. The clock pulse should be short, but sufficient to discharge the
capacitor C, through the switching transistor Q. Due to the large gain of
the comparator, its output will swing close to its positive supply rail when-
ever the noninverting signal is higher than the inverting signal. The output of
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PWM signal

ﬂ\

o

Lon . T
PWM signal
A

Vo

t'on T

Figure 5.2 Fixed-frequency PWM scheme.

the comparator is a PWM signal shown in Figure 5.3(b). The output is high
whenever the error voltage is higher than the sawtooth signal. This PWM
signal is then fed to a gate-drive circuitry that drives the switching transistor
Q; of the buck converter. The duty cycle is determined by the time between
the reset of the sawtooth generator as the switching transistor Qs switches
on, and the intersection of the error voltage with the positive-going sawtooth

signal. Consequently, the instantaneous duty cycle d can be approximated
by:

d=3 | (5.3)

where V}, is the maximum amplitude of the sawtooth signal. A lower-than-
desired output voltage produces a higher error voltage. This produces a
longer on pulse, which, in turn, switches the switching transistor Qs for a
longer duration and results in an increased output voltage. The feedback
network, Z, and Z,, of the error amplifier helps to stabilize and shape the
frequency response of the switching converter (see Chapter 6).

The average output voltage, V,, of a buck converter in a closed loop
configuration employing the PWM control scheme is given by

V.=dV,=(D+d)V,=DV,+dVs. .4

The average output voltage, V,, therefore contains a steady-state value DV
and a modulated value d V. The modulated duty cycle, d, compensates the
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Figure 5.3 (a) A fixed-frequency PWM controller for a buck converter. (b)
Switching waveforms for the fixed-frequency PWM controller.
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output voltage for either load or input voltage variations. The value of d will
be positive when the instantaneous output voltage is less than the desired
output voltage, and negative when the instantaneous output voltage is
higher than the desired output voltage. The DC open-loop gain is

dv, V.V, KV,

GH(&)O) = —l/—;' = V;Vp = Vp . (5.5)

where K = (VJV,), and V,' is the open-loop input voltage to the error
amplifier and K is the DC gain of the error amplifier.

The PWM controller can be implemented using either a combination
of discrete components and integrated circuits or just integrated circuits. An
implementation of a voltage-mode PWM controller using a combination of
discrete components and integrated circuits is shown in Figure 5.4. The
NES55 timer in its astable mode generates an asymmetric square-wave
output at a fixed frequency. The capacitor C; differentiates this square
wave into a sawtooth waveform with its slope determined by the time
constant R,;C; at the base of O, assuming that the phototransistor is not
conducting. The resistor R and the phototransistor in the optoisolator
modulate the sawtooth waveform by changing its time comstant from R,C;
to R'C,, thereby changing the slope of the sawtooth waveform. R’ is the
paraliel combination of R,, R; and the phototransistor. The normally con-
ductive transistor, Oy, is switched off when the negative-going sawtooth
signal is above an emitter-base drop compared to its emitter voltage. The
inverter O, inverts the negative-going pulse at the collector of Q- This
produces a positive-going pulse at its collector. This positive-going pulse
switches on s, the upper transistor of the output totem-pole, which in
turn switches on the switching transistor Qs of the boost converter. The out-
put voltage of the boost converter is regulated by comparing its sampled
output voltage with a fixed reference voltage, Vrer- The increase in the output
voltage, due to either line (i.e., input voltage) or load variations, is detected
by the error amplifier that drives the photodiode of the optocoupler, Ogp, bY
modulating its light intensity. Consequently, the negative-going pulse at the
base of Q, attains a larger negative slope since the effective time constant
R'C, is smaller, causing @1, O2, and Q4 to be switched on for a longer
duration, while transistors Q3 and Qs are switched on for a shorter duration.
Therefore, the output voltage decreases. Thus, the pulse width applied to the
switching transistor Qs is modulated according to load and line variations,
stabilizing the output voltage of the boost converter.

The schematic of an integrated circuit PWM controller is shown in
Figure 5.5(a). The error amplifier compares the sampled feedback voltage
from the output of a switching converter with a fixed reference voltage, Veer-
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Figure 5.5 (a) An integrated-circuit PWM controller. (b) Switching waveforms of
the integrated-circnit PWM controller.
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The error signal is amplified and fed into the inverting input of a compara-
tor. The noninverting input of the comparator accepts a linear-slope saw-
tooth signal generated by a fixed frequency sawtooth oscillator. The output
from the sawtooth oscillator is also used to toggle a trailing-edge-triggered
flip-flop that produces square wave outputs O and Q. The output of the
comparator is high only whenever the sawtooth signal is higher than the
error signal. The comparator PWM signal output is used to drive the AND
gates, enabling each output only when both inputs to the gate are “high.”
The result is a variable duty cycle pulse train at the bases of the two
uncommitted collector-emitter switching transistors Q) and Q5. The switch-
ing waveforms for the integrated PWM controller are shown in Figure
5.5(b).

5.2.2 Current-Mode PWM Scheme

In the current-mode or current-injected PWM scheme, the duty cycle of the
switching converter is determined by the time at which the inductor current
reaches a threshold value determined by the reference control signal. The
current-mode PWM scheme has several advantages over the conventional
voltage-mode PWM scheme [1,2]. First, since the switching transistor is
switched off when the inductor current reaches the control signal level,
failure due to excessive switch current can be prevented by simply limiting
the maximum value of the control signal. Second, several switching con-
verters can be operated in parallel without a load-sharing problem because
all the switching converters receive the same PWM control signal from the
feedback circuit and they carry the same current. During current-mode
conversion, the average inductor current follows a reference voltage. As
such, the inductor acts as a current source (CS). Thus, the output . filter
behaves as a voltage-controlled current source that supplies the output
capacitor and the load, thereby reducing the order of the system by one.
This simplifies its feedback compensation considerably. _

The major drawback of the current-mode PWM scheme is its instabil-
ity. An oscillation generally occurs whenever the duty cycle exceeds 50%,
regardless of the type of switching converter. However, this instability can be
eliminated by the addition of a cyclic artificial ramp either to the sample of
the inductor current or to the voltage control signal [3]. Discrete modeling
can also be used to stabilize the loop [4].

Figure 5.6(a) shows a fixed-frequency current-mode PWM boost con-
verter. It contains two feedback loops, an outer one which senses the output
voltage and delivers a control signal to an inner loop which senses the
current flowing through the switching transistor and keeps the output volt-
age constant on a pulse-by-pulse basis. For a given cycle of operation, the
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turn-on of the switching transistor is coincident with the clock pulse and the
turn-off is coincident with the time that the analog voltage of the switch
current (coincident with the inductor current) intercepts the error voltage as

shown in Figure 5.6(b).
i (1
i L . by,
YTV L a 4'l>|.7 2 >
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A driver G 4 ¢ R,
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esl % Rs 3
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T 2T 37
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Figure 5.6 (a) A boost converter implemented with a fixed-frequency current-

mode PWM controller. (b) Fixed-frequency current-mode PWM controller wave-
forms.
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5221 Instability for D > 50%

When the duty cycle is greater than 50%, the inductor current shows
subharmonic oscillations corresponding to the proportional current-mode
control [5}. Figure 5.7 depicts the inductor current waveform, I, of a cur-
rent-mode converter being controlled by an error voltage V.. As can be seen in
Figure 5.7, the instability can be initiated when the systemis excited with small
perturbations in the inductor current. Assume that the inductor current is
perturbed by an amount A/, at the beginning of the switching period, it can be
seen that if the duty cycle is greater than 50%, then the perturbation Al forthe
following period is greater. This trend keeps evolving, producing the above-
mentioned instability. If the duty cycle is smaller than 50%, the perturbation is

INDUCTOR
CURRENT

TR
PD’—)‘ T

B) DUTY CYCLE > 0.5

, COMPENSATION
v / SLOPE

4

%
’/«“’_ <
—— D — 1

C) DUTY CYCLE > 0.5 WITH SLOPE COMPENSATION

Alp__

Figure 5.7 Current-mode control instability.
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attenuated in the successive periods until it disappears. In this case, the system
is stable. Mathematically this can be stated as

Al = —Al, (ﬂ) | (5.6).
m

5.2.2.2 Compensation with External Ramp

By introducing a linear ramp of slope —m, as shown in Figure 5.7(c),
the instability can be compensated. Note that this slope may either be added
to the current waveform, or subtracted from the error voltage. The compen-
sating slope can be introduced in Equation (5.6) giving:

my +m
AL = —A . R
I Io(ml o 5.7

If

m> —%mz (5.8)

then A, < Al,, and the effect of the perturbation vanishes.

Therefore, to guarantee the stability of the current loop, the slope of
the compensation ramp must be greater than one-half of the down slope of
the current waveform. For the buck converter of Figure 5.8, m, is a constant

equal to (Vo/L) R,. The magnitude of the compensating waveform, 4, should
be chosen such that -

A> TRS% (5.9),. .

to ensure its stability above a 50% duty cycle. It has been shown in Ref. [5],
and is easily verified from Equation (5.7), that by choosing the slope com-
pensation m equals —m,, a critically damped transient response is obtained.
This allows the current to stabilize in exactly one cycle as illustrated in
Figure 5.9. If an external voltage control loop is added, then it has also to
be compensated to achieve the desired transient response.

5.3 HYSTERESIS CONTROL: SWITCHING CURRENT
SOURCE

In this control strategy, the main switch is switched on when the inductor
current goes below a certain value, and it is switched off when the inductor-
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Figure 5.9 Slope compensation m equals —n1;.

current goes above a specified maximum value. Thus, the amplitude of the
current becomes bounded between these two limits. Hysteresis control finds its
main application in power inverters, motor drives, and power factor correc-
tion circuits; nevertheless, it can be used to control a switching current source.
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The natural way to implement a regulated switching current source is
to sample its output current and compare this value with a reference signal to
close the regulator loop. A switching current source should have large
output impedance. When the feedback loop is closed, this output impedance
will become even larger. A switching current source usually has an inductor
at its output. A basic switching current source using a hysteresis control is
shown in Figure 5.10.

Figure 5.11 shows the output current of the current source using a
hysteresis control. The desired DC current value is represented by IM = 1 A;
while the maximum and minimum current values are /PN and IV N, respect-
ively. A load transition occurs at ¢= 5msec. Notice that the frequency of
the current waveform changes at the load transition, while their maximum

M, R
H_Contro! ) : PARAMETERS:
D load=5
(]
+ Vs Y 5 ) ] Ly, -

SYYTYTYL
10mH H,
Ic=1
Ay
D, {toad}

Figure 5.10 Switching current source with hysteresis control.
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Figure 5.11 Hysteresis control waveforms.
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and minimum values remain unchanged. The width of the hysteresis band
sets the maximum operating frequency; therefore, the narrower the band, the
higher the switching frequency. By an appropriate choice of the hysteresis
band, the current ripple can be made triangular. If the band is too wide, the
current ripple follows the exponential charge—discharge law of an LR circuit.
The main disadvantage of the hysteresis control is the variable switching
frequency, which makes EMI a more challenging problem to deal with.

5.3.1 Steady-Siate Analysis During fon

Figure 5.12 displays the equivalent circuit of the switching current source
during fon-
The voltage across the inductor is

di Ai Ai
VL——LE—LE——L;;= Vc— Vo. (510)
Then,
Ai
ton = L—IZ——_—VO. (5.11)

For a small hysteresis band, the output current can be considered constant,
then

V., = IR, (5.12)
and

Ai

ton=L———.
° Ve — IR

(5.13)

During fo, the left end of the inductor is grounded and the energy stored in
the inductor keeps the current flowing in the same direction, as shown in
Figure 5.13,

Figure 5.12 Equivalent circuit during fon
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Figure 5.13 Equivalent circuit during Zon-

V; is given by

di —Ai —Ai
Vi=L—=L—= = —V,.
L dt ar - T foff °
Then, tor becomes
Al Ai
t = — —
off L Vo LIOR b

since
T= ton + lofr,
then

1 1
T = LAi(—— .
’(Vcc - 10R+10R)

The switching period versus the load resistance is shown in Figure 5.14.
When the load changes, its switching frequency automatically adjusts to
maintain the output current within the bounds.

0.024 r v

Power-Switching Converters
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Figure 5.14 Switching period versus load resistance.
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5.4 COMMERCIAL INTEGRATED CIRCUIT CONTROLLERS

5.4.1 Fixed-Frequency Voltage-Mode $G3524 Controller [6]

The SG3524, originally introduced by Silicon General Corporation, is the
first commercially available fixed-frequency voltage-mode integrated circuit
PWM control chip. A functional block diagram of the $G3524 is shown in
Figure 5.15. A programmable sawtooth oscillator generates a 3.5-V saw-
tooth waveform V, with a base DC voltage of about 0.5V. The period of the
sawtooth waveform T' = R, C/(1.15)is set by external timing-resistor R, and
timing-capacitor C, at pins 6 and 7, respectively. The timing-resistor
R, establishes a constant charging current for C; that result in a linear
'voltage ramp at pin 7, which is fed to the voltage comparator. An error
amplifier compares the sampled output voltage (pin 1) with a fixed reference
voltage Vier (pin 2) and produces an error voltage V. at pin 9. The high
impedance at the output of the error amplifier (pin 9) presents some diffh-
culties in the use of the conventional feedback compensation scheme for this
error amplifier. A current-limit comparator compares the voltage propor-
tional to the output current to a fixed reference voltage of 200mV.

v_ d31] Reference ___+5Voallintemal
b regulator circuitry

s
v, 16 =

Oscillator &3

output 12 Cy
1 Veor
A, s i W I Flip - Flop o
7 Oscillator '
G = 11
T ' - = Ea
- +5V NOR 13
M V
chm ) g2 a
2
Comp 9 Comparator 14
45V 45V L E,
Noninverting inpul o?——+\T\Emr amp. )/-‘—‘Eo Current imit
¥ ing input v, I+ |—9—° Current limit
= GND =
st W —{ @,

Figure 5.15 Functional block diagram of the SG3524 PWM controller. ([6],
Reprinted by permission of Texas Instruments.)
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Its purpose is to shut down the output transistors should an overcurrent
situation arises, when the sample of the output current is higher than
200 mV. The output of the error amplifier is compared to the sawtooth V¥,
in a voltage comparator. Since the sawtooth V,, is fed to the noninverting
input and the error voltage Ve is fed to the inverting input, the comparator
output is high only whenever the sawtooth signal voltage is higher than the
error signal, as shown in Figure 5.16. Thus, the comparator output is a pulse

Sawtooth

vt M A AL A
VY

Ol

Vea, 4

Vea, 4

t

Figure 5.16 Switching waveforms of the SG3524 controlier.
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with a width corresponding to the time while the sawtooth voltage is higher
than the error voltage. The resulting trailing-edge modulated pulse is then
steered to the appropriate output transistor by the pulse-steering flip-flop,
which is synchronously toggled by the oscillator output. The oscillator
output pulse also serves as a blanking pulse to assure that both the output
iransistors are never switched on simultaneously during the transition times,
otherwise a catastrophic “shoot through,” resulting in overcurrent damage
to the transistors may occur. :

The SG3524 is designed for push—pull switching converters which have
a switching frequency half that of the oscillator. The output transistors may
also be connected in parallel for single-ended switching converters in which
the switching frequency is the same as the oscillator frequency.

Example 5.1. Design a pulse-width modulator using the SG3524 for a buck
converter with an input voltage of 10V and an average output voltage of
5V. The switching frequency is 1 kHz. The values for the output inductor
and filter capacitor are 45mH and 62.5 uF, respectively.

Solution. The switching frequency of the SG3524 is given as

1.15

Hence, if a C, of 0.1 pF is- chosen, then

1.15
R = ——=11.5k2.
‘T LG

The required steady-state duty éycle is 50%. Since the sawtooth signal of the
SG3524 increases from 0.7 to 3.5V, the required error voltage is

(Ve - m) —
(Vp~ Vm) ’

or
Ve=14+ Vy=21V.

From operational amplifier theory,

R .
Ve = Vier _'R-T(Vsp - Vref)» ’
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Assuming a reference voltage of 2.5V and unity gain with R, = R, =100kQ,
the sampling voltage, V,, is

100
100K

R
Vspzﬁ(er—Ve)+ Vet = (25 21)+25 29V.

The sampling network can now be designed. Using the voltage divider rule,

Rs2

Vip = —————
® Rsl + RsZ

or

5Rs; = 2.9(Rq + R).

If Ry, is chosen to be 1k(), then R is equal to 1.38k(}. Figure 5.17 shows
the SG3524 PWM for the buck converter.

5.4.2 Variable-Frequency Voltage-Mode TL497 Controller [7]

The Texas Instruments’ TL497 is a fixed on time variable-frequency voltage-
mode PWM controller. Its functional block diagram is shown in Figure 5.18.
The on time of this controller is determined by an external capacitor C,

Vin=10V
G =10vuF =
7 =
s 12
= 115K 13 L,
: =5V
100K 100 K 16 & 45 mH Th oVa
2 14 >3 '2
AAA 1 D c 71
Tw
A100 K SG3524 62.5 UF
100K . lr,
‘ © = = 14K
0.001 uF _L
47K

Figure 5.17 Circuit schematic of the SG3524 PWM in Example 5.1.
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Figure 5.18 Functional block diagram of the TL497 controller. ([7], Reprinted by
_permission of Texas Instruments.)

~ connected between the frequency-control pin 3- and ground. The timing-

capacitor is charged by an on-chip constant-current source to a predeter-
_mined threshold. The on time varies from 19 us for a C, of 200 pF to 180 us
for a C, of 2000 pF. A comparator compares the feedback voltage at pin 1
with the internal fixed reference voltage of 1.2V. The oscillator is enabled
only when the feedback voltage is below 1.2V. The uncommitted collector—
emitter output transistor is switched on during the charging of the timing
capacitor as shown in Figure 5.19. The oscillator is disabled whenever the
feedback voltage is highet than 1.2'V. Thus, the off time and the switching
Hrequency are varied according to the duration of the feedback voltage above
1.2V. A programmable current-limit circuit protects the output transistor
against excessive peak current. It is activated when 0.7V is developed across
the sense resistor connected between pin 13 and the supply voltage. An
inhibit input (pin 2) is available for external gating. The controller is
switched off when the inhibit input is high.

5.4.3 Fixed-Frequency Current-Mode UC3842 PWM
Controller [8,9]

The Unitrode’s UC3842 is the first commercially available fixed-frequency
current-mode PWM controller. Figure 5.20 shows the functional block
diagram of the UC3842. The feedback voltage Vg, (pin 2) is compared
with an internal fixed reference voltage of 2.5V in an error amplifier. The
output of the error amplifier (pin 1) is available for external frequency
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Figure 5.19 Switching waveforms of the TLA97 controller.

compensation. The error voltage is fed to the inverting input of the current-
sense comparator via a voltage level shifter, while the sample of the
inductor current is fed to the noninverting input of this comparator. This
constitutes the inner current feedback loop of the current-mode controller.
The on time is determined by both the voltage-sensing error amplifier
output, V., and the current-sense comparator, which compares the error
voltage V. with the top of a ramp-on-a-step analog voltage from an external
current sensing resistor. . The comparator output is high only when the
voltage error signal is higher than the sample of the inductor current.
The UC3842 also includes an under-voltage-lockout feature that will only
enable the controller if the supply voltage is above 16V with a 6V hyster-
esis, i.e., it will pull in ' when the supply voltage is 16 V and drop out when
the supply voltage drops to about 10 V.

Current sensing and limiting. The UC3842 current sense input is
configured as shown in Figure 5.21. Current-to-voltage conversion 1is per-
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Figure 5.21 UC3842 current sensing.

formed externally using a ground-referenced resistor R Under normal

operation, the peak voltage across R; is determined by the error amplifier
according to the following relation:

V.- 14V
I =—p—> (5.18)

where V, is the control voltage and is equal to the output voltage of the error
amplifier.

For purposes of small-signal analysis, the control-to-sensed-current
gain is:

i 1
ey (5.19)

When the sensing current is flowing through a switching transistor, a large
current spike at its leading edge is always present. This is due to the reverse
recovery of the diode or the interwinding capacitance present in the power
transformer, or both. If this transient is not attenuated, the output pulse may
be prematurely terminated. A simple RC filter as shown in Figure 5.21 is
usually sufficient to suppress this spike. The RC time constant should be
approximately equal to the duration of the current spike that usually lasts
for a few hundred nanoseconds.

-The inverting input to the UC3842 current-sense comparator is intern-
ally clamped to 1V. Current limiting occurs if the voltage at pin 3 reaches
this threshold value, i.e., the current limit is defined by:

1V
fnax = 5~ (520)

S
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Figure 5.22 Error amplifier configuration.

Error amplifier. The error amplifier (E/A) configuration is shown in
Figure 5.22. The noninverting input is not brought out to a pin, but is
internally biased to 2.5V + 2%. The output of the error amplifier is
available at pin 1 for external compensation, allowing the user to choose
the desired closed-loop frequency response of the switching converter. Fig-
ure 5.23 shows a typical application for the UC3842 family in an off-line
flyback switching power supply. The detailed design of this off-line power
supply will be presented in Chapter 10.

5.4.4 TinySwitch-li Family of Low Power Ofi-Line
Switchers [10]

In the TinySwitch-II family, a 700 V power MOSFET, oscillator, high voltage
switched current source, current limit, and thermal shutdown circuitry are
integrated to yield a controller with four effective pins, namely “Drain,”
“Source,” “Enable,” and “Bypass.”” In the normal operation of this device, a
heat sink is not required. Unlike conventional PWM centrollers, TinySwitch-
11 uses a simple ON/OFF control to regulate the output voltage. Figure 5.24
shows the functional block diagram along with some of its important features.
The start-up and operating power are derived directly from the voltage on the
“Drain” pin, eliminating the need for a bias winding and associated circuitry.
In addition, the TinySwitch-II devices incorporate auto-restart, line under-
" voltage sense, and frequency jittering. The design also minimizes audio fre-
quency components to practically eliminate audible noise with standard
taped—varnished transformer construction. The auto-restart circuit limits the
output power during fault conditions, such as output short circuit or open loop-
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Figure 5.24 ' TinySwitch-1I Functional block diagram. ([10], Reprinted by permis-
sion of Power Integrations, Inc.)

An optional line sense resistor externally programs a line under-
voltage threshold, which eliminates power down glitches caused by the
slow discharge of input storage capacitors in applications such as standby
supplies. The operating frequency of 132 kHz is jittered to significantly
reduce both the quasi-peak and average EMI, minimizing filtering cost.

TinySwitch-II devices operate in the current limit mode. When
enabled, the oscillator turns the power MOSFET on at the beginning of
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each cycle. The MOSFET is turned ‘off when the current ramps up to the
current limit or when the DCMAX limit is reached. Since the highest current
limit level and frequency of the TinySwitch-II design are constant, the power
delivered to the load is proportional to the primary inductance of the
transformer and peak primary current squared. Hence, designing the supply
involves calculating the primary inductance of the transformer for the
maximum output power required. If the TinySwitch-II is appropriately
chosen for the power level, the current in the calculated inductance will
ramp up to current limit before the DCMAX limit is reached. Figure 5.25
shows a typical application of the TinySwitch, implementing a universal
power supply, where the input AC voltage can range from 8510 265V.

5.5 CONTROL SCHEMES FOR RESONANT CONVERTERS

The output of the resonant converter is regulated by changing its switching
frequency. As in the conventional converters, the output voltage is first
compared with a fixed reference voltage in an error amplifier. The output
of the error amplifier determines the frequency of the output waveform of a
voltage-control-oscillator (VCO). This VCO controller can be implemented
using a combination either of digital-analog integrated circuits or by a
microprocessor. A circuit schematic of a digital-analog implementation of
this VCO controller for a push—pull resonant converter is shown in Figure
5.26. It consists of a CDD4046 digital phase-locked-loop, a CD4013 D-flip-
flop, a CD4528 retriggerable-resetable monostable multivibrator, a CD4050
hex buffer, and two CD4081 AND gates. The CD4046 generates switching
pulses of varying frequencies, v,(1), according to the error voltage, v«(1),

’ 1 corea ]
T L | o

+

Wide-range
HV DC Input

D
, EN/UV T
TinySwitch-l BP L 1
s 1 ? s

- ', T |

Figure 5.25 TinySwitch typical standby application. (From TNY 264/266-268
TinySwitch-11. Family data sheets, Power Integrations, Inc., April 2003. With
permission.)
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Figure 5.26 Circuit schematic of a digital-analog integrated circuit implementa-
tion of 2 VCO for push—pull resonant converter.

from the error amplifier, as shown in Figure 5.27. These variable-frequency
pulses are fed to the inputs of the CD4013 D-FF and the CD4528 mono-
stable multivibrator. The CD4013 D-FF generates an out-of-phase signal to
yield the out-of-phase signals Q and 0, necessary to drive the push-pull
converter topology. The pulse-width of these pulses is controlled by the
combination of the CD4528 and CD4011 through the adjustment of the
5-kQ) potentiometer, connected to pin 2 of the CD4528 multivibrator. The
CD4050 hex buffer provides the drive capability to the gate drive circuitry
and usually consists of a totem-pole configuration for fast switching in
power MOSFET output transistors.

Current-mode control eliminates the need for a voltage-controlled-
oscillator in some quasi-resonant converters [11]. This control scheme also
increases the noise immunity of the quasi-resonant converter since the
function of the voltage-controlled oscillator is now replaced by a simple
voltage comparator whose operation is far less noise sensitive. Figure 5.28
shows a circuit schematic of a direct-inductor current sensing implementa-
tion of a current-mode control for a quasi-resonant buck converter. The
error amplifier compares the sampled output voltage, V2, with a fixed
reference voltage V.. The output of the error amplifier is then compared
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Figure 5.28 A current-mode-controlled quasi-resonant buck converter.
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with the sample of the output inductor current, vz, in a voltage comparator.
The output of the comparator is then used to provide constant on time
pulses to the switching transistor Qs via a combination of logic and drive
circuitry. The switching transistor Qs is switched on when the down-slope of
the sample of the output inductor current intersects the error voltage as
shown in Figure 5.27.

5.5.1 Off-Line Controllers for Resonant Converters

Half-bridge quasi-resonant controllers are available commercially for off-line
switching converter applications. Their main applications are in universal
power supplies for TVsand monitors, battery chargers, power supplies for tele-
communications equipment and car radios, and high-voltage power supplies.

5.5.1.1 L6598 Operation [12,13]

The STMicroelectronics’ L6598 is designed for applications based on
half-bridge topology, using a 50% duty cycle at variable frequency. In this
type of switching converter, control of the output parameters will be accom-
plished by changing the switching frequency. Figure 5.29 shows the functional
block diagram for the L6598 controller. This controller has an under-voltage
lock-out (UVLO) feature. Below the UVLO threshold, both the high- and
low-side drivers for the external power MOSFETs remain off. As the supply
voltage is beyond the UVLO threshold, the circuit is operational. The low side
driver is active during the first half switching period, fully charging the
bootstrap capacitor. One salient feature is that the integrated bootstrap
function does not require an external diode to charge the bootstrap capacitor.
By choosing the appropriate biasing using Rmin and Regrar, ONE can define the
minimum and maximum frequency operation limits of the current controlled
oscillator. The device has a soft start function with a delay capacitor, C,
which controls the time for the soft start. At start up, the frequency isset to the
maximum value (Fj,.,) and will gradually decrease to the desired operating
frequency. The oscillator controls the power stage circuit from the low and
high side gate drivers that are connected to the external power MOSFETs.
The closed-loop frequency is controlled by the value of Rgnin. The high
current carrying capability of the high- and low-side drivers (typically
450 mA source and 250 mA sink), ensures fast switching transitions for the
external power MOSFETs. At the same time, the internal logic ensures a
typical dead time of 300 ns between the turn on and off of both switches.

A typical application for the 16598 is the multiresonant zero-current-
switching (ZCS) converter for a high-end TV power supply as shown in
Figure 5.30. Its simplified schematic is shown Figure 5.31. A half-bridge
resonant topology is chosen due to its small size, high efficiency, and low
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Figure 5.29 Block diagram of the L6598. ({12], Reprinted by permission of
STMicroelectronics.)

noise operation. The operating waveforms are shown in Figure 5.32. This
half-bridge converter consists of the power MOSFETs, O, and O», the
resonant inductor L, the magnetizing inductance of the transformer Lo,
the resonant capacitors C; and C,, rectifier diodes Dy and D5, and the output
capacitor Coy.—Cgi and Cg are the parasitic capacitors of the @, and
0,, respectively. Dg, and Dy, are the parasitic reverse diodes of @, and O»,
respectively. The two power MOSFETs, O, and Q,, are switched on alterna-
tively at near 50% duty cycle. This circuit has three modes of operation.
 Mode 1. In this mode, the series resonance of the circuit formed by L

and C; + C,, supplies power to the load.

Mode 2. Resonance occurs between Ly + Lz and C) + (2, without
supplying power to the load.

Mode 3. In this mode of operation, resonance occurs between Cor +
Coz, L1 + Ly and C, + G, allowing the zero-voltage switching of the
MOSFET. There are eight operating intervals as shown in Figure 5.31.

to — 1;. During this time interval, a reverse current flows in Q, through
the parasitic diode, Dq;. Q is switched off. The initial value of the resonant
current between L, and C, + C; at tyis —I,, which coincides with the current
flowing through-L,. The current flowing through L, increases at the rate of




(-sO1UO1193[30JOIALLS JO uossyuriad £q

Power-Switching Converters

L]

ol bepIL
v_vmn S BH arad ..H»: .WQ
o £ M1 €140 0022 "0 T
4L 0 L oz, |0 % RS
7% T Y0 | e 00t 4
nofty %ol aN®
i mmm AN
" V_cmem% A
x%mm_. 3 2 AL u"v._.m.m Ay ooLbhy - NINSY
4% T 7 LAk ay, £ 1rool
; ow—m ..w—m (-} .ﬂer
w TINido| 965971
00v-€0LAE 0m<2m ] QHW
AOSH mQ 18uLI0|8UBL .m_.m—o% h" n.m_.O W—m Wy o oYS)
_ I..ol.lm | 2ty
4u 004 Jnoee | g oot 4
g2m L W2 & 7 sz L3 3
01 1 00 T
ASH 00b- not,m % ,«_;om ING 2y 00
wQ & 2 T
A0S 0m<2mu—h.wn“ (=]
Jugo) Ejanooor 1 002 3 0
BTt o,
Ave ® 100101Hd1S | —
‘a eioNL%g 0L M2 091 2

192

pojunday ‘[¢1]) “weiSep [2oMI09]T 186591 AU UM 10119AU00 JuEUOSSY  0E"S danBid

A 02pA 0260
“A

Py




Control Schemes of Switching Converters 193

+ BUS
VOUT
DRIVER-H ] l_

Q i
™. gla D, TG
l/r L,

YV
ouT
L
Me:g LOAD
DRIVER - L | d
™ Q) i
L~ 1] D> I G

=
=0

Figure 5.31 Typical application of the L6598. ({13], Reprinted by permission of
STMicroelectronics.)

nVou/L,, where n = Ny/N, and N, = Ni. At 1o, Cq is completely dis-
charged; therefore, the voltage across @ becomes zero and zero-voltage
switching (ZVS) is achieved. The voltage across C, decreases while C; is
discharged.

1, — t,. During this time interval, Q, is switched on and @, is switched
off. The resonant current flows through Q, in the positive direction. The
resonant current increases sinusoidally and reaches the maximum value,
then deceases until it coincides with the current in L; at 1. The difference
between the resonant current and the current in L, flows through the
primary winding N, of the transformer (see Figure 5.30). In this interval,
power is supplied to the load.

1, — t3. During this time interval, Q; remains on and O, remains off.
The current I; flowing through L, coincides with the current in L, at 1,. No
current flows through the secondary winding of the transformer. In this
mode, L, + Ly and C, + C; resonate. '

13 — 5. This interval starts when Q; switches off at #3. Both Q; and Q>
are off. The charge stored in the parasitic capacitor Cq2 of O, is discharged
by means of the resonant current between L; -+ L and C; + C,. At the same
time Cq, is charged.
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Figure 5.32 Switching waveforms. ([13], Reprinted by permission of STMicroe-
lectronics.)

1y — ts. During this time interval, Oy remains off and the resonant
current flows through the parasitic diode of @5, Do, At ty, Cg, is completely
discharged and the voltage across Q, becomes z€ro, achieving the ZVS. The
voltage of-C, increases further.

ts — te. During this time interval, 0, remains off and Q is switched on.
The resonant current flows through Q5 in the opposite direction that was
flowing during the time interval from £, to ts. The resonant current decreases
sinusoidally and reaches the minimum value; then increases until it coincides
with the current in L, at te. The difference between the resonant current and
the current in L, flows-through the primary winding N, of the transformer.
In this interval, power is supplied to the load.

ts — t7. During this time interval O, remains off and O, remains on.
The current —I, in L, is equal to the current flowing through L, at t¢. No
current flows through the secondary winding of the transformer. In this
mode, Ly + Ly and C; + C, resonate.
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t; — tg. During this time interval, ¢, turns off at 15, Thus, O, and 0>
are both switched off during this interval. The parasitic capacitor Cop, of 02
is charged by means of the resonant current that flows through L, + L, and
C, + C>. At the same time, Co, is discharged. At time 13, the circuit returns
to the first mode and the cycle is repeated.

A main feature of this resonant converter is the ZVS of the power
MOSFETs. However, there are still turn-off switching losses, but they can be
reduced by placing small snubber capacitors directly across the MOSFETs.
Discharge resistors are not needed in the snubber, because the capacitor is
not discharged by turning on the power MOSFET, but rather by turning off
the opposite power MOSFET. The switching losses due to Cyg and Cy are
also eliminated by the snubbers. The energy stored in the capacitors across
the switching device is returned to the DC source through the opposite
device when turned off.

PROBLEMS

5.1. A pulse-width modulator is shown in Figure 5.33. Operational ampli-
fiers for the error amplifier and the comparator are considered to be
ideal. The minimum sawtooth-signal is 1V with a peak of 3V and a
frequency of 1kHz. Determine the error voltage, V., of the error
amplifier if the feedback voltage is 2V and the reference voltage is
1.8 V. Sketch waveforms at the outputs of the AND gates for four
switching periods. .

5.2. Design a pulse-width modulator based on the SG3524 for the boost
converter shown in Figure 2.11=The input voltage, V5, is 9V and the
average output voltage, V,, is 12V. The switching frequency is 1kHz.
Component values for the boost converter are: C=100pF, L= 10mH,
and RL =109Q.

5.3. Design a 5-W continuous conduction mode flyback converter using the
UC3842 current-mode controller. The line input voltage is 110V at
60 Hz. The load requires an output voltage of 5V + 50 mV at a load
current of 1 A.

5.4. A solar cell panel provides the energy for a meteorological station that
gathers data and sends them via an RF link. The terminal voltage of the
solar cell depends on the energy from the photons impacting on its
surface. Therefore, the available DC voltage across the solar panel
fluctuates between 17 and 21 V-during the daylight hours (when the
equipment is used). The electronic equipment requires a DC voltage of
5V =+ 5%; as such voltage regulation is required at the load. The load
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Figure 5.33 Pulse-width modulator for Problem 5.1

current may change from 300mA to 1A. Design a switching voltage
regulator using the integrated circuit TL494 that would provide the
appropriate voltage to the meteorological station. The regulator has to
be designed to operate in the discontinuous mode.
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Dynamic Analysis of Switching
Converters |

6.1 INTRODUCTION

In the preceding chapters, analyses of switching converter topologies have
so far been performed under the steady state condition. Predicting
its dynamic characteristics has not been easy due to the complexity of the
operation of the switching converter. The dynamic characteristic of
the switching converter can be used to predict: (a) the margin of stability
of the switching converter, (b) the input supply ripple rejection and the
transient response due to input supply perturbation, (c) the output imped-
ance and the transient response due to load perturbation, and (d) the
compatibility with the input electromagnetic interference (EMI) filter [1].
‘Thus, dynamic or small-signal analysis of the switching converter enables
designers to predict the dynamic performance of ‘the switching converter
to reduce prototyping cost and design cycle time. Generally, dynamic
analysis can be either numerical or analytical. Numerical methods can be
useful for computer simulations, but they cannot reveal basic relationships
among circuit elements in the switching converter. Switching converters are

199
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nonlinear time-variant circuits. Nevertheless, it is possible to derive a
continuous time-invariant linear model to represent a switching converter.
Continuous-time models are easier to handle, but not very accurate. Since a
switching converter is a sampled system, a discrete model gives a higher
level of accuracy, and also models some aspects of the converter (like the
instability in current-mode control) that are not covered by a continuous
model. A discrete-time modeling technique, such as sampled data modeling
[2,3] must be used for this last case, or when more accurate results are
needed.

This chapter is divided in two parts; the first part discusses continuous-
time models for switching converters, while the second part presents a
discrete-time model.

In Part I, classical control techniques are used to amalyze and
stabilize closed-loop switching converters. A brief review of negative feed-
back applied to electronic circuits is performed. The stability analysis is
performed using Bode plots, and a compensator is calculated to shape the
loop gain to a desired phase margin. Variations on the load are modeled as
a small-signal current source at the output of the converter. The output
impedance is calculated to evaluate the effect of the variations of the
output current on the output voltage. Output impedance and load vari-
ations are related to stability and transient response. The concept of audio
susceptibility is introduced and the corresponding transfer function calcu-
lated.

After a review of linear system analysis using state-space representa-
tion, the state-space averaging model developed by Middlebrook and Ciik
[4] is introduced. The transfer function and loop compensations are calcu-
lated using state-space representation. A method based on full-state feed-
back is explained, which permits locating the closed-loop poles of the
converter to achieve a desired dynamic response. This method is more
precise than using the phase margin method. In Section 6.2.12, the need
for an EMI filter is described and its influence on the converter stability is
analyzed.

Part II discusses the discrete-time modeling of switching converters.
This modeling technique is more accurate than the continuous-time mod-
eling and suitable for controller implementation using a DSP chip. After
developing a discrete-time model, a full-state feedback technique is used to
place the closed-loop poles to obtain a desired transient response. The use
of additional dynamics permits achieving a zero steady-state error. Both
voltage-mode and current-mode control schemes are discussed.
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6.2 CONTINUOUS-TIME LINEAR MODELS

6.2.1 Switching Converter Analysis Using Classical
Control Techniques

Within certain limits, classical control techniques can be applied to switching
converters. Different degrees of accuracy can be achieved depending on the
model. A basic small-signal linear model of a switching converter is first

introduced.
6.2.1.1 Basic Linear Model of the Open-Loop Switching Converter

This model considers all the constitutive blocks of the switching con-
verter as de-coupled blocks. Therefore, it is not applicable to all cases.
Nevertheless, it provides a first insight to the calculation of the gain of
cach individual block. The block diagram and small-signal linear model

for a switching converter are shown in Figure 6.1.
The reference voltage, Vi, enters the pulse-width modulation (PWM)

block to generate the nominal duty cycle, D, that drives the switches of the

(a)
V, V,
et PWM |— ! Switch LPF °
Load
z
b
P W
—_— -____l
Load z

S

Figure 6.1 Linear model of a switching converter.
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power stage. Since this is a small-signal linear approximation of the switch-
ing converter, no switching action takes place in the power stage. Instead,
the output of the power stage is a modulated DC value, which is a function
of D multiplied by the unregulated DC input voltage, Vpc. This waveform
enters the low-pass filter, allowing only the DC component and the low-
frequency dynamics of the circuit to reach the load. A linear circuit approxi-
mation of the switching converter is shown in Figure 6.1(b), where Z,, is the
output impedance of the switching converter, Z, is the load impedance and
K is the open-circuit gain. The DC output voltage is given by:

Zy,

Vo = =———
° Zo+Zy

k Vref, ) (6-])

where k is a function of Vpc that depends on the PWM modulator imple-
mentation. Then, if Z; or Vpc varies, it will be reflected in the output
voltage. If V, needs to be bounded between certain limits, then a closed-
loop controller is required. Various models for the constitutive blocks of the
block diagram of the linear switching converter shown in Figure 6.1(a) are
discussed in the following sections.

6.2.1.2 PWM Modulator Model

6.2.1.2.1 Voltage-mode control. The PWM modulator generates
the duty cycle, D, by comparing a sawtooth (or triangular) signal to the
reference voltage, V. For a voltage-mode constant-frequency PWM modu-
lator, the sawtooth signal is applied to the inverting input while the Vier is
applied to the noninverting input of the error amplifier. The output of the
comparator is high at the beginning of the switching period, and remains
high until the ramp reaches the reference voltage and the output changestoa
low level. The width of the output pulse is DT. The DC gain of the PWM
modulator can be easily calculated from Figure 6.2 using a geometric
method. Consider a sawtooth signal of period T and amplitude ¥}, for the
nominal reference voltage, Vi, the nominal duty cycle, D, is given by:

Vref .
D= _17; . 6.2)

When a perturbation on ‘the reference voltage Ve is applied, it produces a

variation on the duty cycle, d, which can be calculated by comparing the two
shaded areas, yielding

-~ D 1
d= Veef = —— 7 6.3
Vet Vref Vp Vref 6.3)
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) ///4
VP

Figure 6.2 Sensitivity of the duty cycle with respect {0 Vrer-

6.2.1.2.2 Current-mode control. In current-mode control, the in-
ductor current is compared with a reference current, 7, t0 determine the
nominal duty cycle, D. At the beginning of each switching cycle, the inductor
current increases linearly, until it reaches the amplitude set by Ip. The switch
driving the inductor is turned off and the current decreases linearly until the
next switching cycle.

The positive slope of the inductor current is given by

i _Vie_L-h (6:4)
dt L D )
where I, is the magnitude of the inductor current at the beginning of the
switching cycle.

Then, the nominal duty cycle is determined by

_ =1L

D 7 | (6.5)

A linear expression for d can be found by approximating-the function with
the linear terms of its Taylor series expansion. Thus,

od - od od .
9L L9 92 6.6
6i,_ 'L avc Ve 6Ip Ip' ( )

a =
The sensitivities of Equation (6.6) are different for every switching converter.
They are usually evaluated by a geometrical analysis, similar to the one
performed in Figure 6.2.

Example 6.1. Calculate the approximate linear expression of d for a cur-
rent-mode buck converter operating in the continuous-conduction mode.
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Solution. The first term on the right-half hand of Equation (6.6) represents
the sensitivity of the duty cycle as a function of the current through the
inductor. Figure 6.3 shows the variation of the duty cycle due to a perturb-
ation i; > 0 on the inductor current at £=0.

If the input and output voltages are considered constant during 1,
then the slope of the ramp corresponding to the inductor current does not
change. There is only a vertlcal shift given by i}. The slope of the ramp in this
interval is given by:

Va—V.
r= L . (6'7)

An analysis of the figure shows that:

i, =r(-dT) (6.8)

and solving:

- L .
=_— ;. 6.9
d (Va— V)T '* 6.9)
Therefore,
od L

. (Va— VT’ (619

(D+d)T DT

Figure 6.3 Variation of the duty cycle due to a perturbation in the inductor
current.
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The sensitivity of the duty cycle as a function of the voltage across the
capacitor can be evaluated from Figure 6.4. A perturbation on the output
voltage changes the slope of the inductor current waveform during ton.

To obtain the expression for d as a function of ¥, the equations for
the slopes corresponding to the nominal (r;) and perturbed (r) cases are

Figure 6.4 Variation of the duty cycle due to a perturbationrin the output voltage.

analyzed.
r=Wa—VJ)/L 6.11)
Y =[Va— (Ve+ %J)/L. 6.12)
Also, from the figure
r = AI/DT (6.13)
v =AI/(D+d)T. (6.19)
" Dividing r; by 7,
n__AIDT _ (Va-VI/L ©15)
roOAM/D+dT [Va— (Ve +3))/L
and solving for d yields:
- e .
=D|l—1. .16
a D[Vd— Vc—vc] 6.16)
' DT ar
< —p<4- >
’p
Y -
n . "",
Al : ’_,-"'
-’-,- r’
i‘_ ’,/”"
DT (D+d)T
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Considering 9. < (V4 — V,) the following approximation can be obtained:

N D

Thus,

od D '
-l ©19

The sensitivity of the duty cycle as a function of the control variable I,
may be evaluated from Figure 6.5. The peak current through the inductor,
I,,, will be set by the control strategy. A perturbation on its value has the
following effects on the nominal duty cycle:

dT = 7" (6.19)
where
Vd - Vc
=— 6.20
r 7 (6.20)
Then,
~ L, L
=2 - . 6.21
d T Va—V, ( )
L+, P ar
A b
b
r
i

DT (D+O)T

Figure 6.5 Variation of the duty cycle due to a perturbation on the peak current.
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Thus,

ad 1 L _
o, T Va- Ve '- 622)

6.2.1.3 Averaged Switching Converter Models

6.2.1.3.1 Averaged-switch model for voeltage-mode control. Vor-
périan [5] developed an averaged-switch model, which replaces the nonlinear
switching action of the converter using a simple small-signal equivalent
circuit. This model can be used for all two-switch PWM converters in either
the continuous-conduction mode or discontinuous-conduction mode of op-
eration. Figure 6.6 shows the three-terminal averaged switch model. The
amplitudes of the two dependent sources are determined by the DC operat-
ing conditions of the power stage.

The voltage source, v,, is determined by the steady-state DC voltage
across the active and passive terminals, and the duty cycle of the power
stage; i.e.,

Vip -
n=—2d. (6.23)

The current source is determined by the steady-state DC current, I, of the
common terminal.

iy = Id. 3 (6.29)

Both dependent sources are controlled by the duty cycle modulation, d.The
polarities and current directions must be consistent throughout the analysis.
Figure 6.7 shows the small-signal models with an averaged switch for the

buck and boost converters. Notice that the averaged switch replaces both the

2 ] . i
(active) 6 -
/ -

[+
- . {(common)

i @D 1 D

P
(passive)

Figure 6.6 Threec-terminal averaged-switch model”
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Ve ‘:—T— 3 V. %:: T 3N
(a) averaged buck converler. (b) averaged boost converler.

Figure 6.7 Examples of switching converters with an averaged switch.

transistor and the diode. The common terminal is connected to the node
where the transistor and the diode are connected together. The active ter-
minal is the other end of the transistor and the passive terminal is the other
end of the diode. -

The main advantage of this model is that once the switching devices
have been replaced by the averaged switch model, linear circuit analysis
techniques can be applied to analyze the circuit. Moreover, PSpice can be
used to simulate the small-signal AC and transient behaviors of the con-
verter. The library swit_rav.lib, included in PSpice, contains averaged-switch
models for voltage-mode, current-mode, continuous-conduction and discon-
tinuous-conduction modes of operation. '

The averaged switch model for the discontinuous conduction mode {5}
is shown in Figure 6.8. The values of the parameters are given by:

I, - I . Ip -
h=25d, L= 2'V£’Vac,' I = 2-1%47, 8 =

ac

I
Voo

(6.25)

Notice that the sources are controlled by the modulation of the duty
cycle in both the continuous and discontinuous conduction models. There-
fore, most averaged-switch components for circuit simulation program havea

G GD h b Gb L o

o4

Figure 6.8 Small-signal averaged-switch model for the discontinuous mode.
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fourth terminal to incorporate the duty cycle modulation. The PWM modu-
Jator has to be modeled on a separate block, as shown in Section 6.2.1.2.
6.2.1.3.2 Averaged-switch model for current-mode control. Ridley
[6] expanded the voltage-mode averaged-switch model for current-mode
control that is valid up to half the switching frequency. All the small-signal
characteristics of current-mode control are predicted, including low-
frequency effects and high-frequency subharmonic oscillation. This model
can also be used for all switching converters using constant frequency,
constant on-time, or constant off-time control [7). The linearized continuous
sampled data model is approximated by a second-order system as follows:

52

5
=1 — .
H(s)=1+ .0, + el (6.26)
where
-2
0, = e , (6.27)
and
T
W, = Ts’ (6.28)

where 7T, is the period of the compensating ramp.

As shown in Figure 6.9, the power stage model remains the same as
that in Figure 6.7, except that current-sensor and gain blocks have been
added to represent the current feedback. The resistance R; is the linear gain
of :the current-sense network, and H.(s) models the sampling action of the
current-mode control. With no current feedback, R; and the gains k¢ and k,
are zero. In this case, the model consists of only the voltage-mode control
loop. Other parameters are:

_=DTRi( D _(Q-DYTR . 1 5
kr=—7 (1 2)’ k== =5 50T (6.29)
where F,, is the modulator gain, S, and S are the slopes of the sensed-current
ramp and the compensation ramp, respectively. Contrary to the averaged-
switch model, the PWM modulator is included in this model. Therefore, the
control input for Ridley’s average model is the error voltage, Ve.

Other averaged models of the switching converters have been devel-
oped, like the averaged-inductor model by Yaakov [8]. This model replaces
the inductor and the switches by a block that models their average behavior.
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Figure 6.9 Small-signal model for current-mode control. (From Figure 5 of
Ridley, R.B., A new continuous-time model for current-mode control, IEEE Trans.
Power Electron., pp. 271-280, April 1991. With permission.)

In contrast with the averaged-switch-based PSpice components, a different
component is needed in PSpice for each averaged-inductor switching con-
verter model. Chapters 9 and 10 include examples of the use of averaged
models in PSpice simulations.

6.2.1.4 Swiltch Losses

The ON resistance of the MOSFET transistor will only affect the amp-
litude of the square waveformapplied to thelow-pass filter, according to D Rons
where D is the duty cycle and R,;, is the on resistance of the switching device.
The voltage drop across the diode may be modeled by an ideal voltage source in
series with the passive terminal of the small-signal model circuit.

6.2.1.5 Switch Delay

The time delay associated with the switch may play an important role
in the evaluation of the phase margin. The time delay contribution to the
phase margin is: .

phase (delay) = —360 X fgelay X f1» (6.30)

where Zge1ay is the time delay in seconds and f; is the unity-gain crossover
frequency. This phase delay must be added to the loop phase to determine a
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more accurate phase margin. The phase delay degrades the phase margin
because its sign is negative.

6.2.1.6 Ouilput Filter Model

The output filter model can only be calculated separately for those
switching converters where the switching devices cannot be merged into the
output filter such as in a buck converter. For all the other topologies,
the filter transfer function is affected by the switching action. Therefore, the
switching converter transfer function is generally evaluated using an aver-
aged model.

The output filter of a buck converter is used as an example to evaluate
the response of a second-order system. The frequency response of the out-
put filter often dictates the required feedback compensation in a buck-
switching converter. The output filter L,C, is essentially a second-order
low-pass filter. The transfer function of this output filter can be derived by
transforming the reactive components into their s-domain parameters, as
shown in Figure 6.10. The output voltage V(s) is '

_ Ro//(1/5Co)
Vol = I3 (Rejj1/sCo)) (631)

The transfer function of the output filter is then

Vo(s) _ (1/ COLO)
Vis) 52+ (5/CoRo)+ (1/LoCo)’

(6.32)

1t can be shown from feedback system theory [9] that the transfer function of
a second-order system can be represented as

w?

H(s) = ———o0 X
©) = T %0 T prele (6.33)
sk,
[o} YYTY - — 0
+ +
Vi(s) 52: T R, Vols)
o— 5

Figure 6.10 Output filter of a switching converter.
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where ¢ is the (dimensionless) damping ratio and @, is the natural frequency
of the system. When { = 1, the response is critically damped. When £ < 1, the
response is underdamped. The response is increasing oscillatory as { ap-
proaches zero. When { > 1, the response is overdamped. Comparing Equa-

tion (6.33) to Equation (6.32), the damping ratio and natural frequency of
the output filter are

1

* TR €9

and
wWo = ! (6.35
T VLG )

The magnitude and phase can be evaluated at any w using Equations (6.36)
and (6.37), respectively:

2\ 2 2
201log |G(w)| = —lO]og((] - (i) ) + 4(;—“1) ) (6.36)
wo wo

P(w) = — tan~! (1_2_5(_(“’@//‘:_0))_2) (6.37)

Figure 6.11 and Figure 6.12 show the magnitude and phase responses versus
normalized frequency (i.e., (f/fo)) of the output filter for several values of
the output resistance R,. The magnitude response has a constant value up to
the natural frequency f, of the output filter. It then decreases linearly with a
slope of —40dB/decade. As shown, the magnitude response is critically
damped when the output resistance, R,, is equal to the characteristic imped-
ance v/(Lo/C,) of the output filter. The response is underdamped whenever
R, > +/(Lo/C,) and it is overdamped whenever R, < +/(Lo/ C,)- The phase
transition becomes sharper as the response becomes more underdamped.
The rapid phase shift with frequency is to be avoided in the second-order
system, since this may lead to instability. .

In a practical switching converter, the equivalent-series-resistance
(ESR) in the output capacitor must be taken into account in feedback
compensation. Figure 6.13 shows the equivalent circuit of the output filter
when considering the capacitor ESR. The corresponding transfer function of
the output filter of the buck converter is




20
Bo>ip? Q
NG, &
10}
) e
% 0 : %:n
2 g
g /"
&8 10
o i 1 l-(y Vs
8 Ao AR
= 2}
5 S L4
5-20
=
~ao|- - ree
Ry xi =2
G
-40}-
_s50 _
0.01 0.1

A

Figure 6.11 Magnitude response of the output filter for several values of the
output resistance R,. :
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Figure 6.12 Phase response of the outpaut filter for several values of the output
resistance R,.
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slo
o 7YY YL . £
+ l +
1
Vi(s) sCo A, Vols)
Res[
o 5

Figure 6.13 Output filter with a capacitor Res-

RoRest 5+ (1/CoResr)

HE) = 1R % Ry 7 (Lo + CoRoRe)/ Lo ColRo + Rexe))s + (Ro/ LoCo(Ro + Rex))

.(6.38)

Thus, the capacitor ESR, R, introduces a zero at JEsr = (127R5, C),
when the capacitive impedance is equal to Res. The magnitude response of
the output filter is modified by the presence of the ESR in the output
capacitor, as shown in Figure 6.14. Figure 6.15 shows the phase response
of the output filter as a function of R,. The magnitude response before the
fEsr is unaffected. Beyond fesr, the magnitude response decreases linearly at
a slope equal to —20dB/decade. This is because after fgsr, the impedance
contribution from the output capacitor C, is increasingly small compared to
R.;. As such, the output filter is now an RL rather than a LC circuit. The
effect of the ESR in the output capacitor is to contribute with a phase angle
equal to tan~'(f/ fesr)- Hence, the phase lag of the output filter considering
the capacitor ESR at any given frequency fis '

o280 10) af L _
0rc = tan™! ((]—_m) —tan~! ( Fesn)” (6.39)

While the magnitude response is

A _ 2\ 2 2
201log |G(w)] = 10log (1 + &*7%) —lOlog((l — (mi) ) + 4({;:1) ), (6.40)

where

[ Ro '
Wy = | —————, (6.41)
° LOCO(RO + RCST)
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Figure 6.14 Magnitude response of an output filter with a capacitor having a Resr
for several values of the output resistance R,.

L w,

— [ (2 42
N CRMES (642)
7 = CoRess- (6.43)

Example 6.2. The output filter of a buck converter shown in Figure (6.10)
has an inductor of 1 mH and a capacitor of 100 pF. Determine: (a) the
corner frequency and (b) the load resistance R, for a critically damped
output response.

Solution.

(a) The corner frequency of the output filter is
fo= 1 . 1
® T 2rLoCo  2ar/10-3(100 x 10-5)

(b) For a critically darhped output response, the load resistance is

1 [L, 1 / 10-3
R e —o-.—_—— —————— T2 - -
°—2VcC, 2V100x10-¢ 1.580

= 503.3 Hz.
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Figure 6.15 Phase response of an output filter with a capacitor having a Res; for
several values of the output resistance R,.

Example 6.3. The output filter of the buck converter shown in Figure 6.13
has a capacitance of 200 wF with an equivalent series resistance of 0.1£}, an
output inductor of 1 mH and a load resistor of 10, respectively. Determine
(a) the corner frequency and (b) the-zero introduced by the R.,.

Solution.

(a) The corner frequency of the output filter is

1 1
- = =3559Hz.
Jo = aadI 211/10-3(200 x 10-5)

(b) The zero introduced by the R is
fosg = ) o 1
B T 2 CoRer  2(200 x 10-5)0.1

= 7.96kHz.

Example 6.4. The boost converter shown in Figure 2.10 has the following
parameters: Vi, =10V, V,=20V, f;=1kHz, L=10mH, C=100 p,l-:,
and R; =20. The reference voltage is 5V. The converter operates 1n
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the continuous-conduction mode under the voltage-mode. Using (a) the
averaged-switch model, calculate the output-to-control transfer function
and (b) MATLAB®, draw the Bode plot of the transfer function found in (a).

Solution.
(2) The nominal duty cycle can be calculated as

Ve |1  Va L Va
Vo 1-D ) =y, = D=1-9"

for the given input and output voltages, we have D=0.5.

The averaged-switch model of the boost converter is shown in
Figure 6.16, where the switching devices have been replaced by their aver-
aged model. The parameters for the averaged model are

V,
I.=—(1—-D)J,=—(1— D)}T° and V,, = — V.
0
The small-signal gain, (90/21 ), can be calculated using linear circuit analysis.
The two mesh equations that include the transformer are
o+ v2—isL=0
Yo+ v —2d=0.

Solving for v, yields:

Vapd
vy = 2P —i’o.
Thus,
. Vapd . )
vo+D( g —vo) — ipsL =0.
L ; iv—h . I3
pra — __passive o
10 mH ’
L . A
p T 20
led —\ 100uF

l active

-0

Figure 6.16 Small-signal model of the boost converter.
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The current i is given by:

. Vo -+ Vapd — DY,
=T

The currents 7, and #, are related by the transformer ratio by

, A |
iy = Diy, 12=—5.

Then,

. . . b, 1 . (D—1
l|~lz=l|—5=z| 1——D— =i 3 )

The current flowing out of the passive terminal is given by

1) +I.d

- — - D —
ip:il—i2+1cd=i1(£-b-—l)+lcd=Di2( D
or

Vo + Vapd — Dby | . -

ip=(D-1) s +Id.

The output voltage can be found:

. RIsC N\ _ [ P+ Vapd—Dbo - R/sC
"°_"’(R+(1/sC) “[(D D :L +I°d](R+(1/sC))

Replacing i, the output voltage becomes

. p=1)9  Vpd-1) (D-1)D% - R
v°_[ sL T sL st T serT T

Rearranging

_[sCR+1 (1—D) D(1-D)| _~[VaplD—1)
v°[ R T sL 7 i A &
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Solving for the output-to-control transfer function, yields:

Vo _ ((Vap(D — 1) + IsL)/sL)

4 (GCR+1)/R)+((1 — D)/sL) - ((D(1 — D))/sL)
B Vap(D — 1) +sLI;

T SLC+ (sL/R+ (1 — D)— D(1—-D)

_ Vap(D=1)+sLI

" S2LC+s(L/R)+ (1 — D)*

Finally, we have

Vap(D — 1) + sLI;
(1 — D) [sz(LC/(l - D) ) + s(L/(R(l — D) )) + 1]

&-’IQ 4

The natural frequency and the damping factor are

1__c __(-D
@2, (1-D)* " JIC’
2
w

I L __(-Dp) L L1
" R(1-D)? =é= 2R(1 —-D)? VLC 2R(1— Dy =i= \/ZZR(I—D)

The PWM modulator gain (d/?) can be calculated by using Equation (6.3)

The amplitude of the sawtooth signal of the PWM modulator, Vp, is

Ve, Ve Vier
-B- Vp=—"=10V.

Yo _
1 D

(b) The following MATLAB program evaluates the parameters of the model
and draws the Bode plot.

% Boost example
L=10e-3;

C =100 e-6;
Vy=10

V,=20
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f=1000
R,=20
Vref=5

D=1 — (Vy/Vo)
Vo= Vi D
Vap= “’vo

le=— (1 — Dy*V/R,

num =[L* I Vap*(D — )]

den =[L*C/power((1 — D),2) LI(R, *power((1 — D),2)) 1]
k=1/(V,* power((1 — D),2})

sys1 = Kk*tfinum,den)

bode(sys1)

As shown in Figure 6.17, the boost converter behaves as a second-

order system, with an additional right-half plane zero at a frequency near
300 Hz.

Bode diagram
20 T

10

Magnitude (dB)

Phase (deg)
I
&

—-180

—225

—270 . R f e aad R R N
102 103 - 104

Frequency (rad/sec)

Figure 6.17 Bode plot of the small-signal transfer function of the boost
converter.
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6.2.2 Summary of Small-Signal Models of
Switching Converters

Table 6.1 to Table 6.5 summarize the small-signal models of the basic switch-
ing converter topologies, operating in the current and voltage modes and in
the continuous- and discontinuous-conduction modes. The tables are com-~
piled from several sources [5,10-14]. The models were obtained using the
averaged models described in Section 6.2.1. It can be seen that depending
on the mode of operation, the conversion ratio of a linear converter may
become nonlinear and vice versa. Also, the order of the transfer function of
the switching converter is reduced by one order when operating either in the
current mode or in the discontinuous mode. In addition to the left half-plane
zero introduced by R, some topologies (e.g., boost, flyback) have a right
half-plane zero that causes a nonminimal phase response. This is an unwanted
phenomenon in voltage regulators because any output voltage variation
becomes larger before the controller can correct it (see Table 6.1 to Table 6.5
for the notations).

6.2.3 Review of Negative Feedback Using
Classical-Control Techniques
6.2.3.1 Closed-Loop Gain

Figure 6.18 displays a block diagram representation of a closed-loop
system. The feedback network, B, produces a voltage, Vy, which is a sample

Table 6.1 List of Symbols Used in the Models

Symbol Definition

I Switching frequency

R Output load resistance
R

1]
14

Output capacitor’s ESR
Qutput capacitor

Input voltage

Output voltage

Filter inductor

Duty cycle

Control voltage

I pak,max/ Vc,max

kV.

Vou! V; Conversion ratio
Secondary transformer inductor = L,N?
Transformer ratio

SFTNENSSO
o

-~
24
I

P-4

2.

z
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Table 6.2 Small-Signal Model of the Buck Converter

Continuous Discontinuous
conduction conduction
Buck voltage mode
Frequency of th 2-M
requency of the — -
first-order pole 2a(1 ~ M)RC
1
Frequency of the —_— None because of DCM
second-order pole 2nvLC
1 1
Frequency of the left —_— —
half-plane zero 27 Ress C 27 Ress C
Frequency of the right — —
half-plane zero
-2
V/ Vi DC gain D
-_°/ PO B 1+ 1+ (8L/RT/D)
: NIZUERD)
Vo/Ve DC Vi V77— o)
o/Ve DE gain V2L/RT
Buck current mode
1 2—-M
Frequency of the —= 51 — MORC
first-order pole 2mRC 2m(1 ~ M)RC
Frequency of the None because of CM None because of DCM
second-order pole
1 1
Frequency of:the left — —
half-plane zero 27 Ress C 27 Ress ©
Frequency of the right — —
half-plane zero
V/V; DC gain D See Ref. [14]
V,J/V. DC gain kR See Ref. [14]

of V,. The error signal, Vo= Vs — Vg, is multiplied by the plant transfer
function, A(s), to obtain the output voltage, Vo.
The closed-loop transfer function can be derived as

Vo A

Vref =1 -+ BA ’

(6.44)
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Table 6.3 Smail-Signal Model of the Boost Converter
Continnous  Discontinuous
conduction conduction
Boost voliage-mode
Frequency of the 2+ (1T GDFTCLETR)))
first-order pole 27RC
Frequency of the (1-D) . .
second-order pole 2m/LC High frequency
1 1
Frequency of the left : .
half-plane zero 27 RexC 277 ResrC
2
Frequency of the right LZ_I;.E High frequency
half-plane zero m
. 1 14+ 1+ Q@D?R/LfY)
; DC
V,/Vi DC gamn a-D) >
. V2 V; V1= (Vi/Ve)
v,/ V. DC gain -2 ! !
4 & Vi JCLL/R) 1 —(Vi/2Vo)
Boost current-mode 1
2+
F f th ! 1+ 4D?
requency of the —_ e
first-order pole TRC CLf/R)
27RC
Frequency of the None High frequency
second-order pole
1 1
Frequency of the left
half-plane zero 27ReC 27 ResrC
. (1—DYR .
Frequency of the right A High frequency
half-plane zero i
. 2+ (1 /J(/8) + &V VP /QLS/R) ))
VJ/V; i —_
o/ V; DC gain =D RC
. k RV; k VI=Wi/Vo)
V,/V. DC gain ==
&a VRLL/R) 1 (Vi/2V5)

2 Ve

The loop gain T is defined as follows:

T = BA.

(6.45)
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Table 6.4 Small-Signal Model of the Buck—Boost Converter

Power-Switching Converters

Continuous Discontinuous
conduction conduction
Buck=boost voltage mode
Frequency of the first-order pole ;rll{_C
Frequency of the second-order pole -(—I;Q)— High frequency
25VLC
Frequency of the left half-plane zero Z_W'—}R;,_C ZTRLmE
Frequency of thev right half-plane zero —Ii(—zlqr;ng High frequency
V/V; DC gain (l_f_D)- D\/;_—ftfs-
V¥, DC gain e o
Buck-boost current mode
Frequency of the first-order pole -#
Frequency of the second-order pole —(;—7;%)- High frequency
Frequency of the left half-plane zero Z—Tﬁ -Z.;rﬁ
Frequency of the right half-plane zero —13(2—17%1 High frequency
V¥4 DC gain 25 v R
Vo/V. DC gain kR'Z—VoL—i}-V—; k@

For Ty > 1, the closed-loop gain becomes independent of the gain 4, and
depends only on the feedback network. Therefore, '

Vo 1

Vet B’

(6.46)
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Table 6.5 Small-Signal Model of the Flyback Converter
Continuous Discontinuous
conduction conduction
Flyback voltage mode
Frequency of the first-order pole 1
requency p 7wRC
Frequency of the second-order pole -ﬂ-—ﬂ High frequenc
requency P VLo C g q y
1 1
f th - —_— —_—
Frequency of the left half-plane zero TR C ImRC
< R(1 — DY .
Frequency of the nght half—plane zero _— High frequency
2L D
D R
V; DC gai —_— —
VJ/Vi gain a —D)N ND T A
Vi R
V,/V. DC gain A VN ———
0/ € ga (] _ D)z 1 2Lsccf;
Flyback current mode )
Frequency of the first-order pole 7RC
Frequency of the second-order pole —(l_—D)—— High frequen
quency ' P PVl C quency
1 1
f = — —_
Frequency of the left half-plane zero SR 7R C
. R(1 — DY .
Frequency of the right half-plane zero _— High frequency
. 27 Lsec D
D / R
V. .
Vo/V; DC gain =D ND T
. kR V; k  [RLgecfs
Vo/V. D T3 — s
o/Ve DC gain N 2V, + vV 2

If the feedback network is made with precision components, then ¥, is
proportional to V. This is usually the goal in designing a closed-loop

switching converter.

6.2.3.2 Stability Analysis

A system becomes unstable when the demominator of its transfer
function is zero. In this case, at least one of its poles lies on the imaginary

axis. This sitnation implies that
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Viet Yo
¢) A(s)

B(s)

Figure 6.18 Block diagrarr; representation for a closed-loop system.

o fiBAI=1 |
BA=—lor {phase(B)+ phase(4) = 180°. : 6.47)

6.2.3.2.1 Relative stability. The relative stability is a measure of
how far the system is from instability. The relative stability of a feedback
system can be inferred from its gain and phase margins. The gain margin is
defined as the increment of the loop gain required to drive the feedback
system into instability. This is the amount of the loop gain necessary to reach
0dB when the phase shift of the loop gain differs —180° from the phase at
DC.! The phase margin is defined as the phase shift necessary to reach
—~180°2 when the loop gain is unity (or 0dB), as shown in Figure 6.19.
Both the gain margin and the phase margin must be positive for the system
to be stable. To ensure a stable loop response of the switching converter, the
usual practice is to design for a gain margin of at least 6dB and a phase
margin of about 45°. Under these conditions, a second-order system would
have a critically damped step response.

6.2.3.2.2 Stability analysis using Bode plots. A Bode plot is a
plot of the magnitude and phase versus frequency. It is a very convenient
method of determining the stability of a switching converter. Consider the
Bode plot of the three-pole system of Figure 6.20, where the amplitude and
phase of the loop gain has been graphed. The loop gain crosses the horizon-
tal axis at f (i.e., the amplitude of the loop gainis 1 or 0 dB at frequency f1)-
At this frequency, the phase of the loop gain is close to —270°, giving a
negative phase margin. Thus, the system is unstable.

The gain margin of this system is determined at frequency Jp» where the
phase of the loop gain is 180°. At this point, the magnitude of the loop gain
is positive, and so is the gain margin. Since one of the two stability margins is
negative, the system is unstable.

! Assuming that the system has singularities at high frequencies only.
2 From the phase at DC.
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Figure 6.19 Definitions of gain and phase margins.

6.2.3.3 Linear Model of the Closed-Loop Switching Converter

A closed-loop model of the switching converter displayed in Figure
6.21 is analyzed next.

6.2.3.3.1 Feedback network. The feedback network is usually

formed by a voltage divider (R, and R, in Figure 5.26). Then its transfer
function is given by

Ry
Vi=Vo——"—. 6.48
a ORI + _R'z ( )
6.2.3.3.2 Error amplifier compensation networks. 'When the loop is
closed, the switching converter may become unstable or exhibit an undesir-
able transient response. The switching converter can be stabilized by add-
ition of a compensator network in the error amplifier to increase the phase
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Figure 6.20 Loop gain of a system with three poles.
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= G c i » PwMm Switch LPF ° l
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Figure 6.21 Closed-loop switching converter.
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margin. At the same time, the compensator can also serve to shape the loop
transfer function to achieve a desired transient response. The following
subsections introduce the basic concept of frequency compensation for
switching converters. A more detailed treatment of the feedback loop sta-
bilization can be found in Pressman [15].

According to Nyquist sampling theory, the unity-gain crossover fre-
quency, fi, must be less than half the switching frequency to ensure system
stability. The usual practice is to choose a unity-gain crossover frequency to
be one-fourth to one-fifth of the switching frequency in order to reduce the
switching ripple at the output of the switching converter [15]. The unity-gain
crossover frequency should be high enough to allow the switching converter
to respond quickly to its output transients [15}. Having set the unity-gain
crossover frequency, the gain of the error amplifier is selected to yield a total
loop gain of 0dB at the unity-gain crossover frequency. The magnitude
response of the error amplifier is designed to cross 0 dB at a slope equal to
—20dB/decade with the desired gain margin. ‘

PI compensation network — There are many compensation networks
for the error amplifier. Figure 6.22 shows a compensation network that
consists of two capacitors and two resistors connected to the error amplifier
in an inverting configuration to conform to a PI controller. The correspond-
ing transfer function is

H(s) = (1/sCXR2 +(1/sCy))
Ri(R; + (1/sC) + (1/5C))°

(6.49)

Since C, is generally much larger than C,, the transfer function of Equation
(6.49).can be simplified to

Vb o AN~ >

«© O Veror
[__ >

Vay
Vrel

Figure 6.22 Compensation network with two poles and a zero.
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14 sRyCy
SRI(C) + G, + sR,C1C2)”

H(s) = (6.50)

The magnitude response of the compensation network is shown in
Figure 6.23. It has two poles, one at the origin and the other at f,=1/24
R,C,. The zero of this compensation network is at f;=1/27R>C). The
high-frequency pole serves to attenuate the high-frequency gain of the
switching converter to reduce high-frequency switching noise. The low-fre-
quency pole serves to maintain a sufficient gain at low frequencies in order to
minimize the steady-state error in the average output voltage. The locations
of the pole and zero define the component values of the compensation
network. The phase response of the compensation network is shown in
Figure 6.24. It starts at —90° due to the pole at the origin. The low-frequency
zero, f;, causes a phase boost, while the high-frequency pole, f;, introduces a
phase lag and causes the phase response to approach —90° again. This
compensation network is used when the slope of the open-loop magnitude
response of the switching converter at the unity-gain crossover frequency is
—20 dB/decade, usually due to the contribution of the output capacitor ESR.

70
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Figure 6.23 Frequency response of the compensation network shown in
Figure 6.22.
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Figure 6.24 Phase response of the compensation network shown in Figure 6.22.

The zero introduces a phase lead while the pole introduces a phase lag.
At the unity gain frequency, the phase lead due to the zero is

Orcad = tgn—'(%) 6.5D

while the phase lag due to the pole is

Oa = tan—'(f—'). ' (6.52)
P

The total phase lag introduced by the compensation network and the error
amplifier at the unity-gain crossover frequency, f, is

ag = 270° — tan™! f -1 f—‘). 6.53
Ghag 70 tan (fz>+tan (fp . | (6.53)

The 270° phase lag is due to phase inversion introduced by the inverting
error amplifier (180°) and the pole at the origin introduced by the compen-
sation network (90°). Thus, the locations of the pole and zero are chosen to
yield the desired phase margin.
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Proportional-integral-derivative (PID) compensation netwerk — Figure
6.25 shows a 3-pole, 2-zero compensation network. This compensation is
also known as PID because it provides terms, which are proportional,
integral, and derivative of the error signal. The integration is provided by
a third pole, located at zero, which is used to minimize the steady-state error.
The transfer function for this compensation network is

. (1 +jwRCy)) Q +jo(R; + R3)C3)
HU®) = R GG 4G 7 C) R +joRiRsCs (6.59)
having one pole at zero and two high-frequency poles, one at f,; = 1/27 R;C;
and the other at f,, = (C; + C3)/27 R,C,G,. The zeros are at Ja=12m R,C,
and f,, = 125(R, + R3)Cs, respectively. The two gains of the compensation
network are K,=Ry/R; and K>=Rx(R, + R3)/R;Rs, respectively. The
asymptotic approximated magnitude response is shown in Figure 6.26. As
shown, the low-frequency gain below f;; decreases at a rate of —20dB/
decade due to the pole at the origin. The gain is constant between the two
zero frequencies. After f,, the magnitude response starts to increase at a rate
of +20dB/decade until fi,;. It is flat again between Jo1 and fpo. After £, the
magnitude response decreases at a rate of —20 dB/decade. This compensa-
tion network is used primarily for a switching converter with no output
capacitor ESR. The slope of the open-loop magnitude response at the unity-
gain crossover frequency of such switching converter is —40 dB/decade. In
order to yield a —20 dB/decade slope at the unity-gain crossover frequency,
the magnitude response of the compensation network must have a slope of
+20 dB/decade at the unity-gain crossover frequency. Thus, the unity-gain
crossover frequency should occur between f> and f;; Where the magnitude
response increases at a rate of +20 dB/decade. Figure 6.27 shows the-mag-
nitude response of the compensated network with C;=0.16pF,
C,=532pF, C3=14.3nF, R, =10kQ, R,=10k(Q, and R3=1.1k{}. The

Ry
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Figure 6.25 Compensation network with three poles and two zeroes.
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Figure 6.26 Asymptotic approximated magnitude response of the compensation
network shown in Figure 6.25.

two zeros are at 100 Hz and 1kHz, respectively. The two poles are at 10 and
25 kHz, respectively. It should be noted that the gains between the zeros and
poles are not constant, as depicted in Figure 6.26. Figure 6.28 shows the
phase response of the compensation network. As can be seen, a phase boost
occurs between f;; and f,». The wider the separation between the poles and
zeros, the larger is the phase margin. As such, this compensation network
yields a very good transient response.

To simplify the design process, the two zeros in the compensation
network shown in Figure 6.25 are usually chosen to be equal to each other
(i.e., fz1 =f22 =/za) such that

1 1

_ 6.55
2nR,Cy 2w(R; + R3)Cs ( )

or
RyCy = (Ry + R3)Cs. . (6.56)

The phase boost at the double zeros, 0,4, is

0,0 =2tan™! -f'—) 6.57)
zd
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Figure 6.27 Frequency response of the compensation network shown in
Figure 6.25.

since there are two zeros at f,4. To simplify the design process, the two high-
frequency poles are usually chosen to be equal to each other such that

1 G+ C)
—_ 6.58
277R3 C3 211’R2 C 1 Cz ( )
or
R3 GG
— 3 =—==. 6.59
R TG+ G €

The asymptotic approximated magnitude response of the compensation
network shown in Figure 6.25 with a 2-zero and 2-pole is displayed in Figure
6.29. The phase lag due to the double pole, 8p4, is approximately

fpa = 2tan™! (lf—') o (6.60)
pd

The total phase lag introduced by the compensation network and the error
amplifier at the unity-gain crossover frequency is
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Figure 6.28 Phase response of the compensation network shown in Figure 6.25.
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Figure 6.29 Asymptotic approximated magnitude response of the double-zero,

double-pole compensation network shown in Figure 6.25.
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O = 270° — 2tan”! }:—ld + 2tan“'(£g). (6.61)

Again, the 270° phase lag is due to phase inversion introduced by the
inverting amplifier and the pole at the origin of the compensation network.

Example 6.5. The compensation network shown in Figure 6.22 has the
following component values: C;=6.8aF, C,=270pF, R,=10kQ, and
R, =27kQ. Determine (a) the zero introduced by the compensation net-
work, (b) the high-frequency pole introduced by the compensation network,
and (c) the phase lag introduced by the compensation network at 5kHz.

Solution.
(a) The zero frequency is

1 1

= = = 854.3Hz.
f = 3Ry G, In (27 < 10%)6.8 x 109 z
(b) The pole frequency is
fom— ! = 21,832 Hz
P = 2aRC,  2m(10 x 109270 x 1012 7 :

(c) The phase lag contribution from the compensation network at
5kHzis

90° + tan™! (5—;) — tan™" (%) = 22.59°.

6.2.4 Feedback Compensation in a Buck Converter
with Output Capacitor ESR

A closed-loop buck converter is shown in Figure 6.30. In this converter, the
average output voltage is specified to be 5V with an input voltage of 12V
and a load resistance, Ry, of 5 . The objective of the feedback compensation
is to shape the closed-loop magnitude response of the switching converter to
achieve a —-20 dB/decade roll-off rate at the unity-gain crossover frequency
with a sufficient phase margin for stability.

The sampling network, R; and R,, contributes attenuation according
to its sampling ratio of Ra/(R5 + R4). Since the average output voltage of the
buck converter is 5V and the sampled voltage is chosen to be 2.5V, the gain
attenuation of the sampling network is 20[log;o(2.5/5)]= —6 dB. The PWM
modulator gain is the gain from the error amplifier output to the average
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Figure 6.30 Circuit schematic of a closed-loop buck converter.

voltage at the input end of the output inductor. When the output of the error
amplifier is at its peak value of 3.5V, the duty cycle is 100% and the average
voltage at the input end of the output inductor is 12V. Thus, the PWM

contributes a gain of 20 logo(Vy/V,) or 10.7dB, where V;, is the peak ampli-
tude of the sawtooth voltage (3.5 V). The low-frequency gain of the open-loop

buck converter is 4-4.7 dB. The natural frequency of the output filter, for 18

Jo

B \/Ro/Loco(Ro + Re) _ +/5/(100 x 10-6)(100 x 10-5)(5 + 0.5)
= 2 -

2ar
= 1.517kHz (6.62)
while the ESR break frequency, fESR, is
[ —3.18kHz
ESR = 2#(0.5)100 x 106~ .

(6.63)
The unity-gain crossover frequency, fi, is chosen to be one fifth of the

switching frequency of 25kHz (i.e., f;=5kHz). The loop magnitude
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response of the uncompensated buck converter, excluding the compensation
network and the error amplifier, is shown in Figure 6.31 as ABCD. From
Figure 6.31, the attenuation at the unity-gain crossover frequency is
—14.5dB. Hence, the gain of the error amplifier should be chosen to be
+14.5 dB so that the gain at the unity-gain crossover frequency is 0 dB. This
is achieved by selecting the ratio R»/R; such that a 14.5dB gain is attained by
the error amplifier. Thus, if R, is chosen to be 47k}, then R; is about
250k ). The locations of the pole and zero of the compensation network
are then determined to yield the desired phase margin of 45°. The total phase
shift at the unity-gain crossover frequency should be 360°—45° =315°. Since
the output filter contributes a phase lag of

f 281 - .
f1c = tan '(-]f—((f;l/%)z) — tan™! —Ef;) ~ 109.9°. (6.64)

Then, the phase lag contribution from the compensation: network and the
error amplifier is

0o = 315° — 109.9° = 205.1° (6.65)
40 y —7
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Figure 6.31 Magnitude response of the open-loop (ABCD) and closed-loop
(JKXLMNO) buck converter. The magnitude response of the error amplifier isEFGH.
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From Equation (6.53), the phase lag contribution from the compensation
petwork is thus

tan"G) — tan"(]s—) = 64.9°. (6.66)
z P

Assuming that the pole and zero are equidistant from the unity-gain cross-
over frequency,” then

tan~! /" — tan"(%
Solving iteratively for /™ yields a value of 4.5 to achieve a phase lag of 64.9°.
Hence, the high-frequency pole should be located at 4.5 times the unity-gain
crossover frequency, or 22.5kHz, while the low-frequency zero should be
located at 1/4.5 of the unity-gain crossover frequency or 1.11kHz. The
magnitude response of the error amplifier is shown in Figure 6.31 as

EFGH. The components of the compensation network can be determined
now. The capacitor C; is

= 64.9°. (6.67)

1

C=——-= .
' = 5T, 573 pF (6.68)

and the capacitor C, is

1

The overall loop magnitude response of the feedback compensated switching
converter is shown in Figure 6.31 as JKLMNO. Notice that the loop gainatthe
unity-gain crossover frequency in the overall magnitude response of the feed-
back compensated switching converteris0 dB. Above the high-frequency pole,
/»» the loop gain attenuates at —40 dB/decade. Thus high-frequency switching
noise is suppressed. If high-frequency noise is a problem, then the location of
the high-frequency pole can be made to be less at the expense of amoresluggish
transient response. If f;, is chosen to be at 12.5kHz, then f, is 0.288kHz
according to Equation (6.66).

This is an approximation to simplify the calculations. An exact solution would satisfy
magnitude and phase constraints simultaneously. The exact solution is used in the design
examples of Chapters 9 and 10.
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6.2.5 Feedback Compensation in a Buck Converter
with no Output Capacitor ESR

The output ripple voltage of a buck converter depends largely on the
magnitude of the ESR in the output capacitor. Thus, it is necessary to
choose an output capacitor with a low ESR to reduce the output ripple
voltage. A different compensation network from that considered in Section
6.2.4 must be employed, as the capacitor manufacturers strive to manufac-
ture aluminum electrolytic capacitors with essentially zero ESR. Consider
the buck converter shown in Figure 6.30 but with no output capacitor ESR.
The corner frequency of the output filter, f,, was found to be 1.59kHz.
Curve ABC in Figure 6.32 shows the magnitude response of the open-loop
buck converter. The unity-gain crossover frequency is again chosen to be
5kHz, which is one fifth of the switching frequency. Since the slope of the
magnitude response at the unity-gain crossover frequency is —40 dB/decade,
the compensation network shown in Figure 6.25 is chosen. From the open-
loop magnitude response of the buck converter shown in curve ABC of
Figure 6.32, the attenuation at the unity-gain crossover frequency is
—16dB. Hence, the gain of the error amplifier at the unity-gain crossover

50
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o
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>0
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Figure 6.32 Magnitude response of the open-loop (ABC) and closed-loop
(HIJKL) buck converter. The magnitude response of the error amplifier is DEFG.
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frequency is chosen to be +16dB in order to yield a 0dB at the unity-gain
crossover frequency.

The locations of the double-pole and double-zero of the compensation
network are chosen to yield the desired phase margin of 45°. The total phase
shift at the unity-gain crossover frequency is 360° — 45° or 315°. Since the
output filter contributes a phase lag of approximately 180°, the allowable
phase lag contribution from the compensation network and the error amp-
lifier is 135°. Hence, from Equation (6.61), the phase lag contribution from
the compensation network is )

2tan”! (;—') —~2tan™! 1‘—) = 270° — 135° = 135°. (6.70)
zd

pd

Assuming that the double-pole and double-zero are equidistant from the
unity-gain crossover frequency, then :

Z[tan" " _ tan™! (%)] = 135°. 6.71)

Solving iteratively for f” yields a value of 5 to achieve a phase lag of 135°.
Hence, the high-frequency double-pole should be located at five times the
unity-gain crossover frequency or 25kHz, while the low-frequency double-
zero should be located at one fifth of the unity-gain crossover frequency or
1 kHz. The magnitude response of the error amplifier is shown in Figure 6.32
as DEFG. The overall magnitude response of the feedback compensated
switching converter is shown in Figure 6.32 as HIJKL. Notice that the gain
at the unity-gain crossover frequency in the overall magnitude response of
the feedback compensated switching converter is 0dB with a slope of
—20dB/decade. There are six components to be selected for the compensa-
tion network. As shown in curve DEFG of Figure 6.32, the gain at the
double-zero is 2dB or 1.26. Assuming an R, value of 1000}, then R; is
1260 2. The gain at the double-pole is measured to be 30dB or 31.6 from
curve DEFG in Figure 6.32. Assuming that R, > R3, then R; is Ro/K; or
40 Q. From f},; =fps, the capacitance value for Csis

1

C=o—
> 2afaRs

= 0.16 pF. 6.72)

From Equation (6.56), the capacitance value for Cj is

— (R + R3)Cs

C 7

=013 pF. 6.73)
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From Equation (6.59), the capacitance value for C; is

G = C1Ciy(R3/Ry)
[Ci — C3(R3/R2)]

= 5.29nF. (6.74)

In practice, commercially available component values are chosen for the
capacitors and resistors. It is necessary to check the influence of the time
delay on the phase margin. Assuming a time delay of 1 ps, from (6.30), the

phase(delay) = —360° x 1 ps x 5kHz (6.75) :

phase(delay) = —1.8° which is not significant in the phase margin.

6.2.6 Linear Model of the Voltage Regulator Including
External Perturbances

In the linear model, the nominal load impedance can be modeled as a -
constant current source I, at the output of the switching converter. Load
variations are represented by a small-signal current source iy, as shown in
Figure 6.33.

The perturbations of the output voltage may be expressed by the linear
terms of its Taylor series expansion as

Ii’o = GV,,ri’ref + GVDC ,‘}DC + Gio;.O’ (6'76)
where :
¥pc=0 #pc=0
v, | ™€ v ¢
Gy, =—>1. -2 l , 6.77
Vies OVrer 110=0 Vref 1io=0 ( )

Switching
converter

|
Viet C
Vet !

Figure 6.33 Linear model of a voltage regulator including external perturbances.
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where Gy, is the sensitivity of the output voltage with respect to the
reference voltage. There is usually a direct relationship between the output
and the reference voltages, meaning that the voltage regulator will not be
better than the reference itself. The audio susceptibility, defined as

V=0 ~ Veer=0
v, ‘ Vo |

Grpc = Froc = (6.78)

=0  ¥pc |kb=0
is a measure of the influence of the variations on the unregulated DC
input voltage on the regulated output voltage. The most important variations
on Vpc are-due to fluctuation of the line voltage, the rectified ripple voltage,
and voltage drop in the line source impedance. The audio susceptibility
models the effects of the variations of the DC input voltage on the output
voltage. Usually, Vpc is an unregulated voltage derived from a diode bridge
and a capacitor filter; thus, it has the same voltage ripple at twice the line
frequency (i.e., 100 or 120Hz). It is desirable that (Gypc) be much less than
1.Gy, is equivalent to the PSSR of an OP AMP circuit.
The output impedance is defined as

Prer=0 Sreg=0
v, | 2 Rl
G" o (+]

° " Qi 17pc=0 - [A

. = Zo. (6.79)
¥pc=0

It is desirable that the output impedance of the voltage regulator be much
smaller than the load impedance. In addition, the bandwidth of the output

impedance should be larger than the bandwidth of the load to ensure fast
recovery from load transients.

—6.2.7 Output Impedance and Stability

The carrent, I, represents the nominal load and i, is a source of perturbation
to the voltage regulator of Figure 6.33. If i, is a step function, the corre-
sponding v, is the system step response given by the transfer function, Z,-
The output voltage of a voltage regulator should be bounded within certain
- limits (e.g., 5 + 0.1V) to avoid damaging sensitive loads. Therefore, the
step response should be overdamped or, at the most, critically damped. The
phase margin of a second-order system corresponding to a critically damped
step response is 45°; therefore, the phase margin for a voltage regulator must
be greater than 45°.
According to feedback circuit analysis, the output impedance of the
circuit of Figure 6.33 can be calculated as

Zoo

Zof = ———
of 1+BA’

(6.80)
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where Z, is the open-loop output impedance, mcludmg the load, calculated
from Figure 6.34.

Z ¢ can also be expressed as

1 1 1
— =4 =, 6.81
Za Ze  Z1 ©3n

where Z, is the closed-loop output impedance seen by the load. Then

1 1\
- —— 6.82
Zo (Zof ZL 682)

if |BA] > 1, then Zys < Zoo, and if Zos < Zy, then Zoe = Z, and Z;, will not
have much influence on Z and its stability. This is a desirable condition,
but not always possible to achieve.

Zos=(Zoo/(1 + BA)) has the same poles as the transfer function vy/vey,
its phase and gain margins can also stabilize the gain and shape its frequency

response.
Q Zlo
@

= l>——’{: = T
“\_DLZL ]

(b)
Figure 6.34 Output impedance.
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6.2.8 State-Space Representation of Switching Converters
6.2.8.1 Review of Linear System Analysis

Consider the simple linear circuit shown in Figure 6.35. The circuit is a
second-order system since it has two storage elements: a capacitor and an
inductor. It is also a low-pass filter as the capacitor attenuates or filters the
high-frequency signal beyond the corner frequency of the filter. State vari-
ables of this second-order low-pass filter are chosen to be the current flowing
through the inductor, x,, and the voltage across the capacitor, x». The source
variable is designated as u;. Applying Kirchoff’s voltage law, the source
variable, uy, is equal to the sum of the voltage drop across the inductor and
the voltage across the capacitor

uy = Lxy + x2, ) (6.83)
where

. dx

X1 =g (6.84)

and is equal to the time rate of change of the inductor current, x;. Applying
Kirchoff's current law, the inductor current, X, is equal to the sum of
currents flowing through the capacitor, C, and the resistor, R:

% = Cir +22, (6.85)
R
where
. dX2

and is equal to the time rate of change of the capacitor voltage, x2. Equation
(6.83) can be rearranged to yield the rate of change of the inductor current, X; as

Xy L
—TVYTY,

i

Figure 6.35 A simple second-order low-pass circuit.
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fi=—F+T | (6.87)

while Equation (6.85) can be rearranged to yield the time rate of change of
the capacitor voltage, X, as

W
=242 (6.88)

From the context of linear system analysis, these equations can be written in
matrix form as

i = Ax + Bu, (6.89)

where xis the state vector, A4 is the state coefficient matrix, u is the source vector,
and B is the source coefficient matrix. In our example, these matrices are

X
x= [x;]’ (6.90)
A= [g ___%_] - (6.91)
[o4 RC
u =[]}, (6.92)
and
B= [%] (6.93)

If either 4 or B contains a function of x or u, then it is a nonlinear system.
For the case of a linear system, the DC solution is obtained by setting
Equation (6.89) to zero to yield

x=—A""Ba, (6.94)

where 4! is the inverse of the state coefficient matrix. The inverse of a
matrix is the adjoint matrix divided by its determinant. It should be noted
that the determinant of .4 must be nonzero for a valid DC solution. Taking
the Laplace transform of Equation (6.89), gives

sX(s) = AX(s) + BU(5) ' (6.95)
or

X(s) = (sT — A~ BU(s), (6.96)
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where 1 is the identity matrix having the same dimension as 4. For our
simple second-order example, we have

s+re ~L [%

U

X (s) [ t s 410 )

= . 6.97)
X2(9) 2+ 5=+ e

Equation (6.97) yields two transfer functions. The transfer function relating

the inductor current, x;, to the input voltage, u;, X1(s)/ Ui(s), is

X)) _ (/L) +(1/RCY)
Ui(s) (s +(s/RC)+(1/LC))

(6.98)

while the transfer function relating the capacitor voltage, x,, to the input
voltage, w3, Xo(sY Ui(s), is

Xa(s) _ 1/LC
Uis) (P +(s/RO+Q/LC)’

(6.99)

It can be seen that the linear system analysis lends itself readily to computer
simulations.

6.2.9 State-Space Averaging

State-space averaging is an approximation technique that approximates the
switching converter as a continuous linear system [4). State—space averaging
requires that the effective output filter corner frequency, f., to be much
smaller than the switching frequency, f; or fo/fs < 1. This is similar to the
requirement for a low output-switching ripple. Final results of the state—
space averaging can be either a mathematical or equivalent circuit model.
The mathematical model permits the designer to determine voltages, cur-
rents, and small-signal transfer functions of the switching converter. How-
ever, this model does not enable the designer to physically visualize electrical -
processes occurring in the switching converter. The equivalent circuit model
provides the designer with a better understanding of the physical operation
of the switching converter. In general, both the mathematical and equivalent
circuit models are necessary and recommended in the design of practical
switching converters. There are two drawbacks of the state—space averaging
technique. The major one is that it does not result in a general linearized
model of a switching converter (a model that is independent of the switching
converter configuration, operating mode, and controt variable). The other
drawback is that it requires extensions and modifications if the control
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variable is other than the duty cycle {16]. The major advantages of this
method are the establishment of a complete converter model with both
steady-state (DC) and dynamic (AC) quantities, and the mathematical
rigor with which it can be carried out {17].

Procedures for state-space averaging are as follows:

Step 1. Identify switched models over a switching cycle. Draw the
linear switched circuit model for each state of the switching
converter (e.g., currents through inductors and voltages
across capacitors).

Step2. Identify state variables of the switching converter. Write state
equations for each switched circuit model using Kirchoff’s
voltage and current laws.

Step 3. Perform state-space averaging using the duty cycle as a
weighting factor and combine state equations into a single
averaged state equation. The state-space averaged equation is

x = [A|d+A2(1 —d)lx+ [B\d+ By(1 — d)]ll. (6.100)

This results in a set of nonlinear continuous equations. A
nonlinear continuous equivalent circuit can be drawn from
this set of nonlinear equations.

Step4. Perturb the averaged state equation to yield steady-state (DC)
and dynamic (AC) terms and eliminate the product of any AC
terms.

Step 5. Draw the linearized equivalent circuit model.

Step 6. Perform hybrid modeling using a DC transformer, if desired.

We will make use of the above procedures to obtain state-space
averaged models for (a) an ideal buck converter operating in the continuous
mode, (b) an ideal buck converter operating in the discontinuous mode, (c) 2
continuous-mode buck converter with an output capacitor containing an
equivalent-series-resistance (ESR), and (d) an ideal boost converter.

6.2.9.1 State-Space Averaged Model for an Ideal Buck Converier

We now illustrate the state—space averaging method for an ideal buck
converter shown in Figure 6.36 operating in the continuous mode. State
variables for this buck converter are chosen as the inductor current, x,, and
the capacitor voltage, x,. With the assumption of ideal switching devices,
two switched models are shown in Figure 6.37(a) and (b), respectively. Using
Kirchoff’s voltage law in Figure 6.37(a), the state equation is

uy = Lx;+ x (6.101)
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and using KirchofT’s current law, the state equation is

x; = Cxy +% (6.102)

for the interval when the switching transistor is switched on, i.e., d7 Simi-
larly, applying Kirchoff’s voltage law to the switched model shown in Figure
6.37(b), the state equation is

0=Lx1+x (6.103)

and applying KirchofI’s current law, the state equation is
x1 = Cip+ i‘ki (6.104)

for the interval when the switching transistor is switched off, i.e., (1 — d)T.
Equations (6.101) to (6.104) can be written in matrix form as

l_[ 0 -@/D 1/L

[:‘c;]”[l/c _(1/Rc)][2] [ ]["1] (6.105)
for the dT interval and |

nl_fo -a/nif=x 0

[*;]_[I/C —(l/RC)Hx;]"'[o]["l] : (6.106)

for the (1 — d)T interval, respectively. The state-space averaged state coef-
ficient matrix is

[0 —aml,. [0 -a/D],.
A_[I/C _—(1/RC)]‘1+[1/C —(l/RC)](l—d) (6.107)

Figure 6.36 Circuit schematic of an ideal buck converter with the state and
source variables indicated.
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Figure 6.37 Switched models for the ideal buck converter.

or
i~ 0 —-(/D
A= [I/C —(l_/RC)]' (6.108)
The state-space averaged source coefficient matrix is
s |1/L 1] __|d/L
B_[ 0 ]d—i—[o](l—d)—[ 0 ] (6.109)
State—space averaged equations for the buck converter in matrix form are

l_[ 0o —-Q/L) ||x d/L
[)-Q] = [I/C —1/RO) || x: +1 0 [241]. (6.110)
From Equation (6.110), two nonlinear equations describing the state-space
averaged model of the buck converter are

. X2 d
—_ 2, 7 6.111
Xx) L+Lul (6.111)
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and

1 1

X2 =Ex| — —==X2. (6.]12)

These equations are nonlinear because the duty cycle, d, is a function of u;.
Equations (6.111) and (6.112) can be rearranged to yield

wd = LX) + x3 (6.113)
and
x1 = Cis +"—};. (6.114)

A nonlinear continuous equivalent circuit can be drawn based on Equations
(6.113) and (6.114). This is shown in Figure 6.38. In this figure, u,d represents
a pulsed voltage source. The next step is to linearize the state—space avera ged
equation. It should be noted that any nonlinear continuous system can be
approximated as a linear system within a small neighborhood about its DC
operating point. Each of the state and source variables is assumed to comprise
of a steady-state (DC) term and a dynamic (AC) term as shown below:

X} = X10 + X, (6.115)
X2 = X20 + X2, (6.116)
uy = uyg + i, 6.117)
and
d=D+d. - (6.118)
= YY)
+

1

Ous R

Figure 6.38 A nonlinear continuous equivalent circuit of the ideal buck con-
verter.
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In the above equations, the AC terms are identified by the “hat” notation.
The amplitudes of the AC terms are assumed to be small so that the product
of any AC terms is negligible. Substituting these variables into state-space

averaged Equations (6.111) and (6.112), the perturbed state-space averaged
equations are

dx 1 N 1 5 .
—(# =-7 (xzo + xz) +Z (D +d) (ulo + ul) (6.119)

dx 1
;f o+ %) — 5= (e + %2)- (6.120)

and

Neglecting the AC product term of dii, Equations (6.119) and (6.120) can be
simplified to yield

1 1,
Xy =7 (= X0+ Duio) + 7 (= %2+ Dity +duyo) (6.121)

and

. 1 x
X2=G (xlo 20) + = ( Xt — % (6.122)
From Equation (6.31), the DC solution is

| :
0= Z( — X9 + Duyo) : (6.123)

or

x20

=D. (6.124)
o

This is the steady-state voltage conversion ratio for an ideal buck converter
operating in the continuous mode. The AC term from Equation (6.121) is

s, 1, . :

= =7 (= %2+ Din +duy) . (6.125)
or

u 5 dx A

%2 = Day +duy — L7~ : (6.126)
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‘Equation (6.126) reveals that the output voltage modulation is due primarily
to changes in the input voltage, 7, the modulation in the duty cycle, d, and
the modulation in the inductor current, X;. From Equation (6.122), the
steady-state or DC solution is

1 X20
O—E(xm - (6.127)
or

x10 = 1;2. (6.128)

Equation (6.128) reveals that the steady-state input current is equal to the
steady-state output voltage, xzo, divided by the output resistance, R. The AC
solution from Equation (6.122) is

d, 1/, X ‘

% =C Xy ~R) (6.129)
or

. X2 X

3=cC ar +-R‘. ) (6.130)

Equation (6.130) shows that the current modulation in the inductor is the
sum of the current modulation due to the charging or discharging of
the capacitor and the output current modulation due to modulation in the
output voltage across the load. Equation (6.121) can be rearranged to yield

x20 + Xy = —Lx) + Do + i) + duo. (6.131)
or
X2 = Duy + duyo — Ly (6.132)

The above equation shows that the output voltage, x2, is equal to the sum of
a steady-state input, Du;, and a modulated dependent voltage source of duig
minus the voltage drop across the output inductor, Lx,. Equation (6.122)
can be rearranged to yield

x20 + X2

= (6.133)

xy0+ X1 = Cx2 +
or '

X2

x=GCa+4

(6.134)
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The above equation satisfies Kirchoff’s current law at the output node.
A linear equivalent circuit of the ideal buck converter operating in the
continuous mode described by Equations (6.132) and (6.134) is shown in
Figure 6.39. The input source, Du,, is a function of the DC operating point
as represented by the steady-state duty cycle, D. The dependent voltage
source duyp is a consequence of the modulation in the duty cycle.

The linearized equivalent circuit in Figure 6.39 does not actually
represent the buck converier since the input source is represented by a
modulated voltage source of Du,. As mentioned previously, the linearized
equivalent circuit shown in Figure 6.39 is not unique. It can be manipulated
to yield either a source- or a load-reflected equivalent circuit [17]. The source
circuitry comprises of the input voltage source, u;, while the load circuitry
consists of the output capacitor (C,), output inductor (L), and load resistor
(R). To draw a source-reflected linearized equivalent circuit for the ideal
buck converter, Equations (6.132) and (6.134) can be manipulated to pre-
serve u;. From Equation (6.132),

d X2 L .
U1+ o =E+ﬁxlD (6-135)

and from Equation (6.134)

X3 x D?

Dx, _(1>2c3—5+3 = (6.136)
since the output voltage state variable is x,/D. The source-reflected linear-
ized equivalent circuit for the ideal buck converter is shown in Figure 6.40.
Figure 6.39 is already in the form of a load-reflected equivalent circuit since
the load variables x,, L, C, and R are “preserved” [17]. The hybrid modeling
technique introduced by Middlebrook and Ciik [4] can be used to combine
the source-reflected and the load-reflected linearized equivalent circuits into

(9u1 0 L Xy
D Y .

C) Du, cT %n %

Figure 6.39 A linear equivalent circuit of the ideal buck converter.
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a single equivalent circuit using a pseudo-element called a “DC trans-
former.” This element was introduced only as a convenient modeling tool
in the state—space averaging technique [4]; so it cannot be realized physically.
The linearized equivalent circuit of the ideal buck converter using the DC
transformer is shown in Figure 6.41. The turn-ratio of the DC transformer is
D, which corresponds to the duty cycle of the buck converter. It should be
noted that both input and output variables are preserved in this equivalent
circuit. As such, the linearized equivalent circuit using the DC transformer is
a very convenient model for the simulation of the switching converter as a
component in a complex power electronic system.

6.2.9.2 State—Space Averaged Model for the Discontinuous-Mode
Buck Converter

There are three switched models for the buck converter operating in the
discontinuous mode as shown in Figure 6.42. Since there are three intervals in
one switching period, the state-space averaged coefficient matrices are

A=Ayd) 4 Ardy + A3(1 — dy — &) o (6.137)
and
v YL =
a tho N Dx, +
D D2 ” +
+ R X
Ou T%¢ 202 D

Figure 6.40 A source-reflected linearized equivalent circuit of the ideal buck
converter. : :

A
duyg L X,

SN

Figure 6.41 A linearized equivalent circuit of the ideal buck converter using a DC
transformer.
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B = Bidy + Byds + B3(1 — dy — db). (6.138)

Equations (6.101) to (6.104) now apply for the d, T and &, T intervals. During
the (1 — dy — dy)T interval, Kirchoff’s voltage law yields

=0 (6.139)
and Kirchoff’s current law gives
Cx; +"_1§ =0. (6.140)

The state and source coefficient matrices during this interval are

Ay = [g —(;a] (6.141)

and

By = [g]. 6

State-space averaging using Equations (6.137)and (6.138) yields

L x
LYV .
wy 7 C q;——XZ R
(a) d, Tinterval
L X4 L
YV, e YTV,
+ l +
L B
CT x R c x =
{ 3
(b) & Tinterval ] (c) (1 — dy — db) Tinterval

Figure 6.42 Switched models for the buck converter operating in the discontinu-
ous mode.
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0 ~_(d| + dy)

- L

A=\a+a 1 (6.143)
c RC

and

d\
B= [I] (6.144)
0

State—space averaged equations in matrix form for the discontinuous-mode
ideal buck converter are

.’j: 0 — (dl + d2) dl

] L X1 —_

= + | L | (6.145)
X2 dy+dy __1__ X2 0
. : C RC

which gives

_(d+dy) dy

x2 + Uy (6.146)

1= L L

or
wydy = (dy + dp)x2 (6.147)
since x; = 0 from Equation (6.43), and

_ +d))  x

X2 C X —]—zz;.

(6.148)
A nonlinear continuous equivalent circuit derived from Equations (6.147)
and (6.148) is shown in Figure 6.43. It can be seen that the state—space
averaged discontinuous mode buck converter is a first-order system. The

disappearance of the output inductor is a direct consequence of the con-
straint that %; = 0. In the discontinuous mode,

x1(0) = xi((T)=0. . (6.149)

This implies that the inductor current starts at zero and resets to zero with no
net increase in one switching period. Thus, x; no longer qualifies as a state
variable in the discontinuous mode of operation since it has lost its dynamic
properties. However, an input voltage perturbation does cause a perturb-
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C:D d, uy (dy+da)x, (dy+do)xy CT = % R

Figure 6.43 A nonlinear continuous equivalent circuit for the discontinuous-
mode buck converter.

ation of the instantaneous inductor current from its steady-state value,
which in turn results in a corresponding perturbation of the steady-state
output voltage. The “average inductor current” is the guantity, which
reflects the effect of this perturbation [4]. Thus, the average inductor current
is introduced as a substitute for the “lost” state-variable.

The instantaneous inductor current, x;, can be expressed in terms of u,
and x,. The instantaneous inductor current, x;, in the steady state is

1 Lp
= 6.
2’ ) ( 1 50)

X1 =

where I, is the peak inductor current. The voltage across the inductor
during the 4, T interval can be expressed as

hpfs
4

Combining Equations (6.150) and (6.151), the instantaneous inductor cur-
rent, x;, can be written as

uy—x2=1L (6.151)

x1 = (1 — x2) (6.152)

1
2Lf,

Equations (6.147), (6.148), and (6.152) are perturbed to yield

(10 + )(Dy + dy) = (D1 + dy + D3 + d2)(x20 — 2), (6.153)
d%; (D) +d\+ D2 +d2) - (20 + %2) .
—t —— 7 .154
ar C - (x10 + X1) RC ’ (6.154)
and
(Dy +dy)

x10 + X1 = (o + &) — Xx20 — X2) (6.155)

2Lf;



Dynamic Analysis of Switching Converters 259

Steady-state or DC terms are:

0 = —(Dy + D2)xz0 + Dyuyo, i (6.156)
0= (D1 + D2)xi0 — %0, (6.157)
and
D :
xy0 = (w10 — xm)fl—._lf—s' (6.158)

Dynamic or AC terms are:

0 = —(Dy + D)% + (o — x20)d1 — xa0d2 + Dyity, (6.159)
. C—d—}——— (D1 + D2)xy —3;—;-+xlo(d1 +d>), (6.160)
and
5 _L[D( — %)+ (o — x20)d1 (6.161)
x'_ZLfs 1t — X2 o — X20)21}- .

Equations (6.156) to (6.158) can be manipulated to yield the DC voltage
conversion ratio for the discontinuous-mode buck converter. Equating
Equations (6.157) and (6.158) to eliminate x;o yields

X20 _ (o — Xx20)Dy
R(Dy + D7) . 2Lf

(6.162)

A guadratic equation results after substituting (D + D)= (Dyuy0/x20) from
Equation (6.156) into Equation (6.162)

RD? X320 + X20t10 — (6.163)
The DC voltage conversion ratio, M, is
_ X0 _ 2 : (6.164)

Mo 14 ./1+@BL/RDY)
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which is similar to Equation (2.39) after substituting R from Equation (2.31),
From Equation (6.164),

8Lf,
M+M 1=2. 6.165
+ RD? + ( )

Solving for D, yields

[y,
Dy=M m. (6.166)

Then, from Equation (6.156)

. _ uo 1 2Lf; . 2Lf;
Di+Dy=——"Di = MM\/R(] vt \&] =y (6.167)

The DC inductor current, x,o, is found by substituting the voltage conver-
sion ratio, M, and D, into Equation (6.158) to yield

U (um )M 2Lf/R(1 — M)
1o =X 2Lf

1 M
(oM 6.168
20 (M ]> 2LAR( - M) (6.168)

or

X10 = X20 —;Zf]‘;- (6.169)
s

Substituting the DC voltage conversion ratio M, D;, and (D, + D) into
Equation (6.159) yields

2Lf
0=— VR(]Zl;fSM)xz—i-xm(—— ])dl —x20d2+M” fM) (6-170)

or

2Lf. . 1- M- . [ 2rf, . '
Y S dy — xoods + My|—L5 5. (6171
0 R = any2 Ty — a2+ My e pt (6.171)
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Solving for ;12

[2 M) M [ oy
dy = —Xzo) R —M) o) + dy+ RO — M) (6.172)

Substituting D, and M into Equation (6.161) yields

5 1 2Lfs . . uio ~ ’
= - s L 173
X1 2Lf; [M R(l — M)\ul x2) + x20 X20 1 dl (6 )
or
-~ M - - X20 l ) -
= (i —F) b [——1])d 6.174
T3 Y ) N T A ' (6174
or
- M - X20 1— M-
=— + d
'S T ALRA-M) 2f M
IR SES— (6.175)
V2LLR( — M)
. Substituting (D, + D,) and %, into Equation (6.160) yields
dx, 2Lf; M X20 ( 1 ) -
C——= iN+—|—=-1)d
dr Y R( —M)[ SRA=ID )+ o1f, !
1 o .
- -k;i2+xzo(d1 +d2) (6.176)
or
di; M xo [I=M, 1.
cr_ __— -
@ ~ra o™ T\ IERY T RY

1-Mys~ -
— 177
+xzo,/2Lfs =(@1+a), (6.177)




262 : Power-Switching Converters

or

d5€2 1 % X720 -
—_ M)d
& TRM -1 M\ 2LR TR+ M0
M 1—-M-
—T 6.
R(I*M)u'+x2°\’_2_lz-d2 (6.178)
Because
1-—m- 1-M 2Lf, 1-M
*0\[ST7 R =% ™\ 2LR [ xzo)\/ RO 2T m d
M [ 21fi .
o\ Ra M)"'} (6.179)

or

1-M- . 1\. xp |1-— M
xzow 2Lstd2_ —(Tz))q—l- 2Lf; (1 M)dl + Rul, (6.180)

then,

dix; _ 1 11. xZo
o [R(M D R]x T 2LfR 1A+

+ (=M, + [ M

M
A= M) R] (6.181)

or

d% _12-M_ 20 [I-M, M2-M
di RM-—172""M \2LfiR R1-M

iy. (6.182)
Eliminating x,¢ and %, in Equation (6.160) and taking the Laplace transform
yields .

_ [sRCQ — M)
1(5) = [—M(Z %) M]x )

2x30 ’R(l - M)3I N
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Equation (6.183) can be used to draw a linearized equivalent circuit for the
discontinuous mode buck converter. Let [18]

1-M
v = 2 —_— .
7t Yzox’ IR (6.184)

. ZX20 1-M
2=y 2SR’ (6.185)
1-M
n =R(—]‘47—), (6.186)
r2 = R(1 — M), (6.187)
1. M? ‘
B =RO—-M) (6.188)
and :
_ MQ2-M)
=7 a=m) (6.189)

Using the above parameters, a linearized equivalent circuit for the discon-
tinuous mode buck converter is shown in Figure 6.44.

6.2.9.3 State-Space Averaged Model for a Buck Converter with a
Capacitor ESR

Figure 6.45 shows a buck converter with an output filter capacitor that
has an equivalent series resistance of Res. With the assumption of ideal
clements except for the output filter capacitor, two switched models are
shown in Figure 6.46(a) and (b), respectively. Using Kirchoff’s voltage law
in Figure 6.46(a), the state equation is

uy = LX) + X2 + Rest CX2 (6.190)

+

A

A |
On @™ 20 & & 2 @ Tex zn

| ]

Figure 6.44 A linearized equivalent circuit for the discontinuous-mode buck
converter.
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Q X L
Y

O = D - % Ry

(-

-
9]
'___.‘

Figure 6.45 Circuit schematic of a buck converter with a Re;,.

Xy L
=~ — VYV
>

ol -
Ow - %n ¥

Regy
(a) dT interval
X3 L
— — VYV
1r :
Cx %

- %F’ Y2
Resr

(b) (1-d) T interval
Figure 6.46 Switched models for the buck converter with a Re,.
and using KirchofF's current law, the state equation is

X2 + Rest C2
R

for the interval when the switching transistor is switched on. Solving for X;
in Equation (6.191),

X = Ciz + (6.191)

R 1
TR+ B T CR=+R

X2

(6.192)
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gubstituting %, from Equation (6.192) into Equation (6.190) and solving for
%y yields

RcsrR R uy

I T IRt B TR R L (@159

Equations (6.192) and (6.193) can be written in matrix form as

—Rei R -R 1

X ST esr 1/L
[Xl] _ | LResr + R) L(Ress + R) ["l] +[ / ][,,,]_ (6.194)
%2 R -1 X2 Y

C(Resr + R) C(Rese + R)
Similarly, applying Kirchoff’s voltage law to Figure 6.46(b), the state equa-
tion is
0 = Lx; + x3 + Rei: Cx2. (6.195)
Using Kirchoff’s current law, the state equation is

X2 + Rest C2

x|=C5cz+ R

(6.196)

for the interval when the switching transistor is switched off. Equation
(6.196) can be solved for x; to give

R 1

Xy = —_ .
2 R T B2 CRen + B

(6.197)

Substituting %, from Equation (6.197) into Equation (6.195) and solving for
X» yields

_ ResrR R

= IRt B LRy TR (6.198)
Equations (6.197) and (6.198) can be written in matrix form as
—~RResr —R .
3:2 ] _ L(R.;Jr' ) L(Res_, 1+R) [2] + [g][u,]. (6.199)

C(Ress + R) C(Ress + R)
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The state-space averaged state coefficient matrix is

TR TsT
- L(Rest s+ R)
A_—_A|d+A2(]-—d)=A.=A2={ ¢ R* Y - } (6.200)
C(Rese+R) C(Resi+R)

The state-space averaged source coefficient matrix is

d
B=B\d+ Byl —d)= [i] : (6.201)
0

State-space averaged equations for the buck converter with an output
capacitor R, in matrix form are

—Rer R —R
. d L .
[x;:‘ _ L(Resr + R) L(Ress + R) [xl ] + [ / ] [13] (6.202)
X2 R —1 0

x2
C(Ress + R) C(Ress + R)

which yield

_ ResrR R

T IR+ B LR + B

d
X2 + Zu; s (6.203)

and
R ‘ X2

2 R + B CRen + B

(6.208)

Equation (6.203) can be rearranged to yield

. RexR R
duy; = L + x1 + x (6.205)
: ' R + B Rex + B
or
duy = Lx) + ya, A (6.206)
where
Res;R R
yp=-Realr | Rx _ p Ry 42 (6.207)

" (Res + R) " (Rest + R) (Ress + R)
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is the voltage across the load resistor, R. Equation (6.204) can be rearranged
to give

(x2 + Rest Cx2)
————-—R .

Equation (6.206) is a consequence of the Kirchoff’s voltage law while
Equation(6.208) is a consequence of the Kirchoff’s current law. A nonlinear
continuous equivalent circuit can be drawn based on Equations (6.206) and
(6.208). This is shown in Figure 6.47. The next step is to linearize the state—
space averaged equations given in Equations (6.203) and (6.204). The per-
turbed state—space averaged equations are

x = Ciy + (6.208)

d%2 _ —ReeR(x10+ %) _ Rl + %) | (D+d)no+ &)

i = 6.209
dt L(Res + R) L(Re; + R) L ( )
and »
dx2 R(xjp+3%1)  (x20 +5%2)
dx, _ _ ] 6.210
At~ CRa+ R C(Res+R) (6.210)
The DC or steady-state terms are
—RestR R Duyo
0= — 6.211
IRt B  Ra TR T L 6.211)
and
R X20
0= X10 — . 6.212
CRo+ R 7 CRer + B (6212)
Xy L
s YWY
l + +
C X
%5 ud - % ARy
Resr

Figure 6.47 A nonlinear continuous equivalent circuit for the buck converter
with a R,
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The dynamic or AC terms are

d%1 _  —RsR _ R . D, dup
& T IRt B IR AR ZTL L 6213
and -
diz R ‘ 5“72
dx2 _ S0 . 6.2
& "R v B T TR 7 B 6219
From Equation (6.211),
Re:R R
Duyp = X10 + X200 = 6.215
10 (R.s,-i—R)Ym Rt B »2 ( )_

which yields the output voltage across the load resistor. From Equation
(6.212),

Xx20 = Rxyo (6.216) -

which indicates that the DC voltage across the capacitor is equal to the

product of the DC current-and the load resistor. Equation (6.209) can be
rearranged to yield

- . Rx: .
Duy +dy._o = L%) + (Rest// R)x1 +@r2—m= L, +y2 (6.217)
while Equation (6.210) can-be rearranged to give
R 1 ’
Cx; = - . 6.218
X2 T RX 1 Res; T sz ( )

A linearized continuous equivalent circuit for the buck converter with an
output capacitor R., can be drawn using Equations (6.217) and (6.218). This
is shown in Figure 6.48. This linearized continuous equivalent circuit is similar
to the linearized continuous circuit for the ideal buck converter shown in Figure
6.41, except that the output capacitor is replaced by an ideal capacitor in series
with an equivalent series resistance, Res,. Figure 6.49 shows the linearized
equivalent circuit using a DC transformer with a turns-ratio of D.

6.2.9.4 State-Space Averaged Model for an Ideal Boost Converter

Figure 6.50 shows an ideal boost converter with a source variable u, to
simulate the load current modulation. With the assumption of ideal circuit
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3u", L X

Duy - R ¥

Figure 6.48 A linearized continuous equivalent circuit for the buck converter
with @ Resr-

1:D -~

1
C:‘:)U, 3\&‘ | | ;w %n Y

Figure 6.49 A linearized equivalent circuit using DC transformer with a turns-
ratio of D.

L

A .3 |
+
igwm Re o7 » 37 @

Figure 6.50 Circuit schematic of an ideal boost converter.

elements, two switched models are shown in Figure 6.51. The state variables
for this boost converter are chosen as the inductor current, x;, and the
capacitor voltage, x,. In the dT interval, state equations are

u = Lx; o (6.219)
according to Kirchoff’s voltage law and

wr = Ciz + x—; (6.220)
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+
l:n c :r X %R U

(a) dT interval

—i
&

" @

(b) (1—d) T interval

Figure 6.51 Switched models for the ideal boost converter.

according to Kirchoff’s current law. The state equations in matrix form

are
[2] - [g —(17RC)] [2] + [IGL 176-] [Z;] (6.221)

During the (1 — d)T interval, the state equation using Kirchoff’s voltage law
is

wy = Lx; + x2 6.222)

and the state equation using Kirchoff’s current law is-

X1 4wy = Cis + x—;. (6.223)

These state equations can be expressed in matrix form as

[2]-Tre SRalla) (o della) o=
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Applying state-space averaging, the state coefficient matrix, 4, is

' 0 0 0o -1
,’;=A|d+A2(l—d):l . ]d+[| ’;](l—d) (6.225)
0 —xe € "RC
or
- 0o -9
A= [ —d) L ], (6.226)
L_c RC
The averaged source coefficient matrix is
_ 10 10 ;
B=Bd+B(-d= |t [ld+|L [10-4d) (6.227)
0 ¢ 0 ¢
or
- + 0
B = . 6.228
o 1 (6.228)

State-space averaged equations in matrix form are

[’;ﬁ;] = [(1 e Sad] {fc'z]

]/L 0 Uy
+[ / 1/c} [uz] (6.229)
or
_ ——d)x n
X} L L
_ _ 6.230
[xz] G-y x| = €250
c RC c

From Equation (6.230), the two nonlinear state—space averaged equations are

_-a —d)xz_'_l

*1 L L

w A (6.231)

or

uy . L .
a —d) = a _d)xl + X2 (6.232)
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and
. _(d-dxy x2 w
or
u C P.% ]
—— e x) = Xy + . 6.234
- =a-a2 ra-D (6234

From Equations (6.232) and (6.234), a nonlinear continuous equivalent
circuit can be drawn, as shown in Figure 6.52. The next step is to linearize
the nonlinear continuous Equations of (6.231) and (6.233) into a set of linear

continuous equations. Applying small-signal approximation to Equatlons
(6.231) and (6.233) yield

d* -(1-D-a . 1 N

d_l' = (—L—i)-(xzo =+ xZ) + z(ulo + ul) (6'235)
and

dx 1-D-d 1 1

—dtz = (—C——)(Xlo + X)) — R(xzo +X2) + c (6.236)

assuming that i, consists of only the modulation term. Neglecting AC cross-
product terms, the above equations can be simplified to

% _ -1 -D), 1. 1-D 1
au _—U-D), Ta- 1 6.237
ar 2 Y2+szo+Lu 720 + 7o (6.237)
X1
— VYY) ~—
L +
1-d

Il
1

By

Qs ST % 0 ©F

Figure 6.52 Nonlinear continuous equivalent circuit of the ideal boost converter.
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and

dx; _(-D) _d 1, 1, a=-D
@~ ¢ g gemtektT g o

——— 2. (6.238)

The steady-state or DC solutions are

(1-D) uyo :
= — — 6.239
0 I X20 + T ( )
and
1-D X

0=" C ) 1o —R—Zé;. (6.240)
Equation (6.239) can be simplified to yield

X10 1

2 6.241

uyp (1—-D) ( )

which is the DC voltage conversion ratio for an ideal boost converter.
Equation (6.240) can be rearranged to give

xZo/R
— 6.242
EA-D) (6.242)
or
uyo : '
. 6.243
10 R - D) (6.243)

which is the DC or average input current of the ideal boost converter. The
dynamic or AC solutions are

LF} =—(1-D)y +dxp+in - (6.244)

and

dz
c:—d’fZ = (1 = D)&; — x10d — i + i (6.245)
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The smaill-signal averaged state-space equation for the continuous-
conduction mode boost converter is

__(1 — D) x20

] N

i L - A 0f1m

¥=la_p T EH] K d+ [0 1][{‘2]. (6.246)
L RC ¢

Equation (6.246) shows that the system has three inputs. #; and 7, represent
the perturbations of the input voltage and the output current, respectively. d
represents the perturbations in the duty cycle; this would be modified by the
control variable in a closed-loop system.

A linearized equivalent circuit can be obtained by rearranging Equa-
tions (6.237) and (6.238) to give

_L x20d 1

a-p = ta-pa-n" (6.247)
and

_< . _ xy0d 1 1

A-—D2=""a=D RI- D) (1 —Dy% (6.248)

A linearized equivalent circuit of the ideal boost converter based on Equa-
tions (6.247) and (6.248) is shown in Figure 6.53. The dependent voltage
source xzod/(l — D) and the dependent current source xmd /(1—D) are due to
modulation in the duty cycle, i.e., d.

A linearized source-reﬂected equivalent circuit for the ideal boost
converter can be found by manipulating Equation (6.247) to preserve uj,
x1, and L. Equation (6.247) becomes

Q
1t

5 1-b =P L X100 b
L Pl € = A(1- 200 2
% 1D 1- % (-D) 1-D 1-D

Figure 6.53 Linearized equivalent circuit of the ideal boost converter.
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Ly = —x2(1 — D)+ xz0d + 1. (6-249)

Equation (6.248) can be manipulated to yield

C o DV — xe — xiod  [xa(1 — D)) uz
a _.D)Z[xz(l D))= x; a- D) RQ —D)2 + a- D),

(6.250)

since the output voltage state variable is xx(1 — D). Equation (6.249) repre-
sents the Kirchoff’s voltage law while Equation (6.250) represents
the Kirchoff’s current law for the linearized continuous equivalent circuit.
Figure 6.54 shows the source-reflected linearized equivalent circuit for the
ideal boost converter.

A load-reflected linearized equivalent circuit can be found by manipu-
lating Equation (6.248) to preserve output variables of 2, x2, C, and R. This
can be attained by multiplying (1-D) to both sides of “Equation (6.248)

Ci2 = x1(1 - D) —‘—‘1%— x10d + 2. _ (6.251)

It can be seen that the inductor current is now defined as x; (1-D) instead of
x;. Thus, Equation (6.247) must be modified to yield

L . _ _ uy JCzoa
a—oy _D)zm(l D) =. xz+(1 _D)+(] D)

(6.252)

A load-reflected linearized circuit using Equations (6.251) and (6.252)
is shown in Figure 6.55. The source- and load-reflected linearized equivalent
circaits can be combined into a single equivalent circuit as shown in
Figure 6.56 using a DC transformer with a turns-ratio of 1/(1 — D).

Xp0d L X

+

u 5 c X100 Y2
1 g_ A—op %{1-D) 3(1—0)2 ;) 5

—
—

Figure 6.54 Source-reflected linearized equivalent circuit for the ideal boost
converter.
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A +

Xood L x(1-D)

1-D G-op - 1 | .
40 °T = 37 YD

Figure 6.55 load-reflected linearized circuit for the ideal boost converter.

X3 XZO‘? L

(1-D):1

t ﬁi) x» TC 2R Xuﬂ@DUZ

N

Figure 6.56 DC transformer equivalent circuit for the ideal boost converter.

6.2.10 Switching Converter Transfer Functions

From the results of state—space averaging, transfer functions of the switching
converters can be readily obtained using Laplace transformation. Transfer
functions are useful for dynamic analysis of the switching converter. The
transient response due to input supply perturbation of the switching con-
verter can be found from the input voltage susceptibility transfer function.
On the other hand, the transient response due to load modulation can be
found from the output impedance of the switching converter. The open-loop
transfer function is first used to predict the margin of stability of the
switching converter. Loop compensation is then employed to improve the
stability of the switching converter.

6.2.10.1 Source-to-State Transfer Functions ‘

From the results of state-space averaging, the perturbed state-space
averaged equation can be written as

& = Agx + Bou + Ed E : A (6.253)
where

Ay=AD+A(1-D) (6.259)
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Bo = BiD + B>(1 — D) (6.255)
and
E = (A, — A)xo + (B — B2)ug. (6.256)

Applying Laplace transform to the perturbed state-space averaged Equation
(6.253)

sX(s) = AoX(s) + BoU(s) + EAs) (6.257)
or
T — A)X(s) = BoU(s) + Ed(s), (6.258)

where I is the identity matrix having the same dimension as Ao. Equation
(6.258) can be rearranged to yield :

X(s) = (sI — Ao) "' BoU(s) + (sT — Ao) ' Ed(s). (6.259)

In the above equation, d is usually a function of x and ». The dependency of
d(s) on X(s) and U(s) is called the control law. Since d is a function of x and
u, the control law is usually nonlinear. The linearized control law can be
expressed as [19]

d(s) = FT(5)X(5) + QT(s)_U(s), 1(6.260)

where F'(s) and Q7 (s) are coefficient matrices. Substituting Equation (6.260)
into Equation (6.259) yiclds

X(s) = (sI ~ A0 (BoU(s) + EIFT ()X (s) + QT (U (6.261)
or

X(s) = [s] — Ao — EFT(s)]"'[Bo + EQT()NU(s)- (6.262)
Thus -

X(s)

T~ {sI — A9 — EF(s)] "' (Bo + EQ"(5)) (6.263)
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is the transfer function matrix relating the state variables to the source
variables for a closed-loop switching converter [19]. Derivations of the
source-to-state transfer functions for the buck and boost converters are
illustrated below.

6.2.10.1.1 Buck converter. The perturbed state-space averaged
equations from Equations (6.121) and (6.122) can be rewritten to yield the
form of Equation (6.253) as follows:

o[ 0  -/D[x=], [P/L wo/L]

[x;] - [I/C —(I/RC)] [xlz]"‘[ 0 ][u1]+[ '% ]d. (6.264)
The coefficient matrices are

2.1 9 —(1/L)

Ao = [I/C —(l/RC)]’ (6.265)

By = [D - ] (6.266)

and

trp

_ lwme/L
‘[ “6 ] (6.267)

In a closed-loop converter, the control law describing the voltage-mode
PWM controller shown in Figure 5.3(a) is in the form of [19]

a1 _ 0L+ HOW )~ HOXo), 6269
P

where H(s) is the transfer function of the error amplifier and its compensa-
tion network, Vg(s) is the transfer function of the reference voltage, and ¥,
is the peak amplitude of the sawtooth signal. Since the reference voltage is
normally a fixed DC value, the modulation in duty cycle can be expressed as

d(s) = — w , _ (6.269)
P

The coefficient matrices for the control law are

FT(s) = [o _H (s)] (6.270)
VP
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and
0's)=[0 O] (6.271)

From Equation (6.263), the state variable matrix is

. T O)
L L
[ l(s)] _ LVy [D/ ][U.(s)] (6.272)
Xo(s) . 1 0
- S+—E6
or
s+(1/RC) -((uon(S)/LVp)+(1/L))} [D/L]
[xn(s)]J 1/C s o 10 (6.273)
X5(5) 2 +(s/RC)+(1/LC)+ (u10H(s)/ LCV)

The transfer functions relating the state variables to the source variables for
the buck converter are '

Ui(s) 82+ (s/RO)+ (1/LC) + (uroH(s)/LCV5)
and

Ui(s) &+ (/RCO)+ (1/LC) + (uioH(s)/LCVy)”
6.2.10.1.2 Boost converfer. The perturbed state-space averaged

equations from Equations (6.237) and (6.238) can be rewritten to yield the
form of Equation (6.253) as follows:

[kn] _ [ 0 -(a —D)/L)] [XI]
w|=la-p/c  -/rO) ||x
1/L 0 u xfL |4
16 e )+ [-elio)® (627
From the above equation, the coefficient matrices-are

Ao = 0 (1 -D)/L)
_Ao_[(l—D)/C —(1/RC) ] (6.277)
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- |1/L 0

By = [ 0 ]/C}’ | _ (6-278)
and

r__ X20/L

E= [—(xm/C)]' . (6.279)

The source-to-state transfer functions for the boost converter can be
obtained by substituting Equations (6.270) and (6.271) into Equation
(6.262). The state variable matrix is

1—D xH(s) B
el | ° L "I, [— 01 rties) (6280
[Xz(s)]_ 1-D 1\ x| | 1 [Uz(s)]' -280)
¢ <S+R_c' TTcv, | L C

Taking the inverse matrix,

[ X (S)} -
Xa2(s)
s+_1__X10H(S) —(1—=D) xpH(s)|T1 o
RC  CV, L Lv, ||L [UI(S)]
C ¥ C
s2+ ([s— (sx10H()R/ V;)] /RC) + ((1 — DY/ LE)+ (x20H(s)(1 — D)/LCV,)

(6.281)

Since the input and output variables of the boost converter are x; and x»,
respectively, the transfer function relating the state variable, x), to the source
variable, u;, X;(s)/U,(s), is the input admittance of the boost converter

Xi(s) _
Ui(s)

(1/L)ls -+ (1/RC)— GeaoH(s)/ CVp)]
2+ (5[1 = GroHG)R/V,) | /RC) +((1 — D2 /LC) + (x20HE)1 — D)/LCV,).
' (6.282)
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Substituting x;o=1u;0/R(1 — D)2 from Equation (6.243) and x20=u10/(1 — D)
from Equation (6.241) into the above equation to yield

X (s) -
Ui(5)

(/L)[s+(1/RC)(1 — (o H(s)/ V(1 = D)) _
4 G/RO[1— (moH ) Vo1 — DY)+ (1= DY/LO)[1+ (moH(s)/ V(1 — DY)
(6.283)

The output current susceptibility, X,(s)/Ux(s), for the boost converter is

X(s) -
Ua(s)

' —((1 = D)/ LO)[1 + (o H(s)/ Vp(1 — DY)}
2+ (s/RO)[1 = (n0H)/ V(1 — DY)} + (0 — DY /LC) [1 + (o H (5)/ V(1 — DY)}

(6.284)

The input voltage susceptibility, X2(s)/Ui(s), is

Xa(s) _

Ui(s)

(@=D)/LC) )

2+ (s/ RO 1 — (ioH(5)/ V(1 — DY)] + (1 — DY’ /LC) [1 + (o H(s)/ V(1 — DY)}
(6.285)

The output impedance, X, (s)/Ua(s), is

X20) _

Us(s)

/9

2+ (s/RO)1 — (moH($)/ V(1 — DY?)] + (1 — DY /LC) [1 + (1o H(5)/ V(1 = DY)].

(6.286)

6.2.10.2 Open-Loop Transfer Functions

The stability of a linearized switching converter can be evaluated by
examining its open-loop transfer function using Bode plots for adequate
gain and phase margins. To find the open-loop transfer functions, the
feedback loop can be mathematically opened by replacing the transformed
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AC state vector, X(s), with an independent test vector, ¥(s), in the contro] ;
law given in Equation (6.260) to yield [20]

d(s) = FYV(s) + QT (s5)U(s). (6.287)

The open-loop transfer function matrix, 'ij(%: is found by combining the

above modified control law equation with Equation (6.257) with U(s)=0
to yield

X@)

V) o I — Ao ' E(S)F"(s)- (6.283)

For a negative-feedback system with touching feedback loops, the overall
open-loop transfer function, G(s)H(s), is the sum of the diagonal elements of
the open-loop transfer-function matrix, —(Xi(s)/ Vi(s) ). Thus, the open-loop
transfer functions for the buck and boost converters are

_ [ X)) | X(s) g
G(s)H(s) = — [ 7ot V—Z(S—)] i (6.289)

6.2.10.2.1 Buck converter. The open-loop transfer-function matrix
of the buck converter can be expressed as

[Xl(s)] _[ s 1/L ][o —(u.oH(s)/LVp)][m(s)] 6290,
X(s)| | -(1/C) s+(1/RC)||O 0 Va(s) ’
or

[S+(1/RC) —(I/L)] [0 —(VIOH(S)/LVP)][VI(S)]
[Xl(s)] _ 1/C s 0 0 Va(s) (6.291)
X6) | 2 +(s/RC)+(1/LO) T

Since X;(s)/V1(s)=0, then the open-loop transfer function for the buck
" converter is

G(s)H(s) = —7{%, (6.292)
or
G H(s) = 1T/ CLYy (6.293)

2+ (s/RCY+ (1/LC)Y’
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6.2.10.2.2 Boost converter. The open-loop transfer-function mat-
rix for the boost converter can be expressed as

x.(s)] ={ s a —D)/L]“' [0 —(xon(s)/LV,,)][V.(s)]
[’xz(s) ~((1=D)/C) s+(1/ROY] |0 . xwHE/CVp ||Va9)]’

(6.294)

or
[s+ @1/RC) —(Q - D)/L)] [0 —(x20H(s)/LVp)] [Vl (s)]
[Xl(s)] _lLa-pyc s 0 xi0HE/CVp || V205)]
X2(5) s2 + (s/RC) + ((1 — DY*/LC) '

(6.295)

From Equation (6.289), the open-loop transfer function for the boost con-
verter is

(H(s)ur0/ CV,RQ1 — DP)(R(1 — DY/L) ~ 5}
52 + (s/RC) + (1 — D)*/LC)

using the relationships from Equations (6.241) and (6.243). It can be scen
that the open-loop transfer function of the boost converter includes a right-
half-plane zero. This is because the output current in the boost converter
decreases as its duty cycle increases. The right-half-plane zero complicates
loop compensation in the boost converter since it introduces an additional
90° phase lag. The loop gain of the compensated boost converter is usually
forced to roll off at a relatively low frequency with a concomitant decrease in
its unity-gain crossover frequericy. Thus, in general, the voltage-mode PWM
compensated boost converter has inherently narrow bandwidth, and
thereby, relatively- poor frequency response.

G(s)H(s) =

(6.296)

6.2.10.3 Loop Compensations in Buck Converter

As discussed previously, loop compensation involves the selection of
the transfer function of the error amplifier, H(s), to shape the frequency
response of the switching converter. In some cases, it is possible to satisfy
performance specifications of the switching converter by simply adjusting
its open-loop gain-factor. This is also known as gain-factor compensation.
Assuming that the transfer function, H(s), is equal to a constant, K. The
transfer function of the buck converter with gain-factor compensation or a
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proportional control scheme can be found from Equation (6.293) as fol-
lows:

uloK/CL Vp
2+ (s/RC)+ (1/LO)’

Figure 6.57 and Figure 6.58 show the magnitude and phase responses of the
buck converter with a 16 mH output inductor and a 100 pF output capacitor
for several values of load resistance, R. As shown, the magnitude response
has a constant gain of 20 log,o (#10K/LCV) with a minimal phase shift at -
low frequencies. Beyond the corner frequency of 1/27+/ LC, the magnitude
response begins to decrease with a slope of —40 dB/decade and the phase
tends toward —180°. The magnitude response is overdamped when
R < /L/C, underdamped when R > /L/C, and critically damped when
R = (1/2)/L]C. The underdamped open-loop buck converter changes its
phase rapidly at the corner frequency as shown in Figure 6.58. A more
gradual phase transition is observed for the overdamped open-loop buck
converter. Since the open-loop phase lag is close to 180°, any additional
phase lag can render the buck converter unstable when the loop is closed.

G(s)H(s) =

(6.297)

20
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111,

Figure 6.57 Magnitude response of an open-loop buck converter for several

values of \/Lo/Co.
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Figure 6.58 Phase response of an open-loop buck converter for several values of
v/ Lo/Co-
The transfer function for a lag-compensator is
wpK
s+ wp’

Hypg(s) = (6.298)

where wy, is the pole angular frequency of the lag-compensation network. In
general, @, must be low enough to achieve a sufficient gain margin. Substi-
tuting Equation (6.298) into Equation (6.293) yields the transfer function for
a lag-compensated buck converter

K’ wpwg
(5% + 2L wos + w2)(s + wp)’

G(s)H(s) = (6.299)

where ¢ = 1/(2R\/C/L) is the damping ratio, w, is the natural angular
frequency, and K = Ku,¢/ V. Figure 6.59 and Figure 6.60 show the magni-
tude and phase responses of the buck converter with a lag-compensator for a
pole frequency of 0.01xf,. As can be seen, a lag-compensated buck con-
verter has a narrower bandwidth compared to that of the open-loop buck
converter at the expense of an increase in stability. In practice, the lead-lag
compensators shown in Figure 6.15 and Figure 6.25 are employed for loop
compensation.
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Figure 6.59 Magnitude response of a lag-compensated buck converter with f, =
0.01/,.

6.2.11 Complete State Feedback

An important application of the state-space representation is the complete
state feedback of the switching converter. All the states of the converter are
sensed and multiplied by a feedback gain. This technique allows us to

calculate the gains of the feedback vector required to place the closed-loop
poles at a desired location.

6.2.11.1 Design of a Control System with Complete State
Feedback [9]

Consider a continuous-time linear system, having the following state—
space representation:

X = Ax + Bu. : (6.300)

A usual control strategy is to generate the error signal as a function of the
measurements of the states of the system. In case of a switching converter,
the control variable, u, may be chosen proportional to the states as

u = —Fx. (6.301)

v
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Figure 6.60 Phase response of a lag compensated buck converter with f, =
0.01/,. ‘

Then _
x=(4—-BF)x. (6.302)
The closed-loop eigenvalues are found by solving the characteristic equation:
det[s] — A + BF]=0.
Several observations are

« If the state vector has dimension i and the control vector has dimen-
sion j, the matrix F will have i x j elements.

o If the system described by (4,B) is controllable, the choice of the
elements of F will control the position of the closed-loop poles on the
S plane. :

« 1If the elements of F are real, the closed-loop poles will be real or
complex conjugates.

» If the applied control is of scalar type, the resulting F is a row vector,
having i elements. The elements of F are unique if the i roots of the
characteristic equations are-specified.
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o The closed-loop poles can be arbitrarily placed by choosing the
elements of F. .

6.2.11.2 Pole Selection

One way of choosing the closed-loop poles is to select an ith order low-
pass Bessel filter for the transfer function, where i is the order of the system
that is designed [21]. The step response of a Bessel filter has no overshoot;
thus, it is ideal for a voltage regulator. The desired filter can then be selected
for a step response that meets a specified settling time. The minimum settling
time should be chosen to avoid saturating the control variable. The desired
closed-loop poles of the filter,

Ps = {ps, p2} (6.303)

can be designed with the aid of the filter toolbox that comes with MATLAB
[22] or with any other filter package, like Filter Wiz® [23].

6.2.11.3 Feedback Gains -

The values for the elements of the feedback vector F can be obtained
by pole placement. The MATLAB command, F=PLACE (4, B, P), can be
used to compute the state-feedback matrix F to yield the eigenvalues of (4 —
B F) as specified in vector P.

Example 6.6. A buck converter designed to operate in the continuous
conduction mode has the following parameters: R=4(, L=1.330mH,
C=94nF, V,=42V, and V,=12V. Calculate (a) the open-loop poles, (b)
the feedback gains to locate the closed-loop poles at P = 1000 x {—0.3298 +
0.10i —0.3298 — 0.10i, (c) the closed-loop system matrix Acy.

Solution.

(a) The state-space matrices during ?,,, are

1 — 1
4= L om=|Z|
1 1 0
| C  RC.
The state-space matrices during 7, are

1

0 —— ]
L 0
Ay = = .
2 1 1 |’ B, [ 0]
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The state-space averaged model matrices are
/-f =4 xD+ A4, x(1 —D),
B=B,xD+B; x(1- D).

Then

1 _1
C RC
The open-loop poles can be found by the MATLAB command to yield

Wt
It
(=4
|
I
=]

Il
—
o NG
| WE—

polesoL = eig(A) to be po]esm_ = 1000 x {— 1.3298 + 2.4961i,
© —1.3298 — 2.4961i}

(b) The equations for the linearized AC small-signal model are

Ty )
%1 =7 (—%+Di+du),

= (515
I—C 1 sz -

Then, the small-signal averaged state-space equations are

i=[ e B [2]+ [P ]a [ Y]

The following MATLAB script can be used to define a state—space model
sysOL and plot the step response of the open-loop converter:

sysOL =ss(A,B,C,0)
step(sysOL)

where A4 is the system matrix, B is [D/L 0} and C=[0 1). Figure 6.61 shows
the transient response of the small-signal model of the converter forastepinput
at ;.

To design the control strategy, first assume that the perturbations in
the input DC voltage are null, i.e., 7=0. Then,

e

%=Ax+ Ed
with
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Figure 6.61 Step response of the linearized buck converter.

for voltage-mode control d= (D/Viep) Vrer-
If we apply complete state feedback

Vper = ~FX

then

i=2i+5(— D Fic)

Vref

or
. (- D
x={A—E—F }x
(' Vret )

The closed-loop system matrix is then

- D

Ac, =A—-E F.
cL Vref
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To locate the closed-loop poles at P= 1000* [—0.3298 + 0.10i —0.3298 —
0.10i]', we calculate the feedback gains as

o P = 1000 x [—0.3298 + 0.10i — 0.3298 — 0.10i)
F = place(A, E—lz—, P)-
Vier

Then, F={—2.6600 —0.3202}.
(c) The closed-loop matrix is

- - D
Aco=A—E—F,
b Vref

0.2000 -0.0511 ]

Acy = 1ed [ 10638 —0.2660

we can check the locations of the closed-loop poles with
eig(Acy); which gives

ans = le+ 2 x [—3.2980 + 1.0000i — 3.2980 — 1.0000i]

Figure 6.62-displays the schematic circuit of the closed-loop buck converter
used for the simulations. The parameter loop changes from 0 to 1 in the

" ]S 1.33mH
-V, =42 " VON=10V IC=0
V=44 "S von;:o.osv ¢, 3n
-TD=5 ROFF = e D, T b3
B3™@v, || wnon=005 Tp 9duF | 4
TF=1n -
PW=1
PER=1

o

‘Figure 6.62 PSpice schematic of the switching converter under study.
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parametric simulation to obtain the open-loop and the closed-loop
responses, respectively. The turn-on transient of the switching converter is
shown in Figure 6.63 for the open-loop and the closed-loop converters.
Notice that the open-loop response overshoots the steady-state output volt-
age, while the closed-loop response shows the behavior of a second order
system with real poles. The dynamic of the turn-on transient does not
necessarily correspond to our previous calculations because this is a large
signal swing not modeled by the linear small-signal approximation.

A small perturbation is added to the input voltage source at 5 ms; at that
time, the input voltage changes from 42 to 44V to simulate a line transient.
Figure 6.63 shows that the open-loop system evolves to a new steady-state
voltage after overshooting. The perturbation in the output voltage of the
closed-loop switching converter is hardly noticed. Figure 6.64 displays an
expanded view of the output voltage transient at 5ms. The closed-loop
switching converter follows the calculated dynamic response for the small-
signal model.

6.2.12 Input EMI Filters

Switching converters, in particular buck or buck-boost converters, have a
notorious reputation as one of the worst electromagnetic interference
(EMI) generators due to its pulsating input current waveform and switching
actions of its semiconductor switches. Electromagnetic interference is the

15
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Figure 6.63 Transient response of the open-loop and clesed-loop converters.
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Figure 6.64 Expanded view of the transient at 5msec.

unintentional generation of conducted or radiated energy. To preserve the
integrity of the power source, an input EMI filter placed between the power
source and the switching converter is often required. The major purpose of
the input EMI filter is to prevent the input current waveform of the switch-
ing converter from interfering with the power source. As such, the major role
of the input EMI filter is to optimize the mismatch between the power source
and switching converter impedances [24].

There are two conduction modes of EMI: common and differential.
Common mode EMI is that component of noise current which exists on any
or all supply or output lines with respect to a common ground plane such as
chassis or ground return bus. The capacitance of the switching transistor
insulator mounted on the chassis or ground plane is known to be a “culprit”
for the common mode-coupling path. Differential mode EMI, also known as
longitudinal mode EMI, occurs between any two supply or output lines.
A principal source of the differential mode emission is the impedance of the
input EMI filter capacitor. Another source of differential mode emission is
the switching devices. The magnitude and spectral content of the EMI are

often dictated by the reverse recovery characteristics of these switching
devices.

6.2.12.1 Stability Considerations

Figure 6.65 shows a circuit model for a buck converter with a second-
order input EMI filter. As shown, the DC transformerized equivalent circuit
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Figure 6.65 Circuit modél of a buck converter with an input EMI filter.

of the buck converter shown in Figure 6.41 is used. The input EMI filter
consists of an input EMI filter inductance, Ly, and an input EMI filter
capacitance, C;. For simplicity, the total effective impedance of the source,
u;, is modeled as a single effective source resistance, R;. The effective source
resistance, R, consists of the source impedance and the series resistance of
the input EMI filter inductor. In general, the values for L; and C are large
enough to dominate the reactive impedance of the source. The output
impedance of the second-order input EMI filter is given by

R, +ijl
Q- w2C1L1) -l-ja)RsC] ’

Zem1 = (6.304)

By choosing L; and C; sufficiently large, the interfering signals at the
switching frequency and its higher harmonics of the switching converter
can be adequately attenuated.

The stability of a closed-loop switching converter with an mmput EMI
filter can be found by comparing the output impedance of the input
EMI filter to the input impedance of the switching converter. For a given
load resistance, Ry, the controller adjusts the duty cycle to maintain a
constant output voltage, and hence, a constant output power. Thus, if the
input voltage increases, the input current must decrease to yield a constant
input power. Consequently, the closed-loop switching converter exhibits a
negative input impedance. The effective secondary-side impedance of the
buck converter is

1
Zy =R
b L//ijO

+jwLo + Re, (6.305)

where R, is an effective resistance that accounts for the series resistances
in the output filter inductor and other components, and a “modulation”
resistance that arises from the modulation of the switching transistor storage
time [25]. It is a complicated function of these component resistances and
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also of the duty cycle. From Figure 6.65, the input impedance of the closed-
Joop buck converter is the negative of the effective secondary-side impedance
reflected through the DC transformer to its input at lJow frequencies. The
input impedance of the buck converter is

_[Rl-//(]/jwco) + joLo + R.]

Zpn = DZ

(6.306)

or

(e v ol rianar])
oL (B R Hje|Le -] ), (6307
Zin DZ([1+(wRLCo)2 | I T T Y (@RLCY (6307

where D is the duty cycle of the buck converter. At low frequencies, the
inputimpedanceis dominated by the output load resistance, Ry, andis givenby

_(RL+R)

Ly = D2

(6.308)

At the resonant frequency of 1/27v/LoCo, the input impedance is at its
minimum and is given by

R
Zin =~ 5 | (6.309)

Above the resonant frequency, the input impedance increases inductively as

__ _JjeL
Zin = (6.310)

The input impedance of the buck converter versus frequency is illustrated in
Figure 6.66. The switching converter negative input impedance in combin-
ation with the input EMI filter can under certain conditions constitute a
negative resistance oscillator, and is the origin of the system potential
instability. The input EMI filter output impedance is a small positive resist-
ance at DC and low frequencies, but in the neighborhood of the filter
resonant frequency its output impedance may be many times the associated
Ohmic resistances, and if the magnitude of Zgmi increases sufficiently that
the net circuit resistance becomes negative, oscillation will occur [25]. As
such, the maximum output impedance ‘of the input EMI filter, ZEM],max>
must be less than the magnitude of the input impedance of the switching
converter to avoid instability [26). Hence,

Zin > ZEMl,max- (631 1)
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Figure 6.66 Input impedance versus frequency for a buck converter.

To ensure stability, however, the poles of Z;,//Zg\; should lie in the left-
hand plane. The above stability condition is only valid if the input EMI filter
resonant frequency is below the frequency at which the input impedance of
the switching converter begins to deviate from its low-frequency values.
Thus, instability tends to occur at the resonant frequency of the switching
converter since the input impedance of the switching converter is at its
minimum. Also, the worst case for stability is at low input voltage since it
requires a larger duty cycle that decreases the input impedance of the
switching converter.

The average power demand through the input EMI filter is practically
constant for a constant switching converter load. Thus, the switching con-
verter can be modeled as a continuous constant power element for low-
frequency stability considerations [27}], in accordance with the concept of
state-space averaging as shown in Figure 6.67. The state variables are chosen
as x; for the current flowing through the input EMI filter inductor and x; as
the voltage across the input EMI filter capacitor. The state equations are

uy = Ryxy + Lix) + xa, (6.312)
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Figure 6.67 Circuit model of switching converter with an input EMI filter.

and P
xy = Cix; +—. (6.313)
x2

Substituting x; from-Equation (6.313) into Equation (6.312), we have

dx; P d’x; P dx; :
=R|=2+— =2 = . 314
uy s [C] dr + xz] + L [C] dz x% daz + X3 © D
or
wy, dx; (R, P \dn x
i S T SR ol S P i 6.315
LG dz (L,_ a2) a T LG (6.313)

The term, —(P/CIxzz), is due to the negative input impedance of the constant
power load of the switching converter. Routh-Hurwitz stability criterion can
be used to determine the necessary and sufficient condition for stability from
the sign and magnitude of the coefficients of the characteristic equation.
From Routh—Hurwitz stability criterion, it requires that

PLy

Cix}

Rs > .
2(min)

(6.316)

It is clear that the input EMI filter inductance should be much smaller than
the input EMI filter capacitance. A resistance in series with the input EMI
filter inductor can be added to improve stability. However, it is undesirable
to increase the series resistance of the input EMI filter to improve stability
since it increases conduction losses. The series resistance is normally chosen
to be three to five times the characteristic impedance of the filter, v/ L1/ Ci.
However, the quality factor, O, of the input EMI filter increases as the series
resistance decreases. Also, the maximum output impedance of the input
EMI filter increases as the quality factor increases. In order to avoid
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instability, it is necessary to utilize a low Q input EMI filter with the penalty
of higher conduction losses.

The nonlinear resistance associated with the constant-power element
of the switching converter can be replaced by a negative linear resistance,
—R,, defined by —(x22/P) Figure 6.68 shows an equivalent circuit of a
switching converter with an input EMI filter. The state equations are

= Lix; + Rexy + Res; Ci X2 + X2, (6.317)

and

Resc Gz + xZ

= Cix
1X2 + L

(6.318)

Combining, rearranging, and assuming that Ry < Rs and Ry < Reg,, the
state equations can also be expressed as

. (Rs + Resr) 1 1

X = v est) — 6.3

x| ; xy ]xz + lul, (6.319)
and

Xy = Lx 1 x (6.320)

2= G ! RL G 2 ' ’

These state equations can be written in matrix form as

] = e R

+ [l/é']u.. (6.321)

RQS'

Figure 6.68 Equivalent circuit of a switching converter with an input EMI filter.
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Then
[s+(1/RLC1) 1/Ly ][I/Ll]u
[x.(s)] _L /G s+ ((Rs + Res)/ L) o | (6.322)
x2) | =+ ((Rs + R/ L) + /RLC))s +(1/LiC) ~

Routh—-Hurwitz stability criterion required that

Rs + Rese 1
I + RG >0. (6.323)

In practice, the input EMI filter with LR reactive damping shown in
Figure 6.69 is used to reduce conduction losses. This filter has a —40dB/
decade roll off beyond its resonant frequency at the expense of output
impedance higher than its characteristic impedance. The Routh-Hurwitz
stability criterion for this filter is [27]

Ra 1 Y(Li+Ls R\ _R
Is RG ( L, R L (6.329)

Figure 6.70 shows an input EMI filter with RC reactive damping. The
damping capacitor, Cy, is usually chosen to be three times the filter capaci-
tance, Cj, to avoid the filter inductor, L;, from resonating with the damping
capacitor at resonance. The damping resistor, Rq, can be made to be equal to
the characteristic impedance of the filter. As such, the RC reactive damped
input EMI filter requires the use of a more expensive and bulky damping
capacitor compared to the damping inductor of the LR reactive damped
filter. However, the output impedance of the RC damped filter is generally
Jower than the characteristic impedance of the filter. In this configuration

L

U1 - . l

Figure 6.69 Input EMI filter witli LR reactive damping.
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Figure 6.70 Input EMI filter with RC reactive damping.

the capacitor is normally chosen with an ESR equal to Ry. The Routh-
Hurwitz stability criterion for this filter is [27]

Ry L LG
_ e i § 6.325
Ca (1 L) (RdC 5 > o (6.325)

Ry -

The second-order input EMI filter may not provide sufficient attenu-
ation and/or roll-off beyond the resonant frequency. A fourth-order filter
with LR reactive damping shown in Figure 6.71 may be used to increase
attenuation and roll-off beyond its resonant frequency. It is a good design
practice to have different resonant frequencies for the two sections of the
filter to avoid a sharp maximum in its output impedance and a sharp
minimum in its input impedance at the resonant frequency. It should be
noted that high-core losses in the input EMI filter inductor is desirable to
dissipate the energy at the EMI frequency so as to prevent it from reflecting
back to the power source. Otherwise, the EMI current would radiate and/or—
couple into other circuitry.

Ly Ry
L'| LI2
Y Y LYYV

" 1 I on | é n

Figure 6.71 A fourth-order input EMI filter with LR reactive damping.
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Example 6.7. The parameters for a buck converter are: input voltage = 10V,
average output voltage=5V, switching frequency=1kHz, L,= 1mH,
C,= 100 pF, R, =0.01 Q,and Ry = 5 Q. Theinput EMI filter has the following
parameters: Ly = 1mH, G;=1000 uF, and R,=0.001 Q. Plot the input imped-
ance of the switching converter and the output impedance of the input EMI
filter on the same plot. Determine if a potential stability problem exists.

Solution. 'The magnitude of the input impedance of the buck converter can
be expressed as

1 RL )2 ( R2C, )2
Z W) =——1/[—L 4+ R) +e?{ Lo ~—L2—),
1Zinl(@) = 53 \/(1+(mRLq,)2 ¢ ) T\ T 1 ¥ (@RLC)

and the magnitude of the output impedance of the input EMI filter can be
expressed as .

R? 4 (wLy)?
Z; = S .
emi() \/(1 " R2CGLY + @R, C1)

50
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Figure 6.72 Input impedance, Zi,( /), of the buck converter and output imped-
ance, Zgmi( f), of the input EMI filter.
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Figure 6.72 shows the input impedance of the buck converter and
output impedance of the input EMI filter. As shown, the magnitude of the
input impedance of the buck converter is always larger than the magnitude
of the output impedance of the input EMI filter. Thus, the buck converter
with the input EMI filter is stable.

6.3 DISCRETE-TIME MODELS

6.3.1 Introduction

A discrete-time model for a switching converter will be developed based on the
continuous-time small-signal model. The discrete-time model is more precise
than its continuous-time model and it can be implemented using a digital con-
troller. Both voltage-mode and current-mode control schemes are discussed.

6.3.2 Continuous-Time and Discrete-Time Domains

For the continuous-time system of the form

x = Ax(t) + Bu(r) (6.326)

the solution for the differential equation (6.326) in the time domain can be '
expressed as

x(f) = e x(t,) + Je"("*)Bu(T)dT. 6.327)

1o

The above equation is an exact representation of the continuous-time system.
It implies that the state at the instant r depends only on the state at the time 1,
and the convolution of the inputs and the transition matrix, considering the
values of the states in between. The evaluation of the integral can be simplified
by approximating e!* with only the first two terms from its Taylor series:

=T+ A+ AP .
S——
Also, assume that u(t) = u is constant over the integration interval and 1o = 0,
Thus: .

t H
J U~ Bu(r)dr = J et'e " Budr
1o

To
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]

t

[ A Bu(r)dr = e le“’Bu dr <
A 4
'.

"~ Bu(r)dr = e Bu[4™! (—e )], &
fo
’.

&'~ Bu(7)dr = " BulI — e“"’]A'I

lo

if the matrix A is invertible.
Rearranging the above equation

' jé“'-f)su(f)df = [e* — 147" Bu.

fo

Replacing e’ with its approximate value,
L
je“(""’)Bu('r)dT =[I+ At — 147! Bu.
To

Then, fhe solution of the differential Equation (6.326) in the continuous-
time domain can be-approximated as

x(f) = eM'x(t) + tBu(t,). (6.328)

Making t,=(n + D)T, and t=(n + 1 + D)T,, results in the discrete-time
expression:

x[(n + 1 + D)T} = e*Tx{(n + D)Ts} + TsBul(n + D) - Ts)- (6.329)

6.3.3 Continuous-Time State-Space Model

Switching converters are nonlinear and time-invariant circuits. Different
linear models have been developed to describe the small-signal behavior of
the switching converters [1,4-8,16,28). Suppose that the converter is operat-
ing in the continuous-conduction mode with a constant switching frequency
fo=(1/T). Let the circuit topology be 4, during the interval when the main
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switch is on (i.e., 7,;). When the main switch is turned off (i.e., f.q), the
circuit topology changes to A,. Writing the circuit equations in matrix form,
we obtain the state-space representation of the system:

x(t) = Ax(1) + Bu(o). (6.330)

Because the system has two different topologies during ¢, and 7., the con-
verter is characterized by two sets of state equations. During t; corresponding
to the nth switching period, nT, < t < (n + d,,) T, the state equation is:*

x = Ayx+ Bu. (6.33])

By analogy, during toq, (7 + d,) T, <t < (n + 1)T;, the state equation
becomes

i = Ayx + Bon, ' (6332)

where d, is the duty cycle.
A small-signal model of the converter can be found by following the
steps described in Brown and Middlebrook [2], where the switching func-

tions in Equations (6.333) and (6.334) help to combine the two sets of
equations into one single equation:

d(t):{l if nT, < t < (n+dy)Ts

0 if (1+d)Ts <1<+ DT, (6.333)
d(f)=1-d@). (6.334)

Then
x = (d(1)A) + d'())A2)x + (d(1)B) + d'())B)u. (6.335)

Notice that if the duty cycle d, is constant, then Equation (6.335) is linear
with periodic coefficients. However, if d, is used as the control variable,
Equation (6.335) will be nonlinear because the duty cycle will be a function
of the state variables. Nevertheless, it is possible to obtain a linear model if
the perturbations on the duty cycle are kept small.

The source variable and duty cycle can be represented by a nominal
value (noted in capital letters) plus a perturbation term (noted in lowercase
with “**). Consider the source variable as

4 To simplify the notation, the temporal dependency of the variables will be omitted unless it
may lead to confusion. Thus, for example, x(7) will be written as x.
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u=Vi+7,. (6.336)
The duty cycle is
d,=D+d, (6.337)

The switching functions can also be described by a steady-state part, d(1),
plus a perturbation, d(f), such that

d=d+d and d =1-d, (6.338)

which are defined as

w1 i nTe<t<(n+D)T;

0= {0 if (r+ DT <t<(n+ DT (6.339)
and

a0 = { D) el P (T, (6.340)

where sgn() is the sign function. The last two equations model the effect of a
perturbation on the duty cycle.

Similarly, the state vector can be represented by a time-variant steady-
state part plus a perturbation:

x=x+Xx (6.341)

Replacing the above equation in the state equation results in an expression
describing the steady-state and perturbation responses. Making the perturba-
tions equal to zero, the steady-state equation (6.335) is obtained:

%= (dA, + dA2)x + (dB, +d'B) V. (6.342)

" Subtracting the steady-state response from the full response results in the
expression for the perturbation in the state vector. This expression can be
linearized assuming that the perturbations are small enough that the product
of perturbations is negligible:

%= [dd, +d 45]x
+ [dBy + d'B,]¥s + (A4, — A2)X + (B1—By) vid. (6.343)
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Finally, the function d(r) can be approximated using a string of delta functions
having the appropriate areas, as shown in Brown and Middlebrook [2])

d =~ p(i) = (d T )5[: —(n+ D)Ts] (6.349)

n=

6.3.4 Discrete-Time Model of the Switching Converter

In this section, a discrete model of the switching converter is obtained by
integration of the continuous state-space equation (6.343) over a switching
period. The discrete model describes the small-signal behavior of the con-
verter only at one time instant during each cycle, saying nothing about what
happens in between. Since the starting point of the integration is arbitrary, it
is convenient to choose the time when the state vector is used to calculate the
duty cycle. This time may depend on the implementation. We choose the
instant (n + D)T, as the starting point of the integration, where the inductor
current is at its maximum value. Durmg the interval, [(n + D)T,,(n+ 1) Ty,
the switching functions are =0 and & =1. Thus

% = A5 + Byp + Kd, T5[t — (n+ D)T}, (6.345)

where

= (4, — A2)x[(n + D)T) + (B, — B2)Vs. (6.346)

Since the 8 function is nonzero only at (n 4 D)T5, the integration yields

Hor+ DT = 0T eMPTo5{(n + DT} + P K Ted,
(n+1)T;
+ AL, 5 gy (6.347)
(=+D)T; '

Assume that no perturbations are present on the input voltage during the
integration interval, then $,=0. Therefore, the last term of Equation (6.347)
is also equal to zero. This approximation implies that the input voltage is not
considered as a perturbation input; as such, it does not affect the stability
analysis.

By analogy, during the interval [(n + 1)T;, (n + 1 4+ D)T] the state
equation is

=A% (6.348)
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To evaluate the integral over this interval, the value for the state vector at the
end of the previous period, %{(n + 1)T4] is used as the initial condition,
yielding

i+ ¥+ D)T) = eMPT:e2PTex[(n + D)T)
+ eMPT VKT, (6.349)

Notice that the transition matrix
@ = NPT 00T (6.350)

depends on the switching frequency. -

Equation (6.349) describes the state vector at the instant (n + 1+D)T
as a function of the initial state X{(n + D) T} and the small-signal perturb-
ation of the duty cycle with duration 4,,7.

A discrete model for a general switching converter has been developed.
This model allows us to evaluate the behavior of the system for a small-
signal variation on the duty cycle d,

Example 6.8. Find the discrete-time model for the synchronous buck con-
verter of Figure 2.10.

Solution. Figure 6.73 and Figure 6.74 represent the two equivalent circuits
for the synchronous buck converter during ton and t.q, respectively. Ry
includes the resistance of the inductor’s winding and the current-sensing
resistor. Rop is the on resistance of the switching devices.

To develop the state-space model, the state variables are selected to be
the current flowing through the inductor and the voltage across the capaci-
tor. Then, the state-space model is

l- ’ .
x = [VL] (6.351)
R, A L
| L L
T |

Figure 6.73 Equivalent circuit during fon: 4.
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?am | r A

Figure 6.74 Equivalent circuit during for: A2.

—Ron+R]_ l

A= L L (6.352)

By = [%] , B, = [g]. (6.353)

For a synchronous buck converter, A =A,=A then the discrete-time
model is

#(n+ DT = " "xnT.) + K T.d, (6.354)
and
K =BV, (6.355)
6.3.5 Design of a Discrete Control System with Complete State
Feedback

Consider a plant that has been made discrete in time, having the following
difference equation:

x(n + 1) = Ax(n) + Bu(n).

The usual technique in control systems consists of generating the control
strategies based on measurements of the system states. In case of a voltage
regulator, for example, the most commonly used feedback techmique is
proportional to the state. This can be of the form u(n) = — Fx(n), then:

x(n + 1) = (4 — FB)x(n)

For this kind of .system, the closed-loop eigenvalues are found by solving the
characteristic equation:

det[z] — 4 + FB] = 0.
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Notes:

. If the state vector has dimension i and the control has dimension j,
the matrix F will have i x j elements.

» If the system described by (4, B) is controllable, the choice of the
elements of F will control the position of the closed-loop poles on the
z-plane.

o If the elements of F are real, the closed-loop poles will be real or
complex conjugates.

 If the applied control is a scalar such asin a switching converter, the

- resulting F is a row vector, having i clements. The elements of F are
unique if the i roots of the characteristic equations are specified.

o The closed-loop poles can be arbitrarily placed by choosing the
elements of F.

6.3.5.1 Pole Selection

One way of choosing the closed-loop poles is to select an ith order low-
pass Bessel filter, where i is the order of the system that is designed for the
transfer function[21]. The step response of a Bessel filter hasno overshoot, thus
it is suitable for a voltage regulator. The desired filter can then be selected fora
step response that meets a specified settling time. The minimum settling time
should be chosen such that the control variable should not saturate. )

There are two possibilities in choosing the closed-loop poles; the first is
to design an analog filter that meets the continuous-time specifications, and
then map the poles into the z-plane. The other possibility is to design a
discrete filter with the right specifications. The filters can be designed with
the aid of the filter toolbox that comes with MATLAB or with any other
filter package, like Filter Wiz..

If the poles are chosen in the s domain, as for example P, = {51, 52}, the
mapping into the z plane can be performed using p.= e”7:, resulting in
P,={z, z2}.

6.3.5.2 Feedback Gains

The values for the elements of the feedback vector L of the discrete
model can be obtained by pole placement. The MATLAB command
L=PLACE(®,, I';, P) computes a state-feedback matrix L, such that the
eigenvalues of ®; — I'y * L are those specified in vector P.

6.3.6 Voltage Mode Control

In Equation (6.354), the control input is d,. It is necessary to derive an
approximate expression for d, as a function of the state variables and the
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control variable, ¥, used in voltage-mode control. This was calculated in
Equation (6.3) as

- D
d = ——V,s. 6.356
Vo ( )

The discrete-time model for a switching converter is given by Equation
(6.349), repeated here for convenience,

#H + DT = NPT P T3 T,) + e PP T K T,d,,. (6.357)

This can be written as:

%[ + DT = Px[nT} + I'd,, (6.358)

where

@& = eMDTie2D'T,
{ I =®KT, (6.359)
K =(B) — By)V,.

Replacing d,, from Equation (6.356) into Equation (6.358), we obtain
- ) D
i(n+ DT] = PinT )+ T 7‘}'1’;3]‘. (6.360)
TC|

If full-state feedback is applied and the system is controllable, then the
closed-loop poles can be arbitrarily placed to obtain a desired transient
response. The negative feedback proportional to the states on Vs is:

Vrer = —FX[nTy). (6.361)

The elements of the vector F are real numbers that weigh the perturbation of
each state variable and determine the closed-loop poles of the system.
Replacing the expression found for ;¢ in the system model:

X[+ DT) = [45 - FT/DTF] %[nTy. (6.362)

Then the expression in square bracket in the right-hand side of Equation
(6.362) is the closed-loop matrix of the system:

Dcy = [gp_f' D F]. (6.363)
Vref
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Then, Equation (6.362) can be written as:
[(n + DT, = PerilnTs). (6.364)

Thus, the closed-loop poles can be arbitrarily placed by the right choice of
the elements of the vector F. Therefore, with_this control strategy; it is
possible to choose a desired transient response.

6.3.6.1 Extended-State Model for a Tracking Regulator

A voltage regulator for the voltage-mode converter was developed in
Section 6.3.6. This controller was calculated under a constant-current load.
Our interest is to develop a mechanism that would allow the controller to
track load changes and then, update the reference to the new load state; to
do so, additional dynamics are added. Figure 6.75 represents a digital
tracking system that uses a full-state feedback. The additional dynamics
are represented by @,, I',, and L; [21].

A state equation for the design model shown in Figure 6.75 can be
obtained by defining a composite state vector:

irfn]
xg[nl= | vinl |,
[xa[n]]

where x, is the state vector of the added dynamics. Then, using the formula
for the cascade connection of two state-space systems, the state-space
description of the design plant is

e o _[r
qz,_[rac ¢a],rd_[o], (6.366)

where ¢ relates thé output to the states through-y=cx.

A regulator for (@,, I';) can be designed and the vector of feedback
gains can be partitioned as

o[o]

c le

Figure 6.75 Digital tracking system with full-state feedback.
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=[Li L] (6.367)

where L, consists of the first n. elements of L, where n, is the order of the
system to be controlled. L, is the remainder of L that relates the output to
the states through y, = L, x,. L can be found by pole location of the closed-
loop regulator. The procedure to find (@,, I',) is covered in detail in Vaccaro
[21). The main advantage of this configuration is that if the actual closed-
loop system is stable, the actual system will track the reference input with a
zero steady-state error. This is a desired feature in voltage regulators.

A complete design example of a voltage-mode synchronous buck -
converter with digital control is given in Chapter 10. '

6.3.7 Current Mode Control

To apply current-mode control to the synchronous buck converter, d,, from
Equation (6.354) has to be written as a function of the state variables and the
control variable I This expression was found previously, as Equation (6. 6)
and re-written here as equation (6.368)

"-1 ad,, - adn ~ adn 7

=0 On -7, 6.
o Pt oI, I (6.368)
where
Xy = iL, X2 = VC. (6369)
Then
- ody, ~ ad, ad,
d, —omg, 4 ng AT 6.370
"= L+ gy et L I (6:370)

The sensitivities in Equation (6.370) are given by Equations (6.10), (6.18),
and (6.22) as
. L R
N (PR AT
- D
_—Vd ~v. Ve,

(6.371) |

6.372)

and

(6.373).

{8

n =

]
(Vd - Vc)Ts P
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Let
0d, od, od,

) =a—x"’, 2 =5x—2, w3 ——’E;, and 2 = [&’] (02]. (6.374)

Replacing Equation (6.374) in Equation (6.370) yields:

. e @] [;,"] .
dn= Vel +wslp . (6.375)
—~ T N~
dcm e

Thus, the perturbation on the duty cycle, 3,,, can be expressed as the sum ofa
part due to the current-mode and another part due to the feedback:

d, = dcm + d- - (6.376)

The discrete-time model equation for a switching converter was found in
Equation (6.358) to be: ’

#H(n + DT} = PinT) + I'd,. | (6.377)
This can be written as

£((n -+ DT.] = PHnT] +r(£1cm + &F). (6.378)
Thus

$[(n + DT.) = PnT:) + TRHNT,) + F'wslp. (6.379)

By grouping the terms corresponding to the current-mode, the above equa-
tion can be written as:

#(n + DT} = PemiinTL} + Toslp. (6:380)
Then the system matrix in current-mode is
Py =P+ T92. (6.381)

This equation states that when the converter is operating in the current-
mode, the dynamic of the system differs from that of the open-loop due to
the inherent feedback represented by I'f2. This contribution may lead to
current-mode instability in some switching converters [28,29].
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For a lossless synchronous buck converter, the poles of @ lie inside
of the unit circle for D < 0.5 and outside the unit circle for D > 0.5. If full-
state feedback is applied and the system is controllable, then the closed-loop
poles can be arbitrarily placed to stabilize the system and to obtain a desired
transient response. The negative feedback proportional to the states on ip is

I, = —Fx{nT)). (6.382)
Replacing the expression found for I, in the system model
i{(n+ DT = [Pcm — w3 Flx|nTy). (6.383)

Then the expression in square brackets in the second term is the closed-loop
matrix of the system:

¢CL = [¢CM - w;,I'F] (6.384)

and

il(n + DT = PcLxnT). (6.385)

The closed-loop poles can be arbitrarily placed by a judicial choice of the
elements of the vector F. Therefore, with this control strategy, it is possibly to
stabilize the current-mode converter under a constant load, even for duty
cycles greater than 50%. As was mentioned before, the converter operating
with a duty cycle greater than 50% is unstable in the open-loop configuration.

6.3.7.1 Extended-State Model for a Tracking Regulator

A voltage regulator for the current-mode switching converter was
developed in Section 6.3.7. This controller was calculated under a constant
current load. Our interest is to develop a mechanism that would allow the
controller to track load changes and then update the reference to the new
load state. To do so, additional dynamics are added, as shown in Figure
6.76, which represents a digital tracking system that uses full-state feedback.
The additional dynamics are represented by @,, I';, and L;. L relates the
output of the additional block to its states through y, = L;x,.

A state equation for the design model in Figure 6.76 can be obtained
by defining a composite state vector:

ir[n] :
xgln] = {é[n]], (6.386)

x,[n]
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Figure 6.76 Digital tracking system with full-state feedback.

where x, is the state vector of the added dynamics. Then, using the formula
for the cascade connection of two state-space systems, the state—space
description of the design plant is :

[®cm O _[r
d”’“{r,,c ¢a]’r"‘[o]’ (6.387)

where c relates the output to the staies through y=cx.

A regulator for (@, I'y) can be designed and the vector of feedback
gains can be partitioned as

L={[L, L I : (6.388)

where L, consists of the first n. elements of L, and 7. is the order of the
system to be controlled (for a synchronous buck converter 7. = 2). L, is the
remainder of L. L can be found by the pole location of the closed-loop
regulator. The procedure to find (@, I',) is covered in detail in Vaccaro [21]-
The main advantage of this configuration is that if the closed-loop system is
stable, it will track the reference input with a zero steady-state error. This
feature is desirable in the operation of voltage regulators. A complete design

example of a synchronous buck -converter with digital control is given in
Chapter 10.

PROBLEMS

6.1. The output filter shown in Figure 6.13 has a R.;C, product of 60 x
10~% O-F. The values for the inductor and load resistance are 10 mH
and 10 Q, respectively. Determine (a) the filter corner frequency, Jo. (b)
the zero introduced by the equivalent series resistance, Resr, (C) the
magnitude in dB at 10f,,-(d) the phase angle in degrees at 10f, and
(¢) state whether the output response is critically damped, under-
damped, or overdamped.
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6.2. Thecompensation network shownin Figure 6.22 hasazeroat 1 kHzand
a pole at 5kHz. The gain of the compensation network at 4kHz is 4.
Determine (a) values for C;, Cs, Ry, and Rz, (b) the phaselag introduced
by the compensation network, and (c) the phase shift introduced by the
compensation network and the error amplifier.

6.3. The compensation network shown in Figure 6.25 has a double-zero-at
1kHz, a pole at 10kHz, and a pole at 30 kHz. The gain at the double
zero is 0 dB. Assuming that R; is 10,000 Q, determine: (a) values for
Ci, Gy, C3, Ry, and Rs, and (b) the phase lag introduced by the
compensation network. .

6.4. The buck converter shown in Figure 6.30 has the following param-
eters: V=12V, V,=5V, L,=100pH, C,=100pF, R =0.001 O,
R3;=100kQ, R;=100kQ, and f;=20kHz. If the peak amplitude of
the sawtooth signal is 3V and the unity-gain crossover frequency of
the closed-loop buck converter is 5kHz, design the compensation
network (i.e., Z, and Z,) for a phase margin of 45°. ,

6.5. The gain of the error amplifier of a closed-loop buck converter at the
unity-gain crossover frequency of 5kHz is 20 dB. The rate of roll-off of
the open-loop magnitude response at the unity-gain crossover fre-
quency is —40 dB/decade. The output filter capacitance and induct-
ance are 1000 pF and 1mH, respectively. Determine the phase lag
required to be contributed by its compensation network and error
amplifier.

6.6. Develop a linearized equivalent circuit that preserves the input and
output circuits of a Cik converter. :

6.7. Develop a linearized equivalent circuit that preserves: the input and
output circuits of a buck—boost converter. .

_ 6.8. Obtain the output impedance, X3 (s)/U2(s), for a boost converter hav~
ing an R, in the output capacitor.

6.9. Obtain an open-loop transfer function, G(s) H(s), for a boost con-
verter that has an R, in its output capacitor.

6.10. Obtain an open-loop transfer function, G(s) H(s), for an ideal buck-
boost converter. '

6.11. Determine if a potential stability problem exists for the buck converter
with an input EMI filter shown in Figure 6.30. The parameters for the
buck converters are: input voltage = 10 to 15V, output voltage = 5V,
switching frequency = 1kHz, output inductor = 10mH, output capa-
citor = 1000 pF, R.=0.005 £, and Ry =5 (). The parameters for the
second-order input EMI filter are: L;=10mH, C;=2000pF, and
R;=0.005 ). -

6.12. Determine if a potential stability problem exists for a buck converter
with an input EMI filter shown in Figure 6.30. The parameters forthe
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6.13.

6.14.

6.15.

6.16.

6.17.

6.18.

6.19.
6.20.

6.21.

6.22.

second-order input EMI filter are: L;j= 100 pH, C;=20,000pF,
Resr =0.01 Q, R,=0.005 Q. The buck converter has an input voltage
range of 20 to 30 V DC. The output of the buck converter is connected
to a load resistance of 0.5 Q. The other parameters for the buck
converter are: C,= 1000 uF, L,=10mH, and f;=5kHz.

A switching converter has an input voltage of 32V and an input
current of 3 A. Assume that the input impedance of the converter is
completely resistive. Calculate the input EMI based on Figure 6.70,
but do not use Cy; instead, use a big capacitor C4 with a large enough
ESR to stabilize the converter. This technique is frequently used in
many commercial circuits [30].

Repeat Problem 6.13, but now model the input impedance of the switch-
ing converter as a resistance in parallel witha capacitor, C. Determine a
condition for the relative size of the EMI filter capacitor with respect to
the converter capacitance that would stabilize the system [30].

Repeat Problem 6.13, but now use the optimal value of the damping
resistor, as discussed in Erickson [31].

A buck converter has the following parameters: V,=12V, V,=5V,
L,=100 pH, Co=100 pF, R, =0.001Q, Ry =5 Q, and f,=20kHz.
The peak amplitude of the sawtooth signal is 3V. Find the discrete-
time model.

For the converter of Problem 6.16, choose a stable closed-loop pole
location and calculate the feedback gains necessary to obtain those
closed-loop poles when voltage-mode control is applied.

For the converter of Problem 6.16, choose a stable closed-loop pole
Jocation and calculate the feedback gains necessary to obtain those
closed-loop poles when current-mode control is applied.

For the converter of Problem 6.17, design the additional dynamics to
achieve a zero steady-state error.

For the converter of Problem 6.18, design the additional dynamics to
achieve zero steady-state error.

Calculate the small-signal state—space averaged model for a boost
converter operating in the continuous conduciion mode. Consider
the losses in the switch as R, and the losses in the diode as Ry.
There are no other losses in the converter. Show all your work.

(a) Draw the small-signal model for a voltage-mode buck converter
operating in the continuous conduction mode, using the simplified Vor-
périan average switch model. (b) Explain how to set up the model
parameters. (c) What information can you extract from this circuit?
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7

Interleaved Converters

7.1 INTRODUCTION

Interleaved converters are the result of a parallel connection of switching
converters. They usually share the same output filter. Interleaved converters
offer several advantages over single power stageconverters;a lower currentrip-

pleon theinputand output capacitors, faster transient response toload changes
" {11, and improved power handling capabilities at greater than 90% power
efficiency. An interleaved converter can be realized by “interleaving” (or
driving out of phase) the control signals to each of the paralleled converters,
resulting in an effective increase in its switching frequency. They are used in
applications where the loads demand low ripple or very tight tolerances. Such
requirements are found in the new generation of personal computers, in which
core voltages and currents of the central-processing-units (CPUs) are appro-
aching 1 Vand 130 A, respectively. [2}. Intérleaving converters are also finding
applications in switching audio amplifiers by interleaving series or parallel
combinations of power inverters [3]. Additionally, interleaving enables the
converter to spread its components and the dissipated power overa larger area.

321
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7.2 INTERLEAVED BUCK CONVERTER

A two-stage parallel-interleaved buck converter is shown in Figure 7.1. As
shown, the current to charge the output capacitor, Cy, is provided by the two
similar output inductors, L, and L,, from each of the paralleled converters.
The charging current for each of these inductors comes from the individual
converter stage. If the two switches were driven by the same pulse-width
modulation (PWM) signal, inductors L, and L, would effectively be con-
nected in parallel, thus resulting in an equivalent buck converter with a
smaller inductor but only a half the total current flowing through each of
these switches. However, if the two switches are driven by out-of-phase
PWM signals, pwm; and pwm,, with a phase shift equal to 2u/n, where n
is the number of paralleled cells (in this case n = 2), then the ripple current
flowing through the output capacitor would be reduced.

Figure 7.2 shows the PSpice circuit schematic for a two-stage parallel-
interleaved buck converter. The voltage and current waveforms of the
simulated interleaved buck converter are shown in Figure 7.3. As can be
seen, the phase shift between inductor currents, I;, and I,, is 180°, while
their current frequency is the same as the switching frequency. The current
ripple of both the inductors is about 245mA. In the steady state, the sum of

Ly

pwm_ly o~ .
11 l
__l .

i purm, P 2 D, % .
ESR

L

Figure 7.1 Interleaved buck converter.
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Figure 7.2 PSpice circuit schematic for the simulated two-stage parallel-inter-

feaved buck converter.
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Figure 7.3 Voltage and current waveforms of the ingerleaved buck converter.
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Ip, + I, provides the charging current for the output capacitor as well as
the average output load current. The amplitude of the current ripple in the
combined I;, + I, is 80mA but its frequency is twice the switching
frequency. Since this ripple current determines the capacitor ripple voltage,
the latter is reduced as compared to that of a single buck converter. It
should be noted that the output ripple voltage also has twice the switching
frequency.

The input and output current ripples of a paralleled interleaved con-
verter are always less than or equal to those of the individual converter [4].
Under some special operating conditions, a zero current ripple can be
achieved in this interleaved converter. This happens in a two-stage inter-
leaved buck converter when it is operating at a 50% duty cycle. Unfortu-
nately, this condition may only be achieved in the open-loop operation. In
the close-loop configuration, the controller automatically adjusts the duty
cycle to compensate for load or line fluctuations, thus losing the zero-ripple
operation. Nevertheless, it is possible to operate near a zero-ripple point for
small variations in the duty cycle.

As shown in Figure 7.2, the control signals, pwm; and pwm,, are
generated by comparing the same control signal with two sawtooth gener-
ators having a phase shift of 180°. In practice, a shift register or a counter
and a decoder can be used to generate the shifted clock pulses [5].

7.2.1 State-Space Averaged Model

Figure 7.4 shows the PWM signals, pwm, and pwm,, for the two switches of
the interleaved buck converter shown in Figure 7.2. There are four modes of
operation. During mode 1, both the PWM signals, pwm; and pwm,, are
high (HI). The duration of mode 1 is d,. In mode 2, pwm, is high (HI) and

1.0V ﬂ
05V Mode 1 Mode 2 Mode 3 : Mode 4
SEL>> d dz : d3 : d,
oV v : : : :
o WIT.
1.0V pwma)
05V : :
: D 1 (1-D):
oV : : : : : : :
c/?.oo , 10.40 : 10.80 1112
o pwm.
! Time (msec)

Figure 7.4 Switch driving signals, pwm]l and pwm2.
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pwm, is low (LO); the duration of this mode is d>. Mode 3 is similar to mode
1, i.e., both PWM signals, pwm, and pwmg, are high (HI) and its duration is
ds. Finally, during mode 4, pwm, is low (LO) and pwm, is high (HI). Its
duration is d,.

Due to the circuit symmetry, we have

dy=ds, dy=ds, dy+dr=05. (7.1)

Since there are three independent energy-storage elements, the converter
can be modeled by a third-order system. The state variables are selected

as:
ir,
x= i, |- (7.2)
Ve :

The state space mode! is

¥ =A BV
x x+ 55 (1.3)
y=Cx+ D,V
where
2d\4+dy
o0 F# n
1
A=10 0 -2—21 , B= E:L+_dz ,Cc=[00 1, D,=0. 7.4
2
1L =1
€ C RC 0
The voltage conversion ratio is given by
Va= VsD. (75)

All converter cells are phase shifted and they equally share the current at
steady-state operation. The transient response can be improved by the
control strategy proposed by Miftakhutdinov [1}, where during a load
transient all the converter cells switch to the same state simultaneously.
Under this condition, the interleaved converter can be considered as a one-
cell converter, which has the same input voltage, ¥, as the original inter-
leaved converter and-a smaller output inductor Lo, = Li/n. Therefore, the
corner frequency of the output filter is shifted up in frequency, yielding a
faster transient response.
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7.3 INTERLEAVED BOOST CONVERTER

Figure 7.5 shows the circuit diagram of a two-cell interleaved boost con-
verter, while Figure 7.6 shows its correspondent PSpice schematic. As
shown, both cells share the input voltage, ¥, and the output capacitor, C,.
The PWM signals, pwm, and pwm,, are shifted by 180°, or 2w/n, where
n=2, as shown in Figure 7.7. The input current is equal to the sum of the
inductor currents, I;, + I, Since the inductor currents are 180° out of
phase, the resulting input current has a very low ripple. This characteristic,
in combination with the continuous input current of the boost converter,
makes this circuit ideal for applications in personal computer power supplies
and power-factor compensators [6].

7.3.1 State-Space Averaged Model

Similar to the interleaved buck converter, for the continuous conduction
mode (CCM) of operation, we have

dy=d3, dr= da, d, + d, = 0.5. (76)

Since there are three independent energy-storage elements, the converter can
be modeled by a third-order system. The state variables are selected as

Ly D,

out
) l
G
pwm IE R
e : ’
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= L. Da
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Pwmzj%

Figure 7.5 Interleaved boost converter.
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Figure 7.6 PSpice schematic of an interleaved boost converter.
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The state space model is

x=Ax+ BV, (1.8)
y=Cx+ D,V;,
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Figure 7.7 PWM and current waveforms of the interleaved boost converter.

where
A= Aydy + Aady + Azds + Agda,
B = Byd; + Byd> + B3ds + Bada,
C=[0 0 1], and
D, =0

(7.9

An expanded view of the input current and the two-inductor currents is
shown in Figure 7.8. Since the duty cycle is not 50% (i.c., D= 0.6), the ripple
of the two inductor currents does not cancel when added. Nevertheless, the
input current ripple is 500 mA, while the ripple current of each inductor is
1.5 A. The input ripple current can be further reduced by forcing the
operation close to D = 0.5 or by increasing the number of paralleled cells.

Figure 7.9 represents the output current and voltage waveforms of
the simulated interleaved boost converter. Under the simulated conditions,
P,=200W, f.=10kHz, and C; =220 pf, the output voltage ripple is close
to 1V. Increasing the switching frequency or the output capacitance reduces
the output voltage ripple.

Figure 7.10 shows the equivalent circuits of the operating modes of the
CCM interleaved boost converter. The state matrixes for each mode can be
calculated as follows:

00 O 11_1
Ai=43=|0 0 0|, Bi=B=|]1]|, (7.10)
0 0 % 0
0 0 O L—ll
A, =10 0 |, By=|L], (7.11)
-1 =1 o
0o L zL 0
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Figure 7.8 Input and inductors currents.
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Figure 7.9 Output current and voltage waveforms of the interleaved boost con-
verter.

and

Ay = By = . (7.12)
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& o &L

o - &=




Power-Switching Converters

Vv, L

db—E— &

w Lo
L

v
JH—HF—
=<
I
&
i
o
=

=
(a) Mode 1 (b) Mode 2 -0
Al lo Lo ol "
+ L c, =R = C
A A N
= = = = '
Y (c) Mode 3 -0 -0 -

(d) Mode 4

Figure 7.10 Equivalent circuits of the operating modes of the CCM interleaved -
boost converter.

Finally,
0 0 —da 1
Lz fl-
A=1] 0 0 —h s B=1111},
Lz E
—dy —dy 1 0 (7.13)
C C RC

C=[001), D,=0.

The conversion ratio can be calculated by imposing the volt-second balance
on the inductor L,.

AV + Vi + dsVy + da(Vy — vy =0 (7149

since

di+dr+ds=D and dy=(1-D)

(7.15)
then

Vs Vs

c = —F =<

} (7.16)
d (1-D)

This is the same expression as for a single-stage or one-cell boost converter
operating in the CCM.
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7.4 INTERLEAVED CONVERTER OPERATION BASED ON
CURRENT-MODE

A family of interleaved converters based on current-mode control (CMO)
could be generated by connecting N identical boost converters in parallel, as
depicted in Figure 7.11. The CMC using interleaving techniques based on a
binary-state transition diagram was proposed in Giral et al. [7]. In a binary-
state transition diagram, the status of all the switches is represented by a
binary code, a ““1” is used when the switch is on and a “0” when the switch is
off. From the 2" possible binary states, one state-transition cyclic sequence
is chosen to generate the required phase shift 2s#/N among the converter
waveforms. In steady state, all the binary states have the same duration and

AL, L, D,
1.12 mH b
H 50m Geos @ 54 Dbreak
H, E‘%
=0 =0
RL, L D, out
S
oLy, |, B 1 ®middEERe Dbreak ¢ &
= 10u_ 35
L AL, L =0 D o =284
=0 3 3 4‘.;]‘.; _;___
H 50m - '1(31__2,(',""gl Q_Ss Dbreak -0
i Ha
=0 =0
H(V(%IN1)>V{%IN2)+DI,5,0)
LI bty control
LT _———F b>iy
. o a
if(V(%IN1)>V(%IN2)+D1,5,0) Q g;
'.3—-— isgtiy .. @
iy I3>h
i#H(V(%IN1)>V(%IN2)+Di,5,0)
L. hgtiy . :
[ h>k
PARAMETERS:
DI=50m cMe

Figure 7.11 Interleaved boost converter with CMC.
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the cyclic sequence imposes a complementary duty cycle 1/N for each state,
resulting in an average output voltage which is N times the input voltage.

An example corresponding to N=3 is analyzed. The control is imple-
mented using a comparator with a hysteresis band, Ai, combinational logics,
and a shift register. The current-controlled voltage sources H; are used as
current sensors for the PSpice simulation. The comparators are modeled
with the ABM1 block using an If() statement.

The corresponding state-transition diagram is illustrated in Figure 7.12.
Starting from state 011 (S5 S> S;), a condition where i, > i3 + Ai forces the
change to the next state 110. The converter remains in this state until the
condition, i3 > i; + Ai, causes the transition to state 101. The converter will
stay in this state until the condition, i) > i, + A, is met and a transition to the
initial state, 011 is made, starting the cycle all over again.

The switching frequency, f;, is inversely proportional to the hysteresis
width, '

D
W-1ai
N-1 1

L N (N—-DAi
v, 1

L NA”

j;:

o=t o

(7.17)

where V, is the input voltage, D is the steady-state duty cycle, and L is the
inductance value of each converter.

7.4.1 Ripple Calculations

One of the main features of interleaved converters is the ripple reduction. In
this case, the focus is on the input current ripple, which becomes consider-
ably reduced. Figure 7.13 illustrates the steady-state waveforms of the
capacitor current, output voltage, and the different inductor currents for

b>kh+Ai o

h>b+Ai

iyg> iy + Al

RS

Figure 7.12 Control state diagram.
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Figure 7.13 Voltage and current waveforms of the interleaved boost converter
with CMM.

N = 3. As shown in this figure, the ripple in each inductor current, Al is
exactly two times (N — 1) the hysteresis width of the controller.
The expression of the output voltage ripple is given by

Ave == 28001
Vo=C272 2 8C

_11ARDT _(N-DADT 7.18)

which depends on the current ripple in one of the inductors. Thus, reducing
Al also reduces the output voltage ripple at the expense of an increased
switching frequency. Alternatively, Av, can also be reduced by increasing the
value of C.

Taking into account that I = I/Nand T = 1/fs, then

— ;2
Avo = %CVDAL, (1.19)
4

It can be seen that there is also an improvement in the output voltage ripple
if L is reduced. Considering a constant current ripple, Av, will increase if the
number of converters is increased. ' :

The amplitude of the input current ripple is given by

2 Avo 2 AI]

AL — 2 A% (D'nz——‘—é’—‘(l)z (7.20)
T 9v3 L 3613 LC T18/3LC\N/ '
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Figure 7.14 Comparison of the input current and the inductor current.

Thus, increasing N reduces the input current ripple. The reduction in the
input current ripple achieved by this topology is shown in Figure 7.14, where
a comparison of the input current and the current flowing through one of the
inductors are illustrated. Figure 7.15 shows an expanded view. The ripple in
the input current is 460 pA, while the ripple in each inductor current is
280mA; this is a 1/600-reduction ratio. This example reveals the main
advantage of this topology, which is the possibility of an almost ripple-free
input current.

7.4.2 Number of Converters

Although the input and output ripples can be very small, it is not possible to
regulate the average values of both input current and output voltage inde-
pendently. The first criterion to choose N will be derived from the output
voltage or input current specifications. Since D=N/(N — 1), increasing N
makes the duty cycle closer to its upper bound of 100%. Experimental limits,
however, establish Dpax = 0.9, which corresponds t0 Nyax = 10.

7.5 POWER FACTOR CORRECTION

Nonlinear loads in electronic systems degrade the quality of the utility system
by reducing its power factor and injecting unwanted frequencies. As such,
electric appliances or electronic systems drawing a sinusoidal current at a
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Figure 7.15 Comparison of the input current ripple and the inductor current
ripple.

unity power factor, ideally behaving as a resistive load, are desired. Most
electric appliances or electronic systems are designed to accept the full range
of Japanese, North American, and European utility voltages, which span
approximately from 93 to 264 V(AC). Moreover, a typical universal-input
topology for power factor correction must satisfy both the IEC 555-2 line
harmonic standard and VDE 0871B conducted EMI emissions standard.
A typical input converter topology that satisfies all the above requirements
is based on the boost converter, The most common topology for single-phase
utility interfaces is covered in Mohan et al. [8] where a hysteresis current
control forces the input inductor current to follow a full-wave rectified
sinusoidal reference current. Miwa et al. [9] proposes the use of interleaving
techniques to reduce the switching frequency and associated losses.

An example of such a universal-input AC-DC power supply using
interleaving techniques is shown in Figure 7.16. A two-stage interleaved
boost converter that outputs twice the input voltage serves as the AC
interface. The reference current, Irq, is proportional to the required input
carrent. The input inductor current, I, is forced to follow IL.r with a
hysteresis control, as shown in Figure 7.17. The current flowing through
the other input inductor, I, is just a delayed version of I, with a 27N
phase shift.

Figure 7.16 shows the input voltage waveform, V(AC), and the result-
ing total input current, /(R;). Notice that the input current looks like a




Power-Switching Converters

336

W 1o =3d
Oa vi=md
ae1jtidue xoaxg =n=3—“nw
1) L
o] B4 A %_.m»
g oL | (&) oA
fonuos [} 039 Thpow
soue wae [ umd
w1'os uad
=g (O'VTENIRIA>(INI%IA It
nss =il —
wsooaqr A Looroeo] fund
i Hes
oL=’A Hud

i
0= A (o' (ZNIBIATINIRIA it

0.
S00= NOH
1851 = 4:10H
A00= 240N
ig g AOLeN
0s9|
HW oL

09 = 0344

§0°0 = NOY|
aL s
- g
vg 40 =NoA og
£} o)
0=l »
Hu o1 'S b
7 1Twmd iy hno

(AT




Interleaved Converters 337

full-wave rectified sinusoidal current in phase with the input voltage. Thus,
this makes the converter behave like a resistive load, with a very low
harmonic current distortion. The bottom half of Figure 7.18 displays the
output voltage of the boost front-end, V{(outl), and the DC output voltage,

2 : ‘ Ilik,'fz“\if‘»"‘1fé'ii"l""'l"!"‘
;ii,:q"'”‘!‘ ;
i ait i x‘mu it
‘ 1-‘11' i i ";“x‘,‘
i fH ! nli"!‘,‘.
"zll,

RN AN
s
ol

11}
HETRH A
¥ UL Il
il

3.60msec 4.00msec 4.40msec 4.80msec 5.11msec
o V(’reﬂ) A4 I(L1)
Time

Figure 7.17 Reference and input inductor currents.
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Figure 7.18 Input and output waveforms for the interleaved universal-input
AC-DC converter. '
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V(out). Notice that ¥(outl) is close to 200V (twice the input voltage) with a
large ripple of 60V. The second stage is the interleaved buck converter
analyzed previously. The reference voltage is set to operate near a zero-
ripple operating point (D = 0.5 in this case). This guarantees 2 DC output
voltage with a reduced voltage ripple, using a small output capacitor.

PROBLEMS

7.1. Show that the expression of the state-space averaged model of the
interleaved buck converter of Figure 7.1 is:

-1

0 0 — 2dy + dy
L I
A=10 0 Z—l . B=|2di+dr|,
1 1 ~21 L2
T C RC 0

C=[0 0 1), D,=0.

7.2. Consider the interleaved buck converter of Figure 7.1. Design a voltage
regulator that would output 3 V from a 10-V input source. Measure the
simulated output voltage ripple.

7.3. Consider the interleaved buck converter of Figure 7.1 operating with a
fixed duty cycle D =0.5. Design a switching converter to be connected
between the unregulated DC input voltage and the interleaved converter.
This converter should act as a preregulator to develop the necessary
input voltage for the interleaved converter to maintain a constant 3-V
output. Compare the output voltage ripple of the regulator with (prob-
lem 7.3) and without (problem 7.2) the switching preregulator.

7.4. Modify the universal-input AC-DC power supply shown in Figure 7.16
to accept AC input voltages from 94 to 264 V. Hint: the load connected
to this utility interface absorbs a constant power. You will have to

apply feedback to recalculate a different reference current for each
input voltage level.
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switched Capacitor Converters

8.1 INTRODUCTION

Switched capacitor converters (SCCs) are implemented by a combination of
switches and capacitors. The switches are controlled in such a way that the
capacitors are charged and discharged through different paths; producing an
output voltage that is _proportional to the input voltage. The different
combinations of capacitors and switches result in SCC topologies able to
produce an output voltage that may be higher or lower than the input
voltage as well as polarity reversal.

The main advantage of the SCC is the absence of inductors and
transformers, making possible a complete integration of the switching con-
verter using.integrated circuit technology. Also, they are easier to control
than the magnetic-based switched-mode converters: The main disadvantage
of SCC is that they require more switches than the magnetic-based switching
converters. The switching currents in these SCC are also high, and thus, EMI1
is a major concern. However, SCCs are useful for siall output power
applications that do notrequire isolation between the input and output.

341
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8.2 UNIDIRECTIONAL POWER FLOW SCC

Three basic SCC topologies are first discussed to introduce the mechanism of
SCC. These converters do not regulate the output voltage satisfactorily, be-
cause the output voltage cannot bechanged by controlling the dutycycle or the
switching frequency [1]. Since the capacitors are charged and discharged

through the switches, the output voltage depends on the impedances of the
switches. ’

8.2.1 Basic Step-Up Converter

A basic step-up SCC is displayed in Figure 8.1. The gate signals, g; and g,,
of the MOSFETs, M, and M,, are complementary signals and require a dead
time to avoid short-circuiting the input voltage source, V), during switching
transient. When M, is off and M is on, capacitor C) is charged to V) through
D, (see Figure 8.2(a)). When M, is on and M is off, capacitor C; is charged to
Vi + V¢ = 2V, through D,, according to the equivalent circuit of Figure
8.2(b). Therefore, the output voltage of the basic step-up SCC of Figure 8.1 is
ideally twice the input voltage. As such, this circuit is also known as a voltage
doubler. However, the output voltage is usually smaller than twice the input
voltage due to losses. Note that the energy transfer capacitor, Cy, is charged in
parallel with the voltage source and discharged in series with it.

Figure 8.3 and Figure 8.4 show the steady-state voltage and current
waveforms of the basic step-up SCC shown in Figure 8.1 for a 25% duty
cycle on M,. Notice how the output voltage increases as C; is charged
through M,. When M, is on, C, discharges through the load resistor and
the output voltage decreases. The average output voltage is smaller than
20V due to the voltage drop across the nonideal-switches.

D. D.
V‘ﬁ a J;r out
M1 b c1
—i—
w2l 10u 1o =k
9> ] ﬂ'cz T
N " 10u | 1k
0Vee =V, P ] |:1
~o

Figure 8.1 Step-up converter.
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Figure 8.2 Equivalent circuits for the basic step-up SCC.
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Figure 8.3 Steady-state waveforms of the basic step-up SCC for D =25%.

For an average load current, I(R,), close to 17 mA, the currents through
the switches, I(D;) and I(D,), increase up to 45 and 135mA, respectively.
Since the charging and discharging currents are only limited by the circuit

losses, they may become very large, degrading the efficiency and aggravating
EMI emission.
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Figure 8.4 Steady-state waveforms of the basic slep-ﬁp SCC.

Figure 8.5 shows the steady-state waveforms of the basic step-up SCC for
D = 50%. Note that even when the duty cycle has changed considerably (ie.,
from 25 to 50%) the output voltage has barely changed. This proves the poor

output voltage regulation that can be achieved by changing the duty cycle in
this topology.

822 Basic Step-Down Converter

The basic step-down SCC shown in Figure 8.6 has two modes of operation,
depending on the two complementary switches M, and M. In the steady state,
Ve, > Ve, > 0.! When M, is on (¥(g;) = hi), C, and C; are connected in series
through D, as shown in Figure 8.7(a). C, is charged from the voltage source,
V,. The corresponding steady-state waveforms are shown in Figure 8.8. If the
charging current I¢, < I, (see Figure 8.9), then C; has to provide the rest of the
load current; thus, Ic, is negative when C, is charging (i.e.,1¢, = Ic,~ Ir)

When M, is on, the two capacitors are connected in parallel, as
displayed in Figure 8.7(b). Since ¥V ¢,> V¢, the capacitor C; provides enough
. current to charge C, and supply the load. '

Figure 8.9 shows the current waveforms through the two capacitors
and the load. While C, is charged, C, discharges through the load. On the

! With ideal switches, V¢, = V¢, = Vi/2.
K 1
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Figure 8.5 Steady-state waveforms of the basic step-up SCC for D = 50%.
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Figure 8.6 Basic step-down SCC.

other hand, when C, discharges, its current is large enough to charge C; and
supply the load current.

8.2.3 Basic Inverting Converter

The output voltage of the basic polarity inverting: SCC as shown in Figure
8.10 is ideally at — V. However, smaller magnitude is usually obtained due
-to the voltage drop across the switches. There are two modes of operation
for this circuit. Capacitor C; is charged to ¥ when M, is on, with the
polarity indicated in the equivalent circuit of Figure 8.11(a).
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(a) equivalent circuit while M, is on. (b) equivalent circuit while M, is on.

Figure 8.7 Equivalent circuits for the basic step-down SCC.
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Figure 8.8 Steady-state output capacitor waveforms for the basic step-down
SCC.

When M, is switched on, C; is connected to the output capacitor, C?,
through D5, transferring a negative voltage. The equivalent circuit for this
mode of operation is shown in Figure 8.11(b).
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Figure 8.9 Steady-state current waveforms for the basic step-down SCC.
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Figure 8.10 Voltage polarity inverting converter.

8.3 ALTERNATIVE SWITCHED CAPACITOR CONVERTER
TOPOLOGIES

The output voltage of the basic SCC analyzed in Section 8.2 depends on the
circuit topology. As such, this lack of flexibility limits their uses. Many
alternative topologies have been proposed to overcome this limitation
[2,3], providing a flexible conversion ratio governed by the duty cycle. This
section analyzes some of these circuits.
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Figure 8.11 Equivalent circuits for the basic polarity inverting SCC.
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" Figure 8.12 Step-down SCC.

-8.3.1 Step-Down Converter

The conversion ratio of the step-down SCC proposed in Cheong et al. [2] can
be fixed by choosing an appropriate steady-state value of the duty ratio. The .
circuit shown in Figure 8.12 has four controlled switches, M;—Ms, two
energy transfer capacitors, C; and C,, an output capacitor, C, and an
input capacitor, C;. Ry is the load resistance.

The converter has four modes of operation. The gate signals, g1-84
corresponding to the switches M,—Mj, are shown in Figure 8.13. The timing
diagram of Figure 8.13 corresponds to a conversion ratio of 0.5.g and g3
are complementary signals with a 50% duty cycle. The gate signals g, and ga
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Figure 8.13 Time diagram of the gate signals.
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Figure 8.14 Equivalent circuits during the opérating modes.

are synchronously turned on at nT; and (n + 0.5)T;, respectively. g, and g4
have the same pulse width, 7,,.

Mode 1 is determined by M, and M; being both turned on; the
equivalent circuit for this mode of operation is shown in Figure 8.14(a). C)
is charged slightly higher than ¥/2. The charging time, Ty, must be suffi-
cient to cover the losses in the parasitic resistances and transfer a voltage Vy/

2 to the output in mode 2. During mode 1, C; discharges into the load.
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Throughout mode 2, C, continues to discharge into the load; and C, is
disconnected. In mode 3, C, is charged slightly higher than V,/2, while the
energy transfer capacitor, C,, discharges into the load. In mode 4, G, is
disconnected and €, continues to supply the load current.

The discharging times for C; and C; arecalculated so that their respective
voltages at the end of modes 4 and 2 are slightly less than V/,/2. This condition is
required to support a constant average output voltage with a small ripple.

The duty cycle is determmed by the on time of switches M; and M,
and defined as

d=2, (8.1)

where d is always less than 0.5. For other conversion ratios, the duration of
modes 1 and 3 have to be adjusted in order to charge capacitors C, and C, to
a voltage level slightly higher than the desired output voltage. Regulation of

the output voltage can be achieved by applying a negative feedback on the
PWM controller.

8.4 STATE-SPACE AVERAGING MODEL

In state-space averaging [4], the weighted average of the state—space descrip-
tions of the switched topologies is taken to be the overall state-space
description of the converter over each switching period. For a converter
that commutates between two topologies during each switching cycle, the

state—space equations for each topology are combined to form the over-
all state-space description.

Let the circuit description during the time interval dT be:
X = Asx+ Byu, 3.2
¥y = Cgx+ Dgu.

Let the circuit description during the time interval (1 — d)7 be:
X = Aqg-ayx + B()_d)u, ) 3.3)
¥ = Ca-px+ Dg_gu. .

~ The average state-space equations are then

X =.Ax + Bu, (8.4)
y = Cx+ Du,
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where

A=dA; +(1 —d)Ag_a),
B =dB; + (1 — d)B(—a), (8~5)
C=dCi+ (1 —-d)Cy_a),
D =dDy+ (1 — d)Dg_a).

By applying the state—space averaging method, the average state equation is
obtained:

.i‘:AX—i—BV],
x=[Va Vo Vel (8.6)
y= V2= VCO-

Neglecting the input capacitor and the effective series resistance of the
output capacitor, the state matrices are:

_/)+d o 1 1
Ci(R; + rc,) 2C,(R; + I’cl)
e 0 __(/+d 1
CZ(RS + rCz) 2C2(Rs + rCz) ’
1 1 S ( 11 2 )
X 2C0(R5 -+ rc,) ZCD(RS -+ I'cz) 2Co \R; + re, R+ re, Ry i

[ d/Ci{Rs +rcy)

B=|d/C(Rs+rg)|, C=[0 0 1], y=C(—A7'B). 8.7

L 0

Solving (8.7) for the conversion ratio gives

a_ 1 8.8)
Vi~ 1+ (R +D/RA + (1/2d))
where R, = R;; =...= R, is the MOSFET’s on resistance, rg; is the

capacitor’s effective series resistance and R, is the output resistance. Equa-
tion (8.8) was simulated for different values of the load resistance and the

result is plotted in Figure 8.15, which shows the conversion ratio versus the
duty cycle for this converter.
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Figure 8.15 Conversion ratio versus duty cycle.

Figure 8.16 shows the voltages across the capacitors (points a, b,
and out). Notice how the voltages at points a and b converge to the same
value very rapidly, while the output voltage settles to 6.2 V. Figure 8.17 shows
the gate signals switching at 1 MHz, and the output voltage ripple fora R =
20 Q, resulting in a voltage ripple of 18 pV ata load current of 300 mA.

8.4.1 Step-Up Converter

The step-up SCC of Figure 8.18 is composed of the basic cell (Cy, Ca, S2, $3,
and S4), the voltage source V), the input switch S, the output switch Ss, the
output capacitor C,, and the load resistance, Ry This circuit has two modes
of operation, namely the charging and the discharging modes.

The equivalent circuits for the charging and discharging modes are
shown in Figure 8.19(a) and (b), respectively. During the charging mode, the
energy-transfer capacitors, C) and C,, are charged in parallel; switches Sy, 52
and S are switched on. During the discharging mode, the capacitors C)and C;
are connected in series by S, and discharged to the load through Ss. Therefore,
the voltage levels obtained by the two capacitors during the charging mode are
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Figure 8.17 Gate signals and output voltage ripple.

added during the discharging mode to boost the output voltageup to V¢, + V¢,-
The maximum output voltage supplied by this circuit is 2.

8.4.2 n-Stage Step-Down sce

The n-stage step-down SCC shown in Figure 8.20 provides a good regulation
of the output voltage [3]. N stages are stacked on top of the output capacitor,
C.,. Each stage is composed by a capacitor-C; and three switches, S;, Sig, and
Sio. The energy-transfer capacitors are charged in series by closing all the
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(a) Charging mode.

(a) n-stage SCC topology.

{b) Step down charging mode.

(b) Discharging mode.
Figure 8.19 Equivalent circuits for the charging and discharging modes.

-
(c) Step down discharging mode.

Figure 8.20 »n-Stage step-down switching capacitor converter.
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switches S; (S} to S,), as shown in Figure 8.20(b). The voltage level at the end
of the charging mode is determined by the current supplied by the charging
current source provided by the switch Sy functioning in the saturation
region. Since the switches S; are operated at a 50% duty cycle; the voltage

at the energy-transfer capacitors is controlled by the gate to source voltage
of the switch Sy, according to:

ip = K(vgs — V1)%. (8.9

This is the basic principle of current control scheme of SCC [5].

During the discharging mode, S;; and S;, are switched on; all the
other switches are open, giving the equivalent circuit of Figure 8.20(c). The
energy-transfer capacitors are discharged in parallel, adding their respective
currents. The resulting voltage can be stepped down to a maximum voltage
V,/n. :

The steady-state output voltage is given by:

Vo = dlonRy. : (8.10)
8.4.3 n-Stage Step-Up SCC

When it is necessary to obtain an output voltage higher than 2V, the SCC
circuit of Figure 8.18 is inadequate. The n-stage step-up SCC shown in
Figure 8.21 is a good alternative. n Stages are stacked on top of the output
capacitor C,. Each stage is comprised of a capacitor C; and three switches,
Si, Sig, and Sj,. The energy-transfer capacitors are charged in paraliel, by
closing the switches S;; and S;o, as shown in Figure 8.21(b). The voltage level
at the end of the charging mode is determined by the current provided by the
charging current source when the switch Sy is operating in the saturation
region. Since the switches, S;, S, and S, are operated at a 50% duty cycle;
the voltage at the energy-transfer capacitors is controlled by the gate to
source voltage of the switch Sy, according to:

ip = K(vgs — Vr)*. (8.11)

During the discharging mode S;, S, and S, are closed; all the other switches
are open, giving the equivalent circuit of Figure 8.21(c). The energy-transfer
capacitors are connected in series, adding their respective voltages. The
resulting voltage can add up to nV;. This voltage is then transferred to C,,
stepping up the input voltage to a higher level. With proper control, this
circuit is capable of providing the step-up and the step-down functions.

Other boost converter topologies and control strategies are discussed in
Chung and Mok [6}.
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Figure 8.21  n-Stage step-up switching capacitor converter.

8.5 BI-DIRECTIONAL POWER FLOW SCC

The SCCs presented in Sections 8.4.1 to 8.4.3 are only capable of transfer-
ring power from the source to the load. For applications like DC motor
control or battery charging it may be necessary to permit the power flow in

both directions. This section presents vartous topologies of SCC with bi-
directional power flow.

8.5.1 Step-Up Step-Down Converter

Chung and Chow [7] presented a SCC with bi-directional power flow based
on a single structure that can provide the step-down and step-up functions.
The basic bi-directional cell is shown in Figure 8.22. The cell converts electric
power from the high-voltage side (HV) to the low-voltage side (LV). The
switches S; are operated in switched mode, while Q, is either in cutoff,
saturation, or the triode region. Q; is used in the saturation region to control
the charging current of the energy-transfer capacitor, C, thus, linearly
increasing the capacitor’s voltage. The drain current of Qs is given by the
MOSFET’s equation in the saturation region:

ip = K(vgs — V1)*. (8.12)
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Figure 8.22 Basic bi-directional converter cell.

The cell can function either in the step-down or in the step-up modes. When
the step-down operation is performed, energy is transferred from HV to LV.
During the step-up operation, the power flow is from LV to HV.

8.5.1.1 Step-Down Operation

Figure 8.23 represents the two equivalent circuits for the step-down
operation. Two modes of operation can be identified. During mode 1, S, is
closed, Q; is in saturation, and C is linearly charged with a current Iy, for a
duration 5, = Ty2. At T = 1t,,, C will be charged to a voltage that is
slightly higher than the voltage at LV, in order to compensate for parasitic
resistances and diode voltage drops. During mode 2 (T2 < t < T), S; and
D; conduct. All other switches are open. C is then disconnected from HV
and it transfers its stored energy to LV.

' { j h f hy
e Coin e
High voltage 3r Low voltage High voltage r, Lowvoltage side (LV)
side (HV) 1 side (LV) side (H
vor 1c Vv f,m‘l’) c v
@Isdch ‘33
(a) Mode 1 (b) Mode 2

Figure 8.23 Equivalent circuits during the step-down operation.
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8.5.1.2 Step-Up Operation

Figure 8.24 shows the two equivalent circuits for the step-up operation.
During mode 1, D5 is closed and Q; is in saturation mode. All other switches
are open. C is linearly charged from the LV side through D, and Q; with a
current Iupen for a duration 7y2. At T2, the capacitor is charged to a
voltage level that is slightly higher than the voltage difference between the
voltages at HV and LV; i.e, V. = Viv — FoLv, in order to compensate for
the component losses. Mode 2 extends from T/2 to T; during this mode D,
and S; conduct, while all the other switches are open. C is then connected in
series with the LV side to supply energy to the HV side. The voltage at HV is
then higher than at LV.

The complete bi-directional converter is shown in Figure 8.25, where
two basic cells are connected in parallel. The input and output capacitors are
needed to smooth the two terminal voltages. The two cells are operated in
antiphase, that is, if the converter operates in the step-down mode, then both
cells operate in the step-down mode. However, when cell 1 isin mode 1, cell 2

D, ' D,

N Tm hay T—@

+ + +
Highvoltage 3/ Low wollage High vohage Ie Low voltage
side (HV) 1c side (LV) y side (HV) c , side (L\(,)

Viv . (84 Ve | on v

@iupch
(a) Mode 1 (b) Mode 2

Figure B.24 Equivalent circuits during the step-up operation.

+“J_ Celi 1 —o*
T Cav

Cell 2

Figure 8.25 Bi-directional converter.
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. js in mode 2, and vice versa. For the step-down mode, the HYV side is
connected to a voltage source and the LV side is connected to a load, then

Iyv = Iach- (8.13)

For the step-up mode, the HV side is connected to a load resistance while the
LV side is connected to a voltage source. Thus,

Iy = —inv + Typeh- ‘ : (8:14)

Since Isach, Tupen, @and iyy are constants, the input current at both sides is also
constant and continuous, introducing only low-level EMI. The HV and the
LV voltage levels for the steady-state operation can be found by applying the
state-space averaging technique, resulting in

viv = Inch Riv = K(Veom — V1)’ Rov Z (8.15)

and

viv = IgenRiv = K(Veom — V1) Ruv- (8.16)

It is obvious that the output voltage in both directions can be controlled by
Vcom-

A typical application for a bi-directional converter is shown in Figure
8.26, where the HV side is connected to a rechargeable battery and the LV
side is connected to the supply rail. In normal operation, the battery is
charged from the supply rail through the converter. When an outage in the

supply rail occurs, the converter will transfer the stored energy in the battery
back to the supply rail.

' 8.5.2 Luo Converter

Luo et al. [8] introduced a switched capacitor four-quadrant DC-DC
converter, namely the Luo converter. It can perform step-up or step-down
DC-DC voltage conversion in all the four quadrants using a low switching
frequency. Since the frequency is low compared to the classical converters,
the EMI is very weak. It has been proven to provide high efficiency and high
power. It is also potentially capable of achieving a high-output current that
- is needed to charge the modern automobile power supply systems. The Luo
converter is shown in Figure 8.27. It consists of eight switches, two capaci-
tors, the source voltage V;, and the load voltage V> (e.g., a battery or DC
motor back EMF). The energy-transfer capacitors, C; and C, have the same
value. There are four modes of operation for this converter.
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First quadrant operation: the energy is transferred from the source to
the positive voltage load. This mode is also called the forward motoring
operation. ¥y, V5, I}, and L, are all positive.

Second quadrant operation: the energy is transferred from the positive
voltage load to the source. The second quadrant is also called the forward
regenerative braking operation. ¥; and V, are positive, while I;-and I, are
negative.

Third quadrant operation: the energy is transferred from the source to
the negative voltage load. This mode is also called the reverse motoring
operation. ¥, and I, are positive, while ¥, and I, are negative.

Fourth quadrant operation: the energy is transferred from the negative
voltage load to the source. The fourth quadrant is also called the reverse
regenerative braking operation. ¥, and I, are positive, while I, and ¥V, are
negative.

Each mode of operation has two possible operating conditions,
depending on the magnitudes of the input and output voltages; that is,
Vi > | V2| and ¥} < |V,|. Therefore, there is a step-down mode and a step-
up mode for the operation in each quadrant. Each condition has two states:
ON and OFF. Usually, each state has a different duty cycle.

First quadrant operation. In this mode of operation, the capacitors Cy and
C, transfer the energy from the source to the load. The output voltage is
positive. The equivalent circuits for the step-down mode (V, > V) are shown
in Figure 8.28. Since V; > V5, the two capacitors C; and C;, are charged and
discharged in parallel. During the ON state, the switches S, S, S, and Sgare
closed, while all the other switches are open. The two capacitors C, and C, are
charged in parallel via the circuit ¥;—S;—C;//C,—S,4, and the voltage across
the capacitors C) and C, increases according to the indicated polarity in Figure
8.28(a). During the OFF state, switches S5, S, Ss, and Sg are closed-while all
the other switches are open, resulting in the equivalent circuit of Figure 8.28(b).
In this case, the capacitors C,//C; are discharged via the circuit
§3— V2—84—Ci//C;, and the voltage across the capacitors C; and C, decreases.

_ o3
| LI ]
1 I R e LR

(a) First quadrant, step-down, ON state. ?(b) First quadrant, step-down, OFF stlate.

|
I
14
Lt

Vo

Figure 8.28 Equivalent circuits for the first quadrant step-down operation.
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The equivalent circuits for the step-up mode (V) < V3) are shown in
Figure 8.29. Since ¥; < V5, the two capacitors C) and C; are charged in paralie]
and discharged in series.? During the ON state (Figure 8.29(a)), switches S, S,
Se, and Sg are closed and all the other switches are open. In this case, capacitors
C,//C, are charged via the circuit ¥V,—S;—Cy//C2—S, and the voltage across
the capacitors C; and C, increases. During the OFF state (Figure 8.29(b)),
switch S, S,, and S5 are closed and all the other switches are open. In this case,
capacitors C; and C, are discharged via the circuit S;— V;—S3—C,—8:—-C,,
and the voltages across the capacitors C; and C; decrease.

Second quadrant operation. In this mode of operation, capacitors C,
and G, transfer the energy from the load to the source. The output voltage is
positive. The equivalent circuits for the step-up mode (V; > V>) are shown in
Figure 8.30. Since ¥; > V,, the voltage at the load has to be stepped-up to
the source level; therefore, the two capacitors C) and C; are charged in
parallel during the ON state and discharged in series during the OFF state.
During the ON state (Figure 8.30(a)), the switches S», Si, S¢, and Sg are
closed. In this case, the capacitors C//C; are charged via the circuit
Vo—S,—Ci/MC,—S,, and the voltage across the capacitors C; and C; in-
creases. During the OFF state, the switches S}, S4, and S7 are closed, as
shown in Figure 8.30(b). In this case, the capacitors C, and C, are dis-

Se
+
G = G
v, -l S Vs, V,

1 « 17T

(a) First quadrant, step-up, ON state. ™ (b) First quadrant, step-up, OFF state.

—

Figure 8.29 Equivalent circuits for the first quadrant step-up operation.
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(a) Second quadrant, step-up, ON state. _‘(b) Second quadrant, step-up, OFF state.

Figure 8.30 Equivalent circuits for the second quadrant step-up operation.

2 This is the so-called voltage lift technique.
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charged via the circuit S;—V;—S;—Cy—S7—C,, thus, the voltages across the
capacitors C; and C; decrease.

The equivalent circuits for the step-down mode (Vy < V3) are shown in
Figure 8.31. Since V) < V5, the two capacitors Cy and C; are charged and
discharged in parallel. During the ON state, the switches S7, Sa, S, and S are
clased. In this case, the capacitors C,//C, are charged via the circuit
Vo—S,—Cy//iC;—~Ss; thus, the voltage across the capacitors C; and C
increases. During the OFF state, the switches ), S3, Ss, and Sg are closed. In
this case, the capacitors C,/C; are discharged via the circuit $;— Vy—Si—Cil/
C,, and the voltage across the capacitors C; and C; decreases.

Third quadrant operation. In this mode of operation, the capacitors C,
and G, transfer the energy from the source to the load. The output voltage,
V,, is negative. The equivalent circuits for the inverting step-down mode (V'
> | V3|) are shown in Figure 8.32. Since V; > |V2), the two capacitors C, and
C, are charged in parallel. During the ON state (Figure 8.32(a)), the switches
S, Sa, S¢, and Sg are closed. In this case, the capacitors C,//C, are charged
via the circuit ¥;—S;— C//C,—S,, and the voltage across the capacitors Cy
and C, increases. During the OFF state (Figure 8.32(b)), the switches 53, Ss,
Se, and Sg are closed. The capacitors C; and C; are discharged via the circuit
S3— V2—Ss—C)//C, and the voltage across them decreases.

The equivalent circuits for the inverting step-up mode (V' < |V>)) are
shown in Figure 8.33. Since V; < [V>|, the two capacitors C, and C; are

v,_%— _[_&_334 - Ry, v%; —L_ui__j . ‘EI_LVZ

- -
(a) Second quadrant, step-down, ON state. (b) Second quadrant, step-down, OFF state.

Figure 8.31 Equivalent circuits for the second quadrant step-down operation.

-t
gl -~ N
(a) Third quadrant, step-down, ON state. (b) Third quadrant, step-down, OFF state.

Figure 8.32 Equivalent circuits for the third quadrant step-down operation.
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charged in parallel during the ON state and discharged in series during the
OFF state. During the ON state (Figure 8.33(a)), the switches S, Ss, Se, and
Sg are closed. The capacitors C; and C, are charged via the circujt
V1—81—Cy//C,—S,, increasing the voltage across the capacitors. During
the OFF state (Figure 8.33(b)), the switches S3, S5, and S; are closed. The
capacitors C; and C, are discharged via the circuit S;— Vo—Ss— C1—87—-G,
decreasing their voltages.

Fourth quadrant operation. In this mode of operation, capacitors C,
and C, transfer the energy from the load to the source. The output voltage,
V>, is negative. The equivalent circuits for the inverting step-up mode (V; >
{¥2]) are shown in Figure 8.34. Since ¥; > | V2|, the two capacitors C, and C,
are charged in parallel during the ON state and discharged in series during
the OFF state. During theé ON state (Figure 8.34(a)), the switches S, Ss, S,
and Sg are closed. In this case, the capacitors C,//C, are charged via the
circuit ¥,—S3—C)//C,—Ss, and the voltage across the capacitors C, and C,
increases. During the OFF state (Figure 8.34(b)), the switches S, S,, and S,
are closed. The capacitors C; and C, are discharged via the circuit
$1—V1—84—C,—S7—C, and the veltage across the capacitors decreases.

The equivalent circuits for the inverting step-down mode (V; < 1vah)
are shown in Figure 8.35. Since ¥, < [V3], the two capacitors C; and C, are
charged and discharged in parallel. During the ON state (Figure 8.35(a)),
the switches S, Ss, Sg, and Sg are closed. In this case, the capacitors C,//C,

4 e %i ]s;%igﬁ[%_%%
-

P =
=

(a) Third quadrant, step-up, ON state. (b) Third quadrant, step-up, OFF state.

Figure 8.33 Equivalent circuits for the third quadrant step-up operation.
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(a) Fourth quadrant, step-up; ON state. (b) Fourth quadrant, step-up, OFF state.

Figure 8.34 Equivalent circuits for the fourth quadrant step-up operation.
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Figure 8.35 Equivalent circuits for the fourth gquadrant step-down operation.

are charged via the circuit V,—S3;—C//C,—Ss, and the voltage across them
increases. During the OFF state (Figure 8.35(b)), the switches .S, S4, S, and
Sg are closed. The capacitors C; and C, are discharged via the circuit
S$)— V1—S84—C)//C,, and the voltage across them decreases.

8.6 RESONANT CONVERTERS

Hard switching SCCs have the disadvantages of high switching current that
induces EMI and exposes the switches to high stresses. Also, the regulation
of the output voltage is poor. Soft-switching SCC can alleviate some of these
problems. In 1998, Cheng [9,10] presented a new topology of switched
capacitor converters, which can operate at a high switching frequency with
reduced EMI. The new circuit utilizes smaller numbers of switches, which
switch at zero-current. Thus, the circuit can operate at a high switching

frequency with a high efficiency. However, a small inductor is needed in
this type of resonant SCC. '

8.6.1 Zero-Current Switching

A family of zero-current switching switched capacitor converters, consisting
of double mode, inverting mode, and half mode functions are proposed by
Cheng [4). These circuits use smaller number of active switches and diodes
than the classical switched capacitor converter topologies. All the devices are
zero-current switched; therefore it is suitable for the operation at high
switching frequencies. The characteristic of zero-current switching minim-
izes the losses and the EMI, and hence, the switching frequency can be
further increased, resulting in smaller capacitor sizes.

This circuit uses two controlled switching devices, two diodes, one
resonant inductor, one energy-transfer capacitor, and one output filter
capacitor. One switch is used to charge the energy-transfer capacitor and
the other one is used to discharge it. The resonant inductor is usually very
small, and hence, it can still be integrated.

e
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Figure 8.36 shows a family of zero-current switching SCC [9]. Each
circuit uses two controlled switches and a small resonant inductor. The
resonant inductor, L,, is connected in series with the energy-transfer capacj.
tor to create a resonance cycle when each of the switches 0, or Q; is switched
on. The switches are connected in series with the resonant inductor, creating
a zero-current turn-on mechanism. Once the resonant current reaches the
peak value, it decreases to zero; after that, it cannot reverse polarity becaunse
the diodes stop the current from reversing.

Figure 8.37 shows the simulated waveforms of the double-mode top-
ology undeér steady-state conditions. The circuit parameters used in the
simulation are: f; = 200kHz, dead time = 50mns, ¥V, = 50V, C; = 2.2 uf,
C, = 2.7uf, L, = 0.1 pHy, and R, = 509

The operation of the circuit can be described by four states of oper-
ation. The currents of the switches start resonating from zero and the
conduction stops when the currents return to zero. This creates the zero-
current turn-on and turn-off condition for the two switches. The duty-cycle
of the two complementary switches is about 50% and can be varied to less
than 50% if output voltage regulation is required.

State I (Figure 8.38(a)) {1, — #1]. When O isturned onat t = 14, Q, is
turned off; L, and C, start to resonate. Due to L,, O, is turned on with zero
current. C; is discharged to the load R;. This state is represented by

D, D,
o Jo 1§ + a Jao i
L‘l: ! 2 L —!: ! ¥ D,
'_"L C1 t' 61 LI‘
V.3 i G zAVT 71 1232
g P % D
e 2
=3 q, Zh o,
(a) Double mode ZCS SCC. (b) Inverting mode 2CS SCC.
@ Q
S D G § 4} +
‘—;"- N;[ = D2
+ ¢ L
Vsj —— Ny :CZ;:RL
& D1
(c) Half mode ZCS SCC.

Figure 8.36 Family of the zero-current switching SCC.
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Figure 8.37 Simulated waveforms of the ZCS scCcC.
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where V. is the initial voltage of Cyat¢ = toand oy = 1/VL,C\. L, and C;’
resonate for half a cycle and the resonance stops because D; and D, become
reverse-biased.

State 2 (Figure 8.38(b)) [, — t,}. In this mode, the currents through the
inductor and the switches are zero. C, is still discharging to the load. Q, is
switched off at zero current at t = 15.

State 3 (Figure 8.38(c)) [t2 — t3). O, is turned on with zero-current at
t2. L, Cy, and C, start to-resonate. iy begins increasing from zero
towards the negative cycle. The resonance equations of the inductor and

capacitors depend on the size of the load. Their equations for a large Ry can
be approximated as:

P =

) Vg .
= t
ir, Lo, su? (wn1),
Va
Vcl = (:'ITI.”Z(I - COSs ((x),,t)) + Vc",, (8'18)
Vg -

Vo, = m—(l — cos(wat)) + Vey,
i1
where
0n=YVICp, Gy = C1//C2 and Viy=(Vs— Ve — Vo). (8:19)

This state terminates after i;, resonates back to zero, and D, and D, are
reverse-biased. " '

State 4 (Figure 8.38(d)) [£3 — 4). iz, is zero and C, is discharged to the
load. Q, is turned off a’tJ zero'current when ¢t = 1,.

8.6.1.1 Condition of Zero-Current Switching

1f the duty cycles of 9, and- Q, are d, and d5, respectively, the condition
for zero-current switching of Q is

dT=". (8.20)
n
The condition for zero-current switching of Q, is
T="2 (821
i} )

where T is the switching period.
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8.7 LOSSES ON SWITCHED-CAPACITOR POWER
CONVERTERS [11]

One important fact, which many designers may tend to overlook, is the
presence of losses in SCC. Consider the circuit of Figure 8.39, representing
the series connection of a voltage source, an ideal switch, and a capacitor.
Assume that the initial voltage on the capacitor is v, (07) = 0, the voltage at
the source is ¥ > 0, and that the switch is closed at t = 0.

The Laplace transform of the eurrent is given by

I(s) = sCV(5) (8.22)

for an input voltage step

Ve(s) =% - (823)
in that case,
I()=CV (8.24)

by applying the inverse Laplace transform; the temporal response is
obtained as

(1) = CVE(D). (8.25)
The amount of lost energy during the charging process can be calculated by

comparing the energy delivered by the source and the energy stored in the
capacitor. )

The energy delivered by the source is

E, = JVi(t) dr = JCVZa(:) dr= CV2. ’ (8.26)
]

(i 2

Sw_

o
=

11
1)
Q

14

Figure 8.3%9 Evaluating SCC losses.
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The energy stored in the capacitor is

E.= %CVZ. ®.27

Therefore, the energy lost in the charging process is

E,— E.= %CV’. (8:28)

There are no lossy components in the circuit. Where did the energy go?

If a resistance R is connected in series with the capacitor, then the loss
can be calculated by

J [V — v(D}i(P) dr. (8.29)
0 .

Irrespective of the value of the resistor, the final energy in the capacitor
remains the same, given by Equation (8.27). If we make the resistor smaller,
in the limit when R — 0, the current amplitude tends to co and the loss still
takes a finite value. Therefore, if a capacitor is charged by a voltage source
whose magnitude differs from the initial voltage of the capacitor, then a
fixed amount of energy is lost, equal to

iAvy ' (8.30)

will always accompany the charging process, where AV is the step change in
the capacitor voltage.

PROBLEMS

8.1. Find the state-space average model for the step-up converter of Figure
8.1.

8.2. Find the:voltage conversion ratio of the converter in problem 8.1.

8.3. Find the state-space average model for the step-up converter of Figure
8.18.

8.4. Find the voltage conversion ratio of the converter in problem 8.3.

8.5. Use Ref. {3] to determine Equation (8.10).

8.6. Calculate the efficiency of the step-up SCC of Figure 8.1: (a) consider

ideal components, (b) consider the losses in the MOSFETS and
diodes.
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8.7.
8.8.

8.9.

Obtain the state-space averaged model for the double mode ZCS SCC
of Figure 8.36(a).

Analyze the inverting mode ZCS SCC of Figure 8.36(b) and derive the
equations describing each operating mode.

Obtain the state-space averaged model for the inverting mode ZCS
SCC of Figure 8.36(b).

8.10. Analyze the half mode ZCS SCC of Figure 8.36(c) and derive the

8.11.

equations describing each operating mode.
Obtain the state-space averaged model for the half mode ZCS SCC of
_ Figure 8.36(c).
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Simulation of Switching Converters

9.1 INTRODUCTION

As the complexity of the power electronic circuits and systems increases;-
simulation has replaced breadboarding as a means of verifying and analyz-
ing these complex circuits or systems. It has become a cost-efficient way to
design many complex power electronic circuits or systems. Both large- and
small-signal simulations can be performed on switching converters. Large-
signal simulations yield the circuit behaviors such as the bias points for the
switching converters. On the other hand, small-signal simulations usually
require the knowledge of small-signal behaviors of switching converters
through analytical models. It should be noted that small-signal simulations
do not provide the normal electronic circuit behaviors as in actual switching
converters. Both large- and small-signal simulations should be performed to
better predict and verify the design for the switching converters.

In this chapter, several simulation tools such as SPICE, MATLAB,
and Simulink are discussed. Some prior elementary knowledge in SPICE,
MATLAB, and Simulink are assumed. The averaged state—space and transfer
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function models for switching converters will be illustrated. Examples on the
calculations of system poles, feedback gains, closed-loop system matrix,
frequency, and transient responses will be discussed.

9.2 PSPICE CIRCUIT REPRESENTATION

SPICE is a "gencral-purpose circuit analysis program widely used in the
simulation of electronic circuits. SPICE is an acronym for Simulation Pro-
gram with Integrated Circuit Emphasis. It was developed by the Integrated
Circuit Group of the Electronic Research Laboratory at the University of
California, Berkeley, California in the late 1960s and was released to the
public in 1972 [1]. Over the years, SPICE has gone through many upgrades,
The most recent version, SPICE3, is written in C language for easier port-
ability. SPICE became popular when MicroSim, in 1984, introduced a
personal-computer (PC) version of SPICE known as PSpice. The availability
of the student-version -of PSpice has revolutionized many electrical engin-
eering curriculums. This is evident by the addition of PSpice utilizations to
many popular electrical engineering textbooks. MicroSim was acquired by
OrCad, and the latter was acquired by Cadence. At the time this book is
written, the Cadence Suite 2002 Lite version of PSpice is available free for
users. There are other free evaluation versions of SPICE-based circuit simu-
lators from other vendors as well, such as the Electronics Workbench and
Intusoft SPICE ICAP/4. The use of SPICE is increasing among the electrical
engineering professionals, at the point that it is becoming an industrial
standard." Most electronic component vendors now provide Spice model
for their products.

As in many other circuit simulation programs, PSpice requires accur-
ate circuit element models in order to faithfully simulate the operation of the
switching converter. PSpice remains a viable simulation tool for the switch-
ing converter despite its many limitations.

Difficulties in PSpice simulation of switching converters arise from the
fact that practical switching converters are switching systems with feedback.
Switching converters with multiple feedback paths sometimes fail to con-
verge or take considerable time to do so using the PSpice default conditions.
Performing transient analysis on switching converter circuit often takes a
considerable execution time, since the internal time step must be short
compared to the switching period. In general, simulations of switching
converters must extend over a few switching cycles to reach their steady-
state conditions. Many of the PSpice simulations of the switching converters
presented in this chapter can be performed using the student or the Lite
versions of PSpice, which are limited versions of the full simulation tool.
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Four different methods of representing a switching converter in PSpice
are discussed. The classical text file input in a .CIR file is replaced by
graphical input files in the latter versions of PSpice. Based on the student
version of OrCad PSpice 9.2, a switching converter is represented by control
blocks and behavioral models, which permits a rapid implementation to
check its functionality. A more accurate simulation, using vendor-provided
controller models, can be performed later. Two examples showing how to
evaluate an open-loop and a closed-leop switching converters will be illus-

trated. Some guidelines to solve the common convergence problems in
PSpice are discussed.

9.3 PSPICE SIMULATIONS USING .CIR

The first versions of Spice used a text file with a .CIR extension containing
the circuit description as the circuit input file. The actual versions of Spice
support a graphical input interface that automatically generates the .CIR
¢ file. We do not recommend the use of the text file input method since the
: graphical input is more easily interpreted, unless you need to write your own
subcircuit or modify an existing one. Nevertheless, for the sake of complete-
ness, we dedicate this subsection to an example of the circuit file description.
Vendor models (subcircuits or macromodels) are often provided as a text file
according to the .CIR syntax.

9.3.1 An ideal Open-Loop Buck Converter

An ideal buck converter can be simulated using a pulse voltage source to
replace the switching transistor as shown in Figure 9.1. The input voltage
source is a pulse train having an amplitude equal to the DC input voltage and
a duty cycle identical to the steady-state duty cycle of the switching con-
verter. This is evident from the nonlinear continuous equivalent circuit of the
ideal buck converter shown in Figure 6.47. Assuming a switching frequency

® o @
10 mH l
+ .
Vi Co R
Pw'j : 100 pF _ 50
©

Figure 9.1 An ideal buck converter with a iaulse voltage source.
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of 1kHz and a steady-state duty cycle of 50%, the program listing is as
follows: .

Open-loop buck converter simulation

“SWITCHING FREQUENCY = 1KHZ; DUTY CYCLE = 50%

vewM 1 0 PULSE(O 10 0 1us 1us 0.5ms 1 Ms)

"PULSE PWM SOURCE: PULSED VOLTAGE = 10V, RISE TIME = 1Us,

*FALLTIME = 1US, PULSE WIDTH = 500US, PERIOD = 1MS.
012 10m '

c020 100u
RL205

.TRAN 50us 20Mms
OPTIONITL5 =0
.PROBE

.END

The PROBE statement is to activate the PSpice graphic postprocessor
that calculates and displays the waveforms. The 50 ps transient step yields
200 switching cycles for a total of 400 iterations. Since PSpice continuously
adjusts the time step for the transient analysis, it actually takes more than
400 iterations to complete the simulation. The ITL5 = 0 on the opTiON
statement resets the transient analysis iteration limit to enable PSpice to
€xecute more than 5000 transient analysis iterations.

PSpice calculates the DC bias points before the execution of the transi-
ent analysis. Figure 9.2 shows the output voltage, the inductor current, and
the capacitor current waveforms of the simulated converter. The output
voltage reaches its steady-state value of 5V at about 5 ms, which corresponds
to five switching cycles. As shown, the inductor and capacitor currents are in
phase with each other, but they lead the output voltage by 90°. The output
ripple voltage and the inductor ripple current are 300mV and 0.4 A, respect-
ively, as shown in Figure 9.2. The capacitor ripple current is 235 mA. The
average capacitor current is initially positive since it does not store any energy
at the beginning of the simulation. However, the average capacitor current is
zero during the steady-state operation, as shown in Figure 9.2. The theoretical
output ripple voltage according to Equation (2.20) is

Ay _VPA-D) - 10(0.5)?
¢ 8/2LC "~ 8(1000)%-10 x 10-3-100 x 10-6
=0.3125vV . ©.1)

in comparison to the simulated value of 0.3V. The theoretical inductor
ripple current from Equation (2.14) is
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-4.0

Os 5ms 10 ms 15ms 20ms
e Vi(RL) ° HCO) + KLO)

Figure 9.2 Output voltage (V,(RL)), inductor current (J(LO)) and capacitor

current (J(CO)) waveforms of the simulated buck converter with an output induct-
ance of 10mH.

DV,1—-D) 0.5(10)1 — 0.5)
Al = =
7L 1000 x 10 x 10-3

= 0.25A, ©.2)

which is in good agreement with the simulated inductor ripple current of
0.25 A. The inductor ripple current is approximately equal to the capacitor
ripple current, because there is no load modulation.

Increasing the output inductance of the buck converter to 50mH
reduces the output ripple voltage and the inductor ripple current to 60mV
and 50 mA, respectively, as shown in Figure 9.3. The capacitor ripple current
also reduces to 47mA. These reductions are expected in accordance with
Equations (2.20) and (2.14). However, the output voltage response is more
sluggish compared with the buck converter with a 10-mH output inductor. It
reaches its steady-state value at about 50 ms or 50 switching cycles.

Decreasing the output inductance to 5mH increases its output ripple
voltage and inductor ripple current to 0.6 V and 0.5 A, respectively, as shown
in Figure 9.4. The capacitor ripple current also increases to 479 mA;
however, the output voltage response depicts an underdamped characteris-
tic. It reaches its steady-state value at about 4 ms. The onset of the discon-
tinuods mode of operation for a constant load current occurs at about
1.25 mH, as predicted from Equation (2.31). Figure 9.5 shows the waveforms
of the simulated converter with an output inductance of 1.25 mH. Although
the average output voltage remains at about 5V, the ripple voltage increases




378 Power-Switching Converters

6.0
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0 A
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s KCO)+ KLO) » V{2) Time

Figure 9.3 Output voltage (¥(2)), inductor current -(I(LO)), and capacitor current
(I/(CO)) waveforms of the simulated buck converter with an output inductance of
50mH.

6.0
4.0 vicz)
2.0
KLO)
0
HCO)
-1.0 v - ¥ —
Os S5ms 10ms 15ms 20ms
= Vi2) - KLO) ~ KCO) Time

Figure 9.4 Output voltage (¥(2)), inductor current (/(LO)), and capacitor current
((CO)) waveforms of the simulated buck converter with an output inductance of
SmH.

to 2.3 V. In addition, the steady-state inductor current begins to show discon-
tinuities and reaches a peak value of 1.96 A. The simulated output capacitor
ripple current is 1.9 A. Increasing the output capacitance from 100 to 500 pF,
while keeping the output inductance at 10 mH, yields an underdamped output
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ACO)
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= V12) - ALO) = ACO)

Figure 9.5 Output voltage (¥(2)), inductor current (](LO)), and capacitor current
(J(COY waveforms of the simulated buck converter with an output inductance of
1.25mH.

voltage response, as shown in Figure 9.6. The outpnt voltage overshootsto 6 V
and reaches its steady-state value at about 25 ms or 25 switching cycles. The
output ripple voltage as well as the inductor ripple current, decrease to 60mV
and 0.25A, respectively. The capacitor ripple. current is approximately
0.25 A. Increasing the output capacitance to 100 iF, while keeping the same
inductance of 1.25mH yields an output ripple voltage of 0.57 V, an inductor
ripple current of 1.96 A and a capacitor ripple current of about 1.96 A, as

8.0

10ms . 15ms 20ms

Os Sms
= V2) « ALO) - KCO) Time

Figure 9.6 Output voltage (¥(2)), inductor current ((LO)), and capacitor current
(J(CQ)) waveforms of the simulated buck converter with an output capacitance of
500 uF and output inductance of 10mH. '
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)

lo'ms 15ms
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> M2) - ALO) - ACO) Time

20ms
Figure 9.7 Output voltage (V(2)), inductor current (J(LO)), and capacitor current

(1(CO)) waveforms of the simulated buck converter with an output capacitance of
500 uF and output inductance of 1.25mH.

shownin Figure 9.7. It can be seen that the increase in output capacitance only
reduces the output ripple voltage according to Equation (2.20). The inductor
and capacitor ripple current waveforms are similar to the case of a 100-pF-
output capacitor since the ripple components of the signal are inversely pro-
portional to the output inductance and not the output capacitance.

The harmonic contents of the output voltage and input current can be
obtained by performing a Fourier analysis using PSpice with the addition of
the following statement to the previous program listing:

-FOUR TKHZ V(2) |

Note that Fourier analysis must be performed in conjunction with transient
analysis. Table 9.1 shows the Fourier analysis results for the output voltage
and input current of the simuldted buck converter with an output inductance
of 10mH and an output capacitance of 100 wF. As can be seen, only the odd
harmonics of the output voltage and the input currents are significant. The
fundamental harmonic components of the output voltage and input current
are 0.14V and 0.1 A, respectively. The third and higher harmonic compon-
ents are progressively smaller. .

The output inductance and capacitance were increased to 50 mH and
500 pF, respectively, and the Fourier analysis was obtained. Increasing the
output inductance and output capacitance reduces the harmonic content of

the converter as can been inferred by comparison of the values in Table 9.1
to Table 9.4. '
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Table 9.1 Fouricr Components of the Output Voltage of the Simulated Buck
Converter with L = 10mH and C = 100pF

+++* FOURIER ANALYSIS

FOURIER COMPONENTS OF TRANSIENT RESPONSE V(2)
DC COMPONENT = 5.000999E4-00

HARMONIC FREQUENCY FOURIER NORMALIZED PHASE NORMALIZED
NO. (H2) COMPONENT COMPONENT (DEG) PHASE (DEG)

1.000E+03 1.435E-01 1.000E4-00 —1.585E+02 0.000E-+00
2.000E+03 1.327E-05 9.252E-05 —1.266E+02 1.904E+02
3.000E+03 2.902E—03 2.023E-02 9.671E+01 5.723E+02
4.000E4+-03 5.810E-06 4.050E-05 —8.770E+01 5.464E+402
5.000E+4-03 4.695E-03 3.273E-02 1.289E+02 9.216E+02
6.000E+03 5.248E-06 3.658E—-05 1.499E+02 1.101E403
7.000E-+03 1.368E—-03 9.53BE-03 -~2.745E+01 1.082E+03
8.000E+03 4.318E-06 3.010E-05 -6.585E+01 1.202E+03
9.000E+03 1.799E-03 1.254E-02 1.437E+02 1.571E403

VAN LEWN-

Table 9.2 Fourier Components of the Input Current of the Simulated Buck Con-
verter with L = 10mH and C = 100 p.F

**** FOURIER ANALYSIS

FOURIER COMPONENTS OF TRANSIENT RESPONSE KLO)
DC COMPONENT = 1.000200E+00

HARMONIC FREQUENCY FOURIER NORMALIZED PHASE NORMALIZED
NO. (HZ) COMPONENT COMPONENT (DEG) PHASE (DEG)

1.000E+03 1.034E-01 1.000E400 —8.972E+01 0.000E400
2.000E+03 1.559E-05 1.508E-04 -1.986E+01 1.596E102
3.000E+03 1.154E-02 1.116E-01 -9.151E+01 1.776E+02
4.000E+03 5.996E—06 5.798E-05 -2582E+01 3.331E+02
5.000E4+03 ° 4.179E-03 4.041E-02 -9.160E+01 3.570E+02
6.000E-+03 3.884E—-06 3.755E-05 —1.957E+01 5.187E+02
7.000E+-03 2.101E-03 2.032E-02 —9.289E+01 5.351E+02
8.000E+03 3.625E-06 3.506E—05 —2.004E+01 6.977E+02
9.000E+03 1.300E-03 1.257E-02 —9.085E+01 7.166E+02

CoONOOOHL-WON=

9.3.2 Buck Converter with an Ideal Switch

An ideal switch is often used to model the switching transistor in the initial
simulation of a switching converter. The use of ideal switch can reduce the
frequent convergence problems, which occur in PSpice due to discontinuities
in the device equations of the switching transistors. It can also eliminate




382 Power-Switching Converters

Table 8.3 Fourier Components of the Output Voltage of the Simulated Buck
Converter with L = 50mH and C = 500 pF

****  FOURIER ANALYSIS

~FOURIER COMPONENTS OF TRANSIENT RESPONSE W{2)
DC COMPONENT = 5.001000k+00

HARMONIC FREQUENCY F.OURIER NORMALIZED PHASE NORMALIZED
NO. HZ) COMPONENT COMPONENT (DEG) PHASE (DEG)

1.000E+03 5.763E—-03 1.000E4+00 —1.714E+02 0.000E-+00
2.000E+03 6.290E—-07 1.091E-04 —1.641E+02 1.787E402
3.000E+03 2.280E—-04 3.955E—-02 6.387E+01 5.780E+02
4.000E+03 1.681E-07 2.917E-05 —3.370E4+01 6.518E+02
5.000E+03 2.217E-04 3.847E-02 1.228E+02 9.797E+02
6.000E4-03 2.839E-07 4.927E-05 1272E4+02 1.155E4+03
7.000E4-03 7.123E-05 1.236E-02- -1.278E4+01 1.187E403
8.000E-+03 1.692E-07 2935605 —3977E4+01 1.331E403
9.000E+03 . 7.993E-05 1.387E-02 1.354E+02 1.67BE+03

CONINHWN =

Table 9.4 Fourier Components of the Input Current of the Simulated Buck
Converter with L = 50mH and C = 500 pF

****  FOURIER ANALYSIS

FOURIER COMPONENTS OF TRANSIENT RESPONSE KLO)
DC COMPONENT = 1.000200E+-00

HARMONIC FREQUENCY FOURIER NORMALIZED PHASE  NORMALIZED
NO. {(H2) COMPONENT COMPONENT (DEG) PHASE (DEG)

1.000E+03 2.032E-02 1.000E+00 —9.006E+01 0.000E--00
2.000E+03 3.053E—-06 1.502E—04 —1.984E+01 1.603E+02
3.000E+03 2.282E—-03 1.123E-01 -9.071E+01 1.795E+02
4.000E+03 1.204E-06 5.922E-05 ~—2555E+01 3.347E+02
5.000E+03 8.251E-04 4060E—02 —9.183E+01 3.585E402
6.000E-+03 7.588E-07 3.734E-05 —1.917E+01 5.212E+02
7.000E+4-03 4.181E-04 2.057E-02 -9.226E+01 5.381E402
8.000E-+03 7.256E-07 3570E-05 -1999E+01 7.005E-+02
.9.000E-+03 2.565E-04 1.262E—-02 —9.109E+01 7.194E+02

ocoNOO RN

problems introduced by the driver circuitry. There are two types of ideal
switches in PSpice: voltage-controlled switch and current-controlled switch.
Figure 9.8 shows the circuit symbol for a voltage-controlled switch.

The designation for the voltage-controlled switch PSpice is S. The
general statement for this type of switch is
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&

Figure 9.8 Symbol of a voltage-controlled switch.

s<name> N+ N— NC+ NC— SNAME
.MODEL SNAME VSWITCH (RON = 0.01 ROFF = 1E + 7 VON = 0.7 VOFF = 0)

where N+ and N— are the two nodes of the switch. NC+ and NC— are the
positive and negative nodes of the controlling voltage source, respectively.
The current is assumed to flow from the N+ node through the switch to the
N— node. The on-resistance of the switch is 0.01 (2 when the voltage across
the switch is equal to or greater than 0.7 V. The off-resistance is 10 MC when
the voltage across the switch is 0V. A rather complex relationship exits
between the controlling voltage and the resistance when the controlling
voltage is between 0 and 0.7V. In this voltage range, the resistance is a
function of the voltage. The off-resistance, ROFF, should be less than 1/GMIN
[1] or 10'2Q, since the default value of GMIN is 10~'2S. The on-resistance,
RON, should be greater than zero. Thus, the ratio of ROFF to RON should be
less than 10'2. Figure 9.9 shows the circuit symbol for a current-controlled
switch. .

The PSpice designation for a current-controlled switch is W. The
general statement for this type of switch is

w<name> N+ N— VN WNAME ¢ i

MODEL WNAME ISWITCH (RON = 0.01 ROFF = 1E + 7 ION=0.1
toFF =0) '

where N4 and N— are the two nodes of the switch. VN is an independent
voltage source from which the controlling current flows. The on-resistance
of the switch is 0.01 @ when a current of 0.1 A or greater flows through
the controlling source VN. The off-resistance is equal to 10 MQ when the
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N-.
~Figure 9.9 Symbol of a current-controlled switch.

controlling current is zero and the switch is open. In the simulation of a
switching converter using an ideal switch, an infinitely high off-resistance or
zero on-state resistance often results in convergence problems during tran-
‘sient analysis due to infinitely large current or voltage associated with
storage elements. Therefore, the off-state or on-state resistance of an ideal
switch should be limited to practically acceptable values. Figure 9.10 shows
the circuit schematic of an open-loop buck converter with an ideal voltage-
controlled switch replacing the switching transistor.

Assuming a switching frequency of 1 kHz and a steady-state duty cycle,
D of 50%, the program listing for the ideal buck converter is given below:

OPEN-LOOP BUCK CONVERTER WITH AN IDEAL SWITCH
* SWITCHING FREQUENCY = 1 KHZ; DUTY CYCLE = 50%

S,
L e » LO s
4/c YN
10 mH
vs(b oV xorw - lco Llm
| : ﬁ T 100 us s
Z RASX VPWM

0

Figure 9.10 Circuit schematic of an open-loop buck converter with a voltage-
controlled switch replacing the switching transistor.




Simulation of Switching Converters 385

vs 1010.0

vPwM 100 101 PULSE(O 1 0 1us 1us 500us 1ms)
s1 12100 101 sx

RsX 100 0 10G

oFw O 2 pt

1023 10m

c0 3 0 100u

RL305

-MODEL SX VSWITCH (RON = 0.01 ROFF = 1E47 VON = 1 VOFF =0)
-MODEL D1 D

.TRAN 0.05ms 20ms

.PROBE

.END

The resistor rsX is necessary to satisfy the PSpice requirement of having at
least two circuit elements connected to a node. Its 10-G{2 resistance is
essentially an open circuit. '

Figure 9.11 shows the output voltage, the inductor current, and the
capacitor current waveforms of the simulated buck converter. These wave-
forms are similar to those shown in Figure 9.2. Figure 9.12 shows the steady-
state waveform for the current flowing through and the voltage across the
output capacitor. In this case, the capacitor ripple voltage lags the current

- ripple by 90°.

In some simulations, it is desirable to define the initial conditions of the
switching converter. This is essentially true for switching converters with a
large output capacitance and a large output inductance. Otherwise, it may

6.0

Vi3)

10 ms - 15ms 20 ms

s Sms
® V3) + ALO) » KCO) Time

Figure 9.11 Output voltage (¥(3)), inductor current ((LO)), and capacitor cur-
rent ({(CO)) waveforms of the simulated buck converter with an ideal switch.
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5.0

M\/’Q

RCO)'20

“15.0 155 160 165 17.0 17.5

180
* WI3) » 20" {CO)

Teme (msec)
Figure 9.12 Steady-state waveforms of the current flowing through the output

capacitor (J(CO)) and the voltage across the output capacitor (V(3)) of the simulated
buck converter with an ideal switch.

take a considerable long execution time to perform a steady-state analysis on
these switching converters. Performing transient analysis with initial condi-
tions can be accomplished by inserting the initial conditions at the end of the
statements and modifying the TRAN statement as follows:

L023100uic = 1
co30ic =5
_-TRAN 2Ns 200Ns uic

The initial inductor current is 1 A, while the initial voltage across the
output capacitor co is 5'V. PSpice does not calculate the transient analysis
bias point before the beginning of the transient analysis if the UIC is inserted
at the end of the TRAN statement, as done here. Figure 9.13 shows the output
voltage, inductor current, and capacitor currents waveforms of the simu-
lated buck converter using initial conditions. With the initial energy stored in
the output capacitor, the average current-time product of the output cap-
acitor over a switching cycle for the entire simulation is zero. The output
voltage overshoots initially, but reaches its steady-state value in about 4ms
or four switching cycles. It should be noted that the time it takes for the

converter to achieve a steady-state voltage of 5V is less than the previous
case without the use of initial conditions.

9.4 PSPICE SIMULATIONS USING SCHEMATICS ENTRY

The graphic.input interface for the latest versions of PSpice (Capture in
OrCad) permits rapid input, interpreting, documenting, and debugging of
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6.0
w3)

4.0
2.0

NVW\NVV\%VVWWW\/\

-1.0 v : v
Os 5ms 10ms 15ms 20ms
s W(3) -LO) - (CO) Time

Figure 9.13 = Output voltage (¥(3)), inductor current ({(LO)), and capacitor cur-
rent (J(CO)) of the simulated buck converter with an ideal switch using initial
conditions.

PSpice input files. We encourage the use of the graphic input interface
instead of the text input file. An example of schematic entry follows.

9.4.1 Boost Converter

The PSpice schematic of ‘a boost converter with a voltage-controlled switch

replacing the switching transistor is shown in Figure 9.14. The switching

frequency is set to 1 kHz by PER = 1 ms, the duty cycle is 50%, since the PW
is set to 0.5ms.

Figure 9.15 shows the output voltage of the simulated boost converter.
As can be seen, the response is underdamped and reaches its steady-state

L, Dy

YN pwm Dt out
10 mH s, Dbreak

V,=0 VOFF =0.0V
s - | S | RoFF=1e8 10 2%
L = 2 =1e 100 pF 200

Vi==10V. TR-1in RON = 1.0- .

—-‘ TF=1n

PW=05m

PER=1m

=o

Figure 9.14 Circuit schematic of a boost converter with a voltage-controlled
switch replacing the switching transistor.
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25V ﬁ
20V
15V 1 '
10V A
5V T v v T T
Os 5ms 10ms 15 ms 20 ms 25ms 30ms
» V{out) Time

Figure 9.15 Output voltage waveform of the simulated boost converter.

voltage of 16V in about 15ms or 15 switching cycles. The simulated output
ripple voltage is 4.7V, in good agreement with the theoretical value:

LD 0.5

Ay, = B2 _ _sv. |
Y = o = {100 x 109)1000  ° 03

Figure 9.16 shows the input inductor current and output capacitor
current waveforms of the simulated boost converter. The input inductor cur-

rent is underdamped with a ripple current of 0.5 A. The theoretical value is
given by

N 10(0.5)
" Lfy ~ (10 x 10-3)1000

=05 A. 9.9

9.4.2 PSpice Simulations Using Behavioral Modeling

Analog behavioral modeling is a time-saving tool that can be used to design
systems at an abstract level to test if the concepts are correct, before proceeding
with the detailed circuit-level design. In PSpice, the ABM.OLB part library
contains the ABM components. This library contains two sections. The first
section includes parts that can be used to represent control-system-type of
circuits. Some of these components are: SUM, GAIN, LAPLACE, and HiPAss. The
second section contains controlled-source parts, like EVALUE and GFREQ that
are based on extensions to traditional PSpice E and G device types. A detailed
description of these components can be found in PSpice User’s Guide [2].
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3.0A

2.0A

1.0A 4

0 A-‘
—1 .0 A -1 - %]
NGy
-2.0A T r T T T
Os 5ms 10ms 15 ms 20 ms 25 ms 30ms
= KLy) » KCy) Time

Figure 8.16 Input inductor current and output capacitor current waveforms of
the simulated boost converter.

9.4.2.1 Control System Parts

Control system parts have one input and one output. The reference for
the input and output voltages is the analog ground (node 0). These compon-
ents can be connected together with no need for dummy loads or input
resistors. Table 9.5 lists the control system parts, grouped by function. The

fourth column displays the characteristic properties that differentiate each
specific application.

9.4.2.2 PSpice-Equivalent Parts

PSpice-equivalent parts have a differential input and a double-ended
output. They can be classified as either E or G device types. The E part type
yields a voltage output, while the G device type yields a current output. Their
transfer functions can contain any combination of voltages and currents as
inputs. Hence, there is no division between voltage-controlled and current-
controlled parts. Instead, the part type is defined merely by the output
requirements. If a voltage output is required, use an E part type. If a current
output is needed, use a G part type. Table 9.6 summarizes the PSpice-
equivalent parts available in the ABM part library. Logical and arithmetic
operators, as well as math functions, can be used in the expression field of all

ABM parts. Table 9.7 and Table 9.8 summarize the operators and functions
available in PSpice.
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Table 9.5 Control System Parts [2]

Category Part Description Properties Icon
Basic .~ CONST  Constant VALUE 1.000}c
components
SUM Adder %
MULT Multiplier %
GAIN Gain block  GAIN c..‘@q
DIFF Subtraction %
. 10
Limiters LIMIT Hard limiter LO, HI o Lo
0
: 10
GLIMIT  Limiter with LO, HI, GAIN o+ Lo
gain 0]
SOFTLIM Soft (tanh)  LO, HI, GAIN o "j‘-k_u
limiter 0
100Hz
Chebyshev LOPASS Low pass FP, FS, RIPPLE, N, 10Hz H
. filters filter STOP i1dB 50dB
. M, 100Hz
HIPASS High pass FP, FS, RIPPLE, 0 D 10Hz [
filter STOP 1dB_ 50dB
[l | H
BANDPASS Band pass  F0, F1, F2, F3, [ g §§§E§-a
filter RIPPLE, STOP |1dBB0gB10hz
. v = 100002
BANDREJ Band reject  FO, F1, F2, F3, [ 3§§“§a
(notch) filter RIPPLE, STOP  |1dB50gB10HZ

Integrator and INTEG Integrator GAIN, IC D-[@‘ﬂ
differentiator ov
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Table 9.5 Control System Parts—Continued

Category Part . Description Properties Icon

DIFFER Differentiator GAIN

Table look-ups ~ TABLE Lookup .  ROWI... o
table ROWS oy v

FTABLE frequency ROWI... OHz =0 0
- lookup table ROWS

Laplace LAPLACE Laplace NUM,
transform expression DENOM

Math functions ABS . 1x]
x” is the input s

H —.‘

o +|=

n [
B

SQRT X2 :

PWR Jx[BXP EXP o PR Lo
PWRS g EXP o{PYHS
LOG In(x) o o
LOGI10 log(x)
EXP e o exp_}o
SIN  sin(x) SN
Cos cos(x) . .
TAN tan(x) :

ATAN Tan™'(x) : .

(Continues)
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Table 9.5 Control System Parts—Continued

Category Part Description Properties Icon
ARCTAN  Tan '(x) sJARCTANRn
[3.1415026 l
Expression ABM No inputs, EXP1 --- EXP4 5
functions V out
’ (v(%IN)"
ABM1 1 l\r;;:;xut; EXP1 EXP4 o 100)71000

w

b

1 (v{ZNTy
ABM2 2 Inpauts, EXP1 --- EXP4 v(%IN2) )/
V out 2,

[ (v(%INT) +

ABM3 3 Inputs, EXP1 - EXP4 )l viouiN))/ 3,

V out 2.0

# 1.4142136 -c

ABM/I No input, EXP1 --- EXP4

I out

(vV)%IN) 5
ABMI1/1 1 Input, EXP1---EXP4 o+ 100)/
. lout 1000 o

o—(V)%IN1) + 1o

ABM212 _ Inputs, EXP1 --- EXP4 4 V(%;No?)) =
. 1out = :
o vEeINT) + L
ABM3/1 3 Inputs, EXP1 --- EXP4 o v(%IN2) +
I.out . weng) /3.0

9.4.3 Examples of ABM Blocks Use

We included a selection of simple examples that the reader may find handy
when designing switching converter simulations, such as parameter defin-
ition, triangular waveform generator, PWM modulator, and a VCO for the
control of resonant converters. '

PARAM is a component in the Special library, which can be used to
define global parameters that can be accessed from ABM blocks. In Figure
9.17, two parameters are defined: P1 and FREQ. Both parameters are used n
the ABM block to implement a sine wave generator of frequency FREQ. TIME 1§
an internal global parameter that keeps track of the simulation time.
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Table 9.6 PSpice-Equivalent Parts

Category Part Description Properties Icon

Mathematical EVALUE  General purpose  EXPR E1

expression - m =
' EVALUE
V(Z%IN+, %IN-)
1
S
GVALUE IN- -OUT- =
GVALUE
V(%IN+, %IN-)
E2
SIN1+
ESUM Special purpose ~ (None) 'NQ_QS,T
' o IN2+QUT- o
2—{IN2-

n

G2

| e T
GSUM

IN1-
GSUM
o—i |N2+O oo

EMULT ' S—{IN1- OUT+-o

)

o—{IN2+OUT-
o2—{IN2-

GMULT

o—IN+ OUT+n
Table look-up ETABLE General purpose  EXPR

ETABLE
V(%IN+, %IN-)
G4
_ -
GTABLE TABLE B

GLAPLACE
V(%IN+, %IN-)

£

{Continues)
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Table 9.6 PSpice-Equivalent Parts—Continued

Category Part - Description Properties Icon

Frequency table EFREQ General purpose EXPR E5
look-up

G5
GFREQ TABLE = m :

: IN+ OUT+o
Laplace ELAPLACE General purpose EXPR O—{IN-  OUT-
transform

G4
GLAPLACE XFORM = M o

V{(%IN+, %IN-)

Table 9.7 Operators in ABM Expressions

Operator class Operators Description

Arithmetic +

Addition or string concatenation
- Subtraction

> Multiplication

Division

Exponentiation

Unary NOT

Boolean OR

Boolean XOR

Boolean AND

Equality test

Nonequality test

Greater than test

Greater than or equal to test
Less than test

Less than or equal to test

~

*
#

Logical®

Relational®

WANVYI ) &>

°Logical and relational operators are used within the-ir() function.
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Table 9.8 Functions in Arithmetic Expressions

TABLE(x, xy, yy, ---)

MIN(x,»)
MAX(x,y)
LIMIT(x,min,max)
SGN(x)

STP(x)

1F(t,x,y)

Function Description

ABS(x) x|

SQRT(x) x'?

EXP(x) e*

LOG(x) In(x) which is log base e

LOG o(x) Log(x) which is log base 10

PWR(x,y) Ix)*

PWRS(x,y) +xp Gf x > 0); —|x|* (if x < 0)

SIN(x) sin(x), where x is in radians

ASIN(x) sin™!(x), where the result is in radians

SINH(x) sinh(x), where x is in radians

COS(x) cos(x), where x is in radians

“ACOS(x) cos™!(x), where the result is in radians

'COSH(x) cosh(x), where x is in radians

TAN(x) tan(x), where x is in radians

ATAN(X) = tan~'(x), where the result is in radians
ARCTAN(x)

ATAN2(y,x) tan_’(y/x), where the result is in radians

TANH(x) tanh(x), where x is in radians

M(x) Magnitude of x* which is the same as ABS(x)

P(x) Phase of x* in degrees; returns 0.0 for real numbers

R(x) Real part of x*

IMG(x) Imaginary part of x® which is applicable to AC analysis only

DDT(x) Time derivative of x which is applicable to transient

) analysis only
SDT(x) Time integral of x which is applicable to transient

analysis only

y Value as a function of where x,,, y, point pairs are
plotted and connected by straight lines

Minimum of x and y

Maximum of x and y

min if x < min; max if x > max else x

+lifx>0;0ifx = 0; ~1if x<O

1 if x > 0; 0 otherwise which is used to suppress a
value until a given amount of time has passed

x if t is true y otherwise where I is a relational expression
using the relational operators shown in Table 9

TT

*M(x), P(x), R(x), and IMG(x) apply to Laplace expressions only.

Thenode voltages can be accessed from any ABM block; thisis the case of
the output voltage of the previous example, which is multiplied by 3 to produce
the control output, as shown in Figure 9.18. An ABM1 block has one input,
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PABRAMETERS:

Pl = 3.141592654
freg=1k

3*sin (2*PI*freq*TIME)

———<_sine

Figure 9.17 ABM and PARAM.

3*V (sine)

control

Figure 9.18 Node voltages can be accessed from ABM blocks.

sine

—<""lmms

i (TIME<=0,0,SQRT(SDT(PWR(V(%IN),2))/TIME))
Figure 9.19 RMS meter.

V(%IN), and one output. A true rms meter can be implemented using the
PARAM, as shown in Figure 9.19. The input voltage is squared, then inte-
grated and divided by the elapsed time, and finally the square root is calculated.
The IF statement is used to avoid the division by zero at TIME = 0.

The syntax for an IF THEN statement is as follows:

IF(ARGUMENT, THEN,ELSE)

The ARGUMENT, THEN, and ELSE statements can contain references to node
voltages, currents through voltage sources, arithmetic symbols, logical sym-
bols, and relational symbols. For example,

IF (TIME<O, O, SQRT(SDT(PWR(V(%]N),2))/TIME))

At TIME = 0 the output is set to 0; otherwise the rms expression is evaluated.
Another example of the use of the IF statement is

IF (V(IN)>3,12,v(IN)*4)

This statement evaluates if the input voltage is greater than 3 V; in that case, -

the output signal saturates to 12'V. Otherwise, the input signal is amplified
by 4. This can be used to simulate a linear amplifier with a 12-V power
supply.
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A PWM modulator can be easily implemented with ABM blocks, as
shown in Figure 9.20. V, is a VPULSE source whose parameters are set to
simulate a triangular waveform generator. An ABM2 block is used in this
case. It has two inputs, V(%IN1) and v(%IN2). The IF statement programmed
into this block is an ideal comparator; if the control signal is greater than the
triangular signal, then the PWM output is 1; otherwise is 0.

A common error message obtained while using ABMx parts is ““part
not annotated.” Somehow, CAPTURE does noi automatically assign a part
reference to these components and the error message is generated. Remem-
ber to manually assign a part reference; e.g., ABM2a.

An implementation of a VCO is illustrated in Figure 9.21, where a sine
wave generatoris modeled with an ABM 1 block. The frequency is proportional
to the input voltage; thus, changing v(%IN)changes the VCO output frequency.

9.4.4 PSpice Simulations Using Control Blocks

A model of a PWM modulator using control blocks is shown in Figure 9.22.
A DIFF part is used to subtract the control and the triangular signals. The
result of this operation is passed through a high-gain GLIMIT that actsas a
comparator. The PWM output is either at 0 or 10V.

Figure 9.23 represents a simplified model for an operational amplifier.
The finite input impedance is modeled by R; and R,. The DIFF component
subtracts the signal at the inverting input pin, In—, from the signal at the
poninverting input pin, In+. The large open-loop gain of the operational

1 (V(%IN1) > V(%IN2),1,0)

control

triangular —<___Jpwm

Vv, =-10

Vo=10

TD=0 V,
TR=1u

TF=1u

PW=1n _L_
PER=2u =g

Figure 9.20 PWM modulator.

Sin (2*PI*100k* ABS(V(%IN)) * TIME)

triangular | - vCO
Inenguiar |

Figure 9.21 VCO implementation with ABM1.




398 Power-Switching Converters

control

triangular

100k
[>OJ < lpwm

Figure 9.22 PWM modulator with control blocks.

PARAMETERS:

Ve =+12
Vee=0

et

—<_JOpAmp

Figure 9.23 Model of an operational amplifier.

amplifier (i.e., 100k) is represented by a GAIN block. The Laplace block
models the open-loop frequency response, including only the low frequency
pole. The LIMIT block limits the output voltage swing to the values set by the
PARAMETERS V.. and Vgg, emulating the saturation of the amplifier due
to the output voltage swing reaching the power supply limits. The open-loop
frequency response for the operational amplifier is shown in Figure 9.24.
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100

- DB(V(OPAMP))

-50d

o

-100d : : : : . :
1.0mHz 10 mHz 1.0 Hz 100 Hz 10 KHz 1.0 MHz 100 MHz
= P(V(OPAMP)) Frequency

Figure 9.24 = Open-loop frequency response.

A closed-loop amplifier with a gain of 11V/V implemented with the
above operational amplifier is shown in Figure 9.25 with its frequency
response shown in Figure 9.26. Notice how the gain decreases while the
bandwidth increases in the same proportion (i.e., (1 + BA)), according to
feedback theory [3].

9.4.4.1 Voltage-Mode PWM Boost Converter

The same boost converter of Figure 9.14 is simulated in Figure 9.27 with
a closed-loop control to obtain a regulated output voltage of 20V and a
critically damped transient response. Recall from Figure 9.15 that the output
voltage of the open-loop converter settles to 17V at 15ms, after overshooting
up to 22'V. The components of the feedback loop are modeled with ABM
parts to speed up the design process. The voltage-controlled voltage-source
E1 is used to sample the output voltage. The sensed voltage, V(sense) =
V(out)*0.25; where 0.25 is the voltage gain of E1. This part can be physically
replaced by a resistive voltage divider using the same ratio. The dashed box
delimits the model for the error amplifier. The subtraction is followed by the
gain block, representing the closed-loop gain of the error amplifier. The
Laplace part models the closed-loop frequency response and the limiter
represents the saturation of the supply voltage. The inputs to the error
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&

>
o>
>

<
<
<

10!

PARAMETERS:
Vo =+12
Vee=0

<_"10pAmp

Figure 9.25 Closed-loop amplifier.

amplifier are the reference and the sensed voltages. As such, the error signal is
then proportional to the difference of these two voltages. The PWM modu-
lator is implemented using an ABM2 part, as discussed above. The inputs to
the modulator are the control and the sawtooth signals. The sawtooth is
generated using VPULSE, V4. The control signal is the result of adding the
error voltage to the reference voltage. The use of the adder at that point is very
convenient, since it enables the closed-loop response to be evaluated without
modifying the circuit. The open-loop response can be evaluated by discon-
necting the output of the error amplifier from the adder and grounding the
unconnected adder input. In this case, the reference voltage can still be
connected to the modulator with the switching converter in an open-loop
configuration. It should be noted that the error signal still reflects the differ-
ence between the open-loop output voltage and the reference voltage.
Figure 9.28 shows the control, error, and output voltages for the
closed-loop boost converter, together with their respective average values.
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50

SEL>>
~100d

1.0 mHz 10 mHz 1.0Hz 100 Hz 10 KHz 1.0 MHz 100 MHz
» PIV(OPAMP))

Frequency

Figure 9.26 Closed-loop frequency response.

VOFF =0.0V L
VON=1.0V E =
ROFF = 1e6 100pF
AON = 0.05

E GAIN = 0.25
sense

W (V%INT) > V(%IN2),1,0)
controi

1] pwn_out PWM
modulator-SB¥ ] e e
v, = error: [ 112 1Meg |
Vo= 1 bzl [iMeges) _E}
0= : : v,
;E:,n Error amplifier
PER=1m

Figure 9.27 Closed-loop boost converter.

The error amplifier gain has been adjusted to give a critically damped transi-
ent response. Notice how the output voltage settles to its final value of 20 V in
less than 4ms and without overshooting. At the same time, the error ap-
proaches zero and the control voltage approaches 5V (i.e.; 20 Vigain(Ey)).
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N }\L ]
10V \VG(V{control))

SEL>>

o v L Mcontroh

o Wcontrol) o AVG (V(control))

20V - ﬁ
AVG (V(error))
ov LS SBETTR e s § P e, S el - ea W o 3 ey
Viemo) ™~ L - A ST LT il
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» Vemor)  a AVG (Vierror) -
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Viou)
20 V4
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s Vioul) o AVG (V(out)) ’

19ms

Figure 9.28 Voltage waveforms of the closed-loop boost converter.

9.4.5 PSpice Simulations Using Vendor Models

The last step before building a prototype is to simulate the circuit using the
vendor models for the circuit components. In this simulation, it is recom-
mended to include realistic circuit and element parasitics. .MODEL statements
should not be used to model the effect of package parasitics. This is because
these .MODEL statements cannot be used to model the transient response of
most power semiconductor devices due to the extreme nonlinear character-
istics of these power devices. Therefore, MODEL statement is seldom used in
the transient analysis of switching devices. Instead, a SUBCIRCUIT repre-
sentation for power MOSFET should be used in transient analysis.

Example 9.1. Continuing with the design of the boost converter of Figure
9.27, the ABM parts were replaced by vendor models. The inductor and
capacitor parasitics are included, resulting in the circuit shown in Figure
9.29. The initial current flowing through the inductor L, is set to zero;
otherwise, the simulation may yield an erroneous answer. The simulation
options listed below can be used to improve convergence.

.TRAN O 30m 0 0.1u
.OPTIONS STEPGMIN
.OPTIONS ABSTOL= 10p
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Figure 9.29 Closed-loop boost converter with vendor models.

.OPTIONS ITL1 =400
.OPTIONS ITL4 = 500
.OPTIONS RELTOL = 0.01
.OPTIONS VNTOL = 10u

Figure 9.30 shows the inductor current, control voltage, and output voltage
waveforms of the simulated converter. I(L;) starts from 0 due to the initial
current of IC = 0. The control voltage settles to an average value slightly
larger than 5V to offset the losses due to nonideal circuit components. It is
important to avoid saturation of the control signal in order to be able to
control the converter at all time. The steady-state average output voltage of
the boost converter is smaller than 20 V. A PI controller should be used to
achieve a zero steady-state error of its output voltage. Nevertheless, F(out)
settles to its final value with almost no overshoot. This simulation requires
twice the simulation time compared to the simulation using ABM parts;
also, the output data files are much larger.

9.5 SMALL-SIGNAL ANALYSIS OF SWITCHING
CONVERTERS

As discussed in Chapter 6, many linear small-signal models for switching
converters have been developed. Orcad PSpice includes a library with linear
components based on the Vorpérian model [4]. The components of this
library, named SWIT_RAV.LIB, are listed in Table 9.9.-
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Figure 9.30 Waveforms of the simulated closed-loop converter.

Table 9.9

Vorperian models for PSpice [2]

SWIT_RAYV.LIB components

Parameters

Component Description

CMLSCCM - Current-mode large-signal
continuous-conduction mode

CMSSCCM Current-mode small-signal
continuous conduction mode

QRLSZCS Quasi-resonant large-signal

zero-current-switching

Se: External ramp slope (v/s)
FS: Operating frequency

Lfil: Filter inductance

Ri: Current feedback coefficient

Se: External ramp slope (v/s)

Sn: Current semse ramp slope (v/s)
FS: Operating frequency

D: Duty cycle

Lfil: Filter inductance

Ic: Current from terminal C
Vap: Voltage across terminals a
and p

Ri: Current feedback coefficient
VCOCOEFF: CoefTicient for
voltage to frequency conversion
Fsoffset: Frequency from Vco at
zero Vc
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Table 9.9 Vorperian models for PSpice [2}—Continued

SWIT RAV.LIB components

Component Description

Paramelers

VMCCMDCM Voltage-mode continuous-
conduction-mode and
discontinuous-conduction-
mode

VMLSCCM Voltage-mode large-signal
continuous-conduction-mode

VMLSDCM Voltage-mode large-signal
discontinuous-conduction-
mode

VMSSCCM Voltage-mbde large-signal
continuous-conduction-mode

Lo: Resonant filter value

Co: Resonant capacitor value

N: full wave N = 2; half wave
N=1

RMPHITE: External ramp height
VALLEYYV: Valley voltage of ex-
ternal ramp

LFIL: Filter inductance

FS: Operating frequency

START: Setup time necessary for
the model to set itself up

RMPHITE: External ramp height
VALLEYYV: Valley voltage of
external ramp

RMPHITE: External ramp height
VALLEYYV: Valley voltage of
external ramp

LFIL: Filter inductance

FS: Operating frequency
RMPHITE: External ramp height
D: Duty cycle

Ic: Current flowing from terminal
C

Vap: Voltage across terminals a
and b

Rsw: Switch on resistance

Rd: Diode on resistance

Rm: Models the base storage

effects
Re: Capacitor ESR

The PSpice model for the voltage-mode small-signal continuous-con-
duction-mode (VMSSCCM) part is listed below. The parameters match with
those in the model published by Vorpérian [4]; a description is also found in
Chapter 6. These parameters have to be specifically set for each circuit. Note

that the default ramp height is 2V.
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—unn

“VMsscem

* Small signal continuous conduction voltage mode model
* Params: RMPHITE — External ramp height

* D — Duty cycle

* Ic — Current flowing from terminal C

* See diagrams: but for buck it is V,/r, for boost it is lin
* Vap — Voltage across terminal A P

* See diagrams: but for buck it is Vin

* Rsw — Switch on resistance

* Rd — diode on resistance :

* Rm — which models the base storage effects

* Re — models ripple across ESR of cap

* Pins control voltage
* common ——|
* passive— | |
* ACTIVE ~ | | |
* H
. subckt vmssccm A P ¢ ve Params:
RMPHIE=2 D=04 IC=1 VAP =20
+ Rsw=1E-6 Rd = 1E-6 Re=1E-6 Rm=1E-6
efm 4 0 value = {v(Vc)/rmphite}
e2 A 6 value = {v(0,4)*Vap/d}
g1 A P value = {v(4)*I1C}
gxfr 6 p vaLUE = {I(vms)*D}
exfr 9 P vaLuE = {V(6,P)*D}
vms 980
rd 8 C {d*rd+(1-d)*rsw-+d*(1-d)*re-+rm}
rope 40 1g
rgnd 0P 1g
.ends

A small—signal model for the boost converter of Figure 9.14, including
circuit losses is shown in Figure 9.31. A small-signal AC analysis will be
performed to study the frequency dependence of the averaged parameters
with respect to small-signal changes in the duty cycle, d. In this figure,
notice how the voltage—mode small-signal continugus-conduction-mode
(VMSSCCM) component is connected. The common “terminal (C) is con-
nected to the common point where the switch and the diode are connected;
the active terminal (A) is connected to the other end of the switch; the
passive terminal (P) is connected to the other terminal of the diode; and the
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Figure 9.31 Small-signal AC analysis.

control terminal (VC) is connected to the duty cycle generator. The param-
eters of the VMSSCCM part are found from the average values of the
parameters in Figure 9.14 as follows:

D = 0.5 is the average duty cycle

IC = —1.84A is the average current flowing out of the common
terminal, in this circuit is equal to —I),

RD = le-6 is the dynamic resistance of the diode

RE = 10m is the capacitor’s ESR

RM = le-6 models the base storage effects

RMPHITE = 10 sets a ramp of 10V, this parameter is used for the
small-signal gain :

RSW = 10m is the switch on resistance

Vip = —17.6V is the average voltage between terminals (A) and (P);
for this circuit is equal to — V.

The average current flowing through the inductor, I, and the average
output voltage, V,,, are plotted in Figure 9.32. These waveforms follow the
average trend of the waveform shown in Figure 9.15, without the switching
ripple. It should be noted that this model accurately predicts the DC com-

_ ponent, as well as the small-signal AC components up 1o half the switching
frequency.

9.5.1 Open-Loop Transfer Function

Figure 9.33 shows the bode plot of the output-to-control transfer function
for the boost switching converter. It represents the frequency dependence
. of the output voltage to small-signal variations in the duty cycle. It can be
observed that these Bode plots correspond to an underdamped second-
order system with a right-haif-plane (RHP) zero. According to the equa-
tions listed in Table 6.3, the complex-conjugate poles due to the output
filter are located at f = (1 — D)/27v/LCou = 25Hz; the left-half-plane
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Figure 9.33 Output-to-control frequency response.

zero due to the output capacitor’s < ESR is located at
JSzesw = 1/27RestComy = 159kHz and the RHP zero is located at
fzrnp = (1 — DY Rigaa/277L = 79.6Hz. The zero due to the ESR is located
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at a very high frequency (more than 10 times the switching frequency), thus
it produces no influence on the frequency response for frequencies below f/
2. The RHP zero is located at low frequency, close to the corner frequency
of the output filter. Due to the combined effect of the two poles and the
RHP zero, the magnitude rolls down with a —20 dB/dec slope and the
phase reaches —270° above 1kHz.

9.5.2 Input Impedance

The input impedance can be evaluated by connecting a small-signal AC
source in series with the DC voltage source as shown in Figure 9.34. After
an AC analysis is performed, the input impedance can be plotted as the ratio
of the voltage of the AC source to its current, as shown in Figure 9.35.

9.5.3 Output impedance

To plot the output impedance, an AC source is connected in parallel with the
output terminals, as shown in Figure 9.36. After performing an AC analysis,
the output impedance can be plotted as the ratio of the voltage of the AC
source to its current, as shown in Figure 9.37. As can be seen, the output
impedance peaks at the frequency of 100 Hz.

9.5.4 Small-Signal Transient Analysis

The average models can also be used to simulate small-signal transient analy-
sis. This is useful to predict the behavior of the switching converter due to
changes in the circuit parameters, such as duty cycle, input voltage, load
current, etc. Figure 9.38 shows the schematic diagram tosimulate a step change
in the duty cycle at 20 ms. The amplitude of the duty cycle step is I'V. Figure
9.39 shows the input inductor current and output voltage waveforms before
and after the step change in duty cycle. These waveforms show the average

A, L u7
—‘—‘VW"——‘1 I,"g“m'y‘——lno VMSSCCM
= 1 2 out
AP
> D=05 |
] IC=-1.84 =R,
v ) RAMPHITE = 10 C,, L > Zook
=)V, = - ouF =R
W0V N 4 o RD = 1e-6 1|0= 5 T 20 cense

RM = te—6 e
RE =10m R, Y
RSW = 10m 0om ==
VAP = -17.6 Y 100k

£
o

Figure 9.34 Simulation setup to plot the input im, ance.
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Figure 9.36 Simulation setup to plot the output impedance.

dynamic response of the switching converter to a step change in the duty cycle.
The current waveform instantaneously increases, following the increase in the
duty cycle. On the other hand, the voltage waveform shows the typical char-
acteristic of a nonminimum-phase system, since the output voltage initially
decreases prior to the increase corresponding to a larger duty cycle.

Other average models are available for free download from Basso’s
book [5] at its web page hitp://perso.wanadoo.fr/cbasso/Spice.htm. One of
the models offered in the SMPSRECIPES.LIB is the average model devel-
oped by Ridley [6], which models both the voltage and current mode control
schemes. Since this model includes the inductor, several components are
provided to model the different switching converter topologies. That is the
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Figure 9.38 Simulation setup for the small-signal transient analysis.

case for all the average components based on the averaged-inductor model,
such as the BOOSTVM component developed by Yaakov [7], as shown in
Figure 9.40. As can be seen, one of the parameters for the component is the

inductance, L. The average output voltage waveform obtained using this
model is shown in Figure 9.41.

9.5.5 Measuring the Loop Gain

The circuit shown in Figure 9.42 is a method for measuring the loop gain.
The diode is not necessary because no switching action takes place in t_he
averaged model. However, it may be included, if desired, to add its dynamics
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Figure 9.40 Averaged-inductor model for a voltage-mode boost converter.

such as diode voltage drop, capacitance, and dynamic resistance to the
simulations. To measure the loop gain (i.e. B 4)), we can measure the gain
along the path through V; to V.

9.5.6 Frequency Compensation

For this circuit, we choose f; = 100 Hz for a switching frequency of 1 kHz.
The Bode plot of the loop gain reveals that phase compensation is necessary
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Figure 9.42 Circuit setup to measure the loop gain.

(Figure 9.43). Since the zero due to the ESR of the output capacitor is
located at a relatively high frequency beyond f; (100 kHz), a 2-zero 3-pole
(PID) compensation network is chosen to achieve the desired phase margin.

9.5.6.1 PID Compensation
The phase of the compensation network (2-zero and 3-pole) at fi 1s

given by
Bcomp(fi) = —90 + 2tan™" (‘}-) —2tan™! (%) 9.5)

1
z
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Figure 9.43 Bode plot of the loop gain.

and the magnitude is

Sz

2
— 40 log,y ( 1+ (%) ) ©9.6)

- From Equation (9.5),

2
Meomp(fy) = —2010g, (271f1) + 401og,o ( 14 f_')

_f]z =§_|_ ~ tan (Bcomp +90+2 tan" (.fl/./i’)) i (97)

2

z

Substituting Equation (9.7) into Equation (9.6),

Meomp(f1) = —2010g0 (27/1) + 4010g,9 (\/ 1 +f122)

— 40 logy, ( 14 6—‘)2) ©.8)
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Once the location of the double poles and double zeros have been chosen, we
can calculate the value of the components of the compensation network:

_ 1 @+ ]
fpl - 27TR3C3"’;’2 - 271’R2C| C2 "fZl 27TR2C|
1 Ry Ra(Ry -+ Rs3)
= ——— K =—_— K = ———
f2 = kG O TR T T RERs
R3 Cy= QG ©9.9)

R, T G+GC

The following MATLAB program solves Equation (9.8) and calculates the
network components according to Equation (2.9).

% iteratively solve for pole location on a
% 3-pole 2-zeros compensation network

clear all

PhaseBoost = 32; % needed phase boost at f1 (comp
network phase at 1)

GainBoost = —7; % needed gain boost at f1 in dB

f1 = 100; % defined by designer, has to be <(fs/2) in Hz
d2r = pi/180; % degree to radian conversion
fpd = 7.5*f1; % initial guess
= 1; % keeps the while going
whlle(m)
1z =tan( (PhaseBoost*d2r4-90*d2r+2*atan(f1/fpd) )/2); %f1/iz
f1z =abs(f12);
fzd =f1/abs(f12);
% Mag_comp_{1 is the Magnitude of the comp. network at f1
Mag_comp_f1 = —20*log10(2*pi*f1)-+20*log10(1+(f12) "2)-20*
log10 )
(1 +(f1/fpd)2)
Ph_comp=-90 + 2*atan(f1/fzd)/d2r -2*atan(f1/fpd)/d2r
if ((Mag_comp_f1-GainBoost) >1)
df = 2;% frequency resolution
fpd =fpd+-df;
. elseif ((Mag_comp_f1-GainBoost) >0.1)
J df =0.01;
fpd = fpd+-df; '
elseif ( (Mag_comp_f1- GamBoost) <—1)
df=2;
fpd = fpd-df;
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elseif ((Mag_comp_f1-GainBoost) <—0.1)
di=0.01;
fpd = fpd-df;
else
m=0; % stop the while
end
end
% check phase
Ph_comp = —90 + 2*atan(f1/fzd)/d2r — 2*atan(f1/ipd)/d2r;
% Claculate k1 and k2
% k1 is the gain of the comp network at fzd
ki_db = —20*log10(2*pi*fzd)+20"log10(1-+(fzd/fzd)"2)—-20"log10
(1 +(fzdApd)2)
k1 =power(10, k1_db/20)
% k2 is the gain of the comp network at fpd
k2_db=—20*log10(2*pi*fpd) + 20*log10(1 +(fpd/fzd)*2)- 20*log10
(1 +(fpd/ipd)"2)
k2 = power(10, k2_db/20)
% calculate components
R1=10e3; % selected by designer
R2=k1*R1 :
R3=R1/( (fpd/fzd)-1)
C1=1/(2*pi*R2*fzd)
C2 =C1/((fpd/fzd)-1)
C3=1/(2"pi*"R3*fpd)
The result of the calculation is:
Mag_comp_{1 = —7.0985
Ph_comp =32
k1_db=—-24.6094
k1 =0.0588
k2_db=—-5.0259
k2 =0.5607
R2=588.2076
R3=269.7258 A
C1=5.0034e-005
C2=1.3496e-006
C3=2.8658e-006

The components of the compensation network may be optimized by per-
forming small-signal AC simulations and adjusting their values to obtain the
desired phase margin. Once final values of the components of the compen-
sation network have been calculated, we are ready to evaluate the transient
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closed-loop response of the switching converter. Due to unmodeled dynam-
ics, the phase and gain contributions of the compensation network were
changed to obtain a PhaseBoost = 52; GainBoost = —8 db; leading to the
component values shown in Figure 9.44. The output voltage is shown in
Figure 9.45 for a switching frequency f;=1 kHz.
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Figure 9.44 Boost switching converter with PID compensator.
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Figure 9.45 Simulation results with a PID compensator.
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9.5.6.2 Pl Compensation

Another compensation frequently used in voltage-mode boost con-
verters is the PI compensation. The PI compensator is easier to calculate
and requires fewer components, but it leads to smaller bandwidths and
slower transient responses. The small-signal model for a PI compensator is
shown in Figure 9.46.

The transfer function.of the compensation network is

sC\Ry +1
TF=—on—. 9.
sC|R2 ( 10)

Therefore, it has a pole at s =0 and a zero at s=— 1/R,C). The phase of this
compensation network starts at —90° due to the pole at the origin and adds
positive phase according to the location of the zero. From the Bode plots of
Figure 9.47, we measured the frequency at which the uncompensated loop
response reaches 90°, i.e., 53 Hz and we set f at this point, thus f; =53 Hz.
Then we calculated R; and C to set the zero at the same frequency. In this
way, the phase of the loop gain at f; is: —180° (inversion) —90° (pole at the

A, Ly u7
A ~ = VMSSCCM
mi
IC=0 | T P ot
AP
| > | p=os
~o = IC=-1.84
+ RMPHITE = 10 Con L
W0V, .=V, BD= 1e-6 'ggo‘g::,ﬁ
- EM=1e-6 = 20
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ASW=10m i0m
VAP = -17.6
v,
4 ov, W

(2]

Figure 9.46 Small-signal model of the boost converter with PI compensation.
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Figure 9.47 Bode plots of the uncompensated and compensated loop gains.

origin) —90° (loop phase) +45°(zero) = —135°, or a phase margin of 45°. The
magnitude of the compensation network at frequencies higher than f) 1s
given by Ry/R,. The magnitude of the uncompensated loop gain at fi
is—1.45dB. Therefore, to force the magnitude -of the compensated loop
gain to 0db at f;, we set R;/R,=145dB or 1.18 (V/V). Choosing
R, =10k, resultsin R, =11.8kQ and C =254 nf. These are starting values;
the final values are obtained from the simulation results.

Figure 9.48 shows the schematic diagram of the boost converter with a
PI compensator using ABM blocks. C; and R; were added to improve
convergence. The sawtooth generator was adjusted for a 10-kHz switching
frequency. The corresponding inductor current, output voltage, and control
waveforms are shown in Figure 9.49. Notice that after an initial perturbation
applied at ¢t = 0, the waveforms slowly reach the steady-state value at the
end of the simulation at ¢ = 30 ms. The PI controller was simulated using
vendor models, as shown in Figure 9.50. The simulation results, shown in
Figure 9.51, are very similar to those obtained using ABM blocks.

Transient simulations using vendor models require longer execution time
and generate much larger output files. They also present more convergence
problems; therefore, they should be used only when they are strictly necessary-
The OPTIONS used in this simulation, as extracted from the output file are:

*Analysis directives:
.TRAN 0 30m O 10n sKipPBP
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Figure 9.48 PI compensation using ABM blocks.
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This simulation ended before the reaching the final time because the

data file became larger than the program can handle, giving he fo]lowmg
error message:

¥O ERROR — Probe file size exceeds 2000000000
JOB ABORTED

TOTAL JOB TIME 912.11

The reader must note the large amount of data generated by this simulation
and the long execution time required. If just a transient stability check was
needed, a small-signal simulation using an average model or switching
simulations with ABM blocks would have been sufficient.

9.6 CREATING CAPTURE SYMBOLS FOR PSPICE
SIMULATION

Vendors often provide PSpice models for their circuit components. They are
normally provided in a text file with extension .LIB; if the file has a different
extension, it should be changed to .LIB. A good practice is to save the model
libraries in a personal folder to avoid losing them. Start the PSpice Model
Editor and from the File menu, choose Create Parts. Browse to find the input
model library (.LIB file) and click OK to start. The message log should show 0
errors. This step creates an .OBL file with a schematic symbol linked to your
model. The created symbol will have a meaningful shape if the model was
provided with a . MODEL statement; in case of a . SUBCIRCUIT (sometimes
called a macromodel) representation, the symbol will be a square box.

To place the new part into the schematic, open Capture, and from the
Place menu choose Part. Click Add library,~then find and add the new
“.OLB” file. The simulator should be linked to the model library. Before
running the simulation, the model library (_LIB file) is to be added into the
simulation profile. In Capture from the PSpice menu, choose Edit Simula-
tion Profile. Click the Libraries tab. Use the Browse button to find and then
add the vendor “.LIB” file. The library can be added for the current design
only or it can be made available for all designs. If you do not like the square
box symbol created from the .SUBCIRCUIT model, you may create your
own symbol. For more information, please refer to the PSpice A/D User’s
Guide (pspicead.pdf), in the chapter “Creating Parts for Models” [2].

9.7 SOLVING CONVERGENCE PROBLEMS [8]

This section gives a brief overview of the convergence problems com-
monly encountered in PSpice simulations -and tips on how to solve
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them. For a more detailed explanation, refer to PSpice User’s Guide [2] and
Rashid [3].

Convergence problems may arise in PSpice when solving for the bias
point, DC sweep, and transient analysis of analog devices. PSpice uses the
Newton-Raphson algorithm to solve the nonlinear equations in these ana-
lyses. The algorithm is guaranteed to converge only if the analysis is started
close to the solution. If the initial guess is far away from the solution, it may
cause a convergence failure or even a false convergence. When PSpice cannot
find a solution to the nonlinear circuit equations, it gives a “‘convergence
problem” message. The message gives a clue to which part of the circuit is
causing the problem. Looking at these devices or nodes, or both, is a good
starting point to solve the problems. The AC and noise analyses are linear and
do not use an iterative algorithm, digital devices are evaluated using Boolean
algebra; so the following discussion does not apply to both of them.

PSpice solves the nonlinear equations using an iterative algorithm.
Starting from the initial guess, the algorithm calculates the node voltages
and the mesh currents. The currents are then used to recalculate the node
voltages and the algorithm keeps repeating until the entire node voltages
settle to within certain tolerance limits set by various .OPTIONS parameters. If
the node voltages do not settle down within a certain number of iterations,
an error message will be issued. The error message will depend on the type of
analysis performed.

9.7.1 DC Analysis Error Messages

The DC analysis calculates the small-signal bias points before starting the
AC analysis or the initial transient solution for the transient analysis. Solu-
tions to the DC analysis may fail to converge because of incorrect initial
voltage guesses, model discontinuities, unstable or bistable operation, or
unrealistic circuit impedances. The DC analysis will then issue an error
message, such as “No convergence in DC analysis,” “prvroL Error,” “Sin-
gular Matrix,” or “Gmin/Source Stepping Failed.” When an error is found
during the DC analysis, SPICE will then terminate the run because both the
AC and transient analyses require an initial stable operating point in order
to start. The DC SWEEP analysis may give “No Convergence in DC
analysis at Step = ###”° error message.

9.7.2 Transient Analysis Error Messages

During the transient analysis, the iterative process is repeated for each
individual time step. If the node voltages do not settle down, the time step
is reduced and SPICE tries again to determine the node voltages. If the time
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step is reduced beyond a certain fraction of the total analysis time, the
transient analysis will issue an error message “Time step too small” and
the analysis will be halted. Transient analysis failures are usually due to
model discontinuities or unrealistic circuit, source, or parasitic modeling.

9.7.3 Solutions to Convergence Problems

There are two ways to solve ‘convergence problems; the first only tries to fix
the symptoms by adjusting the simulator options; while the other attacks the
root cause of the convergence problems. Invariably, the user will find that
once the circuit is properly modeled, many of the modifications of the
OPTIONS parameters will no longer be required. It should be noted that
solutions involving simulation options may simply mask the underlying
circuit instabilities.

The following techniques can be used to 'solve most convergence
problems. When a convergence problem is encountered, the reader should
follow the indications in the given order until convergence is achieved.

9.7.4 Bias Point (DC) Convergence

In case the calculation of the bias point fails to converge, the circuit topology
and connectivity should first be checked, followed by modeling of circuit

components. The PSpice options are checked to ensure that they are prop-
erly defined.

9.7.5 Checking Circuit Topology and Connectivity

o Make sure that all of the circuit connections are valid.

o Check for incorrect node numbering or dangling nodes.

« Verify component polarity.

o Check for syntax mistakes.

« Make sure that the correct PSpice units (i.e., MEG for 1E6, not M,
which means mili in simulations) are used.

o Make sure that there is a DC path from every node to ground.

o Make sure that there are at least two connections at every node.

o Make sure that capacitors and/or current sources are not connected
in series.

o Make sure that no (groups of) nodes are isolated from ground by
current sources and/or capacitors.

o Make sure that there are no loops of inductors and/or voltage
sources only.

 Place the ground (node 0) somewhere in the circuit.
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Be careful when floating grounds (e.g., chassis ground) are used;
a large resistor should be connected from the floating node to
ground. All nodes will be reported as floating if 0 ground” is not
used.

Make sure that voltage—current generators use realistic values, and
verify that the syntax is correct.

Make sure that dependent source gains are correct, and that E/G
element expressions are reasonable. Verify that division by zero or
LOG(0) cannot occur.

Voltages and currents in PSpice are limited to the range +1 x 10'0.
Care must be taken that the output of behavioral modeling expres-
sions falls within this range.

Make sure that there are no unrealistic model parameters, especially
if the models are manually entered into the netlist.

Avoid using digital components unless really necessary.

Initialize the digital nodes with valid digital values to ensure the state
is not ambiguous.

Avoid situations where an ideal current source delivers current into a
reverse-biased p—n junction without a shunt resistance. This is be-
cause p-n junctions in PSpice have no leakage resistance. As such,
the junction voltage would go beyond 1 X 10'°Vv.

9.7.5.1 Setting up the Options for the Analog Simulation

Since Spice was originally designed for integrated circuits simulation,

the default values of some overall parameters are not optimal for power
electronic circuits. Some of the simulation parameters may have to be
changed using the following guidelines.

Increase ITL1 to 400. This increases the number of DC iterations
that PSpice will perform before it gives up. In all, but the most
complex circuits, further increases in ITL1 will not typically aid
convergence.

Use NODESETs to set node voltages to the nearest reasonable guess-at
their DC values, particularly at nodes that are isolated by high
impedances, and at nodes that are inputs to high-gain devices. NODE-
seTs hold these voltages at the specified value while the rest of the
circuit converges to a reasonably stable point, and then “‘releases”
these voltages for a few more iterations to find the final, complete
solution.

Enable the GMIN stepping algorithm [9] to aid with the bias point
convergence.
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o Set PREORDER in Simulation Profiles options. This is more important
while editing schematic for marginally convergent circuits.

» Power electronic circuits may not require tight current—voltage toler-
ances. Setting the value of ABSTOL to 1 will help in the case of
circuits that have currents which are larger than several amperes to
converge.

» Unless the circuit conducts kiloamperes of current, however, setting
ABSTOL to a value-greater than 1 will cause more convergence
problems than solving it.

e PSpice does not always converge when relaxed tolerances are used.
For example, setting the tolerance option, RELTOL, to a value, which
is greater than 0.01 can actually cause convergence problems.

» Setting GMIN to a value between 1z and 107 will often solve conver-
gence problems.

T e Setting GMIN to a value greater than 107 may cause convergence
problems.

9.7.6 Transient Convergence

The transient analysis can fail to complete if the time step becomes too small.
This can be due to either (a) the Newton—Raphson iterations would not
converge even for the smallest time step size or (b) circuit paramaters are
changing faster than can be accommodated by the minimum step size.

The circuit topology and connectivity should first be checked, followed
by the modeling of circuit components. Finally, the PSpice options should be
checked to ensure that they are properly set.

9.7.6.1 Circuit Topology and Connectivily

» Avoid using digital components unless really necessary.

o Initialize the nodes with valid digital value to ensure that there are no
ambiguous states. These can cause the time step to go unnecessarily
too small, and hence, a transient convergence issue.

» Use RC snubbers around diodes.

e Add capacitance for all semiconductor junctions (if no specific value
is known: CJO =3 pF for diodes, CIC and CJE=5pF for BJTs,
CGS and CGD =5pF for JFETs and GaAsFETs, CGDO and
CGSO = 5pF for MOSFETS).

o Add realistic circuit and element parasitics. :

e Parasitic capacitances: It is important that sthchmg times be non-
zero. This is assured if devices have parasitic capacitances. The
semiconductor model libraries in PSpice have such capacitances. If
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switches or controlled sources, or both, are used, then care should be
taken to ensure that no sections of circuitry could try to switch in
zero time.

e Inductors and transformers: It is recommended that all inductors have
a parallel resistor (series resistance is good for modeling DC effects but
does not limit the inductor’s bandwidth). The parallel resistor gives a
good model for eddy current loss and limits the bandwidth of the
inductor. The size of resistor should be set to be equal to the inductor’s
impedance at the frequency at which its Q begins to roll off.

» Look for waveforms that transition vertically (up or down) at the
point during which the analysis halts. These are the key nodes, which
should be examined for problems.

o Increase the rise and fall times of the PULSE sources.

« Ensure that there is no unreasonably large capacitor or inductor.

9.7.6.2 PSpice Options

Set RELTOL = 0.01. This option is encouraged for most simulations
since the reduction of RELTOL can increase the simulation speed by 10% to
50%. Only a minor loss in accuracy usually results. A useful recommenda-
tion is to set RELTOL to 0.01 for initial simulations, and then reset it to its
default value of 0.001 when a more accurate answer is required. Setting
RELTOL to a value less than 0.001 is generally not required.

Reduce the accuracy of ABSTOL/VNTOL if current/voltage levels allow it.
ABSTOL and VNTOL should be set to about eight orders of magnitude below
the level of the maximum voltage and current. The default values are ABSTOL
=1pA and vNTOL=1uV. These values are generally associated with IC
designs.

Increase ITL4, but not more than 100. This increases the number of
transient iterations that PSpice will attempt at each time step before it gives
up. This is particularly effective in solving convergence problems when the
simulation needs to cover a long time period, and fast transitions occur
within the circuit during that time. Values greater than 100 will not usually
bring convergence.

Skipping the bias point: The skipBp option for the transient analysis
skips the bias point calculation. In this case the transient analysis has no
known solution to start from and, therefore, is not assured of converging at
the first time point. Because of this, its use is not recommended. Its inclusion
in PSpice is to maintain compatibility with UC Berkeley SPICE.

Any apphcable JIC and IC = initial conditions statements should be

added to assist in the initial stages of the transient analysis. The initial’
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conditions should be chosen carefully because a poor setting may cause
convergence difficulties.

9.8 SWITCHING CONVERTER SIMULATION USING MATLAB

MATLAB [10] is a very convenient tool for the analysis of switching con-
verters using the state-space averaging method and transfer functions.
MATLAB can handle matrices and polynomials easily. This section intro-
duces the use of MATLAB for switching converter analysis using an example.

9.8.1 Working with Transfer Functions

Consider a buck converter designed to operate in the continuous conduction
mode having the following parameters: R=4, L=1.330mH, C=94pf, V,
=42V, ¥V, =12V. The transfer function of a boost converter obtained using
the averaged-switch model can be expressed as

Vols) _ g (4 (/520 — (s/52))

a9 TH /w0 + (Fwd) ©.11)
where
V.
=Gz 9.

Ki=a "oy ©.12)
%! =R1 c’ 9.13)
S = (L—_LD_L(R R ||IR) — _21‘1 (9.14)

\/ ind + ’eﬁ(;-' D), (9'15)
re = RerlR, (9.16)

and
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Wo

Q= Roa + 70 —DY/D) + (1/ C(Ress + R))’

(9.17

The listings for the MATLAB simulation are as follows:

% this is a comment
% parameters

R = 4;

L = 1.330 e—3;
Rind = 100 e-3;

C = 94 e-6;
Resr = 10 e-3
Vs = 42;

Va = 12;

D = Va/Vs;

Kd = Vs/(1-DY\2;

Sz1 = 1/(Resr*C);

Req = R—(Resr* R/(Resr+R));

Sz2 = (1/L)* (1-D)*2* Req—Rind/L;

Re = (Resr*R)/(Resr+R);

Wo = (1/sqgri(L*C))*sqrt( (Rind+-re* D*(1-D) )/ (Resr+R));
Q = Wo/(((Rind+ re*(1-D))/ L)+ (1/(C*(Resr+R))));

The semicolon at the end of each line prevents the value to be displayed
when the simulation is running. If the result of a calculation is desired, omit
the semicolon. :

N Po(s) . (14 (s/sa))1 —(s/522))
% define numerator ) = Kyg 1 76/0e0) + (2/ad)

% polynomials are entered in descending order of S.
nt = [1/Sz1 1]

n2 = [-1/822 1}

NUM = conv(n1,n2)

% the convolution realizes the product of 2 polynomials
% define denumerator

DEN = [1/(Wo"2) 1/(Wo*Q) 1]

% create TF variable -

sysTF = Kd*tf(NUM,DEN)

which returns
Transfer function:
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g _ =5:317¢ — 0085"2 — 0.05648s + 82.3)
SYS I = — 7 913¢ — 00652+ 0013435 + 1

The location of the poles can be found using
poles = roots(DEN)

and the frequency response can be plotted using
bode(sysTF)

resulting in the plot shown in Figure 9.52.
The small signal transient step response can be plotted using

Figure % this command opens a new figure window
step(sysTF)

This yields the plot of the step response shown in Figure 9.53.

Bode Diagram
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Figure 9.52 Bode plot of the system under study.
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Figure 9.53 Step response of the system under study.

9.8.2 Working with Matrices

Consider a buck converter designed to operate in the continuous conduction
mode having the following parameters: R=4 Q, L=1.330 mH, C=94pf,
V,=42V, V,=12V.

The model parameters can be defined by:

% state-space averaged model of a Buck converter
Rload = 4; % load resistance
L = 1.330E-3; % inductance
_' cap = 94E-6; % capacitance
-§ Ts = 1E-4; % switching period
Vs = 42; % input DC voltage
Vref = 12; % desired output voltage

The average duty cycle is
D = Vref/(Vs); % ideal duty cycle
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From state-space analysis of a buck converter in Chapter 6, the small-
signal averaged state-space equations are

T 3

The matrices of the averaged state-space model A, B, and C are entered as
follows: .

A=[0

-1/L 1/cap-1/(Rload*cap)]
B1 =[1/L 0]; % during Ton
B2 =[0 0}; % during Toff
B=B1'D+B2*(1-D)
C=[01};

The open-loop poles of the Buck converter can be calculated by using the
eig() function to evaluate the eigenvalues of the system matrix A.

Olpoles = eig(A)

The state-space open-loop model is defined as sysOL by the SS command.

The step response of the open-loop converter can be plotted using the step()
command:

sysOL =ss(A,B,C,0)
step(sysOL)

A “help” statement can be used to learn more on any MATLAB command.
For example,

help step

Figure 9.54 shows the transient response of the small-signal model of

the converter for a step input at #; obtained using the step() command.
The command line

gamma = [Vs/L 0;
defines the vector that reflects the changes in the duty cycle on the state
variables.

The feedback gains can be found in order to determine the closed-loop
poles at any desired location. In this case, the closed-loop poles are arbitrar-
ily chosen to be located at (—0.3298 + j 0.1). Start by defining a vector
containing the desired closed-loop. poles: '

P = 1e3*[-0.3298 + 0.10i —0.3298 —0.10i];
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Figure 9.54 Step response of the linearized buck converter.

Notice the notation for the complex numbers. The “¥” is placed right after
the imaginary part. The apostrophe represents the transpose operation.

Now by using the place() command, the feedback gains can be
defined as:

Bf= gamma*(D/Vref);
F = place(A,Bf,P)

The place command computes a state-feedback matrix F such that the
eigenvalues of 4 — Bf*F are those specified in vector P. No eigenvalue
should have a multiplicity greater than the number of inputs.
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9.9 SWITCHING CONVERTER SIMULATION USING
SIMULINK

Simulink [11] is a graphical input interface for MATLAB. This section
introduces its use in the simmulation of the switching converters by simulat-

ing the previous transfer function and state-space examples worked using
MATLAB.

9.9.1 Transfer Function Example Using Simulink

There are two different ways to describe a transfer function in Simulink, as a

ratio of polynomials and as a ratio of zeroes and poles. For the previous
example, the transfer function is

—5.317e — 85"2 — 0.05648s + 82.32

sysTF = 4913¢ — 65°2 4 0.01343s + 1

The numerator and denominator may be recovered from the transfer func-
tion by '

[NUM,DEN] = TFDATA(sysTF,'v))

The contents of the variables NUM and DEN are then used in the
Transfer Fen block (Figure 9.55). To evaluate the step response of the
system, connect a Step block from the source library and a Scope block
from the sink library. Then setup the simulation parameters for a stop time
of 50e-3 s and the step time at zero for the Step block. Save and run the
simulation. Double-clicking on the Scope block will open the scope window
and the trace of the step response will be displayed (Figure 9.56).

The To Workspace blocks make the selected Simulink variables avail-
able from the MATLAB command window. The step response can be
plotted in a MATLAB figure by the plot(time, output) command.

—5.317e-85%-0.05655+82.32 ) > 1
4.913e-6s2+0.0134s+1.0
Step Scope
Transfer Fcn
’ output
[ .
time To Workspace

Clock To Workspacel

Figure 9.55 Simulink polynomial representation of a transfer function.
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Figure 9.57 Simulink ZPG representation of the transfer function.
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The zero-pole-gain form of the transfer function can be obtained using
1 (Figure 9.57):

sysZPK = zpk(sysTF)

which yields:
Zero/pole/gain:




436 Power-Switching Converters

—0.010821(s + 1.064e006)(s — 1455)

SYsZPK = G + 2657)(s + 76.6)

Then, the parameters of the zero-pole block are entered as follows:

zeroes: [—1.0638e+006 +1455)
poles: [-2657 —76.6)
gain: [-0.010821]
9.9.2 State-Space Example Using Simulink

The switching converter of Eqﬁation (9.18) has the following state-space
matrices:

y _[ 0 752
~ 110638 —2660

B=[21482 0 (9.19)
c=[0 1]
D=0.

The averaged model of the switching converter using the state-space repre-
sentation is shown in Figure 9.58. The parameters of the state-space block
are entered as shown in Equation (9.19).

PROBLEMS

9.1. Using PSpice simulation, determine the harmonic contents of a boost
converter having the following parameters: V,=9V, V,=12V,
RL=120,L=1mH, C,= 100 pF, f;=1kHz. Use the TIP41 BJT vendor
model for the switching transistor. Comment on the harmonic contents
when the switching frequency increases to 10kHz.

3 x' = Ax+Bu —]
y=Cx+Du >
Step Scope
State-Space
- output
@ l time To Workspace

Clock To Workspacei

Figure 9.58 State-space representation of the switching converter.




Simulation of Switching Converters 437

9.2.

9.3.

9.4.

9.5.

9.6.

9.7.

9.8.

The parameters for the flyback converter shown in Figure 4.10 are:

Ly=500nH, N,=Ns, kps=0999, V;=100V, f.=5kHz, R,=104,

and C,= 100 pF. Using PSpice, determine the duty cycle for the onset

of the continuous mode of operation. ;

Using PSpice, simulate the Ciik converter shown in Figure 2.27 with the

following parameters: Li=1mH, C= 100pwF, L,=10mH,

C,=47pF, f,=10kHz, D=0.4, and R, =10 €. The switching transis-

tor, O, is a TIP41 bipolar transistor. Determine the input ripple cur-

rent, voltage across the energy-transfer capacitor, and the output ripple

voltage from PSpice simulations and compare these values to the cal-

culated values.

The switching frequency of the voltage-mode PWM boost converter

shown in Figure 9.29 is 20 kHz. Determine the compensation network if

the unity-gain crossover frequency is 4 kHz and a phase margin of 40° is

desired.

The current-mode PWM quasi-resonant ZCS buck converter from

Example 3.1 is designed to have an output voltage of 6 V. Compare

the calculated switching frequency to that obtained from PSpice simu-

lation.

(a) Design an ideal buck-boost converter that would operate with a

duty cycle of 60%. Choose the circuit parameters to provide an output

power of 10W. Show all the necessary calculations. (b) Simulate the

circuit using ideal components and parts from the ABM library. Evalu-

ate and plot the conversion ratio versus D. (c) Simulate the circuit

including component losses and vendor models using the. appropriate

parts and data sheets. Evaluate and plot the conversion ratio versus D.

(d) Evaluate the line and the load regulations by parametric simula-

tions. (€) Design a closed-loop regulator for the circuit in ¢) using ABM:
parts for the control and feedback blocks. Evaluate the line and load
regulations. Notice how the duty cycle varies to keep the output voltage
constant. ’

(a) If PSpice stops running due to comvergence problems during a
transient analysis, explain how you would modify the circuit and the
simulation options to aid with convergence. (b) How do you improve
the definition of the waveform obtained in a transient simulation?
(c) How do you improve the definition of the waveform obtained in
an AC simulation?

Draw a closed-loop synchronous buck converter showing a generic
3-pole 2-zero compensation network. Use components from the ABM:
library for the error amplifier, feedback network, and PWM modulator.
Design the ramp generator to provide with a 100-kHz sawtooth wave-
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form swinging from 0 to 1V. Setup the reference voltage for a 50%
nominal duty cycle. Calculate Beta.
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Switching Converter Design: Case Studies

10.1 INTRODUCTION
Switching converters find théit major application in switching power supplies.
The major feature of switching power supplies is their high power packing
density resulting from their high conversion efficiency. In general, the power
packing density of a switching converter increases with its switching fre-
quency. This is due to a reduction in size and weight of its storage elements
as its switching frequency increases. Furthermore, the switching action of the
transistor in a switching converter reduces unnecessary power losses.
Switching converters are also used in direct-current (DC) motor drives.
They are commonly known as choppers. DC motor drives are widely used in
applications requiring adjustable speed control, good speed regulation, and
frequent starting, braking, and reversing. Some important applications are
rolling mills, paper mills, battery-operated forklift trucks, battery-operated
trolleys, and machine tools. Recently, induction and synchronous motors
are also becoming popular in variable speed applications due to advances in
their inverter speed drives.
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The other lesser known application of the switching converter is in
the pulse-width modulator (PWM) switching audio amplifier. PWM
switching audio amplifiers have been in existence for- many years. The
major advantage of the PWM switching audio amplifier is in the power
conversion efficiency. Class AB amplifiers, commonly used in audio amp-
lifiers, have a maximum theoretical power conversion efficiency of less than
78.5%. However, the practical power conversion efficiency of a typical class
AB amplifier is between 35% and 40% [1]. On the other hand, practical
PWM switching audio amplifier offers a power conversion efficiency higher
than 80%. '

Even though dedicated integrated circuit controllers remain the work-
horse of controllers for switching converters, microprocessor and digital-
signal-processors are finding their niches as controllers for some switching
converter applications. Digital-signal-processor (DSP) allows the implemen-
tation of flexible digital control, monitoring, and communication functions
required in the new generation of digital power supplies. By changing the
controller algorithm, a totally digital power supply platform can be achieved
without changing the switching converter topology. In addition, more effi-
cient switching converter topologies, which take advantage of advanced
nonlinear digital control techniques, may be used to obtain optimum per-
formance over the complete operating range of the power supply. Further-
more, current-mode control of switching converters can be enhanced by
replacing the compensation ramp for state feedback control, thus simplify-
ing the design of feedback gains for the desired transient response. The use of
microprocessor or DSP adds signal processing capability and, therefore,
makes such switching converter smarter and more versatile than those with
conventional integrated-circuit controllers. Furthermore, the microproces-
sor- or DSP-based controller can be easily adapted to changing requirements
of the switching converter through software revision. In chopper applica-
tions, microprocessor or DSP controllers allow the use of complex control
algorithms to shape the responses of DC motors.

Several design examples of switching converters are presented in this
chapter. The design of a simple TL594-based buck converter is first dis-
cussed. This is followed by a brief discussion on the design of a DSP-based
synchronous buck converter. By changing the software, the same hardware
can be re-configured to work in current-mode and in voltage-mode with the
desired dynamics. This example shows the versatility of the digitally con-
trolled switching converters. The design of a flyback converter using three
different controllers is then presented. Finally, this chapter concludes with a
discussion of the design and evaluation of a practical PWM switching aundio

amplifier. It should be noted that these designs do not include any system
optimization.
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10.2 VOLTAGE-MODE DISCONTINUOUS—CONDUCTION-
MODE BUCK CONVERTER DESIGN

A voltage-mode, discontinuous-conduction-mode, buck converter using a
TL594 pulse-width modulator [2] will be designed and evaluated. The nom-
inal input voltage is 19V, but fluctuates between 17 and 21 V. The output
voltage for this converter is specified to be 5V + 5%, the load current may
change from 30 mA to 0.5 A. Thus, the power rating for this buck converter
is 2.5W. A linear voltage regulator such as the UA7805CKC can be used for
this application, although the power loss would be higher than that of the
buck converter. The switching frequency is chosen to be 10kHz. A phase
margin of 35° is selected as a compromise between the allowable overshoot
and desired rise time.

For an average output current of 265 mA, the average load resistance is

5V
=~ 265mA

Ry =18.30Q 10.1)

and the maximum load (or minimum load resistance) is

R, Ya_5YV

A . 2
=T ~05A 100 (10.2)

The inductor will next be determined to guarantee the discontinuous mode
of operation. Its inductance should be smaller than the critical inductance at
the highest load current:

1< R; (1—-D) 100 - 0.263)?
- 21, ~ 7 2-10000
—=0.272 x 10°H = 0.272mH, (10.3)

where D is the duty cycle of the buck converter operating in the continuous
conduction mode:

V. 5V

D=-2="—(
Ve 19V

= 26.3%. (10.9)

We choose a smaller inductance value of 0.2mH. The peak-to-peak ideal
inductor ripple current is ’

" V.D 19(0.6)
Al = =5~ = —=5.7A. 10.5
I =7 = 10000(0.2 x 10-%) STA . (10:5)




442 Power-Switching Converters

The output capacitor should be calculated to satisfy the output voltage
ripple requirements at full load, i.e., at I, =0.5A:

Av, 1,D
—=5% 2 =5 10.
72 b or P A 5% (10.6)
then
LD ' :
C=——" = X . A
77,005 52.6 pF (10.7)

Experimentally, we choose: C=3x470 pF. This output capacitance is much
larger than the calculated value due to a large ESR on the capacitors. As
such, the ripple has to be reduced by increasing the capacitance and parallel-
ing three capacitors. The peak-to-peak ideal capacitor ripple voltage is .

L,D 0.5 x 0.263

A e
Ye = 7C T 10000 x 1.41 x 10-3

=0.0093 V. (10.8)

For a voltage-mode discontinuous-conduction-mode buck converter, the
voltage conversion ratio, M, is defined as:
Va 2

—= =0.
Vs 1+ +/1+(8L/RT.D?)

263. (10.9)

With a nominal input voltage of 19V and an average output voltage of 5V,
the nominal duty cycle for a load resistance of 10{} is

A 8L
2V, 2
RTS((V:—I -1

10.2.1 Controller Design

D=

) =0.194. (10.10)

The switching frequency of the PWM is determined by C, and R,. Fora C; of
0.01 wF, the required R, for a switching frequency of 10kHz is 10k). Due to
the discontinuous-conduction-mode of operation, the buck converter yields
a first-order response with a corner frequency at

e 2TM 2 -0.263
P =241 — M)RC _ 2a(1 — 0.263)10 x 3 x 470 x 106
=153 Hz (10.11)

i St L e b
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Assuming an effective R, of 100m(), the output capacitors introduce a
zero at

1 1
Joese = 27RC 27100 x 103 x 3 x 470 x 106
= 1129 Hz. (10.12)

A reference voltage of 3V is fed to the noninverting input of the error
amplifier through a voltage divider from the on-chip 5-V reference voltage of
the TL594. The sampled voltage from the output of the buck converter is fed
to the inverting input of the error amplifier. Consequently, the sampling
network contributes an attenuation of —4.43 dB to the open-loop magnitude
response of the buck converter. Neglecting the open-loop gain of the com-
parator, the PWM contributes a gain of 20 logyo (V/ V), where V;, is the
peak amplitude of the sawtooth voltage. Since the peak amplitude of the
sawtooth voltage is 10V, the pulse-width modulator contributes a gain of

201og,o G%) = 5.57dB. (10.13)

Thus, the low-frequency gain of the open-loop buck converter is 1.14dB.
Simulations of the voltage-mode discontinuous-conduction-mode buck con-
verter were performed to verify the design. Figure 10.1 shows the schematic
circuit of the open-loop buck converter using vendor models of the chosen
components. The PWM modulator is modeled by ABM blocks.

The series resistance of the inductor is R;=0.696 Q and the ESR of the
capacitor is Res, = 0.1 2. The ABM2 block models an ideal PWM modulator
that generates the 30% duty cycle by comparing the 10-V sawtooth signal
provided by ¥V, with the reference voltage, Vier, of 3V. A larger duty cycle
was used to compensate for the circuit losses. Figure 10.2 and Figure 10.3
show the simulated output voltage and the output voltage ripple waveforms.
It can be seen that the output voltage is close to the desired value of 5V and
the ripple voltage is bounded within 0.25V (5% of 5V).

The simulated inductor current waveform is plotted in Figure 10.4.
The inductor current is zero for a certain amount of time in one switching
cycle, thus verifying that the circuit is operating in the discontinuous-
conduction mode.

10.2.2 Small-Signal Model

The small-signal model of the switching converter is shown in Figure 10.5.
The parameters of the error amplifier were found using the information
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Figure 10.2 Output voltage of the open-loop buck converter.
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Figure 10.5 Averaged-inductor small-signal model for the loop gain.

provided in the data sheet of the TL594 controller [2]. The Bode plot of the
loop gain is given in Figure 10.6.

10.2.3 Design of the Compensation Network and
Error Amplifier

The unity-gain crossover frequency, f;, was chosen to be one-tenth of the
switching frequency, f;, or 1kHz. From the Bode plot of Figure 10.6, the
magnitude of the loop gain at f; can be found to be —13.8dB at a phase of
—103°. Therefore, the compensation network should provide a gain of
13.8dB and a phase of —42° at f; to yield a 35° phase margin. A 2-zero
and 3-pole PID compensator, as shown in Figure 10.7, was chosen as the
compensation network.

The magnitude and phase of the compensation network are shown in
Figure 10.8 and Figure 10.9, respectively. k; is the magnitude at the fre-
quency of the double-zero (f;4) and k; is the magnitude at the frequency of
the double-pole (fpq)-

The phase required from the compensation network is

—43° = 2tan™! (Jéd-) —2tan™! (}% - (10.14)
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Figure 10.6 Bode plot of the loop gain, magnitude, and phase.
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Figure 10.7 Compensation network with two zeros and three poles.

The frequency of the double pole can be written as

—1 o
fui = tan (2“"‘ U‘z/f"’) +43 ) (10.15)
From a circuit analysis of the error amplifier, we have
R, Ry(Ri+Ry) '
Ky =— -
=R K> RiRs

foa = 1 (G+6) fuam 1 1
M= R G 2aR,C1C)° 7P 2R, Gy 2m(Ry +R3)Gs
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Figure 10.8 Magnitude of the compensation network.

The MATLAB program listed below calculates the pole and zero locations
using a brute-force algorithm and returns the values of the network com-
ponents using the following equations:

R,
Ry=kRy, R3=——"rc,
2 JEAS 3 (f;)d/fzd)_l
1 (o) 1
C, = — Cy=—F—FF, CG=r77> (10'16)
V= Ry 2 T Unalfa) =1 0 2nfmRs

where R, is previously chosen as 10k(}.

10.2.3.1 MATLAB Program to Calculate the Compensation Network

% iteratively solve for pole location on a

% 3-pole 2-zeros (PID) compensation network

PhaseBoost = —42; %needed phase boost at f1 (comp network
phase at 1)

GainBoost = 13.8; %needed gain boost at {1 in dB

f1 = 1000; %defined by designer, has to be <(fs/2) in Hz
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Figure 10.9 Phase of the compensation network.

© d2r=pi/180; % degree to radian conversion
fpd = 10*f1; %initial guess
m=1; %-keeps the while going
while(m),
1z =tan( (PhaseBoost* d2r+-90*d2r+ 2*atan(f1/ipd))/2); 1/fz
f1z =abs(f12);
fzd =f1/abs(f12);
% Mag_comp_f{1 is the Magnitude of the comp. network at f1
Mag_comp_f1 =—20"log10(2" pi*f1 )4-20*1og10 (1+(f1 z)"2)—20%og
10 (1 + (A /fpd)2)
Ph_comp = —90 + 2*atan(f1/fzd)/d2r — 2*atan(f1/fpd)/d2r
if ({(Mag_comp_f1-GainBoost) >1)
df =2;% frequency resolution
fpd =fpd--df;
elseif ((Mag_comp_f1-GainBoost) >0.1)
df =0.01;
fpd = fpd-+df;
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elseif ((Mag_comp_f1-GainBoost) <—1)
df=2;
fpd =fpd-df; .
elseif ((Mag_comp_f1-GainBoost) <-0.1)
df=0.01;
fpd =fpd-df;
else
m=0; % stop the while
end
end
% check phase
Ph_comp = -—-90 + 2*atan(f1/fzd)/d2r — 2*atan(f1/fpd)/d2r;
% calculate k1 and k2
% k1 is the gain of the comp net at fzd
k1_db = —20*log10(2*pi*fzd)+-20*10g10(1+(fzd/fzd)}*2)—20"log10
(1 + (fzd/fpdyr2)
k1 =power(10, k1_db/20)
% k2 is the gain of the comp net at fpd
k2_db = —20*log10(2*pi*fpd)-+20*1og10(1-+(fpd/fzdy"2)-
20*log10(1+ (fpdffpd)"2)
k2 = power(10, k2_db/20)
% calculate components
R1=10e3; %selected by designer
R2=k1*R1
R3 =R1/( (fpd/fzd)—1)
C1=1/(2*pi* R2*fzd)
C2=C1/((fpd/fzd) —1)
C3=1/(2*pi* R3*fpd)

From the MATLAB simulation, the double zeros are located at 2.31 Hz with
a gain of k; = —17.24 dB and double poles are located.at 448 Hz with a gain
of k;=16.43dB.

The components for the compensation network are:

Ry =10k, R,=1.37kQ, R3=52Q, C,=50uF, C,=0.26F, and
C3 =6.8 }LF.

The simulated magnitude and phase of the compensated loop gain are
shown in Figure 10.10. The simulated results are slightly off from the design
specifications. For example, the magnitude and phase are 4.3dB and 139°,
respectively, at 1kHz. The zero crossing occurs at_f; =1.25kHz, with a
phase of —147°; therefore, the phase margin is 33°, which is in good agree-
ment with the design specifications. The small-signal model of the frequency
compensated buck converter is shown in Figure 10.11.
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Figure 10.10 Magnitude and phase of the loop gain of the compensated circuit.
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Figure 10.11 Small-signal model of the frequency-cofnpensated buck converter.
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10.2.4 The Closed-Loop Buck Converter

Figure 10.12 shows the circuit schematic of the closed-loop buck converter,
Components with the closest commercially available values were used. This
section presents the simulation and experimental results obtained using this
circuit, including line regulation, load regulation, and the characteristics of
output voltage and output current versus the duty cycle.

10.2.5 Simulation Results

Simulations were performed on the closed-loop buck converter using vendor
models to validate the design. Figure 10.13 shows the inductor current and
output voltage waveforms. As can be scen, the inductor current is discon-
tinuous, having an average output current of 0.5A. The average output
voltage is 5.05V, which is in good agreement with the specifications.

As shown in Figure 10.14, the line regulation of the closed-loop
converier is very good. The input voltage can change from 12 to 30V and
still can achieve the desired output voltage regulation of 5V + 5%. Figure
10.15 predicts that the load regulation of the closed-loop converter will
degrade at a light loading, below 50mA.

10.2.6- Experimental Results

This section summarizes the open-loop and closed-loop measurements taken
on a laboratory prototype. Open-loop measurements such as the voltage

M, IRF9Z30 L
1ar 02mH

J__ A, IC<05
v, v, 82 D,

T o DIN5401

3l
TIP41
8.2k
._‘_L. i (V(%IN1) < V{%IN2),5,0)
° 2

3

Figure-10.12 Closed-loop buck converter.
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Figure 10.13 Current and voltage waveforms of the closed-loop buck converter.
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Figure 10.14 Line regulation of the closed-loop buck converter.

conversion ratio versus the duty cycle and the duty cycle versus the control
voltage are important indications for the range of performance of the
converter. The open-loop line and load regulations can be used to determine
the performance of the converter by comparing them to their closed-loop
counterparts.
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Figure 10.15 Load regulation of the closed-loop buck converter.

10.2.6.1 Open-Loop Experimental Data

The switching transistor was switched on and off by a variable duty
cycle 5 V voltage pulse from a pulse generator. The measured duty cycle
versus voliage conversion ratio of the open-loop converter is shown in
Figure 10.16. The conversion ratio increases almost linearly with the duty
cycle up to 31%. Due to circuit losses, the conversion ratio flattens for a duty
cycle range between 31% and 37%; beyond this point, the conversion ratio
decreases with an increasing duty cycle. From this plot, the usable range for
the duty cycle is between 10% and 31%. Thus, the maximum closed-loop
duty cycle should be limited to 31% to achieve good regulation. The nominal
duty cycle (D = 19.4%) is in the middle of the operating range.

10.2.6.2 Open-Loop Load Regulation

The load regulation for the open-loop buck converter under nominal
duty cycle and constant average input voltage is shown in Figure 10.17. The
output voltage changes almost linearly with the applied load, varying from 5
to 5.5V for a load variation of 10 to 40 (. The open-loop line regulation,
shown in Figure 10.18, reveals a linear variation of the output voltage with
the input voltage, V.

The linearity of the TL594 PWM modulator was tested by injecting 2
variable DC voltage at the feedback input, using the test circuit given for
parameter measurement in the TL594 data sheets [2]. The control voltage
was varied and the duty cycle was measured at the output of the controller,
yielding the PWM modulator gain plot of Figure 10.19. The duty cycle
changes almost linearly with the input voltage.
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Figure 10.16 Voltage conversion ratio versus duty cycle of the open-loop buck
converter at full load (V;=19V, I,=0.5A).
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Figure 10.17 O};en loop load regulation at duty cycle 26% and V=19 V.

10.2.6.3 Bode Plot of the Loop Gain

The loop gain was measured by injecting a sine wave into the PWM
modulator, in addition to the DC reference voltage, V. The amplitude of
the sine wave was kept small to satisfy the small signal variations in the duty
cycle. A passive low-pass filter was connected at the output of the buck
converter to filter out the high-frequency ripple from the output voltage. The
experimental data corresponding to the loop gain using the low-pass filter is
shown in Figure 10.20. To obtain the loop gain of the converter, the transfer
function of the added low-pass filter (Figure 10.21) needs to be subtracted
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Figure 10.19 PWM modulator gain of the TL594 controller.

from the total response. Subtracting the low-pass filter response from the
total response, the loop gain was obtained, as shown in Figure 10.22, which
is very similar to the simulated data.

10.2.6.4 Closed-Loop Experimental Results

Figure 10.23 shows the output voltage, inductor current, and duty cycle
waveforms of the TL594-based buck converter with a nominal input voltage
of 19V and a load current of 0.5 A, captured using a digital storage oscillo-
scope. Channel 3 displays the output voltage waveform. The average output
voltage is 5V with an output ripple voltage of 0.5V. This is most likely due to
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Figure 10.20 Bode plot of the loop gain including the low-pass filter: (a) ampli-
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Figure 10.21 Frequency response of the low-passfilter: (a) amplitude of the low-
pass filter; (b) phase response of the low-pass filter.

the equivalent series resistance associated with the output capacitor. Channel
2 displays the inductor current. It is obvious -that the buck converter is
operating in the discontinuous mode. Channel 1 shows the duty cycle output
of the TL594 that drives the base of the switching transistor, TIP41. The
switching frequency is measured to be 10kHz with a duty cycle of 30%.

10.2.6.5 Closed-Loop Line and the Load Regulations

The line and load regulations were measured by sweeping the input
voltage and output current, respectively. From Figure 10.24, it is clear that
the closed-loop converter has a much better line regulation than its open-
loop counterpart. For an input voltage range of 13.5 up to 30V, the output
voltage is between 4.77 and 5.15V, which is within the 5% line regulation.
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Figure 10.22 Bode plots of the loop-gain: (a) amplitude of the loop-gain without
low-pass filter; (b) phase response of the loop-gain without low-pass filter.
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Figure 10.23 Output voltage, inductor current, and duty cycle from TL5%4.

The load regulation measured on the closed-loop buck converter,
shown in Figure 10.25, is quite good. With output load current changes
from 0.4 to 3 A, output voltages from 5.2 to 4.76 V were measured. Figure
10.26 shows the circuit schematic of the TL594-based buck converter. The -
internal 5-V reference voltage is used to obtain the 3-V reference, +3V_Veer, -
in combination with the resistor divider, R,; — Rp;. Only error amplifier 1 is
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Figure 10.25 Experimental load regulation data.

used. The output of error amplifier 2 is saturated to a low voltage by
connecting pin 15 to V, and pin 16 to ground. This forces the internal
diode connected in series with the output of error amplifier 2 to be re-
versed-biased; therefore, the control signal depends only on the output of
the active error amplifier. If the two diodes at the outputs of the error
7 amplifiers are reversed-biased by saturating both error amplifiers to a low
“Tevel, pin 3 can be used to have a direct control of the duty cycle. This
_technique was used to measure some of the open-loop parameters, like the
“PWM modulator linearity, for instance.
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Figure 10.26 Schematic diagram of the TL594-based buck converter.

Figure 10.27 shows the output voltage and load current waveforms for
the TL595-based buck converter during a load transient. The output current
and output voltage of the buck converter change in response to a load
variation. The current increases from 0.5 to 1 A, when the load resistor is
decreased from 20 to 10£). As can be seen, the output voltage drops to a
lower steady-state level, according to the-load regulation shown in Figure
10.25. The output ripple voltage does not show a significant change. The
switching converter takes 4ms to complete the transition.

10.3 DIGITAL CONTROL OF A VOLTAGE-MODE
SYNCHRONOUS BUCK CONVERTER

This section discusses the design, simulations, and experimental results of a
digital voltage-mode controller for a synchronous buck converter. First, the
discrete-time model of the converter is derived from its continuous-time
model. Additional dynamics are then added to achieve a zero steady-state
output voltage error. Then, the closed-loop poles of the switching converter
are chosen to satisfy a desired transient response using a state feedback
technique. A synchronous buck converter-was constructed to test the control
algorithm. The feedback-gain vector L was calculated using MATLAB, and

S
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Figure 10.27 Output voltage and load current waveforms during a load
transient.

Spice simulations were performed to verify the design. Finally, the control
algorithm was programmed into a Texas Instruments’ TI320F240 DSP that
was used to drive the switching converter. It was found that the simulations
and experimental results closely matched those from the experiments.

10.3.1 Circuit Parameters

The synchronous buck converter comprises of an output inductor of
L =1.33mH, an output capacitor of C=94 nF, a load resistor of R=41,
and two MOSFETS, with an ON resistance of Ron=0.8 Q. The combined
resistance of the winding of the inductor and the current-sensing resistor is
R =1.34Q. The unregulated input DC voltage is V4=17V, and the regu-
lated output voltage is ¥.=3.3V. The switching period was chosen as
T.=100ps for a switching frequency f;=10 kHz. The amplitude of the
sawtooth is set to 10V. A steady-state duty cycle of D=72% for the
synchronous buck converter was found by open-loop measurements to
yield a nominal output voltage of Vo= 3.3V. The steady-state duty cycle is
larger than the ideal duty cycle of D;=(3.3V/7 V)100 =47% due to circuit
losses. The continuous-time model was calculated -using the above circuit
parameters, resulting in: '

[~(Rm+RUO/L  —1/L | _[-1609 752
4= [ 1/C v —1/(R'C)]» = [ 10638 —2660]’ (10.17)
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B — [l{)L] _ [7(5)2], By [g} (10.18)

10.3.2 Closed-Loop Pole Selection

One way of choosing the closed-loop poles is to select the transfer function
an nth-order low-pass Bessel filter, where n is the order of the system that is
designed. In the present case, n=3 because an extended model with add-
itional dynamics is used, the order of the system is increased from 2 to 3. The
step response of a Bessel filter has no overshoot, thus it is suitable for a
voltage regulator. The desired filter can then be selected for a step response
that meets a specified settling time. The limit for the minimum settling time is
that the control variable does not saturate. The closed-loop poles were
chosen by using the following criteria: n=3, settling time <0.5ms. Figure
10.28 shows the transient response of the Jow-pass Bessel filter. The seitling
time is nearly 0.4 ms without overshooting.

The magnitude component of the frequency response is displayed in
Figure 10.29, where the corner frequency is 3kHz. The S-plane location of
the poles of the selected third-order Bessel filter is Ps={—-2.449E3 +
j2.337E3, —3.093E3}. The desired closed-loop poles were mapped onto the
Z plane by p,=¢”T, resulting in P,= {0.7615 + j0.1813, 0.7340}.
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Figure 10.28 Step response of the third-order Bessel filter.
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10.3.3 Discrete-Time Model

A small-signal discrete-time model for the voltage-mode synchronous buck
converter was introduced in Chapter 6. The discrete-time model equation for
a voltage-mode synchronous buck converter was found to be:

D .
£(n + DT] = Gym{nTe] + T 57— Frer. (10.19)
ref

The numerical expressions for the model components are:

a7 [0.8187 —0.0600
Pvm = = [0.8484 0.7349 |’ (10.20)
0.5016
_ _A(1-D)T. . _
r - -0k, = [0 s) . (1022)

D )
D _972 _oasis=. 10.23
Vg 33V 0.1818 7 (10.23)
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Then, the numerical expression for Equation (10.19) becomes

. 0.8187 —0.0600], 0.10047]. .
Mln+ DT = [0.8484 0.7349 }"["TsH [0.0322]"“‘ - (1024

If full-state feedback is applied and the system is controllable, then the
closed-loop poles can be arbitrarily placed to obtain a desired transient
response. The voltage regulator should have the ability to track the reference
voltage even under load variations. Thus, additional dynamics are added.
The additional dynamics, represented by ®,, I'a, L, can be obtained by
defining a composite state vector:

iy [k}
xglk]) = [ vLc[k]], (10.25)
xa[k]

where x, is the state vector of the added dynamics. Then, using the formula
for the cascade connection of two state-space systems, the state-space
description of the design plant is

oy 0] . [T
%-[Fac q,a],rd—[o], (10.26)

where c relates the output to the states through y=cx.

A regulator for (®4, T'g) can be designed and the vector of feedback
gains can be partitioned as

L=[L, L,], (10.27)

where L, consists of the first n elements of L, n being the order of the system
to be controlled (for a synchronous buck converter n=2). L, is the remain-
der of L that relates the output to the states through y,=L; x,. L can be
found by pole placement of the desired closed-loop poles of the regulator.
The main advantage of this configuration is that if the actual closed-loop
system is stable, the actual system will track the reference input with a zero
steady-state error. For the present case,

c=[0 1] (10.28)

and

=1, Ta=1 (10.29)
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Refer to Vaccaro [3] for a detailed explanation on how to calculate @, and
I',. @4 and Ty can be found to be:

0.8187 —0.0600 0
®y; = | 0.8484 0.7349 0}, (10.30)
| O 1 1
0.1094 -
Fa= i-().0322 . : (10.31)
0

10.3.4 Feedback Gains

The values for the elements of the feedback vector L were obtained by pole
placement, for the desired transient response. The resultant gain vector is:

— [2.5925, 0.4027, 0.2420]. (10.32)

The following MATLAB program was used to design the controller:

% Continuous time model for the synchronous buck converter

clear all
R=4;

L =1.33e-3;
C =94e-6;
Ron=0.8;
RL=1.34;
Ts=1.e—4;
vg=7;
Vref=3.3;

A=[-(Ron:+RL)/L —1/L
1/C —1/(R*C)]

Bi=[1L
0 ]%during Ton
B2=[0

0]%during Toff
% Discrete time model for the synchronous buck converter
fiVM = expm(A*TS)

pol = eig(fiviM)
Un=Vg;
=(B1-B2)*Un

D=0.72;
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fiB = expm(A*(1—D)*Ts);% transition matrix for GamaA
GamaA =f{iB*K*Ts

GamaB = GamaA*D/Vref

Y%itracking regulator

%

fiComp=1;

GamaComp = 1;

c=[01];

fiDesign = [fiVM[GC OY

GamaComp*c fiComp]

GamaDesign =[GamaB
0]

% continuous-time closed-loop poles

Ps = [-2.449E3+42.337E3j—2.449E3—2.337E3j—3.093E3]
% discrete-time closed-loop poles

Pz = (exp(Ps*Ts))

% Calculate the Feedback gains

L = place(fiDesign,GamaDesign,Pz)

The program first calculates the continuous-time state-space matrices of the
switching converter (i.e., A, B;, and B,). The discrete model is then calcu-
lated, based on the continuous model, yielding the discrete-time model
matrices given in Equations (10.20) and (10.22). The extended model from
Equation (10.26) is calculated after the comment %tracking regulator, yield-
ing the numerical results shown in Equations (10.30) and (10.31). The
desired continuous-time poles are loaded into the variable P and then
mapped into the Z plane, obtaining P. Finally, the feedback gain vector
is calculated by pole placement.

10.3.5 Control Strategy

The control variable, v, comprises of a steady-state term and a perturb-
ation term:

Vier = Vier + Vet (10.33)
where v is calculated at the beginning of the kth switching cycle as:

Veer(k) = Veer(k) — L1 X(K) + ya(k), (10.34)
where |

Ya(k) = Laxa(k), (10.35)
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Xa(k) = @ xa(k — 1) + Taua(k), (10.36)

ua(K) = Vies — x200). (10.37)

10.3.6 Analog Model for PSpice Simulations

An interesting by-product of this digital control method is the analog
implementation used in SPICE to test the algorithm. This analog version,
shown in Figure 10.30, could be built into an integrated circuit to yield a very
accurate regulator. The main drawback of the analog implementation is the
need for sample and hold circuits. The inductor current, I, is sensed by the
F1 block (a current to voltage converter), that produces an output voltage
proportional to the inductor current, I;. This current is sampled at 1,,,
the sampled value is held during one switching period at the output of the
sample and hold circnit. The nominal value of the minimum value of
the current through the inductor is subtracted from the sampled current to
produce the state variable x;, ie., the small-signal perturbation of the
inductor current at the sampling time. Then, x, is multiplied by the corre-
sponding feedback gain, L;.

The output voltage is also sampled at fop,, and the sample is held at the
output of the sample and for an entire switching period. The reference
voltage is subtracted from the voltage sample to produce the state variable
X3, .., the small-signal perturbation of the capacitor voltage at the sampling
time. Then, x, is multiplied by the corresponding feedback gain, L>. x2 is
also connected to the discrete compensator that produces the variable y,-
The state variables are added to y, and the result of this operation is added
to the nominal value of the control-veltage, to determine the variations of
the duty cycle.

The PSpice model for the sample and hold circuit is shown in Figure
10.31. C; is charged to the input voltage when the switch closes. When the
switch opens, the voltage across the capacitor is held until the next sampling
time. The E block acts as a voltage follower, providing impedance trans-
formation. The discrete compensator, shown in Figure 10.32, calculates y,
according to Equations (10.29) to (10.35).

The MOSFET driver was designed as shown in Figure 10.33. A dead
time of 100 ns is modeled with a delay block and logic gates. The E blocks
provide the necessary voltage gain to boost the voltage of the 5-V logic to
15V in order to drive the MOSFETs. El is the upper MOSFET driver that
develops a differential output voltage. “outHi”” connects to the gate and

“outHiL” connects to the source, while “outLo” connects to the gate of the
lower MOSFET.
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10.3.7 Simulation Results

Simulations were performed using SPICE and MATLARB to verify the design.
Figure 10.34 displays the result of a parametric simulation where the load
resistor was set to 4 and 8 (2, respectively. The output voltage converges to the
nominal voltage of 3.3 V due to the tracking effect included in the additional
dynamics. Notice that no overshoot is present during the start-up for R=40.
A feedforward gain (empirically adjusted to —1.2) was added to improve the
start-up transient. Figure 10.35 shows a magnified view of the inductor
current waveforms corresponding to the two selected load resistors. The
current reaches different steady-state values according to the load resistance.
Notice that the waveforms repeat every 100 ps without subharmonic
oscillations and that the duty cycle changes to maintain the output voltage
under different loading conditions. The transient response due to a load
change from 4 to 3.48 Q at 5 ms is shown in Figure 10.36. Observe that after
the initial transient, the output voltage returns to the nominal value with a zero
steady-state error. In conclusion, the simulations show that the voltage-mode
regulator is able to track the reference voltage with zero steady-state error.

10.3.8 Sensitivity of the Closed-Loop Poles Due to Load Variations

The load resistance was changed in MATLAB simulations to test the sensitiv-
ity of the closed-loop poles of the discrete-time model due to load variations.

5.0

4.0 1

output vollage W V,,,7)

3.0

2.0 1

1.0 inductor current W(IL)

[ g v T v T + T ¥
Os 05ms 1.0ms 1.5ms 20ms 25ms 3.0ms 3.5ms 40ms 45ms 50ms
sy Vo) vaVil) +33 Time

Figure 10.34 Parametric simulation with different loading.
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Figure 10.36 Transient response due to a load change at time = 5msec.

The feedback gains were calculated to set ‘the closed-loop poles at:
poles={0.7615 + j0.1813, 0.7340} for a nominal load resistance of 4 ().
Without changing the feedback gains, the load was varied and the poles were
recalculated. Figure 10.37 displays the pole locations for a load variation
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from 0.1 to 20 . Notice that the system remains stable at a load resistance
from 0.7 to 20 Q. For a load resistance smaller than 0.7 £, one of the poles
moves outside the unit circle. At this load value, the voltage-mode synchron-
ous buck converter becomes unstable. For the nominal resistor value, the
poles are located at {0.7615 + j0.1813, 0.7340}. Finally, for a load resist-
ance greater than 4 (), the system is always stable and the pole locations do
not change significantly.

10.3.9 Experimental Results

The control algorithm was implemented in a Texas Instruments’ TI320F240
DSP to drive the converter circuit. The internal PWM circuitry was set to
emulate the external sawtooth and turn off the switch when the PWM
counter reaches the value determined by vr- An internal timer was set to
100 ps. The analog-to-digital converter (ADC) is activated for each period,
during which the inductor current and the output voltage are sampled. The
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Figure 10.38 Block diagram of the algorithm implemented in the DSP.

end of the conversion activates an ADC interrupt, where a new Vrer value is
calculated. The block diagrams of the interrupts are shown in Figure 10.38.

Figure 10.39 displays the steady-state waveforms obtained under a
nominal load condition. The trace on ch2 is the ver used as the control
variable, chl shows the inductor current, and ch3 is the output voltage. Notice
that the duty cycle is actually 72% and the switching period is fixed at 100 ps.
The transient response of the DSP-controlled synchronous buck converter
under a small load variation is shown in Figure 10.40. It can be seen that when
the load changes to a smaller resistance (i.e., 3.75 ), vieradjusts the duty cycle
to a new value, leading to a new steady-state duty cycle of nearly 90%.

10.4 DIGITAL CONTROL OF A CURRENT-MODE
SYNCHRONOUS BUCK CONVERTER

In Section 10.3, we discussed the design of a DSP-based voltage-mode synchro-
nous buck converter. The same hardware is also used, without modifications,
to implement a current-mode synchronous buck converter. Thisisaccomplish-
ed by changing the DSP software. This section discusses the design and experi-
mental results obtained from the current-mode synchronous buck converter.
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Figure 10.40 Transient response of the DSP-controlled synchronous buck con-
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10.4.1 Continuous-Time State Model -

The continuous-time model for the synchronous buck converter is the same
as in Equations (10.17) and (10.18). For an open loop converter,
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_ | —(Rm + R )/L ‘ —1/L _ 1609 —~752
4= [ 1/C ) —U(R’C)] - [10638 —2660], (10.38)
f= [IGL] = [7(5)2]’ By = [8]- (10.39)

10.4.2 Obtaining the Discrete-Time Model

The discrete-time model for the current-mode swntchmg converter was cal-
culated in Chapter 6 as

i + DT} = OeminT) + Fosl,, (10.40)

where the expression for the model components and their numerical values
are:

dau=0sa = [(25 0091,
Tem = Tay = [3:3(5)(1);] , (10.42)
R v
K = (B, — B))U = 5263.2, (10.44)
I — AO-DTLKT, — [gfg;g], | (10.45)
Q= [w - L (10.46)
w) = gi’; = ‘II—L = m——L—V)_T—s —6.3748, (10.47)
wy = Z:’; = ‘j— = [Vd 1_) Vc] =0.3385, : : (10.48)
w3 = od, ‘-i- =1 _L __¢3ms | (10.49)

ﬁ;:-lp TsVd‘Vc
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10.4.3 Current-Mode Instability

The poles of the transition matrix in current-mode, $cm, were found from
Equation (10.41) at {—2.3776, 0.7815}. Clearly, one pole lies outside the unit
circle, predicting an unstable behavior for D= 0.72. The design technique
used in this example permits the closed-loop poles to be located in any desired
location, overcoming this problem. The practical limitation for choosing the
closed-loop poles is that the control variable should not saturate.

10.4.4 Extended-State Model for a Tracking Regulator

Additional dynamics, represented by ®,, I',, L, are added to yield a zero
steady-state error. The extended-state model for a tracking regulator with
additional dynamics implementing a digital tracking system that uses full-
state feedback is given in Equation (10.50)

_|®Pm O _Ir
‘I)f’“[rac @a], rd_[o], (10.50)

where c relates the output to the states through y = cx; L, relates the output
of the additional block to its states through y, = LaX,. X, is the state vector of
the added dynamics. In this example, only one state is added. A regulator for

(D4, T4) can be designed and the vector of feedback gains can be partitioned
as

L=[L, L,} (10.51)

where L, consists of the first » elements of L, n being the order of the system
to be controlled (for a synchronous buck converter n=2). L, is the remain-
der of L. L can be found by pole placement of the desired closed-loop poles
of the regulator. The procedure to find (®,, T'z) is covered in detail in
Vaccaro [3], but for this case ®,=T,=1.

The extended model for the current-mode synchronous buck converter
becomes

@y = | -0.0805 0.7843 0
o 1 1

—2.3804 0.1099 0
, (10.52)

[ 3.4507
I's= 110019 }. (10.53)
0

o
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10.4.5 Feedback Gains

The values for the elements of the feedback vector L were obtained by pole
placement for an arbitrary desired transient response. The closed-loop poles
were arbitrarily chosen to lie in the following locations of the Z plane:
{—0.66, 0.66, 0.9}

The resulting gain vector is:

L=[-04709 0.1340 0.0183] (10.54)
10.4.5.1 MATLAB Design File

The MATLAB command file used to design the current-mode controller is:

clear ail
Rs =0.8; %Ron
RD=Rs;
RL=1.34;
R=4;
L=1.3302e-3;
cap=94.e-6;
Ts=1.e4;
Vg=7;
Vref =3.3;
Vd =0.0; % diode voltage drop
IM = Vref/R .
D = (Vref+Vd+IM*(RL+-RD) )/(Vg+Vd)% duty cycle with losses
Vdrop = Vg—IM*(Rs+RL)—Vref
deltal = (Vdrop*D*Ts)/L
Ivalle = IM—deltal/2
Ipnom = IM+deltal/2;
A=[—(Rs+RL)/L —1/L
“1/cap —1/(R*cap)]
fiA = expm(A*Ts)
fiA;
pol = eig(fiA)
B1=[1L
0] %during Ton
B2=[0
0 .);%during Toff
Un = Vg; %input vector
%discrete model
K=(B1-B2)*Un
fiB = expm(A*(1—D)* Ts)% transition matrix for GamaA
GamaA =fiB*K*Ts
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Y%sensitivities

fiD =expm(A*D*Ts);

deltafiD = A*fiD;

deltaGamaD =fiD*B1;

x10 = IM—deltal/2; %lvalle nominal

x20 = Vref; %Vc nominal

w1l = ~fiD(1,1)/( (deltafiD(1,1)*x10+-deltafiD(1,2)*x20+deltaGamaD
(1,:)*Un)*Ts);

w2 = —fiD{1,2)/( (deltafiD(1,1)*x10-+-deltafiD(1,2)"x20+-deltaGamaD
(1,2Y'Un)"Ts); »

Omega = [w1 w2] %vector sensitivities

% sensitivities alternative

Omegaalt = [-L/(Vdrop*Ts) D/Vdrop 0 0]

%w1 = —L/(Vdrop*Ts);

%w2 = D/Vdrop;

GamaB = (L/(Vdrop*Ts) )*GamaA

% current mode

fiCM =fiA+GamaA*Omega

GamaCM =GamaB

cCM=eye(2);

dCM = zeros(2,1);

pcm = eig(fiCM)

% closed loop without compensator

% complete state feedback

% closed loop poles

P =[-0.6626 0.857}

F = place(fiCM,GamaB,P)

fiCL=1fiCM—GamaB*F;

pcl = eig(fiCL)

% closed loop with compensator

% compensator design

fiComp=1;
GamaComp=1;

c=[01);

fiDesign ={fiCM [0 O]
GamaComp*c fiComp};

GamabDesign = [GamaCM
o},

P =[-0.6626 0.657 0.90] % closed loop poles as tracking regulator
Ld = place(fiDesign,GamaDesign,P)

fiCL =fiDesign-GamaDesign*Ld;

pcl = eig(fiCL)

w
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10.4.6 Control Strategy

The same control strategy used for the voltage-mode synchronous buck
converter was used here, except that the control variable is the peak current
flowing through the inductor I,,. Like the others, this variable comprises of a
steady-state term and a perturbation term. Then, we can write:

L=T+1, (10.55)

where I, is calculated at the beginning of the kth switching cycle as

1K) = To(k) — Ly5(k) + 750, (10.56)
where

7400 = Loxa), (10.57)

Xa(k) = ®axalk — 1) 4 Tara(k), (10.58)

k) = Vieg — 2200). (10.59)

10.4.7 Simulation Results

Simulations were performed in SPICE to verify the design. The PSpice
schematic of the test circuit is shown in Figure 10.41. Figure 10.42 displays
the result of a load transient simulation where the load resistance was
changed from 4 to 3.75Q and back again to its original value. The smaller
value of 3.75Q was selected because it is very close to make the switching
converter unstable by driving one of the closed-loop poles outside the unit
circle. The output voltage converges to the nominal voltage of 3.3V due to
the tracking effect included in the additional dynamics. Notice that no
overshoot in the voltage waveform is present during the start-up. A feed-
forward gain (empirically chosen as —0.1) was added to improve the start-up
transient. Figure 10.42 also shows the inductor current waveforms corre-
sponding to the two selected load resistors. The current reaches different
steady-state values, according to the load resistance. The signal I_hold
represents the samples of the inductor current taken at the turn on of the
main switch. Notice that the waveforms repeat every 100 us without any
sub-harmonic oscillation. Also notice that the duty cycle for R=4 is 72%.
In conclusion, the simulations show that the current-mode regulator is able
to track the reference voltage while showing a stable behavior for a duty
cycle greater than 50%. '
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Figure 10.42 PSpice simulation of a load transient.

10.4.8 Sensitivity of the Closed-Loop Poles Due to Load Variations

The load resistance was changed to test the sensitivity of the closed-loop
poles due to load variations. The feedback gains were calculated to set the
closed-loop poles at: {0.66, — 0.66,0.9} fora nominal load resistance of 4 (2.
The resulting feedback gains are: L=[-0.4709, 0.1340, 0.0183). Then the
load was changed and the poles were recalculated. Figure 10.43 displays
the pole locations for a load resistance change from 0.1 to 200). Notice
that the system remains stable at load resistances from 3.4 to 20€2. For a
load resistance smaller than 3.4.Q), one of the poles moves outside the unit
circle. At this load resistance value; the synchronous buck converter be-
comes unstable. For the nominal resistor value, the poles are located at
{0.66, —0.66, 0.9}. Finally, for a load resistance value greater than 4 (), the
system is always stable.

10.4.9 Experimental Resulis

The control algorithm was programmed into’a Texas Instruments’
TI320F240 DSP to drive the converter. An external voltage comparator
was used to trigger an external interrupt when the inductor current reaches
the value determined by I,. An internal timer was set to 100 us. At each
timer period, the ADC is activated, and the inductor current and the output
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Figure 10.43 Magnitude of the closed-loop poles versus load resistance.

voltage are sampled. The end of conversion activates an ADC interrupt,
when a new I, value is calculated. The block diagrams of the interrupts are
shown in Figure 10.44.

Figure 10.45 displays the steady-state waveforms obtained under a
nominal load condition. The trace on ch2 is the I, used as the control
variable, chl shows the inductor current and ch3 is the output voltage.
Notice that the duty cycle is actually 72% and the switching period is fixed
at 100 ps, without any suboscillations. This proves that the closed-loop
system is stable as predicted.

The transient response of the DSP-controlled synchronous buck con-
verter under a small load perturbation is shown in Figure 10.46. It can be
seen that when the load resistance changes to a smaller value (i.e., 3.75 Q), I,
adjusts the duty cycle to a new value, leading to a new steady-state duty cycle
of nearly 90%. Even under this condition, the converter remains stable.

10.4.10 DSP Program

The complete listing of the main TMS320C-240 DSP program is shown
below. After completing all the initializations, the main program goes into
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(Timer interrupt every 100 ms> C External interrupt iy > [, )

< A
Switch ON Switch OFF
Sample i
Sample v,
additional dynamics:

_ yatk), xa(k), va(k)
Calculate new I,
Wirite [, 1o DAC

Figure 10.44 Flow diagram of the interrupt routines.
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Freq(1)=9.804 kHz V,,(3)=3.269 V

Figure 10.45 Steady-state waveforms of the current-mode synchronous buck
converter:

an infinite loop, waiting for the interrupts to occur. Once the external
interrupt is triggered when the inductor current reaches the programmed
peak value, the main switch is switched off. The second interrupt is activated
by the internal timer at every switching period. The inductor current and the
output voltage are sampled and the main switch is switched on. The control
algorithm calculates the additional dynamics and the new value for the
inductor’s peak current is calculated.
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Figure 10.46 Transient response of the current-mode synchronous buck con-
verter under a load step.

#include “Perip240.h”
#include “Inter240.h”
#include “Reg_C.h”
/* constants */

/*

*ADC gains:

* ch2(pin 5) for iL and ch10(pin 13) for Vc

*  lanalog ADC hexa ADC dec Amplifier output
A 0x3FF 1023 5V

* 1A 412 2.187V

> lanalogMax = 620mA

* Vanalog ADC hexa ADC dec Amplifier output
* BV ‘0x1FB 507

*/

#define ADCgain (2.075/418) /* ADC gain (DAC_input_volt
age/ADC_count) */

Mo



Switching Converter Design: Case Studies

#define Ki_F (1.0/412)

#tdefine Kv_F

Ox03FF
0x07FF
0xO0BFF

#define DAC_1v25
#define DAC_2v5

#tdefine DAC_3v75
#define DAC_GAIN

F
(1023/1.25)
#define 12
DAC_F (2.187*
1023/1.25)
#define Rs_F 1.34
#define L_F 1330.2¢—6
#define CAP_F 94e—6
#define R_F 4.0
#define Ts_F 100e-6
#define Vg_F . 7.0
#define VREF_F 3.3
/* feedback gains */
#define L1_F —0.4709
#define L2_F 0.1340
#define L3_F 0.0183
#define GF_F -0.01

/* global variable definition */
intleds;

int Isense_qg12;

int Vsense_q12;

int VREF_q12;

unsigned int Ip_q12=0;
unsigned int Ipnom_qi2;
unsigned int Imean_q12=0;
unsigned int Ivalle_q12=0;
unsigned int Vc_q12=0;
unsigned int Isense =0;
unsigned int Vsense =0;

485

J* 0.43/0x2B3 multiply DAC
reading by Ki to obtain the
current value */

(5.0/0x1FB) /* multiply DAC reading by Kv to

obtain the voltage value */
/* DAC value for-1.25V output */
/* DAC value for 2.5V output */
/* DAC value for 1.25V output */

/* new dac value = DAC_GAIN *
volts */

/* 1789.84 counts/Amp used to
generate Ip on the DAC */
/* floating-point parameters */

int L1_g15,L.2_q15,L3_q15,GF_q15;
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intua_qt2=0;

int xa_q12=0;
intya_q12=0;

int Ki_q15,Kv_q15;

int DAC_GAIN_q4;

ioport int portOC; /* leds */
unsigned int dac_value;

int 12DAC_q3;

/* function prototypes */
extern void meminit(void);
interrupt void INT1_isr(void);
interrupt void ADC_isr(void);

main()

{

float Imean_F = VREF_F/R_F;
float Vdrop_F = (Vg_F-lmean_

F*1.94)-

VREF_F; /* inductor voltage drop */
float D_F = (VREF_F-+Imean_F*1.94)/(Vg_F);
float deltal_F = (Vdrop_F*D_F*Ts_F)/L_F;
float Ipnom_F = Imean_F-+deltal_F/2;
meminit(); /* initialize routine in ASM */

/* initialize variables */
/* Q-15 parameters range (—1,1) */
/* to convert to Q15: Z(Q155) = (int)(2215*Z(Q0) ) 2715 =0x8000*/
L1_qg15= (int)(0x8000*L1_F);
L2_q15= (int)(0x8000*L2_F);
L3_qt5= (int)(0x8000*L3_F);
GF_qi15= (int)(0x8000*GF_F);
Ki_q15=  (int)(Ox8000"Ki_F);
Kv_q15= (int)(0x8000*Kv_F);
/* Q-14 parameters range (—2,2) */
* 10 convert to Q14: Z(Q14) = (int)(2714*Z(Q0) ) 2/14 = 0x4000"/
/* Q-13 parameters range (—4,4) */
/* to convert to Q13: Z(Q13) = (int)( (2*13)*Z(Q0) ) 213 =0x2000"/
/* Q-12 parameters range (—8,8) */
/* to convert to Q12: Z(Q12) = (int)( (212)*Z(Q0) ) 212 =0x1000*/

VREF_qi2= (int)(0x1000*VREF_F); /" reference
voltage */

lpnom_qi12= (int)(0x 1000*Ipnom_F);

ivalle_q12= {int)(0x 1000*(Imean_F—(deltal_F/2)));

/* Q-6 parameters range (—512,512)-"/
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/* to convert to Q6: Z(Q6) = (int)({ (2/6)*Z(Q0) ) 26 =0x 40"/
/* Q-4 parameters range () */
/* 1o convert to Q4: Z(Q4) = (int)( (274)*Z(Q0) ) 2/ =0x 10"/
DAC_GAIN_g4 = (int)(0x010 * DAC_GAIN_F) ;
/* Q-3 parameters range () */
/* to-convert to Q4: Z(Q3) = (int)( (2/3)*Z(Q0) ) 23 =0x08"/.
I2DAC_q3 = (int)(0x08 * 12DAC_F);
/* large numbers */
/* initialize clock and wait states */
*CKCR1=0x00BB; /* CLKIN(OSC)=10MHz, CPUCLK=
20MHz */
*CKCRO=0x00C3; /* CLKMD=PLL Enable, SYSCLK=
CPUCLK/2 */
*SYSCR =0x40C0; /* CLKOUT =CPUCLK*/ v
WSGR=0x0004; /* set wait state generator for: -
Program space: O wait states,
Data space: 0 wait states,
/O space: 1 wait state */
/* initialize interrupts */

*XINTA1CR = XINT1_value; /* set XINT1 */

*IFR=CLEAR_ALL_INT; /* clear flags */

*IMR=INT_6 | INT_1; /* unmask ADC int and external
. int*/

asm(“clrc INTM”); /*Enable unmasked interrupts.”/

/* setup ADC for timer1 driven interrupt */ .
*ADCTRL1=ADCTRL1_VALUE; /* ch2(pin 5) for IL. and ch10(pin
13) for Ve */
*ADCTRL2 = ADCTRL2_VALUE;
/* empty ADC FIFO */
Isense = *ADCFIFO1;
iIsense =*ADCFIFOT1;
Isense =*ADCFIFO2;
Isense = *ADCFIFO2;
/* setup EV timer */
*T1CON=T1CON_VALUE;
*GPTCON=GPTCON_VALUE;
*T{PR=0x07D0; /* timer 1 period register 100 us for 10 kHz*/
*T1CNT =0x0000; /* timer 1 counter register */
/* TICMPR */ /* timer 1 compare register */
/* setup portB */ )
*OCRB =0x000C; /* poriBis /O */
*PBDATDIR = 0xFF00; /* portB is output FF, all outputs low 00 */
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/* main loop */
leds =32;
port0C =leds;
DACO = (int)(DAC_GAIN F*2.0),I’ set dac out to 3V) ¥/
DACupdate = UPDATE;
*PBDATDIR = OxFFFF;/* switch ON */
for (;;) /* infinite loop */
{ ;

I* wait until IL>1p
this is tested by an external comparator
that sets the INT1 */

}/* end for *

}* end main */

;UNCTIONS

interrupt void INT1_is/r(void) Cp externél interrupt for IL > Ip */
*PBDATDIR = OxFF00;/* switch OFF */

?{nterrupt void ADC_isr(void)

/* switch on */
*PBDATDIR = OxFFFF;
/* read ADC */
Isense =*ADCFIFO1;
Isense =Isens>>6; /* shift 10-bit ADC data to low byte */
Isense_q12 = (int)(

(long)(Isense) * (long)(Ki_q15)
)<<(32-15-10 +6)/* q12*/
) >>(16)
), . /*scaleinput to represent Amps */
Vsense = *ADCFIFO2;
Vsense = Vsense>>6;
Vsense_q12 = (inf)(

(
(long)(Vsense) * (long)(Kv_q15)
)<<(32-15- 10+6) /* q12*/
) >>(16)
), /* scale input to represent Volts */
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/* calculate additional dynamics */
xa_ql2=xa_qi12+ua_ql12;
va_qi2=VREF_qgi12-Vsense_q12;
ya_qi2=(int)( (( (long)(L3_q15)" (long)(xa_q12) )<<1)>>16); .
/* calculate Ip */
Ip_qi2= Ipnom_qi2 + ya _qi2
—(imt)( ({ (long)(L1_qg15)* (long)(lsense_q1 2-lvalle_q12) )<<1)
>>16)
—(int)({ ((long)(L2_q15)" (long)(Vsense_q12-VREF_q1 2))<<1)
>>m16)
+(int)({ ((long)(GF_q15)* (long)(VREF_q1 2))<<1)>>16);
/* set DAC with new Ip value */
dac_value = (int)(
: (

(long)(lp_q12) * (long)(12DAC_q3)
)<<(32-16-15)
) >>(16)
); /* scale input to represent Volts */
DACO =dac_value;
DACupdate = UPDATE;

}

10.5 UC3842-BASED FLYBACK DESIGN

A universal input voltage power supply was designed using a current-mode,
discontinuous-conduction-mode, flyback converter, based on the UC3842
PWM controller [4]. The controller was previously discussed in Chapter 5
and the flyback topology was discussed in Chapter 4. Current-mode control
has the advantage that an excellent line regulation can be achieved without
considering the dynamic range of the error amplifier. Therefore, the error
amplifier is dedicated to correcting for load variations. The current-mode,
discontinuous-conduction-mode operation was selected because the flyback
converter behaves as a first-order system with a left-half-plane zero. The
right-half-plane zero, present in the continuous-conduction mode, which
contributes to a nonminimal phase response, is shifted to high frequencies
in current-mode discontinuous-conduction-mode. Therefore, the current-
mode discontinnous-conduction-mode flyback converter is easier to control.
The main drawback of this configuration is that the switches are subject to
higher stresses than those of an equivalent continuous-conduction mode
flyback converter (Figure 10.47).
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Figure 10.47 Open-loop schematic diagram of the flyback converter.

10.5.1 Design Specifications

The universal power supply should accept any standard AC input
voltage between a minimum of Vacmin=285Va and a maximum of
V acmax =265 Vac. The input frequency may be either 50 or 60Hz. The
output voltage should be within 5V + 5%. The normal load current is
750 mA, but a maximum current of 1A is considered for the design. The
switching frequency should be selected as 50 kHz. The flyback transformer
has-a primary of 89 turns with an inductance, Ly, of 1.9 mH. The secondary
winding has four turns and the bias winding has 12 turns. The input EMI
filter should be designed to provide a stable converter behavior.

10.5.2 Discontinuous Conduction Mode

The voltage conversion ratio can be calculated by evaluating the volt-second
balance on the transformer coils. During the interval 0<1<t,,, current flows
through the primary inductor, L,. The voltage across Lp ideally is equal to
V,. During the interval 2,,<t<t,, current flows through the secondary in-
ductor, L, The voltage across L, ideally equal to ¥, is reflected to the
primary by the transformer ratio, so
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N,
Vaton = Vo2 (t2 — ton)- (10.60)
S

The current through the primary inductor reaches its maximum value, 7y at
ton

Va =Lpﬂ. | (10.61)

ton

The average primary current, Ii,vg, is

Diavg = ‘°3’7‘,P" . ' (10.62)

When the primary transistor turns off at fon, the current in the primary
inductor drops down to zero instantaneously and the energy is transferred to
the secondary inductor. The current of the secondary inductor starts from
the peak value, Ik, and decreases in amplitude until all the energy stored
in the magnetic field is released to the load at 1=1>. From this point up to the
end of the switching period, the current on both inductors are zero. The peak
value of the secondary current is

N,
Lk = hp 32 . (10.63)

s

The average value of the. secondary current is equal to the average load
current, then

_ {t2 — ton) Np Iipk

I 10.64
o T N, 2 (10.64)
The ideal average output voltage is
Np - L
Vo=L—2 —2 . (10.65)
® T Ng (2 — ton)

The on-time can be calculated from Equation (10.61) as

‘= Tpx

on = Lp—— (10.66)

Va
and the off-time can be‘calculated from Equation (‘10.64) as
1o
(t — ton) = 2T (10.67)

Ilpk(Np/NS) )
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Substituting Equations (10.66) and (10.67) into Equation (10.60), we obtain
an expression for the peak value of the primary current

his = 2V210T. (10.63)
P

According to Equation (10.68), the peak current on the primary winding is
inversely proportional to the primary inductance and the switching fre-
quency. .

An expression for the voltage conversion ratio can be obtained by
replacing Equation (10.68) into Equation (10.61)

Vo . |TR _
7o=Dy /2_1:; ' (10:69)

Therefore, the nominal duty cycle is

_Y 2Ly (10.70)
v, VTR

10.5.3 Preliminary Calculations

Preliminary calculations can be performed to estimate the peak current and
the duty cycle in the circuit without losses. From Equation (10.68), the peak
current flowing through the primary inductor is

Vo + VOILT _ [2(5+0.7) x 1 x 20 x 10-
I, 1.9 x 103

=0.346 A. (10.71)

L =

Since the diode voltage drop is significant in comparison with the output
voltage, the voltage drop across the output diode was added in Equation
(10.71) to obtain a more accurate result. Using this value for I,

Dk _50.346
=L = ———=5. 10.72
ton =Ly Vo 1.9x 10 150 5.48 ps ( )
and the duty cycle is
ton 5.48
—om = 0.274. 10.73
D="F=5-=02] (10.73)
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The inductances of the secondary and bias windings of the transformer can
be calculated from the design specifications as

Ly, _19mH _
L= (Np/Ns)z = @5/ 4.2076 uH | (10.74)

and

_ Ly _19mH _
(Np/Ny)’ (85/12)

Ly 37.869 pH (10.75)

10.5.4 Open-Loop Simulations

Open-loop PSpice simulations were performed to estimate the required duty
cycle to maintain the nominal output voltage, V, =5V, when the component
Josses were included. Figure 10.48 demonstrates that the switch has to be on
for a longer time to compensate for the modeled circuit losses, ie.,
fon = 5.9 ps, compared with 5.48 us obtained previously without considering
losses. With this duty cycle, D =29.5%, the average output voltage is close to
5V and the voltage ripple, AV, is less than 15 mV.

50V

ly=59us
2.5V

oV
50125V
5.0000 V Vo=5V
4.9875 V-

- V(PWM,)

200m A=V ©OUT) -~ V(OUT-)

Ipk = 0.376 A
200m A

0 A1
)
75A
5.0 A1 .
SEL>> :
-05A ? 7 ¥ ; t G
9.960 9.965 9.970 9.975 9.980 9.985
» 1(Dyy) Time (msec)

Figure 10.48 Simulated waveforms for the open-loop flyback converter.
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In this simulation, the output capacitor’s ESR was neglected. If it was
considered, the output voltage would have been affected by a larger voltage
ripple. The current on the primary side of the flyback transformer increases
linearly during t,, until it reaches its peak value, J;,=0.376 A. When the
switching transistor is switched off, current starts to flow on the secondary
winding and the primary current goes down to zero. The energy stored in the
magnetic field is transferred to the load while the secondary current de-
creases. When the secondary current reaches zero, all the energy stored in the
magnetic field has been released and the load current is provided solely by
the output capacitor. The output capacitor is charged only when the sec-
ondary current is higher than the load current. This explains the output
ripple voltage waveform.

This simulation also shows that the flyback converter operates in the
discontinuous-conduction mode even under the worst-case condition, i.e.,
during smallest input voltage and largest output current. The secondary
current becomes zero before the end of the switching period.

10.5.5 Current Loop

The internal current loop produces the current-mode control. For current-

mode control, the duty cycle is controlled by the peak current of the primary
inductor, according to

D=l (10.76)

Therefore, by changing I, the output voltage can be controlled:

/RL
Vo =TIk 3%. (10.77)

10.5.6 Voltage Loop

The external voltage loop transforms the current-mode controller into a
voltage regulator. The error amplifier of the UC3842 calculates the neces-
sary primary peak current as

R
Ieom = {[Vref + (Vierdr — Vid)]l - 1.4 V}ﬁ (10-78)

or

Viao — 1.4V
kmu=—29§———. (10.79)
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This value is saturated at 1V by having the Zener diode connected at the
inverting input of the comparator.

10.5.6.1 Current-Sensing Resistor and Filtering

The current-sensing resistor, Rsense, Was calculated for the worst-case
condition that would generate the maximumduty cycle. This condition occurs
when the minimum input voltage, V; = 85V,, and the maximum output cur-
rent, I,=1A, are met simultaneously. The current-sensing resistor is
calculated so that the maximum dynamic range of the PWM modulator is used.
For the worst-case condition, the voltage across Rsense should be 1'V. Hence

1V
Rgense = 0% A= 2.74L. (10.80)

The previous value was obtained based on 100% efficiency. A more realistic
value can be obtained by estimating the typical efficiency of a flyback

converter at 75%. Therefore, the input current would be 43% larger than
the ideal value. Thus

1V

= =190. 81
Recnse 1.43(0.36 A) 190 (10.81)

The maximum average input current Jgmax iS

Volomax 5Vx1A

= = ~ . 10.82
Lamex =50 = 57120V~ 04 (1082)

Consequently, the maximum average power-dissipated in the current-sensing
resistor is

Py = I3, 1  Reense = 6.84mW. (10.83)

A noninductive metallic resistor of 1/4 W is chosen as the current-sensing
resistor.

Thereisafast transient at the turn on of theswitching transistor due to the
rectifier recovery and the interwinding capacitance of the flyback transformer.
The amplitude of this spike may be larger than Ijpx and it has to be filtered,
otherwise it may prematurely terminate the conduction of the switching tran-
sistor. A simple R—C filter is usually sufficient to attenuate this spike. Thetime
constant of the filter is calculated to be equal the duration of the spike. R was
chosen to be 1kQ and C was calculated to be 470 pF for a time constant
RC =470 ns. Figure 10.49 shows the waveforms corresponding to the current
flowing through the primary inductor, the voltage across the current-sensing
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Figure 10.49 Conditioning the current sample.

resistor and the same voltage after passing through the low-pass filter to
attenuate the spike. Originally, the spike was larger than the peak current.
After passing through the RC filter, the spike has been completely removed.

10.5.6.2 Dissipative Snubber

A dissipative snubber, shown in Figure 10.50, is usually connected
across the primary winding to alleviate the voltage stress of the switching -
transistor. When the transistor turns off, the primary inductor produces an
inductive kick that increases the voltage at the drain of the transistor above
the DC bus voltage level. When this happens, D4 is forward-biased and
charges C, through Ry, transferring the energy from the inductive kick to the
capacitor. The inductive effect disappears when the diode connected to the
secondary winding becomes forward bias. The energy stored in C, is dissi-
pated into R, during fog. The time constant R—C; should be smaller than-
the time taken by the output rectifier to achieve full conduction. The time
constant Rs~C, should be smaller than t.. The values of C; and Ry should
be adjusted by parametric transient simulations to yield an acceptable tran-
sient on the drain of the transistor. The final values for these components are
R7;=100 Q and C,=1000 pF.

10.5.6.3 The Error Amplifier

The schematic diagram of the error amplifier is shown in Figure 10.51 .
and the voltage conversion ratio is shown in Figure 10.52. The error amp-

w
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Figure 10.50 . Dissipative snubber.
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Figure 10.51 Schematic diagram of the error amplifier.

lifier output, EAO, reaches 1V when the feedback voltage Vy=12.8V and it
decreases linearly to 0V for Vy=13.4V. Therefore, V¢ has to be constrained
between these two values to achieve full regulation. EAO is the control
voltage that determines the peak value of the primary current and the duty
cycle. This voltage must be equal to 1V for Vy= 120V and I,=1A to
generate the necessary duty cycle to regulate the output voltage to 5V.

10.5.6.4 The Bias Circuit

The UC3842 is initially powered from the input mains through a
resistor divider. After a few switching cycles, the output voltage builds up
and charges the bias capacitor Cs, which continues supplying the power to
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Figure 10.52 Voltage conversion ratio of the error amplifier.

the controller. The schematic diagram for the bias circuit is shown in Figure
10.53. The resistors in parallel with the diodes are used to improve conver-
gence in the simulations. A zener diode, modeled with a DC voltage source,
is connected in series with the bias winding to reduce the voltage to within
the operating range of the controller. This was necessary because the avail-
able transformer had a larger bias voltage than is needed.

10.5.7 Small Signal Model

The current-mode flyback converter operating in the discontinuous-conduc-
tion-mode behaves as a first-order system. The first-order pole is located at
1 |

= = = 64Hz (10.84)
S aRC, x5 x 1000 x 10-6
Fe100k Fi’?look Zener diode 1.9V
vy \Al
Bias DB ,Da . Vz. R‘IS E2 . p'

K— K F—
A< _l_ ¢, Dbreak | Dbreak 1.9 im Pz
7;1 s 23 < Ry i- c E

T 1000 12k | 47u Ay

Controller load

JR

LAA
COUPLING = -1100 Meg __I__
L1_VALUE=19m ~o
L2_VALUE = 37.869 u

Figure 10.53 Bias circuit.-
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and the left-half-plane zero is located at

1 1
_ _ - _ 0.
Jest = 5 R o~ 27 x 0.1 x 1000 x 105 15921z (10.85)

There is a right-half-plane zero, but it is located at high frequencies and can
be neglected.

The component Flyback_current-mode [5} (see Figure 10.54) is
based on the averaged inductor model [6] and is used to perform PSpice
simulations. The control voltage comprises of a DC value, which sets the
operating point, and an AC value that yields the small-signal variations.

10.5.8 Frequency Compensation

" The frequency compensation was calculated based on small-signal PSpice
. simulations. The small-signal model, based on Ref. [5], used to measure the
loop response, is shown in Figure 10.54. The transformer ratio is equal to
Ny/N;. The small-signal gain from the output to the bias voltage was
_ obtained as the incremental gain for two different output voltages, as

AVpas 13.097 — 13.020 |4
= = 0.6643—. 10.86
AV, 5.1253 — 5.0094 0.6643 4 ( )
FLYBACK_CM
MC=1 ==> no slope compensalion Vo
Ri == current sense resistor z
o U 2
HE for i
XFMR1 5
RATIO =
47.059m ¢
| 1800 uF 047 uF

0.6643

Figure 10.54 Small-signal model used to measure the loop gain.
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The transfer function of the proportional compensation network is
R, 1

TF = . 10.8
Ris//Ri7 sCoRy + 1 (10.57)

Thus, the frequency of the pole of the compensation network is

1
= . 10.
fp 2’ITR2 C2 ( 88)

Choosing f, to cancel the zero of the transfer function of the flyback
converter, C, can be calculated as

1 1

G = =
2= 2mRyf, 2w x 150k x 1.5k

= 700pF. (10.89)

An AC analysis was performed to obtain the Bode plot of the loop gain
shown in Figure 10.55. As shown, the magnitude of the loop gain decreases
at —20 dB/dec after the pole frequency. The zero was cancelled by the pole of
the compensation network and the best phase margin that can be obtained
(with this compensation network) is 90°. The 0 dB crossover frequency is
12.3 kHz, which is close to one fifth of the switching frequency.

10.5.8.1 Closed-Loop Simulations

Transient simulations were performed using the schematic circuit shown ‘

in Figure 10.56 to verify the design. Figure 10.57 shows the start-up transient
50

(12.320k 237.665m)
'Y U P e T L L LR E TR R R LR L LR R AR Nt
SEL>>
50
5 208 (VVP) -0
(12.320K-91.386)
-90 1
JEEY-7 30 S T e R R LR L R AR R A A A
-270
10mHz 10mHz 100mHz 1.0Hz 0Hz  100Hz 10KHz  10KHz  100KHz 1.0MHz
= P (V(VF)). -180

Frequency
Figure 10.55 Bode plot of the loop gain.
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of the flyback converter using the calculated compensation. The control
voltage saturates at the beginning and then decreases to the calculated nominal
value. The output voltage shows the response of a first-order system and
finally settles to 5 V. Note that the bias voltage is within the calculated range.

Figure 10.58 displays the transient response of the closed-loop flyback
converter due to a load change. The load initially started at 10(}, and at
10 ms, the load was changed to 5. For a 10-Q load resistor, the output
voltage is 5.13V. A steady-state error was expected due to the use of the
proportional control. For the 5-£) load, the steady-state error goes to zero
because this was the nominal load value used for the calculations. Never-
theless, the regulation is within the specified 5%.

10.5.9 EMI Filter Design

The EMI filter should prevent conducted EMI originated at the switching
converter to reach the AC mains (Figure 10.59). The EMI filter was calcu-
lated according to the guidelines given in Chapter 6. Therefore, the cutoff
frequency of the filter was chosen to be at least one decade below tke
switching frequency and the output impedance of the EMI filter was
designed to be much smaller than the input impedance of the closed-loop
flyback converter. PSpice simulations based on the small signal model of
the flyback converter were used to improve the design and verify its per-
formance. Figure 10.60 shows the output impedance of the EMI filter,
calculated using a corner frequency fc=2.5kHz.

13.45 V-
1325V 1 \/
13.00V A \
« V (bias]
1.0V )
05V - VL _f
ov
= V(CONTROL)
5.5
513 V.
R=10
\ R=5
5O dccmoforeceacccomorancoosmensannnas )=
SEL>>
4.5 T T T T T T ¥ T T
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= V(OUT+,QUT-)+ 5

Figure 10.58 Transient response to a load step at 10ms.
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Figure 10.60 Output impedance of the EMI filter.

The PSpice small-signal model for the flyback converter, including the
EMI filter is shown in Figure 10.61 and the simulation results of an AC
analysis are displayed in Figure 10.62. These figures show that the cutoff




504 . Power-Switching Converters

v,
= ﬁ’——- V, US FLYBACKCM
oV, { i [
P o |2« T
K_Linear =1 &z lg o MC=1
COUPLING = 10u ';E =-,_go,z
= 1V, @) =
1707‘,:) Vs
5D %0 R
0om
R‘
0om 35 1
=
MC=1 ==> no slope compensation
Ri == current sense resistor Y .
3
U
U5 FLYBACKCM o Us 2 1
conTaoL GNDY
MC=1 1 3 g’j' Rye Ry
) g 5
FS = 50k[RATIO = 47.059
3 c“ = CWQ
1000 uF 0.47 uF
A, o
 —
100k
&
7(')'0p A, v,y Gy, v
4tk [ 20k 1k <] 0.6643™
= A 4.7k .
vag

0

Figure 10.61 Small-signal model used to measure the impedances.

frequency of the filter is 2.2 kHz and that the output impedance of the EMI
filter is much smaller than the input impedance of the flyback converter, as
desired. Thus, the presence of the EMI filter should not compromise the
stability of the flyback converter.

10.5.10 Printed Circuit Board Design

Figure 10.63 shows the printed circuit board layout of the universal power
supply. The bottom layer is displayed on the left and the top layer on the
right. The top layer is used only for the ground plane. The plane is divided
into two current paths. The left portion carries high switching currents,
while the right portion carries low-level currents used for control signals.
The ground plane does not reach the bottom part of the board to avoid
interaction with the input AC voltage. The MOSFET is surrounded by the

fan
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Figure 10.63 PCB layout of the-universal power supply.
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ground plane that acts as a short-circuited coil to attenuate the radiation of
noise to other circuit components. The bottom layer carries the rest of the
connections, which are not tied to ground. The tracks are as short and wide
as possible. The components are laid out in such a way that interaction
between sensitive signals (e.g., control signals) and noisy signals (e.g., high
voltage, high current, fast transients) are minimized. The output circuitry is
located in the top portion of the board. The middle sector is reserved for the
control and components of the primary side of the converter. The AC input,
EMI filter, and the voltage rectifier are placed at the bottom of the board.
The silk screen is shown in Figure 10.64 and a photograph of the prototype
of the universal power supply is shown in Figure 10.65.

10.5.11 Experimental Resulis

The primary current (as measured at the sensing resistor) and drain voltage
waveforms of the flyback converter are shown in Figure 10.66. When the
MOSFET is switched on, the current flowing through the primary inductor
increases linearly until it reaches the peak value set by the controller. When the
MOSFET is switched off, the current decreases rapidly to zero, transferring
the conduction to the secondary winding. The drain voltage increases to a
ke
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Figure 10.64 Silk screen of the PCB of the universal power supply.
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Figure 10.65 Photo of the universal power supply.
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Figure 10.66 Primary current and drain voltage waveforms of the flyback
converter. ’

voltage larger than the input DC voltage. When all the energy stored in the
magnetic field has been transferred to the output, the conduction on t_he
secondary side ceases and an oscillatory drain voltage can be seen. Notice
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the large spike present on the current waveform at turn-on. This transient must
be filtered using a low-pass filter before feeding to the PWM modulator.

The measured output voltage ripple, with an amplitude of 146mV,,, is
shown in Figure 10.67. The output voltage ripple may be reduced by re-
placing the output capacitor with an LC low-pass filter or by using an output
capacitor with a lower ESR.

The output voltage and current waveforms of the flyback converter
during a load transient are shown in Figure 10.68. The load resistance was
reduced from 10 to 50. As can be seen, the output voltage drops to 150mV
(which is a 3% variation from the nominal voltage) before recovering to its
steady-state value after 300 ns.

10.6 TOPSWITCH-BASED FLYBACK DESIGN

A universal input voltage power supply was designed using a current-mode
discontinuous-conduction-mede flyback converter, based on the TopSwitch
PWM controller [7]. The controller was previously discussed in Chapter 5
and the flyback topology in Chapter 4. This controller has a unique current-
mode control scheme using variable switching frequency that skips pulses,
when necessary, to achieve regulation. In contrast to the UC3842-based
flyback design, which uses a primary-side regulation scheme (as shown in
Section 10.5), this design uses a secondary-side regulation scheme. This
means that the output voltage on the secondary side of the power trans-
former is sensed and fed back to the controller through an opto-coupler.

Figure 10.67 Output voltage ripple of the flyback converter.
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Figure 10.68 Output voltage ripple and current of the flyback converter during a
load transient.

This type of regulation scheme usually achieves a better regulation than that
of the primary-side regulation.

10.6.1 Design Specifications

The universal power supply should accept any standard AC input
voltage between a minimum of Vacmin= 85V, and a maximum of
V ACmax = 265 Vae. The input frequency may be either 50 or 60Hz. The
output voltage should be within 5V + 5%. The output power is 20 W. The
nominal switching frequency is 135kHz. The flyback transformer has 36
turns with a primary inductance of 490 wH. The secondary winding has four
turns and the bias winding has five turns. The input EMI filter should provide
a stable converter behavior. A design efficiency of =0.8 is adopted. The
estimated loss allocation factor, Z=0.5, assigns an even -distribution of
the losses between the primary and the secondary sides of the converter.

10.6.2 Preliminary Calculations

As shown below, the flyback converter operates in the discontinuous-
conduction mode; therefore, the design parameters will be evaluated using
the discontinuous-conduction mode equations. The output voltage reflected
back to the primary winding can be estimated as Vo= 135V; therefore, the
clamping voltage of the zener diode is chosen to be 200 V. The maximum

duty cycle can be estimated as
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Dy = Vor 135

= = 0.63, 10.90
Ko Vein — Vo) + Vor 190 10) + 135 (10.90)

where V3,=10V for the TopSwitch. The primary peak current is

2P, 2x20

I, = =
P DpaxnVmin  0.63 x 0.8 x 90

—0.88A. (10.91)
Thus, the primary RMS current is

5

/ 2
Irms = \| Diax 3= 0.63 0—38— = 04A. {10.92)

The calculated primary inductance is similar to the primary inductance of
the transformer

1P, Z(1—m)+mn

B I;ZLO'SI;miD n. .
105%20 -~ 0.5(1—-08)+7 (10.93)

= (0.88%)(0.5)(130000) 0.8

=447 pH.

The secondary RMS current is

/ - ' ~0.63
Irms = Ip 13]?““"‘=Isp ! 30 =4.7A, (10.94)
P

where K, is the primary current waveform parameter. It is equal to one for
discontinuous mode.

Figure 10.69 shows the schematic diagram of the universal power
supply implemented using the TopSwitch controller. The EMI filter, Cx1
— L1, attenuates conducted EMI from the converter from going to the
mains. The voltage-clamping circuit, Dy — De, prevents the drain voltage
on pin 7 of the controller to overshoot above Vpc + Vg + V2. The second-
ary-side regulation is achieved by sensing the output voltage through the
opto-coupler. The bias winding provides the supply power to the controller.
The output voltage may be changed by adjusting the variable resistor, Vg,
which sets the voltage on the shunt voltage regulator, TL431.

10.6.3 Experimental Resulis

A prototype was built following the instructions provided in the data
sheets.
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Figure 10.69 Universal power supply implemented with the TopSwitch.
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- Figure 10.70 " Drain voltage waveform of the TopSwitch-based converter.

Figure 10.70 shows the measured drain voltage waveform using a 10x
voltage probe. This is the typical waveform of a flyback converter. The
average value is 158V and the overshoot is approximately 100V. The
switching frequency was measured to be at 133 kHz.

The frequency of the output voltage ripple, shown in Figure 10.71,
was measured to be 135.2kHz, in good agreement with the design. The
measured amplitude of output voltage ripple was 112mVp,. It shouid be
poted that the output capacitor is charged during the off-time of the
switching transistor. .
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Figure 10.71

Output voltage ripple of the TopSwitch-based converter.
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Figure 10.72 Output voltage and current of the TopSwitch-based converter
during a load transient.

Figure 10.72 shows the output voltage and current waveforms during
a load transient from 10 to 5. For the largér 1oad current the average
output voltage decreases and the switching ripple increases. As can be
seen, the output voltage reaches its steady-state value after three switching

cycles.
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10.6.3.1 Line Regulation

The line regulation was evaluated for a constant load of 5Q. The
experimental results are summarized in Table 10.1, as expected from a
current-mode flyback converter, the line regulation is excellent, below 2%.

10.6.3.2 Load Regulation

The load regulation was evaluated under a constant input voltage of
110 V,.. The measured load regulation is better than 1% within the testing

range of load (i.e., for the output resistance changing from 4.5 to 24).
" Table 10.2 shows the measured data.

10.7 TINYSWITCH-BASéb FLYBACK DESIGN

A third universal power supply was built based on a TinySwitch controller
[8]. The power rating of this power supply is 5 W. The circuit, shown in
Figure 10.73, is based on the typical application circuit given in the control-
ler’s data sheet. The rectified DC voltage is obtained from the mains through
fuse R; and bridge rectifier Us. The low-pass filter comprises Ly—L,—C,— C,
and has the dual function of filtering the rectified voltage as well as acting as
the EMI filter. The TinySwitch, TNY266P, is connected in the primary side
of the flyback transformer. The clamping snubber circuit, formed by
R4—C;—R3—Ds, is connected in parallel with the primary winding to sup-
press the oscillations of the voltage across the MOSFET transistor of the
TinySwitch. The output rectifier, D¢, is connected in series with the second-
ary winding of the flyback transformer. A ceramic capacitor, C, is added in
parallel with the output capacitor, C4, to compensate for the-inductive
response of the electrolytic capacitor. A bleeding resistor, Rs, ensures that
a minimum current is drawn from the output, thus leading to the normal
operation of the circuit. The output voltage can be varied by adjusting the

Table 10.1 Measured line regulation of the TopSwitch-based converter

Vac 85 90 100 110 120 130 140
Vbc 11.75 11.85 11.98 11.87 11.86 11.85 11.84

Table 10.2 Measured load regulation of the TopSwitch-based converter

Load (Q2) 4.5 s 7.5 9.5 14.5 19.5 20 24
Voc (V) 11.93 119 1193 1193 1196 1196 1193 1197
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Figure 10.73 TinySwitch-based, 5V, 1A, 5W power supply.

variable resistor connected to the TL431. This changes the programmable

reference voltage that is subtracted from the output voltage before it is fed
back to the controller.

10.7.1 Experimental Results
10.7.1.1 Waveforms

Figure 10.74 shows the voltage waveform measured at the drain of the
TinySwitch, which is a typical waveform of a flyback converter. The over-
shoot of 75V is clamped by the snubber circuit. The average value is 165V.
Figure 10.75 shows the measured output voltage ripple waveform. The
amplitude is 1.13V,,.

{ 4 Drain
; voltage

Wb U

CH1 50 mV M 10.0 psec

Figure 10.74 Drain voltage waveform of the TinySwitch-based converter.
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Figure 10.75 Ouiput voltage ripple of the TinySwitch-based converter.

Toevaluate the transient response of the converter, the load was changed
from 10 to 5 Q. Figure 10.76 shows the output voltage and current waveforms
of the TinySwitch-based converter during the load transient. As the current
increases, the switching frequency also increases to improve regulation. The
controller recovers after one switching cycle. The average output voltage after
the load transient is slightly smaller than that before the transient.

M Output
il voltage-

CH1 1.0 mV CH2 2.0mV M 25.0 ps

Figure 10.76 Output voltage and current of the TinySwitch-based converter
during a load transient.
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Figure 10.77 Line regulation of the TinySwitch-based converter.

10.7.1.2 Line Regulation

The line regulation was evaluated using a constant load resistance of
1090. As can be seen from the measurements shown in Figure 10.77, the line
regulation is excellent, i.e., better than 1%.

10.7.1.3 Load Regulation

The load regulation was evaluated using a constant input voltage of
110V,,.. The measurement results are shown in Figure 10.78. As can be seen,
the load regulation is within the 3% specification.

10.8 SWITCHING AUDIO AMPLIFIER

A different application of switching converters is described in this section.
PWM switching audio amplifiers are more efficient than their class AB
counterparts since their switching transistors are operating either in the
saturation region or in the catoff region. Output transistors in class AB
audio amplifiers continuously dissipate power since they are operating in the
active mode. Power dissipation in switching audio amplifier is a function of
the transistor saturation voltage, its switching time, and parasitic resistances
‘of the output filter. Distortion in switching audio amplifier is a function of
the switching frequency, among other parameters. The switching frequency
has to be at least one order of magnitude higher than the audio signal
frequency to avoid overlapping sidebands in the PWM signal. On the
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Figure 10.78 Load regulation of the TinySwitch-based converter.

other hand, distortion in class AB audio amplifier depends on the linearity of
the current—voltage characteristics of the output transistors.

Figure 10.79 shows a block diagram of a basic pulse-width-modulated
(PWM) switching audio amplifier. An equivalent ABM implementation in
PSpice is shown in Figure 10.80. As shown, there are three main parts to a
PWM switching audio amplifier. The front-end is the pre-amplifier that

vee Power stage vece

A,
1 % ‘7&,/
1k
Pre-amphfier . PWM x

_%lNZ),‘l 5,0)
3, pwm

Vec 1t (ViouIN)=0,15.0)
1

12v°i v,

Figure 10.80 ABM schematic of a Class-D amplifier.
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conditions the signal level to be compatible with the next stage. In a closed-
loop configuration, the pre-amplifier may be used as the error amplifier. Any
. compensation for the feedback loop can be added to this stage. The output
" of the error amplifier is fed to a comparator that compares the error signal to
a fixed-frequency sawtooth or triangular signal to achieve pulse-width
modulation. The on-time of the pulse is proportional to the amplitude of
the input signal. In other words, when the amplitude of the input signal
is greater than the mean-value of the repetitive signal, the on-time will be
greater than the off-time. Conversely, if the amplitude of the input signal is
less than the mean value of the repetitive signal, then the on-time will be less
than the off-time. Also, if no signal is applied, the on-time will be equal to
the off-time. In the case of a sinusoidal input, the duty cycle is greater than
50% when the sinusoidal is positive going, and increases with the amplitude.
Likewise, when the sinusoidal signal is negative, the duty cycle is less than
50%, as shown in Figure 10.81. If there is no input signal, the duty cycle is
50% giving a net output of zero volt.

: The load is an inductive speaker, represented by the inductor in series
with the resistor. The speaker is connected between the differential outputs
of the power stage. The output stage consists of two symmetrical halves,
usually called half-bridge configuration. Each half-bridge is actually a syn-
chronous back converter. The topology formed by the two half-bridges is
also known as a full bridge configuration. When the reference signal applied

1oV A AN
- ovl / v M
10V
= V(AUDIO) - V(TRIANG)
20V
10V
SEL>>
ov
= V(PWMT) ;
15V 1 i [_.1 =
_ 10V
" 5V
564.00 566.00 568.00 570.00 572.00 57400 57575
- V(PWM)

Time {(us)

Figure 10.81 Input and output waveforms of the PWM modulator.
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to the PWM modulator is an audio signal instead of a DC value (as it is used
for a DC-DC converter), then the output voltage will track the variations
of the reference audio signal achieving power amplification. The switching
converter is said to work in the inverter mode. This type of switching audio
amplifier is classified as a class-D amplifier.

In the full-bridge topology shown in Figure 10.79, O, and @, conduct
during positive output voltages and Q, and Q5 conduct during negative
output voltages. For the case of a sinusoidal input, 0, and Q, conduct
for longer portions of each switching period during the positive part of the
sinusoidal input than @, and Qs. Likewise, for the negative portion of
the sinusoidal, @, and Q5 conduct for a longer part of each switching period.
It should be noted that O, and Qs, or Q3 and Q4, must never be switched on
at the same time. Otherwise, a catastrophic “shoot-through” failure of the
output transistors will occur. To avoid this situation, a dead time is intro-
duced between the turn-off of one transistor and the turn-on of the other
transistor on the same leg. Figure 10.82 shows the PSpice model for a dead
time generator. The circuit accepts a PWM input and it generates the
appropriate signals to drive the two MOSFETs on the same leg by adding
a 180° phase shift and a 50ns dead time between the turn-off of one
transistor and the turn-on of the other. The dead time is programmable by
changing the time parameter in the delay block. The circuit of Figure 10.82
also provides driver capabilities for the MOSFETs by amplifying the
TTL output voltage levels of the logic gates up to 15V and providing
floating output voltages to connect to the gate and source of the MOSFETSs.
The connectors, gatel_Hi, and gatel_Lo, should be connected to the upper
MOSFET’s gate and source pins, respectively. The connectors, gate2_Hi
and gate2_Lo, should be connected to the lower MOSFET’s gate and source
pins, respectively. ‘

The high-frequency PWM train fed to the four transistors is amplified
to the voltage rails of the power supply. The low-frequency component of

U, GAIN=4
E,
| e
035 AND2 -0 gatel_Lo

pwrn_in D—‘>

gate2_Hi

NOR2 =g gate2_Lo

Figure 10.82 PSpice schematic of a dead time generator.
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the amplified pulse train, namely the input signal, is usually recovered at an
amplified state by a low-pass filter formed by L, and C,. The values for L,
and C, are chosen such that the corner frequency is slightly above the upper
audio range of 20 kHz. However, the low-pass filter increases the cost of the
amplifier and introduces distortion due to nonlinearities of the components.
A reduced bandwidth, known as phase distortion, is another important
source of distortion.

The switching frequency in an open-loop PWM switching audio amp-
lifier is normally chosen to be at least two decades above the corner fre-
quency of the output filter to reduce output switching ripple. Since the
highest audible frequency is 20kHz, the switching frequency should be at
least 2 MHz to avoid excessive output switching ripple. Fortunately, nega-
tive feedback can be used to reduce the switching frequency. The corner
frequency of the output filter can be reduced to 2kHz. Negative feedback is
then used to extend the closed-loop gain bandwidth to 20kHz. Thus, a
switching frequency of 200 kHz is sufficient to obtain a low output-switching
ripple. The use of negative feedback also renders the switching audio amp-
lifier less sensitive to noise introduced by the power supply and nonideality
of the sawtooth signal.

The input and output voltage waveforms obtained from the circuit of
Figure 10.80 are shown in Figure 10.83 for a 20 KHz input signal. The output

50V
oV
-5.0 V1
SEL>>
= V(AUDIO)
20V
ov \/\/\/\/\ |
-20V
20V ViouT) —vouTa)
400 mA
OA
—400 mA v - - . -
800 840 880 920 960 1000
= KD Time (us)

Figure 10.83 Input and output waveforms of the open-loop Class-D amplifier
with an output low-pass filter.
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voltage waveform is 180° out-of-phase with respect to the input voltage
waveform and some distortions can be clearly seen. However, the output
current waveform is smoother due to the filtering effect of the speaker
inductance. Notice that the ripple present in the output waveforms corres-
ponds to the switching frequency, which is much higher than the audio signal
frequency.

10.8.1 Case Study

A PWM switching audio amplifier was designed for automotive applications
with a nominal 12-V supply. The maximum output power was specified at
18 W for a 40 and 400 pH speaker. The maximum output power can be
readily increased by increasing the magnitude of the supply voltage. Also,
the output ripple was minimized so that its total harmonic distortion (THD)
was less than 0.05%. The number of components was kept 10 a minimum
without sacrificing performance. A low-pass output filter was not used in
this design; instead, the distortion in the output waveform was minimized by
using negative feedback. Three nested feedback loops accomplish this task.
Ultimately, the entire amplifier can be integrated into a single-chip inte-
grated circuit. Figure 10.84 shows the block diagram of the multi-loop PWM
switching audio amplifier. Starting with the inner loop, each loop was
designed with the aid of PSpice simulations. A linear model was used to
calculate the phase compensation of each loop. The phase shift due to the
time delay at the crossover frequency of the loop gain was calculated and
added to the unity-gain phase to obtain the phase margin. This procedure
gives a good approximation if a close estimation of the time delay can be
made. Once the frequency compensation is calculated, the results can
be checked using time-domain simulations.

Figure 10.84 Block diagram representation of the multiloop amplifier. (From
Figure 3 of Oliva, AR., Ang, 8.5, Vo, T.V., A multi-loop voltage feedback filterless
Class-D switching andio amplifier using unipolar pulse-width-modulation, JEEE
Trans. on Consumer Electronics, Vol. 50, No. 1, February 2004, pp. 312-319. With
permission.)
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10.8.1.1 The Oultput Stage

An H-bridge configuration was chosen for the output stage because
the switching amplifier must exhibit two-quadrant operation and have bi-
directional current flow with respect to the load. The H-bridge configur-
ation also allows the use of a single supply voltage for the output stage.
HIP2060AS2 power MOSFETs in surface-mount packaging were chosen
for their high switching speeds and simpler drive reqnirements compared to
their bipolar counterparts. Using less expensive n-channel devices also
eliminates the need for matched devices thereby minimizing cost. To turn
on the high-side power MOSFET, a gate voltage higher than the drain
voltage is needed. Since the drain voltage of the high-side power MOSFET
is equal to the supply voltage, an International Rectifiers’ IR2110 high-
voltage MOS gate driver with independent high-side and low-side driving
capabilities was used.

The gate drive requirement for the high-side power MOSFET is
achieved via a bootstrap technique using an external capacitor and a char-
ging diode. The value of the bootstrap capacitor is dictated by the gate
charge requirements, switching frequency, and duty cycle. Once the turn-
on charge has been delivered to the gate of the power MOSFET, a minimum
gate voltage must be maintained during the entire conduction period.
The current drawn from the bootstrap capacitor, Igps, is equal to the
quiescent current of the high-side channel of the IR2110. The minimum
bootstrap capacitance, Cp, is given as [9]

- 2IQBS ton

G=GC15-10) (1055)
where a voltage drop of 1.5V on the charging path of the bootstrap capaci-
tor and a voltage drop due to the internal leakage, equal to half the excess
gate voltage is assumed. Assuming a quiescent current of 100 A, a switch-
ing frequency of 300 kHz with a maximum duty cycle of 90%, and a supply
voltage of 12V, gives a minimum value of 0.6 nF for the bootstrap capacitor.
A very conservative value of 0.1 wF was chosen for the bootstrap capacitor. A
1N4153 fast-switching diode, with a voltage rating of 75V and a reverse
recovery time of 2ns, was chosen for the charging diode. To help reduce
noise, and supply the transient current needed for switching the capacitive
loads, bypass capacitors between ¥¢c and common, and Vpp and Vs pins
in the IR2110 were used. All bypass capacitors, including the reservoir
capacitors, should be connected as close to the IR2110 as possible.
A 0.1 uF ceramic disk capacitor in parallel with a 1 pF tantalum capacitor
is recommended for V¢ bypass [9].
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The reconstruction of the original signal was accomplished without a
low-pass filter. The combined action of the three feedback loops and the
inductive speaker was sufficient to achieve a high-fidelity (hi-fi) THD level.
However, this topology is restricted for those applications where the ampli-
fier can be kept close to the voice coil in a shielded environment, like in
shielded powered speakers, to maintain EMI within admissible levels.

As with any switching converter, a certain amount of output switching
ripple will be associated with the switching frequency. The higher the switch-
ing frequency, the Jower is the output ripple. Asa general rule, the switching
frequency must be at least two decades above the upper frequency of the
audio band. For audio applications, the upper frequency must be at Jeast
200kHz to provide a flat frequency response out to 20kHz. Thus, the
switching frequency was chosen at 300kHz as a trade-off between the
distortions that would be introduced by the dead time and the attenuations
of the aliased frequency components. Another drawback of a very high
switching frequency is that the linearity of the sawtooth waveform becomes
hard to maintain, which adds additional distortion to the output. Such
problems can be mitigated by using negative feedback.

10.8.1.2 The Error Amplifier

The error amplifier of each feedback loop is a TLE2082 operational
amplifier configured into a differential amplifier, as shown in Figure 10.85.
A high slew rate amplifier is required because the error signal has very fast
transients due to the absence of an output low-pass filter. Since a triangular
carrier waveform of —5 to 5V peak-to-peak is used, no offset voltage is
needed to yield a duty cycle of 50% when there is no input signal. The stages
following the error amplifier are used for phase compensation and to pro-
vide additional loop gain. A 330 wF input decouplingcapacitor is connected
in series with R, to eliminate any DC voltage that the signal source might
otherwise introduce.

10.8.1.3 PWM Modulator

For the generation of the PWM waveforms, the unipolar-PWM modu-
lator shown in Figure 10.86 was used. The input and output waveforms are
shown in Figure 10.87. For the unipolar-PWM modulator, the triangular
carrier is compared with the audio signal as well as the same signal shifted
180° to yield the unipolar-PWM signals. The main advantage of unipolar-
PWM is that no spectral bins appear at the odd multiples of the switching
frequency, and no multiples of the switching frequency are present. The first
spectral bin that appears outside of the base-band corresponds to 2 fs — fo, @s
shown in Figure 10.88. This essentially doubles the switching frequency,
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Figure 10.86 Schematic diagram of the unipolar-PWM modulator.
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Figure 10.87 Input and output waveforms of the unipolar-PWM modulator.
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Figure 10.88 Frequency spectrum of unipolar PWM.

moving the unwanted frequency components far away from the audio band.

A triangular carrier is preferred over.a sawtooth carrier due to its lower
harmonic contents.

10.8.1.4 The Feedback Loop

Because the speaker load in the H-bridge is floating so that neither side
is referenced to ground, a differential amplifier must be used to sample the
voltage across the load. Since there is no output filter, the voltage waveform
at the load is a square wave. A low-pass filter was added at the input of the
voltage-sensing amplifier to avoid slew rate distortion at this stage (Figure
10.89). This means that almost all unwanted upper frequency oscillations
and distortion are attenuated by the filter. The—gain of the differential
amplifier is determined by resistors Rys, Ry4, R)s,and R,¢ according to

Vou = (Iny. — In_)% ' (10.96)
16
with
Ry3 = Rya, :
(10.9
Ry5 = Rys. o N

The voltage gain was selected as 1 V/V to avoid slew rate distortion.

10.8.1.5 Evaluation

The PWM switching audio amplifier was constructed on a double-
sided printed-circuit board. All measurements were performed witha + 12V
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Figure 10.89 Voltage sensing amplifier.

supply for the signal stage and a +12V supply for the output stage. THD+N
characteristics were characterized using an Audio Precision System One®
Audio analyzer. Audio standards establish that the measurements of the hi-
fi parameters of the andio amplifiers have to be performed within the audio
band. As such, an active LPF with the required characteristics' was con-
nected in parallel with the load and measurements were taken at this output.
All voltage and current measurements were performed using a Tektronix
TDS540 oscilloscope and an AMS03A current probe. A quiescent current of

less than 10 mA was measured at a 50% duty cycle or with no input signal for
the output stage.

10.8.1.5.1 Open-loop response. The THD+N versus frequency re-
sponse of the open-loop amplifier is shown in Figure 10.90. The distortion is
below 0.7% up to 1kHz and increases after this frequency.

10.8.1.5.2 Closed-loop response. The simulated and measured
closed-loop frequency responses are shown in Figure 10.91 and Figure
10.92, respectively. The measurements were taken using a fourth-order
low-pass filter having a corner frequency at 30kHz. The simulation results
show a flat magnitude response up to 100 kHz and a flat phase response up
to 20 kHz, which is in good agreement with the calculations. However, the
measured frequency response is flat up to 20kHz and then decreases very
rapidly due to the influence of the low-pass filter used for the measurements.

10.8.1.5.3 Total harmonic distortion plus noise analysis. -Figure
10.93 to Figure 10.95 show the THD+N analysis for the closed-loop amplifier

! Pass-band response deviation: = + 0.1dB for 10Hz = f=< 20 kHz; stop-band attenuation:
>60dB for f >24kHz.
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Figure10.90 THD-+N versus frequency for the open-loop amplifier. (From Figure
11 of Oliva, AR., Ang, S.S., Vo, T.V., A multi-loop voltage feedback filterless Class-D
switching andio amplifier using unipolar pulse-width-modulation, IEEE Trans. on
Consumer Electronics, Vol. 50, No. 1, February 2004, pp. 312-319. With permission.)
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Figure 10.91 Simulated closed-loop frequency response.
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Figure 10.92 Measured closed-loop frequency response. (From Figure 9 of Oliva,
"AR. Ang,SS.,Vo,T.V, A multi-loop voltage feedback filterless Class-D switching

audio amplifier using unipolar pulse-width-modulation, JEEE Trans. on Consumer

Electronics, Vol. 50, No. 1, February 2004, pp. 312-319. With permission.)
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Figure 10.93 THD-N versus frequency for one loop feedback. (From Figure 12
of Oliva, AR, Ang, S.S,, Vo, T.V, A multi-loop voltage feedback filterless Class-D
switching audio amplifier using unipolar pulse-width-modulation, 1EEE Trans. on
Consumer Electronics, Vol. 50, No. 1, February 2004, pp. 312-319. With permission.)
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Figure 10.94 THD+N versus frequency for two feedback loops. (From Figure
13 of Oliva, A.R., Ang, S.S., Vo, T.V., A multi-loop veltage feedback filterless Class-
D switching audio amplifier using unipolar pulse-width-modulation, JEEE Trans. on
Consumer Electronics, Vol. 50, No. 1, February 2004, pp. 312-319. With permission.)

when one, two, and three feedback loops are closed, respectively. The meas-
urements were taken using a 1kHz 10V, sinusoidal input. Notice that the
curves are fairly flat up to 1 kHz but they start to increase after this frequency.
Also, notice that every time a loop is added, the distortion reduces. As can be
seen, there is not much of an improvement in THD-+N in going from the two-
loop configuration to the three-loop configuration. We attribute. this to the
background noise and the influence of the low-pass filter used to make these
measurements, which has a THD of 0.008% in the audio band.

10.8.1.5.4 Input and output waveforms. Figure 10.96 shows the
input audio signal and output current waveform across the speaker load
for a frequency of 1 kHz. As can be seen, there is a phase shift of 43° between
the input voltage and output current signals due to the inductive nature of
the speaker. The output-switching ripple is barely visible on the output
current waveform. It should be noted that an increase in the audio input
signal increases the amplitudes of both the output voltage and output
current, with a concomitant increase in output power.
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Figure 10.95 THD-N versus frequency for three feedback loops. (From Figure
14 of Oliva, AR., Ang, S.S., Vo, T.V.,A multi-loop voltage feedback filterless Class-
D switching audio amplifier using unipolar pulse-width-modulation, I[EEE Trans. on
Consumer Electronics, Vol. 50, No. 1, February 2004, pp. 312-319. With permission.)
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Figure 10.96 Input voltage and output current waveforms.
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EM] filter, 297

output filter, 212

parallel-loaded resonant converter,

119

series-loaded resonant converter, 109

ZCS QR boost converter, 90

ZCS QR buck converter, 80

ZCS QR half-bridge converter, 154

ZVS QR boost converter, 103

ZVS QR buck converter, 96
Comparator, 163-165, 169, 177, 202, 397
Compensation network, 227

lag, 229, 285

lead-lag, see PID

P1, 229, 418, 499

PID, 232, 413, 446, 448
Constant volt-second requirement, 13

boost converter, 36, 39

buck converter, 21, 27

buck-boost converter, 46

Ciik converter, 56

flyback converter, 150

forward converter, 135

full-bride converter, 144

half-bridge converter, 142

push-pull converter, 140-

ZCS QR boost converter, 92

ZCS QR buck converter, 84

ZCS QR half-bridge converter, 155

ZVS QR boost converter, 105

ZVS QR buck converter, 99
Control law, 277
Convergence problem, 381, 422-427
Corner frequency, 78, 215, 247, 284
Critical inductance, 24

boost converter, 39

buck-boost converter, 50

buck converter, 25
Critical load resistance, 25

535

boost converter, 39

buck converter, 25
Ciik converter, 52

average input current, 57

average output voltage, 57

inductor ripple current, 56, 57

input EMI filter, 59

output ripple voltage, 59

voltage conversion ratio, 57
Current-mode control, 169, 473, 439
Current-mode instability, 171, 476
Current-time product, 14, 58

average, 386

boost converter, 37

buck-boost converter, 48

buck converter, 22

Ciik converter, 58

D
Damping factor, 219
Damping ratio, 212, 285
DC transformer, 255
Diode
antiparallel, 74, 108,
clamp, 77, 94, 184, 510
freewheeling, 20
Digital control, 460
Digital signal processor, 440
Discrete-time model, 306
Distortion, 337, 516, 520, 521, 527
Duty cycle, 8
boost converter, 37, 42
buck-boost converter, 50, 51
buck converter, 21, 28
Ciik converter, 60
with losses, 63

E

Efficiency, 1, 5
buck converter, 24, 31
class AB amplifier, 440
class D amplifier, 440
resonant converter, 69
series-pass regulator, 6
shunt regulator, 7
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Electromagnetic interference (EMI), 10,

162

buck converter, 302

common mode, 293

Ciik converter, 59

design, 502, 510

differential mode, 293

filter, 7, 292, 301

switching capacntorconverters 359, 365
Equivalent circuit

boost converter

averaged-switch model, 208, 217

linearized, 274

linearized using DC transformer,
276

load reflected, 276

nonlinear continuous, 272

source reflected, 275

buck converter

averaged-switch model, 208

discrete-time model, 307

linearized, 254

linearized discontinuous-mode, 263

linearized using DC transformer,
255

linearized using DC transformer
with ESR, 255, 269

linearized with ESR, 269

nonlinear continuous, 251

nonlinear continuous discontinuous
mode, 258

nonlinear continuous with ESR, 267

source reflected, 255

Error amplifier, see Amplifier error
Error voltage, 162-164, 177, 209, 400
Equivalent series resistance (ESR), 63,

F

212, 214, 230, 232, 236, 240, 405,
408, 442, 508

Feedback compensation, 169, 177, 211,

236, 240

Filter
EML, 7, 292, 301
input EMY, 7, 292, 301

Index

LC, 18, 70, 508
low-pass, 10, 17, 22, 202, 211, 245,
462, 520
output, see low-pass
corner frequency, 78, 215, 245, 247,
284, 325
frequency response, 211
second-order low-pass, 211
Flux imbalance, 140, 141, 144
Flyback converter, 145
continuous mode, 149
discontinuous mode, 150, 489
Flyback transformer, 150, 159, 490, 509
Forward converter, 130
Fourier analysis, 380-382
Fourier series, 9
Frequency modulator, 161, 397

" Freguency tesponse, 211, 230, 244, 398,

401, 408, 430, 462, 529
Full-bridge converter, 143

G
Gain-factor compensation, 283
Gain margin, 226-229

H

Half-bridge converter, 140
Hard switching, 69, 365
Harmonics, 9, 381, 382

~~H-bridge converter, see Full-bridge

converter

High-frequency pole, 230, 236, 239
High-side, 144, 522
Hybrid modeling, 254
Hysteresis

control, 172, 331, 335

loop, 134, 140

band, 175, 332

I
1deal switch, 383, 384
Inductive kick, 20, 496
Inductor
coupled, 67, 145, 489
input, 41, 49, 335

Yy



Index

model, 61 .

outpnut, 18, 22, 31, 117, 257

resonant, 74, 78, 365
Input impedance, 294-297, 409, 502, 505
Input voltage susceptibility, 276, 281
Inrush current, 41, 51
Interleaved converters, 321
Inverse turns ratio, 131, 150
Inverting converter, 42, 345, 347

K
KirchhofP’s current law
KirchhofP’s voltage law

L

Lag compensation, 285

Laplace transform, 12, 246, 277, 391

Lead-lag compensator, see PID
compensation network

Leakage inductance, 132, 134, 143, 151,
514

Ledge current, 139, 142

Line regulation, 161, 452-459, 513, 516

Load-line trajectory, 75

Load modulation, 276, 377

Load regulation, 161, 452-460, 513, 516

Loop compensation, 276, 283, 285

Loop gain, 200, 223, 226, 228, 239, 283,
411, 446, 455, 499

Low-frequency zero, 230, 239

Luo converter, 359

M
Macromodel, 422
Magnetic core, 61, 131, 134, 140
Magnetizing inductance, 146, 151
Magnitude response
buck converter, 236, 240, 443
compensation network, 230, 232, 235
error amplifier, 229, 239 -
output filter, 212
Matlab
matrices, 431
Simulink, 433
transfer functions, 428
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N
Natural frequency, 212, 219, 237
Nyquist, 229

0]

Off-line switching converter, 1360, 140,
143, 185, 190

Open loop gain factor, 283

Output current susceptibility, 281

Output impedance, 243

Output ripple voltage, see Output
switching ripple

Output switching ripple, 60, 247, 520,
530

Overdamped, 212, 243, 284,

| 4
Parallel-loaded resonant converter,
116
above-resonant mode, 121
below-resonant mode, 123
continuous mode, 121
discontinuous-mode, 117
voltage conversion ratio, 125
Peak-to-peak capacitor ripple current
boost converter, 38
buck-boost converter, 48
buck converter, 22
Ciik converter, 59 :
Peak-to-peak ripple voltage, see Output
switching ripple
Phase boost, 230, 233, 415, 448
Phase lag, 214, 230-241, 284
Phase lead, 231
Phase margin, 226-228, 238, 242, 243
Phase response
buck converter, 284
compensation network, 230
output filter, 212
Phase shift, 212, 226, 238, 322, 521
Power-packing density, 1, 7, 69, 439
PSpice -
functions, 395
operators, 394
parts, 390-394
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PSpice simulations
ABM blocks, 390
Behavioral modeling, 388
boost converter, 387, 399
buck converter, 375 °
convergence problems, 422
Creating capture symbols, 422
input impedance, 409
output impedance, 409
small-signal analysis, 403
Small-Signal Transient Analysis,
409
vendor models, 402
Vorpenan models, 404
Power factor correction, 334
PWM
current-mode, 169, 203, 473
voltage-mode, 162, 202, 460
PWM controller, 162-195
Pulse-width modulator, 165
16598, 190
SG3524, 177
TinySwiich, 185
TL497, 180
UC3842, 181
Push-pull converter, 136

Q
Quasi-resonant switches, 73
current mode, 75
full wave, 75, 76
half wave, 75, 76
L-type, 75, 76
M-type, 75, 76
voltage mode, 76

R
Regulator
linear, 3
series-pass, 3
shunt, 5 : '
voltage, 1-7, 21, 186, 221, 242, 288,
308, 312, 494
Relative stability, 226
Resonant capacitor voltage, 78125, 154

Index

parallel-loaded resonant converter,
119
series-loaded resonant converter
continuous mode, 112
discontinuous mode, 109
ZCS QR boost converter, 90, 91
ZCS QR buck converter, 80, 82
ZCS QR half-bridge converter, 154
ZVS QR boost converter, 103
ZVS QR buck converter, 96, 97
Resonant circuit
parallel, 71
series, 72
Resonant converters, 69, 365
Resonant frequency
- EMI filter, 295
* parallel resonant circuit, 71
" parallel-loaded resonant converter,
125
-self, 61
- serjes resonant circuit, 73
series-loaded resonant converter, 109
ZCS QR boost converter, 90
ZCS QR buck converter, 80
ZCS QR half-bridge converter, 154
ZVS QR boost converter, 103
ZVS QR buck converter, 96
Resonant inductor current
parallel-loaded resonant converter,
119
series-Joaded resonant converter, 109
continuous mode, 111
discontinuous mode, 109
ZCS QR boost converter, 89
ZCS QR buck converter, 80
ZCS QR half-bridge converter, 154
ZVS QR boost converter, 103
ZVS QR buck converter, 96
Resonant tank, 74, 80, 110, 124
Right-half-plane zero, 283, 489, 499
Ringing-choke converter, see Boost
converter
Root-mean-square, 9
Routh-Hurwitz stability criterion, 297,
299, 300
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S
Sampling network, 180, 236, 443
Sawtooth signal, 163, 166, 400, 443
Series-loaded resonant converter, 107
above-resonance mode, 110
below-resonance mode, 113
continuous mode, 110, 113
discontinuous mode, 108
Shoot-through, 519
Small-signal models, 222-225
Snubber, 496
Source coefficient matrix, 246, 250, 266,
27
Source vector, 246
Stability considerations, 293, 296
State coefficient matrix, 246, 249
State equation, 248, 249, 304, 311
State-space averaged model, 248
boost converter, 268
buck converter
discontinuous mode, 255
with ESR, 263
ideal, 248
State variable, 245
State vector, 246
State-space averaging, 247
Steady-state, 13, 18
Step-down converter, 18, 344, 348,
353
Step-up converter, 268, 342, 352, 355
Step-up step-down converter, 356 -
Switched-capacitor converters, 341
Switching frequency, 8, 12, 13, 18,22, 31,
69, 77, 163, 175, 209, 229, 247,
294, 307, 321
Switching losses, 24, 31, 69, 70, 195
Switching noise, 230, 239
Switching ripple, 23, 60, 229, 247, 407,
520
Synchronous Rectifier, 31, 460, 473

T

THD, 521, 527

Thermal runaway, 140
Time constant, 12, 29, 166

539

Topology, 17
Total harmonic distortion, 521, 527
Totem-pole, 141, 166, 188
Transfer function
open loop
boost converter, 219, 283
buck converter, 282
output filter, 211
source-to-state
boost converter, 279
buck converter, 278
Transient analysis, 374, 376, 409, 423,
426, 501
Transient response, 292, 433, 462, 465,
470, 474, 484, 501, 502
Turns ratio, 151

U
Underdamped response, 212, 284

Unity-gain crossover frequency, 229,
237, 446

A\
Variable-frequency controller, see VCO
vVCO, 187, 189, 397
Versine function, 80, 119
Voltage-controller oscillator, see VCO
Voltage conversion ratio

boost converter, 36, 41

buck-boost converter, 47, 50

buck converter, 21, 27, 28

forward converter, 135

full-bride converter, 144

half-bridge converter, 143

push-pull converter, 140

ZCS QR boost converter, 92

ZCS QR buck converter, 84

ZCS QR half-bridge converter, 157

ZVS QR boost converter, 105

ZVS QR buck converter, 99
Voltage regulator, 3, 311, 314
Volt-second requirement, 13

w
Weighting factor, 248




540 Index

z Zero frequency, 236

Zero-current-switching (ZCS) quasi- Zero-voltage-switching (ZVS) quasi-
resonant (QR) boost converter, resonant (QR) boost converter,
87 101 :

Zero-current-switching (ZCS) quasi- Zero-voltage-switching (ZVS) quasi-
resonant (QR) buck converter, 77 resonant (QR) buck converter, 94
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