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ABSTRACT

Topologies and analysis lechnigues in switched-mode dc conversion
(dc-to-dc), inversion (dc-to-ac), rectification (ac-to-dc), and cycloconversion
(ac-to-ac) are unified in this thesis. The buck, boost, buck-boost, and flyback
topologies are used to demonstrate that familiar dc¢ converters can be
extended into eguivalent ac converters. Although some of these are
presented as fast-switching circuits, they have alsa been found in slow-
switching applications. Thus, topology is the unifying factor not only over
four fields of power electronics, but also within each field itself.

Describing equations are used to characterize low-frequency
components of the inputs and outputs in fast-switching networks containing
filters, excited by dc¢ or balanced sinusoidal sources, and pulse-width-
modulated by dc or balonced sinusoidal duty rotios. They are flrst written
in the stationary (abe) reference frame and then transformed to the rotating
(ofb) coordinates. In the ofb coordinates, all balanced ac converters with
any number of phases are reduced to a set of continuous, time-invariant
differential equations describing a two-phase equivalent.

Steady-state, dynamic, and canonical models are then solved in the
rotating frame of reference. FEmphasis is stressed on circuit ideality -
sinusoidal outputs for sinusoidal inputs even though a switched netwark is
nonlinear - and effects of filters on steady-state and small-signal frequency
responses. These results are similar for a dc converter, inverter, rectifier,

and cycloconverter of the same topelogy; this similarity again confirms that
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the four converters are closely related. The cycloconverter is thus
established as the generalized converter thatl degenerates to the other three
under special input and output frequencies.

Practical issues discussed include the realization of the switches,
modification of drive and topeology for bidirectionality of power flow,

isolation, switched-mode impedance conversion, and measurement techniques.
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INTRODUCTION

The four areas of switched-mode power conversion are dc conversion
(de-to-de), inversion (dc-to-ac), rectification (ac-to-de), and cycloconversion
(ac-to-ac). Although dc converters as well as inverters, rectifiers, and
cycloconverters have been coexisting for a long time, their applications and
advances in semiconductor technology have led them to flourish in different
directions. Dec converters serve delicate and low-power circuits, such as
signal-processing ones, that require tight regulation, high-quality outputs,
and fast dynamic responses. Owing to these high standards, dc power
supplies have evolved to a close-to-ideal stage. Inverters, rectiflers, and
cycloconverters, on the other hand, encounter more rugged and higher
power applications, such as motor drives, that can tolerate poor waveforms
and slow dynamic performance. Thus, harmonic heating, torque pulsation,
poor power factor, electromagnetic interference, sluggish response, and so
on, have been common problems generated by these high-power units.

The difference in application specifications, however, is only an
excuse for the outperformance of dc converters over ac converters (i.e.,
inverters, rectifiers, and cycloconverters). The power-speed limitation of
semiconductor devices, used to realize the switch, is the principal force that
segregates the disciplines of power electronics. Current developments in
switching devices, for instance, allow the transistor to switch a few tens of
kVA below R20kHz:; the gate-turn-off (GTO) device, a few hundreds of kVA

below 5kHz; and the thyristor, a few thousands of kVA below 500 Hz. Dc



converters fall in the low-power réﬁge and, hence, enjoy the advantages given
by the fast bipolar junction transistor (BJT) and field-effect transistor (FET).
High-power ac converters lose these benefits because they can use only the
slow thyristor. The performance of medium-power converters, fortunately,
has been improved recently owing to progress made in GTO fabrication.

Many advantages of fast switching are apparent from comparison of
existing dec and ac power processors. First, filters are used more freely
because their size diminishes with increasing switching frequency. They
attenuate switching harmonics and, hence, smooth out terminal waveforms.
They also absorb mismatches between stiff voltage or current sources to
suppress excessive current or voltage spikes.

Second, reactive elements, together with high switching frequency,
allow the development of mnovel topologies with new operafing principles.
This development can be carried out in twe forms. In the simpler one,
existing topologies are preserved, but their switches are operated according
to some new strategies easier to implement with fast switching. Pulse-width
modulation (PWM) and resonance are two well-known examples of such high-
frequency energy processing techniques; the PWM category itself consists of
a variety of drive policies. In the more advanced development method,
innovative topologies are synthesized by topological manipulation of
inductors, capacitors, and switches [3 and 4]. The number of useful circuit
configurations increases quickly as more reaclive components enter the
power stage. A proof of this expansion is the large family of converters that

have evolved in the de conversion area.



Third, a larger number of topologies introduces a more diversified
list of properties that encompass a broader range of applications. Thus, the
dc gain does not have to be only of buck (step-down), but can also be of
boost (step-up) or buck-boost type. Additional confrol parameters are
available so that, for instance, the output amplitude can be adjusted not at
the expense of input power factor. Dynamic response can be made very fast
by increasing the switching frequency and, consequently, reducing the value
of energy-storage components. J/solatfion is feasible because the isclation
transformer is small and economical.

Fourth, it is possible to generate dc or sinusoidal waveforms at the
input and output of the power processor in an open-loop fashion using only
dc or sinusoidal control functions. This property is to be distinguished from
the smoothness of waveshape discussed earlier; the dc or sinusocidal
characteristic describes the low, useful frequency components of the
spectrum while the smoothness property refers to the attenuation of
switching harmonics. The high-quality output alleviates harmonic stresses at
both the load and source, facilitates the understanding of the power stage,
and simplifies the design of the overall system.

In the last few decades, the aforementioned attributes have been
confined to dc converters because a sufficiently fast switch has not been
available at the power level of most ac applications. Recently, however,
breakthroughs in semiconductor fabrication have improved the speed of the
switches in medium-power range. These progresses, together with the
growing concern to reduce the contamination of the electrical environment
by slow-switching circuits, have motivated the extension of fast-switching

technology from the dc conversion into the inversion, rectification, and



cycloconversion fields. As dc convérsion. ac conversion can be accomplished
by either the resonance or the PWM principle. Although original steps have
been reported in both directions, a great deal of fundamental works still
need to be done. Since this task certainly takes more than the scope of one
thesis, only the PWM area is enlightened here. It is hoped that analogous
studies will be carried out for resonance conversion in the near future,

As many other new disciplines, fast-switching PWM ac conversion has
started slowly. One of the first eflorts parallels many dc regulators to create
a multiple-input or multiple-output structure [19 and 28]. Such an
approach has not received much attention because it ignores the polyphase
synergism and, hence, uses too many components inefficiently. More
thoughts are put in [37] to synthesize genuine, basic polyphase
cycloconverters that require a minimal amount of switches to synthesize
sinusoidal input and output waveforms. Nevertheless, reactive elements are
assigned only secondary importance, and their fopoalogical function ignored.
Because of this de-emphasis of the role of inductors and capacitors, [37]
fails to discover a host of more useful ac-to-ac converters. Therefore, a
unified, complete picture that describes basic and derived FPWM topologies in
all four areas of switched-mode conversion, explains their performance
systematically, and displays their relalionship still needs to be proposed.

A survey of the previous references reveals further that the analysis
of fast-switching ac converters has been inadequate. State-space-averaging
[?], intended for dc converters that have simple switching structures
periodic at the switching frequency, cannot be generalized naturally to ac
converters that contain a large amount of switches whose operations are not

periodic at the switching frequency. Another modeling method has been



introduced recently in [1] for circuits without {or with negligible) filter
components. Regrettably, it does not cover most practical cases in which
filter corners, placed sufficiently low to attenuate the switching noise, do
interfere with steady-state as well as dynamic performances. Therefore, a
generalized analysis technique thalt represents with improved accuracy the
steady-state and dynamic behaviors of fast-swifching PWM dc converters,
inverters, rectifiers, and cycloconverters still needs to be established.
Fortunately, the describing equation technigue [10] has been devised
for slow-switching ac converters. Since this method is very general, it
applies to fast-switching PWM dc and ac networks as well. Describing
equation is thus the unified analysis technique over all areas of power
electronics and all ranges of switching frequency. Accuracy depends, of
course, on the switching strategy, e g., six-stepped, PWM, or something else.
The preceding two paragraphs embody the overall objectives of this
thesis. The details of these objectives are:
- to revise analysis techniques for fast-switching PWM converters;
- to describe fast-switching open-loop
- inverter topologies that invert a dc input into sinusoidal
balanced polyphase outputs,
- reclifier topologies that rectify sinusgidal balanced
polyphase inputs into a dec output, and
- cycloconverter topologies that convert sinusoidal balanced
polyphase inputs into sinusoidal balanced polyphase
outputs |

all using sinusoidal pulse-width modulation; and



- to establish a topolog{ca.l relationship among dc converters,
- inverters, rectifiers, and cycloconverters.

Most important in the above are the open-loop and sinusoidal control
constraints impose& upon the power processors destined to generate ideal
inputs and outputs. These strict criteria exclude the simplistic use of
topologies with distorted outputs, for sinusoidal inputs, and then relying on
feedback loops to suppress nonlinear harmonics. This thesis proposes to
solve a more fundamental problem: to search for open-loop switched-mode
networks that require only easy-to-synthesize sinusoidal functions to produce
dc or sinusoidal quantities. Closed-loop operation is reserved to regulate,
not to purify, cutput waveforms.

Since the analysis technique is universal to all fast-switching PWM
converters whose useful bandwidth is restricted sufficiently below the
switching frequency, it is discussed first in Chapter 1 without reference to
any class of circuits. The describing equalion method is established as the
standard modeling procedure for the rest of the thesis. A procedure to
derive the describing equations of a switched network is explained, and
subsequent manipulations of these equations toward steady-state, dynamie,
and canonical models investigated.

The next nine chapters are grouped into three parts: Part 1 for
Inversion; Part 1I, Rectification; and Part III, Cycloconversion. The first
chapter of each part reviews previous contributions in the respective field.
The second details the topologies and studies their performancg using the
analysis technique outlined in Chapter 1; the topological relationship émong
the four kinds of converters is formulated in the last section of Chapter 9.

The third chapter discusses practical aspects of the converters, such as



switch implementation, isolation, “bidirectionality of power flow, impedance
conversion, measurement principle, and so on, and verifies experimentally
the theory predicted in the previous chapter.

The appendices at the end review dc conversion and the abc-ofb
coordinate transformation used to simplify the analysis of balanced

polyphase ac converters.






CHAPTER 1

ANALYSIS OF FAST-SWITCHING PWM CONVERTERS

This chapter consists of six sections. The first section reviews the
characterization of a switch: its throws, switching functions, and duty
ratios. The second section derives the describing equations of a switched-
mode converter which identify duty ratios as control parameters. The third
section transforms these equations to a new coordinate system in which all
balanced polyphase ac circuits are represented by their dc equivalents. The
last three sections then solve the transformed, time-invariant equations for
their steady-state formulas, perturb them for their smail-signal dynamics,
and linearize them for their canonical model.

In what follows, the "boost inverter” merely serves as a concrete
example of the general results. To fully appreciate the analysis
methodology, it is best to disregard such topological issues as where this
topology comes from, what it does, and, above all, how it is switched. As
throughout the thesis, the switches here are assumed to be lossless,
infinitely fast, and four-quadrant (i.e., they block and conduct in both

directions); likewise, the components of all phases match and are ideal.
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1.1 Characterization of the Svntch

"~ Unlike many dc converters, which have only one double-throw
Swit.ch, most polyphase ac converters contain two or more multiple-throw
switches. Ac structures are thus more difficult to comprehend unless their
switches are characterized in a systematic manner. Hence, this section is
dedicated to the specification of a switch. To start, "switch” in this study is
not used interchangeably for "transistor” as in the literature; instead, it
simply refers to the device described below.

As is delineated in Fig. 1.1, an N-throw switch consists of N throws
that connect pole w to terminals 1, ..., k, ..., and N in each switching
period. The operation of each throw is specified by the swifching function
dwk', where asterisk (*) denotes switching function, which is one when the
throw is closed and zero when the throw is open; the set of switching
functions for the switch of Fig. 1.1 is illustrated in Fig. 1.2. A switch thus
satisfies two constraints: only one switching function is high, and all
switching functions must add up to one at any instant. The first constraint
means that the position of the pole is always determinate while that of a
throw is not. In other words, the pole is always connected to one of the N
throws while a throw may be attached to nowhere. Hence, the open end of
an inductor, whose current must flow somewhere, must be assigned to the
pole, not a throw, of a switch.

The average of the switching function dwk’ over each period Ty is
the duty ratio d,;. If dy, varies at a frequency sufficiently slower than the
switching frequency, it can be approximated to the continuous low-frequency

component of the "quasi-periodic (at period T)"” d.wk'. In accordance with
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the second constraint in the previous paragraph, all duty ratios of the same

switch should add up to one:

S q
=1
i (1.1)

Therefore, at most (¥ —1) of the N throws can be controlled independently.

In summary, a multiple-throw switch can be characterized by its
switching functions and dwuty ratios. The gwitching function, either one or
zero, describes the on or off state of each throw. The duty ratio is the
average of the switching function over a switching period; there are (N-—1)

independent duty ratios for an N-throw switch.

1.2 Describing Equations of Fast-Switching PWM Converters

This section first obtains the swiiching equations of a general
switched network, which can be of resonance, PWM, or any other type. The
restriction to PWM is then invoked to derive the describing equations of fast-
switching PWM converters.

As an example, consider the M-phase boost inverter illustrated in
Fig. 1.3. This circuit consists of two M-throw switches that invert the
inductor current, supplied by the dc source, into polyphase currents driving
an M-phase FC load. Note that the switch arrangement is classified as two
M-throw, not M double-throw, switches so that the current in the inductor
always has some place to flow to. Correct classification is essential in later
assignment of modulations to the throws. States in the network are the
inductor current i and capacitor voltage vw*, where asterisk (*) implies an

exact value and 1 < w < M.
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Fig. 1.3 M-phase boost inverter with two M-throw switches pulse-width-
modulated by sinusoidal functions,

It the common of the capacitors is selected as reference point, then

the voltage at the upper pole is

’ * *
Ay Yy
1

?.Ma

and at the lower pole is

v * »
d2w Yy
1

ﬁMt

where prime () is used on functions of the switches at the output side of a
topology. Note that the above have been obtained without any knowledge of
switching details. Therefore, this step is applicable to any topology that

consists of switches and reactive elements, regardless of how the switches
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are operated.
Application of Kirchhoff's voltage law around the loop containing the
source, inductor, and switches yields the following ezxact state-space

switching equation for the inductor:

MNE ] [ ] *
Li = - (Biw =82y )V + Y

1 (1.2)

g
n D=

where 1= means "the first time derivative of % .” Note that this result is
independent of the choice of reference point. The analogous equation for

the capacitor is

. . om yoe L w 1 . 1 X »
Cvy = (dlw —day Jio- R (vw M ng ) lsw=M (1.3)

In the above, the inductor current is switched into the capacitor via the first
term, and the resistor current is drawn out by the second term.

In general, a switched-mode converter contains S switches, each of

T,, throws, where 1 < m < S. The number of controllable throws T¢ is

then

Te = ¥ (Tn-1)

c = m -1

m =1 (14)

It T¢ independent switching functions dn‘ (just for compactness, only one,

instead of two, subscript is used to identify each switching function), where

1 «n < T¢, are assigned to these 7¢ independent throws, the eract state-

space switching equation of an ideal converter can be expressed as

Te
P .. - dn* .
X n2=0 (A,x +B,u) (1.5)
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where

do =1 (16)

x' is the @x1 state vector (denoted by boldface),

P is the @%@ LC matrix (denoted by boldface),

A, is the @X& constant matrix,

u is the AX1 source vector,

B,, is the &@XF constant matrix,
and the terms with subscript 0 account for the dependent throws in the
topology. Equations (1.2) and (1.3) can be cast in the form of Eq. (1.5) if
desired.

Equation (1.5) is eract and general in the sense that no particular
mode of control has been specified for the switching function d.n‘. It is
difficult to analyze because the switching functions are only piecewise
continuous. Nevertheless, it does reduce to a manipulable form for those
converters of the fast-switching PWM family.

By definition, the sources and duty ratios of a fast-switching PWM
converter vary at a rate much slower than the switching frequency. By
design, the LC corners of the circuit, usually compatible with the
frequencies of the source and duty ratio vectors, are also placed well below
the switching frequency to minimize the switching ripple. Thus, a fast-
switching PWM topology receives slowly-varying inputs, further restricted to
being dc or sinusoidal in this thesis, to generate slowly-varying outputs,
expected to be dc or sinuscidal with a small amount of high-frequency
ripple. Under these conditions, the modeling theorems in [1], proved under

the assumption of negligible filter values, still apply. Therefore, the
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switching function d.,‘. can be apéroximated by its duty ratio d, ; and the
exact state vector x by the principal component x of its "Fourier series.”
Within a modeling bandwidth sufficiently lower than the switching frequency
and a modeling error sufficiently small, then, the useful, low-frequency
variables of the system represented by Eq. (1.5) are related by the following

describing equation:

Te
Px =
X n‘éodn(AnX+Bnu) (1.7)

where asterisks have been dropped in going from the exact switching to the
low-frequency describing equation. A more compact form of Eq. (1.7) is

Px = Ax + Bu (1.8)

where

A= YdA, and Bz ¥aB,

n=0 n=0 (1.9a,b)

A comparison of Eqgs. (1.5) and (1.7) reveals that they are similar in

form, the only difference being the asterisks in the former. Therefore, the

two steps are essentially one, and the describing equation can be obtained

expediently by inspection of the topology and use of basic definitions of

circuit elements, Kirchhoff’s laws, principle of superposition, and so on.

Note, however, that the describing equation is continuous and, hence, more
tractable than the switching equation.

It is obvious from the describing equation that only duty ratios, not

exact switching details, influence the low-frequency behavior of fast-switching

converters. Since many distinct switching functions may share the same
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duty ratio, there is no unique switching strategy to synthesize a given set of
outputs. Topologically independent switches in a tast-switching network are
thus also functionally indepandent in the sense that each of them requires
simply its own duty ratios and does not have to be synchronized with the
other switches. Hence, one more advantage of fast switching over slow
switching is the infinite number of flexible drive policies available.

Now that the describing equation technique has been presented, it
is proper to review the modeling history of switched-mode structures.
Describing equation is actually a classical concept introduced to approximate
the characteristics of nonlinear devices and systems. It has been applied to
model slow-switching inverters [10], rectifiers, and cycloconverters [24].
Recently, along with the advent of fast-switching technology, the describing
equation method has been extended to and, for the first time, justified
mathematically in the frequency domain for fast-switching converters with
negligible filter values in [1]. The results in [1] are simply extended in this
thesis to include the effect of reactive components difficult to ignore in most
practical designs.

The transition of the describing equation technique from slow
switching to fast switching, however, has not been continuous. In between,
state-space-averaging [2] has been proposed to treat dec and other simple
converters. Its derivation is based on low-irequency approximation of the
transition matrix in the fime domain. When state-space-averaging is used,
all possible switched topologies are first enumerated and assigned topological
duty ratios. Linear equations of these topologies are then weighted by their
respective topological duty ratios and summed up to provide the averaged

state-space equation. State-space averaging clarifies the operation of simple
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dc converters with only a few switéhed topologies repeated in every switching
cycle. Because of its detailed topological description, however, it is not used
here to model complex ac converters that have a large number of throws
and, hence, switched networks. There are just so many of these switched
circuits to enumerate and more-than-necessary topological duty ratios to
consider, the number and type of which keep on varying from one switching
period to another while the duty ratios are modulated. Describing equation
escapes all these problems and, hence, is the proper modeling approach to
reinstate,

A special case of Eq. (1.B) is the describing equations of Egs. (1.2)

and (1.3) for the boost inverter; the corresponding vectors and matrices

are:
[ o§ M4
P = loﬂ Cly| X = hvw] (1.10a.b)

where Iy is the M XM unity matrix, o, is the M X1 zero vector, and

o
1l=w=<M,;

[

0 ~[dy 1" [
A= . , B = l
l[de /R [1/M“6wzj Oy (1.10¢,d)
where 6., is 1 when w =z and is O otherwise; and
u = v, (1.10e)

In the above, d,,'” is the effective duty ratio and is related to the duty ratios
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’ » ' »
of the switching functions d,,, and dp, by

dy = dyy ~ doy (1.11)

The performance of the inverter depends on what is assigned to d.l;, or diw
and dg,. In this thesis, only easy-to-synthesize sinusoidal tunctions are
considered; in this chapter, they are restricted further to being continuous.

In general, then, the duty ratio of each throw consists of a
sinusoidal modulation and a dc component sufficiently large to make the
duty ratio positive. Since the two switches are topologically independent,
they can be modulated by numerous sets of balanced polyphase sinusoids

that have independent amplitudes and phases:

. 1 o MY ' 21
i = 7 ;} cos| G —(w—1) N7l (1.12)
where
’ ft ( ) r ’
6, = w'it)dt + , d,.<1
kT Yk mk (1.13a.b)
for
k =12 and t<w<M (1.13¢,d)

Note that this kind of duty ratio assignment allows all duty ratios of one

’

d

mk
switch to sum up to one. In the above, T is the instantanecus

modulation amplitude, and «' the instantaneous modulation frequency. The
frequency can be any real number, where a negative frequency reverses the

phase sequence.



20

Out of different selections of d, and dg,. the one that maximizes
the effective duty ratio should be chosen. An efficient dy, results when d,,

and ds, have equal amplitudes and opposite phases and can be expressed

as
, 2d,, : 21
dy = — cos[8 —(w-1) SF ] (1.14)
where
' ft ( )d d'
g6 = e'(T)dT and =1
) ™ (1.15a,b)

Again, this is just one choice of d,'u; other interesting ones are discussed
later.

To recap, low-frequency components of the inputs and outputs of a
fast-switching PWM converter are related by the describing equations of the
circuit. These equations identify the independent duty ratios of the switches
as control variables. Therefore, the performance of the converter depends
on duty ratios, not different combinations of switched networks, if all circuit

parameters vary sufficiently slower than the switching frequency.

1.3 Transformation

The describing equations written in the ordinary (or stationary or
"abce") frame of reference may contain constant, if the converter is de, or
time-varying, it the converter is ac. duty raties. Since a system of equations
with constant coefficients is easier to analyze, especially dynamically, with
standard techniques, it is beneficial to transform an ac system to an

equivalent dc one whenever possible. With the "abc-ofb” transformation
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introduced below, the existence ofwth,,,e dc equivalent also means that the ac
converter possesses ideal (i.e., dec or sinusoidal) solutions.

A variety of transformations exist to convert a set of balanced
sinusoids into its dc equivalent [23]. The one chosen here is the complex
abc-ofb transformation (Appendix B). A complex transformation is preferred
to a real one because the former allows the model of a converter using only
one circuit while the latter requires fwo circuits coupled through dependent
generators. Furthermore, the complex model is symmetrical while the real
one is not. A result of real transformation frequently found in the literature
is the dq equivalent circuit of an ac machine, composed of one network on
the d-axis and another on the g-axis.

In general, the describing equation of a fast-switching PWM

converter in one reference frame - abe, for instance - takes the form
Px = Ax + Bu (1.18)

Under the transformation

x=Tx or x=T'x (1.17a.b)

where tilde () denotes a transformed or complex variable, Eq. (1.16)

becomes
Px = A% + Bd (1.18a)

or, to highlight control parameters:
Px = z d?h(Amx + Bmu)

m=0

(1.18b)

where
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A= T'AT - T-'PT , P = T-!PT (1.19a.b)
Bl = T"'Bu, and dro = 1 (1.19¢.d)

In Eq. (1.18b), 7r is the number of independent transformed controls dg,
and is generally less than or equal to the number of independent throws T¢.
The transformed control vector containing dp, is the transformation of the
duty ratio vector containing d, by i‘; it is related to the transformed state
vector X via Zm and the transformed source vector U via ﬁm.

As an example of complex transformation, consider again the boost
inverter characterized by Eqs. (1.10) through (1.15). If the topology is ideal,
its inductor current is dc and its capacitor voltages sinusoidal. Therefore,

the transformation takes the form

(1.20)

~

Note that T consists of two smaller transformations that act separately on
the inductor and capacitor states.. The first one is a unity transformation
that passes the inductor current intact to the new frame of reference. The
second one is the M-phase abc-ofb transformation, Egs. (B.2) and (B.3), that
converts the real voltage vector [v,] in the stationary (abc) frame of

reference to the complex vector

[’Uo ’Uf Vg Vyu-1 Vyp

in the rotating (ofb) coordinate system.
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Substitution of Egs. (1.10) through (1.15) and Eq. (1.20) into

Eq. (1.19) results in
Cvog=0 (1.21a)

and

<2

Cv, = _—ﬁ_ : Jew=<M—1 (1.21b)
The trivial relationship in Eq. (1.21a) suggests that vy is indeterminate, i.e.,
all phase voltages may contain equal arbitrary dc offset components. These
components, however, do not deliver any power because their differentials,
seen by the load, are always zero. In practical circuits, the arbitrariness can
be fixed to any known voltage by pulling the outputs to a dc level through
large resistors. If this is not done, the leakage resistance across the
capacitor forces vy to zero.

The 379 through (M—l)t"' capacitor states are also trivial, as is
evident from Eq. (1.21b). Unlike v, they are identically zero under all
conditions. Therefore, they, as well as vy, are ignored in the remainder of
the discussion.

The only significant capacitor voltages that remain are the
backward phasor 'Ub. proportional to the phasor characterizing the first
capacitor voltage, and the forward phasor 17,, complex conjugate of ¥y. The
order of the balanced polyphase states thus reduces from M to 279, an
important simplification found whenever the states constitute a balanced
polyphase set. Therefore, all converters with three or more balanced phases

are reducible to a two-phase equivalenft. An analogous statement is well-

known in the theory of ac machines, namely, all machines with three or
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more windings on the stator or rotor are equivalent to the two-phase
machine. Owing to this reducibility of polyphase systems, only the simple
two-phase circuit needs be considered in place of much more complicated M-
phase topologies, where M can go to infinity. The realization of two-phase
converters to be coupled to two-phase motors or generators is treated in
later chapters.

After the elimination of (M—2) capacitor states, the boost inverter
becomes third-order: one for the inductor current and two for the capacitor
voltages. If "I‘v is in-phase with the effective duty ratio d,,, the reduced

matrix equation can be manipulated into
P, X, = (A +Agd, +A,jw' )%k, + By (1.22)

where

VH 20m _ dp
2 M vM (1.23)

is the fransformed duly ratio, the transformation of the effective duty ratio

dl;.z by %vi
L 0 o [ 6 o 0
P,=1[0 C 0|, X = Uy, A-=|0 -1/R O
0 0 T 0 0 -i/R (1 242.b.0)
o -1 -1 o o o f1
Ag =1|t1 0 Of A, =0 C 0|, Bg=|0
1 0 O 0 0 —C 0 (1.24d.e.f)

In this formulation, all matrices are real even though the original A and Bd
are complex. Resistance is contained in A,, capacitance and inductance,

A, constants describing the duty ratios, Ay, and constants related to the
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source, By.

~ All control parameters are placed outside the matrices so that they
can be identified easily as d;. w'. and vy, where lower case signifies an
instantaneous value. Therefore, rotating coordinates emphasize what is not
apparent in stationary axes, namely, only the amplitude and frequency of
duty ratio modulations influence the outcome and, hence, are the ones to
control. Analysis and design problems are thus simple because both d,' and
w' are constant under steady-state condition. Note that d, is a control
factor peculiar to fast-switching PWM and does not exist in low-frequency
drives.

In retrospect, polyphase converters with dc or sinusoidal waveforms
in the abc (or stationary) reference frame can be modeled by differential
equations with constant coefficients in the ofb (or rotating) coordinate
system. One method to transform from the abe to the ofb representation is
the complex abc-ofb transformation. This transformation reduces the
number of balanced polyphase sinusoidal states in the stationary axes from
larger-than-two to just fwo and allows the model of converters with an
arbitrary number of balanced phases by the {fwo-phase converter. It
replaces sinusoidal duty ratio modulations by their amplitude and frequency,
dc under steady-state condition, and sinusoidal outputs their amplitude and

phase.
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1.4 Steady-State Analysis

Under steady-state condition, the inputs in Eq. (1.18b) take on the
dc values Dp, and U, where upper case indicates a steady-state variable.
The corresponding output vector X is also dc and is computed by letting its

derivative be zero in Eq. (1.18b):

~ Ty ~ 7Y Ty ~ |~
x= -[ 2;op?‘mAm] [ Z=oDﬂmBm] v (1.25)

An application of this result is demonstrated below for the boost inverter.
Steady-state results of the boost inverter are found by replacement

of dy, W', vg. and §, in Eq. (1.22) by D., (1, Vg, and O, respectively, and

solving for ;(, from the corresponding algebraic equation. The formula for

the inductor current is

Vg fl a J?
2D.*R [ Wp (1.26)
where
N
“» T RC (1.27)

Since the transformed current is real, the actual current in the inductor is
purely dc. This result confirms the ideality of the topology: dec input
current is the only way to guarantee constant instantaneous power flow and,
hence, promise sinusoidal outputs.

The backward voltage phasor can be proved to be



~ V /
7, = o [1_] a
_D, Cp (1.28)

Unlike the inductor current, the capacitor voltage in the ofb frame is
complez to signify that phase outputs in the abc axes are indeed sinusoidal.

The true capacitor voltage v,, can be reconstructed from Eq. (1.28):

21
— ’ — — — \ o~
v, = Vcos[Qt —-d, —(w~1) 7, ] (1.29)
where, from Appendix B:
- ~ V. '
yedt = 2P, = & |y ;&
VH Dy “p (1.30)

It is apparent from Eq. (1.30) that the output amplitude is always higher
than the input dc voltage; the inverter thus deserves its name., Note that
unlike dec converters, ac converters depend on circuit impedances even under
steady-state condition - L is the only element absent from the above results
since its impedance is zero. Therefore, an ac converter can be classified
neither as a voltage nor as a current source. The boost topology, however,
does belong to the 'current-fed” family because the output is fed by a dc
current converted from the voltage source by the inductor.

The very existence of ideal solutions, Egs. (1.28) through (1.30), for
a nonlinear structure like the boost inverter, Eqs. (1.22) through (1.24),
should not be taken for granted. Most ac topologies produce low-frequency
distortion because of the nonlinearity inherent in switched-mode converters
[20] and, hence, do not satisfy the objectives of this thesis. The recognition
of the remaining few ideal switching networks is thus an important task to

be pursued in later chapters.
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In review, steady-state s/bh;tions in the rotating coordinates are
provided by homogeneous algebraic equations relating constant inputs to
constant outputs. Keal results correspond to de values while complez results
represent balanced polyphase sinusoidal states in the stationary reference

frame.

1.5 Small-Signal Dynamics

This section examines the dynamics introduced by filters used to
attenuate the switching ripple in switched-mode converters. Because the
converter is generally nonlinear (Eq. (1.22), for instance), dynamic study is
restricted to only the small-signal sense. In other words, it predicts the
responses of the system to small perturbations around a quiescent operating
point. The ofb frame of reference provides a perfect medium for perturbed
dynamics since the equations of the network already have constant
coefficients there. Thus, there is no need to invoke the "quasi-dc¢”
approximation [28] that has limited accuracy and allows only inefficient
worst-case designs.

Let the input and output in Eq. (1.18b) consist of a steady-state

and a perturbed component:

-~
~ ~

. dpy = Dpp+dpn ,and @ = U+d  (1.3lab.e)

2>

X =X+

where caret implies small-signal perturbation. Substitution of these relations
into Eq. (1.18b) and neglect of the resulting steady-state and second-order
terms then yield the following response for the state vector in the Laplace

domain:
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~ ~ TT ~ TT ~ ~ ~ -~ TT ~ ~
X(s) = (sP= % DpaAn) 7' O(A,,,X+B,,,U)dm(s)+( Y DrmBp)u(s) ]
m= ms= m =0

(1.32)
This state vector, however, is generally complex. Therefore, it is
accompanied by a state-to-output equation that changes states into

measurable real outputs:

~

5(s) = Cx(s) + Dyd(s) + D, u(s) (1.33)

For the boost inverter of Eq. (1.22), the perturbed state vector "i,. is

expressed as a function of the excitations d,, @', and 1']g according to

% (s) = (sP—A, ) [ AX A (s) +A K 3'(s) +ByTy(s)]  {1.39)

where
) [3(s) [ 1
}7(8) = {):f(s) ! x" - Zf
v(s) Vs (1.35a.b)
and
A, = A, + DAy + jOA, (1.35¢)

In the above, the current can be used directly as an output because it is

already real. The voltages, however, are complex and need be converted into

their real equivalents before they can be measured by conventional setups.
The real representations of a phasor are its real and imaginary

components or its amplitude and phase:
~ . i (¢ '
Ty(t) = v(8) +5 u(t) = vp(t)e 7O (1.36)

From this equation, the output vector i(s) can be related to the state
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vector X,(s) by

§(s) = Cx(s) (1.37)
where
[2(s) [ 0 0
R V,(s) ~ |0 1/2 1/2
y(S) = 1’}‘ (S) and C = 0 NJ/B N_j/z
D (s) 0 Vy/2Vm Vy/2Vn, (1.38a,b)

Equations (1.34) and (1.37) are used together to compute the
control-to-output and line-to-output frequency responses. For instance, if

only one input is perturbed at a time,

A [z
Vm Vg f1+ Q' 2 z Wz1
d, 2D,? [ @p K(s) (1.39a)
s
1+
;?:___ Vg a Wz
W' DR w,® K(s) (1.39b)
or
- {+ =
Uy - 1 Wy
Vg 2D, K(s) (1.39¢)
where
{ _ 2D*R
“p = RCc Wz =T q 2
1+|—| |L
@p (1.40a,b)
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f1+ Q |* 2
w - - W W = 2w .
= [ “p | | F =2 i (1.40¢.d)
and
27 2 2
K(s) =1+ RC+OLCR+ L ]S+LC s? --——----LCRS3

2D.? 2D.*R D.® 2D,?

(1.41)
The denominator K(s), common to all transfer functions, is proportional to
the characteristic polynomial of Xo It emerges real amid all complex
variable manipulations as the original system is realizable from real L, C,
and K. It is of third order as expected. Since the topology is nonlinear, all
dynamic corners are sensitive to the quiescent operating condition.

To summarize, dynamic analysis of switched-mode ac converters,
both nonlinear and time-varying in the abec coordinates, can be studied
conveniently in the ofb reference frame where the describing equations have
constant coefficients. The nonlinearity is still there, but the system can be
linearized by restriction of all perturbations to only small-signal. Equations
have been developed to predict all control-to-output and line-to-output

frequency responses. Dynamic corners are generally sensitive to steady-state

parameters, such as modulation amplitude and frequency.

1.8 Canonical Model

The combination of steady-state (Eq. {(1.25)) and perturbed
(Eq. (1.32)) equations, or the dynamic equation without second-order terms,

is the linearized system equation:
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5
&
3

~N Ay e

(sB= 3 DrmAn)E(s) = ¥ (AnX+BnU)dpa(s) + (

m= m =0 m

Dpm B ) U(s)
0

1]

(1.42)
The pictorial representation of this linearized egquation is the canonical
model, a powerful tool that not only predicts steady-state and dynamic
performances, but also illuminates the interaction between the input, load,
filters, and switches.

Since the rotating coordinates have been more versatile than the
stationary ones in the two previous analyses, they are retained here to
discuss the equivalent circuit. Again, in the rotating frame of reference, an
ideal converter is described by differential equations with constant
coefficients. In particular, the complex ofb axes promise a single
symmetrical model, instead of two unsymmetrical coupled circuits as the
real dq axes. Therefore, the ofb coordinates are the most convenient
common ground for later comparison of topologies in all four areas of power
electronics.

To be "canonical’, the model should identify correctly the output
variable, input variable, conversion function, and filter topology. The output
variable is usually the output voltage phasor, and the input variable the
source current phasor. The conversion function is the heart of the model:
it portrays how the switches convert power from one form to another and
what the accompanying steady-state gain is. The filter topology explains the
effects of reactive elements on steady-state and dynamic results and, in
doing so, clarifies the conversion function. A step-by-step procedure to cast
the linearized equations into the canonical model is explained below for the

boost inverter.
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First, select the capacitor voltage phasor v, as the output and
recall the linearized dynamic equation for this state:
[—1— +(s+jQ0)C v,y = D’i+1&‘ —jCVy &'
R b (] ¢ b (1'43)
Since no controlled generators are allowed at the output, the right-hand side

of Eq. (1.43) is defined as an effective inductor current

T =Di o+ 1d, — jCV, & (1.44)

so that Ub now satisfies

[%HSHQ')C]% =1 (1.45)

The above relation between ¥, and ? suggests that the impedance in square
brackets is the first element of the model, as is shown in Fig 1.4
Substitution of Eq. (1.44) into the linearized equation for 17,. the complex

conjugate of Eq. (1.43), yields

+(s—jQ)Clv, =7 + jC(1~/°+17,)5’

1
[ % (1.46)

Again, to push the controlled source by @' to the input side of the model
requires the definition
. Yy RCo'

Vy =V, —J —— .
F =R T T TH (s ORC (1.47)

Equation (1.48) then becomes

(L +(s—ja)c1v) =%

1
R (1.48)

The impedance in Eq. (1.48) relating U, and 7 thus becomes the second

component of the model in Fig. 1.4.
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Fig. 1.4 Linearized, continuous, and ftime-invariant canonical model of
the boost inverter.

From the previous steps, it is clear that the true inductor current %
and forward capacitor voltage 17, have to be sacrificed so that the physical
output v, is preserved as the model output and all controlled generators
are eliminated at the output half of the model. Therefore, care must be
taken mot to interpret model states, except for the output, as converter
states. The true states can be retrieved from the model via Egs. (1.44) and
(1.47).

There still remains the linearized equation of the inductor:
sLi = =Dgy —Dg¥ p —(V,+Vy) dy +, (1.40)

Replacement of i and ¥, in the above by © and ¥y, respectively, and
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manipulation of the resulting form to expose 2. UN}, 17b. and v, give the

following for the inductor in the model:

LY ~ ~ 1 ~ ~
sler = —v,—vy+ — (e'd, +Xw0' +v,)
Le ! vt o (e'dg g/ (1.50)
where
- , V.
L = 2+ S = Dislyl— %
D, D, (1.51a,b)
and
X = — | i fD 7,
- 1+(s—jQ)RC %'t TR (1.51c)

Note that Eq. {1.50) automatically insures that the voltage source Vg in the
model represents truthfully the actual dc supply, also vg,. At this stage, no
more new current or voltage states can be defined. Nonetheless, the last

term in this equation may be treated as the secondary voltage of a

o . , .1 .
transformer whose turn ratio is the inwversion ratic — and whose primary
e

is fed by the source and dependent voltage generators inside the
parentheses. The inductor, transformer, and voltage generators involved in
Eq. (1.50) are illustrated in Fig. 1.4.

The one parameter that the procedure outlined above may not
account for correctly is the source current. Actually, this current is
irrelevant as long as the source is assumed to be ideal - this is why the
modeling process ignores it completely in the first place. Nevertheless, the
source current should be modeled properly so that the equivalent circuit is

useful in the presence of source impedance.
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From Fig. 1.4, the reflected current on the primary side of the

transformer is

7 ,
D, D, D, (1.52)

Since the correct line current is only 1, a controlled current generator must
be inserted as shown in Fig. 1.4 to absorb the last two terms in the primary
current. Thus,

I ~ . cV

——— and q' = —J -

D, D, (1.53a,b)

The complete model thus characterizes faithfully both the output
voltage and input current. It highlights the principal attributes of a power
processor, namely, the control functions, conversion mechanism, and low-
pass filters. Most importantly, it represents the nonlinear, switched, and
time-varying converter by a linear, continuous, and lime-invariant circuit.

In conclusion, describing equation, long used to study slow-switching
drives and recently extended to model fast-switching converters, is adopted
here as the generalized analysis technique. This method characterizes with a
high degree of accuracy the dynamic relation between duty ratios and low-
Jrequency components of the waveforms in fast-switching PWM converters
with reactive elements. State-space describing differential equations can be
obtained, by inspection, in the abc frame of reference and then transformed,
by the abc-ofb transformation, to the ofb coordinates in which they have
constant coefficients. The transformed equations are set to zero tor steady-
state solutions, perturbed for small-signal dynamics, and linearized for a

linear, time-invariant, and continuous canonical model.
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PART 1

SWITCHED-MODE INVERSION
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CHAPTER 2
REVIEW OF EXISTING INVERTERS

Many industrial applications, such as motor drives and
uninterruptible power supplies, require the conversion of dec into ac power.
This dc-to-ac power transformation is broadly called inwversion, and the
corresponding power processor the inverter. Although an inverter can have
single-phase or balanced polyphase ac output, only the later type is
considered in this thesis in accordance with the restriction of constant
instantaneous power flow set forth in the Introduction. The terms "balanced
polyphase” thus describe a set of two or more sinusoidal quantities that

have the same amplitude and are displaced in phase by +90° for a two-

360°
M

phase (or semi-four-phase) system, or + , for an M (=3)-phase system.

Inverters can be divided into three groups according to the ratio of
their switching to output (or inversion) frequency. The 'slow-switching”
group, reviewed in Section 2.1, consists of inverters switched at the inversion
frequency. Although these circuits, topologically ideal, are free from
nonlinear distortion, they suffer from switching harmonics too close to the
useful frequency to be filtered. The "medium-switching” group, treated in
Section 2.2, consists of inverters switched in the order of a decade above the
inversion frequency. Although the switching harmonics in these circuits
start at a higher frequency, they are still not separated far enough from the

desired component to be attenuated effectively by filters of reasonable size.
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The "fast-switching” group. survey:edﬂ in Section 2.3, consists of inverters
switched above two decades of the output frequency. Although most of these
topologies suppress the swifching ripple easily by small fliters, they are not
genuinely balanced polyphase and, hence, generate nonlinear distortion as

troublesome as the switching noise in the slow-switching family.

2.1 Inverters Switched at Low Frequency

This section deals with inverters whose switching frequency is of the
same order as, and often equal to, the output frequency. A great deal of
operation fundamentals, harmonic analysis techniques, and design
procedures for these inverters can be found in [6] and [26]. Recent
advances in the inversion field on both theoretical and practical grounds
have been edited in [7]. A survey of these and other documents in the
literature suggests that the voltage-source, current-source, and, to a lesser

extent, step-synthesis inverters are typical of the slow-switching category.

2.1.1 YVoltage-Source Inverter

The voltage-source inverter [8] has been widely used as a variable-
voltage, variable-frequency drive for ac machines. A three-phase topology
simply consists of three double-throw switches permanently attached to the
load, as is shown in Fig. 2.1a. In a practical circuit, each throw is realized
by a pair of anti-parallel thyristor and diode ; and the variable voltage
source, a phase-controlled rectifier followed by an LC filter.

The three independent switching functions associated with the
switches are sketched in Fig. 2.1b. Recall that according to the convention

established in Section 1.1, d21‘ is the switching function for the first throw
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Fig. 2.1 (a) Voltage-source inverter, (b) siz-stepped switching functions,
and (c) line wvoltages.
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of the second pole (switch), which brings the second phase of the load to the
positive end of the source. Although the switches are functionally
independent, their timing must follow the siz-stepped schedule in Fig. 2.1b
and cannot be arbitrary because three-phase symmetry needs be preserved.
The resulting line-to-line, or line, voltages are illustrated in Fig. 2.1c. The
frequency of these voltages is controlled by the switching frequency as the
two are equal. Their amplitude, however, cannot be changed via the switches
in the topology and, hence, must be adjusted via the de¢ supply which,
therefore, is either a phase-controlled rectifier or a chopper.

The voltage-source inverter has been famous for its simplicity in
drive and control. It, however, generates a fair amount of harmonics that
cause additional heating and torque pulsation in motor loads. The use of
phase control to regulate the amplitude draws current harmeonics from the
main and degrades the input power factor, generally lagging. These
drawbacks have led to the gradual substitution of the six-stepped by the
PWM drive in medium-power applications.

It is important to recognize that the harmonic problem in the
voltage-source inverter is due to the low switching frequency, not the
nonlinear distortion. In other words, the topology is already ideal and has
the potential to synthesize sinusoidal waveforms if properly switched. This
ideality is proved in the next chapter where the voltage-source topology itself
is preserved, but the switches are operated at a much faster frequency and

under the PWM principle.
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2.1.2 Current-Source Inverter

The current-source inverter [9] has gained considerable attention in
the last several years. As is described in Fig. 2.2a, it consists of two triple-
throw switches, instead of three double-throw switches as in the voltage-
source inverter, permanently attached to a variable current source. In a
practical circuit, each throw is realized by a thyristor; and the current
source, a phase-controlled rectifier in series with a large inductor.

Although they are topologically independent, the two switches must
be synchronized as in Fig. 2.2b to ensure three-phase symmetry. Whenever a
phase of the load is contacted by a throw, it receives a current identical in
form to the switching function of that throw. Therefore, each net phase
current is simply the scaled difference between the switching functions
associated with that phase, as is illustrated in Fig. 2.2c. Control of the
output frequency is exercised via the switching frequency because the two
are identical; adjustment of the amplitude is provided by the dc input.

The current-source inverter is free from the shoot-through faults
found in the voltage-source inverter; in other words, no destruction occurs
should more than one throw of the same switch be simultaneously activated.
1t also allows quick reversal of power flow when a phase-controlled rectifier is
used at the input end. In spite of these merits, it still introduces low-
frequency harmonics at both input and output ports. The output harmonics
incur heating loss and electrical torque pulsation, which further excites
mechanical resonance detrimental to ac machines. The input noise
propagates through the finite line impedance and distorts the bus waveform,

creating interference problems. The power factor is generally lagging
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Fig. 2.2 (a) Current-source inverter, (b) siz-stepped switching functions,
and (c) phase currents.
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because of phase control. Besides the harmonic drawback, the current-
source inverter requires a bulky and expensive 80 Hz inductor. The size of
the inductor, in turn, results in a very sluggish drive with poor dynamic
performance. The inductive current source also induces large voltage spikes
across the switches if it is fed directly into an inductive load, such as an
induction motor.

As the voltage-source inverter, the current-source inverter is an
ideal topology capable of synthesizing very clean power if it is switched at
sufficiently high frequency and driven by PWM, instead of six-stepped,
waveforms. Surprisingly, although the PWM voltage-source inverter has been
proposed for a long time, the dual PWM current-source inverter still has not
been reported. The major difficulty probably lies in the correct identification
of the switches: if the switches in Fig. 2.2a were mistakenly represented as
three double-throw switches, used for voltage-fed inverters, instead of two
triple-throw switches, used for current-fed inverters, the synthesis of a PWM
strategy would be impossible. PWM techniques for voltage- and current- fed
de-to-ac converters are studied in the next chapter and applied to the

topologies in Figs. 2.1a and 2.2a to make them ideal.

2.1.3 Step-Synthesis Inverter

The step-synthesis inverter utilizes many slow throws to achieve the
effect of a fast switch. Therefore, it may as well be placed in the fast-
switching category if the classification is based on the step, instead of throw,
frequency. The principle of step-synthesis is explored in Fig. 2.3 for one

phase of a four-stepped circuit; the extension to three-phase is obvious.
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The inverter is composed of a multiple-throw switch attached to the
load, as is seen in Fig. 2.3a. The throws connect the load to different voltage
levels created by the bank of power supplies, realized by an autotransformer
with the required amount of taps in practice [11]. In each cycle, the top
five throws are activated according to the timing waveforms in Fig. 2.3b; the
bottom four throws are controlled by functions 180° out-of-phase with those
of the top four. The duty ratios are programmed to minimize the distortion
in the "quantized" sine wave of Fig. 2.3c. Voltage control can be achieved
through the source as in the previous two cases. Alternatively, two sinusoids
like that in Fig. 2.3c can be synthesized and added to provide one output;
their phases are then adjusted to vary the summed amplitude [12].

In principle, the quality of the output improves with a higher
number of steps. This improvement, however, is at the expense of an
excessive amount of switches and complex control circuitry. The step-
synthesis inverter is thus justified only for high-power applications that
require sinusoidal waveforms.

In summary, this section has reviewed the voltage-source, current-
source, and step-synthesis inverters. The first topology is of the voltage-fed
type and uses three double-throw switches to feed six-stepped voltages to the
load. The second one is of the current-fed type and consists of two triple-
throw switches that invert the input current into six-stepped output
currents. The last inverter is of the voltage-fed type as the first one, but it
adds more steps to the output voltage waveform to reduce the total

harmonic distortion.
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Fig. 2.3 (a) Stepped-synthesis inverter (b) four-stepped switching
functions, and (c) phase voltage.
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2.2 Inverters Switched at Medium . Frequency

" In the medium switching frequency range, "PWM inverter" refers
g‘enericauy to a woltage-source inverter (Fig. 2.1a) whose duty ratio varies
from one switching cycle to the next. Even the switching frequency does not
have to be constant. In 60 Hz applications, for instance, the practical
switching speed may be anywhere from 60 Hz to 1 kHz, the upper bound
being imposed by the slow speed of high-power semiconductor devices and
the heat loss at high switching frequency [13 and 14]. Because of this
medium switching frequency, it is impractical to separate the switching noise
from the desired frequency component unless bulky inductors and capacitors
can be tolerated. Therefore, ever since the introduction of the "sinusocidal
PWM" (also called "triangulation method" or "subharmonic control"} [13], a
variety of other PWM schemes have been born mainly to optimize the
harmonic figure. These ramifications include the "multimode” [14], "optimal”
[15], "selective-harmonic-elimination” [18], "current-controlled” [17], and so
on PWM strategies. The sinusocidal PWM is deferred until the next chapter
where it is studied in depth (although the switching frequency there is much
higher, the basic principle is still the same). The other kinds of PWM are

reviewed below,

2.2.1 Multimode PWM

The power-speed limitation of the thyristor and the switching loss
usually restrict the switching frequency of PWM inverters below 500 Hz.
Although this carrier frequency is sufficient if the desired outbut is only
10 Hz, it is hardly satisfactory if the load requires 100 Hz. In the later

case, there are so few pulses in each inversion cycle that the performance of
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the converter 1is highly sensiﬁive to the pulse number and the
synchronization between the carrier and modulation signals. Without any
synchronization, the difference between  the switching and inversion
frequencies accumulates into a slow beat frequency that modulates the
output waveform. The resulting beat power gives rise to the troublesome
fluctuation in the steady-state torque and speed of ac machines. Even if the
two frequencies are perfectly synchronized, the purity of a PWM spectrum
deteriorates to that of a six-stepped spectrum as the modulation frequency
approaches the carrier frequency. Under this circumstance, the six-stepped
drive is preferred to PWM drive because the former provides higher
amplitude.

The above considerations have motivated the development of the
multimode PWHM in [14]. Five modes of operation are proposed, the selection
of which depends on the operating frequency and amplitude. The first mode
is the conventional sinusoidal PWM and is applied when the output frequency
and amplitude are low. The carrier is a triangular waveform of constant
frequency. As the modulation index of Mode 1 is exhausted, Mode 2 comes
in. The carrier ceases to be triangular and is maintained at a fixed multiple
of the inversion frequency. As the modulation amplitude exceeds the carrier
peak in Mode 2, Mode 3 arrives. The triangular waveform is brought back
and still synchronized to the reference frequency. The process continues
with Mode 4 that retains only one notch in each half line cycle. Mode 5
eventually takes over when the circuit behaves as a genuine voltage-source

inverter.
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The multimode approach thus tries to select the best waveform for
each range of amplitude and frequency. It starts at the sinusoidal PWM and
gradually phases out all modulations until it reaches the six-stepped style.
Needless to say, it demands a great deal of complicated circuitry to
implement each mode, decide when to switch mode, and ensure smooth

transitions.

2.2.2 Optimal PWM

In the optimal PWM [15], the number and positions of the pulses or
notches within each switching cycle are selected so that the corresponding
spectrum optimizes some performance index of the system. The
performance index can be any function that depends on the modulation
peolicy; examples are the harmonic loss, torque pulsation, or load currents.
In [15], the rms (root-mean-squared) value of current harmonics is chosen
as the index and calculated as a function of the number of commutation
pulses and the commutation angles. The proper placement of the
commutation angles then minimizés the influence of harmonics on the load.

Since the functions involved are generally complicated and load-
dependent, they can only be solved numerically. Thus, computation power
from a microprocessor is needed to synthesize the correct switching

functions in this type of PWM.



51

2.2.3 Selective—Harmonic—Elimiﬁation PWM

" Unlike the optimal PWM, the selective-harmonic-elimination
technique [16] attacks the harmonics more directly by suppressing an
arbitrary number of them in the output spectrum. The problem is
formulated around a waveform that is chopped M times and possesses odd
quarter-wave symmetry. Such a waveshape is characterized by M angles
describing where the pulses start or end. Consequently, all harmonics can
be computed in terms of these M pulse angles, and any M harmonics can
be nullified by solution of the corresponding M simultaneous transcendental
equations.

Closed-form solution of these equations, however, poses a
formidable task, especially as the number of harmonics to be eliminated
increases. Therefore, a computer is essential for numerical solution. If high
performance is desired, a considerable amount of digital integrated circuits
are involved to translate the mathematical results into the switching

functions for the inverter.

2.2.4 Current-Controlled PWM

Instead of optimizing some performance index or eliminating some
harmonics, the current-controlled PWM [17] cleans up the output currents
directly by closed-loop regulation. In this scheme, the currents with
superimposing ripples are fed back and compared with hysteresis levels
placed around the reference signal to determine the switching frequency. As
the ripple is regulated within the hysteresis band, the average output follows

the average reference.
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Three independent regulators are closed around the inverter in [17]
to control three line currents; each has its own switching frequency related
to its output. During some intervals, however, only two loops actually work
while the third stays idle at zero switching frequency: the three loops are
not all needed as the regulated quantities always sum up to zero {assuming
no neutral-return path).

It is shown in the next chapters that at high switching frequency,
the feedback problem can be formulated and scolved differently. Describing
equation can be used to predict the effects of energy-storage elements on
closed-loop performance. The circuit implementation is much simpler since
the principle requires only one regulator loop with one switching frequency.

In review, PWM inverters use the voltage-source topology and modify
the six-stepped drive to achieve cleaner output waveforms. Different
modulation strategies have been proposed. The multimode PWM starts out
with sinusoidal PWM at low inversion amplitude and frequency and gradually
alters its carrier to return to six—stepped operation at high output amplitude
and frequency. The optimal and selective-harmonic-elimination techniques
synthesize switehing functions with proper pulse angles to optimize some
performance index or suppress a certain amount of harmonics. The
current-controlled PWM incorporates three-phase ripple regulators that force
the average output currents to track the reference signals. All these eflorts
thus rely on either exotic open-loop switching functions or closed-loop

regulation to purify the output spectrum.
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2.3 Inverters Switched at High Frequency

This section consists of two parts. The first reviews the switched-
mode power amplifier, an earlier effort in PWM dc-to-polyphase conversion.
The second examines the resonant inverter, an example of energy inversion

with a resonance link.

2.3.1 Switched-Mode Power Amplifier

As is illustrated in Fig. 2.4, a three-phase swilched-mode power
amplifier [19] is composed of three dc regulators that amplify three-phase
reference signels into three-phase power for the load. FEach block labeled
"Two-Quadrant Dc Regulator” actually consists of any dec topology and a
feedback loop designed to match the output te the reference with very little

error. Closed-loop operation is necessary because the nonlinearity of dc

TWO—-QUADRANT \J
DC REGULATOR

ol O\,

TWO—QUADRANT
- DC REGULATOR

T | 4

TWO—-QUADRANT
DC REGULATOR

VasT

Fig. 2.4 Switched-mode amplifier with sinusoidal phase voltage riding on
dc offset.
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power stages prevents sinusoidal outputs for open-loop sinusoidal duty ratio
modulation [20]. Note that the amplifier as a whole is four-quadrant even
though each dc block is current two-quadrant. Current bidirectionality is
realized by two-quadrant-in-current switches in the individual topology; and
voltage bidirectionality, the back-to-back arrangement of all three topologies.

If the loop 1is closed properly, the feedback complexity is
compensated by clean output waveforms. The overall system is rugged in
the presence of unbalanced load because the regulators essentially operate
independently from each other. Since each block is two-quadrant, only two-
quadrant switches are required. The switch simplicity, however, is at the
expense of many power stages and reactive elements, a result of the
simplistic conglomeration of many smaller units without taking advantage of
the topological simplification offered by polyphase synergism. Additicnal
circuitry is also needed in the feedback loops to correct the nonideality of
the dc topologies.

It must be cautioned that since each converter can synthesize only
one polarity of voltage, the phase voltage always carries a dc offset in
addition to the wanted ac. This dc offset, although it contributes no power
to the load, raises the phase voltage to an unexpectedly high level hazardous
should a fault occur across the regulator. It necessitates dc feedback loops
to ensure all large dc levels closely match so that no dc differential is
passed to low-resistance, such as motor, loads. It forces the amplifier to be
designed for four times the load power (assuming the optimistic unity power
factor) because during the course of operation, each dc block has to supply
the whole load and the other two blocks. The large power requirement

eventually means high stress on circuit components. This is wusually
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reflected in the rating of the output capacitors and semiconductor devices.
Even the elements buried inside the topology also have to be designed to
carry extra circulating harmonics.

Genuinely polyphase topologies that produce sinusoidal outputs
from sinusoidal controls in an open-loop fashion are introduced in the next
chapter. They require considerably less components, and their components
withstand lower stress. Feedback is incorporated only for regulation, not
improvement of the waveform, and is implemented in a single loop common

to all phases, not one loop per phase as in the amplifier scheme.

2.3.2 Resonant Inverter

As is proposed in [22] and [35], a resonant inverter contains a
high-frequency resonant link that extracts power from the source and
delivers this power to the load. The essential elements of the circuit are
thus a resonant tank, a set of "modulation” switches, and a set of
"demodulation” switches, as is demonstrated in Fig. 2.5. High-frequency
filters are also present to attenuate the switching noise at the input and
output.

Energy is fed to the resonant circuit by the input switches usually
operated below resonance at 50 percent duty ratio. Control is achieved by
modulation of the switching frequency. The resulting pulse-area modulation
then codes the carrier waveform with the desired output information. The
signal transported by the carrier is demodulated by the controlled bridge at
the output. The bridge is supplied with the signs of the warted output
currents so that it knows which way to steer the current pulses of both

polarities. For instance, if the inverter is in the positive half inversion cycle,
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Fig. 2.5 Functional diagram of a resonant inverter showing a resonant
link surrounded by modulation and demodulation swilches.

all positive current pulses are passed directly to the load while all negative

pulses are rectified first before going to the output.

Resonant circuits have been praised for impressing low stress on
their switches. Therefore, they are excellent candidates for high-frequency,
high-power applications. Despite this advantage, however, the resonant
inverter is less popular than the PWM inverter because of the complexity in
both implementation and understanding of the circuit. It generally requires
more switches and reactive components in the power stage as well as
electronics in the feedback and control circuitry. Since no rigorous open-
loop analysis has been attempted, it is not clear whether the principle can

synthesize sinusoidal outputs for sinusoidal (or simple) frequency
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modulation. In [22], the source voltage, load condition, resonant current,
and so on, have to be fed back to determine the switching algorithm. Even
in closed-loop operation, the output currents are still square since the
demodulation is still six-stepped.

Lack of proper understanding of the resonance principle has been
the major hindrance to the progress of this potential field. Not until
recently has [36] identified and analyzed the various steady-state modes of
operation for the simpler dc resonant converters. Since it is well-known that
resonant behavior is highly sensitive to loading condition, a useful result has
been the characterization of this load sensitivity. It is expected that similar
studies are extended to explain all aspects of resonant inversion and, hence,
encourage the application of resonant inverters.

In conclusion, inverters have been classified, according to the ratio
of their switching to inversion frequency, into the slow-, medium-, and fast-
switching categories. Examples of slow-switching circuits are the voltage-
source and current-source inverters switched at the output frequency
according to the six-stepped strategy. These topologies introduce no
nonlinear distortion even though they suffer from switching harmonics. The
harmonic spectrum of the voltage-source inverter is partially improved by
pulse-width modulation below a decade of the output frequency in the PWM
inverters. Some PWM techniques are sinusoidal, multimode, optimal,
selective-harmonic-elimination, and current-contrelled schemes. Recently,
the inversion fleld has been revolutionized by circuits switched above two
decades of the inversion frequency. Examples are the switched-mode power
amplifier, which integrates many PWM dc regulators into a polyphase

structure, and resonant inverter, which processes energy via a resonant link.
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Although switching ripple is attenuated considerably in these fastQSWitching
converters, nonlinear distortion is also easily introduced unless the topology

is ideal. Some ideal topologies capable of generating sinuscidal outputs from

sinusoidal controls are recognized in the following chapter.
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CHAPTER 3

FAST-SWITCHING SINUSOIDAL PWH INVERTERS

This chapter describes and analyzes topologies that invert a dec
input into balanced polyphase sinusoidal outputs from balanced polyphase
sinuscidal duty ratio modulations. The number of phases is any integer
greater than one. The phases of a two-phase (or semi-four-phase) system

are +90° out-of-phase while any two adjacent phases of an M-phase circuit

360°
M

are displaced by = where M>Z2. Strictly speaking, a two-phase

inverter is not "balanced" since its sequence angle is not 180° Therefore,
its topology and equations do not fit in the general framework shared by the
balanced polyphase inverters. Nevertheless, it does provide constant
instantaneous power with sinusoidal outputs as the balanced circuits do.

The first section is the heart of the chapter: it describes the
topologies in terms of their switches, filters, and continuous duty ratio
modulations. Examples include the buck, boost, buck-boost, and flyback
inverters - the names originate from their dc equivalents - all synthesizing
ideal waveforms when operating open-loop. The last three sections explain
qualitatively the performance of these circuits by interpretation of the
steady-state, dynamic, and canonical models produced by the describing
equation technique (Chapter 1). Quantitative aspects, although they are

accurate, are not emphasized,
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3.1 Description of Topologies

Each of the following three subsections presents the topology and
explains how it is conceived; both M (>2)-phase and two-phase cases are
considered. The first two subsections are devoted to the buck and boost
inverters, examples of direct conversion (or conversion without any
intermediate energy storage); the last one, the buck-boost and flyback
inverters, examples of indirect conversion. Since only duty ratios, not exact
timing waveforms, influence circuit behavior, switch description is in terms

of duty ratio, not switching function, assignment.

3.1.1 Buck Inverter

The M (>2)-phase buck inverter is the equivalent of the fast-
switching buck dc converter or the slow-switching voltage-source inverter in
high-frequency 1inversion. As is portrayed in Fig. 3.1, the principal
components of the topology are M double-throw switches that invert the dec
input into balanced polyphase outputs. The duty ratio of the upper throw of

any switch consists of a dc offset and a continuous, sinusoidal modulation:

+ d,, , lsw=sM

(3.1)

1
dwlz_é“

where the effective duty ratio d,,, which truly governs the describing
equations of this topology, is

S

M (3.2)

1 & drm
dy = dy1= 3720 dzy = 5 cos[6—(w-1)
=1

where
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Fig. 3.1 M-phase buck inverter with M double-throw switches pulse-width-
modulated by sinusoidal functions.

¢
6 = w(t)dT and d,, <1
{ ™ (3.3a,b)

In the above, the dc offset is fixed at —é— to maximize the instantaneous

effective modulation amplitude it can be any value between zero and

m
P
one instead. The instantaneous modulation frequency o can be any real
number, where a negalive Irequency corresponds to a reversal of phase
sequence. As far as w is sufficiently below the switching frequency, the set
of duty ratios d,,; can be realized by a variety of switching functions. The

selection of the drive strategy then depends upon circuit simplicity or

second-order harmonic effects. Note that the duty ratios do not have to be
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continuous as in Eq. (3.1). Siz-stepped PWHM is introduced in the next
chapter as an example of a piecewise continuous drive capable of
synthesizing sinusoidal outputs.

Although the voltage-source inverter (Fig. 2.1a) and buck inverter
have identical switch arrangement, they operate on entirely different
switching principles. The former is switched at low frequency by the six-
stepped drive while the latter is switched at high frequency by pulse-width-
modulated waveforms. The switching harmonics in the voltage-source
inverter cannot be filtered eflectively since they are so close to the
fundamental component; those in the buck inverter, on the other hand, can
be easily attenuated once pushed two decades above the desired output
frequency.

As can be seen from Fig. 3.1, the switching noise in the buck
topology is smoothed out by the L(C filters in series with the switches. The
filter size, of course, is small and diminishes as the switching frequency
increases. As in the buck dec converter, the output currents are continuous
thanks to the inductors; the input current can be made nonpulsating with
an input filter. Since the inductors carry fluxes that always add up to zero,
they can be integrated into a high-frequency polyphase inductor to save
magnetics. The capaciters can be connected in either wye or delta
configuration, and the former case is illustrated here. The load can be an
ac machine, the utility line, or, in this case, a simple resistor bank. Under
steady-state condition, the load and capacitor neutrals are virtually at the
same potential. Note that if a type of load can be driven by the voltage-
source inverter, it should work with the buck inverter as well because the

two inverters differ only in switching mechanisms and share the same
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topology. Fast switching thus improves the waveform gqualily, not drastically
modifies the basic topological characteristics of these voltage-fed structures.

It has been concluded in Chapter 1 that all inverters with more
than two phases are mathematically reducible to a two-phase equivalent.
The M-phase buck inverter in Fig. 3.1, however, cannot be {topologically
simplified to a two-phase circuit since the output currents in the former
sum up to zero while those in the latter do not. Therefore, a neutral return
and, hence, one more switch need be added at the positions shown in
Fig. 3.2.

Out of the numerous duty ratio assignments, the most efficient one

is
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Fig. 3.2 Two-phase buck inverter.
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dyq 5 5 cos( g+ 5 ) (3.4b)
and
oy = =+ (6= =)
21 7 3 g COStPeTh (3.4¢)
where
[lama
d < 1 and B = w(rT)dT +
mo 0 / Yo (3.52.b)
The resulting effective duty ratio can be expressed as
m T
d’w = dwl_—dOl = COS{@“'(’UJ"l) -é—} ’ w = 112 (36)

where, owing to the extra switch, the upper bound of the effective
modulation amplitude is improved according to

d, < V2 (3.7)

In summary, the M (>1)-phase buck inverter consists mainly of
double-throw switches pulse-width-modulated by continuous balanced
sinusoids whose frequency is much lower than the switching frequency.
These switches thus invert a dc source inte balanced polyphase voltages
superimposed by switching noise. Low-pass L({ filters then follow the
voltage-fed switches to attenuate the high-frequency harmonics and pass the

desired fundamental sinusoids relatively unaffected to the load.
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3.1.2 Boost Inverter

" The M (>2)-phase boost inverter shown in Fig. 3.3 is the equivalent
of the fast-switching boost dc converter or the slow-switching current-source
inverter in Aigh-frequency inversion. 3ince the topology is current-fed, an
inductor is placed before the switches to transform the dc voltage source
into a dc current source (Eq. (1.26)). The input current is then inverted
into balanced polyphase currents for the KC combination by fwo M -throw
switches. In general, the duty ratio of each throw consists of a sinusocidal

modulation and a dc¢ component:

, d, :
By = -—ﬁl?- + ;}k cos| G —(w—1) %T"] (3.8)
where
L ~dy4y d 4w dim
+ - y 1
S B
v — t : 1
o .

Fig. 3.3 M-phase boost inverter with ftwo M-throw swilches pulse-width-
modulated by sinusoidal functions.
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¢
d,., <1 and 6, = S()dT + o,
mk k { ( ) P (3.92.b)

for

k =1,2 and l<=w=<M (3.2¢,d)

where prime (') signifies that the switch lies at the output side of the circuit.
Note that all modulations of the same switch must constitute a set of
balanced polyphase sinusoids; the modulations of the two switches,
nevertheless, can have different instantaneous modulation amplitudes and
phases because the switches are topologically independent. The optimal
effective dutly ratio results when the two amplitudes equal and the two

phases oppose:

C—dl —dy, = —™ (w—1) 2O
dy = diyp — doy = 7 cos[ 6 —(w—-1) 7, (3.10)
where
/ ' ft ' )
d, =<1 and 8 = w(r)dT
™ 0 ( (3.11a.,b)

It must be reminded that this optimality is only relative to other continuous
modulation schemes; in the next chapter, siz-stepped PWHM is introduced as
an example of a piecewise confinuous drive capable of producing ideal
waveforms and a higher effective modulation amplitude.

The switches output pulses of current that contain low-frequency
sinusoidal components and high-frequency harmonics. The switching
harmonics, however, are absorbed right at the capacitors, and only smooth,

sinusoidal currents continue to the load. The load does not have to be a
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resistor as shown in Fig. 3.83: it can be an ac motor, the utility line, or
other polyphase impedances. If a load can be controlled by the current-
source inverter, so can it with the boost inverter; likewise, problems found
in the former may exist in the latter. The boost inverter, however, provides
much cleaner waveforms, owing to filtered fast-switching PWM, and responds
much faster, thanks to the reduction in filter size at high frequency. Note
that if the load is inductive, the capacitors, although they can be small
unless the ripple is of prime concern, should be there to absorb switching
spikes between two inductive current sources.

The two-phase boost inverter is described in Fig. 3.4. It consists of
two triple-throw switches that feed the inductor current into the output
section. One throw in each switch is dedicated to the common of the

capacitors and the load. This common is made available because two-phase
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Fig. 3.4 Two-phase boost inverter.
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currents de not sum up to zero and need a return path.
. The duty ratio distribution is less straightforward in this case. A
choice that makes all duty ratios positive and maximizes the effective

modulation amplitude is

' L, I s —(w—1) ]
w T oo4vE 2 2 (3.12a)
and
doy = L _ ' cos[ 6 —(w-1) Z-]
Yo 24V2 2 2 (3.12b)
where
w = 1,2 and d, < _2
o m 24+V2 (3.13a,b)

In review, the M (>1)-phase boost inverter places an inductor in
series with the dc source to transform the input voltage into current. The
inductor current, open-loop dec by virtue of the topology, is inverted into
pelyphase currents by fwo multiple-throw switches sinusoidally pulse-width-
modulated at much lower than the switching frequency. The pulsating
currents from the current-fed switches are filtered by a capacitor bank so

that highly sinusoidal waveforms feed the load.

3.1.3 Buck-Boost and Flyback Inverters

Many derived inverter topologies can be synthesized by cascade of a
dec converter (buck, boost, flyback, C'uk, etc.) and the buck or boost inverter
just described and simplification of the result. Two examples studied below

are the buck-boost inverter, the combination of a buck dc converter and a
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boost inverter, and the flyback inverter, the topological kin to the buck-
boost circuit.

An M (>2)-phase buck-boost inverter is illustrated in Fig. 3.5. Its
output section is identical to that of Fig. 3.3: there are two familiar M-
throw switches that guide the inductor current into the junctions of the
capacitor bank and the load. A double-throw switch, however, is added to
allow the adjustment of the dc source. The topology thus has the step-
up/down capability much more desirable and safer than simply the boost
gain of the original boost inverter.

The three switches are totally independent of each other.
Therefore, the circuit is always simultaneously charged by the input duty
ratio d and discharged by the output duty ratio dg, of Eq. (3.8). Under

steady-state condition, d is dec while dk'w is modulated sinusocidally to

dy iw dym

dyy
So o ))/H

?

4

Fig. 3.5 M-phase buck-boost inverter, cascade of a buck dec converter and
an M-phase boost inverter.
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generate balanced polyphase voltages.

The two-phase buck-boost inverter is the cascade of a buck dc
converter and a boost two-phase mverterA(Fig. 3.4), as is realized in Fig. 3.86.
Again, the input switch is run by d, completely independent of the output
duty ratios optimized according to Eq. (3.12).

The buck-boost topology does not provide isolation because the
inductor connects the source to the load during the operation. Isolation is
incorporated by separation of the energy storage from the energy transfer
interval, as is implemented in the M (>R2)-phase flyback inverter in Fig. 3.7
(drawn non-isolated for for the mean time to facilitate switch identification
and explanation). Thus, the inductor here first stays at Vg during d7j,
where 7Ty is the switching period, to get charged and then moves among the

output lines during (1—d )7 to distribute power to the load.

1
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Fig. 3.6 Two-phase buck-boost inverter.
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Fig. 3.7 M-phase flyback inverter with one M-throw and one (M+1)-throw
switch pulse-width-modulated by sinusoidal functions.

In contrast to the buck-boost topology, the flyback inverter groups
its throws inte only fwo independent switches. Originally, each switch in
Fig. 3.7 has (M +1) throws, M at the output and one at the input. The two
input throws, however, are combined since they are always in series. The
result is an upper switch with (# +1) throws and a lower switch with only M
throws as shown.

Since the topology is still current-fed, the duty ratio assignment of
the output throws is analogous to that defined in Eq. (3.8). The only
modifications are in the dc offset and the upper bound for the modulation

amplitude to account for the charging duty ratio d. Therefore,
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cos[ 6 —(w —1) ?Ml-. ]

M M (3.14)

where

d =1-~d and e < d' (3.15a,b)

and the remaining terms are as specified by Eq. (3.9). Even though d and
d,,'nk of the flyback inverter cannot be varied independently and over the
entire range from zero to one as those of the buck-boost inverter, the two
circuits do share the same describing equations and, hence, performance.
The reduction of Fig. 3.7 to the two-phase flyback inverter is
delineated in Fig. 3.8. It contains one triple-throw and one four-throw
switch; in each switch one throw is reserved for the neutral return. In any

switching period, the input throw is closed for d7 while the output ones are
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Fig. 3.8 Two-phase flyback inverter.
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open. The output throws are then activated during d'7; according to

'

. d’ Apm / m
diw = 3375 * g ocosle—(w-1) o] (3.16a)
v - d' m ' _T_T__
dow = 53v5 ~ oSO —(w-1) 5] (3.16b)
where
w = 1,2 and i < —= g
' m 2+V2 (3.17a.b)

Earlier remarks regarding the optimal selection of duty ratios and
the type of load for the boost inverter still apply to the buck-boost and
flyback topologies. Thus, the duty ratios, which may or may not be
continuous, should be chosen to maximize the effective modulation
amplitude. The output throws, being current-fed, can also be driven by the
six-stepped PWM detailed in the next chapter in conjunction with the boost-
type switches. The load can be any impedances that the boost inverter can
handle since all equations of the three circuits are similar.

In retrospect, the buck, boost, dbuck-boost, and flyback inverters have
been described as examples of fast-switching PWM inverters capable of
generating sinusoidal outputs from sinusoidal controls. The number of
phases in each topology extends from two to infinity. The minimal number
of reactive elements and switches have been arranged such that input and
output properties of these inverters are analogous to those of their
corresponding dec¢ counterparts. Fast gwitching means energy storage

elements are small and economical.
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Operation has been characterized solely in terms of duty ratios.
The duty ratios always contain simple, easy-to-synthesize dc or sinusoidal
values. Just as there is no unique switching function to realize a duty ratio,
there are many ways to assign functions to the duly ratios. Consequently,
the drive schemes for these fast-switching topologies are numerous and

flexible.

3.2 Steady-State Performance

The procedure for steady-state analysis of fast-switching PWM
converters has been outlined in Chapter 1. It involves obtaining the
describing equations of the circuit in the abec reference frame and
transformation of these equations to the ofb coordinates where the system
appears time-invariant. The steady-state solution is thus constant and
either real or complex; constant scalar in the rotating coordinates means dc
waveform in the stationary axes, and constant phasor corresponds to
sinusoidal outputs.

An important conclusion has been all balanced polyphase converters
with any number of phases are reducible to the two-phase equivalent.
Therefore, all circuits of the same topology share common steady-state
formulas. Inductor currents and capacitor voltages for the buck, boost,
buck-boost, and flyback inverters obtained following the prescribed method
are tabulated in Table 3.1. Remember that these solutions correspond only
to the optimal continuous duty ratio functions discussed in the previous
section; other PWM strategies (six-stepped PWM, for instance) 'necessa_rily
modify the phasor amplitude via the effective duty ratie. FResults are stated

in terms of abc parameters so that they can be used directly for design
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-
Inverter Capacitor Voltage Ve AL Inductor Current [ e 7 o
ALE
Buck Dy Vg 1 D Vg Wp
2 1+_1__]'Q+(j0)2 2R 1+_1__j(2+(]0)2
@ wg Wo & w, Wy
v Q) MY, '
Boost ! (1-] ) -—-—Z——[ ( L )% ]
Dm “p 2Dm, R “p
DY, ' MDYV, '
Flyback T (1- VA ) , 29 [1+(—)7]
Dm “p 2Dm R “p
_ 1 1 _ R
where “p T Ho Wy = Jie and @& = oL

TABLE 3.1 Steady-state capacilor voltages and inductor currents in tha
buck, boost, and flyback (or buck-boost) inverters.
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purpose.

It is obvious from Table 3.1 that inverters are not perfect voltage or
current sources unless their flilter inductance, capacitance, and frequency
are zero. Therefore, the steady-stafe frequency responses provided by Table
3.1 are important because they not only predict dc gains, but also
characterize the variation of output amplitudes and phases as functions of
the inversion frequency. They also suggest how to place the steady-state
poles and zeros to minimize the interaction between load and inverter
impedances or to neglect filter effects over the frequency range of interest.

For the buck inverter, the output voltage is independent of the

number of phases since the effective duty ratio stated in Eg. (3.2) is so.

1
The dc gain of the phase voltage., however, is always below —2- because the
D

effective modulation amplitude is only —-éln— Nevertheless, this peak is

2
competitive to the e ™ 64 of the three-phase voltage-source inverter, which

can give only square outputs. - Later on, six-stepped PWM is shown to

preserve sinusoidal quality and improve the de gain to A58,

1
V3
As the inversion frequency () increases, the load and LC filters

influence the steady-state responses as functions of {}. For a resistive load,

the voltage response is simply a second-order roll-off with the corner at

1
VILC

Similar functions for more complicated loads, such as ac machines,

can be found easily because the buck inverter is modeled as a sinusoidal
excitation, created by sinusoidally modulated switches, driving the load

through an LC filter.
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The currents through the inductors of the buck inverter are
generally ac because they are the sum of the capacitor and load currents.
The switches, which inwvert wolfage in the forward direction, reclify these
currents in the reverse direction so that the average current drawn from the
source is de.

In contrast to the voltage-fed buck, the current-fed buck-boost, also
representative of the boost and flyback, inverter exhibits more intriguing
steady-state behavior. As is confirmed by Table 3.1, its inductor current
must be dc so that, in the presence of dec input duty ratio, the
instantaneous power flow is constant. For the inductor to carry de current,
its average voltage must be zero. Therefore, the output throws effectively
rectify the sinusoidal polyphase voltages into a dc voltage that matches the
value of the input supply. Dc current also means the steady-state reactance
of the inductor is zero; this is why L never appears in the entries for the
buck-boost, boost, and fiyback inverters in Table 3.1.

The constant inductor current is fed into the FC load as sinusoidal
currents by the sinusoidally modulated output switches. As in a linear
circuit, the voltage thus generated across the AC impedance is obviously
sinusoidal. The steady-state response of the voltage phasor, however, is
shaped by a right-half-plane (rhp) zero, instead of a left-half-plane (lhp) pole
as in the linear case. This peculiarity certainly cannot be explained
adequately by linear circuit theory because the inverter, after all, is
nonlinear. Actually, the decline in phase toward —80° at high inversion

frequency is just the familiar first-order lag of a capacitive voltage relative

as is

2
RC

to the corresponding capacitive current, the corner being at
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agreed by Table 3.1. Much less obvious is the 7ise in voltage amplitude that
accompanies the drop in phase.

One explanation for this trend is the volt-second-balance
requirement for the inductor; this requirement translates into the equality
between the input and output voltages across the inductor. It can be shown
that the output volt-second is proportional to Vcos®,. and this quantity
must always be constant. As the output waveform slips away from the duty
ratio with increasing frequency, cos®, decreases to reflect the less efficient
volt-second mechanism from the capacitors. The capacitor amplitude V
then has to increase to compensate for this loss, and hence the rhp zero.

At high Q. the inductor current has to increase as Q% so that the output

: 1
voltage can go up as {1 while the capacitive reactance drops as —Q——

At zero inversion frequency, the de gain of the buck-boost inverter

is DD, . The flyback and buck-boost topologies thus can step the input

m

down via D or up via D,,; the boost topology can only step up through D,,.
A variable V, is no longer necessary, and so the circuits can be powered by
a battery in case of line failure. Many units also can share the same dc
source. Note that the output amplitude is independent of the number of

phases M because any change in M is compensated by an inverse change in

the modulation amplitude More phases thus mean more power and

m
M
higher inductor current.

To recap, steady-state performance of inverters depends on their

nonzero steady-state veactances. The phasors in the voltage-fed buck

inverter are the solutions of a per-phase model consisting of a constant
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voltage exciting the load through an LC filter. The phasors in the current-
fed buck-boost (or boost and flyback) inverter are the results of a per-phase
network composed of an impedance-dependent current feeding the parallel
capacitor and load. The current-fed variables tend to become unbounded at
any inversion frequency where the angle of the impedance seen by the
switches is +80°. The dc voltage gains of all inverters are as implied by
their names: below unity for the buck, above unity for the boost, and any
nonnegative values for the buck-boost or flyback inverter; they are

independent of the number of phases,.

3.3 Small-Signal Dynamics

The starting point of dynamic analysis is the describing equations in
the ofb reference frame. Although these equations have constant
coefficients, they are monlinear owing to the products between the controls
and states or sources. Therefore, dynamic study is restricted to the small-
signal sense: it calculates the transfer functions from various input to
various output perturbations around a quiescent operating condition.
Examples of the procedure have been demonstrated in Section 1.5, more
results and discussions are pursued here.

First, consider the current-fed buck-boost, also representative of
the boost and flyback, inverter. Its perturbed equation is the following
modification of Bq. (1.34):

%-(s) = (SP—A, ) [ AX,d o (s) + AKX, 58/(s) + By Vgd (s) + DByTg(s) ]
(3.18)
where all matrices and vectors have been defined in conjunction with

Eq. (1.34); the new terms model the input duty ratio d. The characteristic
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polynomial of the system has been given in Eq. (1.41) and is repeated here
for convenience:

2r 2 2
Q%LCR L , LC 2, LCR

K(s) =1 + |[RC+ : - s — g -
(s) oD 2D.’R D2 2p? °©

(3.19)
Three eigenvalues are expected as there are three independent states - one
from the inductor and two from all the capacitors. A complete picture of
pole migration as functions of steady-state parameters involves the plot of
root loci or solution for the exact roots of Eq. (3.19). Fortunately, if the

design allows

' 2
Q <« 1
Wo (3.20)
where the LC corner is located at
D
= V2 hd
“ =VE JIE (3.21)

where the transformed duty ratio D, of the sinusoidally modulated duty

ratios is

A,
2 M VM (3.22)

it suffices to approximate the poles by

f 2
K(s)m™ |1+ | |1+ Ls 4=
Wp Q@ w, Wo (3.23)
where
1 4 _ 2D°R
“» = Rc O Y= "1 (3.24a.b)
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What left in the pole polynomial resembles the dynamic corners of an ideal
boost-type dc converter, namely, a pair of complex LC poles directly
proportional to the transformed duty ratio D,. Thus, a high dc gain
requires a reduction of the small-signal bandwidth. A real pole also exists at
the steady-state KC corner. This pole can stay dominantly below w, at light
load or move beyond w, under heavy load.

The zeros of the current-fed topologies are of second order at most
and can be cast in closed form. As an example, consider the cf- transfer
functions important in the control of the input duty ratio of the buck-boost
and flyback inverters (results for 179 are similar to those for cz). As can be
seen from Table 3.2, these frequency responses are very simple owing to the
linear participation of d in the describing equations. All zeros lie in the left

half-plane and are relatively insensitive to operating condition. In particular,

the ?}— response has a pair of complex zeros that cancel out the two poles

and shape the high-frequency roll-off to essentially single-pole. Therefore, d
is a good control parameter for fine regulation of inductor current, which
relates to power or torque in ac machines, or output voltage.

Besides d, the amplitude of the duty ratio modulation is also a
control variable. In the abec coordinates, it is not obvious that this quantity
should be perturbed because it is overshadowed by the large-signal sinusoidal
modulation in the duly ratios. In the ofb reference frame, however,
Eq. (3.18) justifies that dynamics of ampliftude perturbation is well-defined

and easy to compute.
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Function Dc Gain Zeros
- V Q, 1
7 s s
= — L —[1+(—)% 1+ + )2
d 2De K Wy QzS Wezg We3
v v,
T g {+ 2
d 2De C.Jp
6-[_ v, !
- _Q__ 14 S
d 2D, Wp
’Z; 1
U L[4+ ()P 1+ =S
d 2Dg Wp P!
I | ,
where Wp = 7 ey = [1+( ‘C-J;—')Z]wp
Q’ . 1 ok
©e3 = wp [LH(——)?]V?, and @3 = 5—[14—( YRR
“p “p |

TABLE 3.2 é—tramfer Sfunctions of the buck-boost or flyback inverter.
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-

The perturbation of modulation amplitude results in the d;-
transfer functions listed in Table 3.3. Again, the inductor current displays
the most favorable dynamics of all frequency responses thanks to its two lhp

zeros, one of which is stationary relative to De' and 0. Al voltage formulas

. . L
possess the same rhp zero that arises from some effective -— time

R
constant. This zero poses problem to voltage regulation because it not only
locates in the wrong half-plane, but alsc migrates with output frequency and
modulation amplitude. Overall, cZg~ dynamics are complex because dg' comes
in nonlinearly in the describing equations.

Since @' appears as another control parameter in Egq. (3.18), it
defines yet another mode of dynamics that involves frequency perturbation.
The corresponding transfer functions are peculiar to the inversion field and
have no counterparts in the dc conversion area where w is not even
meaningful. They are important in motor drive applications where the
inversion frequency is often found in the feedback loops.

The simple appearance of @' in Eq. (3.18) actually conceals much
more sophisticated pictures in the stationary coordinates and the
transformation procedure. If the problem were to be studied by the abe
equations, it would be tedious because of the complexity of the Fourier
spectrum of a frequency-modulated carrier. The abc-ofb transformation
relieves the difficulty by substitution of a single scalar, w, for all frequency-
modulated sinuscids in the exact time domain.

This simplification, however, is achieved only when the angular
velocity of the rotating azes is equal to the modulation frequency. Thus, the

ofb reference frame actually shakes with velocity @' while rotating at velocity
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{( Function || Dc Gain Zeros H
| |
i" Y | DV oK s s “
= (R (T o)
dg DQ‘R “p i z1 z2 3
|
| |
v DV,
L -—Z (1= =)(1+ =) |
” de EDQ We ]
|
&! vy DYy (1- =)
R &g 208'2 Q’p C"’Z |
|
; {‘Tm ! DVg O 2 | S s »r
| = | -l -
L 2D, “p e et ]
| | I
s |
J, where Wp T pp Wl T [14+( Z:) Jwg l
| °D.2R |
| e = 2wy, and w;= ol i
I [+ ()% l

-~

TABLE 3.3 d;—t'ransfe'r functions of the buck-boost or flyback inverter.
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Q' This locking property between the transformation and the stationary
waveforms allows an observer in the rotating coordinates to see only W
instead of all the fluctuations caused by @',

The @'- transfer functions are summarized in Table 3.4. Note that

since the real part V, of the voltage phasor is independent of Q' the dc gain

v
for *;—r—- is zero, as is confirmed by the zero at the origin in the frequency

'

response; thus, the quotation marks in the gain column signify a pseudo dec

-~

1

Vs
gain. Most interesting is -5— with a pair of complex zeros that station in

the left half-plane when Q stays below wy, but drift into the right half-plane
as soon as (I passes wy. The cure for these potential rhp zeros is the
placement of the KC corner beyond the range of operating frequencies.

Transfer functions for the buck inverter have also been developed
but are not presented here because their significance does not deserve more
space. Their closed-form solutions for dynamic corners are formidable since
the polynomials involved are at least of third order. The difference in orders
of the voltage-fed and current-fed topeologies also forbids meaningful
comparison of small-signal results for these two classes of inverters.

In general, dynamic bandwidth is finite owing to the reactive
elements in the network. Nevertheless, this bandwidth can be made very
wide by reduction of the filter size or increase of the switching frequency.
Thus, the sluggishness of the current-source inverter, caused by a large dc
choke, is not a problem for fast-switching inverters. In high-power
applications, the load eventually imposes its own dynamics on the entire

inverter-load combination.
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| Function De Gain Zeros
|
|
3 D% a (1 ==—) |
' Dgzﬁ? wpz W2
ar L DVq Q’ 1" s
= - > s (1+ )
o9} € C"o C‘Jp wzz
61: _ DVQ 1+ 1 s +( ) )2
Q;’ EDe’Cv’p Qq wo CJo
) DV, Q'
= opg O (=2
« ~Llg wp2[1+(___,)2j1/2 We
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v q '
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TABLE 3.4 &'-transfer Junctions of the buck-boost or flyback inverter.
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Implied in the wide-band property is the advantage that the smali-
signal bandwidth can be much higher than the inversion frequency. Thus, if
the inverter switches at 20 kHz, the dynamic corners can be at 1 kHz while
the output sine waves are at only 100 Hz. Furthermore, the dynamic
information within and above this bandwidth can be predicted with a high
degree of accuracy, the range of validity and the tolerance being limited
solely by the switching frequency. This benefit is not shared by six-stepped
inverters: if a voltage-source inverter outputs, say, 100 Hz, its bandwidth is
neither meaningful nor predictable above 50 Hz (an optimistic figure!).

To summarize, the principal contributions of this section are not
the locations of the poles and zeros of the circuits, especially since the load
is only resistive. The points to be remembered are the definition of
dynamics and the procedure to solve for the transfer functions. The tool
employed is the describing equation technique coupled with the stationary-
to-rotating coordinate transformation. The result is an accurate description
of the small-signal information over the broad dynamic range of these fast-

switching inverters.

3.4 Canonical Model

The canonical model is a linear, fime-invariant representation of
the linearized describing equations in the rotating reference frame. The
procedure to establish the model for the boost inverter has been detailed in
Section 1.8. More results for other current-fed and voltage-fed topologies

are presented and commented on below.
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The model for the buck-boost inverter, typical of current-fed
structures, is the modified Fig. 1.4 and is sketched in Fig. 3.9 with the

following identification:

T =D+ 1d, — jCV, o (3.25a)
P S DV, RC&
r-s D. 1+(s—jQ)RC (3.25b)
I .V - D. Vg
L, = —=, e = —, g = sly I — —
* DA D D F D, (3.25¢.d.e)
D, ~ sl
}\, - ""'RC g , + € V e
7 I+ EC D * R (3.250)

Fig. 3.9 Linearized, continuous, and time-invariant model of the current-
Jed boost, buck-boost, and [flyback inverters showing ezcitation
and control generalors, an inversion transformer, and a complex
low-pass filter.
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7=-1, 7 = D I, and q' = —j = CVy

Dy De (3.25g.h,i)
The model highlights the principal functions of a power processor, namely,
the inversion mechanism and low-pass filtering actfion. The inversion
process, done by the switches in the topology, is characterized partly by an
ideal transformer. The inversion ratio of the transformer is related directly
to the constant input duty ratio and transformed duty ratio (proportional to
the modulation amplitude) of the switches. The low-pass filter consists of a
real inductor feeding into a pair of complez-conjugate capacitors connected
in series. The inductor has only a real part sLg, which corresponds to
dynamic inductive reactance, because its steady-state reactance is zero.
Each capacitor, on the other hand, consists of both a real part sC, which
signifies dynamic capacitive susceptance, and an imaginary part Q'C, which
characterizes steady-state capacitive susceptance. The steady-state
susceptance exists to model the states that are time-varying under quiescent
condition.

The series connection of the capacitive impedances with the
polarities shown reduces the complexr output voltages to a real voltage that
is then seen by the input section, which consists of only real components
under steady-state condition. Complex modeling thus reflects truly the
switching phenomenon that matches polyphase ac, represented by phasors,
at the output to single-phase dc, characterized by a scalar, at the input of

the physical topology.
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There are three wvoltage generators and three current gegnercfors
associated with three control parameters d, de', and &' As the filter, these
dependent sources are generally complex. While some merely modify the dc
gains, others affect the zeros of the frequency responses. [t must be
cautioned that they are mot totally responsible for the zeros of the system:
their coefficients interact with the complex transfer function of the output
filter to determine the zeros of the responses.

The steady-state version of Fig. 3.9 can be extended to the model in
Fig. 3.10 to treat the steady-state solution of a buck-boost inverter driving a
general impedancs Eb, The 1impedance 77;, is actually the parallel
combination of the steady-state capacitive reactance of the inverter and the
per-phase impedance of the generalized load. Its complex conjugate ff is

also present in series so that reactive power is confined within the inverter

Dy D D.I

-

n<

()

N\
i

Fig. 3.10 Steady-state model of a flyback, g7 boost or buck-boost, inverter
driving an arbitrary impedance 2.
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and only 7eal power is drawn from the dc source.

From Fig. 3.10, the backward voltage phasor is

~ D Vg ejéz
Vb = 7
D, 2 cosd, (3.28)
where
Z, = Ze'ts (3.27)

Note that the amplitude of 17,, is itnversely proportional to the cosine of its
phase which, in turn, is identical to the phase of Eb. If the load has poor
power factor within the freqﬁency range of interest, some shaping of 2,5 is
necessary to avoid small cos$, and large output voltage.

If D equals unity, Eq. (3.26) describes the capacitor voltage of a
boost inverter. The boost gain is thus influenced by two parameters, namely,
the modulation amplitude and the cosine of the load angle (assuming the
capacitance is negligible). The modulation amplitude alone makes the
output of a boost inverter fed by the rectified line voltage higher than the
line itself. Such an excessive amplitude inevitably saturates ac machines
designed to take only line conditions. Therefore, the buck-boost or flyback
topology. which allows an attenuation of the source through the input duty
ratio d, is more suitable for motor drives.

The inverse dependence on cosine of the load angle shapes the
amplitude response into a direction generally objectionable to the load itself,
Hence, feedback of load data to determine d or d,, or some equivalent

action, is essential in constructing a prescribed output.
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The canonical model for the buck inverter is illustrated in Fig. 3.11

with the following specifications:

Vg
D, (3.28a.b)

where 7, is the backward inductor current phasor, and 776 the backward

capacitor voltage phasor;

~ L (o ] r~ ™
Ap = QCVy —j (Iy +sCV
b = D, ( s —J (1p v) ] (3.28c)
7 - ~([b+1f) , and 5 :—]DGC(;(,—?}I) (328(1,6)

where the (transformed duty ratio d; for the buck topology is the ofb

transformation of the effective duty ratio d,, defined in Eq. (3.2):

~ A ~ A

1: Dy (s+jQ)L 1,

+ T8 i
® o +
1 .~
@ e T '» SR
» -
~r 9
jde+q& 1
P 1 JIS St R
(s—1mCcT 't §
[ M) +
-+ 1:D \ 2/

Fig. 3.11 Linearized, continucus, and time-invariant model of the voltage-
fed buck inverter showing ezxciftation and confrol generators,
inversion transformers, and complezx low-pass filters.
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Canonical properties still include the input generators, ideal transformers,
and complex low-pass filters. The current generators have to be as specified
in Egs. (3.28d.e) to model the source current accurately. The inversion ratio
of the transformers is simply the steady-state transformed duty ratio,
related to the effective modulation amplitude and number of phases
according to Eq. (3.29). Both inductive and capacitive reactances are
complex because inductor and capacitor states are sinusoidal in the real
inverter. Note that the indubtor‘ currents in the model and in the actual
circuit differ: they are related by Eq. (3.2Ba); the difference exists so that
the voltage phasor is faithfully preserved and all controlled generators are
merged into the primary side of the transformer. The transfer function of
the filter and coefficients of the controlled sources together determine the
corners of the frequency responses.

As is obvicus from the two decoupled complex-conjugate halves of
Fig. 3.11, the backward and forward components of the buck inverter do not
interact. Thus, if only the inductor current phasor Ffb or capacitor voltage
phasor U, needs be solved, any half-circuit suffices. Both half-circuits,
however, must be paralleled in front of the source as shown in Fig. 3.11 so
that the imaginary parts of the complex-conjugate currents on the source
(primary) sides of the transformers cancel out and only 7real current is
drawn from the source. This parallel connection thus models the
rectification of the sinusoidal inductor currents into the dec source current

by the switches. Note that if a source impedance is present, the forward
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and backward circuits interact and must be both included.

If the generalized load gb in the previous buck-boost example is
applied to Fig. 3.11, Fig. 3.12 results under steady-state condition. Again, 5,
is eflectively in parallel with Eb so that reactive power is confined within the
inverter and only real power is extracted from the dc supply. The voltage
phasor i}b is obviously

~

Vy = DV, =
Zy+3QL (3.30)

In practical situations where jQL is negligible compared to Z,, the phasor
amplitude is DV, regardless of the operating frequency: the inverter
behaves more as a voltage source. This voltage-fed topology is thus easier to

use than the current-fed configurations considered earlier. Nevertheless, it

1: D,
=-jaoL joL
® ®
v, H . .
2f vf 2u Vb

Fig. 3.12 Steady-state, model of a buck inverter driving an arbitrary
impedance Zy.
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only steps down, and its peak amplitude is only -—23— (tor continuous

sinusoidal PWM). Therefore, practical applications prefer the boost-buck, the
dual of the buck-boot, or isolable boost-buck, the dual of the flyback, to the
original buck inverter.

A comparison of Figs. 3.10 and 3.12 shows the distinction between
current-fed and voltage-fed topologies. In the former case, the input voltage
is applied to the load and its complexr conjugatle, instead of the load itself:
the load is thus fed by the source current, rather than the source voltage.
In the later case, the dc volpage is applied directly to the load through a
small filter reactance; the load is thus fed by the source woltage itself if the
filter is small

If the models are interpreted in the reverse direction, however,
forward voltage-fed inversion becomes reverse current-fed rectification, and
vice versa. Reverse current rectification in the buck inverter is represented
by the parallel connection of the forward and backward inductor currents.
Reverse voltage rectification in the buck-boost (or boost and flyback)
topology, on the other hand, is embodied in the series connection of the
forward and backward capacitor voltages.

In conclusion, this chapter has described the buck, boost, buck-boost,
and flyback examples of fast-swilching sinusoidal PWM inverters, where
"sinusoidal” is the quality of both control and output waveforms. The
arrangement of reactive elements and switches has been specified for any
number of output phases greater than one. The throws in an M-phase buck
inverter are grouped into M double-throw switches for forward woltage

inversion and reverse current rectification. Those in an M-phase boost
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topology are classified as fwo M-throw switches for forward current inversion
and reverse voltage rectification.

Switch specification has been in terms of duty ratios since they are
the ultimate control variables., Simplicity dictates that each duty ratio
consists only of a dc component and a sinusoidal modulation. Owing to high
switching frequency, a given gain function can be realized by several duty
ratio assignments, each of which, in turn, can be implemented by a variety
of switching functions. Thus, the independent switches in a topology can be
driven by a multitude of simple strategies that are free from synchronization
constraints.

The duty ratios are used to derive the describing equations of the
inverters in the abc reference frame. These equations are next transformed
to the ofb coordinates where they have constant coefficients. The ofb
describing equations are then solved for steady-state, small-signal dynamic,
and canonical models.

Steady-state results generally depend on circuit impedances, which
involve the inversion frequency and reactive components of the inverter and
load. This dependence leads to unexpected steady-state frequency responses,
such as the buck-boost amplitude response that blows up when the power
factor seen by the switches approaches zero. The dc gains of all topologies
are as implied by their names.

Definition of dynamics is clear in the rotating coordinates owing to
the correct identification of control parameters. The transfer functions in
the inverters exemplified originate from the small-signal perturbations in the
dc duty ratio, the modulation amplitude and frequency of the ac duty

ratios, and the dc¢ line. Dynamic corners are generally sensitive to quiescent
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operating condition if the system equation is nonlinear.

Two distinct canonical models have been developed: one for the
voltage-fed (buck-type) and the other for the current-fed (boost-type)
topologies. Controlled generators, inversion transformers, and low-pass
filters are arranged properly to identify input and output variables, account
for steady-state and dynamic behavior, and reflect the physical inversion
process. Forward and backward currents are connected in parallel to
characterize the forward voltage inversion and reverse current rectification
in the voltage-fed inverter. Forward and backward woltages are connected in
series to model the forward current inversion and reverse voltage

rectification in the current-fed inverter.
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CHAPTER 4

PRACTICAL ASPECTS OF FAST-SWITCHING SINUSOIDAL PWM INVERTERS

This chapter consists of four sections. The first section realizes the
switches for three-phase versions of the topologies described in the
preceding chapter. Some modulation strategies for these switches for both
forward and reverse energy transfers are discussed; attention is called to the
siz-stepped PWM scheme. Thé second section incorporates isolafion into the
original inverters and introduces some other isolable circuits. The third
section defines the measurement problem: how waveforms should be
conditioned so that their steady-state and dynamic information can be
extracted by standard techniques established for dec¢ converters. The last
section applies the measurement procedure to confirm theoretical results

predicted for an ezxperimental three-phase flyback inverter.

4.1 Three-Phase Implementation

This section is divided into three parts. The first one implements
the swifches in the buck and buck-boost inverters with transistors and
diodes and tabulates the stress on these components using the steady-state
formulas developed in Section 3.2. The second describes some continuous
and piecewise conifinuous modulation policies for the switching functions.
The last subsection modifies the drive or the switches themselves so that the

inverter is ready for regeneration.
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4.1.1 Switch Realization and Stress

The high-quality waveforms in the topologies described earlier
require fast semiconductor devices. At the present, the bipolar transistor
(BJT), fleld-effect transistor (FET), and gate-turned-off thyristor (GTO) have
the right combination of speed, for the theory to be valid, and power, for
the circuit to be useful. The bipolar transistor is exemplified here although
the FET should be considered for speed and the GTO for power.

Switches in an inverter are generally fwo-quadrant in either voltage
or current. Those in a Volt&}ge‘fed. such as buck, topology are current-twao-
guadrant because they block dc voltage and conduct ac current. Those in a
current-fed, such as boost, buck-boost, or flyback, circuit are wvoltage-two-
gquadrant since they conduct dc¢ current and block ac voltage.

A current-two-quadrant throw is implemented by anti-parallel
connection of a transistor and a diode. Six such throws are used to realize
a three-phase buck inverter in Fig. 4.1. From the circuit, the voltage stress
of the transistor and diode is ¥, (Table 4.1), and the current stress the
peak inductor current (Table 3.1). Note that even though each throw is only
two-quadrant, the whole bridge is four-qguadrant, i.e., both line current and
voltage of the bridge are bidirectional.

The switch configuration of Fig. 4.1 has been frequently criticized
for its shoot-through faults. The fault occurs when two transistors of the
same switch are simultaneously on - because the storage time of the base-
emitter junction keeps the out-going transistor on while it is supposed to be
oft - and short out the power supply. The problem can be cured by

providing some dead time so that one transistor is completely deactivated
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Fig. 4.1 Three-phase buck inverter with each current-two-quadrant throw
realized by a transistor and a diode in anti-parallel,

d

before the other comes in; the diodes free-wheel the inductor current
during this time.

Another drawback from the use of BIT in Fig. 4.1 is the cross-over
distortion born from the difference in finite drops across the transistor and
diode. This distortion, however, is not a major concern in high-voltage
applications. The problem does not exist if FET is used because the FET, its
drop being lower than that of the diode, always conducts at cross-over.

A voltage-two-quadrant throw is built from series connection of a
transistor and a diode. Six such throws are used to realize the output
switches of a buck-boost inverter in Fig. 4.2, The voltage stress across each

output transistor or diode is the line voltage V3V (Table 4.1), and the
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Input Output
Inverter
Transistor Diode Transistor Diode
Buck Vg . Vg
Boost V3vy vV3v
Buck-boost Vg Vg V3V vV3v
Flyback V3v+, max (V3V -V, 0) V3vy V3V

TABLE 4.1 Voltage stresses across the transistors and diodes of the buck,
boost, buck-boost, and flyback inverfers.
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Fig. 4.2 Three-phase buck-boost inverter with each wvoltage-two-quadrant
throw realized by a transistor and a diode in series.

current stress the inductor current (Table 3.1). The input transistor and
diode in the same picture create the one-quadrant throws of the input
switch; they have to block ¥, and carry the inductor current. Note that the
six output throws considered together are actually four-guadrant although
each throw is only two-quadrant.

The practical implementation of current-fed switches is free from
shoot-through faults: any number of throws of the same switch can be
simultaneously on without any destruction since the back-to-back diodes
prevent current to circulate within the throws. This is why the current-
source inverter has been hailed for its ruggedness. In contrast to the buck

case, no dead time is allowed; in fact, some overlapping interval may be
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needed to guarantee the inductor current always has some place to flow to.
It has been shown that the inductor current is always dc even
though the load currents, being ac, do pass through zero. Therefore, the
output of boost-type inverters is free from cross-over distortion.
Voltage stresses for the buck, boost, buck-boost, and fiyback
topologies are compared in Table 4.1, where the line amplitude has been
provided by Table 3.1. Current stress is simply the peak inductor current,

the sum of the ideal amplitude in Table 3.1 and ripple magnitude.

4.1.2 Modulation Strategies

The PWM process involves two different time scales: a fast one at
the switching frequency and a slow one at the modulation frequency. Both
of these should be concurrently displayed if the switching and modulation
processes are to be correlated. The specification of drive strategies for ac
converters thus requires a graph that displays high-frequency information on
one axis and low-frequency information on the other. Such a graph is the
switching diagram.

As an example, consider the description of confinuous sinusoidal

PWHM for the two triple-throw switches in a boost inverter. Suppose an

effective modulation amplitude of *-?;2— where D,'n < 1, is desired. Many

sets of dk'w specified in Egq. (3.8) provide this amplitude, and one that

simplifies circuitry is

Dy = (4.1a)

and
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Co_ 1
dzw - R » t<=w=<3 (4‘1b)

Since switching harmonics are strongly attenuated if they are much higher
than filter corners, the above duty ratios can be realized by a variety of
switching functions. One that is easy to build simply has each switch start a
cycle at phase 1, move to phase 2, and end at phase 3 with the prescribed
duty ratios (any other two completely random sequences also qualify).

All the aforementioned details, and many more, are delineated

compactly in the switching diagram of Fig. 4.3. The horizontal axis of the

. e
diagram uses the slow time scale -Q——- to encompass all swilching cycles

within one modulation period. FEach point on the axis thus represents a
compressed switching period as the switching frequency approaches infinity.

Switching instants and duty ratios within each switching period are stretched
A duty ratio

33 d'23
X /2'3\

32

12 22 12

|
|

21 i

0 A 27 /Q'

Fig. 4.3 Switching diagram for continuous PWM of a boost inverter
showing switch ! modulated by continuous sinuscids and switch
2 mnot modulated.
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out and exposed on the wertical axis, which is then the fast duty ratio (or
time normalized to the switching period) scale.

On a switching diagram, each independent throw is characterized by
its duty ratio curve that describes its duty ratic as well as switching
instants. Since the boost inverter has four independent throws, four curves
exist on the diagram. The lower solid one describes dh*, and its distance
from the bottom axis is d;; (Eq. (4.1a)); the upper solid one d'13 *, and its
distance from the top axis di5: the space between these two curves dig
and the distance dig, The dashed curves carry the same connotation, but
for the second switch.

The switching diagram identifies all switched topologies that exist
with a given drive scheme and all combinations of these topologies that can
be found over all time. There can be as many switched topologies as there
are areas on the diagram. Each topology is recognized by a double-digit
number because there are two switches; the first digit specifies the active
throw of the first switch, and the second digit the active throw of the second
switch. For instance, "21" is the topology with the first switch (first digit) at
the second output ("2") and the second switch (second digit) at the first
output ("1"), as is shown in Fig. 4.4b. The combination of topologies in any
switching period consists of the areas traversed by a vertical line drawn at
the point representing that period. For instance, the sequence at cycle A
consists of five topologies 11, 21, 22, 23, and 33, as are listed in Fig. 4.4, If
duty ratio curves are specified, switched topologies (or areas) can be
deduced, and vice versa. Duty ratio and topology designations are thus

equivalent and can be used interchangeably. The second method, however, is
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a) 11 b) 21
i
31 ¢4
c) 22 d) 23
2
12
~e) 33
é é
3
43
fig. 4.4 Five switched topologies at cycle A of Fig. 4.3.
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more convenient for piecewise continuous duty ratios.
It can be observed from Figs. 4.3 and 4.4 that continuous PWM is
inefficient because there are so many idling intervals during which no power

is transferred to the load. This is why the peak output current of the boost

inverter is only —g—-(%ﬁ?)] while that of the current-source inverter is

x/—j%— (¢1.1)7, where [ is the inductor current in both cases. The output

of the former, however, is sinusoidal while that of the latter is six-stepped.
It is thus desirable to have another switching scheme that combines the
sinusoidal quality of the boest and high amplitude of the current-source
inverter. This unique scheme is called siz-stepped FWM - the name reflects
the union between piecewise sinuscidal FPWM and sir-stepped symmetry,
which has been beautifully exploited in slow-switching inverters.

As is introduced in Fig. 4.5, six-stepped PWM divides each inversion
cycle into siz egquivalent dntervals. In each interval, one switch stays
stationary on one of the three capacitors while the other sweeps through all
three. The positions of the stationary switch as well as the throws of the
sweeping one are determined by siz-stepped sequence. For instance, switch 1
feeds the inductor current into phase 1 while switch 2 pulls current out.of
phases 2, 3, and 1, in that order, in interval 1, this sequence then
permutates in a three-phase, six-stepped manner throughout the remaining
five intervals and repeats itself at the end of the sixth interval

In interval m or 7', where 1=n =<3, the throw kw connected

without modulation to one of the capacitors is the one with
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tdu?y ratio

Fig. 4.5 Switching diagram for siz-stepped PWM of a boost

>
27/’

inverter

showing two sinusoidal segments used to modulate all throws.

1 in interval n
w=mn and k = 2 in interval n'

The throw k,w, that is modulated by

dpw, = Gmcosf 30°< 6 <90°
is the one with
2 in intervaln _jwtl i w=12
k1 =11 in interval n’ and wy =1y if w=3
The throw k,w, that is modulated by
dew, = @mecos(6 —120°) 30°< 6 < 90°

(4.2a,b)

(4.3)

(4.4a,b)

(4.5)
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is the one with

w1+1 if w1=1,2

W2 = if w,=3 (4.8)

These same two [unctions are used for all six intervals, the two throws
receiving them being picked by six-stepped rotation.
From the above duty ratio specification, the effective duty ratic in

any interval is

dy = diy—day = dypcos[ 6 —(w—1) _23;5__] , l=w=<3 (4.7)

The effective modulation amplitude is now d,, instead of merely %— d,, as is

given by Eq. (3.10) for continuous PWM. Therefore, if the inductor current is

I, the peak output current is also /, very competitive with the 1.1/ of the

. - L 2
current-source inverter; the minimum dc gain is lowered to — from the 1

3

obtained in continuous PWM. Note that sinusoidal quality is still preserved
with this improvement because all equations for continuous and six-stepped
PWM are identical in form, the only difference being the increase in effective
modulation amplitude.

Six-stepped PWM also applies to the three-phase buck inverter. The
interpretation of the buck six-stepped PWM, however, is different from that
just discussed because the six throws in Fig. 4.1 are grouped into three
voltage-fed double-throw switches, instead of two current-fed triple-throw
switches, foerefore. although the modulation curves in Fig. 4.8 are identical
to those in Fig. 4.5, the areas there have new meaning. Each area is

identified by three digits because there are three independent switches.
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fig. 4.6 Switching diagram for siz-stepped PWM of a buck inverter
showing two sinusoidal segments used to modulate all throws.

Each digit is either 1, for the positive end of the source, or 2, for the
negative end.

Again, every modulation cycle consists of six 60° intervals. In each
interval, one switch is permanently attached to either end of the supply
while the other two are switched back and forth between the source
terminals. In interval 2, for instance, switch 2 is stationary at the positive
end of V,; while switches 3 and 1 start the switching period at end 2 of the
supply and terminate at end 1. The roles of the throws are permutated

throughout six intervals according to sir-stepped sequence.
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In interval n or mMm', where 1<mn <3, the throw wk  that

is
connected without modulation to one source terminal is the one with

1 in interval n
w=mn and k 2 in interval »n' (4.8a,b)
The throw w,k; that is modulated by
@ ke, = @ cosh 30°=6<90° (4.9)
is the one with
o JwHl i w=1.2 ‘ 2 1n interval n
Wi = if w=3 and ' 7 11 in interval »n' (4.10a,b)
The throw wsk, that is modulated by
dyk, = @mcos(6-60°) 30°=6<g0° (4.11)
is the one with
wi+l i w,=1.2
w2 =11 if w,=3 (4.12)

These same two functions are used for all six intervals, the two throws
receiving them being picked by six-stepped rotation.

From the above duty ratio specification, the effective duly ratio in
any interval is

1 3 d 2m
dy = dyy— '{3’ Zdzl = \/T% COS[G"'('LU—}.) 3 ]
z=1

(4.13)

o
=
A

The effective modulation amplitude is thus

d
\/7% , better than the —-2’-?—-
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offered by continuous PWM. Although this improvement seems small, it must

be reminded that even the voltage-source inverter, with square wave output,
A 2 .
can give only -7-T- (r.64) Vg in its fundamental component.

Six-stepped PWM uses duty ratio efficiently: it eliminates any idling
intervals and allows the modulation amplitude to go all the way to one. The
resulting higher effective duty ratio reduces stress level on all circuit
components; for instance, the inductor can be designed smaller and current

rating of semiconductor devices lower because inductor current is decreased
2 . . :
by a factor of 3 for the same output current. The switching loss is less

than that in continuous PWM because one throw is always inactive in the
buck, and two in the boost inverter. The switching noise spectrum should
improve because the drive is highly balanced and symmetrical, the symmetry
periodicity being at six times the inversion frequency; this symmetry is
absent from the switching diagram of Fig. 4.3.

In summary, siz-stepped PWM combines the strength of six-stepped
drive and continuous PWM to synthesize sinusoidal outputs with improved
effective duty ratic. The higher effective modulation amplitude allows the

three-phase buck inverter to invert V, to an output amplitude as high as

V. V.
L (continuous PWM yields only *2-9—); likewise, the three-phase boost

V3
inverter can invert / to an output amplitude as high as / (continuous PWM

provides only —g—[ ).
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4.1.3 Bidirectionality of Power Flow

The reversal of power at input and output ports requires a change
in polarity of either voltage or current at these ports. This change can be
done electronically if the port is already conditioned for four-quadrant
operation, as is the input of a buck or output of a boost inverter. It,
however, may require additional switches if the port is only one- or two-
quadrant, as is the input of a buck-boost inverter.

First, consider the case of a buck topology during regeneration. If
the polarity of load voltage is the same during both forward and reverse
energy transfers, the curreﬁts through the inductors have to reverse
direction for power to flow backward. The only requirement for this current
reversal is the adjustment of modulation amplitude such that the inverted
potential at the source end of the inducters is lower than the load potential.
If the polarity of load voltage changes for regeneration, the current direction
needs not do so. In this case, not only modulation amplitude is altered, but
modulation phase needs be delayed by 180° so that rectified ac currents
flow into the dc supply and volt-second is still balanced across the inductors.

The wvoltage-fed buck inverter in the above examples demands no
topological modification because it is already fed by a woltage source whose
current polarity changes freely. The current-fed buck-boost topology,
however, does not share this convenience because it is still fed by a voltage
source whose polarity is fized instead of variable as that of a current
source. Therefore, the dc¢ supply in the buck-boost inverter has to be
encased in a bridge as shown in Fig. 4.7 so that it can swing freely to match

the polarity at the other end of the inductor. In normal mode of operation,
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Fig. 4.7 Buck-boost inverter with input bridge for Tegeneralion.

both transistors are on during d7g and one is off during d'Ty. In reverse
mode of operation, both transistors are off during d75 and one is on during
d'Ts.

In boost-type topology, the inductor current always flows in one way
regardless of the direction of power. Therefore, current polarities at both
input and output ports are completely controlled electronically, and the
mechanism of power reversal is speedy. If the sign of load voltage is the
same during regeneration, the phase of duty ratio modulation needs be
reversed, and vice versa, so that power flows away from the load. At the
same time, the dicdes of the bridge must take over the transistors, and all

duty ratios should be adjusted so that the average potential across the



inductor just overcomes the small parasitic drop; feedback is necessary to
tune the duty ratio.

In review, power bidirectionality is achieved electronically with or
without topological modification. Electronic control involves the adjustment
of dc duty ratios as well as modulation amplitude and phase of ac duty
ratios. A bridge is cast around the dc supply in boost-type, current-fed
inverters so that the unidirectional inductor current can both charge and

discharge the source.

4.2 Isolation

The feasibility of Thigh-frequency isolation motivates the
determination of suitable means to insert an isolation transformer in some
of the basic topelogies discussed in Chapter 3. Examples are given below for
few voltage-fed and current-fed inverters.

The flyback topology is inherently isolable because the energy-
storage inductor stays completely at either the source or load during each
switching cycle. Isolation is thus implemented by splitting the inductor
winding in Fig. 3.7 into two coupled windings sharing a common magnetic
path, as is portrayed in Fig. 4.8. The input throw d is functionally related
to the output throws although they are physically separated. Drive
strategies for the switches are analogous to those explained in Subsection
4.1.2 for the buck-boost inverter; In particular, six-stepped PWM is highly
recommended as it reduces the size and stress of circuit elements and

introduces less switching noise.
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Fig. 4.8 Isolated flyback inverter.
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Fig. 4.9 PBoost-boost inverter, cascade aof a boost dc converter and a boost

inverter, with isolation as in the Cuk dc converter.



118

The application of the isolation principle used in the Cuk dec
converter to a boost-boost inverter results in the isolated boost-boost inverter
in Fig. 49. Under steady-state condition, the duty ratio of the input switch,
whose transistor and diode are split across the transformer, is dec to
establish dc voltages on the capacitors and dc currents through the
inductors. The dc current in the output inductor is then inverted into
sinusoidal three-phase currents by two sinusoidally modulated switches at
the output. The topology is inherently isolable because the energy-transfer
capacitors, effectively in series, are completely at either the input or output.
The capacitors ensure only ac' magnetizing flux circulates in the transformer.

Isolation can also be inserted in buck-type inverters, although not
as naturally as in the previous examples. As there are forward, push-pull,
half-bridge, and full-bridge dc converters, the isolated buck dc¢ converters,
there are also forward, push-pull, half-bridge, and full-bridge inverters, the
isolated buck inverters. A push-pull inverter with a four-winding isolation
transformer and two double-throw switches in the input section is depicted
in Fig. 4.10. Volt-second balance for the transformer is attained by

application of V,

g for equal durations to two primary windings. The

secondary windings are switched synchronously with their primary
counterparts so that regardless of what happens on the primary side, the
secondary bus always delivers Vg to the output bridge. After the
transformer, then, everything is identical to a non-isolated buck inverter.

In retrospect, examples of high-frequency isclation have been
demonstrated for some inherently isolable inverters, such as the flyback,
isolated boost-buck, isolated boost-boost, and so on topologies. Isolated buck

dc converters can also be extended into forward, push-pull, full-bridge, and
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Fig. 4.10 Push-pull inverter, buck inverter with isolation as in the push-
pull dc converter.

half-bridge inverters. Needless to say, more topologies can be synthesized by

union of a de¢ converter and an inverter.

4.3 Measurement Principle

The measurement of switched-mode converters is more difficult
than that of linear circuits because of the interference of switching
harmonics with the desired signal. Fortunately, this difficulty has been
overcome satisfactorily for dc converters thanks to standardized techniques
introduced in [5] and other contributions. In view of the considerable
amount of efforts and results already developed, it is advisable not to start

from ground zero to create another measurement method for ac converters.
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This section thus deals with the conditioning of signals in inverters so that
they become meaningful to a dc measurement system.

It has been proved that the ofb variables are the equivalent dc
description of balanced polyphase sinusoids; therefore, the interface
between the inverter and the measurement circuit is the implementation of
the abc-ofb (transformation. In particular, this conditioning link should
generate the real part v,, imaginary part v;, and magnitude v, of the
backward phasor 77;, characterizing a set of sinusoidal states. It is also
desirable to have the phase of the rotaling axes adjustable relative to that
of duty ratio modulation, chosen as reference.

From the definition of backward phasor in Appendix B, 77b's of two

ofb reference frames of angles ®;, and $,5 are related by
e ] ‘b "'@
Ty(@pg) = & O ) (o) (4.14)

The corresponding real and imaginary parts thus satisfy

Up(rp) = cos(@ra—P71) vp($ry) — sin(Pra—bpy) vy (dpy) (4.15)
Vi (Do) = sin(Ppo=S71) v, (P7y) + cos(Ppa—Ppq) v (Dry) (4.186)

In other words, v, and v;, or any combination thereof, of one ofb coordinate
systermn are expressible as linear combinations of v, and v; of any other ofb
coordinate system, the phases of the two sets of coordinates differing by an
arbitrary, constant angle. This observation simplifies not only the
measurement hardware, but also the derivation of analytical results for

$,5 # O from those already computed for &, = 0.
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It @Tz = ‘I’Tl‘*'gOO in Eq. (4:16).
U (97,+90°) = v, (97q) (4.17)

In other words, the imaginary part in any coordinate system is obtained by
measurement of the real part in another one 90° behind. If 97 is set to the

phase &, of ¥, so that the real axis aligns with U,

U = V(D) (4.18)

Therefore, the phasor amplitude can also be measured by reading the real
part in an ofb system in phase with the phasor itself. As a result of
Eqs. (4.17) and (4.1B), only one circuit to measure the real component in
rotating coordinates of arbilrary phase needs be built to completely
characterize the amplitude or all real and imaginary parts for any $7.

It is important to recognize that poles of the inverter are invariant
to &7 because transger functions of all coordinate angles are linearly
dependent. Likewise, zeros of ”Um- frequency responses are independent of
&y since the length of a phasor is the same wherever it is measured. Zeros
of v, and v;, however, may be varied as functions of ®r according to
Eqgs. (4.15) and (4.18). Therefore, if dynamics of these functions are not
satisfactory with ®7 = 0, an improvement is possible with some other values
of &7

For a three-phase system, the real component as a function of $7

can be expressed as

i g

vr(‘?T) = _\/]:ﬁ" Vo COS[GT“(w"I) Eél]
1

(4.19)

w
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where 67 is related to the angle & of the duty ratio modulation according tao

¢
By = 86— 9 = f w(r)dT — &r
0 (4.20)
Three multipliers and one summer are thus required to calculate v, from
vy, Vg and vs at a given ®r. The phase shifting of $r is accomplished
through a digital adder. The whole circuit is simple yet efficient, as is

verified in the next section.

4.4 FExperimental Verification

This section consists of five parts. The first two describe the signal-
processing circuitry and power stage associated with an experimental three-
phase flyback inverter. The last two tabulate steady-state and dynamic data.

The block diagram in Fig. 4.11 highlights the relationship among the
input signal-processing circuit, power stage, and output signal-processing
circuit. The left portion of the picture synthesizes switching functions with
the required duty ratios for the switches in the power stage. The one
following the inverter conditions time-varying outputs so that they can be
measured by instruments developed for dc converters.

Observe that even though steady-state inputs and outputs of the
inverter itself may contain sinuscidally time-varying components, all
quiescent inputs and oulputs of the overall system are purely dc. The box
labeled "Three-Phase Flyback Inverter” thus corresponds to the abc reference
frame while the surrounding ones reflect the abc-ofb transformation acting
on converter parameters. Variables passed to the measurement setup are

then real representations of the ofb coordinate system.
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Fig. 4.11 Block diagram of the experimental flyback inverter shouring the
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4,41 Input Signal-Processing Circuitry

The input half of Fig. 4.11 is expanded in Fig. 4.12 to exemplify the
steps to synthesize the switching functions for a multiple-throw switch. The
expansion consists of duty ratio generators, multiple-output pulse-width
modulator, and isolated drives. The duty ratio section includes a VCO
(voltage-controlled oscillator), an address counter, PROM's (IPROM! and
JPROM2 - IPROM3 is redundant), D/A converters (ID/Al and ID/A2), and
summers. Outputs of the D/A converters are sinusoidal modulations
displaced by 120°. The instantaneous modulation frequency ' is

proportional to the voltage «' input to the VCO, and the instantaneous

modulation amplitude the voltage ~—3£- input to the D/A converters.

!

Dc offsets ~8—- derived from the voltage of the input duty ratio d. are then

added to the synthesized sinusoids such that the final results are proper for
the pulse-width modulator.

To demonstrate the drive flexibility that results from fast switching
and the independency of the two switches In the flyback topology,

modulation is applied only to the output throws of the first switch. Thus,

, d' Ay . R
diy = 5+ -—é——cos[B—(w—l)T] (4.21a)
and
ow = 5 sw=< (4.21b)

where
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Fig. 4.12 Block diagram to synthesize the switching functions of a
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4
d =1-d , d,<d and 8 = ~{w(v')al'r (6.222.b.0)
The above functions are detailed in the switching diagram of Fig. 4.13,

Drive waveforms for, say, the modulated switch (d ;w) are achieved
by the multiple-output pulse-width modulator in Fig. 4.12. The modulator
consists of three comparators and exclusive-or gates. The comparators
invert the analog signals d, (d +d;;). and (d +d;, +d;3) into the
respective digital signals a’, (d +dq, )*, and (d +d;; +di» )* demonstrated
by the first, third, and fifth square waves in Fig. 4.14. These waveforms next
pass through the flip-flops v;fhere their rising edges are synchronized and
multiple-pulse problem eliminated. The cleaned-up signals are then
subtracted digitally at the exclusive-or gates to retrieve the desired switching
functions 4, d, . dis . and d;5 shown in thick trace in Fig. 4.14. Drive

waveforms for the other switch are obtained in an analogous manner.

4.42 Power Stage

The power stage consists of the base drive circuitry and the flyback
inverter itself. As is described in Fig. 4.15, the base drive first amplifies the
switching function through a DS0028 buffer to the power level required by
the base of the transistor. The amplified square wave then drives an
isolation transformer through some resistors, a capacitor, and a diode. This
drive has favorable transient response and is safeguarded against spurious

turn-on of the transistor when the throw is supposed to be off.
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Ffig. 4.13 Switching diagram of the experimental flyback inverter showing
inductor wvoltages for modulation of only one swilch.
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Fig. 4.16 Principal components of the experimental flyback inverter,
driving a highly inductive load.
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After the isolated drive come the power transistors and the rest of
the inverter. Essential components of the circuit are shown along with their
values in Fig. 4.16. No!f shown are low-power dicdes anti-parallel to the
transistors to absorb inadvertent negative spikes during switching transients:
a transient absorber, eg., zener diode, should also shunt the inductor for
the same reason just in case the transistors do not commutate smoothly.
Fast switching devices with low on-drop or on-resistance is essential in
minimization of unwanted harmonics that already exist owing to the

finiteness of switching frequency.

4.4.3 Output Signal-Processing Circuitry

The inductor current is a direct output as it is already de. The
capacitor voltages, however, need to go through the abc-ofb transformation
before they can be measured by dc instruments. As is depicted in the lower
right of Fig. 4.11, the output conditioning circuit is composed of D/A
converters (OD/Al, OD/AR2, and OD/A3), PROM's (OPROM1, OPROMRZ, and
OPROM3), and a phase shifter. The phase shifter is merely an eight-bit TTL
adder that shifts the address of the output PROM's from that of the input
PROM’'s by a constant amount —®;,. This arrangement guarantees that the
instantaneous rotation frequency of the ofb coordinates is identical to that
of the duty ratio moduwlation; the phase of the rotating axes, however, lags
that of the modulation by the adjustable $7.

The output D/A converters multiply the sinusoids in the output
PROM’'s with the corresponding attenuated capacitor voltages. The sum of

these products is either v,, v;, or v,,, depending on the set value of $y.
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To summarize, the experimental circuit consists mainly of a VCO,
PROM's, D/A converters, and a phase shifter to synthesize the sinusoidally
modulated duty ratios and the abc-ofb transformation;, a mulliple-cutput
pulse~width modulator to convert duty ratios into switching functions; and a

three-phase flyback inverter with associated base drive hardware. Inputs to

*

the system are the modulation frequency ', modulation amplitude

input duty ratio d. and source vy. Outputs are the inductor current and
the real part, imaginary part, and amplitude of the capacitor voltage phasor,
measured in an ofb reference frame of arbitrary angle. The resulting dc-in,
dc-out overall system has the right format for standard dc¢ measurement

setups.

4.4.4 Steady-State Results

The large magnetizing inductonce of a three-phase autotransformer
has been connected as part of the load to convince that a flyback topology
is as good for motor drive applications as a current-source inverter. The

load voltage (thin trace) and current of phase 1 are illustrated in Fig. 4.17a

for Vo = 6.5V and F' = %7,1-= 200 Hz, the power factor is clearly = .5

lagging, very poor. The circuit performs as expected even under this highly
inductive load: the three-phase outputs v, v, and vg in the second, third,
and fourth trace, respectively, of Fig. 4.17b looks almost as sinusoidal as the
duty ratio modulation d; (top trace) of the first phase, confirming the trifle
contribution of harmonics at the power level of the experiment. Absent
from the picture is the cross-over distorfion often found in voltage-fed

switched-mode amplifiers [20]; the flyback topology circumvents this
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trace; 10 mA/div) of phase 1 showing highly inductive load;
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ratio modulation of phase 1 (top trace; 2 V/div). Horizontal
scale: 1 ms/div.
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shortcoming because its switch current, being dec, never 'crosses-over' even
though the 'output currents do.

For ease of discussion, the load is set to purely 180 ohms in the
remaining pictures. In Fig. 4.18, the modulation frequency is swept from dc
to 200 Hz to detect the peculiar steady-state rhp zero in the voltage phasor

(v,

o is adjusted to 10 V in anticipation of the rapid increase in amplitude at

high frequency). Although the measurement is restricted to a narrow
frequency range because of power limitation, the overall drop of 60° in
phase in conjunction with a rising trend in amplitude is evident. Prediction
and data go hand-in-hand over the output range of interest.

Switching waveforms at the ends of the inductor with respect to
the capacitor junction are photographed in Fig. 4.19a for =zero modulation

frequency and Fig. 4.19b for modulation frequency of 60 Hz. As is clearer

10dB

s ¢ @i €t @

measured

-45°

- 201 . i . 1

Fig. 4.18 Steady-state frequency response proving the ezxistence of right-
half-plane zero.
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a)

b)

Fig. 4.19 Suwitching voltages at negative (top traces) and positive (bottom
traces) ends of the inductor relative to capacitor common for

(a) F' = 0 Hz and (b) F' = 60 Hz. Vertical scale: 10 V/div;
horizontal scale: 5 us/div.
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in Fig. 4.19a, the four horizontal distances in the top trace (negative end of
the inductor) record, from left to right, the duty ratios d, d,,. d},, and
dq3: those in the bottom trace (positive end of the inductor), d, dj;, das,
and dég. The vertical distance in the first interval is not meaningful, but
those in the last three are samples of the capacitor voltages v, vy, and vj.
Except for the duty ratios of the lower trace that are "normal” dec, all other
duty ratios and phase voltages are balanced sinusoidal dc.

As the inversion frequency increases to 60 Hz in Fig. 4.19b, four
transition points within d'7¢ of the top waveform trace out four ellipses to
characterize simultaneous sinusoidal motions in both vertical (voltage) and
horizontal (duty ratio) directions. The corresponding points in the lower
trace simply draw vertical lines because the duty ratios are dc and only
vertical motions exist.

A host of information is available from Fig 4.19b. The height of
any ellipse measures the peak-to-peak phase voltage, the width indicates the
peak-to-peak duty ratio modulation; and the inclination translates into the
phase difference between the output voltage and input duty ratio. The shape
of the ellipse provides a rough estimate of waveform ideality. Dc duty ratios
can be interpreted directly from either trace.

The switched voltage across the whole inductor at 20Hz is
captured in Fig. 4.20. The voltage segment at 15 V represents ¥V, and the
one slightly below zero arises from the finite switch drop. Each "heart”
actually consists of two rectified halves of the same ellipse; the rectification
occurs at the de duty ratio lines of the unmodulated throws. The voltages
and duty ratios involved can be deduced by comparison of Figs. 4.20 and

4.13.
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Fig. 4.20 Switching woltage across the inductor at F' = 20 Hz. Vertical
scale: 10 V/div;, horizontal scale: 5 us/div.

Overall, describing equations predict well the steady-state amplitude
and phase responses of capacitor voltages and the dc¢ value of inductor
current. Distortion is inevitable because the switching frequency is finite
and volt-second sampling sequential. The switching diagram is a helpful aid

in recognition of unusual switching details in steady-state waveforms.

4.4.5 Small-Signal Dynamic Results

Since all inputs and outputs of the flyback inverter are steady-state
de in the ofb reference frame, their dynamic frequency responses can be
obtained by well-known measurement techniques developed for dc converters.

In this experiment the Automatic Measurement System (AMS) [5] takes all
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data and plots them in the familiar Bode format; results are then overlaid
on theoretical curves predicted by the Switching Converter Analysis Program
(SCAP) [5]. Proper modifications, however, need be entered in the
measurement program to condition it for noisy data. "Noise” used here
refers to the harmonics that always exist in practical inverters because of
nonidealities in components, finite switching frequency, and sequential
application of volt-seconds or amp-seconds to the states. It dominates
small-signal responses, especially during high-frequency roll-off, although it is
barely discernible at the power level of the test circuit.

All data are taken for D = .3 and D,, = .B. The source, which
influences only the dc gain, is adjusted so that the inductor does not
saturate when F' or C changes. TFigure 4.21 displays the amplitude-to-

amplitude transfer function for C = 1 uF and F' = 200 Hz. The circuit
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2048} 4 o
‘m w d"og:O
L d o
{0
or 180°
90°
-0+
L 0°
20k
-90
N s L ok i —
10Hz 1O0OHz IkHz 10k Hz
. b
Fig. 4.21 de transfer function for C= 1 uF and F' = 200 H=z.
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value places the real pole slightly below 1 kHz and the complex poles

around 1.1 kHz. The net change of 270° in phase and single-slope
asymptote indicate the presence of both lhp and rhp zeros.

D

Figures 4.22a and b have been devised to track the zeros in — .

w

4

Again, C = luF to place the KC corner at about 1 kHz, and
measurements are made for F' slightly below (Fig. 4.22a) and above
(Fig. 4.22b) this corner. The amplitude plots in both figures confirm the
zeros are complex and have very high €. The phase for F' < 1 kHz,
however, drops only 90° to in@icate the zeros are in the left half-plane while
that for F' > 1 kHz plunges down 450° to warn that they have migrated

into the right half-plane!

Among the simple transfer functions Iis with a dominantly

Sl.)l@,)

single-pole behavior (Table 3.2). Prediction and measurement both
substantiate this fact in Fig. 423 for C = 10 uF. The zeros arrive at
220 Hz and dominate the earlier pole at 70 Hz only to be overcome by the
complex poles at 400 Hz.

All results reported up to here have been taken with ¢ in Fig. 4.11
set at zero. Favorable dynamics, however, may exist in ofb frames with

U
proper nonzero ®$7. This claim is verified for ar at —®r = 55° in

i+

Fig. 4.24. Accentuating the graph are sharp glitches due to complex lhp
zeros. The ensuing single-pole roll-off is the advantage of proper selection of

frame of reference.
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In  general, small-signal bandwidth is a function of circuit
components and quiescent operating condition. There is no rule saying that
it is bounded by the inversion frequency, and the results recorded here have
proved it can be much higher than the inversion frequency. Such a wide
bandwidth, furthermore, can be predicted and measured with a high degree
of accuracy if the switching frequency is sufficiently higher than the
bandwidth itself. Thus, this experiment has confirmed prediction by
measurement up to 10 kHz, way above the 1 kHz dynamic and inversion
ranges - the switching frequency is 20 £Hz.

In closing, this chapter has substituted anti-paralliel transistor and
diode for the voltage-fed throw in a buck inverter and series transistor and
diode for the current-fed throw in a boost inverter. The swifching diagram
is introduced to explain the modulation strategies for these devices;
attention is called to the siz-stepped FPWHM that not only synthesizes ideal
waveforms, but also mazimizes the effective duty ratio, Drive policies for
forward power transfer need be modified electronically for regeneration; in
some cases, fopological modification is also required to change a one-
gquadrant into four-quadrant port. With additional components, isolation can
be incorporated into a host of topologies. Examples include the flyback,
isolable boost-boost, push-pull, forward, and so on inverters.

An experimental three-phase flyback inverter has been constructed
to test the theory  Signal-processing circuitry is built around the power
stage to realize the abc-ofb fransformation that conditions time-varying
inputs and outputs into dec values acceptable to instruments developed for dc
converters. Results are satisfactory: observed waveforms are practically

clean, and empirical steady-state and dynamic frequency responses agree
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well with the prediction. Fast switching thus permits a wide inversion range,
an even wider dynamic bandwidth, and a still wider frequency range of

analytical and empirical validity.
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PART 11

SWITCHED-MODE RECTIFICATION
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CHAPTER 5

REVIEW OF EXISTING RECTIFIERS

Many industrial applications, such as dc¢ motor drive, dec power
supply, battery charger, high-voltage dc transmission, and so on, require the
conversion of ac into dec power. This ac-to-dc conversion process is called
rectification, and the corresponding power processor is named the rectifier.
Although such a rectifier can accept either single-phase or polyphase ac at
its input, only the later type is considered in the following work. Thus, there
can be N, from two to infinity, sinusoidal input voltages whose amplitudes

are equal and whose adjacent phases are displaced by +90° in a two-phase

o]

system or by + 360 in a more-than-two-phase system.

N

The simplest and most popular rectifier topology has been the
three-phase diode bridge rectifier shown in Fig. 5.1. Although this circuit is
economical and rugged, it does have several drawbacks. It injects a fair
amount of high-frequency harmoniecs into the line through “spikes” in its line
current waveforms. It generates unwanted harmonics, in addition to the
desired dec component, at the output. Both inpul and output harmeonics are
difficult to filter because they occur at line frequency. The topology lacks
control of its output, which has only one amplitude and one polarity. Post
regulation is thus generally required to bring the voltage to a well-regulated
level. The use of merely unidirectional diodes in Fig. 5.1 prevents energy

from flowing backward, and so the circuit is unsuitable for power
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Fig. 5.1 Three-phase diode bridge rectifier.

regeneration.

Acttve switches, instead of diodes, can be employed in rectifiers to
acquire more control of terminal properties. The speed at which these
devices switch and their swiiching functions then indicate the type of
topology. In general, existing ac-to-dc converters can be grouped into slow-
switching and fast-switching categories.

The first section of this chapter studies characteristics of slow-
switching rectifiers. Although there are a variety of circuits belonging to
this family, space permits an investigation of only the more popular phase-
controlled rectifier, identical in topology to the bridge rectifier mentioned

earlier. Because of the low-frequency limitation, however, this circuit can
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eliminate only part of the handicaps experienced by the uncontrolled
configuration.

The following section then focuses on fast-switching rectifiers, which
have evolved recently as semiconductor technology pushes forward both the
frequency and the power handling capability of bipolar and fleld-effect
transistors. Two different energy processing principles are presently
governing the topologies in the high switching frequency end, namely, pulse-
width modulation and resonance, Their operations are reviewed and their
merits compared. The survey suggests that very few circuits fully utilize the
benefits of fast switching. More importantly, there has been little effort to
unify the theory of switched-mode rectification that describes basic rectifier
topologies and demonstrates their continuous evolution into other useful
configurations. These observations motivate the more fundamental

investigation into rectifier topologies and analyses in the upcoming chapter.

5.1 Rectifiers Switched at Low Frequency

The classification of rectifiers according to their switching frequency
bases on the comparison of switeching and input (or line) frequencies. When
these two frequencies are compatible or, to be exact, equal, then the circuit
operates at '"low" frequency. A familiar example of this category is the
phase-controlled rectifier frequently found at the front end of many motor
drive systems that require a variable dc input [24, 25, and R8].

As is illustrated in Fig. 5.2(a), the phase-controlled rectifier consists
of two triple-throw switches that apply both ends of the lecad to various
input lines. The throws in the circuit switch at Qg. same as line frequency,

under steady-state condition. According to Fig. 5.2(c), their timing follows
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the familiar six-stepped sequence. Thus, each of the three throws in one
switch is activated for 120° with the falling edge of one trailed by the rising
edge of the next. Two corresponding throws in the two switches are 180°
out-of-phase. Each line cycle then consists of six distinct switched networks
corresponding to six different line voltages, as is obvious from Fig. 5.2(b).

Control of the output is achieved via the firing angle a defined
according to Figs. 5.2(b) and (c¢). It can be shown that the output voltage v
is proportional to cosa, with the peak value approximately equal to the line
amplitude [24]. The topology thus steps the source amplitude down with a
nonlinear dc¢ gain function. Two-quadrant operation is available with proper
implementation of the switches.

The use of firing angle to influence the output voltage, however,
forces the fundamental component of line current to be out-of-phase with
the input phase voltage. Since the angle o alone determines both the
output level and input displacement angle (the angle between phase voltage
and fundamental component of line current), the second quantity has to be
sacrificed to gain tight control of the first. Therefore, the input
displacement factor (cosine of the displacement angle) of the phase-
controlled rectifier is always poorer than that of the bridge rectifier. It is
always inductive and becornes worse at lower firing angle or output voltage.

Another drawback of the circuit arises from the low switching
frequency itself, and it is the large ripple in the output waveform, as is
evident from Fig. 5.2(b). This ripple contains 6n* harmonics whose
patterns vary with firing angle. To filter out these harmonics requires large
reactive elements which not only are bulky and costly, but also impede the

speed of the system.
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Harmonics are also found in input line currents because of six-
stepped operation of the switches. They are difficult to eliminate because
they exist at low frequencies and change as a function of firing angle. In
general, they can be found at (6m+1) times the source frequency and
become more objectionable at lower output. When coupled with finite line
impedances, they generate distortion in the line voltage which then
propagates to other customers of the power company. They, together with
low power factor, increase the volt-ampere rating of generation and
distribution facilities.

In view of later extension of the phase-controlled rectifier into a
slow-switching cycloconverter, it is beneficial to preview the bidirectional
implementation of the circuit in Fig. 5.2(a). There, the switches are two-
quadrant-in-voltage if the converter has to carry only "positive” current. To
extend the 'positive” converter of Fig. 5.2(a) into four-quadrant operation, it
is logical to anti-parallel it with a "negative” converter to create the "dual”
converter in Fig. 5.3. Recall that an analogous practice has been observed
earlier in the swifched-mode power amplifier where two two-quadrant-in-
current dec-to-dc converters are oriented in a "push-pull” fashion so that the

amplifier can interface with both polarities of current and voltage.

It is important to differentiate each pair dwkp* and dw,m‘ (w=1 or
2 and k=1, 2, or 3) as two two-quadrant throws instead of one four-
quadrant throw even though they appear anti-parallel in the structure. In
fact, since they are anti-parallel, only one of them can undergo natural
commutation at any given instant. Hence, they cannot commutate

simultaneously as in a four-quadrant realization. The true four-quadrant
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Fig. 6.3 The '"dual' phase-conirolled rectifier capable of four-quadrant
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switch is introduced later in conjunction with fast-switching cycloconverters.

- Two different modes of operation associate with the dual converter
of Fig. 5.3. In the "circulating current-free” mode, only either the positive or
negative half conducts at any time, depending on the direction of load
current. This mode necessitates circuitry to detect the cross-over point for
transition from one set of thyristors to the other. In the "circulating
current” mode, the dwkp' and dwkn* throws are fired at opposite angles so
that the two half-converters synthesize the same average voltage to the load.
These throws inevitably short out the line because they are not completely
synchronized in commutation. Therefore, a "circulating-current reactor” is
always inserted between the positive and negative converters to limit
circulating current between them.

Besides the dual converter arrangement, a variety of other versions
of the phase-controlled rectifier also exist. These configurations employ
transformers connected to synthesize more than three balanced polyphase
voltages from a three-phase line. More thyristors are then added to allow
the load to communicate with the new phases. This "multiphasing"
technique increases the power handling capability and improves the input
and output harmonic situation of the basic phase-controlled rectifier.

To summarize, slow-switching rectifiers typically use the bridge
topology switched in a six-stepped manner. Control of the output is
achieved by changing the '"firing angle” of the switches. Because of low
switching frequency, the phase-controlled rectifier exhibits a fair amount of
harmonics at both ports, poor input power factor, and other undesirable

characteristics. These disadvantages have motivated the study of other
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alternatives to switched-mode rectification. The following section examines
the most recent approach, which relies on faster switching frequency to

circummvent the aforementioned drawbacks.

5.2 Rectifiers Switched at High Frequency

Few examples of rectifiers switched above two decades of the line
frequency are reviewed below. The first assembles three nonlinear PWM dc-
to-dec converters and closes three separate loops to build a rectifier with
high-quality input currents [28]. The second implements multiloop control
of the conventional bridge rectifier switched at high frequency [29]. The last

processes three-phase into dc power via a resonant link [35].

5.2.1 Rectifier Using Dc-to-Dc Regulators

As is proposed in [28B], this circuit is an example of the infegration
principle in which many dc-to-de blocks constitute the phases of a
multiphase system. Each phase uses a one-quadrant flyback converter whose
input is the rectified line voltage, as is illustrated in Fig. 5.4. The
rectification is achieved by four wuncontroiled diodes connected across one of
the three lines. Control is possible through the single cutput transistor.

Because of the nonlinearity of the flyback stage, simple sinusoidal
duty ratio modulation generates distortion at the output. Therefore,
multiple feedback loops are closed around the circuit to ensure that the line
current is sinuscidal; once the input current is ideal, the output voltage is
expected to be clean. All states as well as the line voltage are involved in

the design of control circuit.
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Fig. 5.5 Ac-to-dc converter using three flyback dc regulators.
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The integration of the three resulting dc-to-dc regulators into a
three-phaser rectifier is pictured in Fig. 5.5. The inputs of the blocks are
configured in a "delta” on the line. The output diodes and the dotted ends
of transformer secondaries are then tied together to feed one common load.

Ease of isolation is one of the first characteristics enumerated in
[28] owing to high switching frequency. Fast switching also allows low values
of reactive elements and, consequently, quick transient response and broad
small-signal bandwidth. The input phase current tracks the reference very
closely, forcing the input power factor to be very close to unity. The
amplitude of the reference is used to control the dc voltage level. Third
harmonics can be introduced into the module current, without degradation
of the line current, to alleviate current stress on all devices. The
transformer secondaries can be staggered to optimize the current ripple
seen by the load.

In spite of the above achievermnents, the proposed approach has not
yet fully utilized all benifits of fast switching. The very integration of many
de-to-dc converters instead of searching for a genuine three-phase topology
forfeits the advantage of balonced polyphase synergy. As a result, the
circuit employs three separate inductors which may be merged into oneg in
some 'right"” topology yet to be conceived. These inductors also have to
carry harmonics that increase the overall rating of the design. A truly
polyphase converter should process no harmonics both externally and
internally.

The circuit in Fig. 5.4 is certainly economical because it reduires
only three transistors and interfaces with ac input through simple diode

bridge. The diodes, however, do not allow power to flow backward or
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generate reactive power for the utility company. If the topology were to
incorporater these two desirable attributes, it would indeed require a large
number of active switches.

It is important to recognize that only a limited number of dc-to-de
topologies can be used in the integration plan. The flyback has been chosen
in this case since its ideal dc gain can approach infinity. This high gain is
essential to boost the line voltage in zero-crossing region to the regulated dc
output. However, the dc gain of a physical power processor cannot be made
arbitrarily large because losses are always present. Therefore, it is not
surprising that [28] observes "abnormal’ behavior, which may come from
discontinuous conduction mode or instability, at cross-over.

De-to-de converters with boosting capability generally have nonlinear
gain characteristics. Therefore, they always rely on feedback loops to ensure
no low-frequency distortion at the output. The design of such a loop,
however, is not trivial because the system is time-varying. It has been shown
in [20] that even the steady-state vector, which participates in perturbed
dynamic equations, is not described accurately by the "quasi-de” assumption.
By the same token, this assumption should only be invoked cautiously for
small-signal analysis, especially when the system bandwidth is comparable
with the line frequency.

To summarize, integration of many dc converters to synthesize a
polyphase rectifier is a simplistic concept suitable for some practical
applications. It both exemplifies some potentials of fast-switching

rectification and opens way to more refinements in the future.
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5.2.2 Fast Switching Bridge Rectifier with Multiloop Control

‘ ’I‘h>e phase-controlled rectifier reviewed in the first section cannot
generate clean power because it switches at the frequency of the main. Its
topology, however, is a genuinely three-phase one that, as is explained in the
subsequent chapter, has ideal characteristics. The authors of [29] exploit
these characteristics by switching the topology with fast PWM, instead of slow
six-stepped, drives.

The basic topology discussed in [29] is the familiar three-phase
bridge with two triple-throw switches at the input and a generalized load at
the output, as is shown in Fig. 5.6. The LC filters between the line and
switches are there to smooth out current pulses and not essential to the
operation of the circuit. Feedback and feedforward are used in a multiloop

control scheme to regulate the output power and maintain unity power
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Fig. 5.6 Multiloop ac-to-dc converter with unily power factor.
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factor at the input.

- The control algorithm recognizes seven distinct switched networks
associated with all possible combinations of switch positions. Out of the
seven, one is the '"zero” state, in which two switches short together, and six
are the "transfer” states, in which two switches apply line voltages of both
polarities to the load. A complex "transfer vector,” which takes on seven
discrete values corresponding to seven switched topologies, can then be
defined as control parameter and is used to characterize the system
equations. The value of this vector that produces the correct amount of
output power for known input conditions is next computed by the control
loops. The result decides which two switched networks are to be activated in
a switching cycle and how long each should exist. When the two transfer
states are over, the system rests in the zero state till the beginning of next
switching period.

Results simulated on computer have proved good transient
responses, a benefit of fast switching. The output current contains mostly
switching ripples and no nonlinear harmonics. The input power factor is
satisfactorily close to unity.

Although the proposed ac-to-dec conversion strategy is a step in the
right direction, it signifies that a great deal of studies still need to be
devoted toward the understanding and modeling of rectifiers. For instance,
its operation can be explained in terms of more general concepts, such as
switching function and duly ratio, instead of the topological variable
"transfer vector.” In particular, duty ratio facilitates both the modehng and
design  of switched-mode converters because it is continuous.

Characterization of the rectifier by a "transfer vector,” on the contrary,
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leads to complicated control algorithm and cumbersome switching waveform
synthesis.

In requesting all seven switched networks, [29] does not
acknowledge a multitude of other switching alternatives. Recall that at high
switching frequency, independent switches can be driven independently.
Therefore, there are many switching policies that require only a couple of
switched circuits and, hence, much simpler hardware. Nevertheless, more
involved drives do possess their own merits. The one used in [29], which can
be implemented more properly, is shown later to output a significantly
higher dc level than the more straightforward drives.

In summary, the bridge rectifier promises superior performances
when switched in the PWM mode. Although satisfactory results have been
obtained, they pertain only to a closed-loop system. More fundamental
analysis thus needs to be carried out to extract all open-loop properties.
This requires the identification of more appropriate control variables and

more rigorous steady-state and dynamic modeling.

5.2.3 Resonant Rectifiers

Resonant conversion has attracted more and more attention in the
past few years. In contrast to the PWM principle, the resonance principle
puts prime importance on reactive elements. These elements realize a
"resonant tank’ that serves as an intermediate energy storage and transfer
link. The natural time constant of the tank is comparable to the switching
time. Consequently, the energy in the tank or the whole system can be

controlled via the switching frequency [35].
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A block diagram of the resonant rectifier is described in Fig. 5.7.
The heart of the system is the "resonant block,” which usually contains a
series LC combination. It taps power from the source through "modulation
switches” and simultaneously delivers power to the locad through
"demodulation switches."”

There are two triple-throw switches oriented in a fashion similar to
that of the bridge rectifier in Fig. 5.8. They are driven by ’"pulsed six-
stepped” switching functions that combine the six-stepped switching of a
phase-controlled rectifier with the high-frequency switching of a dec-to-de
resonant converter. A line cycle is thus divided into six equal intervals
during each of which the line voltage with maximum amplitude acts as the
de input to the resonant circuit. Each six-stepped interval is decomposed

further into many short switching periods. In each switching period, four of

o FAAA-

| o—— —— —»—1 ——— — - —
LOW-PASS MODULATION RESONANT
2 FILTER SWITCHES CIRCUIT
30— —— ——1 —— - - —
DEMODULATION LOW—PASS
SWITCHES FILTER
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Fig. 5.7 Functional block diagram of a resonant rectifier showing a
resonant link surrounded by modulation and demodulation

switches.
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the six input throws invert the line into an ac voltage that then excites the
resonant tank.

The resonant current consists of both positive and negative pulses
made from sinusoidal segments. The area of each pulse can be coded with
the desired amount of energy by selection of the proper switching frequency.
The energy pulses are rectified and then passed to the load by the
demodulation switches.

Under proper conditions of switching frequency, load, and other
circuit parameters, the current through the active switch falls to zero before
the turn-off signal arrives [36]. In other words, the circuit can be load-
commutated. This feature makes the resonant rectifier very attractive for
multikilowatt applications for which switching devices with very short turn-off
time are unavailable. Even if fast transistors were available at this high
power level, it is still much more preferable to turn off the switch when it
carries very little or no current.

According to [35], the rectifier provides the freedom of control of
input power factor and direction of power flow. Its current waveform,
however, exhibits a fair amount of line harmonics typical of six-stepped
switching. Its output voltage also contains harmonics at multiples of six
times the main frequency. Fortunately, the ripple at the output diminishes
with an increasing number of resonant pulses per source cycle.

In general, the implementation of a resonant rectifier requires more
hardware than that of a PWM circuit. For instance, the one in [35] contains
ten inductors and one capacitor to realize just the resonant tank. Its
modulation switches are composed of six throws; and its demodulation

switches, four. The input throws have to be four-quadrant to carry the ac
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resonant current and block the ac main. They necessitate sensing circuitry
that samplés conditions of voltages and currents in the rectifier and logic
blocks that decide which throw is to be turned on or off next.

Circuit complexity is worthwhile only if it is outweighed by the
advantages offered by the circuit. At present, all positive attributes of
resonant rectification have not yet been brought to light because not much
analysis has been done on this class of converters. The analysis itself is
difficult since time constants of the circuit is at the same order of
magnitude as the switching period. Even in the simpler case of dc-to-dc
conversion, it is not until recently that [36] proposes more proper ways to
define and study the resonant conversion principle. Hopefully, the
techniques presented there can be generalized to model resonant
rectification in the same way that describing equations are modified to treat
PWM rectification. Only then, it is possible to answer such question as
whether a resonant rectifier can have truly dc output voltage and sinusoidal
input currents when controlled by simple (e.g.. sinusoidal) frequency
modulation functions in an open-loop manner. If feedback is the only way
to attain ideal terminal behaviors, then it is necessary to know more about
dynamics of the converter. Only when these issues are fully understood can
the resonant rectifier gain its full momentum.

In summary, this chapter has reviewed ac-to-dc converters that
switch at low or high frequency. The phase-controlled rectifier has been
cited as an example of the low-frequency category. It is then switched at
high frequency and controlled by multiple lecops to acquire clean powef flow.
Besides the bridge topology, many dc regulators can be integrated to form a

polyphase rectifier. The use of high-frequency resonant link is also a
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promising alternative to switched-mode rectification.

. As a result of this review, it is evident that fast switching cures
many problems created by slow switching. The high-frequency circuits
presently available, however, have not yet reaped all benefits of fast
switching. There is thus a strong urge to reconsider the rectification theory,
first, from a topological viewpoint. A wunified analysis and modeling
technique then needs be proposed so that fast-switching rectifiers can be

understood thoroughly and used confidently.
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CHAPTER 8

FAST-SWITCHING SINUSOIDAL PWM RECTIFIERS

This chapter studies fast-switching polyphase-to-dc converters that
use sinusoidal pulse-width modulation to rectify sinusoidal inputs into clean
dc output in an open-loop fashion. The number of input phases can be any
integer larger than one. If there are fwo inputs, the second one is delayed

from the first by £90° If there are N (greater than two) phases, any two

360°
N

adjacent ones are displaced by + The phase sequence is assumed to

be positive, and the input frequency can be any positive or negative real
number.

Four issues are investigated in this chapter. The buck, boost, buck-
boost, and flyback rectifiers are characterized in the first section. The
describing equation of the boost topology in both stationary and rotating
reference frames is exemplified in the second section. Steady-state,
dynamic, and canonical models are then solved in the remainder of the

chapter.

8.1 Description of Topologies

The buck, boost, buck-boost, and flyback topologies are presented in
the following three subsections. Their switch distributions are analyzed in
conjunction with their filter arrangements. Since only duty ratios, not exact

timing waveforms, of the switches influence circuit behavior, explanations are
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directed toward duty ratio assignments, not switching functions.
Furthermore, duty ratios are assumed to be contfinuous in this chapter to

facilitate the qualitative understanding of rectifiers.

6.1.1 Buck Rectifier

The buck rectifier is the extension of the fast-switching buck de
converter or slow-switching phase-controlled rectifier into fast-switching
rectification. An N-phase topology, where N >2, is illustrated in Fig. 6.1;
voltage-fed characteristic is evident. The N input sources here, as well as

where

F‘Lg 6.1 N-phase buck rectifier with two N-throw switches pulse-width-
modulated by sinusoidal functions.
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t

6, = { we(T)dT + @4 (6.2)

where the lower case v, and wy; denote the instantaneous source amplitude
and freguency, respectively. The frequency can be any real number, where a
negative value means a reversal of phase sequence.

Although the buck and phase-controlled rectifiers share the same
topology, their switching principles differ. While the latter is switched at low
frequency in six-stepped sequence, the former is pulse-width-modulated
sinusoidally at high frequency by

d
__1__ + mw
N N

dwk -

cos[ 6, —(k —1) %—3—-], (1w=2 and 1<k<N) g5

where
¢

Ay < 1 and G, = { we(T)dT + ¢y (6.4a.)
Note that de components in the duty ratios of the two throws connected to
the same phase (k) ought to be equal. Modulation amplitudes and phases,
on the other hand, are independent as the two switches are so. The
modulation frequency has been assumed locked to the line frequency; this
assumption serves most general applications and can always be relaxed if
necessary.

The duty ratios d;; and dy. do not affect the network directly;

rather, it is the effective duly ratio
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_ _ dp, 2m
de = dig —dge = ——cos[O—(k—1) ] (6.5)
where
a [ oy
< 1 an 6 = w.l{T)dT
P 5 7 (6.8a,b)

that influences circuit performance. Therefore, the modulations of the

switches should have equal amplitudes and opposite phases to maximize the

effective modulation amplilude defined in Eq. (6.5). The resulting

peak value of this amplitude is -—2—-

N

PWM action inadvertently generates switching noise. Therefore, an
LC filter follows the switches to attenuate high-frequency harmonics; filters
may also precede the switches to smooth out line currents. Filter
components, of course, can be made small by increase of switching
frequency.

Specifications for the two-phase (or semi-four-phase) buck rectifier
are analogous to the above. The circuit itself is described in Fig. 6.2, which
includes two triple-throw switches feeding the line into the filter, load
combination. The third pair of throws has been added to return current
back to the source neutral.

The main is defined according to

gk = vgcos[ 6, —(k-1) -1 (1=k=2) 8.7)

where 6, is as given in Eq. (6.2). Correspondingly, the duty ratios satisfy
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Fig. 6.2 Two-phase buck rectifier.
_ 1 mw T
ot = 5iTs = cos[ 6, —(k-1) 5 1, (1= wk =2) (6.8)
where
A < S
- FEVE) (6.9)

and 6,, is as given in Eq. (6.4b). The definition of effective duty ratio
modulation d; given in Eq. (8.5) also applies to the two-phase case.

In summary, this subsection has proposed the buck rectifier that is
composed of two multiple-throw switches and an LC filter connecting the
switches to the load. The switches operate at high frequency according to

the PWM principle. Their performances are characterized in terms of duty
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ratios that require only easy-to-synthesize sinusoidal modulations. The
specifications presented here are used later with describing equations to

model the open-loop behavior of the rectifier.

8.1.2 Boost Rectifier

Natural extension of the boost dc-to-dc converter or reverse
operation of the buck inverter (Fig. 3.1) results in the boost rectifier. This
topology belongs to the current-fed family, as is pictured in Fig. 6.3 for the
N-phase case, where N >2. It consists of N small inductors, which can be
integrated into a single magnetic piece, that transform the source voltages
into a set of balanced polyphase currents. The N double-throw switches at
the output end then rectify these ac currents into a dc current for the

resistive load. This configuration guarantees smooth input currents although

Fig. 6.3 N-phase boost rectifier with N double-throw switches pulse-width-
modulated by sinusoidal functions.
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its output ripple is higher than that in the buck topology.
- The line voltages here are as specified earlier in Eq. (6.1). Duty

ratios of the upper throws satisfy

dey = —;——+ dy, (1<k<N) (6.10)
where "prime"” (') signifies that the switches lie at the load side, and
dp = %cos[e—(k—l)%—] (6.11)
where 6 is as provided by Eq. (6.8), and
d,, < 1 (6.12)

The duty ratios consist of de components and sinusoidal modulations.

1
Although any dc value may be chosen, FR is selected because it optimizes

the effective modulation amplitude of the effective duty ratio defined

m
2
according to Eq. (6.11). Continuous PWM thus offers a peak modulation

amplitude of L for the boost rectifier. The modulation frequency has been

2

locked to the line frequency although it does not have to be so in few
applications.

The reduction of Fig. 6.3 to the semi-four-phase case is shown in
Fig. 6.4. The three independent throws there are driven by

1 A o P
2 2 cosFo (6.13a)

dg; =
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Fig. 6.4 Two-phase boost rectifier.

o1 Dm0 Ll
' 1 dr;zo ™
day 5 > cos(@o—-—é—-) (6.13¢)
where
d, 1 d ft (1)d
< an Go = we(T)dT —
mo 0 A g Pa (6.14a.b)

The preceding equations can be proved to yield the maximum amplitude for

the effective duty ratio
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'

dp = dgy —dg; = E’-n—cos[ﬁ—(k-—l)*g—], (1=k=<2)

2 (6.15)

J5
This value turns out to be -—2-2—- much larger than -é—— owing to the

presence of the neutral switch.

In summary. this subsection has introduced the boost rectifier that
converts sinusoidal voltages into sinusoidal currents by small input inductors
and rectifies these currents into the load via output switches. The switches
are pulse-width-modulated at high frequency; their duty ratios consist of
simple sinusoidal functions. These specifications are shown later to
synthesize very clean dc output and draw sinusoidal currents even when the

circuit operates open-loop.

6.1.3 Buck-Boost and Flyback Rectifiers

The buck-boest and flyback rectifiers are considered together
because their characteristics are very similar. The buck-boost topology is
simply a buck rectifier with a "boosting” switch added to the cutput end of
the inductor, as is illustrated in Fig. 6.5. Note that the three switches shown
are independent. The two input ones rectify the ac line into a dc voltage,
converted next into a dec current by the high-frequency inductor. The
output switch then feeds this current into the load.

Under steady-state condition, the output duty ratio is dc. The
input duty ratios are modulated according to the sinusoidal functions in
Eq. (6.3). The definition of effective duty ratio and optimization of effective
modulation amplitude for the buck-boost rectifier follow those established

earlier for the buck rectifier.
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Fig. 6.5 N-phase buck-boost rectifier, cascade of an N-phase buck rectifier
and a boost dc converter.

The two-phase version of Fig. 8.5 also exists. It is simply the two-
phase buck rectifier of Fig. 6.2 with an extra switch at the load side of the
inductor.

The buck-boost circuit cannot provide isolation because the
inductor connects the source to the load during some part of the
modulation cycle. However, its topology can be rearranged into that of the
filyback rectifier described in Fig. 6.6 (for more than two phases) that allows
isolation by separation of energy storage and transfer intervals. The flyback
structure consists of fwo independent switches, instead of three as in the
buck-boost. Each switch has three input throws and one output throw. The

two output throws, however, can be merged into one since they are always in
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T

Fig. 6.6 N-phase flyback rectifier with one (N+1)throw and one N-throw
swifch pulse-width-modulated by sinusoidal functions.

series.
Every switching cycle is divided into a charging period d7 and a

discharging period d'Tg. In the former, the input throws are activated

according to

_d &y 217
due = 77+ — - cos[by—k-1) 5] (6.18)
where
l<w=<2, 1<k<N, and d,,<d (8.17a.b,c)

and d,,, and B, obey Eq. (6.4). The sinusoidal modulations in these duty

ratios rectify the source into a dc voltage, which establishes a dc current in
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the inductor. The output throw then switches the inductor current into the
load with the duty ratio

d' = 1-d (8.18)

The effective duty ratio d, and optimal modulation strategy are as suggested
by Egs. (6.5) and {6.6).

The two-phase flyback rectifier is illustrated in Fig. 68.7. Its
operating principle is similar to that of the N-phase case. Its input duty

ratios are chosen as

_ d Ly m
e = Y t cos[ew-—(k—l)?]. (1= wk =<2) (8.19)
where
dy dig diz d
& R,
gl o | I
-9 L +
I Comm Vv R

o/ o _

Fig. 6.7 Two-phase flyback rectifier.



177

a5  (620)

The topologies proposed in Figs. 6.5 through 8.7 employ only one
inductor as intermediate energy link. They are actually the practical
degenerates of more generalized buck-boost and flyback rectifier
configurations which may contain an arbitrary number of inductors between
the line and load. These inductors generally carry ac, as well as de,
currents as their associated switches are modulated at a frequency different
from the main frequency. Such generalized topologies, however, are only of
theoretical interest since their implementations require an excessive amount
of hardware.

To recap, this subsection has suggested the buck-boost and flyback
rectifiers pulse-width-modulated at much higher than the source frequency.
Their input throws use easy-to-generate sinusoidal modulation functions to
rectify the ac input; the rectified voltage is transformed into a dc current,
which subsequently supplies the load via the dec duty ratio of the output
throw. The next section shows that these simple open-loop specifications

synthesize clean power at both input and output terminals.

6.2 Steady-State Performance

This section applies the describing equation technique presented in
Chapter 1 to analyze the rectifiers introduced in the previous section.
Equations are written first in the stationary (or abc) frame of reference and
then transformed to the rotating (or ofb) coordinates where the system

description is more meaningful and well-defined.
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Procedures for the buck, buck-boost, and flyback topologies are
straightforv}ard because rectification takes place right at the input switches
before the involvement of any reactive elements. Thus, the buck rectifier
can be modeled as a buck dec-to-dc converter whose input voltage is Vg COSYy
and duty ratio is d,,. Likewise, the buck-boost (or flyback) rectifier is
equivalent to a boost de-to-dc converter whose dc input is d,vgcosg, and
duty ratio is d.

The analysis of the boost topology is more instructive because the
ac switches of this circuit lie at the output side. Switching function
descriptions of Figs. 8.3 and 6.4 in the abc coordinate system lead to the

following matrix equation for boost rectifiers with two or more phases
Px = Ax+Bu (6.21)

where bold uppercase and lowercase letters signify a matrix and a vector,

respectively, "X abbreviates "the first derivative of X";

Ly o, ]
P = lo; cl *° lv (6.22a.b)

where Iy is the N XN unity matrix, o, is the N X1 zero vector, and

1=k<N;

f Oy —ldg] My

(de)T —1/R| B=1,

T
N (6.22¢,d)

where Oy is the N XN zero matrix and dy is given by Eq. (6.11) for N>2
or Eq. (6.15) for N =2; and ‘

u = [vg] | (8.22e)
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where vg is defined by Eq. (6.1) for N>2 or Eq. (8.7) for N =2. The term
dk' in martrix A indicates that the circuit is inherently nonlinear.
Nevertheless, the following analysis proves that this nonlinearity does not
imply low frequency harmonics in output voltage and input current
waveforms.

Equations (6.21) and (6.22) are difficult to manipulate as they are

time-varying. Therefore, they are transformed to the ofb coordinates by

Ti ON
1

LT
Tzlo

r (6.23)

where “tilde” () implies a complex or transformed quantity. This
transformation invokes Ti described in Eq. (B.3b) (N >2) or Eq. (B.3a)
(N =2) to act on 1, balanced polyphase, while passing v, dc single-phase,
intact to the new frame. It is selected to be in-phase with the effective duty
ratio dj.

Under T, Eq. (6.21) becomes

PX = (A, +Agd, +A,jw, )X + Bl (8.24)
where d = VN @m
© T 2 2 (6.25)

is the fransformed duty ratio, the transformation of the effective duty ratio

dk;byi:i;
(L 0 0 r"ff o 0 o0
P=|0 L 0Of, X= %] A,:{o 0 0
0 0 C v 00 -I/R (6.26a,b.¢)
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[0 0 -t (L o o
Ay =0 0 -1}, A,=1|0 =L O©
1 1 0 0 0 O (6.26d,e)
I. ~ f\/—jv v e"'j?g
. Iz - fvgf 2 g
B = lozrv and u = [Ugb = \/7\7 . e*’J%
2 v (6.261.¢)

where ?:b and ?,'f stand respectively for "backward” and "forward” current
phasors, the ofb equivalents of the abc inductor current 17, and so on for
Ugb and ng. Although these phasors are complex conjugates, they are both
retained to preserve mathematical symmetry.

Note first that the system matrices in the rotating coordinates all
have constant coefficients under steady-state condition. Therefore, quiescent
solutions should also be constant. Constant, real v translates into purely
dc capacitor voltage while constant, compler 7, signifies purely sinusoidal
inductor currents. The boost rectifier topology suggested is indeed ideal.

According to Eq. (6.24), the control parameters are de', Wg. Vg, and
¢g. Under steady-state condition, they are dec and symbolized by D,, Qg V.
and ®,. The derivative in Eq. (6.24) is then zero, and the resulting algebraic
equation provides steady-state solutions of the rectifier. Results obtained
this way are listed in Table 8.1 for the buck, boost, buck-boost, and flyback
rectifiers.

As the phase-controlled rectifier, the buck rectifier has its dc gain
dependent on cos ‘I’g. Its dc voltage can thus have both polarities with
proper switch implementation. A sinusoidal output is also possible if ‘bg

varies linearly with time instead of being a constant as in the rectifier mode
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Rectifier | Capacitor Voltage V Inductor Current [ e’
vV
Buck Dy, V, cosd, 2
N K ' . 1 j® Dm
&0 v v _ \
Boost 4 0,z Dy, Vgsind, T (Vye 5 V)
| Dn v
Flyback 1 o Ve COS‘I)g DR

TABLE 6.1 Steady-state capacifor voltages and inductor currents in the
buck, boost, and flyback (or buck-boost) rectifiers.

of operation. This is equivalent to modulation of duty ratio at a frequency
different from the line frequency.

Besides &,, the dc gain of the buck converter also depends on the
modulation amplitude D,,, a new control parameter not available in the
phase-controlled case. Since this control enters linearly, it should be
preferred to $; in regulation of the output amplitude. The angle $;, can
then be reserved for independent adjustment of the input power factor.

As its name implies, the buck topology always steps the input
voltage down. Its maximum output for continuous sinusoidal modulation is

v

¢+ significantly lower than the \/5Vg provided by the phase-controlled

rectifier. In the next chapter, the "six-stepped PWM" drive is introduced to
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3
improve the peak gain factor from 1 to 5

The buck-boost and flyback rectifiers possess all the properties

mentioned above. In addition, the output duty ratio allows the dec voltage to

1
be stepped above the source by o Since the input and output throws
are independent, linear control via [,, does not have to be sacrificed in
acquisition of boosting function via D'.
Note that the dc gains for the three converters just considered are

independent of the number of phases. This happens because any change in

N is compensated by an inverse variation of the modulation amplitude

Dm

N
While the buck, buck-boost, and flyback topologies stand closely

together in terms of steady-state performance, the boost rectifier creates its
own class. As is displayed in Table 8.1, the dc,gain of the boost structure
depends on the impedances KX and (}; L to reflect the nonzero impedances
the ac inductor currents insert between the sources and load. It also
increases as more supplies power the load because the modulation amplitude
does not decrease to offset the higher number of phases.

More interesting is the appearance of sin @Q. instead of cos@g, in
the gain formula. To appreciate this dependence, consider when the duty
ratio modulation is in-phase with the source and the output is predicted to
be zero. Since the output switches work as an inverter in the backward
direction, they apply to the output ends of the inductors a set of sinusoidal
voltages in-phase with the sinusoidal source voltages. Consequently, the

current in each inductor is orthogonal to the respective input voltage.
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Therefore, the circuit absorbs no power, and the output ought to be zero.
Owing to the sine term, both polarities of output are available with proper
switch implementation.

The modulation amplitude D,',, influences the gain even more
peculiarly than the phase angle does. It comes in linearly, instead of
inversely as in the boost dc-to-dec converter. Again, this behavior can be
justified at least for the trivial case of D,'n =0 and the output is expected to
be zero. When D,'n =0, the output ends of the inductors are always shorted
together. Since the currents in the inductors add up to zero, no power is
delivered to the load, and so the capacitor voltage is forced to zero as
predicted. The output voltage does not "blow up” as in the dc-to-dc case to
maintain volt-second balance for the inductors because volt-second balance
is already provided totally by the ac input.

When the modulation amplitude is away from zero, the volt-second
mechanism is shared simultaneously by both the ac source and the dc
capacitor voltage, as is dictated by Eqgs. (6.21) and (6.22). It is the
contribution of volt-second balance from the ac main that takes away the
boost-like behavior of the topology. Therefore, the boost appearance can be
retrieved if this contribution is somehow deactivated.

One way to avoid the ac input is to set the impedance Qg L in the
circuit to zero. According to Table 6.1, <§g also has to be 0° or 180° to
avoid an infinite output. Substitution of these values into Egs. (8.24)

through (6.26) then yields
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Ve

: D/ 2 (8.27)
which is exactly the boosting function expected. The topology thus deserves
its name at least when the input is dc ({03 =0) or when the switching
frequency is infinite (L =0). Unfortunately, neither of these two conditions
is realistic because the line frequency is often nonzero and the switching
speed is always finite.

A more practical mean to block the volt-second contribution from
the ac main is to minimize the inductor currents, which may peak
excessively high if the whole line is applied across the small impedance Qg L.
It is equivalent to selection of ‘I)g to make the input power factor unity or
input admittance seen by the source real.

The input admittance is the ratio of the inductor current phasor

(Table 6.1) to the source voltage phasor:

~ Jjé
¥ = _Z_e?’_
V, el (6.28a)
or
¥= 2| D°R in2e +‘2D"2R in?®
= 70,L 0, Sete TIeq T S e (6.28b)
where
2 NDp?
¢ 7 18 (6.28c)

For )7 to be real, ‘Pg should be such that
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DR (8.29)

Use of sin fbg provided by this formula under the practical constraint
Qg L
D.*R (6.30)

results in the boost dc gain of £q. (6.27). Therefore, in practical
circumstances in which the inductive impedance QgL is much smaller than
the effective load resistance D,2R, the boost rectifier indeed steps the input
up with the correct function provided the line angle 9, is adjusted to
maintain unity input power factor.

To sumrnarize, this section has modeled fast-switching sinuscidal
PWM rectifiers and discussed their steady-state solutions. Describing
equation is used to obtain the dynamic equations of the circuits in the abc
reference frame. The results are transformed to the ofb coordinates where
the equations are characterized by constant coefficients that greatly simplify
the analysis.

Steady-state waveforms in all converters have been shown to be
ideal, i.e., dc output voltages and sinusoidal input currents. Gain functions
of the buck, buck-boost, and flyback rectifiers depend on cosine of the angle
between the supply and duty ratic modulation, just as in the phase-
controlled rectifier. In addition, they introduce the modulation amplitude of
the duty ratio as a new control parameter, which allows independent

adjustments of the output voltage and input power factor.
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In general, the boost rectifler does not perform exactly as its de-to-
dec equivalent. Its gain varies linearly with the modulation amplitude and
sine of the line angle. If these control parameters are adjusted to maintain
unity input power factor, the gain formula of the practical boost topology

indeed reduces to the familiar boost function.

6.3 Small-Signal Dynamics

The ofb matrix equation, although it is stationary, is generally
nonlinear because it contains products between the controls and state vector
(Eq. (6.24)). Hence, dynamic study is restricted to the small-signal sense in
which perturbations are sufficiently small so that their responses behave
linearly. The derivation of the perturbed equation relating these small-signal
excitations and outputs is illustrated below for the boest rectifier.

Each control parameter in Eq. (6.24) can be expressed as the sum
of a steady-state component and a perturbed component, designated by the
"caret” (7) symbol:

d, = D‘,%-t“iG wg = Qg+ag, and u = U+u (8.31a,b,0)

Correspondingly, the state vector can be decomposed as

e

¥=X+ (8.32)

Substitution of these definitions into Eq. (6.24), omission of second-order
terms, and Laplace-transformation of the resulting equation then culminate
in the following perturbed equation

(sP =RK,)X(s) = AgXd (s) + AXjB,(s) + Bils) (6.33)

where
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A, = A + AyD, + Aj0, (8.34)

and the. other quantities are as specified in Eqs. (6.24) through (6.28).

All control-to-state transfer functions are derivable from Eq. (8.33).
These functions, however, are generally unmeasurable because they may be
complex. Therefore, a real output vector y, which includes the real part 1,
and imaginary part 7,1- of the current phasor %b. as well as the capacitor

o~

voltage U, needs be related to the complex state vector X as follows

¥(s) = Cx(s) (6.35)
where
3,(s) /2 1/2 0
y(s) = |2,(s)| and C=|j/2 —-j/2 0
D (s) 0 0 1 (8.38a.b)

The small-signal frequency responses of the preceding outputs all

contain the characteristic polynomial or the determinant

[ .
~ 0,217 2D.2R 2 R
{Sp'_Alz._g?f__. 1+(RC+——-‘1—-—~ S C .3

Q%L

2
g (68.37)

in their denominators. This polynomial is real since it represents a
realizable circuit. It does not depend on the line angle @y because a short
replaces each source in determining the eigenvalues of the topology. It can

be factorized approximately into
2L2

(o] r
S
sP' -A,| & -2 1+ —) |1+ —
K Wp € w, Wo (8.38)

where
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QgL D, 2D.°R
W, = —— Q. , W, = V2 —— , and =z —
P eoplRr Y ° VIC ¢ Wo L (6.39a.b.c)
if the two inequalities
(QgL)? « (2D,°R)? and 0,° « w,? (8.40a,b)

are satisfied.

Both requirements in Eq. (6.40) are realisticc The first one
demands that the inductive impedance is sufficiently smaller than the
eflective load resistance. It is fulfilled easily in high voltage, low current
applications that employ boost rectifiers switched at much higher than the
source frequency. The second inequality requires that the line frequency is
sufficiently below the effective LC corner. It, too, can be satisfled with
proper choice of switching frequency, inductance, and capacitance.

The complex pole pair and real pole resulted from the above
assumptions are well-separated. The real pole represents the slow mode of
response since it is well below Qg; the capacitor is effectively open in this
lower frequency range. The complex poles portray the fast mode of response
because they stay well above (lg; the steady-state impedance QgL is
insignificant compared to the dynamic impedance s in this upper frequency
domain.

Out of the many transfer functions, those involving the perturbation
of modulation amplitude are encountered more often. Their dc gains and
zeros are tabulated in Table 6.2 for reference purpose. Observe that the
capacitor voltage possesses a pair of complex rhp zeros; fortunately, the
zeros exhibit low Q-factor and stationary position in practical circumstances.

The inductors have simpler dynamics, which include a lhp zero at twice the
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Function Dc Gain Zeros where
i oy s s 2
- - = (1+ =) a1 =
d. QgL Qg 21 z KC
:'Ei 2V s
= (1+ ) w, =0
d; QgL wzl z 9
5 Q,L
- 14 -t S (S Q = —% —
d; Dy @ w, Wz ZDG K

TABLE 6.2 &;-tra:nsfer Junctions of the boost rectifier.

RC corner in both ?,,- and 3,;- responses. Transfer functions associated with
&g and ﬁ also indicate that the inductor currents tend to have minimal
phase while the capacitor voltage does not.

Small-signal dynamics of the buck, buck-boost, and flyback rectifiers
are similar to those of their corresponding dec-to-dec converters. Thus, the
results reviewed in Table A2 can be modified to describe the frequency
responses of these rectifiers. For instance, since the buck rectifier is
equivalent to a buck dc converter whose input is Vg COS @, and duty ratio
d,,. its output responds to the Em-excitation with a double-pole roll-off

starting at the LC corner. Likewise, since the buck-boost (or flyback)

rectifier can be modeled as a boost dc converter whose input is d,, Vg COS @y
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and duty ratio d, its output contains an LC pole pair whose location changes

. : . ) . D
with D'. There is a rhp zero in -;— and there is no zero in = of these
m

topologies.

To recap, this section has detailed the small-signal analysis
technique and discussed the transfer functions of some ideal fast-switching
rectifiers. The key points are the expression of the ac system in terms of de
inputs and outputs and the subsequent derivation of the perturbed
equations by superposition of small-signal perturbations on dc quiescent
values. In contrast to the "quasi-de¢"” method frequently used in the past,
the approach adopted here does not sacrifice any accuracy or impose any
assumptions beyond the describing equation step.

Responses of the outputs to small-signal excitations in the source
amplitude, transformed duty ratio, and modulation frequency have been
calculated. The buck, buck-boost, and flyback rectifiers behave very much
like their dc¢ counterparts. The boost rectifier displays third-order poles
which may be decomposed into an LC complex pair and an LR real one. Its
inductor currents generally exhibit more favorable dynamics than its
capacitor voltage. Dynamic poles and zeros of the nonlinear topologies are

sensitive to operating conditions.

6.4 Canonical Model

The mathematical description of the canonical model is the
linearized ofb describing equation, which combines the steady-state and
perturbed equations. For the boost example, this combination takes the

form
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(sP' —A,)X(s) = AgXdy(s) + AXjd,(s) + B'i(s) (8.41)

where ﬁ and X consist of steady-state and perturbed components as defined
in Egs. (6.31) and (6.3R), respectively. Steady-state solutions are retrieved by
suppression of s and the careted terms; small-signal transfer functions are
derived by replacement of X and u by :z:i and ﬁ respectively. The linearized
equation can be manipulated, by the procedure outlined in Section 1.6, into
the canonical model for the boost rectifier illustrated in Fig. 6.8.

The model is composed of two complex-conjugate halves, as is
evident from the subscripts & and f. In the "backward” half, the polyphase
ac source is represented by the independent voltage supply Ugb, The control

parameters are captured in the dependent voltage generator 3;d;+7\{,ag

and dependent current generator j'd,, where

'v D!

r—t -+

8,8+ X0 e (s+jfg) L/DY

~ + oM
d
v“(") T 1 1/sC

-

%

- v +
—/\M\—
R
"~ — .lAl
vqf<+> ‘ jdg
~ a| *il A L] L)
€1l Arwg (s-jRg) L/Dy:

-t DYy | ~000—

Fig. 6.8 Linearized, continuous, and time-invariant wmodel of the boost
ractifier showing ezcitalion and control generators, rectification
transformers, and a compler low-pass filter.
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~ Vrl (s+50Q4)L

ey = — - —_—

b 2D.°R (8.42a)
~' _ . i d . _ V
Mo = =1Lly, andg= °D.2R (8.42b c)

The coefficients of the controlled sources, together with the output filter,
determine the zeros of the frequency responses.

After the control and excitation generators comes the ideal
transformer whose rectification ratio signifies the de gain provided by the
modulation amplitude Dg' of the switches. The output of the transformer is
next converted into a current via the complexr inductor, also a part of the
low-pass filter. The 7eal component of the inductor is responsible for
dynamics across the filter while the imaginary component sets steady-state
values. Note that since the inductor is in a reflected position, its current is
nol the same as the current supplied by the main.

The backward inductor alone can supply only complex current to
the load. Therefore, it is paralleled by the forward inductor that furnishes
the complex-conjugate current and, hence, helps confining reactive power to
the input side of the switches. This parallel orientation thus realizes
effectively the current-rectification function of the switches.

The common canonical model for the buck, buck-boost, and flyback
rectifiers is delineated in Fig. 6.9; the particular one for the buck has D'=
and d'=0. It is straightforward because all rectification takes place right
after the input sources. The series connection of ¥y, and ¥y, thus portrays
the wvaltage-rectification function of the input throws as well as restricts

reactive power to the line side of the switches.
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f jade*] d

Fig. 6.9 Linearized, continuous, and time-invariant model of the buck,
buck-boost, and flyback rectifiers showing ezcitation and control
generators, o rectification transformer, and a low-pass filter.

Because the eflective voltage beyond the ac throws is purely dc,
there is no need for any complex modeling as in the boost topology. In fact,
the controlled generators, rectifying transformer, and LC filter in Fig. 6.9 are
similar to those of a buck-boost dc converter. The coefficients of the

dependent sources satisfy

(6.43a,b)

Je = =1, and jJ = D I (6.43c.d)

The transformed duty ratio d, contained in the rectification ratio of the
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ideal transformer is related to the d,, in Eq. (6.5) by

d,

= TN (6.44)

The current ¥ flowing in the inductor of the model is deflned according to

i =D+ Id (6.45)

In conclusion, this chapter has described the buck, boost, buck-boost,
and flyback rectifiers and studied their performances. They are switched
above two decades of the input frequency and pulse-width-modulated by only
sinusoidal functions. Balanced polyphase circuits with number of phases
ranging from two to infinity have been presented.

After the specifications, stafe-space describing equations have been
obtained. Equations of the buck, buck-boost, and flyback rectifiers are
solved directly in the abc reference frame because they are dec. Their
steady-state results resemble those of the corresponding dec converters
although they have new control variables, such as the amplitude of duty
ratioc modulation and the angle befween phase woltage and duty ratio
modulation. The equation of the boost rectifier is first transformed to the
ofb coordinates so that it, too, has constant coefficients. The analysis there
shows that this circuit behaves as its dc kin in practical environments if its
input power factor is maintained at unity. Steady-state results confirm that
all topologies have dc output voltages and sinusoidal input currents.

The time-invariant equations of the rectifiers have been perturbed
to derive small-signal Iransfer functlions. Excitations include  the
perturbations of input voltage, modulation amplitude and frequency of ac

duty ratios, and dc duty ratio. Responses of the buck-type topologies are,
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again, repetitions of those of their dc-to-de equivalents. The inductor
currents in the boost rectifier prove to be easier to regulate than the output
voltage. Small-signal bandwidths of all transfer functions are broad owing to
fast switching frequency and can be predicted with a high degree of
accuracy below half the switching frequency.

Finally, steady-state and dynamic descriptions are consolidated in
the linearized, time-invariant, and continuous canonical model. The model
consists of voltage and current generators representing the sources and duty
ratio controls; an ideal transformer specifying the rectification ratio; and a
low-pass filter affecting the overall dynamics. Voltage rectification in the
buck. buck-boost, and flyback circuits is modeled by series connection of the
sources whose voltages are rectified. Current reclification in the boost
rectifier is reduced to porallel connection of the inductors whose currents

are rectified.
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CHAPTER 7

PRACTICAL ASPECTS OF FAST-SWITCHING SINUSOIDAL PWM RECTIFIERS

This chapter deals with practical aspects of the fast-switching
rectifiers described in Section 86.1. It is divided into three sections. The first
section realizes the switches in three-phase topologies using the steady-state
results developed earlier. The second section introduces high-frequency
isolation into the basic converters and other derived topologies. The last
section evaluates the performance of rectifiers operated as fest-swilching

impedance converters,

7.1 Three-Phase Implementation

This section discusses three different issues. The first one concerns
the connection of transistors and diodes and the stress on these devices in
practical rectifiers. The second involves the selection of drive strategies that
optimize both the output voltage and size of circuit elements. The last one
suggests some modifications that allow the original rectifiers to accept the

backward flow of power.

7.1.1 Switch Realization and Stress

The implementation of ideal rectifier circuits centers around the
switches. These switches ought to be built from fast semiconductor devices,
presently the bipolar and field-effect transistors. In the following examples,

the bipolar transistor is used just for convenience although the field-effect
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device is much more preferred in terms of drive, ruggedness, and speed.

: Thé input throws in the buck (Fig. 8.1), buck-boost (Fig. 6.5), and
flyback (Fig. 6.6) rectifiers all carry dc current from the inductor and block
ac voltage from the main. They are thus fwo-guadrant-in-veltage and are
realized by cascade connection of a transistor and a diode. The transistor
withstands the positive off-voltage, and the diode absorbs the negative
excursion. Figure 7.1 illustrates how this is done for a buck-boost rectifier.
Note that this switch realization eliminates "shoot-through faults,” ie., any
number of input throws at any positions may be activated simultaneously
without detrimental outcomes. In fact, both switches must be on all the

time to guarantee a path for the inductor current.

Fig. 7.1 Three-phase buck-boost reclifier with each 'uolta.ge-two-quadrant
throw implemented by a lransistor and a diode in series.
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The output throw in the flyback topology is topologically related to
the input oﬁes and, hence, is constructed in a similar manner. The output
switch in the buck-boost case, on the other hand, is topologically
independent from the input ones and is decoupled from the ac line by the
inductor. It has to block only the dc capacitor voltage and is constructed as
indicated in Fig. 7.1.

Switches in the boost rectifier carry ac currents and block dc
voltage. Therefore, they are {two-quadrant-in-current and can be
implemented by anti-paralleling a transistor and a diede. Figure 7.2 shows a
practical boost circuit with semiconductor switches. Note that "dead time”
must be inserted between the falling edge of one throw and rising edge of
the other (of the same switch) to insure that the transistors do not destroy
themselves by shorting out the output capacitor.

Current stresses for the devices are the peak steady-state inductor
currents, tabulated in Table 8.1, with adequate allowance for current ripple.
Voltage stresses are either the line voltage, the output voltage, or a
combination of both, as are listed in Table 7.1 for the four topologies under
investigation. Note that although the off-voltage acreoss the output transistor
of the flyback rectifier appears very low if V is comparable to \/ﬁVg. rating
specification should take into account the fact that V has to start from zero
when the circuit is first turned on.

In summary, this subsection has shown that switches in all
rectifiers are two-quadrant in either voltage or current and can be realized
by either anti-parallel or series connection of a transistor and a diode. Peak
currents through these devices are determined primarily by inductor

currents. Voltage stresses across them depend on line and output voltages
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Fig. 7.2 Three-phase boost rectifier with each current-two-quadrant throw
implemented by a transistor and a diode in antiparallel.

and are summarized in Table 7.1.

7.1.2 Modulation Strategies

According to the describing equation meodeling technique presented
in the first chapter, first-order performance of fast-switching rectifiers
depends on only the duty ratios of the switches. Since any given duty ratio
may correspond to an infinite number of switching funciions, a variety of
drive schemes exist for any given set of duty ratios. Out of these schemes,
however, only some are "optimal”’ in the sense that they maximize the
transformed duty ratio and, hence, minimize the size of circuit elements.

Continuous and siz-stepped (sinusoidal) PWM's are reconsidered below as
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Input Output ﬂ
Rectifier
Transistor Diode Transistor Diode
Buck V3V, V3V,
Boost V |4
Buck-boost V3 Ve V3 Vq Vv |74
Flyback V3Yy, Vv3Yy, max (V3V, -V, 0) V3V, +V
TABLE 7.1 Voltage stresses across lthe transistors and diodes of the buck,

boost, buck-boost, and flyback rectifiers.



202

examples of efficient drive policies.

Consider first the buck-boost topology shown in Fig. 7.1, which is
also representative of the buck and flyback rectifiers. Continuous PWM for
the input throws employs a switching function diagram analogous to that
plotted in Fig. 4.11 for the three-phase boost inverter. According to Table
6.1, the highest output voltage is then V, obtained when the duty ratio

functions are

1 d’m 2
die = —3—+ —g—cos[ 6—(k—1) = ] (7.1a)
and
dow = L _ Am_ [ 9_(1C_1)§_7.T._] (1<k<3)
% = 3 5 cos 3 , == (7.1b)

A better result can be attained by employment of siz-stepped PWH
whose switching function diagram is similar to that delineated in Fig. 4.13

for the boost inverter. The transformed du'ty ratio of this more efficient

3
modulation strategy can be proved to be -2—- times higher than that offered

by continuous PWM. The corresponding peak output voltage is —23-— Vg. which

compares very favorably with the \/§Vg provided by the familiar phase-
controlled rectifier,
Continuous and six-stepped PWM can also be extended to the boost

rectifier. The continuous function

’

o1 dm 2T
dkl - ‘2—‘ + 2 COS[ 6 (’C 1) 3 N (15’C$3) (72)
allows a maximum modulation amplitude of l—-. The six-stepped PWM of

2
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Fig. 4.14 for the buck inverter can be adapted to the boost rectifier to bring

the peak modulation amplitude up to -—1——.

V3
To summarize, many flexible drive policies are available for fast-
switching rectifiers, some of which are superior to the others. Examples
considered in this subsection are continuous and siz-stepped PWM's, which
both generate a purely dc output voltage aﬁd sinusoidal input currents. Six-
stepped PWM, although it requires slightly more complicated circuitry, offers

higher transformed duty ratio than continuous PWM does.

7.1.3 Bidirectionality of Power Flow

Many kinds of "load” return power back to the source during the
course of operation. This reversal of power flow requires a change in
polarity of either voltage or current at the input and output ports. The
change can be executed electronically if the port is already conditioned for
four-quadrant operation, as is the input of the buck rectifier. However, it
may necessitate additional switches if the terminal can operate in only one-
or two-quadrant mode, as can the output of the buck-boost rectifier. Thus,
the output switch in Fig. 7.1 ought to be voltage-two-quadrant if the load
voltage is anticipated to swing negatively. an analogous caution applies to
the output of Fig. 7.2.

Cbnsider first the buck-boost topology of Fig. 7.1, which can be used
to understand the buck and flyback rectifiers as well. For this structure,
minimal alteration is guaranteed when the inductor current is maintained in
the same direction regardless of mode of operation. Energy is then

delivered from the load whenever the output voltage flips sign. Volt-second
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balance for the inductor requires that the phase of input modulations is
advanced Hy 180°. Consequently, input currents flow backward so that the
sources accept power from the load. If the sources are stiff, the modulation
amplitude needs to be properly adjusted, probably by a feedback loop, to
ensure zero average voltage across the inductor.

If the load is a battery that cannot reverse its polarity during the
discharging mode, it has to be enclosed in a bridge, as is drawn in Fig. 7.3.
During d'Ty, either of the output transistors can be on. During d7, both of
them are either on to discharge the battery or off so that the diodes can
charge the battery. With the bridge installed, a negative voltage is applied to
the output end of the inductor for reversal of power flow;, therefore, the
remaining adjustments are the same as those specified in the preceding

paragraph.

Fig. 7.8 Bidirectional buck-boost rectifier.
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If the boost rectifier replaces the buck-boost circuit to discharge
the above Battery, no bridge is required since the direction of the average
current into the load can be controlled electronically. The modulation phase
should be preserved, and only the modulation amplitude is varied such that
the inverted battery voltage is strong enough to push currents back into the
sources. If the load voltage goes negative, the bridge should be inserted
back to avoid application of this negative potential to the throws of the
original topology.

To recast, the reversal of power flow necessitates a change in
polarity of either voltage or current at the input and output ports. This
change requires switch modification and electronic adjustment of the

modulation amplitude and phase.

7.2 Isolation

One advantage of fast switching is the ease of isolation, which
requires transformers whose size diminishes with switching frequency. This
section examines how isolation may be incorporated in some of the rectifiers
proposed earlier in Chapter 8, especially the flyback and isolable boost-buck
rectifiers.

The flyback topology is inherently isolable because the energy
storage inductor stays at either the input or output side within each
switching cycle. Isolation can thus be implemented by splitting the inductor
winding into two coupled windings sharing a common magnetic path, as is
pictured in Fig. 7.4. Note that the output throw d' actually belongs to the
upper switch although it is physically attached to the secondary, instead of

primary, winding of the inductor.
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Fig. 7.4 [solated flyback ractifier.

Fig. 7.5 Boost-buck rectifier, cascade of a boost rectifier and a buck dc
converter, with isolation as in the Cuk dc converter.
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Another rectifier that is inherently isolable is the isolated boost-
buck of Fig. 7.5. As in the flyback circuit, each switching period is
decomposed into a charging interval d75 and a discharging interval d'Ty.
During dTy, all six input transistors are on and the output transistor is off
so that the input inductors absorb energy from the source while the two
intermediate capacitors, effectively in series, supply the load through the
output LC filter. Then during d'7Tg, the output transistor is activated and
the input switches recharge the capacitors, again in series, according to the

duty ratio functions

Fd
dey = L4 —l-"—cos[e-(/c—l)gBl} . (1=<k=3)

2 2 (7.3)

Under steady-state condition, the capacitors sustain only dc voltages. They
also prevent any dc flux from flowing through the isolation transformer.

Although the buck and buck-boost rectifiers are not inherently
isolable, isolation can still be incorporated by extension of the techniques
used in the push-pull and full-bridge dc—to-’dc converters. It is recommended
that the transformer be inserted between the input switches and the
inductor and that six-stepped PWM be used to minimize the number of extra
switches.

In review, fast switching reduces the size of magnetic components
and allows isolation transformers to be built in the rectifiers more freely.
Some circuits, such as the flyback and isolable boost-buck topologies, can
readily accept an isolation transformer without demanding any more
semiconductor devices. Some others, such as the push-pull and full-bridge

rectifiers, do need additional switches besides the isolation transformer.
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7.3 Fast-Switching Impedance Converters

" Concerns about poor, usually inductive, power factors created by
many industrial loads have led to a variety of schemes to supply reactive
power to the main [31]. In the early days, synchronous condensers,
capacitors, and inductors have been paralleled with the load so that the
overall phase angle looks more presentable to the line. Switched-mode
circuits, such as the phase-controlled rectifier and the six-pulsed
cycloconverter, have then been used in conjunction with reactive components

to build '"VAR (volt-ampere reactive) generators,” which furnish part of the
reactive power for utility companies.

The VAR generators, however, face many drawbacks of slow
switching mentioned before. For instance, their energy-storage elements are
bulky and expensive and impede their response speed. They introduce the
harmonic problem while correcting the power factor one. Their control is
very limited because the only control parameter is the firing angle of the
switches. Therefore, they hardly qualify as impedaonce converters that
synthesize impedances whose amplitude and phase can be adjusted
independently.

This section shows that the fast-switching rectifiers encountered
earlier are perfect candidates for impedance conversion without the
aforementioned problems. Once the general impedance conversion function

is realized, application of the topologies as power-factor controllers is

straightforward.
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~

The input impedance Z; of a rectifier is defined as the ratio of the
input phase' voltage phasor to the input phase current phasor, which may be

evaluated in either stationary or rotating reference frame:

‘Q<Z

b

7, = =
Ty (7.4)

Its value for the buck-boost and flyback rectifiers can be determined from

either the canonical model (Fig. 6.9) or steady-state formulas (Table 8.1):

5 _ N D'z ejq’g
©T 2 p,% cosd, (7.5)

~

The circuit thus converts a real resistance R into a polyphase impedance Z,
whose phase is first set by @g and amplitude is then adjusted independently
via D', D,,, and K. Since the synthesized phase and amplitude can take on
any values, the conversion function is perfect.

Unity power factor operation is achieved when dig is set to zero. A
"switched-mode capacitor (or inductor)” is simulated by operation with ¢, in
the vicinity of —80° (or 90°) and shorting out the load. Note that even
when a straight wire is placed across the output of the rectifier, a small
amount of power still needs be delivered to overcome parasitic losses. This
is why <I’g has to deviate slightly from +90° and the power factor cannot be

precisely zero.

For the boost rectifier, the input impedance becomes

70,

5-,:2

- E_ R "2, 7%
8 0,L D, “e sind, (7.6)
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A comparison of Egs. (7.6) and (7.5) reveals that the boost topology allows
less controi flexibility for 51- than the buck-boost or flyback circuit does.
For instance, the phase of Eq. (7.8) is a function of not only qig, but also all
other parameters. 1f R is fixed, there is no way that D,, and $, can
produce all desired amplitudes; therefore, the load must be controlled in
conjunction with the switches to achieve the full range of amplitude.

For fixed D,'n and K, the qualitative change of power factor as a
function of @g is as depicted in Fig. 7.6. There are four values of ‘I’g at
which the power factor is unity; they satisfy:

186 Qg L
ND,,® R (7.7)

sinE‘IJg =

They are the boundaries between alternate regions of leading and lagging
power factors on the trigonometric plane. The capacitive areas can be
enlarged by reducing the right-hand side of Eq. (7.7) toward zero.

By selection of sufficiently small ¢; and large /. it is possible to
approximate the denominator of Eq. (7.6) to a positive or negative real
number. The positive case corresponds to a highly inductive gi, and the
negative one a highly capacitive Ei. Therefore, the configuration is capable
of delivering a large amount of reactive power comfortably. The power
factor can be adjusted very close to zero by bringing ¢, toward zero and R
toward infinity. A precisely zero power factor is difficult to achieve because
of finite parasitic losses in the circuit.

In general , almost any complex values may be assigned to the

denominator of Eq. (7.6) by proper selection of R, D,,, and 9. Hence, the

impedance converted by the boost rectifier should cover a wide enough range
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Fig. 7.8 Regions of leading, wunity, and lagging power faclors of the
boost impedance converler.

of amplitude and phase for most applications.

In conclusion, the ideal rectifier topologies introduced in Chapter 8
are realizable and have many useful features. Each throw in these circuits
‘can be implemented by either series or anti-parallel connection of a
transistor and a diode, depending on whether it is two-quadrant in voltage or
current, respectively, Switches can be modulated sinusoidally by a variety of
ways, the best one being the siz-stepped FPWM, which offers maximum
effective duty ratio while preserving ideal waveforms at all points in the
circuit. The modulation strategy can be modified to reverse direction of

power flow electronically.
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Fast switching allows isolafion to be incorporated with ease in most
rectifiers. Examples have been given for the flyback and isolable boost-buck
topologies, which accept an isolation transformer naturally. The full-bridge
and push-pull structures, the isolated versions of the buck rectifier, are
straightforward extensions of the respective full-bridge and push-pull buck
dc-to-dc converters.

Any of the fast-switching rectifiers can be used as a switched-mode
impedance converter, which transforms a dc load at the output into a
polyphase impedance at the input. Discussions have been centered around
the buck-boost topology, which can synthesize an impedance of any
amplitude and phase, and boost topology, which exhibits a very broad range
of impedance values. These circuits inherit all merits of fast switching,
namely, small reactive elements, ideal waveforms, quick responses, flexible

controls, and so on.
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PART III

SWITCHED-MODE CYCLOCONVERSION
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CHAPTER 8
REVIEW OF EXISTING CYCLOCONVERTERS

A cycloconverter converts N (>1) balanced sinusoids of one
amplitude and frequency into M (>1) balanced sinusoids of another
amplitude and frequency, the numbers of phases at the input and output
can differ, and so can the phase sequences. Cycloconverters are found in
such applications as motor drive, in which variable voltage and frequency are
to be produced from constant line condition, or variable-speed, constant-
frequency generator, in which a fixed frequency for the supply bus is to be
derived from an unsteady shaft speed.

Cycloconverters can be divided into slow- and fast-switching groups
according to the ratio of switching to input or output frequency. Slow-
switching cycloconverters switch at a frequency comparable to input or
output frequency, they are reviewed in the first section. Fast-switching
cycloconverters operate at two decades above the input or output frequency;

they are examined in the last section.

8.1 Cycloconverters Switched at Low Frequency

This section is composed of two parts. The first one discusses the
phase-controlied cycloconverter, a direct extension of the phase-controlled
rectifier into polyphase application. The second one focuses on the

unrestricted frequency changer (UFC), which involves regular sampling,
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instead of phase-control, of input voltages.

8.1.1 Phase-Controlled Cycloconverter

Integration of three dual converters illustrated in Fig. 5.3 resuits in
the siz-pulse (phase-controlled) cycloconverter [24] of Fig. 8.1. The circuit
thus consists of six triple-throw switches whose realization by thyristors is
exemplified for the second phase. Note that although each pair of anti-
parallel “positive” (darkened) and 'negative” (not darkened) thyristors
appears as a four-quadrant throw, it actually works as two woltage-two-
quadrant throws since the converter is under the circulating current-free
mode of operation. Only one of the back-to-back devices is activated at any
time, depending on the polarity of load current.

Since each phase is to synthesize an ac waveform, the firing angle
is modulated such that the low-frequency component of the output has the
desired amplitude and phase. One of the most elementary firing laws has
been the cosinusoidal control that involves natural sampling of a sinusoidal
reference by a carrier comprising cosinusecidal segments at the input
frequency; firing instants thus coincide with the intersections of reference
and carrier signals. The resulting waveform resembles that sketched in
Fig. 8.2 for v, of Fig. 8.2. In this waveform, fhe amplitude of the component
at the reference frequency is directly proportional to the reference
amplitude.

The piecewise synthesized output of Fig. 8.2 is inevitably rich in
harmonics. Both sub- and super-harmonics exist, and these are not
necessary at multiples of input or output frequency or some common

periodicity thereof (if there is one) - "Fourier series" simply does not apply
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here. The harmonic figure deteriorates quickly at high modulation
frequency, and this degradation limits the useful output frequency below
two-thirds of the input frequency.

Input currents also suffer from the harmonic ﬁroblem. Current
harmonics arise from voltage harmonics and phase-control itself. Even a
large filter is not very effective in attenuation of harmonics since they are so
close to the fundamental component and their pattern varies with operating
condition.

Besides the harmonics, beat power and poor input power factor are
some other concerns. The beating effect is eminent whenever input and
output frequencies are not synchronized. The input power factor is
generally lagging because of phase-control and cannot be controlled
arbitrarily because that freedom 1is reserved for adjustment of voltage
amplitude.

In addition to the six-pulse cycloconverter, a variety of similar
topologies with different pulse numbers are also described in [24] and [R5].
All of these share the same buck-type configuration and differ in the number
of switches, which may be as small as three or as large as twelve. As
another example, consider the three-pulse cycloconverter in Fig. 8.3 whose
switches are as realized in Fig. 8.1. This converter does not require isolated

load as the six-pulse one. Because of the reduced number of switches,

3Vv3
however, its maximum voltage gain is only —-——, half of that of the six-

2

pulse cycloconverter.
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LOAD
LOAD

Fig. 8.3 Three-pulse cycloconverter (circulating current-free mode).

B8.1.2 Unrestricted Frequency Changer

The unrestricted frequency ranger (UFC) uses the same buck-type
topology as the phase-controlled cycloconverter: examples of UFC thus
include the six-pulse circuit in Fig. B.1, the three-pulse one in Fig. 8.3, and
so on [33]. The operating principle of the switches, however, is no longer
phase-control, in which the firing angle is modulated at the output
frequency. Instead, the switching frequency fg is related to the input

frequency fg and output frequency f according to
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Se
P (B.1)

f =fgxfs=Ffq 2

where f. is the clock frequency, and F is the pulse number. For the six-
pulse converter in Fig. 8.1, each switching period is divided into P = 6 equal
clock intervals corresponding to six combinations of line voltages. The
arrival of each clock pulse turns off one throw and initiates another, the
pair of commutated throws being permutated by six-stepped symmetry. This
switching sequence applies all six polarities of line voltage to the load, as
can be seen from Fig. 8.4 for the first phase of a six-pulse UFC.

Owing to Eq. {B.1), the output frequency of an UFC can be any
value and is not restricted below some small fraction of line frequency as in
the phase-controlled cycloconverter. The output phase sequence can be
reversed by choice of fs such that fg < f;. Reactive power can be
inverted, i.e., an inductive load appears capacitive to the source, and vice
versa, if fg > fg.

Although a UFC provides more freedom to control the output
frequency than a phase-controlled rectifier does, it lacks a mechanism to
vary the output amplitude, at least in the six-pulse case. Its harmonic
content, better than that of the phase-controlled rectifier, is still not
satisfactory because of the low-frequency steps in Fig. 8.4. Sub- and super-
harmonics in its output voltages and input currents are difficult to filter
effectively since the switching frequency specified in Eq. (8.1) is still too clese
to the source or lecad frequency.

In summary, slow-switching cycloconverters generally employ the
buck-type, voltage-fed topology; their number of switches is selected to

improve the voltage amplitude or reduce the switching noise. Two different
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switching strategies have been discussed. In the phase-controlled
cyclocohverier, the firing angle is modulated at the output frequency to
synthesize a stepped voltage whose desired component is proportional to the
reference signal. In the unrestricted frequency changer, switches commutate
at the sum or difference of line and load frequencies; on-times of all throws

are equal and constant throughout every switching cycle.

8.2 Cycloconverters Switched at High Frequency

Two classes of fast-switching cycloconverters are studied in this
section. The high-frequency-synthesis cycloconverter is considered first as
an example of ac-to-ac energy processing by PWM principle. The resonant
cycloconverter is considered next as an example of frequency conversion by

resonant principle.

B8.2.1 High-Frequency-Synthesis Cycloconverter

The high-frequency-synthesis cycloconverter (HFSC) [37] s
topologically identical to the three-pulse converter illustrated in Fig. 8.3. Its
throws, however, are switched at high frequency and controlled by the

following PWM functions:

dyy = dgg = dgg = 5=+ ——cos{it (8.2a)
1 2m

dlz — d21 - d33 = -§°+ :;n COS(Qt —_5—") (BZb)
1 Dy, 2T

diz = dop = dg; = 5—4— —3——-cos(0t+—‘3 ) (8.2¢c)

Phase voltages after the switches then consist of sinuscidal components
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superimposed by high-frequency harmonics. The amplitude and frequency of
the desiredlsinusoids are controlled via the amplitude and frequency of the
duty ratio modulations in Eq. (8.2). Switching noise is absorbed at low-pass
LC filters inserted between the switches and load.

The useful output of a high-frequency-synthesis cycloconverter is at
either the sum or difference of input and modulation frequencies. A wide
cycloconversion range is thus available, the upper limit being imposed by the
switching frequency and amount of ripples tolerated. Fast-switching PWM
also permits the phase sequence at the input to be reversed, and the power
factor inverted, from those at the output by proper sizing of line and
modulation frequencies.

In spite of the above advantages, the high-frequency-synthesis

cycloconverter has several drawbacks. Its maximum voltage gain is only -é-—-

and this low value necessitates some modification of the basic topology if the
circuit is to drive a variable-speed motor from the main. Its switches are
four-quadrant and, hence, difficult to drive: overlapping must be avoided to
prevent shorting out the line, but no dead time is allowed because of the
absence of free-wheeling diodes. With the drive functions defined in
Eq. (B.2), power factor control is impossible as the input power factor is
fixed for a given load. In [37], two modulation frequencies symmetrical
about the main frequency are injected into the duty ratios to create some
correction of power factor. This complicated algorithm, however, still
restricts the angle of the impedance seen by the source to be always smaller
than the load impedance; if the load is highly resistive, the opportunity to

redistribute reactive power is lost.
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Reactive elements have been assigned only secondary importance in
[37] and igﬁored in the modeling process. As is proved in next chapter, this
neglect of L and C is hardly justified, especially at the low switching
frequency exemplified. Reactive elements influence not only small-signal
transfer functions, but also steady-state frequency responses unless the filter
is designed in suitable proportion to the load. Furthermore, inductors and
capacitors serve more than just filters: they are also topological elements:
for instance, boost-type topologies with finite switching frequency simply do
not exist if they are deprived of inductors. Therefore, failure to acknowledge
the topological role of energy-storage components means rejection of a host
of useful, ideal cycloconverter topologies. More on the significance of filter

elements is examined in next chapter.

8.2.2 Resonant Cycloconverters

A typical resonant cycloconverter, such as the "parallel’ one in [34]
or "series” one in [35], can be cast in the block diagram of Fig. 8.5. The
circuit consists mainly of a set of modulation switches, a resonant tank, and
a set of demodulation switches. The modulation switches convert three-
phase, low-frequency line energy into single-phase, high-frequency resonant
power. The resonant power is then redistributed into a three-phase load
under another amplitude and frequency by the demodulation switches.

Two frequencies govern the operalion of each setl of switches: a
slow one to select which two input lines to deliver or two output lines to
consume power, and a fast one to excite or extract energy from the
resonant tank. Input line selection is done at line frequency by the input

switches, and output load selection at load frequency by the output switches.
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Fig. 8.5 Functional block diagram of a resonant cycloconverter showing a
resonant link surrounded by modulation and demodulation
switches.

As far as the slow action is concerned, the modulation switches in [35] follow
the six-stepped sequence of a phase-controlled rectifier, and the
demodulation switches that of a current-source inverter.

Within each sixth of a line period, the input throws are switched at
high frequency, usually at .5 duty ratio, to excite the resonant link. The
area of a resonant pulse can be coded with the desired amount of energy by
modulation of this high switching frequency, therefore, variation of the
switching frequency is the principal means to regulate the amount of power
into the load. Within each sixth of an output cycle, the demodulation throws
are locked to the resonant frequency to transfer tank energy into the

output. Polarities of the load and tank currents are required to determine
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which throws steer the resonant pulses.

S If 7 operated in the proper frequency range, the resonant
cycloconverter turns its switches off at zero or low current; this low current
stress renders the circuit attractive for high-power applications. Owing to its
high-frequency link, the topeclogy permits a wide range of output frequency.
Power factors at both input and output ports can be adjusted independently.
Power flow can be reversed electronically, and regeneration is thus speedy.

Resonant cycloconverters usually require more components than
PWM ones. For instance, the example in [35] needs four-quadrant switches
because the voltages and link current are all ac. Control hardware is
complicated because most voltages and currents have to be sensed just for
switching purposes. At the present, this circuit complexity is not very well
traded off for waveform quality: a fair amount of low-frequency harmonics
is still present owing to six-stepped influence. More study needs be carried
out to see whether clean power is obtainable from simple (e.g., sinusoidal)
frequency modulation functions.

One major obstacle to the widespread wuse of resonant
cycloconverters is the lack of basic understanding and analytical techniques
for these networks. Standard tools for PWM converters are not applicable
here since switching and resonant f{requencies are generally comparable.
Fortunately, methods have been proposed in [38] to contribute more insight
to steady-state and dynamic behavior of dc resonant converters. Similar
efforts are undoubtedly valuable to the promotion of resonant

cycloconversion.
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In conclusion, existing cycloconverters can be classified either as
slow- or fasrt~switching according to the ratio of switching to input or output
frequency. Members of the slow-switching group share the buck-type
topology with a varying number of switches. Examples are the phase-
controlled cycloconverter, whose throws are fired at angles modulated at the
output frequency, and wunrestricted frequency changer, whose throws are
fired uniformly at the sum or difference of input and output frequencies.
Fast-switching cycloconverters operate on either PWM or resonant principle.
Reviewed are the buck-type PWM high-frequency-synthesis cycloconverter and
series and parallel resonant cycloconverters. The theory in fast-switching
cycloconversion is still at an elementary stage, especially when reactive
elements are considered integrally as topolegical components. The following
chapters augment this theory with more ideal PWM topologies and modeling

techniques.
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CHAPTER 9

FAST-SWITCHING SINUSOIDAL PWM CYCLOCONVERTERS

This chapter presents fast-swilching FWM cycloconverters that
synthesize sinusoidal waveforms from sinusoidal control functions. The
numbers of input and output phases may differ and are generally greater

than one. If there are two phases, they are displaced by +90° if there are

o

N

N phases, any two adjacent ones are displaced by =+ Although a two-

phase cycloconverter and an N (>2) —M (>2) —phase one differ slightly in
topology, they share identical mathematical and functional characteristics.
Four topics are discussed in this chapter. The ftopologies are
described and their inputls specified in the first section. Steady-state
performance is next analyzed, by the describing equation technique, in the
second section. Dynamics is bypassed here since it is just another
straightforward repetition of the procedure outlined in Chapter 1 and
exemplified in Chapters 3 and 6 Canonical models of the topologies are
then compared in the third section. Finally, the cycloconverter is related
topologically to the dc converter, inverter, and rectifler and endorsed as the

generalized converter for all four fields of power electronics.
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9.1 Description of Topologies

' Thé buck, boost, buck-boost, and flyback cycloconverters are
presented in this section. Each is elaborated in terms of the positions of its
switches and reactive components relative to the sources and load. The
switches are characterized by their continuous duty ralios, and the sources
their sinusoidal voltages. The load is assumed to be resistive for simplicity
sake although it can be any other balanced polyphase impedances, e.g., ac

machines, utility bus, and so on.

9.1.1 Buck Cycloconverter

The buck cycloconverter is the extension of the fast-switching buck
dc converter or slow-switching phase-controlled cycloconverter {or UFC) into
high-frequency cycloconversion. As is delineated in Fig. 9.1, an
N (>2) - M (>2) —phase buck cycloconverter retains the familiar traits of a
voltage-fed topology: M N-throw switches feeding the load through a
polyphase LC filter. Although the switch arrangement here is identical to
that in the three-pulse network in Fig. 8.3, the drive strategy is completely
different. The throws are switched at high frequency and pulse-width-

modulated according to
e = — +
wk = 77 Guke (9.1)
where the effective duty ratio d, e satisfles

d 2m 2m 1 ¥
Qe = —m‘COS[9+(k"1)—ﬁ-r(W‘1)7] = dwk—_ﬁ}"zgldzk

N (9.2)

where
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Fig. 9.1 N-M-phase buck cycloconverter with M N-throw switches pulse-
width-modulated by sinusoidal functions.

1<k <N , l=ws=<sM (9.3a,b)
ft
d, <1, and 6 = w(T)dT
m o (™) (9.3¢.d)

In the above, N is the instantaneous modulation amplitude and «w the

instantaneous modulation frequency; negative @ is possible and means a
reversal of phase sequence. The signs of phase sequence as specified in
Eq. (9.2), together with the arbitrary sign of w, account for all possible

combinations of modulation phase sequences.
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Besides the balanced polyphase duty ratios, the other inputs are

the sources of excitation, also balanced polyphase:

2mn
Vgg = Vg cos[fg —(k—1) T] , (1<k<N) (9.4)
where
6 ft (1)d
= wolT)dT + @
v o457 I (9.5)

where vy is the instantaneous input amplilude and w,; the instantaneous
input frequency, which takes on both polarities.

The switches governed by Eq. (9.1) convert the N voltages defined
by Eq. (9.4) into M balanced sinusocidal voltages at frequency w, = w + wg,
which can be any real number, superimposed by switching noise. These
pulsating waveforms are then passed to the load through small LC low-pass
filters designed to attenuate the high-frequency noise without significantly
affecting the desired sinuscids. The inductors can be integrated to save
magnetic material since their instantaneous fluxes sum up to zero. The
capacitors can be connected in a delta although they are illustrated in a wye
configuration. The lcad may be more than a trivial resistor bank: if an
impedance can be driven by a slow-switching cycloconverter, it should
perform smoother if supplied by a fast-switching PWM cycloconverter.

Modified reduction of the generalized topology in Fig. 9.1 results in
the two-phase buck cycloconverter captured in Fig. 9.2. The circuit consists
of three poles, the third one for the load neutral; each pole has three

throws, the third one for the source neutral. The main now satisfies
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Fig. 9.2 Two-phase buck cycloconverter,

Vg = vgcos[Gg—(k—l)g—] , k

1,2

The duty ratios for the switches are

_ 1 o

il
= - G +(k—-1) —
Dok = 3ivE " zave oSt (kb o]

1 - Tr i
= +(k—-1) &+ —
eV + eV cos (B, + (k—1) 53 ]

_ 1 Drme

I v
= + (k — Bl
dox = give ~ zavg oSGkl oragl

where

oL 3 —
_é /{( 25—

(9.8)

(9.7a)

(9.7b)

(9.7¢)
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¢
1<k<2, dp,<1, and 6, = windr+
° { Po (9.8a,b.c)

This selection of duty ratio optimizes the eflective duty ratio d,u,:

dpm

mw
duke = duk ~dox = cos[9+(lc-—1)-2—t(w-1)-g—]

(9.9)
where
ovV3
lsw=<2, 1<k<2, and d,< YR (9.10a,b.¢)

With the above controls and inputs, the two-phase cycloconverter performs
as the generalized one.

In summary, an N —M —phase buck cycloconuverter consists mainly
of M N-throw switches pulse-width-modulated by continuous balanced
sinusoids at frequency w much lower than the switching frequency. These
switches cycloconvert N sinusoidal input voltages at frequency Wy into M
desired components at frequency wg +w and switching harmonics. Small LC
filters are inserted after the switch matrix so that the load receives smooth,

sinusoidal waveforms.

9.1.2 Boost Cycloconverter

The boost cycloconverter results from reverse operation of the buck
cycloconverter or extension of the boost dec converter into cycloconversion.
As is depicted in Fig. 9.3, an N —M —phase boost topolegy exhibits the
familiar constituents of a current-fed structure: inductors in series with the
sources to transform voltages into currents and switches to feed these
currents into the load. External inductors may be saved if line inductance

is available; they can be integrated ontoe one magnetic piece since their
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Fig. 9.3 N-M-phase boost cycloconverter with N  M-throw swiltches pulse-

width-modulated by sinusoidal functions.

instantaneous fluxes sum up to zero. The N M-throw switches are operated

at high frequency and modulated according to

r

1
d = — 4 d
w M kws
where the effective duty ratio d,, satisfies

, d, , 2 2m 1 &
diwe = - cos[ & +(k=1) S £ (w-1) -] = ow = 7 L i
=1

where

1<k <N , l<sw =M

(9.11)

(9.12)

(9.13a,b)
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d, <1, and 6 = ftw‘(f)df

0 (9.13e¢,d)
where prime (') has been used with duty ratios associated with the autput
side of the circuit. The above duty ratios interact with the voltages specified
in Eq. 9.4 to generate N sinusoidal inductor currents at the same frequency
and phase sequence as those of the main and to convert these currents into
M sinusoidal load currents at frequency w, = wy, + ' (each frequency can
be any real number). Of course, there are also current harmonics at high

frequency, and they are shunted away from the load by the capacitors.
The two-phase boost cycloconverter is shown in Fig. 9.4. A third
pole has been added to switch the source neutral, and a third throw is
present in each pole to return current for the load neutral. The duty ratios

of the switches are

L dy d'iod'i2
000 - »
i ) N
Vgl e d'“ /o /» Caom v R
~° _
doo
T\ 1
N
Y] . é o ——V R
'S 2
/ /)
+
000 > SR — .
2 dp dpodpp

Fig. 9.4 Two-phase boast cycloconverter.
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’

dow = 2+1\/§ - Zim\;§ cos[e(',:t(w-—l)-g—] (9.14a)
RIS S B
dpy, = 2:\/_2_ + 2+":;§ COS[Gét(w“l)‘g"“g“] (9.14¢)
where
' ) t .
l=w=2, dp=<1, and 6, ={°~"(T)d7+“’° (9.15a,b,c)
This selection of duty ratio optimizes the effective duty ratio dzéwg:
where
lsw=<2, 1<k<2, and dr};sgg;{%“ (9.17a,b.c)

With the above duty ratio assignment, the two-phase boost cycloconverter
behaves as the N —M —phase one.

In review, an N — M —phase boost cycloconverter places N inductors
between the sources and switches to transform source voltages into
sinusoidal currents at the source frequency. The switches then pulse-width-
modulate these currents, by sinusoidal duty ratios at frequency «', into M
sinusoidal currents at frequency wy; + «'. The cycloconverted currents

generate smooth, sinusoidal voltages cn the cutput impedance.
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9.1.3 Buck-Boost and Flyback Cycloconverters

The buck-boost cycloconverter is the polyphase-to-polyphase version
of the buck-boost de converter. As is described in Fig. 95 an
N (>2) =M (>2) —phase topology looks similar to an overall slow-switching
current-source inverter system, composed of a phase-controlled rectifier at
the input, a 60 Hz choke as intermediate dec link, and a current-source
inverter at the output. Despite this similarity, the four independent switches
in the buck-boost cycloconverter operate on an entirely different principle.
The two independent N-throw switches right after the source are not phase-
controlled: they are pulse-width-modulated at high frequency with the

continuous duty ratios

dy dik diy L dy diwdim
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Q
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o | l : l. .o
ot 1 r
b + + +
/ 0/ 0/ 0/ C 7 Vi M
7Y '5_-? ) —.J _ -
dp) dpy day dp dow dom

Fig. 9.5 N-M-phase buck-baost cycloconverter, cascade of an N-phase buck
rectifier and an M-phase boost inverter.
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_ 1 s A 2m
where
l=sr <2 , 1<k <N (9.19a.,b)
e
d < 1 and e, = We(T)dT + @
mr Ty 4 (9.19¢.d)

According to the above, the modulation amplitudes and phases of two input
switches are generally independent. The optimal effective duty ratio is

attained when the amplitudes equal and phases oppose:

2m
dp = dyg—dgp = Nm cos[ 8—(k-1) —]\7‘} (9.20)
where
d d S wq()
m 5 g (9.21a,b)

This optimality, however, is only with respect to confinuous PWM and is still
inferior to some piecewise continuous strategy, such as sik—stepped PWM
(Subsection 4.1.2).

Once the instantaneous frequency and phase sequence of duty ratio
modulation are locked to those of the line, an effective dc voltage is
generated at the input end of the inductor. The inductor then transforms
this voltage into a dc current, just as in a boost inverter. In contrast to
that in a current-source inverter, the inductor in a buck-boost
cycloconverter is small owing to fast switching: therefore, the dynamic
response here is very fast and can be improved further by increase of the

switching frequency. In general, more than one inductor may store the
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intermediate energy, and their currents may be balanced polyphase de or ac.
This generié topology, however, is only of theoretical interest.

The two independent M-throw switches at the output invert the
inductor current into M sinusoidal currents at frequency o' Again, this
inversion is not six-stepped, but is fast-switching PWM with

o 1 dr;zr . 2T
drw - M + M COS[GT ('U.) 1) M ] (9'22)

where

A
S
i}
™
-
A

w< M (9.23a,b)

t
d, . <1 and 6, = [ o'(T)dT + ¢,
it T { i’ (9.23¢.d)

In analogy with Eq. (9.20), the maximum effective duty ratio at the output

can be chosen to be

’

C . Rdp , 2m
dy = iy —day = 7 cos|[ & —-(w-—l)-ﬁ-}—} (9.24)

where

t
<1 and 6 = w'(r)dr
" { ) (9.25a b)
Six-stepped PWM is certainly applicable to the output switches also.
The two-phase buck-boost cycloconverter is portrayed in Fig 9.6.

The input switches are modulated according to
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Fig. 9.6 Two-phase buck-boost cycloconverter.
dy = — cos[B—(k—1) —]
7 o4vz 2 (9.26a)
1 dpm v
dae = givg ~ g coslo-(k-1) 5] (9.26b)
where
k=12, dp < 2 , and 6=ftca (Mdr
2+VZ 5 7 (9.27a,b,c)

This modulation provides the highest effective duty ratio defined in

Eq. {9.20). The output duty ratios satisfy similar equations:
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d = + " — -
1w S +vV3 5 cos[ &' —(w~1) 2 ] {9.28a)

. 1 dn, : ™

= - 6 —(w-1) -
2w = gyvg g costem(wol o) (9.28b)

where
w = 1,2 d, = _ 2 and g = ftw'(‘r)d‘r

T ™ o2+Ve A (9.29a,b c)

These functions maximize the eflective duty ratio specified in Eq. (9.24).
Apart from the preceding modiflcations, the two-phase and N — M —phase
buck-boost cycloconverters are alike in performance.

Topological manipulation of the buck-boost cycloconverter yields the
N (>2)Y—M (>2) —phase flyback cycloconverter presented in Fig. 9.7. The
topology consists of only fwo independent switches, instead of four as in the
buck-boost converter; each switch has (VN + M) throws. In interval d T of

each switching period Ty, the input throws charge up the inductor by

- d dmr 27
dpy = N + N cos[ 6, —(k—1) T] (9.30)
where
l<sr <2 , 1<k <N (9.31a,b)

¢
d,,. < d and 6, = w,(T)dT +
mr r { g( ) Pr (9.31(:,(1)

According to the above, the modulation amplitudes and phases of two input
switches are generally independent. The optimal effective dwty ratio is

attained when the amplitudes equal and phases oppose:
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dy dix din dy diwdim
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Fig. 9.7 N-M-phase flyback cycloconverter with two (N+M)-throw switches
pulse-width-modulated by sinusoidal functions,

2dm 2m
d = dyp—dge = ——cos[6—(k=-1) ] (9.32)
where
Lot
d, <1 and g = wLa(T)dT
™ o (9.33a.b)

After the charging time, the inductor discharges its current into the load
during d' 7Ty with

" d dr;zr ' 2T
dry = Y H cos[ 6, —(w 1)71——-]

(9.34)

where
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l<sr=<2 , lsw=<s M (9.35a,b)
I3 ’ t ’
dppy < d' and 6, = f (T)dT + o,
0 (9.35¢,d)

In analogy with Eq. (9.32), the maximum effective duty ratio at the output

can be chosen to be

, , , 2d,
Gy = dyy —dzy = Mm

cos[ 8 —(w-1) %—J (9.36)

where

Ay < d' and 6 = ftw’('r)d'r
0 (9.37a,b)
Six-stepped PWM is a beneficial alternative to the above modulation policy.

As in the buck-boost converter, sinusoidal input voltages and duty
ratio modulations establish a de current in the inductor. This d¢ current is
then inverted into M sinusoidal currents and voltages at any frequency o'
for the Ioad. Operating principles of the flyback and buck-boost
cycloconverters are thus similar; their mathematical descriptions can be
proved to be also identical.

The two-phase flyback cycloconverter is illustrated in Fig. 9.8. Its

duty ratios are assigned as follows:

d Dy,

_ -1y T

due = o5t 3 cos[6—(k—1) 5-] (9.38a)
_ d drn w

dow = 57 5 cos[6-(k-1) =] (9.38b)

where
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Fig. 9.8 Two-phase flyback cycloconverter.
d, < 2 d and 6 = ftw (mdr
™ 24+VE T 5 7 (9.39a.b.c)
, d Ay, , m
b = grvg t g ocoslO (w5l (9.402)
a’ m. , i
aw = Srve T B cos[ 0 —(w~-1) 5 ] (9.40b)
4 < —5 g and @' = ftw'(T)dT
™ R2+VR 0 (9.41a,b,c)
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In retrospect, the buck-boost and flyback cycloconverters are
exarnples of burrent-fed, indirect cycloconversion: they rely on intermediate
dc current link. They use a set of input throws pulse-width-modulated
sinusoidally at line frequency to build up a dc current in the energy
storage/transfer inductor. Another set of output throws then invert this

current into balanced sinusocidal currents at any frequency for the load.

9.2 Steady-State Performance

Describing equations of the cycloconverters introduced in the
previous section can be derived by following the method developed in
Chapter 1. Steady-state solutions of these equations .are then solved in
either stationary (abc) or rotating (ofb) frame of reference; the later one
has been adopted in view of its applicability to dynamic and canonical
models. The ofb equations are obtained from the abc ones via cocordinate
transformation. Since there are usually more than one frequency involved,
the transformation actually comprises many sub-transformations, each for
one frequency. If a state is single-phase (e.g., the inductor current in a
flyback converter), it needs be passed simply through a wnity sub-
transformation. If many states constitute a balanced polyphase set (e.g., the
capacitor voltages), they require the abc-ofb sub-transformation reviewed in
Appendix B. The sub-transformation of M states at instantaneous frequency
w, also has order M and instantaneous frequency w,.

After the transformation, M —2 of the M balanced polyphase
quantities are discarded as they are either identically zero or indeterminate
but fixed to zero in practice. The remaining two states are the backward

component, directly proportional to the phasor describing‘ the stationary
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sinusoidal waveforms, and forward component, the complex conjugate of the
former. Ali balanced systems with more than two input or output phases
are thus equivalent and reducible a two-phase system.

For the topologies described earlier, the reduced equations have
time-invariant coefficients under steady-state condition; therefore, steady-
state ofb solutions are constant. A constant ofb scalar corresponds to a de¢
abe value, and a constant ofb phasor translates to sinusoidal abc waveforms.
Thus, the buck, boost, buck-boost, and flyback cycloconverters are ideal as
expected. Steady-state capacitor voltages and inducter currents for optimal
continuous modulation and resistive load are tabulated in Table 9.1, these
results can be used directly in design since they describe actual waveforms.

The phase angle ¢4 in Eq. (9.5) has been set to zero for steady-
state evaluation of the buck and boost cycloconverters. In the buck case,
both inductor current and capacitor voltage are sinusoids at frequency
Q, = Q+Q,. If the switching frequency is infinite, (1}, may be any real
value; otherwise, the upper bound for (1, is limited only by the amount of
ripple the load is willing to tolerate. Negative (1, is equivalent to positive Q,
with opposite phase angle: the modulation frequency and phase sequence
can always be chosen to reverse the phase sequence and sign of reactive
power across the switches.

At low filter reactances, the voltage gain of the buck cycloconverter

is —22—: the topology thus deserves its name. Unfortunately, this gain is

too low: the output is at most half of the input amplitude. The basic
circuit thus needs modification if it is to drive a load rated at line condition.

Note that the low-reactance output is independent of the number of input
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Type Capacitor Voltage ye it Inductor Current /e ™
Buck D,;V, . 1 D;};’g 1;_7'01,[,0
1450, -1%—+(j01,)2LC 1450y -+ 0,)2LC
2V, 4MV, 1+jQ,RC
Boost D,’ ! ND: zgR ]
™ o1+5Q, 1? -0,0,L,C m 1+50,
D D
Flyback b—ﬂ:—- pcos®, (1-7QRC) jg o i Vg cos by (1+02%R2C?)
where h =0Q+0y or 0+Qy; Ly = “,12 L
ND,,

TABLE 9.1 Steady-state capacitor voltages and inductor currents in the

buck, boost, and flyback (or buck-boost) cycloconverters.
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and output phases because the duty ratio is not a function of M and any
change "in N is offset by an opposite change in modulation amplitude. All
phases of the network are thus completely decoupled. each being excited and
filtered separately.

Since filter reactances are nonzero, their effects become
pronounced as the output frequency increases. For the buck cycloconverter
feeding a resistive load, the steady-state frequency response for the
capacitor voltage is simply a second-order roll-off whose poles are the LC
corner. In general, the response depends on the interaction between filter

and load impedances. It may shape the amplitude gain to be completely

different from a flat --éT— and present the main with something other than

the load impedance unless the filter is intentionally designed to locate
steady-state corners beyond the output frequency range of interest.

The inductor current and capacitor voltage in the Dboost
cycloconverter are also sinusoidal. The frequency and phase sequence of the
currents are obviously identical to those of the source. The frequency of the
voltages is (I, = (Ig + 0 and may be adjusted to any real number via the
modulation frequency (') the sign of , can be used to control those of
reactive power and phase sequence across the switches.

As filter reactances approach zero, the dec voltage gain approaches

-—g,—-: the circuit steps up as expected . As in the buck case, the low

m

eflective modulation amplitude here prevents the voltage amplitude to go
below 2V, therefore, modification of the original topology is essential to

recover the voltage range below 2 Vg. The boosting property, however, does
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not hold when (1, and Q, are large: the voltage tends toward zero, instead
of infinity, és D,'n approaches zero. Recall that boosting action prevails in a
boost dc converter because the output voltage always has to be higher than
input voltage to maintain volt-second balance for the inductor. In a boost
cycloconverter, the output voltages are not the sole mechanism for volt-
second balance: the input voltages also contribute volt-second balance since
they are already ac. As the modulation amplitude approaches zero, the
inductors are effectively connected in a star configuration, whose center is
the shorted switched ends of the inductors, and are completely volt-second
balanced by the ac inputs. Sinusoidal currents are established in the
inductors, but they only circulate reactive power in the star, and do not
deliver any real power to the load.

In the presence of mnonzero filter reactances, then, buck-type
property in one direction does not imply boost-type property in the other.

Filter reactances also modify the magnitude and phase of steady-
state phasors at high input and output frequencies. The voltage steady-state
frequency response for a boost cycloconverter driving a resistive load looks
"second-order” but is actually not. This type of response is rarely
encountered in linear circuits as it involves two different frequencies: one in
the inductive reactance QgL and the other in the capacitive susceptance
(1,C, and these two frequencies do not change together. In motor drives,
for instance, (}; is constant while (1, is adjusted; in variable-speed, constant
frequency generators, the opposite situation holds; and in variable-frequency,

variable-speed applications, both (}; and (1, fluctuate independently. The
Qg L
R

phase response as a function of only (1, starts out at -arctan and
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drops toward -180°, the first 90° from the inductor and the second from the
capacitor. .Interestingly, this second-order phase trend is accompanied by a
magnitude roll-off of only first order because only the capacitive, not
inductive, reactance changes with (2,. Unusual steady-state transfer
functions undoubtedly exist for other frequency and lecading situations.

In the analysis of the buck-boost and flyback cycloconverters, the
source phase angle g, is preserved. This angle controls not only the output
amplitude, but also the input power factor. Since the inductor current ig
de, the input power angle is also ¢g; therefore, any angle between —180°
and + 180° is possible. This freedom is a definite advantage over the buck
and boost convertersiz in which the magnitude of input power angle is fixed
by the load and only the sign can be changed.

The capacitor voltages are sinusoidal as expected. Their frequency
is the modulation frequency (I’ and can be any real number. The sign of (I

controls the phase sequence into the load. At low capacitive susceptance,

the dc voltage gain is D’,n cos‘f)g; stepping down is thus possible through
m

the input modulation amplitude, and stepping up the output one; @g should
be saved for power factor control. At high (), a rhp zero shapes the steady-
state frequency response; this phenomenon has been found in the boost
inverter and attributed to the volt-second balance requirement for the
inductor.

To summarize, the buck, boost, buck-boost, and flyback
cycloconverters are indeed ideal, namely, they all generate sinusoidal output
voltages and input currents from sinusoidal duty ratio modulations. Any

output frequency or phase sequence is possible, the frequency limit being
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determined by the switching frequency. Complete contral of input power
Jactor is possible only with the buck-boost and flyback topologies owing to
their dc link. When filter reactances are low, the buck cycloconverter steps
down; the boost, up: and the buck-boost or flyback, up and down. Filter
reactances generally affect even steady-state frequency responses and can be

neglected o'nly'by design.

9.3 Canonical Models

As inverters and rectiflers, cycloconverters are modeled in the ofb
reference frame where they are time-invariant. To put the buck
cycloconverter in the ofb coordinates, the following phase can be used for

current and voltage transformations:

—_ — ¢ 7
6r = Op = { [2(T) +wg(T)]dT (0.42)

Since there is neither rectification nor inversion in the topology, backward
and forward components do not have to interact to convert complex into
real power; therefore, backward and forward circuits are decoupled. The
canonical model relating backward voltage and current is depicted in
Fig. 9.9.

The model includes excitation and control generators, a
cycloconversion transformer, and a complex low-pass fllter. The ezxcitation
genegrator is the backward phasor of input phase voltage (note that ¢y has
been set to zero without loss of generality). The control generators are
dependent voltage and current sources controlled by the frequency and

amplitude of duty ratio modulations as well as the line frequency, their
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Fig. 9.9 Linearized, continuous, and {time-invariant model of the buck
cycloconverter showing ezxcitation and control generators, a
cycloconversion transformer, and a complex low-pass filter,

coefficients are

= , = -] , = -
v = 7. T b 9 1D CVy (9.43a.b.0)
N = — cv

The above coefficients help determining the zeros of control-to-output
transfer functions. |

The input signals are processed by an ideal transformer that
parallels the switching process in the actual circuit. The cycloconversion

ratio of the transformer is the transformed duty ratioc Dy defined as



Do = —5——F = \/7\7' 2 (9.44)

This ratio emphasizes the modulation amplitude as the prime influence over
steady-state and dynamic gains.

The secondary of the cycloconversion transformer drives a complexz
Jilter that represents the low-pass filter in the real converter. The real part
of each complex reactance is the dynamic reactance while the imaginary
part, the steady-state reactance. Note that the system is fourth-order even
though only one L and one C appear in the model.

The canonical model for the boost cycloconverter can be derived by

use of a current transformation of phase

¢

Or = d
" {UQ(T) T (9.45a)

and a voltage transformation of phase

—— t ]
En = _{[wg(‘r)+w(7)]d1‘ (9.45b)

The resulting circuit comprises a forward and a backward half decoupled
from each other thanks to the absence of rectification or inversion. The
backward model is portrayed in Fig. 9.10 for ¢, =0. It demonstrates the
familiar input, cycloconversion, and ﬁiter functions. Control variables are
still amplitudes and frequencies of the main and duty ratio modulations;

coefficients of the dependent generators are

(2 S INJ L ) fad
g, = (s+750Q — 4y =V
b ( J g) D, b b (9.462)
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Fig. 9.10 Linearized, continuous, and #ime-invariant model of the boost
cycloconverter showing ezcitalion and control generators, a
cycloconversion transformer, and a complex low-pass filter,

~y . L . ™~
Ab = -7 D, (S +]QQ)CVb (946*0)
e .
~ L ~ , ~
Agpy = —F — s+iQ. ) CV,+D,17
gb J D. [(s+] g) b el o] (9.46¢)
~ I o CVy
To = prr T T 996 = 77 Th (9.46d.¢)

The cycloconversion roafic the switches impose upon the inputs is inversely

proportional to the fransformed duty ratio D,' defined as

’

o = YUN Dm _ /N Dm
. = Zm_

2 M M 2 (9.47)

Boosting function is transparent.
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Fourth-order low-pass flitering is embodied in the complex LC filter
following the cycloconversion transformer. Note that while the real
frequency is s for both reactances, the imaginary one is Qg for L and Q,
for C. The inductor current in the model is related to that in the actual

cireuit by

Ty = Dty + 1 pdy — jCVy(Dg +3') (9.48)

Note that is also the steady-stafe inductance, not just the dynamic

‘2
e

one as in a boost dc converter. At low modulation amplitude, this
inductance opens up as DG'Z while the cycloconversion gain increases only as
D,; therefore, the output tends toward zero instead of infinity as the
modulation depth vanishes. The loss of boosting property, as well as poor
steady-state and dynamic bandwidths, discourages operation at small d,'n,

For the flyback and buck-boost cycloconverters, only one sub-
transformation is required for the capacitor voltages; this transformation

tracks the phase of the output duty ratio modulation:

t
Bn ={w('r)d'r (0.49)

The resulting model is delineated in Fig. 9.11. Now backward and forward
phasors interact at the input port to rectify complex into real voltage and
at the output port to invert real into complex currents. The forces behind
the control generators are the line amplitude and modulation amplitude and

frequency. Coefficients of the dependent generators can be proved to be
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Fig. 9.11 Linearized, continuous, and time-invariant model of the buck-
boost and flyback cycloconverters showing ezcitation and control
generators, a cycloconversion transformer, and a compler low-

pass filter.
= VN V,cosd, - D, o I VN V,cosd,
D, D, ¢ D, (9.50a,b)
~ [ VNV, cosd D. ~ sl
Lo = L X =—jrC 9y Y,
D, 1+(s=jQIRC = D, R (9.50c.d)
~ v DG ~ DG iy
j=-1, 7'=—1, and q' = -j — CV
D, =TI (9.50¢)
Input and output fransformed duty ratios are defined according to
_ VN _ 2Dp - . _ Dm
De = = =7y 2 D= g5 (9.51a,b)

Their ratio is the cycloconversion rotlio, which provides the steady-state and
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small-signal gain across the switches.
- The low-pass LC network in the physical circuit is encompassed in
the third-order complex filter in the model. Model states are related to

actual ones by

T =Dei +1d, — jCV, &' (9.522)
-~ ~ DC Rca'
Vy = Vg —jF —— VNV,cosd —
4 % g I 1+(s—jQIRC (9.52b)

L
Since 5 does not affect the steady-state inductive reactance, which is
€

zero, the converter still boosts at low modulation amplitude. Dynamic
bandwidths, however, are degraded at high gain.

To review, continuous, time-invariant circuits have been developed
in the ofb reference frame to model switched, time-varying cycloconverters.
The models are canonical in the sense they all contain control and excitation
generators, a cycloconversion transformer, and a complex low-pass filter.
Backward and forward components are decoupled in the buck and boost
cycloconverters, in which energy conversion is direct; they interact in the
buck-boost and flyback topologies, in which power is converted indirectly

through a dc link.

9.4 Reduction of Cycloconverters to Dc Converters, Inverters, and

Rectiflers

Reflection upon the extensions of fast-switching PWM dc converters
(Appendix A) into inverters (Chapter 3), rectifiers (Chapter 6), and

cycloconverters (Chapter 9) reveals many common characteristics among
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these four kinds of converters. For one thing, the topologies are ideal: all
their waveférms are either dc or sinuseoidal. Thanks to this ideality, the
circuits can be represented by similar continuous, time-invariant canonical
models in the same ofb frame of reference.

Three common groups of elements are shared by all models:
excitation and control generators, conuersion (transformer, and low-pass
filters. True inputs, amid all time variations, are the dc source and duty
ratios and the amplitudes and frequencies of ac sources and duty ratio
modulations. The conversion ratio is related to duty ratio controls of the
switches and is descriptive of converter iype, epg., all buck converters step
down, boost converters step up, and so on. Steady-state and small-signal
bandwidths are determined by complex reactances that have analogous
meanings for all areas of switched-mode conversion.

The above similarities inevitably suggest that de converter, inverter,
rectifier, and cycloconverter topologies of the same type (e.g., fiyback) may
be consolidated. Since dc is just a special case of balanced polyphase ac, it
is logical to expect dc converter, inverter, and rectifier are just special cases
of cycloconverter. That the cycloconverter is the most generalized structure
is proved below for the buck-boost topology.

A buck-boost dc converter is derived from the four-phase buck-
boost cycloconverter in Fig. 9.12. The input v, to the dc converter is
equivalent to the following set of four-phase, dc excitations:

v
— w— —-——g preed =
Vg1 = —Vg3 = 5 and Vg = Vgy = 0 (9.53a,b)

The above assignment effectively removes v,z and vg4 from the picture and
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Fig. 9.12 Reduction of a four-phase buck-boost cycloconverter with dc
inputs and oulputs fo a buck-boost dec converter,

places ¥y, and Vg3 in series. The four throws related to vy and vy, are
then redundant; hence, the input duty ratios are distributed as

The upper switch thus retains only two throws that feed wvgj, the positive
end of vy, and vgg, the negative end of vy: the lower switch is eliminated by
being permanently connected to vgs. The overall result is the input end of
a buck-boost dc converter, as is emphasized by the thick trace. It is
important to realize that Eq. (9.54) still creates a set of four-phase, dec
effective duty ratios di =d 1 —dog:

d, = —dg=d and dy;=d, =0 (9.55a,b)



_R61

Therefore, the reduced switch arrangement and duty ratlo assignment in the
de convertef still "cycloconvert' implicitly.
By the same token, the top output switch is simplified into a

double-throw one, and the bottom output switch discarded by
dy; = 1-dj3 =d and dy =1 (9.56a,b)

Again, these functions still generate four-phase, dc eflective duty ratios
although the thick line in Fig. 9.12 shows that the output end is exactly that
of a boost de converter. Therefore, the output voltages are also four-phase

de:

v
vy = TU3 = 5 and vy = vy =0 (9.57a.,b)

Two phases of the load carry no current while the other two are effectively
in series. The four-phase, dc output obviously has become a single-phase, dc¢
one with effective load K and capacitance C supported by ». The buck-
boost cycloconverter has thus been reduced to a buck-boost de converter.

An M-phase buck-boost inverter can be developed from a four-M-
phase buck-boost cycloconverter by use of the switch topology at the input
of Fig. 9.12 and the corresponding specifications in Egs. (9.53) and (9.54).
Likewise, an /N-phase buck-boost rectifier can be obtained from an N-four-
phase buck-boost cycloconverter by following the output arrangement in
Fig. 9.12 and functions in Egs. (9.58) and (9.57). In general, the procedure
applies to the buck, boost, flyback, and other topological types as well.

In conclusion, the buck, boost, buck-boost, and flyback
cycloconverters have been described as examples of topologies capable of

generating sinusoidal waveforms from fast-switching, sinusoidal pulse-width
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maodulation. Steady-state and canonical models are analyzed with particular
emphasis on the cycloconversion function of switches and the Jrequency
responses of nonzero filter reactances. Steady-state output frequency starts
from dc and can go wvery high if the converter switches fast enough; both
phase sequences are possible. Dynamic bandwidth is wide since fast
switching implies small energy-storage elements.

In view of the similarilies in performance and meodels of dc
converters, inverters, rectifiers, and cycloconverters, it has been stated that
four areas of switched-mode energy processing are also topologically related.
In particular, a dc converter, inverter, or rectifier of a given type (eg., buck-
boost) is demonstrated to be just a special case of the corresponding
cycloconverter. Therefore, the cycloconverter is established as the
genaralized converter whose topology and model are representative of all

fields of de and ac power conversion.
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CHAPTER 10
PRACTICAL ASPECTS OF FAST-SWITCHING SINUSOIDAL PWM

CYCLOCONVERTERS

This chapter comprises four sections. Swifches of the topologies
considered in the previous chapter are implemented and their drives
discussed in the first section. [Isolation is incorporated by insertion of
transformer and, possibly, additional switches in the second section. /nput
impedances of cycloconverters are calculated and swifched-mode impedance
converters promoted in the third section. An ezxperimental flyback

cycloconverter is built and tested in the final section.

10.1 Three-Phase Implementation

Three topics are examined in this section. The first is the
connection of fransistors and diodes in place of ideal switches and the
specification of stress for these devices in practical designs. Some
modulation principles for the switches are discussed next for forward power

conversion. Issues in bidirectional power flow are studied in the last part.

10.1.1 Switch Realization and Stress

The switches in a buck (Fig. 9.1) or boost (Fig. 9.3) cycloconverter
are four-quadrant. they carry ac currents and block ac voltages. One way to
implement each throw of such a switch encases one transistor in a bridge

made from four diodes, as is illustrated in Fig. 10.1a. The transistor
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provides active control, i.e, determines when the throw is on or off. The
diodes rectilfy the ac current or voltage before passing it to the transistor.
A three-phase buck or boost cycloconverter requires nine transistors and
thirty six diodes if bridged-transistors are used.

The configuration in Fig. 10.1b realizes a four-quadrant throw by
anti-paralleling two voltage-two-quadrant throws, each being realized by a
transistor and diode in series, or anti-cascading two current-two-quadrant
throws, each being realized by a transistor and diode in anti-parallel. During
the on state, both transistors are activated; the one that conducts, together
with the series diode, is picked by current polarity. During the off state, the
dicde protects its anti-parallel transistor from negative bias. A three-phase
buck or boost cycloconverter requires eighteen transistors and eighteen

diodes if blocks like Fig. 10.1b are used.

a)

O—r—9 0
+ -
s >

b)
T
Ol [
+ -

Fig. 10.1 Realization of a four-quadrant throw with (a) one transistor
and four diodes and (b) two transistors and two diodes.
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Neither circuit in Fig. 10.1 satisfles the requirement of perfect
commutation in four;quadrant switching. As is obvious from Fig. 10.2 for
two throws in a buck cycloconverter, the transistors cannot be
simultaneously on to avoid shorting out the line. This non-overlapping
restriction is fulfilled with current-two-quadrant throws by allowance of some
dead time sufficiently longer than the storage time of active devices. This
dead time, however, is not permitted in Fig. 10.2 since no diode free-wheels
the inductor current while both transistors are off. More elaborate switch
realization is thus essential for the buck or boost cycloconverter to be
useful.

Current stress in the transistor or diode in a buck or boost
topology is evidently at least the amplitude of the inductor current (Table

9.1). Voltage stress is the peak line voltage of either the input line, for the

g! O n—-{: ‘»{ 0—-——0V92

i

Fig. 10.2 Two bidirectional throws in a buck cycloconverter.
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buck, or output line, for the boost converter. Voltage stress is tabulated in
Table 10.1, %vhere the output phase voltage is specified in Table 9.1.

The dec link in a buck-boost or flyback cycloconverter makes the
current through the switches dc. Therefore, the throw is voltage-two-
quadrant and built by connection of a transistor and diode in series; a
three-phase buck-boost converter with real switches is portrayed in Fig. 10.3.
The switch topology here is famous for its ruggedness and protection
simplicity. Although no dead time is permitted, any number of throws
belonging to one switch may overlap without any destruction. The flyback
cycloconverter shares a similar switch arrangement.

The current flowing through a transistor or diode in a buck-boost
or flyback cycloconverter is at least the inductor current. The voltage stress

is the peak line voltage, as is summarized in Table 10.1.

i dy d), dy
_S'Z, r: LOAD
Vgi l

Vg 2 Ot
3 + + +
V| Vz V3
¢

dp dyp dps da dap das

Fig., 10.3 Three-phase, Jour-quadrant  realization of a buck-boost
cycloconverter,
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Cycloconverter Input transistor/diode Output transistor/diode

Buck v3vy,
Boost V3V
Flyback v3Yy, V3V

TABLE 10.1 Voltage stresses across the (ransistors and diodes of the
buck, boost, and flyback (or buck-boost) cycloconverters.

In summary, the throw in a buck or boost cycloconverter is four-
quadrant and realized by a bridged-transistor or two pairs of anti-parallel
transistor and diode in anti-series. Drives for both configurations are
difficult because neither dead nor overlapping time is allowed. The throw in
a buck-boost or flyback topology is voltage-two-quadrant and implemented by
cascade of a transistor and diode. The resulting switch arrangement is easy
to drive and rugged. Current stress of the device is the peak inductor

current, and voltage stress the peak line voltage.
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10.1.2 Modulation Strategies

. It has been proved that low-frequency components in the outputs of
fast-switching cycloconverters with slow PWM depend on only duty ratios.
Since a given duty ratio may be synthesized by a variety of switching
functions, modulation strategies are numerous and flexible. For the buck or
boost topology., a policy that simplifies signal-processing circuitry has been
proposed in [37]. Only three switching functions are used for all nine

throws:

dyy" = day” = dgg’ (10.1a)
dlz" = d21’ = dss‘ (10.1b)
dig" = dgg = dgy (10.1¢)
Their duty ratics are
dy; = dgg = dapz = é—-+ iié—"’—c:os@ (10.2a)
dip = dgy = dgg = =+ %"——cos(e—%l) (10.2b)
di3 = dyy = dgy = é—-+ %—"—cos(9+%7—r— (10.2¢)

The switching diagram for such a drive scheme is delineated in Fig. 10.4.
Note that the switching functions specified by Egs. (10.1a) and (10.2a) are
referenced to the bottom horizontal axis while those specified by Egs. (10.1¢)
and (10.2c) the top one; the distance between the two sine waves is related

to Egs. (10.1b) and (10.2b). Three digits are used to designate a switched
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A duty ratio
i
d,37dp,7 dj,
321 !
d2=dz =d33
Y
|
213
d;1*dz3=ds;
132
0 >
21/

Fig. 10.4 Switching diagram for the buck cycloconverter.

topology since there are three switches. Each takes on three values as there
are three throws or input sources. Thus, only three switched topologies
exist over the entire modulation cycle. In the one below the lower sine
curve, for instance, inductor 1 is at g inductor 2, vg3: and inductor 3,
Vg2

If the phase sequence of the sources is also positive as that of the
duty ratio modulations in Eq. (10.2), the output is at frequency Wy = Wg —W
with negative phase sequence if wy >w, and at w, =w—wy with positive phase
sequence if w>wy. Any w, >0 with positive phase sequence or 0<w, <wg

with negative phase sequence is thus possible from «>0. The w, >wg with

negative phase sequence is available if w<0 or w>0 with negative phase
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sequence. Reversal of phase sequence at any frequency can thus be
achieved smoothly by straightforward electronics.

The input switches of a buck-boost or flyback cycloconverter are
driven as those of the corresponding rectifier, and the output switches those
of the inverter. Modulation can be either continuous or six-stepped PWM. If
continuous PWM is used, amplitudes and phases of the four switches are
completely independent. In any case, the frequency and phase sequence of
the input switches must lock to those of the source. The frequency and
phase sequence of the output switches then determine those of the load.
Reversal of phase sequence here is even simpler than that of the buck and

boost cycloconverters.

10.1.3 Bidirectionality of Power Flow

Since switches in all topologies are already four-guadrant, reversal
of power flow can be executed electronically without topological modification.
If the output voltage of a buck cycloconverter keeps the same polarity, the
inductor current has to change direction during regeneration. The
modulation amplitude needs be adjusted, usually by a feedback loop if both
sources are stiff, so that the effective voltage across the inductor drives
current backward. If the output voltage flips sign, the current does not have
to. The phase of duty ratio modulation then needs be delayed by 180° so
that the source current reverses. The transition time in this case depends
on the capacitors while that in the other the inductors.

The foregoing consideration applies to a boost cycloconverter as
well. The only difference is that the inductor currents always reverse no

matter what happens at the output.
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In the buck-boost or flyback topology, the inductor current
maintains 'the same direction for both forward and backward energy
transfers. Therefore, the duty ratio modulation of the input switches always
changes sign in going from one mode to the other. The output duty ratio
has to do the same unless the phases of output voltages are already delayed
by 180°. Regeneration can be accomplished in one switching period since
only control signal is involved.

In review, reversal of power flow is natural in cycloconverters as
their switch implementations are four-quadrant. Only the phase or
amplifude of duty ratio modulation needs be adjusted electromically. The
phase variation delays the phase of either voltage or current by 180° during
regeneration. Amplitude control is essential if voltage sources are connected

to both input and output terminals.

10.2 Isolation

As is depicted in Fig. 10.5, splitting the inductor into two coupled
windings on one magnetic path isolates the flyback cycloconverter. Note
that the top six transistors, as well as the bottom six, actually belong to one
switch although they are physically separated. In d7g of each switching
cycle, six transistors on the primary side charge up the inductor by
Eq. (9.30). The other six then discharge the stored energy into the load by
Eq. (9.34) during the remainder of the cycle.

The dual of the flyback topology is the isolated boost-buck
cycloconverter described in Fig. 10.8. Its inductors function both as filters,
to smooth out the input and output currents, and topological elements, to

charge and discharge the intermediate capacitors. The capacitors prevent dec



_72

dp, dy
uén r: LOAD
Vgi 1
Vg2 O— <
'3 ® + + +
* v V2 Vs

dy dpz dps YR PYSI. P

Fig. 10.5 Three-phase, four-quadrant flyback cyclocanverter with isclation.

Vo2 O i y 7000~ LOAD

Ffig. 10.6 PBoost-buck cycloconverter, cascade of a boost rectifier and a
buck inverter, with isolation as in the Cuk dc converter.
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current from saturating the isolation transformer.

: Opérations of the switches in Figs. 10.5 and 10.8 are analogous. In
dTs, all input throws are activated to charge up the input inductors and
place the capacitors in series. The output throws transfer the capacitive

energy into the load by

o _d dm ) 2
dyy = 5 + 5 cos[ @ (w-l)—é——] (10.8)
where
3, d,<d d ft ()
l=sw=3d, <d , an g = w(r)dT
™ A (10.4a,b.c)

During the rest of the period, the output switches are all on to put the

capacitors in series again. The input switches now replenish the capacitors

by
_d dm 21
Bei = g+ gcoslO-(k-1) ] (10.5)
where
[ eg(m
1<k<3, d,<d , and 0 = wolrT)dT
m 0 g (10.6a,b,c)

As in the flyback case, the input modulation frequency and phase sequence
follow those of the sources; the output ones determine those of the load.

It is important to realize that a three-phase source is isolated from
a three-phase load in Figs. 10.5 and 10.6 with only two windings and no
additional switches. This simplification is possible because a dc¢ link is

present and isolation is inserted at this link, which is single-phase. A three-
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phase transformer, with more than three windings, and many extra switches
would be réquired if isolation were done right after the sources. Therefore,
the component count is significantly reduced in the isolated direct, such as
buck or boost, cycloconverters by integration of the isolation transformer

into a dec link.

10.3 Fast-Switching Impedance Converters

The input impedance of a cycloconverter is the ratio of the input
voltage phasor to the input current phasor; it can be computed in either

abc or ofb frame of reference:

}12
f
<2

(10.7)

~

This impedance is generally a function of not only the load, but also the
duty ratio controls. Therefore, the load can be presented differently to the
source, and a cycloconverter is a switched-mode impedance converter,
although some topologies are better candidates than others.

From the cancnical model in Fig. 9.9, gi for a buck cycloconverter
driving a general impedance 21, per-phase impedance of some arbitrary
load, is

- 1

1 ~
Zi= 53 N

iQ,C (10.8)

(70,L +

which reduces to the following for a resistive lecad:

~ N 4 1+jQL/R+(0,)2LC
T M D2 1+5Q0,RC (10.9)
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It —Q, substitutes ), in the above, 2,; becomes its complex conjugate.
Therefore, £he sign of reactive power may be changed at will via the sign of
(,. controlled ultimately by the frequency and phase sequence of duty ratio
modulation. An inductive load then may appear capacitive to the main, and
vice versa.

Unfortunately, the buck topology pulse-width-modulated by Eq. (9.1)
leaves no freedom for power factor control, as is transparent from
Eq. (10.8). The authors in [37] have modulated the duty ratios by two
sinusoids at different frequencies and opposite phase sequences to regain
some power factor correction; one frequency is wg +w, and the other
Wg —@Wy. The input power angle can then be varied between plus and minus
of that determined by Eq. (10.8), essentially the load angle if filter
impedances are negligiblee The demand for two frequencies locked
symmetrically around the line frequency, however, requires complex circuitry
and is justified only when the load power factor is poor. If the load is highly
resistive, only a small range of power factor close to unity is presented to
the line, even with this involved strategy.

From the model in Fig. 9.10, the input impedance of a boost

™~
cycloconverter feeding an impedance £ is

F0g L + DJ? }:—L—// Z,(0,)

2 0, C

(10.10)

where 2; is evaluated at (l,. It is the sum of the inductive reactance and
the output impedance reflected to the input side. As the modulation
amplitude approaches zero, the line sees only L as expected; this is in

~~

contrast to the buck case, in which no modulation implies' infinite Z;. 1f
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Z~l =R, Eq. (10.10) reduces to

1 +3QyL/ (D2R) -0,y LC/ D2
1+7Q,RC (10.11)

Z, = D2R

As in a buck cycloconverter, power factor control is limited. The
sign of reactive power responds to that of Q, only when j( L in Eq. (10.10)
is negligible compared to the reflected (1,-impedance.

The gi for a buck-boost or flyback cycloconverter driving a general

load can be obtained from Fig. 9.11 as

' 2
5 LV__[Dm ] Zncosd, 0%

T W D, cos®, (10.12)

where (IJg is the angle by which the duty ratio modulation lags the input

phase voltage; Z,, and ¢, satisfy

jé 1 ~
= - Z.(Q
For a resistive load, the above becomes
A L% L
Y M | Dmn | 14(Q,RC)? cosdy (10.14)

Clearly, the power angle is identical to the phase QJg between the
line and duty ratio modulation. Since $, is freely adjustable between 0° and
360°, any lagging or leading power factor is possible for any load. The
amplitude of 5,- can be assigned any value through D,, and D,,; this
flexibility is not offered by the buck and boost cycloconverters. A switched-

mode resistor is synthesized, regardless of the actual load, by letting Qg be

zero; a capacitor, &, slightly above —90° and an inductor, $, slightly
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below 90°. Energy-storage elements are slightly lossy because of parasitics
in practicall/ circuits.

In retrospect, an inductive can be switched into a capacitive load,
and vice versa, by fast-switching cycloconverters. Only the flyback and buck-
boost topologies ofler a complefe range of power factor, from zero to one,
leading or lagging, thanks to their dec link. Useful synthesized elements
include a resistor, for unity power factor requirement, a capacitor, and an

inductor, for reactive power generation, of any amplitude.

10.4 Experimental Flyback Cycloconverter

A low-power flyback cycloconverter has been built to check the
steady-state waveforms. The essential elements of the circuit are described
in Fig. 10.7, Fig. 4.18 and its mirror image about the inductor. The signal-
processing circuitry to drive the transistors is similar to that explained
earlier for the experimental flyback inverter (Subsection 4.4.1).

The output throws are controlled by a block diagram like Fig. 4.12
without the input switching function d*. The same hardware is then
duplicated to drive siz input throws. The whole system permits independent
adjustment of input and output modulation frequencies, both ranging from
dc to 250 Hz, and amplitudes.

Although the switching frequency is stated as 20 kHz, the ramp to
the pulse-width modulator actually runs at 40 kHz. Every two ramp cycles
thus make up one switching cycle; the input and output drives are then

strobed on during alternate ramp period. This scheme simplifies circuitry by

fixing d and d' at —;—- To reduce design complexity further, only duty
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Fig. 10.7 Principal components of the experimental flyback cycloconverter,

842
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ratios of the upper switch are modulated, and those of the other are purely
dc. The resulting modulation strategy is certainly far from optimality;
nevertheless, it demonstrates the drive flexibility in fast switching. The
switching diagram for the transistors 1is depicted in Fig. 108 for
Q,=Q'=2Q,. According to the convention used before, "23" is the topology
with pole 1 at source 2 and pole 2 at source 3; "1'?", the one with pole 1
at output 1 and pole 2 at output 2.

Recall that to establish a de current in the inductor, the input
modulation frequency and phase must be those of the source voltages. This
requirement is satisfled by simulation of the main by three-phase power
amplifiers whose inputs are the duty ratio modulations themselves. The
output frequency and phase sequence are determined, of course, by those of
output duty ratio modulation.

Steady-state and switching waveforms are shown in Figs. 10.9
through 10.11. Capacitor voltages are displayed in Fig. 10.9 for
F, = 100Hz and F' = 200 Hz to prove that stepping up of frequency is as
natural and simple as stepping down. The waveforms look quite sinusoidal
at the low power level considered.

Switching voltages at two ends of the inductor for different
combinations of input and output frequencies are illustrated in Fig. 10.10.

The cycloconverter performs as a dc converter in Fig. 10.10a where both

input and output are dec. The duty ratios in the upper trace all equal -é— as

their modulation amplitude is zero. Those in the lower trace, although they
are also dec, contain dc sinusoidal components. The cycloconverter functions

as an inverter in Fig. 10.10b where the line is dc but the load is ac (at
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duty ratio

Fig. 10.8 Switching diagram of the flyback cycloconverter when
Q = 2Q,.
g
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Fig. 10.9 vy, Vg, and Vq (top to bottom) when
Fg = 100Hz, V, = 125V, and F' = 200Hz=. Vertical

scale: 10 V/div; horizontal scale: 1 ms/div.

100 Hz). In the absence of modulation, the transition points in the first
trace simply move as functions of voltage during d'7Ty and plot out two
vertical lines. Those in the second trace travel in both directions under
influence of sinusoidal voltages (vertical) and duty ratios (horizontal) and
generate four ellipses.

The cycloconverter operates as a rectifier in Fig. 10.10c where the
input is at 200 Hz while the output is dc. Vertical segments now appear in
dTs of the top waveform, and ellipses the bottom one. Finally, ac-to-ac is
demonstrated in Fig. 10.10d for line frequency of 200 Hz and load frequency

of 100 Hz. Significance of the trajectories is obvious.
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c)

a)

Fig. 10.10 Switching wvoltages at wunmodulated (top) and modulated
(bottom) ends of the dinductor for V, = 15V when (a)
F, = F' = 0Hz, () Fg = OHz, F' = 100Hz, (c)
F. = 200Hz, F' = OHz, and (d) F, = 200Hz,
Fg = 100 Hz. Vertical scaler 10 V/div; horizontal scale:r §
s /div.
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Switching voltages across the whole inductor are photographed in
Fig. 10.11 for rectifier and cycloconverter operations. The dc voltage slightly
above —2 V in Fig. 10.11a represents two transistor-diode drops during idling
intervals. The dc voltage at R—17V and N¥—13V within d'7Ty are line
voltages v and V3o (see Fig. 10.8). Each heart shape in d7g is actually two
halves of an ellipsoid, the second one being rectified at the transition line of
the unmodulated switch by reversal of polarity of line voltage (refer to
Fig. 10.8). The curves in Fig. 10.11b for cycloconversion are interpreted
analogously.

Steady-state and dynamic frequency responses here are as reported
in Figs. 4.18 and 4.21 through 4.24 for the flyback inverter.

In conclusion, this chapter has studied the implementation,
isolation, input impedance, and verification of fast-switching sinusoidal PWM
cycloconverters. It has been learnt that switches in direct, such as buck
and boost, converters are four-guadrant and, hence, not only require a large
amount of semiconductor devices, but also are difficult to drive. Switches in
indirect, such as buck-boost and flyback, topologies, on the other hand, are
only two-guadrant, implemented with fewer components, and controlled with
ease. In both cases, regeneralion is exXecuted electronically without
topological modification since the switch realization is already four-quadrant.
Only the phase and amplitude of duly ratio modulation need be adjusted to
reverse the flow of power.

Isolation demands fewer transformer windings and switching devices
in indirect cycloconverters because it can be done right at the de link, which
is single-phase. The dc link also makes the buck-boost or flyback topologies

ideal for switched-mode 1impedance conversion, an impedance of any



R85

Fig. 10.11 Switching voltage across the inductor when (a)
F'' = 0Hz, V, = 15V and (b) F, = 100 Hz,

0

250 Hz,
150 Hz,

Vg = 13V, Vertical scale: 10 V/div, horizontal scale: §

s /div,
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amplitude and phase can be synthesized from any load.

: Beéause of its interesting properties, a flyback cycloconverter has
been built. The circuit generates sinusoidal outputs from sinusoidal inputs
as expected. Stepping up line frequency is as easy as stepping it down; in
fact, any combination of input and output frequencies between dc¢ and
250 Hz (or higher for a switching frequency of 20 kHz) is possible. Dc
conversion, inversion, and rectification have been demonstrated to be just

special cases of cycloconversion.
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CONCLUSION

Topolagies and analysis technigques for fast-switching inversion (dc-
to-ac), rectification (ac-to-dc), and cycloconversion (ac-to-ac) have been
developed in this thesis. They are the generalization of those for fast-
switching dc and slow-switching dc or ac conversions. As a result, switched-
mode dc conversion, inversion, rectification, and cycloconversion theories are
now unified.

To draw a universal picture, the restriction of constant
instantaneous power flow, satisfled naturally by dc converters, has been
imposed upon ac switchers. This restriction implies ideal, ie., dc single-
phase or balanced sinusoidal polyphaese, waveforms. To identify ideal
topologies, the switching frequency is pushed sufficiently beyond the input
and output fregquencies so that switching harmonics are attenuated
adequately by low-pass filters and negligible relative to the desired
components. Sinuscidal FPWM is chosen because under fast switching, the
steady-state low-frequency performance of many open-loop or closed-loop
control schemes is essentially one form of PWM or another. In short, ideal
topologies with fast-switching sinusoidal PWM have been realized.

Fach familiar dc converter has been extended, under the previous
constraints, into its inverter, rectifier, or cycloconverter equivalent. Thus,
there now exist the flyback inverter, flyback rectifier, and flyback

cycloconverter, all being ideal and exhibiting characteristics similar to those
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of their dc kin. The same conclusion holds for the buck, boost, buck-boost,
boost—buck.' forward, push-pull, full-bridge, etc., topologies as well. Ac
converters are named after their dc roots to emphasize that four fields of
switched-mode conversion are topologically related. After all topologies have
been enumerated and examined, the cycloconverter is endorsed as the
generalized converter that degenerates into the other three converters under
special input or output frequerncies.

Topology serves as the unifying factor not only over all classes of
converters, but also within each class itself. To conscolidate the
ramifications in any of the four areas, it is important to differentiate a
topology from the drive strategy for its switches. Any topology may be
driven open-loop or closed-loop, slow-switching or fast-switching, six-stepped
or PWM, and so on. These many drive schemes have given birth to different
names and, frequently, the false impression of distinet topologies. For
instance, the "three-pulse cycloconverter'' [24] and '"generalized transformer”
[37] are two names for the same. buck-type circuit in Fig. 8.3; the first one
is pulsed at low frequency, and the second pulse-width-modulated at high
frequency. Likewise, a question frequently raised for the boost inverter is
whether it can drive a motor; the answer is yes because the boost inverter
(Fig. 3.3) is topologically identical to the current-source inverter (Fig. 2.2),
and the current-source inverter, for sure, can drive a motor. Therefore,
switching strategy does mot define topology, and distinet drive schemes can
give similar qualitative results that are determined by the topology itself.

Once the universal relationship among all topologies has been
established, a generalized analysis method necessarily follows. The

describing equation technique has thus been revitalized in this thesis to



289

treat dc converters, inverters, rectifiers, and cycloconverters. . It uses
switching functions and basic network principles to derive the state-space
switching equations of a switching converter. These equations are exact and,
hence, applicable to a variety of control algorithms. For pulse-width
modulation at much lower than the switching frequency, it suffices to retain
only the duly ratios of the switching functions to describe the low-frequency
inputs and oulputs. The resulting continuous differential equations are the
describing egquations of the converter.

Except for dc converters, describing equations written in the
stationary, or abc, frame of reference are generally time-varying. Ease of
analysis of time-invariant systems, such as dc switchers, suggests the
transformation of the abc describing equations to the rotafing, in this case
ofb, coordinates where the converter, if ideal, is described by its dc
equivalent. The ofb coordinates are also a convenient ground for
comparison and unification of topologies.

Buck, boost, buck-boost, and flyback inverters, rectifiers, and
cycloconverters with more than one phase have been described and analyzed.
Description is in terms of the arrangement of switches and fllter elements
relative to the source and load. Switches are specified by their duty ratios,
either purely dc or dc with polyphase sinusoidal modulation. Analysis by
describing equations and coordinate fransformation reveals that al
converters with any number of phases (>1) are equivalent and reducible to
the two-phase converter; therefore, it suffices to study only the two-phase
case. The four types of topology examined pass the ideality test: their ofb
describing equations all have constant coefficients under steady-state

condition. True ezcitations are dc sources and the amplilude and frequency
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of ac sources; true confrols are dc duty rafios and the amplitude and
Jrequency 6f ac duty ratios; outputs are then dc stafes or the amplitude
and phase of ac states.

Steady-state results are thus also constant and are solutions of a
set of algebraic equations. A constant scalar in the ofb reference frame
represents a dc waveform in the abc coordinates, and constant phasors
balanced sinusocidal states. The frequency of sinuscidal outputs ranges from
dc to a very high upper bound determined by the switching frequency and
amount of ripple tolerated; both phase sequences can be chosen
electronically. Dc gains at zero filter reactances are consistent with names
of the topologies: the buck converters step down; the boost, up; and the
buck-boost and flyback, up and down. At high fliter reactances, steady-state
Jrequency responses are no longer flat because they have poles and zeros.
These corners move with quiescent operating points, and their
interpretations usually go beyond linear circuit theory. For instance,
responses of boost-type inverters blow up at frequencies where the load
impedance has poor power factor; this singularity happens to maintain volt-
balance for the inductor. Therefore, filter reactances should generally be
included even in the steady-state picture unless they are designed properly;
of course, "properly" is guaranteed by analysis of steady-state behavior in
the presence of filters.

Since switched-mode structures are generally nonlinear, large-signal
dynamics are formidable; therefore, dynamic study has been restricted to
the small-signal sense. Dynamic analysis then involves perturbation of the
describing equations in the ofb coordinates and solution of various input-to-

output transfer functions. The small-signal bandwidth of the converter itself
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is wide and can be further broadened by increase of switching frequency or,
correspondihgly. decrease of filter reactances. Eventually, the load imposes
its own dynamics over the entire converter/load system.

Both steady-state and dynamic results can be illustrated and
performances of different topologies compared by way of canonical models.
The model is the circuital form of the linearized describing equations, again
in the rotating reference frame. Three groups of elements always exist,
namely, inpul ezcitation and conirol generators, conversion transformers,
and low-pass filters. Excitation generators are phasors representing the
supplies; control generators are driven by dec duty ratios or amplitudes and
phases of sinusoidal duty ratio modulations. Conversion transformers partly
model the switching process; their conversion ratio depends on the steady-
state amplitude of duty ratio modulation and aflects both steady-state and
dynamic gains. Low-pass filters account for the energy-storage elements in
the actual circuit; their topology also reflects the conversion process across
the switches. The filter frequency is in general complex; its real part s is
responsible for dynamic reactance, and imaginary part j{] steady-state
reactance - this imaginary frequency introduces corners into steady-state
frequency responses. Filter components vary as functions of quiescent
condition and are similar for dc converter, inverter, rectifier, and
cycloconverter of the same topology.

Analytical results have been used to realize the connection of
transistors and diodes in place of ideal switches. Throws in inverters and
rectifiers are either voltage-two-quadrant, implemented by transistor and
diode in series, or current-two-quadrant, implemented by transistor and

diode in anti-parallel. Throws in direct cycloconverters are four-quadrant
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and in indirect ones two-quadrant. Owing to fast switching, a multitude of
flexible modulation strategies can drive the switches for a given gain
function. Examples are continuous and siz-stepped PWM; the latter retains
the sinusoidal quality of the former and the high effective duty ratio of six-
stepped switching. The phase and amplitude of duty ratic modulations
determine the direction of power flow; the particular combination of phase
and amplitude adjustments depends on how power reversal is initiated. In
some converters, more swilches need be added to condition the ports for
four-quadrant operation.

Isolation is affordable with fast switching since the transformer is
small. The flyback and isclable boost-buck topologies accept an isolation
transformer naturally since they contain a de link that stays completely at
either the input or output. Other topologies less inherently isolable, such as
the buck, can still be isolated by extension of the techniques employed in de
conversion. Thus, there exist forward, push-pull, full-bridge, etc., inverters,
rectifiers, and cycloconverters. Isolation in polyphase circuits is greatly
simplified if it can be integrated into the dc link.

Rectifiers and cycloconverters have been operated as swifched-mode
impedance converters. In this application, they change the sign of reactive
power to make a capacitive load appear inductive to the source, and vice
versa. Some topologies, such as the buck rectifier and buck-boost or flyback
cycloconverter, can convert an arbitrary locad to an impedance of any
amplitude and phase for the source. The synthesized impedance is
controlled by de duty ratios and amplitude, frequency, or phase sequence of
sinusoidally modulated duty ratios. The input can thus be presented with

any power factor, e.g., unity, leading, and lagging, in an open-loop fashion.
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Experimental flyback inverter and cycloconverter have been built to
verify the theory. Interesting waveforms have been observed at both low-
and high-frequency scales; their explanations are facilitated by switching
Sunction diagrams. The abc-ofb transformation has been implemented to
condition ac waveforms for standard dc measurement setups. Steady-state
and small-signal corners arrive where predicted by describing equations.
Therefore, there are not only topologies with wide steady-state and dynamic
bandwidths, but also analysis and measurement techniques to explain circuit
behavior within and beyond these bandwidths.

This thesis is just a small step in a journey still long and
challenging. The search for novel topologies, a topic of frequent interest to
innovative minds, will undoubtedly continue in not only dec¢ conversion, but
also inversion, rectification, and cycloceonversion. The thrust should be even
stronger in the ac flelds to take full advantage of new fast-switching devices,
versatile integrated circuits and microprocessors, and modern control
theories. The analysis techniques described here apply to PWM drives and
classical, continuous control. The problem certainly needs be reformulated
for other discrete control strategies more suitable for certain applications.
In carrying out the analysis, it should be remembered that the topology still
remains the same, and only the switching or control policy is changed.

Space and time have limited consideration of practical applications
here, and a great deal of works still lie ahead in this direction. Motor drive,
uninterruptible power supply, utility interface, and reactive power generation
are just a few examples. The vast amount of loads, topologies, switching
strategies, and control techniques inevitably generate an unmeasurable

number of interesting problems only few of which have been partially solved.
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APPENDIX A

TOPOLOGY AND ANALYSIS IN DC CONVERSION

This appendix consists of flve sections. The first summarizes
familiar de converter topologies; the second their steady-state voltage gains;
the third their small-signal dynamics; the fourth their canonical models.
The final section reviews state-space averaging and explains how this

approach fits into the more general describing equation technique.

A.1 Description of Topologies

The buck, boost, buck-boost, and boost-buck dc converters are
illustrated in Fig. A.1. The buck topolegy consists of a double-throw switch,
which chops the inputf into a2 dc component and switching harmonics, and an
LC filter, which attenuates the switching noise while passing the de¢ part to
the load. The boost circuit places an inductor in series with the source to
convert voltage into current, the current is then fed into the load by a
double-throw switch.

The buck-boost converter is the cascade of a buck and a boost
topology; the capacitor of the buck stage is discarded as it is redundant.
The boost-buck circuit, on the other hand, is the series connection of a
boost and a buck converter; the capacitor is retained to absorb the
mismatch in inductor currents. The composite topologies are not frequently

used in dc conversion since they require two transistors - two independent
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converters.
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controls are available, though. Nevertheless, they find useful applications in
ac conversion fields.

Topological manipulation of the buck-boost results in the flyback
and of the boost-buck the Cuk converter described in Figs. A2a and c,
respectively. As their predecessors, the flyback and Cuk topologies are
indirect converters, l.e., they process energy through an intermediate link.
The link in the former is current and in the latter voltage. Owing to their
energy storage/transfer inductor or capacitor, which stays completely at
either the source or the load, they incorporate isolation naturally. The

isolated versions are delineated in Figs. A.2b and d.

A2 Steady-State Performance

Steady-state voltage gains for the buck, boost, and flyback de
converters are tabulated in Table A.1. Those for the buck-boost, boost-buck,
and Cuk stages are equal to that of the flyback topology. The significance of
the names is apparent: ‘'buck” means sfep down, "boost" step wup, and
"buck-boost” (or boost-buck, flyback, Cuk) step up and down. Steady-state
frequency responses are flat, i.e., no steady-state pole or zero exists, because

steady-state filter reactances are always zero.

A.3 Small-Signal Dynamics

Duty-ratio-to-output and line-to-output transfer functions are
compared in Table A2 for the buck, boost, and flyback topologies. Only the
buck responses are linear with second-order roll-off at the LC corner
independent of quiescent operating point. The other two are nonlinear with

poles and right-half-plane zeros moving as functions of steady-state duty
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Dc Converter Capacitor Voltage V Inductor Current /
DV,
Buck DV, I
V. V.
g g
Boost D’ DR
D DV,
Flyback D Ve )

TABLE A1 Steady-state capacitor wvoltages and inductor currents in the
buck, boost, and flyback (or buck-boost) dc converters.

ratio.

A.4 Canonical Models

Since the buck, boost, and fiyback dc converters are all of second-
order, they share the canonical model shown in Fig. A.3 whose elements are
as specified in Table A.3. The model has three sections, namely, input
generators, a conversion transformer, and a low-pass filter. The excitation
generator is driven by the dc supply, and control generators the duty ratio
of the switch. The dependent current source is inserted to correct the input

current and account for nonzero line impedance.
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Parameter Buck Boost Flyback
1 D
Gug D o vl
|4 |4
g g
Gua Vg D,z 2
w l Dl Dl
¢ VILC VILC vIC
0 R D?R D"?R
Wl Wl wWolL
o o D'?R D?R
i L DL
where -;E-"‘ Gyg : L
Vg R +( S )id
@ w, Wo
. ==
and 3'}:': G‘ud 2
d 1r Sy ( oy
€ W, We

TABLE A2 Line- and duty-ratio- fo-output transfer functzo'ns of the buck,

boost, and flyback dc converters.
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Fig. A.3 Canonical model of the buck, boost, and flyback converters.

The inputs excite a conversion transformer whose conversion ratio,
related to the duty ratio, provides the steady-state and dynamic gain across
the switch. The transformer then drives an LC section that models the low-

pass filter in the actual circuit. The filter frequency is real since the steady-

. . A 1
state frequency is zero. The effective inductance varies with 3~ to reflect

switching nonlinearity; this form of effective inductance is found in ac

converters as well.
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Parameter Buck Boost Flyback
1 D
M D D D
|4 |4
‘ | 7 D%
L DI
fe 1 1—s }; 1—s R‘
7 A _ Y __V
R D/ZR D,ZR
i 1 1 1
L L
L‘ L D¢2 Drz

TABLE A.3 Parameters of the canonical model of the buck, boost, and
flyback dc converlers.
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A5 Relation of State-Space-Averaging to Describing Equation

Techniﬁue

After the describing equation techmque was developed for slow-
switching ac conversion, and could have been applied to fast-switching de
conversion as well had it been more popularized, sfate-space averaging has
been introduced as an analysis tool for switched-mode dc power supplies. As
is detailed on the left side of Fig. A.4, the method first enumerates all F
switched networks in each switching cycle; this step is straightforward in
simple dec structures whose T is always small and constant, but is involved
in multiple-pole, multiple-throew circuits whose T is large and varying. The
linear state-space equation of the switched topology during Ei—m Ts, where Efm
is the topological duty ratio of switching interval m within some period Ty,

is then expressed as
Px = A, X + Bpu, 1<m=T (A.1)

The averaged state-space equation for one switching period is the average of

T equations like Eq. (A.1):

d B,
1 (A, x+B,,u) (A2)

Px =

i M~

In dc converters, the averaged equations for all periods are identical,
therefore, the average description is certainly unique. In ac converters, the
averaged equations of different periods have different 7 Em, and so on;

therefore, questions of unigqueness and correct control parameters arise.
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It is known that the describing equation technique avoids the
aforeme’ntioAned ambiguities. Therefore, these ambiguities may be superficial
if state-space-averaging is proved to be a special case of describing equation.
Fortunately, as is shown in Fig. A4, topological duty ratios and equations of
state-space averaging are just decompositions of the state-space switching
equation

T,
Px" = ¥ d,"(Ax" +Byu)
n=0 (A.3)
(this equation is obtained by inspection of the original switching network and
use of switching functions dn* of 7, independent throws; its derivation
never resorts to meticulous switching and topological details). Reversely, the

averaged state-space equations of all switching periods can be manipulated

back to the describing state-space equalion

Te

Px = Y d, +B,
X = 2 n (AnxtBou) (A.2)

where d, is the duty ratio of the switching function dn‘. Thus, the average
description is still unique although there are not as many as ?’_ control
parameters. There are only 7, control parameters, where 7. is always less
than F: true control parameters are dufy ratios d, of the switching

Junctions, not topological duty ratios c?m.
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APPENDIX B
THE ABC-OFB TRANSFORMATION

A vector Vv in the stationary (abc) frame of reference can be

transformed into a vector ¥ in the rotating (ofb) coordinates [23] by
v=TvV or v="T'lv (B.1a,b)

If the order of the system is M and the phase sequence positive,

~ 1 f e’ or e 70
T! = — M =2
V2 | ier-3)  —i(er=F) |
Nt f 1 “j(“l)(m'l)% 767z = Oréin
T —[szl~[me € e . M>2 (B.2b)
and
. "
'T‘ . e..jer e"](er"'é") "o
— \/_."2' . J(e _ 7.3_.) ’ haud
elfr 7V 2 (B.3a)
[ . 2r
~ B 1 I-DE-D g g6, 7 8r8en
T =[Tpel = V)7 € € >z (B.3b)
where the phase &r of the transformation satisfles
[ un)a
fGr = wit)aT —
r=J er (B.4)

and
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s o | L ifi=g
d =10 if i#g (B.5)

The above transformation converts a dalanced sinusoidal vector

T m
v=|vcos G, -(w-1)—]], M=2
l L6, —( ) 2 ] (B.8a)
v = r'ucos[B,,-—(w—l)—?--T-r—- ) M>2
M (B.8b)
into
v=[9, v,]., M=2 (B.7a)
v=[0 2, O --- 0 vy], M>2 (B.7b)
where
o)
6, = w(r)dr — and lsw=<M
R4 b (B.Ba,b)
and the backward phasor v, and forward phasor 'Uf are defined as
~ VM -7 (py—971) - YM ilpu—pr)
vy = e T and ¥, = ve T (B.9a.b)

The amplitude of the backward phasor is directly proportional to that of the
stationary sine waves; its phase is the difference between those of the sine
waves and the transformation. An ideal polyphase ac converter appears
time-invariant in the ofb coordinates because ’Ub and 17f are constant under
steady-state condition. Any M%™ order is always reduced to second order

owing to Egs. (B.7a) and (B.7b).
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