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PREFACE

SECOND EDITION

The first edition of this book was published in 1989. The basic intent of this edition
remains the same; that is, as a cohesive presentation of power electronics fundamentals for
applications and design in the power range of 500 kW or less, where a huge market exists
and where the demand for power electronics engineers is likely to be. Based on the
comments collected over a five-year period, we have made a number of substantial
changes to the text. The key features are as follows:

e An introductory chapter has been added to provide a review of basic electrical and
magnetic circuit concepts, making it easier to use this book in introductory power
electronics courses.

A chapter on computer simulation has been added that describes the role of com-
puter simulations in power electronics. Examples and problems based on PSpice®
and MATLAB® are included. However, we have organized the material in such a
way that any other simulation package can be used instead or the simulations can
be skipped altogether.

Unlike the first edition, the diode rectifiers and the phase-controlled thyristor con-
verters are covered in a complete and easy-to-follow manner. These two chapters
now contain 56 problems.

A new chapter on the design of inductors and transformers has been added that
describes easy-to-understand concepts for step-by-step design procedures. This
material will be extremely useful in introducing the design of magnetics into the
curriculum.

* A new chapter on heat sinks has been added.

ORGANIZATION OF THE BOOK

This book is divided into seven parts. Part 1 presents an introduction to the field of power
electronics, an overview of power semiconductor switches, a review of pertinent electric
and magnetic circuit concepts, and a generic discussion of the role of computer simula-
tions in power electronics.

Part 2 discusses the generic converter topologies that are used in most applications.
The actual semiconductor devices (transistors, diodes, and so on) are assumed to be ideal,
thus allowing us to focus on the converter topologies and their applications.

Part 3 discusses switch-mode dc and uninterruptible power supplies. Power supplies

represent one of the major applications of power electronics.
Petitioners
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Part 4 considers motor drives, which constitute another major applications area.

Part S includes several industrial and commercial applications in one chapter. An-
other chapter describes various high-power electric utility applications. The last chapter in
this part of the book examines the harmonics and electromagnetic interference concerns
and remedies for interfacing power electronic systems with the electric utilities.

Part 6 discusses the power semiconductor devices used in power electronic converters
including diodes, bipolar junction thyristors, metal—oxide—semiconductor (MOS) field
effect transistors, thyristors, gate turn-off thyristors, insulated gate bipolar transistors, and
MOS-controlled thyristors.

Part 7 discusses the practical aspects of power electronic converter design including
snubber circuits, drive circuits, circuit layout, and heat sinks. An extensive new chapter
on the design of high-frequency inductors and transformers has been added.

PSPICE SIMULATIONS FOR TEACHING AND DESIGN

As a companion to this book, a large number of computer simulations are available
directly from Minnesota Power Electronics Research and Education, P.O. Box 14503,
Minneapolis, MN 55414 (Phone/Fax: 612-646-1447) to aid in teaching and in the design
of power electronic systems. The simulation package comes complete with a diskette with
76 simulations of power electronic converters and systems using the classroom (evalua-
tion) version of PSpice for IBM-PC-compatible computers, a 261-page detailed manual
that describes each simulation and a number of associated exercises for home assignments
and self-learning, a 5-page instruction set to illustrate PSpice usage using these simula-
tions as examples, and two high-density diskettes containing a copy of the classroom
(evaluation) version of PSpice. This package (for a cost of $395 plus a postage of $4
within North America and $25 outside) comes with a site license, which allows it to be
copied for use at a single site within a company or at an educational institution in regular
courses given to students for academic credits.

SOLUTIONS MANUAL

As with the first edition of this book, a solutions manual with completely worked-out
solutions to all the problems is available from the publisher.
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CHAPTER 7

7-1

dc—dc SWITCH-MODE
CONVERTERS

INTRODUCTION

The dc—dc converters are widely used in regulated switch-mode dc power supplies and in
dc motor drive applications. As shown in Fig. 7-1, often the input to these converters is
an unregulated dc voltage, which is obtained by rectifying the line voltage, and therefore
it will fluctuate due to changes in the line-voltage magnitude. Switch-mode dc-to-dc
converters are used to convert the unregulated dc input into a controlled dc output at a
desired voltage level.

Looking ahead to the application of these converters, we find that these converters are
very often used with an electrical isolation transformer in the switch-mode dc power
supplies and almost always without an isolation transformer in case of dc motor drives.
Therefore, to discuss these circuits in a generic manner, only the nonisolated converters
are considered in this chapter, since the electrical isolation is an added modification.

The following dc—dc converters are discussed in this chapter:

. Step-down (buck) converter

. Step-up (boost) converter

. Step-down/step-up (buck—boost) converter
. Ciik converter

. Full-bridge converter

wv AW N -

Of these five converters, only the step-down and the step-up are the basic converter
topologies. Both the buck—boost and the Ciik converters are combinations of the two
basic topologies. The full-bridge converter is derived from the step-down converter.

1
AC i
line voltage Uncgg:)tgolled DC__ 1 Filter DC DC-DC bc o
1-phase or Lo (unregulated) |Capacitor| (ynregulated) |Converter| (regulated)
( 3-phase) Rectifier

Ucontrol

Figure 7-1 A dc—dc converter system.
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CHAPTER 7  dc—de SWITCH-MODE CONVERTERS

The converters listed are discussed in detail in this chapter. Their variations, as they
apply to specific applications, are described in the chapters dealing with switch-mode dc
power supplies and dc motor drives.

In this chapter, the converters are analyzed in steady state. The switches are treated
as being ideal, and the losses in the inductive and the capacitive elements are neglected.
Such losses can limit the operational capacity of some of these converters and are dis-
cussed separately.

The dc input voltage to the converters is assumed to have zero internal impedance.
It could be a battery source; however, in most cases, the input is a diode rectified ac line
voltage (as is discussed in Chapter 5) with a large filter capacitance, as shown in Fig. 7-1
to provide a low internal impedance and a low-ripple dc voltage source.

In the output stage of the converter, a small filter is treated as an integral part of the
dc-to-dc converter. The output is assumed to supply a load that can be represented by an
equivalent resistance, as is usually the case in switch-mode dc power supplies. A dc motor
load (the other application of these converters) can be represented by a dc voltage in series
with the motor winding resistance and inductance.

CONTROL OF dc—de CONVERTERS

In dc—dc converters, the average dc output voltage must be controlled to equal a desired
level, though the input voltage and the output load may fluctuate. Switch-mode dc—dc
converters utilize one or more switches to transform dc from one level to another. In a
dc—dc converter with a given input voltage, the average output voltage is controlled by
controlling the switch on and off durations (¢,, and #,¢). To illustrate the switch-mode
conversion concept, consider a basic dc—dc converter shown in Fig. 7-2a. The average
value V, of the output voltage v, in Fig. 7-2b depends on f,,, and #.. One of the methods
for controlling the output voltage employs switching at a constant frequency (hence, a
constant switching time period T = t,, + #.¢) and adjusting the on duration of the switch
to control the average output voltage. In this method, called pulse-width modulation
(PWM) switching, the switch duty ratio D, which is defined as the ratio of the on duration
to the switching time period, is varied.

The other control method is more general, where both the switching frequency (and
hence the time period) and the on duration of the switch are varied. This method is used
only in dc—dc converters utilizing force-commutated thyristors and therefore will not be
discussed in this book. Variation in the switching frequency makes it difficult to filter the
ripple components in the input and the output waveforms of the converter.

Yo

+—7 —T— ____M_Tg__

Va 0 l ¥ ¢

+

(a) (b)

Figure 7-2 Switch-mode dc—dc conversion.
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(b)
Figure 7-3 Pulse-width modulator: (a) block diagram; (b) comparator signals.

In the PWM switching at a constant switching frequency, the switch control signal,
which controls the state (on or off) of the switch, is generated by comparing a signal-level
control voltage v oo With a repetitive waveform as shown in Figs. 7-3a and 7-3b. The
control voltage signal generally is obtained by amplifying the error, or the difference
between the actual output voltage and its desired value. The frequency of the repetitive
waveform with a constant peak, which is shown to be a sawtooth, establishes the switch-
ing frequency. This frequency is kept constant in a PWM control and is chosen to be in
a few kilohertz to a few hundred kilohertz range. When the amplified error signal, which
varies very slowly with time relative to the switching frequency, is greater than the
sawtooth waveform, the switch control signal becomes high, causing the switch to turn
on. Otherwise, the switch is off. In terms of vy, and the peak of the sawtooth wave-
form V,, in Fig. 7-3, the switch duty ratio can be expressed as

D= to_n - Vcontrol (7_1)

T Va

The dc—dc converters can have two distinct modes of operation: (1) continuous
current conduction and (2) discontinuous current conduction. In practice, a converter may
operate in both modes, which have significantly different characteristics. Therefore, a
converter and its control should be designed based on both modes of operation.
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CHAPTER 7  dc—dc SWITCH-MODE CONVERTERS

STEP-DOWN (BUCK) CONVERTER

As the name implies, a step-down converter produces a lower average output voltage than
the dc input voltage V,. Its main application is in regulated dc power supplies and dc
motor speed control.

Conceptually, the basic circuit of Fig. 7-2a constitutes a step-down converter for a
purely resistive load. Assuming an ideal switch, a constant instantaneous input voltage
V,, and a purely resistive load, the instantaneous output voltage waveform is shown in
Fig. 7-2b as a function of the switch position. The average output voltage can be calcu-
lated in terms of the switch duty ratio:

1 [T 1 ton T, [ -
Vo == V() dt = = Vadt + 0dt| =——-V,=DVy (7-2)
Ts 0 Ts ¢ Ts

0
Substituting for D in Eq. 7-2 from Eq. 7-1 yields
Va

Vo = == Veontrol = KVeontrol
st

on

where

Va
k = — = constant
Vst

By varying the duty ratio t,,/T of the switch, V,, can be controlled. Another important
observation is that the average output voltage V, varies linearly with the control voltage,
as is the case in linear amplifiers. In actual applications, the foregoing circuit has two
drawbacks: (1) In practice the load would be inductive. Even with a resistive load, there
would always be certain associated stray inductance. This means that the switch would
have to absorb (or dissipate) the inductive energy and therefore it may be destroyed. (2)
The output voltage fluctuates between zero and V,, which is not acceptable in most
applications. The problem of stored inductive energy is overcome by using a diode as
shown in Fig. 7-4a. The output voltage fluctuations are very much diminished by using
a low-pass filter, consisting of an inductor and a capacitor. Figure 7-4b shows the wave-
form of the input v,, to the low-pass filter (same as the output voltage in Fig. 7-2b without
a low-pass filter), which consists of a dc component V,, and the harmonics at the switch-
ing frequency f; and its multiples, as shown in Fig. 7-4b. The low-pass filter character-
istic with the damping provided by the load resistor R is shown in Fig. 7-4c. The
comer frequency f, of this low-pass filter is selected to be much lower than the switch-
ing frequency, thus essentially eliminating the switching frequency ripple in the output
voltage.

During the interval when the switch is on, the diode in Fig. 7-4a becomes reverse
biased and the input provides energy to the load as well as to the inductor. During the
interval when the switch is off, the inductor current flows through the diode, transferring
some of its stored energy to the load.

In the steady-state analysis presented here, the filter capacitor at the output is assumed
to be very large, as is normally the case in applications requiring a nearly constant
instantaneous output voltage v,(f) = V,. The ripple in the capacitor voltage (output
voltage) is calculated later.

From Fig. 7-4a we observe that in a step-down converter, the average inductor
current is equal to the average output current /,, since the average capacitor current in
steady state is zero (as discussed in Chapter 3, Section 3-2-5-1).
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Figure 7-4 Step-down dc—dc converter.

7-3-1 CONTINUOUS-CONDUCTION MODE

Figure 7-5 shows the waveforms for the continuous-conduction mode of operation where
the inductor current flows continuously [i;(f) > 0]. When the switch is on for a time
duration f,,, the switch conducts the inductor current and the diode becomes reverse
biased. This results in a positive voltage v, = V,; — V, across the inductor in Fig. 7-5a.
This voltage causes a linear increase in the inductor current i;. When the switch is turned
off, because of the inductive energy storage, i, continues to flow. This current now flows
through the diode, and v, = —V, in Fig. 7-5b.
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vy

Figure 7-5 Step-down converter circuit states (assuming i;, flows continuously): (a)
switch on; (b) switch off.

Since in steady-state operation the waveform must repeat from one time period to the
next, the integral of the inductor voltage v, over one time period must be zero, as
discussed in Chapter 3 (Eq. 3-51), where T, = 1, + fyg

T, oo T,
J’ VLdf=J VLdI+J. VLdl=0
0 0o 1,

In Fig. 7-5, the foregoing equation implies that the areas A and B must be equal.
Therefore,

Va = Vodton = Vo(Ts = ton)
or

Vo to

n __ s

v.CT, = D (duty ratio) (7-3)
Therefore, in this mode, the voltage output varies linearly with the duty ratio of the switch
for a given input voltage. It does not depend on any other circuit parameter. The foregoing
equation can also be derived by simply averaging the voltage v,; in Fig. 7-4b and rec-
ognizing that the average voltage across the inductor in steady-state operation is zero:

Vaton + 0 * torf _
T, e
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or

Neglecting power losses associated with all the circuit elements, the input power P,
equals the output power P,:

P d= P o
Therefore,
Valg = Vo1,
and
I, vy 1
I, Vv, D -9

Therefore, in the continuous-conduction mode, the step-down converter is equivalent to
a dc transformer where the turns ratio of this equivalent transformer can be continuously
controlled electronically in a range of 0—1 by controlling the duty ratio of the switch.

We observe that even though the average input current /, follows the transformer
relationship, the instantaneous input current waveform jumps from a peak value to zero
every time the switch is turned off. An appropriate filter at the input may be required to
eliminate the undesirable effects of the current harmonics.

7-3-2 BOUNDARY BETWEEN CONTINUOUS AND DISCONTINUOUS
CONDUCTION

In this section, we will develop equations that show the influence of various circuit
parameters on the conduction mode of the inductor current (continuous or discontinuous).
At the edge of the continuous-current-conduction mode, Fig. 7-6a shows the waveforms
for v, and i;. Being at the boundary between the continuous and the discontinuous mode,
by definition, the inductor current i, goes to zero at the end of the off period.

At this boundary, the average inductor current, where the subscript B refers to the
boundary, is

Lo = S i = B Va= V) = 22 W~ V) = 1 7-5
LB_ZIL.peak_2L(d a)_ZL(d o) = Lop (7-5)

'L (Vg = Vo) Iig=1I,p V4 = Constant

iL, peak ip,

TsVa

waveform; (b) I, versus D) keeping ¥, constant.

<—1LB, max = L

|
0.5 1.0

fa) (b)

Figure 7-6 Current at the boundary of continuous—discontinuous conduction: (a) current
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Therefore, during an operating condition (with a given set of values for T, V,, V,,

L, and D), if the average output current (and, hence, the average inductor current)
becomes less than I, ; given by Eq. 7-5, then i, will become discontinuous.

7-3-3 DISCONTINUOUS-CONDUCTION MODE

Depending on the application of these converters, either the input voltage V,, or the output
voltage V,, remains constant during the converter operation. Both of these types of oper-
ation are discussed below.

7-3-3-1 Discontinuous-Conduction Mode with Constant V,

In an application such as a dc motor speed control, V, remains essentially constant and V,
is controlled by adjusting the converter duty ratio D.

Since V,, = DV, the average inductor current at the edge of the continuous-conduc-
tion mode from Eq. 7-5 is

-1 7-6
s = 57" D(1 = D) (7-6)
Using this equation, we find that Fig. 7-6b shows the plot of /, ; as a function of the duty

ratio D, keeping V,; and all other parameters constant. It shows that the output current
required for a continuous-conduction mode is maximum at D = 0.5:

A7
ILB,max - 8L (7'7)
From Eqgs. 7-6 and 7-7
Irp = HpmaxD(1 — D) (7-8)

Next the voltage ratio V,,/V, will be calculated in the discontinuous mode. Let us assume
that initially the converter is operating at the edge of continuous conduction, as in Fig.
7-6a, for given values of T, L, V,, and D. If these parameters are kept constant and the
output load power is decreased (i.e., the load resistance goes up), then the average
inductor current will decrease. As is shown in Fig. 7-7, this dictates a higher value of V,
than before and results in a discontinuous inductor current.

Figure 7-7 Discontinuous conduction in step-down converter.
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Vo During the interval A,T; where the inductor current is zero, the power to the load
nt) resistance is supplied by the filter capacitor alone. The inductor voltage v, during this
interval is zero. Again, equating the integral of the inductor voltage over one time period
to zero yields

(Va = Vo) DT, + (=Vo)AiT, = 0 79
put Yo D
er- Vs D+ A
(7-10)
where D + A, < 1.0. From Fig. 7-7,
; Vo
Vs iLpeak = AT (7-11)
1c- Therefore,
D+ A
I, = i peak Tl‘ (7-12)
i VT
= 23D + A)) A, (using Eq. 7-11) (7-13)
ity 2L
. Val's .
ot = 22DA, (using Eq. 7-10) (7-14)
= 41 p maxDA; (using Eq. 7-7) (7-15)
7) A= I, s
S D (F-lg)
8) From Egs. 7-10 and 7-16
e i (7-17)
ne e ELaaae i
g. Vd Dz + i([a”w.max)
he
¢ Figure 7-8 shows the step-down converter characteristic in both modes of operation

, for a constant V. The voltage ratio (V,/V,) is plotted as a function of I/, p .« for various
values of duty ratio using Eqs. 7-3 and 7-17. The boundary between the continuous and
the discontinuous mode, shown by the dashed curve, is established by Eq. 7-3 and 7-8.

7-3-3-2 Discontinuous-Conduction Mode with Constant V,,

In applications such as regulated dc power supplies, V, may fluctuate but V, is kept
constant by adjusting the duty ratio D.
Since V, = V,/D, the average inductor current at the edge of the continuous-con-

duction mode from Eq. 7-5 is

TV,
= - -18
Iis = = (1= D) (7-18)
Equation 7-18 shows that if V,, is kept constant, the maximum value of I, occurs at
D=0
TV,

Iamax = 57 (7-19)
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V,; = Constant

E
1.I 5 21.0 (1 Lx.omax)

TV,
Ipp, max = B

Figure 7-8 Step-down converter characteristics keeping ¥,; constant.

It should be noted that the operation corresponding to D = 0 and a finite V, is, of
course, hypothetical because it would require V, to be infinite.
From Eqs. 7-18 and 7-19

Iig = (1 = D)l max (7-20)

For the converter operation where V,, is kept constant, it will be useful to obtain the
required duty ratio D as a function of I,/I; g nax- Using Egs. 7-10 and 7-13 (which are
valid in the discontinuous-conduction mode whether V,, or V,, is kept constant) along with
Eq. 7-19 for the case where V,, is kept constant yields

Va Ia”LB.max 2
b=y, (1 ~ v,,fvd) e

The duty ratio D as a function of 1,/I; 5 max is plotted in Fig. 7-9 for various values
of V,,/V,, keeping V, constant. The boundary between the continuous and the discontin-
uous mode of operation is obtained by using Eq. 7-20.

7-3-4 OUTPUT VOLTAGE RIPPLE

In the previous analysis, the output capacitor is assumed to be so large as to yield v,(t) =
V,,. However, the ripple in the output voltage with a practical value of capacitance can be
calculated by considering the waveforms shown in Fig. 7-10 for a continuous-conduction
mode of operation. Assuming that all of the ripple component in i; flows through the
capacitor and its average component flows through the load resistor, the shaded area in
Fig. 7-10 represents an additional charge AQ. Therefore, the peak-to-peak voltage ripple
AV, can be written as

AQ 11ALT
AVo=F=C12 2
From Fig. 7-5 during #.¢
Vo
Al = (1 - DT, (7-22)
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10k V, = Constant

L £ =125

0.75

0.50

0.25

I,
0 o
0 0.25 050  0.75 1.0 1.25 (lw‘ max)
I e Tsvn
LB, max = 2L
Figure 7-9 Step-down converter characteristics keeping 7,
constant.
VL
(Va = v)
0 t

V.

4 &

0
Figure 7-10 Output voltage ripple in a step-down converter.
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Therefore, substituting A, from Eq. 7-22 into the previous equation gives

av, = 2V _pyr 7-23
o~ 8C L( ) 5 ( = )
AV, 1TX1-D) =* c)z
. g — ] = ic 24
v, 8 LC 2(l D)ﬂ 24
where switching frequency f; = 1/T, and
1
= 7-25
% 2nVLC G550

Equation 7-24 shows that the voltage ripple can be minimized by selecting a corner
frequency f, of the low-pass filter at the output such that f, < f,. Also, the ripple is
independent of the output load power, so long as the converter operates in the continuous-
conduction mode. A similar analysis can be performed for the discontinuous-conduction
mode.

We should note that in switch-mode dc power supplies, the percentage ripple in the
output voltage is usually specified to be less than, for instance, 1%. Therefore, the
analysis in the previous sections assuming v,(f) = V, is valid. It should be noted that the
output ripple in Eq. 7-24 is consistent with the discussion of the low-pass filter charac-
teristic in Fig. 7-4c.

STEP-UP (BOOST) CONVERTER

Figure 7-11 shows a step-up converter. Its main application is in regulated dc power
supplies and the regenerative braking of dc motors. As the name implies, the output
voltage is always greater than the input voltage. When the switch is on, the diode is
reversed biased, thus isolating the output stage. The input supplies energy to the inductor.
When the switch is off, the output stage receives energy from the inductor as well as from
the input. In the steady-state analysis presented here, the output filter capacitor is assumed
to be very large to ensure a constant output voltage v,(f) = V,,.

7-4-1 CONTINUOUS-CONDUCTION MODE

Figure 7-12 shows the steady-state waveforms for this mode of conduction where the
inductor current flows continuously [i,(f) > 0].

Since in steady state the time integral of the inductor voltage over one time period
must be zero,

Viton ¥ (Va = Vo)togr = 0
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The presence of the right-half zero can be explained by noting that in a flyback
converter operating in a continuous mode, if the duty ratio d is increased instantaneously,
the output voltage decreases momentarily because the inductor current has not had the
time to increase, but the time interval (1 — d)T, during which the inductor transfers
energy to the output stage has been suddenly decreased. This initial decline in the output
voltage with the increase in d is opposite of what eventually takes place. This effect results
in a zero in the right-half plane, which introduces phase lag in the transfer function
v (s)/d(s).

In a flyback converter operating in a discontinuous mode, the foregoing effect does
not occur and the output voltage always increases with the increased duty ratio. Therefore,
in the discontinuous mode of operation, the right-half-plane zero in the transfer function
of Eq. 10-86 does not exist; thus, compensating the feedback loop to provide enough gain
and phase margins is simpler.

10-5-2 TRANSFER FUNCTION d(s)/5,.(s) OF THE DIRECT DUTY RATIO
PULSE-WIDTH MODULATOR

In the direct duty ratio pulse-width modulator, the control voltage v.(¢), which is the
output of the error amplifier, is compared with a repetitive waveform v,(t), which estab-
lishes the switching frequency f;, as shown in Fig. 10-23a. The control voltage v.(f)
consists of a dc component and a small ac perturbation component

ve(t) = V. + ¥0) (10-87)

where v(f) is in a range between zero and V., as shown in Fig. 10-23a. Here v,(f) is a
sinusoidal ac perturbation in the control voltage at a frequency w, where w is much
smaller than the switching frequency w, (=21f,). The ac perturbation in the control
voltage can be expressed as

V() = asin(wt — ¢) (10-88)

by means of an amplitude a and an arbitrary phase angle .
In Fig. 10-23b, the instantaneous switch duty ratio d(z) is as follows:

) = 1.0 ifv(t) = v,(2) (10-89)
D=0 ifv() < () (10-90)
u{t) N
v, ult)
[-

0 t

(a)
4 () Fundamental

component

L et O |
T,

(b)
Figure 10-23 Pulse-width modulator. Petitioners
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Similar to the analysis of sinusoidal PWM carried out in Chapter 8, d(¢) in Fig.
10-23b can be expressed in terms of the Fourier series as

Ve . .
dp) = — + -fl—sm (wt — ¢) + other high-frequency components  (10-91)

¥ r

The higher frequency components in the output voltage v, due to the high-frequency
components in d() are eliminated because of the low-pass filter at the output of the
converter. Therefore, the high-frequency components in Eq. 10-91 can be ignored. In
terms of its dc value and its ac perturbation

dw = D + d(f) (10-92)

Comparing Egs. 10-91 and 10-92 yields

Vc
D= 10-93
% ( )
and
a0 = Visin(wt - ) (10-94)

r

From Eqgs. 10-88 and 10-94, the transfer function 7,,(s) of the modulator is given by

d(s 1
Tou(s) = _(—) == (10-95)
Vc(s) Vr
Therefore, the theoretical transfer function of the pulse-width modulator is surprisingly
simple, without any time delays. However, the time delay associated with the comparator
can lead to a delay in the modulator response.

W Example 10-2 In practice, the transfer function of the modulator may not have
to be calculated from Eq. 10-95. Figure 10-24 shows the approximate transfer function of
a commonly used PWM integrated circuit, supplied as a part of the data sheets, in terms
of the duty ratio d as a function of the control voltage v, where v, is the output of the error
amplifier.

Calculate the transfer function d(s)/7.(s) for this PWM integrated circuit.

d

100
b
2

'é‘ 60—
!

S 4o
a

20—

[ | Figure 10-24 Pulse-width modulator
v, (volts) .
0 1 2 3 4 5 transfer function.
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Solution  For this particular modulator, the duty ratio d increases from 0 (atv, = 0.8
V) to 0.95 (at v, = 3.6 V). Therefore, the slope of the transfer function in Fig. 10-24 is
equal to the transfer function of this modulator:

dis)  Ad
7.(s)  Ave
_09%5-0 0.34
36-08 (10-96)

With this modulator, the transfer function between v, and the control voltage v, can
be obtained as

Do) _ Tols) dls) _

1O =56 " d) 70

T ()T n(s) (10-97)

The gain plot of the transfer function ,(s)/v.(s) can be obtained by adjusting the gain
curve in the Bode plot of Fig. 10-21a or Fig. 10-22a to account for a constant gain of 0.34
(=-9.37 dB) of the modulator. Assuming zero delay in the modulator, the phase plot of
V,(s)/V(s) is the same as that of ﬁo(s)/d(s). |

10-5-3 COMPENSATION OF THE FEEDBACK SYSTEM USING A
DIRECT DUTY RATIO PULSE-WIDTH MODULATOR

In the switch-mode power supply shown in Fig. 10-195, the overall open-loop transfer
function is

ToL(s) = T1(s)T(s) (10-98)
where T(s) is as given by Eq. 10-97 and
T.(s) = transfer function of compensated error amplifier (10-99)

For a given T(s), the transfer function of the compensated error amplifier 7.(s) must be
properly tailored so that Tp (s) meets the performance requirements expected of the
power supply. Some of the desired characteristics of the open-loop transfer function
To1(s) are as follows:

1. The gain at low frequencies should be high to minimize the steady-state error in
the power supply output.

2. The crossover frequency is the frequency at which the gain of T (s) falls to 1.0
(0 dB), as shown in Fig. 10-25. This crossover frequency o, should be as high
as possible but approximately an order of magnitude below the switching fre-
quency to allow the power supply to respond quickly to the transients, such as a
sudden change of load.

3. The phase margin (PM) is defined by means of Fig. 10-25 as

PM = do, + 180° (10-100)

where ¢, is the phase angle of T (s) at the crossover frequency and is negative.
The phase margin, which should be a positive quantity in Eq. 10-100, determines
the transient response of the output voltage in response to sudden changes in the
load and the input voltage. A phase margin in a range of 45°~60° is desirable.
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Gain = 20 log|Tqy, (jw)| Phase ¢, in degrees
(dB)
Gain

Phase

Phase margin
I

Jfain margin \\i
Figure 10-25 Gain and phase

w .
(log scale) margms.

To meet these requirements simultaneously, a general error amplifier is shown in Fig.
10-26, where the amplifier can be assumed to be ideal. One of the inputs to the amplifier
is the output voltage v, of the converter; the other input is the desired (reference) value V.
of v,,. The output of the error amplifier is the control voltage v,. In terms of Z; and Zsin
Fig. 10-26, the transfer function between the input and the output perturbations can be
obtained as

Vo) _ _Ze(s)
—— = —=——= —T(s 10-101
Wzt T Y HeeL
where T(s) is as defined in Fig. 10-195b.

One of the options in the selection of T (s) is to introduce a pole-zero pair in addition
to a pole at the origin so that T(s) is of the form

A(s+ w)

Tds) = s+ ®,)

(10-102)

where 4 is positive and ®, < v,. In Eq. 10-102, due to the pole at the origin, the phase
of T (s) starts with —90°, as shown in Fig. 10-27a. The presence of the zero causes the
phase angle to increase (or in other words provides a ‘‘boost’’) to be something greater
than —90°. Eventually, because of the pole at ®,, the phase angle of T (s) comes back
down to —90°. The gain plot is also shown in Fig. 10-27a. The parameters in Eq. 10-102
can be chosen such that the minimum phase lag in T,(s) occurs at the specified (desired)
crossover frequency of the overall open-loop transfer function T, (s).

Z.

i

— )

Yo = t‘l'/ife + Yo $——— Contral voltage v, = V, + o,
(converter output

inlFig. 8-19a)

Vo, ref
Figure 10-26 A general compensated error amplifier.
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Gain
dB;
(dB) c
IL
k)
—20 dB/decade
20 dB/decad i C| !
- e
eca ) (_‘
G l——— (v, is the
0 L converter output)
w, W w, =
Phase —_— Yo——VVV
o (log scale) Ry ve
@ +
0°= Phase
_ape | | 1
% W, T wp x (b)
—
@ = Weross (log scale)
(a)

Figure 10-27 Error amplifier.

s+ o

1
Tels) = R1Cos(s + @p)

The transfer function in Eq. 10-102 can be realized by means of the amplifier network
shown in Fig. 10-27b, where

1 s+ o,

T(s) = RiC, s—(s T o) (10-103)
1
W, = Ez?l (10-104)
_ C, + Cy
W, = R,CiC, (10-105)

A step-by-step explanation that is easy to follow in the selection of the foregoing param-
eters has been provided in reference 16 using a K-factor approach. This procedure sug-
gests that as a first-step, the crossover frequency oo, where |ToL(s)| would equal 0 dB,
should be selected. This crossover frequency also defines the frequency in Fig. 10-27a,
where the minimum phase lag occurs in the transfer function of T (s). The K factor is used
such that in the transfer function T(s) of Eq. 10-103

— mcmss U
0 = = (10-106)
0, = Koreross (10-107)

It is shown in reference 16 that K in Eqs. 10-106 and 10-107 is related to the boost
(defined in Fig. 10-27a) in the following manner:

boost
K = tan| 45° + 2 (10-108)

Therefore, the next step is to define the phase margin (PM) and, hence, the boost needed
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from the error amplifier at the crossover frequency to calculate X in Eqs. 10-106 and
10-107. From the definition of phase margin in Eq. 10-100

PM = 180° + ¢; + &, (10-109)
where ¢, is the phase angle of T(s) at the crossover frequency. From Eq. 10-97
b1 = $p(s) + buls) (10-110)

where &, is the phase angle of T(s), ¢,(s) is the phase angle of the power stage T,(s), and
&,(s) is the phase angle (if any) of the modulator 7,,(s). From the phase plot of the
transfer function T.(s) shown in Fig. 10-27a

&, = —90° + boost (10-111)
From Egs. 10-109 and 10-111,
boost = PM — ¢, — 90° (10-112)

Therefore, once the phase margin (usually in a range of 45°-60°) is chosen, the boost is
defined from Eq. 10-112 where ¢, (assuming ¢, to be zero) can be obtained from Fig.
10-21b or Fig. 10-22b at the frequency chosen to be the crossover frequency. Knowing
the boost, K can be calculated from Eq. 10-108.

The next step in the design procedure is to ensure that the gain Gy, of the overall
open-loop is equal to 1 (i.e., Gor, = [To ()] = 1) at the chosen crossover frequency. This
requires that from Eq. 10-98, the gain G, of the compensated error amplifier at @, be
as follows:

1
Gl (at wcross)

Gelat wcross) = (10-113)

where G, is the magnitude |T;(jwoss)| Of the transfer function T,(s) = T (9T, (s) at
Wross- Therefore, at @ = @55, from Eq. 10-113 and by the substitution of Egs. 10-104
through 10-107 into Eq. 10-103,
S S §
Ki C2R 1W0cross G 1
In the circuit of Fig. 10-27b, R, is chosen arbitrarily and the rest of the circuit
parameters can be calculated as follows from the K-factor procedure outlined before using
Egs. 10-104 through 10-107 and Eq. 10-114,
Klecmss

Cr=CyK?>— 1) (10-116)

_ K
(C 1 mcmss)

G, (10-114)

C, (10-115)

R, (10-117)

For the converters, such as a flyback converter operating in a continuous mode, it
may be necessary to use an error amplifier that has two pairs of poles and zeros in addition
to the pole at the origin for a proper compensation.

10-5-4 VOLTAGE FEED-FORWARD PWM CONTROL

In the direct duty ratio PWM control discussed in the previous two sections, if the input
voltage changes, an error is produced in the output voltage, which eventually gets cor-
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rected by the feedback control. This results in a slow dynamic performance in regulating
the output in response to the changes in input voltage.

If the duty ratio could be adjusted directly to accommodate the change in the input
voltage, then the converter output would remain unchanged. This can be accomplished by
feeding the input voltage level to the PWM IC. The PWM switching strategy here is very
similar to the one discussed in connection with the direct duty ratio PWM control except
for one difference: the ramp (and, hence, the peak) of the sawtooth waveform does not
stay constant but varies in direct proportion to the input voltage, as shown in Fig. 10-28.
This shows how an increased input voltage (hence, increased V) results in a decreased
duty ratio, shown by dashed curves in Fig. 10-28. This type of control in step-down
derived converters (e.g., forward converters) results in v,(s)/v,(s) equal to zero and hence
in an excellent inherent regulation for the changes in the input voltage. The same is true
for a flyback converter operating in a complete demagnetization mode.

If this voltage feed-forward is implemented in a double-ended power supply (like
push—pull, half-bridge, full bridge), then care must be taken to provide a dynamic
volt—time balance so that the on times of the two switches are kept equal on a dynamic
basis to prevent the saturation of the high-frequency isolation transformer.

10-5-5 CURRENT-MODE CONTROL

The PWM direct duty ratio control discussed so far is shown in Fig. 10-29a, where the
control voltage v, (amplified error signal between the actual output and the reference)
controls the duty ratio of the switch by comparing the control voltage with a fixed-
frequency sawtooth waveform. This control of the switch duty ratio adjusts the voltage
across the inductor and hence the inductor current (which feeds the output stage) and
eventually brings the output voltage to its reference value.

In a current-mode control, an additional inner control loop is used as shown in Fig.
10-29b, where the control voltage v, directly controls the output inductor current that
feeds the output stage and thus the output voltage. Ideally, the control voltage should act
to directly control the average value of the inductor current for the fastest response,
though, as we will see later, various types of current-mode controls tend to accomplish
this differently. The fact that the current feeding the output stage is controlled directly in
a current-mode control has a profound effect on the dynamic behavior of the negative-
feedback control loop.
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Figure 10-28 Voltage feed-forward: effect on duty ratio.
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Figure 10-29 PWM duty ratio versus current-mode control: (@) PWM duty ratio control;
(b) current-mode control.

There are three basic types of current-mode controls:

1. Tolerance band control
2. Constant-‘‘off *’-time control
| 3. Constant-frequency control with turn-on at clock time

f In all these types of controls, either the inductor current or the switch current, which is
proportional to the output inductor current, is measured and compared with the control
voltage.

! In the tolerance band control, the control voltage v, dictates the average value of the

\ inductor current as shown in Fig. 10-30a. The term A, is a design parameter. The

\ switching frequency depends on Al;, the converter parameters, and the operating con-

| ditions. This direct control over the average value of i, is a very desirable feature of this

‘ type of control. However, this scheme works well only in the continuous-current-con-

duction mode. Otherwise, in the discontinuous-current-conduction mode, the inductor

current becomes zero (though %AI,_ would actually be demanding a negative i, which is
not possible). If the controller is not designed to handle this discontinuous current when
iy is zero and i, being demanded by the controller is negative, the switch will never turn
on and the inductor current will decay to zero.

In the constant-off-time control, the control voltage dictates I, as is shown in Fig.
10-30b. Once fL is reached, the switch turns off for a fixed (constant) off time, which is
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Figure 10-30 Three types of current-mode control: (a) tolerance band
control; (b) constant-off-time control; (c) constant frequency with turn-
on at clock time.

a design parameter. Here also, the switching frequency is not fixed and depends on the
converter parameters and its operating condition.

The constant-frequency control with a turn-on at clock time is thus far the most
common type of current-mode control. Here, the switch is turned on at the beginning of
each constant-frequency switching time period. The control voltage dictates I; and the
instant at which the switch is turned off, as shown in Fig. 10-30c. The switch remains off
until the beginning of the next switching cycle. A constant switching frequency makes it
easier to design the output filter.

In the current-mode control in practice, a slope compensation is added to the control
voltage, as shown in Fig. 10-31, to provide stability, to prevent subharmonic oscillations,
and to provide a feed-forward property. Figure 10-31 shows the waveforms for a forward
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Figure 10-31 Slope compensation in current-mode control (D, is smaller for a
higher input voltage with a constant 7).

converter of the type shown in Fig. 10-29b, where the slope of the slope compensation
waveform is one-half of the slope of the inductor current when the switch is off. With
given input and output voltages, the duty ratio is D, and the waveform of the inductor
current iz is shown by the solid lines. If the input voltage is increased but the output
voltage is to remain unaffected, the duty ratio decreases to D, and the inductor current
waveform is shown by dashed lines. The average value of the inductor current, which
equals the load current, remains the same in both cases in spite of a change in the input
voltage. This shows the voltage feed-forward property of the current-mode control with
a proper slope compensation.

The current-mode control has several advantages over the conventional direct duty
ratio PWM control:

1. It limits peak switch current. Since either the switch current is directly measured
or the current is measured somewhere in the circuit (like through the output
inductor) where it represents the switch current without delay, the peak value of
the switch current can be limited by simply putting an upper limit on the control
voltage. This can be easily accomplished in the controllers that control /.

2. It removes one pole (corresponding to the output filter inductor) from the
control-to-output transfer function v,(s)/7.(s), thus simplifying the compensa-
tion in the negative-feedback system, especially in the presence of the right-
half-plane zero.

3. It allows a modular design of power supplies by equal current sharing where
several power supplies can be operated in parallel and provide equal currents, if
the same control voltage is fed to all the modules.

4. It results in a symmetrical flux excursion in a push—pull converter, thus elimi-
nating the problem of transformer core saturation.

5. It provides input voltage feed-forward. As shown by Fig. 10-31, an input voltage
feed-forward is automatically accomplished, resulting in an excellent rejection of
input line transients.
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