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In the mid-1960s, it was popular to say that switch-mode power supplies
were always one microsecond away from disaster. And there was plenty
of evidence to support this seemingly cynical comment. Even the manu-
facturers themselves did not understand completely the various failure
mechanisms of their new bipolar power transistors. Users were con-
tributing to the problem by doing things like connecting these devices in
parallel for increased power-handling capability, and using “seat of the
pants” frequency compensation techniques for stability. Designs that
seemed to work in the lab failed in the field. On the other hand, if the
design worked well in the field, the designers often had no idea why it did.
In fact, they may not have been so-called power supply designers at all,
but rather general-purpose engineers who had to design their own power
supplies as a "necessary evil” along with their other “*more important™
modules, Or they may have been young engineers who were handed power
supply designs as learning experiences because their bosses thought this
would be simple. Therefore, despite the apparent size, weight, and effi-
ciency advantages of switch-mode power supplies, it took many yvears for
them to become generally accepted.

By contrast, today we take the high reliability of switch-mode power
supplies for granted. Materials are better. Devices are better and are bet-
ter understood. Integrated circuit controllers, well supported by excellent
application notes, are now available. The fact that power supply reliabil-
ity depends upon good manufacturing processes and good mechanical/
thermal design, as well as good electrical design, is better recognized. Fur-
thermore, power supply design, as part of the more inclusive field of power
¢lectronics, has become recognized ns a bona-fide branch of electrical engi-
neering. A young power supply designer today is likely to be # member of
a well-managed, centralized power supply design-engineering staff, and
is likely to have taken power electronics classes while in school.

Another key ingredient in reliable power supply design is reliable,
easy-to-use simulation models. The early SPICE models that were geared
for the burgeoning microelectronics revolution, and that may be appro-
priate for analyzing switching behavior over a single cycle, are not as
appropriate for analyzing power supply step-load response or stability
margin, for example. Today, the integrity of these switch-mode power sup-
ply simulation models is high enough that even engineers who are non-
experts in detailed power supply behavior per se can design reliable
switch-mode power supplies. This last point will become increasingly
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important as the next-generation microelectronic supply voltages become
lower and lower, dictating an increasingly distributed power conversion
architecture, to the point where in many cases it will be difficult to tell
exactly where the power supply leaves off and the user electronics begin.

In this book, Christophe Basso takes a unique, refreshing, all-inclusive
approach to switch-mode power supply modeling, with emphasis on
SPICE-derived models because of their ease of use. As an application engi-
neer by profession, he consistently takes the user’s point of view, provid-
ing the information necessary to understand basic concepts while leaving
the details to the references. After tracing the historical development of
these models, he provides comparisons that highlight their relative
strengths and weaknesses. Christophe Basso then models some of the
most common switch-mode power supply topologies, including the BUCK,
BOOST, BUCK-BOOST, and SEPIC, which is enjoying a revival of sorts
because of its applicability to distributed power supplies. Enough detail
is provided to enable the user to apply these models to topologies not
included in the book as well.

The specific chapter titles are:

m Overview

m Generic Models for Faster Simulations

® Topology-by-Topology Simulation Recipes
m More Complex Simulations
Self-Oscillating Power Supplies

In addition, there are four appendixes:

Applying the K Factor for Quick Pole-Zero Compensation

Feeding the Transformers Models with Physical Values

Conducted EMI Filter Design

CD-ROM Content

A CD-ROM is included with the boolk, and a Web site is planned, which
will enable the user to download additional models on a continuing basis,
and to feed back questions, comments, and lessons learned. Switch-Mode

Power Supply SPICE Cookbook represents a welcome, easy-to-read,
results-oriented addition to the power supply design literature.

Daxier M. MrreaeLL
DM Mrrcuery CoxsuLTanTs
Cepar Rarins, Iowa, USA
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Chapter 1

User friendliness is a key factor for the commercial success of any simula-
tion program. The growing complexity of integrated circuits and equipment
make this aspect more and more important. Despite numerous publications
devoted to the Simulation Program with Integrated Circuit Emphasis
(SPICE), it still frightens the novice when its name is pronounced.

Developed in the mid-1970s by the University of California, Berkeley, the
primary aim of the SPICE program was to fulfill the needs of the electron-
ies industry—mainly integrated circuit makers. However, with the support
and funds from private editors, the SPICE program has evolved over a
number of years into many practical and affordable packages, with empha-
sis on providing both low-priced and [riendly access to beginners.

The performance of SPICE can significantly help you speed up the
design phase of the equipment you are currently working on, even if SPICE
is not able to generate an electronic schematic by itself! Thus, the faster the
IC is designed, the quicker it will be operational on the market and, of
course, the bigger the smile will be that appears on your boss's fuce. More-
over, SPICE is inherently efficient because if you start working with an
unfamiliar concept, it will enable you to quickly grasp the full meaning of
any particular architecture.

For instance, what would happen if you, the company’s analog or micro-
processor expert, were suddenly told to replace the universal 2.2uF in
series with the mains by a Switch-Mode Power Supply (SMPS) because it is
cheaper and more reliable? This results in you not having time to spare in
“gruide” books that will only give you headaches instead of helping you. This
book has been written so newcomers to the power electronics world can
overcome any SMPS design questions.

“Do You Really Need to Simulate?”

How many times have you heard this query when asking for a simulation
package or a new computer? The following statements do not represent an
exhaustive list of pros about computer simulation, but they can certainly be
thought of as a “help list” available during the negotiations,

1. Here is an argument: Simulation can avoid wasting of time and money,
With its inherent iterative power, SPICE covers numerous application
cases in which you could easily detect any design flaw or product
weakness. The stability of a closed-loop SMPS represents a typical
application when some key feedback elements are moving (that is, the
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variable load that affects a pole), or start to degrade with temperature
and aging (as the electrolytic Equivalent Series Resistor). Moreover,
design ideas can also be tested or assessed in a snapshot through a
computer and, if they are worth the shot, be further refined in the lab.

2. Simulate test measurements whenever you do not own the adequate
equipment: a high-voltage floating probe (in bridge applications), a
network analyzer (to evaluate an SMPS bandwidth), and so on.

3. Power libraries are safe: they let you experiment “what if” when amps
and kV are flowing in the circuit without explosion in the case of a
wrong connection!

What You Will Find in the
Following Pages

The advantages of the power of SPICE are thoroughly detailed in this book.
This will help you understand, simulate, test, and finally improve the
Switch-Mode Power Supply (SMPS) you want to design. By providing you
with specific simulation recipes, this work intends to facilitate as much as
possible for your SMPS design stage and in particular, in the following

areas;

® AC responses with average, small, or large signal models
® Breadboard like simulations with generic transient models
® Writing the model of your own switch-mode controller

® Audio susceptibility, output impedances measurements, and so on in
voltage-mode or current mode

m Effects of leakage elements, clamp calculation, and so on.

The first chapter explains how average models were derived. A good com-
prehension of this chapter is fundamental; it will help you question weird
SPICE data, resulting from a bad model implementation. If you do not
understand the way the model has been derived, you will obviously face
some difficulties in solving these issues. In this chapter, you will also learn
the way to wire an average model and run basic simulations. Since every
integrated 1C does not always come with a SPICE model, Chapter 2 will
describe how the generic switched models were derived. The reading of this
chapter will interest the reader who wants to strengthen his knowledge in
SPICE model writing. The remaining chapters give you the recipes to apply
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if you want to simulate standard topologies by combining the averaged and
switched models previously described.

When discussing SPICE simulations, one of the greatest issues takes
root in the version syntax. Most SPICE editors deal with a proprietary syn-
tax, sometimes SPICES conformant, that makes translation from one plat-
form to another a difficult and painful exercise. To allow the use of different
simulators, the standard models presented throughout the pages are com-
patible with Intusoft [sSpice (San-Pedro, CA), CADENCE’s PSpice (Irvine,
CA), and Spectrum Software’s Micro-Cap (Sunnyvale, CA). From time to
time, some specific key syntax will also be declined into a different platform
{or SPICE revision) to help you make a translation whenever needed.

To help you quickly copy/paste the examples, we have included a CD-
ROM in this book, The entire Chapter 3 simulation templates are offered in
IeSpice/PSpice/Micro-Cap syntax, and you can easily load them onto your
computer if you are equipped with one of these softwares. For students or
newcomers to the SPICE world, we have included the demonstration ver-
sions of these editors. They let you open the aforementioned files and sim-
ulate some of them (those demos are size limited) to give you a taste of what
the full version can do. In the very last portion of this book, we introduce
PSIM from Powersim Technologies (Canada), which has specifically been
developed for power electronic circuits, A working demo version is also part
of the CD.

What You Will NOT Find in
This Book

This book does not describe the way that SPICE operates, neither does it
solve typical electrical circuits. It assumes that the reader is already famil-
iar with the basics of SPICE simulations. Numerous books and papers are
available on the subject, as the bibliography details (27, 30, 31]. Similarly,
the author will not spend too much time on the description of the studied
topologies. Whenever possible, the extended bibliography will guide your
choice if you wish to strengthen your knowledge on a particular domain [15,
20, 21]. If some of the theoretical results are sometimes delivered “as is,” we
strongly encourage the reader to further dig into the appropriate literature
and acquire the theory that precedes the result.

The book also only focuses on a system approach. No SPICE description of
typical discrete power elements such as diodes, MOSFETS, and o on is proposed.
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After this brief introduction, it is time to plunge into the intricacy of the
SMPS SPICE simulations.

What Kind of Models Are
Available?

Any SMPS is made of switching elements (MOSFETS, diodes, IGBTs, and
so on) and storage components (inductors and capacitors). The way you
arrange these elements together leads you to a given fopology. We can
define three basic topologies from which others are derived:

# The BUCK: Use this converter when you need to have an output
voltage lower than the inpul one, without any galvanie isolation. An
extension from this first topology is the FORWARD converter, which
eombines a transformer to provide the end user with isolation. Further
extensions are possible, like the half-bridge, the full-bridge, and the
push-pull. In these devices, the energy transfer takes place during the
time the main switch is closed.

# The BOOST: This topology will make the output voltage higher than
the input one, There is no galvanic isolation.

# The BUCK-BOOST: When you need to either decrease or elevate the
output voltage, the BUCK-BOOST is a possible choice, but to the
penalty of a negative output voltage (by reference to the input ground),
To overcome its lack of isolation, the FLYBACK topology can be used,
this time without any polarity restrictions. In these two last converters,
the input to output energy process occurs al the switch opening.

# The Single Ended Primary Inductance Converter (SEPIC): The
Single Ended Primary Inductance Converter finds high-volume
applications in portable handsets (for example, GSM phones) where
you need to either boost or decrease the battery voltage without
inverting the output voltage.

Each basic topology requires an independent model that can be ex-
panded by the adjunction of an external transformer to generate FOR-
WARDSs, FULL-BRIDGE, ete., and 80 on. We will describe each model
separately in the coming pages. However, depending on the performance or
defaults you wish to highlight, two different model approaches are at your
disposal: average models or switched models,
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A switched model is a way to simulate the behavior of an electrical circuit
exactly as if you were building it on a breadboard. The semiconductor mod-
¢ls, the transformer, its nssociated leakage elements, the peripheral ele-
ments, and so on will be included. In this case, the time variable t is of
primary importance because it governs the overall circuit operation and
performances such as semiconductor losses, ringing spikes due to parasitic,
and stray elements, and so on. Because SMPS usually works at high fre-
quencies, the simulation of response times in the order of milliseconds ean
be computationally high, leading to prohibitive analysis times. Keep in
mind that SPICE acts like a sample-and-hold system that continuously
adjusts its internal timestep depending on the dl/dt or dV/dt the analyzed
circuit is the seat of. Furthermore, transient analysis does not easily lend
itself to AC transfer function evaluations.

On the other hand, average models represent a method in which the
switching component has disappeared in favor of a unique state equation
describing the average behavior of the system; in a switching system, a set
of linear equations describes the circuit's electrical characteristics for the
two stable positions of the ON or OFF switch(es) (Figure 1-1d for a BUCK
converter). Please note that a third interval also exists when the converter
leaves the Continuous Conduction Mode (CCM) and then enters the Dis-
continuous Conduction Mode (DCM). How do you properly link the two (or
three in DCM) matrixes? A method such as the State-Space-Averaging
{SSA) technique, (introduced by Middlebrook and Cuk in the 1980s, [1]) con-
sists in smoothing the discontinuity associated with the transitions of the
switch(es) between these states. The result is a set of continuous nonlinear
equations in which the state equation coefficients now depend upon the
duty cycles d and d’ (1-d). A linearization process around a stable operating
point finally leads to a set of continuous linear equations. The reader inter-
ested by an in-depth description of these methods will find all the necessary
information in a very instructive book written by D. M. Mitchell [2], As we
will further see, the SSA is a) a long and rather complicated process b) a
long process because you restart from seratch every time you modify the
converter's configuration (for example, when you add an input filter). For-
tunately, as the following paragraphs describe, the SSA is not the unique
method in effect to deliver the small-signal characteristics of a type of con-
verter.

Following are the advantages and drawbacks of both model types.
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B W Average Models

# Small-signal response: Draw Bode or Nyquist plots in a snapshot and
assess the stability.

& Input and output impedance plots: In the first case, verify the stability
when adding an input filter.

® No switching component: Simulation results are immediate.

# You can visualize long, transient effects of several tens milliseconds.

(for example, in a low bandwidth system like a Power Factor
Carrector).

= It is difficult to see the effects of parasitic elements, although some
good models now include them.

* You cannot evaluate the switching losses of semiconductors.

Transient Models

# They can include parasitic elements: See the effect of the leakage
inductance and quantify the main switch voltage stress or the poor
resulting cross-regulation.

u Propagation delays can be accurately modeled: What is my real final
peak current when it takes 150ns to fully propagate the internal latch
reset and finally open the power switch?

# Ripple levels and sampling effects are easily revealed by transient
simulations.

® You can precisely evaluate conduction losses, RMS, Average levels, etc.

* Because of the numerous switching events, the simulation time can
be very long.

* Transient response is difficult to assess in low-bandwidth
applications.

The following paragraphs briefly detail how most known average models

can be used or derived. We deliberately emphasized the latest model
description (GSIM) because this is the one we will principally use.
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Understanding What Averaged
Quantity Means

As you will discover in the following chapters, several options exist to model
or derive the small-signal equivalent circuit of a given topology: a) you
either write the state equations corresponding to the two switch(es) posi-
tions and average them over a switching cycle, or b) you directly average the
converter waveforms, The common denominator of those methods remains
the final small-signal linearization needed to extract the equivalent model.
The first method, a), is described through the State-Space Averaging (SSA)
technique, while the other options include eircuit averaging and averaged
switch modeling,

To clarify the concept, let us explain what “averaged” means: this usually
means that a period of a periodic time function (for example, the switch cur-
rent in a converter) is integrated during a cycle and divided by the duration
of that cycle. Thus, the averaged function is a succession of separate discrete
values. If you replace that diserete function with a continuous function that
has the same values as the averaged function at the end of each period and
is essentially smooth, then you get an “averaged and continuous” represen-
tation of the original function. This concept is described in Figure 1-1a. You
see how a waveform, for instance, the duty-cyele evolution in an AC modu-
lated converter, is smoothed over the discrete average values. The duty-
cycle is modulated following the law d(t) = Dy + D,, . cosw, t. Dy, which
represents the steady-state duty-cycle corresponding to a given operating
point. Both Dy and D, are constant with the condition |Dm| << Dy
implying that the system under study stays linear in the modulated region.
Finally, the modulation frequency wm is much smaller than the converter
switching frequency. The averaged and continuous function is similar to the
filtered waveform, but is not exactly the same, because it is a mathematical
abstraction rather than a real time-dependent physical variable. As Figure
1-1a shows, the ripple has been neglected.

In the average circuit modeling technique, the exercise lies in isolating
and replacing the switch network with a set of current and voltage sources
whose electrical architecture do not vary with time. If we take the example
of the BOOST converter, we can redraw its electrical schematic highlight-
ing the aforementioned sources, now ecalled v,(t) and i(t); Figure 1-1b
depicts this concept.

When the switch closes during the ON time (or d.Ts), v\(t) = i,(t) = 0. At
the switch opening (during d'.Ts), v,(t) appears across its connections because
of the diode conduction and ift) = i,(t). Figure 1-1c graphically represents
these waveforms, Now let us average the signals over a switching evele:
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By plugging these averaged equations into the Figure 1-1b model, we
obtain a nonlinear circuit-averaged model for the BOOST converter. The
next step would consist in perturbing and linearizing the equations to
extract the final small-signal model and its electrical representation. Ref-
erence [21] thoroughly covers all of these important modeling aspects,
including current-mode and resonant switches,
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. . -
Figure 1-1c

The time-dependent
generator waveforms
are made identical 1o
those of the original
BOOST.

Chapter 1

State Space Averaged Models

To give you a small taste of the SSA technique, we have presented a simple
BUCK converter and highlighted the sfate variables. State variables are
usually associated with storage elements like capacitors and inductors, If
we know the state of these variables at a given time, (for example, at t = 0)
then we should be able to solve the system equations for other t > t,. (See
Figure 1-1d.)

You first need to write the classical node/mesh equations, then rearrange
them to reveal the state variables: x1 the inductor current and x2 the capac-
itor voltage. You have as many state variables as storage elements (the
number of storage elements also directly gives the order of the eircuit), The
object of the development is to make the equations fit the universal format:

1
x(t) = Ax(t) + Bu(t) where x(t) = % feg. 1.1k A is called the state

coefficient matrix and B represents the source or input coefficient matrix.
As previously stated, we make the distinction between two switching cases
(assume we are in CCM):
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State 1: Sw closed, diode open. Solve the equation with the state variables
x1 and x2 in order to find their respective derivatives:

.—":‘g‘r&l = — %.xﬂ + ‘T.l;vuin {eqg. 1.2)

R —" .
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dx2 _ 1.1 |
@ Cont P Rioad Cout. > (eq. 1.3)
1 1
u -1 3 %
A= 5 B1 - [L }
€ Rout.Cout 0

State 2: Sw open, diode closed. Again, solve the equation with the state
variables x1 and x2 in order to find their respective derivatives:

@ (eq. 1.4)
daes e | )
= Cowt ** ~ Rload Cout ** ‘ (eq. 1.5)
0 - :: 0
A2 = 1 1 B2 =
C  Rout.Cout 0 N

\\

At this point, we need to link both states: A1 and A2, B1 and B2. If yod
look at the BUCK schematic and the equations we wrote, you certainly
would remark that A1 and B1 apply for the first (ON) interval, or during
dth of the switching time, while A2 and B2 exist during the (I-d/th (OFF)
switching time interval, Using this remark, we can combine both matrixes
by the following equations:

A=Ald + A2(1 - d) (eq. 1.6)
B = Bld + B2(1 - d) (eq. L.7)

These equations would be linear if d and (I1-d) were constant. However,
in a normal application, this is not the case because some of the state vari-
ables (x2 in our BUCK) are fed back to a control 1C. This chain continuously
adjusts d in order to keep the output voltage constant. In sum, we have
transformed a set of two distinet linear equations into a set of nonlinear but
continuous equations. However, keep in mind that this SSA process holds
only if the time constants of the circuit are very large compared to the
switching frequency.
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To end the process, we need to linearize the system across a given oper-
ating point. Classically, we replace the variables with a static portion (a
fixed DC level) associated with a small amplitude modulation (also noted
with a small #): d — Dy + d,.. The same applies for the input voltage and
the state variables. An equivalent small-signal is further derived and you
can caleulate all the necessary transfer functions. Reference [2] documents
the nﬁfﬁplete process (including current-mode converters), and we encour-
age the reader to read it thoroughly.

A bit of historical background: In 1978, R. Keller was the first to apply
the Middlebrook/Citk theory to a SPICE simulator [3]. AT this time, the
maodels developed by R. Keller required some manual computation of para-
meters in order to provide the simulator with key information such as the
DC operating point, for instance. Finally, the simulation was only valid for
small signal variations and continuous conduction mode.

Dr. Vincent Bello was the first person, two years later, to port Middle-
brook’s nonlinear state-space averaged models to the SPICE domain [4]. In
BELLO's models, the previous AC cross-products terms were no longer
neglected. Instead, they were dynamically multiplied by some POLY
SPICE2 statements. Large-signal variations could then be simulated that
allowed the user to visualize the effects of a 0 to 100% duty-cycle sweep.
These Large-Signal Models (LSM) are best suited for Transient runs.

The Voltage-Mode PWM Switch

In 1986, Vatehé Vorperian, from Virginia Polytechnie Institute (VPEC,
USA), developed the conpept of the Pulse Width Modulation (PWM) switch
model [5]. At about the same time, Larry Meares from Intusoft also pre-
sented a paper in which the approach of the PWM switch was also
explored, although in a less comprehensive manner since CCM was the
only case Meares covered [6]. These gentlemen considered modeling the
power switch alone (averaged switch modeling technique) to finally insert
an equivalent umqll-uignnl. three-terminal model (nodes A, P, and C) into
the converter Schematic: exactly the same way as when you study the
transfer function of a bipolar amplifier. The analysis is considérably sim-
plified given that no more average or linearization process is required; put
the small-signal model in place and solve the equations to derive the para-
maoters of your choice! With this method, Vorperian demonstrated, among
other results, that the Flyback converter operating in DCM was still a
second-order system, affected by a high-frequency Right-Half Plane zero.
This result was not correctly predicted by SSA; the third interval in DCM
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Chapter 1
(the deadtime) causes the state variable x1 to disappear. People considered
the BUCK or BUCK-BOOST to be a true first-order system. However, as
referenpge (8] details, a recent reexamination of the original SSA process
leads to slightly different results compared to those found by Vorperian
and Meares.

Since its introduction, the PWM switch has not been the object of many
publications in specialized press, and some designers may think that its use
is only reserved to modeling experts. Because its implementation is easy
and powerful, we will go through a short example, but without entering into
the details of its electrical origins.

The simplified small-signal PWM switch model operating in CCM is pre-
sented in Figure 1-2a.

To highlight its use, we will stick to reference [51's BOOST example,
which appears in Figure 1-2b. In the following example, we will study the
DC input audiosusceptibility -i};ﬂ_n or using Vorperian's notation: 5—;. For
that purpose, the sources related to the dynamic duty-cycle *d” disappear
and only the static DC values are kept in place (D and D). If you wish to

detail the transfer function %, gimply put these sourqes back to the
schematic and solve for the equations.

Vap.d/D D.D.re

A LAM—C
9 :
lc.d H
._’.l P
1:D
Jut Lf : Vo
c k > P
+ = rcf
O ve §n
A ct
T
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When SPICE computes the DC point of any circuit, it first removes the
capacitors and shorts the inductors. We will apply the same technique to
Figure 1-2b while wiring the PWM model depicted by Figure 1-2a. The
result appears in Figure 1-2¢, where

rCf = output capacitor’s ESR

rLf = inductor series resistor

re = R/ rCf

D=1-D

R = output load

Vg = input voltage

Different approaches exist to solve this kind of circuit where the trans-
former is not commonly wired: the classie brute force approach, using nodal
and loop equations, or the soft approach that consists of transforming the
schematic until a well-known structure is found. Generally speaking, the
first method usually leads to correct but abstruse results in which the
action of a*component inside the considered function is not obvious.
Inversely, the soft method produces so-called low-entropy expressions [7]
and yields insight into the circuit under study.

Let us adopt the second method, thus redrawing a simplified version of
Figure 1-2¢ as represented in Figure 1-3a.

We first mark the currents, keeping in mind that a current entering a
winding by a dot leaves the coupled winding by the other dot in the same
direction.

The Vo/Vg transfier function is easily obtained after a few lines:

Ve-Vi=Vo
Vi=-%Vo-D

Vo
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Figure 1-3a

The intermediate step
helps us understand
how the circuit
operales

Ve+Vo-D=Vo
Vg = Vo — Vo - D so Vo/Vg = 141 ~ D) or Vo/Vg = /D’ (eq. 1.8)

The input impedance, or the way Ro is reflected across 'i:;g (Req), is also
simple to derive:
N1.I1 = N2.12. Because 11 = \’gffi‘::q, it is possible to write the following
N1 - Vg/Req = N2.12.
From KirchhofT's law, 12 = 11 ~ I3, with I3 = Vo/Ro
By definition, N1 = Det N2 = 1
D - Vg/Req = Vg/Req — Vo/Ro
D - Vg/Req = (Vg - Ro - Req  VoM(Req * Ro).

Simplifying by Req:

D« Vg = Vg - (Req - Vo)Ro

Vg/Vo - (1 — D) = Reg/Ro.

From equation (eq. 1.8} Vg/Vo = 1 — D, so:
Req = Ro - D™ (eq. 1.9)

The I3/11 ratio is important to feed the model with its DC operating
points as we will later see. If Pin = Po, one can write Vg.I1=Vo.I3, so I1/13
= Vo/Vg = 1/D". Back to Vorperian's model of Figure 1-2b, Ie = -I1 = —-Io
/D (eq. 1-10).

With these simple formulas, Figure 1-3b represents our DC BOOST
where Ro has been reflected according to equation (1.9):
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if DD'Re Vg’

Rt v
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=

We are in the presence of a simple resistive divider whose output Vg’
undergoes a 1/D' multiplier ratio (1.8). Thus, the DC Vo/Vg transfer function
is really straightforward. So, after factoring the R - D™ term
Vo 1 1

T = g e —— — = M (eq. 1.11)
ve o, , "  rD

(e}

A
L

Now, let's turn into AC analysis or audio susceptibility (how Vout varies
when Vin moves). We put the capacitors and inductors in place, as Figure 1-
4a shows.

This structure is still not very convenient. For the next step, we will
reflect all the components located on the right side of Figure 1-4a to the
“primary” side of the transformer. It is easy with equation (1.9).

Figure 1-4b reveals a classical LC filter affected by its parasitic elements,
once again followed by a 1/D’ multiplier. Since we want to obtain the Va/Vg
transfer function but also the input or output impedances (further noted Z,,
and Z,_,) parameters of this circuit, a good method is to use matrix algebra.
Matrix algebra is well suited for numerical computations on a computer,
and SPICE makes an extensive use of it. It is true that the symbolic answer
given by a transfer matrix does not give the designer much insight into the
circuit’s operation. However, one remarkable point is that once you found
the matrix coefficients, the resulting transfer matrix contains, in one shot,
all the parameters of interest (see Figure 1-5a),

If matrixes require constant attention when you manipulate them by
hand, it becomes child's play when you use some mathematics programs
such as Mathsoft's Mathead (Cambridge, MA).

To solve Figure 1-4b's problem, we draw a simplified schematic of the LC
filter (Figure 1-5b) where we put state (x) and output variables (y).
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r.f D.D'Re Lf D 5P
=l
Vg C)‘ = § R

if DD.Re  Lf
A AN —

e D -~
W |' | \-vﬂ‘
' et S :
: 2
vg O T §n.a*
cnn'z_!_
4
Yils)  Yi(s)
Ulls) U2(5)
T(s) =
Y2is)  Y2(s)

Ulls)  U2(8) | Ty4= 2 Ton = VoV T2z = 2oy

Theory dictates that the generalized transfer function T(s) of a n™ order
linear passive system is: T{(s) = [M (sI-A¥' B + N] (1.12), where A and M are
the state coefficient matrixes, B and N the source coefficient matrixes [2].
The steps will be to write the state and output equations, ordered as
follows:

State equations
e _R2-R3 1 (_ R 55
xl—L Ri+{R2+R3} 1+L(R2+R3 1)::2+Lu1
1 R2-R3
“L'Re+ Ry
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I N . R1 x1 L
Figure 1-5b
Asimplified version of
Fhgure 1-4b circuit
eases the math y1 M
EXpressions, 4 R2
ut R3 |¥2 @T u2
C ./ |x2
- R3 o 1 D R3 :
2=Rz+R3).C* C-(R2+R3) ° C-(R2+R3) 2

(eq. 1.13) (eq. 1.14)

Qutput equations

¥l =2x1

: ___R3 R3 (Yt
Yﬂ-x1-R3-(1 R2+R3)+R2+R3-x2+u2-113 (1 R2+R3)

(eq. 1.15) (eq. 1.16)

Now feed Mathcad with these coefficients and write the generalized
equation as depicted by (1.17)

_R1:-R2 + R1-R3 + R2-R3 - R3

1 0
- (R2 + R3)-L (R2 + R3)-L v | Ra-R2 R3
i RS i R2 + R3 R2 + R3

(R2 + R3)-C " C-(R2 + R3)
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& - R2-Ra
L (R2 + R3)-L 0 0
B= Ao
o R3 0 R2-R3
C-(R2 + R3) R2 + R3
T(s) = [M-(sl = A)"'-B + N] (eq. 1.17)

The final results delivered by the software are in a clear ordered form.
Vo/Vg ratio is extracted from Figure 1-5a's matrix transfer, Ty,

1+s-C-R2
2.1.0.( R3+R2 L+ C-(R2-R3 + R3-R1 + R1-R2)
ELC(R1+R3)+[ R1+ R3 +

(eq. 1.18)
1

After replacing the elements by Figure 1-4b's values and putting the
equation into a second order form, we extract the first zero s,; and the tun-

ing frequency wy:
As previously calculated, M=(1/1 - D)- R3/(R1 + R3) (eq. 1.19)
Second-order general function: - : (eq. 1.20)
(i) =241
0 wo - G

After identifying:
1st zero; w,, = YR2-C leq. 1.21)
Tuning frequency;
s*-L-C-(R2 + R3)/R1 + R3 = s*/w," = wy =

1 _\/Rl +R3_ 1 [f+reD-D'+DTR o0
VL-c VR2+R3 /.c rCf + R b
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Z,and Z_, can be immediately deducted the same way. To obtain the
Vo/d AC transfer function, you now add the dynamic sources (Figure 1-2a)
and rearrange the schematic until a known structure is found, exactly as
we previously did. Discontinuous Conduction Mode (DCM) study would
have required the use of the appropriate PWM switch model, but the prin-
ciple remains the same,

Despite the fact that the primary intent of Vorperian’s model was educa-
tional, his model lends itself well to SPCE simulations as we will later see.

The Switched Inductor Model

In the 1990s, Sam Ben-Yaakov from the Ben-Gurion University of the
Negev (Israel) introduced the concept of the Switched Inductor Model (SIM)
[9]. His approach is similar to the PWM switch concept except that Ben-
Yaakov includes the inductor as part of his model. As a first result, his
model is topology independent. If you look at the following pictures (Figure
1-6), you certainly notice they all share a common switching system, which
is topology independent. The switch actually plays the role of a single-pole
double-throw device (SPDT).

It routes the current of one inductor end to two other terminals (b, ¢),
depending on the switching interval, ON or OFF. Figure 1-Ta details the
idea.

If you consider the instantaneous inductor current % to be %. then
V,
the derivative of the average inductor current becomes I—j;—[ (eq. 1.23).

With that expression in mind, it is easy to write that the total average volt-
age across the inductor is the sum of both ON and OFF average voltages:
VL = Vab-Dg,y + Vac - Dygpleq. 1.24), Dy and Dy being the respective
duty-cycles for the ON and OFF intervals. This statement holds for both
CCM and DCM, because in the latter case, there is no more current flowing
through the inductor during the third interval, hence no voltage.

Since our inductor acts as a set of three dependent current generator (the
real inductor current, I, the ON and OFF time current), Figure 1-7b gath-
ers them into the Generic Switched Inductor Model (GSIM), which repre-
sents the foundations of the eponymous average models.

Figure 1-Th implements averaged current generators whose values are
defined according to the averaged inductor current. A simple electrical cir-

dl; V;

cuit generates this inductor current using the fact that - T By gen-
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erating V,, according to equation (1.24), we apply this level across the real
inductor Lf and its series resistor, thus forcing the desired level. A dummy
voltage source acts as the current sensor to evaluate I(L). However, depend-
ing on the operation mode, CCM or DCM, this average value will consider-
ably change. A look at Figures 1-7d (CCM) and 1-7e (DCM) shows the
differences between both modes values.

In DCM, the third interval DT expands the OFF time and prevents the
switch from immediately turning on again. In CCM. DT does not exist. The
OFF time D' or Dy is therefore linked to the duty-cycle D ar Dy by D' =
1 — D. We can rewrite the relation as Dy + Doy = 1, which means the
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system is operating in CCM (DT = 0). If we are in DCM, this relationship
no longer holds and we have Dyggy + Doy + DT = 1 or Dggr + Doy < 1. By
using these definitions, we will build a model that automatically toggles
from one mode to the other by monitoring the DON + DOFF sum.
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The one-cycle average value compared to Ipk also reveals the operating
mode:
Ipk

o E{%—PDCM

m I, = 5’%’5 —» Critical Conduction Mode, or borderline operation (BCM)—

the current ramps-up again immediately after hitting 0. We are well in
DCM but there is no deadtime.

n I, > E%&—&CCM

Dy and D normally correspond to percentages: the percentage of the
switching period T the switch is ON defines Dy, while the rest of the time
(1 — Dgy) can be shared by Dy (CCM) or Dy + DT (DCM). To cope with
electrical simulators, we need to manipulate electrical variables, not per-
centages. That is why a 100 percent duty-cycle will often be defined by a 1V
signal. All value below 1V illustrates the intermediate steps down to 0 per-
cent: for example, 680mV represents a 68 percent duty-cycle. This remark
does not only hold for the GSIM models but for the vast majority of avail-
able averaged models. In the remaining portions of text, Dy and Degp will
thus respectively be coded into VD, and VD voltage generators. As you
will later see, D,y is imposed by the feedback loop (usually the error ampli-
fier), while Dy is internally computed by the model.

Deriving the Equations for CCM and DCM  Let us now first sepa-
rately define the current generators for both operating conditions. In CCM,
the relationship is straightforward. Figure 1-7b speaks for itself. To be con-
sistent, VD, actually represents a duty-cycle, but is encoded into voltage
to fit with the SPICE primitive G, a current-controlled source:

Ga = I, (eq. 1.25) —» this is the total average inductor current

Gb = VDgy -1, (eq. 1.26)  — the average inductor current circulates
during the ON time

Ge = VDgge+ I, (eq. 1.27)  — the average current circulates during the
OFF time

VDgpr = 1 = VDgy (eq. 1.28)— there is no deadtime in CCM

In DCM, the average value can be found by looking at Figure 1-7e. The
total area is the sum of the ON area and the OFF area. The ON area is sim-
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Ipk -t Ipk -t
ply 5% (eq. 1.29), while the OFF area is ~"~ " (eq. 1.30). Sum-
ming both expressions leads to
Ga=T = M-fp_&; (eq. 1.81)

VDA —
Gb = 2““ -Ipk (eq.1.32) — the average inductor current during
the ON time

VD, e
Ge = % «Ipk (eq. 1.33) —» the average inductor current during
the OFF time

The continuous smoothed peak current can be defined by

m = Vfﬂ*ﬁ}l: VD Iy, S Via,c }Lmorr

the switching period. From this equation we easily extract VD by

Tsw (eq. 1.34), with Tsw as

VDgy- V(ab)
Yl = Via.c)

(eq. 1.35)

Toggling from One Mode to the Other Now that we derived the equa-
tions for both CCM and DCM, we need to find a proper way of linking them
together. The final device will therefore authorize simulations in both
modes with an automatic transition between them. However, we must write
the Ga, Gb, and Ge equations to cope with the transition. That is to say, in
CCM they should match (1.25 — 1.27). In DCM, on the other hand, they
should agree with (1.31 — 1.33). From Figure 1-Te, we can write that

Ipk = .....mui:——- » Tsw (eq. 1.36)

Combining (1.36) and (1.31} leads to

— V{ﬂ,bl‘mﬂ.\'
2:L-Fsw

I, = *[VDgx + VDgpr| (eq. 1.37) Solving for Dogy,
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3 2.1, L+ Fsw
Via,b)-VDgoy

wheras, for CCM, we have equation (1.28). Equation (1.38) transforms into

(1.28) when 21 -L«Fsw = Via,b): VDgy which simplifies to I, = Ui

we are in barderline conduction, entaring CCM. .

Therefore, if we clamp the VI ,yy source given by equation (1.38) between
(1-VD,y) and zero (or a few mV to avoid possible divide-by-zero errors), we
cover both CCM and DCM cases. The final step lies in the generic Ga, Gb,
and Ge SPICE expressions allowing both modes to run

ory — VD4 leq. 1.38), which corresponds to DCM

Ga = I{L) (eq. 1.39)

= m-ﬂﬂ} {eq. 1.41)

V, = V(a,b)- VDgy + V(a,c)+ VDogr (eq. 1.42)

E'IL'L'FIM

VDorr = Via.b) - VDo ~ VDgy (eq. 1.43) or VDygpe = 1 — VD (eq. 1.44)

DCM mode CCM mode

Where I, represents the current flowing through the inductor forced by

E,. Fsw is the constant switching frequency (a parameter you will need to
feed the model with, as well as the inductor value).

The Final Generic Switched Inductance Model If you now assemble
the previous equations into an electrical schematic, you obtain the GSIM
model as shown on Figure 1-8a.

This model is not totally complete since the VD, clamping circuit is not
represented. We purposely put it in Figure 1-8b to detail its operation. As
we have explained, we need to clamp the OFF time generator to either (1-
Dy} or zero (a bit more to avoid convergence errors), There are several ways
to implement this function:
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.
Rin Clamped VDoff

1. BClampedOFF 1 2 V = (VD) = (1-V(Dge)) ? (1-V(Dyyy)) :
V(Dogp) < ImV 7 1mV : V(D)

This expression can be translated this way:

IF the voltage of the OFF generator is greater than (1-VD,)
THEN the voltage delivered by BClampedOFF im 1-VDy)

ELSE

IF the voltage of the OFF generator is smaller than 1lmV THEN tha
voltage delivered by BClampedOFf is 1=V

ELSE if neither the above conditions are met THEN deliver the
voltage of the OFF geanerator

2. If this expression fits nicely into one single line, it has the drawback
of not being easily portable to other platforms. We prefer the imple-
mentation of individual elements to clamp the VD, generator, as
Figure 1-8b portrays.

Experience also shows that this circuit offers stronger convergence per-
formance than the in-line equation.

The GSIM circuit ensures a full compatibility with DC point caleulations
and TRANsient runs. The pleasant thing lies in the fact that SPICE auto-
matically performs the linearization for us, therefore allowing AC sweeps in
a second,
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Current Mode Models

Numerous Current Mode Control (CMC) models have been developed over
the past decade, First models suffered from their inability to predict the
instabilities inherent to this kind of control. For instance, they were able to
properly model the low-frequency response of the CMC power stage, but the
current-loop instability had to be addressed as a separate issue. In 1990,
Raymond Ridley of VPEC, showed that a CMC power stage was best mod-
eled by a third-order polynomial form [10], In his thesis, Ridley identified
the current sampling action as being the culprit of experimentally
observed F,,..../2 subharmonic oscillations. A CMC actually differs from a
voltage mode converter in the way the duty-cycle is generated. In Figure 1-
9a-¢, Fm desecribes the "duty-cyele factory,” or the electrical way to elaborate
it.

In Figure 1-9a the naturally sampled duty-cycle modulator is fed by an
error voltage Ve and a reference sawtooth. This is a classical voltage mode
(VM) naturally sampled PWM generator whose small-signal gain is

1,—;E+ Figure 1-9b depicts a current mode modulator where the current
sense information is added, resulting in a different transfer function Fm for
the Pulse Width Modulator section. Since the power stage was not affected
by this change, Ridley built his model using the average PWM switch
model, to which he added an internal current sampling loop. The new model
is presented in Figure 1-9¢ for steady-state on/off inductor voltages. He(s) is
the second-order polynomial form Ridley found to represent the sampling
process in continuous time, Ri scales the current information (delivered by
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a simple sensing resistor or via a transformer), and Fm models the duty-
cycle generation, as explained in Figures 1-9a (Ri = 0) or 1-9b (Ri # 0). Rid-
ley's model is universal because reducing Ri to 0 shadows the internal
current loop and turns the model into voltage mode.

Current Mode Instabilities

A current mode controlled SMPS exhibits one low-frequency pole, w,,
and two poles that are located at Fsw/2. These poles move in relation to the
duty cycle and the external compensation ramp, when present. As you can
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imagine, this equivalent second-order filter is affected by n quality coefli-
cient Q. Thig coefficient, and thus the resulting peaking, depends on the
compensating ramp and the duty cycle. Ridley demonstrated that Q
becomes infinite at D = 0.5 with no external ramp. It confirms the inherent
instability of a current mode SMPS operating at a duty cycle greater than
0.5. The Q coefficient and w,, which are part of the V_/V ., transfer fune-
tion, can be expressed as follows:

1

1 Ts oy
Q= e D =05 %~ Cr T 1c (me-D - 05) (eq.145)

wherem, = 1+ 8§, /8, - §, is the external ramp slope and S, is the inductor
on-time slope. D’ = 1 - D, R is the output load, C the output capacitor, and
L the main inductor.

The presence of two high-frequeney poles in the V/V, transfer function is
due to the sampling process of the inductance current. Actually, this process
creates two Right Half-Plane zeroes in the current loop that are responsi-
ble for the boost in gain at Fsw/2 but also stress the phase lag at this point
(these zeroes turn into poles when the voltage loop finally includes the cur-
rent loop). If the gain margin is too low at this frequency, any perturbation
in the current will make the system unstable because both voltage and cur-
rent loops are embedded. You can fight the problem by providing the con-
verter with an external compensation ramp, This will oppose the duty eycle
action by lowering the current-loop DC gain, which will damp the high Q
poles in the V/V, transfer function, correspondingly increasing the phase
margin at Fsw/2. As other benefits of ramp compensation, Ridley confirmed
that an external ramp whose slope is equal to 50 percent (m, = 1.5) of the
inductor downslope could nullify the audio susceptibility in a BUCK con-
verter, as already calculated by Holland [11]. As more external ramp is
added, the low-frequency pole w, moves to higher frequencies while the dou-
ble pole will be split into two distinct poles. The first one will move towards
lower frequencies until it joins and combines with the first low-frequency
pole at w_. At this point, the converter behaves as if it is operating in volt-
age mode. This particular behavior is described in the BUCK simulation
section.

Small-Signal Current-Mode Models

If Ridley's models perfectly predict the Fsw/2 oscillations, they were origi-
nally written in SPICE2 and were not easy to implement, Thanks to the
recent parameter-passing features and definition keywords, the SPICE3
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models proposed in this book are really easy to use. One drawback is that
they are AC models only and cannot toggle between CCM or DCM. You
select the model according to your operating mode. Fortunately, in-line
equations automatically calculate all the DC values, for example, the oper-
ating duty-eycle for the degired V,, at V.. You just need to pass the constant
numbers such as inductor value, switching frequency, and so on. Another
good point is that Ridley's models are universal: If R, or R, has a finite
nonnull value, yvou are in current-mode. If you decrease R, to zero, you oper-
ate in voltage mode. The models are listed thereafter, in PSpice syntax:

Continuous Conduction Mode

LEUBCKT PWMCCM 1 2 3 4 5 PARAMS: RI=0.33 Le17.50 F5=50K RL=l De=d,d45
VAP=1ll VAC=6 IC=0.8 VP=21
* AP C C'Control .
LPARAM TS = {1/FS}
LPARAM PI = 3.1415%
LPARAM KFs{-(D*TS*RI/L)*(1-D/2)})}
+PARAM ER=([(1-D)*“2*TE*RI)/{2°L)}
sans PN Bwitch model e+
E2 7 1 VALUE = { V{17)*(VAR/D} }
Gl 1 2 VALUE = { V(17)*IC )}
2 VALUE = { I{VxE)*D }
2 VALOE = { V{7,2)*D }
10
0 10MEG
#ess Ha(p) Clrcuir =res
10 0 vxf 1
€1 10 12 (TS/PI)
L1 12 13 {(T8/PI}
€2 13 14 (T5/PI}
Re 14 15 =1.57
El 15 0 12 0 =1ES6
B2 12 0 10MEG
*ser Summing gains *e==
Ed 16 0 VALUE = { V(1l,4)*KF + Vi{4,2)*KR + V(15)*RI + V(5) )
Rd 16 0 10MEG
wdée Modulator Gain #ses
Efm 17 0 VALUE = { V{16)*1/{VP+(VAC*TS*RI/L)} }
RFm 17 0 10MEG
ENDS PWMCCM

1KAR

B

Discontinuous Conduction Mode

LBUBCKT PWMDCM 1 2 3 4 5 PARAMS: RI=0.33 L=37.50 FS=50K
+ALel Du0l.45 VAP=ll VAC=6 VCP=S5 IC=0.8 IA=0.16 IP=0,64 VP=2V
* AP C C'Control

LPARAM TS = {1/F5}

.PARAM KF = {=-{D*TE*RI/L)}

wess DWM Bwitch Model *##+
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Ri 1 3 { VAC/IA }

GaL 1 3 VALDUE = { V{17)*2*IA/D }

GE 2 3 VALUE = { V(1,3)}*2*IP/VAC }
Gdo 2 3 VALUR = { V{1T7)*3*IF/D }

Ro 2 3 { VCP/IFP )

Rvc 5 0 10MEG

ssss Summing Cainm *ere

Ed 16 0 VALUE = { V{1,4)"EF + V({5)} )
Rd 16 0 10MED

=ass Modulator Gain weee

Efm 17 0 VALUE = [ V(16)*1/(VP+(VAC*TE*RI/L)})} }
RF= 17 0 10MEQ

.ENDS PWMDCH

Do not be disturbed by the apparent complexity. As we will later discover,
all you need to pass are the schematic elements you already know.

GSIM Models and Peak Current Mode

As Ridley showed, the type of supply structure (VM or CM) only affects the
duty-cycle generation, not the output stage. The statement remains valid
with the GSIM model: We simply need to modify the D,y and Dy, genera-
tor to account for peak current mode. In voltage mode, the level you inject
inside the model corresponds to D, (remember, 1V = 100%), whereas Dy
is recalculated depending upon the mode DCM or CCM. In current mode, it
slightly differs because the error voltage (the level you inject into the model)
defines the peak current setpoint, which according to the A/us imposed by
the inductor, later imposes the final ON time. To evaluate this later para-
meter, the CM GSIM model makes use of an equation derived by Middle-
brook [12]:

Verror - 'f_‘;f K

ﬂ.E*K-'i-’{c,n})
=

VDoy = (eq. 1.46)

Taw-(mc

where:

K = current loop gain, actually the value of the sense resistor
Me = slope compensation in V/s

Tsw = switching period

L = inductance of main inductor

1, = averaged inductor current
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As in Ridley models, setting K to zero turns the converter into voltage
mode (we, however, recommend the use of the appropriate voltage-mode
model for these dedicated simulations). The VD, generator does not
change from the previous CCM and DCM definitions, Please note that
GSIM models do not predict Fsw/2 instabilities.

In order to avoid the overabundance of netlists, we will not describe the
complete current-mode model but rather discuss it later on in the different
converter sections,

Minimum Schematic for Average
Simulation

Now that we finished our introduction describing how the models were
born, it is time to really put SPICE at work. The very minimum schematic
for simulating a converter requires the model (for example, s BOOST, FLY-
BACK, etc.), the load, eventually a transformer, and an input voltage. Fig-
ure 1-10a describes how to put these elements together for a FLYBACK
converter.

As you can see, the model features an input whose level controls the
duty-cyele (DON in Figure 1-10a), Most of the time, this input directly cor-
responds to the real duty-cyele you want to impose: 1V = 100%, 652mV =
66.2%, and so on. It is thus advised to externally clamp the circuitry that
drives this input between 0 and 1V; otherwise, you will observe wrong
results. The duty-cycle source in this example, features two parameters: a
DC level leading to the desired operating paint, e.g., 22V/10A at a 120VDC

FLYBACK model
Transformer
z g out T 3 < Vout
Con GND
| Rewr
Input g R
voltage () gnhd
TCM
' \ = =
Duty-cycle source: 1V = 100% =

AC = | performs harmonic analysis
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input voltage and a sinusoidal stimulus superimposed over this DC level. In
SPICE, this will be written as

viury nodeA nodeB DC=450mV AC=1V

If the external conditions change but you want to keep the same output
level, vou will need to manually tweak the DC level to stay at the 22V/10A
situation, exactly as the feedback loop would do. When there are many iter-
ations to perform, this is not very convenient.

® Always look at the output file (LOUT extension) that SPICE generated
in order to be sure of the DC point calculation. Cases can arise where
the curves look fine, but a wrong operating point makes them false!

Closed and Open-Loop Measurements

A simple method exists that enables you to close the feedback path in DC
but open it in AC. If the feedback path is closed in DC, you can adjust the
external values at any level within the regulation range (the load, the input
voltage, the ESRs, and so on), and the duty-cycle will automatically take the
right value to keep the good operating point. Thanks to a simple trick, we

FLYBACK model
Transformer i
1 P ouT I <Voul
DON  GND
L Razr
Input c)' Riosd
voltage -
I -
LOL is a short in DC Rupper
but is open for AC VWir=riVoul
COLisopeninDC Rlower

but is a short for AC
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can disconnect the loop in AC, thus authorizing true open-loop Bode plot
generation but still shorting it in DC for the good operating point. Figure 1-
10b depicts this old SPICE trick:

If the coil is large enough (for example, 1kH), it will block the error
amplifier outcoming wave but will pass its static DC level (remember that
SPICE opens all capacitors and shorts all inductors during the DC point
calculations). It is then easy to introduce the AC modulation through a 1kF
capacitor (a real AC short-circuit) and draw the Bode plot once the simula-
tion completes.

® Sometimes SPICE will fail to converge or will generate strange, noisy
plots in AC using these large inductor values, To circumvent the prob-
lem, simply add a small 100m{} resistor in series with LOL.

In Figure 1-10b example, the error amplifier does not feature any com-
pensation network for the sake of clarity. You can, of course, add any of
these networks without questioning the trick's validity.

Another possibility consists in including the AC source alone in series
with the output of the error amplifier, as shown by Figure 1-10¢ (please note
Vstim source polarity).

By adding proper labels (V, and V,,) some graphic processors like
Scope5 will immediately display the Bode plot diagram.

# Be sure to inject/observe same quantities: you inject voltage then you
observe voltage (for example, V, or V,,,). This no longer works for
shunt regulators where you shall inject current to modify the duty-
cycle and finally observe V., .
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Generic models are useful when a) you do not need the real component com-
plexity because only first-order effects are of interest and b) you do not have
the model and need to create an electrical equivalent one.

Operational Amplifiers

The Simplest Model

Unless you really need to simulate the true operational amplifier (OPAMP)
for your circuit implements (including offset voltages, bias currents, slew-
rates, and so on), simple generic models are usually sufficient to highlight
first-order effects. They simulate fast and, by feeding them with numbers,
you make them fit your actual OPAMP specs. Figure 2-1a and 2-1b describe
how to build very simple devices,

Figure 2-1a is attractive because of the few elements it implies. However,
we would recommend its implementation where AC sweeps only are being
used (for example, with Ridley models). Why this? Simply because of the
lack of output clamping levels that could cause convergence problems when
the OPAMP is pushed into its upper or lower stops: V,,, = [Vi+) = V(-)] x
1000. Inserting an active limiter after node 1 works okay (at the node

out

wa ‘M

- -
3 7 < Verr




Generic Models for Faster Simulations 39
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Figure 2-1b
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a transconductance
ampiifier and two
clamping diodes.

OpenlLoop gain = ROL . 100u E1
Origin pole = 1 / 2.pi.corigin.ROL 1 Roul
G1 1
| - ouT
1 F] 5
Lty ROL Corigin
INV . -
1 er
NINV - Dlew 5.7 Dhigh
3 4
o+ -
Viow () Vhigh

where Rf and E1 connect together), but not directly at E1's output while
connecting Rf at the limiter's output: you would run into convergence trou-
bles when the OPAMP starts to clamp.

If clamping represents a real concern, then Figure 2-1b's example offers
a better structure by combining a transconductance amplifier and two
clamping diodes. If you edit the diode emission coefficient N and set it to
0.01, then you obtain a perfect diode with a null Vf. By tweaking the Vclamp
in series with these perfect diodes, you select the lowest and highest output
levels of your generic OPAMP. Because you only clamp a few hundred of pA
through these elements, it does not bother the simulator. Difficult to do sim-
pler, no? The open-loop gain is set by adjusting the gm of the voltage-
controlled current source and the ROL resistor: with an arbitrary 100
pmhos transconductance value, then a 10Meg resistor gives a 60dB open-
loop gain. Finally, tail the Corigin capacitor to position the origin pole. If the
upper and lower clamping levels are not very precise, they surely are good
enough for the vast majority of cases. Following is the Figure 2-1b IsSpice
corresponding netlist:

LSUBCKT AMPSIMP 1 5 7 (POLE=30 GAIN=30000 VHIGH=4V VLOW=100mV}
* 4-0UT

Gl 0 415 100u

Rl 4 0 {GAIN/100u}

ClL 4 0 {1/(6.28*(GAIN/100u)*POLE))
El 20401

fe 2 7 10

Viow 3 0 DCw{VLOW}

Vhigh 8 0 DC={VHIGH)

Dlow 3 4 DCLP

Dhigh 4 § DCLP

.HODEL DCLP D N=0.01

.ENDS
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A More Realistic Model

This model accounts for the output current capability of the operational
amplifier. In most PWM ICs, the internal OPAMP is an open-collector type:
it ean sink current, but its limitation in current-source allows the user to
easily bypass it. That is the case for the UC384X controller family, for
instance,

Figure 2-1c and 2-1d describe the model we adopted in all the following
generic subcircuits. The parameters you enter via the schematic capture
automatically adjust the internal component value to shape the OPAMP

performance as needed.

Sources with a Given Fan-Out

Some applications, such as internal voltage reference, cannot always be
modeled as a simple source in series with a static resistor. Another impor-
tant parameter is the fan-out or the maximum output current the source
can supply before giving up. The simplest way is to describe this behavior
using a single in-line equation. If the reference level is made dependent of
the input node (imagine the reference block is supplied from a Vee line), we
naturally describe its DC audio susceptibility (also called line ripple rejec-
tion).

Suppose that we create a 5V source affected by a normal dynamic imped-
ance Rout of 2.5() and a positive line ripple rejection of 60dB. If our output
current is less than a given value (1.5mA in this example), the output level
is not affected, except by the normal Rout loss. The in-line equation, or the
Analog Behavioral Modeling (ABM) description could look like:

B1 INT GND V=Ilout<1.5mA 7 (Vref+Vref*1m)

IF the output current is less than 1.5mA THEN the source delivers
[(Vref + Vref * 1m)) in series with a 2.50) resistor.

Now, we need to define how the output voltage decreases, or what resis-
tive slope R, affects the output in overcurrent condition. If we select a
10k(} slope, the final equation looks like:

Bl INT GND V=lout<1.5mA ?
(Vref+Vref* 1m):(Vref+ Vref* 1m) - 10k*lout+15
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. S .
Figure 2-1d
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The 15 parameter (Imax * R,.) gives the necessary offset to properly
shape the final curve. Figure 2-2 shows how the model finally behaves when
using the following description where the parameter-passing feature brings
flexibility:

JSUBCET REFVAR In Out God (Vref=5 Zos=2.5 Slopesl0k Imax=1.5m
Ripples-1laV)

Rout 5 & {Zo)

vdum § Out

Bout 5 God VeI (Vdum)<{Imax)?{{Vref}-V(in)*{Ripple}):
#{{({{Vvref}=V(in)* (Ripple})-(Slope}*I(Vdum) )+ (({8lope}*{Imax)))
+30 7 ({{{Vref)-Viin)*({Ripple})-
+{6lope}*I(Vdum) )+ ({Slope}* {Imax})):0

JENDS

The netlist example shows how to mix IF-THEN-ELSE expressions into
one line. You need to carefully place the parenthesis, especially with
CADENCE's PSpice when more than one expression shares the same line.

The following lines illustrate the syntax difference for a given expression in
which three conditions are embedded:

IsSpice

Bl 1% O VeABS(V(1,3))>{VTHRES) 7 100V : ABS(I(VDUM))>{ISUE)} T 100V:
+ABS(V({1,3))>Vi4) 7100V V(19)>3IV 7 100V : 1ON
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Figure 2-2
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PSpice

El 15 0 VALUE={ IF ( ABS(V(1,3))>(VIHREB), 100V, IF
{ ABS(I(VDUM})>{ISU8}, 100V, IF { ABS(V(1l,3))>V{14}, + 100V, IF
{ V(19)2>3v, 100V, 10N )))) 1}

Leading-Edge Blanking

Every time the main switch closes and discharges parasitic capacitors (or
stops a conducting diode in CCM converters), a current spike takes place in
the semiconductor. Depending on the conditions, this spike can cheat the
current limit section or the reset comparator in current-mode structures.
An adequate RC network cures the default, but most of today’s ICs imple-
ment a Leading Edge Blanking (LEB) circuitry. It consists in transmitting
the sensed current pulse only a few hundred nanoseconds after it has
started. That way, il a very big spike occurs at the switch closing, the LEB
naturally blinds the system for the given period and fully transmits the
information afterwards. Figure 2-3a shows how to simply connect a delay
line together with a comparator in order to build an efficient LEB. Figure
2-3b details the final behavior.

By feeding the delay line subeircuit with a given transfer time, you tai-
lor the LEB at your convenience.
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Comparator with Hysteresis

Analogue designers rarvely leave a fast comparator without introducing a
bit of hysteresis. This feature strengthens the noise immunity and ensures
clean and sharp transitions. If adding resistors across the comparator
allows a quick hysteresis implementation, the method requires a bit of cal-
culation to determine the true hysteresis value you finally put.

By dynamically changing the reference voltage according to the output
state, you can select the amount of hysteresis you need. Figure 2-4a depicts
the parts arrangement to generate such a circuit. When the comparator
output is at low state (<3V), then the reference equals 5V. Once the output
has toggled to the high state, the reference becomes 3V and forces the input
to decrease below this level to come back to the initial state: you created a
2V hysteresis, as demonstrated by Figure 2-4b, for which Vin (V1) was

EEN IS N X1
Figure 2-4a COMPAR
A simple

arrangernent 5
provides a known

amount of hysteresis, +

v

V(1) >3V 23V: BV

I S . e
Figure 2-4b
In this exampée, the

System introduces 2V h et ‘—

af hysteresis

5V

v
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ramped up and down again. A typical convergence error occurs if, by mis-
take, vou reversed the equation conditions.

Transformers

To model a simple dual-winding transformer, we can use the SPICE primi-
tive k, which describes the coupling ratio between a primary and a sec-
ondary. Figure 2-5a shows how to place the inductors around this coupling
element, However, as simple as this can be, you do not gain much insight
into the transformer elements: you have to derive the leakage inductor
value from k and the turn ratio as well. It can sometimes be unclear and
painful when iterations are needed (for example, adjust the leakage to
assess the effect of a clamping network),

A better solution lies in using an electronic transformer as depicted by
Figure 2-5b. This device models a theoretical transformer of infinite band-
width (including DC). Thanks to its simplicity, the corresponding computa-
tional time is very small. The ratio is normalized to the primary (for example,
Np=20 and Ns=3 would mean a 1:0.15 passed to the model). A negative
number simulates an inversion, for example, a FLYBACK application.

Following are the two necessary netlists to implement the Figure 2-5b
model in PSpice and IsSpice syntax:

N - - K1
Figure 2-5a L1
With this structure, L2
you: need (o derive ooe
Ueak manuailty
Lp1 Ls
100uH 10uH
P ]
Lpsopen
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. S
Figure 2-5b

This solution offers
immediate insight on
the transformer

1:0.316

oY |

100uH

Licak

3 96uH
== Lleak is immedinte
= N isclear
IsSpice PSpice
LEUBCET XFMR 1 2 3 4 (RATIO=T7T) .SUBCET XFMR 1 2 3 4 PARAME:

+RATIO=1

RP 12 1MEG AP 1 2 1MEQ
ES 413 (RATIO) ES 4 VALUE = { V(1,2)*RATIO )
¥1i3iwve (RATIO) G132 VALUE = { I(VM)*RATIO )
RE 6§ 3 10 RS & 3 10
VM S F VNS 6
ENDS .ENDS

A dual transformer will simply combine the above equations:

JSUBCET XFMR-AUX 1 2 3 4 10 11 (RATIO POWsTTT RATIO AUX=7T?)

*RATIO_POW = A
*RATIO _AUX = B
-

1
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Positive ratios for A and B deseribe pin 3 and 10 as the positive outputs
{for example, for a FORWARD) by respect to 1. By entering negative values
for A and B, you simulate separate or both windings in FLYBACK mode.

Floating nodes, as encountered in isolated supplies built with the above
transformers, often generate matrix errors in SPICE simulators. To avoid
this pitfall, simply add a 100Meg resistor between nodes 4 and 11 and the
ground. IsSpice implements .OPTIONS RSHUNT = 100Meg, which places a
shunt element between each node and ground, thus easing the DC conver-
gence,

Appendix B shows how to measure the physical parameters of your pro-
totype and bring them back into the model. Reference [14] explains in detail
how the parameters were derived.

Astable Generator

An astable generator is often needed wherever switching cycles exist. Many
methods exist to create a relaxation mechanism. Figure 2-8a proposes a
possible solution, while Figure 2-6b displays the simulation results. The
upper- and lower-capacitor threshold can be changed by rewriting equation
Bl

A Simple Voltage-Controlled Oscillator

AVCO does not differ too much from the Figure 2-6a example. Just replace
the fixed current source by either a transconductance amplifier (G state-

m%‘“ |
It

x1
o i V(CMP) > 3V 2 500m : 3V
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ment) or a voltage-controlled current generator in a B function. That way,
you can easily bound the maximum and minimum frequencies within an
input range as shown in Figure 2-Ta.

Equation B2 fixes the active input range between 3V and 100mV where
the current varies from 350pA down to 10pA. Simulation results are shown
in Figure 2-7h.

Complete Generic Controllers

As we said, using a complete PWM model can sometime lead to prohibitive
simulation times simply because of the inherent model complexity. There
are some situations where you really need this level of detail. For a first-
order approach, it is simply an overkill. The following lines describe how to
realize generic models that simulate fast and converge well. The library
files available on the CD-ROM (extension .LIB) include the following mod-
els, declined in PSpice, IsSpice, and Micro-Cap syntax:
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S S —mmS y(CMP) > 32 0:V(Vin > 3V ? 350u : V(Vin) < 100mV ? 10u : V(Vin)*300u
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Single-output current-mode
Single-output voltage-mode
Push-pull current-mode
Push-pull voltage-mode
Half-bridge current-mode
Half-bridge voltage-mode
Full-bridge current-mode
Full-bridge voltage-mode

2 Switch current-mode
Dead-time generators

The Berkeley B Element, the Standard
Behavioral Element

An efficient PWM model that claims to be fast and easy to use must include
generic functions. For instance, it would not be clever to model an internal
current comparator with the complete transistor architecture of a LM311 or
a LM193. Fortunately, there is a simple in-line equation that can describe the
perfect comparison function. By adding some passive elements to incorporate
various effects (propagation delay, input offset voltage, and so on), we can
achieve the functionality we need without sacrificing the simulation speed.

The nonlinear controlled source, or B element, is part of Berkeley
SPICES, which was released to the public domain in 1986. Depending on
the compatibility of your SPICE3 simulator, the corresponding syntax may
vary significantly. B elements can be linear or nonlinear current or voltage
sources. Some vendors have expanded the B element syntax to include
BOOLEAN and IF-THEN-ELSE functions. For INTUSOFT's lsSpice and
CADENCE's Analog WorkBench Spice Plus (AWB), the writing of I or V
math equations using B elements is the same because both are SPICE3
compatible. For example, current/voltage generators whose current
depends on various nodes can be expressed as:

Bl 10 I = V{5,8)*100*V{10)/(V(8)+V({12)}) ; IsSpice or AMB current
source

Bl 2 0V = V(5 08)*500°v(12) i IsSpice or AWB voltage
source

CADENCE PSpice has departed from the Berkeley standard and uses a
different syntax. PSpice modifies the standard calls for dependent voltage-
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controlled sources (E and G elements). The equivalent PSpice examples are
as follows:

Gl 1 0 VALUE = { V(5,8)*100*V(10)/(V(8)+V(12)) } ; PEpice
currant
BOUTrcE

E2 2 0 VALUE = { V(9,8)*500°V(13) ) ¢ PSpice woltage
[ [-yiba-g ]

Implement Your Logical Operations

As stated in the above paragraph, BOOLEAN and IF-THEN-ELSE expres-
sions have become a part of most vendors’ B elements. Their implementation
also depends on the SPICE simulator. INTUSOFT exploits the concept of
“binary” voltage, that is to say, a node value that is lower or higher than n user-
defined threshold can be associated with 1 or 0. This threshold is driven by the
keyword LTHRESH, whose value is set via an .OPTIONS line. Two other
delivered by a B element source when it is performing such BOOLEAN opera-
tions. A simple NAND equation between two nodes is simply expressed as:

BMAND 3 0 Vs=( V(1) & V{2) ) § IaSpice complesesnted (-) AMD
oparation betwesn V(1) and V(3}

Because the other SPICE simulators do not directly support this syntax,
it would be much easier to adopt a simpler expression in order to simplify
any further translations. If we pass the logical thresholds directly into the
equation, we obtain the following 1sSpice IF-THEN-ELSE statement:

BMAND 3 O Ve (V(1)>800M) & (V(2)>BO00M)T ov w
In other words,

IF Vi(l) is greater than B00mV AND V(3) is greater than 800mV, THEN
¥V(3,0)=0v; ELSE V({1,0)=5V

Now the translation to AWB and PSpice syntax is more straightforward:

E BNAND 3 0 VALUE = { IF ( (V(1)>800M) & ; Plplce NAND gate
(V(2)>000M), OV, 5V ) }
BNAND 3 O V = IF [ (V(1}>B00M) && § AMD MAND gate

(Viz)»800M), 0, 5 )

Note that the AWB parser does NOT accept suffixes for the passed
numerical values, and the && symbol is doubled as in the C language to
distinguish a logical AND from a binary AND. The diversity in implement-
ing the B elements is only bound by the user's imagination. What we have
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shown previously is only a small part of the possibilities offered by Behav-
ioral Modeling via the B element.

If your simulator does not support B element modeling, the situation
becomes complex. Some examples on how to model the logical functions
with SPICE2 syntax are given at the end of this chapter.

Here's an application example, a simple voltage limiter that limits the
differential voltage of nodes 1 and 2 between 100mV and 1V:

El 3 0 TABLE (V({1)-V{2)) 100M, 100M 1,1 1 PSpice

El 3 0 VALUE = { IF ( Vv(1,2)<l00mV,

+100mv, IF Vi{l,2)>1, 1, Vv{1,2}) } ) } , also Papice

BL 30V =IF { Vi{l,2)<\<>1, IF

#(V(1,2)<\<>100M, 100M, V{1,2)).1) § AWB (Mo suffixes!)
Bl 3 0V = V(1,2)<\<>100MV 7 100M : i IsSpice

#V(1,2)%1 7 1 & vi(1,2)

In other words,

IF V(l,2) is less than 100m¥, THEN ¥(3,0)=100mV; ELSE IF V(1,2) is

greater than 1V, THEN V(3,0)=1V, ELSE V(3,0)=V(1,3)

B elements switch in essentially a zero time span. This characteristic
may create convergence problems on transitions associated with these per-
fect sources. We recommend that you tailor the output switching times in a
more realistic manner, A simple RC network is suitable for this purpose. A
perfect comparator that accounts for these conditions is given in the fol-
lowing paragraph. We have included it in a SUBCIRCUIT in order to high-
light the philosophy of constructing your own models:

- SUBCKT COMP 1 2 3

i {+) (=) ooUT

El 4 0 VALUE = { IF ( V{1}>Vi{2), 5V, 0 } } i PBpice syntax

RD 4 3 100 i RC network

cD 3 0 100P ; to slow down
transitions

LENDE COMP

You need to account for a propagation delay? Add a delay line in series
with the output and your netlist becomes:

SUBCKT COMP 1 2 3

- {+) (=3 ouT

El 4 0 VALDE = { IF ( V(1)>V(2), 5V, 0 ) }

RD B 3 100

CD 3 0 1009

T1 4 0 8 0 Z0=1 TD=150ns ; tailor TD to your needs, here a 250n=s
jexample

RL B2 0 1

JENDS COMP

Now that we have reviewed the basics of generating in-line equations,
let’s dip into the nitty-gritty of a constant frequency CM PWM controller.
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B @ Current Mode Controllers, a Well-
Known Architecture

The modeling of such a block consists of: a) defining and testing each sub-
circuit individually, and b) assembling all of these dominolike circuits to
form the complete generic model. All individual blocks should be tested
before they are used within larger models. Rugged models (in terms of con-
vergence capabilities) are those that work with all the default SPICE
options: if you need to relax an option (like ITL1 or RELTOL) to make your
prototype model converge, it is not an encouraging sign for the final imple-
mentation.
Following are some recommendations that will ease your writing task:

® Draw the symbol of your generic model with your favorite schematic
capture tool. Once this is done, you won't have to worry about incorrect
pin connections (as you would if you were creating a SPICE netlist
with a text editor). Internal subcircuit testing is simplified since you
may then access the connection pins directly in the schematic model,
and the pin-passing process (from schematic to netlist) is performed
automatically.

m Place comments on every pertinent line, either with a **” in column one
(for a complete line), or a ;" immediately preceding a comment within a
line. Also, use different commented header names for each section of
code within the listing.

# Use descriptive names for the components you assemble in the
subcircuit netlist, for example, VCLOCK for a clock source, RDUM for a
dummy load, and so on.

® Use subcircuits whenever a function is called more than once. Even if
the function is only called once, you can create a subcircuit and
therefore simplify the netlist, This will also facilitate the writing of new
models because the SUBCKT functions are easily pasted into the
netlist. Also, if required, the conversion process to another platform will
be greatly simplified.

w Use realistic parameter values for primitive SPICE components such
as the diode (D), These models may generate convergence problems
since some of the default parameters are set to zero. For example,
MODEL DMOD D (TT=1N CJO=10P RS=100M).

® Use n main subeircuit pin number of up to 10 or 20 and use
incremental decimal digit notation as you change the internal
function. This is especially recommended for complex models in which
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the parent subcircuit may be large. The following is an arbitrary
example, where nodes 7 through 19 are preserved in order to output
test signals or add pins:
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« BUBCET EXAMPLE 123488
LL L] m m LL L ]
VCLOCK 20 211 PULSE ; Main clock
ICHARGE 23 24 10MA ¢ Current charge of capacitor C1
- m LE L
RTHRES 30 33 10K ; Threshold high
CoEL 33 38 10NT 7 Fropagation dslay
- -mmm -
RINP 40 42 10K t Input resister
RFEED 45 49 120K ; Feadback resistor

Writing the Model Step by Step

Let’s start with the synchronization signals, Clock, Osc., and Max. duty
cycle. The first one will initiate the on-time of the external switch by trig-
gering the flip-flop latch. Tts frequency sets the functioning period of the
entire PWM circuit, and will therefore require user input (PERIOD). Osc. is
provided for ramp compensation purposes. It delivers a signal that is equiv-
alent to that which was delivered by the classical linear charge of the exter-
nal RC network oscillator. Using the oscillator ramp is a possible option for
ramp compensation, but others exist, such as charging a RC network from
the MOSFET driver output. If the capacitor voltage is kept at around 1 volt,
it is possible to obtain a very low impedance linear ramp, without adversely
affecting the PWM oscillator. Osc. will have the same period as Clock, but
the user will select its peak amplitude (RAMP). Once the Clock pulse is
issued, the Max. duty cycle must reset the latch after a specific period of
time. This time is user-defined (DUTYMAX) and selects the maximum
allowable duty cycle.

Parameters for [sSpice and PSpice are quite similar in format. The para-
meter, or any equations between parameters, is enclosed by curly braces.
Our three generators are listed next. Arbitrary node numbers are used to
simplify their understanding:

VCLK 1 0 PULSE 0 5 0 1N 1N 10N (PERIOD)

VRAMP 2 0 PULSE O (RAMP) O (PERIOD-2M) 1N 1N (PERIOD)

VDUTY 3 0 PULEE 0 5 (PERIOD*DUTYMAX} 1N 1N {(PERIOD-
+PERIOD*DUTYMAX) -2N} (PERIOD)

A quick simulation of this set of equations appears in Figure 2-9, where
a maximum duty cycle of 0.5 was selected.

The current comparator requires a simple equation followed by a RC net-
work that slows down its transitions. The model is the same as the one
given in the previous example.
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The SR latch may be defined in many ways. Again, for straightforward
translation, we do not recommend the use of a proprietary flip-flop model.
You can draw a classical RS flip-flop and add a couple of inverters in order
to generate the required signals. Figure 2-10 shows the electrical circuit,
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The subeircuit will appear as shown following, according to common
AWB and IsSpice syntax rules:

JEUDCET FFLOP 6 8 2 1

- SR QO

BOB 10 O V = (V(B)<BOOM) & (VI(2)>800M) 7 O ¢+ 5 ; one input Lloverted
jtwo input NAND

BQ 30 0 V = (V(E)<BOOM) & (V(1)>B0OM) 7 0 ¢ 5

RD1 10 1 100 jdaslay slements

Col 1 0 10p IC=S

RD3 20 2 100

€D2 2 0 10p IC=0

JENDE FFLOP

The IC statements are mandatory to avoid conflicts when SPICE com-
putes the DC operating point. You will then add the keyword UIC (Use Ini-
tial Conditions) at the end of the . TRAN statement.

Test of the Complete Current-Mode Model

Now that all of the individual elements have been defined and tested, it is
time to place them within the final subcircuit model, PWMCM. The output
driver model is simplified, and converts the latch levels to user-defined volt-
ages that are pseociated with a resistor:

EBOUT 15 0 VALUE = ( IF ( v(10)>3.5, (VOUTMI}, (VOUTLO)} ) ) ; noda
710 is the latch output
ROUT 15 1 (ROUT)

The test circuit is a buck converter that delivers 5V at 10A. All of the ele-
ments have been calculated using the new release of POWER 4-5-6 [13],
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which was developed by RIDLEY Engineering. Figure 2-11a depicts this
switch-mode converter:
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The ramp compensation is accomplished by summing a fraction of the
oscillator sawtooth and the current sense information. It has several bene-
ficial effects that we will discuss later on. This circuit has been simulated in
50s upon a P350 machine for a 400ms transient run. With this simulation
speed, output response to load or input step can be accomplished rather
quickly. Figure 2-11b shows the start-up conditions before the output volt-
age has reached its final value. A switching frequency of 200kHz was
selected.

Current Mode Instabilities

In Chapter 1, we have discussed the instabilities introduced by the sam-
pling action in the current loop. To highlight this phenomenon, let's open
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the voltage loop of the Figure 2-11a circuit and place o fixed DC source at
the right tail of R11 (node 11). R12 is elevated to IMEG in order to suppress
any ramp compensation. If we abruptly change the input voltage from 18V
to 12,5V, the Fsw/2 component appears (100kHz) and is damped after sev-
eral switching periods, since the duty cycle is less than 0.5. Further stress-
ing of the output would lengthen the damping time or produce a
steady-state oscillation. The result is depicted in Figure 2-11¢, where a fil-
ter has removed the main switching component from the eoil current to
allow the Few/2 signal to be properly viewed.

If this network is now closed within a high-gain outer loop, any current
perturbation will make the entire system oscillate at Fsw/2, even if the loop
gain has a good phase margin at the 0dB crossover frequency. This so-called
gain peaking is attributed to the action of the high-Q poles, which push the
gain above the OdB line at Fsw/2, and produce an abrupt drop in phase at
this point. If the duty cycle is smaller than 0.5, the oscillations will natu-
rally cease, but if the duty cyele is greater, the oscillation will remain, as
Figure 2-11d demonstrates with the FFT of the error amplifier voltage
{(Vin=11.5V). In conclusion, providing an external ramp is a wise solution,
even if your SMPS duty cycle will be limited to 0.5: the Fsw/2 Q will be
reduced, thereby preventing oscillations, For FORWARD converters, the
magnetizing current is present in the sense signal and adds a slope of the
same order of magnitude as the natural current ramp. That is why people
do not usually run into trouble with CMC FORWARDs operating at duty-
cycle less than 50%, without external compensating ramp.

The audio susceptibility is also affected by slope compensation. Ridley
showed in his work that an external ramp whose slope is equal to 50% of
the inductor downslope could nullify the audio susceptibility. As previously
stated, excessive ramp compensation makes the converter behave as if it is
in voltage mode, with a resulting poor audio susceptibility. Also, if minimal
compensation or no ramp is provided, good input voltage rejection is
achieved and the phase of the resulting audio susceptibility is negative: an
increase in input voltage will cause the output voltage to decrease. Figure
2-11e illustrates these behaviors when the input of the buck converter is
stressed by a 6V variation. The upper curve depicts the output voltage for
a critical ramp compensation. The voltage difference in the output envelope
is only 10mV for a 6V input step, which leads to a (theoretical) AVout/AVin
of —56dB. The middle curve shows how the response starts to degrade as
additional ramp is added. The lower curve represents the error amplifier
response when a slight ramp compensation is added. The decrease in the
output voltage is clearly revealed by the rise in the error voltage.
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The Voltage Mode Model

The voltage-mode generic controller will follow the description given in Fig-
ure 2-12.

The architecture enables the inclusion of a current limitation circuit to
reduce the on-time of the external power switch when its peak current
exceeds a user-defined limit. This option is strongly recommended to make
a rugged and reliable SMPS design that can safely handle input or output
overloads. By simply connecting the ISENSE input to ground, you disable
this option,

The Duty-Cycle Generation

In this model, the duty cyele is no longer controlled by the current informa-
tion (except in limitation mode). It is controlled by the PWM modulator,
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which compares the error voltage with the reference sawtooth. The error
amplifier output swing will then define the duty-cycle limits. Since this out-
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put swing is user dependent, the model will ealculate the peak-and-valley
voltages of the reference sawtooth such that the chosen duty-cyele bound-
aries are not violated. Figure 2-13 depicts the well-known naturally sam-
pled PWM modulator.

Since you will provide the main subcircuit with the duty-cycle limits and
the error amplifier output swing, it is possible to calculate the correspond-
ing sawtooth peak values, V. and V.. In CADENCE's PSpice or INTU-
SOFTs 1sSpice, it is easy to define some particular variables with a
PARAM statement. The reading of the remaining lines in the netlist is then
considerably simplified:

+PARAM VP = { (VLOW*DUTYMAX-VHIGH® DUTYMIN+VHIGH-VLOW) / { DUTYMAX -
+DUTYMIN) }
SPARAM VWV = { (VLOW-DUTYMIN®*VP)/(1-DUTYMIN))

The sawtooth source then becomes:
VRAMP 1 0 PULSE (VV] (VP} O {PERIOD-IN)} 1N 1N (PERIOD}

The OR gate that routes the reset signal to the latch from the PWM or
the limitation comparator requires a simple in-line equation, followed by
the classical delay network:

LSUBCKT OR2 1 2 3

EBL 4 0 VALUE = { IF { (V(1)>BOOM) | (V(2)>B00M), 5V, 0 ) )
RD 4 3 100

cD 3 0 10P

.ENDE OR32

A Quick Example with a FORWARD
Converter

Since the remaining elements have already been defined (comparators,
error amplifier, and so forth), we are all set. The test circuit of Figure 2-14a
is a forward converter that delivers 28V@4A from a 160V input source.
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The switching frequency is set at 200kHz, with a maximum duty cycle of
0.45 because of the forward structure and the 1:1 power/demag turn ratio.
Figure 2-14b depicts the curves that are obtained at start-up, The power
switch is modeled with a smooth transition element, as provided by
CADENCE and INTUSOFT. The error amplifier is pushed to its upper limit
and needs some time to recover from this transient situation. This behavior
is typical of the adopted compensation scheme for a voltage-mode converter
that is operating in continuous mode.

Modeling with SPICE2

1f you own a SPICE2 compatible simulator, you simply cannot use the B ele-
ment syntax. To overcome this limitation, some equivalent (but more time-
consuming) circuits can be constructed. The first generic function in our
models is the perfect comparator. Figure 2-15a shows one solution. The
unlabeled resistors provide a DC path to ground (10MEG).

The logical functions are less obvious, at least if you want to build some-
thing easily. The ideal gates in Figure 2-15b simulate quickly and converge
well. They use the ideal SPICE2 voltage-controlled switch or the
PSpiceflsSpice smooth transition switch.

The Flip-Flop is also translated to SPICE2 syntax, as the following lines
explain.

I.‘.m...‘ I...:m“..’.l

JEUBCKT FFLOP € 8 2 1 LEUBCKT MNAND 1 2 3

. §RQa\ RDUML 1 0 10MEG

ROUML § 0 10MEQ RDUML 2 0 10MEG

RDUMZ 8 0 10MEQ Bl 3510 8D

XINVE 6 6 10 MAND B2 S 0 2 0 SMOD

XINVA 8 8 11 NAND RL 3 4 100

XNAQD 11 2 10 MAND cD 3 0 100

XNAQ 10 1 20 MAND vee 4 0 5V

RD1 10 1 100 +JMODEL BEWMOD VEWITCH (RON=1
+ROFF=1HEG VON=1 VOFF=100M)

CDl 1 0 10F IC=3 JENDS HAND

RD2 20 2 100

CD2 2 0 10P ICw=D

ENDS FPLOP

Please note that the SPICE2 models are not declined for every structure,
because this platform is outdated. They are offered to enable a “smooth”
transition to SPICE2 users willing to migrate to SPICE3.

Again, we will not discuss the rest of the models in detail since they will
be covered in dedicated sections.
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B e Dead-Time Generation

Bridge or half-bridge designs using MOSFETSs or IGBTs need some dead-
time between the commutations to avoid any cross-conduction current
spikes. This statement is also valid in SMPS implementing synchronous
rectification. In a simulation environment, it is not always an easy task to
write the stimuli so as to define a dead-time between commutations. Clas-
sical PULSE or PWL commands are unpractical, especially when either fre-
quency or pulse width are changed during the simulation run. Figure 2-16a
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shows the solution built around a few logical XOR gates. The principle uses
the truth table of an XOR or XNOR gate, which states that its output is at
a high or low level when both inputs are at different logical states:

An XOR Gate Truth Table

A

0
0
1

1

B

0
1
o

1

1
1]

This difference between the levels is made through the RC networks R1-

C1 and R4-C5. The output of the A1-A5 gates thus delivers a short pulse
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whose width is dependent upon the RC constant of its input network. This
pulse will blank the signal delivered to the output, and thus it will gener-
ate the required dead-time.

These logical functions can easily be implemented using SPICE Analog
Behavioral Modeling (ABM) features as demonstrated by the netlist given
in the following (INTUSOFT example):

- SUBCET DEADTIKE 1 50 51 (DT=3500N VHIGH=10V VLOW=100M RS=10}
* Clock In O Qbar
*Developed by Christophe BASSO (FRANCE)
RIN 1 0 1xEG
B 17 0 VeV({1)»2V 7 10 : ©
17 18 1k
B 0 (DT/(1000%&.14))
10 veV({25,19)<100Mv 7 (VLOW)} : (VHIGH)
21 60 100
60 0 10P
10 Vv=V{&0)
&1 50 (RS)
2 23 1k
3 0 {pT/{1000°4.24})
d 0 VeaV(26,20)<100MV T (VLOW)} : (VHIGH)
24 70 100
70 0 100
71 0 V=¥V({70)
71 51 (mB}
25 1k
2% 0 (DT/(1000"41.4))
22 26 1x
26 0 (DT/(1000%41.4))
23 22 pIBCH
18 17 DISCH
22 0 V=¥(1)22aV T 0 : 10
19 0 V=V({17,18)<l00MV 7 0 1 10
200 0 VeV(22,23)«<1008V T 0 1 10
JMODEL DISCH D BV=100V CJO=4PF IS=TE-05 M=.45 N=2 RS=.8
+ TT=EE-09 VI=.EV
- D

§egfiiiazasiit

-
i

EBREERG2GER

The subcircuit needs to be fed with the dead-time value as well as the
output high and low levels. The input clock is TTL-CMOS compatible. By
changing B5 line to V=V(26,20)<100MV ? [VHIGH] : [VLOW], the genera-
tor becomes suitable to drive a synchronous rectifier, as demonstrated by
Figure 2-16b.

This is a very simplified example. We will discover later on how to com-
bine this dead-time generator with one of the generic PWM controllers,

Figure 2-16¢ finally unveils the output signals delivered by the genera-
tor that clearly save the MOSFETSs from any conducting overlap.
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P P Dead-Time Generation with
Delay Lines

To simplify the previous implementation, one can build a dead-time gener-
ator around delay line SPICE primitives. However, these commands are not
always available, depending on the selected platform. Figure 2-17a depicts
a possible solution. The input clock is routed via two delay lines featuring
the same specs. When the clock goes high, one input of X2 AND is also high,
but because of the delay line, the other input stays low for the given dead-
time (DT}, Once both inputs are high, the output delivers a logical 1 (Figure
2-17b).
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Thanks to common SPICE3 primitives like the delay lines (T), the trans-
lation of this generator can be implemented in a snapshot. The AND gate
and the inverter are written with simple in-line equations.

Following are the netlists for a half-bridge driver with a floating upper
output in both INTUSOFT's IsSpice4 and CADENCE's PSpice.
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IsSpice

« FUBCET NEWDT CLE OU SU QL (DT=S500M

+ VHIGH=10V VILOW=100M RS=10}

VLOW=100H RS=10

*Clock_In GatelUpper Scurcelppar Gatalowar

110 ve{V({CLK)>»B00M) & (V(TDL)>B00M)
{VHIGH} @ {(VIOW) EBUL 1 0 VALOE =
(V{CLK)»B00M) & (V(TD1l)>800M),
WaW(l)

.n.-q! -
ﬁ-l:
CE

BNE3

o 19

0 Ve{V(CLEB)>800M)} & (V(TD2)>000H)
VHIGH)} : {VLOW} RFLO SU 0 10

2

-
-

B
2
g

CLK TO1l UTD FARAMS: TD=DT
CLEE TDJ UTD PARAMA: TD=DT
CLE CLER INV

Eue

SINCLUDE DEAD.LIB
sEsEsaREEE

+SUBCET UTD 1 2 (TD=7%T}

El 30101

T1 3 0 32 0 T0=1 TD={TD}
1261

- ENTIS

Bl 4 0 VaV(1l)»800M 7 0 @ 5V
RD &4 2 100

€D 3 0 10P
ENDS INV
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PSpice

-BUBCKET NEWDT CLE GU BU QL

-

LI

PARAMS: DT=500N VHIGH=10

Clock_In GatalUpper Scurcelppear
GateLowsr

DT: Doadtims in seconds

VHIGH: Output lavel when high
VLOW: Output level when low
RE: Driver's cutput resistance

(VHIGH}, (VLOW} ) }
EBUZ 4 5U VALUE = [ V(1) }
REU 4 OU (RE)

EBL 2 0 VALUE = [ IF |
(V{CLER)>800M} & (V{(TD2))B00M).
(VHIGH), (VLOW} ) }

REL 2 QL {(R8)

Xl CLE TD1l DL PARAME: TD= (DT}
X1 CLED TDZ DL PARAME: TD={DT}
X} CLE CLEB INV

- ENDE

LEE R R R T

LFUBCET DL 1 3 PARAMS: TD=500n

*Faramsters EK=OAIN TO=DELAY

RIN 1 O 1E1S

El 10101

TL 302 0 Z0=l TO=({TD}
Rl 201

« DS

ssss ] ITHPUT INVERTER #**ee
-SUBCET INV 1 2

EBl 4 0 VALUE =

{ IF { Vi{1)>800M,

o 5w} )

RD 4 2 100

D 2 o 10F

~ENDE IRV

Typical applications include s bridge driver but also synchronous recti-
fication. You can easily tailor any output polarity by reversing the corre-
sponding SPICE element. For instance, if one wants to reverse the upper
generator BU1, simply replace:

V= (V{CLE)>800M) & (V{TD1l)>B00M) ? {(VHIGH)} : (VLOW)
By
Ve (V(CLE)>BOO0M) & (V{TD1)>800M) 7 (VLOW) : {VHIGH)

Figure 2-18a portrays a typical application in a simplified half-bridge
driver while Figure 2-18b reveals the corresponding waveforms.
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Figure 2-18a Of«d00n
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By using delay lines SPICE primitives rather than RC networks, the
resulting dead-time generation gains in precision,
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I mwm Convergence Options

As any mathematical tool looking for a solution, SPICE can sometimes fail
to converge. Without detailing why this can happen (reference [30] does it
thoroughly), we give in the following section some options that you can use
to tweak SPICE parameters and make the simulator finally converge:

TRANSIENT Simulations

.options RELTOL = 0.01 RELTOL sets the relative error tolerance
(default = 0.001) for convergence. It also obviously affects
the simulation speed. You can relax it
down to 1% (0.01) for power simulation
where less precise results are needed.
.options ABSTOL =
1pA (default = 1pA)
.options VNTOL = ABSTOL and VNTOL respectively define
ImV (default 1pV) the absolute voltage and current error
tolerances. Onee RELTOL has been
defined, you need to evaluate the smallest
current and voltages present in your
circuit. Then apply the following
relationship to set ABSTOL and VNTOL:
ABSTOL = RELTOL * Smallest_current
VNTOL = RELTOL * Smallest_voltage
.options GMIN = 100p GMIN ensures that a differential voltage
(default = 1p) applied across an active component
always forces a minimum of differential
current to flow through it. If a device
would present an infinite conductance
(difdv = 0), the iteration algorithm would
simply fail. Typical relaxing values are In

or 10n.
.options ITL1 = 1k ILT1 is used to increase the DC iteration
{default = 100) limit. Thig is the number of iterations

SPICE will perform before giving up
during the bias point calculation. If you
have a message like “NoConvergence in
DC analysis,” then you should consider
raising ITL1 to 1k
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.options RSHUNT = Implemented by 1sSpiced, this options
10Meg (default = 0)  asks SPICE to wire a resistor of RSHUNT
ohms from every node to ground, thus
always offering a DC path to ground.

AC Simulations

AC simulations are less prone to nonconvergence problems. However, the
simulator can fail during the bias point calculation. If you use B elements
or other behavioral sources, be sure that no division by zero can take place.
You can easily avoid that by adding some offset to any denominator: V =
Vi3WV(8) — V = V(3WV(8)+ 1p.), .options ITL1 = 1k can also help in find-
ing the good DC bias point.
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e B Introduction

The goal of this book is to provide you with ready-to-simulate templates
where you will copy-paste your component values. We have tried to cover a
large variety of topologies, mainly those derived from the BUCK, BOOST,
and BUCK-BOOST structures, Because it is impossible to offer an exhaus-
tive list of examples, we believe that the information contained in this book
will enable you to build your specific architecture. We have strived to derive
the models and application schematic into IsSpice, PSpice, and Spectrum-
Software's MicroCap. Some examples will run with the demo version; some
will require the full version to execute. The exact CD-ROM content is
detailed later on.

With this chapter, we finally get to the heart of the matter: simulating o
given topology. Each subsection contains

# How it works: A brief description of the cireuit concept

# Eguations: An array that summarizes the main design equations
® Averaged: An average simulation in both AC and TRANsient

® Switched: A complete switched-application example,

Thanks to the following examples, vou will learn how to conduct mea-
surements in order to evaluate the following key parameters:

AC Input impedance: Open/Closed loop

AC Output impedance: Open/Closed loop

AC, TRAN Audio susceptibility: Open/Closed loop
AC Vout/Control open-loop function

However, they will be scattered among the numerous examples, rather
than repeating every measurement step for each topology.

As we said in Chapter 1, “Overview,” we have selected two models for our
average simulations: Ridley and Ben-Yaakov GSIM models. Because Rid-
ley's only work is in AC and cannot find their DC point alone, we will
employ them in duality with GSIM in current-mode systems only. For the
voltage-mode simulations, GSIM models will be solely used.

Because simulations always need to be confronted with external analyt-
ical calculations, an array summarizes the basic equations for the given
topology and particularly the pole and zero locations. Sometimes the equa-
tion expressions are too complicated to fit this array and are replaced by a
reference number where the information is fully detailed. Nevertheless,
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before going further, we need to detail and understand some universal key
parameters of our converters,

Please note that the design examples have all been calculated using the
powerful POWER 4-5-6 Design Engine developed by RIDLEY Engineering
[13).

I @ The Critical Inductance

As was previously depicted by Figure 1-7d and 1-Te, the inductor can be the
seat of different situations: continwous current or discontinuous current. As
you will see, two black boxes are operating at exactly the same condition,
one in DCM while the other one forces COM, exhibit drastic dynamic dif-
ferences. Thus, it is vory important to define the boundary ot which your
supply crosses the mode.

Where Is the Boundary?

There are three ways you can think of the boundary between the modes.
Omne i the critical value of the inductanee, Lo, for which the supply will
work in either CCM or DCM given o fixed nominal load. The second deals
with a known inductance L: what level of load, Re, will push my supply into
CCM? Or what minimum load should my SMPS zee before entering DCM?
The third one uses fixed values of the previous elements but adjusts the
operating frequency, Fi., to stay in eritical conduction. These questions can
be answered after o foew lines of algebra corresponding to Figure 3-1a's
example, 8 FLYBACK eonverter.

To help determine some key charactoristics of this converter, we will
refer to the following statements:

# The average inductor voltage per cyele should be null (),
® From Figure 1.7e, when L = L, Ly = 3+Ip (b,
u A 100% efficiency leads to Pin = Pout (el
The DC voltage transfer ratio in CCM is first determined using state-
ment (n), thus equating Figure 3-1b's areas: Vd x N x D = Vo % (1 = D).

Aﬁerfnﬁuﬁmtﬁm.itmwwlu@— B * Nieq. 2,13

Vin (1-D)

T
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Figure 3-1a,

Figure 3-1b

A FLYBACK converter
and its assaciated
operating
[secondary)
wavelorms
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WY ..
DT

(1-yT

As we can see from Figure 1-7e, the flux stored in the coil during the ON
time is down to zero right at the beginning of the next cycle when the induc-
tance equals its critical value (L = L) Mat.hamnu:nllg this can be

expressed by rewriting the formula ‘If';,nL mdeqununghnmhalf
sides of the triangle:

A I
m V, xdt=L xdl thus, L V, -dt = La:-L dl,.(eq.2.2)

Vin x D
Jhes

n From (), Vin X I, = lo X (Vin X N + Vout),or Iy, = lo ¥
(N + "’""‘){eq. 2.4)

= Le % Ip = 2 X Iy % Lc, from (b).(eq. 2.3)

= By definition, I, = 9’ and Vout = Vin X N X i"?_n from (eq. 2.1).

If we introduce these elements in the above equations, we can solve for
the eritical values of R and L

2% Lo X Fs x N* Re x (1 - Dy*

g 1 - Dy (eq-28)  Le= o et 9

(eq. 2.6)
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Table 3-1

Critical Inductance
and Load Values
for Varlous

Topologies

This is for the FLYBACK converter, but we can easily gather the critical
values for the remaining topologies [15]. (See Table 3-1.)

When the Deadtime Vanishes...

The FLYBACK converter, as with the BOOST and BUCK-BOOST struc-
tures, features an operating mode comparable to someone filling a bucket
(coil) with water and flushing it into a water tank (capacitor). The bucket is
first presented to the spring (ON time) until its inner level reaches a defined
limit. Then the bucket is removed from the spring (OFF time) and flushed
into a water tank that supplies a fire engine (load). The bucket can be totally
emptied before refilling (DCM), or some water can remain before the user
presents it back to the spring (CCM). Let's suppose that the man is experi-
enced and is certain that the recurrence period (ON+OFF time) is constant.
The end-user is a fireman who closes the feedback loop via his voice, shout-
ing for more or less flow for the tank. Now, if the flames suddenly get bigger,
the fireman will require more power from its engine and will ask the bucket
man to provide the tank with a higher flow. In other words, the bucket oper-
ator will fill his container longer (ON time increases). However, because by
experience he keeps his working period constant, the time he will spend
flushing into the tank will naturally diminish (OFF time decreases), as will

BUCK FORWARD “_‘52.;;:':‘;_”_‘ !.[-:Ffﬂ:;{:
BOOST ‘%‘_ Dy r_f'{il {_E:
BUCK-BOOST RJ”;":;: by "..:-IL_. ;,;
IR e Bt
{primary inductance)

Rboad: load resistance
Faw: switching frequency
D duty-cycls

L indactor
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the amount of water poured. The fire engine will run out of power, making
the fireman shout louder for more water, extending the filling time, and so
on. The loop oscillates!

This behavior is typical for converters in which the energy transfer is not
direct (unlike the BUCK-derived families); this severely affects the overall
dynamic performances. In time domain, a large step-load increase requires
a corresponding percentage rise of the inductor current. This necessitates a
temporary duty-cycle augmentation that (with only two operational states)
causes the diode conduction time to diminish. Therefore, it implies a
decrease in the average diode current at first, rather than an increase as
desired. When heavily into the continuous mode and if the inductor current
rate is small compared to the current level, it can take many cycles for the
inductor current to reach the new value. During this time, the output cur-
rent is actually reduced because the diode conduction time (Tyyy) has been
decreased, even if the peak diode current is rising. In DCM, by definition, a
third state is present when neither the diode or the switch conduct and the
inductor current is null. This "idle time” (also called dead-time) enables the
switch duty cyele to lengthen in the presence of a step-load increase with-
out lowering the diode conduction time. In fact, it is possible for the DCM
circuit to adapt perfectly to a step-load change of any magnitude in the very
first switching period with the switch conduction time, the peak current,
and the diode conduction time all increasing at once to the values that will
be maintained forevermore at the new load current.

The extra delay is mathematically described by a Right Half-Plane Zero
(RHPZ) in the transfer function (Au = &) which forces the
designer to roll off the loop gain at a point where the phase margin is still
secure. A classical zero in the Left Half-Plane (Av - M—x——) pro-

vides a boost in gain AND phase at the point it is inserted. Unfortunately,
the RHPZ gives a boost in gain, but lags the phase. More viciously, its posi-
tion moves as a function of the load, which makes its compensation almost
an impossible exercise. Rolling off the gain well under the worse RHPZ posi-
tion is the usual solution. Let's also point out that the low-frequency RHPZ
is only present in FLYBACK type converters (BOOST, BUCK-BOOST)
operating in CCM and moving to higher frequencies (then becoming negli-
gible) when the power supply enters DCM. The loop compensation becomes
easier. For additional information, reference [16] gives an interesting exper-
imental solution to cure the BOOST from its low-frequency RHPZ, while
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Figure 3-2a
A classical BOOST

reference [17] presents an integrated solution to force DCM in any condi-
tions. The RHPZ position will be given by topology later on,

After this introduction to the delicacies of the CCM, let's have a look at
the BOOST Voltage Mode.

BOOST Voltage Mode

The BOOST converter is presented in Figure 3-2a. For rugged voltage-mode
designs, we strongly encourage you to monitor the peak inductor current
and make sure it always stays within the safe limits of the switch.

How It Works

When the switch closes, Vin is applied to the inductor L, and D's anode is
stuck to ground. As a matter of fact, the current ramps up with a slope of
% (eq. 2.7) toward its final peak value Ip. When the switch opens (for

example, because of the PWM order), the magnetic field inside the inductor
collapses, and in attempt to keep the amps-turns constant, its voltage
reverses, The current is now delivered to the load and capacitor, ramping

down from Ip with a slope of @'—L‘V‘E (eq. 2.8). An easy way to find the

transfer function of any converter is to apply the fact that the inductor aver-
age voltage across one switching cycle is null, If we stick to this rule and
transfer it to Figure 3-2a, it becomes: Vin — Vout = 0 (eq. 2.9). Vout,, is

Aot
: Resr
Vin C)' PamA—> \ ! §Hloul

ahdded bas
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Table 3-2
BOOST Voltage-

Mode Equations.

Chapter 3
simply Vout,, X -% or Vout,, % (1 — D)(eq. 2,10). By equating Vin and
eq. 2.10, we obtain the open-loop transfer function: ";E: D (eq. 2.11).,

Equations

Following are the equations for a voltage-mode control BOOST converter
operating in CCM or DCM. These equations, as well as the ones later given,
are a compilation of results found in references [15, 19, 20, 21] (See Table 3-2.)

IR _ll.=l_ 'h\wx_‘l'ﬁ..l;‘hbh - 'ﬁ' - "
—— - e L |
1st-order polo S =
,If'“!.!!'.
2-r+Rload - C.w.l'
i1-D)
2nd-order pale High frequancy pole. —_—
see reference [5) 2:x-VL-Cou
Pl 1 1
Lt Holt: Axe 28 Reg Cone 2 8-Rpgn-Coi
- {1 -DpR
Right Hall-Plane Zero High frequency RHPZ, ey
see reference |5]
rit 1+i'g,-‘?lw 1
Vst ¥ isges DC Ginin 3 -—'ll_ﬁ-j
V3~ Vo out®
Vin Vout Vi
Vs Vo DC Gain ﬁ'l—-—'ﬁ— Vin
2+ Vout
Fyu = switching frequency
Rioad = outpat load

Fyse = outpul capacitors Equivalent Series Resistor
Coul = putpul espacitor

Vin = input valtage

Vout = gutput voltage

L = main inductor

D = duty-cycle

J=3:-L-Faw/R
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Averaged

Our design implements a 12W BOOST converter operating in DCM at
200kHz. Figure 3-2b details the components arrangement for an AC simu-
lation. The model uses the GSIM BOOSTVM available in both laSpice and
PSpice. The loop is opened by wiring the LOL and COL components as pre-
viously described. As you can see on Figure 3-2b, we have called the DC
points from IsSpice and printed them on the schematic. They reveal a 12V
value—it is what we had exactly been hoping for: a duty-cycle of 27%. The
error amplifier is a macro-model as depicted in the generic model section.
Please note the presence of D2, which is not mandatory, but instead forces
the loop to account for its forward loss. D2's incremental resistance (which
depends on the output current) will also play a significant role in the out-

BOOSTVM
FS= 200k
L=2.5uH
RS=20m
D2
1NS818 out
N P e, N U 2 T SOV
DON GND
20 A1D
- 25“1 >
> 2%
av 16 1
Ccs
5000
IC=11.95

R13
164
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put impedance, The simulation results are shown in Figure 3-2c and reveal
a (theoretical) bandwidth of 52kHz thanks to the compensation network
calculated by POWER 4-5-6. The phase margin is also comfortable with a
45" value at 0dB.

Switched

The switched version gathers our generic model and some semiconductors
as the main switch associated with the rectifier diode. Figure 3-2d depicts
the simulation file.

Different kinds of simulations can be run, but our interest lies in the
steady-state phase where the system actually regulates the output. For that
purpose, an .JC SPICE statement forces Cout’s voltage to be close to the
final value upon start-up. This trick ensures a minimum of switching pulses
(and thus simulation time) before entering regulation. The results are
delivered in Figure 3-2e. The capacitor current ripple is evaluated at
1.36As, thus dissipating Resr « Ius*Cout = 46mW.

Ygain =
J0dB/div

IH.WE Verr gain

s LA RIS
g ) T

N
o oL ]ﬁI-:L L_‘_‘
,.i""'ﬂ-
.—--"/ \
-00.0
~180.00

10 100 1K 10K
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Figure 3-2¢

The final steady-state
simulation results.
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BOOST Current Mode

The current mode version differs from Figure 3-2a in such a way that the
inductor current is permanently monitored to actually determine the duty-
cycle.

How It Works

The general remarks given in the voltage mode section still hold. However,
it is not the Pulse Width Modulator device that naturally stops the switch
conduction, but rather the peak current setpoint. This peak current setpoint
is fixed according to the error voltage and varies with the output power
demand. A resistive element usually measures the current that flows in the
main switch, This element (called Ri in the AC model) fixes the current loop
gain. However, some ramp compensation might be needed to compensate
for eventual subharmonie oscillations.
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Table 3-3

Boost Current-
Mode Equations,

Equations

Below are the first-order equations for a current-mode control BOOST con-
verter operating in CCM or DCM. These equations, as well as the ones later
given, are a compilation of results found in references (15, 19, 20, 21]. (See
Table 3-3.)

24—t
e 4'.11)? 1
g 2o Rload - Cout x-Rload - Cout
2nd-order pole High frequency pole, None because of
see reference (5] current mode
1 > ST
Left Hall-Plane Zero RO T
Right Half-Plane Zera High frequency RHPZ, (1 - DF-Rioad
see reference [5] L
2+ ]
T [.t : vc]‘_ 1
| A7\ Vin |7 1
Vet Vi DC Gitin Rload - Cout {1-D)
if we introduce k:
Vout = Wk« Ve« Rload - Vin
i
s k Vout k Rioad - Vin
Veared Ve DC VT P, 1 2 Vout
2 Vout

Fyw = switching frequency
Rivad = output load
Hges = output eapacitor’s Equivalent Serfes Resistor
Coul = output capocitor
Vin = input voltage

Vout = output voltage

L = main inductor

Ve = control voltage

k = maox. Ipeak / max. Ve
Ipeak = k - Ve

J =2:L-Few/ Rload
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Averaged

The design example depicts a BOOST converter delivering 6V@6W to an
RF Power amplifier from a single Lithium-Ion battery (Vin = 2.7V to 4.8V).
The parameters calculated by POWER 4-5-6 are the following:

Fsw = 200kHz

L = 2.5pH

Cout = 500pF, 25mil ESR
Rsense = Ri = 300m(l
Rload = 601

Figure 3-3a portrays the typical way to wire the Ridley BOOST CCM

model. However, it is important to be sure that the converter operates in

- - - '
CCM. By applying the critical inductance formula Le = R—‘;T%wﬂ.
we can determine if we are really CCM: Le = 1.74pH (value under which we
are DCM) < 2.5pH — CCM okay.

Despite the apparent complexity of its description, the implementation
does not represent a major problem. The parameters are obvious because
you feed the model with what vou calculated. The only drawback lies in the
fact that the model cannot find its DC point alone. You therefore need to
pass the output (load, Vout, etc.) and also the input conditions. Once set, add
a stimulus source on the Ctrl pin and watch for the output. The result is
delivered in Figure 3-3b. In lack of compensation ramp (me = 1), the Fsw/2
peaking is well pronounced.

OUTPUT IMPEDANCE If the output impedance is interesting for your
application, simply put Vstim to 0 and wire a current source on the output
as Figure 3-3¢ indicates. By setting this source to 1A, plotting Vout/lout
immediately gives you ohms. If you take 20 . log of the result, you compress
everything into dB{): 0dB{} = 11}, 60dB(} = 1k{L

Adding the feedback loop with the adequate shaping elements lets you
easily compare the open-loop versus closed-loop results, Zout

The closed loop output impedance is defined by Zouty;, = 171%::
Since the open-loop gain Ty, diminishes with frequency, the output imped-
ance rises as long as the frequency increases. This behavior describes an
inductive output impedance which, in certain cases, can lead to annoying
resonances (Figure 3-3d).
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Switched

The current-mode switched circuit appears in Figure 3-3e, directly using
the previous example components, If we want to inject 50% of the inductor
downslope for an optimum ramp compensation, let us calculate the corre-
sponding summing resistor we need: Downslope is during Tom:
Vout — Vin

I = 1.28A/ps. 50% is 640mA/ps or 3.2A over 5ps (200kHz
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I .
Figure 3-3d
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switching frequency). Using Rsense to convert into volts leads to a final
level of 3.2A - 0,30 = 960mV. To generate 960mV from a 5V ramp voltage,
we must divide by 5.2. If the resistor that conveys the sense information is
selected to be 1k(}, the Vramp this combines with the current information

1k =
through a 4.2kf} resistor: Ut+42i = 192m =

The effect of ramp compensation is clearly rmraalnd by the absence of the
Fsw/2 component when zooming on the inductor current signal (Figure
3-30). This result was obtained after pulsing the input level from 3.3V down
to 2.8V, once the converter has stabilized (using a PWL statement).

BUCK Voltage Mode

The BUCK converter is presented in Figure 3-4a. Again, for rugged voltage-
mode designs, we recommend a pulse-by-pulse peak inductor current mon-
itoring to make sure it never exceeds the safe limits of the switch,

L e W, Tre ey e
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How It Works

Whmmummmltfnmammsmrmpupintheindmﬁu
inductor up-slope is thus defined by: Yin Veug

because the inductor fights to keep the amps-turns constant, the current

now circulates through D with a down-slope of: -Vi,'ﬂr If the inductor is

greater than its critical value Ly, the diode conducts until the switch closes
again: we are in CCM. At this moment, a current spike takes place in the
switch because of the diode t,. If you use a Schottky diode, there is no t,,
(except parasitic capacitive storage) and the problem greatly diminishes. At
the oppesite, if L is smaller than L, the current ramps down to zero and stays
there until the next cycle. The previous diode problem is not present in DCM.

In CCM, the Vout/Vin DC gain is really straightforward. See the con-
verter as a square-wave generator (on the junction of D and L) followed by
an LC filter. This filter simply averages the square-wave signal and acts
upon the final ripple level. The average value of a square-wave signal going
from 0 up to Vin during D is: D . Vin. However, since the inductor is the seat

Viout Rload
of ohmic losses through rff; then: Vin =D- 7if + Rload’

. When the switch opens,

Equations

Following are the equations for a voltage-mode control BUCK converter oper-
ating in CCM or DCM. These equations, as well as the ones later given, are a
compilation of results found in references (15, 19, 20, 21] (See Table 34.)

Averaged

The design example depicts a CCM BUCK converter delivering 2.5V@1W to
a DSP circuit as found in many portable applications (Vin = 2.7V to 4.8V),
The parameters calculated by POWER 4-5-6 are the following:

Fsw = 200kHz

L = 60pH

rlf = 50m{l

Cout = 220pF, 100mf? ESR

Rioad = 6.250)
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Table 3-4

BUCK Voltage-
iode Equations.

2-M
st order pole 2-m+(1 = M)+ Rload - Cout
2nd order pole None becauge of DCM —l—
E'I'VL'C-I
. S, S
Left Half-Plane Zoro Zon Rggy Coy Ben-Rasn Cou
Right Half-Plane Zero = -
2
v, DC Gain — D
et ¥ mpat 1 m
Y Dt
i e b VVin+(Vin — Vout) 5
T i Hocde in
ar ‘H@'T{.

Few = switching frequency

Rload = output load

Riga = output capacitor’s Equivalent Series Roslator
Cout = putput capnctor

Vin = input voltage

Vout = output voltage

L = main inductor

D = duty-cycle

M = Vout/Vin conversion ratio

t, = L/ Kload . Tew

Figure 3-4b portrays the typical way to wire the GSIM BUCK
CCM/DCM voltage-mode model. However, it is interesting to confirm that
the converter operates in CCM at h%-!i?e {%BV. D = 0.52). By applying
the critical inductance formula Le = _:.3{_ F;w ) , we can determine if we
really are CCM: Le = 7.5uH (value under which we are DCM) << 60pH —
CCM okay. (See Figure 3-4¢.)

At the resonance, the double pole pushes the phase down to —180°. The
higher the LC Q, the sharper the phase drop. Thanks to an adequate dou-
ble zero positioning, the final bandwidth is still comfortable.

AVERAGE RESPONSE TO AN OUTPUT STEP One advantage of AC
models is the lack of switching component. Thanks to this feature, transient
simulations are performed in a snap and you can easily iterate the way you
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finally shape your compensation error amplifier. Figure 3-4d details how to
wire the varying output load; either a Piece Wise Linear (PWL) voltage
source drives an ideal switch, or a PWL current source describes how the
current step evolves with time:

¥i 4 0 FL 0 1 100u 1 100.1u © 800w O ®00.1u 1

or

Istep out O PWM 0 400m 100u 400m 100.1u 80m 800u 80m 800.1u 400m

The result appears in Figure 3-4e. It shows an excellent transient
response without excessive overshoot.
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Switched

The switched version uses our generic voltage-mode model already imple-
mented in the BOOST section. We simulated Figure 3-4f example to be
affected by the previous operating conditions.

The output was pulsed from 80mA up to 400mA. We selected a true N-
channel MOSFET in the role of the switch. Thanks to the generic aspect of
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the controller, by changing the VOH parameter to 13V, we naturally pro-
duce a bootstrapped Vs to properly drive the MOSFET (its source is float-
ing). The result in Figure 3-4g nicely agrees with Figure 3-4e, except for the
amplitude of the dip, which is more pronounced in our switched simulation
due to the various series resistors not accounted for in the model. The reac-
tion time of the loop when the load switch closes perfectly, sticks to the aver-
age model, implying similar circuit bandwidths.

BUCK Current Mode

The current-mode version of the BUCK does not differ much from the Fig-
ure 3-4a example; the sense primarily used for current protection now ear-
ries the instantaneous inductor current to the controller for the tg
generation.
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Figure 3-4f
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converter
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Equations

Following are the first-order equations for a current-mode control BUCK
converter operating in CCM or DCM. These equations, as well as the ones
later given, are a compilation of results found in references [15, 19, 20, 21].
{See Table 3-5a.)

Averaged

The average example is depicted by Figure 3-4h where you now recognize
the BUCKCCM Ridley’s model. By passing the parameters calculated by
yourself or by POWER 4-5-8, you directly observe the variable of your
choice.

Figure 3-4i unveils the simulation results. As you can see, the open-loop
gain looks good at low-input voltage, but when you reach the maximum
value, the subharmonic poles suddenly pull the gain plot above the zero dB
axis and could jeopardize your stability. Increasing Me to 1.5 will provide 50
percent compensation ramp, and our problem fades away.
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Table 3-5a .
DneM CCM
BUCK Current- = '
Mode Equations =2 3 -
9 ESonles pa 2-%-(1- M)-Rlood-Cout  Z-% Rload-Cout
2nd-order pole None because of DCM None because of CM
“Plane — FNS
TLeft Half dero T T om R O
Right Half-Plane Zero — —
Vi Vieges DC Gain see reference [21] o
Vosignt Voeme DC Gatin see reference [21) k- Rload

Fiw = switching frequency

D = duty-cycle

Rload = output load

Hyan = outpot capacitor’s Equivalent Series Resistor
Copr = output capacitor

Vin = input voltage

Vout = output voltage

L = main inductor

Ve = control voltage

k = mace. [poak/max. Ve

Ipeak = k - Ve

M = Vout/Vin conversion ratio

- e =
Figure 3-4h AC model
The BUCK CCM _
model for continuous Vin Yol T=; Svou
smulations. Rasr

D Gnd Ctrl s

i Rioad
=T b - 3 Cout €3

p " vz 220uF
D‘l.lt" Aﬂ =1
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Figure 3-4i
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Switched

Our CM design example depicts the same CCM BUCK converter, which
still delivers 2.5V@1W. The following parameters are summarized where a
sense element has been added:

Fsw = 200kHz

L = 60pH

rif = 50mf(}

Cout = 220pF, 100mf} ESR

Rload = 6.251}

Rsense = 10mi}

To compensate for subharmonic oscillations, we need to inject a compen-
sation ramp. We select 50 percent of the inductor downslope: 50 percent of

% = 20.8mAfus or 104mA/Sps. With an Rsense of 10mi2, we would

obtain a final level of 1.041mV, a bit difficult to produce when compared to
the ambient noise. Thanks to an amplifier gain of 100, we raise our current
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level to 104.1mV. From a 5V ramp voltage, we shall then divide by a factor
of 4.8, If the current information is carried via a 1k{} resistor, the 5V ramp
will thus be applied through a 48k(1.

Figure 3-4j differs from the previous applications because we ndded the
dead-time generator to perform synchronous rectification. To comply with a
P-MOS type, you need to add an inverter in series with a generic model, The
dead-time allows the climination of the shoot-through (also called cross-
conduction) between the MOSFETSs. We selected a 200ns value. The Figure
3-4f system gave an efficiency of 93.5 percent. By the way, to calculate the
input power (in Watts) for any waveforms, follow the steps once SPICE has
terminated its simulation:

1. Display the input current I(t) and the voltage Vit) of the input source

{in our case, V(t) is constant to 3.2V).

2. Multiply both curves together.

3. Take the average of the results: you obtain Watts. With Vin constant,
simply get the average input current and multiply by Vin.

After simulation, Figure 3-4h delivers an efficiency of 95.1 percent. Figure
3-4k depicts some typical waveforms. As you can see, at the switch turn-off,
the free-wheel diode immedintely takes over before the N-channel MOSFET
(due to the 200ns dead-time). However, because of the CCM operation, this
free-wheel diode conducts again just before the main P-channel MOSFET
turns on. When this main series switch applies Vin to node 2, it brutally
forces the diode to stop conducting. Figure 3-4k clearly depicts the resulting
current spikes that occur in the switch until the diode is finally blocked.

BUCK-BOOST Voltage Mode

The BUCK-BOOST converter is presented in Figure 3-5a. As usual, for

rugged voltage-mode designs, pulse-by-pulse peak inductor current moni-
toring is advised.

How It Works

When the switch closes, it forces a current to ramp-up in the inductor
according to the formula: % . When the switch opens, the inductor fights
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Figure 3-4k
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to keep the amps-turns constant by reversing its voltage. The current now
circulates through D with a down-slope of E?—'.le note that the out-

put voltage is negative by reference to the ground. The % transfer ratio
is found instantaneously by applying the inductor voltage-balance reached
at the equilibrium [21] (Figure 3-5b).

The average voltage during switch-on is Vin - D and the average voltage
during switch-ofTis —Vout - (1 — D), By equating both equations, you obtain

*’%‘ =1-D ? ik A similar reasoning can be applied if one wants to include

various losses as RDS ., or forward voltage drop VI, and so on. These com-
ponents will simply appear in the final formula averaged over their operat-
ing period: RDS, ., - D, Vi- I,

Equations

Below are the equations for a voltage-mode control BUCK-BOOST con-
verter operating in CCM or DCM. These equations, as well as the ones
given later, are a compilation of results found in references [15, 19, 20, 21).
{(See Table 3-5b.)

Averaged

One of the biggest interests of averaged models lies in the prediction of
poles (or zeroes) that move in function of the duty-cycle in CCM. Iterations
by hand to properly stabilize the system could easily take hours. Fortu-
nately, SPICE picks off the cases for us.

To change a little, we have selected Ridley’s model FLYBACKCCM. This
component requires you to enter the values you (or an automated software)

Vour




Topology-by-Topology Simulation Recipes 111

Table 3-5b

BUCK-BOOST
Voltage-Mode
Equations.

; 1
Ist-order pole _-—H_:-RH-C_
2nd-order pole High frequency pole ll;ﬂl
see reference B, 21] 2-x-VL-C.,
S S e
Left Half-Plane Zero s e e e
Right Half-Plane Zero  High frequency RHPZ, Ryy+(1 -~ DY
&oe reference |6, 21] 2:m-L-D
Bt D
VeyedVing DC Gatin DNTL o (1-D)
R Vi
e &R

Fiuw = switching frequoncy

Rload - output lood

Rgm = cutput capacitor'’s Equivalent Senes Resistor
Cout = cutpal capaciior

Vin = inpot voltage

Yout = output voltage

L = main indacior

D = duty-cyele

calculated. Lsec is the nominal inductance value, Ri is put to zero because
of voltage-mode control, and finally, Vr details the PWM sawtooth ampli-
tude (the actual PWM modulator gain). Put this parameter to 1 if you do
not know this, The simulation file appears in Figure 3-6e,

Qur example delivers —8V@10A from a car battery. Its minimum level is
10V. The output capacitor is affected by an Equivalent Series Resistor
(ESR). If our eonverter evalves in an automotive environment, the sur-
rounding temperature is likely to change. As a result, the ESR grows up to
low temperatures but decreases to higher levels. How does it affect the sta-
bility? By sweeping the ESR parameter from the min/max numbers given
by the capacitor data-sheet, Figure 3-5d tells you how the control/output
gain moves. In our case, the variation is not too stringent, but it clearly
identifies the ESR as a potential stability “killer” if you do not account for
it at the design stage. It also demonstrates the ease of a parameter iteration
with SPICE.
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Switched

The switched version uses the generic voltage-mode model, already imple-
mented in the BUCK section. We simulated the Figure 3-5e example: n neg-
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Figure 3-5¢

The BUCK-BOOST
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ative BOW inverter. The P-MOSFET has been replaced by a generic switch
affected by a 10m(2 conduction resistance. (See Figure 3-5f)



114

Figure 3-5f
Dperaticn reveals a

high diode RMS
current of 14A

Chapter 3

.
|

dowhi el /

r[ /;// /

S05.0U 51500 52500 E35.0U HEDU

Because Vout is negative, we need to inverse it to satisfy the generic
implementation. This is done through B1, a B element. It could also have
been a simple E source affected by a -1 gain. Simulation results reveal a
diode RMS current of 14A. The total conduction losses can therefore be cal-
culated using Pdiode = PPrms - Rd + lavg - Vi, with Rd the dynamic (also
called incremental) diode resistance taken from the data-sheet at Id = 144
and V¥, the forward drop taken at Id = 9A (TIavg). The capacitor dissipation
could also be extracted with an RMS current of 10A: I*rms - ESR.

BUCK-BOOST Current Mode

The current-mode version does not differ much from the voltage-mode.
Compared to Figure 3-5e, the Vsense information will be routed to the sense
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comparator to end the switch on-state when the correct Ipeak value is
reached.

Equations

Below are the first-order equations for a current-mode control BUCK-
BOOST converter operating in CCM or DCM. These equations, as well as
the ones later given, are a compilation of results found in references [15, 19,
20, 21]. (See Table 3-6.)

Averaged
INPUT IMPEDANCE Switched-mode converters are inherently noisy
and can interfere with equipment sharing the same supply lines. This is
Table 3-6 S . o
BUCK-BOOST
Current-Mode 1st-order pole _.H‘IT
E o Ko Rpi*Coi
Znd-order pol High frequency pole, s
or pole i e ——y
sce reference {5, 21] 2%~ Cou+ Rload
1 1
Left Half-Plane Zero P e T X s, T Tm RO 3
Right Half-Plane Zere  High frequency RHPZ, Riwu* (1 - D)
soe reference |6, 21] 2.n:L-D
Ru'md' L-Fi D
Vit Viage DC Gariny k-Ve: -ul'——ﬁ -0
VissadV ey DC Gain ke \/ L e kxBioad: i"ﬂr:t Vin
Fau = wwitching frequency
L = main inductance
D = duty-cycle
Coul = putput capacitor
, Hlvad = output load

Rypa = vutput capacitor's Equivalent Series Hesistor
Ipeak = k- Ve

k = max Jpeakimax. Ve

Ve = error voltage
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particularly true in automotive applications. To prevent disturbances from
being routed via these lines, you need to install a specific filter in front of
your converter. Most of the time, this ElectroMagnetic Interference (EMI)
filter will be reactive. The problem comes from the nature of the load
applied to the filter output: the converter’s input. Let's take a closer look.
In a closed-loop system, the loop strives to maintain a constant output
power regardless of operating conditions. If you insert an Ampmeter in
series with your converter and modulate the input line, you will see that if
Vin grows, the input current diminishes (this makes sense, the supply
strives to keep Pout constant), while a drop of Vin is followed by an increase
of lin. From this input side, the converter looks like a negative resistor!
Watch for the lines.

We ecan write the following equations, assuming we have a 100% effi-
ciency:

Pin = Pout = [in - Vin = Jout - Vout

Vin lout

“Vout Iin ™ the conversion ratio. Now, since Zin = Vin then the

lin
:mnmmfmpedummnhﬂhtmdbym!uﬂhngﬂ_ Vin can be

expressed hy but since Pin = Pout = Rload + Iout?, then the final equa-

: d'Vm d Rload - lout® lout®
tion becomes: 5 e < Tin and leads to: — Rload - T
— Rload - p* a negative number.

It is important to assess the boundaries of this input impedance Z,.
Why? Because if your negative incremental resistance compensates for the
filter ohmic losses, you cancel any resistive damper that normally stops the
eventual transient LC oscillations: you have built a Negative Impedance
Converter (NIC) oscillator. Thanks to average models, SPICE evaluates the
input impedance in the easiest way. Figure 3-5g details how to wire RID-
LEY's model.

The results are displayed in Figure 3-5h, and detail how Z_ moves with
different ramp compensation levels. The static portion is found by calculat-
ing the input current for the considered converter (v = 100%) lin =
Pout/Vin or 8A. Zin is then evaluated at 1.25() or 1.93dB{). A comprehen-
sive simulation exercise would also include output impedance Z_, plots of
the front-end filter you designed. To avoid any conflict between your filter
and this converter, you would check that no overlap area ever exists
between Z,, and Z_,. In other words, you shall keep the input impedance Z,,
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Vag/liry ratio, you can
plot the input
impedance.
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—

well above the filter's output impedance Z_,, Otherwise, o conflict might
OCCur.

Switched

The switched simulation is simply the current-mode version of the Fig-
ure 3-6e example. Because of CCM, we need to compensate for subhar-
monie oscillations. The inductor downslope is Vout / L or 38A/10ps. Fifty
percent of it reflected on Rsense gives a necessary ramp amplitude of 1V.
From our 5V level given by the generic model, we need to divide by a

R R N W S O P "
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factor of 5 or 201m. With a 1k{} resistor bringing the current sense infor-
mation, we should inject with a 4k() resistor. Figure 3-5i details the sim-
ulation template.

The simulation results are delivered in Figure 3-5) and do not show any
subharmonie instabilities.

FLYBACK Voltage Mode

The FLYBACK converter is presented in Figure 3-6a. It is probably one of
the most popular topologies found in many low- and medium-power appli-
cations such as offline battery chargers, wall packs, and so on. Years ago, the
majority of designs built around the popular SG1524 circuits did not
include pulse-by-pulse current limitation. Fortunately, nowndays, circuits
like the MC44608 from ON Semiconductor (Phoenix, AZ) let you build
rugged voltage-mode SMPS by including fast overcurrent detection.
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How It Works

When the power switch closes, the current in primary ramps-up at a rate
given by %{’-’- with Lp as the primary inductance, also called the magnetiz-
ing inductance. Because of the diode, no current circulates in the secondary
during the ON time. When the PWM dictates the switch opening, the core
magnetic field collapses. In an attempt to keep the amps-turns circulating,
the primary inductance reverses its voltage; D can now conduct and the pri-
mary current finds a way to circulate through Cout but also Rload. The
ramp-down current is therefore imposed by the reflected Vout voltage over
Vout + V]
Lp: %ﬁ—” with VI the diode forward drop. By adjusting the duty-

cycle, the circuit is able to regulate the output voltage at the desired level.

Equations

Following are the equations for a voltage-mode control FLYBACK con-
verter operating in CCM or DCM. These equations, as well as the ones
given later, are a compilation of results found in references [15, 19, 20, 21].
(See Table 3-7.)

Averaged Low-Cost Feedback

We will draw the Bode plot of a DCM AC/DC wall adapter delivering
12V@1A from a universal mains (85 to 285VAC), Why do we purposely force
DCM? Most of the time, designers select the DCM mode at high line but
necepts to go CCM at low line, DCM represents a good solution at medium
power, but as soon as the output power demand grows, the RMS current cir-
culating in the output power capacitors and in the diode, becomes very
large. But one salient feature of DCM lies in the absence of turn-on losses,
usually generated by the output diode recovery in CCM. However, despite
DCM and the lack of diode t,,, the various parasitic capacitances contribute
to some turn-on losses,
Following are the component values caleulated:

Fsw: 100kHz

Lp: 2mH

L:N 1:0.0538

Cout: 470pF, Resr = 55mfl
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Table 3.7

FLYBACK Voitage-
Mode Equations.

TTY

v el o

1 pol "Ru‘c_;

2nd-order pole High frequency pale,
see reference |5, 21)

Left Half-Plane Zero 2——. =, R.lll'_"' Cﬂ

Right Half-Plane Zoro High frequency RHPZ,
see reference |5, 21)

R
VrdVieeu DO N-D-\ 5 g

. Ricad
Vousped Vs DC Gatin Vo N\l srinee Foe

1 i"m
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(1-D)
9.x- Visee-Co,

Yy

Ris*(1 - DY
2ex-Lsec-D

-V

Vin

(1-Dp

Fuu = switching frequency

Risad = putput load

B = output eapacitor’s Equivalent Series Resistor
Cout = outpul capacitor

Vin = inpot voltage

Vout = output voltage

Lsee = secondary inductor = Lp - N*

D = duty-cycle

Transfiormer ratia, 1 : N = Np:Ns

Figure 3-6b shows the complete SPICE FLYBACK simulation template
using the GSIM model. The L parameter corresponds to the primary induc-
tance value. This template includes a simplified feedback chain around an
optocoupler and zener diode. We also add the PWM gain that you calculate
knowing the sawtooth amplitude of the controller you have selected:

1
Vsaw

Gm"

« (Vsaw = 2.6V in our example)

As you can see on the simulation schematic, the reflected DC levels indi-
cate a good operating point: Vi, + VzD1 + VX3, The duty-cycle establishes
at 60 percent for a 120V input voltage. The Bode plot appears on Figure
3-6¢. With this kind of simplified feedback loop, there is not much flexibil-
ity to tailor the error amplifier section, since there is no error amplifier! The

DC gain of this chain is given by R3 and Ré: 713 - CTR, with CTR the opto-

coupler CTR.
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Averaged, Shunt Regulators

Classical PWM modulators generate a duty-cycle by comparing an error
voltage to a ramp, but a new generation of PWM controllers emerged a few
years ago. These new devices appear to be true monolithie circuits where
the designers pushed everything inside the die: the PWM generation, the
various protections, and sometimes the main power MOSFET. In these
components, the duty-cycle is generated by forcing a current into a dedi-
cated feedback pin (FB); this concept is called the shunt regulator: this is
because you need to elevate the FB level until it is clipped to a regulation-
level Vz at which the current starts to circulate. It is as if a zener were con-
nected behind the FB pin; below the breakdown, a weak current flows and
the duty-cycle equals the maximum value. As soon as you reach the thresh-
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old, the current cireulates and the duty-cycle diminishes. Figure 3-Ta
depicts a typical variation curve for the new ON Semiconductor MC44608,
{Also see Figure 3-Th.)

The way this modulator is built appears in Figure 3-T¢, where the main
P-channel MOSFET acts as variable resistor and deviates the FB current
through ground. The current to duty-cycle conversion is done with Rgain
whose value depends on the PWM function you target (actually given the
product data-sheet). Finally, by adjusting the B1 component (or E1 in
PSpice), you bound the duty-cycle to any value.

A Multioutput Shunt Regulator Example The MC44608 is an eight-
pin voltage-mode PWM controller whose feedback implements a shunt reg-
ulator with a clipping voltage of typically 5V. Figure 3-7d portrays the
open-loop configuration we have tested.

This is the opportunity to discover the power of SPICE in this kind of
multioutput power-supply. In this monitor or TV application, the MC44608
is modeled with its duty-cycle shunt regulator. The duty-cycle generated
from the opto-isolator is translated into voltage and directly feeds the aver-
age FLYBACK model. As you can see, the reflected DC points indicate a
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clipping voltage of 5V, compatible with the data-sheet specs (node 16). In a
normal Bode plot paper study, you would reflect all the load resistances,
ESRs, and output capacitors (according to the respective turn ratios
squared) to the main regulating point. SPICE does it automatically and
includes the diode incremental resistor. What is that? When you carry your
paper study, you simply reflect all the output elements as if they were con-
nected to the transformer’s secondary; this is the common mistake, Do not
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Figure 3-7c
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forget the diode and its dynamic resistance Rd at the given operating cur-
rent. At high output current, Rd is small and you can effectively neglect it.
However, on Ve windings or bias windings, the diode operates close to its
knee where the incremental resistance is high and you need to account for
it. Otherwise, the compensation you will make is likely to be false and your
design might oscillate in production. Thanks to SPICE and an accurate
diode model, Rd is automatically included in the simulation. Figure 3-Te
and 3-7f unveil the simulation results compared to the true measurements
with a network analyzer and confirm the validity of our approach.

Switched

A simple voltage-mode FLYBACK converter is proposed by Figure 3-8a. The
sketch shows the PWMVM model and a nonisolated feedback network. If
needed, any kind of feedback can be implemented as previously illustrated.
(Also see Figure 3-8b.)

The application makes use of a dual-output transformer in case the aux-
iliary winding would supply the IC's Vee line,
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Figure 3-7d
Atypical application
of thee MC44608

shunt reguiator

FLYBACK Current-Mode

As mentioned earlier, the current-mode version of the FLYBACK monitors
the peak current circulating in the primary inductance Lp. When it reaches
the final setpoint Ip, the internal latch resets and the MOSFET driving sig-
nal goes low, waiting for the next cycle. Some recent circuits monitor the
true primary demagnetization and prevent the main switch to be turned-on
again; you operate in free-run, also called borderline operation. This is the
case of the MC33364 as we will later see.

Equations

Following are the equations for a current-mode control FLYBACK con-
verter operating in CCM or DCM. These equations, as well as the ones later
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given, are a compilation of results found in references (15, 19, 20, 21]. Equa-
tions do not differ much from that of the CM BUCK-BOOST except that the
k ratio needs to be scaled by a ratio UN (primary sensing versus secondary
coil expressions). (See Table 3-8.)
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Figure 3-8a
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Table 3-8

FLYBACK Current-
Mode Equations.

Chapter 3
1st-order pole m‘"c—_ =
(1-D)

o g izag oy 25 Ve

Len HalfPlane Zaro 5l T

_ ’ 4 Ria*(1 = DY?

Right Half-Plane Zero Hm@ mw -;—";—“m
VeV DCOain  NoDioyfzroimte iy ol
VlfuDO0ds | goysmESE | bRl ol
Fye = switching froquency
D = duty-cycle

Ry = outpul capacitor’s Equivalent Series Resistar
Const = output capacitor

¥in = inpot woltage

Yout = putput voltage

Lsec = scondary inductar = Lp - N*

Vi = eontrol voltage

k = max. [peak/max, Ve

Ipeak = k- Ve

Averaged

The average simulation of the current-mode does not differ much from that
of the voltage-mode. However, you need to ensure enough error amplifier
swing in order to reach the correct peak current. Figure 3-8¢ details the
simulation template for the current-mode FLYBACK. (Also see Figure

3-8d.)

The LC network filters out the output ripple mostly generated by the
output ESR. If you keep its cutoff frequency far away from the targeted

bandwidth, it will not affect the final stability.




Topology-by-Topology Simulation Recipes 131

N N N X2
Figure 3-8c,
Figure 3-8d

The secondary LC
finer does not
jeopardize the SMPS
stability.

dB Phase ®

2000 1800 \\
\Q \ Verr OL
2000 9000 Y\ﬁ
L

hY
-4000 -180.0 \
1




132

- -
Figure 3-8e
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Switched

The switched version is depicted in Figure 3-8¢. The application values dif-
fer from the above example, but the principle remains the same, We have
suppressed the active elipping network and replaced it with an RC type.
Although it offers an immediate cost reduction, it unfortunately suffers
from a strong dependency upon the maximum peak current Ip [22], You can
caleulate the clipping elements using the following formula:

2. Velamp - (Vc:amp — (Vout + Vf) %)
Lleak - Ip* - Fsw

Relamp =

Celamp = i
AP = Vripple - Fsw - Relamp

Design parameters are Lleak = 15pH, Ip max = 400mA, Vout + Vf =
16V, N = 66,7m, Fsw = 100kHz, and MOSFET BV, = 600V. The clamp-
ing level must be selected between 40 and 80 volts above the reflected out-
put voltage when the supply is heavily loaded. The reflected output voltage

Our
— Yo
A1
A
2 Piicad
1|n'lﬂ
=]
ATpF
L
Qw3
fa ]
[P 4 [*]
asst ¥ = —C Vamin
i} i
my O X2
ooy aurer | PWIACM g 470
e 15 ¥*
Vrmmg I i
1
"Wt <Wuenee
::Hm—' £ A1} b 5
* 0T Eoer ™ 1




Topology-by-Topology Simulation Recipes 133

N . -
Figure 3-8F
Simulation results
agree with the
caloulation resuits.

is (Vout + V) - /N = 242V to which we add 40V, implying a clamping level
of 280V. The maximum drain voltage will therefore grow up to Velamp +
Vmains = 280 + 250 = 530 < BV . The ripple is selected at 20V. Results
give Relamp = 88k(? and Celamp = 1.4nF.

Figure 3-8f portrays the simulation results at high line, The drain level
is safely clipped below 600V, the average clipping level corresponds to our
expectations.

Two-Switch Voltage-Mode Version One major problem of the FLY-
BACK finds its root in the presence of the leakage inductance. This induc-
tance strongly degrades the efficiency, but also the open-loop gain because
it forces a portion of the primary current to divert into the clamping net-
work. To overcome this problem, Figure 3-8g shows a two-switch version of
a 360W offline current-mode FLYBACK converter. The model simply pro-
vides a floating output duplicating the main one. You can therefore imple-
ment a low RDS ;, N-channel power MOSFET. To avoid the open-loop gain
degradation, you need to reset the leakage inductance as quickly as you
can. Keep in mind that any current that circulates in the leakage induc-
tance also flows in the primary. As a result, when the above clipping net-
work dissipates a lost heat, it steals away a portion of the primary current.
The two-switch application elegantly solves this problem at the expense of

'lclippmla L

10Vidiv <
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200m Aldiv ’k |
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a second transistor and two fast diodes. At the switches' opening, the pri-
mary and the leakage inductances reverse their voltage. The primary cur-
rent would like to immediately establish in the secondary but cannot
because of the leakage inductance, which delays the event. The secondary
current will equal (I/N . « . Ipeak) when the leakage inductance will totally
be reset. The smaller this reset time, the closer to one a will be. As you can

Vout + V|
se¢ from the schematic, this reset voltage equals Vin - f—ﬂ-ﬁ-—ﬂ

Increasing N diminishes the reflected output voltage and therefore dimin-
ishes the transfer delay.

Finally, because the switches now operate in series, their BV e can sig-
nificantly be reduced to the advantage of a better (smaller) RDS .




Topology-by-Topology Simulation Recipes

Our simulated waveforms appear in Figure 3-8h. It clearly reveals the
time needed to reset the leakage inductance. With a 1:0.15 transformer
ratio, the secondary should normally catch up at Ip/0.15 but cannot because
of the leakage inductance.

BN BN FORWARD Voltage Mode

The FORWARD converter represents one possible extension of the BUCK
converter, as Figure 3-9a shows.

How It Works

When the switch closes, it applies Vin . N to the secondary side through D1
N -Vin — Vout

and forces the inductor current to ramp up with a slope of i7

I . N I
Figure 3-8h Isec = 62A
The simulation result Instead of
shows a loss of 3-8 A 9-5310-15“5?-51" =
percent of the v Tockiinry Isecondary
primary current / \\ =I; 6392 \\
fortunately sent back —— 1 -‘7
to the bulk capacitor. ;Ei\f\ /T
I ALY
[\ [
\ ‘ \ \AI(Lleak)
A 0
v
feeset
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When the switch opens, D2 ensures the amps-turns continuity of L, exactly
as in the BUCK converter case, and the inductor current ramps down with

- l’out slope. However, the transformer primary magnetizing induc-

tance needs to be reset before the next cycle begins. The reset can be imple-
mented in several ways:

1. With an auxiliary winding as shown on Figure 3-9a—with a 1:1 ratio,
the duty-cycle cannot exceed 50 percent, and the main switch
undergoes 2 - Vin. When the switch opens, D3 conducts and couples
the auxiliary winding to 2 « Vin, applying this level to the magnetizing
inductor. The current ramps down.

2. Using a dissipative RC network, wired as the clipping network for the
FLYBACK converter (RCD network)—this is a rather poor method to
reset the core, but sometimes implemented when a fast diode associated
with the auxiliary winding explodes the cost limit. Nevertheless, this

option offers a duty-cycle range beyond the previous 50 percent limit.

3. Active clamp— this solution consists of replacing the diode in the RCD
network by a controlled switch. The first purpose of this configuration
is to clamp the primary to the reset capacitor, as the normal diode
would do. By further controlling the time during which the switch is
operated, you can implement Zero Voltage Transition (ZVT) on the low-
side MOSFET drain. You also force the transformer to operate in the
third quadrant instead of the first, as one with methods 1 and 2.
Efficiency is excellent; you can find this structure in DC/DC converters
for the telecom market where a wide input range is required. As with

N T CERE O L
Figure 3-9a A

D1
A simplified 7 7 H 3 / Vout
FORWARD converter. Long . .
S ' s D2 | Rload
# Cout
9 T “A\Gnd
PWMA—> D3
| -
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W O
Figure 3-9b
Resonant
demagnetization is
an elegant way of
resetting the core.

the RCD network, the duty-cycle can exceed the standard 50 percent
limit.

4. Resonant demagnetization—this is a widely used method, especially in
the DC/DC converter industry. It consists of forcing the primary
inductance to resonate with another capacitor placed over the power
switch. Figure 3-9b depicts this solution.

The major drawback lies in the capacitive power loss dissipated each
time the switch closes.

Equations

We will purposely not rewrite the FORWARD equations because the BUCK
ones still hold. The only changes are located in the following formulas:

In CMM,

Vout
Ve R

Vout _ .
Verr = N-Vin

In DCM,

- Vout =

_ 2
Vin

8-L-Fsw

LN LT DY Biload

D1
7 1
Lmaq
(Svm
cd

9
PWM 4—>

"HH
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Vout _ VVin-(Vin — Vout)

-
Verr V9. 7L

Fgw = switching frequency

L = secondary inductance

D = duty-cycle

Rload = output load

1:N = Np:Ns transformer ratio

Averaged

FORWARD converters are usually employed in power supplies where you
deliver few volts but many amps. Nevertheless, our design targets a uni-
versal offline mains converter delivering 28V@2A. The calculated compo-
nents’ values are the following:

Fsw: 200kHz

Lout: 130pH

Rs: 70mQ

1I:N 1:0.5

Cout: 48pF, Resr = 250m{}
Rload: 140

Figure 3-9c¢ depicts the averaged simulation template using Ben-
Yaakov’s GSIM model with the PWM gain : Gpyy = Vo

2.5V in our example). As you can see, we use the FORWARDVM device.
This element has been designed to be operated with an external trans-
former and accounts for it (N parameter) when you enter the output induc-
tor value, associated with its ohmic losses Rs. If, for any reason, you would
like to use the BUCKVM model, you would have to reflect the output induc-
tance (and its series resistor) to the model since it is located on the

transformer primary side. This is done by evaluating L and R through the

L;zrz:t’ R = %2‘5 ,or 520mH and 280m() in our exam-

« (Vsaw =

following formula: L =

ple. (See Figure 3-9d.)

Thanks to its automated functions, POWER 4-5-6 tailors the compensa-
tion network according to the bandwidth you want. Later on, we will
describe the k-factor method, a universal straightforward compensation tool.
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Switched

The switched example corresponds to the straight simulation of the Figure
3-9¢ example. The proposed template appears in Figure 3-9¢e. There is no
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specific recommendation to wire the generic voltage-mode model. The cou-
pling between the magnetizing inductance and the auxiliary winding is
ensured via another perfect transformer to which we added a small leakage
inductor. You could also use several separated inductances and couple them
through a k coefficient.

The waveforms appear in Figure 3-9f where you can observe how the
magnetizing circulates through the auxiliary winding at the switch open-
ing. With a 1:1 ratio, the up-slope equals the down-slope. The little' spike
over the VDS level confirms the presence of the leakage inductor on the
demagnetization winding.

BN B FORWARD Current Mode
How It Works

The current mode version of the FORWARD takes benefit of the magnetiz-
ing current. Thanks to its presence, there is no need to add some ramp

e N

Figure 3-9f
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compensation as with precedent topologies. The magnetizing current
does it naturally The compensating ramp level is thus defined by
%-Rsenu. with Lmag the magnetizing inductance and Rsense the
primary sensing network. Unfortunately, too much ramp compensation will
overdamp the converter, but there is nothing you can do about it.

Equations

We will purposely not rewrite the current-mode FORWARD equations
because the BUCK current-mode equations still hold. The only changes are

located in the following formulas:
In CCM,
Vo
Vin =~ VD
- Vout _ k- Rload
Verr N
In DCM,
Vout

Vin (s0e reference [21] for complete description).

- E‘% see reference [21] for complete description).

L = secondary inductance

D = duty-cycle

Rload = output load

1:N = Np:Ns transformer ratio

Averaged

The average simulation uses the simplest form of RIDLEY’s model (Figure
3-9¢). L is the secondary inductor (no reflection needed),
Let us evaluate the amount of ramp compensation that the magnetizing
current offers with Vin = 160V, Lmag = 1mH, Rsense = 1(}, and Tsw = bps:
1

n ﬁ-ﬁm- 10 = 800mV/5us
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N N .
Figure 3-9g

The simplest form of
Ridiey’s model for a

FORWARD converter.
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Now, let's see what is the reflected output ON slope we have over Rsense
when the SMPS delivers 28V (1:N = 1:0.51):

(160-0.51 — 028)
130pH

If we apply Ridley’s Mc definition Mc = g& +1= 178 with Se, the

compensation ramp, and Sn, the secondary inductor ramp-up slope. Figure
3-9h offers the simulation results with both values of Mc: Me = 1, no ramp
compensation, and Me = 1.78, 78 percent ramp compensation.

.5ps+0.,51- 101 = 1.051V/5us

Switched

The complete current-mode FORWARD converter appears in Figure 3-9i.
As we have stated, there is no need for ramp compensation when the inter-
nal ramp generation pin is left open.

Figure 3-9j unveils the simulation results. At start-up, the duty-cvcle is
pushed to its maximum value (0.45), but thanks to the natural ramp com-
pensation, we cannot see any subharmonic oscillations. Do not think that if
your duty-cycle stays lower than 50 percent you will not see any oscilla-
tions! Well below 50 percent in CCM only and without ramp compensation
at all, subharmonic Fsw/2 oscillations will likely be damped and die out
after a few cycles. But when you increase the duty-cycle toward the 50 per-
cent threshold, you increase the Q and the oscillation decay takes longer to
fully stop. At D = 50 percent, the Fsw/2 component is permanently in place.
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Thus, we strongly encourage you to inject some ramp compensation even if
your duty-cycle is bounded to 45 percent, as in our example case. A good
starting point is to add ramp compensation as soon as your duty-cycle
exceeds 30 percent.

Forward Current-Mode, Two-Switeh Version I the standard demag-
netization technique requires an auxiliary winding, the two-switch version
represents an elegant possible solution. The principle remains the same as
for the two-switch FLYBACK converter; at the switch opening, two diodes
affer a current path for the magnetizing current, which still contributes to
recharge the input bulk capacitor. Figure 3-10a describes this solution.

The simulations’ results detail how the leakage inductance delays the
primary ramp-up at turn-on, but also delays the primary reset at turn-off
(Figure 3-10b). It is a little difficult to see it on the picture, but the magne-
tizing current contributes to only 200mA to the free-wheel diodes’ current.
The leakage inductance is again the culprit for the 15-amp peak current,
which forces a 2.5 Arms to flow.
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PUSH-PULL Voltage Mode

The push-pull is another isolated version of the BUCK converter. However,
thanks to the transformer presence, the output level can either be higher or
lower than the input voltage. Unlike the FORWARD, the PUSH-PULL con-
verter can operate with a duty-cycle approaching unity. Figure 3-1la
depicts a traditional PUSH-PULL power-supply implementing a full bridge
output rectifier.

How It Works

To fully understand how the PUSH-PULL works, it is interesting to note
that its architecture actually corresponds to two single-switch FORWARDs
lumped into one converter: n"1 constituted by S1, and the magnetizing
inductance connected between nodes 5 and 4, while the rest of the primary
(nodes 4 and 6) associated with FW2 play the role of the demagnetization
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Figure 3-10a

The two-switch
soluthon eliminates
the need for an

aupdiary winding

winding. If you mirror this description with respect to node 4, you obtain the
FORWARD n®2. However, be cautious; the system works exactly as two true
separated FORWARDs as long as no overlap exists between the demagne-
tization phase of one FORWARD, and the true energy transfer of the other
one [23). Without load, this is true for 0 < D < 25 where the magnetizing
current pauses at zero for a while, just after it fully dries out. A second stage
is reached when D grows up between 25 and 50 percent; the magnetizing
current continuously ramps up and down without any pause.

When you load the converter, the primary free-wheel diodes no longer
play any role, as the simulation will detail. You do not observe the lack of
demagnetization via the primary, but rather through the secondary where
the magnetization current circulates thanks to the natural coupling
between the windings.
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Figure 3-10b
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Equations

The voltage-mode PUSH-PULL AC egquations are identical to those of the
FORWARD voltage-mode equations.

Averaged

The same remark holds for the averaged simulation where you can directly
use the FORWARD simulation template for a PUSH-PULL study.

Switched

Figure 3-11b depicts a voltage-mode PUSH-PULL delivering 110W to a 71}
load from a 160V DC source. In this first example, we equaled both tran-
sistor RDS o, Unfortunately, in a real application, there exists natural dis-
crepancies between the switches, and their voltage drop can slightly differ.
As a result, the reset voltage applied to one magnetizing inductance does
not correspond to the exact opposite level that made its current ramping up;
you lose the signal symmetry, and a small offset takes place. Because the
current i2 only monitored for security reasons (a peak value within a
selected acceptable level), nothing forbids this offset to continue its growth
and finally saturate the core! The simulation uses our perfect transformer
structure declined into a reversed center-tap version. Please note that N
needs also to be reversed; RATIO = 3.91 actually means 1:255m.

The simulation results available in Figure 3-11c confirm the pause in the
magnetizing flux when both switches are open. A closer look at the diode
conduction cycle would reveal it is impossible to demagnetize via the pri-
mary. To satisfy the amp-turns equation, the magnetizing current flows
through the secondary.

If you now add some leakage elements in series with both switches, you
will understand why good Transient Voltage Suppressors (TVS) are manda-
tory with these configurations.

PUSH-PULL Current Mode

We have seen that the Achilles heel of the PUSH-PULL voltage-mode ver-
sion was located in the risk of magnetizing current runaway. The current-
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mode version elegantly solves this problem by a pulse-by-pulse current
monitoring.

How It Works

Thanks to current-mode control, any voltage drop unbalance will automat-
ically be compensated by an immediate action on the opposite ON time that
alternates between longer or shorter pulses. As with the FORWARD con-
verter, an inherent ramp compensation is provided through the magnetiz-
ing current as long as the adequate level is reached.

Equations

The current-mode PUSH-PULL AC equations are identical to those of the
FORWARD current-mode equations.
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Averaged

The same remark holds for the averaged simulation where you can directly
use the FORWARD simulation template for a PUSH-PULL study.

Switched

Figure 3-11d depicts the simulation template for the current-mode PUSH-
PULL converter. As usual, the compensation network is considerably sim-
plified. The magnetizing current behavior slightly differs from that of the
FORWARD because we have two magnetizing inductors operating one after
the other. How do they combine with each ON time?

Fortunately, Figure 3-11e confirms the application of the same amount of
ramp at every ON time as in two separated FORWARD converters running
in parallel.

However, we need to check for a correct ramp compensation through the
magnetizing current. Instead of applying the standard formula 50 percent
of the downslope is the ramp you need,” let's apply Ridley's definitions.

Vdrl
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The double-pole damping as defined by Ridley is identified as being the
origin of Fsw/2 oscillations, We shall therefore attenuate its effects by
decreasing the Q as defined by

4 1
@] = e D = 08)
[V = 31 percent
To properly damp the system, we need to decrease Qp to a value less or

equal than 1,or x - (me - 0.31 — 0.5) = 1. From this equation, we extract the
value for me, the compensation ramp factor: me = 263 with me =

= 1.67 with a duty-cycle of 69 percent or

1+ %‘E. Se the compensating ramp we are looking for and Sn the ON-slope
of the sensed current waveform. Simply solving for Se gives the amount
of compensating ramp we shall inject: Se = 163 - Sn = 163 -

m“'gfff‘," 28 | . 0.255 - 1,80 - 5us = 591 mV/5 s, when reflected back

in voltage over Rsense.
Now, let us see what level of compensation slope the magnetizing current

brings us, including a 2V saturation voltage:

.1_;‘%;_”"2".5”_1,5“ = 145mV/5ps

To reach the above 591mV, we need to compensate for the missing
346mV. From the 5V/5ps ramp sourced by the generic model, we must
attenuate it by a factor of 69.2m to obtain these 346mV. With a 1k sense
resistor, we inject the ramp through a 13k{] resistor.

The simulation results appear in Figure 3-11f where a step has been
applied to the input voltage. A good transient response is typical of the cur-
rent-mode operation and testifies for the lack of subharmonic oscillations.

A 50V positive input step generates a —2mV output offset. This lets you
compute the DC audiosusceptibility: 20 - Log(2m) = ~54dB.

HALF-BRIDGE Voltage Mode

The HALF-BRIDGE converter is another isolated version of the BUCK con-
verter. Thanks to the dual-switch configuration, the power it can handle is
larger than in single-switch versions. Figure 3-12a depicts a typical HALF-
BRIDGE topology:
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How It Works

The capacitor bridge serves as a voltage divider and theoretically delivers
half of the HV rail. When Q is closed, /2 HV is applied to the transformer
primary and as a consequence, forces a magnetizing eurrent into Lmag,
When Q opens, Qb closes and applies the same but negative voltage to the
primary, ramping down the magnetizing current in Lmag. Now you know
the story; Lmag shall be fully demagnetized to avoid transformer satura-
tion after a few switching cycles, The rectifying section remains the same as
in the PUSH-PULL configuration. Since both switches SU and SL operate
alternatively, the vast majority of PWM controllers incorporate a fixed
amount of deadtime between the commutations to aveid any shoot-through.

Equations
The voltage-mode HALF-BRIDGE AC equations are identical to those of

the FORWARD voltage-mode equations, except that we need to account for
the division by 2 introduced by the capacitive bridge:
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In CCM,

Vout = N-D
Vin 2

Vin o[y s 8:-L-Faw
D*- Rload

Vout NV Vin:(Vin — Vout)
Verr \/2. L

Fuw = switching frequency
L = secondary inductance

D = duty-cycle
Rload = output load
1:N = Np:Ns transformer ratio

Averaged

The same remark holds for the averaged simulation where you can directly
use the FORWARD simulation template for an HALF-BRIDGE study.

Switched

We have designed a voltage-mode 110W converter operating from a 160V
DC source. Because of the PWM strategy, the compensation network intro-
duces a double zero, typical of the presence of a double pole in transfer func-
tion. Figure 3-12b portrays our simulation template. In this example, both
switches are driven from a true half-bridge controller, probably using a
bootstrap technique. We will see how to use a transformer if imposed by a
specific controller,

Interestingly, the simulation determines the current stress values of both
capacitors. The B1 source simply transforms the current flowing in R10 into
voltage to implement a true pulse-by-pulse protection: BI 19 0V = I(R10).
Simulation results appear in Figure 3-12¢c,
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The RMS current flowing through the capacitive bridge reaches 1A
Again, the magnetizing current exhibits a pause when both switches are
open. It freewheels in the secondary, as in the PUSH-PULL case,

HALF-BRIDGE Current Mode

How It Works

The current-mode version differs from its VM counterpart by a true peak
primary current monitoring. However, it can engender some capacitive volt-
age runaway in certain conditions. Thanks to current mode, the system nat-
urally compensates for asymmetrical set or reset core voltages. For
instance, when a switch offers a higher RDS,, than its colleague (suppose
it is SL), the voltage applied to the magnetizing inductance is accordingly
reduced (because of the higher drop). To fight against this result, the con-
troller immediately lengthens the ON time to allow the proper peak current
value to reach its setpoint. As a matter of fact, the charge asked to the lower
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side capacitor (Q = | X t) increases and its voltage decreases. The next
transition will immediately correct this effect (a lower magnetizing current
slope) by further lengthening the ON time; the problem is cumulative! It
finally produces a voltage runaway until the capacitive bridge gets stuck to
the upper or lower rail. This is one of the reasons why current-mode HALF-
BRIDGE topologies never became popular. A cure to this phenomenon
exists, as described by reference [24].

Equations

The current-mode HALF-BRIDGE AC equations are identical to those of
the FORWARD voltage-mode equations except that in CCM,

. Vout 5. N-D
Vin 2
2 Vout k- Rload
Verr |, N
In DCM,
Vout
" T (see reference [21])

] %gu_f see reference [21])
err

D = duty-cycle
Rload = output load
1I:N = Np:Ns transformer ratio

Averaged

The same remark holds for the averaged simulation where you can directly
use the FORWARD simulation template for an HALF-BRIDGE study.

Switched

Figure 3-12d offers the simulation template for the current-mode control
HALF-BRIDGE converter. For the sake of understanding the phenomenaon,
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Figure 3-12e
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we purposely assign a higher RDS .y, to the lower switch. As predicted, the
controller asks for a longer ON time and flushes the lower capacitor. In the
next cycle, the ON period further expands because the magnetizing current
slope has decreased and so on until we reach zero. Figure 3-12¢ clearly
illustrates the problem.

HALF-BRIDGE CURRENT-MODE WITH A TRANSFORMER Some
controllers do not offer the bootstrap technique and thus cannot implement
a floating driving stage. The standard solution uses a transformer still dri-
ven by the controller, but floating on its outputs. Figure 3-12f depicts how
to wire it properly with the current-mode template. We will not give any
simulation results because the waveforms do not differ much from the pre-
vious stadies.

FULL-BRIDGE Voltage Mode

Within the wide family of BUCK-derived converters, the FULL-BRIDGE
topology takes advantage of its four operated switches to deliver a larger
amount of power. Figure 3-13a shows how to properly wire them, Thanks to

Vol =28V
200mV/idiv

Capacitor Lwi
200mV/idi
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How It Works

Different strategies exist to alternatively operate the switches. The first one
consists of separately driving two legs as S1-54 and 52-S3 in phase. The
driver will shift the signal so as to create an area where one leg is high
while the other one is low. The longer this period, the larger the current will
be that you force into the transformer. Figure 3-13b depicts the signals.

The other solution lies in activating the switches by opposite couples like
52-54 and 51-53. You thus define classical ON times for both couples. This
ON time will then be adjusted by the PWM controller according to the out-
put power demand. Our generic model adheres to this latest strategy.

Equations

The voltage-mode FULL-BRIDGE AC equations are identical to those of
the FORWARD voltage-muode equations,

Averaged

The same remark holds for the averaged simulation where you can directly
use the FORWARD simulation template for a FULL-BRIDGE study.
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Switched

The converter example still delivers the same amount of power as the pre-
vious versions. Figure 3-13c portrays the final application schematic that
increases in complexity because of the numerous switches.

The B1 source routes and transforms the primary current into a ground-
referenced voltage-source needed for pulse-by-pulse current limitation. The
simulation results appear in Figure 3-13d, clearly revealing the adopted
modulating strategy. As for the PUSH-PULL, the magnetizing current free-
wheels in the secondary when both switches are open. Therefore, when one
pair of switches opens, the transformer ends are floating until the next pair
are closing. The magnetizing inductance combines with all the parasitic
capacitors and an oscillation takes place. This explains the strange voltage
curvatures on both bridge middle-points.

FULL-BRIDGE Current-Mode
How It Works

In current-mode version, the controller senses the current in a floating
manner through a dedicated sense element. As usual, some ramp compen-
sation needs to be added to fight the Fsw/2 subharmonic poles.
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Equations

The voltage-mode FULL-BRIDGE AC equations are identical to those of
the FORWARD voltage-mode equations.

Averaged

The same remark holds for the averaged simulation where you can directly
use the FORWARD simulation template for a FULL-BRIDGE study.
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Switched

The converter example still delivers the same amount of power as the pre-
vious versions, Figure 3-13e portrays the final application schematic.
The simulation results appear in Figure 3-13f detailing the startup

response of the converter.
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In this chapter, we have gathered some converters built around less usual
configurations like the SEPIC, or simply commercial ICs whose SPICE i
model is also available from ON Semiconductor. The deseription will not fol- !
low the previous structure in order to enable a faster browsing of these spe-
cific structures.

The SEPIC

The Single-Ended Primary Inductance Converter (SEPIC) can be thought of
as the association of BOOST and a BUCK-BOOST (or FLYBACK) con-
verter. Figure 4-1 describes a typical SEPIC architecture using coupled
inductances, while Figure 4-2 represents the same converter but redrawn to
allow a better understanding of the topology. The topology could also be
used with two separated uncoupled inductors.

The coupling capacitor Cs plays a significant role because its offset
authorizes the BOOST inductor to deal with output voltages lower than the
input level. On average, Figure 4-1 shows that the right C's end (or node 1)
is zero, Thus, C's steady-state voltage must equal Vin sinece V(Ls) is also zero
on average. By applying the traditional volt-second balance to the Lp induc-
tor, we see that during the ON time, Vin appears across its ends (because
both coils are coupled) while during the OFF time, Vout is present thanks
to the diode. Therefore:

Vout D

Vin-D = Vout D' — Vin ~1-Dp ™ CCM voltage-mode.

g Vout
¥
Ls " ;

Resr

(;wﬂ A Lpi” Rioad

zﬂ
—l— VWl

.||..
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Figure 4-2

The same version
highlighting the
FLYBACK.

In DCM, this equation transforms in

Vout _ |Rload . _2_'“’41"1"59}
Vin — N R "B Be= gy (5]

Average, Voltage-Mode

The GSIM approach greatly lends itself to the implementation of an aver-
age SEPIC simulation. For the sake of simplicity, we will adhere to the stan-
dard uncoupled version. The interested reader will find all the necessary
recommendations to build such a model in reference [25]. Please note that
the simulations below were carried using PSpice only. The conversion
process failed to implement this model under IsSpice.

Figure 4-3 portrays our application schematic where additional
input/output RFI1 filters have been added. The sweep source Vstim injects
the AC modulation but also the necessary offset. The present simulation
delivers 52V@10A.

Averaged simulation results are delivered by Figure 4-4a. You can appre-
ciate how the numerous pole/zeroes combinations shape the final control to
output curve. By stepping the input source (V1), the model is also able to
predict the transient open-loop audio susceptibility (Figure 4-4b).
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Average, Current-Mode

Thanks to GSIM versatility, the current-mode version simply requires the
addition of a dedicated line, which combines the frequency, control voltage,
and the sense resistor. This is needed to derivate the corresponding ON
time. However, if you look at Figure 4-1, the current circulating through the
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closed switch is the combination of the current through Ls (forced by Vin)
but also through Lp (forced by V). The Dy generator thus looks like

Vetrl — ks-(ILs + ILp)
e ()]

DM -

neglecting the switch ON losses with the following:
Vetrl: control voltage fed to the model

Vin: input voltage

Tsw: switching period

Me: slope compensation in Vis

ks: sensed current conversion ratio (V/A)

Figure 4-5 plots the same operating conditions above where the voltage-
mode model has been replaced by the current-mode version.,
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Switched

We have selected an application example using the C5322, a variable fre-
quency controller available from INTUSOFT only. However, we also built a
coupled inductor version around our generic fixed frequency model. Figure
4-6a illustrates the first application schematic made with the voltage-mode
controller from Cherry Semiconductor [27]:

In this schematic, unwanted resonances have been damped with the
series RC network CsUR1. Figure 4-6b unveils the simulation results: the
series capacitor Cs undergoes an RMS current of 510mA while the output
capacitor is the seat of a 2.55A RMS current.

Generic Current-Mode Sepic This simulation template appears in Fig-
ure 4-7a. The inductors are coupled via the coupling element k, which can
easily emulate a leakage inductance between both windings. A large leak-
age inductance-Cs product contributes to lowering the input ripple current
in Ls. However, at low-input voltage and high-output current (worse case),
a near rectangular current flows in Cs: lout during the ON time and I, dur-
ing the OFF time. This is confirmed by Figure 4-7b simulation results.
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B B The Series-Parallel Resonant
Converter

The series-parallel resonant converter, also called LCC, can be implemented
by wiring two MOSFETs in a half-bridge configuration (or four in full-
bridge) and adding a specific resonating network as Figure 4-8 depicts. Con-
verters using this technique can be designed for Zero Voltage Switching
(ZVS) or Zero Current Switching (ZCS) topologies. Unlike conventional
switching devices, resonant converters exhibit low switching losses (if not
zero) but are the seat of higher conduction losses due to high RMS current
flowing through the semiconductors,
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In this section, we will briefly detail an average and a switched simula-
tion template for an LCC converter. Readers interested in a thorough
description of these devices will find all the details in reference [21].

Average

The LCC simulation template is based on the series-parallel model devel-
oped by Ben-Yaakov and detailed in [28]. All equations are frequency trans-
parent and all the involved values, like current and voltage, are DC in
steady-state. They become time dependent during transient steps. The
translation process to any platform benefits well from this feature. (See Fig-
ure 4-9a.)

In this template, the B1 source plays the role of Voltage-Controlled Oscil-
lator (VCO) and transforms the error voltage (across R14) into frequency,
Frequency actually corresponds to kV (or kHz) and varies between 100kHz
(Verr = 1V) and 500kHz (Verr = 5V). B1 also clamps these values for error
voltages outside of this window.

Thanks to the simulation, we easily sweep the output load and see how
it affects the quality coefficient of the converter. The loop is being closed in
DC by the 1kH, and this operation is greatly simplified because the DC
operating point is automatically adjusted. Figure 4-9b details the results.
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Knowing your load variations, you can design your compensating net-
work including worse cases. You will test the stability with a transient step,
as Figure 4-9¢ details. We stepped the input from 300V down to 250V in 1ps
and looked at how the loop controlled the output.

The LCC converter can work in either capacitive or inductive mode,
depending on the frequency at which you operate. The problem becomes dif-
ficult since the resonating point moves with the load; again, the SPICE
model will help you circumvent this challenge by letting you sweep the load
toward its dynamic range and watch for the corresponding output curves.
Figures 4-9d and 4-9e, respectively, show the test circuit and the resulting
curves when sweeping Vireq between 1kV (1kHz) up to 200kV (200kHz).
The sweeping command is the following:

.DC Vireg 1kV 200kV 1kV
-=3Swesp the pource Vireg from 1kV to 200kV with 1kV steps

Switched

Figure 4-10a describes the switching implementation of the LCC converter.
There is no generic model, except the dead-time generator, which prevents
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excessive shoot-through. In this schematic, the bottom left section performs
the VCO function. It uses a voltage-controlled current source (G1) whose
input receives the error voltage, Verr. When Verr is high, the capacitor Ct
charges fast and the frequency increases, On the contrary, at low Verr, the
frequency is naturally reduced. Once more, the Bl element bounds the
switching frequency between 120kHz and 500kHz.
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The dead-time has been set to 200ns. Because of the low bandwidth and
correspondingly high time constants, the steady-state level requires a long
simulation time. Figure 4-10b depicts the typical waveforms when stabi-
lized. In this case, the LCC converter delivers 200W,

A Critical Mode Controller

If the resonunt converter offers the ability to switch at either zero voltage
or zero current, the FLYBACK operating in Borderline Conduction Mode
(BCM) also represents a possible option in very low-cost designs. By delay-
ing the time at which you restart the MOSFET, you can force it to switch in
the minimum drain-source region (Vds wave close to zero). Accordingly, this
reduces the associated capacitive losses and lowers the EMI content. Some
semiconductor manufacturers improperly call it quasi-resonant mode, but
valley-switching operation is closer to the reality. Finally, thanks to the
forced Discontinuous Conduction Mode, whatever the operating conditions,
the system stays a first-order and eases the compensation network design.
Figure 4-11a depicts an industrial application using a dedicated controller
from ON Semiconductor: the MC33364. This component hosts everything
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needed to build a simple FLYBACK converter working in DCM-BCM. An
internal comparator monitors the activity of the core flux

through a dedicated winding (Vaux = N -j—f} and waits until the primary

current has fallen down to zero prior to restart the switch.
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The MC33364 is a current-mode controller. When the switch closes, the
primary current builds up until it reaches the peak setpoint. The FLYBACK
voltage then takes place and forces a ramp-down current. As a result, the
frequency moves in function of the conditions: The load current increases,
Fsw goes down; load current decreases, Fsw goes up until the internal
clamp is activated. By understanding how the frequency evolves with load
and line conditions, you can easily fix any desired boundaries:

Ipeak
Tox=Lp- {;n
Ipeak . 1 o
Torr = LP* T¥out + V) -N] 7 *° = Toy + Torr
1

1 1
Lp-lIpeak:|vn + e + Vf}-Nl

With: Vout the output voltage, Vf the secondary forward drop, Fsw, the
switching frequency, Lp the primary inductance and Vin, the input voltage.
Knowing this formula and the maximum peak current fixed by the IC
(1V/Rsense, typically), you can calculate the minimum switching frequency
you want and thus deduce the value of Lp. With a few more lines of algebra,
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Figure 4-11b
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it is easy to determine the peak current at which the converter will
operate: Pin = ﬂ';ﬂ - -‘%*I@:l-fp’-wa, By replacing Fsw with the previ-

ous equation and solving for Ip:

N« (Vout + Vf) + Vin
7+ Vin-N-(Vout + Vf)

Ip = 2+ Pout+

Figure 4-11b unveils the simulation results and highlights the benefit of
the valley switching.

A Monolithic High-Voltage
Application

In today’s designs, the time to market and ease of implementation are often
considered as the key elements preceding a design decision. In this per-
spective, off-line high-voltage controllers represent an interesting solution
since they integrate everything needed to quickly build a rugged SMPS
design: the PWM controller, the internal MOSFET, and the startup network
(no need for an external dissipating resistor). The MC33363 has pushed
these elements into a silicon die and thus offers a ready-to-use offline solu-
tion. The device works in voltage-mode but integrates a pulse-by-pulse cur-
rent limitation thanks to an internal sensing cell. Figure 4-12a depicts a

w sishicg

G4l L3 [T
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typical application schematic of this component. Please note that in this
simulation, the output is fully floating and delivers 8.3W.

Thanks to an additional low-pass filter, the final ripple is kept at an
extremely low level, as Figure 4-12b testifies.

Both models and other discrete ones can be downloaded from the ON
Semiconductor Web site at: www.onsemi.com.

Converters and Differential
Electromagnetic Interference

If common mode emissions are extremely difficult to predict with simple
methods, differential perturbations are easier to assess when you under-
stand the way they propagate. The traditional paper method deals with
classical harmonic decomposition. It consists of mathematically describing
the current shape, which flows in the bulk capacitor and extracts all of the
harmonic amplitudes. However, for the sake of simplicity, the SMPS signa-
ture is usually approximated by a recurrent square wave associated with
its rise and fall times. Despite the correct estimation given by this proce-
dure, the typical signal delivered by some topologies can be very far from
this assumption, for example, depending on the operating mode DCM or
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Figure 4-13a

A COMMOoN Structure
for low-power offline
COMmenters.

CCM. To circumvent this problem, you can precisely calculate the Fourier
transform of each original signature and take the worse case for the neces-
sary attenuation. Unfortunately, depending on the external parameters
(line level, load, conduction mode, ete), you must perform the caleulation for
every particular condition. In this chapter, we show how SPICE can do the
job for you by analyzing the precise behavior of any particular power strue-
ture and then give first assesaments of differential EMI results. More infor-
mation will also be found from reference [35].

How a Parasitic Signal Is Generated

Figure 4-13a represents a simple off-line power supply, regardless of its
inherent topology. The transistor is activated by an external pulse width
modulator (PWM) integrated circuit and chops the current at high fre-
quéency inside the primary inductor.

All the energy is provided by the bulk capacitor C_BULK, because of the
period difference between the mains and the switching action. C_BULK is
recharged at a low rate by the electrical network, and if we consider its
impedance to be very small and negligible at high frequencies, then the
equivalent model of the whole circuit is shown (Figure 4-13b).

The current flowing inside the inductor is replaced by an equivalent cur-
rent source whose shape corresponds to the SMPS signature, The capacitor
can be replaced with its equivalent series resistor (ESR) and, for switch
cycles under 1ps, the designer can add the equivalent series inductance
(ESL, 20nH typically for a 47pF 400V snap-in). However, one should bear in
mind that the equivalent series representation of a capacitor has elements

Dl +
Mains L+ | "SZ SZ J_ C BULK | |
1

> -

PWM Drive >———
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that are frequency, bias, and temperature dependent. An accurate model
should account for all of these contributions although it may be too compu-
tationally intensive for some applications. For those who want to include
the equivalent series capacitance in their capacitor model, manufacturer
(/C, curves provide the capacitance value at the operating frequency (C; =
the capacitance at 20°C and 100Hz). The ESR value can be extracted from
the ESR/ESR, curves, which depict the variations of this ratio versus fre-
quency (ESR, = the ESR at 100Hz and 20°C).

The bridge diodes are assumed to conduct all of the time at these high
frequencies and are represented by a short circuit. The final measurement
will be carried over a Line Impedance Stabilization Network (LISN) as
defined by CISPR 16 (Figure 4-13c¢).

Same Network Declined for Other Phases or Neutral This network
is mainly dedicated to (a) maintaining a known RF impedance at the mea-
suring points during a frequency sweep analysis, (b) isolating the device
under test from incoming perturbations, and (¢) routing the noise compo-
nents to the spectrum analyzer. The CISPR 16 LISN impedance starts from
nearly 501 at 10kHz and rises to a constant 50{) above 1MHz. In our model,
this circuit consists of two simple 50() sense resistors in parallel with 50pH
LISN coils. 5{} resistors could also be added in series with these coils, By
circulating inside the ESR (or the whole capacitor model), the SMPS cur-
rent generates a noise voltage. This noisy voltage is superimposed on the
main rectified DC rail. It then gives rise to a sense signal across both 5001
resistors. To reduce this noise below the EMC standard limits, the designer
needs to install a filter that will isolate the mains from its polluter. The final
sketch is given in Figure 4-134d.
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Figure 4-13c

Thie LISN as defined
by CISPR16.

- D S
Figure 4-13d

This picture depicts
howy to wire a
differential LC filter
before the mains,

250UH S0UH

Live> l e YT J_ < Equipment
1.2UF F 0.25UF
Measuring iver
10 5 50
| |
Hﬂﬂﬂh'll '|-|'
EMI filtar
Y Y™,
L2 R1
S0UH 50
_| |+ P gn_gsn @T I_SIGNAT
L3 R2
S0UH 50

Fast Fourier Transforms with SPICE

Rather than manually computing the amount of harmonics present in the
current signature (and calculate how they convert into the LISN), SPICE
can do the job for you in several ways. The .FOUR directive performs a clas-
sic harmonic decomposition over a period and gives results up to the har-
monie 10. Unfortunately, vou would not be able to graphically visualize the
calculations,

Fast Fourier Transform (FFT) function of a SPICE graphic processor
usually implements the Sande-Tooke algorithm. The algorithm evaluates
the harmonic coefficients from an array consisting of a binary radix of data
points (128, 256 ... ). Depending on the software editor, the processing
method can differ, as you will discover below,

During the simulation, SPICE continuously modifies its internal time
step to provide accurate results. The time step can either be shorter or
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longer than the TSTEP variable (in the .TRAN statement), depending on
the activities of the computed signals, Generally, the minimum time step
eannot drop below 10E * times TMAX, but this boundary also depends upon
the proprietary SPICE algorithm. Without specification, TMAX is fixed at
(TSTOP-TSTART) / 50. At the end of the simulation, some SPICE simula-
tors, as IsSpice, invoke—before storing the data—a linear interpolation
algorithm to produce an evenly spaced output at a TSTEP interval. The
results are placed in an ASCII SPICE compatible output file that can be
examined with the IntuScope investigation tool. However, IntuScope also
offers the capability to explore the raw simulated data.

CADENCE's PSpice does not interpolate the data in its DAT file. The
user navigates through the raw acquisitions via the PROBE graphical
interface. When the FFT algorithm is initiated, PROBE first interpolates
the data to convert the unevenly spaced acquisitions into fixed time step
data. It then places the new acquisitions into a data array of the nearest
binary radix of points, for example, 128 locations for a 100-point simulation.
PSpice can also produce an ASCII output file with interpolated data points
but, in this case, the user must specify the nodes to be saved with the appro-
priate .PRINT statement in the netlist file (.CIR).

The maximum frequency available from the interpolated data array can
not exceed the Nyquist criterion, Fmax = 1/(2.TSTEP). If higher frequen-
cies are present during the simulation, for example, because of a parasitic
oscillation, they would ineorrectly appear as lower frequencies when dis-
played with a graphical interface. Variable time-step simulators like SPICE
are equivalent to sampling systems. If the time step becomes too large, alias-
ing problems will occur and the linear interpolation algorithm will lead to
inaccurate results. To circumvent this problem, you should clamp down on
the maximum internal time step by setting TMAX to between 1/2 or 14 of
the TSTEP value. IfTMAX is too small, the simulation will be unnecessarily
long. If TMAX is too large or not set at all, data aliasing problems can occur,

CISPR16 and SPICE

CISPR16 specifies four measurement bands ranging from 10kHz to 1GHz
The bands of most interest to us are bands A (10kHz to 150kHz ) and B
(150kHz to 30MHz). The standard specifies two different analysis filters to
sweep the spectrum from A to B. In range A, the measuring instrument
uses a filter whose bandwidth is 200Hz (6dB). In range B, the instrument
filter toggles to a 9kHz bandwidth (6dB). Depending on the target compli-
ance curve, the spectrum sweep will be performed with different detectors
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types: peak, quasi-peak, or average. For example, the CISPR022 limits are
specified for both quasi-peak and average detections, which accounts for
weighted charge and discharge-time constants, If the sweep succeeds with
a peak detector, it will automatically pass the quasi-peak test, which always
delivers a lower output voltage. By modifying the analysis bandwidth dur-
ing the sweep, the energy encompassed by the filter will change, leveling
the noise floor accordingly. Thus, when switching from 200Hz to 9kHz, the
noise floor grows by a factor of 16.5dB.

To illustrate this, consider a simulation lasting 100ps in which the user
saves the data to an ASCII output file by specifying a TSTEP value of 1ms.
This results in 100 data points. When launched under the graphical inter-
face, the FFT algorithm first interpolates the data (except if it has not
already been performed) and then creates an array made of 128 locations in
which the new interpolated data points will take place. The time interval
becomes 100ms / 128 = 0.78ms, With this new time interval, the displayed
analysis bandwidth is truncated to 1/(2 . 0.78ms) or 640.2kHz. Finally, in
its time-to-frequency conversion process, the graphical processor places half
of the data points in a real array and the other half points in an imaginary
array. The result from this example is then 64 points. The frequency reso-
lution is 1/ 100ms or 10kHz. This last value also defines the analysis filter
which is centered at 10kHz. Some graphical processors allow the user to
build time windows (Hanning, Hamming . . . ) in order to reduce the spec-
tral leaks.

Normally, for accurate comparisons between simulated and real plots,
the simulation time should be adjusted in order to match the normalized
CISPR16 filter bandwidth at —6dB (200Hz and 9kHz). To simplify the var-
ious timing values and limit the number of simulated data points, 500Hz
and 10kHz will be used as analysis bandwidths.

Analysis Bandwidths

With a SPICE simulator, you cannot modify the time-step resolution aceu-
racy during a transient run. Nevertheless, you can run multiple transients
analysis corresponding to the bandwidth you want in separate windows,
and then use the copy/paste function upon a common window. The lines
below give the SPICE transient commands you can use to obtain various
analysis bandwidths:

LTRAN TSTEF TSETOF [TEART] [TMAX] ([UIC] [ocptiomal)
.TRAN 100MS B01US 40005 50NS UIC ; 5.JMMz sweep rangs, 1.493kHz
analysis BW, 4010 points (5.1)
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<TRAN 24.44NS 50008 40008 13.22N8 UIC ; 20.48MHz soweep range, lOkHz

analyeis DW, 4091 points (5.3)
+TRAN 4B9N6 2.1M8 10008 244.5H8 UIC ; 1.034NHHE swesp range, S500H=

analysis BW, 4090 points (5.3)

Multiple transient runs can be quite time-consuming. For low switching
frequencies (up to 100kHz), a compromise can be found by using a 2.5kHz
frequency step associated with a 5.2MHz sweep range. This allows you to
quickly run and modify the design.

SPICE Simulates the True Current Signature

We want an exact signature of the power system under test in order to see
how the filter diminishes the polluting harmonics. A plot of the target stan-
dard displayed over the final waveforms will clearly demonstrate if the cal-
culation failed or succeeded.

Figure 4-14a shows an off-line Flyback SMPS delivering 1A to a resistive
load from a 220VAC rectified network. The heart of the circuit is our cur-
rent-mode generic model that can be replaced by any other equivalent
switched model. The supply operates discontinuously. The circuit drives a
high-voltage MOSFET whose drain is protected against leakage inductance
effects by a clipping network. The current signature is simulated by the con-
trolled current source F1, which routes the primary current into R_ESR
and generates the corresponding noisy voltage. The ESR value is taken
from the manufacturer's data sheet or through an impedance versus fre-
quency plot. You can even draw the complete ESR + C + ESL network. The
rest of the circuit is a direct copy of the previously described model. The
final sensed value is extracted from the voltage across RSENS1 and 2
(VSENSE1),

We have adopted the (5.1) command line and run the simulation file. The
results are delivered by Figure 4-14b on which we superimposed the
defunct VDEST1A/B curves, but any template can be drawn (for example,
the FCC15A or B or CISPR22). As you can see, the simplified filter made of
the 330mH/100nF is not sufficient to filter out the 100kHz fundamental.
This kind of filter can typically be implemented using the leakage induc-
tance available from common-mode chokes (=200-400mH for a 27mH CM
choke). If the differential mode is too strong, then either increase the 100nF
capacitor (X2 type) to the upper value (220nF) or increase the differential
mode inductor. Another solution consists of reducing the switching fre-
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Figure 4-14a

A typical
implementation to
evaluate the EMI
signature of this
SMPS—the F1 source
foutes the power
tignal into the bulk
equivaient network
while the 501]
resstons colect the

signals.

quency down to 40kHz to benefit from the natural attenuation of harmon-
ics 2 and 3. This trick is widely used for low-power offline battery chargers.

To display dBmV, simply convert the sensed signal into dBV
(20.Log(Vsensel)) and add 120. By doing this, you obtain dBpV (0dBpV =
1pV, 60dBpV = 1pV,ete. ... ).

e
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Putting the Models to Work

In this final section, we are comparing the results delivered by SPICE ver-
sus true laboratory experiments. This comparison phase is mandatory
when developing models. We selected an MC44608 design (a bit like the one
described in Figure 3-25a) but in a true switched version. The demoboard
was used for practical measurements of leakage effects, drain-voltage wave-
forms, and so on.

The leakage inductance creates a sharp voltage spike at the switch open-
ing. To prevent a lethal drain excursion, a elamping network needs to be put
in place. We selected an RC type, but an active circuit made of a transient
suppressor could also be wired. The simulation is interesting because it will
reveal the final steady-state value in overload or startup conditions, The RC
types are particularly sensitive to the peak current; the maximum voltage
excursion shall always stay within safe limits even at the highest Ipeak. If
for any reason the clamping level goes beyond the limit you expected, the
SPICE MOSFET stays alive, a good advantage of SPICE simulations! The
results are shown in Figure 4-14a and 4-14b.

The overall shape is in good agreement with the real data. However, the
average level is slightly higher in the simulated graph. This could come
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Figure 4-15a
Simulated ripple over
the 200VDC clipping
Iy,

from a small mismatch between either the leakage inductance or the work-
ing peak current.

Steady-state values are also interesting to evaluate peak, average, or
RMS values. Figures 4-15a and Figure 4-15b, respectively, show the simu-
lated drain variables (voltage and current) compared with the real data.
The duty-cycles are very close to each other (22%), but differ slightly from
the value given by the averaged simulation. This variation can be explained
by the presence of the primary leakage inductance, which degrades the
open-loop gain by delaying the primary to secondary current transfer. The
error amplifier fights this effect by strengthening the duty-cycle.

By the same philosophy, Figures 4-16a and 4-16b show the overall shape
of the secondary rectifier current when delivering 52W at Vin = 120V, The
supply has already entered CCM, as demonstrated by the step at the end of
the pulses. The differences between the peak value might be found from the
discrepancies of operating frequency (100kHz with SPICE, 96kHz in real
life), but also from other chmic losses that degrade the open-loop gain and
force a higher primary peak current to stabilize the output level.

The latest data will depict the current circulating in the leakage induc-
tance just after the MOSFET switch-off time. Figure 4-17a presents the

Y =200mV/div
X = Spv/div

5.0050M 5.0150M 5.0250M 5.03500 5.0450M
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results, while Figure 4-17b depicts the real data. The first comment con-
cerns the peak current, which is higher in reality, confirming the previous
assumption of degraded open-loop gain. The clipping level is in good agree-
ment, as confirmed by the plateau on the drain waveform. The oscillations
are the result of the combined parasitic eapacitances, unfortunately not
taken into account with a simplified MOSFET model (voltage-controlled
switch in this case). However, the simplified model allows for a dramatic
increase in simulation time (see Figures 4-18a and 4-18h.).

ool [0 08 PEFEE 08
Measured oulput

power rectifier—

LamMe operating

conditions

Figure 4-18a

Simulated primary
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Figure 4-18b
Measured primary
leakage current—
same operating
conditions

B B PFC Circuits Simulation with
PSIM

As we have already explained, SPICE continuously adjusts its internal
time-step to cope with the fast current or voltage transitions occurring dur-
ing the simulation. As a result, the computational time can be prohibitively
long when you need to observe low-bandwidth response time switching at a
high frequency, typically, Power Factor Correction {PFC) circuits. If you can
successfully simulate a PFC with SPICE, the amount of data the simulator
will finally generate makes the final study a painful process. To better
simulate this kind of circuit, we strongly encourage you to use a power
electronics-dedicated simulator like PSIM, released onto the market in
1993 by Powersim Technologies, a company based in Canada. PSIM, the
opposite of SPICE, keeps a fixed time step during the simulation and con-
siders all the elements perfect having no associated conduction or switching
losses. For instance, the voltage generated by inductance is commonly cal-

culated by e = Lvﬁ, After a discretization procedure, PSIM finally calcu-

R S N R
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lates the voltage using e = i X Req where Req corresponds to an equivalent
resistor evaluated by the software at a given time. When the simulator
encounters a nonlinear zone, it uses a Piece Wise Linear algorithm, which
cuts the nonlinear behavior in linear slices. As you can imagine, the simu-
lation time is flashing. Figure 4-19a details how a FLYBACK converter can
be simulated using SIMCAD, the dedicated schematic capture.

A normal 3ms SPICE simulation of the circuit took nearly 10 minutes to
complete over our P350 computer. PSIM accomplished the work in 4 sec-
onds! The results are delivered by Figure 4-19b; they detail the classic par-
asitic effects.

As you can see from the application schematic, you need to add all of the
parasitic elements across the components you use because they are perfect.

The PFC we will simulate uses a new concept recently introduced by ON
Semiconductor known as the follower-boost mode. This topology actually
differs from a standard boost implementation by permanently adjusting the
output level to the power demand. That way, the delivered voltage no longer
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Figure 4-19b
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stays fixed at 400VDC as usual, but “follows™ the mains level and varies
with the load. To fulfill this task, the M(C33260 feedback loop implements a
feedback information proportional to the square of the output voltage. Thus,
you no longer need to adopt higher voltage ratings for your supply compo-
nents as for the traditional 400V approach; a smaller inductance does the
job. The application schematic is given in Figure 4-20a and corresponds to
the data-sheet application example,

As you can see, the IC senses the output voltage by monitoring a current
through the R1-R2 network. This information then follows a given law,
which finally governs the duty-cycle over the main period. The input cur-
rent is displayed by using a dedicated Ampmeter. You could also place a
Power Factor (PF) calculation block, which delivers the PF value once the
simulation is done. By changing the input frequency from 50/60 Hz to a
higher value, you further speed up the simulation time. In the example, we
selected 200Hz, which led to a simulation time of 15 seconds on the P350
computer. The input current shape appears in Figure 4-20b together with
the output voltage.

g'ﬂ
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The PSIM demo version is available on the included CD-ROM and con-
tains numerous working application examples, You will find another tem-
Web site address is given in Appendix C.

plate with the MC33261 file: the first ON Semiconductor PFC generation.
ogies

The Powersim Technol
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Figure 5-1a

A typical blocking
oscillator made with
a single transinioe
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In the quest for the lowest product cost, designers strive to reduce as much
as they can on the number of components used for their Switch-Mode Power
Supplies, If building an SMPS around a few bipolars and a MOSFET offers
reasonable performance, it clearly suffers from the difficulty to cope with
the absence of load, one of the obvious drawbacks. However, applications
exist where the load is rather constant, that is, standby or auxiliary SMPS,
and the self-oscillating power supply represents a good candidate. We will
study two different concepts: one where the device implements a saturable
transformer (the good old blocking . . . ), and another where the relaxation
is made through speed-up pulses. Please note that for translation reasons,
these examples will only be available under [sSpice4 at the time this book
is printed.

The Good Old Blocking ...

The blocking was introduced at least 30 years ago, when television sets
where sweeping the screen horizontally with a single high-voltage transis-
tor. Figure 5-1a depicts a typical configuration for a blocking oscillator.
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At power-on, Q1 is biased through R3 and N1 winding in series. As a
result, @1 immediately conducts and applies Vin across N3. No output
energy transfer takes place because we are in a FLYBACK configuration
(N2/N3 dots are in opposite positions). However, thanks to the dot arrange-
ment between N1 and N3, Q1's conduction is reinforeed as soon as the col-
lector current Is starts to rise, This collector current creates a flux that in

turn creates a voltage over N1: V = N-%P. This further biases Q1 (with

the help of D4 and R5, which limits the base current). Ic now grows up
until the transformer saturates. The gain B of a bipolar transistor depends
on its collector current. If this collector current exceeds a certain limit, the
gain starts to fall. This actually happens in the circuit thanks to the trans-
former's saturation; the total permeability pr.po collapses to po and the
primary inductance vanishes, engendering a rapid collector current
increase. Now, b starts to bend; the primary flux changes its slope from
positive (Ic rising) to negative (Ic falls down). The voltage across N1
becomes negative (2df) and now blocks Q1. As in a normal FLYBACK, the
primary current transfers to the secondary and Vout increases. Another
cycle can take place when C3 releases Q1's base. For peak current less
than 2A, ON Semiconductor MMBT589 could be a good choice for this
application.

The saturation transformer is made of a perfect transformer associated
with a material model (as described in Chapter 2 “Generic Models for
Faster Simulations”). Many ways exist to model a ferrite material; refer-
ence [27] offers an interesting review. We have, however, stuck to the
generic INTUSOFT's approach as deseribed in the 1sSpice4 reference man-
ual (also in [27] ). The 1sSpice4 reference manual details how to extract the
parameters particular to a given core,

Figure 5-1b depicts the resulting B/H curve when the converter is stabi-
lized.

Simulation Results

Figure 5-1c gathers some typical waveforms, among which you will recog-
nize the collector current with the typical transformer saturation effect. The
delivered power is around 2.5W. Less power can be obtained by increasing
R5.
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Figure 5-2a

Adully requiated seif-
relaxing SMPS

Self-Relaxing Power Supply

Without using a saturable transformer as before, it is easy to build a self-
relaxing power supply. The idea is to use a discrete thyristor to block the
main switch when the maximum peak current has been reached. Figure 5-
2a describes this concept.

As was the case with the blocking example, we need a regenerative turn
on. That is to say, when the main switch is asked to be closed, some exter-
nal signal shall force it to actually stay closed. This effect is accomplished
through the speed-up pulses delivered by the auxiliary winding at node
Auxiliary. Operated in FORWARD, the Auxilary winding applies N.Vin
when the switch closes and strengthens the gate command. When the pri-
mary current is reached, the Q1/Q2A thyristor fires and stops the MOS-
FET's conduction. As in any FLYBACK converter, the primary-to-secondary
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Figure 5-2b
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energy transfer now takes place. The regulation is finally obtained by shift-
ing up (Pout demand decreases) or down (Pout demand increases) the cur-
rent sense information over C2. This prototype has been tested and given a
70% efficiency at 120VAC input voltage. Be careful because in this configu-
ration, the converter does not like to be unloaded (See Figure 5-2b).

Electronic Ballasts

Bipolar Version

Self-oscillating electronic ballasts are very popular in either industrial
applications for high-output powers (150W and above) or in domestic use
through Energy Saving Lamps (ESL). Despite the introduction of dedicated
high-voltage drivers, self-oscillating devices are still in use thanks to
rugged bipolar transistors like the BUL series from ON Semiconductor. The
principle consists in supplying a resonant tank with a 50% square wave. If
the switching frequency of this pattern is close to the tank resonating fre-
quency, a high voltage appears across the fluorescent tube terminals. Pro-
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Figure 5-3a

An example of a
bipolar, self-oscillating
electronic ballast.
Recent ON
Semiconducton
bipolar senes even
integrates the free
wheel Giodes

vided that the voltage is large enough, the lamp strikes. By striking, the
tank-quality coefficient is severely damped and the tube voltage drops to its
steady-state value. Because the lamp incremental resistance is negative
once struck, it necessitates a ballast element for stabilization of its operat-
ing point (like in classical mains-operated magnetic ballasts), This is L1 in
our schematie, but thanks to a rather high switching frequency, its size and
weight are negligible. The striking action uses a voltage-controlled switch
offering a given ON resistor (220V in our example for a 40W lamp).

As Figure 5-3a testifies, two transistors and a DIAC are enough to build
a complete converter. The operation is very similar to that of the blocking in
the sense that the main transformer saturates when a large current flows
through it. The idea behind the structure lies in transistors being self-dri-
ven by their own winding; if the upper transistor Q1 conducts, the collector
current gives birth to a voltage over N1 and actively maintains Q1 biased.
Because of dots’ position, & positive voltage on N1 gives a negative voltage
on N2, which blocks Q2. However, when the transformer saturates (not L1),

dB

the flux slope becomes null and reverses: N-A-E = 0. As a result, N1

voltage also reverses and now blocks Q1. N2 becomes positive and can bias
Q2 for another cycle until the saturation flux is reached again.

At power on, both transistor bases are shorted through their respective
windings N1 and N2. Thanks to C12's charge, a start-up pulse is generated
with the DIAC network (D13/14), which furtively biases the low-side tran-
sistor. This element starts to conduct and pulls the bridge node to the
ground, engendering the aforementioned scenario.

o
guLes  N1=8 N2=8 N3=10
"
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Figure 5-3b details the saturable transformer operation, while Figure 5-
de offers a view of typical signals.

MOSFET Version

“...and then came the MOSFETSs . . ." said the bipolar product engineer,
sweeping away a tear rolling on his cheek! Easier to drive, more robust than
bipolars, MOSFETs had a natural role to play in the bipolar ballast
tragedy. Figure 5-4a depicts a MOSFET-driven ballast where the freewheel
diodes are part of the devices. Zener diodes D8/D9 prevent any lethal gate-
source voltages. Figure 5-4b presents other relevant signals for the self-dri-
Ven converter.

A Relaxing FLASH Lamp

By associating a spark gap and a flash lamp, it becomes possible to build a
pulsed light generator that operates by itself. A spark gap acts like a short
when fired. At rest, the spark gap seems transparent to the surrounding
element; it behaves like a high-impedance device, weakly capacitive. When
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its terminal's voltage rises to the firing level, its internal gas gets ionized
and the spark gap offers a low-impedance path. During this time, the spark-
gap derivates most of the circuit current. When this current falls below a
given level, the short disappears and the spark gap becomes a high-imped-
ance dipole again. Describing the spark gap and its effects is beyond the
scope of this chapter. However, the reader will find some information on two
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dedicated Design ldeas published by the author in EDN and referenced by
(33, 34]. The flash lamp operates roughly the same way except that you fire
it through a dedicated pin. *

Figure 5-6a depicts our pulsed light generator. At power-on, C3 starts to
charge via R7, while C5 also charges through X9 winding and R13. Because
the spark gap X1 is inactive, you also observe C3's voltage across its termi-
nals. When X1 gets fired, it immediately discharges C5 within X9 primary.
Thanks to a large transformer ratio, this voltage generates a large peak on
the lamp firing pin; the lamp ionizes and C3 discharges through it. You have
a flash! C3 and C5 being empty, X1 stops conducting, releasing C3's charge
again. A new cycle can take place. Figure 5-5b portrays the low-frequency
signals obtained with this configuration.

The following netlist details how the simplified flash lamp was built:

.subckt FLASH 1 3 3 {VTRIGO=EE VARC=1350 ISUS=100M}

* A C Trigg

RDUM 3 0 100MEG

VDUM 1 10 Lamp current measurasment
CPAR 1 2 1P Opan-lamp capacitance

Open-Lamp leakage current
Negative bshavior once struck
Lamp voltage once struck, polar +
Lamp voltage once struck, polar -
Arc capacitance

-
[-]
™
[
L]
LE]
A O S S

CARC 1 16 100pr
Xl 16 3 13 SWITCH
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BTROL 41 O Ve ABS(V{2.3))>{VTRIGO)} 7 1 : © ; Is applied fisld big

enough?

CTRO 41 50 0@

RTRG 50 0 1K

BTRG2 51 0 Ve V(50)>0 7 1 : 0 ; Electric field is pulsed

51 46 100

CFUL 46 0 10F

45 0 VaARS(I(VDUM})>{ISU8} 7 1V : 0 ; Is ILAMP OK to kesp lamp
1latched?

45 47 100

47 0 109

15 0 Va=(V{47)}>0.5) | (VI46)>0.5) T 100V : O

1% 30 1x i Adjust the turn-on time

30 o 1009

31 0 veV(30) § Buffers the signal to drive X1

31 13 100

DCLAMP D BV ({VARC])

FLASH

BWITCR 1 2 3

110

POLY¥(2) 12 3000001

SWITCH

:

33RREE &

.EE.
0

B BN Hysteretic Power Supplies

Hysteretic SMPS do not really fall into the self-oscillating section of this
book. However, thanks to their natural dependence upon the circuit time
constants, we believed they can be placed there, A hysteretic power supply
uses a gated oscillator. That is to say, when the output voltage is below level
1, the power switch is permanently driven ON and OFF (the off event is
usually based on a fixed maximum peak current) at the clock rate. When
level 1 is reached, the internal logic stops the switch signal, and the output
starts to fall at a rate dependent upon the Rload Cout combination. When
Vout has dropped below level 2, the logic then reactivates the power switch
and so on. Figure 5-6a depicts a very simplified gated FLYBACK converter
where the clock sets the latch every cycle. When the current reaches the
maximum peak value given by Rsense (1V/6.8102), the switch opens and
stays off until the next clock cycle. Since Vout is below level 1, CMP stays
high and authorizes pulses to go through the AND gate. When level 1 is
finally reached, CMP goes low and prevents any switching operation; Vout
starts to fall until level 2 is reached. CMP goes high, and the switch can be
driven again. The resulting Vout is made of a ripple (level 1 — level 2) of
amplitude and centered at an average value of (level 1 + level 2) / 2. (See

Figure 5-6b.)
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Figure 5-6¢

The ioad step
response of the
hysteretic power
supply ks extremely
short.
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A hysteretic SMPS is very fast, To test this statement, we excited the
FLYBACK's output from 5mA to 400mA in 1ms. Figure 5-6¢ portrays the
result and confirms the extremely small reaction time of the converter with
nearly no undershoot.

This topology can be implemented in FLYBACK, but also in other struc-
tures such as the BUCK or BOOST. At no-load, the switch driving frames
can be separated by long periods of off time, offering an excellent standby
power performance. However, due to its uncontrolled nature, the hysteretic
power supply is rarely used in RF applications. Also, the covering of the
audible range while working can sometimes present some drawbacks to the
end-user. Typical hysteretic controllers are the MC34063 or MC34163 from
ON Semiconductor,

Vout
ol =% == s = ‘"*JVVVW

&50 i

450

1.30M 2.10M 2800 3,708 4 500
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Applying the K Factor for Quick Pole-Zero
Compensation

Analyzing and compensating the feedback loop of a system has always
been thought of as an expert exercise. Fortunately, with the help of a dedi-
cated tool like the K factor, loop compensation really becomes child's
play . . . on the paper! This last statement simply means that once the
method has delivered the poles/zeroes location, you must absolutely mea-
sure the true physical results with a network analyzer. Further iteration
might be necessary to refine the results and reach the wanted performance
in terms of bandwidth or response time.

The K factor was introduced by a pioneer of the SMPS bandwidth mea-
surements, Dean Venable. Without entering into the details through which
he defined the tool, we will go directly to the equations needed to caleulate
the element values. As usual, we encourage you to read his paper as refer-
enced by [29].

Defining the Numbers

When you want to close the loop with a given bandwidth (BW), you have
derived the location of the compensating elements further to the open-loop
Bode plot analysis. The first step thus deals with the generation of this
amplitude/phase diagram. It now becomes an easy task, thanks to the aver-
aged model we have described in the book (Figure A-1). Once you have it,
you decide the necessary bandwidth you need and calculate the final
amplitude/phase implications: For instance, you might want to cut the loop
gain at 10kHz (where the closed-loop gain will in fact cross the 0dB axis).
On Figure A-1, you extract a value of —23dB. You will thus tailor the error
amplifier response to deliver +23dB at 10kHz and then further decrease
the response to secure the gain margin (gm). From the phase plot, you will
see how far you are from the —180° limit and see the necessary phase boost
you will need to be perfectly stable at the desired 10kHz BW. Depending on
these gain/phase numbers, you select the amplifier types.
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Figure A-1
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B W Amplifier Types

Dean Venable defined three different types of error amplifiers depending
on the phase boost you finally want:

Type 1: This amplifier is nothing else than an integrator as depicted
by Figure A-2. It will not provide any phase boost and it is usu-
ally selected when you want to roll-off the gain before the peaking
of an LC filter appears.

The DC gain of the system is defined by: 2 w’::_"i"‘;ﬂpﬂ - A,y where

A, represents the open-loop gain of the operational amplifier. The NINV
pin is normally connected to the reference. Please note that we do not have
a DC virtual ground on the schematic because the OPAMP lacks a DC feed-
back: Rlower thus plays a role in the DC gain. However, because the
OPAMP actually closes its loop in AC, a virtual ground appears and the cir-
cuit fights to equilibrate both inputs to zero. In that case, Rlower is no

longer active and Rupper alone introduces the pole at:
1

= 2:-n-Rupper-C1°

Type 2: The type 2 amplifier is one of the most common implementa-
tions found in SMPS designs, as Figure A-3 details. This struc-
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A I
Figure A-2
Atype | ampiifier
features a poke at
the origin

Vout

c1

_‘:5 Verr

ture is well-suited for the majority of DCM supplies exhibiting a
first-order behavior. It actually ereates a flat gain region preceded
and followed by two —20dB/decade slopes (also called —1 slope).
In this flat region, the circuit offers a phase boost up to 90°. In
practice, you will select the type 2 amplifier when less than 707
phase boost is required.
This configuration introduces the following poles/zeroes:
1 1 :
Fp 2.7 R2.02 Fz 3. n R2.CL Again, Rlower does not play a
role in the AC gain, but surely does in the DC portion.

Type 3: The type 3 amplifier becomes interesting in converters
where you need a large phase boost, up to 180°. The situation typ-
ically occurs in CCM converters. Figure A-4 shows this latest
structure:

This configuration introduces the following poles/zeroes:

1 1
Fpl Fp2 = 5 rs-cs ' = 5nra.ci
1

Fzz 1 h-ﬂ-Hupmr.m' 'ﬁgm' R]war dm not Pl-ﬂ}' n I‘DIE m thE ﬁc
gain, but surely does in the DC portion.

1
2:x-R2-C2
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Closing the Loop

Let's stick to the Figure A-1 Bode plot and try to reach our 10kHz band-
width. Because we are not really bothered by the phase margin, we will
select a type 2 amplifier. We compiled the Venable calculation steps in an
Excel spreadsheet called k factor.xls, which is available on the CD-ROM. By
entering the values directly taken from the open-loop Bode plot, the
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spreadsheet computes the element values to reach our goals: BW = 10kHz,
phase margin = 45°, From the Bode plot, we extract the amplitude/phase
parameters at 10kHz: —23dB and ~60°. We thus need to shift up the curve
by 23dB. Please note that we could also enter a negative number if the
open-loop gain was higher than the one we really need. The computed
results are given on Figure A-5, which hard-copies the Exeel sereen.

The simulation example uses a BOOST operating in DCM and imple-
menting Ridley's model. Figure A-6a depicts the application schematic
while Figure A-6b unveils the obtained bandwidth (on the Verr probel.

As you can see, the results correspond exactly with what we were look-
ing for: a 10kHz bandwidth associated with a 45° phase margin.
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Feeding the Transformer Models with Physical Values

Bl BN Determining the Physical Values
of the Two-Winding T-Model

You often read: Short the secondary and measure the leakage inductance
on the primary. This statement depends on the model you have adopted for
simulation. For the T model depicted by Figure B-1, you see that you will
measure the reflected secondary leakage LI2 in parallel with the primary
inductance, all in series with the primary leakage inductance L{1. The fol-
lowing steps detail the procedure for the T model:

Inject a sinusoidal voltage Vp on the primary and measure the
open-circuit voltage on the secondary Vs,

Vi
Compute N = Np = <2 Please note that this measurement
Ns Vs

neglects LI1 compared to Lm.

Measure the primary inductance, the secondary being open. This
gives you Lps,...

Repeat step 2, but the secondary is now shorted by a wire. You
obtain Lps_..

Compute the coupling coefficient k with: k = /1 — Lpi'“".
Lps

N N L1
Figure B-1

The T model used 1
in our transformer

SPICE model. +

Ve Lm Np

A AT
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Figure B-2

The complete two-
winding transformes
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Compute Li1 with: LI1 = (1 = k) - Lpsp,

Compute LI2 with: Li2 = (1 - i}-l-ps.,,..-#

Compute Lm with: Lm = k - Lps_

Measure with an ohm-meter the primary and secondary DC resistances,

respectively Rp and Rs, and bring those values to the transformer netlist s
Figure B-2 porirays.

The Three-Winding T-Model

The final three-winding model appears in Figure B-3, where three leakage
elements appear in series with each winding. The surprise comes from the
primiry leakage element, which depends upon the primary leakage air
path P1 but also from the permeance P23 between both secondary wind-
ings. As a matter of fact, if you improve the coupling between both secon-
daries (for example, by twisting the wires), you increase the primary
leakage inductance. Reference [32] paper also demonstrated how the leak-
age elements stay practically independent of the air-gap length: The cou-
pling coefficient diminishes as the air-gap increases (the magnetizing
inductance becomes smaller), but leakage elements stay constant.
Leakage elements definitions:

LI1 = n2-(P1 + P23) Primary Winding
LI2 =~ ng2- (P2 + P13) Power Winding
LI3 =~ ng-(P3 + P12) Auxiliary Winding

Mo = n - (Pm)
Np:Ns Li2 Rs
£ [ ATy AMAN—
p
Lp 3
L 3

Rp
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Figure B-3 v iy
Final equivalent
model showing every
leakage elements, ¥y .-J‘-"I.lﬂ A
15 2

Determining the Physical Values of the
Three-Winding Model

These measurements require an RLC bridge or a network analyzer oper-
ating at a frequency high enough to neglect the winding resistance (if you
measure an impedance), but low enough to minimize the interwinding
capacitances. In our numerical application, we selected 100kHz, which is
the operating frequency of our converter. The network analyzer gives youa
complete impedance-phase plot, and ensures that you stay on the inductive
portion during the measurement. With a standard LRC-meter, if changes
in the operating frequency do not lead to big variations in the values you
read, then you are well on the inductive portion.

The following steps express how you combine the various leakage ele-
ments from the measurement data and feed the SPICE model with the
results (numbers are examples coming from a real transformerk:

Inject a sinusoidal voltage Vp on the primary and measure the
open-circuit voltages on the secondaries Vs, and Vs, .-
B pouer Vsnmfm

Vo and B = — " Measures gave A =
0.0817 and B = 0.156.

Compute A =

Measure the inductance L1 seen from the primary, the secondaries
open: L1 = LI1 + Mo = 3.62mH.

Measure the inductance L2 seen from the primary with the power
winding open, the auxiliary shorted:

I S S WA SR p—
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Measure the inductance L3 seen from primary with the power
winding shorted, the auxiliary open:

L3 = L1+ = 127uH

Measure the inductance L4 seen from the power winding, the
auxiliary shorted and the primary open:

Li3
M "'_éf‘n'
Li3
MD'I'?

L4 = LI2 + A*- = 1.405pH

Please note that L1-14 could also be impedances Z1-Z4. You should then
divide each value by 2.xF,.... to obtain the inductance value, We now
have a system of four equations with four unknowns. Feeding a math
processor with these equations give the solutions in a snapshot:

LIl = \/(LH e %){La - L1) + L1 = 58.85uH

AP (LI1 - L1)-(L3 - LIY)

i1z I3 - L1

= 466nH

_ BR(Li1 - L1)-(L2 - L)

Li3 I2 - L1

= 3.568uH

Mo = L1 — LI1 = 3.566mH

Series resistances are measured with a 4-wire ohm meter and included
in the SPICE model.
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Conducted EMI Filter Design

Evaluating the Noise Signature

In this appendix, we will compare the results obtained from simulation ver-
sus real measurements delivered by an EMI receiver. Figure C-1a depicts
our simulation template, following the guidelines described in Chapter 4.
You see a typical SMPS circuit built around the NCP1200 from ON
Semiconductor, a device specifically introduced to let you design power sup-
plies in a very short time;

® No need of auxiliary winding: The technology lets you supply the
IC directly from the high-voltage DC rail. This is called Dynamic Self-
Supply (DSS). In battery charger applications, you no longer need to
design a special primary circuitry to cope with the transient lack of
auxiliary voltage (for example, Vout is low).

® Short-circuit protection: By permanently monitoring the feedback
line activity, the IC is able to detect the presence of a short circuit,
immediately reducing the output power for a total system protection.
Once the short has disappeared, the controller resumes and goes back
to normal operation. For given applications (for example, constant
output power supplies), you can easily disconnect this protective
feature,

= Low standby-power: If SMPSs naturally exhibit a good efficiency at
nominal load, they begin to be less efficient when the output power
demand diminishes. By skipping unneeded switching cycles, the
NCP1200 drastically reduces the power wasted during light load
conditions. In no-load conditions, the NPC1200 enables the total
standby power to easily reach the next International Energy Agency
(IEA) recommendations,

® No acoustic noise while operating: Instead of skipping cycles at
high-peak currents, the NCP1200 waits until the peak current
demand falls below a user-adjustable one-third of the maximum limit.
As a result, cycle skipping can take place without having a singing
transformer. You can thus select cheap magnetic components free of
noise problems,
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Figure C-1a

A complete offline
simulaton template
o urvel the desired .'3
operating point.
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Instead of routing the noise signal through a simplified LISN network,
we have reproduced a true device whose netlist is given at the end of this
appendix. It appears in Figure C-1b where the equivalent bulk capacitor
model has been installed.

L
Figure C-1b

+ - wihnle the input
EMI fixiuire fets you
analyze the SMPS
signatue

]

Controlling source = Vingut

=]

F1

Viilter

e’ W W
1
LLJ
G10
20pF

i LDM1
X H
W—T;M‘
il
C7
20pF
LDMz2
200uH

i} o
: 85 & ‘
A 1
e
T T -
E .-
§33 J4——W—n
o D
= 0
-
w
© =
o =
a =z z9
(] g ot mT '5\"‘7
z 2 0w
29 @

'|——Neutral
|—Live




238

N . -
Figure C-1c

Further to the
simulation, an FFT
plot is drasam Dy the
graphical interface

Appendix C

This application represents a 10W universal input AC/DC wall adapter
operating during given load/line conditions. To unmask the harmonics, F1
current-controlled current source routes the high-frequency current pulses
through the equivalent model of our 33pF capacitor and develops the
unwanted noise signal. This signal is confronted to the 500} LISN network
and a final reading is made on one of the outputs. For simulation reasons,
we only use one input, the other one being loaded by a 501 resistor.

Once the simulation is done, the data manipulation interface lets you
run the FFT over VN node. After proper formatting, n graph such as Figure
C-1¢ is obtained where the vertical axis is displayed in dBpV (0 dBpV =
1pV, 60dBpV = 1mV, and so on). To obtain dBpV, Log compress the Y axis
and add 120. We purposely put the CISPR22 class quasipeak limit to assess
the needed amount of correction. Please keep in mind that a quasipeak
detector will give a smaller level compared to a peak detector as we natu-
rally have with SPICE.

THp =

70.0}

30.0¢
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BN Wm Calculating the Required
Attenuation

From this graph, we can clearly identify the value of the highest harmonie:
90 dBpV @ 190kHz (below 150kHz is out of the CISPR22 sweep range). To
pass the limit, we shall reduce its contribution by more than 35 dB, taking
into account a 10dB safety margin:

1. Position the LC cutoff frequency fc at a given value to obtain the
above rejection at 190kHz:

-~ 35 = - 40-LOG (190k/fe) or fc = 29% _ o5 skHy.

10%

2. To avoid any resonance, the filter quality coefficient Q should be less
than 1. By applying the Q definition for a series LC filter, we obtain the

following equation: @ = “—%;—é < 1 where Rs is the total series

1 4
resistance and wo = . The resistance Rs will normally include
VL-C

all ohmic losses (ESR, inductor series resistance, load, and so forth),
but since the 5001 load dominates, we will make Rs = 50 for our
calculation.

3. Fix C to an arbitrary 100nF value (for the first step) and calculate
L by: % = 315pH. L should be in the range of 200400uH if you

want to benefit from CM leakage inductances. If L is too big, select a
bigger capacitor 220nF, 330nF, or 470nF.

4, Check the DC input impedance presented by the SMPS at the lowest
line condition (v = 75%): Pin = Pout / 0.75 = 13.3W. With a 120VDC

input, Rin = = s 108210,

5. Evaluate the LC filter characteristic impedance by: Zo = % - 560

and be sure to follow Zmax << Rin to keep the stability. A plot
example of the filter output impedance will reveal Zmax (the output
impedance peaking) and ensure that the above stability criterion is
met. It can easily be done by sweeping the LC filter output terminal
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By fixing the AC
Curment source to 1A,
the voliage probe

Zout directly gives
ohms.

I . -
Figure C-2b

This voltage plot
showws an output
impedance affected
by a kow peaking

Appendix C

through a 1A AC source. Observing the terminal voltage will display
ohms, In our application, the peaking shows a value of

Zmu--ﬁqh-l- g; or 38.5dB{} with our application values.
(See Figure C-2a.)

The exercise can be completed by sweeping the input impedance of the
supply through its average model and pasting the results on Fig. C1.2b
graph: there should be no overlnp between the plots,
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B W The Final Filter Stage

S N N
Figure C-3a
Shorting the dot-
ended windings
gives you the value
of the otal leakage
inductance.

We now have the choice to combine a CM filter together with a single
inductor for the DM currents. Another option is to select a CM filter induc-
tance knowing its leakage inductance and take benefit from it for a DM
cure. For a DM inductance below 500pH, a 27mH CM inductor can be a
good choice. However, we need to precisely evaluate the available leakage
inductance. With a 1:1 ratio, differential currents cancel the internal field.
As a result, why not connect the dotted ends of the choke and naturally cir-
culate differential currents while measuring the inductance. This is what
is proposed by Figure C-3a.

Figure C-3b finally gives you the final impedance plot of the leakage
inductor, showing various stages: resistive in the lower portion, inductive in
the medium portion, and finally capacitive for higher frequencies. At
100kHz, we can read 48dB() or a 25010} impedance. The final caleulation
leads to an inductance of 398pH or twice 199pH when split into two com-
ponents. Figure C-3c gives its equivalent SPICE model with ochmic losses
measured with a 4-wire multimeter.

Following are measurement results comparing CM inductors provided
by two different manufacturers:

Schaffner RN1140-08/2: Lopen = 23mH, Lleak = 238uH or
2 % 119uH.
Siemens B82723A2102-N1 Lopen = 31mH, Lleak = 398uH
or 2 x 200pH.

As you can imagine, combining the 100nF-X2 capacitor (who also has
parasitic elements) together with a Figure C-3¢-like inductor will deliver a
result different from what we expect. Actually, the best would be to assess
the final attenuation from the input of the filter (where the diode bridge
connects) to the final output of the EMI receiver. SPICE does it in a snap-
shot as shown by Figures C-3d and 3e.

‘—@_\.AMJ_O'_'

Lleak short

"_\O_MN Q) -
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Figure C-3b e
A leakage inductance 8400
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As you can observe on Figure C-3¢, the rejection tends to degrade at
higher frequencies due to the presence of parasitic components. But our
attenuation at 190kHz is 33dB, enough to theoretically pass the DM test.

Let’s now plug all these elements in the Figure C-1b test fixture and run
a new test. Figure C-3f shows how to install these elements before the
LISN while Figure C-3g plots the final results.

On the paper, we pass the test for DM measurements.



Conducted EMI Filter Design 243
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Figure C-3d LN
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Figure C-3f

This sketch shows
how the filter finally
behaves once loaced
by the LISN device
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Real Measurements Versus
Simulated Ones

Using the aforementioned approach, we are able to design a filter in a few
iterations providing the computer is fast enough when running SPICE. But
this approach is not worthwhile if true measurements on a board reveal
large discrepancies. First of all, we must be able to extract differential
mode from common-mode noise. Unfortunately, standards fix limits
regarding the total noise level (CM + DM) available on either L1 (live) or
N (neutral), a switch routing either line to the receiver.

To allow the study of both noise contents, we have modified a Rhode &
Schwarz LISN (ESH-3) to which we added a second separated output. A
switch simply loads one of the lines while running the final measurement
on the other one. We now have L1 and N separated. Il DM currents circu-
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LN N N |
Figure C-3g

The resuiting
spectrum confirming
the filter action
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late 180" out of phase on the lines, summing L1 and N signals theoretically
gives 0 while you obtain twice the CM level. At the opposite, subtracting
the signals cancels CM and gives twice the DM. One limitation, however,
exists: The impedance offered by both lines shall be perfectly equilibrated
over the frequency range of interest; otherwise the rejection ratio will
change.

We have used an AEMC (Seyssins, France)! DM/CM extractor to per-
form our tests (Figure C-4a). Figure C-4b plots the DM quasipeak SMPS
signature without any EMI filter obtained with a Rhode & Schwarz ESPC
EMI receiver. These results should be compared to the Figure C-1c draw-
ing. The error on the main peak is only 8dBs, while the remaining peaks
are not far away. Also, quasipeak measurements deliver levels lower than
with a peak detector. Keep in mind that the DM/CM extractor ensures a
good rejection up to IMHz (60dB), while it tends to degrade in the higher
portion. Still, the overall result is encouraging.

L. AEMC, B8 rue de la Liberté 31180 SEYSSINS France. Tel. 33 (00 76 49 78 76, Fax. 33 (0M
7621239
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Let’s now connect our 27mH CM inductance with a 100nF-X2 capacitor

the supply (IEC-950 defines a

ugging

EN_V_OP

dBuV

Figure C-4c and confirms an aitenuation of 35dB at 190kHz, exactly what
we were looking for. The margin we have here is better than what we
abtained in simulation, probably because of the quasipeak internal time

time constant less or equal to 18), The final DM measurement is given by
constants used during measurements.

charge path has to be provided to avoid electrical shocks when touching the

terminals immediately after unpl

across the line, If this capacitor needs to be increased above 100
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R . .
Figure C-4¢
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Appendix C

Total Noise Measurement

We now know that DM levels are within the limits. To attenuate the CM
noise, we can wire a Y1-type capacitor between the primary and the iso-
lated ground. For two-wire applications, the ITEC950 standard limits the
maximum leaking current to less than 250pA at 250VAC power supply.
The maximum capacitor value you can use is thus: Zmin = 260V / 250pA
= IM(). With a 50Hz mains frequency, the Y capacitor cannot exceed:

5= 50-1FG = 3nF @50Hz or 2.6nF @ 60Hz. Start by wiring a 1nF Y1
capacitor or two 2.2nF Y2 in series if you want to reinforce the security in
case one of the Y2 capacitor would fail shorted. Figure C-4d shows the final
CM + DM plot in quasipeak and clearly testifies for the CISPR22 compli-
ance, This measurement was also successfully carried in average at worse
operating conditions (100VAC, 10W).
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If the test should fail in common mode, an option is to raise the CM
inductor. Otherwise, you need to identify how noisy nodes can induce dis-
turbances in adjacent copper traces or through the air. Carefully look at the
rising time on the drain, how the output diode eventually rings, and vari-
ous other unwanted ringings that could be snubbered by an RC network.

B BN Line Impedance Stabilization
Network SPICE netlist:

«SUBCET LISN mainsN mainsLl measN measLl L1 N
L]

L4 measLl 1 100nH
RS 1 0 1k

€7 1 3 lurF

L5 2 3 1.75mH
R10 3 0 100m

€A 2 L1 lur

L6 L1 6§ S0uH

Rll 6 7 10m

R12 7 8 1.33

cC9 B O BuF

€10 7 0 10n

L7 7 10 250uB

R13 10 mainsLl 10m
Cll mainsLl 0 ZufF
Rl maineLl 0 100m
Cd measN 0 10pF
L2 measN 11 100nH
RS 11 0 1k

€5 11 12 1lu¥F

L3 13 13 1.75=H
R6 13 0 100m

€12 12 N 1ur

L8 B 16 S0uH

R7T 16 17 10m

RE 17 18 3.33

€13 18 0 Bur

Cl4 17 0 10m

L9 17 20 350uH
Rld 20 mainaN 10m
C15 mains¥N 0 2uP
R17 mains® 0 100m

. ENDS
AR REES
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CD-ROM Content

The included CD-ROM contains the demonstration version of the following
editors;

INTUSOFT ICAP/4 (1sSpice) : www.intusoft.com

CADENCE PSpice : www.pspice.com

Spectrum-Software Micro-Cap : www.spectrum-soft.com

Powersim Technologies PSIM : www.powersimtech.com

Below are their respective revision numbers;

INTUSOFT Demo CD version 1.9
OrCAD Evaluation Software 9.1
MicroCap evaluation 6.1.3

PSIM demo version 4.1a

Each demonstration version is located in its eponymous subdirectory.
Just go into the directory of your choice and follow the instructions. Please
directly contact the software editors through their respective Web
addresses if you encounter problems during the installation.

IsSpice4

Double-click on Launch.exe and see the program offering to install the
demonstration version by default under ¢:\SpiceBd. You can also choose to
install the new version of IntuScope (Scope5), which offers enhanced capa-
bility compared to the previous implementation. Once this installation is
done, drag and drop <IsSpiced4\Chapter 5> directory from the CD to
c:\Spice8d\ Circuits\ or other equivalent path if you have selected another
one. Book examples are located under this <Circuits> subdirectory. Please
note that all examples are in read only, and you will need to modify their
property to be able to save them when working. To do this, select all the
files, right-click on the mouse, uncheck the read-only box, and you are set.
You need to reboot the PC to further the installation.
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OrCAD PSpice

On the CD, double-click on OrCADStart.exe. If you want to skip the demon-
stration video, just hit escape. Next, select install demo and check at least
the following boxes to be able to run the examples: Capture CIS, PSpice
AD. To facilitate the examples extraction, please install the software in
\ Program Files\OrCAD. Once installed, quit the demo, go back to the CD,
and double-click on <Book models\ PSpice models.exe>, which will extract
the files to \Program Files\OrCAD\FSpice\Averaged and Transient sub-
folders. From the adequat icon, run Capture and open either projects Aver-
age or Transient to simulate . . .

nCap

From the CD, launch Sefup.exe and follow the instructions. There is nothing
else to extract once finished; models are within the demo files. pCAP has
placed the models in a subdirectory called <data> where A_xxxxx.cir and
S_xxxxx.cir respectively denote Averaged and Switched examples.

PSIM

PSIM is extremely easy to install. Just double click on psimdemo located on
the CD under <PSIM> subdirectory. Once done, drag and drop the rest of
the files MC33260/261 (PFC examples) and the Flyback circuit under
C:\PSIM if you have selected this path.

Some of the Chapter 3 examples will work on those demo versions, some
will not, and the unlimited full version will be required to simulate them. If
you are unfamiliar with a given software, the demo usually contains some
tutorials in the form of movies (also known as INTUSOFT) or standard help
files,

As you can imagine, writing and testing the models to finally translate
them among the platforms has required a large amount of time. Despite the
many efforts spent in testing the final versions, some bugs could still have
escaped from the reviewer’s attention. To correct these minor errors and
make this book living once published, the author will maintain a Web page
where new versions or model revisions will be posted. Its address is
http//perso.wanadoo.fr/chasso/,
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Analog Behavioral Modeling (ABM), 40, 71
Analog WorkBench Spice Plus (AWB), 51
Analysis bandwidths, 196-196
Astable generator, 48, 49
Average models, 5, 6, 8-13
advantages/disadvantages of, 7
minimum schematic for, 33-36
state space averaged models, 10-13
switched models vs., 6
See also under specific headings.
AWB (Analog WorkBench Spice Plus), 51

B

B element, 51-52, 67
Ballasts, electronic, 214-218
Bandwidths, analysis, 196-196
BCM (Borderline Conduction Mode), 184
Ben-Gurion University of the Negev, 21
Ben-Yaakov, Sam, 21, 80, 178
Blocking oscillator, 210-212
BOOST current mode, 90-97
average simulation template, 92-95
equations for, 91
functioning of, 90
output impedance, 92, 94
switched simulation template, 94-97
BOOST topology, 5
BOOST voltage mode, 85-90
average simulation template, 87-88
equations for, 85-86

functioning of, 85-86

switched simulation template, 88-90
Borderline Conduction Mode (BCM), 184
BUCK current mode, 102, 104-109

average simulation template, 104-106

equations for, 104, 105

switched simulation template, 106-109
BUCK topology, 5, 30
BUCK voltage mode, 95, 97-104

average simulation template, 98-102

equations for, 98, 99

functioning of, 98

switched simulation template, 101-104
BUCK-BOOST current mode, 114-120

average simulation template, 115-118

equations for, 115

input impedance, 115-117

switched simulation template, 117-120
BUCK-BOOST topology, 5
BUCK-BOOST voltage mode, 107, 109-114

average simulation template, 110-112

equations for, 110, 111

functioning of, 107, 109-110

switched simulation template, 112-114

C

CADENCE, 4
CCM. See Continuous Conduction Mode,
CD-ROM (included with book), 4, 251-252
CISPR16 filter bandwidths, 194-195
CMC models, See Current Mode Control
maodels.
Continuous Conduction Mode (CCM),
6, 14, 22-26, 31-33
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Controllers, complete generic, 49, 51-53
Convergence options, 75, 77-78
Critical inductance, 81-85
boundary between modes, 81-83
with FLYBACK converter, 83-85
Critical Mode Controller, 184188
Current Mode Control (CMC) models,
28-33, 54-64
continuous conduction mode, 31
discontinuous conduction mode, 31-32
instabilities in, 29-30, 60-64
peak current mode, 32-33
small-signal, 30-31
steps for writing, 5468
testing, H8-60

D

DCM. See Discontinuous Conduction Mode.
Dead-time generation, 69-76
with delay lines, 72-7T6
need for, 69
Delay lines, dead-time generation
with, 72-76
Discontinuous Conduction Maode (DCM),
6, 13-14, 21-26, 31-33

|

ElectroMagmetic Interference (EMI), 116,
190-198. See also EMI filter design.
analysis bandwidths, 195-196
CISPRI16 filter bandwidths, 194-195
Fast Fourier Transforms, use of, 193-194
parasitic signal, generation of, 191-193

Index

true current signature, simulation of,
196-198
EMI filter design, 235-249
attenuation, calculation of required,
239-240
final filter stage in, 241-245
noise signature, evaluation of, 235-238
real vs. simulated measurements in,
244-247
and total noise measurement, 2458-249
Energy Saving Lamps (ESLs), 214
Equivalent series resistor (ESR), 191
ESLs (Energy Saving Lamps), 214
ESR (equivalent series resistor), 191

P

Fan-out, sources with given, 40, 42-50
generator, astable, 48, 49
hysteresis, comparator with, 45646
in-line equation for, 40, 42
15Spice, 42, 43
Leading Edge Blanking, 4344
oscillator, simple voltage-controlled, 48-50
PSpice, 43
transformers, modeling of, 4648
Fast Fourier Transforms (FFTs), 193-194
Flash lamp, relaxing, 216-220
FLYBACK current mode, 127-128, 130-135
average simulation template, 130-131
equations for, 127, 128, 130
switched simulation template, 132-135
FLYBACK topology, 5, 83-85
FLYBACK voltage mode, 118, 120-129
average low-cost feedback, 121-123
averaged, shunt regulators, 123-128
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equations for, 121, 122

functioning of, 121

switched simulation template, 126, 129
FORWARD converter, 5
FORWARD current mode, 141146

average simulation template, 142-144

equations for, 142

functioning of, 141-142

switched simulation template, 143-146
FORWARD voltage mode, 135-141

average simulation template, 135-139

equations for, 137, 138

functioning of, 135-137

switched simulation template, 140-141
FULL-BRIDGE current mode, 165-169

average simulation template, 166

equations for, 166

functioning of, 165-166

switched simulation template, 167-169
FULL-BRIDGE voltage mode, 162, 164-166

average simulation template, 164

equations for, 164

functioning of, 164, 165

switched simulation template, 165, 166

G-H

Generic Switched Inductor Model (GSIM),
21, 26-28, 32-33

HALF-BRIDGE current mode, 159-163
average simulation template, 160
equations for, 160
functioning of, 168-160
switched simulation template, 160-163
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HALF-BRIDGE voltage mode, 154-159
average simulation template, 157
equations for, 155, 157
functioning of, 155
switched simulation template, 157-159

Hysteresis, comparator with, 4546

Hysteretic power supplies, 220-222

I
IF-THEN-ELSE statements, 52
IGBTs, 69
Intusoft, 4, 13, 176
1sSpice, 4, 251
B element in, 51

fan-out, sources with given, 42, 43

K-L

K factor, loop compensation with, 223-229
and amplifier types, 224-229
numbers, defining, 223-224

Laboratory experiments, comparing SPICE
results to, 198-203

Leading Edge Blanking (LEB), 43—44

Line Impedance Stabilization Network

(LISN), 192, 193
M-0O
Mathcad, 17
Mathsoft, 17

Meares, Larry, 13
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Micro-Cap, 4

Mitchell, D. M., 6

Monaolithic high-voltage application, 188-190

MOSFETS, 69, 71, 184, 196, 198, 199,
202,213, 216

pCap, 252

Negative Impedance Converter (NIC), 116

Operational amplifier (OPAMP), 3842
OrCAD PSpice, 252
Oscillator, simple voltage-controlled, 48-50

P

Physical values, feeding transformer
models with, 231-234
Power Factor Correction (PFC) circuits,
203-207
Powersim Technologies, 4, 203
PSIM, 4, 252
PSpice, 4, 252
B element in, 51-52
fan-out, sources with given, 43
Pulse Width Modulation (PWM) switch
model, 13-21, 28, 29, 191
PUSH-PULL current mode, 149, 151-155
average simulation template, 153
equations for, 151
functioning of, 151
switched simulation template, 153-155
PUSH-PULL voltage mode, 146-151
average simulation template, 149
equations for, 149
functioning of, 146-148
switched simulation template, 149-151

Index

PWM switch model. See Pulse Width
Modulation switch model.

R-S
Ridley, Raymond, 28, 32, 61, 80, 153, 154

Self-oscillating power supplies, 210-222
ballasts, electronic, 214-218
blocking oscillator, 210-212
flash lamp, relaxing, 216-220
hysteretic power supplies, 220-222
self-relaxing power supply, 213-214
SEPIC. See Single-Ended Primary
Inductance Converter.
Series-Parallel Resonant Converter, 177,
178, 180-186
average simulation template,
178, 180, 182-183
functioning of, 177, 178
switched simulation template,
180, 183-186
SIM. See Switched Inductor Model.
Simulation Program with Integrated Cireuit
Emphasis (SPICE), 2
Simulations:
advantages of using, 2-3
and simulator version syntax, 4
Single-Ended Primary Inductance Converter
(SEPIC), 5, 172-180
average (current mode), 174-176
average (voltage mode), 173-175
equations for, 172, 173
functioning of, 172, 173
switched, 176-180
Single-pole double-throw device (SPDT), 21
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SMPS. See Switch-Mode Power Supply.
SPDT. See Single-pole double-throw device.
Spectrum Software, 4
SPICE (Simulation Program with Integrated
Circuit Emphasis), 2
SPICEZ, 30, 67, 69
SPICES, 4, 30-31, 51
S55A technique. See State-Space-Averaging
technique.
State-space-averaged models, 10-13
State-Space-Averaging (SSA) technique, 6
Switched Inductor Model (SIM), 21-28
deriving equations for CCM and DCM,
24-25
generic model, 26-28
toggling from CCM to DCM, 25-26
Switched models, 5-6, 13-28
advantages/disadvantages of, 7
average models vs., 6
Pulse Width Modulation model, 13-21
Switched Inductor Model, 21-28
See also under specific headings.
Switching elements, 5
Switch-Mode Power Supply (SMPS), 2, 3, 5

?1'1

Three-winding T-model, 232-234
T-model:

three-winding, 232-234

two-winding, 231-232
Topologies, 5
Transformers, modeling of, 4648
Transient models. See Switched models.
TRANSIENT simulations, 77
Two-winding T-model, 231-232
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V-Z

VCO (Voltage-Controlled Oscillator), 178
Virginia Polytechnic Institute, 13
Voltage mode model, 63-68

duty-cycle generation in, 63-65

FORWARD converter, example

with, 65-68

Voltage-Controlled Oscillator (VCO), 178
Vorperian, Vatché, 13, 14

XNOR gates, 70
XOR gates, 70

Zero Current Switching (2CS), 177
Zero Voltage Switching (ZVS), 177
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