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About the second edition
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Electronics 1

- ECEN 5807 Power
Electronics 2

- ECEN 5817 Power
Electronics 3

Major Features of the
Second Edition

. New material on converter smulation
using averaged switch models

. Maor revision of material on current
mode control, including tables of transfer
functions of basic converters

. Maor revision of material on averaged
switch modeling

. New material covering input filter design
and Middlebrook’s extra element
theorem

. Improved explanations of the proximity
effect and MMF diagrams

. New section on design of multiple-
winding magnetics using the Kg method,
including new examples

. New material on soft switching,
including active clamp snubbers, the
ZV/T full bridge converter, and ARCP

. Maor revision of material on low-
harmonic rectifiers, to improve flow and
readability. New material on critical
conduction mode control

. Maor revision and simplification of the
chapter on ac modeling of the
discontinuous conduction mode

. Revised problems, and a solutions
manual
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Detailed description of revisions

. Contents
. Preface to the Second Edition
« Chapter 1 Introduction

Part 1. Converters in Equilibrium

There are no substantial changes to the chapters of Part 1.

. Chapter 2 Principles of Steady-State Converter Analysis

. Chapter 3 Steady-State Equivalent Circuit Modeling, L osses, and Efficiency
. Chapter 4 Switch Realization

. Chapter 5 The Discontinuous Conduction Mode

. Chapter 6 Converter Circuits

Part 2. Converter Dynamics and Control

« Chapter 7 AC Equivalent Circuit Modeling

Chapter 7 has been revised to improve the logical flow, including incorporation of the First Edition
Appendix 3 into the chapter. The treatment of circuit averaging and averaged switch modeling (Section
7.4) has undergone major revision. Other changes include Fig. 7.4 and the related text, and Sections
F22:50%T

. Chapter 8 Converter Transfer Functions

Major revisions to Chapter 8 include a new introduction, a new input filter example in Section 8.1.8, and
substantial changes to the buck-boost converter example of Section 8.2.1 and the material of Sections 8.3
and 8.4.

. Chapter 9 Controller Design
Only minor changes to Chapter 9 were made.

. Chapter 10 Input Filter Design

Thisisan entirely new chapter that treats how input filters modify the transfer functions of a dc-dc
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converter, and how to design an input filter that is adequately damped. The approach is based on
Middlebrook's Extra Element Theorem (EET) of Appendix C, although it is possible to teach this chapter
without use of the EET.

. Chapter 11 AC and DC Equivalent Circuit Modeling of the Discontinuous Conduction Mode
This chapter has been entirely revised and simplified.
« Chapter 12 Current Programmed Control

Treatment of the "more accurate model™ in Section 12.3 has undergone a major revision. The explanation
is more straightforward, and results are summarized for the basic buck, boost, and buck-boost converters.
The results of simulation are used to illustrate how current programming changes the converter transfer
function. The treatment of discontinuous conduction mode in Section 12.4 has been shortened.

Part 3. Magnetics
« Chapter 13 Basic Magnetics Theory

The materia on the skin and proximity effects has undergone a major revision, to better introduce the
concepts of the proximity effect and MMF diagrams. The summary of operation of different magnetic
devices has been moved from the filter inductor design chapter into this chapter.

« Chapter 14 Inductor Design

A new section on design of multiple-winding inductors using the Kg method has been added, including
two new examples. The summary of different magnetic devices has been moved to the previous chapter,
and the material on winding area optimization (previously in the transformer design chapter) has been
moved into this chapter.

. Chapter 15 Transformer Design

Notation regarding maximum, peak, and saturation flux density has been made more clear. The section
on winding area optimization has been moved to the previous chapter.

Part 4. Modern Rectifiers, Inverters, and Power System Harmonics
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. Chapter 16 Power and Harmonicsin Nonsinusoidal Systems
Information on harmonic standards has been updated.

« Chapter 17 Line-Commutated Rectifiers
Thereislittle change to this chapter.

. Chapter 18 Pulse-Width Modulated Rectifiers

Chapter 18 is a consolidation of Chapters 17 and 18 of the First Edition. The materia has been
completely reorganized, to improve its flow. A new section 18.2.2 has been added. Section 18.3.3 has
been expanded, to better cover critical conduction mode control. The material on three-phase rectifier
topol ogies has been streamlined.

Part 5. Resonant Converters
. Chapter 19 Resonant Conversion

The order of the sections has been changed, to improve readability. Section 19.4 has been modified, to
include better explanation of resonant inverter/electronic ballast design, and two examples have been
added. The material on the ZVT converter has been moved to Chapter 20.

. Chapter 20 Soft Switching

A new Section 20.1 compares the turn-on and turn-off transitions of diode, MOSFET, and IGBT devices
under the conditions of hard switching, zero-current switching, and zero-voltage switching. The material
on quasi-resonant converters is unchanged. Coverage of multi-resonant and quasi-squarewave switches
has been exapanded, and includes plots of switch characteristics. A new Section 20.4 has been added,
which covers soft-switching techniques. Included in Section 20.4 is an expanded explanation of the ZVT
full-bridge converter, new material on active-clamp snubbers, and a short treatment of the auxiliary
resonant commutated pole. The material on ac modeling of ZCS quasi-resonant converters has been
dropped.

Appendices

. Appendix A RMS Vaues of Commonly Observed Converter Waveforms

http://ece-www.colorado.edu/~pwrelect/book/SecEd.html (5 of 6) [25/04/2002 16:42:05]



Revision to Fundamentals of Power Electronics

This appendix is unchanged.
. Appendix B Simulation of Converters

Appendix B is completely new. It covers SPICE simulation of converters using averaged switch models,
including CCM, DCM, and current-programmed converters. This material complements the discussions
of Chapters 7, 9, 11, 12, and 18. It has been placed in an appendix so that the chapter narratives are not
interrupted by the details required to run a ssmulation program; nonetheless, the examples of this
appendix are closely linked to the material covered in the chapters.

n PSPICE circuit files and library used in Appendix B

. Appendix C Middlebrook's Extra Element Theorem

Thisis acompletely new appendix that explains the Extra Element Theorem and includes four tutorial
examples. This material can be taught in conjunction with Chapter 10 and Section 19.4, if desired.

. Appendix D Magnetics Design Tables

This appendix is unchanged.
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Second Edition

Up

To instructors of Power Electronics courses. how to obtain an examination copy

Evaluation copies are available on a 60-day approval basis.

Please submit requests in writing on department letterhead and include the following course information:

. course name and number
. estimated enrollment

. semester date

. thetext currently used

. your decision date

Please direct all requeststo the Textbook Marketing Department at Kluwer Academic Publishers at the
Norwell (Americas) or Dordrecht (all other countries) offices:

. Inthe Americas:
101 Philip Drive
Norwell, MA 02061
USA
Telephone: (781) 871-6600
Fax: (781) 871-6528
Attention: Ulysses Guasch
E-mail: ulysses.quasch@wkap.com
. All other countries:
PO Box 989
3300 AZ Dordrecht
The Netherlands
Telephone: (0) 31 78 6392 392
Fax: (0) 31 78 6546 474
E-mail: services@wkap.nl
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Preface

Fundamentals of Power Electronics

R. W. Erickson
Back

In many university curricula, the power electronics field has evolved beyond the status of comprising one
or two special-topics courses. Often there are several courses dealing with the power electronicsfield,
covering the topics of converters, motor drives, and power devices, with possibly additional advanced
courses in these areas as well. There may also be more traditional power-area courses in energy
conversion, machines, and power systems. In the breadth vs. depth tradeoff, it no longer makes sense for
one textbook to attempt to cover all of these courses; indeed, each course should ideally employ a
dedicated textbook. This text isintended for use in introductory power electronics courses on converters,
taught at the senior or first-year graduate level. There is sufficient material for a one year course or, at a
faster pace with some material omitted, for two quarters or one semester.

Thefirst class on converters has been called away of enticing control and electronics students into the
power areaviathe "back door". The power electronicsfield is quite broad, and includes fundamentalsin
the areas of

. Converter circuits and electronics
. Control systems

. Magnetics

. Power applications

. Design-oriented analysis

Thiswide variety of areasis one of the things which makes the field so interesting and appealing to
newcomers. This breadth also makes teaching the field a challenging undertaking, because one cannot
assume that all students enrolled in the class have solid prerequisite knowledge in so many areas. Indeed,
incoming students may have individual backgroundsin the power, control, or electronics areas, but rarely
in all three. Yet it isusually desired to offer the class to upper-division undergraduate and entering
graduate students. Hence, in teaching a class on converters (and in writing a textbook), there are two
choices:

1. Avoid the problem of prerequisites, by either (a) assuming that the students have all of the
prerequisites and discussing the material at ahigh level (suitable for an advanced graduate class),
or (b) leaving out detailed discussions of the various contributing fields.

2. Attack the problem directly, by teaching or reviewing material from prerequisite areas asit is
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needed. This material can then be directly applied to power electronics examples. This approach
Is suitable for a course in the fourth or fifth year, in which fundamentals are stressed.

Approach (2) is employed here. Thus, the book is not intended for survey courses, but rather, it treats
fundamental concepts and design problemsin sufficient depth that students can actually build converters.
An attempt is made to deliver specific results. Completion of core circuits and electronics coursesisthe
only prerequisite assumed; prior knowledge in the areas of magnetics, power, and control systemsis
helpful but not required.

In the power electronics literature, much has been made of the incorporation of other disciplines such as
circuits, electronic devices, control systems, magnetics, and power applications, into the power
electronicsfield. Yet the field has evolved, and now is more than a mere collection of circuits and
applications linked to the fundamentals of other disciplines. Thereis a set of fundamentals that are
unigue to the field of power electronics. It isimportant to identify these fundamentals, and to explicitly
organize our curricula, academic conferences, and other affairs around these fundamentals. This book is
organized around the fundamental principles, while the applications and circuits are introduced along the
way as examples.

A concerted effort is made to teach converter modeling. Fundamental topics covered include:

. Fundamentals of PWM converter analysis, including the principles of inductor volt-second balance and capacitor
charge balance, and the small-ripple approximation (Chapter 2).

« Converter modeling, including the use of the dc transformer model, to predict efficiency and losses (Chapter 3).

« Redlization of switching elements using semiconductor devices. One-, two-, and four-quadrant switches. A brief
survey of power semiconductor devices (Chapter 4).

« Anup-to-date treatment of switching losses and their origins. Diode stored charge, device capacitances, and
ringing waveforms (Chapter 4).

« Origin and steady-state analysis of the discontinuous conduction mode (Chapter 5).

« Converter topologies (Chapter 6).

. Theuse of averaging to model converter small-signal ac behavior. Averaged switch modeling (Chapter 7).

« Converter small-signal ac transfer functions, including the origins of resonances and right half-plane zeroes.
Control-to-output and line-to-output transfer functions, and output impedance (Chapter 8).

« A basic discussion of converter control systems, including objectives, the system block diagram, and the effect of
feedback on converter behavior (Chapter 9).

« Ac modeling of the discontinuous conduction mode. Quantitative behavior of DCM small-signal transfer functions
(Chapter 10).

« Current-programmed control. Oscillation for D > 0.5. Equivalent circuit modeling (Chapter 11).

. Basic magnetics, including inductor and transformer modeling, and loss mechanisms in high-frequency power
magnetics (Chapter 12).

« Anunderstanding of what determines the size of power inductors and transformers. Power inductor and
transformer design issues (Chapters 13 and 14).

« Harmonicsin power systems (Chapter 15).

« A modern viewpoint of rectifiers, including harmonics, power factor, and mitigation techniques in conventional
rectifiers, and operation of sophisticated low-harmonic rectifiers (Chapters 16-18).

« Analysis and modeling of low-harmonic rectifiers (Chapters 17-18).

« Resonant inverters and dc-dc converters: approximate analysis techniques, characteristics of basic converters, and
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|oad-dependent properties (Chapter 19).
. Zero voltage switching, zero current switching, and the zero-voltage-transition converter (Chapter 19).
« Resonant switch converters, including basic operation, efficiency and losses, and ac modeling (Chapter 20).

On teaching averaged converter modeling: | think that thisis one of the important fundamentals of the
field, and hence we should put serious effort into teaching it. Although we in the academic community
may debate how to rigorously justify averaging, nonethelessit is easy to teach the students to average:
Just average al of the waveforms over one switching period. In particular, for the continuous conduction
mode, average the inductor voltages and capacitor currents over one switching period, ignoring the
ripple. That's all that isrequired, and | have found that students quickly and easily learn to average
waveforms. The results are completely general, they aren't [imited to SPDT switches, and they can easily
be used to refine the model by inclusion of losses, dynamics, and control variations. To model dynamics,
it is aso necessary to linearize the resulting equations. But derivation of small-signal modelsis nothing
new to the students --they have already seen thisin their core electronics classes, as well asin numerous
math courses and perhaps also in energy conversion. It isn't necessary to teach full-blown state-space
averaging, but | have included an optional (with asterisk) section on this for the graduate students. |
personally prefer to initially skip Sections 7.4 and 7.5. After covering Chapters 8 and 9, | return to cover
Sections 7.4 and 7.5 before teaching Chapters 10 and 11.

Averaging aside, it is aso important to teach modeling in a pedagogically sound way. The object isto
describe the important properties of the converter, in asimple and clear way. The dc transformer
represents the basic function of a dc-dc converter, and so the modeling process should begin with adc
transformer having aturns ratio equal to the conversion ratio of the converter. For example, the model of
the buck-boost converter ought to contain a buck transformer cascaded by a boost transformer, or
perhaps the two transformers combined into asingle D : D' transformer. This first-order model can later
be refined if desired, by addition of loss e ements, dynamic elements, etc.

The design-oriented analysis methods of R. D. Middlebrook have been well accepted by a significant
portion of the power e ectronics community. While the objective of this text is the introduction of power
electronics rather than design-oriented analysis, the converter analyses and examples are nonethel ess
done in adesign-oriented way. Approximations are often encouraged, and several of the techniques of
design-oriented analysis are explicitly taught in parts of Chapters 8 and 9. We need to teach our students
how to apply our academic theory to real-world, and hence complicated, problems. Design-oriented
analysisisthe missing link.

Chapter 8 contains a "review" of Bode diagrams, including resonant responses and right half-plane
zeroes. Also included is material on design-oriented analysis, in the context of converter transfer
functions. The Bode diagram material is covered in more depth than in prerequisite classes. | have found
that the material of Chapter 8 is especially popular with continuing education students who are practicing
engineers. | recommend at least quickly covering this chapter in lecture. Those instructors who choose to
skip some or all of Chapter 8 can assign it as reading, and hold students responsible for the material. In a
similar manner, Chapter 9 contains a""review" of classical control systems, in the context of switching
regulators. This chapter explicitly makes the connection between the small-signal converter models
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derived in other chapters, and their intended application. Many power area students are unfamiliar with
this material, and even control-area students comment that they learned something from the design-
oriented approach.

Parts |11, 1V, and V can be covered in any order. Part |11 includes areview of basic magnetics, a
discussion of proximity loss, and an introduction to the issues governing design of magnetic devices. The
inclusion of step-by-step design procedures may be somewhat controversial; however, these procedures
explicitly illustrate the issues inherent in magnetics design. Student tendencies towards cookbook
mentality are mitigated by the inclusion of homework problems that cannot be solved using the given
step-by-step procedures. Part 1V, entitled "Modern rectifiers,” covers the issues of power system
harmonics, generation of harmonics by conventional rectifiers, and low-harmonic rectifiers. Chapters 17
and 18 cover low-harmonic rectifiers in depth, including converter analysis and modeling, and rectifier
control systems. Resonant converters are treated in Part V. There have been a tremendous number of
papers written on resonant converters, most of which are very detailed and complicated. Indeed, the
complexity of resonant converter behavior makes it challenging to teach this subject in depth. Two
somewhat introductory chapters are included here. State-plane analysisis omitted, and isleft for an
advanced graduate class. In Chapter 19, resonant inverters and dc-dc converters are introduced and are
analyzed viathe sinusoidal approximation. Soft switching is described, in the context of both resonant
converters and the zero-voltage transition converter. Some resonant network theorems are also presented,
which yield insight into the design of resonant inverters with reduced circulating currents, with zero-
voltage switching over awide range of load currents, and with desired output characteristics. Resonant
switch converters are introduced and modeled in Chapter 20.

Most chapters include both short analysis problems, and longer analysis and/or design problems.
References are given at the end of each chapter; these are not intended to be exhaustive bibliographies,
but rather are a starting place for additional reading.

This text has evolved from course notes devel oped over thirteen years of teaching power electronics at
the University of Colorado, Boulder. These notes, in turn, were heavily influenced by my previous
experience as a graduate student at the California Institute of Technology, under the direction of Profs.
Slobodan Cuk and R. D. Middlebrook, to whom | am grateful. In addition, | appreciate the numerous
helpful technical discussions and suggestions of my colleague at the University of Colorado, Prof.
Dragan Maksimovic. | would also like to thank the following individuals for their suggestions: Prof.
Arthur Witulski (University of Arizona, Tucson), Prof. Sigmund Singer (Tel-Aviv University, Isragl), Dr.
Michael Madigan, and Carlos Oliveira.

Robert W. Erickson
Boulder, Colorado
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capacitor charge balance, 24
circuit, 231-245
to find dc component, 6, 16
flyback ac model, 209-218
inductor volt-second balance, 22-23
introduction to, 193-198
modeling efficiency and loss via, 57
to model rectifier output, 645-647
to model 3¢ converters, 611-614
of quasi-resonant converters
ac modeling, 732-737
dc analysis, 712-728
state-space, 218-231
Battery charger, 9, 70
B-H loop
in an ac inductor, 499-500
in a conventional transformer, 153, 500-501
in a coupled inductor, 501-502
in a filter inductor, 497-499
in a flyback transformer, 502-503
modeling of, 458-460
Bidirectional dc-dc converters, 70
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breakdown mechanisms in, 86-87
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Darlington-connected, 87
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on resistance, 53, 82
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Bode plots (see also Harmonic trap filters, sinusoidal approximation)
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frequency inversion, 271-272
graphical construction of, 296-309
addition, 296-301
closed-loop transfer functions, 329-332
division, 307-309
parallel combination, 301-307
parallel resonance, 301-303
series resonance, 298-303
impedance graph paper, 307
nonminimum phase zero, 269-271
reactance graph paper, 307
real pole, 263-268
real zero, 268-269
RHP zero, 269-271
transfer functions of buck, boost, buck-boost, 292-293
Body diode (see MOSFET)
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Boost converter (see also Bridge configuration, Push-pull isolated converters)
active switch utilization in, 179, 608
averaged switch model, DCM, 380-381
circuit-averaged model, 233-239
current-programmed
averaged switch model, CCM, 424-425
averaged switch model, DCM, 443-444
small-signal ac model, CCM, 427-428, 430-431
small-signal ac model, DCM, 445-447
as inverted buck converter, 136-137
as low-harmonic rectifier, 594-597, 605-609, 617, 627-634
nonideal analysis of, 43-51, 53-57
quasi-resonant ZCS, 722-723
small-signal ac model
CCM, 208-210, 251
DCM, 385-390
steady-state analysis of,
CCM, 24-29
DCM, 121-125
transfer functions, CCM, 292-293
Bridge configuration (dc-dc converters)
boost-derived full bridge, 171-172
buck-derived full bridge, 154-157
buck-derived half bridge, 157-159
full bridge transformer design example, 528-531
minimization of transformer copper loss in, 516-517
Bridge configuration (inverters)
single phase, 7-8, 142-145, 148-150
three phase, 70, 143-148
Buck-boost converter (see also Flyback converter)
3gac-dc rectifier, 615-616, 619
averaged switch model, DCM, 370-381
as cascaded buck and boost converters, 138-141
current-programmed
averaged switch model, DCM, 438-444
more accurate model, CCM, 430-432
simple model, CCM, 419-423
small-signal ac model, DCM, 445-447
dc-3@ac inverter, 71-72, 615-616
DCM characteristics, 115, 127-129, 381
as low-harmonic rectifier, 598-599
manipulation of ac model into canonical form, 248-251
nonideal, state-space averaged model of, 227-232
noninverting version, 139, 148-149
as rotated three-terminal cell, 141-142
small-signal ac model, CCM, 208-210, 251
small-signal ac model, DCM, 382-388
transfer functions, CCM, 289-293
transformer isolation in, 166-171
Buck converter (see also Bridge configuration, Forward converter, Push-pull isolated
converters), 6, 15-23, 34-35
active switch utilization in, 179
averaged switch model, 239-245
current-programmed
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averaged switch model, CCM, 423-427
averaged switch model, DCM, 442-447
small-signal ac model, CCM, 421-427, 431-438
small-signal ac model, DCM, 442-447
equivalent circuit modeling of,
small-signal ac, CCM, 208-210, 251
small-signal ac, DCM, 385-388, 393-400
steady-state, CCM, 51-53
steady-state, DCM, 380-381
as high power factor rectifier
single phase, 599
three phase, 614-615
multi-resonant realization, 729
quasi-square-wave resonant realizations, 730-731
quasi-resonant realizations
ac modeling of, 732-737
zero current switching, 662-663, 712-722, 723-724
zero voltage switching, 728
small-signal ac model
CCM, 208-210, 251
DCM, 385-390
steady-state analysis of,
CCM, 17-22, 23, 34-35, 51-53
DCM, 111-121, 380-381
switching loss in, 94-101, 241-245
employing synchronous rectifier, 73-74
transfer functions, CCM, 292-293
Buck® converter, 149, 151
Buck 3¢ inverter (see Voltage source inverter)
Canonical circuit model, 245-251
via generalized switch averaging, 402-403
manipulation into canonical form, 248-251
parameters for buck, boost, buck-boost, 251
physical development of, 245-248
transfer functions predicted by, 247-248, 292-293
Capacitor amp-second balance (see Capacitor charge balance)
Capacitor charge balance
boost converter example, 27
Cuk converter example, 31-32
definition, 24
in discontinuous conduction mode, 115
nonideal boost converter examples, 45, 55
Capacitor voltage ripple
boost converter example, 28-29
buck converter example, 34-35
in converters containing two-pole filters, 34-35
Cuk converter example, 32-34
Cascade connection of converters, 138-141

Characteristic value a (current programmed mode), 414, 417-418, 435-436
Charge balance (see Capacitor charge balance)
Circuit averaging (see also Averaged switch modeling), 231-245

averaging step, 235

boost converter example, 233-238



linearization, 235-238
obtaining a time-invariant network, 234-235
summary of, 231-233
Commutation
failure, 574
notching, 575
in 3¢ phase controlled rectifier, 573-575
Compensators (see also Control system design)
design example, 346-354
lag, 343-345
lead, 340-340, 350-351
PD, 340-343, 350-351
PI, 343-345
PID, 345-346, 352-354
Complex power, 550-551
Computer power supply, 8-9
Computer spreadsheet, design using, 180-183
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Conduction loss (see Copper loss, Semiconductor conduction loss)

Conductivity modulation, 75, 79, 82, 87, 90

Control system design (see also Compensators, Negative feedback), 323-368

compensation, 340-346

construction of closed-loop transfer functions, 326-332

design example, 346-354
for low-harmonic rectifiers
approaches, 634-652
modeling, 645-652
phase margin
test, 333-334

vs. closed-loop damping factor, 334-338

stability, 332-339
voltage regulator

block diagram, 324-325, 328, 347-349

design specifications, 339-340
Control-to-output transfer function
as predicted by canonical model, 248

of CCM buck, boost, and buck-boost converters, 292-293
of current programmed converters, 422, 427-428, 434-437, 446

of DCM converters, 387-390, 396-399
of quasi-resonant converters, 733, 736

Conversion ratio M (see also Switch conversion ratio W)

of boost, 18, 26, 127, 381

of buck, 18, 120, 381

of buck-boost, 18, 128, 381

of Cuk converter, 32, 381

of loss-free resistor networks, 376-381

in low-harmonic rectifiers, 593-595
modeling of, 40-43

of quasi-resonant converters, 711, 720-723

of parallel resonant converter, 676-678, 686-689

of SEPIC, 151, 381

of series resonant converter, 671-674, 679-686

via sinusoidal approximation, 670
Copper loss
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allocation of window area to minimize, 513-517, 519
high frequency effects
skin effect, 475-476
proximity effect, 476-490
inductor design to meet specified, 503-509
low frequency, 474
modeling in converters, 43-53
Core loss, 471-474, 518
Coupled inductors
in Cuk converter, 494-495, 501
in multiple-output buck-derived converters, 501-502, 511
Crossover frequency, 330-334
Cuk converter
3@ac-dc converter, 615-616
active switch utilization of, 179
as cascaded boost and buck converters, 141
conversion ratio M(D), 32, 381
DCM averaged switch model of, 379-381
as low-harmonic rectifier, 597-599, 608
as rotated three-terminal cell, 141-142
steady-state analysis of, 29-34
transformer design example, 524-528
with transformer isolation, 176-177
Current-fed bridge, 148, 150
Current injection, 359-360
Current programmed control, 408-451
ac modeling of
via averaged switch modeling, CCM, 423-428
via averaged switch modeling, DCM, 438-447
CCM more accurate model, 428-438
CCM simple approximation, 418-428
artificial ramp, 414-418
controller circuit, 409, 415
controller small-signal block diagram, 428-432
in half-bridge buck converters, 159, 410
in low harmonic rectifiers, 636-639
oscillation for D > 0.5, 411-418
in push-pull buck converters, 166, 410
Current ripple (see inductor current ripple)
Current sense circuit, isolated, 187-188
Current source inverter (CSI), 146, 148
Cycloconverter, 1, 72

Damping factor T (see also Q-factor), 277

Dc conversion ratio (see Conversion ratio M)

Dc link, 10

Dc transformer model
in averaged switch models, 237-244, 760-762
in canonical model, 245-247, 250-251
in circuit averaged models, 237-238
comparison with DCM model, 377
derivation of, 40-43
equivalence with dependent sources, 41
manipulation of circuits containing, 41-42, 48-49
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in a nonideal boost converter, 48-49, 56
in a nonideal buck converter, 52-53
in small-signal ac CCM models, 208-210
Decibel, 262
Delta-wye transformer connection, 582-583
Dependent power source (see Power source element)
Derating factor, 180
Design-oriented analysis, techniques of
analytical expressions for asymptotes, 275-276
approximate factorization, 285-288
doing algebra on the graph, 296-309
frequency inversion, 271-272
graphical construction
of Bode plots, 296-309
of closed-loop transfer functions, 329-332
low Q approximation, 282-284
philosophy of, 261, 306-307
Differential connection of load
polyphase inverter, 143-148
single-phase inverter, 142-143
Diode
antiparallel, 67
characteristics of, 78
fast recovery, 77
forward voltage drop (see also Semiconductor conduction losses), 53-57, 77
freewheeling, 67
parallel operation of, 77-78
recovered charge O, 76, 97-100, 692, 729
recovery mechanisms, 76-77, 98-100
Schottky, 74, 77, 101
soft recovery, 98-99
snubbing of, 99
switching loss, 97-100, 101-103, 692
switching waveforms, 75-77, 98-100, 101-102
zero current switching of, 101-103, 690-692, 696, 725-726
zero voltage switching of, 692-696, 725-726, 729, 734
Discontinuous conduction mode (DCM)
B-H loop, effect on, 503-504
boost converter example, 121-127
buck converter example, 111-121
buck-boost converter example, 370-381
in current programmed converters, 438-447
equivalent circuit modeling of, 369-381, 438-444
in forward converter, 159
in line-commutated rectifiers, 564-568, 569-570
in low-harmonic rectifiers
boost rectifier, single phase, 594-597
single-switch, three-phase, 615-619
mode boundary
in boost rectifier, 594-697
vs. K, 111-115, 121-122, 128
vs. load current and R, 381
origin of, 111-115
in parallel resonant converter, 687-689
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in PWM converters, 110-134, 369-407, 438-447
in series resonant converter, 681-683
small-signal ac modeling of, 382-403
Displacement factor, 548, 550-551
Distortion factor (see also Total harmonic distortion), 548-550
of single-phase rectifier, 548, 563-566
Distributed power system, 9
Doing algebra on the graph (see Graphical construction of Bode plots)
Duty ratio
complement of, 16
definition of, 15-16
EC core data, 754
Eddy currents
in magnetic cores, 472
in winding conductors, 474-477
EE core data, 753
Effective resistance R,
in DCM averaged switch model, 374-381
in loss-free resistor model, 374-381
in resonant converter models
with capacitive filter network, 666-668
with inductive filter network, 674-676
Emulated resistance R,, 590-593
Efficiency, 2
averaged switch modeling, predicted by, 245
of boost converter
as low-harmonic rectifier, 632-634
nonideal dc-dc, 49-51, 56
calculation via averaged model, 49-51, 56
vs. switching frequency, 103-104
Equivalent circuit modeling
by canonical circuit model, 245-251
of CCM converters operating in steady-state, 40-61
of converters having pulsating input currents, 51-53
of current programmed switch networks
CCM, 423-428
DCM, 438-447
small-signal models, 421-422, 423-428, 445-447
of flyback converter, CCM, 168, 216-218
of ideal rectifiers, 590-593, 608-611
of ideal dc-dc converters, 40-42
of inductor copper loss, 43-51
small-signal models
CCM, 207-209, 230-232
DCM, 382-390
current programmed, 421-422, 424-428, 438-447
of switching loss, 241-245
of switch networks
CCM, 239-242
DCM, 370-381
of systems containing ideal rectifiers, 602
Equilibrium (see Steady state)
Equivalent series resistance (esr) of capacitor, 554-555
ETD core data, 754
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Evaluation and design of converters, 177-183
Experimental techniques
measurement of impedances, 312-314
measurement of loop gains
by current injection, 359-360
by voltage injection, 357-359
of an unstable system, 360-361
measurement of small-signal transfer functions, 309-311
Factorization, approximate
approximate roots of arbitrary-degree polynomial, 282-288
graphical construction of Bode diagrams, 296-309
low-Q approximation, 282-284
Faraday’s law, 456-457
Feedback (see Control system design, Negative feedback)
Ferrite
applications of, 499, 525, 528
core loss, 472, 473-474, 518
core tables, 751-755
saturation flux density, 459, 473
Fill factor (see K )
Filter inductor
B-H loop of, 497, 499
design of
derivation of procedure, 503-508
step-by-step procedure, 508-509

Flux ®, 456
Flux density B
definition, 456
saturation value B, 458-459
Flux-linkage balance (see Inductor volt-second balance)
Flyback converter (see also Buck-boost converter)
active switch utilization, 178-179
derivation of, 166-167
nonideal, ac modeling of, 209-218
single-switch rectifier, 3gac-dc DCM, 623
spreadsheet design example, 180-183
steady-state analysis of, 166-170
two transistor version, 185-186
utilization of flyback transformer, 170-171
Flyback transformer, 166-167, 170-173, 502-503, 619
Forced commutation of SCRs, 90
Forward converter (see also Buck converter), 159-164
active switch utilization, 179
spreadsheet design example, 180-183
steady-state analysis of, 159-164
transformer reset mechanisms, 162-163
transformer utilization in, 164
two transistor version, 163-164
Four-quadrant switches (see Switch)
Freewheeling diode, 67
Frequency modulator, 732-733
Gate turn-off thyristor (GTO), 92
Generalized switch averaging, 390-403
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Geometrical constant (see K, K )

Graphical construction of Bode plots (see also Bode plots, Design-oriented analysis)
of converter transfer functions, 307-309
division, 307-309
of harmonic trap filters, 576-582
parallel combinations, 301-307
parallel resonance, 301-303
of parallel resonant converter, 677
series combinations, 296-301
series resonance, 298-301
of series resonant converter, 671-672

Grounding problems, 312-314

Gyrator, 682-683

Harmonic correction, 621

Harmonic loss factor F,;, 488-490

Harmonics in power systems
average power vs. Fourier series, 542-543
distortion factor, 548
harmonic standards, 555-559
neutral currents, 552-553
power factor, 546-550
root-mean-square value of waveform, 543-546
rectifier harmonics, 548-550
in three-phase systems, 551-555
total harmonic distortion, 548

Harmonic trap filters, 575-582
bypass resistor, 580-582
parallel resonance in, 577-579
reactive power in, 582

H-bridge, 7-8, 142-145, 148-150

Hold-up time, 601

Hot spot formation, 77-78, 85-86

Hysteresis loss P, 471-472

Hysteretic control, 639-641

Ideal rectifier (see also Low harmonic rectifiers), 590-626
in converter systems, 599-604
properties of, 590-593
realization of

single phase, 593-599
three phase, 608-622
rms values of waveforms in, 604-608

IEC-555, 556-557

IEEE/ANSI standard 519, 557-559

Impedance graph paper, 307

Inductor copper loss (see Copper loss)

Inductor current ripple
in ac inductor, 499-500
boost example, 28
buck example, 21
calculation of, 21
in converters containing two-pole filters, 34-36
Cuk converter example, 32-33
in filter inductor, 497-499
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magnitude vs. DCM, 111-113
Inductor design
ac inductor design
derivation, 531-533
step-by-step procedure, 533-534
filter inductor design
derivation, 503-508
step-by-step procedure, 508-509
Inductor volt-second balance
boost example, 25-26
buck example, 22-23
Cuk converter example, 31-32
definition, 22
in discontinuous conduction mode, 115
Input port, converter
ac modeling of, 203
boost static characteristics, 596-597, 639
modeling of, via state-space averaging, 200, 227, 231
steady-state modeling of, 51-53
Inrush current, 601-602
Insulated-gate bipolar transistor IGBT)
construction and operation of, 87-90
current tailing in, 88-89, 96-97
equivalent circuit, 88
forward voltage drop, modeling of, 89
idealized switch characteristics, 65-66
parallel operation of, 89
switching loss in, 96-97
Inversion of source and load, 136-137
Inverters, 1
high frequency, 659-662, 697-705
line commutated, 572-573
single phase, 7-8, 68-69
sinusoidal analysis of resonant converters, 664-670, 697-705
three phase, 70, 143-148
Iron laminations, 459, 473
K, dimensionless parameter
critical value K. (D), 114-115, 121-122, 128
in current programmed mode analysis, 438
and DCM boundary, 114-115, 121-122, 128
in line-commutated rectifier analysis, 565-566
in steady-state DCM analysis, 120, 127-128
K,, core geometrical constant
definition of, 507-507, 751
ferrite core tables of, 752-755
filter inductor design procedure using, 508-509
K, ac core geometrical constant
ac inductor design procedure using, 531-534
definition of, 521, 751
ferrite core tables of, 752-755
transformer design using,
derivation, 517-521
examples, 524-531
step-by-step procedure, 521-524
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K,, rectifier dimensionless parameter, 565-566
K, window utilization factor, 507
LCC resonant converter
dependence of transistor current on load, 701-702
introduction to, 659-661
ZVS/ZCS boundary, 703-705
Lenz’s law, 457, 472, 475
Linear ripple approximation (see Small ripple approximation)
Line-to-output transfer function G, (s)
of the buck, boost, and buck-boost converters in CCM, 292-293
canonical model, as predicted by, 247-248
closed-loop, 326-327, 331-332
control system design of, 340, 353-354
of current-programmed converters, 422, 427-428, 437-438
of DCM converters, 387-388
of quasi-resonant converters, 736
Litz wire, 487
Loop gain (see also Control system design, Negative feedback)
definition, 327
measurement of, 355-361
Loss-free resistor model
averaged switch model of discontinuous conduction mode, 374-381
ideal rectifier model
single phase, 590-593
three phase, 608-611
Low harmonic rectifiers (see also Ideal rectifiers)
controller schemes
average current control, 634-636
current programmed control, 636-640
feedforward, 635-636
hysteretic control, 639-641
nonlinear carrier control, 641-645
modeling of
efficiency and losses, 627-634
low-bandwidth control loop, 645-650
wide-bandwidth average current control loop, 650-652
rms calculations in, 604-609
Low Q approximation, 282-284
Magnetic circuits, 463-466
Magnetic field H, 455-456
Magnetic path length [
definition, 461
ferrite core tables, 752-755
Magnetics, 453-538
ac inductor design, 531-534
basic relations, 455-462
copper loss, 474
core loss, 471-474
ferrite core tables, 752-755
filter inductor design, 503-509
magnetic circuits, 463-466
magnetic devices, types of, 497-503
optimizing B, _to minimize total loss, 520-521
optimizing window allocation to minimize copper loss, 513-517
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proximity effect, 476-490
transformer basics, 152-154, 466-471
transformer design, 517-531
Magnetizing current, 152-153, 458-469
Magnetomotive force (MMF)
definition, 455-456
MMF diagrams, 479-482
Majority carrier devices (see also MOSFET, Schottky diode), 74-75
Matrix converter, 72-73
Meal length per turn (MLT)
definition, 507-508
ferrite core tables, 752-755
Measurement of transfer functions and loop gains (see Experimental techniques)
MIL-STD-461B, 556
Minority carrier devices (see also Bipolar junction transistor, Diode, Gate turn-off
thyristor, Insulated-gate bipolar transistor, MOS-controlled thyristor, Silicon
controlled rectifier), 74-75
Modulation index, 613-614
MOS-controlled thyristor (MCT), 92-94
MOSFET
body diode, 67-68, 79-80
conduction loss, modeling of, 53-57, 209-218
construction and operation of, 78-82
on resistance, 53-57, 79-82
switching loss owing to C,, 100-101
as synchronous rectifier, 73-74
terminal capacitances, 81
typical characteristics, 80-82
zero-voltage and zero-current switching of, 689-696
Motor drive system, 9-10
Multiplying controller (see also Average current control, Current programmed control), 596
Multi-resonant switch
single-switch 3¢ buck rectifier, 620-621
zero-voltage switching dc-dc, 729
Negative feedback (see also Control system design)
effects of, on network transfer functions, 326-329
objectives of, 193-194, 323-326
reduction of disturbances by, 327-329
reduction of sensitivity to variations in forward gain by, 329
Nonlinear carrier control, 641-645
Nonminimum-phase zero (see Right half-plane zero)
Output characteristics
of the parallel resonant converter, 689
of resonant inverters, 699-700
of the series resonant converter, 685-686
Overshoot, 338-340
Parallel resonant converter
analysis via sinusoidal approximation, 664-670, 674-678
dependence of transistor current on load, 702
exact characteristics
continuous conduction mode, 686-687
control plane, 689
discontinuous conduction mode, 687-689
output plane, 689
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introduction to, 659-660
as a low harmonic rectifier, 597

Permeability u
definition, 458-460

of free space, u,, 458

relative, u , 458
Phase asymptotes
of complex poles, 279-282
inverted forms, 272
of real pole, 266-268
of real zero, 269
of RHP zero, 270
Phase control
of resonant converters, 659
of three-phase rectifiers, 570-575
of zero-voltage transition dc-dc converter, 696
Phase margin
vs. closed-loop damping factor, 334-338
stability test, 333-334
Poles
complex, Bode plots of, 276-282
the low Q approximation, 282-284
real, Bode plots of, 263-268
Pot core data, 752
Powdered iron, 459, 473
Power factor (see also Total harmonic distortion, Displacement factor, Distortion factor)
definition of, 546-550
of bridge rectifier, single phase, 566
of peak detection rectifier, 548-550
of phase-controlled rectifier, three phase, 573
Power sink element (see Power source element)
Power source element
in averaged switch models
current programmed mode, CCM, 423-428
current programmed mode, DCM, 438-447
discontinuous conduction mode, 370-382
definition of, 375-377
in ideal rectifier model, 592, 599-603, 608-610
linearization of, 384-385, 425-426
in loss-free resistor model, 376-379
properties of, 375-377
PQ core data, 755
Proximity effect

conductor spacing factor 1, 478

interleaving, effect on, 485-487

layer copper loss, 482-483

Litz wire, effect of, 487

MMF diagrams, 479-482

PWM waveform harmonics, 487-490

simple explanation, 476-478

transformer design procedure, accounting for, 519
winding loss, total, 483-487
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Pulse width modulation (PWM), 6-8, 17
modulator ac model, 253-254
operation of modulator, 252
spectrum of PWM waveform, 194-195
Push-pull isolated converters
based on boost converter, 173
based on buck converter, 164-166, 410
Watkins-Johnson converter, 173
Q factor, 277-282
canonical model, predicted by, 309
closed-loop, vs. phase margin, 334-338
of the CCM buck, boost, and buck-boost converters, 293
the low Q approximation, 282-284
vs. overshoot, 338-339
of parallel resonant circuit, 303
of series resonant circuit, 300-301
Quasi-resonant converters (see also Multi-resonant switch, Quasi-square-wave switch)
ac modeling of, 732-737
single-switch 3¢ buck rectifiers
multi-resonant, 620-621
zero current switching, 619-620
zero-current switching dc-dc
full wave, 723-724
half wave, 713-723
zero-voltage switching dc-dc, 726-728
Quasi-square-wave converters, 730-731
Quasi-static approximation, 661
Quiescent operating point, 196-197, 204, 225
Reactance graph paper (see Impedance graph paper)
Reactive power
definition, 550-551
in harmonic trap filters, 582
in phase-controlled rectifiers, 573
Rectifiers (see also Ideal rectifiers, Low harmonic rectifiers), 1
energy storage in single-phase, 599-604
high quality, 541
ideal, 590-626
line-commutated
phase control of, 570-575
single-phase, 548-550, 562-568
three-phase, 568-575
three-phase transformer connections in, 582-584
twelve pulse, 582-584
in resonant dc-dc converter, 666-668, 674-676
Regulator system (see also Control system design), 192-193, 323-326, 634-645
Reluctance, 463-466
Resonance
Bode plots of complex poles, 276-282
graphical construction examples, 296-309
the low-Q approximation, 282-284
parallel resonant network, 301-307
series resonant network, 301-307
Resonant converters (see also Quasi-resonant converters, Multi-resonant converters, Quasi-
square-wave converters, Zero voltage transition converter), 659-710
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analysis of, via sinusoidal approximation, 664-679
LCC, 659-661, 701-705
parallel, 597, 659-660, 674-678, 686-690, 702
resonant link, 662
series, 659-674, 679-686, 690-695, 702
Resonant link converters, 662
Resonant switches (see Quasi-resonant converters, Multi-resonant switch, Quasi-square-
wave converters)
Right half-plane zero
Bode plot of, 269-271
physical origins of, 294-295
Ripple, switching, 17-19, 111-113, 194-196
Root mean square value
of commonly-observed converter waveforms, 743-750
vs. Fourier series, 543-546
of near-ideal rectifier currents, table of, 609
of near-ideal rectifier waveforms, 604-609
Rotation of three-terminal cell, 141-142
Saturation
of inductors, 462, 465-466
of magnetic materials, 458-460
of transformers, 153-154, 469
Schottky diode, 74, 77, 101
Semiconductor conduction loss
boost converter example, 53-57
inclusion in ac model, 209-218
with synchronous rectifier, 73-74
Semiconductor cost, 180
Semiconductor power devices (see also Bipolar junction transistor, Diode, Gate turn-off
thyristor, Insulated-gate bipolar transistor, MOS-controlled thyristor, Schottky
diode, Silicon controlled rectifier), 62-109
charge control of, 75, 83-85, 94, 98, 101-103
conductivity modulation, 75
majority vs. minority carriers, 74-75
realization of switches using, 62-74
SEPIC (see Single-ended primary inductance converter)
Series pass regulator, 4-5
Series resonant converter
analysis via sinusoidal approximation, 664-674
dependence of transistor current on load, 702
exact characteristics
continuous conduction mode, 679-681
control plane, 684
even discontinuous conduction mode, 682
odd discontinuous conduction mode, 681
output plane, 685-686
introduction to, 659-664
subharmonic modes in, 673-674
zero-current switching in, 690-692
zero-voltage switching in, 692-695
Silicon area (see Switch stress)
Silicon controlled rectifier (SCR)
construction and characteristics of, 89-92
equivalent circuit, 90
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inverter grade, 91
Silicon steel, 459, 473
Single-ended primary inductance converter (SEPIC), 38, 148
averaged switch model of
continuous conduction mode, 757-762
discontinuous conduction mode, 379-381
conversion ratio M(D), 151, 381
inverse of, 151, 176
as low-harmonic rectifier, 597-599, 608-609
transformer isolation in, 174-176
Single quadrant switch
definitions, 63-64
implementation, 64-67
origins of DCM, 110-113
Sinusoidal approximation, 663, 664-679
Sinusoidal PWM, 612-614
Skin effect (see also Proximity effect), 472-476
Slope compensation (see Artificial ramp)
Small ripple approximation
in ac modeling approach, 198, 223-224
and average power loss, prediction of, 57
boost example, 25
buck example, 20
Cuk converter example, 30-31
definition, 19
in discontinuous conduction mode, 116
failure of, in two-pole filters, 34-36
Small-signal ac modeling
via averaged switch modeling, 239-245
via circuit averaging, 231-245
of CCM converters, 193-260
of current programmed converters, 418-447
of DCM converters, 382-403
via generalized switch averaging, 390-403
of low harmonic rectifiers, 645-652
of quasi-resonant converters, 732-737
of resonant converters, 678
via state-space averaging, 218-231
Snubber networks, 86, 94, 99, 696
Soft switching (see also Zero current switching, Zero voltage switching), 689-696
Spacecraft power system, 9
Spreadsheet design of converters, 180-183
State equations of a network, 218-221
State-space averaging, 218-231
discussion, 223-226
example: nonideal buck-boost converter, 227-231
summary of result, 221-222
Steady state
inductor current waveform, 22
operating point, 196-197, 204, 225
Subharmonic
modes of series resonant converter, 673-674

number &, 679
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Switch
averaged modeling of, 239-245, 377, 390-403
current-bidirectional two-quadrant, 67-70
four-quadrant, 71-73
ideal SPDT in converters, 4-6, 15-16, 24, 29
ideal SPST, 62-63
passive vs. active, 64-65, 91
power dissipated by ideal, 6, 17
quasi-resonant, 711-737
realization of, using semiconductor devices, 62-74
single-quadrant, 64-67
synchronous rectifier, 73-74
voltage-bidirectional two-quadrant, 70-71

Switch conversion ratio p
definition, 392
DCM buck example, 395-401
in generalized canonical model, 405
of multi-resonant switch, 729
of quasi-resonant switches

full-wave ZCS, 723-724

full-wave ZVS, 727

half-wave ZCS, 713, 720-721

half-wave ZVS, 727

small-signal ac modeling using, 732-737
of quasi-square-wave switches, 731

Switched mode, 3-4

Switching frequency
converter efficiency vs., 103-104
definition of, 16
transformer size vs., 527

Switching harmonics (see also Ripple, switching), 6
removal of via averaging, 194-196

Switching loss (see also Soft switching, Zero current switching, Zero voltage switching)
averaged switch modeling of, 241-245, 259-260
with clamped inductive load, 94-97
and current tailing, 96-97
and device capacitances, 100-101
and diode recovered charge, 97-100, 101-103
effect on converter efficiency, 103-104
and ringing waveforms, 101-103
and stray inductances, 100-101

Switch stress S, 177-180

Switch utilization U, 177-180

Synchronous rectifier, 73-74

Temperature rise
in a converter, 2
in magnetics, 752

Thyristor (see Gate turn-off thyristor, MOS-controlled thyristor, Silicon controlled
rectifier)

Topologies of converters (see also Boost, Bridge configuration, Buck, Buck-boost, Cuk
converter, Forward converter, Transformer-isolated converters, etc.)
Cascade connections, 138-141
Converter synthesis, 146-150
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Differential connection of load, 142-146
Evaluation and comparison, 177-183, 608-609
Inversion of source and load, 136-137
Low-harmonic single-phase rectifiers, 593-599
Low-harmonic three-phase rectifiers, 608-621
Quasi-resonant converters, 724-731
Resonant converters, 659-664
Rotation of three-terminal cell, 141-142
Transformer isolation, 150-177
Total harmonic distortion (THD)
of current-programmed rectifiers, 639
definition, 550
vs. distortion factor, 550-551
IEEE-519 limits, 559-561
of peak detection rectifier, 551-552
of single-phase bridge rectifiers, 551-552, 566-570
of three-phase bridge rectifiers, 571-572, 575
Transfer functions (see also Bode plots)
of the buck, boost, and buck-boost converters, 292-293
of current programmed converters, 422-423, 427, 436-438, 446-447
of DCM converters, 388-390
graphical construction of, 296-309
of low-harmonic rectifiers, 649-650, 651
measurement of, 309-311
predicted by canonical model, 247-248, 292-293
Transformer connections in three-phase rectifiers, 582-584
Transformer-isolated converters, 150-177
boost-derived topologies, 171-173
Cuk converter, 176-177
evaluation and comparison of, 177-183
flyback, 166-171
forward, 159-164
full bridge buck-derived, 154-157
half-bridge buck-derived, 157-159
multiple outputs and cross regulation, 151-152
push-pull buck-derived, 164-166
SEPIC, 174-176
transformer model, 152-154, 466-471
use of volt-second balance in, 153-154, 156-157
Transformers
B-H loop in, 153, 500-501
design of,
derivation of procedure, 517-521
examples, 524-531
step-by-step procedure, 521-524
winding area optimization, 513-517
flyback transformer, 166-167
leakage inductance, 154, 469-471
magnetizing inductance, 152-154, 468-469
modeling of, 152-154, 466-471
SEPIC transformer, 174-175
volt-second balance in, 153-154, 156-157
Triplen harmonics
in three-phase four-wire networks, 552-553
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in three-phase inverter modulation schemes, 614
in three-phase rectifier circuits, 568-569
in three-phase three-wire networks, 553-554
Twelve-pulse rectifier, 582-584
Two-quadrant switches (see Switch)
Universal-input rectifiers, 602
Variable-speed ac drive, 7-8
Voltage conversion ratio (see Conversion ratio M)
Voltage injection, 357-359
Voltage-source inverter, 70, 146-147
Volt-second balance (see Inductor volt-second balance)
Watkins-Johnson converter, 148, 150, 173
inverse of, 148, 150
isolated push-pull, 173
Window area W,
allocation of, to minimize total copper loss, 513-517
definition, 506-507
ferrite core tables, 752-755
Window utilization factor K, 507
Wire area A,
inductor design, 506-507, 509
American wire gauge (AWG) table, 755-756
Zero-current switching (ZCS), 662
in quasi-resonant converters, 712-726
in quasi-square-wave converters, 730-731
in series resonant converter, 690-692
in single-switch three-phase low-harmonic rectifiers, 619-621
ZCS/ZN'S boundary, 702-705
Zero-voltage switching (ZVS), 662
in LCC resonant converter, 703-705
in multi-resonant converters, 729
in quasi-resonant converters, 726-728
in quasi-square-wave converters, 730-731
in series resonant converter, 692-695
in single-switch three-phase low-harmonic rectifiers, 619-621
in zero-voltage transition converter, 695-696
ZVS/ZCS boundary, 702-705
Zero-voltage transition buck-derived converter, 695-696
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Fundamentals of Power Electronics

Errata, first edition
Back

Errors can be reported for inclusion on this list by sending email to Bob Erickson. Please include page
number and a short description.

. Pageii, small-print disclaimer near bottom of page
contains two misspelled words
. Page 10, paragraph beginning "Design of the converter..."
"line-to-transfer functions' should read "line-to-output transfer functions'
. Page49, Eq. (3.19)
RHS of equation should be divided by R
. Page 86, Fig. 4.35(a)
Units of horizontal axis should be A
. Pagel72, Fig. 6.36
The bottom of the figureis cut off. Transistor Q, conducts during the first subinterval of every

switching period.
. Page 180, third line under heading 6.4.2

typo "votlage" should read "voltage"
. Page 181, Table6.2

Valuesof L and C are missing. The valuesare: L = 25.96 uH, C = 25.0 uF.
. Page 188, problem 6.8(d)

Forward voltage drops of diodes D, and D, are equal to 0.7 V.

. Page 237, second line following Eq. (7.126)
"small" should read "smaller"
. Page 241, third paragraph, first line
reads "valiables" -- should read "variables'
. Page 250, Equation (7.144)
should read: &(s) = (Vg - V) - sLI/DD' (plus sign should be minus sign)
. Page 275, Figure 8.15
Phase asymptote for frequencies between 10*f; and f,/10 should be +90 deg instead of -90 deg.
. Pages 289-293, Equation (8.112) and Table 8.2
Missing factor of D' in Eq. (8.112). Mistake propagates to Egs. (8.113), (8.121), (8.123), (8.124),
(8.127), and Fig. 8.26. Buck-boost G, entry in Table 8.2 is also incorrect. Corrected Section
8.2.1 and Table 8.2 arein attached pdf file.
. Page 300, line following Eg. (8.144)
Should read: "Subsitution of Eqg. (8.142) into Eq. (8.144) leads to"
. Page 311, last sentence
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Ismissing aperiod
. Page 333, fourth line following Eq. (9.20)
reads "simple" -- should be "simply"
. Page 347, first line of text
Equation reference should read "Eq. (7.149)"
. Page 366, Problem 9.8, last sentence of paragraph (before (a))
should read "The pulse-width modulator circuit obeys Eq. (7.149)." -- not "(7.132)"
. Page 385, Table 10.2
g, for the buck-boost converter is equal to 2/MRg

. Page 419, Figure 11.12(a)
i4(t) isthe current flowing out of the source vi(t)

. Page 427, Figure 11.20
Value of ac resistance is inverted. The value should read: -R/D"2
. Page 488, second paragraph, fourth sentence
Change "greater” to "smaller", so that the sentence reads. "The skin depth d is smaller for high
frequencies..."
. Page 516, Equations (14.14) and (14.15)
Summation limits should bej = 1 to k
. Page 519, Equation (14.28)
should contain a factor of 4 in denominator
. Page 534, Equation (14.84)
should read: By = By + Llgo/NA
. Page 546, Equation (15.14)
Power loss should be (rms voltage)*2 / Rshunt
. Page 548, last sentence
change "displacement factor" to "distortion factor"”
. Page 576, end of first sentence after Eq. (16.12)
igshould read i,
. Page 637, Equation (18.27)
Corrected version isin attached pdf file.
. Page 654, Figure 18.20, and Problem 18.2
Flyback transformer turnsratiois 1.1
. Appendix 3, page 760, Figure A3.3
Polarity of dependent current source should be reversed.
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Solutionsto Selected Problems

Solutions to selected problems at the end of chapters in the text Fundamentals of Power Electronics are
listed below. These are intended as an educational supplement to the text, for the use of students who
have purchased the book. All files copyright R. W. Erickson 1998.

These files can be read using the Adobe Acrobat viewer, available free from the Adobe Acrobat web site.

Up
Chapter 2

. Problem 2.2 144kB. Analysis of a SEPIC in a voltage regulator application.
. Problem 2.3 168kB. Inductor current and capacitor voltage ripplesin the SEPIC.

Chapter 3

. Problem 3.3 192kB. Modeling efficiency and losses in a buck converter with input filter.
« Problem 3.6 148kB. Comparison of boost and buck-boost convertersin a voltage step-up
application.

Chapter 4
. Problem 4.4 196kB. Switch realization in a converter that is probably unfamiliar.
Chapter 5

« Problem 5.5 81kB. CCM/DCM boundary for the Cuk converter.
. Problem 5.6 184kB. Solution of the Cuk converter in DCM.

Chapter 6

. Problem 6.1 144kB. Analysis of atapped-inductor boost converter.

http://ece-www.colorado.edu/~pwrelect/book/solutions/solndir.html (1 of 2) [25/04/2002 16:42:59]


http://www.adobe.com/prodindex/acrobat/readstep.html
http://ece-www.colorado.edu/~pwrelect/book/solutions/prob2p2.pdf
http://ece-www.colorado.edu/~pwrelect/book/solutions/prob2p3.pdf
http://ece-www.colorado.edu/~pwrelect/book/solutions/prob3p3.pdf
http://ece-www.colorado.edu/~pwrelect/book/solutions/prob3p6.pdf
http://ece-www.colorado.edu/~pwrelect/book/solutions/prob4p4.pdf
http://ece-www.colorado.edu/~pwrelect/book/solutions/prob5p5.pdf
http://ece-www.colorado.edu/~pwrelect/book/solutions/prob5p6.pdf
http://ece-www.colorado.edu/~pwrelect/book/solutions/prob6p1.pdf
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Chapter 8

. Sample problem 164kB. A solved problem on transfer function asymptotes, similar to problems
8.1-8.4.

Chapter 12

. Problem 12.1 116kB. Magnetic circuit anaysis.

Update 11/23/98 rwe
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Proximity Effect Functions

The functions below were used to generate Figs. 12.35, 12.36, and 12.38. The functions
are written in Microsoft Visual Basic, and were called by an Excel spreadsheet. The functions can
be easily modified for other programming languages.

Functions Gone and Gtwo implement Eq. (12.73). Function FR(phi, M) is identical to Eq.

(12.84). Figure 12.32 is a plot of FR for various values of M and ¢. Figure 12.33 is a plot of
FR(phi, M)/phi.

Function Pj(Phil, M, j, D) is a normalized version of Eq. (12.89), the power loss in
harmonic j. Function FH(phil, M, D) coincides with Eq. (12.90) and (12.91). The series is
summed numerically.

The copper loss in a winding is evaluated as follows. First, the dc and fundamental
components of the current waveform are evaluated using Eq. (12.86). Then the functions FH and
FR are evaluated. Finally, the results are plugged into Eq. (12.92).

Option Explicit

Function cosh(x)
cosh = 0.5 * (Exp(x) + Exp(-X))
End Function

Function sinh(x)
sinh = 0.5 * (Exp(x) - Exp(-X))
End Function

Function Gone(phi)
Gone = (sinh(2 * phi) + Sin(2 * phi)) / (cosh(2 * phi) -
Cos(2 * phi))
End Function

Function Gtwo(phi)
Gtwo = (sinh(phi) * Cos(phi) + cosh(phi) * Sin(phi)) /
(cosh(2 * phi) - Cos(2 * phi))
End Function

Function FR(phi, M)
FR = phi * (Gone(phi) + 2 / 3 * (M * M - 1) * (Gone(phi) - 2
* Gtwo(phi)))
End Function

Function pi()
pi = 3.14159265
End Function

Function Pj(phil, M, j, D)
Dim sj, Ga

sj = Sqr(J)
Ga = Gone(phil * sj)
Pj = (1 / (3 * sj)) * (Sin(j * pi() * D)) "~ 2 * (Ga + 2 / 3 *

(M * M - 1) * (Ga - 2 * Gtwo(phil * s3j)))
End Function
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Function FH(phil, M, D)
Dim P1, Ptot, Pke, Pko, Peps, j, Pk
Pl = Pj(phil, M, 1, D)

Pko = P1

Pke = Pj(phil, M, 2, D)

Pk = Pko + Pke

Ptot = P1

Peps = P1 * 0.0002

j =3

Do
Pko = Pj(phil, M, j, D)
J=3+1
Pke = Pj(phil, M, j, D)

Pk = Pke + Pko
Ptot = Ptot + Pk
j=3+1
Loop Until Pk < Peps
FH = Ptot / P1
End Function
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Chapter 1: Introduction

1.1. Introduction to power processing
1.2. Some applications of power electronics
1.3. Elements of power electronics

Summary of the course

Fundamentals of Power Electronics 2 Chapter 1: Introduction



1.1 Introduction to Power Processing

Power
input

Switching
converter

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

Fundamentals of Power Electronics

Power
output

I Control
input

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

Produce sinusoid of controllable
magnitude and frequency

Ac-ac cycloconversion: Change and control voltage magnitude

and frequency

Chapter 1: Introduction



Control is invariably required

[
Power Switching Power

input converter output
Control
input

feedforward feedback

| Controller |e—
T reference
Fundamentals of Power Electronics 4
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High efficiency Is essential

[
= P
P_

Ploss - I:)in — Fout = Pout(% - l)

High efficiency leads to low
power loss within converter

Small size and reliable operation
Is then feasible

Efficiency is a good measure of
converter performance

Fundamentals of Power Electronics

08

06 T

04 +

0.2

0.5

F)Ioss/

P

out
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A high-efficiency converter

AN

Pin : Q| Converter P :

out

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

Fundamentals of Power Electronics 6 Chapter 1: Introduction



Devices available to the circuit designer

A
|
11

Resistors | Capacitor|

S

Magnetics

O
r

DT, T,

linear-
mode switched-mode

Semiconductor devices

Fundamentals of Power Electronics
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Devices available to the circuit designer

A
|
11

Resistors | Capacitor|

S

Magnetics

O
r

DT, T,

linear-
mode switched-mode

Semiconductor devices

Signal processing: avoid magnetics

Fundamentals of Power Electronics
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Devices available to the circuit designer

Resistors | Capacitors

Magnetics

Inear
mode

Semiconductor devices

O
r

DT, T,

switched-mode

Power processing: avoid lossy elements

Fundamentals of Power Electronics
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Power loss In an

Switch closed: v(t)=0
Switch open: i(t)=0
In either event:  p(t) = v(t) i(t) =0

Ideal switch consumes zero power

Fundamentals of Power Electronics 10

Ideal switch

N o
Y i(t)
v(t) o\
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A simple dc-dc converter example

10A
_>_
+
Vv C+) Dc-dc
9 R § Vv
— converter
100V 5Q 50V

Input source: 100V
Output load: 50V, 10A, 500W
How can this converter be realized?

Fundamentals of Power Electronics 11 Chapter 1: Introduction



Dissipative realization

Resistive voltage divider

|
""""""""""""""""""""""""""""""""""""""" 10A
o gl
+ 5OV —
Vo C) Ploss = 500W R SV
Py = 1000W ol = BOOW

Fundamentals of Power Electronics 12
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Dissipative realization

Series pass reqgulator: transistor operates in
active region

__________________________________________________________________________ I
+ 50V - 10A
, o
~ '
V linear amplifiel Vet
g Ct) . |and base drive = R SV
100V i . 5Q 3§ 50V
. Pioss= 500W 3
P = 1000W P2 BOOW

Fundamentals of Power Electronics 13 Chapter 1: Introduction



Use of a SPDT switch

| T
1 . 10A
o/—+ e +
fo
Vg (‘i) V() R< v
100V S0V
v (t) .
S Vg
V=DV,
O »
DO, @D
switch: §
position:; 1 2 1

Fundamentals of Power Electronics 14 Chapter 1: Introduction



The switch changes the dc voltage level

EE—— B
) :
V(") A D = switch duty cycle
V=DV, 0<D<1
| | 0 | N T, = switching period
«~—DT,— > +(1-D)T,~ t
switch! f. = switching frequency
posmon.E 1 2 1 =1/T,

DC component of v(t) = average value:

1 ('
V.= 7 v{(t) dt = DV,

Fundamentals of Power Electronics 15 Chapter 1: Introduction




Addition of low pass filter

Addition of (ideally lossless) L-C low-pass filter, for

removal of switching harmonics:

1 1@
o 500\ —>—
+ +
L

/o

V. 2
g C_) V(1) C =—— R< v

100V
Py = B0OW 5 el T Pou = 500W

Choose filter cutoff frequency f, much smaller than switching
frequency f,

This circuit is known as the “buck converter”

Fundamentals of Power Electronics 16 Chapter 1: Introduction



Addition of control system
for regulation of output voltage

Power Switching converter Load
INPUL e,
560\
| v | + | ‘L
+ et
v O X == v 3
| sensor
S - H(S) | gain
transistor
gate driver.

0 pulse-width V.
3(t)A / modulator[* ] G(s)
compensator
& reference
T Ts input | Vref

Fundamentals of Power Electronics 17 Chapter 1: Introduction



The boost converter

N
2
—nmn_\c
L
1 (e}
O c ==
5Vg 1
v,
Vv 3Vg .
2Vg 1
Vg
0 : |
0 0.2 04 0.6 0.8 1
D
Fundamentals of Power Electronics 18
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A single-phase inverter

|  ———
AQ)
1 J) + — ”\‘ J} 2
v, (F S~—r |,
9 \— vit) — [N
o | v 1
T load T
v(t) 4 “H-bridge”
1 [ [ . 1 [T ] Modulate switch
[ duty cycles to
> obtain sinusoidal
¢ low-frequency
__________________ component
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1.2 Several applications of power electronics

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

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

kKW to MW in variable-speed motor drives

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

Fundamentals of Power Electronics 20 Chapter 1: Introduction



A computer power supply system

| _TTTT—
regulated
dc outputs
—>
i, (1) +
Rectifier Dc-dc
v, (1) @ —— | converter
ac line input :
85-265Vrms dc link loads
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A spacecraft power system

I B
Dissipative
shunt regulatoy
|
+
Solar
array Vous
[ | I [ [ I
Battery Dc-dc Dc-dc
charge/discharge converter converter
controllers
Batteries —| I | — _| I | —
Payload Payload

Fundamentals of Power Electronics
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A variable-speed ac motor drive system

3gac line

50/60Hz

Rectifier

Vink e

Fundamentals of Power Electronics

Dc link

23

Inverter

variable-frequency
variable-voltage ac

Ac machine
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1.3 Elements of power electronics

Power electronics incorporates concepts from the fields of

analog circuits
electronic devices
control systems
power systems
magnetics

electric machines
numerical simulation

Fundamentals of Power Electronics
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Inductor waveforms

Part |. Converters in equilibrium

VL(t) L Vg -V
DT, D'T,
-V
switch
position: 1 2
i (1)

| |
iL(0)

Discontinuous conduction mode

Transformer isolation

Fundamentals of Power Electronics

Averaged equivalent circuit

DRy,
A

DVo g
N\
W

D':1

R
AN
Vg%]

D

Predicted efficiency

25

100%

1
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Switch realization:

The IGBT collector
gate o—l 'i
emitter
Emitter
Gate I
- . —— -
‘ n n ’ ‘ n n ’
p p
minority carrier
n injection
ot
p
Collector

Fundamentals of Power Electronics

semiconductor devices

Switching loss

26

ia(t)
transistor 4
waveforms Q
Vg
/ i
V() L
0 0 _
t
diode4 . (0
waveforms a8
vg(t)
0 / 0 -
( t
area_;
-Q k Vg
-1 >
Pa(t)
=Vala
area_:
..Qr\/g
area
/ i /\¥ NILVgtr R
th 4t t
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Part I. Converters in equilibrium

—  —
2. Principles of steady state converter analysis
3. Steady-state equivalent circuit modeling, losses, and efficiency
4. Switch realization
5. The discontinuous conduction mode
6. Converter circuits

Fundamentals of Power Electronics 27 Chapter 1: Introduction



Part Il. Converter dynamics and control

Closed-loop converter system

Power

Switching converter Load
input
Al +
vy() y N — VOSR
feedback
_ connection
transistor
gate driver, compensator
5(t) pulse-width V. Al
modulator [

/

G(s) L
3(t) ve(t) voltage
referencel Vrer

Averaging the waveforms

gate
drive

JLTEERENNL

t

actual waveform v(t)
including ripple

averaged waveform <v(t)]>
with ripple neglected °

Controller
(vg—v) d(t)
1:D 7\ D':1
550 | 4
Small-signal 1 ~ ’ *
averaged o0 ) 1do 3\? %’% 1d® ==c 0 R
equivalent circuit

Fundamentals of Power Electronics
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Part Il. Converter dynamics and control

7. Ac modeling
8. Converter transfer functions
9. Controller design

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

11. Current-programmed control

Fundamentals of Power Electronics 29 Chapter 1: Introduction



Part 11l. Magnetics

EE  EE———
nl . I’]2 A >
trantSformer il(;) WL 1200 the i layer ® ® © 3i
.. 3
design e proximity g ® ® -2i
Vv M\ < 20
R, R, effect j — ORORE
) L P @ -
. i (1) - o
ﬁ layer © i d
M 1
. nk Rk :_,b'_)
transformer 422~ Fos
Size vs. T e | 008
SWItChlng g 1811 18& T 008 gm
o N +o0a 3
frequency N
\. + 0.02
25kHz 50kHz 100kHz ' 200kHz' 250kHz' 400kHz' SOOkH; 1000kHZ0
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Switching frequency
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Part 11l. Magnetics

12. Basic magnetics theory
13. Filter inductor design

14. Transformer design

Fundamentals of Power Electronics 31 Chapter 1: Introduction



Part IVV. Modern rectifiers,
and power system harmonics

Pollution of power system by
rectifier current harmonics

©

=

100%
100% —— 91%
THD = 136%

80% | 73% Distortion factor = 59%

60% — 5204

40% 3204

Harmonic amplitude
percent of fundamental

19%
20% - 15% 15%
0 013% 9%

o HiNInkE
1 3 5 7 9 11 13 15 17 19
Harmonic number

Fundamentals of Power Electronics

_TTT—
A low-harmonic rectifier system
boost converter
FON . ©,
(0 S L :f o
v ) v, E Q, Co= v S R
Vcontrol(t) 3/ (t) OT (t) f
1y LQ* PWM
multiplier | x Rs vy(t) T
Vref(t) Verr(t) GC(S)
=Ky Vg(t) Veontrol(t) compensator
controller
i (1) Ideal rectifier (LFR) i(t)
T 2 -
P =Voe /R
Model of !
. t t
the ideal '  RelVeomd) & v V(o)
rectifier - -
ac dc
input T output
Vcontrol
32
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Part IVV. Modern rectifiers,
and power system harmonics

EE
15. Power and harmonics in nonsinusoidal systems
16. Line-commutated rectifiers

17. The ideal rectifier

18. Low harmonic rectifier modeling and control
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Part V. Resonant converters

The series resonant converter

0.9 —
ool / /I ] o-02
0.7 / ///’ ‘\ \\ o
- oo o/ AN
IR o
% 04 95 /// \\ 1
°'7f7%m\ﬁ\ [T ~.s
0.2 l.g / / \ Ik
D M v\ —
characteristics %szgi 2 07/06/ e \6\? Q
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Zero voltage

switching
Vds]_(t) k Vg
conducting Q EX.DZ !
devices: Q, | iD,
A
turn off  commutation
Q. Q, interval
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Part V. Resonant converters

[ T
19. Resonant conversion
20. Quasi-resonant converters
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Chapter 2
Principles of Steady-State Converter Analysis

2.1. Introduction

2.2. Inductor volt-second balance, capacitor charge
balance, and the small ripple approximation

2.3. Boost converter example
2.4. Cuk converter example

2.5. Estimating the ripple in converters containing two-
pole low-pass filters

2.6. Summary of key points
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2.1 Introduction
Buck converter

SPDT switch changes dc
component

Switch output voltage
waveform

Duty cycle D:
0<D<1

complement D’:
D'=1-D

Fundamentals of Power Electronics

% O

v(t) R 5 v(t)

VS(t) A V
g
- DTS —|<—D Ts —
O »
0 DT, T t
switch l
position: 1 2 1

2
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Dc component of switch output voltage

vg(t) ,
Vg L
__________ aea= | V& =bVy |
DTV,
O !
0 DTS Ts t

Fundamentals of Power Electronics
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Insertion of low-pass filter to remove switching
harmonics and pass only dc component

Fundamentals of Power Electronics

L
o /: — 580\ N
72
V() C—= Rg V(Y
V.
Vg A
= DVg
0 .
0 1 D
4
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Three basic dc-dc converters

Buck

Boost

Buck-boost

Fundamentals of Power Electronics

B
a) .
1 L 05 M(D) =D
/ iL(t) * = 0.6
Vg ? C== RSV S o4
0.2
_ . #
0 0.2 0.4 0.6 0.8 1
D
b) L 2 5
i N R
[a]

Vg ‘ C== RgvV s
1

_ N |

1

D
c) =
1 2 +
Vg ] WO el rgv g
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Objectives of this chapter

. Develop techniques for easily determining output
voltage of an arbitrary converter circuit

. Derive the principles of inductor volt-second balance
and capacitor charge (amp-second) balance

. Introduce the key small ripple approximation

. Develop simple methods for selecting filter element
values

. lllustrate via examples

Fundamentals of Power Electronics 6 Chapter 2: Principles of steady-state converter analysis



2.2.  Inductor volt-second balance, capacitor charge
balance, and the small ripple approximation

Actual output voltage waveform, buck converter

Buck converter
containing practical
low-pass filter

Actual output voltage
waveform

V(t) - V + Vripple(t)

Fundamentals of Power Electronics

V

. M L

ic(t)
+ ’ C —T— RS V()

v(t) a actual waveform
/O =V VD

o > 5060\
/ () - +

Dc component V

\/
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The small ripple approximation

V(t) - V + Vripple(t)

v(t) a actual waveform
Vel CEAARNG

Dc component V

In a well-designed converter, the output voltage ripple is small. Hence,
the waveforms can be easily determined by ignoring the ripple:

Fundamentals of Power Electronics

<<V

v(t) =V

Vr

ipple
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Buck converter analysis:
Inductor current waveform

EE B
. it L
o - 550 N
. / F - _Ti_c(o
origina 2
converter Vo CD C—= Rs V0
switch in position 1 / \switch in position 2
i) L L
+ v - " + () - ¥
T E "I
v, C) C== R2 v v, Cj) 2i C RS V(Y

Fundamentals of Power Electronics 9 Chapter 2: Principles of steady-state converter analysis




Inductor voltage and current
Subinterval 1: switch In position 1

i L
Inductor voltage Y N

+ v (1) - (0 +
V=V, = V(1)
v, Cj) Cz= Rg v

Small ripple approximation:

vi=V,-V
Knowing the inductor voltage, we can now find the inductor current via

_, di(t)
v (t)=L at

Solve for the slope:

di(t) _w(t) VeV O The inductor current changes with an
at L L essentially constant slope

Fundamentals of Power Electronics 10 Chapter 2: Principles of steady-state converter analysis




Inductor voltage and current
Subinterval 2: switch In position 2

L
Inductor voltage T eN

+ v () - ()
() =-v(t) | 1
v, Cj) $iL) C== RS V()

+

Small ripple approximation:

VL(t) =—-V
Knowing the inductor voltage, we can again find the inductor current via

_, di (f)
v (t) =L at

Solve for the slope:

di(t) . v [0 The inductor current changes with an

dt L essentially constant slope

Fundamentals of Power Electronics 11 Chapter 2: Principles of steady-state converter analysis




Inductor voltage and current waveforms

VL(t) A V. -V

g
<— DT, >|«—DT,—>
>
{
-V
switch . g 5 g .
osition; é é
P i)
L(t) - L dt

iL(t) A

| |
1L(0)1
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Determination of inductor current ripple magnitude

IL(t) 4

|
1L(0)]

(changeini,) = (slope)(length of subinterval)
V,-V

23 =[5 o

V,—V Vy—V

i =_9 L=
0 4i = ~%— DT,

— DT,
241,
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Inductor current waveform
during turn-on transient

IL(t) A

(T |

i, (0)=0 — : | | >
0 DT, T, 2T, nT, (n+1)T, t

When the converter operates in equilibrium:
i (n+DTY =i,(nT)
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The principle of inductor volt-second balance:
Derivation

Inductor defining relation:

_, di(f)
v (t) =L at

Integrate over one complete switching period:
TS
W(M-i©@=1 | wo
In periodic steady state, the net change in inductor current is zero:

TS
0= f v,(t) dt
0

Hence, the total area (or volt-seconds) under the inductor voltage
waveform is zero whenever the converter operates in steady state.
An equivalent form:

1("
0=4 [ w@®d=(w)
The average inductor voltage is zero in steady state.
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Inductor volt-second balance:
Buck converter example

0 e
VL(t) A V. —V
Inductor voltage waveform, g total areaA
previously derived: .\J R
- DTS — 1 tr

-V
Integral of voltage waveform is area of rectangles:
TS
)= f v (t) dt = (V, — V)(DT) + (- V)(D'T)
0

Average voltage is

(W)= % =D(V,-V) +D'(-V)

Equate to zero and solve for V:
0=DV,-(D+D")V=DV,-V B V=DV

g
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The principle of capacitor charge balance:
Derivation

Capacitor defining relation:

dvc(t)
dt

Integrate over one complete switching period:

(T -%(@ = &[ "I a

i(t)=C

In periodic steady state, the net change in capacitor voltage is zero:

1 (. :
0= icH)adt= (ic)

Hence, the total area (or charge) under the capacitor current

waveform is zero whenever the converter operates in steady state.
The average capacitor current is then zero.
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2.3 Boost converter example

Boost converter
with ideal switch

Realization using
power MOSFET
and diode

Fundamentals of Power Electronics

() +v(t)- ° i (
o C
D

L

1

2

+

DT,

L

TS

+

—»— /300
+v (1) - E
1 r.( ;

18
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Boost converter analysis

EE B
L 2
ECIREEN o |
original v (* C R
converter ’ C‘> = Rev
switch in position 1 / \switch in position 2
L L
— 50— ——>— 080 * N
i () +v () - i(t)j_ + i) +v (- ic(t)j_
C
VQC) C RS v Vq C) C——= RgvV
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Subinterval 1: switch In position 1

Inductor voltage and capacitor current
VL=V,

ic.=—V/R

Small ripple approximation:

v, =V

g

i.=—VI/R

Fundamentals of Power Electronics 20

@

[0

L

+ VL(t) -

i o(

L
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Subinterval 2: switch In position 2

Inductor voltage and capacitor current

L
Vi =V,—V _>_+rzms\ N
i.=i —Vv/R U ic(t)i

v, Cj) Cz= RSV

Small ripple approximation: _

vi=V,-V
ic=1-VI/R
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Inductor voltage and capacitor current waveforms

VL(t) A
v, -
«— DT, —|+~— DT,— ‘
t
V-V
ic(t) 4 | — VIR
«—— DT, —*|«— DT,—
Lt
_ VIR
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Inductor volt-second balance

[ B @ |
Net volt-seconds applied to inductor v (1) , v
over one switching period: 2 —
<— DT, —>|+«— D'T,—> ‘

f (1) dt = (V) DT, +(V,—V) D'T.

Equate to zero and collect terms:

V,(D+D)-VD=0

Solve for V:
V = Vs
Dl

The voltage conversion ratio is therefore

_V_1_ 1
MD)=v==-=
() Vg DI 1—D
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Conversion ratio M(D) of the boost converter

M(D)

O L N W » O
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Determination of inductor current dc component

ic(t) 4 |- VIR

Capacitor charge balance:

«— DT. —>|<— D'T.—

r—l-"

i
s Y Vs
fo o(t) dt = (— ) DT, + (1 - ) D'T. -

- VIR

Collect terms and equate to zero:
—%(D+D')+I D'=0

Solve for I:

1=V
D'R

Eliminate V to express in terms of V:
| = Vg . D

D”R
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Determination of inductor current ripple

Inductor current slope during i ()
. L 1
subinterval 1:

diy(t) _ vi(t) _ Vs

d ~ L "L |
Indgctor current slope during 0 D‘T = t=
subinterval 2: s s

diL(t) — VL(t) — Vg -V
d L L
Change in inductor current during subinterval 1 is (slope) (length of subinterval):
_ V
2Ai, = Tg DT,
Solve for peak ripple:
A = V, DT * Choose L such that desired ripple magnitude
L R is obtained
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Determination of capacitor voltage ripple

EE T

Capacitor voltage slope during v(t) |
subinterval 1: _

dve(t) _igt) _ —v v

dt C RC

Capacitor voltage slope during 1 f >
subinterval 2: 0 DT, Ts t

dve(t) _ic®) _ 1 v

dd C C RC

Change in capacitor voltage during subinterval 1 is (slope) (length of subinterval):

_oAv= =V
24v RC DT,
Solve for peak ripple: « Choose C such that desired voltage ripple
magnitude is obtained
2RC  In practice, capacitor equivalent series
resistance (esr) leads to increased voltage ripple
Fundamentals of Power Electronics 27
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2.4 Cuk converter example

|  —
I—l C1 |_2
Cuk converter, —’I—m 1 TTT— T
with ideal switch ! l + v, — l 2
1 2
Vg Ct) Cz _— V5 5 R
. L C, L
Cuk converter: 1 i 2
practical realization ’Il —350 11 5538 ‘ﬁz T
using MOSFET and V-
diode V, C:) —|E Q, VY D, C, == Vv, 5 R

Fundamentals of Power Electronics 238 Chapter 2: Principles of steady-state converter analysis



Cuk converter circuit
with switch in positions 1 and 2

Switch in position 1:
MOSFET conducts

Capacitor C, releases
energy to output

Switch in position 2:
diode conducts

Capacitor C, is
charged from input

Fundamentals of Power Electronics

B
Ly L, i,
|
itV - Loy, - +
1 L1 _ loq L2 iy
A C) vi ==C, C,——= Vv, SR

+ —

Iy L, L, iy
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Waveforms during subinterval 1
MOSFET conduction interval

Inductor voltages and

capacitor currents:

Vi =V
Ve=—V1—V;

lc1 =12

B
Ly Lo,
—— 000 \— — 000 —p
: ¥
TV - Pi, YV -
1 - C1 o Y
+ -4 -1
\Y _) i == G C,= v SR
+ —

Small ripple approximation for subinterval 1:

A
lco = '2_ﬁ
Vi =V
Vi, =—Vi—V,
=1,

_ V,
lco = |2—ﬁ

Fundamentals of Power Electronics
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Waveforms during subinterval 2
Diode conduction interval

Inductor voltages and
capacitor currents:

Vo =—V;
lca =11
YA
lco = '2_ﬁ

B
L,
— T —» —
TV - i Y
Y C, = % SR

Small ripple approximation for subinterval 2:

Vi, =—V,
Il =1y
— V,
e = Iz_ﬁ

Fundamentals of Power Electronics
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Equate average values to zero

The principles of inductor volt-second and capacitor charge balance
state that the average values of the periodic inductor voltage and
capacitor current waveforms are zero, when the converter operates in
steady state. Hence, to determine the steady-state conditions in the
converter, let us sketch the inductor voltage and capacitor current
waveforms, and equate their average values to zero.

Waveforms:

Inductor voltage v, ,(t)

Volt-second balance on L;:
vu®)

Vg

- DTS — |« D'T —> <V|_1> - DVg + DI(Vg _Vl) - O

\/
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Equate average values to zero

Inductor L, voltage

Vio(t) -V,

- DTS —> | D'Ts—>

-V, -\, t Average the waveforms:

\4

(Vi) =D(=V,=V,) +D'(-=V,) =0

Capacitor C, current (i > —DI.+D'l.=0
ci1/ — 2 1™

ISTUIA

<«— DT. —|<— D'T.—

\4
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Equate average values to zero

Capacitor current i~,(t) waveform

o)

l,—V,/R (=0)

v
i
@)
N
~~—"
1
e
|
1,<
1
o

~— DT, —I+<— DT,— t

Note: during both subintervals, the
capacitor current i, is equal to the
difference between the inductor current
I, and the load current V.,/R. When
ripple is neglected, i, is constant and
equal to zero.
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Cuk converter conversion ratio M = V/Vg

D
0 0.2 0.4 0.6 0.8 1

M(D)
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Inductor current waveforms

Interval 1 slopes, using small
ripple approximation:

di,(t) _ viu(®) _ Vs

d — L, L,
dip(t) _ vi(t) _ -Vi-V,
ot L, L,

Interval 2 slopes:

dil(t) — VLl(t) — Vg -V,
dt L, L,
di(t) _ vi(t) _ =V,
¢ - L, L,

Fundamentals of Power Electronics

() ,
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36 Chapter 2: Principles of steady-state converter analysis



Capacitor C, waveform

Subinterval 1;

dv(t) _ieal®) _ 1,
& ~C, GC,

Vl(t) A

Subinterval 2:

dvy(t) _ 1) _ 1,
dt C, C,
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Ripple magnitudes

Analysis results Use dc converter solution to simplify:
VDT, - _ VDT,
A== 17 2L,
RVASY] VDT,
Ai, = L DT, Ai, = 5
Avl = %C?TS Av. = VgDZTs
L 1~ 2D'RC,

Q: How large is the output voltage ripple?
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2.5 Estimating ripple in converters
containing two-pole low-pass filters

Buck converter example: Determine output voltage ripple

L
1
) p— 000 )
i (t . + .
/02 i (t) IC(t)j_ Jr i(t)
v, Cﬁ) C==v.) SR
IL(t) A
Inductor current
waveform. N
I (0)
What is the
capacitor current? 0
Fundamentals of Power Electronics 39
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Capacitor current and voltage, buck example

Must not
neglect
inductor
current ripple!

If the capacitor
voltage ripple is
small, then
essentially all of
the ac component
of inductor current
flows through the
capacitor.

Fundamentals of Power Electronics

[ C(t) y

total charge

ve(®)
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Estimating capacitor voltage ripple Av

Current i(t) is positive for half
of the switching period. This
positive current causes the

t capacitor voltage v(t) to

> Increase between its minimum
and maximum extrema.
During this time, the total
charge q is deposited on the
capacitor plates, where

g=C (24Av)

(changein charge) =
C (changein voltage)

i(t) 4

total charge

Ve() 4
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Estimating capacitor voltage ripple Av

The total charge qis the area

I~(t) a .
') of the triangle, as shown:
total charge
. Ty
t‘ q = %Ah_ 7
M<— T2 —] ]
g Dfs ol D'st o Eliminate g and solve for Av:
Al T,
Av =8¢

Ve() 4

Note: in practice, capacitor
equivalent series resistance
t (esr) further increases Av.
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Inductor current ripple in two-pole filters

: L T 1 L
Example: 1 T Q 5 )
problem 2.9 iy J:|+—_|— i
Vg C, == Va1 D1 A C,—— R s v
M)y total
flux linkage

~— DT,——k Pls " can use similar arguments, with
A=L A
i 4 A = inductor flux linkages
o~ i .
! U e ¥ ~ = inductor volt-seconds
t
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2.6 Summary of Key Points

1. The dc component of a converter waveform is given by its average
value, or the integral over one switching period, divided by the
switching period. Solution of a dc-dc converter to find its dc, or steady-
state, voltages and currents therefore involves averaging the
waveforms.

2. The linear ripple approximation greatly simplifies the analysis. In a well-
designed converter, the switching ripples in the inductor currents and
capacitor voltages are small compared to the respective dc
components, and can be neglected.

3. The principle of inductor volt-second balance allows determination of the
dc voltage components in any switching converter. In steady-state, the
average voltage applied to an inductor must be zero.
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Summary of Chapter 2

4. The principle of capacitor charge balance allows determination of the dc
components of the inductor currents in a switching converter. In steady-
state, the average current applied to a capacitor must be zero.

5. By knowledge of the slopes of the inductor current and capacitor voltage
waveforms, the ac switching ripple magnitudes may be computed.
Inductance and capacitance values can then be chosen to obtain
desired ripple magnitudes.

6. In converters containing multiple-pole filters, continuous (nonpulsating)
voltages and currents are applied to one or more of the inductors or
capacitors. Computation of the ac switching ripple in these elements
can be done using capacitor charge and/or inductor flux-linkage
arguments, without use of the small-ripple approximation.

7. Converters capable of increasing (boost), decreasing (buck), and
inverting the voltage polarity (buck-boost and Cuk) have been
described. Converter circuits are explored more fully in a later chapter.
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Chapter 3. Steady-State Equivalent Circuit
Modeling, Losses, and Efficiency

3.1. The dc transformer model

3.2. Inclusion of inductor copper loss

3.3. Construction of equivalent circuit model
3.4. How to obtain the input port of the model

3.5. Example: inclusion of semiconductor conduction
losses in the boost converter model

3.6. Summary of key points
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3.1. The dc transformer model

Basic equations of an ideal
dc-dc converter:

I:)in:F)out
Vylg=VI

(n = 100%)

V=M(D) YV,
ly=M(D) |

Power
input

(ideal conversion ratio)

B |
lg |

O—>— —>—0

Switching Power
Vy dc-dc output
- converter -
o— —o0

D

control input

These equations are valid in steady-state. During
transients, energy storage within filter elements may cause

I:)i n z I:)out

Fundamentals of Power Electronics

2
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Equivalent circuits corresponding to
Ideal dc-dc converter equations

B I
Pn=Pox Vylg=VI V=MD)V, I|,=M([D)I
dependent sources Dc transformer
lg | lg 1: M(D) I
O—p— ——0 *—> e
Power .. T Ppower Power * . . T Power
input Vg + [MD) ! MB)Vq| - v output input Vg v output
[ \ [ @

lD

control input
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The dc transformer model

Ig 1: M(D) I
o—> >—0
N + Models basic properties of
Power 9 & y Power ideal dc-dc converter:
input 9 output

- « conversion of dc voltages
o J and currents, ideally with
100% efficiency

e conversion ratio M

controllable via duty cycle
control input

» Solid line denotes ideal transformer model, capable of passing dc voltages
and currents

» Time-invariant model (no switching) which can be solved to find dc
components of converter waveforms
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Example: use of the dc transformer model

B ]
1. Original system 3. Push source through transformer
Ry M %(D)R,
N\ Ay,
. + Switching + . +
v Y dc-dc V SR MoVv: O VSR
- - converter - - -
o
2. Insert dc transformer model 4. Solve circuit
R 1: M(D) R
w V=M(D) V, :
+ P+ R+ M“(D) R,

WO w1V
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3.2. Inclusion of inductor copper loss

Dc transformer model can be extended, to include converter nonidealities.

Example: inductor copper loss (resistance of winding):

L R
—EEB AN

Insert this inductor model into boost converter circuit;

L R,
——0500\ AN\

% O

10

N :

2

C =

11

Py,
N\,

<

Fundamentals of Power Electronics

6
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Analysis of nonideal boost converter

1
—— R§v

R 2
i NG *

C
switch in position 1 / \ switch in position 2
R - R

N —— 500 NN/ +
T o T
VQCD C== RSV \/gC) C RS v
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Circult equations, switch In position 1

Inductor current and
capacitor voltage:

—m M\ +
V- i ‘
vi(t) =V, —i(t) R, v, C) c =

i () =—v(t) /R

Small ripple approximation:

vi) =V,—I' R
i()=-V/R

Fundamentals of Power Electronics

8
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Circuit equations, switch In position 2

V() =V, —i) R —v({t)=V,— I R -V
i(t) =i(t) =v(t)/R=1 -V /R
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Inductor voltage and capacitor current waveforms

[ B ]
Average inductor voltage: vi(t) v, - IR
TS
(W (t) = Tl v, (t)dt «~—DT,—|~—DT,— )
s Jo t'
=D(V,-IR)+D'(V,-I R —V) V, - IR -V
Inductor volt-second balance: ic®) , | — VIR

0=V,-I R -DV

Average capacitor current: -VIR

(ic())=D(=V/R+D' (I-V/R

Capacitor charge balance:

0=D'1-V/R
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Solution for output voltage

EEE— T
We now have two 5
. i R/R=0
equations and two as |
unknowns: - R /R =001
4+
0=V,-I R -DV .
0=D'l-V/R .|
i R /R=0.02
Eliminate | and T 2
solve for V: )
_ R /R =0.05
V_1 1 151
V ! 12
9 D (1+RL/D R) 1] R/R=0.1
0.5
0 - + - + - + - + - + - + - + - + - + - J
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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3.3. Construction of equivalent circuit model

Results of previous section (derived via inductor volt-sec balance and
capacitor charge balance):

(W)=0=V,—I R —D'V
(ic)=0=D'1-V/R

View these as loop and node equations of the equivalent circuit.
Reconstruct an equivalent circuit satisfying these equations

Fundamentals of Power Electronics 12 Chapter 3: Steady-state equivalent circuit modeling, ...



Inductor voltage equation

(W)=0=V,—I R -D'V

» Derived via Kirchoff's voltage
law, to find the inductor voltage
during each subinterval

» Average inductor voltage then
set to zero

e This is a loop equation: the dc
components of voltage around
a loop containing the inductor
sum to zero

Fundamentals of Power Electronics

e /D

» |IR_term: voltage across resistor
of value R_having current |

D’V term: for now, leave as
dependent source
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Capacitor current equation

(ic)=0=D'1-V/R

» Derived via Kirchoff’'s current
law, to find the capacitor
current during each subinterval

» Average capacitor current then
set to zero

e This is a node equation: the dc
components of current flowing
into a node connected to the
capacitor sum to zero

Fundamentals of Power Electronics

14

node
V/R
-
<iC>J +
=0 !
D'l |4 C-"- V <R

* V/Rterm: current through load
resistor of value R having voltage V

« D’l term: for now, leave as
dependent source
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Complete equivalent circuit

The two circuits, drawn together:
R

A%
Vg(i) @ D'V |* f{or v SR

The dependent sources are equivalent
toa D’ : 1transformer:

R D':1

v © = v 3R

Dependent sources and transformers

Il
—_—

+

nv, | * tnl V,

\Z

e sources have same coefficient

» reciprocal voltage/current
dependence
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Solution of equivalent circuit

Converter equivalent circuit

vg C

o
)

1

§R

Refer all elements to transformer

secondary:

R /D'

B>
D'l

V, /D C)

N

+

Vv

§R

Fundamentals of Power Electronics

Solution for output voltage
using voltage divider formula:
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Solution for input (inductor) current
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Solution for converter efficiency

R D':1
I:)in - (Vg) (I) __r_’\/\' ¥
Py = (V) (D) %O B

_Pu_ (V)1 _V
=P, V)M ~V,°
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Efficiency, for various values of R,

100%

1 90%

D'2 R 80%
70%

60%
n  50%
40%
30%
20%

10%

0% —f———

Fundamentals of Power Electronics

0.002
0.01

0.02

0.05

R/R=0.1

19 Chapter 3: Steady-state equivalent circuit modeling, ...



3.4. How to obtain the input port of the model

Buck converter example —use procedure of previous section to
derive equivalent circuit

Vg (t) C—= v SR

Average inductor voltage and capacitor current:

(W)=0=DV,—I R -V, (ic)=0=1_—VJR
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Construct equivalent circuit as usual

| _TTTT——
(W)=0=DV,—I R -V, (ic)=0=1_—VJR
""""" RL
+ <V > — lV\' T YV./R
=0 <IC>¢

What happened to the transformer?
* Need another equation
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Modeling the converter input port

Input current waveform i(t):

g,
|L(t) N
area =
DT, I,
0 t
0 DT, T, ]

Dc component (average value) of i (t) is

Ts
0

|9:Tlsf () dt = DI,
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Input port equivalent circuit

Ts
0

|g=Tlsf () dt=DI,
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Complete equivalent circuit, buck converter

Input and output port equivalent circuits, drawn together:

Ig I R
= —"\/\/

V, C) DI [} *Iov, V. <R

Replace dependent sources with equivalent dc transformer:

lg 1:D L R
> —\/\

vo ) i Ve 3R
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3.5. Example: inclusion of semiconductor
conduction losses In the boost converter model

Boost converter example

> i +
v O ¢ E cc—+— RS v

Models of on-state semiconductor devices:
MOSFET: on-resistance R,
Diode: constant forward voltage V, plus on-resistance Ry

Insert these models into subinterval circuits
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Boost converter example: circuits during
subintervals 1 and 2

§v

EE
i L
—> r5sso) H : N
R el
Vo O r ¢ R
DT, T,
switch in position 1 / \ switch in position 2
i L R L
_>_fm\_/\/\,_
+ v, - + L

i
Cy

Vg Ci) Ron S C=—=

Fundamentals of Power Electronics
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VA 'c
RS v VQCD C:T: RS v
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Average inductor voltage and capacitor current

VL(t) A Vg _ |RL— IRon

<—DTS—><— D'TS—>

V, = IR =Vp— IRy =V

IC(t) A
| - VIR

-VIR

(W) =D(V,—IR —-IR,) +D'(V,— IR =V, - IR, -V) =0

(ic) =D(=VIR) +D'(I —V/IR) =0
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Construction of equivalent circuits

V,—IR —IDR,,— D'V, — ID'R,—D'V = 0

wO

D'V, ,
R D Ry f\D D'Rp
AN M— | AN

+IR - +IDR,- ~ +IDR,-

D'l -V/IR=0

D1 |t

Fundamentals of Power Electronics
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T —P—
\ 5 R
28
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Complete equivalent circuit

EEE ]
R DR, DA 'Ry
w—) :
VQCD /:> pv[*| [t|Dr v SR
R DR, D,( D'RD D1
w—0) +

v O /> aE v e
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Solution for output voltage

D'V, , -
RL I?vlzon @ DRD D':1 i
A C) /) . . \Y §R
12
V:(%) [Vg=D'Vo) D'2R+RLEE$RW+D'RD)

RL+DRon+DRD
DR

Fundamentals of Power Electronics 30 Chapter 3: Steady-state equivalent circuit modeling, ...



Solution for converter efficiency

D'V
R ORy > OR
P.= (V) (1) Mm—)—w -
VQC> /:> V. SR
Poy = (V) (D) )
D'V,
5]
:D'V: ’
=Yy
9 RL+DR0n+DRD
D'’R

Conditions for high efficiency:

V,/D'>>V,
and D“R>>R +DR,+DR;

Fundamentals of Power Electronics
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Accuracy of the averaged equivalent circuit
In prediction of losses

MOSFET current waveforms, for various

* Model uses average _ _
ripple magnitudes:

currents and voltages

« To correctly predict power I(t) )
loss in a resistor, use rms © ]
values | (tz)) 1.1 1
. a
* Resultis the same,
provided ripple is small 0 !
0 DT, T,
Inductor current ripple MOSFET rms current Average power lossin R,
@ 4i=0 | y/D DI2R,,
(b) Ai=0.11 (1.00167) | /T (1.0033) D I’R,,
© A=l (1.155) 1 /D (1.3333) D IR,
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Summary of chapter 3

1. The dc transformer model represents the primary functions of any dc-dc
converter: transformation of dc voltage and current levels, ideally with
100% efficiency, and control of the conversion ratio M via the duty cycle D.
This model can be easily manipulated and solved using familiar techniques
of conventional circuit analysis.

2. The model can be refined to account for loss elements such as inductor
winding resistance and semiconductor on-resistances and forward voltage
drops. The refined model predicts the voltages, currents, and efficiency of
practical nonideal converters.

3. In general, the dc equivalent circuit for a converter can be derived from the
inductor volt-second balance and capacitor charge balance equations.
Equivalent circuits are constructed whose loop and node equations
coincide with the volt-second and charge balance equations. In converters
having a pulsating input current, an additional equation is needed to model
the converter input port; this equation may be obtained by averaging the
converter input current.

Fundamentals of Power Electronics 33 Chapter 3: Steady-state equivalent circuit modeling, ...



Chapter 4. Switch Realization

4.1. Switch applications

Single-, two-, and four-quadrant switches. Synchronous rectifiers

4.2. A brief survey of power semiconductor devices
Power diodes, MOSFETSs, BJTs, IGBTs, and thyristors

4.3. Switching loss

Transistor switching with clamped inductive load. Diode
recovered charge. Stray capacitances and inductances, and
ringing. Efficiency vs. switching frequency.

4.4. Summary of key points

Fundamentals of Power Electronics 1 Chapter 4: Switch realization



SPST (single-pole single-throw) switches

SPST switch, with
voltage and current
polarities defined

1

LY

\Y

All power semiconductor
devices function as SPST
switches.

Fundamentals of Power Electronics

B |
Buck converter
with SPDT switch:
1 Lo
o} ' +
+ 2
Vy C_) C=— R 5 \Y}
with two SPST switches:
in A L i
> o0 500 —>»
+ Vv, — +
+ Vg ° B i
Vg C_) : / C== RSV
A iB
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Realization of SPDT switch using two SPST switches

. A nontrivial step: two SPST switches are not exactly equivalent to one
SPDT switch

. Itis possible for both SPST switches to be simultaneously ON or OFF

. Behavior of converter is then significantly modified
—discontinuous conduction modes (ch. 5)

. Conducting state of SPST switch may depend on applied voltage or
current —for example: diode

Fundamentals of Power Electronics 3 Chapter 4: Switch realization



Quadrants of SPST switch operation

switch 4
on-State
current

Fundamentals of Power Electronics

switch
off-state voltage

A single-quadrant
switch example:

ON-state: 1 > 0
OFF-state:v> 0

Chapter 4: Switch realization



Some basic switch applications

EE B
switch 4 switch 4
. on-state on-state
Slngle' current Current_ current
quadrant bidirectional
switch ) two-quadrant )
01‘f—stse\1,¥iet <i/rZJItage S WI t Ch z\flfv—its(igte
voltage
switch switch
on-statey on-statey
current current
Voltage- Four
bidirectional uadrant
two-quadrant Sutch que (oh Switch
switch \(;ol-tsatgaée switc Sgiétgée
Chapter 4: Switch realization
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4.1.1. Single-quadrant switches

B
1 Active switch: Switch state is controlled exclusively
_ by a third terminal (control terminal).
|
+ Passive switch: Switch state is controlled by the
Vv applied current and/or voltage at terminals 1 and 2.

_ SCR: A special case — turn-on transition is active,
while turn-off transition is passive.

Single-quadrant switch: on-state i(t) and off-state v(t)
are unipolar.

Fundamentals of Power Electronics 6 Chapter 4: Switch realization



The diode

+ *' on

V ! off

vy <

o0
Symbol instantaneous i-v characteristic
Fundamentals of Power Electronics 7

A passive switch
Single-quadrant switch:

can conduct positive on-
State current

can block negative off-
state voltage

provided that the intended
on-state and off-state
operating points lie on the
diode i-v characteristic,
then switch can be
realized using a diode

Chapter 4: Switch realization



The Bipolar Junction Transistor (BJT) and the
Insulated Gate Bipolar Transistor (IGBT)

B
BJT L
I
C
0
IGBT 1

on

off

v

instantaneous i-v characteristic
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An active switch, controlled
by terminal C

Single-quadrant switch:

can conduct positive on-
State current

can block positive off-state
voltage

provided that the intended
on-state and off-state
operating points lie on the
transistor i-v characteristic,
then switch can be realized
using a BJT or IGBT

Chapter 4: Switch realization



The Metal-Oxide Semiconductor Field Effect
Transistor (MOSFET)

E

on

off

\

on

o0 (reverse conduction)
Symbol instantaneous i-v characteristic
Fundamentals of Power Electronics 9

An active switch, controlled by
terminal C

Normally operated as single-
quadrant switch:

can conduct positive on-state
current (can also conduct
negative current in some
circumstances)

can block positive off-state
voltage

provided that the intended on-
State and off-state operating
points lie on the MOSFET i-v
characteristic, then switch can
be realized using a MOSFET
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Realization of switch using
transistors and diodes

Buck converter example

i e /B C=— R
wQ = RV | |
ig Switch A: transistor
Switch B: diode
iA 1 iB A
SPST switch switch A § i switchB | .
) . on L on L
operating points
switch A switch B
a_, off .
Vg VA —Vg VB

Fundamentals of Power Electronics
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Realization of buck converter
using single-quadrant switches

<

O
>
m<
|l
11
M

I
| Aa B
switch A switch B
on I on L
switch A switch B
off off
L 2 > @ >
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4.1.2. Current-bidirectional
two-quadrant switches

| 4

on

off

(transistor conducts)

on
(diode conducts)

BJT / anti-parallel instantaneous i-v
diode realization characteristic

Fundamentals of Power Electronics 12

v <

Usually an active switch,
controlled by terminal C

Normally operated as two-
quadrant switch:

can conduct positive or
negative on-state current

can block positive off-state
voltage

provided that the intended on-
state and off-state operating
points lie on the composite i-v
characteristic, then switch can
be realized as shown

Chapter 4: Switch realization



Two quadrant switches

Fundamentals of Power Electronics

on

(transistor conducts)
off v

on

(diode conducts)

13

B ]
switch 4
on-state
current
switch
off-state
voltage
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MOSFET body diode

B
.
i 4

1
on ; : !
(transistor conducts) e
+ ! .
C B Y
off s o—l - AV °——| E A
21,/7ode conducts) l e i
O l
Power MOSFET Power MOSFET, Use of external diodes
characteristics and its integral to prevent conduction
body diode of body diode
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A simple inverter

% Vo(t) = (2D = 1) V,
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Inverter: sinusoidal modulation of D

Vo(t) = (2D —1) V,

| /
D
O . >

\

/-5 1
V. |
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Sinusoidal modulation to
produce ac output:

D(t) =0.5+ D, sin (wt)

The resulting inductor
current variation is also
sinusoidal;

= = (20 —1) s

Hence, current-bidirectional
two-quadrant switches are
required.
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The dc-3gac voltage source inverter (VSI)

+F

A

a S B

-

-/
LN

Switches must block dc input voltage, and conduct ac load current.

Fundamentals of Power Electronics

17
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Bidirectional battery charger/discharger

y A_I_L
Q

Vbus

main power bus Q, ‘:

spacecraft =

A D

]
L
500 \—m0m
+
= Vpat

Vbus > Vbatt

A dc-dc converter with bidirectional power flow.
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4.1.3. Voltage-bidirectional two-quadrant switches

)

on

off off
(diode (transistor
blocks voltage) blocks voltage)

¢ 0
BJT / series instantaneous i-v
diode realization characteristic
Fundamentals of Power Electronics 19

v

Usually an active switch,
controlled by terminal C

Normally operated as two-
quadrant switch:

can conduct positive on-state
current

can block positive or negative
off-state voltage

provided that the intended on-
state and off-state operating
points lie on the composite i-v
characteristic, then switch can
be realized as shown

The SCR is such a device,
without controlled turn-off

Chapter 4: Switch realization



Two-quadrant switches

+ | A
U\
o
¢ O
1 off
: (diode
| + blocks voltage)

Fundamentals of Power Electronics

|
switch
on-statey
current
on
V
- s?xvitch
off ) off-state
(transistor voltage

blocks voltage)
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A dc-3gac buck-boost inverter

rEE
>
—
\
I
\/
S

Vpt)

o

Requires voltage-bidirectional two-quadrant switches.

<
)
\
<
<
)

Another example: boost-type inverter, or current-source inverter (CSl).
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4.1.4.

switch
on-state,
current

Four-quadrant switches

»

Fundamentals of Power Electronics

switch
off-state
voltage

22

o Usually an active switch,
controlled by terminal C

e can conduct positive or
negative on-state current

» can block positive or negative
off-state voltage
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Three ways to realize a four-quadrant switch

_TTTT—

1 1 1

I I |
Il + : + +
LY

\Y \Y \V;

Vo\ !
o O

0 0 0
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A 3gac-3gac matrix converter

3gac input 3gac output

" i
o 8y rETN
o

Vor(D) o i
@ :;: ? o BT

t
Ven(t) .
o ‘s rET
o

V(D)

|

» All voltages and currents are ac; hence, four-quadrant switches are required.

* Requires nine four-quadrant switches
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4.1.5. Synchronous rectifiers

| B ]
Replacement of diode with a backwards-connected MOSFET,
to obtain reduced conduction loss
| 4
1 o1 e 1
] | ) on |
+ | + Vi Y | + (reverse conduction)
C v
V \ v ¥ 0—| < Vv o >
(o]
B - a on
¢ O o0 o0
ideal switch conventional MOSFET as instantaneous i-v
diode rectifier synchronous characteristic
rectifier
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Buck converter with synchronous rectifier

L iLit)

s

Fundamentals of Power Electronics

26

- MOSFET Q, is

controlled to turn on
when diode would
normally conduct

Semiconductor
conduction loss can
be made arbitrarily
small, by reduction
of MOSFET on-
resistances

Useful in low-
voltage high-current
applications
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4.2. A brief survey of power semiconductor devices

. Power diodes

. Power MOSFETs

. Bipolar Junction Transistors (BJTS)

. Insulated Gate Bipolar Transistors (IGBTS)
. Thyristors (SCR, GTO, MCT)

On resistance vs. breakdown voltage vs. switching times
Minority carrier and majority carrier devices
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4.2.1. Power diodes

EEE B
A power diode, under reverse-biased conditions:
Y
( +)
U/
low doping concentration
) P n N ]
® S
®
©
E
@ <
é | Y i © ¢

B

depletion region, reverse-biased
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Forward-biased power diode

\Y

< O
conductivity modulation
-— el e —
7 p n N 7]
©) > & <+ S

@ L= @ < @

® 4 0
/] N © /

minority carrier injection
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Typical diode switching waveforms

V(t) A
> t=
i 4
/ (( O >
)) t
W @ ® @ T @ 6)
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Types of power diodes

Standard recovery

Reverse recovery time not specified, intended for 50/60Hz
Fast recovery and ultra-fast recovery

Reverse recovery time and recovered charge specified
Intended for converter applications

Schottky diode
A majority carrier device
Essentially no recovered charge

Model with equilibrium i-v characteristic, in parallel with
depletion region capacitance

Restricted to low voltage (few devices can block 100V or more)
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Characteristics of several commercial power

rectifier diodes

B |
Part number Rated max voltage Raed avg current Ve (typica) t, (max)
Fast recovery rectifiers
1N3913 400V 30A 1.1V 400ns
SD453N25S20PC 2500V 400A 2.2V 2Us
Ultra-fast recovery rectifiers
MUR815 150V 8A 0.975vV 35ns
MUR1560 600V 15A 1.2V 60ns
RHRU100120 1200V 100A 2.6V 60ns
Schottky rectifiers
M BR6030L 30V 60A 0.48Vv
444CNQO45 45V 440A 0.69Vv
30CPQ150 150V 30A 1.19V

Fundamentals of Power Electronics
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4.2.2. The Power MOSFET

Gate

Source

|
41%/// /]///////WLT

n

Fundamentals of Power Electronics

|

Drain

33

Gate lengths
approaching one
micron

Consists of many
small enhancement-
mode parallel-
connected MOSFET
cells, covering the
surface of the silicon
wafer

Vertical current flow

n-channel device is
shown
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MQOSFET: Off state

source S
e p-njunction is

d[%//// /////////W reverse-biased
 off-state voltage
appears across n
} region

..................................................................................

n
n
S/ S S/ S /S
drain +
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MOSFET: on state

p-n" junction is
slightly reverse-

W W/WW e g i

--------------------- J induces conducting

source

channel

 drain current flows

channel through n- region

n and conducting
channel

N e On resistance = total
4 i 777 resistances of n-
: region, conducting
drain ? drain current channel, source and
drain contacts, etc.
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MOSFET body diode

p-n" junction forms
an effective diode, in

ﬂ%//// /////////W Eﬁ;ﬁﬂlwith the

source

* negative drain-to-
'\ source voltage can
forward-bias the
Body d'Ode body diode
n » diode can conduct

the full MOSFET
rated current

7777 77777  diode switching
speed not optimized

—body diode is
slow, Q, is large

drain
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Typical MOSFET characteristics

« Off state: V<V,
 Onstate: Vgs>> 'V,

e MOSFET can
conduct peak
currents well in
excess of average
current rating —
characteristics are
unchanged

10A -

S5A 7

e on-resistance has
positive temperature
coefficient, hence
easy to parallel
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A simple MOSFET equivalent circuit

EE B |
D
Q « Cg: large, essentially constant
* Cgq: small, highly nonlinear
Coa =2 « C,4:intermediate in value, highly
G — nonlinear
o < : — Cds
« switching times determined by rate
O — at which gate driver charges/

discharges Cy and Cg,

C /'V, C,
Cu(Vy) = > Vi, Cu(Vae) = G V_dz = &/Vlds
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Characteristics of several commercial power MOSFETS

Pat number Rated max voltage  Raed avg current Ron Q, (typicd)
IRFZ48 60V 50A 0.018Q 110nC
IRF510 100V 5.6A 0.54Q 8.3nC
IRF540 100V 28A 0.077Q 72nC

APT10M25BNR 100V 75A 0.025Q 171nC
IRF740 400V 10A 0.55Q 63nC
MTM 15N40E 400V 15A 0.3Q 110nC
APT5025BN 500V 23A 0.25Q 83nC
APT1001RBNR 1000V 11A 1.0Q 150nC
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MQOSFET: conclusions

. A majority-carrier device: fast switching speed

. Typical switching frequencies: tens and hundreds of kHz

. On-resistance increases rapidly with rated blocking voltage
. [Easy to drive

. The device of choice for blocking voltages less than 500V

. 1000V devices are available, but are useful only at low power levels
(100W)

. Part number is selected on the basis of on-resistance rather than
current rating
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4.2.3. Bipolar Junction Transistor (BJT)

Base

o
M

Emitter
(o)

M

S ] T

L 17]71 Y4

n

n

n
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|

Collector

Interdigitated base and
emitter contacts

Vertical current flow
npn device is shown
minority carrier device

on-state: base-emitter
and collector-base
junctions are both
forward-biased

on-state: substantial
minority charge in p and
N regions, conductivity
modulation
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BJT switching times

VCC
R,
ic(t)
ig(t)
——A\/N, N I~‘ Veel(t)
Vee) |
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vg(t)

sl

Vge(t)

Vs

ig(t)

Veelt)

ic(t)
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N

0.7v

N
/N

N

N

A

I ConRon

A
AN

(C

ICon

R

()

2

(©)

4

®)

»

6

@

t
®) 9
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ldeal base current waveform

50 4 |

Bl
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Current crowding due to excessive lg,

[ B ]

Base Emitter

(o}
IBZ I A
(777 r T/T 7771 ] [ | |

| n _ lead to
P T e 4_/‘ P can fea
—o0— & S formation of hot

n spots and device
failure

N
|

Collector
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BJT characteristics

lc 4 eg‘\o(\ ___________________ Vee™ 200V
‘\\]e( e N .= 20V
10A 1 o fon .
~ e -5V
O‘Uas _____________________ V(;E
slope saturation region
5A4 Vg = 0.5V
cutoff Vg = 0.2V
0A , . L
oV 5V 10V 15V
IB
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« Off state: 1I;=0

On state: 13> 1. /3

o Current gain 8 decreases
rapidly at high current.
Device should not be
operated at instantaneous
currents exceeding the rated
value
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Breakdown voltages

increasing |

1&

open emitter

BVsus BVCEO BVCBO VCE
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BVgo: avalanche breakdown
voltage of base-collector
junction, with the emitter
open-circuited

BVeo: collector-emitter
breakdown voltage with zero
base current

BV, breakdown voltage
observed with positive base
current

In most applications, the off-
state transistor voltage must
not exceed BV .
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Darlington-connected BJ

Q

R

Fundamentals of Power Electronics

* Increased current gain, for high-voltage
applications

* In a monolithic Darlington device,
transistors Q; and Q, are integrated on the
same silicon wafer

» Diode D, speeds up the turn-off process,
by allowing the base driver to actively
remove the stored charge of both Q, and
Q, during the turn-off transition
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Conclusions: BJT

. BJT has been replaced by MOSFET in low-voltage (<500V)
applications

. BJT is being replaced by IGBT in applications at voltages above
500V

. A minority-carrier device: compared with MOSFET, the BJT
exhibits slower switching, but lower on-resistance at high

voltages
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4.2.4. The Insulated Gate Bipolar Transistor (IGBT)

EE —
Emitter » A four-layer device
Gate T « Similar in construction to
MOSFET, except extra p

UW /ﬂ‘_}ﬁ_ﬂ {C region

On-state: minority carriers
are injected into n- region,
leading to conductivity

E

minority carrier

o injection modulation
[ « compared with MOSFET:
P slower switching times,
lower on-resistance, useful
J} at higher voltages (up to
Collector 1700V)
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The IGBT

Symbol collector

gate °—| Location of equivalent devices

emict:ter W /////////W

L,
Equivalent L) p (ne I J
circuit 1 ) } .
i Iy
o °_|E "
Iy i, l P
E
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Current tailing in IGBTSs

Fundamentals of Power Electronics

O

T
IGBT 1
waveforms v
ERAQ)
I .
iat)
C
Uffen{ ta/'/
. t
I
diode 4 —
waveforms /
in(t
0 / B( ) 0 .
t
Vi(t)
_Vg
Pa® ‘ Vyip
= VA IA \
area W
t -
t t t
51
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Characteristics of several commercial devices

B
Part number Rated max voltage Rated avg current Ve (typicd) t; (typicd)

Single-chip devices

HGTG32N60E2 600V 32A 2.4V 0.62us
HGTG30N120D2 1200V 30A 3.2A 0.58us
Multiple-chip power modules

CM400HA-12E 600V 400A 2.7V 0.3us

CM300HA-24E 1200V 300A 2.7V 0.3us

Fundamentals of Power Electronics
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Conclusions: IGBT

. Becoming the device of choice in 500-1700V applications, at
power levels of 1-1000kW

. Positive temperature coefficient at high current —easy to parallel
and construct modules

. Forward voltage drop: diode in series with on-resistance. 2-4V
typical

. [Easy to drive —similar to MOSFET

. Slower than MOSFET, but faster than Darlington, GTO, SCR

. Typical switching frequencies: 3-30kHz

. IGBT technology is rapidly advancing —next generation: 2500V
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4.2.5. Thyristors (SCR, GTO, MCT)

B ]
The SCR
construction
symbol equiv circuit
Y q K G K
Anode (A) Anode T T ‘[
o (o}
| [ . | T
o N J 0 | n
2
¥ cate (G) _-[;Ql
n v—[ Q2
Cathode (K) Q —o Gate p

> o—

Cathode
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The Silicon Controlled Rectifier (SCR)

EE B |
» Positive feedback —a latching _
device ‘a4
| forward
A minority carrier device conducting
» Double injection leads to very low
on-resistance, hence low forward o
voltage drops attainable in very high increasing i, ¢
. D ] R
voltage devices reverse forward, Vax
« Simple construction, with large blocking blocking
feature size
e Cannot be actively turned off reverse
breakdown

» A voltage-bidirectional two-quadrant
switch

» 5000-6000V, 1000-2000A devices
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Why the conventional SCR cannot be turned off

« Large feature size

* Negative gate current
induces lateral voltage
drop along gate-cathode
junction

» Gate-cathode junction
becomes reverse-biased
only in vicinity of gate
contact

Fundamentals of Power Electronics

via gate control

f

—p—0 (1)

4

J

oo 1o 0r /]

N
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The Gate Turn-Off Thyristor (GTO)

* An SCR fabricated using modern techniques —small feature size
» Gate and cathode contacts are highly interdigitated

* Negative gate current is able to completely reverse-bias the gate-
cathode junction

Turn-off transition:
» Turn-off current gain: typically 2-5

« Maximum controllable on-state current: maximum anode current
that can be turned off via gate control. GTO can conduct peak

currents well in excess of average current rating, but cannot switch
off
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The MOS-Controlled Thyristor (MCT)

EE B |

 Still an emerging Anode

device, but some Gate ([

devices are //

commercially available 7

— | —— —

* p-type device /V -------- kw p nJ J J
* A latching SCR, with n

added built-in Qs channel

MOSFETS to assist the Q, channel P

turn-on and turn-off

processes 4
« Small feature size, J}

highly interdigitated, cathode

modern fabrication
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The MCT: equivalent circuit

Cathode

Gateo— ] E Q j -

Anode
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* Negative gate-anode

voltage turns p-channel
MOSFET Qg on, causing
Q, and Q, to latch ON

Positive gate-anode
voltage turns n-channel
MOSFET Q, on, reverse-
biasing the base-emitter
junction of Q, and turning
off the device

Maximum current that can
be interrupted is limited by
the on-resistance of Q,
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Summary: Thyristors

» The thyristor family: double injection yields lowest forward voltage
drop in high voltage devices. More difficult to parallel than
MOSFETs and IGBTs

 The SCR: highest voltage and current ratings, low cost, passive
turn-off transition

 The GTO: intermediate ratings (less than SCR, somewhat more
than IGBT). Slower than IGBT. Slower than MCT. Difficult to drive.

« The MCT: So far, ratings lower than IGBT. Slower than IGBT. Easy
to drive. Second breakdown problems? Still an emerging device.
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4.3. Switching loss

« Energy is lost during the semiconductor switching transitions, via
several mechanisms:

» Transistor switching times

* Diode stored charge

» Energy stored in device capacitances and parasitic inductances
» Semiconductor devices are charge controlled

* Time required to insert or remove the controlling charge determines
switching times
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4.3.1. Transistor switching with clamped inductive load

EEE
. . L
in Va i, (t)
= - 000\
physical—liL
MOSFET _
+ ideal —
Vo (—) ) e K giode T
| gate * [
or, 7. driver f Ig
Buck converter example

Ve(t) = Va(t) -V,
A(f) +ig(D) =1,
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transistor 1
waveforms

diode 4
waveforms

transistor turn-off
transition

B pa) 1

=Vala

Woff = % VgI L (t2 _ tO)

62
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Switching loss induced by transistor turn-off transition

Energy lost during transistor turn-off transition:
W, =1 Vi, (t,—t,)
off 2 Yg'L\*2 0

Similar result during transistor turn-on transition.
Average power loss:

Psw - % f pA(t) dt — (Won + Woff) fs

switching
transitions
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Switching loss due to current-tailing in IGBT

IGBT 4
) v L waveforms
in A i, (t)
= L
> 300\
physicaIA—L
IGBT —
V v ideal —
g B M diode = s
1 g
7.7 driver

diode 4
waveforms

Example: buck converter with IGBT

transistor turn-off
transition

PA) |
=Vala

Pu=d [ P d= (Wey W)

switching
transitions
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4.3.2. Diode recovered charge

IA + _ L(t)

fast
transistor
\Vj silicon
9 diode =T 5

» Diode recovered stored charge
Q; flows through transistor
during transistor turn-on
transition, inducing switching
loss

* Q. depends on diode on-state
forward current, and on the
rate-of-change of diode current
during diode turn-off transition
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transistor
waveforms

diode
waveforms

Pa(d)
=Vala

65

A

area_
~Qrvg

> area
/T /\\ ~||_Vgtr
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Switching loss calculation

EE—— B
Energy lost in transistor: transistor
waveforms Soft-recovery
diode:
W, = f V(1) i4(8)
’ SNitchingA( ) A( ) (tz _tl) > > (tl _tO)
e Abrupt-recovery
With abrupt-recovery diode: wavode diode:
(t; —ty) << (t, - 1tp)
W, =f V, (i, —ig(t)) dt
switching
transition
=V,i t,+V,Q
:\BA(it) i
« Often, this is the largest e [
component of switching loss QVg
= =

t, tt t
Fundamentals of Power Electronics 66 v Chapter 4: Switch realization



4.3.3. Device capacitances, and leakage,
package, and stray inductances

» Capacitances that appear effectively in parallel with switch elements
are shorted when the switch turns on. Their stored energy is lost
during the switch turn-on transition.

* Inductances that appear effectively in series with switch elements
are open-circuited when the switch turns off. Their stored energy is
lost during the switch turn-off transition.

Total energy stored in linear capacitive and inductive elements:

— 2

W.= > IcCv? W = > ILl
capacitive inductive
elements elements
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Example: semiconductor output capacitances

Buck converter example
Cds
-
Ayl
v, ©) 2 —=c —

Energy lost during MOSFET turn-on transition
(assuming linear capacitances):

W, = % (Cet Cj) VS

Fundamentals of Power Electronics 68
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MOSFET nonlinear C

Approximate dependence of incremental Cy, on v :

/'V, C,
Cas(Vse) = Gy v dz = &/Vlds

Energy stored in Cy at vy = Vpg':

Il

WCds - Vds iC dt - f
0

[

"Vps

WCds -

JO

Vbs
Vds Cds(vds) dvds

CIO(Vds) Vs AV = % Cu(Vbe) Vés

— same energy loss as linear capacitor having value 5 Cy(Vp9)

Fundamentals of Power Electronics
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Some other sources of this type of switching loss

Schottky diode

« Essentially no stored charge

 Significant reverse-biased junction capacitance
Transformer leakage inductance

» Effective inductances in series with windings

» A significant loss when windings are not tightly coupled
Interconnection and package inductances

* Diodes

* Transistors

» A significant loss in high current applications
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Ringing induced by diode stored charge

i () L vilD t v,
+ — .
v, (t) Y B(Q . ;
| 1 N
vi(t) CI_-) 32 (I)(é]%n Y ) == C 2
- () 4 E

 Diode is forward-biased while i (t) >0

—y

* Negative inductor current removes diode area/;></ (VAR
stored charge Q, -Q a

 When diode becomes reverse-biased,
negative inductor current flows through
capacitor C.

» Ringing of L-C network is damped by
parasitic losses. Ringing energy is lost.
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Energy associated with ringing

t
Recovered charge is == f 3 1 (t) dt
t

2

Energy stored in inductor during interval

W, = f vi(t) i, (1) dt
to

Applied inductor voltage during interval

t,<St<t,: .
di (t
w() =L (;'E ) - -V,
Hence,
t - t3
wes [LSi@d= [ (-wiod
to to

W =3Lii(t) =V, Q

Fundamentals of Power Electronics 12

Vi (t) A Vl

i () 4
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4.3.4. Efficiency vs. switching frequency

Add up all of the energies lost during the switching transitions of one
switching period:

Wit = Won + Wey + W + W + W + ..
Average switching power loss is
Py = Wi 1,
Total converter loss can be expressed as
Pioss = Peond * Prixes ¥ Wiet T,

where Pi.oq = fixed losses (independent of load and f,)
P.ong = CcOnduction losses

cond —
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Efficiency vs. switching frequency

I:)Ioss - I:)cond + I:)fixed + VVtot fsm

100% -

dc asymptote

90% A

80% -

70% A

60% -

50% .
10kHz 100kHz 1MHz

f

Sw
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Switching losses are equal to
the other converter losses at the
critical frequency

f _ I:)cond + I:)fixed
crit =
Wi

This can be taken as a rough
upper limit on the switching
frequency of a practical
converter. For f, > f_;, the
efficiency decreases rapidly
with frequency.
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Summary of chapter 4

1. How an SPST ideal switch can be realized using semiconductor devices
depends on the polarity of the voltage which the devices must block in the

off-state, and on the polarity of the current which the devices must conduct
in the on-state.

2. Single-quadrant SPST switches can be realized using a single transistor or

a single diode, depending on the relative polarities of the off-state voltage
and on-state current.

3. Two-quadrant SPST switches can be realized using a transistor and diode,
connected in series (bidirectional-voltage) or in anti-parallel (bidirectional-
current). Several four-quadrant schemes are also listed here.

4. A “synchronous rectifier’ is a MOSFET connected to conduct reverse
current, with gate drive control as necessary. This device can be used
where a diode would otherwise be required. If a MOSFET with sufficiently
low R,, is used, reduced conduction loss is obtained.
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5.

6.

7.

Summary of chapter 4

Majority carrier devices, including the MOSFET and Schottky diode, exhibit
very fast switching times, controlled essentially by the charging of the
device capacitances. However, the forward voltage drops of these devices
increases quickly with increasing breakdown voltage.

Minority carrier devices, including the BJT, IGBT, and thyristor family, can
exhibit high breakdown voltages with relatively low forward voltage drop.
However, the switching times of these devices are longer, and are
controlled by the times needed to insert or remove stored minority charge.

Energy is lost during switching transitions, due to a variety of mechanisms.
The resulting average power loss, or switching loss, is equal to this energy
loss multiplied by the switching frequency. Switching loss imposes an
upper limit on the switching frequencies of practical converters.
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Summary of chapter 4

8. The diode and inductor present a “clamped inductive load” to the transistor.
When a transistor drives such a load, it experiences high instantaneous
power loss during the switching transitions. An example where this leads to

significant switching loss is the IGBT and the “current tail” observed during
its turn-off transition.

9. Other significant sources of switching loss include diode stored charge and

energy stored in certain parasitic capacitances and inductances. Parasitic
ringing also indicates the presence of switching loss.

Fundamentals of Power Electronics 7
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Chapter 5. The Discontinuous Conduction Mode

5.1. Origin of the discontinuous conduction mode, and
mode boundary

5.2. Analysis of the conversion ratio M(D,K)
5.3. Boost converter example

5.4. Summary of results and key points
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Introduction to
Discontinuous Conduction Mode (DCM)

. Occurs because switching ripple in inductor current or capacitor voltage
causes polarity of applied switch current or voltage to reverse, such
that the current- or voltage-unidirectional assumptions made in realizing
the switch are violated.

. Commonly occurs in dc-dc converters and rectifiers, having single-
guadrant switches. May also occur in converters having two-quadrant
switches.

. Typical example: dc-dc converter operating at light load (small load
current). Sometimes, dc-dc converters and rectifiers are purposely
designed to operate in DCM at all loads.

. Properties of converters change radically when DCM is entered:
M becomes load-dependent
Output impedance is increased
Dynamics are altered
Control of output voltage may be lost when load is removed
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5.1. Origin of the discontinuous conduction
mode, and mode boundary

Buck converter example, with single-quadrant switches

L

Q
2113

del

—
i (t)
D, A C —=

‘|‘ ip(0)

%O

Minimum diode current is (I — A4i|)
Dc component | = V/R
Current ripple is

A= (V,—V) V,DD'T,
LTS 2L

Note that | depends on load, but Ai,

does not.

DT, =

Fundamentals of Power Electronics

continuous conduction mode (CCM)
i (1) s

conducting :
devices: |

ip(t) a

Q

Q
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Reduction of load current

EE B
Increase R, until | = AIL CCM-DCM boundary
Q, f;m i) 4
J—_|+;'— 0 *
v, CD D, & Cz= RSV
1100 _
B ¥ i,
0 DT, T, t
Minimum diode current is (I — Ai,) Cevees | o | D o
Dc component | = VIR in(t) 4
Current ripple is
. (Vy=V) _V,DD'T,
A = 5 DT, = — 5
Note that | depends on load, but Ai, SN e P
does not. —
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Further reduce load current

B ]
Increase R some more, such that | < Ai, Discontinuous conduction mode
Q - (0 4
500\

14T 0 +
v, CD D, & Cz= RSV
110 _

| |

—~V

Minimum diode current is (I — A4i})

conducting +—DyTg —i+—D,T—>+ D5l
Dc component | = V/R devices:i| @ i D X |
Current ripple is in(t) y
. (V,=V) _V,DD'T
A, = T DT, = — 5

Note that | depends on load, but Ai,

does not. ’\

The load current continues to be 0 DT, T
positive and non-zero. * Dol
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—~ VY



Mode boundary

| >Ai, for CCM
| <A4i, for DCM

Insert buck converter expressions for | and Ai, :
DV, DDTYV,
<
R 2L

Simplify:

2L 1
Rt <D

This expression is of the form
K<K,(D) for DCM

where K = F22'II:S and K, .(D)=D'
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Kand K

[
for K< 1:

A

2 K< KCfIt: — e K> Kcrit: —>
CCM
K= 2L/RTS

0 .

0 1 D

Fundamentals of Power Electronics 7

B
for K> 1;

A

< K> Kcrit: >
2 CCM

K= 2L/RTS
1 crit(D) <
1, ) 1 - D

0 >

0 1 D
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Critical load resistance R

Solve K;; equation for load resistance R:

R < Rcrit(D)
R > Rcrit(D)
where Rui(D) = 2
Fundamentals of Power Electronics 8

crit

for CCM
for DCM
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Summary: mode boundary

K > Kcrit(D)
K < Kcrit(D)

or R<R,(D)
or R > Rcrit(D)

for CCM
for DCM

Table5.1. CCM-DCM mocde boundaries for the buck, boost, and buck-boost converters

Converter Keii(D) Ongaé 1( Kait) R.(D) OénDlg 1( Ryit)
2L oL
Buck (1-D) 1 (1-D)T, T,
4 2L 27 L
Ho0s D (1-Dy 27 D (1-D)2T. 2 T,
B 2 2L 2 L
uck-boost (1-D) 1 A-D)YT. T

Fundamentals of Power Electronics
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5.2.  Analysis of the conversion ratio M(D,K)

Analysis techniques for the discontinuous conduction mode:

Inductor volt-second balance
_1 f s _
V)= = vi(t)dt=0
(=3 [
Capacitor charge balance

(ic) :Tls Osic(t) dt=0

Small ripple approximation sometimes applies:
v(t) =V Dbecause Av <<V
I(t) =1 isapoor approximation when Ai > |
Converter steady-state equations obtained via charge balance on

each capacitor and volt-second balance on each inductor. Use care in
applying small ripple approximation.
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Example: Analysis of
DCM buck converter M(D,K)

[ B ]
i, () L
v - i | T
subinterval 1 v, C) C== RS v
Q L i@ L
S 1!y — 5 e
Jz*l_—'- (0 " subinterval 2 v - Yiw | T
Vg C) D, C= RgV — C) C== RS VO
ip(t) _

y ic()

subinterval 3 v O c== RS v
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Subinterval 1

RO
(1) = Ve =V w0 - (®) i
i) =i (t)=v(t)/R j_‘:
v, CD C== RS V)

Small ripple approximation
for v(t) (but not for i(t)!): -

vi(t)=V,-V
i(t)=i(t)-V/R
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Subinterval 2

VL(t) == V(t) — iL% +
io(t) =i (t)—v(t)/R v - _Lic(t)
v, © C== RS WO

Small ripple approximation
for v(t) but not for i(t): -

v () =-V
i) =i (t)-V/R
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Subinterval 3

| T
i b
v, =0, i,=0 — g 1.1
o v - L |7
i(t) =i (t)—v(t)/R ¢
v, © C== R3O

Small ripple approximation:

v (t)=0
i()==-V/R
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Inductor volt-second balance

v, (1) 4

!

DT [« DyTg—>+ DT>

0

Volt-second balance:
(Vi(t)) = Dy(V,—V) + D,(=V) + D4(0) = 0

Solve for V:

D,
D,+D, note that D, is unknown

V=V,
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Capacitor charge balance

EE B
ion: L (t t)/R
node equation: ILQ VQ .
i () =i(t)+V/R _tc(t)
capacitor charge balance: C—= RS V()

(ic) =0 ]

hence
(i)=VIR

iL(t) a

must compute dc
component of inductor
current and equate to load
current (for this buck

~ YV

0 DT, T,
converter example) \«—D,T, —>i«—D,T,—>i« DT >
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Inductor current waveform

peak current:

: . V,—V
I (D, Ty = ok = gL D, T,

average current:
Tg )
(iy=+ i)t
triangle area formula:

| i@ dt=3 i, @, + D).
. D.T.
<|L> =(V,—V) ﬁ (D, + D))

Fundamentals of Power Electronics

HOMN
ipk
v, -V
L ny
. L
<I >= 8 VU A
0 DT, T, t

DlTs 4_ D2Ts_>5<_ D3Ts_>5

equate dc component to dc load current:

V D 1Ts
R

T (Dl + Dz) (Vg _V)
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Solution for V

Two equations and two unknowns (V and D,):

_ D,
V=V, D, +D,
v _ DiT
ﬁ_i(Dl-l_DZ) (Vg_V)

Eliminate D, , solve for V:

V o_ 2

Vy 1+,/1+4K/D;3
where K=2L/RT,
vaidfor K <K

crit

Fundamentals of Power Electronics 18

(from inductor volt-second balance)

(from capacitor charge balance)
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Buck converter M(D,K)

10 1 y

M(D,K)

08 ¢

06 ¢

D for K > K
04 1

2 for K <K,

2
0o | 1+,/1+4K/D

0.0 ; + + : 1
0.0 0.2 0.4 0.6 0.8 1.0
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5.3. Boost converter example

i(t) L Loig(t)
—— 000\ > +
+ v () — _tc(t)
v, C) _”E Q C== RS v
Mode boundary: Previous CCM soln:
| > A, for CCM | = V, VY,
| < i, for DCM " DZR Al =5 BT

Fundamentals of Power Electronics
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Mode boundary

B |
Vo > D14V, for CCM 015 Ker(3) = 2%

DIZR 2L o Kcrit(D)
F%'f >DD”  for CCM or |

K > Kcrit(D) fOI’ CCM 0.05 1

K< Kcrit(D) for DCM

_ 2L 3 "
where K = RT. and K_(D)=DD
0 }
0 0.2 0.4 0.6 08 L
D

Fundamentals of Power Electronics
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Mode boundary

K >K.,(D) for CCM

K<K,(D) for DCM

2L
RT,

where K=

Fundamentals of Power Electronics

and K_,(D)=DD"

0.15 T

0.1 +

0.05 T

0 0.2 0.4 0.6 0.8 1
D
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Conversion ratio: DCM boost

subinterval 1

i) L b

R 5 v(t)

e

subinterval 2
S

N

subinterval 3

Fundamentals of Power Electronics
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%O

Vg

%O

| —
i) L
000 +
o - yic®
C— R 5 v(t)
i) L
000\ +
v - yic®
M C—= Rg V0
i) L
S T
v - yic® ¥
+ C— R 5 v(t)
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Subinterval 1

i) L

vi(t) =V, ——>— 088 — . +
o(t) =—v(t) /R G {Ica)
v, C) C== RS v

Small ripple approximation
for v(t) (but not for i(t)!): —

v (t) =V,
I()==—V/R 0<t<D,T,
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Subinterval 2

i) L
vi(f) = Vo ~ (Y —— T . .
() =it)-v(t) /R L -tc(t)
O C= Rg VO

Small ripple approximation
for v(t) but not for i(t):

V() =V,-V

D.T.<t<(D,+D,)T
() =it)—V/R 1ls (D, +Dy)Ts
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Subinterval 3

EE B |
i) L
Vv, = 0, =0 —Tm— N
: ® - i
() =—v(t) /R " f'c(t)
\Z (i) C—= Rg V@

Small ripple approximation: _
w()=0
i(t)=—V/R

(D1+D2)TS <t <TS
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Inductor volt-second balance

B B
V(1) 4
VQ
DlTs N D2Ts_>§+ D3Ts_>
H O .
T t
Vg -V

Volt-second balance:
D.V,+D,(V,—V)+D40)=0

Solve for V:

D,+D
V="5 "V note that D, is unknown
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Capacitor charge balance

node equation:
Ip(t) =i(t) +v(t) /R

capacitor charge balance:

(in) =VIR

must compute dc component of diode
current and equate to load current
(for this boost converter example)

Fundamentals of Power Electronics 28

Loip(®)
=
C — R§ v(t)

Chapter 5: Discontinuous conduction mode



Inductor and diode current waveforms

| e
i(t) 4
peak current:
. Vq v, 'pk
ka = T DlTs L
average diode current: VgL—V
T
.\ _ 1 f s,
< > TS 0 O DTS . TS t
) i+—DyTs i+ DyTg—>i+ DT>
triangle area formula: Ip() 4

TS 1
f o) dt =11, D,T.
0

<j

~ V

4_ DlTs _'4_ DZTS_>;+ D3Ts+;
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Equate diode current to load current

average diode current:
<|D> - % (% ipk DZTS) —

equate to dc load current:

V,D,D,T,

_V
2L R

Fundamentals of Power Electronics

V,D,D,T

2L

30
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Solution for V

EE B |
Two equations and two unknowns (V and D,):
V= Dlg D, V, (from inductor volt-second balance)
2
V,D.D, T, v .
— 3 "R (from capacitor charge balance)

Eliminate D, , solve for V. From volt-sec balance eqn:

Vg
D,=D.

g

Substitute into charge balance eqn, rearrange terms:
VD1 _

V2 W, - =%

0
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Solution for V

VD3
V-V - =0

Use quadratic formula:

v _1+4/1+4D?%/K
V, ~ 2

g

Note that one root leads to positive V, while other leads to
negative V. Select positive root:

Vo_ _1+4/1+4Di/K
vg - M(DlsK) - 2
where K=2L/RT,
valid for K < Kgii(D)

Transistor duty cycle D = interval 1 duty cycle D,
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Boost converter characteristics

M(D,K)

0 0.25 0.5 0.75

Fundamentals of Power Electronics
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B
1 for K> K.,
1-D
1+./1+4D*/K
\/ 5 for K <K,

Approximate M in DCM:

~1, D
M~2+ g

Chapter 5: Discontinuous conduction mode



Summary of DCM characteristics

Table 5.2. Summary of CCM-DCM characteristics for the buck, boost, and buck-boost converters

Converter Kerit(D) DCM M(D,K) DCM D,(D,K) CCM M(D)
2 K
R M(DK
Buck (1-D) 1+4/1+4K /D? p MEK) b
Boost D (1— DY 1+V1+24D2’K D M(DK) 5
_ D __D
Buck-boost (1- D)y VK VK 1-D

with K=2L/RT, DCM ocaurs for K < K.
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Summary of DCM characteristics

,\DA(C[')\{'K) « DCM buck and boost
characteristics are
asymptoticto M =1 and to
the DCM buck-boost
characteristic

e DCM buck-boost
characteristic is linear

1 « CCM and DCM
characteristics intersect at

Buck
mode boundary. Actual M
follows characteristic
0 | | | | = having larger magnitude
0 0.2 0.4 0.6 0.8 1 o
 DCM boost characteristic is
= nearly linear
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Summary of key points

1. The discontinuous conduction mode occurs in converters

containing current- or voltage-unidirectional switches, when the
iInductor current or capacitor voltage ripple is large enough to
cause the switch current or voltage to reverse polarity.

Conditions for operation in the discontinuous conduction mode
can be found by determining when the inductor current or
capacitor voltage ripples and dc components cause the switch
on-state current or off-state voltage to reverse polarity.

The dc conversion ratio M of converters operating in the
discontinuous conduction mode can be found by application of
the principles of inductor volt-second and capacitor charge
balance.
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Summary of key points

4. Extra care is required when applying the small-ripple
approximation. Some waveforms, such as the output voltage,
should have small ripple which can be neglected. Other
waveforms, such as one or more inductor currents, may have
large ripple that cannot be ignored.

5. The characteristics of a converter changes significantly when
the converter enters DCM. The output voltage becomes load-
dependent, resulting in an increase in the converter output
impedance.
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Chapter 6. Converter Circuits

6.1. Circuit manipulations

6.2. A short list of
converters

6.3. Transformer isolation

6.4. Converter evaluation
and design

6.5. Summary of key
points

Fundamentals of Power Electronics

Where do the boost,
buck-boost, and other
converters originate?

How can we obtain a
converter having given
desired properties?

What converters are
possible?

How can we obtain
transformer isolation in a
converter?

For a given application,
which converter is best?
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6.1. Circuit manipulations

EE—— - TT——
S O ——
+

VgC) i C== RSV

Begin with buck converter: derived in chapter 1 from first principles

« Switch changes dc component, low-pass filter removes
switching harmonics

e Conversionratiois M=D
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6.1.1. Inversion of source and load

Interchange power input and output ports of a converter

Buck converter example V,=DV,
port 1 port 2
q L .
o—o /—’7””\ ¢
+ ° +
o 2
0
Power flow
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Inversion of source and load

Interchange power source and load:

port 1 port 2
1 L .
o 3/—f7ﬂﬂ)’\ ©
+ o +
2 -+
2 == Vi \Z C_)
Power flow
— -1
V, =DV, Vi= 5V,

Fundamentals of Power Electronics
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Realization of switches

» Reversal of power
flow requires new
realization of
switches

e Transistor conducts
when switch is in
position 2

* Interchange of D
and D’

vlz%v2

Fundamentals of Power Electronics

as In chapter 4

port 1 L port 2
+ +

: =vw HF v O

Power flow

Inversion of buck converter yields boost converter
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6.1.2. Cascade connection of converters

EEE B
converter 1 N converter 2 N
V ("’) Vi Vos
ING V Vo
7; = M,(D) _ AR M(D) B
D

V, =M,D) V
' —  -=M(D)=MyD)M,(D)

V=M,D)V, g
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Example: buck cascaded by boost

[ B ]
1 L L, 2
O [,
/_nnm’\ — m—\ N
02 1 (o}
vg © C,== Vv C,== RSV
W W
Buck converter Boost converter
i - D
Vs V D
— VvV 1D
V_ 1 9
V, 1-D
7 Chapter 6: Converter circuits
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Buck cascaded by boost:
simplification of internal filter

remove capacitor C,

O ] ] R

combine inductors L, and L,

Noninverting

1
Vg C) ]2 ] - sV buck-boost

converter
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Noninverting buck-boost converter

<

«
(i +)
N

|l
11
'A%
<
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Reversal of output voltage polarity

subinterval 1 subinterval 2

noninverting v
buck-boost ’ ()

|
1}
42"
<
<
( )
|
1}
42"
<

inverting v O ' — sv v . — sV

buck-boost
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Reduction of number of switches:
Inverting buck-boost

subinterval 1 subinterval 2

§V

One side of inductor always connected to ground
— hence, only one SPDT switch needed:

1 2 +

v@O ¢ = sV %:‘m

Fundamentals of Power Electronics 11 Chapter 6: Converter circuits



Discussion: cascade connections

* Properties of buck-boost converter follow from its derivation

as buck cascaded by boost

Equivalent circuit model: buck 1:D transformer cascaded by boost

D’:1 transformer
Pulsating input current of buck converter
Pulsating output current of boost converter
« Other cascade connections are possible

Cuk converter: boost cascaded by buck

Fundamentals of Power Electronics 12
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6.1.3. Rotation of three-terminal cell

Treat inductor and
SPDT switch as three-
terminal cell:

Three-terminal cell can be connected between source and load in three

nontrivial distinct ways:
a-Ab-B c-C
a-C b-Ac-B
a-Ab-C c-B

Fundamentals of Power Electronics

buck converter
boost converter

buck-boost converter

13
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Rotation of a dual three-terminal network

A capacitor and SPDT
switch as a three-
terminal cell:

Three-terminal cell can be connected between source and load in three
nontrivial distinct ways:

a-A b-B c-C buck converter with L-C input filter
a-C b-Ac-B boost converter with L-C output filter
a-A b-C c-B Cuk converter

Fundamentals of Power Electronics 14 Chapter 6: Converter circuits



6.1.4. Differential connection of load
to obtain bipolar output voltage

|
dc source load
converter 1 +
Vl
_ +
V,=M(D) V, _
_ | SV
Vg = TD =
— converter 2 .\
V2

V,=M(D)V,

I

Fundamentals of Power Electronics
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Differential load
voltage is

V=V,-V,

The outputs V; and V,
may both be positive,
but the differential
output voltage V can be
positive or negative.
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Differential connection using two buck converters

S
Buck converter 1
- —
1
o / rEEH
+
2
-— Vi
2
o / rEEH
- . +
VA
|- >
— Buck converter 2
Fundamentals of Power Electronics 16

Converter #1 transistor
driven with duty cycle D

Converter #2 transistor
driven with duty cycle
complement D’

Differential load voltage
IS

V=DV,-DV,
Simplify:
V=(2D-1)V,

Chapter 6: Converter circuits



Conversion ratio M(D),
differentially-connected buck converters

I B ]
V=(2D-1)V,
M(D) 4
1_..
0 —>
0.5 1 D
_1
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Simplification of filter circuit,
differentially-connected buck converters

EE—— B
Original circuit Bypass load directly with capacitor
Buck converter 1
- el e —
1 1
o 560\ o 500\
/ . /
‘2 2
—-— Vv
+ +
SV J — SV
v, L - v, = -
20/ 500 23/ 560\
- 1 * - 1
‘ L J
| - - -
- Buck converter 2
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Simplification of filter circuit,
differentially-connected buck converters

EE B |
Combine series-connected Re-draw for clarity
inductors
C
~ ts . | 6°
, é V, \o—|>—fb’b’b’\— F V- o~
29 L A 71
R
v, = - SV
B H-bridge, or bridge inverter

2
= /1 Commonly used in single-phase
inverter applications and in servo
amplifier applications
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Differential connection to obtain 3@ inverter

EE B |
de source 3gac load With balanced 3@ load,
converter1 | ¥ neutral voltage is
Vl
R Vo= 3 (Vi + Vo + V)
JT: TDl :l_— - Phase voltages are
Yo — Van = Vl - Vn
converter 2 " Rl V,,=V,-V,
VZ
= V,=M(D,) V, ) V,=V;-V,
J_: TDZ :l_— Control converters such that
their output voltages contain
_ the same dc biases. This dc
converter 3 y bias will appear at the
Vs=M(Dy) V, B neutral point Vn. It then
J: f :l_ cancels out, so phase
= D, = voltages contain no dc bias.

Fundamentals of Power Electronics 20 Chapter 6: Converter circuits



3g differential connection of three buck converters

dc source

3gac load
o / 500\ -
“ el VA
S
—_ —_ AS
v, /
o 550\ II II
/ + Vbn —
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3g differential connection of three buck converters

Re-draw for clarity:

dc source 3gac load

o/c

o/c

c/c
gI

“Voltage-source inverter” or buck-derived three-phase inverter
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6.2. A short list of converters

An infinite number of converters are possible, which contain switches
embedded in a network of inductors and capacitors

Two simple classes of converters are listed here:

» Single-input single-output converters containing a single
inductor. The switching period is divided into two subintervals.
This class contains eight converters.

» Single-input single-output converters containing two inductors.
The switching period is divided into two subintervals. Several of
the more interesting members of this class are listed.
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Single-input single-output converters
containing one inductor

» Use switches to connect inductor between source and load, in one
manner during first subinterval and in another during second subinterval

* There are a limited number of ways to do this, so all possible
combinations can be found

« After elimination of degenerate and redundant cases, eight converters
are found:

dc-dc converters
buck boost  buck-boost noninverting buck-boost
dc-ac converters

bridge Watkins-Johnson

ac-dc converters
current-fed bridge inverse of Watkins-Johnson
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Converters producing a unipolar output voltage

B ]
1. Buck M(D) =D
M(D) A
—10/ 5O s 17
2
O A
- 0 t >
0 0.5 1 D
2. Boost M(D) =125 M(D) 4
2 4
——— 000\ :\c + 3 |
1 2 |
716 $ v .
- ° 0 o:.5 :1 D=
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Converters producing a unipolar output voltage

3. Buck-boost M(D) = — %

4. Noninverting buck-boost M(D) = _D_

1-D
1 2
o/: 500\ :\c —
5 1
V, —_—V 5
Fundamentals of Power Electronics 26

L —
0 0.5 1 D
0 : >
1
2 |
3 |
4 |
M(D) v
M(D) 4
4 |
3 |
o |
1 |
0 : >
0 0.5 1 D

Chapter 6:
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Converters producing a bipolar output voltage
suitable as dc-ac inverters

5. Bridge M(D)=2D-1

=
S
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Converters producing a bipolar output voltage

suitable as ac-dc rectifiers

7. Current-fed bridge M(D) = Tl—l
wS | :
Vg S~—— + V — o~
29 W
8. Inverse of Watkins-Johnson M(D) = ﬁ
° 1
2 + Or °

Vg C) =

1 —_

2
|—o o—

I
%Y
<

Fundamentals of Power Electronics

M(D) !
1 :
0.5 1 D
0 , .
-1
, \
M(D) A
1

0.5
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Several members of the class of two-inductor converters

EEE—— I
1. Cuk M(D) = -1 25 .. o2 LB
s | A -1
l I l + >
1 2 — -3
RN S
— M(D) v
M(D) = - P
2. SEPIC 1-D M(D) 4
— 55 1! o 4
] > +
3 |
wOQ N B T v 3
1 i
- 0 t >
0 0.5 1 D
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Several members of the class of two-inductor converters

[ B |
3. Inverse of SEPIC M (D) :% M(D) 4
1 4 |
o I rEEH
11 + 3 |
2 i
v, © \2 == sv N
_ 0 : >
0 05 1 D
4. BUCI‘(2 M(D) = Dz M(D) A
1
T 9/_0?2)‘2?\ . 1
zl 2 L
V, . - SV 0.5
1
T N 0 . . B
0 05 1 D
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6.3. Transformer isolation

Obijectives:

* |solation of input and output ground connections, to meet
safety requirements

« Reduction of transformer size by incorporating high
frequency isolation transformer inside converter

« Minimization of current and voltage stresses when a
large step-up or step-down conversion ratio is needed —
use transformer turns ratio

e Obtain multiple output voltages via multiple transformer
secondary windings and multiple converter secondary
circuits
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A simple transformer model

Multiple winding transformer

ilit) n:n, | 12('[)

+ +
v,(1) V(1)
I5(0)
+
v5(t)
1N,

Fundamentals of Power Electronics

_TTT—
Equivalent circuit model
40 AL nn, )
iy *
v,(t) SV V(1)

vi(t) _ Wolt) _ V(t) _

n,

0= N 1) + i) + sl + .

N,

ideal
transformer

32
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The magnetizing inductance L,,

Models magnetization of
transformer core material

Appears effectively in parallel with
windings

If all secondary windings are
disconnected, then primary winding
behaves as an inductor, equal to the
magnetizing inductance

At dc: magnetizing inductance tends
to short-circuit. Transformers cannot
pass dc voltages

Transformer saturates when
magnetizing current iy, is too large

Fundamentals of Power Electronics

Transformer core B-H characteristic

B(t) O f vi(t) dt |

saturation

slopell L,,

—

»

/ H(t) Dy (t)
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Volt-second balance In L,,

The magnetizing inductance is a real inductor,
obeying
di,,(t
w(o = L, Ll
integrate:

WO -iw©@ =2 [ w@adr

Magnetizing current is determined by integral of
the applied winding voltage. The magnetizing
current and the winding currents are independent
guantities. Volt-second balance applies: in
steady-state, i (T = iy(0), and hence

o=Tls () d

Fundamentals of Power Electronics 34

+

vy (D)

11(t)

t.
in(®

Ly, V,(1)

ideal
transformer
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Transformer reset

» “Transformer reset” is the mechanism by which magnetizing
inductance volt-second balance is obtained

* The need to reset the transformer volt-seconds to zero by the end of
each switching period adds considerable complexity to converters

» To understand operation of transformer-isolated converters:

» replace transformer by equivalent circuit model containing
magnetizing inductance

» analyze converter as usual, treating magnetizing inductance as
any other inductor

» apply volt-second balance to all converter inductors, including
magnetizing inductance
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6.3.1. Full-bridge and half-bridge
Isolated buck converters

EE——
Full-bridge isolated buck converter
A D Qs D D
1 . . . L .
_|E vy _|E 7 SUCIE SRR ORI +
+
Va C) V(1) % é vg(t) C— R 5 Vv
x E x g - )
Hh%. g%, >
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Full-bridge, with transformer equivalent circuit

.....................

D : . H . .
_|E 7 Y _|E OIS D>| o) 10 L +

- o

n
v, C) VT(t)é L, é V() C== RS v
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Full-bridge: waveforms

EEE T
i(®)
W  During first switching period:
va YN / transistors Q; and Q, conduct
™ e for time DT, applying volt-
Oy, | seconds V, DT to primary
0 o [ winding
_Vg
« During next switching period:
transistors Q, and Q,; conduct
for time DT, applying volt-
| | | seconds -V, DT, to primary
A o ? winding
0 0 ’i
0 4 1 1  Transformer volt-second
T 051 o5 [ balance is obtained over two
0 ! switching periods
Q DTS TS TS+‘DTS 2TS . .
conducting Q D, 9 o, « Effect of nonidealities?
devices: qQ, | D, Q. D, 1
. Dy . Dy |
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Effect of nonidealities
on transformer volt-second balance

Volt-seconds applied to primary winding during first switching period:

(Vy—(Q, and Q, forward voltage drops))( Q, and Q, conduction time)

Volt-seconds applied to primary winding during next switching period:

—(V,—(Q, and Q; forward voltage drops))( Q, and Q, conduction time)

These volt-seconds never add to exactly zero.
Net volt-seconds are applied to primary winding
Magnetizing current slowly increases in magnitude

Saturation can be prevented by placing a capacitor in series with
primary, or by use of current programmed mode (chapter 11)
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Operation of secondary-side diodes

|
I:)5 i ' L
ips(t) i)
% P —>——— 5T
E. > R 5 Vv
p—
D, ipg(t)
Vs(t) A
an
0 0 ‘
ins() 4
05i 051
; 1
0 DT, .
conducting Q, | D, D, |
devices: qQ, | D, D,
i D5 H
Fundamentals of Power Electronics 40

During second (D’)
subinterval, both
secondary-side diodes
conduct

Output filter inductor
current divides
approximately equally
between diodes

Secondary amp-turns add
to approximately zero

Essentially no net
magnetization of
transformer core by
secondary winding currents

Chapter 6: Converter circuits



Volt-second balance on output filter inductor

ios(®) i) L

% * +
. 3>— V(t) C— R § Y 0 0 ‘
_ _ o ps®
: 05i | o051 [

condupting; Q D, - Q D,
V:<Vs> devices; Q, | D, Q| D,

O
(o3}
U_
()]
—
—
) —
o
\ K

o

O

3

—
I
O

3

»

N
!

V =nDV,

M(D) = nD buck converter with turns ratio
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Half-bridge isolated buck converter

A

D,

Fundamentals of Power Electronics

_TTT——
L i
+ > +
v(t) C—/— R 5 v

Replace transistors Q; and Q, with large capacitors
Voltage at capacitor centerpoint is 0.5V

v{(t) is reduced by a factor of two

M=0.5nD
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6.3.2. Forward converter

| |

1
Py
M
<

Q_1|E y )

Buck-derived transformer-isolated converter

Single-transistor and two-transistor versions

Maximum duty cycle is limited

Transformer is reset while transistor is off
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Forward converter
with transformer equivalent circuit
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Forward converter: waveforms

EE—— B
V) Vv
¢}
0 ‘ « Magnetizing current, in
| conjunction with diode D,,
Ny, operates in discontinuous
" e conduction mode
* Output filter inductor, in
| | | conjunction with diode D,
i o may operate in either
| | g CCM or DCM
VD3 A
n
m, Vo
0 0 R
T, : >
condupting: Q, D, D,
devices: D, D, §
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Subinterval 1: transistor conducts
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Subinterval 2: transformer reset

D5 on

I
L
— 0060
+ +
Vg C_= RsV

Fundamentals of Power Electronics
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Subinterval 3

48
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Magnetizing inductance volt-second balance

I
V)
Vy L
O »
—
Y
4
Voo i mVy
L Ny Ly, 0 / -
<—DTS—><— DZT _><_D3Ts_>§ t
5 -
conductingg Q, D, D,
devices: D, : D, s

(Vi) =D (V,) +D,(=V,n,/n,) +D;(0)=0
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Transformer reset

From magnetizing current volt-second balance:
(Vi) =D (V) +D,(=V,n,/n,) +D;(0)=0
Solve for D,:
_n
D, = n—i D
D, cannot be negative. But D, =1-D —D,. Hence
D,=1-D-D,=0
D3:1—D(1+&)Zo

nl
Solve for D
1
D51+& for n, = n,: Ds%
nl
Fundamentals of Power Electronics 50
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What happens when D > 0.5

magnetizing current
waveforms,
forn,=n,

Fundamentals of Power Electronics

(1) 4

i\ (D)

I
\ D<05
. DT, iD,T,:D,T, t
A
D>05
DTs D2Ts 2Ts t
51
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Conversion ratio M(D)

B 00 |
L
+
D, *
H D; A Vos C——= R 5 V
VD3 A
n
m Ve
—_ — n3
(Vo3) =V =p° DV,
0 0 ‘
4— DTS—><— D2T8—>§<-D3TS->§ t
conducting Q, D, . D,
devices: D, D, a
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Maximum duty cycle vs. transistor voltage stress

Maximum duty cycle limited to

1
D<——~n,
nl

which can be increased by increasing the turns ratio n, / n,. But this
increases the peak transistor voltage:

n
MmaXx Vg, =V, (1 + n_l)
Forn,=n,

D <

N [

and max Vi, = 2V,
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he two-transistor forward converter

Q
D L
Dlx _l 'E > 11 N

v, CD .31:” . D, & Cz= RSV

LM\
x _|E

D, Q,
_ D<1 _ _

V =nbV, =5 MaX Vg, = MaX Ve, =V,
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6.3.3. Push-pull isolated buck converter

O, e
- -+
3 v(t) C— R 5 \Y;
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Waveforms: push-pull

va N
T 9 1
M Cu
VT(t) A Vg 1
0 o[
_Vg ;

i(t)

Vs(t) A

an an
0
iDl(t) A I
05i 05i I
| 0 B
0 DTs Ts TS+DTS 2TS
conducting @, D, o D, :
dewces:; D, | D, D, D,
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Used with low-voltage inputs

Secondary-side circuit identical
to full bridge

As in full bridge, transformer
volt-second balance is obtained
over two switching periods

Effect of nonidealities on
transformer volt-second
balance?

Current programmed control
can be used to mitigate
transformer saturation
problems. Duty cycle control
not recommended.
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6.3.4. Flyback converter

buck-boost converter:

y
|

- D

construct inductor Q& 1

winding using two | ¥ 1 » 0 -
parallel wires: —l— 17

<

“| +)
—
|
11
<
4%
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Derivation of flyback converter, cont.

Isolate inductor
windings: the flyback
converter

Flyback converter
having a 1.n turns
ratio and positive
output:

Fundamentals of Power Electronics
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Q]_ Dl
Fa 4 -
_|_ 1:1
Ly, ‘ —-— Vv 3
+
< ;
D,
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The “flyback transformer”

. A two-winding inductor

. Symbol is same as
transformer, but function
differs significantly from
ideal transformer

. Energy is stored in
magnetizing inductance

. Magnetizing inductance is
relatively small

Current does not simultaneously flow in primary and secondary windings
Instantaneous winding voltages follow turns ratio

Instantaneous (and rms) winding currents do not follow turns ratio

Model as (small) magnetizing inductance in parallel with ideal transformer
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Subinterval 1

Fundamentals of Power Electronics

CCM: small ripple
approximation leads to
v, =V

g

lc

_Vv
R

I, =
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Subinterval 2

V

1l_V
n R
0

lc
g

CCM: small ripple
approximation leads to

_V
n
|

Vi

<

lc
lg

=
0
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CCM Flyback waveforms and solution

\/

-V/n

i IIn — VIR
C A

\/

-V/IR

0
i

T

— Yy

conducting s

devices: Q D,
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Volt-second balance:
(\)=D (V) +D' (-¥) =0
Conversion ratio is

- v_.D
M(D)-V =N5

g
Charge balance:

(ic)=D (- %) +D' (=15 =0
Dc component of magnetizing

current is

nv
D'R
Dc component of source current is

l,=(iy) =D (1) + D' (0)
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Equivalent circuit model: CCM Flyback

(V) +D' (=) =0

(\)=D
(i) =

Ig

=D()+D'(0)

(i

D(_R)+D(n R):O ’
)

T
> +
Ig
DV [+ D'l
DI DV, =x-| © t1 RsV
‘n

Fundamentals of Power Electronics
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Discussion: Flyback converter

. Widely used in low power and/or high voltage applications

. Low parts count

. Multiple outputs are easily obtained, with minimum additional parts
. Cross regulation is inferior to buck-derived isolated converters

. Often operated in discontinuous conduction mode

. DCM analysis: DCM buck-boost with turns ratio
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6.3.5. Boost-derived isolated converters

* A wide variety of boost-derived isolated dc-dc converters can be
derived, by inversion of source and load of buck-derived isolated
converters:

 full-bridge and half-bridge isolated boost converters
 inverse of forward converter: the “reverse” converter
» push-pull boost-derived converter

Of these, the full-bridge and push-pull boost-derived isolated
converters are the most popular, and are briefly discussed here.
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Full-bridge transformer-isolated
boost-derived converter

<
DZ

AR

» Circuit topologies are equivalent to those of nonisolated boost

converter
e With 1:1 turns ratio, inductor current i(t) and output current i(t)
waveforms are identical to nonisolated boost converter
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Transformer reset mechanism

E—
VT(t) A V/n
0 0 ‘
—Vin
io(t) A
I/n I/n
0 0 ‘
+—DT,——>i«—DT,—>«—DT,——i«— DT, —>it
i : TS > Ts —>
conducting Q, Q Q Q, s
devices: Q, Q, Q, Q,
: Q3 : Dl Q3 D2
Q4 Q4

Fundamentals of Power Electronics
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» As in full-bridge buck
topology, transformer volt-
second balance is obtained
over two switching periods.

» During first switching
period: transistors Q, and
Q, conduct for time DTy,
applying volt-seconds VDT,
to secondary winding.

* During next switching

period: transistors Q, and
Q; conduct for time DTy,
applying volt-seconds
—VDT, to secondary
winding.
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Conversion ratio M(D)

v (1) 4 Vv

Vg —V/n

i(t) a

Vg —-V/n

\/

T

conducting Q Q
devices: Q, Q,
Qs | Dy

Q

Fundamentals of Power Electronics

4— DTS—>§<— DT, —» tV

!
)

68

»
L]

Application of volt-second
balance to inductor voltage
waveform:

(W)=D (V) +D'(V,—V/n)=0

Solve for M(D):

-V _n
M(D)—Vg D’

—boost with turns ratio n
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Push-pull boost-derived converter

EEE— P
ng D
TFC Lin_ o
y e Io(t) +
—< g>—>—fi(t) ZSZSLZS\ T(? - . C—— R V
+vt - - I B s
vi(t)
+ . —
D2
I
-~ V_n
M(D) =X =1
0)=4 =5
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Push-pull converter based on Watkins-Johnson converter

EEE—— T
LQ:L
1:n Dy
TFLC r
, i .
—@——uwzj % E — C—= RgV
vl <
D,
|Q2
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6.3.6. Isolated versions of the SEPIC and Cuk converter

. L TTTT——
Ll Cl Dl
Basic nonisolated B 1.7, 2\ 1 > N
SEPIC
V, Ci) —”E L, C,—= RSV
1
L, D,
——/ 0500 \
Isolated SEPIC i) < ¥
+ ——
“O Ak G R3
1
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Isolated SEPIC

0 o .
() _l oL T s . (i, +i)/n
Q 2 it) —L 2 —
B 0
. 1deal ;
transformer
.____model
(D),
Il \/
M(D)=Y = 0D
v, D
|2 /\
DT, DT, t
conducting T,
devices: Q D,
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Inverse SEPIC

|  ——
Ql Cl L2
Nonisolated inverse 2 ” ST .
SEPIC _|_
v C’f) Ly D, & C,== RSV
g — 1 D ——
C
1:n Ii L,
Isolated inverse . . 11 857 +
SEPIC H
D, A C, == Rgv

Fundamentals of Power Electronics 73

Chapter 6: Converter circuits



Obtaining isolation in the Cuk converter

[ B |
L, L,
S 1.1, l 2113
Nonisolated Cuk 11 +
converter C,
VQCD —|EQ1 \ 4 C, == RSV
|_1 Cla C1b |_2
Split capacitor C, 5o = = = = S .
into series
capacitors C, o Q e
and C, Vo C—) _l ¥0, G == Rsv
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Isolated Cuk converter

EE B
Ll Cla C1b |_2
Insert transformer —v5o——] —on N
between capacitors
0 .
C,,and Cy v, Ci) Ll E H AD C =—— R § v
-V _nD
M(D) = = =" -
Vg D 1:n
Discussion

« Capacitors C,, and C,, ensure that no dc voltage is applied to transformer
primary or secondary windings

» Transformer functions in conventional manner, with small magnetizing
current and negligible energy storage within the magnetizing inductance
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6.4. Converter evaluation and design

For a given application, which converter topology is best?

There is no ultimate converter, perfectly suited for all possible
applications

Trade studies

* Rough designs of several converter topologies to meet the
given specifications

* An unbiased guantitative comparison of worst-case transistor
currents and voltages, transformer size, etc.

Comparison via switch stress, switch utilization, and semiconductor
cost

Spreadsheet design
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6.4.1. Switch stress and switch utilization

« Largest single cost in a converter is usually the cost of the active
semiconductor devices

» Conduction and switching losses associated with the active
semiconductor devices often dominate the other sources of loss

This suggests evaluating candidate converter approaches by
comparing the voltage and current stresses imposed on the active
semiconductor devices.

Minimization of total switch stresses leads to reduced loss, and to
minimization of the total silicon area required to realize the power
devices of the converter.

Fundamentals of Power Electronics " Chapter 6: Converter circuits



Total active switch stress S

In a converter having k active semiconductor devices, the total active
switch stress Sis defined as

Kk
S=2 V.1,
j=1

where
\% is the peak voltage applied to switch j,

l; is the rms current applied to switch j (peak current is also
sometimes used).

In a good design, the total active switch stress is minimized.
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Active switch utilization U

It is desired to minimize the total active switch stress, while
maximizing the output power P, .

The active switch utilization U is defined as

I:)I oad

U:S

The active switch utilization is the converter output power obtained per
unit of active switch stress. It is a converter figure-of-merit, which
measures how well a converter utilizes its semiconductor devices.

Active switch utilization is less than 1 in transformer-isolated
converters, and is a quantity to be maximized.

Converters having low switch utilizations require extra active silicon
area, and operate with relatively low efficiency.

Active switch utilization is a function of converter operating point.
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CCM flyback example: Determination of S

During subinterval 2, the
transistor blocks voltage Vq,
equal to V, plus the reflected
load voltage:
— — Vg
VQl,pk—Vg+V/n—ﬁ

Transistor current coincides
with i,(t). RMS value is

P
| — | / — load
Qe V, /D

Switch stress Sis
S: VQl,pk IQl,rms - (Vg + V / n) (I m)

Fundamentals of Power Electronics

0
DL —— «—DT,—
e - T,
conducting ; 5
devices: Q D,
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CCM flyback example: Determination of U

Express load power P, 4 In |
terms of V and I:

Poa=D'V & =0

load

Previously-derived

CCM flyback model

expression for S
S Vlek Qlrms — (V +V/n) (I F)

Hence switch utilization U is

U="=p' D

Fundamentals of Power Electronics 81
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Flyback example: switch utilization U(D)

For given V, V;, Pi,,q the
designer can arbitrarily
choose D. The turns ratio n
must then be chosen
according to

D'

D

_V

"V,
Single operating point

design: choose D = 1/3.

small D leads to large
transistor current

large D leads to large
transistor voltage

Fundamentals of Power Electronics

0.4

0.3

0.2

0.1

--------- maxU = 0.385 aD = 1/3
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Comparison of switch utilizations
of some common converters

Table 6.1. Active switch utilizations of some common dc-dc converters, single operating point.

Converter U(D) max U(D) max U(D)
occurs & D =
Buck VD 1 1
Boost D 00 0
VD

Buck-boost, flyback, nonisolated SEPIC, isolated D'VD 2 _0385 %
SEPIC, nonisolated Cuk, isolated Cuk 3V3
Forward, n, =n 1D 1 1
1 =N, 5 575 = 0353 .
Other isolated buck-derived converters  (full- JD 1 -0353 1
bridge, ha f-bridge, push-pull) 22 22
Isolated boost-cerived converters (full  bridge, ) % 0
push-pull) 2v1+D
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Switch utilization : Discussion

. Increasing the range of operating points leads to reduced switch utilization
. Buck converter

can operate with high switch utilization (U approaching 1) when D is
closeto 1

. Boost converter

can operate with high switch utilization (U approaching «) when D is
closeto 1

. Transformer isolation leads to reduced switch utilization
. Buck-derived transformer-isolated converters
U <0.353

should be designed to operate with D as large as other considerations
allow

transformer turns ratio can be chosen to optimize design
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Switch utilization: Discussion

Nonisolated and isolated versions of buck-boost, SEPIC, and Cuk
converters

U <0.385
Single-operating-point optimum occurs at D = 1/3

Nonisolated converters have lower switch utilizations than buck or
boost

Isolation can be obtained without penalizing switch utilization
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Active semiconductor cost vs. switch utilization

semiconductor device cost
per rated KVA

semiconductor cost

per KW output power | [ voltage | ( current | [ converter
derating | [ derating || switch
factor || factor | \utilization

(semiconductor device cost per rated kVA) = cost of device, divided by
product of rated blocking voltage and rms current, in $kVA. Typical
values are less than $1/kVA

(voltage derating factor) and (current derating factor) are required to obtain
reliable operation. Typical derating factors are 0.5 - 0.75

Typical cost of active semiconductor devices in an isolated dc-dc
converter: $1 - $10 per kW of output power.
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6.4.2. Converter design using computer spreadsheet

Given ranges of V, and P, , as well as desired value of V and other
guantities such as switching frequency, ripple, etc., there are two
basic engineering design tasks:

« Compare converter topologies and select the best for the given
specifications

* Optimize the design of a given converter

A computer spreadsheet is a very useful tool for this job. The results
of the steady-state converter analyses of chapters 1-6 can be entered,
and detailed design investigations can be quickly performed:

» Evaluation of worst-case stresses over a range of operating
points

» Evaluation of design tradeoffs
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Spreadsheet design example

Specifications * Input voltage: rectified 230Vrms

_ _ +20%
maximum input voltage V 390V
minimum input voltage V. .y * Regulated output of 15V
output voltage V 15V  Rated load power 200W
maximum load power P, 200W * Must operate at 10% load
minimum |oad power P, 20W  Select switching frequency of
switching frequency f. 100kHz 100kHz
maximum output ripple Av 0.1V « Output voltage ripple < 0.1V

Compare single-transistor forward and flyback converters in this application

Specifications are entered at top of spreadsheet
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Forward converter design, CCM

Design vaiables

turnsraio n;/ ng

B
D
n:n :n ’Zl L
+
H H D; A C——= R 5 V
Q
—|E y )
reset winding turns ratio n; / n, 1 » Design for CCM at full load;
0.125 may operate in DCM at
light load
2A ref to sec

Inductor current ripple Ai

Fundamentals of Power Electronics
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Flyback converter design, CCM

Design vaiables

turnsraio n,/ n;

Inductor current ripple Ai

Fundamentals of Power Electronics

<
D,

g

0.125
3A ref to sec

90

» Design for CCM at full load;
may operate in DCM at
light load
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Enter results of converter analysis into spreadsheet
(Forward converter example)

Maximum duty cycle occurs at minimum V, and maximum P,,.
Converter then operates in CCM, with

n, v
D -_1 VvV
n3 Vg
Inductor current ripple is
. _D'VT,
Al = 51
Solve for L:
D'VT
L = 2
2 Al

Ai is a design variable. For a given Ai, the equation above can be used
to determine L. To ensure CCM operation at full load, Ai should be

less than the full-load output current. C can be found in a similar
manner.
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Forward converter example, continued

Check for DCM at light load. The solution of the buck converter
operating in DCM is
n 2
V==V
n, °y1+4K/D?

with K=2L/RT, and R=V?/P,

These equations apply equally well to the forward converter, provided
that all quantities are referred to the transformer secondary side.

Solve for D:
_ 2VK . n .
D= : in DCM D=2Y  jncem
2n,V, 1 1 Ny Vg
nV ~|

at a given operating point, the actual duty cycle is the small of the
values calculated by the CCM and DCM equations above. Minimum D
occurs at minimum P4 and maximum V.
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More regarding forward converter example

Worst-case component stresses can now be evaluated.

Peak transistor voltage is
— nl
maX Vg, =V, [ 1+ n,

Rms transistor current is

|Qm:%mw2+(Ai)2/3zﬁml

1 1

(this neglects transformer magnetizing current)

Other component stresses can be found in a similar manner.
Magnetics design is left for a later chapter.
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Results: forward and flyback converter spreadsheets

B

Forward converter design, CCM Flyback converter design, CCM

Design vaiables Design variables
reset windng tums ration, / n, 1 tunsraio n,/ n, 0.125
turnsratio n;/ ny 0.125 incuctor current ripple Ai 3A ref to sec
inductor current ripple Ai 2A ref to sec

Results Results
maximum duty cycle D 0.462 maximum duty cycle D 0.316
minimum D, & full load 0.308 minimum D, &t full load 0.235
minimum D, a minimum load 0.251 minimum D, a& minimum load  0.179

Worst-case stresses Worst-case stresses
pesk transistor voltage vy 780V pesk transistor voltage vy 510V
rms transistor current iy, 1.13A rms transistor current iy 1.38A
transistor utilization U 0.226 transistor utilization U 0.284
pesk dode voltage v, 49V pesk dode voltage vy, 64V
rms dode current iy, 9.1A rms diode current iy, 16.3A
pesk dode voltage v, 49V pesk dode current iy, 22.2A
rms dode current ip, 11.1A
rms output capacitor current i 1.15A rms output capacitor current i 9.1A
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Discussion: transistor voltage

Flyback converter
Ideal peak transistor voltage: 510V

Actual peak voltage will be higher, due to ringing causes by
transformer leakage inductance

An 800V or 1000V MOSFET would have an adequate design margin

Forward converter
|Ideal peak transistor voltage: 780V, 53% greater than flyback

MOSFETSs having voltage rating greater than 1000V are not available
(in 1995) —when ringing due to transformer leakage inductance is
accounted for, this design will have an inadequate design margin

Fix: use two-transistor forward converter, or change reset winding
turns ratio

A conclusion: reset mechanism of flyback is superior to forward
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Discussion: rms transistor current

Forward
1.13A worst-case
transistor utilization 0.226
Flyback
1.38A worst case, 22% higher than forward
transistor utilization 0.284

CCM flyback exhibits higher peak and rms currents. Currents in DCM
flyback are even higher
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Discussion: secondary-side diode and capacitor stresses

Forward

peak diode voltage 49V

rms diode current 9.1A/11.1A

rms capacitor current 1.15A
Flyback

peak diode voltage 64V

rms diode current 16.3A

peak diode current 22.2A

rms capacitor current 9.1A

Secondary-side currents, especially capacitor currents, limit the
practical application of the flyback converter to situations where the load
current is not too great.
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Summary of key points

1. The boost converter can be viewed as an inverse buck

converter, while the buck-boost and Cuk converters arise from
cascade connections of buck and boost converters. The
properties of these converters are consistent with their origins.
Ac outputs can be obtained by differential connection of the
load. An infinite number of converters are possible, and several
are listed in this chapter.

For understanding the operation of most converters containing
transformers, the transformer can be modeled as a magnetizing
iInductance in parallel with an ideal transformer. The
magnetizing inductance must obey all of the usual rules for
iInductors, including the principle of volt-second balance.
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Summary of key points

3. The steady-state behavior of transformer-isolated converters

may be understood by first replacing the transformer with the
magnetizing-inductance-plus-ideal-transformer equivalent
circuit. The technigues developed in the previous chapters can
then be applied, including use of inductor volt-second balance
and capacitor charge balance to find dc currents and voltages,
use of equivalent circuits to model losses and efficiency, and
analysis of the discontinuous conduction mode.

In the full-bridge, half-bridge, and push-pull isolated versions of
the buck and/or boost converters, the transformer frequency is
twice the output ripple frequency. The transformer is reset while
it transfers energy: the applied voltage polarity alternates on
successive switching periods.
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Summary of key points

5. In the conventional forward converter, the transformer is reset while the
transistor is off. The transformer magnetizing inductance operates in the
discontinuous conduction mode, and the maximum duty cycle is limited.

6. The flyback converter is based on the buck-boost converter. The flyback
transformer is actually a two-winding inductor, which stores and transfers
energy.

7. The transformer turns ratio is an extra degree-of-freedom which the
designer can choose to optimize the converter design. Use of a computer
spreadsheet is an effective way to determine how the choice of turns ratio
affects the component voltage and current stresses.

8. Total active switch stress, and active switch utilization, are two simplified
figures-of-merit which can be used to compare the various converter
circuits.
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Part Il
Converter Dynamics and Control

7. AC equivalent circuit modeling
8. Converter transfer functions
9. Controller design

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

11. Current programmed control
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Chapter 7. AC Equivalent Circuit Modeling

7.1. Introduction

7.2. The basic ac modeling approach

7.3. Example: A nonideal flyback converter

7.4. State-space averaging

7.5. Circuit averaging and averaged switch modeling
7.6. The canonical circuit model

7.7. Modeling the pulse-width modulator

7.8. Summary of key points
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Objective: maintain v(t)

equal to an accurate,
constant value V.

There are
disturbances:

e in vg(t)
* iNR

There are
uncertainties:

e In element
values

. ian
* iNnR

Fundamentals of Power Electronics

7.1. Introduction

A simple dc-dc regulator system, employing a

buck converter
Power Switching converter Load
input e
1§ 560\ ™
w@® y § — VOSR
feedback
_ connection
A P
transistor
gate driver. compensator
S(t pulse-width V, e
® modulator[*| =20
3(t)a / ve(t) j voltage
%\/ referencel Vref
dTg Tg
Controller
3
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Applications of control in power electronics

Dc-dc converters
Regulate dc output voltage.

Control the duty cycle d(t) such that v(t) accurately follows a reference
signal v,.

Dc-ac inverters
Regulate an ac output voltage.

Control the duty cycle d(t) such that v(t) accurately follows a reference
signal v, 4 (t).

Ac-dc rectifiers
Regulate the dc output voltage.
Regulate the ac input current waveform.

Control the duty cycle d(t) such that i (t) accurately follows a reference
signal i.4(t), and v(t) accurately follows a reference signal v, .
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Objective of Part Il

Develop tools for modeling, analysis, and design of converter control
systems

Need dynamic models of converters:

How do ac variations in vy(t), R, or d(t) affect the output voltage
v(t)?

What are the small-signal transfer functions of the converter?

» Extend the steady-state converter models of Chapters 2 and 3, to
include CCM converter dynamics (Chapter 7)

» Construct converter small-signal transfer functions (Chapter 8)
» Design converter control systems (Chapter 9)
* Model converters operating in DCM (Chapter 10)

» Current-programmed control of converters (Chapter 11)
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Modeling

» Representation of physical behavior by mathematical means

* Model dominant behavior of system, ignore other insignificant
phenomena

» Simplified model yields physical insight, allowing engineer to design
system to operate in specified manner

» Approximations neglect small but complicating phenomena

» After basic insight has been gained, model can be refined (if it is
judged worthwhile to expend the engineering effort to do so), to
account for some of the previously neglected phenomena
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Neglecting the switching ripple

EEE—— TT——
Suppose the duty cycle The resulting variations in transistor gate
IS modulated drive signal and converter output voltage:
sinusoidally:
g_ate“
d(t) =D + D,, cos .t drive

where D and D, are

constants, |D,,|<<D,
and the modulation t
frequency w,, is much N
smaller than the actual waveform v(t)

converter switching includag ripple s
frequency w, = 21t W
k Y > averaged waveform <v(t)>

with ripple neglected *°

»
!

t
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Output voltage spectrum
with sinusoidal modulation of duty cycle

| T
modulation switching switchin
spec]itrurm frequency and its frequency and harmonigs
of v(t) harmonics sidebands
A

A a Jf Ny

» >
W, W W
Contains frequency components at: With small switching ripple, high-
« Modulation frequency and its frequency components (switching
harmonics harmonics and sidebands) are small.
« Switching frequency and its If ripple is neglected, then only low-
harmonics frequency components (modulation

« Sidebands of switching frequency frequency and harmonics) remain.
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Objective of ac converter modeling

» Predict how low-frequency variations in duty cycle induce low-
frequency variations in the converter voltages and currents

 Ignore the switching ripple
* Ignore complicated switching harmonics and sidebands
Approach:

* Remove switching harmonics by averaging all waveforms over one
switching period
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Averaging to remove switching ripple

Average over one switching
period to remove switching

ripple:
d{i (),
),
d{ve(®),.
C % = <IC(t)>TS
where

<xL(t)>Ts = % ftms (1) dt

S

Fundamentals of Power Electronics

10

Note that, in steady-state,

<VL(t)>TS =0
<iC(t)>TS =0

by inductor volt-second
balance and capacitor charge
balance.
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Nonlinear averaged equations

The averaged voltages and currents are, in general, nonlinear
functions of the converter duty cycle, voltages, and currents. Hence,
the averaged equations

d(i.(0),
),

d <VC(t)> T

C—ar = (i),

constitute a system of nonlinear differential equations.

Hence, must linearize by constructing a small-signal converter model.
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Small-signal modeling of the BJT

Nonlinear Ebers-Moll model

o C
i Beig| | | &
B
—»
B
Brig T A 4
s E

Fundamentals of Power Electronics
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Linearized small-signal model,
active region

(]
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Buck-boost converter:
nonlinear static control-to-output characteristic

D
0 0 05.5 1 C
guiescent
operating
i point Example: linearization
/J at the quiescent
N N 5 operating point
9 linearized D=05
function '
actual
nonlinear
V \ characteristic
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Result of averaged small-signal ac modeling

- TT——
Small-signal ac equivalent circuit model
. (vg—v)a(t)
1:D PN @ D':1 .
Vy(0) D | d(t) D (T ldt) ==c ) SR

buck-boost example
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7.2. The basic ac modeling approach

Buck-boost converter example

RS V()

0
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Switch In position 1

Inductor voltage and capacitor
current are:

dl(t)

w()=L Ve(1)
av(t) _ vt

w0 O

L C — R§ v(t)

Small ripple approximation: replace waveforms with their low-frequency

averaged values:

v =L 80 <y m)

avt) __ (VO),

io(t) =C =

Fundamentals of Power Electronics
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Switch In position 2

Inductor voltage and capacitor i(t)

current are:
vy(t) C) L C—/™ R 5 v(t)

v =L

dl(t) ()

o) =C dg(:) =—i(t) -

Small ripple approximation: replace waveforms with their low-frequency
averaged values:

v =L 90 = )
V(1))
o =c MV < <i(t)>Ts—< R>s
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7.2.1 Averaging the inductor waveforms

_— —_
Inductor voltage waveform v, (1) 4 <Vg(t)>T
Low-frequency average is - o
found by evaluation of <VL§)>TS =d <Vg(t)>TS +d (VD)
LT 0 dt. Tt
(x.(1)) =z x(t)dt . ]
S s Jt . <V('[)> —
Average the inductor voltage !

in this manner:

<VL(t)>-|-S = % | v (T)dt = d(t) <V9(t)>TS +d'(t) <V(t)>Ts
Insert into Eq. (7.2):
d<i t > This equation describes how
TS

(t)
L " s=di) (v.()) +d'®) (vt the low-frequency components
dt ( ) < g( )>Ts ( ) < ( )>TS of the inductor waveforms

evolve in time.
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7.2.2 Discussion of the averaging approximation

Use of the average inductor voltage

allows us to determine the net change
in inductor current over one switching
period, while neglecting the switching

ripple.

In steady-state, the average inductor
voltage is zero (volt-second balance),
and hence the inductor current
waveform is periodic: i(t + Ty = i(t).
There is no net change in inductor
current over one switching period.

During transients or ac variations, the
average inductor voltage is not zero in
general, and this leads to net variations
in inductor current.

Fundamentals of Power Electronics 19

<VL(t)>TS =d <Vg(t)>TS +d' <v(t)>Ts

—

A g
L ]
(),
i(t)
i(dT)
i(0) (Vo)r. (V). i(T)
L L
0 dT Tt

Inductor voltage and current

waveforms
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Net change In inductor current is correctly
predicted by the average inductor voltage

Inductor equation: :
Gt O

Divide by L and integrate over one switching period:
t+Tg 1 t+Tg
j di = i f v (T)dt

Left-hand side is the change in inductor current. Right-hand side can
be related to average inductor voltage by multiplying and dividing by T,

as follows:
i+ T =i = £ T {w),,

So the net change in inductor current over one switching period is
exactly equal to the period T, multiplied by the average slope v, 4, /L.

Fundamentals of Power Electronics 20 Chapter 7: AC equivalent circuit modeling



Average inductor voltage correctly predicts
average slope of i (t)

Actual waveform, Averaged waveform
Including ripple <i(t)>
TS

v,(t) V() /

I(t) 4

1I(0) I(Ty)
d <vg(t)> - d' (v(t)),
| L
0 d. T t

The net change in inductor current over one switching period is exactly
equal to the period Tg multiplied by the average slope [v, [§, /L.
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a(i0),
dt

We have
i(E+TY=i) = £ T (W),

Rearrange:

L I(t + T-F)S_ 1(t) — <VL(t)>TS

Define the derivative of [i [{, as (Euler formula):

di®):, it +T)—i(t)
da T.

Hence, d< ( )>
1(t
g = (o),

L
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Computing how the inductor current changes
over one switching period

B
i(t) a
Let's compute the actual /Ni\/
inductor current waveform, i(0) (Vg)r (V) i(TY
using the linear ripple A
approximation.
0 T, T. t
: : . : : <V9(t)>T
With switch in idty) = 1(0) + (dT,) O
.- —_— —— -—
position 1: —_—

(final value) = (initial value) + (length of interval) (average slope)

(<v<t>>Ts)

With switch in i(T) = i(dT.) + (d'Ts) C
position 2: — — —_— s
(final value) = (initial value) + (length of interval) (average slope)
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Net change in inductor current over one
switching period

E— —
Eliminate i(dT), to express i(Ty) T
directly as a function of i(0): 1I(TY =1(0) + f’ (d(t) <V9(t)>TS +d'(t) <v(t)>Ts)
\/_/
<VL(t)>TS
The intermediate step of Actual waveform, Averaged waveform
computing i(dTy) is eliminated. _ including ripple (i)
I(t) A Te
The final value i(T) is equal to V() v(t)
the initial value i(0), plusthe | | L =<t /
by the average slope D 5, /L (0= | )
d (%(0), +d V(D).
L
0 dT, T,
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7.2.3 Averaging the capacitor waveforms

Average capacitor current:

(vv),.

R

(V).

(i), = d(t) +d( (— (i), R

Collect terms, and equate to C dlv [, /dit:

d{u(), o {w),
C—gp =—dW <|(t)>TS— —
Fundamentals of Power Electronics 25

|

V(t) 4

v(0)+

W), (), (O],

RC ~ RC  C

Capacitor voltage and current
waveforms
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7.2.4 The average Input current

We found in Chapter 3 that it was
sometimes necessary to write an
equation for the average converter input
current, to derive a complete dc
equivalent circuit model. It is likewise
necessary to do this for the ac model.

Buck-boost input current waveform is

. f (i(t)), duringsubinterval 1
I,(t) = B
oV \ O  during subinterval 2

Average value:

<ig(t)>TS = d(t) <i(t)>Ts
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B |
Iy (i),
I
(i®)
0 0 .

0 dT, T, t
Converter input current
waveform
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7.2.5. Perturbation and linearization

Converter averaged equations:

ai),

L —g¢— =d® <Vg(t)>Ts + d'(t) <v(t)>TS
V), (VD)
C—g—=—d( <|(t)>TS— —

<ig(t)>TS =d(t) <i(t)>TS

—nonlinear because of multiplication of the time-varying quantity d(t)
with other time-varying quantities such as i(t) and v(t).
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Construct small-signal model:
Linearize about quiescent operating point

If the converter is driven with some steady-state, or quiescent, inputs
d(t)=D
<Vg(t)>Ts - Vg

then, from the analysis of Chapter 2, after transients have subsided
the inductor current, capacitor voltage, and input current

(IO, (VO)+, (i),

reach the quiescent values I, V, and |, given by the steady-state
analysis as

V=-2V,

|:_L
D'R

,=DI
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Perturbation

So let us assume that the input voltage and duty cycle are equal to
some given (dc) quiescent values, plus superimposed small ac
variations:

@MWEZW+%®
d(t) = D + d(t)
In response, and after any transients have subsided, the converter

dependent voltages and currents will be equal to the corresponding
guiescent values, plus small ac variations:

<W»u:'+“°
<WWE=V+W0
(ig0), =1+ 14t
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The small-signal assumption

If the ac variations are much smaller in magnitude than the respective

quiescent values,

| 9,(1)
d(t)
()
| o(t)
(1)

<<

<<

<<

<<

<<

then the nonlinear converter equations can be linearized.

Fundamentals of Power Electronics
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Perturbation of inductor equation

Insert the perturbed expressions into the inductor differential equation:

d(1 +i(t))
-

note that d' (t) is given by

d(t)=(1-d®]=1-(D+d®)=D'-d®)  withD' = 1-D

= (D +d(t)) (V, + ) + (D' = d()) (V +u(t))

Multiply out and collect terms:

O A
L ( dl, d'(t)) = (Dvg+ D'V) + (Dvg(t) +DV(t) + (V, - V) d(t)) + d(t) (vg(t)—V(t))

dt dt
I ———
\\//_/
Dc terms 1% order ac terms 2" order ac terms
(linear) (nonlinear)
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The perturbed inductor equation

O A
L ( d, d'(t)) = (DVg+ D'v) + (Dvg(t) +D(t) + (V, -V d(t)) + d(t) (vg(t)—va))

dt dt
—
\/_/
Dc terms 1% order ac terms 2" order ac terms
(linear) (nonlinear)

Since | is a constant (dc) term, its derivative is zero
The right-hand side contains three types of terms:
* Dc terms, containing only dc quantities

» First-order ac terms, containing a single ac quantity, usually
multiplied by a constant coefficient such as a dc term. These are
linear functions of the ac variations

» Second-order ac terms, containing products of ac quantities. These
are nonlinear, because they involve multiplication of ac quantities
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Neglect of second-order terms

L ( TR df(t)) = (DVg# DV +
N

dt dt

Dcterms

Provided | 9(t)| <<

() | <<
i(t)| <<
(t) | <<

(1) | <<

Fundamentals of Power Electronics

(D\?g(t) +D(t) + (V, -V d(t)) + d(t) (vg(t)—va))

\/_/
1% order ac terms 2" order ac terms
(linear) (nonlinear)

then the second-order ac terms are much
smaller than the first-order terms. For

example,

(1) 9,(0)| <<| D 9®)|  when |d()|<<D

So neglect second-order terms.
Also, dc terms on each side of equation

are equal.
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Linearized inductor equation

Upon discarding second-order terms, and removing dc terms (which
add to zero), we are left with

L % = DV,(t) + D'(t) + (vg —v) d(t)

This is the desired result: a linearized equation which describes small-
signal ac variations.

Note that the quiescent values D, D", V, V,, are treated as given
constants in the equation.
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Capacitor equation

Perturbation leads to

V + V(t V + v(t
AW 0)_ (o) 1 + o) - V2

Collect terms:

{22 Lo

o+ v (D|(t)-@+|a(t))+ dwie

Dcterms 1% order ac terms 2™ order ac term
(linear) (nonlinear)
Neglect second-order terms. Dc terms on both sides of equation are
equal. The following terms remain:
dv(t)

C— =-Di (t)—@+ 1d(t)

This is the desired small-signal linearized capacitor equation.
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Average Input current

Perturbation leads to

1o+ 14® =(D+d) (1 + i)

Collect terms:
, v 0 = (D) + [Dim+de) + doio

S~ ~——

Dcterm 1% order acterm Dcterm 1% order acterms 2™ order acterm
(linear) (nonlinear)

Neglect second-order terms. Dc terms on both sides of equation are
equal. The following first-order terms remain:

[ () = Di(t) + 1d()

This is the linearized small-signal equation which described the
converter input port.
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7.2.6. Construction of small-signal
equivalent circuit model

The linearized small-signal converter equations:

L % = DV,(t) + D'V(t) + (vg —v) d()
d . .
% = D) - Y& + 1d(t)

[y(t) = Di(t) + 1d(t)

Reconstruct equivalent circuit corresponding to these equations, in
manner similar to the process used in Chapter 3.
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Inductor loop equation

L % = Dy,(t) + D(D) + (V, = V) d(t)
. (vg—v) d(t)
Todiw) T @
L =t
Do) | * L | D)

T i
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Capacitor node equation

d , .
Y = o - "W +14(
av(t) N (t)
Cat Y R
D) | | | 1d@) @ C——= V) <SR
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Input port node equation

i (t) = Di(t) + 1d(t)

(1)
|

V,(t) | d(t) Dit)| |
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Complete equivalent circuit

EE B

Collect the three circuits: .

i V —v) d()

iy L [Vo

> T @ -

a,1) 1 d(t) D pim| | 1 o0 Do [, | ] orie D 1dy ==c W SR
Replace dependent sources with ideal dc transformers:
. (vg—v) d(t)
1:D EE @ D':1 -

w0 &) 1o Q) ] . - O ==c wer

Small-signal ac equivalent circuit model of the buck-boost converter
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7.2.7. Results for several basic converters

buck 1:D Véit) »_rm;p +
. . '®
Vy(t) D | d(t) c == RS )
boost L Vf(&) o
_r(s_nmf\ @, .
%0 ) 0w (@) c=/m RS
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Results for several basic converters

| TTTT——
buck-boost
1:D Mo D1
55— )
r(t) U/ +
9,() Cj | d(t) 1d) ==c ¥ SR

Fundamentals of Power Electronics 43 Chapter 7: AC equivalent circuit modeling



7.3. Example: a nonideal flyback converter

Flyback converter example

1:n D,
i (T) 4 + « MOSFET has on-
’ resistance R,
L - 1
— H CD= Rg VO « Flyback transformer
v,() CD has magnetizing
- inductance L, referred

to primary

—E o
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Circuits during subintervals 1 and 2

Flyback converter, with
transformer equivalent

circuit
Dl
g +
iy
C— R 5 v(t)

Fundamentals of Power Electronics

Subinterval 1

L
NGO N
N\s
Ron
Subinterval 2
"""" transformer model |
5+
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Subinterval 1

Circuit equations:

Vi(t) = V() —1(t) Ry

()= -

14(t) = 1(t)

Small ripple approximation:
V(1) = (V1)) = (i) Rey

v(t))-
= R> :

140 = (i),

Fundamentals of Power Electronics
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MOSFET conducts, diode is
reverse-biased
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Subinterval 2

Circuit equations:

MOERL
)=-" - Y
I,(t)=0 Vg

Small ripple approximation:

v(t)).
VL(t) :_< n> :
M), (V).

i(t)=0

Fundamentals of Power Electronics

MOSFET is off, diode
conducts
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Inductor waveforms

(1) 4 {Ya®); ~Ranli®)

Average inductor voltage:

.

(WD), = dO [ (%®), ~(i®),, Ron) +d(t) (

Hence, we can write:

(i) | V(D))
] <dt> > = d() (%(0)),,—d) (i(0))r, R —d(V) < n> S
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Capacitor waveforms

(D) 4 | _V V(D) 4 <i(t)>Ts <V(t)>Ts
________ A S— .
(1)
0k <C\>T _________________________________________________ R (V)
d, T. (V)
|\ ~ RC
—Vv/R % : -
0 dT T t

Average capacitor current:

<<>>) d()(<I<t>> <v<t>>TS)

R

(ic(®)), =d(® (

Hence, we can write:

<V(t)> <'(t)> V),

C—gr = =d0) R
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Input current waveform

______ Pl -
(1)
0 0 .
0 dT, T, t

Average input current:

<ig(t)>Ts = d(t) <i(t)>Ts
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The averaged converter equations

d(i(t)), _ v(),
L < dt> ® = d(t) <vg(t)>Ts—d(t) <|(t)>Ts R, —d'(t) < n> s
d(vt),, _ (i), ().,
C g - dt) —m— - R
<ig(t)>TS =d(t) <i(t)>Ts
— a system of nonlinear differential equations
Next step: perturbation and linearization. Let
@MWT:W+%® <W»E=Hﬁm
d(t) = D +d(t) (V(t)), =V +(t)

S

(ig0), =1+ 141
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Perturbation of the averaged inductor equation

dlit t
L <I((jt) i d@®) (vs0),., = dO (i(V), R = ')