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Abstract

Part I:

Quasi-resonant converters are a family of single-switch resonant dc-dc converters
featuring zero-current or zero-voltage switching. Recognition of the topological structure
uniting these resonant converters—and the rectangular-wave (PWM) converters on which
they are based—Ileads to general models of their dc and low-frequency ac behavior.

An expression is derived that yields the dc conversion ratio of a quasi-resonant con-
verter in terms of the well-known conversion ratio of the underlying PWM topology. A
small-signal, low-frequency dynamic model is developed whose parameters also incorpo-
rate the PWM conversion ratio. The dc and ac models reveal that any quasi-resonant
converter with a full-wave resonant switch has dc and low-frequency behavior identical to
that of its PWM parent, with switching-frequency control replacing duty-ratio control.
Converters with half-wave resonant switches behave more like PWM converters in dis-
continuous conduction mode or with current programming, exhibiting lossless damping
in the small-signal model and output resistance at dc.

Although quasi-resonant converters come in an astounding variety of topologies, the
dc (and to a large extent ac) behavior of these converters depends only on the underlying
PWM topology and the class of resonant switch, and is unchanged by movement of the

resonant reactances to various alternative positions.

Part 2:

The distorted input-current waveforms of nonlinear electronic loads cause interference
and lead to poor utilization of the utility power line, a situation that is rapidly becoming
intolerable with the increased application of electronic loads. Input-current shaping,

also known as power-factor improvement, addresses the problem of improving current
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waveforms drawn from the power line. This study is restricted to single-phase ac-dc
power conversion systems.

Current-shaping circuits are shown to fall into just a few categories with common
features and limitations. In addition to the more common buck- and boost-based current-
shaping converters, a class of circuits with “automatic” current shaping is presented and
analyzed. A set of rules is derived for determining whether a particular dc-dc converter
topology is suitable for use as a current-shaping ac-dc converter, and the rules are used
to judge the suitability of several resonant converter topologies for this application. A
new, low-cost converter is suggested that combines input-current shaping, isolation, and
fast output-voltage regulation.

Input-current shaping requires that a converter store significant energy, leading to
unfortunate size and weight restrictions. Additional implications of stored energy are
examined, along with several methods of reducing the energy storage. It is shown that the
ability of a current-shaping converter to regulate its output voltage is severely restricted
as a result of the energy requirement. The methods and implications of introducing

isolation to a shaping ac-dc converter are also studied.
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with Resonant Switches






Chapter 1

Introduction

Making power converters smaller and lighter has always been a major goal of power
electronics. It was in fact the need for lightweight, highly efficient converters in aerospace
applications that stimulated the initial development of switched-mode power conversion.
Reactances—capacitors and magnetic devices—account for a large part of the weight and
volume of a switching converter, and these devices must shrink before a converter can be
made significantly lighter or smaller. The size of reactive elements is determined chiefly
by the switching frequency, and consequently methods of increasing converter operating
frequencies have lately received a great deal of attention.

Until recently, semiconductor devices were the bottleneck preventing higher switching
frequencies. Transistors turned OFF so slowly that operation above 100kHz was imprac-
tical. With the continual improvement of power switching transistors, and in particu-
lar the recent introduction of power MOSFET devices, the speed of the semiconductor
switch is no longer the limiting factor. Instead, parasitic effects such as transformer leak-
age inductance and transistor junction capacitance now limit the switching frequency in
conventional (PWM) power converters.

Resonant converters [1,2,3] are power converters with quasi-sinusoidal waveforms, as
opposed to the nearly rectangular waveforms of PWM converters. With quasi-sinusoidal
waveforms, a resonant converter is insensitive to many of the parasitics that preclude
high frequencies in more conventional topologies. In fact, some resonant topologies are
able to use these same parasitics to advantage. Resonant converters therefore show
great promise as a means of achieving higher switching frequencies, and experimental
converters operating at radio frequencies have already been reported in the literature [3].

Dozens of PWM converter topologies are known, but until recently designers of res-

onant converters had only a few topologies available to them. A new class of dc-to-



dc resonant converters, first introduced in [4], changes this situation. The methods
of [4] allow one to change any single-switch PWM converter into a “quasi-resonant” (or
“resonant-switch”) converter by simple modification of the PWM topology. From each
PWM converter, several different quasi-resonant converters can be constructed, so that
now the designer may choose from more varieties of resonant than of PWM topologies!

Indeed, the many combinations of quasi-resonant topologies and operating modes
can easily become confusing, and analyzing the behavior of each different variation soon
becomes tedious. Despite their apparent differences, however, a common characteristic
unites the various quasi-resonant converters: each is a modification of a PWM dc-to-dc
converter topology. These PWM topologies are well-understood. Their dc and ac behav-
ior is derived and interpreted without undue difficulty. More important, the behavior of
PWM topologies is familiar to design and system engineers.

Analysis of resonant converters is traditionally difficult, with no practical alternatives
to numerical analysis on a computer. The treatment of quasi-resonant converters pre-
sented here, however, has such attractive features as simplicity, clarity, and generality—
features usually found only in models of PWM converters. It is no coincidence that the
new quasi-resonant converter models share the advantages of their PWM counterparts.
This useful feature is instead a direct result of treating the quasi-resonant converters as
descendants of PWM topologies, rather than as “new” circuits.

The following chapters use the PWM heritage of quasi-resonant converters as the
basis of a general dc and ac analysis. Instead of analyzing each converter separately, the
fundamental principle behind these converters—the operation of the resonant switch—is
studied first. The behavior of a particular resonant switch is then combined with the
familiar characteristics of a parent PWM converter to yield a model for the corresponding
quasi-resonant converter.

Chapter 2 briefly reviews quasi-resonant topologies and some techniques previously
used to analyze resonant converters. Chapter 3 studies the behavior of a resonant switch
in an environment representing a general PWM converter. In Chapter 4, a model of the
resonant switch is used to find the dc conversion characteristics of quasi-resonant convert-

ers. These results have implications concerning the ability to operate converters in paral-



lel. Chapter 5, using the same resonant-switch model, derives approximate small-signal
ac circuit models of quasi-resonant converters. Some extensions of the resonant-switch
concept are considered in Chapter 6, where the modifications necessary to account for
these extensions in the dc and ac analyses are given. Chapter 7 contains experimental
results that confirm the validity of the approximate models derived in earlier chapters.
Conclusions concerning the behavior of quasi-resonant converters and the means of mod-
eling these topologies are given in Chapter 8.

Two notational conventions should be mentioned here. First, the term “PWM”
(pulse-width modulation), is used to distinguish “conventional” converters from reso-
nant or quasi-resonant converters. A PWM converter, for the present purposes, is a
converter with approximately rectangular (often called “quasi-square wave”) waveforms.
Such converters are assumed to operate in the continuous conduction mode, so that the
ripple voltages and currents in the reactive elements are small. Second, “quasi-resonant
converter” is the name given to a complete power converter using resonant-switch tech-
nology. The term “resonant switch” refers to the configuration and operation of semicon-
ductor switches and reactive elements that together produce quasi-sinusoidal waveforms.
When a resonant switch is embedded in a PWM converter, the resulting circuit is called
a quasi-resonant converter.

The approach used here is both simple and general as a result of the approximations
used in the analysis. The price of using these approximations is a loss of accuracy under
certain conditions, although both the arguments in Chapter 3 and the experimental
results of Chapter 7 suggest that the approximations are well-justified in light of usual
design practices. The cost of using approximations is far outweighed by the benefits of
generality and simplicity, and the fact that these leave the engineer with an intuitive
understanding of his design.

Numerical analysis and computer simulation will always be available for accurate eval-
uation of a particular converter’s behavior. The models developed in this part provide an
alternative: analytical tools for analyzing and, above all, understanding, quasi-resonant

converters.






Chapter 2

A Survey of Quasi-Resonant Converters

Quasi-resonant converters were first introduced as a family in [4] with only two topo-
logical varieties of resonant switch. Since that time, new switch topologies have been
steadily added, along with different methods of operation within a given topology. At
least half a dozen varieties of resonant switch can currently be formed from any PWM
converter, so that the total number of possible converters is very large indeed.

This chapter gives an overview of quasi-resonant converters, beginning with a dis-
cussion of the evolution of this converter family in Section 2.1. Section 2.2 presents
examples of some of the many varieties of converters with resonant switches, while con-
trol of these converters is outlined in Section 2.3. In Section 2.4, published dc analyses of
quasi-resonant converters are reviewed, and some possible methods of dynamic analysis

are considered.

2.1 The Quasi-Resonant Family of Converter Topologies

The idea of a family of quasi-resonant converters came from considering two appar-
ently different converters, those of [5] and [6]. Both of these converters exhibit the novel
and useful feature of having the transistor switch turn both ON and OFF into zero cur-
rent. This feature allows operation at higher frequencies as a result of reduced switching
losses. In addition, the transformer leakage inductance, usually responsible for producing
dangerous voltage spikes on the switches, instead has no qualitative effect and in fact
can aid in generating the resonant waveforms.

The authors of [4] recognized that the principles underlying [5] and [6] could be
applied to a variety of PWM converters, and in [4] they presented a family of convert-

ers characterized by two varieties of resonant switch, the “M-type” and the “L-type.”



The new family of converters was given the name “quasi-resonant” to distinguish them
from continuously-resonating converters, such as those discussed in [1] and [2]. The two
resonant switches described in [4] would later be classified as half-wave, zero-current,
sinusoidal-wave switches.

It was soon realized that the resonant switch in [5] did not correspond to either of the
half-wave switches of [4], but rather was a member of a new class of resonant switch—the
“full-wave” switch [7]. The topological difference between the half- and full-wave switches
is small, but the behavior of the two is very different. Most significantly, converters with
full-wave switches exhibit no load-dependence in their conversion ratio, while half-wave
converters are heavily load dependent. As shown in later chapters, half-wave switches
add lossless damping to the converter dynamics, while full-wave converters behave very
nearly like their (undamped) PWM parents.

The next addition to the quasi-resonant converter family came from application of
duality principles to the zero-current switches. The result was a set of converters that
turn both ON and OFF into zero voltage [8]. The main advantage of this technique is
that the converter is insensitive to the parasitic drain-to-source (or collector-to-emitter)
capacitance of the switching transistor, and in fact the capacitance can in some cases
be used to produce the needed resonance. The dual of the zero-current resonant switch
is called the zero-voltage resonant switch, and it too comes in half-wave and full-wave
versions.

Finally, rules describing the most general resonant-switch topologies were published
in [9]. Application of these rules brought recognition of several new ways of implementing
previously known resonant switches, and it also led to the discovery of another species
of resonant switch. All the “old” resonant switches were labeled “sinusoidal-wave” while
the new versions were “square-wave” switches. A resonant switch, and the corresponding
quasi-resonant converter, can therefore have any combination of the following characteris-
tics: half-wave or full-wave, zero-current or zero-voltage, square-wave or sinusoidal-wave.

Several topological variations of each of the resulting eight combinations also exist.



2.2 Examples of Quasi-Resonant Topologies

The buck topology is used in this section to illustrate qualitatively the several dif-
ferent varieties of resonant switches. The examples given are intended only to illustrate
the qualitative behavior of the converters. Quantitative analysis is given in following

chapters.

PWM Buck Converter

The PWM buck converter appears in Fig. 2.1(a), with the pertinent waveforms shown
in Fig. 2.1(b). All components are considered ideal, and in particular the transistor and
diode have no ON voltage drops or switching losses.

When the transistor @ is ON, the input voltage V, is applied across the filter consisting
of Ly, Cy, and the load R. When Q is OFF, the diode D; is ON, and the filter has zero
volts across its input. If the inductor and capacitor are large enough that the filter
corner frequency is much less than the switching frequency, then only the dc component
of the rectangular voltage applied to the filter reaches the load. The output voltage then
equals the average of the voltage waveform across the diode, and hence the conversion
ratio V/V} is equal to the transistor duty ratio D. To the extent that the inductor ripple
current is small, both the transistor current and diode voltage waveforms are rectangular.
The transistor must carry its full ON current immediately after turning ON, and it must

interrupt this current upon turning OFF.

Zero-Current, Sinusoidal-Wave Resonant Switches

A quasi-resonant buck converter using a zero-current, sinusoidal-wave resonant switch
is shown in Fig. 2.2(a). In forming the resonant switch, diode D; has been added to
transistor Q and resonant elements L, and C, have also been added. The current and
voltage waveforms of this converter, shown in Fig. 2.2(b), are quasi-sinusoidal. The
resonant switch is called “zero-current” because the transistor current is zero when the
transistor first turns ON, and the current afterward rises with a finite slope, in contrast
to the PWM buck converter. The transistor turns OFF into zero current as the resonant

circuit brings the current back to zero automatically. The losses incurred during the
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switching transitioﬁs are therefore much less than in the case of the PWM converter.

Diode D; and transistor Q form a two-quadrant switch. When Dj is in series with Q,
as shown with solid lines in Fig. 2.2(a), the switch is two-quadrant in voltage, and turns
OFF when the current 15 first reaches zero. Diode D; prevents the current ss from falling
below zero, as shown by the solid curve of Fig. 2.2(b). The transistor can be turned OFF
with zero current at any time while D, is blocking. This configuration is called a half-
wave switch, because the current £s completes slightly more than one-half of a sinusoidal
cycle before being interrupted.

If instead D, is in parallel with @, as shown by dashed lines in Fig. 2.2(a), the
resulting switch is two-quadrant in current. The switch current ¢g is interrupted by D;
upon reaching zero from below, as shown in the dashed curve of Fig. 2.2(b). Once again,
Q can be turned OFF at any time during the interval while D; is blocking. This resonant
switch is called a full-wave switch, as 15 completes nearly a full cycle at the resonant
frequency.

Again assuming that the corner frequency of the L;-Cy-R filter is much lower than
the switching frequency, the output voltage is the average of the voltage vp across the
diode D3, and in this case is a rather complicated function of the switching frequency
and the values of the resonant elements L, and C,. The conversion ratio also depends
on the load in the case of the half-wave switch. This is in contrast to the PWM buck
converter in which the conversion ratio is independent of both switching frequency and
the load. Surprisingly, in light of the small visible difference between the half- and full-
wave waveforms of Fig. 2.2(b), the full-wave switch has the desirable characteristic of
producing a conversion ratio virtually independent of the load.

The particular resonant-switch topology indicated by the solid lines of Fig. 2.2(a) is
labeled “L1-type” in [9]. In any quasi-resonant converter, the capacitor C, may occupy
one of several positions. Two alternative locations in the buck topology are indicated
by dashed lines in Fig. 2.2(a), labeled “L2” and “M” according to the convention of [9].
Practical considerations make some capacitor locations preferable to others. For ex-
ample, the “L2” location allows resonant-frequency currents in the capacitor C; and

therefore produces more resonant-frequency noise in the load voltage than do the other
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Figure 2.8: A buck converter with a zero-current, square-wave resonant switch (a). The
voltage applied to the output filter is a rectangular waveform (b). Dashed
lines tndicate locations and waveforms corresponding to a full-wave switch.

two configurations. An important result, derived in Chapter 4, is that all the topologi-

cal variations of a quasi-resonant converter (L1, L2, M, etc.) produce the same voltage

conversion ratio, V/V,.

Square-Wave Switches

Moving the resonant inductor from its location in Fig. 2.2(a) to that of Fig. 2.3(a)
produces a square-wave resonant switch, also of the zero-current variety. The waveforms

ts and vp are unchanged but now the voltage v, across the output filter—in this case
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the combined voltages of L, and D,—is quasi-rectangular, as shown in Fig. 2.3(b). In
the sinusoidal-wave converter of Fig. 2.2(a), vy is equal to vp, the sinusoidal waveform of
Fig. 2.2(b). Despite the visible differences between these two vy waveforms, both have the
same average value, and hence the voltage conversion ratio is the same for the sinusoidal-
wave and square-wave resonant switches. The square-wave switch, like the sinusoidal-
wave variety, has both half-wave and full-wave variations and allows several locations of
the resonant capacitor C,. The full-wave location of D; and the corresponding waveform

of vy are indicated by dashed lines in Fig. 2.3.

Zero-Voltage Switch

Figure 2.4 illustrates the zero-voltage resonant switch, with the sinusoidal-wave va-
riety shown. In this configuration, the transistor switch turns both ON and OFF into
zero voltage. The switch waveforms have the same shapes as those of the zero-current
converters in Figs. 2.2 and 2.3, but current and voltage are interchanged. Like the zero-
current resonant switch, the zero-voltage switch can be either half-wave or full-wave.
The latter case is indicated by dashed lines in Fig. 2.4. An advantage of the half-wave
configuration is that the capacitance of the transistor itself can be used as part (or all)
of the resonant capacitor. In the PWM buck converter, the energy in this capacitance is
lost every time the transistor turns ON, a serious drawback at high switching frequencies.

Zero-voltage resonant switches also come in square-wave configurations and with the
usual freedom to place the resonant capacitor and inductor in any of several possible

locations.

2.3 Control of Quasi-Resonant Converters

A quasi-resonant converter must be controlled by varying the switching frequency.
As seen from the discussion of Section 2.2 and the waveforms of Fig. 2.2(b), once a
zero-current switch is turned ON, the waveforms progress without benefit of any control
until the cycle is complete and the switch again reaches the idle state (s and vp both
zero). The time taken for the cycle to evolve and the switch to return to its idle state

is a function of many parameters, but the important thing is that there is no direct
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control over this time. The current g is interrupted by D;, and @ must be turned
OFF while D, is blocking, so that the turn-OFF of Q cannot be a control variable. The
only way to regulate a zero-current quasi-resonant converter—to exercise control over
its output voltage—is to choose the time when the idle period is ended and the switch
S is turned ON. This is equivalent to controlling the length of the idle interval, or to
controlling the switching frequency. A similar situation is found in PWM converters
using constant ON-time control.

For zero-voltage converters, the resonant cycle is initiated by turning OFF the switch.
The switch must be turned back ON at a time determined by the evolution of the resonant-
switch waveforms. Here again, one has no direct control over the OFF time of the switch,

and the switching frequency is the only available control variable.

2.4 Previous Methods of Analysis

The reason for turning the PWM switch into a resonant switch is to produce quasi-
sinusoidal switch waveforms, with corresponding lower switching loss. The waveforms of
Figs. 2.1 through 2.4 show that replacing a PWM switch with a resonant switch changes
considerably the “internal” behavior of a power converter. What does such a substitution
do to the “external” behavior, such as the voltage conversion ratio and the input and
output impedances? The designer of a quasi-resonant converter, and the system engineer
who specifies it, must understand the converter’s dc and dynamic behavior.

Expressions for the dc conversion ratio of several quasi-resonant converters are avail-
able [4,7,8], but the dynamics of these converters are not known analytically. This section
reviews the existing dc analyses of quasi-resonant converters, and considers the suitability

of different methods of dynamic analysis.

2.4.1 Dc Analysis

Included in [4], [7], and [8] are expressions for the dc conversion ratio M = V/V, of
three quasi-resonant converters, those based on the buck, boost, and buck-boost PWM
topologies. These expressions are found by equating the input energy with the output

energy over a single switching cycle. Unfortunately M is an implicit function of the load
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and the switching frequency, but then this is not surprising since other resonant con-
verters also have implicit conversion ratios [10]. The equations describing the conversion
ratio of a quasi-resonant converter are relatively simple compared to those in [10].

The dc analyses of [4]—[8] are made tractable by the assumption that certain reactive
elements in the converter (excluding the resonant inductor and capacitor) have constant
voltages or currents. This assumption limits the resonant switch to a second-order circuit
and allows relatively simple calculation of the switch waveforms. An equivalent assump-
tion is used in Chapter 3 of this part. What Chapter 3 has to offer is not more accurate
expressions, but a more general and convenient dc analysis, with the ability to find the
conversion ratio of any quasi-resonant converter given the form of resonant switch used

and the well-known conversion ratio of the underlying PWM topology.

2.4.2 Ac Analysis Methods

Dynamic (or ac) analysis of power converters is a difficult task because the circuits
involved are nonlinear (with respect to the control variables) and time-varying. Large-
signal analysis is extremely difficult analytically, and is usually restricted to computer
simulation. Small-signal analysis, however, is sometimes analytically possible given cer-
tain simplifying approximations. A small-signal analysis is useful for studying the effects
of small perturbations and stability about an operating point.

State-space averaging [11], perhaps the most popular method of analytical dynamic
analysis for switching converters, cannot be used with resonant converters of any kind.
State-space averaging assumes that the converter states have small, or at least linear,
ripple waveforms. This is equivalent to requiring that the switching frequency be much
higher than the natural frequencies of the networks formed by each position of the
switches. Resonant converters, however, by definition have quasi-sinusoidal waveforms
in the resonant reactances. These waveforms violate the small-ripple approximation
and invalidate the averaging step that makes state-space averaging such a general and

convenient analysis method.
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Vorpérian’s Method for Resonant Converters

In a small-signal dynamic analysis of the series and parallel resonant converters [12],
Vorpérian uses a dynamic modeling method that circumvents the limitations of state-
space averaging. In that work, the state-space matrix equations describing each interval
of a switching period are written, and the averages of the desired output quantities are
expressed in terms of the state variables. These equations are perturbed and the small-
signal assumption then allows linearization of some (but not all) of the exponential
matrices. (The linear-ripple assumption of state-space averaging allows linearization of
all exponential matrices). Vorpérian’s method results in a linear discrete system giving
the small-signal variations of the average of the output quantities over each switching
period. Vorpérian predicted the frequency response of his converters by replacing the
transform variable z of the discrete system with e/“Ts, with Fs = 1/Ts the steady-
state switching frequency. For frequencies w/2x much less than the switching frequency,
however, the discrete averages of the outputs might be taken to constitute continuous
variables, and the resulting model would be continuous as well as linear.

Vorpérian’s method suffers from one great disadvantage—complexity. Calculation of
the ac response requires evaluation of exponential matrices whose order is the number of
reactances in the converter. The analysis therefore must be performed numerically on a
computer. This leads to two problems. First, some of the states in a resonant converter—
the “resonant” variables—change rapidly, while others—the “filter” variables—change
much more slowly. This separation of the system time constants makes numerical eval-
uation of the exponential matrices difficult. Second, and much more important, the
numerical analysis is of little help in leading the designer to an understanding of how
individual components affect the converter performance.

The great complexity of Vorpérian’s dynamic model stems from something of an in-
consistency in the assumptions behind the dc and the ac models. In the dc analysis, the
nonresonant reactances of the converter are assumed to have small ripple. This approxi-
mation is abandoned in the ac analysis, and instead the full power—and complexity—of
exponential matrix equations is brought to bear on every reactance in the converter.

Vorpérian’s method potentially gives very accurate results because it allows for large
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ripple in all the reactances, but the method leaves the designer wishing for a simpler
approach. Such an approach might be less accurate, but would use simple analytic
expressions or circuit models to provide insight and understanding and therefore be a

useful design tool.

Resonant-Cell Method

Another resonant converter topology is the class-E dc-to-dc converter [3,13]. This
converter, a modification of a switching radio-frequency amplifier, uses a resonant in-
verter to generate sinusoidal currents. These currents are rectified and filtered to ac-
complish dc-to-dc conversion. The transistor in a class-E converter turns both ON and
OFF into zero voltage, much like a zero-voltage resonant switch. Because the class-E
converter cell feeds a filter with sinusoidal currents, the analysis is quite a bit more com-
plicated than for the resonant switch, which feeds reactances having nearly dc voltages
and currents.

Small-signal ac analysis of a class-E converter is undertaken in [13]. The key to the
method is the separation of the converter elements into two kinds—those with high-
frequency, resonant waveforms, and those with small-ripple, quasi-dc waveforms. The
analysis proceeds by assuming dc quantities in the small-ripple elements, calculating
the complicated, rapidly-varying waveforms in the high-frequency elements, and then
evaluating the averages of these waveforms. The average values are expressed as a
function of the “external” quasi-dc quantities, and these expressions are perturbed and
linearized as functions of the dc quantities and the switching frequency (the control
variable for this converter). The high-frequency elements are then absorbed into a “cell,”
a network of controlled sources with variations of the external dc quantities as inputs and
the perturbations of the average resonant waveforms as outputs. This cell is embedded in
the external network of filter elements with small ripple, resulting in a linear model of the
entire converter. At frequencies well below the switching frequency, the discrete averages
of the cell’s outputs may be considered as continuous waveforms, and the resulting model
is both linear and continuous.

The separation of the converter into large- and small-ripple elements, which forms
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the basis of this analysis method, relies on an approximation, certainly, but one that is
usually satisfied in practice. Failure to invoke this approximation means that any analysis
must be done on a computer, either as numerical evaluation of matrix equations, or as
direct simulation of the converter.

While Vorpérian’s method is potentially more accurate, it provides much less insight
than the more approximate method of [13]. In addition, numerical difficulties caused by
the separation of time constants in the converter may ultimately result in worse accuracy
than from an approximate method that removes the high-frequency time constants by
averaging.

The small-signal ac characteristics of quasi-resonant converters will be studied in
Chapter 5 using a method closely related to that of [13]. Chapter 5 also uses a circuit-
oriented approach, putting the information gained from manipulating equations back

into the circuit model of the resonant switch.
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Chapter 3

The Resonant Switch in Its Environment

Quasi-resonant converters can of course be analyzed from first principles, with each
entire converter considered as a new and separate entity. The objective here, however, is
to demonstrate and make use of the relation between PWM and quasi-resonant convert-
ers. With that goal in mind, each quasi-resonant converter is treated as the result of a
topological modification of a PWM converter, emphasizing the similarities rather than
the differences between the two converter classes.

Sections 3.1 and 3.2 consider the procesé of switching in PWM converters. Topological
rules are derived governing the‘relation of the PWM switch to the reactances in the
converter. In Section 3.3, these rules are combined with similar conditions for resonant
switches to yield the behavior of any resonant switch. The important result of this
section is that all topological variations of a resonant switch produce the same average
effects. The result is significant because average quantities form the basis of the dc and
ac analyses in following chapters. The expressions for the averages of the resonant-switch

variables are derived in Section 3.5.

3.1 Basic Approach

Switched-mode power converters are nonlinear, time-varying systems with discontin-
uous structure. In most converters, the semiconductors alone are responsible for these
unfortunate properties; if the semiconductor switches are opened or shorted, a well-
behaved linear network is left behind. The switches cannot in practice be removed—they
are essential to the power conversion process—but they can be conceptually separated
and treated apart from the rest of the converter. This approach proves useful in studying

PWM converters, and it is indispensable when studying quasi-resonant converters.
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Figure 8.1: View of a PWM converter as a linear network connected to the source, load,
and semiconductor switches.

Separation of the switch from the rest of a PWM converter is illustrated in Fig. 3.1.
The figure illustrates pictorially that any PWM converter (with a single transistor and
rectifier) may be considered as a linear network driven by the source voltages V,, the
diode voltage waveform vp, and by the transistor current waveform ig. The switch
waveforms vp and ig are not independent. They are functions of the control scheme
and the waveforms within the linear network, so that the perspective of Fig. 3.1 may
not always be useful for directly determining the converter input, output, or control
properties. Figure 3.1 nevertheless represents a powerful means of viewing the role of
switching in a PWM converter, and the role the linear network plays in filtering the
switching waveforms.

When the focus shifts to resonant switches in Section 3.3, it will be seen that the
model of Fig. 3.1 applies equally to quasi-resonant converters. The conceptual separation
of switch and linear network is the foundation of the dc and ac analyses of quasi-resonant
converters in following chapters. The model of Fig. 3.1 should therefore be kept in mind,
for it is a pictorial representation of the philosophy underlying the following treatment

of both PWM and quasi-resonant converters.



23

3.2 Switching in PWM Converters

While any PWM converter may be transformed into a quasi-resonant converter, the
models developed in later sections require a slightly restricted class of PWM converters.
Section 3.2.1 explains the restrictions needed for the discussion of PWM switch operation

in Section 3.2.2.

3.2.1 Definition of a PWM Converter

PWM converters come in many varieties, some “basic” and some more complicated.
Although many of the more complex topologies can be converted into quasi-resonant con-
verters, the basic function and behavior of quasi-resonant converters is best understood
by restricting discussion to relatively simple PWM converters. The class of converters

allowed is set forth in the following definition.

Definition 1: A PWM converter is a dc-to-dc power converter with 100%

ideal efficiency, consisting of only the following elements:

1. A single transistor Q.

2. A single diode rectifier D,.

3. An input voltage source, V;, with small voltage ripple.

4. Linear capacitors with small ripple voltages.

5. Linear inductors with small ripple currents. No coupling is allowed.

6. A load, R, which is either in a loop of capacitors and possibly V, or is in
a cut-set of inductors (this establishes small ripple voltage and current

at the load).

“Ideal efficiency” means the efficiency when all components are ideal. In particular, the
transistor and diode are assumed to have negligible switching and conduction losses. The
restriction to a single transistor and diode, and the no-coupling requirement of item 5,
are imposed to clarify the arguments that follow. They may be removed in certain cases.
Chapter 6 gives an example of a quasi-resonant converter based on a PWM converter

with multiple switches and magnetic coupling.
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The sma.ll-ripplé restrictions of items 4, 5, and 6 above form the heart of the present
analysis. For the present, they are included without justification in the definition of a
PWM converter. The validity and implications of the small-ripple approximation are
discussed at length in Section 3.4.

Note that the load of item 6 need not be a linear resistance. At dc, the load has a
dc voltage V' and dc current I whose ratio is the dc load resistance, denoted R. Under
small-signal modulation, the slope of the load V-I characteristic defines the small-signal
load resistance, Ry, which will differ from R for a nonlinear load.

The terms “PWM converter” or “PWM switch” will henceforth refer to PWM con-

verters that satisfy the six requirements above.

3.2.2 Operation of the PWM Switch

From the six restrictions in the definition of a PWM converter, several conclusions
can be drawn, concerning both the topology and the behavior of a PWM switch. The
topological results are expressed in the following two theorems. Proofs are given in Ap-

pendix A.

Theorem 1: The transistor Q, the diode D,, and a set of capacitors with total voltage
Vot form a loop. The source V,; may also be included in the loop, with its voltage included

in Voff .

Theorem 2: The transistor Q, the diode D3, and a set of inductors with total current

Ion form a cut-set.

The buck converter of Fig. 2.1 clearly satisfies Theorems 1 and 2. In that circuit, the
loop of Theorem 1 contains @, D;, and V;, while Q, D;, and Ly form the cut-set of

Theorem 2.

Kirchhoff’s voltage law for the loop of Theorem 1 gives
vg +vp = Virr (3.1)

where Vo¢r is positive by choice of the loop orientation. When Q is ON, vg = 0 and vp

must be Vy¢r. When D, is ON, @ supports V ¢. Kirchhoff’s current law for the cut-set
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Figure 8.2: Switching waveforms tn ¢ PWM converter.

of Theorem 2 may be written

1@ +tp=1Ion, (3.2)

where I, is positive by choice of the cut-set orientation. When Q is OFF, ig is zero, so
that fp must equal I,,. Similarly, when D; is OFF, sp is zero and the transistor current
is equal to Ig.

For 100% efficient power conversion, the transistor and diode must operate in the
switched mode, i.e., they must be either ON, with zero voltage (ideally), or OFF, with zero
current. This fact, together with Eqgs.(3.1) and (3.2), implies that either the transistor
or diode, but not both, must be ON at any given time. This in turn reveals that the
PWM converter has only two states, one with @ ON and D; OFF, and the other with Q
OFF and D; ON. The duty ratio D is defined as the fraction of a switching period (the
interval between each turn-ON of the transistor) in which the transistor is ON.

The waveforms of Fig. 3.2 summarize these results. The transistor and rectifier
voltages and currents are rectangular. When either device is ON it carries current I,p,,
and when OFF it is subject to a voltage Vo¢r. The device currents are constant during the
ON-time because they are supplied by a constant current source—the one or more “stiff”
inductors that provide I,,. Similarly, the OFF voltages are constant at V ¢ because

they are imposed by the input voltage source and/or a series of “stiff” capacitors, each
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Figure 8.8: The buck-boost PWM converter.

of which have small ripple voltage. The transistor and rectifier switch the current I,
and the voltage V¢ between themselves to create the rectangular waveforms of Fig. 3.2.
(Note that the diode current is defined as positive when entering the negative voltage
terminal of the device. This is contrary to the usual convention but still yivelds valid
circuit equations. The convention was violated for the convenience of making both the
diode current and voltage positive.)

The quantities I,, and V¢ are easily found for any PWM converter by assuming
constant currents in all the inductors and constant voltages on the capacitors. Assume
the transistor is ON and find its current. This value is I,,, and the voltage across the
diode, with the transistor still ON, is Vo¢r. For example, in the PWM buck converter
of Fig. 2.1, when the transistor Q is ON, the diode D; sustains a voltage V, while Q
carries the inductor current. The voltage V¢ is therefore V,, generated by the input
voltage source. The inductor Ly provides the current Io,, which equals the average<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>