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Preface

This book is aimed at both engineering students and practicing professionals specializing
in power electronics and provides useful and concise information with regard to advanced
converters. It contains more than 200 topologies concerning advanced converters that have
been developed by the authors. Some recently published topologies are also included. The
prototypes presented here demonstrate novel approaches that the authors hope will be of
great benefit to the area of power electronics.

Power electronics is the technology behind the conversion of electrical energy from a
source to the requirements of the end-user. Although, it is of vital importance to both
industry and the individual citizen, it is somewhat taken for granted in much the same
way as the air we breathe and the water we drink. Energy conversion techniques are now
a primary focus of the power electronics community with rapid advances being made in
conversion technologies in recent years that are detailed in this book along with a look at
the historical problems that have now been solved.

The necessary equipment for energy conversion can be divided into four groups: AC/DC
rectifiers, DC/DC converters, DC/AC inverters, and AC/AC transformers. AC/DC recti-
fiers were the earliest converters to be developed and, consequently, most of the traditional
circuits have now been widely published and discussed. However, some of those circuits
have not been analyzed in any great detail with the single-phase diode rectifier with R—C
load being a typical example. Recently, there has been a new approach to AC/DC rectifiers
that involves power factor correction (PFC) and unity power factor (UPF), the techniques
of which are introduced in this book.

The technology of DC/DC conversion is making rapid progress and, according to incom-
plete statistics, there are more than 600 topologies of DC/DC converters in existence with
new ones being created every year. It would be an immense task to try and examine all of
these approaches. However, in 2001, the authors were able to systematically sort and cate-
gorize the DC/DC converters into six groups. Our main contribution in this field involves
voltage-lift and super-lift techniques for which more than 100 topologies are introduced in
this book.

DC/AC inverters can be divided into two groups: pulse-width-modulation (PWM)
inverters and multilevel inverters. People will be more familiar with PWM inverters as
the voltage source inverter (VSI) and current source inverter (CSI). In 2003, details of the
impedance-source inverter (ZSI) first appeared and a great deal of interest was created
from power electronics experts. With its advantages so obvious in research and indus-
trial applications, hundreds of papers concerning ZSI have been published in the ensuing
years. Multilevel inverters were invented in the early 1980s and developed quickly. Many
new topologies have been designed and applied to industrial applications, especially in
renewable energy systems. Typical circuits include diode-clamped inverters, capacitor-
clamped inverters, and hybrid H-bridge multilevel inverters. Multilevel inverters overcame
the drawbacks of the PWM inverter and paved the way for industrial applications.

Xix
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Traditional AC/AC converters are divided into three groups: voltage-modulation
AC/AC converters, cycloconverters, and matrix converters. All traditional AC/AC con-
verters can only convert a high voltage to a low voltage with adjustable amplitude and
frequency. Their drawbacks are limited output voltage and poor total harmonic distortion
(THD). Therefore, new types of AC/AC converters, such as sub-envelope-modulated (SEM)
AC/AC converters and DC-modulated AC/AC converters have been created. These tech-
niques successfully overcome the disadvantage of high THD. Also, DC-modulated AC/AC
converters have other advantages, for instance, multiphase outputs.

Due to the world’s increasing problem of energy resource shortage, the development of
renewable energy sources, energy-saving techniques, and power supply quality has become
an urgent issue. There is no time for delay. Renewable energy source systems require a large
number of converters. For example, new AC/DC/AC converters are necessary in wind-
turbine power systems, and DC/AC/DC converters are necessary in solar panel power
systems.

The book consists of 12 chapters. The general knowledge on converters is introduced
in Chapter 1. Traditional AC/DC diode rectifiers, controlled AC/DC rectifiers, and power
factor correction and unity power factor techniques are discussed in Chapters 2 through 4.
Classic DC/DC converters, voltage-lift and super-lift techniques are introduced in Chapters
5 through 7. Pulse-width-modulated DC/AC inverters are investigated in Chapter 8 and
multilevel DC/AC inverters in Chapter 9. Traditional and improved AC/AC converters
are introduced in Chapters 10 and 11. AC/DC/AC and DC/AC/DC converters used in
renewable energy source systems are presented in Chapter 12.

As a textbook, there are many examples and homework questions in each chapter, which
will help the reader thoroughly understand all aspects of research and application. This
book can be both a textbook for university students studying power electronics and a
reference book for practicing engineers involved in the design and application of power
electronics.

MATLAB® is a registered trademark of The MathWorks, Inc. For product information,
please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508 647 7000

Fax: 508-647-7001
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1

Introduction

Power electronics is the technology of processing and controlling the flow of electric energy
by supplying voltages and currents in a form that is optimally suited to the end-user’s
requirements [1]. A typical block diagram is given in Figure 1.1 [2]. The input power can be
either AC and DC sources. A general example is one in which the AC input power is from
the electric utility. The output power to the load can be either AC and DC voltages. The
power processor in the block diagram is usually called a converter. Conversion technologies
are used to construct converters. There are four types of converters [3]:

e AC/DC converters/rectifiers (AC to DC)
e DC/DC converters (DC to DC)
e DC/AC inverters/converters (DC to AC)
o AC/AC converters (AC to AC).

We will use converter as a generic term to refer to a single power conversion stage that
may perform any of the functions listed above. To be more specific, during AC to DC and
DC to AC conversion, the term rectifier refers to a converter in which the average power
flow is from the AC to the DC side. The term inverter refers to a converter in which the
average power flow is from the DC to the AC side. If the power flow through the converter
is reversible, as shown in Figure 1.2 [2], we refer to the converter in terms of its rectifier and
inverter modes of operation.

1.1 Symbols and Factors Used in This Book

In this chapter, we list the factors and symbols used in this book. If no specific description
is given, the parameters follow the meaning stated here.

1.1.1 Symbols Used in Power Systems

For instantaneous values of variables such as voltage, current, and power, which are func-
tions of time, lowercase letters v, i, and p are, respectively, used. They are functions of time
performing in the time domain. We may or may not explicitly show that they are functions
of time, for example, using v rather than v(t). Uppercase symbols V and I refer to their
computed values from their instantaneous waveforms. They generally refer to an average
value in DC quantities and a root-mean-square (rms) value in AC quantities. If there is a

1
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Power input Power Power output
> L
rocessor
Vi —> P — Yo
' A

4 iO
Control
. Measurement
signal
Reference
Controller -

FIGURE 1.1 Block diagram of a power electronics system.

possibility of confusion, the subscript avg or rms is added explicitly. The average power is
always indicated by P.

Usually, the input voltage and current are represented by vi, and i, (or v; and i7), and
the output voltage and current are represented by vpo and ig (or v2 and iz). The input and
output powers are represented by Pi, and Po. The power transfer efficiency (n) is defined
asn = Po/Pin.

Passive loads such as resistor R, inductor L, and capacitor C are generally used in circuits.
We use R, L, and C to indicate their symbols and values as well. All these three parameters
and their combination Z are linear loads since the performance of the circuit constructed by
these components is described by a linear differential equation. Z is used as the impedance
of a linear load. If the circuit consists of a resistor R, an inductor L, and a capacitor C in
series connection, the impedance Z is represented by

1
Z=R+jol —j—= = 2| o, 1.1)

where R is the resistance measured in units of 2, L is the inductance measured in H, C is the
capacitance measured in F, w is the AC supply angular frequency measured in rad/s, and
o = 2nf where f is the AC supply frequency measured in Hz. For the calculation of Z, if
there is no capacitor in the circuit, j(1/wC) is omitted (do not take c = 0 and j(1/wC) = >00).
The absolute impedance |Z| and the phase angle ¢ are

1Z) = R + [0l — (1/0O)R,

1.2
b = tan—! oL — (1/wC) (12)
= R .
P
—» Rectifier mode
__AC ] Converter | DbC

Inverter mode €¢————
P

FIGURE 1.2 AC to DC converters.
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Example 1.1

A circuit has a load with a resistor R = 20, an inductor L = 20 mH, and a capacitor C = 200 wF
in series connection. The voltage supply frequency f = 60 Hz. Calculate the load impedance and
the phase angle.

SOLUTION
From Equation 1.1, the impedance Z is

, 1
1207 x 0.0002

=20+4(7.54 — 13.26) = 20 — j5.72 = | Z| £¢.

1
Z = R+ij_jR =20+ j120m x 0.02

From Equation 1.2, the absolute impedance |Z| and the phase angle ¢ are

11\2
|1Z] = \/RZ + (coL - —C) =202 +5.722 =20.8Q,
w

L—(1/wC —5.72
1w 1/ ):tan_1 :

=—17.73°.
R

¢ =tan

If a circuit consists of a resistor R and an inductor L in series connection, the corresponding
impedance Z is given by

Z=R+jolL=|Z| L. (1.3)

The absolute impedance |Z| and the phase angle ¢ are

|Z] =/ R? + (wl)2,

L
o= tan™! w—.
R

We define the circuit time constant T as
= —. (1.5)

If a circuit consists of a resistor R and a capacitor C in series connection, the impedance Z is
given by

1

The absolute impedance |Z| and the phase angle ¢ are

’l 2
z1= R+ ()
wC 1.7)

1

= —tan= ' ——.
¢ an wCR
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We define the circuit time constant t as

= RC. (1.8)
Summary of the Symbols
Symbol Explanation (measuring unit)
C Capacitance (F)
f Frequency (Hz)
i, Instantaneous current, Average/rms current (A)
L Inductance (H)
R Resistance (£2)
p, P Instantaneous power, Rated/real power (W)
g, Q Instantaneous reactive power, Rated reactive power (VAR)
s, S Instantaneous apparent power, Rated apparent power (VA)
v, V Instantaneous voltage, Average/rms voltage (V)
V4 Impedance ()
¢ Phase angle (° or rad)
n Efficiency (%)
T Time constant (s)
® Angular frequency (rad/s), w = 2nf

1.1.2  Factors and Symbols Used in AC Power Systems

The input AC voltage can be either single-phase or three-phase voltages. They are usually
a pure sinusoidal wave function. A single-phase input voltage v(t) can be expressed as [4]

o(t) = V2V sin ot = Vi sin wt, (1.9)

where v is the instantaneous input voltage, V the rms value, Vy, the amplitude, and w the
angular frequency, w = 2nf (f is the supply frequency). Usually, the input current may
not be a pure sinusoidal wave that depends on load. If the input voltage supplies a linear
load (resistive, inductive, capacitive loads or their combination), the input current i(t) is
not distorted, but may be delayed in a phase angle ¢. In this case, it can be expressed as

i(t) = V2l sin(wt — ¢) = I;m sin(wt — ), (1.10)

where i is the instantaneous input current, I the rms value, I, the amplitude, and ¢ the
phase-delay angle. We define the power factor (PF) as

PF = cos ¢. (1.11)

PF is the ratio of real power (P) to apparent power (S). We have the relation S = P +jQ,
where Q is the reactive power. The power vector diagram is shown in Figure 1.3. We have
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FIGURE 1.3 Power vector diagram.

the relations between the powers as follows:

VZ
S=VI*= Z =P+iQ=15129, (1.12)
S| = /P2 + Q?, (1.13)
¢ =tan™? % (1.14)
P = Scos ¢, (1.15)
Q = Ssin ¢. (1.16)

If the input current is distorted, it consists of harmonics. Its fundamental harmonic can
be expressed as

i1 = V211 sin(wt — ¢1) = Im1 sin(of — ¢1), (1.17)

where ij is the fundamental harmonic instantaneous value, I; the rms value, I;,; the
amplitude, and ¢; the phase angle. In this case, the displacement power factor (DPF) is
defined as

DPF = cos ¢1. (1.18)
Correspondingly, PF is defined as

DPE
PP=—— (1.19)

V1+THD?

where THD is the total harmonic distortion. It can be used to measure both voltage and
current waveforms. It is defined as

Vne I3 V2o V3
THD:LM or THD:ﬁ

, 1.20
I 7 (1.20)
where I, or V,, is the amplitude of the nth-order harmonic.

The harmonic factor (HF) is a variable that describes the weighted percent of the nth-order
harmonic referring to the amplitude of the fundamental harmonic V. It is defined as

I 1%
HF, = ﬁ or HF, = V—’; (1.21)
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where n =1 corresponds to the fundamental harmonic. Therefore, HF; = 1. THD can be
written as

o0
THD = |) HF;. (1.22)

n=2

A pure sinusoidal waveform has THD = 0.
The weighted total harmonic distortion (WTHD) is a variable that describes the waveform

distortion. It is defined as
Vv ne2 (Vii/m)
WTHD = — (1.23)
1

Note that THD gives an immediate measure of the inverter output voltage waveform
distortion. WTHD is often interpreted as the normalized current ripple expected in an
inductive load when fed from the inverter output voltage.

Example 1.2

A load with a resistor R =20 €2, an inductor L = 20mH, and a capacitor C =200 wF in series
connection is supplied by an AC voltage of 240V (rms) with frequency f = 60 Hz. Calculate the
circuit current, and the corresponding apparent power S, real power P, reactive power Q, and PF.

SOLUTION
From Example 1.1, the impedance Z is

. 1
1207 x 0.0002

=204j(7.54 - 13.26) =20 —j5.72 = 20.8£4—17.73° Q.

1
Z=R+jol —j—z =20+120m x 0.02

The circuit current [ is

Vv 240

=—=——— =11.54/£17.73°A.
Z 20.8£-17.73°

The apparent power S is
S=VI"=240 x 11.54/-17.73° = 2769.23/—17.73° VA.
The real power P is
P =|S|cos$ =2769.23 x cos17.73° = 2637.7W.
The reactive power Q is
Q =|S|sind =2769.23 x sin—17.73° = —843.3 VAR.

PF is
PF = cos ¢ = 0.9525 leading.
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Summary of the Symbols

Symbol Explanation (measuring unit)
DPF Displacement power factor (%)
HF nth-order harmonic factor
i1, Instantaneous fundamental current, Average/rms fundamental current (A)
in, In Instantaneous nth-order harmonic current, Average/rms nth-order harmonic current (A)
Im Current amplitude (A)
PF Power factor (leading/lagging %)
q, Q Instantaneous reactive power, Rated reactive power (VAR)
5, S Instantaneous apparent power, Rated apparent power (VA)
Time (s)
THD Total harmonic distortion (%)
vi, Vi Instantaneous fundamental voltage, Average/rms fundamental voltage (V)
vn, Vn Instantaneous nth-order harmonic voltage, Average/rms nth-order harmonic voltage (V)
WTHD Weighted total harmonic distortion (%)
b1 Phase angle of the fundamental harmonic (° or rad)

1.1.3 Factors and Symbols Used in DC Power Systems

We define the output DC voltage instantaneous value as vq4 and the average value as Vg4
(or Vqo) [5]. A pure DC voltage has no ripple; hence it is called ripple-free DC voltage.
Otherwise, a DC voltage is distorted, and consists of DC components and AC harmonics.
Its rms value is V4_yms. For a distorted DC voltage, the rms value V4_ms is constantly
higher than the average value V4. The ripple factor (RF) is defined as

Ve Vi
RF (1.24)

Vg
where V,, is the nth-order harmonic. The form factor (FF) is defined as

Va_ v Zoozo Vi
FF— Jdoms _ V&= R (1.25)

V4 V4

where V is the Oth-order harmonic, thatis, the average component V4. Therefore, we obtain

FF > 1, and the relation
RF = /FF? — 1. (1.26)

FF and RF are used to describe the quality of a DC waveform (voltage and current
parameters). For a pure DC voltage, FF = 1 and RF = 0.

Summary of the Symbols

Symbol Explanation (measuring unit)
FF Form factor (%)

RF Ripple factor (%)

v4, Vq Instantaneous DC voltage, Average DC voltage (V)
Vd—rms rms DC voltage (V)

v, Vi Instantaneous nth-order harmonic voltage, Average/rms nth-order harmonic voltage (V)
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1.1.4 Factors and Symbols Used in Switching Power Systems

Switching power systems, such as power DC/DC converters, power PWM DC/AC invert-
ers, soft-switching converters, and resonant converters, are widely used in power transfer
equipment. In general, a switching power system has a pumping circuit and several energy-
storage elements. It is likely an energy container to store some energy during performance.
The input energy does not smoothly flow through the switching power system from the
input source to the load. The energy is quantified by the switching circuit, and then pumped
through the switching power system from the input source to the load [6-8].

We assume that the switching frequency is f and that the corresponding periodis T = 1/f.
The pumping energy (PE) is used to count the input energy in a switching period T. Its
calculation formula is

T T
PE = inn(t) dt = JViniin(t) dt = Vi IinT, 1.27)
0 0
where
T
I, = Jz’in(t) dt (1.28)
0

is the average value of the input current if the input voltage V7 is constant. Usually, the
input average current I; depends on the conduction duty cycle.

Energy storage in switching power systems has received much attention in the past.
Unfortunately, there is still no clear concept to describe the phenomena and reveal the
relationship between the stored energy (SE) and its characteristics.

The SE in an inductor is

1
WL = Euf. (1.29)
The SE across a capacitor is
1
Wc = Ecv(%. (1.30)

Therefore, if there are 1, inductors and nc capacitors, the total SE in a DC/DC converter is

ny, nc
SE=Y Wi+ > W (1.31)
j=1 j=1

Usually, the SE is independent of switching frequency f (as well as switching period T).
Since inductor currents and capacitor voltages rely on the conduction duty cycle k, the SE
also relies on k. We use SE as a new parameter in further descriptions.

Most switching power systems consist of inductors and capacitors. Therefore, we can
define the capacitor-inductor stored energy ratio (CIR) as

(1.32)
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As described in the previous sections, the input energy in a period T isthe PE = Pj, x T =
Vinlin x T. We now define the energy factor (EF), that is, the ratio of SE to PE, as

SE SE 2jm Wi+ Xl W

EF=— = =
PE VinlinT VinlinT

(1.33)

EF is a very important factor of a switching power system. It is usually independent of
the conduction duty cycle and inversely proportional to switching frequency f since PE is
proportional to switching period T.

The time constant t of a switching power system is a new concept that describes the
transient process. If there are no power losses in the system, it is defined as

2T x EF

— xR 1.34
"T1FCR (1.34)

This time constant t is independent of switching frequency f (or period T = 1/f). It is
available to estimate the system responses for a unit-step function and impulse interference.
If there are power losses and n < 1, t is defined as

2T x EF 1—n
— X or—D). 1.35
’ 1+CIR< + " ) (1.35)

If there are no power losses, n = 1, Equation 1.35 becomes Equation 1.34. Usually, if the
power losses (lower efficiency n) are higher, the time constant < is larger since CIR > 1.

The damping time constant 14 of a switching power system is a new concept that describes
the transient process. If there are no power losses, it is defined as

2T x EF

= —— CIR. 1.36
1+ CIR (1.36)

d
This damping time constant t4 is independent of switching frequency f (or period T =
1/f). Itis available to estimate the oscillation responses for a unit-step function and impulse
interference.
If there are power losses and 1 < 1, 14 is defined as

_ 2T x EF CIR
14+ CIRn+CIR(1—1)’

rd (1.37)

If there are no power losses, n = 1, Equation 1.37 becomes Equation 1.36. Usually, if the
power losses (lower efficiency n) are higher, the damping time constant t4 is smaller since
CIR > 1.

The time constant ratio § of a switching power system is a new concept that describes the
transient process. If there are no power losses, it is defined as

£= Y _CIR. (1.38)
T

This time constant ratio is independent of switching frequency f (or period T = 1/f).
It is available to estimate the oscillation responses for a unit-step function and impulse
interference.
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If there are power losses and n < 1,£ is defined as

4 CIR

S = T T AL CRA—nmE

(1.39)

If there are no power losses, n = 1, Equation 1.39 becomes Equation 1.38. Usually, if the
power losses (the lower efficiency n) are higher, the time constant ratio & is smaller since
CIR > 1. From this analysis, most switching power systems with lower power losses possess
larger output voltage oscillation when the converter operation state changes. On the other
hand, switching power systems with high power losses will possess smoothening output
voltage when the converter operation state changes.

By cybernetic theory, we can estimate the unit-step function response using the ratio &. If
the ratio £ is equal to or smaller than 0.25, the corresponding unit-step function response has
no oscillation and overshot. However, if the ratio & is greater than 0.25, the corresponding
unit-step function response has oscillation and overshot. The higher the value of the ratio
g, the heavier the oscillation with higher overshot.

Summary of the Symbols

Symbol Explanation (measuring unit)
CIR Capacitor—inductor stored energy ratio
EF Energy factor

f Switching frequency (Hz)

k Conduction duty cycle

PE Pumping energy (])

SE Total stored energy (J)

WL, Wc SE in an inductor/ capacitor (J)

T Switching period (s)

T Time constant (s)

4 Damping time constant (s)

3 Time constant ratio

1.1.5 Other Factors and Symbols

A transfer function is the mathematical modeling of a circuit and a system. It describes the
dynamic characteristics of the circuit and the system. Using the transfer function, we can
easily obtain the system step and impulse responses by applying an input signal. A typical
second-order transfer function is [6-8]

M M

GS - = ,
©) 1+st+s2ttg  1+st+45212

(1.40)

where M is the voltage transfer gain (M = Vo/Vin), T the time constant (Equation 1.35),
14 the damping time constant (Equation 1.37), tq = £t (Equation 1.39), and s the Laplace
operator in the s-domain.

Using this mathematical model of a switching power system, it is significantly easier to
describe the characteristics of the transfer function. In order to appreciate the characteristics
of the transfer function more fully, a few situations are given below.
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1.1.5.1 Very Small Damping Time Constant

If the damping time constant is very small (i.e., 1y < 1, £ < 1) and it can be ignored, the
value of the damping time constant tq4 is omitted (i.e., tqg = 0, £ = 0). The transfer function
(Equation 1.40) is downgraded to first order as

G(@s) = . 1.41
® 1+st (1.41)
The unit-step function response in the time domain is
gty =M@ —e /7). (1.42)

The transient process (settling time) is nearly three times the time constant (3t), to produce
g(t) = g(3t) = 0.95M. The response in the time domain is shown in Figure 1.4 with tg = 0.
The impulse interference response is

Agty=U-e T, (1.43)

where U is the interference signal. The interference recovering progress is nearly three times
the time constant (3t), and is shown in Figure 1.5 with tq = 0.

1.1.5.2 Small Damping Time Constant

If the damping time constant is small (i.e., 1q < t/4,& < 0.25) and cannot be ignored, the
value of the damping time constant tq is not omitted. The transfer function (Equation 1.40)
is retained as a second-order function with two real poles (—o1 and —o?) as

M M/t
G(s) = _ /td (1.44)
14+st+s2ttg (84 01)(8+02)
1 f=
0.8
S
<
5 06
8
& i
2 — Tq = 0
....... Tq= 0.1t
— T4=0.251
------- -« Tq=0.57
2 3 4 é 6 7 8
Time (tor)

FIGURE 1.4 Unit-step function responses (tqg = 0,0.1t,0.25t, and 0.57).
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1.1

0.9 ; i #

0.8

0.7

— T3=0
wereeee Tg = 017
— T4 =0.257
....... v Tq = 0.5t

0.6

Magnitude (M)

0.5

0.4 BT,

0.3
0 1 2 3 4 5 6 7 8 9 10

Time (tor)

FIGURE 1.5 Impulse responses (tg = 0,0.1t,0.251, and 0.51).

where
T+ /12 -4ty 1— /1 —4dty
oj=——————— and op=—++———.
2114 2114

There are two real poles in the transfer function, assuming o1 > 3. The unit-step function
response in the time domain is

g(H) = M(1 + Kie ™ + Kpe %), (1.45)

where

1 1
K1=——+; and K = —= i

2 2/ — 41y 2 2/ 4ty

The transient process is nearly three times the time value 1/01,3/01 < 3t. The response
process is quick without oscillation. The corresponding waveform in the time domain is
shown in Figure 1.4 with tqg = 0.17.

The impulse interference response is

Ag(t) = (e7o2t — g7O1h), (1.46)

u
V1 =414/t

where U is the interference signal. The transient process is nearly three times the time value
1/01,3/01 < 31. The response waveform in the time domain is shown in Figure 1.5 with
q = 0.1

1.1.5.3 Critical Damping Time Constant

If the damping time constant is equal to the critical value (i.e., tg = t/4), the transfer
function (Equation 1.40) is retained as a second-order function with two poles 61 = 57 =
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o as
M M/ttg
G(s) = = , 1.47
) 14st+s2tty  (5+0)2 (147)
where
12
o= 2ty T

There are two folded real poles in the transfer function. This expression describes
the characteristics of the DC/DC converter. The unit-step function response in the
time-domain is

g =M [1 - (1 + %) e*zf/ﬂ} ) (1.48)

The transient process is nearly 2.4 times the time constant t(2.4t). The response process is
quick without oscillation. The response waveform in the time domain is shown in Figure 1.4
with tg = 0.25t.

The impulse interference response is

4U
Ag(t) = Ttef<2f/f>, (1.49)

where U is the interference signal. The transient process is still nearly 2.4 times the time
constant, 2.4t. The response waveform in the time domain is shown in Figure 1.5 with
tq = 0.257.

1.1.5.4 Large Damping Time Constant

If the damping time constant is large (i.e., tg > t/4,& > 0.25), the transfer function 1.40 is
a second-order function with a couple of conjugated complex poles —s1 and —s; in the
left-hand half plane (LHHP) in the s-domain:

M M/ttg

G = = ,
©) 14st+s2ttg  (5+51)(+52)

(1.50)

where s;1 = o +jwand s = 6 —jo,

1 Vattyg — 2
and w=-"~—FF——.

0O = ——
AR 2114

There are a couple of conjugated complex poles —s; and —s; in the transfer function. This
expression describes the characteristics of the DC/DC converter. The unit-step function
response in the time domain is

gthy=M [1 —e7t/?w (Cos wt — (1.51)

1 .
W sm (,L)t)] .

The transient response has an oscillation progress with a damping factor ¢ and the fre-
quency . The corresponding waveform in the time domain is shown in Figure 1.4 with
14 = 0.57, and in Figure 1.6 with 1,27, 57, and 10.
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FIGURE 1.6 Unit-step function responses (14 = t,21,57, and 107).

The impulse interference response is

_ u —t/214 o3
Ag(t) = —(Td/T) — (1/4)e sin wt, (1.52)

where U is the interference signal. The recovery process is a curve with damping factor o
and frequency w. The response waveform in the time domain is shown in Figure 1.5 with
19 = 0.57, and in Figure 1.7 with 1, 27, 57, and 10t.

1.1.6 Fast Fourier Transform

Fast Fourier transform (FFT) [9] is a very versatile method to analyze waveforms. A
periodical function with radian frequency w can be represented by a series of sinusoidal
functions:

o
f) = %0 + Z(an cos nwt + by, sin nwt), (1.53)
n=1
where the Fourier coefficients are

2n
Jf(t) cos(nwt)d(wt), n=20,1,2,...,00 (1.54)
0

ENE

ap =

and
2n

b, = % Jf(t) sin(nwt)d(wt), n=0,1,2,...,00. (1.55)
0
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FIGURE 1.7 Impulse responses (tq = t,21, 51, and 107).

In this case, we call the item with radian frequency w the fundamental harmonic and the
items with radian frequency nw (n > 1) higher-order harmonics. Draw the amplitudes of
all harmonics in the frequency domain. We obtain the spectrum in an individual peak. The
item ag/2 is the DC component.

1.1.6.1 Central Symmetrical Periodical Function

If the periodical function is a central symmetrical periodical function, then all the items
with cosine function disappear. The FFT remains as

o0
fH) =) bysinnot, (1.56)
n=1
where
1 2n
b, = — Jf(t) sin(nwt)d(wt), n=1,2,...,00. (1.57)
o1
0

We usually call this function an odd function. In this case, we call the item with radian
frequency o the fundamental harmonic and the items with radian frequency nw (n > 1)
the higher-order harmonics. Draw the amplitudes of all harmonics in the frequency
domain. We obtain the spectrum in an individual peak. Since it is an odd function, the
DC component is zero.
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1.1.6.2 Axial (Mirror) Symmetrical Periodical Function

If the periodical function is an axial symmetrical periodical function, then all the items with
sine function disappear. The FFT remains as

oo
f = %0 + Zan cos nwt, (1.58)

n=1
where a¢/2 is the DC component and

27
1
ay = — Jf(t) cos(nwt)d(wt), n=0,1,2,...,00. (1.59)
|
0

The item ay/2 is the DC component. We usually call this function an even function. In
this case, we call the item with radian frequency w the fundamental harmonic and the
items with radian frequency nw (n > 1) higher-order harmonics. Draw the amplitudes of
all harmonics in the frequency domain. We obtain the spectrum in an individual peak. Since
it is an even function, the DC component is usually not zero.

1.1.6.3 Nonperiodical Function

The spectrum of a periodical function in the time domain is a discrete function in the
frequency domain. If a function is a nonperiodical function in the time domain, it is possibly
represented by Fourier integration. The spectrum is a continuous function in the frequency
domain.

1.1.6.4 Useful Formulae and Data

Some trigonometric formulae are useful for FFT:

.2 2. . N T
sin“x +cos“x =1, sinx = cos E—x ,
sinx = —sin(—x), sin x = sin(mw — x),
cos x = cos(—x), cosx = —cos(m — x),
d . d .
—sinx = cosx, — Cosx = —sinx,
dx dx

Jsin xdx = —cosx, Jcos xdx =sinyx,

sin(x & y) = sinxcosy + cosxsiny,
cos(x £y) = cosxcosy F sinxsiny,

sin 2x = 2 sin x cos X,

cos 2x = cos? x — sin® x.
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Some values corresponding to the special angles are usually used:

51 T
in — =sin15° =0.2 — = 15° = 0.
sin o sin 15 0.2588, CoSs 5 cos 15 0.9659,
. T . T
sin 5= sin 22.5° = 0.3827, cos 5= €0s22.5° = 0.9239,
sin - = sin30° = 0.5, cos% — c0s30° = ? — 0.866,
2 2
sinZ — sinds® = Y2 — 0.7071, cos = = cos45° = V2 _ 0.7071,
4 2 4 2
T T
tan = tan 15° = 0.2679, tan 5= tan22.5° = 0.4142,
3
tan ™ — tan3oe = Y2 _ 0.5774, tan > — tan45° =1,
6 3 4
tanx = 1 tanx = co ’ram(TC x)
" co-tanx’ - 2 )

1.1.6.5 Examples of FFT Applications

Example 1.3

An odd-square waveform is shown in Figure 1.8. Find FFT, HF up to seventh order, THD, and
WTHD.

SOLUTION
The function f(t) is

(1.60)

1, 2nt < wt < 2n+ D,
f(t) =
-1, @n+DHrn<owt<2(n+T)m.

The Fourier coefficients are

1 21 9 nm 1 e
by = — J f(t) sin(nwt) d(wt) = — J sin0de = =D
T nm nm
0 0
1 —
ot
0 b 21

FIGURE 1.8 A waveform.
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and
4
bp=—, n=1,3,5,...,00. (1.61)
nm
Finally, we obtain
4 & sinnot
F(t) = — , =1,3,5,...,00. 1.62
(t) n; - n 00 (1.62)

The fundamental harmonic has amplitude 4 /. If we consider the higher-order harmonics up
to the seventh order, thatis, n =3, 5, 7, the HFs are

1 1 1
HF; = -, HFs=—, and HF;=-.
3 5 5 an 7 7

3
The THD is
0 /2 2 2 2
V2n=2 Vi 1 1 1
THD=Y="" — _ /(= - —) =0.41415. 1.63
=06 -3 () 6
The WTHD is
WTHD = ¥ 2 (Va/m 3+ ! 3+ 1\ _ o1 (1.64)
- Vi V3 5 7) T ’
Example 1.4

An even-square waveform is shown in Figure 1.9. Find FFT, HF up to the seventh order, THD, and
WTHD.
The function f(t) is

1, 2n—0.5)t <ot < (2n+0.5)T,
f(t) = (1.65)
-1, 2n4+0.5)7% <ot < (2n+1.5)7.

The Fourier coefficients are

ap =0,
27 nm/2
1 4 4 i 2
an = — J f(t) cos(nwt) d(wt) = — J cos6do = M,
T nt nt
0 0
_ " _
ot
0 T 2m -

FIGURE 1.9 Even-square waveform.
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and

4 . nm
an=—sin—, n=135,.. 00, (1.66)

The item sin(nm/2) is used to define the sign. Finally, we obtain

4>
Fy== sin ';l cos(nwt), n=1,3,5,...,00. (1.67)

n=1

The fundamental harmonic has amplitude 4/x. If we consider the higher-order harmonics up
to the seventh order, thatis, n = 3, 5, 7, the HFs are

1 1 1
HFy; — ~, HFs = —, and HF, = —.
373 5=g A 777

The THD is

I, v 2 2 2
THD = Y&=n=2 " _ /(1) + (1—> + (;) — 0.41415. (1.68)

Vi

The WTHD is

\/m 0 1\ 1)}
WTHD = ==, —— = (5) +(§> +<;) =0.219. (1.69)

Example 1.5

An odd-waveform pulse with pulse width x is shown in Figure 1.10. Find FFT, HF up to the seventh
order, THD, and WTHD.
The function f(t) is in the period — to +:

f(t) = (1.70)

0 /2 T 27

FIGURE 1.10 Odd-waveform pulse.
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The Fourier coefficients are

: 2n ) ni(n+x)/2] 9 )
bn = — J f(t) sin(nwt) d(wt) = — J sinfdo = ZCOS[n(JT = X)/2] = cosln(x + x)/2]
T nw nw
0 nl(n—x)/2]
22 cos[n(rw — x)/2] _ 4sin(nn/2)sin(nx/2)
- nm N nm '
or
4
bn_asinnzismz, n:1,3,5,...,00. (171)
Finally, we obtain
4 X sin(nwt) nm nx
F(t) = —  sin — sin — =1 ..., 00. 1.72
0 T[Z ———sin—-sin—-, n=1,3,5...,00 (1.72)

n=1

The fundamental harmonic has amplitude (4/m)sin(x/2). If we consider the higher-order
harmonics up to the seventh order, thatis, n =3, 5, 7, the HFs are

sin(3x/2) HE- — sin(5x/2) and HFy = sin(7x/2)

37 3sin(x/2)’ >~ Ssin(x/2)’ = 7sin(x/2)

The values of the HFs should be absolute values.
If x =7, the THD is

0 /2 2 2 2
n=2Vn 1 1 1

THD = +——  — — - - = 0.41415. 1.73
Vi \/<3) +(5> +(7) a7

The WTHD is
VERLWVRM [N 1y
WTHD = —————— = = - =] =0.219. 1.74
=== {G6) (5) +(5) zoream
Example 1.6

A five-level odd waveform is shown in Figure 1.11. Find FFT, HF up to the seventh order, THD, and
WTHD.
The function f(t) is in the period —m to +m:

T 2n
2, — <owt< —,
3 3
T T 2m 5n
1, —<ot< -, — <ot< —,
6 3°3 6
f(ty=10, other, (1.75)
5 2 T T
-1, —=<ot<—,—-<ot<——,
3 3 6
-2, —— <owt< I
3 3
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2
1
ot
0l w6 mB3 = m
/3 5m/6
FIGURE 1.11 Five-level odd waveform.
The Fourier coefficients are
21 5n7/6 2nm/3
1 . 2 . .
bn = — J f(t) sin(nwt) d(wt) = — J sin6do + J sin6do
T nm
0 nm/6 nm/3

2 nm 5nm nm 2nm 4 nm nm
— | cos — — cos — ) + | cos — — cos — =—(cos—+cos—>
nm 6 6 3 3 nx 6 3

or
4 nx nw
b,,:—m[ (Cos—6 +cos—3), n=1,3,5,...,00. (1.76)
Finally, we obtain
4 X sin(nwt) nm nm
F(t) = ;n; — (COS? +COST), n=1,3,5,...,00. (1.77)

The fundamental harmonic has amplitude 2/7(1 ++/3). If we consider the higher-order
harmonics up to the seventh order, thatis, n =3, 5, 7, the HFs are

2 31
HF; = —— =0.244, HFs = L =0.0536, and
3(1++/3) 5(1++/3)
3-1
HF, = V31 0.0383.
7(1 ++/3)

The values of the HFs should be absolute values.
The THD is

OO_ VZ 00
THD = % = | Y HF3 =10.2442 +0.05362 +0.03832 = 0.2527. (1.78)
1
n=2
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The WTHD is

Y Xata (Vi /n) _J i HF2 \/0.2442 0.05362  0.03832

WTHD =

=0.1436. (1.79
Vi n 3 5t (1.79)

n=2

1.2 AC/DC Rectifiers

AC/DC rectifiers [3] have been used in industrial applications for a long time now. Before
the 1960s, most power AC/DC rectifiers were constructed using mercury-arc rectifiers.
Then the large power silicon diode and the thyristor (or SCR—silicon-controlled rectifier)
were successfully developed in the 1960s. Since then, all power AC/DC rectifiers have been
constructed using power silicon diodes and thyristors.

Using a power silicon diode, we can construct uncontrolled diode rectifiers. Using a
power thyristor, we can construct controlled SCR rectifiers since the thyristor is usually
triggered at firing angle o, which is variable. If the firing angle a = 0, the characteristics of
the controlled SCR rectifier will return to those of the uncontrolled diode rectifier. Research
on the characteristics of the uncontrolled diode rectifier enables designers to get an idea of
the characteristics of the controlled SCR rectifier.

Asingle-phase half-wave diode rectifier is shown in Figure 1.12. The load can be a resistive
load, inductive load, capacitive load, or back electromotive force (emf) load. The diode can
be conducting when current flows from the anode to the cathode, and the corresponding
voltage applied across the diode is defined as positive. However, the diode is blocked when
the voltage applied across the diode is negative, and no current flows through it. Therefore,
the single-phase half-wave diode rectifier supplying different load has different output
voltage waveform.

There are three important aims for this book:

o Clearing up the historic problems.
o Introducing updated circuits.
o Investigating PFC methods.

1.2.1 Historic Problems

Rectifier circuits are easily understood. The input power supply can be single-phase, three-
phase, and multiphase sine-wave voltages. Usually, the more phases that an input power
supplies to a circuit, the simpler the circuit operation. The most difficult analysis occurs in

D

™~
L1

V= '\/EVsin ot

FIGURE 1.12 Single-phase half-wave diode rectifier.
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the simplest circuit. Although a single-phase diode rectifier circuit is the simplest circuit,
analysis of it has not been discussed in any great detail. Infact, the results presented in many
recently published papers and books have given the wrong idea.

1.2.2 Updated Circuits

Many updated circuits and control methods have been developed in the last ten years. How-
ever, most of these updated circuits and control methods have yet to appear in dedicated
books.

1.2.3 Power Factor Correction Methods

Power factor correction (PFC) methods have attracted the most attention in recent years.
Many papers on PFC have been published but, as above, there is a distinct lack of dedicated
textbooks on this subject.

1.3 DC/DC Converters

DC/DC conversion technology [5] is a vast subject area. It developed very fast and achieved
much. There are believed to be more than 500 existing topologies of DC/DC converters
according to current statistics. DC/DC converters have been widely used in industrial
applications such as DC motor drives, communication equipment, mobile phones, and
digital cameras. Many new topologies have been developed in the recent decade. They will
be systematically introduced in this book.

Mathematical modeling is the historic problem accompanying the development of
DC/DC conversion technology. From the 1940s onward, many scholars conducted research
in this area and offered various mathematical modelings and control methods. We will
discuss these problems in detail.

Most DC/DC converters have at least one pump circuit. For example, the buck-boost
converter shown in Figure 1.13 has the pump circuit S—-L. When the switch S is on, the
inductor L absorbs energy from the source V1. When the switch S is off, the inductor L
releases the stored energy to the load and to charge the capacitor C.

From the example, we recognize that all energy obtained by the load must be a part of
the energy stored in the inductor L. Theoretically, the energy transferred to the load looks
no limit. In any particular operation, the energy rate cannot be very high. Consequently,
power losses will increase sharply and the power transfer efficiency will largely decrease.

iq S i
LIS D -
o/c 7 K3
N ¢ oo - T -
L Ve
Vi = L i~ | R [] V
- i C ic +

FIGURE 1.13 Buck-boost converter.
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The following three important points will be emphasized in this book:

o The introduction of updated circuits.
o The introduction of new concepts and mathematical modeling.
o Checking the power rates.

1.3.1 Updated Converter

The voltage-lift (VL) conversion technique is widely used in electronic circuit design. Using
this technique opened a the flood gates for designing DC/DC converters with in new
topologies being developed in the last decade.

Furthermore, the super-lift (SL) technique and the ultralift (UL) technique have also
been created. Both techniques facilitate on increase in the voltage transfer gains of DC/DC
converters with the SL technique being the most outstanding with regard to the DC/DC
conversion technology.

1.3.2 New Concepts and Mathematical Modeling

DC/DC converters are an element in an energy control system. In order to obtain satisfac-
tory performance of the energy control system, it is necessary to know the mathematical
modeling of the DC/DC converter used. Traditionally, the modeling of power DC/DC
converters was derived from the impedance voltage-division method. The idea is that the
inductor impedance is sL and the inductor impedance is 1/sC, where s is the Laplace oper-
ator. The output voltage is the voltage divided by the impedance calculation. Actually,
it successfully solves the problem of fundamental DC/DC converters. The transfer func-
tion of a DC/DC converter has an order number equal to the number of energy-storage
elements. A DC/DC converter with two inductors and two capacitors has a fourth-order
transfer function. Even more, a DC/DC converter with four inductors and four capacitors
must have an eighth-order transfer function. It is hard to believe that it can be used for
industrial applications.

1.3.3 Power Rate Checking

How can a large power be used in an energy system with DC/DC converters? This rep-
resents a very sensitive problem for industrial applications. DC/DC converters are quite
different from transformers and AC/DC rectifiers. Their output power is limited by the
pump circuit power rate.

The power rate of an inductor pump circuit depends on the inductance, applied current
and current ripple, and switching frequency. The energy transferred by the inductor pump
circuitinacycle T = 1/f is

L
AE = E(Irznax - Irznin)' (1.80)
The maximum power that can be transferred is
Pmax = fAE = L (Irznax - Irznin)‘ (1.81)

2
Therefore, when designing an energy system with a DC/DC converter, we have to
estimate the power rate.
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1.4 DC/AC Inverters

DC/AC inverters [1,2] were not widely used in industrial applications before the 1960s
because of their complexity and cost. However, they were used in most fractional horse-
power AC motor drives in the 1970s because AC motors have the advantage of lower cost
when compared to DC motors, were smaller in size, and were maintenance free. In the
1980s, because of semiconductor development, more effective devices such as IGBT and
MOSFET were produced, and DC/AC inverters started to be widely applied in industrial
applications. To date, DC/AC conversion techniques can be sorted into two categories:
pulse-width modulation (PWM) and multilevel modulation (MLM). Each category has
many circuits to implement the modulation. Using PWM, we can design various inverters
such as voltage-source inverters (VSI), current-source inverters (CSI), impedance-source
inverters (ZSI), and multistage PWM inverters. A single-phase half-wave PWM is shown
in Figure 1.14.

The PWM method is suitable for DC/AC conversion since the input voltage is usu-
ally a constant DC voltage (DC link). The pulse-phase modulation (PPM) method is also
possible, but is less convenient. The pulse-amplitude modulation (PAM) method is not
suitable for DC/AC conversion since the input voltage is usually a constant DC voltage.
PWM operation has all the pulses’ leading edge starting from the beginning of the pulse
period, and their trailer edge is adjustable. The PWM method is a fundamental technique
for many types of PWM DC/AC inverters such as VSI, CSI, ZSI, and multistage PWM
inverters.

Another group of DC/AC inverters are the multilevel inverters (MLI). These inverters
were invented in the late 1970s. The early MLIs are constructed using diode-clamped and
capacitor-clamped circuits. Later, various MLIs were developed.

Three important points will be examined in this book:

« Sorting the existing inverters.
e Introducing updated circuits.

o Investigating soft-switching methods.

—>
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FIGURE 1.14  Single-phase half-wave PWM VSI.
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1.4.1 Sorting Existing Inverters

Since a large number of inverters exist, we have to sort them systematically. Some circuits
have not been defined with an exact title and thus mislead readers’ understanding as to the
particular function.

1.4.2 Updated Circuits

Many updated DC/AC inverters have been developed in the last decade but have not yet
been introduced into textbooks. This book seeks to redress that point and show students
the new methods.

1.4.3 Soft-Switching Methods

The soft-switching technique has been widely used in switching circuits for a long time
now. It effectively reduce the power losses of equipment and increases the power transfer
efficiency. A few soft-switching technique methods will be introduced into this book.

1.5 AC/AC Converters

AC/AC converters [10] were not very widely used in industrial applications before
the 1960s because of their complexity and cost. They were used in heating systems
for temperature control and in light dimmers in cinemas, theaters, and nightclubs, or
in bedroom night dimmers for light color and brightening control. The early AC/AC
converters were designed by the voltage-regulation (VR) method. A typical single-phase
VR AC/AC converter is shown in Figure 1.15.

VR AC/AC converters have been successfully used in heating and light-dimming
systems. One disadvantage is that the output AC voltage of VR AC/AC converters is a
heavily distorted waveform with a poor THD and PE. Other disadvantages are that the

Y11
T
i 1 io +
o+ >
g2 T,

Load

+
@ Vg = '\/;VS sin ot Vo

FIGURE 1.15 Single-phase VR AC/AC converter.
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output voltage is constantly lower than the input voltage and the output frequency is not
adjustable.

Cycloconverters and matrix converters can change the output frequency, but the output
voltage is also constantly lower than the input voltage. Their THD and PF are also very
poor.

DC-modulated (DM) AC/AC converters can easily give an output voltage higher than
the input voltage, which will be discussed in this book. In addition, the DM method can
successfully improve THD and PF.

1.6 AC/DC/AC and DC/AC/DC Converters

AC/DC/AC and DC/AC/DC converters are designed for special applications. In recent
years, it has been realised that renewable energy sources and distributed generations (DG)
need to be developed rapidly because fossil energy sources (coal, oil, gas, and so on) will
soon be exhausted. Sources such as solar panels, photovoltaic cells, fuel cells, and wind
turbines have unstable DC and /or AC output voltages. They are usually part of a microgrid.
It is necessary to use special AC/DC/AC and DC/AC/DC converters to link these sources
to the general buss inside the microgrid.

Wind turbines have single-phase or multiphase AC output voltages with variable ampli-
tude and frequency since the wind speed varies constantly. As it is difficult to use these
unstable AC voltages for any application, we need to use an AC/DC/AC converter to con-
vert them to a suitable AC voltage (single-phase or multiphase) with stable amplitude and
frequency.

Solar panels have DC output voltages with variable amplitude due to the variations of
available sunlight. As it is difficult to use these unstable DC voltages for any application, we
need to use a DC/AC/DC converter to convert them to a suitable DC voltage with stable
amplitude and frequency.

Homework

1.1. Aload Z with a resistance R = 10 €2, an inductance L = 10 mH, and a capacitance
C = 1000 wF in series connection is supplied by a single-phase AC voltage with
frequency f = 60 Hz. Calculate the impedance Z and the phase angle ¢.

1.2. Aload Z with resistance R = 10 Q and inductance L = 10 mH in series connection

is supplied by a single-phase AC voltage with frequency f = 60 Hz. Calculate the
impedance Z, the phase angle ¢, and the time constant <.

1.3. Aload Z with resistance R = 10 2 and capacitance C = 1000 wF in series connec-
tion is supplied by a single-phase AC voltage with frequency f = 60 Hz. Calculate
the impedance Z, the phase angle ¢, and the time constant t.

1.4. Refer to Question 1.1. If the AC supply voltage is 240V (rms) with f = 60 Hz,
calculate the circuit current, and the corresponding apparent power S, real power
P, reactive power Q, and PF.

1.5. A five-level odd-waveform is shown in Figure 1.16.
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The central symmetrical function £ (¢) is in the period —x to +m:

3 5
2E, ?Tt < wt < %,
’ T_ ; 3n 5w ¢ 77
, —<oft<—, — <ot<—,
8 8 8
fi =10, other,
E 77 < of 57 37 < of T
’ g =" R 8’
5 3
_2F, —%‘ <ot < —g.

Consider the harmonics up to the seventh order and calculate the HFs, THD, and WTHD.

S

2E

0| m/8 5m/8 T
3n/8 7n/8

FIGURE 1.16 Five-level odd waveform.
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Uncontrolled AC/DC Conuverters

Most electronic equipment and circuits require DC sources for their operation. Dry cells
and rechargeable batteries can be used for these applications but they only offer limited
power and unstable voltage. The most useful DC sources are AC/DC converters [1]. The
technology of AC/DC conversion is a wide subject area covering research investigation and
industrial applications. AC/DC converters (usually called rectifiers) convert an AC power
supply source voltage to a DC voltage load. Uncontrolled AC/DC converters usually consist
of diode circuits. They can be sorted into the following groups [2]:

o Single-phase half-wave rectifiers

« Single-phase full-wave rectifiers

o Three-phase rectifiers

o Multipulse rectifiers

o PFC rectifiers

o Pulse-width-modulated boost-type rectifiers.

Since some of the theoretical analysis and calculation results in this book are different from
that of some published papers and books, the associated underlying historical problems
will be brought to the attention of the reader by way of ADVICE sections.

2.1 Introduction

The input of a diode rectifier is AC voltage, which can be either a single- or three-phase
voltage, and is usually a pure sinusoidal wave. A single-phase input voltage v(t) can be
expressed as

o(t) = V2V sin wt = Vi, sin ot, 2.1)

where v(t) is the instantaneous input voltage, V the rms value, Vi, the amplitude, and w the
angular frequency where w = 2nf (f is the supply frequency). Usually, the input current i(t)
is a pure sinusoidal wave with a phase shift angle ¢ if it is not distorted, and is expressed as

i(t) = V2l sin(wt — ¢) = I sin(wt — ¢), (2.2)

where i(f) is the instantaneous input current, I the rms value, I, the amplitude, and ¢ the
phase shift angle. In this case, we define the PF as

PF = cos ¢. (2.3)
29
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If the input current is distorted, it consists of harmonics. Its fundamental harmonic can be
expressed as in Equation 1.17 and the DPF is defined in Equation 1.18. PF is measured as
shown in Equation 1.19 and the THD is defined as in Equation 1.20 [3,4].

When a pure DC voltage has no ripple, it is called a ripple-free DC voltage. Otherwise,
DC voltage is distorted and its rms value is Vq_,ms. For a distorted DC voltage, its rms value
V4—rms is constantly higher than its average value V4. The RF is defined in Equation 1.24
and the FF is defined in Equation 1.25.

2.2 Single-Phase Half-Wave Converters

A single-phase half-wave diode rectifier consists of a single-phase AC input voltage and
one diode [5]. While it is the simplest rectifier, its analysis is the most complex. This rectifier
can supply various loads as described in the following subsections.

2.2.1 R Load

A single-phase half-wave diode rectifier with R load is shown in Figure 2.1a, and the input
voltage, input current, and output voltage waveforms are shown in Figures 2.1b—d, respec-
tively. The output voltage is similar to the input voltage in the positive half-cycle and zero
in the negative half-cycle.

The output average voltage is

232
L [ V/2Vsin wtd(wt) = ZL_V =045V. (2.4)
T

Vqy=—
d 27

Sy

The output rms voltage is

1
sina)2doa = —V =0.707 V. 2.5
( ) 7 (2.5)

L

n
1
Vd—rms = P J'(\/EV sinwt)2d(ot) =V
0

b
]
0

The output average and rms currents are

Va V2V 14
= —_—= —— = '4 _ 2.
=% =7 k=% (26)
Vd—rms 1V 14
ljoyms = —— = —=—= =0.707—. 2.7
d—rms R 5 R R (2.7)
The FF, RF, and PF of the output voltage are
Va- 1/v2
pp— Yioms _ 1/V2 7 157, 2.8)

Va  V2/n 2

RF = \/FF2 — 1 = ,/(g)z —1=121, 2.9)



Uncontrolled AC/DC Converters 31
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FIGURE 2.1 Single-phase half-wave diode rectifier with R load: (a) circuit, (b) input voltage, (c) input current,
and (d) output voltage.

and

PF = — = 0.707. (2.10)

1
V2

2.2.2 R-I Load

Asingle-phase half-wave diode rectifier with R-L load is shown in Figure 2.2a, while various
circuit waveforms are shown in Figures 2.2b—d.

It can be seen that the load current flows not only in the positive half-cycle of the supply
voltage, but also in a portion of the negative half-cycle of the supply voltage [6]. The load
inductor SE maintains the load current, and the inductor’s terminal voltage changes so
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as to overcome the negative supply and keep the diode forward biased and conducting.
Area A is equal to area B in Figure 2.2¢c. During diode conduction, the following equation

is available:

()

(b)

(c)

4
Ld—; 4 Ri = V2V sin ot

OLA _|

Voltage

acrossL / /\
] %
Voltage ! / / VoltIge
across R |

across diode

of of, of

| 4+« €20

\

—> WL

||H\

A

1 cycle >

(2.11)

FIGURE 2.2 Half-wave rectifier with R—L load: (a) circuit, (b) input voltage and current, (c) analysis of input
voltage and current, (d) output voltage.
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or

di Ri— in wt
a T T Smeh

This is a nonnormalized differential equation. The solution has two parts. The forced
component is determined by

2V
ip = e—<R/L>fJ (IT sin oot) eR/DE Gt (2.12)

If the circuit is blocked during the negative half-cycle, then by sinusoidal steady-state circuit
analysis the forced component of the current is

. V2Vsin(ot — ¢)

ip (2.13)
VR? + (0L)?
where
L
¢ = tan"! <%) . (2.14)
The natural response of such a circuit is given by
L
in = Ae”R/DE = Ae=t/D with 1= it (2.15)
Thus,
. . . V. —(R/L)t
1=Iip+IN = sin(wt — ¢) + Ae , (2.16)
where

Z =R + (wL)2. (2.17)

The constant A is determined by substitution in Equation 2.16 of the initial condition i = 0
att =0, giving

4z Y

sin ¢.

Thus,

2V
i= V2 [sin(oot — ¢) + e~ R/DEgjn ¢]. (2.18)
Z
We define the extinction angle p where the current becomes zero. Therefore,
i=0, p=<owt<?2m. (2.19)

The current extinction angle p is determined by the load impedance and can be solved
from Equation 2.18 when i = 0 and wt = §,

sin(@ — ¢) = —e~ RE/OD gjn ¢ (2.20)
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sin ¢, e Blot
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FIGURE 2.3 Determination of extinction angle p.

This is a transcendental equation with an unknown value of f (see Figure 2.3). The term
sin(B — ¢) is a sinusoidal function and the term e~RB/®D) gin ¢ is an exponentially decaying
function; the operating point of p is the intersection of sin(f — ¢) and those terms. The
value of B can be obtained by using MATLAB® simulation and can be solved by numerical
techniques such as iterative methods.

2.2.2.1 Graphical Method

Using MATLAB® to solve Equation 2.20, the resultant values of f for the corresponding
values of ¢ are plotted as a graph shown in Figure 2.4. It can be observed that the graph
commences at 180° (or 1 radians) on the § (x) axis and, for small values of ¢, the characteristic
is linear,

B+
However, for large values of ¢, the corresponding value of § tends to be
p>m+0o
with a terminal value of 2n (or 360°) for purely inductive load.

ADVICE

If L >0, >n+¢. Using the graph in Figure 2.4, a highly accurate result cannot be
obtained. (Historic problem: p =  + ¢.)

2.2.2.2 lterative Method 1
The operating point setting: If § > = + ¢. Let starting point $ = 7w + ¢.
L1: Calculate x = sin(f — ¢).

Calculate y = —e~®Rb/L) sin ¢,
If x = y, then B is the correct value, END.
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FIGURE 2.4 @ versus ¢.

If |x| < y, then increment B and return to L1.

If |x| > y, then decrement § and return to L1.

Example 2.1

A single-phase half-wave diode rectifier operates from a supply of V =240V, 50Hz to a load of
R =10% and L = 0.1 H. Determine the extinction angle p using iterative method 1.

SOLUTION

From Equation 2.20, ¢ = tan_1(mL/R) = 72.34°,
Then, letting B1 = 7t + ¢ = 252.34°:

Step B(deg) x=sinB—-¢) y= e~ (RB/oDging  |x|: y

1 252.34 0 0.2345 <
21 260 —-0.1332 0.2248 <
31 270 —0.3033 0.2126 >
4] 265 —-0.2191 0.2186 ~
5) 264 —-0.2020 0.2198 <
6] 266 —0.2360 0.2174 >

Therefore, to satisfy Equation 2.20, the best value is p = 265°.

2.2.2.3 Iterative Method 2
Let By = 7 + .
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L1: Calculate x = sin(} — ¢).
Calculate y = e~®R8/L) sin ¢
Letx = yand Byyq = (sin "' y) + 7 + ¢.
If 8,41 = By, then END. Else
Choose B, = Bn+1 and return to L1.

The reader is referred to Homework Question 2.2.
The average value of the rectified current can be obtained by

U4 =UR + 0L = x/zVsinu)t,

B B
JvR d(wt) + JvL d(wt) = J V2V sin ot d(wt),
0 0

B
R J i(t) d(wt) = v2V (1 — cosp),
0

V2V

Ij=— i) d(wt) = m(l — cosP).

gl
S—™

The average output voltage is given by

2V
V3a= \é_—n(l — cosP).

The output rms voltage is given by

1
Vaoms = | 5= J(fzv sinoh)2d(wh) =V | = |(sina)?da

|-
Se—

The FF and RF of the output voltage are

pp — Vams _ VA/DIE/2) — (5in28/4)] f v/2B —sin 2

1—cosp

Vq (v2/27)(1 — cosB)

\/FFT T 2B — sin 2B
2 (1—cos [3)2

(.21)

(2.22)

(2.23)

(2.24)

(2.25)
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2.2.3 R-L Circuit with Freewheeling Diode

The circuit in Figure 2.2a, which has an R-L load, is characterized by discontinuous and
high ripple current. Continuous load current can result when a diode is added across the
load as shown in Figure 2.5a.

(a) SwW

Dy
»l
4
i
g <R
- Vi, 1
@ v =2V sin ot Vo A D,
n
VL <L .
D
- |
(b) v 4
2V 2

nm n+1)m (n+2)n6)t

FIGURE 2.5 Half-wave rectifier with R—L load plus freewheeling diode. (a) Circuit and (b) waveforms.
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The diode prevents the voltage across the load from reversing during the negative half-
cycle of the supply voltage. When diode D; ceases to conduct at zero volts, diode D;
provides an alternative freewheeling path as indicated by the waveforms in Figure 2.5b.

Afteralarge number of supply cycles, steady-state load current conditions are established,
and the load current is given by

1%
ig = sin(wt — ¢) + Ae” ®/DE, (2.26)

Also,
i lt=0 = Io lt=2n- (2.27)

Substitution of the initial conditions of Equation 2.27 into Equation 2.26 yields

1% 14
iy = sin(wt — ¢) + <10_2n + sin q)) e~ R/DE, (2.28)

At wt = 1, diode D; begins to conduct, the input current i falls instantaneously to zero, and
from Equation 2.28,

1% 1%
To—n = i0 | t=rnjo = sin(m — ¢) + (IOZT[ + sin ¢) e~ (TR/wL), (2.29)

During the succeeding half-cycle, vy is zero. The SE in the inductor is dissipated by current
ip flowing in the R—L—D; mesh. Thus

ig = ip = Iy_ne” ®/DE=T/®) (2.30)
at wt = 27. Therefore, v, and hence vy, becomes positive.
i0 [t=27/0 = Io—ne” ®/DETO) =I5 | o . (2.31)
Thus, from Equations 2.29 and 2.31,

V2V
Z

\%
sin ¢ + (Io_zﬂ + sin (1)) e  (R/oL) — 1), eTR/0L (2.32)
so that

. (V2V/Z) sin ¢(1 4 e~ (TR/wl)y
0-2n = enR/wL _ g—(nR/wl)

(2.33)

2.2.4 An R-L Load Circuit with a Back Emf

A single-phase half-wave rectifier to supply an R-L load with a back emf V. is shown in
Figure 2.6a. The corresponding waveforms are shown in Figure 2.6b.
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FIGURE 2.6 Half-wave rectifier with R—L load plus a back emf. (a) Circuit and (b) waveforms.
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The effect of introducing a back electromotive force V. into the load circuit of a half-wave
rectifier is investigated in this section. This is the situation that would arise if such a circuit
were employed to charge a battery or to excite a DC motor armature circuit.

The current component due to the AC source is

1%
iSp = sin(wt — ¢). (2.34)
The component due to the direct emf is
. -V
iF = TC (2.35)
The natural component is
in = Ae”R/DE, (2.36)

The total current in the circuit is the sum of these three components:

74 \%
sin(wt — ¢) — FC +Ae"®R/DE g <ot <a+v, (2.37)

where «a is the angle at which conduction begins and v is the conduction angle. As may be
seen from the voltage curve in Figure 2.6b,

Ve

sina = —— =m. 2.38
% (2.38)

At ot = a, i = 0 so that from Equation 2.37

V 2V
A= {f - fz sin(o — ¢)} e*R/oL (2.39)
Also

R = Z cos ¢. (2.40)

Substituting Equations 2.38 through 2.40 into Equation 2.37 yields

Z
\/EVi = sin(wt — ¢) — [% - Be(R/L)tj| , a<of<aty, (2.41)
where
B= [ O’Zq) — sin(a — ¢)} eR/OL ot = q. (2.42)
C

The terms on the right-hand side of Equation 2.41 may be represented separately as shown
in Figure 2.6b. At the end of the conduction period,

i=0, ot=a+y. (2.43)
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Substituting Equation 2.43 in Equation 2.41 yields

(m/cos¢) —sin(a+y—¢) _ omv/tan ¢

: (2.44)
(m/cos ¢) — sin(a — ¢)

We obtain

o—v/or _ (M/cos¢) —sin(m+v —¢) (2.45)

(m/cos ¢) —sin(n — )

Solve for conduction angle y using suitable iterative techniques. For practicing design
engineers, a quick reference graph of m—¢—y is given in Figure 2.7.

Example 2.2

A single-phase half-wave diode rectifier operates from a supply of V =240V, 50 Hz to a load
of R=10%, L =0.1H, and an emf V¢ = 200 V. Determine the conduction angle y and the total
current i(t).

SOLUTION

From Equation 2.20, ¢ = tan~T(wl/R) = 72.34°.
Therefore,

L
t=p= 10ms, Z=+/R?+ (wl)?2 =+/100+ 986.96 = 32.969 Q.

From Equation 2.38
200

= = 0.589.
24042

m=sina
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Therefore, & = sin~! 0.589 = 36.1° = 0.63 rad.
Checking the graph in Figure 2.7, we obtain y = 156°.
From Equation 2.39

A | Ve 2V
TR Z

sin(a — ¢)} e®R/oL — 20 — 10.295 sin(—36.24)]e%2
= 26.086 x 1.2214 = 31.86.

Therefore, i(t) = 10.295sin(314.16t — 72.34°) — 20 + 31.86e~ 100t A in 36.1° < wt < 192.1°.

2.2.4.1 Negligible Load-Circuit Inductance
From Equation 2.37, if L = 0, we obtain

2V 1%
i= ‘/1; sin ot — f (2.46)
or
R
1 = sin wt — m. 2.47
v (2.47)

The current (R/+/2V)i is shown in Figure 2.8, from which it may be seen that
y=m—20. (2.48)

The average current is

(2.49)

nR

2.2.5 Single-Phase Half-Wave Rectifier with a Capacitive Filter

The single-phase half-wave rectifier shown in Figure 2.9 has a parallel R—C load. The
purpose of the capacitor is to reduce the variation in the output voltage, making it more
like a pure DC voltage.

Assuming the rectifier works in steady-state, the capacitor is initially charged in a certain
DC voltage and the circuit is energized at wt = 0; the diode becomes forward biased at the
angle wt = o as the source becomes positive. As the source decreases after wt = w/2, the
capacitor discharges from the discharging angle 6 into the load resistor. From this point,
the voltage of the source becomes less than the output voltage, reverse biasing the diode
and isolating the load from the source. The output voltage is a decaying exponential with
time constant RC while the diode is off.
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FIGURE 2.8 Half-wave rectifier with R load plus back emf. (a) Circuit and (b) waveforms.

The output voltage is described by

V2V sin wt diode on
= ’ ¢ 2.50
va(wh) { Vye~ (@=0)/oRC — Jinde off, (2:50)
where
Vo = 2V sin . (2.51)

At ot = 6, the slopes of the voltage functions are equal to

V2V sin 6 o~ (6-6)/RC

2V cos 6 =
V2V cos —ORC
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FIGURE 2.9 Half-wave rectifier with an R—C load: (a) circuit and (b) input and output voltage.

Hence
1 -1
= —. 2.52
tan® wRC ( )
Thus
0 =1 — tan” }(wRO).
ADVICE

The discharging angle 6 must be > /2. (Historic problem: 6 = 1 /2.)

The angle at which the diode turns on in the second period, wt = 27 + a, is the point at
which the sinusoidal source reaches the same value as the decaying exponential output.

V2V sin@r + @) = (vV2V sin g)e~2rHo—0)/oRC

or

sino — (sin §)e~@He—N/wRC — o (2.53)

The preceding equation must be solved numerically.
Peak capacitor current occurs when the diode turns on at wt = 2w + «,

IC—peak = wCN2V cos(2m + o) = wC~2V cosa. (2.54)
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ADVICE
The capacitor peak current locates at wt = o, which is usually much smaller than /2.
(Historic problem: a =~ 1/2.)

Resistor current ig(t) is

sin wt diodeon,
iR(t) = v
—Je=(@i=0/0RC " djode off,
R
where Vg = 2V sin 6.
Its peak current at wt = /2 is,
, V2V
IR—peak = T

Its current at wt = 21 4+ o (and wf = «) is

Vv Vv
sin2w +a) = sin a. (2.55)

RQRT+a) =

Usually, the capacitive reactance is smaller than the resistance R; the main component of
the source current is capacitor current. Therefore, the peak diode (source) current is

74
ID—peak = wC~2V cosa + sin a. (2.56)

ADVICE

The source peak current locates at wt = o, which is usually much smaller than = /2. (Historic
problem: The source peak current locates at wt = m/2.)
The peak-to-peak ripple of the output voltage is given by

AV4 =~/2V =2V sina = V2V (1 —sina). (2.57)

Example 2.3

A single-phase half-wave diode rectifier shown in Figure 2.9a operates from a supply of V = 240V,
50Hz to a load of R=100Q and C = 100 iF in parallel. If o« = 12.63° (see Question 2.5),
determine the peak capacitor current and peak source current.

SOLUTION
From Equation 2.54, the peak capacitor current at wt = a is

ic—peak = ®CV2V cosa =100 x 0.0001 x 240 x v/2 x c0s 12.63° = 10.4 A,

From Equation 2.56, the peak source current at ot = a is

24042 .

v
sina =10.4 + 100 sin12.63° = 11.14 A.

ID—peak = wC~/2V cosa +

In order to help readers understand the current waveforms, the simulation results are presented
below (Figure 2.10) for reference: Vi, = 340V/50Hz, C = 100 nF, and R = 100 €.
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FIGURE 2.10 Simulation results: (a) circuit, (b) input (sine-wave) and output voltages, and (c) input (top),
capacitor (middle), and resistor (lower) currents.
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2.3 Single-Phase Full-Wave Converters

Single-phase uncontrolled full-wave bridge circuits are shown in Figures 2.11a and
2.12a. They are called the center-tap (midpoint) rectifier and the bridge (Graetz) rectifier,

FIGURE 2.11

(a)
(b)
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I
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AV 1
|
L bomeeees
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I
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i
0 n m o ot
AVD
L,
0 b 2t ot
Vb2 Vb1
A

Center-tap (midpoint) rectifier: (a) circuit diagram and (b) waveforms.



48 Power Electronics

respectively. Figures 2.11a and 2.12a appear identical as far as the load is concerned. It can
be seen in Figure 2.11a that two less diodes are employed, but a center-tapped transformer
is required. The rectifying diodes in Figure 2.11a experience twice the reverse voltage, as
do the four diodes in the circuit of Figure 2.12a. As most industrial applications, use the
bridge (Graetz) rectifier circuit, further analysis and discussion will be based on the bridge
rectifier.

A Vg
| /4 S
Vg =V, sinwt
N
>
wt
>
>
wt
AVD
| N
>
0 T 2n ot
V. p-———--=
m Vb VD2

VD3 VD4

FIGURE 2.12 Bridge (Graetz) rectifier: (a) circuit diagram and (b) waveforms.



Uncontrolled AC/DC Converters 49

2.3.1 R Load

Referring to the bridge circuit shown in Figure 2.12, it is seen that the load is pure resistive,
R. In Figure 2.12b, the bridge circuit voltage and current waveforms are shown. The output
average voltage is

T
1 2+/2
Vag=— Jﬁv sin wt d(ot) = 2v2 V=09V. (2.58)
U U
0
The output rms voltage is
1 b1 2 1 bl
Vderms = | =— J (ﬁv sin oot) d(wt) =V | = J (sina)2da = V. (2.59)
2n b
0 0
The output average and rms currents are
Va 2V2V 1%
"R~ =R R’ (2.60)
Vd—rms Vv
Id—rms = = —. 2.61
d—rms R R ( 6 )
The FF and RF of the output voltage are
Vd—rms 1 T
FF = = = =111, 2.62
Vq 2V2/n 232 (2:62)
RF = \/FFz —1= \/ (1.11)2 — 1 =048, (2.63)
1
PF = — =0.707 for the mid-point circuit, 2.64
7 P (2.64)
RF =1 for the Graetz circuit. (2.65)

ADVICE

For all diode rectifiers, only the Graetz (bridge) circuit has a unity power factor (UPF).
(Historic problem: Multiphase full-wave rectifiers may have UPF.)

2.3.2 R-C Load

Linear and switch-mode DC power supplies require AC/DC rectification. To obtain a
“smooth” output, capacitor C is connected as shown in Figure 2.13.

Neglecting diode forward voltage drop, the peak of the output voltage is +/2V. Dur-
ing each half-cycle, the capacitor undergoes cyclic changes from vgmin) to +/2V in the
period between ot = a and wt = n/2, and discharges from +/2V to U4(min) in the period
between wt = 6 and ot = m + a. The resultant output of the diode bridge is unipolar, but
time dependent.

V2V sin ot diodeon,

2.66
Ve~ (@=0/oRC  dinde off, (200

v4(wt) =
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Vs =V, sin of
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2n ot
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ot
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FIGURE 2.13 Single-phase full-wave bridge rectifier with R—C load: (a) circuit, (b) input voltage, (c) output
voltage, and (d) current waveforms.
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where

Vo = ~/2V sin 6. (2.67)

At ot = 6, the slopes of the voltage functions are equal to

V2VSin® g urc

2V cos =
V2V cos —RC

Therefore
1 -1
tan6  ®RC’

(2.68)

Thus
0 =7 — tan (wRC).

The angle at which the diode turns on in the second period, wt = m + «, is the point at
which the sinusoidal source reaches the same value as the decaying exponential output.

V2V sin(mt + a) = (v/2V sin §)e~(THe—0/wRC

or

sina — (sin §)e~FFe=O/eRC — (2.69)

The preceding equation must be solved numerically.
The output average voltage is

1 T+o ﬁV T+a
Va=— J vgd(wt) = —— Jsin wtd(wt) + J sin e =9//RC ()
T b1
o o €}
(n+a—0)/w
2V t 2.70
= f— (cosa — cos 8) + wRC sin 8 J e 1/RC d(ﬁ) 2.70)
b1

0

= @ [(cos a — cos0) + wRCsin 6 (1 _ e*(n+a79)/w1{c>:|.

The output rms voltage is

1 e [} e
Vd—rms = = J o4 d(wt) = — J(sinoot)zd(wt)—i— J sin? § e~2((t=0)w)/RC d(»t)
o o 0
1 60— 20 — 20 —2(n+a—0)/wRC
= [L[(05 - SR ka1~ )]
T

2.71)
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Since the average capacitor current is zero, the output average current is
Vg V2V
Id = — =
R R
The FF and RF of the output voltage are

[(cos o — cos ) + ®RCsin O (1 - e_(“+"‘_e)/‘*’RC>]. (2.72)

_ Vd—rms

FF
V4

ﬁv\/ (1/70)[((6 — @) /2) — ((cos 20 — cos 20) /4) + wRC sin? (1 — (e~2(n+a=6)/wRC/2))]
- (ﬁV/Tt) [(cosa — cos0) + wRCsin (1 — e~ (T+a=0)/0RC)]

ﬁ\/((e —a)/2) — ((cos2a — c0s 20) /4) + wRCsin? (1 — (e=2(nw+a—0)/wRC /2y)
- cosa — cosf + wRCsin 6 (1 — e~ (r+a—0)/0RC)

RF = /FF? — 1. (2.73)

2.3.3 R-L Load

7

A single-phase full-wave diode rectifier with R—L load is shown in Figure 2.14a, while
various circuit waveforms are shown in Figures 2.14b and c.

If the inductance L is large enough, the load current can be considered as a continuous
constant current to simplify the analysis and calculations. It is accurate enough for theoret-
ical analysis and engineering calculations. In this case, the load current is assumed to be a
constant DC current.

The output average voltage is

LY
1 2+/2
Vy=— J«/EV sin ot d(ot) = iv =09V. (2.74)
b1 T
0
The output rms voltage is
1 Y 1]
Vierms = | — J («/EV sin wt) dlot) =V | = J (sina)2da=V. (2.75)
21 T
0 0

The output current is a constant DC value; its average and rms currents are

Va  2V2V v
Id = Id_rms = f = TK = 09§ (276)
The FF and RF of the output voltage are
- 1
pF = Vdzms _ T 111, 2.77)

Va 22/ 2v2

RF = \/FFZ —1= \/ (1.11)2 — 1 = 0.48. (2.78)
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v =\2Vsin ot @

0 T 2t ot

FIGURE 2.14 Single-phase full-wave bridge rectifier with R plus large L load: (a) circuit, (b) input voltage, and
(c) output voltage.

2.4 Three-Phase Half-Wave Converters

If the AC power supply is from a transformer, four circuits can be used. The three-phase
half-wave rectifiers are shown in Figure 2.15.

The first circuit is called a Y/Y circuit, shown in Figure 2.15a; the second circuit is called
a A/Y circuit, shown in Figure 2.15b; the third circuit is called a Y/Y bending circuit,
shown in Figure 2.15¢; and the fourth circuit is called a A/Y bending circuit, shown in
Figure 2.15d. Each diode is conducted in 120° a cycle. Some waveforms are shown in
Figure 2.16 corresponding to L = 0. The three-phase voltages are balanced, so that

va(t) = V2V sin t, (2.79)
v (t) = V2V sin(wt — 120°), (2.80)
ve(H) = V2V sin(wt — 240°). (2.81)
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FIGURE 2.15 Three-phase half-wave diode rectifiers: (a) Y/Y circuit, (b) A/Y circuit, (c) Y/Y bending circuit,
and (d) A/Y bending circuit.

2.4.1 R Load

Referring to the bridge circuit shown in Figure 2.15a, the load is pure resistive, R (L = 0).
Figure 2.16 shows the voltage and current waveforms. The output average voltage is

5m/6

3 33
Vi = — J V2V sinwtd(ot) = ——V =1.17 V. 2.82
do = 5 (wt) Jom (2.82)

n/6
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FIGURE 2.16 Waveforms of the three-phase half-wave rectifier.

The output rms voltage is

51/6
3 2 6 3
Virms = | 5= J (ﬁvsin oot) dwh =V |2 <g + %_) =1.1889V.
n/6

The output average and rms currents are

1% 1%
Ij= -3 =1172,
R R
Va_ 1%
Tdpme = —920S — 11889

The FE RF, and PF of the output voltage are

ep _ Vaomms _ 11889

- — 1.016,
Va 1.17

55

(2.83)

(2.84)

(2.85)

(2.86)
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RF = \/1:1:2 —1= \/(1.016)2 —1=0.18, (2.87)

and

PF = 0.686. (2.88)

2.4.2 R-I Load

A three-phase half-wave diode rectifier with R—L load is shown in Figure 2.15a. If the induc-
tance L is large enough, the load current can be considered as a continuous constant current
to simplify the analysis and calculations. It is accurate enough for theoretical analysis and
engineering calculations. In this case, the load current is assumed to be a constant DC
current. The output average voltage is

3 51t/6 3\/5
Vaio = — 2Vsinwtd(wt) = —V =1.17V. 2.89
do szf sinwt d(wh) = —=— (2.89)
/6
The output rms voltage is
51/6
2 6 3
Vimo = | = J (Jivsinwt) dwh =V |2 T Y3 1ssov. (2.90)
27 m\6 8
/6

The output current is nearly a constant DC value; its average and rms currents are

Va 1%
lg = lgmms = o = 1177 (2.91)

The FF and RF of the output voltage are

 Viomms _ 1.1889

FF -
V4 117

=1.016, (2.92)

RF = \/FFZ 1= \/(1.016)2 ~1=0.18. (2.93)

2.5 Six-Phase Half-Wave Converters

Six-phase half-wave rectifiers have two constructions: six-phase with a neutral line circuit
and double antistar with a balance-choke circuit. The following description is based on the
Rload or R plus large L load.



Uncontrolled AC/DC Converters 57

2.5.1 Six-Phase with a Neutral Line Circuit

If the AC power supply is from a transformer, four circuits can be used. The six-phase
half-wave rectifiers are shown in Figure 2.17.

The first circuit is called a Y/star circuit, shown in Figure 2.17a; the second circuit is called
a A/star circuit, shown in Figure 2.17b; the third circuit is called a Y/star bending circuit,
shown in Figure 2.17c; and the fourth circuit is called a A/star bending circuit, shown in
Figure 2.17d. Each diode is conducted in 60° a cycle. Since the load is an R—L circuit, the
output voltage average value is

2n/3
1 , 3v2
Vio= — J Vm sin(wt) d(wt) = Va=1.35V,, (2.94)
/3 i
/3
(@ ? /’/T (b)
Vil
i
i il
v, | v, |
i i
I I
¥y ¥ ¥ ¥y ¥ ¥
Vao lld Vao lfd
R L R L
_/\/\/\,_fYY‘(\_ _/\/\/\I_IW‘(\_
(c) ()
T\%/j 3
v, \3V,

FIGURE 2.17  Six-phase half-wave diode rectifiers: (a) Y/star circuit, (b) A/star circuit, (c) Y/star bending circuit,
and (d) A/star bending circuit.
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FIGURE 2.18 Three-phase double antistar with balance-choke diode rectifiers: (a) Y/Y-Y circuit and (b) A/Y-Y
circuit.

FF = 1.00088, (2.95)
RF = 0.042, (2.96)
PF = 0.552. (2.97)

2.5.2 Double Antistar with Balance-Choke Circuit

If the AC power supply is from a transformer, two circuits can be used. The six-phase
half-wave rectifiers are shown in Figure 2.18.

The first circuit is called a Y/Y-Y circuit, shown in Figure 2.18a, and the second circuit
is called a A/Y-Y circuit, shown in Figure 2.18b. Each diode is conducted in 120° a cycle.
Since the load is an R—L circuit, the output voltage average value is

51/6
1 . 3v6
Vio= —— J Vm sin(wt) d(wt) = Va=117V,, (2.98)
2n/3 27

/6
FF = 1.01615, (2.99)
RF = 0.18, (2.100)
PF = 0.686. (2.101)

2.6 Three-Phase Full-Wave Converters

If the AC power supply is from a transformer, four circuits can be used. The three-phase
full-wave diode rectifiers, shown in Figure 2.19, all consist of six diodes. The first circuit
is called a Y/Y circuit, shown in Figure 2.19a; the second circuit is called a A/Y circuit,
shown in Figure 2.19b; the third circuit is called a Y/A circuit, shown in Figure 2.19¢; and
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FIGURE 2.19 Three-phase full-wave diode rectifiers: (a) Y/Y circuit, (b) A /Y circuit, (c) Y/ A circuit, and (d) A/A
circuit.

the fourth circuit is called a A/A circuit, shown in Figure 2.19d. Each diode is conducted in
120° a cycle. Since the load is an R—L circuit, the output voltage average value is

51/6
. 3v6
Vio= —— J Vm sin(wt) d(wt) = Va=234V,, (2.102)
21/3 T
/6

FF = 1.00088, (2.103)
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RF = 0.042, (2.104)
PF = 0.956. (2.105)

Some waveforms are shown in Figure 2.20.

ADVICE

The three-phase full-wave bridge rectifier has high PF (although no UPF) and low RF =
4.2%. It is a proven circuit that can be used in most industrial applications.

2.7 Multiphase Full-Wave Converters

Usually, the more the phases, the smaller the output voltage ripple. In this section, several
circuits with six-phase, twelve-phase, and eighteen-phase supply are investigated.

2.7.1 Six-Phase Full-Wave Diode Rectifiers

In Figure 2.21, two circuits of six-phase full-wave diode rectifiers, each all consisting of 12
diodes, are shown. The first circuit is called the six-phase bridge circuit (Figure 2.21a) and
the second circuitis called the hexagon bridge circuit (Figure 2.21b). Each diode is conducted
in 60° a cycle. Since the load is an R—L circuit, the average output voltage value is

27/3
2 . 6v2
Vo= — J Vm sin(wt) d(wt) = —V, =2.7V,, (2.106)
/3 T

/3
FF = 1.00088, (2.107)
RF = 0.042, (2.108)
PF = 0.956. (2.109)

2.7.2  Six-Phase Double-Bridge Full-Wave Diode Rectifiers

Figure 2.22 shows two circuits of the six-phase double-bridge full-wave diode rectifiers.
The first circuit is called a Y/Y-A circuit (Figure 2.22a), and the second circuit is called a
A/Y-A circuit (Figure 2.22b). Each diode is conducted in 120° a cycle. There are 12 pulses
during each period and the phase shift is 30°. Since the load is an R—L circuit, the output
voltage Vqo is nearly pure DC voltage.

57/6

4 6v/6
Vo = —— J Vi sin(ot) d(of) = iva — 4.678V,, (2.110)
21/3 T
n/6
FF = 1.0000567, .111)
RF = 0.0106, (2.112)

PF = 0.956. (2.113)
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FIGURE 2.20 Waveforms of a three-phase full-wave bridge rectifier.
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FIGURE 2.21 Six-phase full-wave diode rectifiers: (a) six-phase bridge circuit and (b) hexagon bridge circuit.

ADVICE

The six-phase double-bridge full-wave diode rectifier has high PF (although no UPF) and a
low RF = 1.06%. Itis a proven circuit that can be used in large power industrial applications.

2.7.3 Six-Phase Double-Transformer Double-Bridge Full-Wave Diode Rectifiers

Figure 2.23 shows the six-phase double-transformer double-bridge full-wave diode rec-
tifier. The first transformer T; is called a Y/Y-A connection transformer, and the second
transformer T is called a bending Y/Y-A connection transformer with 15° phase shift. In
total, there are 24 diodes involved in the rectifier. Each diode is conducted in 120° a cycle,
There are 24 pulses a period and the phase shift is 15°. Since the load is an R—L circuit, the
output voltage Vg is nearly pure DC voltage.

51/6

8 124/6
Vao= —— J Vm sin(wt) d(wt) = fVa =9.356V,, (2.114)
2n/3 B
/6
(@) (b) ?
v V3V,
. ) | T
y By, v | v
4] 4 4 —
»! »! Ml ! == l_#l == ==
Vao lg Vao lh
R L R L
L AN AN—YY N

FIGURE 2.22 Six-phase double-bridge full-wave diode rectifiers: (a) Y/Y-A circuit and (b) A/Y-A circuit.
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FIGURE 2.23 Six-phase double-transformer double-bridge full-wave diode rectifier.

FF = 1.0000036, (2.115)
RF = 0.00267, (2.116)
PF = 0.956. (2.117)

2.7.4 Six-Phase Triple-Transformer Double-Bridge Full-Wave Diode Rectifiers

Figure 2.24 shows the six-phase triple-transformer double-bridge full-wave diode rectifier.
The first transformer T7 is called a Y/Y-A connection transformer, the second transformer
T, is called a positive-bending Y/Y-A connection transformer with a +10° phase shift, and
the third transformer T3 is called a negative-bending Y/Y-A connection transformer with
a —10° phase shift. There are 36 diodes involved in the rectifier. Each diode is conducted
in 120° a cycle. There are 36 pulses a period, and the phase shift is 10°. Since the load is an
R—L circuit, the output voltage Vg is nearly pure DC voltage.

57/6

Vd() = T[_ J Vm sm(wt) d((,\)t) = 18%

L

V, = 14.035V,, (2.118)
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FIGURE 2.24 Six-phase triple-transformer double-bridge full-wave diode rectifier.
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FF = 1.0000007, (2.119)
RF = 0.00119, (2.120)
PF = 0.956. (2.121)
]

Homework

2.1. A single-phase half-wave diode rectifier operates from a supply of 200 V, 60 Hz to
aload of R = 15 and L = 0.2 H. Determine the extinction angle p using the graph
in Figure 2.4.

2.2. A single-phase half-wave diode rectifier operates from a supply of 240 V, 50 Hz to
aload of R =102 and L = 0.1 H. Determine the extinction angle p using iterative
method 2 (see Section 2.2.2.3).

2.3. Referring to the single-phase half-wave rectifier with R—L load as shown in
Figure 2.2a and given that R =100, L =0.1H, o = 377rad/s (f = 60Hz), and
V =100/,/2V, determine:

a. Expression angle p for the current.
b. Average current.
c. Average output voltage.
2.4. In the circuit shown in Figure 2.8a, the source voltage v(t) = 110+/2sin 120 nit,

R =1, and the load-circuit emf V. =100 V. If the circuit is closed during the
negative half-cycle of the source voltage, calculate:

a. Angle a at which D starts to conduct.
b. Conduction angle y.

c. Average value of current i.

d. Rms value of current i.

e. Power delivered by the AC source.

f. The PF at the AC source.

2.5. A single-phase half-wave rectifier, as shown in Figure 2.9a, has an AC input of
240 V (rms) at f = 50 Hz with a load R = 100 © and C = 100 uF in parallel. Deter-
mine angle o and angle 6 within an accuracy of 0.1° using iterative method 1 (see
Section 2.2.2.2).

2.6. A full-wave rectifier, as shown in Figure 2.12a, has an AC input of 240V (rms) at
50Hz with a load R = 1002 and C = 100 wF in parallel. Determine angle o and
angle 6 within an accuracy of 0.1° using iterative method 1 (see Section 2.2.2.2).
Calculate the average output voltage V4 and current 1.
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Controlled AC/DC Converters

Controlled AC/DC converters are usually called controlled rectifiers. They convert an AC
power supply source voltage to a controlled DC load voltage [1-3]. Controlled AC/DC
conversion technology is a vast subject area spanning research investigation to indus-
trial applications. Usually, such rectifier devices are thyristors (or SCRs—silicon-controlled
rectifiers), gate-turn-off thyristors (GTOs), power transistors (PTs), insulated gate bipolar
transistors (IGBTs), and so on. Generally, the device used most is the thyristor (or SCR).
Controlled AC/DC converters consist of thyristor/diode circuits, which can be sorted into
the following groups:

« Single-phase half-wave rectifiers.

o Single-phase full-wave rectifiers with half/full control.
o Three-phase rectifiers with half/full control.

o Multipulse rectifiers.

3.1 Introduction

As is the case of the diode rectifiers discussed in Chapter 2, the diode should be assumed
that the diodes are replaced by thyristors or other semiconductor devices in controlled
rectifiers, which are then supplied from an ideal AC source. Two conditions must be met
before the thyristor can be conducting [4-10]:

1. The thyristor must be forward biased.
2. A current must be applied to the gate of the thyristor.

Only one condition must be met before the thyristor can be switched off: the current that
flows through it should be lower than the latched value, irrespective of whether the thyristor
is forward or reverse biased.

According to the above conditions, a firing pulse with a variable angle is then required to
be applied to the gate of the thyristor. Usually, the firing angle is defined as a. If the firing
angle a = 0, the thyristor functions as a diode. The corresponding output DC voltage of
the rectifier is its maximum value. Referring to the results in Chapter 2, properly controlled
rectifiers can be designed that satisfy industrial application needs.

67
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3.2 Single-Phase Half-Wave Controlled Converters

Asingle-phase half-wave controlled rectifier consists of a single-phase AC input voltage and
one thyristor. It is the simplest rectifier. This rectifier can supply various loads as described
in the following subsections.

3.2.1 R Load

A single-phase half-wave diode rectifier with R load is shown in Figure 3.1a; the input
voltage, output voltage, and current waveforms are shown in Figures 3.1b—d. The output

;T g
v =V2Vsin ot "\D IVO R x VR
v
\2v
0 T 21 > ot
iG“
0 la T m
|
|
i+
L
|
| 2V
I Z
!
} > Of
0 Ioc
|
|
v
o) | 1
:\Ev
!
| S
0 o > ot

FIGURE 3.1 Single-phase half-wave controlled rectifier with R load.
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voltage is the same as the input voltage in the positive half-cycle and zero in the negative
half-cycle.
The output average voltage is

L
1 2 1
Vg= — J VAV sinotdn = Y2V + cosa) = 0451 LT % (3.1)
T 2n 2
o
Using the definition, we obtain
LY
1 2
Vio = — J V2V sin ot d(of) = £v. (3.2)
27 2n
0
We can rewrite Equation 3.1 as
1 T i 1+ cosa
Vg=— J V2V sin wt d(ot) = ——Vao. (3.3)
b
o

The output rms voltage is

17 1[ 1 /n—a sin2
Virms = —J(«/EVsinwt)Zd(wt)zV —J(sinx)zdsz\/— <“ R °‘>.
T LY

21 2 4
o o
(3.4)
The output average and rms currents are
Vi ~V2V14cosa 1+cosaVyo

Iij=—=—= = , (3.5)

R m R 2 2 R

_Vams V|1 (n—a  sin2a
Ig—rms = R = ﬁ ; > + 1 . (3.6)

3.2.2 R-L Load

A single-phase half-wave diode rectifier with an R-L load is shown in Figure 3.2a, while
various circuit waveforms are shown in Figures 3.2b—d.

It can be seen that load current flows not only during the positive part of the supply
voltage but also during a portion of the negative supply voltage as well [11-21]. The load
inductor SE maintains the load current, and the inductor’s terminal voltage changes so as
to overcome the negative supply and keep the diode forward biased and conducting. The
load impedance Z is

L
Z=R+jol =|Z|Z¢ with¢=tan"1 2,

R (3.7)
1Z| = VR? + (wL)2.
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FIGURE 3.2 Half-wave controlled rectifier with R-L load.

When the thyristor is conducting, the dynamic equation is

di

La—i—Ri:ﬁVsinwt with o < ot < B (3.8)
or

i R inwt witha < wf <B

TR sinwt witha < ot <8,

where a is the firing angle and  is the extinction angle. The thyristor conducts between o
and . Equation 3.8 is a non-normalized differential equation. The solution has two parts.
The forced solution is determined by

ip = sin(wt — ¢). (3.9
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The natural response of such a circuit is given by
L
in = Ae"®/DE = Ae7t/T with t = 7 (3.10)

The solution of Equation 3.8 is

1%
sin(ot — ¢) + Ae” R/DE, (3.11)

i=ip+in=

The constant A is determined by substitution in Equation 3.11 of the initial conditions i = 0
at wt = o, which yields

V2V

i= [sin(wt — ¢) —sin(a — q))e(R/L)((“/“’)*t)] . (3.12)

Also,i =0, < of < 27.
The current extinction angle p is determined by the load impedance and can be solved
using Equation 2.12 when i = 0 and ot = B, that s,

sin(@ — ¢) = —e~ R¥/OD gin(o — ¢), (3.13)

which is a transcendental equation with an unknown value of §. The term sin(f — ¢) is a
sinusoidal function. The term e~®#/®L) sin(¢ — ) is an exponentially decaying function.
The operating point of p is at the intersection of sin(f — ¢) and e~ RB/oL) sin (¢ — @), and its
value can be determined by iterative methods and MATLAB®. The average output voltage is

B
Vo = % J V2V sin(ot) d(of)

Q

= L[cosoe — cos B (3.14)
27

Example 3.1

A controlled half-wave rectifier has an AC input of 240V (rms) at 50 Hz with a load R = 10 and
L =0.1H in series. The firing angle o is 45°, as shown in Figure 3.2. Determine the extinction
angle p within an accuracy of 0.01° using iterative method 2 (see Section 2.2.2.3).

SOLUTION
Calculation of the extinction angle B using iterative method 2 (see Section 2.2.2.3).

wl
— =n~3.14,
R T
z=VR2 +w?l2 =33Q,

L
® = tan~! (%) —72.34°,

o =45° Vi =+2V =240v2 =340V.
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At ot = B, the current is zero:
sin — ¢) = e @B/ giny 4.
Using iterative method 2 (see Section 2.2.2.3), define

X = |sin(B — )|,
y = e@ B/ ging — o) =sin(72.34 — )@ P/ = 0.46e P/,

Make a table as follows:

B (deg) X y sin~1y (deg) |xl:y
252.34 0 0.1454 8.36 <
260.7 0.1454 0.1388 7.977 >
260.32 0.1388 0.13907 7.994 <
260.33 0.13907 0.139066 7.994 ~

From the above table, we can choose = 260.33°.

3.2.3 R-L Load Plus Back Emf V.

If the circuit involves an emf or battery V., the circuit diagram is shown in Figure 3.3. To
guarantee that the thyristor is successfully fired on, the minimum firing angle is requested.
If a firing angle is allowable to supply the load with an emf V., the minimum delay angle is

\%
Omin = sin~ ! <\/§CV> . (3.15)

This means that the firing pulse has to be applied to the thyristor when the supply voltage
is higher than the emf V.. Other characteristics can be derived as shown in Section 2.2.4.

i T g L
NP 7YY Y
R + v -
VT L +
+
6_) v =\2Vsin ot Yo R R
_ Ve
)
\_/

FIGURE 3.3 Half-wave controlled rectifier with R-L load plus an emf V..

Example 3.2

A controlled half-wave rectifier has an AC input of 120V (rms) at 60 Hz, R = 2, L =20 mH, and
an emf of Ve = 100 V. The firing angle a is 45°. Determine

a. An expression for the current.
b. The power absorbed by the DC source V¢ in the load.
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SOLUTION
From the parameters given,

z=VRZ +w?l2=78Q,

L
¢ = tan™! (%) =1.312rad,

wl

== =377,
R

a=45°, Vi =+2V =120v2 =169.7 V.

a. First, use Equation 3.15 to determine the minimum delay angle, if a = 45° is allowable. The
minimum delay angle is

100

co—1 o
Qmin = Sin = 36°,
min (120ﬁ>

which indicates that a = 45° is allowable. The equation

i =sin(wt — ¢) — |: — Be(o‘*‘”t)/ta”‘p} , a<wt<p,

Cos ¢

z
V2V

= —sin(a—¢), ot=a, i=0,
cos ¢

becomes

i=21.8sin(wt —1.312) + 75e~*t/377 _ 50 for 0.785rad < ot < 3.37 rad.

Here the extinction angle B is numerically found to be 3.37 rad from the equation i() = 0.
b. The power absorbed by the DC source V. is

p
1
Poc =1IVc = ch—Ji(wt)d(wt) =2.19 x 100 =219 W.
B!

[¢)

3.3 Single-Phase Full-Wave Controlled Converters

Full-wave voltage control is possible with the circuits with an R-L load shown in Figure 3.4a
and b. The circuit in Figure 3.4a uses a center-tapped transformer and two thyristors, which
experience a reverse bias of twice the supply. At high powers where a transformer may not
be applicable, a four-thyristor configuration as in Figure 3.4b is suitable. The load current
waveform becomes continuous when the (maximum) phase control angle o is given by

1ol
= =0 (3.16)

o =tan™

at which the output current is a rectifier sine wave.
For o > ¢, discontinuous load current flows as shown in Figure 3.4c. At o = ¢, the load
current becomes continuous as shown in Figure 3.4d, where § = o 4 m. A further decrease
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v=A2Vsinot () % ) @ VOT '

ot

FIGURE 3.4 (a)-(e) Full-wave voltage-controlled circuit.

in o, that is, o < ¢, results in continuous load current that is always greater than zero, as
shown in Figure 3.4e.

3.3.1 o > ¢, Discontinuous Load Current

The load current waveform is the same as for the half-wave situation considered in
Section 3.2.2 by Equation 3.15, that is,

i = “/EV [sin(oat — ¢) — sin(a — ¢)e<R/L><°‘/°°—f>] . (3.17)

The average output voltage for this full-wave circuit will be twice that of the half-wave
case in Section 3.2.2 by Equation 3.14.

B
Vo = 1 J V2V sin(ot) d(ot)
T
= \/iv [cosa — cosB], (3.18)

where f has to be found numerically.
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Example 3.3

A full-wave controlled rectifier, shown in Figure 3.4, has an AC input of 240V (rms) at 50 Hz with
aload R =10 and L = 0.1 H in series. The firing angle a is 80°.

a. Determine whether the load current is discontinuous. If it is, find the extinction angle § to
within an accuracy of 0.01° using iterative method 2 (see Section 2.2.2.3).

b. Derive expressions for current i and output voltage vp, and find the average output voltage V(.

SOLUTION

a. The thyristor firing angle a = 80°. Since the firing angle o is greater than the load phase angle
¢ =tan™! (wl/R) = 72.34°, the load current is discontinuous. The extinction angle B is >,
but <(x 4+ o) = 260°. The output voltage becomes negative when < ot < f.

Calculation of the extinction angle B using iterative method 2 (see Section 2.2.2.3) is as
follows:

L 3.14
— =T R ). ,
R

z=VR2 +w?l2 =33Q,
-1 ol o
o =tan — | =72.34°%,
R
a=80° Vi =+2V =240v2 =340V.

Since o > ¢, the rectifier is working in the discontinuous current state.
With ot = B and the current is zero, we obtain the following equation

sin(@ — ¢) = e@ B/ @and g — ¢).
Using iterative method 2 (see Section 2.2.2.3), we define

X = Sin(ﬁ - ¢)/
y =@ B/tand gng — ) = sin(a — 72.34)e@B/™ = 0.1333e@ B/

Make a table as follows:

B (deg) x Y sin~1y (deg) |x|>, =, <y?
252.34 0 0.05117 2.933 <
255.273 0.05117 0.05034 2.886 >
255.226 0.05034 0.05036 2.8864 <
255.2264 0.05036 0.05036 ~

From the above table, we choose B = 255.23°.

b. The equation of the current

v [sin(wt — ) —sin(a — ¢)e(R/L)(°‘/‘”_I)]
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becomes

2V
i= ‘/; [sin(ot — ¢) + 0.1333e@=®D/T] = 10.29 sin(wt — 72.34) + 1.37e@—@D/T

The current expression is
i =10.29sin(wt — 72.34) +2.138e~°U/T,
The output voltage expression in a period is

2404/2sinwt a <ot <P, (T+0a) <ot < (1+p),
vo(t) =

otherwise.

The average output voltage Vg is

B p
Vo = %Jvd(wt) = 24%5 Jsin(wt) d(wt) =
o

o

24042
T

(cosa — cosP)

240+/2
f(0.1 736+ 0.2549) = 46.3 V.
L

3.3.2 o < ¢, Verge of Continuous Load Current

When a = ¢, the load current is given by

V2V

sin(wt —¢), ¢<owt< @+, (3.19)

1 =

and the average output voltage is given by

_2V2v

T

cos a, (3.20)

O

which is independent of the load.

3.3.3 o < ¢, Continuous Load Current

Under these conditions, a thyristor is still conducting when another is forward biased and
turned on. The first device is instantaneously reverse biased by the second device that has
been turned on. The average output voltage is

_2V2v
- T

Vo Cos a. (3.21)

The rms output voltage is
Vi=V. (3.22)
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3.4 Three-Phase Half-Wave Controlled Rectifiers

A three-phase half-wave controlled rectifier is shown in Figure 3.5. The input three-phase

voltages are:

Ua(t) = V2V sin wt,
vp () = V2V sin(wt — 120°),
ve(H) = V2V sin(wt + 120°).

(a)
Oo—4¢ >
A
© =
Vi
B 3 o
o—
C
b Vo v, Vi V.
2V ¢ Vo
/ : N \ : \ / : ’,/
oa=0 ‘& A wt
) pe
o4 N
..... I I
\ \ ‘.\\ AN io
1 [l AN
~ T | T = of
e
- ~—Io
.
= |
) ~ ot
b
_______ —1
. N\
T T ~ O
2 - Iy
—
} = ot

FIGURE 3.5 Three-phase half-wave controlled rectifier: (a) circuit and (b) waveforms.

(3.23)
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Usually the load is an inductive load, that is, R-L load. If the inductance is large enough,
the load current is continuous for most of the firing angle o, and the corresponding voltage
and current waveforms are shown in Figure 3.5b. Each thyristor conducts for 120° a cycle. If
the load is a pure resistive load and the firing angle is 0 < a < /6, the output voltage and
current are continuous and each thyristor is conducted in 120° a cycle. If the firing angle
a > 1/6 (or 30°), the output voltage and current are discontinuous and each thyristor is
conducting in the period between o to 150° a cycle.

3.4.1 R Load Circuit

If the load is a resistive load and the firing angle a < /6 (wt = o+ w/6), referring to
Figure 3.5, the output voltage is

3 a+(57/6) 3V 5
Vo = ' J V2v sin(wt) d(wt) = Vo |:cos (oc + g) — Cos (OL + %)]
a+(m/6) (3.24)
= 3v3V cosa = Vyo cosa
\/ET[ do .
Here V40 is the output voltage corresponding to the firing angle o = 0,
3V3V
Vio = =1.17V. 3.25
do =" (3.25)
For o = /6, the output current is
V. V. |4
Io = ?O = % cosa = 1.17§ cos Q. (3.26)

If the load is a resistive load and the firing angle /6 < o < 57/6 (wt = a + 7/6), the output
voltage is

3 ) 3V b
o (7/6) (3.27)
3V 3 i 3 i
= E (%_ cos o — % + 1) = 0.675V<\/7_ coso — SHZIOL + 1).
The output current is
Vo 0675V (/3 sina
= — = —_— —_ 1 . «2
Iy R A < 5 cosa > + ) (3.28)

Since 11/6 < a < 57/6, the output current is always positive.

When a > 51/6, both the output voltage and current are zero. In this case, all thyristors
are reversely biased when firing pulses are applied. Therefore, all thyristors cannot be
conducting.
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Example 3.4

A three-phase half-wave controlled rectifier shown in Figure 3.5 has an AC input of 200 V (rms)
at 50 Hz with a load R = 10 €. The firing angle a is

a. 20°.
b. 60°.

Calculate the output voltage and current.

SOLUTION

a. The firing angle o = 20°, and the output voltage and current are continuous. Referring to
Equations 3.24 through 3.26, the output voltage and current are

Vo =1.17Vj,cosa = 1.17 x 200 x cos20° = 220V,

Vo o 220
Io=-2 =22 _ A,
OTR T o

b. The firing angle a = 60°, which is >m/6 = 30°. The output voltage and current are discontin-
uous. Referring to Equations 3.27 and 3.28, the output voltage and current are

\ .
Vo =0.675v<‘§ cosa — S'zﬂ +1>

=0.675 x 200(0.433 —0.433 + 1) =135V,

Vo o 135
Io=-2 =22 _135A.
OTR T 0

3.4.2 R-L Load Circuit

Figure 3.6 shows four circuit diagrams for an R-L load. If the inductance is large enough
and can maintain current continuity, the output voltage is

Vo =Viocosa =1.17V cosa. (3.29)

For (o < w/2), the output current is

V \% %
Ip = ?O = % cosa = 1.17§ oS 0. (3.30)

When the firing angle o is >m/2, the output voltage can have negative values, but the
output current can only have positive values. This situation corresponds to the regenerative
state.
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(2) (b)
J3v,
Va
T
v v,

FIGURE 3.6 Three-phase half-wave controlled rectifiers: (a) Y/Y circuit, (b) A/Y circuit, (c) Y/Y bending circuit,
and (d) A/Y bending circuit.

Example 3.5

A three-phase half-wave controlled rectifier shown in Figure 3.5 has an AC input of 200V (rms)

at 50 Hz with a load R = 10 plus a large inductance that can maintain the continuous output
current. The firing angle a is

a. 20°.
b. 100°.

Calculate the output voltage and current.
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SOLUTION

a. The firing angle o =20°, and the output voltage and current are continuous. Referring to
Equations 3.24 through 3.26, the output voltage and current are

Vo =1.17Vjycosa = 1.17 x 200 x cos 20° =220V,

Vo 220
Io=-2 =22 _2A.
OTR T

b. The firing angle a = 100°, but the large inductance can maintain the output current as con-
tinuous. The output voltage and current are continuous and have negative values. Referring to
Equations 3.29 and 3.30, the output voltage and current are

Vo =1.17Vjpcosa = 1.17 x 200 x cos 100° = —40.6 V,

Vo —40.6
o=-2="""2_ _406A.
O=7R 10

3.5 Six-Phase Half-Wave Controlled Rectifiers

Six-phase half-wave controlled rectifiers have two constructions: six-phase with a neutral
line circuit and double antistar with a balance-choke circuit. The following description is
based on the R load or R plus large L load.

3.5.1 Six-Phase with a Neutral Line Circuit

If the AC power supply is from a transformer, four circuits can be used. The six-phase
half-wave rectifiers are shown in Figure 3.7.
The power supply is a six-phase balanced voltage source. Each phase is shifted by 60°.

va(t) = V2V sin oo,
vp () = V2V sin(wt — 60°),
ve(H) = V2V sin(ot — 120°),
(3.31)
v4(t) = V2V sin(wt — 180°),
ve(t) = V2V sin(ot — 240°),
v§(H) = 2V sin(wt — 300°).
The first circuit is called a Y/star circuit, shown in Figure 3.7a; the second circuit is called
a A/star circuit, shown in Figure 3.7b; the third circuit is called a Y/star bending circuit,

shown in Figure 3.7c, and the fourth circuit is called a A/star bending circuit, shown in
Figure 3.7d. Each diode is conducted in 60° a cycle. The firing angle o = wt — 7t/3 in the
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FIGURE 3.7 Six-phase half-wave controlled rectifiers: (a) Y/Star circuit, (b) A/Star circuit, (c) Y/Star bending
circuit, and (d) A/Star bending circuit.

range of 021t /3. Since the load is an R-L circuit, the output voltage average value is

21/3+a
Vo = L J V2V sin(wt) d(wt) = ﬂ |:cos (E + a) — Ccos <2—jt + a)}
/3 b 3 3
m/3+a (3.32)
32

= —Vcosa =135V cosa.
T
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The output voltage can have positive (a < m/2) and negative (a > m/2) values. When
a < 1/2, the output current is

Vo 3v2 1%
Iop=—7=—72V =1.35— . .
o) R - cosa 35 R cosa (3.33)

When the firing angle a is > /2, the output voltage can have negative values, but the output
current can only have positive values. This situation corresponds to the regenerative state.

3.5.2 Double Antistar with a Balance-Choke Circuit

If the AC power supply is from a transformer, two circuits can be used. Six-phase half-wave
controlled rectifiers are shown in Figure 3.8. The three-phase double antistar with balance-
choke controlled rectifiers is shown in Figure 3.8. The first circuit is called a Y/Y-Y circuit,
shown in Figure 3.8a, and the second circuit is called a A /Y-Y circuit, shown in Figure 3.8b.
Each device is conducted in 120° a cycle. The firing angle a = wt — 7 /6. Since the load is an
R-L circuit, the average output voltage value is

51t/6+a
1 33
Vo = J V2V sin(wt) d(ot) = ——V cosa = 1.17V cosa. 3.34
°“mp o (334
/640

The output voltage can have positive (o < w/2) and negative (o« > 7/2) value. The output
current is
V 14
Io= TO = 117 cosa (3.35)
When the firing angle o is > /2, the output voltage can have anegative value, but the output
current can have only a positive value. This situation corresponds to the regenerative state.

(a) (b)
i i 3V,
Va
1 !
v, Va
VdO l]d VdO l I
R L R I d
—AAN—YY Y L ApA—Y

FIGURE 3.8 Three-phase double antistar with balance-choke controlled rectifiers: (a) Y/Y-Y circuitand (b) A/Y-Y
circuit.
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These circuits have the following advantages:

o Alarge output current can be obtained since there are two three-phase half-wave
rectifiers.

o The output voltage has a lower ripple since each thyristor conducts at 120°.

3.6 Three-Phase Full-Wave Controlled Converters

A three-phase bridge is fully controlled when all six bridge devices are thyristors, as shown
in Figure 3.9. The frequency of the output voltage ripple is six times the supply frequency.
The average output voltage is given by

o o
3 3 £+2
Vo=" J Ory d(wb) = = J V3v2v sin(‘” Jg ”)d(wt)
T Y
—7/34a —7/34+a (3.36)

= %gﬁv cosa = 2.34V cosa.

The equation illustrates that the rectifier DC output voltage Vg is positive when the firing
angle o is <7 /2 and becomes negative for a firing angle a > n/2. However, the DC current
Io is always positive irrespective of the polarity of the DC output voltage.

When the rectifier produces a positive DC voltage, the power is delivered from the supply
to the load. With a negative DC voltage, the rectifier operates in an inverter mode and the
power is fed from the load back to the supply. This phenomenon is usually used in elec-
trical drive systems where the motor drive is allowed to decelerate and the kinetic energy
of the motor and its mechanical load is converted to electrical energy and then sent back to
the power supply by the thyristor rectifier for fast dynamic braking. The power flow in the
thyristor rectifier is therefore bidirectional.

Figure 3.10 shows some waveforms corresponding to various firing angles. The shaded
area A is the device conduction period and the corresponding rectified voltage.

The rms value of the output voltage is given by

R 2 1/2
Vims = % J |:\/§\/§V sin<wt —g 2n):| d(wt) = V26V |:31 + 38? COSZOL1| .

—1/3+a
(3.37)
The line current i; can be expressed in a Fourier series as
24/3 1
i = L_IDC |:sin(wt ~ 1) — z sin 5wt — ¢1)
T
(3.38)

1 1 1
— sin7(wt — 1) + ﬁsinll(wt — 1)+ e sin 13(wt — ¢1) — - - i| ,
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FIGURE 3.9 Three-phase bridge fully controlled rectifier: (a) circuit and (b) waveforms.

where ¢1 is the phase angle between the supply voltage v, and the fundamental frequency
line current i;1. The rms value of i, can be calculated using

. 2 , 60+a 240+a
_ . _ 2 2
I = o J ir d(ot) = o J I d(wt) + J [pc d(wh)
0 —60-+0a 120+«

2
= \/;IDC = 0.816Ipc. (3.39)
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‘}‘\ \ VH

DAN

FIGURE 3.10 Rectified voltage waveforms for various firing angles.

from which the THD for the line current i, is

VE—I4  (0.816Ipc)? — (0.78Ipc)?
THD = Y. 1 _ (0816Ib0)” = O78Ipc)” _ 4y

= 3.40
I 0.78Ipc (3.40)

where I is the rms value of iy (i.e., (+/6/7)Ipc).
Example 3.6

A three-phase full-wave controlled rectifier shown in Figure 3.9 has an AC input of 200V (rms)
at 50 Hz with a load R = 10 plus a large inductance that can maintain the continuous output
current. Given that the firing angle o is (a) 30° and (b) 120°, calculate the output voltage and
current.

SOLUTION

a. With a firing angle a = 30° and the output voltage and current continuous, by referring to
Equation 3.36, the output voltage and current are

Vo =2.34V cosa = 2.34 x 200 cos 30° = 234V,

Vo | 234
20 _ 227 _934A.

I:
OTR T 0
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b. With a firing angle « = 120° and the output voltage and current continuous and with negative
values, by referring to Equation 3.36, the output voltage and current are

Vo =2.34V cosa = 2.34 x 200cos 120° = —234 YV,

Vo —234

= —-234A.
R 10

lo

3.7 Multiphase Full-Wave Controlled Converters

Figure 3.11 shows the typical configuration of a 12-pulse series-type controlled rectifier.
There are two identical three-phase controlled rectifiers to be used. Two six-pulse controlled
rectifiers are powered by a phase-shifting transformer with two secondary windings in
delta and star connections. Therefore, the phase angle between both secondary windings
shifts 30°.

The DC outputs of the rectifiers are connected in series. To dominate lower-order har-
monics in the line current i, the line-to-line voltage v,1p1 of the star-connected secondary
winding is in phase with the primary voltage vag, while the delta-connected secondary
winding voltage v,1p1 leads the primary voltage vap by

8 = LOaobp — £V aB = 30°. (3.41)

The rms line-to-line voltage of each secondary winding is

VAB-rms
Vaibl-rms = Vaob2—rms = T/ (3.42)
o
<1 Iy
c Ve ic iy a, Z‘i
in=la1 +iga b;

ic232 iaz :| __T vd

lep

FIGURE 3.11 Twelve-pulse controlled rectifier.
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FIGURE 3.12 Current waveforms.

from which the turn’s ratio of the transformer can be determined by

N

1\7; =2 forY/Y,
Ny 2

— = — forY/A.
N3 /3 /

Power Electronics

(3.43)

Consider an idealized 12-pulse rectifier where the line inductance Ls and the total leakage
inductance Ly of the transformer are assumed to be zero. The current waveforms are illus-
trated in Figure 3.12, where i,1 and i,2 are the secondary line primary currents referred
from the secondary side, and 1 A is the primary line current given by ia = i; +i,.,-

The secondary line current i1 can be expressed as

24/3 1 1 1 1
a1 = T\/_Id <sin ot — 5 sin 5wt — = sin 7wt + — sin 11wt + el sin 13wt + - - -), (3.44)

7 11
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where o = 27f is the angular frequency of the supply voltage. Since the waveform of current
ia1 is of half-wave symmetry, it does not contain any even-order harmonics. Currentis does
not contain any triple harmonics either due to the balanced three-phase system.

Other secondary currents such as iy lead i51 by 30°, and the Fourier expression is

24/3 1 1
i = ild[sin(u)t +30°) — = sin5(wt + 30°) — = sin 7 (wt + 30°)
T 5 7 (3.45)

1 1
+ 77 Sin (ot +30°) + T sin 13(wf +30°) -],

The waveform for the referred current i, in Figure 3.12 is identical to 7,1 except that its
magnitude is halved due to the turn’s ratio of the Y/Y-connected windings. The current i,
can be expressed in Fourier series as

3 1 1 1 1
iy = %Id (sin ot — 5 sin5 wt — 7 sin 7wt + i sin 11wt + - sin 13wt - - ) (3.46)
The phase currents 42, ia2c2, and iopy can be derived from the line currents using the
relationships in Equation 3.47:

l:a2b2 1 -1 1 0 l:a2
o | =5 [0 1 1) |2 (3.47)
ic2a2 1 0 -1 2

These currents have a stepped waveform, each step being of 60° duration and the height
of the steps being 14/3 and 214/3. The currents inop2, ih2a2, and icpa2 need to be multiplied by
+/3/2 when they are referred to the primary side. Using Equation 3.45 and similar equations
for iy and icp, one can derive Fourier expressions for i,opp, ibac2, and ica2. For example,

) 1. . . 1 . . . 1 . .
la2b2 = g(lbz — i), ipp2 = 5(%2 —ip2), and ioa = g(laZ —ic2).

Therefore,
1243 1 1
ica2 = -ild sin(ot + 30°) — = sin 5(wt + 30°) — = sin 7(wt + 30°)
3 7 5 7
1 . ) 1 .
+ 37 sin 11(wt 4+ 30°) - - - + sin(wt + 150°) — z sin 5(wt + 150°) (3.48)

1 1
—5 sin 7(wt 4+ 150°) + N sin 11(wt + 150°) - - - ]
By simplifying Equation 3.48 and multiplying with ,/3/2, we have
3 1 1 1
iy = £IE (sin ot + 5 sin 5wt + 7 sin 7wt + T sin 11 wt - - ) (3.49)
14

As can be seen from Equation 3.48, the phase angles of some harmonic currents are altered
due to the Y/A-connected windings. As a result, the current i, , does not maintain the
same wave shape as 7;. The line current i5 can be found from

24/3 1 1
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where the two dominant current harmonics, the 5th and 7th, are cancelled in addition to
the 17th and 19th.
The THD of the secondary and primary line currents 7;; and ip can be determined by

- | Ry AT
1 1,1 1,5 1,7
THD(ia1) = Vi -k = Vi (3.50)
Ial,l Ial,l

and

2 — 2 12 + 12 4.
A Al All A13
THD(ip) = \/ = \/ .
Ian Ta1,1

(3.51)

The THD of the primary line current ia in the idealized 12-pulse rectifier is reduced by
nearly 50% compared to that of 7,;.

3.7.1 Effect of Line Inductance on Output Voltage (Overlap)

We now investigate a three-phase fully-controlled rectifier as shown in Figure 3.9a. We
partially redraw the circuit in Figure 3.13 (only show phase A and phase C). In practice,
the cable length from phase A to A’ (or C to C’) has an inductance (L). The commutation
process (e.g., for i, to replace i) will take a certain time interval. This affects the voltage at
point P to neutral point N and the final half output voltage is Vpn.

During the commutation process (e.g., for ia to replace ic), Kirchhoff’s voltage law (KVL)
for the commutation loop and Kirchhoff’s current law (KCL) at point P give the output
current Io, which is filtered by a large inductance, and this implies that its change is much
slower than that of ic and ip. We can write

dia dic
— =L— —-L—, 3.52
UAN — UCN T T (3.52)

di di dI,
iA+ic:Io=>%+§=d—?=>O, (3.53)

dia dic
—_— = ——. 3.54
dt dt (3:54)
From Equations 3.52 and 3.54,
diA dic diA VAN — OCN

- =L——-L—=L—=———. 3.55
UANTUON =gy TR g T 2 (3.55)

FIGURE 3.13 Effect of line inductance.



Controlled AC/DC Conuverters 91

FIGURE 3.14 Waveforms affected by line inductance.

This allows one to derive Vpn. Thus, Vpy takes the midpoint value between Van and Ven
during commutation. The output voltage waveform is shown in Figure 3.14.

dia VAN — UCN UAN + UCN
UPN =UAN —L—— =0AN— ———— = UpNn = —

5 . (3.56)

Thus, the integral of Vpy will involve two parts: one from firing angle a to (a + #) where u
is the overlap angle and, subsequently, the other from (a + u) to the next phase fired, where
commutation happened and the vpy is

/64-0+u n/6+a+21/3
3 % v
opN = o J Wd(wo + J van d(wb) |. (3.57)
/64 7/64+a+u
Hence
n/64+a+u /640427 /3
3 UAN + 0
ov=or | [ P Nden+ [ oandon
27 2
/640 /6+a+u
/6+o+u T /6+0+u
Y — 0 0 — O
n J' AN2 N (oot — J AN2 N 4 (wh)
/640 /640

Note that the first integral is the original integral involving V an for the full 120° interval.
The second interval can be linked to the derivative of current ip for the commutation



92 Power Electronics

interval
m/6+a+u m/6+a+u di
UAN — UCN A\ @
————d(wt) = L— ) — d(wt
J N d(on J < dt)@ (wh)
/640 n/6+a

(3.58)

iend
= [ Lo d(ia) = Lw[lp + 0] = Lwlo.

Istart

Therefore, by an identical analysis for the bottom three thyristors, the output voltage is

3V6 3
Vo = 20pN = T“/_Vcosa ~ “Lolo for0° <o < 180°. (3.59)

Thus, the commutation interval duration due to the line inductance modifies the output
voltage waveform (finite time for current change) and this changes the average output
voltage by a reduction of (3/m)Lw. This can be compensated for by feedforward.

The above figure shows how Vpy is affected during the commutation interval u. It takes
the midpoint value between the incoming phase (V an) and outgoing phase (V) voltages.
The corresponding currents ip and ic can be seen to rise and fall at finite rates. The rate
of current change will be slower for high values of line interference (EMI) and certain
standards limit this rise time.

Homework
3.1. A full-wave controlled rectifier shown in Figure 3.4 has a source of 120 V (rms) at
60Hz, R=10Q, L =20mH, and a = 60°.
a. Determine an expression for load current.
b. Determine the average load current.
c. Determine the average output voltage.

3.2. A three-phase half-wave controlled rectifier shown in Figure 3.5 has an AC input
of 240 V (rms) at 60 Hz with a load R = 100 Q. Given that are firing angle a is (a)
15° and (b) 75°, calculate the output voltage and current.

3.3. A three-phase full-wave controlled rectifier shown in Figure 3.9 has an AC input
of 240V (rms) at 60 Hz with a load R = 100 € with high inductance. Given that
the firing angle a is (a) 20° and (b) 100°, calculate the output voltage and current.
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4

Implementing Power Factor Correction in
AC/DC Conwverters

Power factor correction (PFC) is the capacity for generating or absorbing the reactive power
produced by a load [1-3]. Power quality issues and regulations require rectifier loads to be
connected to the utility to achieve high PFs. This means that a PFC rectifier needs to draw
close to a sinusoidal current in phase with the supply voltage, unlike phase-controlled
rectifiers (making the PFC rectifier “look like” a resistive load to the utility).

4.1 Introduction

Refer to the following formula [3]:

DPF

V1+THD?

where DPF is the displacement power factor and THD is the total harmonic distortion. We
can explain DPF as the fundamental harmonic of the current that has a delay angle 6 (or
¢), that is, DPF = cos 8 (or cos ¢). THD is calculated using Equation 1.20. Most AC/DC
uncontrolled and controlled rectifiers have poor PFs, except for the single-phase full-wave
uncontrolled bridge (Graetz) rectifier with R load. All three-phase uncontrolled and con-
trolled rectifiers have the input current fundamental harmonic delaying its corresponding
voltage by an angle 30° plus o, where « is the firing angle of the controlled rectifier. Con-
sequently, AC/DC rectifiers naturally have poor PFs. In order to maintain power quality,
PFC is necessary. Implementing the PFC means

PF =

o Reducing the phase difference between the line voltage and current (DPF = >1).

o Shaping the line current to a sinusoidal waveform (THD = >0).

The first condition requires that the fundamental harmonic of the current has a delay angle
8 = >0°. The second condition requires that the harmonic components are as small as
possible. In recent research, the following methods have been used to implement PEC:

1. DC/DC converterized rectifiers.
2. Pulse-width modulation (PWM) boost-type rectifiers.
3. Tapped-transformer converters.

95
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4. Single-stage PFC AC/DC converters.
5. VIENNA rectifiers.
6. Other methods.

4.2 DC/DC Converterized Rectifiers

A full-wave diode rectifier with R load has a high PF. If this rectifier supplies an R—C load,
the PFis poor. Using a DC/DC converter in this circuit will improve the PF. The PFC rectifier
circuit is shown in Figure 4.1.

The resistor emulation of the PFC rectifier is carried out by the DC/DC converter. The
input to the DC/DC converter is a fully rectified sinusoidal voltage waveform. A con-
stant DC voltage is maintained at the output of the PFC rectifier. The DC/DC converter is
switched at a switching frequency f; that is many times higher than the line frequency f. The
input current waveform into the diode bridge is modified to contain a strong fundamental
sinusoid at the line frequency but with harmonics at a frequency several times higher than
the line frequency.

Since the switching frequency f; is very high in comparison with the line frequency f, the
input and output voltages of the PFC rectifier may be considered as constant throughout the
switching period. Thus, the PFC rectifier can be analyzed like a regular DC/DC converter:

vg = Vg sin 6,

4.1)
v] = Vs|sinB| with 6 = 2xft.
The voltage transfer ratio of the PFC rectifier is required to vary with angle 6 in a half
supply period. The voltage transfer ratio of the DC/DC converter is

Vbc  Vbc

T = =
w(® V1(0) ~ Vgsin6

with fg > f, (4.2)

where Vpc is the local average DC output voltage.

Tyy in a supply period is shown in Figure 4.2. The high voltage transfer ratio in the
vicinity of wt = 0° and 180° can be achieved by using converters such as boost, buck-boost,
or fly-back converters.

51 ¢}

\ 4
Y

DC/DC
s converter

FIGURE 4.1 PFC rectifier.
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FIGURE 4.2 DC/DC converter output current required.

To prove this technique, a full-wave diode rectifier with R—C load (R =100Q and C =
100 wF) plus a buck-boost converter is investigated. Before applying any converter, the
input voltage and current waveforms are shown in Figure 4.3. The fundamental harmonic
of the input current delays the input voltage by an angle 6 = 33.45°.

The harmonics (FFT spectrum) of the input current are shown in Figure 4.4.

The harmonics, values are listed in Table 4.1.
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5.00
= 0.0

~
-5.00
~10.00
1000.00

1010.00 102000 |,

0.0018588
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172.308
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FIGURE 4.3 Input voltage and current waveforms.
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FIGURE 4.4 FFT spectrum of the input current.

The THD of the input current is obtained as THD? = 3% ,(I;/I1)? = 0.4625 and the DPF
is obtained as cos(33.45°) = 0.834. Therefore,
DPF cos 33.45

PF == = =
V1+THD? ~1+04625

0.689. 4.3)

A buck-boost converter (see Figure 5.7 in Chapter 5) is used for this purpose. The circuit
diagram is shown in Figure 4.5.

The input voltage is 311V (peak)/50 Hz. The duty ratio k is calculated as 20 chopping
periods for a half-cycle. For one cycle, there are 40 chopping periods (maintain the same duty
ratio) corresponding to its frequency of 2 kHz. The inductance value was set as L = 0.6 mH
and the capacitance value as 800 pF to maintain the output voltage at 200 V. The duty ratio
k was calculated to set a constant DC output voltage of 200V (see Table 4.2).

The duty ratio k waveform in two-and-a-half cycles is shown in Figure 4.6 and the switch
(transistor) turn-on and turn-off in a half-cycle are shown in Figure 4.7.

TABLE 4.1

Harmonic Current Values of Normal AC to DC Converter
Current Frequency (Hz) Fourier Component
I 50 4.546
I3 150 2.645
15 250 0.833
17 350 0.746
9 450 0.738
11 550 0.523
113 650 0.473
115 750 0.288
117 850 0.295

119 950 0.316
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FIGURE 4.5 Buck-boost converter used for PFC with R—C load.
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The input voltage and current waveforms are shown in Figure 4.8. From the waveform
we can see that the fundamental harmonic delay angle 6 is about 3.21°. The output voltage

of the buck-boost converter is 200 V, as shown in Figure 4.9.

The FFT spectrum of the input current is shown in Figure 4.10 and the harmonic

components are shown in Table 4.3.

TABLE 4.2

Duty Ratio k in the 20 Chopping Periods in a Half-Cycle
wt (deg) Input Voltage = 311 sin(wt) (V) k

9 48.65 0.804
18 96.1 0.676
27 141.2 0.586
36 182.8 0.522
45 219.9 0.476
54 251.6 0.443
63 2771 0.419
72 295.8 0.403
81 307.2 0.394
90 311 0.391
99 307.2 0.394
108 295.8 0.403
117 277.1 0.419
126 251.6 0.443
135 219.9 0.476
144 182.8 0.522
153 141.2 0.586
162 96.1 0.676
171 48.65 0.804
180 0 00
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FIGURE 4.6 Duty ratio k waveform in two-and-a-half cycles.
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FIGURE 4.7 Switch turn-on and turn-off waveform in a half-cycle.

1000.50

From the data in Table 4.3, the THD of the input current is obtained as THD? =

Yoo /11)? = 0.110062 and DPF is obtained as cos(3.21°) = 0.998431. Therefore,

DPF cos 3.21

PF == = =
V1+THD? +/1+0.110062

Using this technique, PF is significantly improved from 0.689 to 0.95.

(4.4)
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FIGURE 4.8 Input voltage and current waveforms.
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FIGURE 4.9 Output voltage of the buck-boost converter.
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FIGURE 4.10 FFT spectrum of the input current.
TABLE 4.3
Harmonic Components of the Input Current
Current Frequency (Hz) Fourier Component
1 50 2.680
13 150 0.664
5 250 0.313
17 350 0.379
9 450 0.295
111 550 0.077
113 650 0.071
115 750 0.010
17 850 0.100
119 950 0.011




102 Power Electronics

From the above investigation, we know that using a buck-boost converter to implement
PFC can be successful, but the output voltage has a negative polarity. If a P/O Luo-converter
or SEPIC or a P/O buck-boost converter is used, we can obtain the P/O voltage.

Example 4.1

A P/O Luo-converter (see Figure 5.11 in Chapter 5) is used to implement PFC in a single-phase
diode rectifier with an R-C load. The AC supply voltage is 240 V/50 Hz and the required output
voltage is 200 V. The switching frequency is 4 kHz. Determine the duty cycle k in a half supply
period (10 ms). Other component values for reference are the following: R =100, C = Co =
20uF and L = Ly = 10mH.

SOLUTION

Since the supply frequency is 50 Hz and the switching frequency is 4 kHz, there are 40 switching
periods in a half supply period (10 ms). The voltage transfer gain of the P/O Luo-converter is

k
Vo = T—k Vin,
Vo 200

k= - )
Vo+Vin 200 + 240+/2 sin wt

Duty cycle k is listed in Table 4.4.

4.3 PWM Boost-Type Rectifiers

Using this method, we can obtain the UPF. In order to obtain UPF, that is, PF =1, the current
from the diode bridge must be identical in shape and in phase with the supply voltage
waveform. Hence,

i1 = Ig| sin 9]. (4.5)

The input and output powers averaged over a switching period are

Pin = Vil sin® 6,
‘ (4.6)
Po = VDclo.
Assuming a lossless rectifier, the output current requirement is determined as
Vils

Vbe

io = sin? . 4.7)

The input and output powers averaged over a supply period are

Vil
Pin = -5,
"2 (4.8)

Po = Vpclo,

where I is the averaged DC output current.
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TABLE 4.4

Duty Ratio k in the 40 Chopping Periods in a Half-Cycle

wt (deg) Input Voltage = 240./2 sin(wt) (V) k
45 26.6 0.88
9 53.1 0.79
13.5 79.2 0.72
18 104.9 0.66
22.5 129.9 0.61
27 154.1 0.56
31.5 177.3 0.53
36 199.5 0.5
40.5 220.4 0.48
45 240 0.45
49.5 258.1 0.44
54 274.6 0.42
58.5 289.4 0.41
63 302.4 0.4
67.5 313.6 0.39
72 322.8 0.38
76.5 330 0.377
81 335.2 0.374
85.5 338.4 0.371
90 339.4 0.37
94.5 338.4 0.371
99 335.2 0.374
103.5 330 0.377
108 322.8 0.38
112.5 313.6 0.39
117 302.4 0.4
121.5 289.4 0.41
126 274.6 0.42
130.5 258.1 0.44
135 240 0.45
139.5 220.4 0.48
144 199.5 0.5
148.5 177.3 0.53
153 154.1 0.56
157.5 129.9 0.61
162 104.9 0.66
166.5 79.2 0.72
171 53.1 0.79
175.5 26.6 0.88
180 0 ()
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The instantaneous output currents are

Vsls

sin 6 = 2Io sin’ 0
Vbc 4.9)

= Io(1 — cos 26).

io =

The DC/DC converter output current required for a UPF, as a function of angle 6, is shown
in Figure 4.2.

Because the input current to the DC/DC converter is to be shaped, the DC/DC converter
is operated in a current-regulated mode.

4.3.1 DC-Side PWM Boost-Type Rectifier

The DC-side PWM boost-type rectifier is shown in Figure 4.11 where i] is the reference
of the desired value of the current i;. Here i] has the same waveform shape as |vg|. The
amplitude of i} should be able to maintain the output voltage at a desired or reference level
03 in spite of the variation on load and the fluctuation of line voltage from its nominal
value. The waveform of i] is obtained by measuring |vs| and multiplying it by the amplified
error between v} . and v4.. The actual current 71 is measured. The status of the switch in the
DC/DC converter is controlled by comparing the actual current with 7.

Once i} and 7; are available, there are various ways of implementing the current-mode
control of the DC/DC converter.

4.3.1.1 Constant-Frequency Control

Here, the switching frequency fs is kept constant. When 71 reaches ij, the switch in the
DC/DC converter is turned off. The switch is turned on by a clock period at a fixed fre-
quency f;s. This method is likely an open-loop control. The operation indication is shown in
Figure 4.12.

Example 4.2

A boost converter (see Figure 5.5 in Chapter 5) is used to implement PFC in the circuit shown
in Figure 4.11a. The switching frequency is 2 kHz, L = 10mH, C4 =20pF, R =100€, and the
output voltage Vo = 400V. The AC supply voltage is 240 V/50 Hz. Determine the duty cycle k in
a half supply period (10 ms).

SOLUTION

Since the supply frequency is 50 Hz and the switching frequency is 2 kHz, there are 20 switching
periods in a half supply cycle (10 ms). The voltage transfer gain of the boost converter is

1

Vo=—
©T 1k
400 — 240+/2 sin wt

Vin/

_ Vo — Vin _
Vo 400

k

The duty ratio k is listed in Table 4.5.
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FIGURE 4.11 UPF diode rectifier with feedback control: (a) circuit, (b) input voltage and current, (c) output
voltage and current of the diode rectifier, and (d) control block diagram.

4.3.1.2 Constant-Tolerance-Band (Hysteresis) Control

Here, the constant 71 is controlled so that the peak-to-peak ripple (I;ip) in i1 remains constant.
With a preselected value of Iip, 71 is forced to be within the tolerance band (i] + Lip/2) and
(7 — Lip/2) by controlling the switch status. This method is likely to be a closed-loop control.
A current sensor is necessary to measure the particular current i1 to determine switch-on
and switch-off. The operation indication is shown in Figure 4.13.
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FIGURE 4.12 Operation indication of constant-frequency control.

TABLE 4.5
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Power Electronics

Duty Ratio k in the 20 Chopping Periods in a Half-Cycle (10 ms)

ot (deg)

Input Current = 240,/2 sin(wt) (V)

k

9
18
27
36
45
54
63
72
81
90
99
108
117
126
135
144
153
162
171
180

53.1
104.9
154.1
199.5
240
274.6
302.4
322.8
335.2
339.4
335.2
322.8
302.4
274.6
240
199.5
154.1
104.9

53.1

0

0.867
0.738
0.615
0.501
0.4

0.314
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0.162
0.193
0.244
0.314
0.4
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0.867

S-off
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band (Z,)

FIGURE 4.13 Operation indication of hysteresis control.
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4.3.2 Source-Side PWM Boost-Type Rectifiers

In motor drive applications with regenerative braking, the power flow from the AC line is
required to be bidirectional. A bidirectional converter can be designed using phase angle
delay control but at the expense of poor input PF and high waveform distortion in the line
current. It is possible to overcome these limitations by using a switch-mode converter, as
shown in Figure 4.14.

The rectifier being the dominant mode of operation, is is defined with a direction. An
inductance L (that augments the internal inductance of the utility source) is included to
reduce the ripple in is at a finite switching frequency. The four switching devices (IGBTs
or MOSFETs) are operated in PWM. Their switching frequency f; is usually measured in
kilohertz. From Figure 4.14, we have

Us = Uconv + UL- (4.10)

Assuming vs to be sinusoidal, the fundamental frequency components of vcony and is in
Figure 4.14 can be expressed as phasors Vony1 and Is1, respectively (subscript 1 denotes

the fundamental component). Arbitrarily choosing the reference phasor to be V)s = Ve,
at the line frequency w = 2xnf

- —_— —
Vs = Vconvl + VL1/ (4'11)
where
— —
Vi1 = iwLslsy. (4.12)

A phasor diagram corresponding to Equations 4.11 and 4.12 is shown in Figure 4.15 where

I_s; lags VZ by an arbitrary phase angle 6.
The real power P supplied by the AC source to the converter is

Vi,
P = Vilg cos§ = — ~ gins. (4.13)
wLs Vg
From Figure 4.15a,
V110080 = wlslg; cos® = Viony1 sin 8. (4.14)

In the phasor diagram of Figure 4.15a, the reactive power Q supplied by the AC source is
positive. It can be expressed as

V2 1%
Q=Vilgsinb = —> <1 - C;—“Vl cos 3). (4.15)
wWLg s

iq

Cd -

— o\ 4
I
=
= 4

FIGURE 4.14 Switch-mode converter.
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FIGURE 4.15 Phasor diagram: (a) overall diagram; (b) 3 is negative; (c) 3 is positive.

From Figure 4.15a, we also have
Vs — wlglg1 sin® = Viony1 COS 3. (4.16)

From these equations, it is clear that for a given line voltage vs and the chosen inductance
Ls, the desired values of P and Q can be obtained by controlling the magnitude and the
phase of Veony1-

Figure 4.15 shows how Vony1 can be varied, keeping the magnitude of 1_5; constant. The
two special cases of rectification and inversion at a UPF are shown in Figure 4.15b and c.

In both cases
Veonvl = v Vs2 + (Q)lesl)2- (4-17)

In the circuit of Figure 4.14, V4 is established by charging the capacitor Cq4 through the
switch-mode converter. The value of V4 should have a sufficiently large magnitude so that
Uconv1 at the AC side of the converter is produced by a PWM that corresponds to a PWM
in a linear region. The control circuit to regulate V4 in Figure 4.14 is shown in Figure 4.16.
The reference value V] intends to achieve a UPF of operation. The amplified error between
V4 and V} is multiplied by the signal proportional to the input voltage vs waveform to
produce the reference signal i¥. A current-mode control such as a tolerance band control or
a fixed-frequency control can be used to deliver is equal to i;. The magnitude and direction
of power flow are automatically controlled by regulating Vg4 at its desired value.

le ®
Va ii C
NN urrent
V4 Pl Multiplier i mode Gate
regulator s signals

’_' control

i (measured)

FIGURE 4.16 Block diagram of UPF operation.
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4.4 Tapped-Transformer Converters

A simple method to improve the PF is to use tapped-transformer converters. DC motor
variable speed control drive systems are widely used in industrial applications. Some appli-
cations require the DC motor to run at lower speeds. For example, winding machines and
rolling mills mostly work at lower speeds (lower than their 50% rated speed). If DC motors
are supplied by AC/DC rectifiers, the lower speed corresponds to lower armature voltage.

Assume that the DC motor rated voltage corresponding to the rectifier firing angle o is
about 10°. The firing angle o will be about 60° if the motor runs at half rated speed. In the
first case, the DPF is about (cos o), that is, DPF =0.98. In the second case, the DPF is about
0.48. This means that the PF is very poor if the DC motor works at lower speed.

A tapped-transformer converter is shown in Figure 4.17a, which is a single-phase con-
trolled rectifier. The original bridge consists of thyristors T1—T4. The transformer is tapped
at 50% of the secondary winding. The third leg consists of thyristors Ts—Tg, which are linked
at the tapped point at the middle point of the secondary winding. Since the DC motor arma-
ture circuit has enough inductance, the armature current is always continuous. The motor
armature voltage is

Vo = V4o cosa. (4.18)

()

\ A

. . Arn At A

® 3| Ol

Arn Ar ZAr

V= «/EVsinu)t

A
NN

(b)

(c) A Vo

FIGURE 4.17 Tapped-transformer converter: (a) circuit diagram, (b) output voltage waveform from original
bridge, and (c) output voltage waveform from new leg.
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If the motor works ata lower speed, for example, at 45% of its rated speed, the corresponding
firing angle a is about 64°. The output voltage waveform from the original bridge is shown
in Figure 4.17b. The fundamental harmonic component sine wave must have the delay angle
¢1 = a = 64° and DPF = cos a. After Fourier transform analysis and THD calculation, the
voltage waveform in Figure 4.17b is 0.24. Therefore,

_ DPF cos64° 0443
V1+THD? 1+0242 1028

PF 0.43. (4.19)

Keeping the same armature voltage, we obtain the voltage from legs 2 and 3, that is, thyris-
tors T1 and T are idled. This means that the input voltage is reduced by half the supply
voltage, and the firing angle o’ is about 27.6°. The output voltage waveform from legs
2 and 3 is shown in Figure 4.17c. The fundamental harmonic component sine wave must
have the delay angle ¢1 = o/ = 27.6° and DPF = coso’. After Fourier transform analysis
and THD calculation, the voltage waveform in Figure 4.17c is 0.07. Therefore,

DPF c0os 27.6° B 0.8863

PF = - =
V1+THD? 140072 10024

= 0.884. (4.20)

In comparison with the PFs in Equations 4.19 and 4.20, it is obvious that the PF has been
significantly corrected.

This method is very simple and straightforward. The tapped point can be shifted to any
other percentage (not fixed at 50%), depending on the applications.

A test rig can be constructed for collecting the measured results. The circuit is shown in
Figure 4.18. The secondary voltage of the transformer is 230/115 V. The requested output
voltage is set as 80 V.

Gating
pulse

oo &l £one o
OR-Ne-

.% [ ]
b ® | A L~ a
A|THY2 A THY4| A|THY6

Gating
pulse

V.

|||—

FIGURE 4.18 Single-phase controlled rectifier with a tapped transformer.
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FIGURE 4.19 Output voltage 80 V with input voltage 230 V.

If the supply voltage is 230V, the firing angle is approximately 67°. The output voltage
is shown in Figure 4.19 and the measured record is shown in Figure 4.20. PF is indicated to
be 0.64.

If the supply voltage is 115V, the firing angle is approximately 39.4°. The output voltage
is shown in Figure 4.21, and the measured record is shown in Figure 4.22. The indication
of the PF in it is 0.87.

If the output voltage increases to 103 V and the supply voltage remains at 115V, the firing
angle is approximately 1°. The output voltage is shown in Figure 4.23, and the measurement
record is shown in Figure 4.24. PF is indicated to be 0.98.

—
—al—

FIGURE 4.20 PF with input voltage 230 V and output voltage 80 V.
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FIGURE 4.21 Output voltage 80 V with input voltage 115 V.

4.5 Single-Stage PFC AC/DC Converters

A double-current synchronous rectifier converter is a popular circuit that is used in comput-
ers [1,2]. Unfortunately, its PF is not high. However, the single-stage PFC double-current
synchronous rectifier (DC-SR) converter is able to improve its PF nearly to unity. The circuit
diagram is shown in Figure 4.25.

The system consists of an AC/DC diode rectifier and a DC-SR converter [1]. Suppose
that the output inductors L; and L; are equal to each other, L1 = L, = Lo. There are three
switches: main switch S and two auxiliary synchronous switches S; and S,. It inherently

FIGURE 4.22 PF with input voltage 115V and output voltage 80 V.
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FIGURE 4.23 Output voltage 103 V with input voltage 115 V.

exhibits high PF because the PFC cell operates in continuous conduction mode (CCM). In
addition, it is also free to have high voltage stress across the bulk capacitor at light loads.
In order to investigate the dynamical behaviors, the averaging method is used to drive the
DC operating point and the small-signal model. A proportional-integral-differential (PID)
controller is designed to achieve output voltage regulation despite variations in line voltage
and load resistance.

In power electronic equipment, the PFC circuits are usually added between the bridge
rectifier and the loads to eliminate high harmonic distortion of the line current. In gen-
eral, they can be divided into two categories, the two-stage approach and the single-stage

FIGURE 4.24 PF with input voltage 115V and output voltage 103 V.
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PYRU=EY

FIGURE 4.25 Proposed single-stage PFC DC-SR converter.

approach. The two-stage approach includes a PFC stage and a DC/DC regulation stage.
This approach has good PFC and fast output regulations, but the size and cost increase. To
overcome the drawbacks, the graft scheme is proposed in reference [4]. Many single-stage
approaches have been proposed in the literature [5-8]. They integrate a PFC cell and a
DC/DC conversion cell to form a single stage with a common switch. Therefore, the sinu-
soidal input current waveform and the output voltage regulation can be simultaneously
achieved, thereby meeting the requirements of performance and cost.

However, a high voltage stress exists across the bulk capacitor Cp atlightloads ifa DC/DC
cell operates in discontinuous current mode. To overcome this drawback, a negative mag-
netic feedback technique has been proposed in the literature [5-8]. However, the dead band
exists in the input current and the PF is thereby degraded. To deal with this problem, the
DC/DC cell operates in discontinuous current mode. The voltage across the bulk capacitor
is independent of loads and the voltage stress is effectively reduced.

4.5.1 Operating Principles

Figure 4.25 depicts the proposed single-stage high PFC converter topology. A physical three-
winding transformer has a turns ratio of 1:n:m. A tertiary transformer winding, in series
with diode Dy, is added to the converter for transformer flux resetting. The magnetizing
inductance Ly, is parallel with the ideal transformer. In the proposed converter, both the
PFC cell and the DC/DC conversion cell are operating in CCM. To simplify the analysis of
the circuit, the following assumptions are made:

1. The large-valued bulk capacitor Cg and the output capacitor Co are sufficiently
large enough to allow the voltages across the bulk capacitor and the output
capacitor to be approximately constant during one switching period Ts.

2. All switches and diodes of the converter are ideal. The switching time of the switch
and the reverse recovery time of the diodes are negligible.

3. The inductors and the capacitors of the converter are considered to be ideal without
parasitic components.

Based on the switching of the switch and diodes, the proposed converter operating in
one switching period Ts can be divided into five linear stages as described below.
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Stage 1 [0,t1] (S: on; D1: on; Dy: off; D3: off; Dy: off; Ds: on; De: on): In the first stage, the
switch S is turned on. The diodes D1, Ds, and Dg are turned on and the diodes D;, D3, and
Dy are turned off. Power is transferred from the bulk capacitor Cg to the output via the
transformer.

Stage 2 [t1,t2] (S: off; Dy: off; Dy on; D3: on; Dy: on; Ds: off; De: off): The stage begins
when the switch S is turned off. The diodes D;, D3, and D4 are turned on and the diodes
D1, D5, and Dg are turned off. The current i1; flows through diode D3 and charges the bulk
capacitor Cg. Diode Dy is turned on for transformer flux resetting. In this stage, the output
power is provided by the inductor Lo.

Stage 3 [t2,t3] (S: off; D1: off; Dy: on; Ds: off; Dy: on; Ds: off; Dg: off): The stage begins at
t when the input current i1; falls to zero and thus diode Dj3 is turned off. Switch S is still
off. All diodes, except D3, maintain their states as shown in the previous stage. During this
stage, the voltages —vcp/m and —vg are applied across the inductors Ly, and Lo, and thus
the inductor currents continue to decrease linearly. The output power is also provided by
the output inductor Lo.

Stage 4 [t3,t4] (S: off; D1: off; D5: off; D3: off; Dy4: on; Ds: off; Dg: off): The stage begins when
the current i; o decreases to zero and thus diode D; is turned off. Switch S is still off. Diode
Dy is still turned on and diodes D1, D3, D5, and Dg are still turned off. During this stage, the
voltage —vcp/m is applied across inductor L. The inductor current continues to decrease
linearly. The output power is provided by the output capacitor Co in this stage.

Stage 5 [ta,t5] (S: off; D1: off; Dy: off; D3: off; Dy: off; Ds: off; Dg: off): The stage begins when
the current it , falls to zero and thus diode Dy is turned off. Switch S is still off and all diodes
are off. The output power is also provided by the output capacitor Co. The operation of the
converter returns to the first stage when switch S is turned on again.

According to the analysis of the proposed converter, the key waveforms over one switch-
ing period T; are schematically depicted in Figure 4.26. The slopes of the waveforms ico(t)
and icp(f) are defined as

nUCB — UCO UCo vcg |, n(nuce — vCo)
mco1 = T, mcoz = —E, mcp1 = — T + T ’
m
UCB UCB UCB
Mmcp2 = — < Lt msz> ;MR =TT (4.21)

4.5.2 Mathematical Model Derivation

In this section, the small-signal model of the proposed converter can be derived by the
averaging method. The moving average of a variable, voltage or current, over one switching
period Ts is defined as the area, encompassed by its waveform and time axis, divided
by Ts.

4.5.2.1 Averaged Model over One Switching Period T

There are six storage elements in the proposed converter in Figure 4.25. The state variables
of the converter are chosen as the current through the inductor and the voltage across
the capacitor. Since both PFC cells and DC/DC cells operate in discontinuous current mode,
the initial and final values of inductor currents vanish in each switching period Ts. From
a system point of view, the inductor currents iy, iLo, and iL, should not be considered as



116 Power Electronics

VLi (t),\
v,(2) I“
v T >t
L] ]
1 1}
] ]
I
' H
Oy | L wop g
nveg=veo = //\m
MCa1 Ca2
>t AN >t
! 1
A ,
1 L) 1
~vco H H !
' 1 1] ]
H H '
vim (O 4 ! icg (O !
ves E B Mcpyr~pllCB3 i
v P b i o B
CS - 4 > >t
L | |
——,
m ¢S 1 1 i mcgpy
; H 1
1 1 1 1
ST H H : : S
I A —
On | Off i ! ! On | Off
H H A 5 >t
0 ot t3 7 0 ho b I3 4
- » Ll T ol TN i T S Ll ) i W il ) E i TN S
d\T, dyT, dsT, d,T, dsT, Ty dyTs dsT, dyT dsT

FIGURE 4.26 Typical waveforms of the proposed converter.

state variables. Only the bulk capacitor voltage vcp and the output capacitor voltage vco
are considered to be state variables of the proposed converter.

For notational brevity, a variable with an upper bar denotes its moving average over one
switching period Ts. With the aid of this definition, the averaged state-variable description
of the converter is given by

docg - doco
= d
T icg and Co T

5 =ico. 4.22)

Moreover, in discontinuous conduction, the averaged voltage across each inductor over
one switching period is zero. Hence we have three constraints of the form

diy; di _ di i}
2 = =0, Lo—2=00=0, Lm (;thULmZO' (4.23)

50 = BCo. (4.24)
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Based on the typical waveforms in Figure 4.26, the averaged variables are given by

5

1 1

icB = — Z arealicp(j)] = [d%TS mcp1 + Edsz? ,[damcp2 + 2(ds + dg)mcez]
® j=1 Ts
+§(d3 + d4)2T§mCB3] , (4.25)

1L 1 nocp — vco 0co
= _ . i _ 2 -
ico = T ]_Zl arealico(j)] = . [les (d1 +dr+ d3)—2 Io —Ts R i|/ (4.26)

where the notation area [iCB(j)] denotes the area, encompassed by the waveform icg(t) and
time axis, during stage j. Similarly, we have

5
OLi = — Z arealvrgj)] = —[lesUg(f) + dyTs(—0cB)],
] 1
1< 1 cB
OLm = T_s le area[ULm()] = i [lesZ_JCB + (dy +dz +dy)Ts (—7)}, 4.27)

5

1 _ - -
0o = 7 Z arealviog)] = [les(ﬂUCB —0co) + (d2 + d3)Ts(—vco)]-
°j=1 Ts

Substituting Equation 4.27 into the constraints given by Equation 4.23, and performing
mathematical manipulations, gives

o ] -
dy = 884, dgz(’f”CB—l—”_g—”)dl, dy = ( +1—””CB)d1- (428)
B 0Co OCB 0CO

Now, substituting Equations 4.21 and 4.28 into Equations 4.25 and 4.26, the averaged state
Equation 4.22 can be rewritten as

_ _ _ 2 =2
docs > N(NUCB — UCo) dl Tsvg ®)
C = —diT, d
LT T T
doco Uco | ;.. N(MOCB — 0co)
C = +diTg———— 4.29
°Tar R T T ol 5o (4.29)
The averaged rectified line current is given by
1 1 Vg (1)
ig(t) = —{area[m(l)]} = [ (d1Ts)> 2= } (4.30)
1

It is revealed from Equation 4.30 that ;g(t) is proportional to Ug(t).” Thus, the proposed
converter is provided with an UPE.
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4.5.2.2 Averaged Model over One Half Line Period T,

Based on the derived averaged model described by Equation 4.30 over one switching period
Ts, we now proceed to develop the averaged model over one half line period Tt.. Since the
bulk capacitance and the output capacitance are sufficiently large, both capacitor voltages
canbe considered as constants over T1.. Therefore, the state equations of the averaged model
over one half line period Tp, can be given by

Cs

dioce)r, _ [T, [ ~02oce +nico) | %O
d \ 2 Lo Livcs |/ ..

T2 - - 2
_ l J aiTs —(n*cp + nco) + vrzn sifl (wt) d(oh
T 2 Lo Liocs

0

(4.31)

_ diTs | —n? (Bcp), + 1 (Bco)Ty v,
Lo 2Li(ocB)T, |

d(oco)r, BCO .. MTeg — NOCBICO
— = +diTs -
R 2Lodco .

. 22 = -

n*0%, — noCpD

J _ €0 | gar, TP = TCBTCO | ()
R Lo?vco

0

_ (ocolry diTs [_”Z(Z_TB)%L — n(UCB) Ty, (?7co)TL]

R 2Lo(vco)T,

, (4.32)

and the output equation is given by

(o)1, = (vcolTy - (4.33)

Notably, Equations 4.31 and 4.32 are nonlinear state equations that can be linearized around
the DC operating point. The DC operating point can be determined by setting d(vcg)r, /dt =
0 and d(oco)t; /dt = 0 in Equations 4.31 and 4.32. Mathematically, we then successively
compute the bulk capacitor voltage Vg and the output voltage Vo as

1 D?RTs 2L D?RT, RT
Ves (\/ 1S O+\/ 1 S), Vo =Dy —2Vp. (4.34)

~ o 4L, L; 4L, 4L,

The design specifications and the component values of the proposed converter are listed
in Table 4.6. In Table 4.6, it follows directly from Equation 4.34 that Vg = 146.6 V and
Vo = 108 V. Therefore, the proposed converter exhibits low voltage stress across the bulk
capacitor for a VAC 110 input voltage.
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TABLE 4.6

Design Specifications and Component Values of the Proposed Converter

Input peak voltage Vi 156 V Duty ratio D1 0.26
Input inductor L; 75uH Switching period Ts 20 us
Magnetizing inductor Lm 3.73mH Switching frequency fs 50kHz
Output inductor Lo 340 nH Load resistance R 108
Bulk capacitor Cg 330 uF Turns ratio 1:n:m 1:2:1
Output capacitor Co 1000 wF PWM gain kpywm 1/12v-1
Bulk capacitor voltage Vg 146.6 V Output voltage Vo 108V

After determining the DC operating point, we proceed to derive the small-signal model
linearized around the operating point. To proceed, small perturbations

i Um = Vm + 5in/ dl _: D] + dl/ (Z_iCB)TL = VCB + 5CB’ (435)
(oco)t, = Vco +0co, (vo)r, = Vo + 0o,

with

Vi > om, Di>dy, Ve> e, Vco > oco, Vo > 9o, (4.36)

are introduced into Equations 4.31 and 4.32 and high-order terms are neglected, yielding
dynamical equations of the form

docg D3Ts [ n? V2 . D’Ts [ n )\ .
Tar T2 o anvg ) P72 \Io) ™

D*Ts [ V. 5 —n?Vep + nV V2 -
N 1s< m>vm~|—D1Ts< CB o, Vm gz

2 LiVce Lo 2L; VB
= a119c + a129co + b119m + biods, (4.37)
c.doco _ DiTs (2n2Ves  n ) (o1 DITs Vg \ -
°7dtr T 2 \LoVco Lo) R 2 LoVZ, 0

2172
. n<v, nVep \ ~
0- DiT, cB _1YCB) g
+ Um + D1 S<LOVCO LO > 1

= ay19cp + 42090 + bo19m + baod. (4.38)

The parameters are defined as

2 2
an = Dl n_Z + Vi ;o A12 = Pils <l>,
2 Lo  2L;iV3, 2 \Lo

DT, (2n?Vcg  n 1 DT n?Vi,
a2 = T 7<) 2=\t —5T72 |
2 \LoVco Lo R 2 LoV,
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D?Ts [V, —n?V 1% %
by = —=2° =), b =DiTs s bl Oy _“m |
2 LiVcs Lo 2L;Vce

n?V2 nVce
by =0, by =DiT, ce _T7CBY)
2 2 ! s(LOVCO Lo

Mathematically, the dynamical equations in Equations 4.37 and 4.38 can be expressed in
matrix form as

o bu b
q OcB G
[E’CB] . Ll [Zﬂm}, (4.39)
Uco a1 222 || He, by by | L4
Co Co Co Co
- UCB
—[01][ 2B . 4.40
SO ES (4.40)

Now taking the Laplace transform for the dynamical equation, the resulting transfer
functions from line to output and duty ratio to output are given by

00(s) b11a21/CCo

Om(s) 8%+ [(—a11/CB) — (a22/Co)ls + (a11a22 — a12021)/CCoO’
Oo(s) (b22/Co)s + (a21b12 — a11b22) /CeCo

dis) 52+ [(=a11/Cp) — (a22/Co)ls + (anaz — a12421)/CpCo’

(4.41)

4.5.3 Simulation Results

The PSpice simulation results presented in Figure 4.27 demonstrate that both PFC and
DC/DC cells are operating in discontinuous current mode. The input inductor current
iri () and the output inductor current it o (t) both reach zero for the remainder of the switch-
ing period. Figure 4.28a presents the bulk capacitor voltage Vcp = 149V and Figure 4.28b
presents the output capacitor voltage Vco = 110 V. They are close to the theoretical results
Vcp = 146.6Vand Vo = 108 V.

(@) (b)
20.00 T 8.00
10.00 4.00

" A s AACAN
-10.00 —4.00
—20.00 -8.00

Time (s) Time (s)
FIGURE 4.27

Current waveforms: (a) input inductor currents iy ; () (horizontal: 10 ps/div) and (b) output induc-
tor currents if o (t) (horizontal: 10 pus/div).
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FIGURE 4.28 Ripples of (a) bulk capacitor voltage Vcp(f) (vertical: 5 V/div; horizontal: 5ms/div) and (b) output
capacitor voltage Vco(t) (vertical: 0.5 V/div; horizontal: 5ms/div)

4.5.4 Experimental Results

A prototype based on the topology depicted in Figure 4.25 was built and tested to verify the
operating principle of the proposed converter. The experimental results are depicted in the
following figures. Figure 4.29a presents the rectified line voltage and current. Figure 4.29b
presents the input line voltage and current. This reveals that the proposed converter has a
high PF. According to the THD obtained in the simulation results, PF=0.999.
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o
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FIGURE4.29 Line voltages and currents: (a) rectified line voltage and current (horizontal: 5 ms/div) and (b) input
line voltage and current (horizontal: 5ms/div).
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TRG = 0.02div SMPL 10 MS/s TRG = 0.02div SMPL 10 MS/s

FIGURE 4.30 Inductor currents (horizontal: 10 us/div): (a) input inductor currents i j (t) (vertical: 5A/div) and
(b) output inductor currents i o (t) (vertical: 2A/div).

Figure 4.30 presents the waveform of the input inductor current ir;(f) and the output
inductor current i1 o (t). Figure 4.31 presents the voltage ripples of the bulk capacitor voltage
Vcp(t) and the output capacitor voltage Vco(t). Figure 4.32 presents the rectified line voltage
and current and the input line voltage and current. The proposed converter exhibits low
voltage stress and a high PF. The measured PF of the converter is 0.998. The efficiency of
the proposed converter is about 72%.

(@) (b)

FIGURE 4.31 Ripples of (a) bulk capacitor voltage Vcp(#) (vertical: 5 V/div; horizontal: 5ms/div) and (b) output
capacitor voltage Vco () (vertical: 0.5 V/div; horizontal: 5ms/div).

(a) (b)

TRG =0.02div.  SMPL 20kS/s

FIGURE 4.32 Line voltages and currents (horizontal: 5ms/div): (a) rectified line voltage and current (vertical:
50V/div, 10 A/div) and (b) input line voltage and current (vertical: 50 V/div, 2 A/div).
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4.6 VIENNA Rectifiers

The VIENNA rectifier can be used to improve the PF of a three-phase rectifier. The “critical
input inductor” is calculated for the nominal load condition, and both PF and THD are
degraded in the low-output power region. A novel strategy implementing reference com-
pensation current is proposed based on the operation principle of the VIENNA rectifier in
this section. This strategy can realize a three-phase three-level UPF rectifier. With the pro-
posed control algorithm, the converter draws high-quality sinusoidal supply currents and
maintains good DC-link voltage regulation under wide load variation. Theoretical analysis
is initially verified by digital simulation. Finally, experimental results of a 1-kVA laboratory
prototype system confirm the feasibility and effectivity of the proposed technique.

Diode rectifiers with smoothing capacitors have been widely used in many three-phase
power electronic systems such as DC motor drives and switch-mode power supplies. How-
ever, this topology injects large current harmonics into utilities, which result in the decrease
of PF. Expressions of the current THD and the input PF are given as

Vb, I3
THD = 100 x Y =2=2 s (4.42)

Isl

1
PF=-—— - DPF. (4.43)

V1 + THD?

The international standards presented in IEC 1000-3-2 and EN61000-3-2 imposed har-
monic restrictions to modern rectifiers that stimulated a focused research effort on the topic
of UPF rectifiers. A slew of new topologies, including those based on three-level power
conversion, have been proposed to realize high-quality input waveforms [9-20].

Among the reported three-phase rectifier topologies, the three-phase star-connected
switch three-level (VIENNA) rectifier [21-25] is an attractive choice because its switch volt-
age stress is one-half the total output voltage. This rectifier with three bidirectional switches,
three input inductors, and two series-connected capacitors is shown in Figure 4.33.

Each bidirectional switch is turned on when the corresponding phase voltage crosses
the zero-volt point and conducts for 30° of the line voltage cycle. Thus, the input current
waveform is well shaped and approximately sinusoidal. The input current THD can be
as low as 6.6%, and the PF can be as high as 0.99. In addition, the bidirectional switches
conduct at twice the line frequency; therefore, the switching losses are negligible.

However, the optimal input inductance required to obtain such a result is usually large,
and this technique was proposed for the rectifier operating with a fixed load and a fixed
optimal input inductor. Therefore, the DC-link voltage is sensitive to load variation and
high performance is achieved within a very limited output power range.

In order to overcome these drawbacks, some control strategies have been proposed [26—
31]. A control strategy that takes into account the actual load level on the rectifier is proposed
in reference [27]. With this method, high performance can be achieved within a wide output
power range. The required optimal input inductance for a prototype rated at 8 kW is about
4 mH. This method is especially suitable for medium-to high-power applications. However,
for low-power application (i.e., 1-5 kW), the required optimal input inductance should be
larger: for example, around 24 mH for a converter with rated power 1.5kW. This can result
in a bulky and impractical structure.
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FIGURE 4.33 AC/DC converter with bidirectional switches—the VIENNA rectifier.

The ramp comparison current control presented in reference [26] derives the duty cycle
by a comparison of the current error and the fixed-frequency carrier signal. The ripple
current in the input inductor makes the current error noisy, although synchronization is
carefully considered. Another approach that features constant switching frequency was
proposed based on integration control [28]. The input voltage sensors were eliminated in
the integration control. However, a significant low-frequency distortion can be observed
in the input currents. Recently, a synchronous-reference-frame-based hysteresis current
control (HCC) was adopted as the inner loop and DC-link voltage control as the outer
loop [29], but a reference-frame transformation was required that increased the controller
operation time (digital signal processor [DSP] [29]). A hysteresis current controller was
proposed in references [30,31]. The switching signals are generated by the comparison of
a reference current template (sinusoidal) and the measured main currents. Although this
approach is easy to implement, one needs to measure the DC current and the equipment is
costly.

The novel control method proposed in this chapter was based on the operation principle
of the VIENNA rectifier. The VIENNA rectifier is composed of two parts: an active compen-
sation circuit and a conventional rectifier circuit. The harmonics injected by a conventional
rectifier can be compensated by the active compensation circuit, which enables the input
PF can be increased. The average real power consumed by the load is supplied by the
source and the active compensation circuit does not provide or consume any average real
power. Then the reference compensational current can be obtained. The conduction period
of bidirectional switches (Sa, Sp, and S¢) is controlled by using HCC. The idea is that a
high switching frequency results in the input inductor size being effectively reduced. This
control method does not need to measure the DC-link current and so results in the decrease
of the equipment size and cost. Simulation and experimental results have shown that the
input PF can be significantly improved and the input current harmonics can be effectively
eliminated under wide load variation. The proposed control strategy also maintains good
DC-link voltage.

4.6.1 Circuit Analysis and Principle of Operation

The AC/DC converter topology shown in Figure 4.33 is composed of a three-phase diode
rectifier with two identical series-connected capacitors and three bidirectional switches
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FIGURE 4.34 Construction of a bidirectional switch.

(Sa, Sp, and S¢). The switches consist of four diodes and a MOSFET to form a bidirectional
switch (see Figure 4.34).

These bidirectional switches are controlled by using HCC to ensure good supply current
waveform, constant DC-link voltage, and accurate voltage balance between the two capac-
itors. In Figure 4.33, the voltage sources vsa, Usp, and vs. denote the three-phase AC system.
The waveforms and the current of phase a (isa) are shown in Figure 4.35.

For the circuit analysis (Figure 4.35), six topological stages are presented, corresponding
to a half-cycle (0° to 180°), which refer to the input voltage vs, shown in Figure 4.35; for
simplicity, only the components where current is present are pictured at each of those
intervals.

In the interval between 0° and 30° (see Figure 4.36a and b), the polarities of the source
voltages vs, and v are positive with that of vy, negative. When the bidirectional switch S, is
on, the source current ig, flows through S,, and diodes D5 and Dg are on. The other diodes not
shown in Figure 4.36a are off. When the bidirectional switch S, is off, the current is, flowing
through the input inductor is continued through diode D7 and diodes D5 and Dg are still on.
The other diodes not shown in Figure 4.36b are off. The current commutation from S, to D1 is
at a certain moment determined by HCC. Diodes D5 and Dg, offer a conventional rectifying
wave. Switch S, and diode D; turn on exclusively, and offer the active compensation current.

In the interval between 30° and 60° (see Figure 4.36¢c and d), the polarities of the source
voltages vs, and v are positive with that of vg, negative. When the bidirectional switch S is
on, the source current is. flows through S, and diodes D1 and Dg are on. The other diodes not
shown in Figure 4.36¢ are off. When the bidirectional switch S, is off, the current is. flowing
through the input inductor continues through diode D5, and diodes D1 and Dg are still on.

FIGURE 4.35 Waveforms of source voltages and current of phase a, isa.
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The other diodes not shown in Figure 4.36d are off. The current commutation from S to Ds
is ata certain moment determined by HCC. Diodes D1 and D offer a conventional rectifying
wave. Switch S. and diode D5 turn on exclusively, and offer the active compensation current.
In the interval between 60° and 90° (see Figure 4.36e and f), the polarity of the source
voltage vs, is positive with those of v, and vs. negative. When the bidirectional switch S is
on, the source current is flows through S¢, and diodes D1 and D¢ are on. The other diodes not
shown in Figure 4.36e are off. When the bidirectional switch S is off, the current is. flowing
through the input inductor is continued through diode D5, and diodes D and Dg are still on.
The other diodes not shown in Figure 4.36f are off. The current commutation from S to D3 is
at a certain moment determined by HCC. Diodes D1 and D offer a conventional rectifying
wave. Switch S. and diode D, turn on exclusively, and offer the active compensation current.
In the interval between 90° and 120° (see Figure 4.36g and h), the polarity of the source
voltage vs, is positive with those of v, and vs. negative. When the bidirectional switch Sy, is
on, the source current i, flows through S, and diodes D1 and D are on. The other diodes not
shown in Figure 4.36g are off. When the bidirectional switch Sy, is off, the current i, flowing
through the input inductor continues through diode D¢, and diodes D1 and D; are still on.
The other diodes not shown in Figure 4.36h are off. The current commutation from Sy, to Dg
is ata certain moment determined by HCC. Diodes D1 and D; offer a conventional rectifying
wave. Switch Sp and diode Dy turn on exclusively, and offer the active compensation current.
In the interval between 120° and 150° (see Figure 4.36i and j), the polarities of the source
voltages vs and vy, are positive with that of vs. negative. When the bidirectional switch Sy, is
on, the source current ig, flows through Sy, and diodes D1 and D; are on. The other diodes not
shown in Figure 4.36i are off. When the bidirectional switch Sy, is off, the current ig, flowing
through the input inductor continues through diode D3 and diodes D; and D, are still on.
The other diodes not shown in Figure 4.36j are off. The current commutation from Sy, to D3 is
at a certain moment determined by HCC. Diodes D1 and D, offer a conventional rectifying
wave. Switch S, and diode D3 turn on exclusively, and offer the active compensation current.
In the interval between 150° and 180° (see Figure 4.36k and 1), the polarities of the source
voltages vs, and v, are positive with that of vs. negative. When the bidirectional switch S, is
on, the source current is; flows through S, and diodes D3 and D; are on. The other diodes not
shown in Figure 4.36k are off. When the bidirectional switch S, is off, the current is, flowing
through the input inductor continues through diode D; and diodes D3 and D, are still on.
The other diodes not shown in Figure 4.361 are off. The current commutation from S, to Dy is
at a certain moment determined by HCC. Diodes D3 and D, offer a conventional rectifying
wave. Switch S, and diode Dj turn on exclusively, and offer the active compensation current.
An active compensation circuit is composed of one of the bidirectional switches and an
off-diode in the rectifier bridge legs, but the other legs act as a conventional rectifier. So
there are two circuits in the VIENNA rectifier, namely the conventional rectifier circuit and
the active compensation circuit. Thus, the load average real power is supplied by the source
(the same as a conventional rectifier) and the active compensation circuit does not provide
or consume any real power.

4.6.2 Proposed Control Arithmetic

The proposed controller is based on the requirement that the source currents need to be
balanced, undistorted, and in phase with the source voltages. The functions of the active
compensation circuit are to (1) unitize supply PF, (2) minimize average real power consumed
or supplied by the active compensation circuit, and (3) compensate harmonics and reactive
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currents. To carry out the functions, the desired three-phase source currents of Equation
4.44 must be in phase with the source voltages of Equation 4.45:

isa = Im sin(wt + ¢),
ish = Im sin(wt + ¢ — 120°), (4.44)
isec = Im sin(wt + ¢ + 120°),

Usa = Vm sin(wt + ¢),
Ush = Vm sin(wt + ¢ — 120°), (4.45)
Usc = Vm sin(wt + ¢ + 120°).

where Vi, and ¢ are the voltage magnitude and the phase angle of the source voltages,
respectively. Under the conditions that the load active power is supplied by the source
and the active compensation circuit does not provide or consume any real power, the cur-
rent magnitude I, needs to be determined from the sequential instantaneous voltage and
real power components supplied to the load. According to the symmetrical component
transformation for the three-phase rms currents at each harmonic order, the three-phase
instantaneous load currents can be expressed by

oo 9] oo
ik =Y ik 4+ i, + > i, kek. (4.46)
n=1 n=1 n=1

In Equation 4.46, K ={a, b, c}; 0, 4+, and — stands for zero-, positive-, and negative-
sequence components, respectively, and n represents the fundamental (i.e., n = 1) and the
harmonic components. Since the average real power consumed by the load over one period
of time T must be supplied by the source and requires that the active compensation circuit
consumes or supplies null average real power, Equations 4.47 through 4.51 must hold

ps =p1+ P, (4.47)
T

_ 1 .

o= 7 | X oadacet (4.48)
0 kGK

1 T

=g | st (4.49)
0 kEK

pi =0, (4:50)

Ps = . (451)

Substituting Equation 4.46 into Equation 4.49 yields the sum of the fundamental and the
harmonic power terms at the three sequential components

P =Pl + Py + P + Pify + Pin + Pl (4.52)
where
1 0 1 0 3Vl
Pii = 7 | 2 Oskify dt = szvskisk df = =5 (4.53)

0 keK 0 keK
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and
Ph =P =P = Pin =P =0. (4.54)

Each power term in Equation 4.54 is determined based on the orthogonal theorem for a
periodic sinusoidal function. Then, Equation 4.49 becomes

_ 1
ps =P =Py = T J D vgdgi dt. (4.55)
0 kEK

Using Equations 4.51, 4.53, and 4.55, the desired source current magnitude at each phase
is determined as

_ T .
251 2 [y Pkek Vskik dt

Im = = 4.56
" 3Vm 3TVm (.56)
and the source currents of Equation 4.44 can be expressed by
2p
i = [n % il ke K. (4.57)

Vm = 3(V )2 Sk/

The required current compensation at each phase by the active compensation circuit is
then obtained by subtracting the desired source current from the load current as

2p

mvsk/ k € K. (458)
m

i = ik — gk = Tix —

The average real power consumed or supplied by the active compensation circuit is
expressed as

_ 1
ps = T J Z Uskir dt. (4.59)
0 keK

Substituting Equation 4.58 into Equation 4.59 yields

T
= Vgl dt — 7T J Z (4 dt
T 0 keK 3(Vm)= T 0 keK
i} 25 3(Vm)? .
=P 2 =P h=0 (4.60)

Therefore, the active compensation circuit does not consume or supply average real power.

4.6.3 Block Diagram of the Proposed Controller for the VIENNA Rectifier

Figure 4.37 depicts the block diagram of the control circuit based on the proposed approach
to fulfill the function of the reference compensation current calculator. The source voltages
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FIGURE 4.37 Block diagram of the controller.

are input to a phase locked-loop (PLL) where the peak voltage magnitude Vy,, the unity
voltages (i.e., sk /Vm), and the period T are generated. The average real power of the load
consumed is calculated using Equation 4.55 and is input to a divider to obtain the desired
source current amplitude I, in Equation 4.56. DI denotes the calculation of definite integral.
The desired source currents in Equation 4.57 and the reference compensation currents of the
active compensation circuit in Equation 4.58 are computed by using the voltage magnitude
and the unity voltages.

Once the reference compensation currents are determined, they are input to a current
controller to produce control signals to the bidirectional switches. The block diagram of the
proposed control scheme is shown in Figure 4.38. The bidirectional switches are controlled
by the HCC technique to ensure sinusoidal input current with UPF and DC-link voltage.
In addition, since the capacitor voltage must be maintained at a constant level, the power
losses caused by switching and capacitor voltage variations are supplied by the source. The
sum of the power losses, psw, is controlled via a proportional-integral (PI) controller and
is then input to the reference compensation current calculator. Since the rectifier provides
continuous input currents, the current stresses on the switching devices are smaller and the
critical input inductor size can be reduced.

ViV ¥ Three-phase bridge L
2P A g rectifier with —® g D¢l Load
bidirectional switches T
i K X X
i Sl Sy S,
b
Ue Hysteresis

current controller

A A A

Cad JE *
i | M| i Vie
Ly Reference 7 i
3 sw
compensation current |¢— PI
> calculator controller

FIGURE 4.38 Block diagram of the control system.
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4.6.4 Converter Design and Simulation Results

To verify the performance of the proposed control strategy, a MATLAB®-SIMULINK®
prototype of the rectifier is developed. A sinusoidal PWM (SPWM) voltage source inverter,
whichis a very popular topology in industry, is used as the DC/AC inverter for the intended
rectifier—inverter AC motor drive topology (see Figure 4.39).

To illustrate the design feasibility of the proposed converter, a prototype with the
following specifications is chosen:

1. Input line-to-line voltage 220 V.
2. DC-link reference voltage 370 V.
3. Input inductance 5 mH.

4. Rated output power 1 kW.

AMATLAB®-SIMULINK® model for the proposed rectifier-inverter structure is developed
to perform the digital simulation. Figure 4.40 shows the converter input phase current
waveform and its harmonic spectrum at rated output power operation. The same waveform
for a conventional converter is shown in Figure 4.41.

AC/DC converter AC/DC inverter
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FIGURE 4.39 Complete diagram of the proposed UPF AC drive.
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FIGURE 4.40 Input current and spectral composition of the proposed scheme at rated load.
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FIGURE 4.41 Input current and spectral composition of a typical commercial converter.

Before improvement, the THD of the rectifier input current was found to be 91.5% and the
input PF was 0.72. After improvement, the input current THD was 3.8% and the input PF
was 0.999. Thus, with the proposed reference compensation current strategy, the harmonics
are effectively reduced and the PF is dramatically increased.

In order to show the performance of the converter under varying load conditions, it is
operated below and above its rated value. The converter input phase current waveform and
its harmonic spectrum at 50% rated output power are shown in Figure 4.42. The converter
input PF is found to be 0.996 and the input current THD is 4.0%.

The converter input phase current waveform and its harmonic spectrum at 150% rated
output power are shown in Figure 4.43. The converter input PF is found to be 0.999 and the
input current THD is 3.7%. It is evident that the proposed control strategy has a good adapt-
ability to different load conditions. This strategy can also be used for rectifiers operating at
various rated power levels.

Figure 4.44 illustrates the input phase currents and DC-link voltage waveforms when the
converter output power demand changes instantaneously from 50% to 100% of its rated
value due to load disturbance. The load change was initiated at 0.26 s where the converter
was in steady state. One can clearly see that the converter exhibits a good response to the
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FIGURE 4.42 Input current and spectral composition of the proposed scheme at 50% rated load.
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Input current and spectral composition of the proposed scheme at 150% rated load.



Implementing Power Factor Correction in AC/DC Converters 133

400

300

200

Input current (A)
DC link voltage (V)

_5 i H i H I I L i 100 H i L L L L i
024 026 0.28 0.3 032 034 036 0.38 024 026 028 0.3 032 034 036 0.38

Time (s) Time (s)

FIGURE 4.44 Converter response due to load change.

sudden load variation. From this figure, it can be seen that this proposed control technique
has a good adaptability to load variation.

4.6.5 Experimental Results

The control system is implemented using a single-board dSPACE 1102 microprocessor and
is developed under the integrated development of MATLAB®-SIMULINK® RTW provided
by The Math Works. A 1-kW hardware prototype of the rectifier—inverter structure as shown
in Figure 4.39 was constructed and its performance was observed.

The rectifier input current and voltage waveforms before and after improvements are
shown in Figures 4.45 and 4.46, respectively. The fluke-43 spectrum analyzer with online
numerical value illustration is used to monitor the waveforms. The input PF is shown
online at the upper right-hand side of Figures 4.45 and 4.46. Prior to improvement, the
input current THD and PF were 91.5% and 0.72, respectively.

The proposed scheme is able to improve the input current THD to 3.8% and the input PF to
0.99. There is a remarkable improvement in PF and THD. The experimental results are iden-
tical to the MATLAB® predicted ones calculated based on the waveforms in Figures 4.40
and 4.41. Figures 4.47 and 4.48 show the experimental input current fast-Fourier trans-
form (FFT) spectrum for a typical conventional converter and the proposed converter,
respectively.

Power
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FIGURE 4.45 Input voltage and current of a typical conventional converter.
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FIGURE 4.46 Input voltage and current of the proposed prototype.

At 50% rated output power, the converter input PF is found to be 0.99 and the input
current THD has increased to 4.0%, as shown in Figure 4.49. At 150% rated output power,
the converter input PF is found to be 0.99 and the input current THD is reduced to 3.7%
(see Figure 4.50).

Figure 4.51 shows the DC-link voltage waveforms when the converter output power
demand changes instantaneously from 50% to 100% of its rated value responding to load
disturbance. One can see that with the proposed control strategy, the converter exhibits a
good response to sudden load variation.

To investigate the effect of input inductance, this was varied as well. Under 3 and 7mH
input inductances, the converter input currents and voltages are shown in Figures 4.52
and 4.53, respectively. These results illustrate that the proposed converter with bidirectional
switches coupled with the proposed strategy overcomes most of the shortcomings of the
conventional converters such as change of input PF due to output power, input inductance,
and load torque variations.
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FIGURE 4.47 Input current FFT of a typical conventional converter.
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FIGURE 4.48 Input current FFT of the proposed prototype conventional converter.
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FIGURE 4.49 Input current FFT of the proposed prototype at 50% rated load.
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FIGURE 4.50 Input current FFT of the proposed prototype at 150% rated load.
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FIGURE 4.51 Converter response to a sudden load change in DC-link voltage.
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FIGURE 4.53 Converter input current and voltage for 7mH input inductance.
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Homework

4.1. A P/O self-lift Luo-converter (see Figure 6.4 in Chapter 6) is used to imple-

ment PFC in a single-phase diode rectifier with R—C load. The AC supply
voltage is 200V/60Hz and the required output voltage is 400 V. The switch-
ing frequency is 2.4kHz. Determine the duty cycle k in a half supply period
(8.33 ms). Other component values for reference are R = 1002, L1 = L, = 10, and
C=C =Co=20uF.

4.2. A P/O super-lift Luo-converter (see Figure 7.1 in Chapter 7) is used to imple-

ment PFC in a single-phase diode rectifier with R—C load. The AC supply
voltage is 200V/60Hz and the required output voltage is 600 V. The switch-
ing frequency is 3.6 kHz. Determine the duty cycle k in a half supply period
(8.33 ms). Other component values for reference are R = 1002, L; = L, = 10, and
C=Ci =Co = 20F.
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5

Ordinary DC/DC Converters

According to certain statistics, there are more than 600 prototypes at present of DC/DC. In
their book Advanced DC/DC Converters [1,2], the authors have systematically sorted them
into six categories. According to the systematic categorization, the ordinary converters
introduced in this book will fall under these generations.

5.1 Introduction

DC/DC conversion technology is an important area of research and has industrial appli-
cations. Since the last century, the DC/DC conversion technique has been extensively
developed and there are now many new topologies of DC/DC converters. DC/DC convert-
ers are now widely used in communication equipment, cell phones and digital cameras,
computer hardware circuits, dental apparatus, and other industrial applications. Since
there are a lot of DC/DC converters, we have sorted them into six generations: first-
generation (classical/traditional), second-generation (multiquadrant), third-generation
(switched-component), fourth-generation (soft-switching), fifth-generation (synchronous
rectifier), and sixth-generation (multielement resonant power).

The first-generation DC/DC converters are so-called classical or traditional converters.
These converters operate in a single-quadrant mode and in a low power range (up to 100 W).
Since there are a large number of prototype converters in this generation, they are further
sorted into the following six categories [1-5]:

o Fundamental

o Transformer-type
o Developed

« VL

o SL

« UL

Fundamental converters such as the buck converter, the boost converter, and the buck—
boost converter are named after their functions. These three prototypes perform basic
functions and therefore will be investigated in detail. Because of the effects of parasitic ele-
ments, the output voltage and power transfer efficiency of these converters are restricted.
As a consequence, transformer-type and developed converters were created.

The VL technique is a popular method that is widely applied in electronic circuit design.
Applying this technique can effectively overcome the effects of parasitic elements and
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greatly increase the voltage transfer gain. Therefore, these DC/DC converters can con-
vert the source voltage into a higher output voltage with a high power efficiency, a high
power density, and a simple structure. The SL and UL techniques are even more powerful
methods that are used to increase the voltage transfer gain in power series.

The second-generation converters perform two-quadrant or four-quadrant operation
with output power in a medium range (say, 100-1000 W). These converters are usually
used in industrial applications, for example, DC motor drives with multiquadrant opera-
tion. Since most second-generation converters are still made of capacitors and inductors,
they are large in size.

The third-generation converters are called switched-component DC/DC converters; as
they are made of either capacitors or inductors, they are called switched-capacitor convert-
ers or switched-inductor converters, respectively. They usually perform two-quadrant or
four-quadrant operation with output power in a high range (say, 1000 W). Since they consist
of only capacitors or inductors, they are small in size.

Switched-capacitor DC/DC converters consist of capacitors only. Since switched-
capacitors can be integrated into power semiconductor integrated circuit (IC) chips, they
have a limited size and work at a high switching frequency. They have been successfully
employed in inductorless DC/DC converters and this has opened up the way for the con-
struction of converters with a high power density. As a consequence, they have received a
great deal of attention from research workers and manufacturers. However, most switched-
capacitor converters in the literature perform single-quadrant operation and work in the
push—pull status. In addition, their control circuit and topologies are very complex due to
the large difference between input and output voltages.

Switched-inductor DC/DC converters consist of inductors only and have been derived
from four-quadrant choppers. They usually perform multiquadrant operation with a very
simple structure. Two advantages of these converters are simplicity and high power den-
sity. No matter how large the difference between the input and output voltages, only one
inductor is required for each switched-inductor DC/DC converter. Consequently, they are
widely used in industrial applications.

The fourth-generation converters are called soft-switching converters. The soft-switching
technique involves many methods for implementing resonance characteristics with res-
onant switching a popular method. There are two main groups of fourth-generation
converters: zero-current-switching (ZCS) and zero-voltage-switching (ZVS). As described
in the literature, they usually perform in single-quadrant operation.

ZCS and ZVS converters have large current and voltage stresses. In addition, the con-
duction duty cycle k and switching frequency f are not individually adjusted. In order to
overcome these drawbacks, zero-voltage-plus-zero-current-switching (ZV/ZCS) and zero-
transition (ZT) converters were developed, which implement the ZVS and ZCS techniques
in the operation. Since the switches turn on and off at the moment the voltage and/or
current is equal to zero, the power losses during switching-on and switching-off become
zero. As a consequence, these converters have a high power density and a high transfer
efficiency. Usually, the repeating frequency is not very high and the converter works in the
resonance state. As the components of higher-order harmonics are very low, the EMI is low
and EMS and EMC should be reasonable.

The fifth-generation converters are called synchronous rectifier DC/DC converters. Cor-
responding to the development of microelectronics and computer science, power supplies
with low output voltage and strong current are widely required in industrial applications.
These power supplies provide very low voltages (5, 3.3, 2.5, and 1.8-1.5 V) and a strong cur-
rent (30, 60, and 100-200 A) with a high power density and a high power transfer efficiency
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(88%, 90-92%). Traditional diode bridge rectifiers are not available for this requirement. The
new type of synchronous rectifier DC/DC converters can realize these technical features.

The sixth-generation converters are called multielement resonant power converters
(RPC). There are eight topologies of two-element RPC, 38 topologies of three-element RPC,
and 98 topologies of four-element RPC. They are widely applied in military equipment and
industrial applications.

The DC/DC converter family tree is shown in Figure 5.1.

In this book, the input voltage is represented by V1 and/or Vi (Vin), the output voltage
by V; and/or Vo, the input current by I; and/or 1 (Iin), and the output current by I, and /or
Io. The switching frequency is represented by f and the switching period is represented
by T = 1/f. The conduction duty cycle/ratio is represented by k and k is the ratio of the
switching-on time over the period T. The value of k is in the range of 0 < k < 1.

5.2 Fundamental Converters

Fundamental converters are exemplified by the buck converter, the boost converter, the
buck-boost converter, and the P/O buck-boost converter. Considering the input current
continuity, we can divide all DC/DC converters into two main modes: continuous input
current mode (CICM) and discontinuous input current mode (DICM). The boost converter
operates in CICM whereas the buck converter and the buck-boost converter operate in
DICM [6-12].

5.2.1 Buck Converter

A buck converter is shown in Figure 5.2a. It converts the input voltage into output voltage
that s less than the input voltage. Its switch-on and switch-off equivalent circuits are shown
in Figure 5.2b and 5.2c.

5.2.1.1 Voltage Relations

When switch S is on, the inductor current increases. For easy analysis in the steady state, we
assume that the capacitor C is large enough (the ripple can be negligible), namely vc = V5.
Therefore, we have

di
Vi=vL4+0vc = Ld_II; + ¢, (5.1)
diL Vi—oc Vi—-V,
— = = . 5.2
dt L L 6.2

For the period of time kT, the inductor current increases at a constant slope (V1 — V>)/L
(see Figure 5.3). The inductor current starts at the initial value Inin, and changes to a top
value Imax at the end of the switch-closure period.
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L Voltage-lift SEPIC
Positive output super-lift Luo-converters
. Negative output super-lift Luo-converters
- Super-lift gativ P P v
Positive output cascaded boost converters
Negative output cascaded boost converters
2G Ultra-lift Luo-converters
multi-quadrant Transformer-type converters
converters .
Developed —Multi-quadrant Luo-converters
O 5 - Two quadrants converters
(o=
~ U —
v oz . . - Four quadranrts SC Luo-converters
A § 3G Switched-capacitor converters —

° switched- P/O multi-lift push-pull
component L Multi-Lift Luo-converters
converters N/O multi-lift push-pull

Luo-converters
r Transformer-type converters
Switched-inductor converters —
- Four quadranrts SI Luo-converters
4G r ZCS-QRC----- Four quadrants zero-current switching Luo-converters
soft-switching —— 7v§ QRC ----- Four quadrants zero-voltage switching Luo-converters
converters
- ZTC ----- Four quadrants zero-transition Luo-converters
5G - Flat-transformer synchronous rectifier converters
synchoronous - Synchronous rectifier converter with active clamp circuit
rectifier —+ Double current synchronous rectifier converters
converters  ZCS synchronous rectifier converters
- ZVS synchronous rectifier converters
6G ~ 2-Elements
[ multi-elements ___| 3-Elements —— [[-CLL Current source resonant inverters
resonant power Doubl cL R . .
converters L 4-Flements I: ouble gamma-CL current source resonant inverters
Reverse double gamma-CL resonant power converters
FIGURE 5.1 DC/DC converter family tree.
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FIGURE 5.2 A buck converter and its equivalent circuits: (a) buck converter, (b) switch-on, and (c) switch-off.
(Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC,
p- 22. With permission.)

When the switch is off, the inductor current decreases and freewheels through the diode.
We have the following equations:

0=uoL + v, (5.3)
dir, oC Vs
T A 64

When the switch is off in the time interval (1 — k)T, the inductor current decreases with
a constant slope —V>/L from Ijmax to Imin. The ending value Iin must be the same as that
at the beginning of the period in the steady state. The current increment during switch-on
is equal to the current decrement during switch-off:

Imax — Imin = @kT, (5.5)
Imin — Imax = —TVz(l —kT. (5.6)

Thus,
@kT = %(1 —KT, Vy=kVy. (5.7)

The output voltage (capacitor voltage) depends solely on the duty cycle k and the input
voltage. From Figure 5.3, it can be seen that the input source current i; (which is equal to
switch current ig) is discontinuous. Consequently, the buck converter operates in DICM.
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FIGURE 5.3 Some current and voltage waveforms of the buck converter.

5.2.1.2 Circuit Currents

From Figure 5.3, we can find the average value of inductor current easily by inspecting the
waveform:

I Imax + Imin
L=

> (5.8
Applying the Kirchhoff current law (KCL), we have
i, = ic + ip. (5.9)

Because the average capacitor current is zero in periodic operation, the result can be written
by averaging values over one period of operation:

I =D (5.10)

By Ohm'’s law, the current I is given by

L= -2 (5.11)
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Considering Equations 5.5, 5.10, and 5.11, we have

1%
Imax + Imin = 2%, (5.12)
1 1—k
Tmax = KV (E + TT) , (5.13)
1 1—k
Iin = KV (E - T) . (5.14)

5.2.1.3 Continuous Current Condition (Continuous Conduction Mode)

If Imin is zero, we obtain a relation for the minimum inductance that results in a continuous
inductor current:

1—k
Lmin = —5—TR (5.15)

5.2.1.4 Capacitor Voltage Ripple

The condition that there are no ripples in the capacitor voltage is now relaxed to allow a
small ripple. This has only a second-order effect on the currents calculated in the previous
section, so the previous results can be used without change.

As noted previously, in order to have periodic operation, the capacitor current must
be entirely alternating. The graph of the capacitor current needs to be as shown in
Figure 5.4 for the continuous inductor current. The peak value of this triangular wave-
form is (Imax — Imin)/2. The resulting ripple in the capacitor voltage depends on the area
under the curve of the capacitor current versus time. The charge added to the capacitor in
a half-cycle is given by the triangular area above the axis:

1 Imax - Imin T Imax - Imin
AQ = = = T. 16
Q 2 2 2 8 (5-16)

OT ) el BN >

kT T

Ave

kT T

FIGURE 5.4 Waveforms of ic and vc.
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The graph of the capacitor voltage is also shown in the lower graph of Figure 5.4. The
ripple in the voltage is exaggerated to show its effect. Minimum and maximum capacitor
voltage values occur at the time the capacitor current becomes zero. The peak-to-peak value
of the capacitor voltage ripple is given by

I — I k(1 -kV
AUC:AQ/CZ max mmT: ( ) sz‘

8C 8CL (517)

Example 5.1

A buck converter has the following components: V4 =20V, L=10mH, C =20pF, R=20%,
switching frequency f = 20 kHz, and conduction duty cycle k = 0.6. Calculate the output voltage
and its ripple in the steady state. Does this converter work in CCM or discontinuous conduction
mode (DCM)?

SOLUTION
1. From Equation 5.7, the output voltage is Vo = kV; = 0.6 x 20 = 12V.

2. From Equation 5.17, the output voltage ripple is

k(1 —k)V 0.6 x 0.4 x 20
Avy = Ave = KA =0V il —7.5mV.
8CL 8 x 20 uF x T0mH x (20k)?

3. From Equation 5.15, the inductor

1—k 0.4
L=10mH > Lmjy = (T) TR = (m>20:0.2mH.

This converter works in CCM.

5.2.2 Boost Converter

If the three elements S, L, and D of the buck converter are rearranged as shown in Figure 5.5a,
a boost converter is created. Its equivalent circuits during switch-on and switch-off are
shown in Figure 5.5b and 5.5¢.

5.2.2.1 Voltage Relations
When the switch S is on, the inductor current increases:

dip VW

dt L~
Since the diode is inversely biased, the capacitor supplies current to the load, and the capac-
itor current ic is negative. Upon opening the switch, the inductor current must decrease so
that the current at the end of the cycle can be the same as that at the start of the cycle in the

steady state. For the inductor current to decrease, the value Vc = V, must be > V. For this
interval with the switch open, the inductor current derivative is given by

(5.18)

dii Vi-Ve Vi—V;
dr — L L

A graph of the inductor current versus time is shown in Figure 5.6.

(5.19)
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FIGURE 5.5 Boost converter: (a) circuit, (b) switch-on, and (c) switch-off. (Reprinted from Luo, F. L. and Ye, H.
2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 23. With permission.)

The increment of i, during switch-on must be equal to its decrement during switch-off:

V1

Imax — Imin = TkT (5.20)
and
Vi—-V
Imin — Imax = %(1 -bT; (5-21)
Vi
Vo=V = . 22
2=Ve=1+¢ (5.22)

From Equation 5.22, we can see that if k is large, the output voltage V> can be very large. In
fact, as k approaches unity, the output voltage decreases rather than increasing because of
the effect of circuit parasitic elements. The value of k must be limited within a certain upper
limit (say 0.9) to prevent such a problem. Practical limits to this also become important for
an increase in the voltage transfer gain, for example, 10. The switch may be open for only
a very short time (0.1 T since k = 0.9).

5.2.2.2 Circuit Currents

The Imax and Imin values can be found via the input average power and the load average
power, if there are no power losses:

Imax + Imin 1%

Pin= >

1 (input power) (5.23)
and
v

Po = R (output power). (5.24)
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FIGURE 5.6 Some current and voltage waveforms.
Considering Equation 5.22, we have
Vi
Imax + Imin = 2m- (5.25)
From Equations 5.21 and 5.25
V1 Vi
Imin = ———— — — kT, 5.26
min R — k)2 oL ( )
V1 Vi
I =——— + —kT. 5.27
mx = RA K2 2L (5.27)

Theload current value I is givenby I, = V> /R, and the average current flowing through the
capacitor is zero. The instantaneous capacitor current is likely a triangular waveform, which
is approximately (i, — Io) during switch-off and —I, during switch-on. From Figure 5.6,
the input source current i1 = is = i, is continuous. Hence, the buck converter operates in
CICM.
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5.2.2.3 Continuous Current Condition

When the Inin is equal to zero, the minimum inductance can be determined to ensure a
continuous inductor current. Using Equation 5.26 and solving it, we obtain

k(1 — k)2
Linin = %TR. (5.28)

5.2.2.4 Output Voltage Ripple
The change of the charge across the capacitor C is
Vo kTV4
Q 2 R ~ (1—-kR
Therefore, the ripple voltage Avc across the capacitor C is

A kTV. KTV

C RC ~ (1-=KkRC’ (5.29)

5.2.3 Buck-Boost Converter

If the three elements S, D, and L in a boost converter are rearranged as shown in Figure 5.7a,
abuck-boost-type converter is created. Applying a similar analysis to this converter, we can
easily obtain all the characteristics of a buck-boost converter under steady-state operating
conditions.

5.2.3.1 Voltage and Current Relations

With the switch closed, the inductor current changes:

dip, V1
(a) lll D/S D Iy
+ oo _ T -
v, = I ¢ e L R[]V
_ i, +c ic 4
b)) u ) (c) b
—> - -—

v+ L ¢ ‘7c>:¢ r[] v, L ¢ V;::T R[];/Z

- i Cl ic + i, Cl| ic +

FIGURE 5.7 Buck-boost converter: (a) circuit, (b) switch-on, and (c) switch-off. (Reprinted from Luo, F. L. and
Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 151. With permission.)
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and
Vv
Imax — Imin = Tl kT. (5.31)
With the switch open,
dip Ve
e .32
dt L (5:32)
and
Vi
Tinin — Imax = =7 -(1 = T. (5.33)
Equating these two changes in i, gives the result
Vo=V = K % (5.34)
2=Ve=1¢"n .

5.2.3.2 CCM Operation and Circuit Currents

Some waveforms are shown in Figure 5.8. The input source current i; = is is discontinuous
during switch-off. Hence, the buck-boost converter operates in DICM. The input average
power is then found from

I Imi
Pin = w kV1 (input power), (5.35)
and
Vi
Po = R (output power). (5.36)

Other parameters are listed below:

2kV-
nax + Inin = 77— _1k)2, (5.37)
kv, Vi
Imin = ————— — — kT .
kVy Vi
Imax = ————— + — kT. 39
mx = RA K2 T 2L (5.39)

The boundary for a continuous current is found by setting Imin to zero; this defines a
minimum inductance to ensure a continuous inductor current. Using Equation 5.38 and
solving it, we obtain
a—k?
2

TR. (5.40)

Lmin =
The ripple voltage Avc across the capacitor C is

A kTI, kTV. K2TV
Ave = AQ KT _ 2 1

C C RC ~ (1-=kRC’ (541)
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FIGURE 5.8 Some current and voltage waveforms.

Example 5.2

A buck-boost converter has the following components: V4 =20V, L=10mH, C =20uF,
R =20, switching frequency f = 50kHz, and conduction duty cycle k = 0.6. Calculate the
output voltage and its ripple in the steady state. Does this converter work in CCM or DCM?

SOLUTION
1. From Equation 5.34, the output voltage is

k 0.6
Vi =-——20=30V.
0.4

V2=VC=1_k

2. From Equation 5.41, the output voltage ripple is

kVsy 0.6 x 20

A = A = — =
Y2 AV = e T 50k x 20 x 20

=0.6V.
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3. From Equation 5.40, the inductor

1—k 0.4
L=10mH > Lyjn = 7 TR:2 5Ok2O:0.O8mH.
X

This converter works in CCM.

5.3 P/O Buck-Boost Converter

Traditional buck-boost converters have negative output (N/O) voltage. In some applica-
tions, changing the voltage polarity is not allowed. For example, the Li-ion battery is the
common choice for most portable applications such as mobile phones and digital cameras.
With the increasing use of low-voltage portable devices and increasing requirements of
functionalities embedded into such devices, efficient power management techniques are
needed for a longer battery life. The voltage of a single Li-ion battery varies from 4.2 to
2.7 V.ADC/DC converter is needed to maintain the varying voltage of the Li-ion battery at
a constant value of 3.3 V. This converter needs to operate in both the step-up and step-down
conditions. Smooth transition from the buck mode to the boost mode is the most desired cri-
teria for a longer battery life. AP /O buck-boost converter with two independent controlled
switches is shown in Figure 5.9.
There are three operation modes shown in Figure 5.10:

o Buck operation mode, if V; is higher than V;
o Boost operation mode, if V71 is lower than V;
o Buck-boost operation mode, if V; is similar to V5.

Here V, = 3.3V for this application.

This converter can work as a buck converter or a boost converter depending on input-
output voltages. The problem of output regulation with guaranteed transient performances
for noninverting buck-boost converter topology is discussed. Various digital control tech-
niques are addressed, which can smoothly perform the transition job. In the first two modes,
the operation principles are the same as those of the buck converter and the boost converter
described in the previous section. The third operation needs to be described here.

Sy

L
DY
RS
-
a
|
I
by
MW
N

S, -

FIGURE 5.9 Circuit diagram of a P/O buck-boost converter.
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FIGURE 5.10 Input and output characteristics curves of the P/O buck-boost converter.

5.3.1 Buck Operation Mode

When the input voltage V; is higher than the output voltage V> (e.g., V1 > 1.03V3, say
3.4 V), the positive buck-boost converter can be operated in the “Buck Operation Mode.”
In this case, the switch S; is constantly open, and the diode D; will be constantly on. The
remaining components are the same as those of a buck converter.

5.3.2 Boost Operation Mode

When the input voltage V7 is lower than the output voltage V; (e.g., V1 > 0.97V;, say
3.2 V), the positive buck-boost converter can be operated in the “Boost Operation Mode.”
In this case, the switch S is constantly on, and the diode D; will be constantly blocked. The
remaining components are the same as those of a boost converter.

5.3.3 Buck-Boost Operation Mode
When the input voltage V1 is nearly equal to the output voltage V5 (e.g.,3.2V< V] < 3.4V),
the positive buck-boost converter can be operated in the “buck-boost operation mode.” In
this case, both the switches S1 and S; switch on and switch off simultaneously. When the
switches are on, the inductor current increases:
Vv

Aip = leT. (5.42)

When the switches are off, the inductor current decreases:

1%
Aip = Tza —IT. (5.43)

Hence

V. (5.44)
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The other parameters can be determined by the corresponding formulae of the normal
buck-boost converter. Therefore, the positive buck-boost converter operates in “buck-boost
operation mode,” and the output voltage keeps positive polarity.

When this converter works in “buck operation mode” and “buck-boost operation mode,”
its input current is discontinuous, that is, it works in DICM.

5.3.4 Operation Control

The general control block diagram is shown in Figure 5.11. It implements two functions:
logic control to select the operation mode and voltage closed-loop control to keep the output
voltage constant.

Refer to Figure 5.11. When the input voltage V1 is higher than the upper limit voltage, for
example, 1.03V,¢¢ (here the upper limit voltage is set as 3.4 V) as the point A in Figure 5.10,
the P/O buck-boost converter operates in the buck mode. When the input voltage V7 is
lower than the lower limit voltage, for example, 0.97 V¢ (the upper limit voltage is set as
3.2 V) as the point B in Figure 5.10, the P/O buck-boost converter operates in the boost
mode. When the input voltage V7 is that between the upper and lower limit voltages, for
example, 0.97Vyef < V1 < 1.03V4e¢, the P/O buck-boost converter operates in the buck—
boost mode.

The output voltage feedback signal compares with the Vet = 3.3V to regulate the duty
cycle k in order to keep the output voltage V> = 3.3 V. In order to analyze the performance of
the system during operation in the buck and boost modes and the behavior of the system in
transition, the typical parameters of the converter are shown in Table 5.1. The voltage source
ismodeled to act as a single-cell Li-ion battery, whose voltage varies from Vg = 4.2V when
it is fully charged to Vi1, = 2.7 V when it is not charged.

A proportional-integral (PI) controller is used for voltage closed-loop control. All logic
operations and the voltage feedback control diagram of the P/O buck-boost converter are
shown in Figure 5.12.

The simulation results are shown in Figure 5.13.

A test rig is constructed for experimental testing. The measured results are shown in
Table 5.2.

Buck 7 e Upper limit
B + | voltage
Buck-boost
N — V;
S «——| 1
- Boost Dy Lower limit
+
voltage
Control
logic
‘_/Z-feedback
* <—| I |<—| Controller -V,
_ +
Sy +— ~—
Saw tooth
waveform

FIGURE 5.11 General control block diagram.
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TABLE 5.1

155

Circuit Parameters of the P/O Buck-Boost Converter

Variable

Parameter

Value

L
C
V1

Vief

Magnetizing inductance
Output filter capacitance
Input voltage

Upper limit voltage
Output voltage reference
Lower limit voltage
Load resistance

Switching frequency

220pH
500 pF
4227V

34V
33V
32V
7Q

20kHz

5.4 Transformer-Type Converters

Transformer-type converters consist of transformers and other parts. They can isolate the
input and output circuits, and have additional voltage transfer gain corresponding to the
winding turn’s ratio n. After reviewing popular topologies, a few new circuits will be

introduced.

o Forward converter

o Fly-back converter

o v

in

Q1 220u D2
il R SIYYYL
&

D1 |EEQ2

é—R
5000 =7
R

Sawtooth
50K

FIGURE 5.12 Simulation diagram of the P/O buck-boost converter.

V,
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FIGURE 5.13 Simulation results: (a) buck mode operation with V1 = 4.0V, (b) boost mode operation with
V1 =238V, and (c) overall operation with V| =2.74.2V.
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TABLE 5.2

Measured Simulation Results

Step Vi Vout
1 4.20000 3.30
2 4.15909 3.30
3 3.99091 3.30
4 3.75748 3.30
5 3.54412 3.30
6 3.44875 3.30
7 3.18519 3.30
8 3.08228 3.30
9 2.95426 3.30
10 2.82877 3.30
11 2.70000 3.30

e Push—pull converters

o Half-bridge converters
o Bridge converters

e Zeta converter.

5.4.1 Forward converter

157

A forward converter is the first transformer-type converter, and is widely applied in

industrial applications.

5.4.1.1 Fundamental Forward Converter

The forward converter shown in Figure 5.14 is a transformer-type topology, which consists
of a transformer and other parts in the circuits. This converter insolates the input and output
circuitry. Therefore, the output voltage can be applied in any floating circuit. Furthermore,
since the secondary winding polarity is reversible, it is very convenient to perform N/O
and multiquadrant operation. In this text explanation, the polarity is shown in Figure 5.14,

which means that the output voltage is positive.

Control T,

FIGURE 5.14 Forward converter. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca

Raton: Taylor & Francis Group LLC, p. 24. With permission.)
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FIGURE 5.15 Equivalent circuits: (a) switching-on and (b) switching-off.

In Figure 5.14, n is the transformer turn’s ratio and k is the conduction duty cycle. The
turn’s ratio n can be any value greater or smaller than unity; the conduction duty cycle k is
definitely smaller than unity.

The equivalent circuits during switching-on and switching-off are shown in Figure 5.15a
and 5.15b. During switching-on, we have the following equations:

di
nVy=vL+v9c, nVi= L=k + Ve,

dt
diL 7’1V1 — VC
—_— = 5.45
dt L (645
During switching-off, we have the following equations:
di
0=vL +vc, 0=Ld—:+VC/
di, —Vc
R 46
dt L (5.46)

Some voltage and current waveforms are shown in Figure 5.16.

In the steady state, the current increment (Imax — Imin) during switching-on is equal to
the current decrement (Imin — Imax) during switching-off. We have obtained the following
Equations to determine the voltage transfer gain:

_ nVi—Vc

Imax — Imin TkT, (5.47)

Imin — Imax = _TVC(1 —BT. (5.48)
Thus,

—”VlL‘ Yerr = %(1 _bT, (5.49)

(nVy — VOT = Ve — 0T,
Vo = Ve = nkVy. (5.50)
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FIGURE 5.16 Some voltage and current waveforms.

From Figure 5.16, we can find the average value of the inductor current easily by inspecting
the waveform.

Vo Do+ I
h=h=-2= w (5.51)

The values of Imax and Inin are expressed below:

R 2L

1 1-k

1 1—k
Imax = V2 <— + —T> ’ (5.52)
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FIGURE 5.17 Waveforms of ic and vc.

If the Imin is greater than zero, we call the operation the CCM, and vice versa, the DCM.
Solving Equation 5.53 for a zero value of I, yields a relation for the minimum value of
circuit inductance, which results in continuous inductor current:

1—k
Lmin = —5—TR. (5.54)

The ripple-less condition in the capacitor voltage is now relaxed to allow a small ripple.
This has only a second-order effect on the currents calculated in the previous section; so
the previous results can be used without change.

As noted previously, the capacitor current must be entirely alternating to have peri-
odic operation. The graph of the capacitor current must be as shown in Figure 5.17 for
a continuous inductor current. The peak value of this triangular waveform is located at
(Imax — Imin)/2. The resulting ripple in the capacitor voltage depends on the area under the
curve of capacitor current versus time. The charge added to the capacitor in a half-cycle is
given by the triangular area above the axis:

1 Imax = Imin T Imax — Imin

AQ == - = T. 5.55

Q 2 2 2 8 (5-59)

The graph of capacitor voltage is also shown as part of Figure 5.17. The ripple in the

voltage is exaggerated to show its effect. Minimum and maximum capacitor voltage values

occur at the time the capacitor current becomes zero. The peak-to-peak value of the capacitor
voltage ripple is given by

AQ Imax — Imin 1-KV> 2 nk(l —k)V; 2
Avy = Ave = o = T = T2 = T2, 5.56
02 =480 =7 8C 8CL 8CL (5:56)

5.4.1.2 Forward Converter with Tertiary Winding

In order to exploit the magnetizing characteristics ability, a tertiary winding is applied in a
forward converter. The circuit diagram is shown in Figure 5.18.

The tertiary winding very much exploits the core magnetization ability and reduces the
transformer size largely.
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FIGURE 5.18 Forward converter with tertiary winding. (From Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 25. With permission.)

5.4.1.3 Switch Mode Power Supplies with Multiple Outputs

In many applications, more than one output is required, with each output likely to have dif-
ferent voltage and current specifications. A forward converter with three outputs is shown
in Figure 5.19. Each output voltage will be determined by the turn’s ratio #, 13, or n3. The
three output voltages are

Vo1 = mkVy,
Voo = n2kV7, (5.50a)
VQ3 = ngkvl.

However, multiple outputs can be readily obtained using any of the converters that have
an isolating transformer, by employing a separate secondary winding for each output, as
shown in the forward converter in Figure 5.19.

5.4.2 Fly-Back Converter

A fly-back converter is a transformer-type converter using the demagnetizing effect. Its
circuit diagram is shown in Figure 5.20. The output voltage is calculated by

k

Vo =
OT 1 %

1Vin, (5.57)

where 7 is the transformer turn’s ratio and k is the conduction duty cycle, k = fon/T.

1:1:ny

’ ) E % /[\ O/P1

ny e

Vi *
° O/P2
E % T

T "
- g % TI O/P3

FIGURE 5.19 Forward converter with three outputs. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 25. With permission.)
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+ 1:n D,
NI °
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Ny N, ¢ T R |::| Vo
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Control T,

FIGURE 5.20 Fly-back converter. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 26. With permission.)

5.4.3 Push-Pull Converter

A push—pull converter works in the push—-pull state, which effectively avoids the iron core
saturation. Its circuit diagram is shown in Figure 5.21. Since there are two switches working
alternatively, the output voltage is doubled. The output voltage is calculated by

Vo = 2nkVin, (5.58)

where 7 is the transformer turn’s ratio and k is the conduction duty cycle, k = ton/T.

5.4.4 Half-Bridge Converter

In order to reduce the primary side in one winding, a half-bridge converter was constructed.
Its circuit diagram is shown in Figure 5.22. The output voltage is calculated by

Vo = I’lkVin, (5.59)

where 7 is the transformer turn’s ratio and k is the conduction duty cycle, k = ton/T.

FIGURE 5.21 Push-pull converter. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC Conuverters. Boca
Raton: Taylor & Francis Group LLC, p. 25. With permission.)
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FIGURE 5.22 Half-bridge converter. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 151. With permission.)

5.4.5 Bridge Converter

A bridge converter is shown in Figure 5.23. The transformer has a couple of identical
secondary windings. The primary circuit is a bridge inverter; hence it is called a bridge con-
verter. Since the two pairs of the switches work symmetrically with 180° phase angle shift,
the transformer iron core is not saturated, and the magnetizing characteristics have been
fully exploited. No tertiary winding is required. The secondary side contains an antipar-
alleled diode full-wave rectifier. It is likely that the two antiparalleled forward converters
work together.

To avoid short circuit, each pair of the switches can be switched on only in the phase
angle 0-180°; usually it is set at 18-162°. The corresponding conduction duty cycle k is in
the range of 0.05-0.45.

The circuit analysis is also similar to the forward converter. Some voltage and current
waveforms are shown in Figure 5.24. The repeating period is T/2 in bridge converter
operation, while it is T in forward converter operation.

The voltage transfer gain is

Vz = 2nkV1. (560)
Analogously, the average current is

V: I Imi
IL _ 12 _ f _ max‘zi‘ mm‘ (5.61)

Vi

S o A e
laaay L

FIGURE 5.23 Bridge converter. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 27. With permission.)
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FIGURE 5.24 Some voltage and current waveforms.
The currents Imax and Inin are
1 05—k
Imax = V2 <E + oL T) ’ (5.62)
1 05—k
Imin = V2 <E T T) . (5.63)
The minimum inductor to retain CCM is
05—k

Lmin = ———TR. (5.64)
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FIGURE 5.25 Zeta converter. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton:
Taylor & Francis Group LLC, p. 27. With permission.)

The peak-to-peak value of the capacitor voltage ripple is

AQ  Imax—Imin.. O5-KVa , nk05-kVi_,
2= 80c=e 8C 8CL 4CL (5.65)

5.4.6 Zeta Converter

A zeta converter is a transformer-type converter with a low-pass filter. Its circuit diagram
is shown in Figure 5.25. Many people do not know its original circuit and call a P/O Luo-
converter as a zeta converter. The output voltage ripple of the zeta converter is small. The
output voltage is calculated by

_k
C1-k

Vo nojy, (5.66)

where 7 is the transformer turn’s ratio and k is the conduction duty cycle, k = ton/T.

5.5 Developed Converters

All the developed converters are derived from fundamental converters. Since there are
more components, the output voltage ripple is smaller. Five types of developed converters
are introduced in this section.

e P/O Luo-converter

e N/O Luo-converter

o Double output (D/O) Luo-converter
o Cuk-converter

 Single-ended primary inductance converter (SEPIC).

5.5.1 P/O Luo-Converter (Elementary Circuit)

AP/O Luo-converter (elementary circuit) is shown in Figure 5.26a. The capacitor C acts as
the primary means of storing and transferring energy from the input source to the output
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FIGURE 5.26 P/O Luo-converter (elementary circuit): (a) circuit diagram, (b) switch-on, (c) switch off, and (d)
discontinuous conduction mode. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 29. With permission.)

load via the pump inductor L. Assuming the capacitor C to be sufficiently large, the varia-
tion of the voltage across the capacitor C from its average value V¢ can be neglected in the
steady state, that is, vc(t) & V¢, even though it stores and transfers energy from the input
to the output.

When the switch S is on, the source current i; = i1 + 712. The inductor L; absorbs energy
from the source. In the meantime, the inductor L, absorbs energy from the source and the
capacitor C, and both currents ir; and i1, increase. When the switch S is off, source current
it = 0. Current i1 flows through the freewheeling diode D to the charge capacitor C. The
inductor L; transfers its SE to the capacitor C. In the meantime, the inductor current i,
flows through the (Co — R) circuit and freewheeling diode D to keep itself continuous.
Both currents ir; and it decrease. In order to analyze the progress in the circuit’s working,
the equivalent circuits in switching-on and switching-off states are shown in Figure 5.26b—d.

Actually, the variations of currents i1 and i1 are small so that i1 ~ I1 and i12 = I1 5.
The charge on the capacitor C increases during switch-off:

Q+=00—-k)TI1.

It decreases during switch-on: Q— = kTIj;.
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FIGURE 5.27 Voltage transfer gain Mg versus k.

In the whole period of the investigation, Q+ = Q—. Thus,

1—k
k

Iy = I

Since the capacitor Co performs as a low-pass filter, the output current

Iy =Io.

Equations 5.66 and 5.67 are available for all P/O Luo-converters.

167

(5.67)

The source currenti; = ip; + i1 during the switch-on period, and iy = 0 during the switch-

off period. Thus, the average source current Ij is

) . . 1—-k
11=k><11=k(1L1+lL2)=k<1+—

Therefore, the output current is

Hence, the output voltage is

Vo=

The voltage transfer gain in continuous mode is

Vo k

MEg —.

TV 11—k

The curve of Mg versus k is shown in Figure 5.27.

(5.68)

(5.69)

(5.70)

(5.71)
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The current ir; increases and is supplied by Vi during switch-on. It decreases and is
inversely biased by —V¢ during switch-off. Therefore, kTV1 = (1 — k)TVc. The average
voltage across the capacitor C is

Ve

= Vi = Vo. 72
1—x ! e} (5.72)

The current 711 increases and is supplied by Vi during switch-on. It decreases and is
inversely biased by —V ¢ during switch-off. Therefore, its peak-to-peak variation is

ni KTV
L1 = I .

Considering Equation 5.68, the variation ratio of the current i1 is

. Air1/2 _ KTV _ 1-k R
 Ln 2Lii 2Mg fLy

€1 (5.73)

The current i1 increases and is supplied by the voltage (V1 + Vc — Vo) = Vi during switch-
on. It decreases and is inversely biased by — Vo during switch-off. Therefore its peak-to-peak
variation is

Aipp = ——. (5.74)

Considering Equation 5.66, the variation ratio of the current i1, is

. Airp/2 _ kTV; k R

2 = = —. 5.75

2=, Tablo T Ml 6.73)
When the switch is off, the freewheeling diode current ip = ir; + i;2 and
KTV kTV, kTV, 1-kTV,

Aip = Airy + Aipp = VL VLKL A= 9TVo (5.76)

Ly Ly L L
Considering Equations 5.66 and 5.67, the average current in the switch-off period is
Ip =1I1 + 2 = lo/(1 — k).
The variation ratio of current ip is

‘= Aip/2  (1-k?*TVo k(1 —kR k> R

= = =——. 5.77
Ip 2LIo ZMEfL M% ZfL ( )
The peak-to-peak variation of vc is
Q+ 1-k

Avc = =—— = ——TI

4e C C I

Considering Equation 5.72, the variation ratio of vc is

Avc/2  (1-KThH k1

o= vc/2 ( T (5.78)

Ve  2CVo  2fCR
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In order to investigate the variation of output voltage vo, we have to calculate the charge
variation on the output capacitor Co, because Q = CoVp and AQ = CoAvp. Here, AQ is
caused by Air and corresponds to the area of the triangle with the height of half of Ai; and
the width of half of the repeating period T /2. Considering Equation 5.74,

1 AQ
AQ:_EIZI@_
22 2 8 I

Thus, the half peak-to-peak variation of output voltage vo and vco is

Avo AQ kT2Vy

2 2Co  16Coly’

The variation ratio of output voltage vo is

Avo /2 kT2 Vi k 1
£ = = _— = (5.79)
Vo 16Col, Vo~ 16Mg f2Col,

For analysis in DCM, referring to Figure 5.26d, we can see that the diode current ip
becomes zero during switch-off before the next period switch-on. The condition for DCM

is¢ > 1, that s,
k* R | R /2N
MIZE 2fL 2fL 2

The graph of the boundary curve versus the normalized load zy = R/fL is shown in
Figure 5.28. It can be seen that the boundary curve is a monorising function of the
parameter k.

20 L -

Continuous mode -~

FEK=0.9

mg

02t

Discontinuous mode

0.1 == i

1 PRV IR T N T B S S S A MU S A I TSR TT R B S ST A S

1 2 5 10 20 50 100 200 500 1000
RAL

FIGURE 5.28 The boundary between continuous and discontinuous modes and the output voltage versus the
normalized load zyy = R/fL.
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max p—— ———— —

\/

O kT & T ¢

FIGURE 5.29 The discontinuous current waveform. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC. With permission.)

In the DCM case, the current ip exists in the period between kT and t; = [k + (1 — k)mg]T,
where mg is the filling efficiency and is defined as

2
1 M2

=_""F 5.81
¢ = R®R/2fD) (8D

Mg =

The diode current ip decreases to zero at t = t1 = kT + (1 — k)mgT; therefore, 0 < mg < 1
(Figure 5.29).
For the current i;,, we have

kTVI =(1- k)mETVC

k R . /

For the current ir o, we have kT (V1 + Vc — Vo) = (1 — k)mgTVo.
Therefore, the output voltage in discontinuous mode is

k R . / 1

The output voltage increases linearly with an increase in the load resistance R. The output
voltage versus the normalized load zyy = R/fL is shown in Figure 5.28. It can be seen that
larger load resistance R may cause higher output voltage in DCM.

or

—_

Ve

N“

Example 5.3

A P/O Luo-converter has the following components: V| =20V, L1 =1L, =10mH, C=Cp =
20k, R =20, switching frequency f = 50 kHz, and conduction duty cycle k = 0.6. Calculate
the output voltage, its variation ratio, and the variation ratio of the inductor currents i1 and i,
in steady state.



Ordinary DC/DC Converters 171

SOLUTION

1. From Equation 5.70, the output voltage is Vo = kV/(1 — k) = 0.6 x 20/0.4 = 30V.
2. From Equation 5.79, the variation ratio of v is

k 1 0.6 1

e = = = 0.00005.
16Mg f2Coly 16 x 1.5 (50k)2 x 20 x 10m

3. From Equation 5.73, the variation ratio of the current i 1 is

1—k R 0.4 20

S oM Al 2x1550kx10m
4. From Equation 5.75, the variation ratio of the current i » is
k R 0.6 20
& = 0.008.

T 2Mgfl, 2x1.550kx10m

5.5.2  N/O Luo-Converter (Elementary Circuit)

The N/O Luo-converter (elementary circuit) and its switch-on and switch-off equivalent
circuits are shown in Figure 5.30. This circuit can be considered as a combination of an
electronic pump S-L-D-(C) and a “I1”-type low-pass filter C-Lo-Co. The electronic pump
injects certain energy to the low-pass filter in each cycle. The capacitor C in Figure 5.30
acts as the primary means of storing and transferring energy from the input source to the
output load. Assuming the capacitor C to be sufficiently large, the variation of the voltage
across the capacitor C from its average value V¢ can be neglected in the steady state, that
is, Vc(t) & V¢, even though it stores and transfers energy from the input to the output.
The voltage transfer gain in CCM is

V. I
Mg Yo _ a _

=2 = 5.83
T Io (5.83)

k
1-k
The transfer gain is shown in Figure 5.27. The current i1, increases and is supplied by Vi
during switch-on. Thus, its peak-to-peak variation is Aij, = kTV1/L. The inductor current
IL is

Io
L =Ilc_off +l0o0=—. (5.84)
1—k
ig ip + Vp _  Vio t _» o
— ~— 11 YY) -~

N
<—VS—>1iL Ly «——

+ s - Tic . ico T _
T D_ i10
+ —_— U S—
Vin = VL3 L Ve ~C 1~Co |::|R Vo

-} x |

FIGURE 5.30 N/O Luo-converter (elementary circuit). (Reprinted from Luo, E. L. and Ye, H. 2006. Essential
DC/DC Conwverters. Boca Raton: Taylor & Francis Group LLC, p. 29. With permission.)
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Considering R = Vo /Io, the variation ratio of the current iy, is

(= AL2_ k(l—IViT _k(1—-kR  k* R

= = =——. 5.85
I, 2LIo 2MEfL M2 2fL (5.85)
The peak-to-peak variation of the voltage vc is
Q- k
Avc = = = =Tlo. 5.86
vwe=-"r=To (5.86)
The variation ratio of the voltage vc is
_Avc/Z_kfoT _k 1 (5.87)
Ve 2CVo  2fCR’ ’
The peak-to-peak variation of current i o is
k
Ao = ————Io. 5.88
o = gaciy o (5.88)
Considering I1 o = lo,
Aipo/2 k1
= =— ) 5.89
5 Iio 16 f2CLo :89)
The variation of the voltage vco is
A 1T k k
A _ 2 _ 2 Io = Io. 5.90
Y00 = Co T 2216f2CCoLo © T 64f3CCoLo © (590
The variation ratio of the output voltage vco is
.- Avco/2 _ k Io k 1 (5.91)

Vco  128f3CColLo Vo 128 f3CCoLOR

In DCM, the diode current ip becomes zero during switch-off before the next period switch-
on. The condition for DCM is ¢ > 1, that is,

k2 R
_2_ Z
MZ2fL

R ZN
Mg <k /ﬁ = k\/;. (5.92)

The graph of the boundary curve versus the normalized load zy = R/fL is shown in
Figure 5.28. It can be seen that the boundary curve is a monorising function of the
parameter k.

1

or
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In the DCM case, the current ip exists in the period between kT and t; = [k + (1 — k)mg]T,
where mg is the filling efficiency and is defined as

1_ M
¢ K2(R/2fL)

Considering ¢ > 1 for DCM operation, therefore 0 < mg < 1. The diode current ip becomes
zeroatt =1t = kT + (1 — k)mgT.
For the current i;, we have

mg = (5.93)

TVi =0 —-kymgTVc

or
k R R 1

Ve=—""——Vi=k(l -k =V ith [—>_—7.
C= T fomg T Wit g =

For the current iLo, we have kT (V1 + Vc — Vo) = (1 — k)mgTVo.

Therefore, the output voltage in discontinuous mode is
Vo = k Vi=k{1 k)RV with R (5.94)
T A—bmg T o ! M1k '

Thatis, the output voltage increases linearly with an increase in the load resistance R. Larger
load resistance R may cause higher output voltage in DCM.

5.5.3 D/O Luo-Converter (Elementary Circuit)

Combining P/O and N /O elementary Luo-converters together, we obtain the D/O elemen-
tary Luo-converter that is shown in Figure 5.31. For all the analyses, refer to the previous
two sections on P/O and N/O output elementary Luo-converters. The voltage transfer
gains are calculated by
Vo+ Vo-— k
Vi Vi 1-k

(5.95)

"y

N 1 Y YY"\
A v ™~

FIGURE 5.31 D/O elementary Luo-converter. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 30. With permission.)
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5.5.4 Cuak-Converter

The Ciik-converter is derived from the boost converter. Its circuit diagram is shown in
Figure 5.32. The Ciik-converter was published in 1977 as the boost-buck converter, and
was renamed by Cudk’s students afterwards in 1986-1990.

The inductor current i1, increases with slope +V7/L during switch-on and decreases with
slope —(Vc — V1)/L during switch-off. Thus

1% Ve -V
er= 2" N T,
L L

Ve = Vi

1—k

Since Lo — Co is a low-pass filter, the output voltage is calculated by

k
Vo=Vc-Vi= ﬂVI. (5.96)
The voltage transfer gain is
Vo k
M=—=—, 5.97
Vi 1-k (5:97)
and also
Lk
o 1-k

Since the inductor L is connected in series to the source voltage and the inductor Lo is
connected in series to the output circuit R-Co, we have the relations

IL = II and ILO = Io.
The variation of the current 7y, is

Vv
Aip = fIkT.

Therefore, the variation ratio of the current iy, is

E = Air,/2 _ 1% _ k R (5.98)
I 2L 2M2AL ’
i + Ve - i1o i
L
+ L c fo
.
Vi SZ p—
1 s D Co gR Vo

FIGURE 5.32 Cuk-converter. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton:
Taylor & Francis Group LLC, p. 30. With permission.)
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The variation of the current it o is
1%
Airo = 21 —KT.
Lo

Therefore, the variation ratio of the current it o is

Airo/2 Vo 1-k R
o= — A-KT=—~ "
Io 2IoLo 2 flo

The variation of the diode current ip is

V V.
Aip = Aip, + Aijp = (TO + L_O) 1-KT.
O

We can define L, = L//Lo.

v,
Aip = AiL + Ailo = L—O(1 — T
/]

and
1
b=hL+ho=h+lo=M+1Dlp= m[o.
Therefore, the variation ratio of the diode current ip is
Aip/2 1% 1-k? R
_Ab/2_ Vo 4 jpp_ (-R° R
In 2oLy 2. fLy
The variation of the voltage vc is
AQ
Avc=—=—=(1-KT.
vc =5 C( )
Therefore, the variation ratio of the voltage vc is
Avc/2 I kQ—-kM 1
= v/ - (1—k)T:¥—,
Ve 2CVc 2 fRC
The variation of the voltage vco is
AQo T . Vo
AvcO = —= = — Aijg = ———(1 — k).
U0 = e = 800 MO = gaacore

Therefore, the variation ratio of the voltage vco is

e Avco/2 _ 1—k
Vo  16f2Colo’

The boundary is determined by the condition

¢=1
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(5.99)

(5.100)

(5.101)

(5.102)
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or
1-k? R 1 R
=L—l_—=————ﬂN=1“quN=—ﬁ
2 fLy 20+M) fLys
Therefore, the boundary between CCM and DCM is
Z
M= TN ~1 (5.103)

If (M +1)> ./Zn/2, the converter works in CCM; if (M + 1) < +/ZN/2, the converter
works in DCM.

Example 5.4

A Cuk-converter has the following components: Vi =20V, L =L =10mH, C = Co =20 uF,
R =20, switching frequency f = 50kHz, and conduction duty cycle k = 0.6. Calculate the
output voltage and its ripple in the steady state. Does this converter work in CCM or DCM?

SOLUTION
1. From Equation 5.59, the output voltage is
k .06

L vi==—220=30vV.
T—k !

Va=Ve= T 04

2. From Equation 5.102, the output voltage ripple is

1—k 0.4

g = = = 0.00005.
16f2Colo  16(50k)2 x 20 x 10m

3. We have M + 1 = 2.5, which is greater than \/Z/2 = +/20/(2 x 5m x 50k) = 0.2. Referring
to Equation 5.103, we know that this converter works in CCM.

5.5.5 SEPIC

The SEPIC is derived from the boost converter. Its circuit diagram is shown in Figure 5.33.
The SEPIC was created immediately after the Ciik-converter, and is also called the P/O
Cuk-converter.

The inductor current i1 increases with slope +V /L1 during switching-on and decreases
with slope —Vp/L;1 during switching-off.
Thus

1% 1%
Lrr=22a-pT,
LK I

(5.104)
1—k
Ve =——Vo.

The inductor current if, increases with slope +V1/L during switching-on and decreases
with slope —(V¢ + Vo — V1) /L during switching-off.
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Y 1| NI
11 l
+ L C . D +
1
VI s Ll __CO § R VO

FIGURE 5.33 Single-ended primary inductance converter (SEPIC). (Reprinted from Luo, F. L. and Ye, H. 2006.
Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 30. With permission.)

Thus
V; V Vo -V,
fIkT = %(1 0T,
' (5.105)
Vo = Vi,
(@] 1—_k I
that is,
Vo k
M=—=—.
Vi 1—k

Since the inductor L is connected in series to the source voltage, the inductor average current

IL is
I =11

Since the inductor L1 is connected in parallel to the capacitor C during switching-off, the
inductor average current I1 1 is (Ico—on = lo and Ico—off = I1), I.1 = Io.

The variation of the current iy is

. Vi
Aip, = —KkT.
11, L

Therefore, the variation ratio of the current iy, is

Air /2 % k R
_ = kT = — 5.106
I 2I;1L 2M2 fL ( )

§

The variation of the current i1 is

Ve
Aip1 = —kT.
=7

Therefore, the variation ratio of the current 77 is
Air1/2 V 1-k R
LS VE N (S = (5.107)
Ita 2loLy 2 flh
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The variation of the diode current ip is

V V
Aip = Aip 4+ Ay = (-2 +2)a-KT.
L L1
We can define L, = L//L;.
Hence
. , . Vo
Aip = Aip, + Aijg = — 1 - k)T
Ly
and

1
ID:IL+ILO=II+IO=(M+1)IO=m10~

Therefore, the variation ratio of the diode current ip is

Aip/2 Vo s (1—=Kk?% R
= = (1-k*T = _— 5.108
L Ip 2IoL, 2 fL, ( )
The variation of the voltage vc is
AQ I
ANoc=—==(1-kT
ve =5 C( )
Therefore, the variation ratio of the voltage vc is
Avc/2 I kM 1
= = 1-0T = ——. 5.109
P= e Tacve TP =T Re (5.109)
The variation of the voltage vco is
AD AQo kTIo klo
Co Co fCo
Therefore, the variation ratio of the voltage vco is
A 2 kI, k
g Avco/2 Mo , (5.110)
Vo 2fCoVo  2fRCo
The boundary is determined by the condition
(=1
or
1-k* R 1 . R
= — =———-7n=1 with Zn=—.
2 fL// 2(1 + M)2 fL//
Therefore, the boundary between CCM and DCM is
Z
M=,/2N_1. (5.111)

2



TABLE 5.3
Circuit Diagrams of the Tapped-Inductor Fundamental Converters
Standard Converter Switch Tap Diode to Tap Rail to Tap
—% v S S P> S
Buck My ! 1 n
uc Vin D ~C Vo Vin D C Vv, Vin D ~c Vo ~CVo
———
L b n| "y D ny |1y Dm —cv
Boost 1 ~
Vin ( $ TC Vo Vin ( s =C Vo Vin (S =C Vo °
*—o
S
ny
._S° Vi n _L
Buck-boost ) " 2 c Vo

mC VO Vin ny D

TE Vo >

Source: Data from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters,. Boca Raton: Taylor & Francis Group LLC, p. 31.
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TABLE 5.4

Voltage Transfer Gains of the Tapped-Inductor Fundamental Converters

Converter No Tap Switched to Tap Diode to Tap Rail to Tap

k nk k—n

Buck k n+k(—n) T+kn—1) )

Boost 1 n+k(l—n) 1+kn—1) n—k
1-k n(l —k) 1-k n(l —k)

k k nk k
Buck-boost T—% T T T

Source: Data from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters, Boca Raton:
Taylor & Francis Group LLC, p. 32.

5.6 Tapped-Inductor Converters

These converters have been derived from fundamental converters, whose circuit diagrams
are shown in Table 5.3. The voltage transfer gains are presented in Table 5.4. Here the
tapped-inductor ratio is n = n1/(n1 + ny).

Homework

5.1. A boost converter has the following components: V1 =20V, L=10mH, C =
20pF, R =20, switching frequency f = 50kHz, and conduction duty cycle
k = 0.6. Calculate the output voltage and its ripple in the steady state. Does this
converter work in CCM or DCM?

5.2. A P/O buck-boost converter working in “buck-boost operation mode” has the
following components: V1 =20V, L =10mH, C =20nF R =20, switching
frequency f = 20kHz, and conduction duty cycle k = 0.6. Calculate the output
voltage and its ripple in the steady state. Does this converter work in CCM or
DCM?

5.3. A multiple charger is required to offer three output voltages at 6, 9, and 12V
to charge mobile phones, digital cameras, and GPS. A forward converter with
multiple outputs in Figure 5.19 can be used for this purpose. It has the following
components: V1 =20V, all L = 10mH, all C = 20 uF all R are about 20 €2, switch-
ing frequency f = 20 kHz, and conduction duty cycle k = 0.5. Calculate the turn’s
ratio for each secondary winding of the transformer. If the primary winding has
600 turns, what are the three secondary winding’s turns?

5.4. A Zeta converter in Figure 5.25 is used to provide high output voltage Vo =
1500 V. It has the following components: Vin, =50V, L1 = L, =10mH, C; =G, =
20F, R =100, switching frequency f = 50kHz, and conduction duty cycle
k = 0.8. If the primary winding has 200 turns, calculate the transformer turn’s
ratio and the particular turns of the secondary winding.
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5.5. A negative output Luo-converter has the following components: Vi =20V, L =

Lo =10mH, C = Co =20 E R = 3000 Q, switching frequency f = 20kHz, and
conduction duty cycle k = 0.6. Calculate the output voltage and its variation ratio
in the steady state.
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6

Voltage Lift Converters

The ordinary DC/DC converter has limited voltage transfer gain. Considering the effects of
the component called parasitic elements, the conduction duty cycle k can only be 0.1 < k <
0.9. This restriction blocks ordinary DC/DC converter voltage transfer gain increase. The
VL technique is a common method used in electronics circuitry design to amplify output
voltage. Using this technique in DC/DC conversion technology, we can design, stage by
stage, VL power converters with high voltage transfer gains in arithmetic progression. It
opens the way to significantly increase the voltage transfer gain of DC/DC converters.
Using this technique, the following series of VL converters are designed [1,2]:

e P/O Luo-converters

e N/O Luo-converters

e D/O Luo-converters

o VL Cuk-converters

e VLSEPIC

¢ Other VL D/O converters

o Switched-capacitorized (SC) converters.

6.1 Introduction

The VL technique is applied to the periodical switching circuit. Usually, a capacitor is
charged, during switch-on, by a certain voltage, for example, the source voltage. This
charged capacitor voltage can be arranged on top-up to some parameter, for example,
output voltage during switch-off. Therefore, the output voltage can be lifted higher. Con-
sequently, this circuit is called a self-lift circuit. A typical example is the sawtooth wave
generator with a self-lift circuit.

Repeating this operation, another capacitor can be charged by a certain voltage, which
is possibly the input voltage or other equivalent voltages. The second capacitor-charged
voltage can also be arranged on top-up to some parameter, especially the output voltage.
Therefore, the output voltage can be higher than that of a self-lift circuit. Usually, this circuit
is called a re-lift circuit.

Analogously, this operation can be repeated many times. Consequently, the series circuits
are called a triple-lift circuit, a quadruple-lift circuit, and so on.

Because of the effect of parasitic elements, the output voltage and power transfer effi-
ciency of DC-DC converters are limited. The VL technique offers a good way of improving

183



184 Power Electronics

circuit characteristics. After long-term research, this technique has been successfully applied
to DC-DC converters. Three series of Luo-converters have now been developed from
prototypes using the VL technique. These converters perform DC-DC voltage increas-
ing conversion with high power density, high efficiency, and cheap topology in a simple
structure. They are different from other DC-DC step-up converters and possess many
advantages, including the high output voltage with small ripples. Therefore, these con-
verters will be widely used in computer peripheral equipment and industrial applications,
especially for high-output-voltage projects. The contents of this chapter are arranged as
follows:

1. Seven types of self-lift converters
2. P/O Luo-converters

3. N/O Luo-converters

4. Modified P/O Luo-converters

5. D/O Luo-converters.

Using the VL technique, we can easily obtain the other series of VL converters. For
example, VL Ctik-converters, VL SEPICs, other types of D/O converters, and switched-
capacitorized converters.

6.2 Seven Self-Lift Converters

All self-lift converters introduced here are derived from developed converters such as Luo-
converters, Cuk-converters, and SEPICs, which were described in Section 5.5. Since all
circuits are simple, usually only one more capacitor and diode are required; the output
voltage is higher than the input voltage [3-5]. The output voltage is calculated by

k 1

Seven circuits were developed:

o Self-lift Cuk-converter

o Self-lift P/O Luo-converter

o Reverse self-lift P/O Luo-converter

o Self-lift N/O Luo-converter

o Reverse self-lift Luo-converter

o Self-lift SEPIC

o Enhanced self-lift P/O Luo-converter.

These converters perform DC-DC voltage increasing conversion in simple structures. In
these circuits, the switch S is a semiconductor device (MOSFET, BJT, IGBT, and so on). It is
driven by a PWM switching signal with variable frequency f and conduction duty cycle k.
For all circuits, the load is usually resistive, thatis, R = Vo/Io.
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The normalized impedance Zy is

_ R
fLeq’

7N (6.2)

where Leq is the equivalent inductance.

We concentrate on the absolute values rather than polarity in the description and calcu-
lations given below. The directions of all voltages and currents are defined and shown in
the corresponding figures. We also assume that the semiconductor switch and the passive
components are all ideal. All capacitors are assumed to be large enough that the ripple
voltage across the capacitors can be negligible in one switching cycle, for the average value
discussions.

For any component X (e.g., C, L, and so on), its instantaneous current and voltage are
expressed as ix and vx. Its average current and voltage values are expressed as I and V.
The output voltage and current are Vo and Iop; the input voltage and current are Vy and I.
T and f are the switching period and frequency.

The voltage transfer gain for the CCM is as follows:

Vi I
=2=1 6.3)
Vi o
Air /2
Variation of current i;: ¢ = ZIL/ . (6.4)
L
AiLo/2
Variation of current i o: { = ZL—O/. (6.5)
Io
Aip/2
Variation of current ip: § = 1ID/ . (6.6)
D
Avc/2
Variaton of voltage vc: p = L/ (6.7)
Ve
A 2
Variation of voltage vci: 01 = %1/ (6.8)
C1
A 2
Variation of voltage vcy: 02 = LZ/ (6.9)
0C2
AVo/2
Variation of output voltage vo: € = VO/ . (6.10)
O

Here, Ip refers to the average current ip that flows through the diode D during the switch-off
period, and not its average current over the whole period.

A detailed analysis of the seven self-lift DC-DC converters is given in the following
sections. Due to the limit on the length of the book, only the simulation and experimental
results of the self-lift Ctik-converter are given. However, the results and conclusions of
other self-lift converters should be quite similar to those of the self-lift Ctik-converter.

6.2.1 Self-Lift Cak-Converter

The self-lift Ctik-converter and its equivalent circuits during the switch-on and switch-off
periods are shown in Figure 6.1. It is derived from the Ctik-converter. During the switch-on
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FIGURE 6.1 (a) Self-lift Ctik-converter circuit and its equivalent circuits during (b) switch-on, and (c) switch-off.
(Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC,
p- 45. With permission.)

period, S and Dj are on and D is off. During the switch-off period, D is on and S and D1
are off.

6.2.1.1 Continuous Conduction Mode

In steady state, the average of inductor voltages over a period is zero. Thus
Vc1 = Veo = Vo. (6.11)

During the switch-on period, the voltages across capacitors C and C; are equal. Since we
assume that C and C; are sufficiently large,

Ve =V = Vo. (6.12)

The inductor current i, increases during switch-on and decreases during switch-off. The
corresponding voltages across L are Vi and —(Vc — V7).

Therefore, kTVy = (1 —k)T(Vc — V).
Hence,

1
Vo=Vec=Vc1 =Vco = mv. (6.13)
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The voltage transfer gain in the CCM is

Vo I 1
M—ro_n_ _t 14
Vi o 1-k (614

The characteristics of M versus conduction duty cycle k are shown in Figure 6.2.

Since all the components are considered ideal, the power loss associated with all the
circuit elements is neglected. Therefore the output power Pg is considered to be equal to
the input power PiN: Volo = Vi1

Thus,

During switch-off,

) . 1
D =11, ID = mlo (615)

The capacitor Co acts as a low-pass filter, so that I o = Io.

The current 71, increases during switch-on. The voltage across it during switch-on is V7;
therefore its peak-to-peak current variation is Al = kTVy/L.
The variation ratio of current iy, is

_Aig/2  kTVi k(1 —k?R kR

= . 6.16
9= 20 2L 2M2fL (6.16)
The variation of current ip is
kR
=01 =——. 6.17
E=t=0 L (6.17)

12

” |

S

/

0 0.2 0.4 0.6 0.8 1
k

FIGURE 6.2 Voltage transfer gain M versus k. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 46. With permission.)
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The peak-to-peak variation of voltage vc is

LA-kT Io
Avg = ———— = —. 6.18
e C C (6.18)
The variation ratio of voltage vc is
Avc /2 Io 1
= = = ) 6.19
Ve 2fCVo  2fRC (6.19)
The peak-to-peak variation of voltage vc is
Lo —kT  Io(1—k)
Avcy = = . 6.20
c1 @ [® (6.20)
The variation ratio of voltage vcj is
Avc1/2  Io(1—k) 1
= = = ) 6.21
NTTVG T 2fGvo | 2MRG (6.21)
The peak-to-peak variation of current ir o is approximately
1/2)(Avc1/2)(T/2)  Io(1 —k
Airo = 1/2)(Avc1/2)(T/2) _ Io( )' 6.22)
Lo 8f2LoC1
The variation ratio of current i o is approximately
Airo/2 Io(1—-k 1
, = Amo/2_ lod =k _ . (6.23)
Iio 16f2LoCilo  16Mf2LoCy
The peak-to-peak variation of voltages vo and vco is
(1/2)(AiLo/2)(T/2) Io(1 —k)
Avo = A = = . 6.24
0 = Avco Co 64f3LoC1Co (6.24)
The variation ratio of the output voltage is
Avp/2 Io1 -k 1
. vo/2 ol ) (6.25)

Vo  128LoCiCoVo  128Mf3LoCiCoR’

The voltage transfer gain of the self-lift Ctik-converter is the same as the original boost
converter. However, the output current of the self-lift Ctik-converter is continuous, with
small ripples.

The output voltage of the self-lift Ctik-converter is higher than the corresponding Ctik-
converter by an input voltage. It retains one of the merits of the Ctik-converter. They both
have continuous input and output currents in the CCM. As for component stress, it can
be seen that the self-lift Ctik-converter has a smaller voltage and current stresses than the
original Ctik-converter.
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6.2.1.2 Discontinuous Conduction Mode

The self-lift Ctik-converter operates in the DCM if the current ip decreases to zero during
switch-off. A special case is seen when ip decreases to zero att = T, then, the circuit operates
at the boundary of CCM and DCM. The variation ratio of current ip is 1 when the circuit
works in the boundary state:

kR

Therefore the boundary between CCM and DCM is

R kZN
MBzﬁ/Zf—Lz,/T, (6.27)

where zy is the normalized load R/(fL). The boundary between CCM and DCM is shown in
Figure 6.3a. The curve that describes the relationship between Mg and zyn has the minimum
value Mp = 1.5 and k = 1/3 when the normalized load zy; is 13.5.

When M > Mg, the circuit operates in the DCM. In this case, the diode current ip decreases
tozeroatt =t =[k+ (1 —k)m]T,wherekT <t; < Tand 0 <m < 1.

Define m as the current filling factor. After mathematical manipulation,

1 M?
=-=— 6.28

£~ FR/ZD) (629
From the above equation, we can see that the DCM is caused by the following factors:

o Switching frequency f is too low
o Duty cycle k is too small
o Inductance L is too small

o Load resistor R is too big.

In the DCM, current i, increases during switch-on and decreases in the period from kT
to (1 — k)ymT. The corresponding voltages across L are V1 and —(Vc — V7). Therefore,

kTVi=QA -kymT(Vc — Vp).
Hence,

k

Since we assume that C, C1, and Co are large enough,

k
Vo = VC = VCO - |:1 + m} VI (630)
or
Vo = 1+k2(1—k)£ 1% (6.31)
0= 2f LT '
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FIGURE 6.3 Output voltage characteristics of the self-lift Ctik-converter: (a) boundary between CCM and DCM
and (b) Voltage transfer gain M versus the normalized load at various k. (Reprinted from Luo, F. L. and Ye, H.
2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 49. With permission.)

The voltage transfer gain in the DCM is
R

_ 21 _
Mpcem =1+ k(1 k)sz.

(6.32)

The relationship between DC voltage transfer gain M and the normalized load at various
k in the DCM is also shown in Figure 6.3b. It can be seen that in the DCM, the output voltage
increases as the load resistance R increases.

6.2.2 Self-Lift P/O Luo-Converter

A self-lift P/O Luo-converter and its equivalent circuits during the switch-on and switch-
off periods are shown in Figure 6.4. It is the self-lift circuit of the P/O Luo-converter. It is



Voltage Lift Converters 191

derived from the elementary circuit of the P/O Luo-converter. During the switch-on period,
S and Dj are switched on and D is switched off. During the switch-off period, D is on, and
S and D are off.

6.2.2.1 Continuous Conduction Mode

In steady state, the average of inductor voltages over a period is zero. Thus
Ve =Veo = Vo.

During the switch-on period, the voltage across capacitor C; is equal to the source voltage.
Since we assume that C and C; are sufficiently large, Vo1 = V1.

The inductor current i, increases in the switch-on period and decreases in the switch-off
period. The corresponding voltages across L are Vi and —(Vc — V). Therefore, kTV; =
1 —-k)T(Vc—Vcy). Hence, Vo = (1/(1 — k) Vi.

(a) i Ve Lo o

(b) & Ve iio o
—> - F+ — —»
AN
+ C Lo +
Yi l + > § Vo
I
1L VCI:— Cl CO R
© g Ve o o
—> -t > —»
_ { YY)
+ ot Lo +
v l
' L g Vo
i
LYL v ¢, C IR

FIGURE 6.4 (a) Self-lift P/O Luo-converter circuit and its equivalent circuits during (b) switch-on, and (c) switch-
off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group
LLC, p. 51. With permission.)
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The voltage transfer gain in the CCM is

M=-2—-_—_. 6.33
Vi 1-k (633)

Since all the components are considered to be ideal, the power loss associated with all
the circuit elements is neglected. Therefore, the output power Pg is considered to be equal
to the input power Py : Volo = Vil1. Thus, I = (1/1 — k)lo.

The capacitor Co acts as a low-pass filter so that I1 o = Io.

The charge of capacitor C increases during switch-on and decreases during
switch-off:

Q+ = Ic—onkT =IokT, Q- =Ic_ox(1-K)T =IL(1 -KT.

In a switching period, Q+ = Q—-, I. = (k/(1 —k))lo.

During the switch-off period, ip = ir, + iLo.

Therefore, Ip = I + I10 = (1/(1 — k))Io.

For the current and voltage variations and boundary condition, we can obtain the
following equations using a similar method to that used in the analysis of the self-lift
Cuk-converter.

1 R k R k R

Current variations: ¢ = Wﬁ’ 0= m%, £ = WfTeq,

where Leq refers to Leq = LLo/(L + Lo)-

Volt - 1 M 1 ko1
Oltage variations: = —-——, = =, e= ———.
& P=2fcrR” ' T 2FGR 8M f2LoCo

6.2.2.2 Discontinuous Conduction Mode

The self-lift P/O Luo-converter operates in the DCM if the current ip decreases to zero
during switch-off. In the critical case when ip decreases to zero at t = T, the circuit operates
at the boundary of CCM and DCM.

The variation ratio of current ip is 1 when the circuit works in the boundary state:

k R

ST MEfLy

Therefore, the boundary between CCM and DCM is

R kZN
Mg = vk /m=117, (6.34)

where zy; is the normalized load R/ (fleq), and Leq refers to Leq = LLo/(L + Lo).

WhenM > Mg, the circuit operates in the DCM. In this case, the diode current ip decreases
tozeroatt =t; = [k + (1 — k)ym]T,where KT < t; < Tand 0 < m < 1. Here, m is the current
filling factor. We define m as

1 M?

"R T kR Leg)

(6.35)
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In the DCM, the current i, increases in the switch-on period kT and decreases in the
period from kT to (1 — k)mT. The corresponding voltages across L are Vi and —(V¢c — V).
Therefore, KTV = (1 — kymT (Ve — V1) and Ve = Veo = Vo V1 = Vi. Hence,

k R
Vo= |1+ ——|V Vo=|1+K1-k VL. :
o [ +(1—k)m} 1 or Vo [ +k7( )ZfLeq] 1 (6.36)
So the real DC voltage transfer gain in the DCM is
2 R
Mpem=1+k"1—-k)— . (6.37)
2fLeg

In DCM, the output voltage increases as the load resistance R increases.

Example 6.1

A P/O self-lift Luo-converter has the following components: V) =20V, L= Lo =1mH, C = C| =
Co =20uF, R=40%, f =50kHz, and k = 0.5. Calculate the output voltage, and the variation
ratios ¢1, ¢2, €, p, 01, and ¢ in steady state.

SOLUTION
1. From Equation 6.33, the output voltage is Vo = Vj/(1 — k) = 20/0.5 = 40V, that is, M = 2.
2. From the formulae we can obtain the following ratios:

1 R 1 40
ML 2x2250kxim 0"
k R 1 40
2= Ml T 2x2250kxim
(o kR 0o,
2M? fleq 2 x2250kx0.5m
p=§%=%m:°-00625/
M 1 2 1
1= S FCR T 250k x 200 x40 ~ 002
ko1 0.5 1

g€ = — = = 0.000625.
BMf2lnCo 8x2(50k)2 x20pw x Tm
From the calculations, the variations of i 1, i2, vc, and vcp are small. The output voltage vo

(also vc1) is almost a real DC voltage with very small ripples. Because of the resistive load, the
output current ig(ip = vo/R) is almost a real DC waveform with very small ripples as well.

6.2.3 Reverse Self-Lift P/O Luo-Converter

The reverse self-lift P/O Luo-converter and its equivalent circuits during the switch-on
and switch-off periods are shown in Figure 6.5. It is derived from the elementary circuit of
P/O Luo-converters. During the switch-on period, S and D; are on and D is off. During the
switch-off period, D is on, and S and D are off.
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6.2.3.1 Continuous Conduction Mode

In steady state, the average of inductor voltages over a period is zero. Thus Vc; =
Vco = Vo.

During the switch-on period, the voltage across capacitor C is equal to the source voltage
plus the voltage across C1. Since we assume that C and C; are sufficiently large, Vc1 =
Vi+Ve.

Therefore,

Vi (6.38)

Lo io
Lo
Vo
Co R,
© i L Va o o
_’ - <_
+ G Lo

Vi i Vo

FIGURE 6.5 (a) Reverse self-lift P/O Luo-converter circuit and its equivalent circuits during (b) switch-on, and
(c) switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis
Group LLC, p. 55. With permission.)
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The voltage transfer gain in the CCM is

Vo 1
M=-9_ -~ 6.39
Vi 1—k (639)

Since all the components are considered to be ideal, the power losses on all the circuit
elements are neglected. Therefore, the output power Pg is considered to be equal to the
input power P\:

Volo = Vili.

Thus, It = (1/(1 — k)lo.
The capacitor Co acts as a low-pass filter, so that I; o = Io.
The charge of capacitor C; increases during switch-on and decreases during switch-off:

Q+ = Ic1-onkT,
Q- =hLod-KT=I1o1-kT.

In a switching period,

Q+ = Q*/
Ici—on = (1 = k)/b)Io,
1—k 1
Ic—on =ho +Ici—on =10 + TIO = Efo~ (6.40)

The charge on the capacitor C increases during switch-off and decreases during
switch-on.

1
Q+ =lc—ott(1 =T, Q- =Ic_onkT = %lokT-

In a switching period,

1—k 1
Q+r=0Q-, IC—ofszIC—on=m10~ (6.41)
Therefore,
I =ho+]I =Io+ o227k +1
L=Iio+lc-off =lo+ —7lo=7—Flo=lo+I

During switch-off, ip = i, — iLo.
Therefore, Ip = I — 1o = Io.
The following equations are used for current and voltage variations and boundary
condition:
k R k R 1 R

Current variations: ¢ = mﬁ’ 0= mm, £ = W@'

where Leq refers to Leq = (LLo/L + Lo).

1 1 1 k 1

Vlt i t N = —-—, = ——, [
(¢) age variatons: o 2kaR 01 ZMfclR € 16Mf2COLO
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6.2.3.2 Discontinuous Conduction Mode

The reverse self-lift P/O Luo-converter operates in the DCM,; if the current ip decreases
to zero during switch-off at t = T, then the circuit operates at the boundary of CCM and
DCM. The variation ratio of current ip is 1 when the circuit works in the boundary state:

k R

T MEfLy

Therefore, the boundary between CCM and DCM is

R kZN
MBzﬁ/ﬁz,/T, (6.42)

where zy is the normalized load R/ (fLeq), and Leq refers to Leq = LLo/(L + Lo).

WhenM > Mg, the circuit operates in the DCM. In this case, the diode current ip decreases
tozeroatt =t = [k + (1 —k)m]T, wherekT< t; < Tand 0 < m < 1. Here, m is the current
filling factor and is defined as

1 M2

R — 6.43
E = k(R/2fLeg) (6.43)

In the DCM, current iy, increases during switch-on and decreases in the period from kT
to (1 — k)ymT. The corresponding voltages across L are V1 and — V.

Therefore, kTVi = (1 —kymTVcand Vo1 = Vo =Vo, Ver=Vi+ Ve
Hence,

k
Vo= |1+ ——|V Vo= (1+K(1-k Vi 6.4
o [+(1—k)m} 1 or Vo <+ ( )ZfLeq> I (6.44)
So the real DC voltage transfer gain in the DCM is
M —1+k2(1—k)£ (6.45)
DCM = 2L .

In DCM, the output voltage increases as the load resistance R increases.

6.2.4 Self-Lift N/O Luo-Converter

The self-lift N/O Luo-converter and its equivalent circuits during the switch-on and switch-
off periods are shown in Figure 6.6. It is the self-lift circuit of the N/O Luo-converter. The
function of capacitor Cj is to lift the voltage V¢ to a level higher than the source voltage
V1. S and D; are on and D is off during the switch-on period. D is on and S and D; are off
during the switch-off period.

6.2.4.1 Continuous Conduction Mode

In steady state, the average of inductor voltages over a period is zero. Thus Vc = Vco = Vo.
During the switch-on period, the voltage across capacitor C; is equal to the source voltage.
Since we assume that C and C; are sufficiently large, V1 = V1.
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The inductor current if, increases in the switch-on period and decreases in the switch-off
period. The corresponding voltages across L are Vi and —(V¢c — V).
Therefore, KTV = (1 —k)T(Vc — V).

Hence,
1
Vo=Vc=Vco = 1—le. (6.46)
The voltage transfer gain in the CCM is
Vo 1
M=-2_—-_— 6.47
Vi 1-k (6.47)

Since all the components are considered to be ideal, the power loss associated with all
the circuit elements is neglected. Therefore, the output power Pg is considered to be equal
to the input power Pin: Volo = Vil1. Thus, It = (1/(1 — k))Io. The capacitor Co acts as a
low-pass filter so that I; o = Io.

For the current and voltage variations and boundary condition, the following equa-
tions can be obtained using a similar method to that used in the analysis of the self-lift

()

i + Vo - Lo io
- %_m_m
S o] D Lo -

< +
<
!
N
& I
| C
AN
|
AN

AR
s>

(b)

(b)

FIGURE 6.6 (a) Self-lift N/O Luo-converter circuit and its equivalent circuits during (b) switch-on, and
(c) switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor &
Francis Group LLC, p. 59. With permission.)
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Cuk-converter:

Current variations kR k1 € k_R
v 1 : = Sa T’ = — =, = = —
D= 2T 16PI0C U= oMEFL
Voltage variations ! M 1 € k !
A% N = ——, o]l =—=——, [
8 PZ2fCcR" ' T 2FGR 128 f3LoCCOR

6.2.4.2 Discontinuous Conduction Mode

The self-lift N/O Luo-converter operates in the DCM,; if the current ip decreases to zero at
t = T, then the circuit operates at the boundary of CCM and DCM. The variation ratio of
current ip is 1 when the circuit works at the boundary state:

k R

S=oMEfL T

Therefore, the boundary between CCM and DCM is

R kzn
Mg = vk lszeq — ‘/T’ (6.48)

where Leq refers to Leq = L and zy is the normalized load R/(fL).

WhenM > Mg, the circuit operates in the DCM. In this case, the diode current ip decreases
tozeroatt =t = [k + (1 —k)m]T,where KT < t; < Tand 0 < m < 1. Here, m is the current
filling factor and is defined as

1 M?

= =" 6.49
e = kR/2fD) (6.49)

In the DCM, current i1, increases during switch-on and decreases during the period from
kT to (1 — kymT. The voltages across L are Vi and —(Vc — V).
Therefore,

kTVi=(1 - kmT(Vc — Vi)

and V1 = Vi, Ve = Vo = V. Hence,

VO—|:1+mi|VI or VQ—[1+k (1—k)2f—Li|VI

So the real DC voltage transfer gain in the DCM is
R

— 21 _
Mpcem =1+ k(1 k)sz.

(6.50)

We can see that in DCM, the output voltage increases as the load resistance R increases.

6.2.5 Reverse Self-Lift N/O Luo-Converter

The reverse self-lift N/O Luo-converter and its equivalent circuits during the switch-on
and switch-off periods are shown in Figure 6.7. During the switch-on period, S and D are
on and D is off. During the switch-off period, D is on and S and D; are off.
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(b)

FIGURE 6.7 (a) Reverse self-lift N/O Luo-converter circuit and its equivalent circuits during (b) switch-on, and
(c) switch-off. (Reprinted from Luo, . L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis
Group LLC, p. 62. With permission.)

6.2.5.1 Continuous Conduction Mode

In steady state, the average of inductor voltages over a period is zero. Thus
Ver = Veo = Vo.

The inductor current if, increases in the switch-on period and decreases in the switch-off
period. The corresponding voltages across L are Vi and —V.
Therefore, KTV = (1 — k)TV.
Hence,
k

“1-k

Ve Vi (6.51)

is the voltage across C. Since we assume that C and C; are sufficiently large, Vc1 = Vi + V.
Therefore,

k 1
Va=Vi+ —WV;

T =17 Vo=Veo=Va=

%"
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The voltage transfer gain in the CCM is

Vo 1
M= YO _ ' 6.52
Vi 1-k (6:52)

Since all the components are considered ideal, the power loss associated with all the
circuit elements is neglected. Therefore, the output power Po is considered to be equal
to the input power Pin: Volo = Vilt. Thus, I} = (1/(1 — k))Io. The capacitor Co acts as a
low-pass filter so that I1 o = Io.

The charge of capacitor C; increases during switch-on and decreases during
switch-off:

Q+ =lIc1-onkT, Q- =Ic1-o(1 —K)T =Io(1 - K)T.
In a switching period,

1—k 1—k
Qr=0Q-, Ici—on= TIC—off = TIO-

The charge of capacitor C increases during switch-on and decreases during
switch-off:

Q+ = ICfonkT/ Q— = Ico(1 — k)T

In a switching period, Q4+ = Q—.

1—k
Ic—on =Ici—on + 10 = TIO +1Io = —lo,

k
k kK 1 1
Ic—ott = —Iccon = ——-1lop = ——Ip.
C—off l—kC on 1—kko 1—kO
Therefore,
I =1 _ ! I
L =lcoif = 7 lo-
During the switch-off period,
ip=1 I I = 1 I
D =1L, D= L_l—ko

For the current and voltage variations and the boundary condition, we can obtain the
following equations using a similar method to that used in the analysis of the self-lift
Cuk-converter.

Current variations: ¢ = k_R 0= ! R £ = k_R
CUENEFL P T 1M PLoC ° T 2MEFL
Voltage variations ! 1 1 ! !
variations: p=———, oj==———, &= .
& P=2%fCrR” ' T 2MFGR 128M f3LoC1CoR
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6.2.5.2 Discontinuous Conduction Mode

The reverse self-lift N/O Luo-converter operates in the DCM if the current ip decreases to
zero during switch-off. In the special case when ip decreases to zero at t = T, the circuit
operates at the boundary of CCM and DCM.

The variation ratio of current ip is 1 when the circuit works in the boundary state:

 — k R _|
C 2M2fLeq

The boundary between CCM and DCM is

R kzn
Mg = ‘/E\/ Uleq V 27

where zy is the normalized load R/ (fLeq) and Leq refers to Leq = L.

When M > Mg, the circuit operates at the DCM. In this case, diode current ip decreases to
zeroatt =t; = [k + (1 — kym]T, where KT < t; < Tand 0 < m < 1 withm being the current
filling factor:

1 M?

- = 6.53
t = K(R/2fLeg) (6.53)

In the DCM, current if, increases in the switch-on period kT and decreases in the period
from kT to (1 — k)mT. The corresponding voltages across L are Vi and —Vc.
Therefore,

kTVi=@A —-kymTVc

and V1 = Vo = Vo, V1 = Vi + Ve. Hence,

_ k _ 200 _ R
Vo = |:1 + m} Vi or Vo= (1 +k“(1 k)sz) V1. (6.54)

The voltage transfer gain in the DCM is

R

=14+Kk1- )
Mpcm + k7 ( k)sz

(6.55)

It can be seen that in DCM, the output voltage increases as the load resistance R increases.

6.2.6 Self-Lift SEPIC

The self-lift SEPIC and its equivalent circuits during the switch-on and switch-off periods
are shown in Figure 6.8. It is derived from the SEPIC (with output filter). S and D; are on
and D is off during the switch-on period, whereas D is on and S and D are off during the
switch-off period.



202 Power Electronics

o

>
+

L Vo

Co TR

1,
RES
N
Vo
R

*CO

FIGURE 6.8 (a) Self-lift SEPIC converter and its equivalent circuits during (b) switch-on, and (c) switch-off.
(Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC,
p- 67. With permission.)

6.2.6.1 Continuous Conduction Mode

In the steady state, the average voltage across inductor L over a period is zero. Thus V¢ = V1.
During the switch-on period, the voltage across capacitor C; is equal to the voltage
across C. Since we assume that C and C; are sufficiently large, V1 = Ve = V1.
In the steady state, the average voltage across inductor Lo over a period is also zero.
Thus Ve = Veo = Vo
The inductor current 71, increases in the switch-on period and decreases in the switch-off
period. The corresponding voltages across L are Vi and —(Vc — V1 + Ve — V).
Therefore

kTVi=1-kT(Vc—Vc1 + Ver — V)

or
kTVi=(1-kT(Vo - Vp.
Hence,
Vo = mVI =Vco=Vco. (6.56)
The voltage transfer gain in the CCM is
M = Yo _ 1 (6.57)

TV 1-k
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Since all the components are considered to be ideal, the power loss associated with all
the circuit elements is neglected. Therefore, the output power P is considered to be equal
to the input power PiN: Volo = Vil1. Thus,

1
h=——Io=1I..
1=1_fo=0

The capacitor Cp acts as a low-pass filter so that I o0 = Io.
The charge of capacitor C increases during switch-off and decreases during switch-on:

Q- =Ilc-onkT, Qi =Icox(1 =K)T = L1 —-K)T.
In a switching period,

1-k 1-k
Q+ = Q*/ Ic—on = TICfoff = k Ir.

The charge of capacitor C; increases during switch-off and decreases during switch-on:

Q- =Ic2-onkT = IokT, Q4 =Ic2ot(1 =K)T.

In a switching period,

k
o

k
=0, Icooff = ——IcN= ——
Qe =0Q-, lcz-of = 7 —lc-N= 17—

The charge of capacitor C; increases during switch-on and decreases during switch-off:
Q= Ic1-onkT, Q- =lIc1-o(1 - KT.

In a switching period,

k 1
Q+ =0-, Ici—off =Ico—off + Lo = ——Io +Io = —lo.

1—k 1—-k
Therefore,
1—k
ICl—on = TIleoff = EIO/ ILl = ICl—on - IC—on =0.
During switch-off, ip = ip, — iL1.
Therefore,
1
Ip=hLH=——Io.
p=l= 71—/

For the current and voltage variations and the boundary condition, we can obtain the
following equations using a similar method to that used in the analysis of the self-lift
Ctuk-converter:

k R k R k R

Current variations: ¢ = Z_A/Izﬁ' = RJTOCz’ £ = W}ﬂ'

where Leq refers to Leq = LLo/(L + Lo).

1 M 1 k1 k 1

2fCR T 2FGR T 2GR ° T 128 3LoCoCoR”

Voltage variations: p = 2 iR
1



204 Power Electronics

6.2.6.2 Discontinuous Conduction Mode

The self-lift SEPIC converter operates in the DCM if the current ip decreases to zero during
switch-off. As a special case, when ip decreases to zero at t = T, the circuit operates at the
boundary of CCM and DCM.

The variation ratio of current ip is 1 when the circuit works in the boundary state:

k R

STV T

Therefore, the boundary between CCM and DCM is

_ R _ kZN
m_ﬁgm(47n (6.58)

where zy is the normalized load R/(fLeq) and Leq refers to Leq = LLo/(L + Lo)-
WhenM > Mg, the circuit operates in the DCM. In this case, the diode current ip decreases
tozeroatt =t =[k+ (1 —k)m]T,where KT < t; < Tand 0 < m < 1. Here, m is defined as

i m
£ k(R/2fLeq)

. (6.59)

In the DCM, current iy, increases during switch-on and decreases in the period from kT
to (1 — k)ymT. The corresponding voltages across L are Vi and —(Vc — V1 + Ve — V).
Thus,

kTVi=1-KT(Vc—Vcr+ Ve — V)

and Ve =V, Va=Vc=V, Ve =Vco=Vo.
Hence,

VO_[l—i—m]VI or Vo_<1+k(1—k)2f—Leq)V1.

So the real DC voltage transfer gain in the DCM is

Mpem = 1+ k21 —k)

T (6.60)

In DCM,, the output voltage increases as the load resistance R increases.

6.2.7 Enhanced Self-Lift P/O Luo-Converter

Enhanced self-lift P/O Luo-converter circuit and the equivalent circuits during the switch-

on and switch-off periods are shown in Figure 6.9. It is derived from the self-lift P/O

Luo-converter in Figure 6.4 with swapping of the positions of switch S and inductor L.
During the switch-on period, S and D are on and D is off. We obtain

Vi
Ve=Vc1r and Aip = fIkT.
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FIGURE 6.9 Enhanced self-lift P/O Luo-converter. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 71. With permission.)

During the switch-off period, D is on and S and D are off:

Ve -V,
Aip = %(1 — 1T,

so that
1

Ve =
CT1 %

VL.

The output voltage and current and the voltage transfer gain are

1
Vo=Vi+Vc1 = (1 + m) Vi, (6.61)
1—k
Io=——1I, 6.62
0T k! (6.62)
1 2—k
Average voltages are
Ve = ! Vi (6.64)
Vel = ! Vi (6.65)
a=1—x' .
Average currents are
Io =lIo, (6.66)
2—k
L =——Ip=I 6.67
L=1—jlo=h (6.67)
Therefore,
V. 1 2—k
70 _ +1= . (6.68)
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6.3 P/O Luo-Converters

P/O Luo-converters perform the voltage conversion from positive to positive voltages
using the VL technique. They work in the first quadrant with large voltage amplification.
Five circuits have been introduced in the literature [6-11]:

o Elementary circuit

o Self-lift circuit

o Re-lift circuit

o Triple-lift circuit

o Quadruple-lift circuit

The elementary circuit is discussed in Section 5.5.1 and the self-lift circuit is discussed in
Section 6.2.2.

6.3.1 Re-Lift Circuit

The re-lift circuit and its equivalent switch-on and switch-off circuits are shown in
Figure 6.10, which is derived from the self-lift circuit. Capacitors C; and C; perform char-
acteristics to lift the capacitor voltage V¢ to a level 2 times higher than the source voltage
V1. L3 performs the function of a ladder joint to link the two capacitors C; and C, and lift
the capacitor voltage V¢ up.

When switches S and S1 are turned on, the source’s instantaneous current iy = ij1 +
ir2 +ic1 + 713 + ic2. Inductors L1 and Lz absorb energy from the source. In the meantime,
inductor L absorbs energy from the source and capacitor C. Three currents i1y, /13, and
ir» increase. When switches S and S; turn off, the source current i = 0. Current iy1 flows
through capacitor Cy, inductor L3, capacitor C;, and diode D to charge capacitor C. Inductor
L1 transfers its SE to capacitor C. In the meantime, current 71, flows through the (Co — R)
circuit, capacitor Cy, inductor Lz, capacitor Cp, and diode D to keep itself continuous. Both
currents i;; and irp decrease. In order to analyze the progress of the working of the cir-
cuit, the equivalent circuits in switch-on and switch-off states are shown in Figure 6.10b—d.
Assume that capacitors C1 and C; are sufficiently large, and the voltages Vc1 and V¢ across
them are equal to V7 in steady state.

Voltage vy 3 is equal to V1 during switch-on. The peak-to-peak variation of current iy 3 is

Az = —. (6.69)

This variation is equal to the current reduction during switch-off. Suppose that its voltage
is —Vi3_off, then
Vo1 — KT

Ai
L3 Is

Thus, during switch-off, the voltage-drop across inductor L3 is

k
Vi3—off = 1= kVL (6.70)
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FIGURE 6.10 P/O re-lift circuit (a) circuit diagram, (b) switch-on (c) switch-off, and (d) discontinuous mode.
(Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC,
p- 97. With permission.)

Current 711 increases in the switch-on period kT, and decreases in the switch-off period
(1 — k)T. The corresponding voltages applied across L1 are V1 and —(Vc — 2V1 — Vi3_off)-
Therefore,

kTVi =1 -kT(Vc —2V1 — Via—off)-

Hence,
2
1-—-k

Ve = \%% (6.71)
Current i1 increases in the switch-on period kT, and it decreases in the switch-off period

(1 — k)T. The corresponding voltages applied across L; are (Vi + Vc — Vo) and —(Vo —
2V1 — Vis_off). Therefore,

kKT(Ve+Vi—=Vo) =1 -KBTVo —2V1 — Viz—off)-

Hence,
2

Yo=17%

Vi (6.72)
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FIGURE 6.11 Voltage transfer gain MR versus k. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 99. With permission.)

and the output current is

Io = I. (6.73)

The voltage transfer gain in the continuous mode is

Vo 2
- = .74
MR Vi 1—x (6 )

The curve of My versus k is shown in Figure 6.11.
Other average currents are

k
1= ——Ip = =] 7
L =7—lo I (6.75)

and

1
Iz=I1+I2= mlo- (6.76)

Currents ic1 and ic are equal to (ip1 + i12) during the switch-off period (1 — k)T, and the
charges on capacitors C; and C, decrease, that is,

1
o SR S
ic1 = ic2 = (iL1 +1i12) T—xlo

The charges increase during the switch-on period kT, so their average currents are

1—k 1—k k I
Ic1 =1l = p (1 + o) = < <m + 1) Io = ?O' (6.77)
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During switch-off, the source current i is 0, and in the switch-on period kT, it is
it =111 + i +ic1 + i3 + ico.
Hence,

It = kit = k(I1 + Iz + Ic1 + Itz + Ic2) = k[2U11 + I12) + 2]

Iip 1 2

1-k
=2k(I11 +I1p) <1 + T) =2k

6.3.1.1 Variations of Currents and Voltages

Current 711 increases and is supplied by V1 during the switch-on period kT. It decreases and
is inversely biased by —(Vc — 2V1 — V13) during the switch-off period (1 — k)T. Therefore,
its peak-to-peak variation is

The variation ratio of current iy is

£ = AiLl/Z_kVIT_ 1-k R

= - - —. 6.79
"I T Kl 2Mg fL (6.79)

Current 71 increases and is supplied by the voltage (V1 + Vc — Vo) = V1 during the
switch-on period kT. It decreases and is inversely biased by —(Vo — 2V — V13) during
switch-off. Therefore, its peak-to-peak variation is

The variation ratio of current iy > is

_ Airp/2 _ KTV k R

= = _. 6.80
2= 2Ll 2Mg fLa (6:80)
When the switch is off, the freewheeling diode current ip = i1 + ir2 and
kTVi k(1 -k)V,
Aip = Alr3 = Al + Aipp = L. ( ) OT. (6.81)
L 2L
Since Ip = I11 + 12 = Io/1 — k, the variation ratio of current ip is
_Aip/2 k(1 -k?TVo k(1-kR  k R 6.82)
= Ip 4LIo - 2MgfL  MESfL ‘
The variation ratio of current iy 3 is
Airz/2 kviT k R
= A/ ! (6.83)

s 2La/1-klo  M2fLs’



210 Power Electronics

The peak-to-peak variation of vc is

o+ 1-k k(1 —k)
Ave = 28 = — S, = S "B,
(46 C C L1 °C 1

Considering Equation 6.71, the variation ratio is

_ Ave/2  k(A-RThH  k
= TVe T T acvo | 2fCR

(6.84)

The charges on capacitors C1 and C; increase during the switch-on period kT, and decrease
during the switch-off period (1 — k)T because of the current (IL1 + I12). Therefore, their
peak-to-peak variations are

_(0=RpT0u+I) _ A=k

A =
vc1 c 20
Ao — A-TUu+h2)  A-kh
= C2 T 20f

Considering V1 = Vp = V7, the variation ratios of voltages vcq and vcp are

_ Avcy/2 _ 1 -kh _ MR

- - ) 6.85
T Ve T H#Gv: T 2GR (6.85)
Avcy/2 1-kh Mg
= = = . 6.86
2T Ve T aviGf | 2fGR (6.86)
Analogously, the variation ratio of output voltage vo is

Avo /2 T2 1

e A0z KT Vi K . (6.87)

Vo  16Coly Vo  16Mg f2Col,

Example 6.2

A P/O re-lift Luo-converter has the following components: V| =20V, L1 =L =1mH, L3 =
0.5mH, and all capacitors have 20 uF, R = 160 L, f = 50kHz, and k = 0.5. Calculate the output
voltage and the variation ratios &1, £, ¢, X1, p, 01,02, and ¢ in steady state.

SOLUTION

From Equation 6.72, we obtain the output voltage as

2

V:
OT T %k

20 =80V.

Vi=
1-05
The variation ratios are £1 = 0.2, £ = 0.2, t=0.1, x1 =0.1, p=0.0016 o7 =0.0125, 0y =
0.0125, and ¢ = 1.56 x 10~%. Therefore, the variations are small.
From the example, we know the variations are small. Therefore, the output voltage vg is almost
a real DC voltage with very small ripples. Because of the resistive load, the output current ig(t)
is almost a real DC waveform with very small ripples as well, and Io = Vo/R.
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FIGURE 6.12 The boundary between continuous and discontinuous modes and the output voltage versus the
normalized load zy = R/f L. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters. Boca Raton:
Taylor & Francis Group LLC, p. 106. With permission.)

For DCM, referring to Figure 6.10d, we can see that the diode current ip becomes zero during
switch-off before the next period switch-on. The condition for the DCM is ¢ > 1, that is,

k R
27l >1,
MR
or
Mg < xfk,/ffRL =vkzN. (6.88)

The graph of the boundary curve versus the normalized load zy = R/fL is shown in Figure 6.12.
It can be seen that the boundary curve has a minimum value of 3.0 at k =1/3.

In this case, the current ip exists in the period between kT and t; = [k 4+ (1 — k)mR]T, where
mR is the filling efficiency and is defined as

1 Mé (6.89)
MR=—-=—"—. .
"7 ¢ T k®R/D
Therefore, 0 < mg < 1. Since the diode current ip becomes zero att = t; = kT + (1 — k)mRT,
for the current i

kTV| = (1 — k)mRT(VC — 2\/| — VL3—Off)
or

k k k 5 R . R 2
Vo= [ e Y= 2 g R R v e vR =
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and for the current i o
KT(M+ Ve — Vo) = (1 = kmrT(Vo — 2V — Vi3_¢ff)-

Therefore, the output voltage in the discontinuous mode is

k k k 5 R
VO_[2+1—k+(1—k)mR]V'_[2+1—k+k “‘k)m]v'

. R 2

That is, the output voltage linearly increases as the load resistance R increases. The output voltage
versus the normalized load zy = R/fL is shown in Figure 6.12. Larger load resistance R may cause
higher output voltage in the discontinuous mode.

6.3.2 Triple-Lift Circuit

The triple-lift circuit, shown in Figure 6.13, consists of two static switches S and Sy, four
inductors L1, Ly, L3, and Ly, five capacitors C, C1, Cy, C3,and Cp, and five diodes. Capacitors
C1, C2, and C3 perform characteristics to lift the capacitor voltage Vc to a level 3 times
higher than the source voltage V1. L3 and L4 perform the function of ladder joints to link the
capacitors Cy, Cp, and C3 and lift the capacitor voltage Vc up. Currents ic1(¢), icz2(t), and
ic3(t) are exponential functions. They have large values at the moment of switching power
on, but they are small because vc1 = vc2 = vez = V1 in steady state.
The output voltage and current are

Vo = Vi (6.91)

Vol
L1

\/

FIGURE 6.13 Triple-lift circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters. Boca
Raton: Taylor & Francis Group LLC, p. 110. With permission.)
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FIGURE 6.14 Voltage transfer gain Mt versus k. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 111. With permission.)

and
1-k
Io = Ir. (6.92)
3
The voltage transfer gain in the continuous mode is
Vo 3
Mr=—=—. 6.93
TZVv T 1k (6.93)
The curve of Mt versus k is shown in Figure 6.14.
Other average voltages: Vc =Vo, Vci=Veo =V =V
k 1
Other average currents: I1p =Io, IL1 = ﬂlo, Il3=Ia=I1+I2 = ﬁlo.
Current variations: & 1-k R kR k(@ —©R k 3R
variations: §1 = ———, = (= =
Sk L T Mfl T 2MafL M2 2fL
_k 3R _k 3R
M M2ofL T M2 oL
Voltage variations K Mr Mry Mry
Pp=r=5, O1= , 02 = , 03= .
& PTofCR” ' T 2fGR. T 2fGRT T 2GR
The variation ratio of output voltage vc is
k 1
(6.94)

® = 16Mr f2CoLy

The output voltage ripple is very small.
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FIGURE 6.15 The boundary between continuous and discontinuous modes and the output voltage versus the
normalized load zyy = R/f L. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton:
Taylor & Francis Group LLC, p. 113. With permission.)

The boundary between CCM and DCM is

=k 2?_12 SN (6.95)

This boundary curve is shown in Figure 6.15. It can be seen that the boundary curve has a
minimum value of Mr that is equal to 4.5, corresponding to k = 1/3.

In the discontinuous mode, the current ip exists in the period between kT and t; = [k +
(1 — k)ymt]T, where mr is the filling efficiency, that is,

_1_ My (6.96)
M= T kGR2fL) '

The diode current ip becomes zero at t = t1 = kT + (1 — k)mtT; therefore, 0 < mt < 1.
For the current i1 1,

kTVi = 1 = kymtT (Ve — 3V1 — Viz—off — Vi4—off)

or

B 2k k 2k )

. 3R 3
with \/E 2f_L > m,

and for the currentifp, kT(Vi+ Ve —Vo) =0 —k)mtT(Vo —2V1 — Vig_off — Via—off)-
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Therefore, the output voltage in the discontinuous mode is

2k k 2k R
vo=[3+ + }Lﬁ:[3+———+«%1—m——}m

1—k ' (1—kmr 1—k 6fL
. 3R 3

That is, the output voltage linearly increases as the load resistance R increases, as shown in
Figure 6.15.

6.3.3 Quadruple-Lift Circuit

The quadruple-lift circuit, shown in Figure 6.16, consists of two static switches S and S,
five inductors L1, Ly, L3, Ls, and Ls, six capacitors C, Cq, C2, C3, C4, and Co, and seven
diodes. Capacitors Cy, Cz, C3, and Cy4 perform characteristics to lift the capacitor voltage V¢
to a level 4 times higher than the source voltage V7. L3, L4, and L5 perform the function of
ladder joints to link the capacitors C1, Cp, C3, and Cy4, and lift the output capacitor voltage
Vc up. Current ic1(#), ica(t), ica(t), and ica(t) are exponential functions. They have large
values at the moment of power on, but they are small because vc1 = vcr = vz = vcs = Vi
in steady state.
The output voltage and current are

4
1—k

Vo =

Vi (6.98)

and

I. (6.99)

ic1

FIGURE 6.16 Quadruple-lift circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 114. With permission.)
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The voltage transfer gain in the continuous mode is

1% 4
—-90_ = (6.100)

MQ_VI_l—k

The curve of Mq versus k is shown in Figure 6.17.

Other average voltages: Vc =Vo, Vo=V =V =V =V1

k
Other average currents: I =Ipo, IL1 = — Io,
1
I3 =Ia=Lis =Iun+ 2= —lo.
Inductor current variations: & 1-k R k R
el = ), 5= =
2Mq fLa 2Mq fLs
= ZMQfL - MéfL X1 = MfoL3'
k 2R k 2R
X2= o K3= o
M fLs Mg fLs
k M M
Capacitor voltage variations: p = ﬁ o] = ZfC?R oy = ZfCSR
Mq Mq
03 = 2fC3R 04 = ZfC4R

0 0.2 0.4 0.6 0.8 1
k

FIGURE 6.17 Voltage transfer gain Mg versus k. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 115. With permission.)
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The variation ratio of output voltage V¢ is

k 1

S 6.101
*~ 16Mo f2Col, (6101

The output voltage ripple is very small.
The boundary between continuous and discontinuous modes is

Mg < vk /% = /2kzn. (6.102)

This boundary curve is shown in Figure 6.18. It can be seen that it has a minimum value of
Mq that is equal to 6.0, corresponding to k = 1/3.

In the discontinuous mode, the current ip exists in the period between kT and t; = [k +
(1 — k)mg]T, where mq is the filling efficiency, that is,

2
1 Mg

The current ip becomes zero at t = t; = kT + (1 — k)mqT; therefore, 0 < mq < 1. For the
current i;.1, we have

kTVi = (1 = kymQT (Ve — 4V1 — Via_off — Via—off — Vi5—0ff),

60 T T T T T
50 | P
k=0.9 Continuous mode -
40 _ /
-~

30 - "-l — —— ...-......_ ]

Discontinuous mode

PRI | 1 14 L
54 64 100 250 889
RIfL

s | O B TR T TT R B S S S S 1 L

FIGURE 6.18 The boundary between continuous and discontinuous modes and the output voltage versus the
normalized load zy = R/f L. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton:
Taylor & Francis Group LCC, p. 116. With permission.)
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or

3k k 3k,

and for current it p, we have
kKT(Vi+ Ve = Vo) = 1 - kymQT(Vo — 2V1 — Viz_off — Via—off — Vi5-0ff)-

Therefore, the output voltage in the discontinuous mode is

3k k 3k,

2R 4
with vk LITE (6.104)

That is, the output voltage increases linearly as the load resistance R increases, as shown in
Figure 6.18.

6.3.4 Summary

From the analysis and calculation in previous sections, the common formulae for all circuits
can be obtained:

Vo I L1l R Vo
M:—:—, L: , ZIN = —, = —.
Vi Io L1+ L fL Io
et variations: &, ~ LK R _ kK R kn R
nductor current variations: £ = ——— —, - Y=
YEOOM fL 2T oML M T M22fLi

where i is the component number (i =1,2,3,...,n — 1), and n the stage number.

Capacitor voltage variations K k !
A \Y 1 p= , €= ;
P & = 2fCR 16M f2CoL,
M
i=—, 1=1,2,3,4,...,
o; 2CR i n

In order to write common formulae for the boundaries between continuous and dis-
continuous modes and output voltage for all circuits, the circuits can be numbered. The
definition is that subscript n = 0 denotes the elementary circuit, 1 denotes the self-lift cir-
cuit, 2 denotes the re-lift circuit, 3 denotes the triple-lift circuit, 4 denotes the quadruple-lift
circuit, and so on. The voltage transfer gain is

n + kh(n)

MVIZ 1—k ’

n=0,1,234,.... (6.105)
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FIGURE 6.19 Output voltages of all P/O Luo-converters (V1 = 10V). (i) Quadruple-lift circuit; (ii) triple-lift
circuit; (iii) re-lift circuit; (iv) self-lift circuit; and (v) elementary circuit. (Reprinted from Luo, F. L. and Ye, H. 2006.
Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 120. With permission.)

Assuming thatf =50kHz,L1=Ly,=1mH, [, =l3=Ls=L5=05mH,C=C; =C, =
C3 = C4 = Co = 20 uF, and the source voltage Vi = 10V, the values of the output voltage
Vo with various conduction duty cycles k in the continuous mode are shown in Figure 6.19.
The variation of freewheeling diode current ip is given by

K+ 31 4 h(n)

tn = M—,% 5 N (6.106)
The boundaries are determined by the condition:
G > 1
or
KON () >1, n=0,1,234,.... 6.107)

ME 2

Therefore, the boundaries between continuous and discontinuous modes for all circuits are

h
M, = k(+h0072, | %(TI)ZN, n=0,1,234 ... (6.108)

The filling efficiency is

I S 2 1
", T KOOI g h(n) zn

(6.109)
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FIGURE 6.20 Boundaries between CCM and DCM of P/O Luo-converters. (Reprinted from Luo, F. L. and Ye, H.
2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 121. With permission.)

The output voltage in the DCM for all circuits is

n4hmy—1 o, 1—k
Von= — kT _— —__ |V, n=0,1,234,..., (6110
O-n [n+ -t T 2n+hm1 V)" ©410)
where
0 if n>1 . .
h(n) = {1 § n_o IS the Hong function. (6.111)

The boundaries between continuous and discontinuous modes of all circuits are shown in
Figure 6.20. The curves of all M versus zn suggest that the continuous mode area increases
from Mg via Ms, Mg, Mt to Mqg. The boundary of an elementary circuit is a monorising
curve, but other curves are not monorising. There are minimum values of the boundaries
of other circuits which for Ms, Mg, Mt, and Mq correspond at k = 1/3.

6.4 N/O Luo-Converters

N/O Luo-converters perform the voltage conversion from positive to negative voltages
using the VL technique. They work in the second quadrant with large voltage amplification.
Five circuits have been introduced in the literature [12,13]:

o Elementary circuit
o Self-lift circuit
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e Re-lift circuit
o Triple-lift circuit

o Quadruple-lift circuit.

The elementary circuit was discussed in Section 5.52 and the selflift circuit
was discussed in Section 6.2.4. Therefore, further circuits will be discussed in this
section.

6.4.1 Re-Lift Circuit

Figure 6.21 shows the N/O re-lift circuit, which is derived from the self-lift circuit. It con-
sists of one static switch S, three inductors L, L1, and Lo, four capacitors C, C1, C2, and
Co, and diodes. It can be seen that one capacitor Cy, one inductor L, and two diodes
D, and D11 have been added into the re-lift circuit. Circuit C1-D1-D11-L1-Cy-D5 is the lift
circuit. Capacitors C; and Cy perform characteristics to lift the capacitor voltage V¢ to
a level 2 times higher than the source voltage 2V;. Inductor L; performs the function
as a ladder joint to link the two capacitors C; and C; and lift the capacitor voltage Vc.
Currents ic1(t) and ico(t) are exponential functions 31(t) and 8(f). They have large val-
ues at the moment of power switching on, but they are small because vc1 = vcr =V in
steady state.

When switch S is on, the source current i} = i, + ic1 + ic2. Inductor L absorbs energy from
the source, and current 71, linearly increases with slope V/L. In the meantime the diodes D
and D; are conducted so that capacitors C; and C; are charged by the currents ic; and ic.
Inductor Lo keeps the output current Io continuous and transfers energy from capacitor C
to the load R, that is, ic_on = i.0. When switch S is off, the source current i = 0. Current i,
flows through the freewheeling diode D, capacitors C1 and Cp, and inductor L1 to charge
capacitor C and enhance current i; 0. Inductor L transfers its SE to capacitor C and load R
via inductor Lo, that is, i, = ic1_off = IC2—off = iL1—off = IC—off + iLO- Thus, the current iy,
decreases.

FIGURE 6.21 N/O re-lift circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 142. With permission.)
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The output current Io = I1 o because the capacitor Co does not consume any energy in

the steady state. The average output current is
Io =ILo = Ic—on-
The charge of capacitor C increases during switch-off:
Q+ = A =) Tlc—of-

It decreases during switch-on: Q— = kTlc_on.
In the whole repeating period T, Q+ = Q—. Thus,

k k
Ic_off = —Ic—on = —Io.
C—off 1_kC0r1 1_kO
Therefore, the inductor current Iy, is
Io
I =1c_ Iop=——.
L =lCoff +10= 77
We know that
le1—off = Ic2—otf = It1 = I = T—lo,
1—k 1
I — = _I — = _I 7
Cl-on k Cl—off k O
and
1—-k
Ico—on = —Ico_off = —I0.
C2—on k C2—off k O
In the steady state, we can use
Vaa=Va =V
and
k
Vii—on = V1, Vi0pooff = 1 kVI-

(6.112)

(6.113)

(6.114)

(6.115)

(6.116)

Considering current iy, it increases during switch-on with slope V/L and decreases during
switch-off with slope —(Vo — V1 — Voo — Vii—off) /L = —[Vo — 2V1 — kV1/(1 — K)1/L.

Therefore,

kTVi=Q1-kT <VQ —2V7 — LVI>

1—k

or

Vo =

(6.117)
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and
1-—k
2

Io= I. (6.118)

The voltage transfer gain in the continuous mode is

Vo I 2
Me_Yo_I_ 2 6.119
RV T Io  1-«k (6.119)

The curve of MR versus k is shown in Figure 6.11. The circuit (C-Lo-Cp) is a “IT”-type
low-pass filter. Therefore,

2
1—-k

Ve=Vo = Vi (6.120)

Current i1, increases and is supplied by Vi during switch-on. Thus, its peak-to-peak
variation is

. kTVy
Alp, = ——.

The variation ratio of current iy, is

(_ A2 _KA-RVIT _k1-kR_ k R

= = = — . 6.121
I, 2LIo 2MRfL MI% fL ( )
The peak-to-peak variation of current i1 is
k
Al = —TV1.
L1 L I
The variation ratio of current iy is
Aif1/2  kTV k(1—-k R
o= A2 KV kAP R (6.122)
Iy 2L11o 2MRr  fL4
The peak-to-peak variation of voltage vc is
Q— k
Avc = — = =Tlp.
= cTce
The variation ratio of voltage uc is
Avc/2 kloT k1
o= Avc/2 _ Kol _ (6.123)

Ve  2CVo  2fCR
The peak-to-peak variation of voltage vcy is

kT 1

Avcy = C_11C1—0n = EIO.
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The variation ratio of voltage vcy is

Avct/2 Io Mr 1
0] = =

Using the same operation, the variation ratio of voltage vc; is

_ Avcr /2 _ Io _ Mr 1

2T Ve T 2fGV | 2 fGR
Since
ni 1T K _ k.
YO = 222CLo " 0 T 8f2CLo

the variation ratio of current iy o is

_ Airo/2 _ k1

5= o " 16f2CLo’

Since
B 1T k k

Vo 2fCiVi . 2 fFGiIR

Avco =

the variation ratio of current vco is

. Avco/2 _ k Io k

Vco  128f3CCoLo Vo 128 f3CCOLOR

Example 6.3

B _1T Io = lo,
Co 2216f2CColo © ~ 64f3CCoLo °

Power Electronics

(6.124)

(6.125)

(6.126)

(6.127)

An N/O re-lift Luo-converter has the following components: V| =20V, L= L1 = Lo = 1mH, all
capacitances are equal to 20 uF, R = 160 2, f = 50 kHz, and k = 0.5. Calculate the output voltage

and the variation ratios £, ¢, x1, p, 01,02, and ¢ in steady state.

SOLUTION
From Equation 6.127, we obtain the output voltage as

2
T 11—k

Vo Vi 20=80V.

~1-05

The variation ratios are § = 6.25 x 10_4, ¢=0.04, x1 =0.1,p=0.0016,01 = 0.04, oo = 0.04,

and ¢ = 7.8 x 107°. Therefore, the variations are small.

In the DCM, the diode current ip becomes zero during switch-off before the next period switch-

on. The condition for DCM is ¢ > 1, that is,

k R
MR
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or
Mg < fk,/TRL =vkzZN. (6.128)

The graph of the boundary curve versus the normalized load zy = R/fL is shown in Figure 6.12.
It can be seen that the boundary curve has a minimum value of 3.0 at k = 1/3.

In this case, the current ip exists in the period between kT and t; = [k + (1 — k)mg]T, where
mR is the filling efficiency and it is defined as

! M§ 6.129)
MR =T KR/ (6.
Therefore, 0 < mg < 1. Because inductor current ij; = 0 at t = tq,
k
Vii—off = mvl-
Since the current ip becomes zero at t = t; = [k + (1 — k)mg]T, for the current i,
kTV[ = (1 — k)mRT(VC — 2V| — VLT—Off)
or
2k 2 R , R 2
and for the current i o, kT(Vi + Vc — Vo) = (1 — k)mrT (Vo — 2V — V{1 _off)-
Therefore, the output voltage in the discontinuous mode is
2k R R 2
Vo= 24 ———|Vi=[24K0-k— |V with Vk/—>-—". 1
o [+(1—k)mR} ‘ [+ ( )2fL] | with Vi = o7 (6.130)

That is, the output voltage linearly increases as the load resistance R increases. Larger load resis-
tance R may cause higher output voltage in the discontinuous mode.

6.4.2 N/O Triple-Lift Circuit

An N/O triple-lift circuit is shown in Figure 6.22. It consists of one static switch S, four
inductors L, L1, Ly, and Lo, five capacitors C, C1, Cp, C3, and Cp, and diodes. The circuit
C1-D1-L1-C3-D3-D11-Lo-C3-D3-Dyy is the lift circuit. Capacitors Cq, C2, and C3 perform char-
acteristics to lift the capacitor voltage V¢ to a level 3 times higher than the source voltage
V1. L1 and L, perform the function as ladder joints to link the three capacitors C1, Cp, and
C3 and lift the capacitor voltage Vc up. Currents ic1(t), ic2(t), and ic3(t) are exponential
functions. They have large values at the moment of power switching on, but they are small
because vc1 = vcp = ves = Vi in steady state.
The output voltage and current are

Vo = Vi (6.131)

and

Io = I. (6.132)
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FIGURE 6.22 N/O triple-lift circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 151. With permission.)

|
\
a
[

The voltage transfer gain in the continuous mode is

Vo 3
= —= —, ,1
Mr=2 =" (6.133)

The curve of Mt versus k is shown in Figure 6.14.

Other average voltages: Vc =Vo; Vo=V =V =1

Other average currents: I1o =Ilo; L =11 =l = ﬁl@.
Current variation ratios: ¢ = Lﬁ, £ = EL, X1 = Mi/
M% 2fL 16f2CLO 2Mr  fLg
_k(1—-k) R
X2 = M1 m
k1 _Mr 1 _Mr 1 _Mp 1

Voltage variation ratios: p = 3 ]ﬁ ; o1= - ]ﬁ ; op= Tﬁ ; 03= T]‘C?

The variation ratio of output voltage V¢ is

k 1

L 134
® T 128 3CCoLOR (6.134)

The boundary between continuous and discontinuous modes is

/3R [3ken
My < vk 7=V 7 (6.135)
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It can be seen that the boundary curve has a minimum value of Mr that is equal to 4.5,
corresponding to k = 1/3. The boundary curve versus the normalized load zxy = R/fL is
shown in Figure 6.15.

In the discontinuous mode, the current ip exists in the period between kT and t; = [k +
(1 — k)ymt]T, where mr is the filling efficiency, that is,

1 Mp 6.136
M= T kGR/2fL) (6136

Because inductor current i1 = ij» = 0 at t = t1; therefore 0 < m1 < 1:

k

— Vi
aA—kymr "

Vii—off = Vio—off =

Since the current ip becomes zero at t = f1 = [k + (1 — k)mT]T, for the current iy, we have

kTVi = (1 = kymtT(Vc —3V1 — Vii—off — Vi2—off)

_ 3k 2 R /3R 3
Vc—|:3+m:lvl |:3+k(1—k)2fL:| 1 with Vi 2L 21 %

and for the current it o, we have

or

kKT(Vi4+ Ve —=Vo) =1 -kmrT(Vo — 2V1 — Vii—off — Vi2—off)-

Therefore, output voltage in the discontinuous mode is

B 3k 24 o R 3R _ 3
O_P+HTEE} P+ka mf]w with Vk oL (6.137)

That is, the output voltage increases linearly as the load resistance R increases. We can see
that the output voltage increases as the load resistance R increases.

6.4.3 N/O Quadruple-Lift Circuit

An N/O quadruple-lift circuit is shown in Figure 6.23. It consists of one static switch S, five
inductors L, L1, L, L3, and Lo, and six capacitors C, C1, C2, C3, C4, and Co. Capacitors Cq, Cy,
Cs, and C4 perform characteristics to lift the capacitor voltage V¢ to a level 4 times higher
than the source voltage V1. L1, Ly, and L3 perform the function of ladder joints to link the
four capacitors Cy, Cp, C3, and Cy4 and lift the output capacitor voltage V. Currents ici (f),
ic2(t), ica(t), and ic4(t) are exponential functions. They have large values at the moment
of power switching on, but they are small because vc1 = vcp = ves = veg = Vi in steady
state.
The output voltage and current are

4

Vo=17%

Vi (6.138)
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FIGURE 6.23 N/O quadruple-lift circuit. (Reprinted from Luo, . L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 155. With permission.)

and

Io= I. (6.139)

The voltage transfer gain in the continuous mode is

Vo 4
Mg=—=——-. 6.140
Q=Y T1 % (6.140)
The curve of Mg versus k is shown in Figure 6.17.
Other average voltages: Vc =Vo;, Vo=V =V =Va=V1
1
Other average currents: Iro =Ilo; IL=Ii1=h=hI3= ﬁlo.
C t variati tios: © k 2R : k1
urrent variation ratios: { = ———; £=-——5——;
Mé fL 16 f2CLo
_k(@—k) R _k(@—k) R _k(1-k) R
M= ToMg L 7T oMo fL BT Tamg fLs
1 Mg 1
Voltage variation ratios: p = 5 fC_R ; 01 = TQ m ;
Mg 1 Mg 1 Mg 1
0= (7", 03=—F"7"——; 04=—" -
2 fCGR 2 fG3R 2 fC4R
The variation ratio of output voltage Vc is
k 1

S — 6.141
® = 128 f3CCoLOR (6.141)
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The output voltage ripple is very small.
The boundary between CCM and DCM is

Mg < vk J% = /2kzn. (6.142)

It can be seen that the boundary curve has a minimum value of Mg that is equal to 6.0,
corresponding to k =1/3. The boundary curve is shown in Figure 6.18.

In the discontinuous mode, the current ip exists in the period between kT and t; = [k +
(1 — k)mg]T, where mq is the filling efficiency, that is,

= 1 = —Mé (6.143)
"= T k@R/fL) ‘

Because inductor current i1; = i1 = ip3 = 0 at t = t1; therefore 0 < mg < 1:

k

aA—kmg "

Vii—oft = Vio—off = Vi3—off =

Since the current ip becomes zeroatt = t; = kT + (1 — k)mqT, for the current ir,, we have
kTVy = (1 —kymQT (Ve — 4V1 — Vii—off — Vi2—off — V13—off)

or with

~ 4k ) _ 2R 4

and for current i; o, we have
kT(Vi+ Ve —Vo) =1 =kmgT(Vo —2V1 — Vii—off — Vi2—off — VL3—off)-

Therefore, the output voltage in the discontinuous mode is

B 4k ) [2R 4
Vo_[4+m}v [4+k(1—k)2f—L] 1 with «/’f— T (6149)

That is, the output voltage linearly increases as the load resistance R increases. We can
see that the output voltage increases as load resistance R increases.
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6.4.4 Summary

From the analysis and calculation in previous sections, the common formulae for all these
circuits can be obtained:

Vo I R Vo
=—=—; ZIN=; R=—.
\%i Io fL Io
Inductor current variation ratios: ¢ = ka - k)R' = K ;
" 2MfL 7 ° 16f2CLo’
k(1 —k)R
Xl:ﬁ’ 121,2,3,,7’1_1 Wlth nZZ
Capacitor voltage variation ratios: p = ;e = k ;
P & " PT2fCR’ ° T 1283CCoLoR’
M
0; = m, i=1,2,34...,n with n>1.

Here i is the component number and # is the stage number. In order to write common
formulae for the boundaries between continuous and discontinuous modes and the output
voltage for all circuits, the circuits can be numbered. The definition is that subscript n = 0
denotes the elementary circuit, 1 the self-lift circuit, 2 the re-lift circuit, 3 the triple-lift circuit,
4 the quadruple-lift circuit, and so on. Therefore, the voltage transfer gain in the continuous

120

100

[
(=)

Output voltage, Vi, V
o
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0 0.2 0.4 0.6 0.8 1
Conduction duty (k)

FIGURE 6.24 Output voltages of N/O Luo-converters (V1 = 10V). (i) Quadruple-lift circuit; (ii) triple-lift circuit;
(iii) re-lift circuit; (iv) self-lift circuit; and (v) elementary circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 160. With permission.)
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mode for all circuits is (Figure 6.24)

_ n+kh(n)

My=-———, n=01234, .. (6.145)

The variation of freewheeling diode current ip is

K+ 31 1 h(n)
—Z

C”Z_RE_ 5 (6.146)
The boundaries are determined by the condition:
G > 1
or
KO n + b >1, n=0,1,234,.... (6.147)

M 2

Therefore, the boundaries between continuous and discontinuous modes for all circuits

are
[n+h
M,, = kA+hm)/2 EiE@QM n=0,1,234,.... (6.148)

For DCM, the filling efficiency is

1 M2 2 1

== —. 6.149
" G T KO0 54 () 2w ©14)
The voltage across capacitor C in the discontinuous mode for all circuits is
2-hem L =K
Veen=|n+k zn |V, n=0,1,23,4,.... (6.150)
The output voltage in the discontinuous mode for all circuits is
-ho 1=K
Voon=|n+k —5 2N Vi, n=0,1,2,3,4,..., (6.151)

where

0 if n>1
Mm:{lifnzo

is the Hong function.
The voltage transfer gains in CCM for all circuits are shown in Figure 6.24. The boundaries
between continuous and discontinuous modes of all circuits are shown in Figure 6.25. The
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FIGURE 6.25 Boundaries between CCM and DCM of N/O Luo-converters. (Reprinted from Luo, F. L. and Ye,
H. 2006. Essential DC/DC Converters.Boca Raton: Taylor & Francis Group LLC, p. 161. With permission.)

curves of all M versus zy suggest that the continuous mode area increases from Mg via Ms,
Mg, and Mt to Mq. The boundary of the elementary circuit is a monorising curve, but other
curves are not monorising. There are minimum values of the boundaries of other circuits,
which for Ms, Mg, Mt, and Mg correspond at k = 1/3.

6.5 Modified P/O Luo-Converters

N/O Luo-converters perform the voltage conversion from positive to negative voltages
using the VL technique with only one switch S. This section introduces the technique to
modify P/O Luo-converters that can employ only one switch for all circuits. Five circuits
have been introduced in the literature [14]:

o Elementary circuit
o Self-lift circuit

o Re-lift circuit

o Triple-lift circuit

o Quadruple-lift circuit.

The elementary circuit is the original P/O Luo-converter. We will introduce the self-lift
circuit, re-lift circuit, and multiple-lift circuit in this section.
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6.5.1 Self-Lift Circuit

233

The self-lift circuit is shown in Figure 6.26. It is derived from the elementary circuit of the
P/O Luo-converter. In steady state, the average of inductor voltages in a period is zero.

Thus

Ver = Veo = Vo.

(6.152)

The inductor current 71, increases in the switch-on period and decreases in the switch-off
period. The corresponding voltages across L are Vi and —Vc.

Therefore, kTV1 = (1 — k)TV . Hence,

k
Ve = - kVI.
(a) i _ Ve iLo io
- || . M -
: I san el
c | D ©
+ +
Vi A ——
1 i, L A Va—T Tc Vo
_ D _| ¢ o R
b) i Ve o o
(b) —p T —» —»
1 oYY
Lo
+ C ‘ +
AT I A
_ T R
G Co -
(0 =0 o g
_ e i
Lo
* +
1y L 1
" "ng CTOT c . §R Yo
_ L . C n 1 Co B

(6.153)

FIGURE 6.26 (a) Self-lift circuit of modified P/O Luo-converters and its equivalent circuit during (b) switch-on,
and (c) switch-off. (Reprinted from Luo, . L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor &

Francis Group LLC, p. 163. With permission.)
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During the switch-on period, the voltage across capacitor C; is equal to the source voltage
plus the voltage across C. Since we assume that C and C; are sufficiently large,

Ver=Vi+ Ve
Therefore,
k 1
Vo =Vi+ —Vi=——V
c1=Vi+ 1T 1= 1 %"t
o=Vco=Va=1—"7,"

The voltage transfer gain of CCM is

_Vo_ 1

M=-2— .
Vi 1-k

The output voltage and current and the voltage transfer gain are

1
Vo = V1,
O 1—k I
lo=(QQ-kL,
Ms = ! (6.154)
STI1 % '
Average voltages: Vc =kVp,
Ve = Vo.
Average currents: I o = Io,
1
IL = ——Io.
L 1—k O

We also implement the breadboard prototype of the proposed self-lift circuit. NMOS
IRFP460 is used as the semiconductor switch. The diode is MR824. The other parameters are
Vi=0-30V, R=30-340, k=0.1-0.9,

C=Co=100mF, and L =470uH.

6.5.2 Re-Lift Circuit

The re-lift circuit and its equivalent circuits are shown in Figure 6.27. It is derived from the
self-lift circuit. The function of capacitor C; is to lift the voltage vc to a level higher than
the source voltage Vy; inductor L1 performs the function of the hinge of a foldable ladder
(capacitor C») to lift the voltage vc during switch-off.

In steady state, the average of inductor voltages over a period is zero. Thus

Ve = Veo = Vo.
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FIGURE 6.27 (a) Re-lift circuit and its equivalent circuit during (b) switch-on, and (c) switch-off. (Reprinted from
Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 166. With
permission.)

Since we assume that C; is large enough and C; is biased by the source voltage V1 during
the switch-on period, Ve = V1.

From the switch-on equivalent circuit, another capacitor voltage equation can also be
derived since we assume all the capacitors to be large enough,

Vo=Vc1=Vc+ V1.

The inductor current 71, increases in the switch-on period and decreases in the switch-
off period. The corresponding voltages across L1 are Vi and —V_g. Therefore, kTV] =
(1 — k)TV1 _ot- Hence,

Vi_oft = V1.

k
1—k
The inductor current 711 increases in the switch-on period and decreases in the switch-
off period. The corresponding voltages across L1 are V1 and —V1_of. Therefore, kTV] =
(1 =) TVL1—oft-
Hence,

k
Vii—of = 7 VI
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From the switch-off period equivalent circuit,

Ve = Veoff = Vi—off + Vi1—oft + V2.

Therefore,

k k 1+k

Ve=—-V —Vi+ V= —"7"V 1

C=1% I+1—k 1+ V1 T (6.155)
1+k 2

Vo—l_kVI-i—VI—l_kVI.

Then we get the voltage transfer ratio in the CCM,

2
= = —— .1
M=Mg = (6.156)

The following is a brief summary of the main equations for the re-lift circuit. The output
voltage and current and the voltage transfer gain are

2
Vo = Vi,
@) 1—k I
1-k
lo=—-1I,
2
Mg = —.
KT 1ok
1+k
Average voltages: V¢ = 1 + kVI,
Vcr = Veo = Vo,
Voo = V.

Average currents: I o = Io,

IL = ILl = mlo

6.5.3 Multiple-Lift Circuit

Multiple-lift circuits are derived from re-lift circuits by repeating the section of L1-C1-D1
multiple times. For example, a triple-lift circuit is shown in Figure 6.28. The function
of capacitors C; and Cz is to lift the voltage V¢ across capacitor C to a level 2 times
higher than the source voltage 2V], and the inductors L1 and L, perform the function
of the hinges of a foldable ladder (capacitors C, and C3) to lift the voltage V¢ during
switch-off.
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FIGURE 6.28 Triple-lift circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 168. With permission.)

The output voltage and current and the voltage transfer gain are

3
V. V1,
0= 71"
1-k
Io = 3 I, (6.157)
3
Mt = ——.
T=17%
2+k
Other average voltages: Vc = 1 + kVI,
Var = Vo,
Voo =Ves=V1
Other average currents: I o = Io,
Iy =l =IL = —lo.

1—k

The quadruple-lift circuit is shown in Figure 6.29. The function of capacitors C;, C3, and
C4is to lift the voltage V¢ across capacitor C to a level 3 times higher than the source voltage

FIGURE 6.29 Quadruple-lift circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 169. With permission.)
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3V1. The inductors L1, Ly, and L3 perform the function of the hinges of a foldable ladder
(capacitors Ca, C3, and Cy) to lift the voltage V¢ during switch-off. The output voltage and
current and voltage transfer gain are

4 1—-k

Vo = V; Io=——-1I, 6.158
o=y V1 o L (6.158)
Mo — 4
QT k
3+k
Average voltages: Vc = ﬁvl, Vel = Vo,
Vo=V =Va=V1
k
Average currents: I1o =1p, IL = ﬂlo,
1
I =l =Is=IL+Io=——lo.

1—-k

6.6 D/O Luo-Converters

Mirror-symmetrical D/O voltages are specially required in industrial applications and com-
puter periphery circuits. The D/O DC-DC Luo-converter can convert positive input source
voltage to P/O and N/O voltages. It consists of two conversion paths. It performs increas-
ing conversion from positive to positive and negative DC-DC voltages with high power
density, high efficiency, and cheap topology in a simple structure [15,16]. Like P/O and
N/O Luo-converters, there are five circuits in this series:

o Elementary circuit

o Self-lift circuit

o Re-lift circuit

o Triple-lift circuit

o Quadruple-lift circuit.

The elementary circuit is the original D/O Luo-converter introduced in Section 5.53. We
will introduce the self-lift circuit, re-lift circuit, triple-lift circuit, and quadruple-lift circuit
in this section.

6.6.1 Self-Lift Circuit

The self-lift circuit shown in Figure 6.30 is derived from the elementary circuit. The positive
conversion path consists of a pump circuit S-L1-Do-Cy, a filter (C2)-L2-Co, and a lift circuit
D1-Cy. The negative conversion path consists of a pump circuit S-L11-D19-(C11), an “IT”-type
filter C11-L12-C1g, and a lift circuit D11-Cq».
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FIGURE 6.30 D/O self-lift circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 181. With permission.)

6.6.1.1 Positive Conversion Path

The equivalent circuit during switch-on is shown in Figure 6.31a and its equivalent circuit
during switch-off is shown in Figure 6.31b. The voltage across inductor L; is equal to Vi
during switch-on and — V¢ during switch-off. We have the relation:

Vel = V1.

1-k
Hence,

1
—V
-k !
and Vot = (1/(1 — k)) V1. The output current is Io+ = (1 — k)I14+.

Other relations are

Vo=Vco=Vo=Vi+Vc =

. . . , k.
Iy =kiry, i = I tici-on,  iC1-off = 7 —FiC1-on,
and

I = ic1—off = kity = I14. (6.159)

Therefore, the voltage transfer gain in the continuous mode is

VO+ 1

Mgt = — = ——. 6.160
s+ = T % ( )

The variation ratios of the parameters are

£ry = Alrp/2 _ k 1 _ Avcy/2 _ A -k _ 1
T, T 162GL TT Ve T 2fGik/1—kVi | 2GR
Avcyp/2 k
and o014 = =

Voo 2fGR
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FIGURE 6.31 Equivalent circuits positive path of the D/O self-lift circuit: (a) switch-on, (b) switch-off, and (c)
discontinuous conduction mode. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 182. With permission.)

The variation ratio of currents ipg and 711 is

_ AiLl/Z_ kviT _ k R

= = =—— 6.161
0t El-i— IL] 2L111+ M% 2fL1 ( )
The variation ratio of output voltage vo is

T Vor  128f3CColaR’

6.6.1.2 Negative Conversion Path

The equivalent circuit during switch-on is shown in Figure 6.32a, and its equivalent cir-
cuit during switch-off is shown in Figure 6.32b. The relations of the average currents and
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FIGURE 6.32 Equivalent circuits negative path of the D/O self-lift circuit: (a) switch-on, (b) switch-off, and (c)
discontinuous conduction mode. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 184. With permission.)

voltages are

k
lo- =Iuz =Icn-on,  Icn-off = 7—plcnn-on = 7—lo-,
Io_
and I111 = Icti—oft +I0- = T—% (6.163)

We know that Ic1o_off = IL11 = (1/(1 = k))Io- and Ic12—on = (1 — k) /K)Ic12—0f = (1/K)]I0-,
sothat Vo_ = (1/(1 —k))Viand Io- = (1 — k)I;.
The voltage transfer gain in the continuous mode is

Voo 1
Mg = —=——. 6.164
s Vi T % ( )

The circuit (Ci1-L12-C10) is a “I1”-type low-pass filter. Therefore, Vc11 = Vo- =
(k/(1 — k)) V1. From Equations 6.160 and 6.161, define Mg = Ms; = Ms_. The curve of Mg
versus k is shown in Figure 6.33.
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0 0.2 0.4 0.6 0.8 1

FIGURE 6.33 Voltage transfer gain Mg versus k. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 185. With permission.)

The variation ratios of the parameters are

£ Air12/2 k 1 Avcty /2 klo_T kK 1

= = —_— , p7 = = = - ,
I 16 f2C10L12 Ven 2CnVo-  2fCuRky
Avctz/2 Io- Ms 1

01_ = =

Veir  2fCiVi 2 fCppRi
The variation ratio of currents ipjg and iy 11 is

_ Air11/2 _ k(1 -kviT _ k(1 —k)Rq k Ry

= = = = . (6.165)
Iin 2Lnlo- 2MsfLun M3 2fLn
The variation ratio of current vcyg is
. Avcio/2 _ k Io_ k 1 (6.166)

Vcio  128f3CnCiolia Vo- @fg’CnCloleRl'

Example 6.4

A D/O self-lift Luo-converter has the following components: V| = 20V, all inductances are T mH,
all capacitances are equal to 20pF, R= Ry =160, f = 50kHz, and k = 0.5. Calculate the
output voltage and the variation ratios, and ¢ in steady state.
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SOLUTION
From Equations 6.160 and 6.164, we obtain the output voltage as

1

1
Voi =Vo- = 7= V= 75520 =40V.

The variation ratios:
£, =625x 1074 £, =0,=02, pp =005 o4 =0.00625 and er =2x107°.

£ =625x10"% ¢_=0.05 p_=000625 oj_=0.025 and er =2x107°.

Therefore, the variations are small.

6.6.1.3 Discontinuous Conduction Mode

The equivalent circuits of the DCM’s operation are shown in Figures 6.31c and 6.32c. Since
we select zy = zn+ = ZN—, Ms = Ms; = Ms_, and ¢ = ¢4 =¢_, the boundary between
CCMand DCMis: ¢ > 1 or

LZ_N > 1
ME2 ™
Hence,
k
Mg < ﬁ\/? — N (6.167)
2 2
30 p—r———r— — - - T T

Discontinuous mode

PR - | - LT 4 Bererewe s g essber b g opepy |8 I TR T . 1 1s

13.516 24.7 62.5 222 842
RIfL

FIGURE 6.34 The boundary between continuous and discontinuous modes and the output voltage versus the
normalized load zn = R/fL (D/O self-lift circuit). (Reprinted from Luo, E L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 187. With permission.)
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This boundary curve is shown in Figure 6.34. This curve has a minimum value of Mg that
isequal to 1.5atk = 1/3.
The filling efficiency is defined as

! ZMé (6.168)
mg = — = ——. .
Tt ken
For the current i1 1, we have
TVi =1 -kyms TVcy
or
k ZN . kzn 1
Ver=—Vi=kP1-k=V th [— > —. 6.169
A= T o ! ( )2 1 wi > 21 % ( )
Therefore, the P/O voltage in the DCM is
k ZN . kZN 1
Vor=Vei+Vi=|1+ —— [Vi=|[1+KPA-h=|V th [ — > ——.
o+ a1+ Vi [+(1—k)m5} I [~I— ( )2] 1 wi > 21k
(6.170)

For the current i; 11, we have
kTVy = (1 - kymsT (Ve — Vi)

or

k ZN . kzn 1
Vern=|14+ —— | Vi=|1+Ka -©bH=| Vv, th _— 171
c [+(1—k)ms} 1= [k )2] powith om =g 617D

and for the current iy 1o, we have kT (Vi + Ve — Voo) = 1 —kms_T(Vo_ — Vy).
Therefore, the N/O voltage in the DCM is

_ k _ 2 ZN . /kZN 1

Then we have Vo = Voy = Vo_ = [14+k*(1 — k)(zn/2)1Vy; that is, the output voltage
linearly increases as the load resistance R increases. Larger load resistance causes higher
output voltage in the DCM, as shown in Figure 6.34.

6.6.2 Re-Lift Circuit

The re-lift circuit shown in Figure 6.35 is derived from the self-lift circuit. The positive
conversion path consists of a pump circuit S-L1-Do-Cy, a filter (C2)-L2-Co, and a lift circuit
D1-Cy-D3-L3-D5-C3. The negative conversion path consists of a pump circuit S-L11-D19-(C11),
an “T1”- type filter C11-L12-C1p, and a lift circuit D11-C12-L13-D22-C13-D13.
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e e e N

FIGURE 6.35 D/O re-lift circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 189. With permission.)

6.6.2.1 Positive Conversion Path

The equivalent circuit during switch-on is shown in Figure 6.36a, and its equivalent circuit
during switch-off is shown in Figure 6.36b.

The voltage across inductors L and L3 is equal to V1 during switch-on, and — (V1 — V)
during switch-off. We have the following relations:

V1.

1+k
Vi and Vo=Vco=Ve=Vi+ Ve =

Var =1 1—k

Thus,
1—k

V[ and IO+ = II+ .

2
Voi+ =

The other relations are Iy =kiiy, i1y =I1 +1134+ic3—on +IiCl-on, ICl—off =
k/(1 = k)ici—on and

. . k. 1
Ity =lIis = ic1-oft = ic3—oft = 5i1+ = 5l1+- (6.173)
The voltage transfer gain in the continuous mode is
Vi 2
Mpy = 2+ = 2 (6.174)
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FIGURE 6.36 Equivalent circuits positive path of the D/O re-lift circuit: (a) switch-on, (b) switch-off, and (c)
discontinuous conduction mode. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 151. With permission.)

The variation ratios of the parameters are

Airp/2 k 1 Air3/2 kviT k R
Iz 16 f2CoL, I3 2L3(1/Dh Mg fLs

and

_ Avci/2 (1 -KTh _ 1 g Avw2 ko
P+ = Ve - 4C1(1 + k/l - Vi - 1+ k)fClR’ += Vo - ZfCZR’

Avcs/2 _ 11—kt Mg

Ves 4G Vi 2fGeR

024 =
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The variation ratio of currents ipg and i1 is

_ Aipg/2 _ kviT _ k R

—t - -2 6.175
b =B Ino Lily  MZfLy ( )
and the variation ratio of output voltage vo. is
A 2 k 1
¢, = DvO+/2 _ (6.176)

Voy  128f3CoColaR’

6.6.2.2 Negative Conversion Path

The equivalent circuit during switch-on is shown in Figure 6.37a, and its equivalent circuit
during switch-off is shown in Figure 6.37b.
The relations of the average currents and voltages are

k
Io- =Ly =Icun- Icti—off = ——Ic11—on = ——Io—
O L12 Cll—on Cl1—off 1—k Cll-on 1—k O

© Ci Ly Cz Vv . "L12

Lll

FIGURE 6.37 Equivalent circuits negative path of the D/O re-lift circuit: (a) switch-on, (b) switch-off, and (c)
discontinuous conduction mode. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 192. With permission.)
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and
Io_
I = Icii—off +Ilo- = T (6.177)
1—k 1
lerz—oft = Ic13-oft = In = 7 —7lo-;  Ic12-on = ——lci2-off = 1 10-;
1—k 1
le13-on = ——Ic13—off = {lo--

In the steady state, wehave: Vi = Veis = Vi, Viz—on = Vi, and Vigz_of = (/1 — k) V1.

2 1—-k
Vo, = 1— kVI and IQ, = II,.
The voltage transfer gain in the continuous mode is
Voo  I- 2

Mg_ = == . (6.178)

Vi Io. 1—k

The circuit (Cq1-L12-Cyp) is a “IT”-type low-pass filter.

Therefore, Vc11 = Voo = 2/(1 —k)) V1.

From Equations 6.174 and 6.178, we define Mr = MRry+ = Mg_. The curve of MR versus
k is shown in Figure 6.38.

k

FIGURE 6.38 Voltage transfer gain MR versus k. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 193. With permission.)
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The variation ratios of the parameters are

E = Air12/2 _ k 1 ] _ Air13/2 _ KTV 1 _ k(1—k) Rq ]
T L 16f2Cyol12’ == T 2Lplo ~ 2MR fLig’
and
Avcty /2 klo_T kK 1 Avcie/2 Io- Mr 1
— = = = — ; O1_ = = = ——
Ven 2Cn1Vo-  2fCuRky ! Vciz 2fC12V1 2 fCpRy
Avc1z/2 Io- Mr 1
oy = =

Ve 2fCisVi 2 fCi3Ry
The variation ratio of currents ip1g and iy 17 is

_ Air11/2 _ kQ -kwT _ k(1 —k)Rq k Ry

_ _ L (6.179)
In 2Lnlo- 2MgfLn M3 fLu
The variation ratio of current vcyg is
_ Avcio/2 _ k Io_ k 1 (6.180)

Vewo o 128f3C1Ciolin Vo- @ﬁCuCloLuRl'

6.6.2.3 Discontinuous Conduction Mode

The equivalent circuits of the DCM are shown in Figures 6.36c and 6.37c. In order to obtain
the mirror-symmetrical D/O voltages, we purposely select zy = zny = zn- and § = ¢y =
¢—. The freewheeling diode currents ipg and ip1p become zero during switch-off before the
next switch-on period. The boundary between CCM and DCM is

t>1
or
A%ZN > 1.
Hence,
Mg < vVkzn. (6.181)

This boundary curve is shown in Figure 6.39. It can be seen that the boundary curve has a
minimum value of MR that is equal to 3.0, corresponding to k = 1/3.
The filling efficiency mg is

1 M3
_1_ MR 6.182
mR . ( )
So
_ _ _ AN < 1
Ve [1+(1_k)mR}VI [1+k -0 ]VI with Vienz = (6.183)
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Therefore, the P/O voltage in the DCM is

n 2k
(1 —kymgr

2
-k
(6.184)

Vor =V +Vi= |:2 :| Vi = [2+k2(1 — k)Z?N:I Vi with kzn >

For the current i1 11, because inductor current i1 13=0 at f = t1, Vi13_off = (k/(1 — k)mg) V1.
For the current i; 11, we have

kTVi = 1 = k)ymrT (Ve — 2V — Vias—of)

or

2k

Ven=|24+——
C11 [+(1—k)mR

]VI:[z—i-kz(l—k)Z?N]VI with Vienz o0, (6189

and for the current i1 we have kT(Vi+ Ve — Vo-) =1 —kymrT(Vo- — 2V —
V113—0ff). Therefore, the N/O voltage in the DCM is

2k 2
Voo=|2+—"|vi= [2 LK1 — k)Z—N] Vi with Vkon > ——.  (6.186)
1 = kymgr 2 1—k
So
Vo =Voi=Vo_ = [2 FR21— k)%N] Vi
60 T T T L r T
20 k=095 Continuous mode P
20 k=09
< Lol k=08
6
4 k=0.5
3 k:0.33l/
k=0.1 S st Discontinuous mode
PR T | Li 0 TTT i e P PR S R T I
2732 50 125 444 1684
RIL

FIGURE 6.39 The boundary between continuous and discontinuous modes and the output voltage versus the
normalized load zy = R/fL (D/O re-lift circuit). (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 196. With permission.)
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That is, the output voltage linearly increases as the load resistance R increases. Larger
load resistance may cause higher output voltage in the discontinuous mode as shown in
Figure 6.39.

6.6.3 Triple-Lift Circuit

The triple-lift circuit is shown in Figure 6.40.

The positive conversion path consists of a pump circuit S-L1-Dy-Cj, a filter (C2)-Lo-Co,
and a lift circuit D1-C2-D5-C3-D3-L3-D4-C4-D5-Ly. The negative conversion path consists of
a pump circuit S-L11-D19-(C11), an “IT”-type filter C11-L12-C10, and a lift circuit D11-C12-D2p-
C13-L13-D12-D23-L14-C14-D13.

6.6.3.1 Positive Conversion Path

The lift circuit is D1-Cp-D2-C3-D3-L3-D4-C4-Ds-L4. Capacitors Cp, C3, and C4 perform char-
acteristics to lift the capacitor voltage V1 to a level 3 times higher than the source voltage
V1. L3, and L4 perform the function of ladder joints to link the three capacitors Cz and C4 and
lift the capacitor voltage Vic1 up. Current ica(t), ica(t), and ic4(f) are exponential functions.
They have large values at the moment of power switching on, but they are small because
vc3 = vcs = Viand vcy = Vog in the steady state.

The output voltage and current are

3 1—k
Vor =——=V1 and Ipos = It
1—k
S VS D4 — VCI + D1 L2 IO+
o d . Y

' — l }
lin¢ C iy *

+
vin__ e —

- La Dy TG ~1~Co |::| R Vo,

+

C13 —
0_%%2: - >}_ Cua Dyo iL12 ¢
= R

FIGURE 6.40 D/O triple-lift circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 197. With permission.)
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The voltage transfer gain in the continuous mode is

VO+ 3

Mp, = —- = —— | 6.187
TV T 1ok (6187)
2+k
Other average voltages: Vc = ﬂVI; Vs =Vea =V, Veo=Ver = Vos.
1
Other average currents: I1p =Iloy; i =lhsz == §II+ = m10+.
C t variations: & kd — bR k3R i3 £_1
urrent va 1 : = = = — =T s
= = ML M2Z2FL" P T 16£2GL,
_k 3R _k 3R
K1+ = M% 2fL3, X2+ = M% 2fL4
Volt iati 3 k Mr
oltage variations: =—— Ol4=———; O =——);
& P+ T 20 hfGRT T T 2GR’ P T 2fGaR
Mr
031 = .
T 2fC4R

The variation ratio of the output voltage Vg is

k 1

_r . 6.188
128 f3C,ColaR (6.188)

e+

6.6.3.2 Negative Conversion Path

The circuit C12-D11-L13-D22-C13-D12-L14-D23-C14-D13 is the lift circuit. Capacitors Cip, Ci3,
and Cy4 perform characteristics to lift the capacitor voltage V11 to a level 3 times higher
than the source voltage V1. L13 and L4 perform the function of ladder joints to link the
three capacitors Cjp, C13, and Cy4 and lift the capacitor voltage Vi1 up. Currents icq2(t),
ic13(f), and ic14(t) are exponential functions. They have large values at the moment of power
switching on, but they are small because vc12 = vc13 = vci14 = V7 in the steady state.

The output voltage and current are

3 1-k
_ = I - = I —
Vo T kVI and Ip 3 I
The voltage transfer gain in the continuous mode is
Vo- 3
Mp=-2=-_°"_ (6.189)

Vi 1—k
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From Equations 6.187 and 6.189, we define Mt = Mt = Mr_. The curve of Mt versus k is
shown in Figure 6.41.

Other average voltages: Vci1 = Vo—; Vciz = Veiz = Ve = V1.
1

Other average currents: I112 =Ilo—; It =113 =114 = ﬂIO—-
Current variation ratios: ¢ kSR k L
vari = — ) = —;
M2 2fLq >~ T 16f2Cyln
_ k(1—-k) Rq ) _ k1—-k) Ry
== oMy fLis’ K== oMy fLis
1 My 1
Voltage variation ratios: p— = -———; 01— = —-—=——;
8 2fCnRy 2 fCiaRy
_ My 1 My 1

0)n = ———; 03-=— .
2 fCi3Rkyg 2 fCiaRq

The variation ratio of output voltage Vcip is

k 1

L 6.190
128 f3C11C10L12R1 ( )

6.6.3.3 Discontinuous Mode

To obtain the mirror-symmetrical D/O voltages, we purposely select: L; = L1 and R = R;.

30

24

18

My

12

0 0.2 0.4 0.6 0.8 1
k

FIGURE 6.41 Voltage transfer gain Mt versus k. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 199. With permission.)
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Define:

Vo=Vot =Vo-, Mr=Mry=Mr_=Vo/Vi=@B/1—-k), zn=2zn+=2N-,
and §=104 =0

The freewheeling diode currents ipg and ipjg become zero during switch-off before the next
switch-on period. The boundary between continuous and discontinuous modes is ¢ > 1.
The boundary between continuous and discontinuous modes is

k
My <2 ;‘N. (6.191)

This boundary curve is shown in Figure 6.42. It can be seen that the boundary curve has
a minimum value of Mr that is equal to 4.5, corresponding to k = 1/3.

In the discontinuous mode, the currents ipg and ipjg exist in the period between kT and
[k + (1 — kymT]T, where mr is the filling efficiency, that is,

1 2Mm2
mr = — = .
T ¢ 3kzn

(6.192)

Considering Equation 6.191, therefore, 0 < mt < 1. Since the current ipg becomes zero at
t =t1 = [k + (1 — k)mT]T, for the current iy 1, ir3, and i1 4, we have

3kTVi = (1 — kymtT (Ve — 2Vy)

40 -
k=0.9 Continuous mode ]

30

3 i I - | 1 1 i i 110 =0 9 pe— e v b e e f b 4

40 48 75 188 667
RIfL

FIGURE 6.42 The boundary between continuous and discontinuous modes and the output voltage versus the
normalized load zy = R/fL (D/O triple-lift circuit). (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 201. With permission.)
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or

3k ZN . 3kzn 3
Var= 24 —— | Vi= 24K -hH=|V th — 1
c [ + (1—k)mT} I [ +EA =k~ ] 1 with (/=== (6.193)

Therefore, the P/O voltage in the discontinuous mode is

3k
1 —kymr

Vo = Vor + Vi = [3 4 } Vi= [3 FR1— k)%N] Vi with

Because inductor current i;11 =0 att = fq,

k

Viz—off = Vila—off = ——— V1.
L13—off L14—off 1 —lomr I

Since ipijg becomes 0 at 1 = [k + (1 — k)mT]T, for the current i; 11, we have kTV] =

1 —kymr —T(Vcir —3V1 — Viiz—off — Vi14—off)
or

3k

3kzn 3
3+ (1 —-kym

>

2 1-k’

Ve = [ (6.195)

} Vi = [3 FR3(1— k)Z—N] Vi with
2
and for the current i1p, we have kT(Vi+ Vcia — Vo) =0 —kymt — T(Vo_ — 2V —

VL13—off = VL14—off)-
Therefore, the N/O voltage in discontinuous mode is

3k
(1 —kymt

3kzn . 3

2 1-k

Vo = [3 n } Vi = [3 +R2 - k)%N] Vi with (6.196)

SoVo = Voy = Vo_ = [3+k*>(1 — k)(zn/2)]V7 thatis, the output voltage linearly increases
as the load resistance R increases. The output voltage increases as the load resistance R
increases, as shown in Figure 6.42.

6.6.4 Quadruple-Lift Circuit

The quadruple-lift circuit is shown in Figure 6.43.

The positive conversion path consists of a pump circuit S-L1-Do-C1 and a filter (C)-Lp-
Co, and a lift circuit D1-Ca-L3-D3-C3-D3-L4-D4-C4-Ds-Ls-Dg-Cs-S1. The negative conversion
path consists of a pump circuit S-L11-D10-(C11) and an “T1”-type filter C11-L12-C1p, and a lift
circuit D11-C12-D22-L13-C13-D12-D23-L14-C14-D13-D24-L15-C15-D14.

6.6.4.1 Positive Conversion Path

Capacitors Cy, C3, C4, and Cs perform characteristics to lift the capacitor voltage Vi to a
level 4 times higher than the source voltage V7. L3, L4, and Ls perform the function as ladder
joints to link the four capacitors Ca, C3, C4, and Cs, and lift the output capacitor voltage Vi
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+
Ven ¢y, ~1~C1o |:] Ry

Cis Dy IL12

\
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FIGURE 6.43 D/O quadruple-lift circuit. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 203. With permission.)

up. Current ico(t), ic3(t), ica(t), and ics(t) are exponential functions. They have large values
at the moment of power switching on, but they are small because vc3 = vcs = vcs = Viand
vc2 = Vog in steady state.

The output voltage and current are

1-k
VO+ = VI and IO+ = II+.
1-k
The voltage transfer gain in the continuous mode is
VO+ 4:
Moy = — = ——. 6.197
Q= T T 10 ( )

3
Other average voltages: Vc1 = ﬁVI; Vaa=Vau=Ves =V, Veo=Ve=Vo.

1 1
Other average currents: I1p =loy; 1=l =4 =I5 = ZIH = —kIO+.

k1—kR _ k 2R ko1

Current variations: §14 =4 = ———— = — —; = 162Gy’
urrent variations: £14 = {4 2MofL Mé 7L 2+ =16 f2CoLy
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k 2R k 2R k 2R
X+ =57 X2+ =577 X3+=—5
M2 fLs Mg fLa Mg fLs
2 Mo
oltage variations: py BT 20fCiR o1+ 2FCR
Mg Mg Mg

024 = m; 034 = m; 04+ = m
The variation ratio of output voltage Vg is

k 1

- 6.198
128 f3C,CoL,R (6.198)

e+

6.6.4.2 Negative Conversion Path

Capacitors Ci2, C13, C14, and Cy5 perform characteristics to lift the capacitor voltage V11 to
a level 4 times higher than the source voltage V1. L13, L14, and L15 perform the function of
ladder joints to link the four capacitors C12, C13, C14, and Ci5, and lift the output capacitor
voltage V11 up. Currents icia(t), ic13(t), ic1a(t), and ic15(t) are exponential functions. They
have large values at the moment of power switching on, but they are small because vci2 =
vC13 = Uc14 = Uc15 = V1 in the steady state.

The output voltage and current are

4 1-k
Vo- = 1= kVI and Io_ = .
The voltage transfer gain in the continuous mode is
Vo- 4
Mg-=—=—. 6.199
Q Vi 1ok (6.199)

From Equations 6.197 and 6.199, we define Mg = Mg+ = Mq-. The curve of Mq versus k
is shown in Figure 6.44.

Other average voltages: Vcio = Vo-; Vciz=Vciz = Ve =Vers = Vi

1
Other average currents: Iy1p =Ilo—; Itnn =Iizs=Iisa=Iis = ﬂlo_.
C ¢ it i c k 2Ry k 1
urrent variatuon ratios: (- = ———, =
Méan 16 f2CL1
_k(l—k) R1 _k(l—k) Ry _k(l—k) Rq

X1— = 7 X2—-= 7 7 K3— = —Fxr 7
2Mqg fLis 2Mq fLi 2Mqg fLis
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k

FIGURE 6.44 Voltage transfer gain Mg versus k. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 205. With permission.)

1 Mg 1
= = 01 = —— ;
2fCuRy 2 fCuR;
oMo 1 Mo 1 Mo 1
2 fCi3Ri’ 2 fCuRy’ 2 fCi5Rq

Voltage variation ratios: p_

The variation ratio of output voltage V1o is

k 1
T 128f3CCioLli2Ry

(6.200)
6.6.4.3 Discontinuous Conduction Mode

In order to obtain the mirror-symmetrical D/O voltages, we purposely select L1 = L1 and
R = R;. Therefore, we may define

Vo 4
Vo =Vo+=Vo-, Mq=Mqs=Mq-="=71"7

ZN =2ZN+ =2N-, and [=0Cy =¢_.

The freewheeling diode currents ipg and ipjp become zero during switch-off before the
next switch-on period. The boundary between CCM and DCM is

=1

or

Mg < 2kzn. (6.201)
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FIGURE 6.45 The boundary between continuous and discontinuous modes and the output voltage versus the
normalized load zny = R/fL (D/O quadruple-lift circuit). (Reprinted from Luo, E. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 206. With permission.)

This boundary curve is shown in Figure 6.45. It can be seen that it has a minimum value
of Mg that is equal to 6.0, corresponding to k = 1/3.

In the discontinuous mode, the currents ipg and ipyg exist in the period between kT and
[k + (1 — kymg]T, where mgq is the filling efficiency, that is,

2
1 MQ

sz—

= 2 (6.202)

Considering Equation 6.201, therefore, 0 < mg < 1. Since the current ipg becomes zero at
t=t; = kT + (1 — k)mqT, for the currents i1y, i3, iL4, and iL5, we have

4kTVi = (1 — kymgQT (V1 — 3V)

or
Ver=|3e 2% V—[3+k2(1—k)Z—N]V with V2kon > —— . (6.203)
- a—kmg| '~ 217 N=1ok '
Therefore, the P/O voltage in the DCM is
Vor=Var+Vi=|at —% V—[4+k2(1—k)Z—N]V with /2kon > ——
o+ =Va+Vi= 1 —bmg 1= > |V NZ T
(6.204)

Because inductor currenti1; =0 att =1ty,

k

a—tmg " "

Vi13—oft = Vi1a—off = Vii5-0ff =
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Since the current ipjg becomes zero at t = t; = kT + (1 — k)mqT, for the current i;11, we
have

kTVi =1 —-kymg — T(Vcn — 4V1 — Veiz—ott — Vi1a—off — VL15—off)-
So, with

4k

Vepp= 144 ——
c1 [+(1—k)mQ

4
] Vi = [4 + k(1 — k)%N] Vi with V2ken = oo (6:205)

For the current ir12, we have kT (Vi + Vcis — Vo-) = (1 —k)mQT (Vo- — 2V1 — Vi13—off —

V01a—off — VL15-0ff)-
Therefore, the N/O voltage in the DCM is

‘ -

4k
Vo_=[4 —] VI=[4+k2(1—k)27N]VI with  /2kzn >

t T omg (6.206)

—_
=

So Vo =Voy=Vo_=[4+k*1—k)(zn/2)]V1, that is, the output voltage linearly
increases as the load resistance R increases. It can be seen that the output voltage increases
as the load resistance R increases, as shown in Figure 6.45.

6.6.5 Summary
6.6.5.1 Positive Conversion Path

From the analysis and calculation in previous sections, the common formulae for all circuits
can be obtained:

V I R V.
L1L;

= for the elementary circuit only;
L1+ Ly y y

L =11 for other lift circuits.

1-k R k
C t variations: = —— d =—-— fortheel t
urrent variations: §14 Mg 7Ly and &4 M fL or the elementary
circuit only;
g1y =04 = % and &y = % j%sz for other lift circuits;
k(1 — kR k R

e e T
TT oML MY T MEfL,
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Voltage variations: p; = L ;e = k1 for the elementary circuit only;
2fCi1R SMEf2C0L2
M 1 k 1 e
P = mm ; ey = o8 m for other lift circuits;
k M

- Ga=—— i=234,....
T AGR TR
6.6.5.2 Negative Conversion Path

From the analysis and calculation in previous sections, the common formulae for all circuits
can be obtained:

Vo- I R Vo-
M:VLI:ICI)__; ZNfijL; Rl:loi_'
Current variation ratios: {_ = M ; _ = L ;o Xie = M,
2Mf Ly 16f2CiiLi2” 77 2MfLipo
j=123....
Voltage variation ratios: p_ = L ;e = k ; _ = L,
2fCnRy 128f3C11CroL12R1 2fCji11Ry
j=123,4,....

6.6.5.3 Common Parameters

Usually, we select the loads R = Ry, L = Ly3, so that we obtain zy = zn4+ = zn—. In order to
write common formulae for the boundaries between continuous and discontinuous modes
and output voltage for all circuits, the circuits can be numbered. The definition is that
subscript j = 0 denotes the elementary circuit, 1 the self-lift circuit, 2 the re-lift circuit, 3 the
triple-lift circuit, 4 the quadruple-lift circuit, and so on.

The voltage transfer gain is

M j 4
= KA RG)]

1=0,1,2,3,4,....
] 1—k 7 ] 7 L= Ey

The characteristics of output voltage of all circuits are shown in Figure 6.46.
The freewheeling diode current’s variation is given by
K[1+h()] j+h())
EN VR

ZN-

The boundaries are determined by the condition:
t=1

or ‘
K1+h()] j+h()
M: 2

in>1, j=01,234,....
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FIGURE 6.46 Output voltages of all D/O Luo-converters (V1 = 10V). (i) Quadruple-lift circuit; (ii) triple-lift
circuit; (iii) re-lift circuit; (iv) self-lift circuit; and (v) elementary circuit. (Reprinted from Luo, F. L. and Ye, H. 2006.
Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 211. With permission.)

Therefore, the boundaries between continuous and discontinuous modes for all circuits are

M]' — A+h())/2 H‘#ZN, j=0,1,234,....
The filling efficiency is

1 M 2

mj = G KOOI+ h() 28

j=0,1,2,3,4,....
The output voltage in the discontinuous mode for all circuits is
w1 —k
Vo-j = [j + klz*h(m—z ZN] Vi,

where

, 0 if j>=1, .
h(j) = = =0,1,2,3,4...;
2 {1 if j—=o0,

where h(j) is the Hong function.

The boundaries between continuous and discontinuous modes of all circuits are shown in
Figure 6.47. The curves of all M versus zn suggest that the continuous mode area increases
from Mg via Ms, Mg, and Mt to Mq. The boundary of the elementary circuit is a monorising
curve, but other curves are not monorising. There are minimum values of the boundaries
of other circuits, which for Ms, Mr, Mt, and Mq correspond atk = 1/3.
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Continuous mode

45F

Voltage transfer gain (M)
w

Discontinuous mode
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FIGURE 6.47 Boundaries between continuous and discontinuous modes of all D/O Luo-converters. (Reprinted
from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LCC, p. 212. With
permission.)

6.7 VL Cuk-Converters

The proposed N /O Ciik-converters were developed from the Ctik-converter, as shown in
Figure 5.32. They are as follows:

o Elementary self-lift circuit
o Developed self-lift circuit
o Re-lift circuit

o Multiple-lift circuits (e.g., triple-lift and quadruple-lift circuits).

These converters perform positive to negative DC-DC voltage is increasing conversion
with higher voltage transfer gains, power density, small ripples, high efficiency, and cheap
topology in a simple structure [17-19].

6.7.1 Elementary Self-Lift Cik Circuit

The elementary self-lift circuit is derived from the Ctik-converter by adding the components
(D1 — Cq). The circuit diagram is shown in Figure 6.48. The lift circuit consists of L1-D1-Cy,
and it is a basic VL cell. When switch S turns on, D1 is on and D, is off. When switch S
turns off, D1 is off and D, is on. The capacitor C; performs characteristics to lift the output
capacitor voltage V¢, to a level higher than the capacitor voltage Vcs.
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FIGURE 6.48 Elementary self-lift Ctik-converter.

In the steady state, the average voltage across inductor L; over a period is zero. Thus
Ver = Veo = Vo.

During the switch-on period, the voltages across capacitor C; is equal to the voltage
across Cs. Since Cs and C; are sufficiently large, we have V1 = Vs = Vo.

The inductor current 71, increases during switch-on and decreases during switch-
off. The corresponding voltages across L are Vi, and —(Vcs — Vin). Therefore, kTV;, =
1- k)T(VCS = Vin).

Hence, the voltage transfer gain of the elementary self-lift circuit is

Mg=-2 —_— (6.207)

6.7.2 Developed Self-Lift Cik Circuit

The developed self-lift circuit is derived from the elementary self-lift Ctik circuit by adding
the components (D, — S1) and redesigning the connection of L. Static switches S and S;
are switched on simultaneously. The circuit diagram is shown in Figure 6.49. The lift circuit
consists of C1-L1-S1-D1. When switches S and Sq turn on, D7 is on and D¢ and D, are
off. When S and S; turn off, D is off and D¢ and D, are on. The capacitor C; performs
characteristics to lift the output capacitor voltage Vo to a level higher than the capacitor
voltage Vcs.

During the switch-on period, the voltage across capacitor C; is equal to the voltage across
Cs. Since Cs and Cj are sufficiently large, we have Vc1 = Vs = (1/(1 — k) Vin.

+17]
\
0

!

- Cy REETVO

*io

FIGURE 6.49 Developed self-lift Ctik circuit.
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The inductor current i1 1 increases during switch-on and decreases during switch-off. The
corresponding voltages across L are Vs and —(Vo — Vc1). Therefore,

kTVes =1 —-kT(Vo — Vcr).
Hence, the voltage transfer gain of the developed self-lift circuit is

Vo 1
M. = —~—~ = — | 6.208
5T Vin  (1—k)?2 (6.208)

6.7.3 Re-Lift Cak Circuit

The re-lift circuit is derived from the developed self-lift Ctik circuit by adding the compo-
nents (D;-Cp-Lp-D3). Static switches S and Sp are switched on simultaneously. The circuit
diagram is shown in Figure 6.50. The lift circuit consists of L1-D1-C1-D2-C-L»-D3-51 and it
can be divided into two basic VL cells. When switches S and S1 turn on, D1, D>, and D3 are
on, and Do is off. When S and S; turn off, D1, D, and Dj are off and Do is on. Capacitors
C1 and C; perform characteristics to lift the output capacitor voltage Vi, to a level 2 times
higher than the capacitor voltage Vcs. Lo performs the function of a ladder joint to link the
two capacitors C1 and C; and lift Vc,. To avoid the abnormal phenomena of diodes during
switch-off, it is assumed that L1 and L, are the same to simplify the theoretical analysis.

During the switch-on period, both the voltages across capacitors C; and C; are equal to
the voltage across Cs. Since Cs, C1, and C; are sufficiently large, we have

Vi = Vo = Voo = Vin = 7V
The voltage across L is equal to Vs during switch-on. With the second voltage balance,
we have Vii_of = (k/1 —k)Vs.
The inductor current 71 ; increases during switch-on and decreases during switch-off. The
corresponding voltages across L are Vs and —(Vo — Ve — Ve — Vii—off). Therefore,

kTVes = 1 —=)T(Vo — Ver — Vea — Vii—off)-
Hence, the voltage transfer gain of the re-lift circuit is

Vo 2
Mg=—=——. 6.209
RV~ a-n2 (6.209)

+ |71

FIGURE 6.50 Re-lift Ctk circuit.
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6.7.4 Multiple-Lift Cik Circuit

It is possible to construct a multiple-lift circuit by adding the components (D2-Ca-L-D3).
Assuming that there are n VL cells, the generalized representation of multiple-lift circuits
is shown in Figure 6.51. Only two synchronous switches S and S; are required for each
complex multiple-lift circuit, which simplifies the control scheme and decreases the cost
significantly. Hence, each circuit has two switches, (n + 1) inductors, (1 + 1) capacitors, and
(2n — 1) diodes. It is noted that all inductors existing in the VL cells are the same here for
the reasons explained in the re-lift circuit. All the capacitors are sufficiently large. From the
foregoing analysis and calculation, the general formulae for all multiple-lift circuits can be
obtained according to similar steps.
The generalized voltage transfer gain is

n

M = m, n=1,23,4,..., (6.210)
where
1 1£-1if
h(n) = self-lift
2 others

If the generalized circuit possesses three VL cells, it is termed the triple-lift circuit. If the
generalized circuit possesses four VL cells, it is termed the quadruple-lift circuit.

6.7.5 Simulation and Experimental Verification of an Elementary
and a Developed Self-Lift Circuit

Referring to Figures 6.48 and 6.49, we set these two circuits to have the same condi-
tions: Vin, =10V, R =100, L = 1mH, L; =500 pH, Cs = 110 uF, C; =22 nF, Co = 47 uF,
k =0.5, and f = 100 kHz. According to Equation 6.207, the theoretical value Vo of the ele-
mentary self-lift circuit is equal to 20 V. According to Equation 6.208, the theoretical value
Vo of the developed self-lift circuit is equal to 40 V. The simulation results of Psim are shown
in Figure 6.52, where curve 1 is for the vp of the elementary self-lift circuit and curve 2 is for
the vo of the developed self-lift circuit. The steady-state values in the simulation identically
match the theoretical analysis.

Similar parameters are chosen to construct the corresponding testing hardware circuits. A
single n-channel MOSFET is used in the elementary self-lift circuit. Two n-channel MOSFETs
are used in the developed self-lift circuit. The corresponding experimental curves in the

L cs | —_ (. 1
lin —bT’;I(— Kl — T
T L C 1 Dy | I D 1
‘/in + I — 1o _ rijfl ] ol
Dy =<C; i I\L LA i G r2|Vo
- hd + : o] § + <
S 1 f L, 11 C. L ! f
: 1 : j :
T | I M S L
' - - 1 LU H_I —;
e st Dz\j e ith cell Dziu 0
K 1% cell A K ) cel A

FIGURE 6.51 Generalized representation of N/O Cuik-converters.
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FIGURE 6.52 Simulation results of the elementary and developed self-lift circuits.

steady state are shown in Figure 6.53. The curve shown in Channel 1 with 10 V/Div cor-
responds to the output voltage of the elementary self-lift circuit, which is about 19 V. The
curve shown in Channel 2 with 10 V/Div corresponds to the output voltage of the devel-
oped self-lift circuit, which is about 37 V. Considering the effects caused by the parasitic
parameters, we can see that the measured results are very close to the theoretical analysis
and simulation results.

6.8 VL SEPICs

The proposed P/O SEPICs are developed from SEPIC as shown in Figure 5.33. They
are as follows:

1 100V 2 100V +— 0.00s 1.00m/s £1 Stop

b

FIGURE 6.53 Experimental results of the elementary and developed self-lift circuits.
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o Self-lift circuit
o Re-lift circuit
o Multiple circuits (e.g., triple-lift and quadruple-lift circuits).

These converters perform positive-to-positive DC-DC voltage-increasing conversion
with higher voltage transfer gains, power density, small ripples, high efficiency, and cheap
topology in a simple structure [18-21].

6.8.1 Self-Lift SEPIC

The self-lift circuit is derived from the SEPIC converter by adding the components D1-C;.
The circuit diagram is shown in Figure 6.54. The lift circuit consists of L1-D1-C; and is a
basic VL cell. When switch S turns on, D1 is on and D,, is off. When switch S turns off, D is
off and D, is on. Capacitor C; performs characteristics to lift the output capacitor voltage
Vo to a level higher than the capacitor voltage V.

In the steady state, the average voltage across inductor L over a period is zero. Thus

VCs = Vin.

During the switch-on period, the voltage across capacitor C; is equal to the voltage across
Cs. Since C and C; are sufficiently large, we have V1 = Vicg = Vin.

The inductor current 71, increases during switch-on and decreases during switch-off. The
corresponding voltages across L are Vs and —(Vico — Vc1 — Vin + V). Therefore,

kTVes = 1 —=K)T(Veo — Ver — Vin + V).
Hence, the voltage transfer gain of the self-lift circuit is

1% 1
-9 _ - (6.211)

Ms = -9 —
ST VL 1-k

6.8.2 Re-Lift SEPIC

The re-lift circuit is derived from the self-lift circuit by adding the components L,-D>-C5-S1.
Static switches S and S; are switched on simultaneously. The circuit diagram and equivalent
circuits during switch-on and switch-off are shown in Figure 6.55. The lift circuit consists of
L1-D1-C1-Ly-D>-C»-S1 and can be divided into two basic VL cells. When switches S and S

—— .iCs /
L +I\~

s

—_—
+

<

-

in|—

|||—

FIGURE 6.54 Self-lift SEPIC.
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FIGURE 6.55 Re-lift SEPIC.

turn on, D1 and D5 are on and D,, is off. When S and S; turn off, D1 and D, are off and D, is
on. Capacitors C; and C; perform characteristics to lift the output capacitor voltage V¢, to
a level 2 times higher than the capacitor voltage Vs. L, performs the function of a ladder
joint to link the two capacitors C; and C; and lift Vc,. To avoid the abnormal phenomena
of diodes during switch-off [11], it is assumed that L; and L, are the same, which simplifies
the theoretical analysis.

In steady state, both the average voltages across inductors L and L1 over a period equal
zero. Thus Vg = Vin.

During the switch-on period, both the voltages across capacitors C; and C; are equal to
the voltage across Cs. Since C, C1, and C; are sufficiently large, we have

Va1 =V =Ves = Vin.

The voltage across L is equal to Vs during switch-on. With the second voltage balance,
we have Vi1_off = (k/(1 — k) Vin.

The inductor current 71 ; increases during switch-on and decreases during switch-off. The
corresponding voltages across L are Vs and —(Vco — Vo1 — Vica — Vii—off)- Therefore,

kTVes =1 -=kT(Veo — Va1 — Ve2 — Vii—off)-

Hence, the voltage transfer gain of the re-lift circuit is

Mg=-2_—_%_ (6.212)

6.8.3 Multiple-Lift SEPICs

It is possible to construct a multiple-lift circuit by adding the components L;-D>-Cp-S;.
Assuming that there are n VL cells, the generalized representation of multiple-lift circuits
is shown in Figure 6.56.

All future active switches can be replaced by passive diodes. According to this principle,
only two synchronous switches S and S; are required for each complex multiple-lift circuit,
which simplifies the control scheme and decreases the cost significantly. Hence, each circuit
has two switches, (n+1) inductors, (n+1) capacitors, and (2n—1) diodes. It is noted that all



270 Power Electronics

lco +
— <
NG RSVo

FIGURE 6.56 Multi-lift SEPIC.

inductors existing in the VL cells are the same here for the reasons explained in the re-lift
circuit. All the capacitors are sufficiently large. From the foregoing analysis and calculation,
the general formulae for all multiple-lift circuits can be obtained according to similar steps.
The generalized voltage transfer gain is

n
M=— =1,23,4,.... 6.213
1_k/ n r&rrEy ( )

If the generalized circuit possesses three VL cells, it is termed the triple-lift circuit. If the
generalized circuit possesses four VL cells, it is termed the quadruple-lift circuit.

6.8.4 Simulation and Experimental Results of a Re-Lift SEPIC

The circuit parameters for simulation are Vip =10V, R=100Q, L=1mH, L1 =L; =
500 wH, Cs = 110 uF, C1 = C2 = 22 uF, Cp = 110 uE and k = 0.6. The switching frequency f
is 100 kHz. According to Equation 6.212, we obtain the theoretical value Vo, which is equal
to 50 V. The simulation results of Psim are shown in Figure 6.57, where curves 1-3 are for
v0, 112, and i1, respectively. The steady-state performance in the simulation identically
matches the theoretical analysis.

Similar parameters are chosen to construct a testing hardware circuit. Two n-channel
MOSFETs 25K2267 are selected. We obtained the output voltage value of Vo =462V
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FIGURE 6.57 Simulation result of a re-lift SEPIC.

(shown in Channel 1 with 10V /Div) and the capacitor value of Vcs = 9.9V (shown in
Channel 1 with 10 V/Div). The corresponding experimental curves in the steady state are
shown in Figure 6.58. The practical output voltage is smaller than the theoretical values
due to the effects caused by parasitic parameters. It is seen that the measured results are
very close to the theoretical analysis and simulation results.

6.9 Other D/O Voltage-Lift Converters

For all the above-mentioned converters, each topology is divided into two sections: the
source section including voltage source, inductor L, and active switch S, and the pump

1 100V 2 10.0V s— 0.00s 1.00m/s £1 Stop

R R R R R B R S R S e e R S A e NS e S NS N S S R

¥ N

FIGURE 6.58 Experimental result of a re-lift SEPIC.
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FIGURE 6.59 Novel elementary D/O converter.

section consisting of the rest of the components. Each topology can be considered as a
special cascade connection of these two sections.

We compare the SEPIC converter to the Ctik-converter; both converters have the same
source sections and the same voltage transfer gains with opposite polarities. Hence, a series
of novel D/O converters based on the SEPIC and Ctk-converters can be constructed by
combining the two converters at the input side. They are the elementary circuit, the self-lift
circuit, and the corresponding enhanced series [18,19].

6.9.1 Elementary Circuit

Combining the prototypes of the SEPIC and Ctuk-converters, we obtain the elementary
circuit of novel D/O converters, which is shown in Figure 6.59. The positive conversion
path is the same as that of the SEPIC converter. The negative conversion path is the same as
that of the Ctik-converter. Hence, from the foregoing analysis and calculation, the voltage
transfer gains are obtained as

VO+ k
Mg, = L
=y T 1k
(6.214)
e Voo _ &
== v 1—k

6.9.2 Self-Lift D/O Circuit

The self-lift circuit is a derivative of the elementary circuit shown in Figure 6.60.

The positive conversion path is the same as that of the self-lift SEPIC converter. The
negative conversion path is the same as that of the self-lift Ctik-converter. Hence, from the
foregoing analysis and calculation, the voltage transfer gains are obtained as

VO+ ].
M = = —
5+ = Y T
v . (6.215)
Ms_ = O- = ——

Vin 1—k
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FIGURE 6.60 Novel self-lift D/O converter.

6.9.3 Enhanced Series D/O Circuits

Since the positive and negative conversion paths share a common source section that can be
regarded as a boost converter circuit, we can construct the corresponding enhanced series
using the VL technique. A series of novel boost circuits is applied into the source section,
which transfers much more energy to Cs; and Cs_ in each cycle and increases Vg4 and
Vs— stage-by-stage along geometric progression.

As shown in Figure 6.61, the source section is redesigned by adding the components
Ls1-Ds1-Dgp-Cs1, which form a basic VL cell and are expressed by boost!. The newly derived
topology provides a single boost circuit enhancement using supplementary components.
When switch S turns on, Dy is on and Dg; is off. When switch S turns off, Dy, is off and
Dy is on. Capacitor Cg; performs characteristics to lift the source voltage Vin. The energy is
transferred to Cs; and Cs— in each cycle from Cg; and increases Vs and Vcs—, We obtain

VCS+ = VCsl = mvinr

1 1

——Vcs1 = ——=Vin.
1—k Csl (1—k)2 in

(6.216)
Ves- =

Therefore, from the foregoing analysis and calculation, the voltage transfer gains of this
enhanced D/O self-lift DC-DC converters are

VO+ 1
Moot 51 = = T2 (6:217)
Vo_ 1 '
Mboostl—S— = V- = 1— k)z'
1

Referring to Figure 6.61, it is possible to realize multiple boost circuits enhancement in
the source section by repeating the components L¢1-Ds1-Dgy-Cs1 stage-by-stage. Assuming
that there are 11 VL cells (denoted by boost™), the generalized representation of the enhanced
series for the D/O self-lift DC-DC converter is shown in Figure 6.62. All circuits share the
same power switch S, which simplifies the control scheme and decreases the cost signifi-
cantly. Hence, each circuit has one switch, (n 4 3) inductors, (n 4 5) capacitors, and (2n + 4)
diodes. It is noted that all inductors existing in the VL cells are the same here for the same
reasons as explained in foregoing sections. All the capacitors are sufficiently large. The
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FIGURE 6.61 Enhanced D/O self-lift DC-DC converter (single boost circuit enhancement).

energy is transferred to Csy and Cs_ in each cycle from Cgy,, and increases by Vgt and
Vcs—. We obtain

VCs+ = Visn = mvin/
) ) (6.218)
Ves— = mVCsn = mvm

Therefore, from the foregoing analysis and calculation, the general voltage transfer gains
of enhanced D/O self-lift DC-DC converters are

VO+ 1
MboostM75+ = 7 = 1- k)n+l’
(6.219)
Vo- 1
Mpgosm_s— = V; == (1 — k)yntl :

Analogically, we can also develop a series of enhanced D/O elementary circuits using
the same source section. The general voltage transfer gains of enhanced D/O elementary

i i i i Dsenoy j—= L
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FIGURE 6.62 Generalized representation of enhanced D/O self-lift DC-DC converters (multiple boost circuits
enhancement).
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FIGURE 6.63 Simulation result for an enhanced D/O self-lift circuit (single boost circuit enhancement).

DC-DC converters are also given here for ready reference.

VO+ k
MbOOSfM*EH“ = 7 = (1 — kynt1 ’
6.220
Vo ) ( )

MpgosM_g— = Vin == (1 — k1 :

6.9.4 Simulation and Experimental Verification of an Enhanced D/O Self-Lift Circuit

Referring to Figure 6.61, the circuit parameters for simulation are Vi, =10V, R =100 €,
Lg=L=1mH, Ciy =Ci— =Cs1 =22uF Coy = Cs— = 110nF Coy = Co— =47pE Co =
110 wE k = 0.5, and f = 100kHz. According to Equation 6.219, we obtain the theoretical
values of D/O voltages Vo, and Vo_, which are equal to 40 and —40V, respectively. The
simulation results of Psim are shown in Figure 6.63, where curve 1 is for the vo4 of the
positive conversion path and curve 2 is for the vo_ of the negative conversion path. The
steady-state values in the simulation identically match the theoretical analysis.

Similar parameters are chosen to construct the testing hardware circuit. Only a single
n-channel MOSFET is used in the circuit. The corresponding experimental curves in the
steady state are shown in Figure 6.64. The curve shown in Channel 1 with 20 V/Div cor-
responds to P/O vo4, which is about 37 V. The curve shown in Channel 2 with 20 V/Div
corresponds to N/O vo_, which is also about 37 V. Considering the effects caused by the
parasitic parameters, we can see that the measured results are very close to the theoretical
analysis and simulation results.

6.10 SC Converters

A switched capacitor is an improved component used in power electronics. Switched
capacitors can be used to construct a new type of DC-DC converter called the switched-
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FIGURE 6.64 Experimental result for an enhanced D/O self-lift circuit (single boost circuit enhancement).

capacitor DC-DC converter. Switched capacitors can be integrated into a power IC chip.
By using this manufacturing technology, we have the advantages of small size and low
power losses. Consequently, switched-capacitor DC-DC converters have a small size, a high
power density, a high power transfer efficiency, and a high voltage transfer gain [22-27].

Current is supplied to DC-DC converters by a DC voltage source. The input source
current can be continuous or discontinuous. In some converters such as buck converters
and buck-boost converters, the input current is discontinuous. This is called working in
the DICM. In other converters such as boost converters, the input current is continuous.
This is called working in the CICM. The VL technique can be applied to the switched
capacitor to construct DC/DC converters. The idea is that for converters to operate in
the DICM, switched capacitors can be charged with the source voltage and energy can be
stored during the input current discontinuous period (when the main switch is off). They
will join the conversion operation during the time the main switch is on, and their SE will be
delivered through the DICM converters to the load. These converters are called SC DC-DC
converters.

It is easy to construct SC DC-DC converters. Depending on how many switched capac-
itors need to be used, they are called one-stage SC converters, two-stage SC converters,
three-stage SC converters, and n-stage SC converters. The corresponding circuits are shown
in Figures 6.65 through 6.67.

The one-stage SC converter circuit is shown in Figure 6.65a. The input source voltage is
Vin and the output voltage is V. To simplify the description, we assume that the load is
resistive load R. The auxiliary switches S1 and S are switched on (the auxiliary switch S3
is off) during the switch-off period. The switched capacitor C; is charged with the source
voltage Vin. The auxiliary switches S; and Sy are switched off, and the auxiliary switch S3 is
on during the switch-on period. The equivalent circuit is shown in Figure 6.65b. Therefore,
the equivalent input voltage supplied to the DICM converter is 2V;, [28-32]. In other words,
the equivalent input voltage has been lifted by using the switched capacitor.

Analogously, the circuit diagram of the two-stage SC converter is shown in Figure 6.66a,
and the corresponding equivalent circuit when the main switch is on is shown in
Figure 6.66b. It supplies 3Vi, to the DICM converter. The equivalent input voltage is lifted
to a level 2 times higher than the supplied voltage Viy.
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FIGURE 6.65 One-stage SC converter: (a) circuit diagram and (b) equivalent circuit during main switch-on.
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FIGURE 6.66 Two-stage SC converter: (a) circuit diagram and (b) equivalent circuit during main switch-on.
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FIGURE 6.67 Three-stage SC converter: (a) circuit and (b) equivalent circuit during main switch-on.

The circuit diagram of the three-stage SC-converter is shown in Figure 6.67a, and the
corresponding equivalent circuit when the main switch is on is shown in Figure 6.67b. It
supplies 4V, to the DICM converter. The equivalent input voltage is lifted to a level 3 times
higher than the supplied voltage Vin.

Several circuits will be introduced in this chapter:

e SC buck converters

e SC buck-boost converters
e SC P/O Luo-converters

e SC N/O Luo-converters.

Assume that the stage number is # and the voltage transfer gain of the DICM converter
is M. Then, in the ideal condition, we obtain the output voltage as

Vo = (n+ 1)MVip. (6.221)

The ideal condition means that the voltage drop across all switches and diodes is zero and
the voltage across all the SCs has no drop-down when the main switch is off. This assump-
tion is reasonable for the investigation. We will discuss the unideal condition operation in
Section 6.10.5 [33-38].

There is another advantage in the input current being continuous. The input current of the
original DICM converter is zero when the main switch is off. For example, the input current
of the one-stage SC DC-DC converter flows through the auxilliary switches S; and S to
the charge capacitor C; when the main switch is off. For the n-stage SC DC-DC converter,
each switched capacitor is discharged by the discharging current Ip shown in Figure 6.68a.
The charging current of each switched capacitor should be I4 in the switch-off period since
the average current of each switched capacitor is zero in the steady state. Therefore, the
source input average current should be

Iin = (n + DIg. (6.222)
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FIGURE 6.68 Discharging and charging currents of switched-capacitors: (a) discharging current during switch-
on and (b) charging current during switch-off.

6.10.1 One-Stage SC Buck Converter

The one-stage SC buck converter is shown in Figure 6.69. The main switch S and the auxiliary
switch S3 are on and off simultaneously. The auxiliary switches S; and S are off and on
separately.

6.10.1.1 Operation Analysis

We assume that the converter works in the steady state and the switched capacitor C;
is fully charged. The main switch S is on during the switch-on period, and the auxiliary
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FIGURE 6.69 One-stage SC buck converter.
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switch S3 is on simultaneously. The voltage V7 is about 2V;, when the main switch S is
on. This is the equivalent input voltage of 2V, for supply to the buck converter. Refer-
ring to the buck converter voltage transfer gain M = k, we can easily obtain the output
voltage as

Vo = 2kVin. (6.223)

Using this technique, we can obtain an output voltage that is higher than the input voltage
if the conduction duty cycle k is >0.5. The output voltage of the original buck converter is
always lower than the input voltage.

6.10.1.2 Simulation and Experimental Results

In order to verify the design and analysis, the simulation result is shown in Figure 6.70. The
simulation condition is that Vi, =20V,L =10mH, C = C; =20 nE f = 50kHz, R = 100 2,
and conduction duty cycle k = 0.8. The voltage at the top end of the switched capacitor C;
varies from 20 to 40 V. The output voltage Vo = 32V, which is the same as the calculation
result.

Vo =2kVin =2x08x20=32V. (6.224)

The experimental result is shown in Figure 6.71. The test condition is the same: Vi, =
20V (Channel 1 in Figure 6.71), L =10mH, C = C; =20pnF f =50kHz, R =100 Q2 and
conduction duty cycle k = 0.8. The output voltage Vo = 32V (Channel 2 in Figure 6.71),
which is the same as the calculation and simulation results.
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FIGURE 6.70 Simulation result.
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FIGURE 6.71 Experimental result.

6.10.2 Two-Stage SC Buck-Boost Converter

The two-stage SC buck-boost converter is shown in Figure 6.72. The main switch S and the
auxiliary switches S3 and S¢ are on and off simultaneously. The auxiliary switches 51, S,
S4, and Ss are off and on separately.

6.10.2.1 Operation Analysis

We assume that the converter works in the steady state and the switched capacitors C1 and
C; are fully charged. The main switch S is on during the switch-on period and the auxiliary
switches S3 and Sg are on simultaneously. The voltage V7 is about 2V;, and the voltage V>
is about 3Vi, when the main switch S is on. This is the equivalent input voltage of 3V, for
supply to the buck-boost converter. Referring to the buck-boost converter voltage transfer
gain M = —k/(1 — k), we easily obtain the output voltage as

Vo = — Vin. (6.225)

1—k

Using this technique, we effortlessly obtain a higher output voltage. For example, if
k = 0.5, the output voltage of the original buck-boost converter is equal to the input source

io
Sy 14 Sy V, S D -
. e
SS J_+ Se, +
+ L C L G - -
- V,
Vin—— L ~c ko
m — S + +
: B °

FIGURE 6.72 Two-stage SC buck-boost converter.
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FIGURE 6.73 Simulation result. (a) Waveforms of Vj,, and Vg and (b) waveforms of V{ and V5.

voltage Vin. The value of the output voltage of the two-stage SC buck-boost converter is 6
times the value of the source voltage.

6.10.2.2 Simulation and Experimental Results

In order to verify the design, the simulation result is shown in Figure 6.73. The simulation
condition is that Vi, =20V, L =10mH, C = C; = C; = 20uE f = 50kHz, R = 200 2, and
conduction duty cycle k = 0.6. The voltage at the top end of the switched capacitor C; in
Figure 6.72 varies from 20 to 40 V. The voltage at the top end of the switched capacitor C;
varies from 20 to 60 V. The output voltage Vo = —90V, which is similar to the calculation

result.

3k 3% 0.6
Vo= —— Vi = 2%

L2 20 =—90V. 22
- e X 20=—90V (6.226)

The experimental result is shown in Figure 6.74. The test condition is that Vi, =20V
(Channel 1 in Figure 6.74), L =10mH, C = C; = C, =20pE f =50kHz, R =200 Q2 and
conduction duty cycle k = 0.6. The output voltage Vo = —90V (Channel 2 in Figure 6.74),
which is similar to the simulation result and the calculation result.

6.10.3 Three-Stage SC P/O Luo-Converter

The three-stage SC P/O Luo-converter is shown in Figure 6.75. The main switch 5 and the
auxiliary switches S3, Sg, and Sg are on and off simultaneously. The auxiliary switches S,
S2, S4, S5, S7, and Sg are off and on separately.
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FIGURE 6.74 Experimental result.

6.10.3.1 Operation Analysis

We assume that the converter works in the steady state, and the switched capacitors Cy,
(2, and C;3 are fully charged. The main switch S is on during the switch-on period, and the
auxiliary switches S3, S¢, and Sg are on simultaneously. The voltage V7 is about 2V, the
voltage V; is about 3Vi,, and the voltage V3 is about 4Vi, when the main switch S is on. This
is the equivalent input voltage of 4Vi, for supply to the P/O Luo-converter. Referring to
the P/O Luo-converter voltage transfer gain M = k/(1 — k), we can easily obtain the output
voltage as

4k

6.10.3.2 Simulation and Experimental Results

In order to verify the design, the simulation result is shown in Figure 6.76. The simula-
tion condition is that Vi, =20V, L = Lo =10mH, C =C; = C; = C3 =20nF, f = 50kHz,
R =400 € and conduction duty cycle k = 0.6. The voltage on the top end of the switched
capacitor C; varies from 20 to 40 V. The voltage on the top end of the switched capacitor C;
varies from 20 to 60 V. The voltage on the top end of the switched capacitor C3 varies from

~
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FIGURE 6.75 Three-stage SC P/O Luo-converter.
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FIGURE 6.76 Simulation result.
20 to 80 V. The output voltage Vo = 120V, which is the same as the calculation result.

4k 4% 06
=y = 20 = 120 V. 22
Vo=1—7Vin= 1o x20=120V (6.228)

The experimental result is shown in Figure 6.77. The test condition is the same: Vi, =20V
(Channel 1 in Figure 6.77), L = Lo = 10mH, C = Co = C1; = C; = C3 = 20uF f = 50kHz,
R =400 © and conduction duty cycle k = 0.6. The output voltage Vo = 120V (Channel 2
in Figure 6.77), which is the same as the simulation and calculation results.

120V 2 20V = 10.0m/s £1 Run

""""':i""""'i'""""i""""'i’""""'i-"'""'i’""""'i""""'i'""""'é'""""

12

FIGURE 6.77 Experimental result.
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FIGURE 6.78 Three-stage SC N/O Luo-converter.

6.10.4 Three-Stage SC N/O Luo-Converter

The three-stage SC N/O Luo-converter is shown in Figure 6.78. The main switch S and the
auxiliary switches S3, Sg, and Sg are on and off simultaneously. The auxiliary switches Sy,
S», S4, S5, S7, and Sg are off and on separately.

6.10.4.1 Operation Analysis

We assume that the converter works in the steady state, and the switched capacitors Cy,
Cy, and Cs are fully charged. The main switch S is on during the switch-on period and the
auxiliary switches S3, S, and Sg are on simultaneously. The voltage V; is about 2Viy, V> is
about 3Vi,, and V3 is about 4V, when the main switch S is on. This is the equivalent input
voltage of 4V, for supply to the N/O Luo-converter. Referring to the N/O Luo-converter
voltage transfer gain M = —k/(1 — k), we can easily obtain the output voltage as

Vo = — Vin. (6.229)

1—-k

6.10.4.2 Simulation and Experimental Results

In order to verify the design, the simulation result is shown in Figure 6.79. The simulation
condition is that Vi, =20V, L=Lo =10mH, C=C; =C, =C3 =20nF f =50kHz, R =
400 €2 and conduction duty cyclek = 0.6. The voltage at the top end of the switched capacitor
C; varies from 20 to 40 V. The voltage at the top end of the switched capacitor C, varies
from 20 to 60 V. The voltage at the top end of the switched capacitor C3 varies from 20 to
80 V. The output voltage Vo = —120V, which is the same as the calculation result.

4k 4 x 0.6
VO =———Vin=

— o ™ 20 =—120V. (6.230)

The experimental result is shown in Figure 6.80. The test condition is the same: Vi, =20V
(Channel 1 in Figure 6.80), L = Lo = 10mH, C = Co = C; = C, = C3 =20 nF, f = 50kHz,
R =400 and conduction duty cycle k = 0.6. The output voltage Vo = 120V (Channel 2
in Figure 6.80), which is the same as the simulation and calculation results.

6.10.5 Discussion

In this section, we will discuss several factors of this technique for converter design
consideration and industrial applications.
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FIGURE 6.79 Simulation result.

6.10.5.1 Voltage Drop across Switched Capacitors

Referring to the waveform in Figures 6.72, 6.75, and 6.78, we can clearly see the voltage drop
across the switched capacitors. For an n-stage SC converter, nn switched capacitors need to
be used. In the ideal condition, the total voltage across all switched capacitors should be

Vy = nVin. (6.231)

FIGURE 6.80 Experimental result.
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If all switched capacitors have the same capacitance C, the equivalent capacitance in
the switch-on period is C/n. We assume that the discharging current during the switch-on
period is a constant value I4, the conduction duty cycle is k, the switching frequency is f, and
the switch-on period is kT = k/f. Then we calculate the voltage drop of the last switched
capacitor as

kT

1 nkT
AV, = — | igdt = —14. 232
\ (ynjmd L (6.232)

The average current flowing through switched capacitors in a period T is zero in the steady
state. The average input current from the source is Ii, = (n + 1)Ip. Current Ip is the input
current of the DICM converter. If there are no energy losses inside the DICM converter, we
can obtain it as

VZ
LinVin = n 4 DIqVin = Volo = ?0 (6.233)
Considering Equation 6.221, we have
Vo Vo
lj=————Ilo=Mlp =M—, 6.234
TV 0T 0T TR (6239
nkT nk nkM Vo
AV, = —Ig=—=Mlp= ———. 6.235
n=gla=geMo=Z=7 (6.235)

From Equation 6.235, we can see that the voltage drop is directly proportional to stages
n, duty cycle k, and output voltage V. It is inversely proportional to switching frequency
f, capacitance C of the used switched capacitors, and load R. In order to reduce the voltage
drop for our design, one of the following ways can be used:

o Increase the switching frequency f
« Increase the capacitance C

o Increase the load R

o Decrease the duty cycle k.

Correspondingly, the voltage drop across each switched capacitor is

AV, k kM Vo

AVeach = —— = ﬁ d= f_C? (6.236)

6.10.5.2 Necessity of the Voltage Drop across Switched-Capacitors and Energy Transfer

Voltage drops across switched capacitors are necessary for energy transfer from the source
to the DICM converter. Switched capacitors absorb energy from the supply source during
the switch-off period and release the SE to the DICM converter during the switch-on period.
In the steady state, the energy transferred by the switched capacitors in a period T is

1C C C
AE=>= [V,% (V- AVn)z] == <2VnAVn _ AV,%) = = QVu— AV;) AV, (6.237)
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Considering that 2V, > AV, Equation 6.237 can be rewritten as

C
AE~ —V,AV,. (6.238)

Substituting Equations 6.231 and 6.235 into Equation 6.238, the total power transferred by
the switched capacitors is

C C
P=fAE = %VHAVW - f?(nVin)

nkM
<f—clo> — nkMVinlo. (6.239)

If we would like to obtain the power transferred to the DICM converter as high, increasing
the switching frequency f and capacitance C is necessary. From Equation 6.239, helpful
methods are the following:

 Increase the duty cycle k
o Increase the stage number n

o Increase the transfer gain M.

6.10.5.3 Inrush Input Current

Inrush input current is large for all SC DC-DC converters, since the charging current to
the switched-capacitors is high during the main switch-off period. As an example, the
simulation result of the inrush input current of a three-stage SC P/O Luo-converter is
shown in Figure 6.81.
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FIGURE 6.81 Simulation result (inrush input current).
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FIGURE 6.82 Simulation result (power-on surge input current).

The load current is very small, namely I = 120/400 = 0.3 A, but the peak value of the
input inrush current is about 27.3 A. Another phenomenon is that the input inrush current
usually does not fully occupy the switch-off period. We will discuss how to overcome this
phenomenon in Section 6.10.5.5.

6.10.5.4 Power Switch-On Process

Surge input current is large for all SC DC-DC converters during the power switch-on
process since all switched capacitors are not precharged. For example, we show the simu-
lation result of the power-on surge input current of a three-stage SC P/O Luo-converter in
Figure 6.82.

The peak value of the power-on surge input current is very high, namely about
262 A.

6.10.5.5 Suppression of the Inrush and Surge Input Currents

From Figures 6.81 and 6.82, we can see that the peak inrush input current can be 90 times the
normal load current, and the peak power-on surge input current can be about 880 times the
normal load current. This is a serious problem for industrial applications of the SC DC/DC
converters. In order to suppress the large inrush input current and the peak power-on surge

- - - L c oS rVo
VTT 52 Ry Ss Ry Sg Rs * + *

FIGURE 6.83 Improved three-stage SC P/O Luo-converter.
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FIGURE 6.84 Simulation result (inrush input current) with Rg.

input current, we set a small resistor (the so-called suppression resistor Rs) in series with
each switched capacitor. The circuit of such a three-stage SC P/O Luo-converter is shown
in Figure 6.83. The resistance Rg is designed to have the time constant of the RC circuit
compete with the switch-off period.

k
Rg=—T=——. (6.240)
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The same conditions as those mentioned in the previous section were used: f = 50kHz,
all capacitances are C = 20 uF, and conduction duty cycle k = 0.6. We can choose R; = Rp =

R3 = 0.4 Q. The inrush input current and the load current are shown in Figure 6.84.

By comparison with Figure 6.81, we can see that the peak inrush input current is largely

reduced to 4.8 A and the input current becomes continuous in the switch-off period.

The power-on surge input current waveform is shown in Figure 6.85. The peak power-on

surge input current is about 138 A, which is largely reduced.
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Homework

6.1. An N/O self-lift Luo-converter shown in Figure 6.6a has the following com-

ponents: Vi =20V, L=Lo =1mH,C=C; =Co =20nF R =40, f = 50kHz,
and k = 0.5. Calculate the output voltage and the variation ratios ¢1, 52, p, 01, and
¢ in the steady state.

6.2. An N/O self-lift Luo-converter shown in Figure 6.6a has the following compo-

nents: V1 = 20V, all inductances are 1 mH, all capacitances are 20 uF, R = 1000 €2,
f =50kHz, and k = 0.5. Calculate the output voltage in the steady state.

6.3. An enhanced self-lift P/O Luo-converter shown in Figure 6.9 has the following

components: V1 = 20V, all inductances are 1 mH, all capacitances are 20 uF, R =
100Q, f = 50kHz, and k = 0.5. Calculate the output voltage in the steady state.

6.4. An N/O triple-lift Luo-converter shown in Figure 6.22 has the following com-

ponents: V1 =20V, L; =L, =0.5mH, L = Lo = 1mH, all capacitors have 20 uE,
R =300%,f = 50kHz, and k = 0.5. Calculate the output voltage and the variation
ratios ¢, &, X1, X2, 0, 01,02, 03, and ¢ in the steady state.

6.5. An enhanced D/O self-lift DC-DC converter shown in Figure 6.61 has the fol-

lowing components: Vi =20V, all inductances are 1mH, all capacitances are
20pF, R =R; =300€, f = 50kHz, and k = 0.5. Calculate the output voltage in
the steady state.

6.6. A three-stage SC P/O Luo-converter shown in Figure 6.75 has the following

components: Vi, =20V, all inductances are 1 mH, all capacitances are 20 uF,
R=300%, f =50kHz, and k varies from 0.1 to 0.9 with an increment of 0.1.
Calculate the output voltage in the steady state.

]
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7

Super-Lift Converters and Ultralift Converter

The VL technique has been successfully employed in the design of DC/DC converters,
and effectively enhances the voltage transfer gains of the VL converters. However, the
output voltage increases in arithmetic progression stage by stage. The SL technique is more
powerful than the VL technique; its voltage transfer gain can be a very large value. The
SL technique implements the output voltage increasing in geometric progression stage by
stage. It effectively enhances the voltage transfer gain in power series [1-6].

7.1 Introduction

The SL technique is the most important contribution to DC/DC conversion technology. By
applying this technique, a large number of SL converters can be designed. The following
series of VL converters are introduced in this chapter:

e P/O SL Luo-converters

e N/O SL Luo-converters

e P/O cascaded boost converters
e N/O cascaded boost converters
¢ UL Luo-converters.

Each series of converters has several subseries. For example, the P/O SL Luo-converters
have five subseries:

o The main series: Each circuit of the main series has only one switch S, n inductors
for the nth stage circuit, 2n capacitors, and (3n — 1) diodes.

o Additional series: Each circuit of the additional series has one switch S, n inductors
for the nth stage circuit, 2(n + 1) capacitors, and (37 + 1) diodes.

o Enhanced series: Each circuit of the enhanced series has one switch S, n inductors
for the nth stage circuit, 4n capacitors, and (5n — 1) diodes.

o Re-enhanced series: Each circuit of the re-enhanced series has one switch S, n
inductors for the nth stage circuit, 6n capacitors, and (7n — 1) diodes.

o Multiple (j)-enhanced series: Each circuit of the multiple (j times)-enhanced series
has one switch S, n inductors for the nth stage circuit, 2(1 + j)n capacitors, and
[(3 +2j)n — 1] diodes.
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In order to concentrate the voltage enhancement, assume that the converters are working
in the steady state in the CCM. The conduction duty ratio is k, the switching frequency is
f, the switching period is T = 1/f, and the load is resistive load R. The input voltage and
current are Vi, and Iy, and the output voltage and current are Vo and Ip. Assuming that
there are no power losses during the conversion process, Vin x Iin = Vo x lo. The voltage
transfer gain G is given by

V.
G=-2.
Vin

7.2 P/O SL Luo-Converters

We introduce here only three circuits from each subseries. Once the readers grasp the clue,
they can design the other circuits easily [1-4].

7.2.1 Main Series

The first three stages of P/O SL Luo-converters, namely the main series, are shown in
Figures 7.1 through 7.3. To make it easy to explain, they are called the elementary circuit,
the re-lift circuit, and the triple-lift circuit, respectively, and are numbered n =1, 2, and 3,
respectively.

7.2.1.1 Elementary Circuit

The elementary circuit and its equivalent circuits during switch-on and switch-off periods
are shown in Figure 7.1.

The voltage across capacitor C; is charged with Vi,. The current i;; flowing through
inductor Li increases with Vi, during the switch-on period kT and decreases with
—(Vo — 2Vin) during the switch-off period (1 — k)T. Therefore, the ripple of the inductor
current ip 1 is

Vi Vo —2V;
Aipg = 0k = 202N T, 7.1)
Ly Ly
2—k
The voltage transfer gain is
Vo 2-k
= = . 7.
¢ Vi 1-k @3)

The input current [, is equal to (i1 + ic1) during switch-on, and only i1; during switch-
off. The capacitor current icj is equal to i1 during switch-off. In the steady state, the average
charge across capacitor C; should not change. The following relations are obtained:

lin—off = IL1—off = ICl—off, lin—on = iL1—on + iCl—on, KkTici—on = (1 — k) Tic1—off.
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(a) Iy D, D,
—>t i > Iy
' y
+ L, 3 G Va +
Vin N + R § Vo
— S G~ ‘icz -
(CYR N I
— o
+ + L + ¢+
Vin L,y O Ve TVer3Vv
© g, L ¢ I
)| il
+ Vi1 - Vi, + + +
Vin Ve rg v,

FIGURE 7.1 Elementary circuit of P/O SL Luo-converters—main series: (a) circuit diagram, (b) equivalent
circuit during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006.
Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 217. With permission.)

If inductance L, is large enough, i1 is nearly equal to its average current I1 ;. Therefore,

. . ) 1—k In . 1—-k
lin—off = iC1—off = IL1, fin—on = IL1 + . I = 7 lCcrron = I,
and the average input current is
Iin = kijn—on + (1 = K)iin—off = IL1 + (1 = K)IL1 = 2 — K)IL1. (7.4)

Considering Vin/Iin = (1 —k)/(2 — K)2Vo/Io = ((1 —k)/(2 — k))R, the variation ratio of
current i1 through inductor L is

A2 kQ-BTVi, k(1 —k? R

i 2Lihh 2@k fLi 79)

€1

Usually &1 is small (much lower than unity); this means that this converter normally works
in the continuous mode.
The ripple voltage of output voltage vo is

AQ  IokT k Vo
Ap=—=—=——.
@) C fC2 R
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Therefore, the variation ratio of output voltage vo is

Avp/2 k
e = = .
Vo 2RfCy

(7.6)

Example 7.1
A P/O SL Luo-converter in Figure 7.1a has Vi, =20V, L1 =10mH, ¢; =G =20uF, R=

100 2, f = 50kHz, and conduction duty cycle k = 0.6. Calculate the variation ratio of current
iL1, and the output voltage and its variation ratio.

SOLUTION

From Equation 7.5, we can obtain the variation ratio of current i 1,

_k(l—k? R 0.6(1-0.6)2 100

= — = = 0.00686.
1 22 — k) fL 2(2-0.6) 50kx10m
From Equation 7.2, we can obtain the output voltage
2—k 2—-0.6
Vo = Vinh = 20=70V.
OF T k" T 106
From Equation 7.6, its variation ratio is
k .
0.6 = 0.003.

® T 2RIC, T 2 x 100 x 50k x 201t

7.2.1.2 Re-Lift Circuit

The re-lift circuit is derived from the elementary circuit by adding the parts
(L2-D3-D4-D5-C3-Cy). Its circuit diagram and equivalent circuits during switch-on and
switch-off periods are shown in Figure 7.2. The voltage across capacitor C; is charged
with Vin. As described in the previous section, the voltage Vi across capacitor C; is
Vi = (2 —k)/(1=k)Vin.

The voltage across capacitor C3 is charged with V7. The current flowing through inductor
L increases with V7 during the switch-on period kT and decreases with — (Vo — 2V1) during
the switch-off period (1 — k)T. Therefore, the ripple of the inductor current i1, is

1% Vo —2V
Aifg = kT = 22211 _ T, (7.7)
Lo Lo
2k 2 —k\?
== = —_— 1 . 7.
VO 1_kV1 <1—k> Vm ( 8)

The voltage transfer gain is

2
c- Vo _ (ﬂ) , (7.9)
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(C) Iin Ll Cl Vl L2 I
= v )I Y'Y Y o
M : I
+ L1 ‘/in + VLZ Vl + +
C — U N
Vin 2T G Ve 22 v,

FIGURE 7.2 Re-lift circuit of P/O SL Luo-converters—main series: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential

DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 218. With permission.)

Analogously, the following relations are obtained:

. Vin Iin
Al = —KT, I = ,
L1 L L1 >k
) Vi 2—k Io
Afrp = —KkT, hp=\—F-1) o= —.
112 Ly L2 (1 iy ) O 1—k

Therefore, the variation ratio of current ir; through inductor L, is

il 2Q—K3fLy

. T e
e, _ AiL/2 k2 =RTVi _kA=b" R (7.10)

Iq

The variation ratio of current it through inductor L; is

Ait2/2 k(1 —KTVy  k(1—-k>2TVo k(1 —k? R
= = = = —, (7.11)
212 —k)LyIo 2Q—k) fLy

L, — 2Lo
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@ L, D D, v, D, D, V, D, Dy

D4 D4 D4 D Dt Tt s
+ + + ¢ ©

LR G R Ve Ly 2 Cy Vs L 2 Gk Vs i
Vo >t > R g Vo

_ Dy . Dy + S + _

C, ~V C, ~V C V.
T_cz 4 /I\_C4 6 /l\_cs

(c) Iy N\Lfl\q % Vi L, \C|3 Va Ly Cs Io
> YY)
v A A A0 ! ¢
L1 - + Vi - + Vis =0+
+ V. L2 V. V. +
in + 1 + 2 __+
Vin G ~W C, =V, Co /\ch R Vo

FIGURE 7.3 Triple-lift circuit of P/O SL Luo-converters—main series: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 219. With permission.)

and the variation ratio of output voltage vo is

Avp/2 k
£ = =

- . 7.12
Vo  2RfC, (7.12)

7.2.1.3 Triple-Lift Circuit

The triple-lift circuit is derived from the re-lift circuit by twice repeating the parts
(L2-D3-D4-D5-C3-Cy). Its circuit diagram and equivalent circuits during switch-on and
switch-off periods are shown in Figure 7.3. The voltage across capacitor C; is charged
with Vin. As described in the previous section, the voltage V1 across capacitor C; is V1 =
(2—-k)/(1 —k))Vin, and the voltage V; across capacitor C4 is Vo = (2 — k)/(1 — ©))2Vin.

The voltage across capacitor Cs is charged with V5. The current flowing through inductor
Lz increases with V, during the switch-on period kT and decreases with — (Vo — 2V>) during
the switch-off period (1 — k)T. Therefore, the ripple of the inductor current iy, is

Vo — 2V,

L 1-hT, (7.13)

\%
Allz = —sz =
L3
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c_ Vo _(2-k\
“ v, \1—«k
Analogously,
V; I
Al = L—llnkT, I = 7 ilk'
. V1 2—k
Alip = —kT, Lp=——I0,
) L 2= 452 o
. 1% Io
Atz = L—;kT, iz = T—%

Therefore, the variation ratio of current ir; through inductor L; is

A2 kQ@-KkTVi, k(1 —Kk°® R

I 2Ll 2Q—kPfLy

€1

The variation ratio of current it through inductor L, is

: Aitp/2 k(1 —k?TVy kTR -k*Vo k@—-k* R
2= = = =

I,  2Q-klldo 20-k’Lilo 20 -k3fLy’

The variation ratio of current it 3 through inductor L3 is

g, = Diaf2 kA —0TV, _ kd - k?TVo  k(1—k? R

3

and the variation ratio of output voltage vo is

. Avo/2 k
Vo 2RfCs

Example 7.2

s 210 2Q-Kklio 22—k fL3

301

(7.14)

(7.15)

(7.16)

(7.17)

(7.18)

(7.19)

A triple-lift circuit of the P/O SL Luo-converter in Figure 7.3a has Vi, = 20V, all inductors have
10mH, all capacitors have 20 uF, R = 1000 2, f = 50kHz, and conduction duty cycle k = 0.6.

Calculate the variation ratio of current i 1, and the output voltage and its variation ratio.

SOLUTION

From Equation 7.16, we can obtain the variation ratio of current j 1,

_k(1=k® R 06(1-06)° 1000
T 22 -k>fly T 2Q2-0.6)> 50k x 10m

1

= 0.00046.
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From Equation 7.14, we can obtain the output voltage

2 —k\? 2-06\°
Vo=(2") v, = 20 = 857.5V.
o (1—/<) in <1—0.6)

From Equation 7.19, its variation ratio is

k 0.6

- _ — 0.0003.
® T QRfC, ~ 2 x 1000 x 50k x 200

7.2.1.4 Higher-Order Lift Circuit

The higher-order lift circuit can be designed by just multiple repeating of the parts
(L2-D3-D4-D5-C3-Cy). For the nth-order lift circuit, the final output voltage across capacitor
Cpy, is

The voltage transfer gain is

Vo 2 —k\"

The variation ratio of current it ; through inductor L; (i = 1,2,3,...,n) is

_Ai/2 k(=KD R

j = ——, 7.21
5 I 2(2 — ky*n=D+1 f1,; 721)
and the variation ratio of output voltage vo is
Avo/2  1—k
= AvO/Z _ (7.22)

Vo  2RfCy,’

7.2.2 Additional Series

By using two diodes and two capacitors (Di11-D12-C11-C12), a circuit called “double/
enhance circuit” (DEC) can be constructed, which is shown in Figure 7.4. If the input voltage
is Vin, the output voltage Vo can be 2V;y, or another value higher than Vi,. The DEC is very
useful to enhance the DC/DC converter’s voltage transfer gain.

All circuits of P/O SL Luo-converters—additional series—are derived from the corre-
sponding circuits of the main series by adding a DEC. The first three stages of this series
are shown in Figures 7.5 through 7.7. For ease of understanding, they are called the ele-
mentary additional circuit, the re-lift additional circuit, and the triple-lift additional circuit,
respectively, and are numbered as n = 1, 2, and 3, respectively.

7.2.2.1 Elementary Additional Circuit

The elementary additional circuit is derived from the elementary circuit by adding a DEC.
Its circuit and switch-on and switch-off equivalent circuits are shown in Figure 7.5.
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FIGURE 7.4 DEC. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor &
Francis Group LLC, p. 223. With permission.)

The voltage across capacitor C; is charged with Vi, and the voltage across capacitors C,
and Cy is charged with V7. The current i1 flowing through inductor L increases with
Vin during the switch-on period kT and decreases with —(Vo — 2Vi,) during the switch-off
period (1 — k)T. Therefore,

2—k
Vi= mvin (7.23)
(a) Im Dl D2 Vl D11 D12
—>4 D Io
+ + ¢
+ Ly Ci T~V Cy T Ve .
Vin - - R g V
_ ()
S & c + + B
| Tl G plen

N
K
%
S

() Cu I
AY| o
1 ¢
—wut +
i 7
Cia < Vepg R 0
174 in + - _
- G

FIGURE 7.5 Elementary additional circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters, p. 224. Boca Raton: Taylor & Francis Group LLC. With permission.)
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and

Vi = Vin. (7.24)

1—k

The output voltage is

3—-k
Vo=Vin+ V01 + V1= mvin- (7.25)
The voltage transfer gain is
Vo 33—k
G=—="—_. 7.26
Vin 1—k (7.26)
The following relations are derived:
. . . 2o . . . Io
lin—off = IL1 = IC11—off + IC1—off = 1-¢ lin—on = iL1-on t iCl-on = IL1 + T’
) 1-k. Io . . Io
ICl—on = k IC1—off = 7/ IC1—off = 1C2—off = m/
. k. k. Io . 1-k. Io
IC2—off = 77— *C2~on = T !Cll~on = 77 ICll~on = ——ICll—off = 7~
. . k . Io . k . klo
icn—off = I0 +ic12—off =10 + 37— iC12-0n = 77/ IC12-0ff = 7 IC12-on = 71

If inductance L is large enough, i1 is nearly equal to its average current I ;. Therefore,

1+k

216 Io 2 1 .
kd—k O

iin—off =11 = m/ iin—on =I+ ? = (m + E) Ip =

1+k 3—k
Verification: i = kiin—on + (1 — k)ijn—off = (ﬁ + 2) Io = ﬁlo'

Considering (Vin/Iin) = (1 —k)/(2 — k)2(Vo/Io) = ((1 —k)/(2 — k))2R, the variation of
current iy 1 is Aipq = kTVin/L1.

Therefore, the variation ratio of current ir; through inductor L; is

() — Ai1/2 kA —BTVi, k(1 — k)zi

= = . 7.27
=T 416 43—k fL (7.27)
The ripple voltage of output voltage vo is
AQ  IokT k Vo
Avp=—==—2"= 2
Cz Cz fC2 R
Therefore, the variation ratio of output voltage vg is
Avp/2 k
e = AVO/2 _ (7.28)

Vo  2RfCi,’
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7.2.2.2 Re-Lift Additional Circuit

This circuit is derived from the re-lift circuit by adding a DEC. Its circuit diagram and
switch-on and switch-off equivalent circuits are shown in Figure 7.6. The voltage across
capacitor Cj is charged with Vi,. As described in the previous section, the voltage across
C2is V1 = (2 - k)/(1 = k) Vin.

The voltage across capacitor C3 is charged with V; and the voltage across capacitors
C4 and Cq; is charged with V3. The current flowing through inductor L; increases with
V1 during the switch-on period kT and decreases with —(Vo — 2V1) during the switch-off
period (1 — k)T. Therefore,

2—k 2—k\?
(@) 11» D, D, W, D, Dy V, Dy Dy
>t > DD Do I
N + . ¢

* Ly CV[\ Ve L, 2GC T Vo Cii o~ Ven .
Vin _
_ N _ - R § Vo

Ds + S + + ~

Cz/_‘l'_\‘icz Cy /‘[\_ Vea Cia 7‘[_\ Ve

(b)
Vs, Iy
C ¢ +
G| el T oyl UL ;
VRV, Ve DRIy,
(© Cn
M
Iin J1
—» L, C; Vi Ly 3 - V, + Io
YY) )I YYYNY \|
l J1 12 ¢
+ - Vi, + - Vv o+ +
+ +
Vin L + Cia Vo
- Ty vy T T~Vciz R
- |, _ _

FIGURE7.6 Re-lift additional circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit during
switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 225. With permission.)
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and

Vi = V1. (7.30)

The output voltage is

2"k§ilkvm. (7.31)

- Vig+ Vo=
Vo=Vi+Via+V; T %1_%

The voltage transfer gain is

G=-2="""""_ (7.32)

Analogously,
. Vin 3—k
Al = —kT, I = ———lo,
=7 LU= g p2o
. v 2Ip
AILZ = L—zlkT, IL2 = m

Therefore, the variation ratio of current it through inductor L; is

Air1/2 k(1 —k)2TVin k(1 —k)* R
i1 23 — k)L1Io 22 —k)(3—k)2fLy
and the variation ratio of current ir, through inductor L; is
Air2/2 1-kT 1-k?% R
£y = 2/2 _ kA -BTV1 _ k( ) R (734)
Lo 41,10 43 —k) fLo
The ripple voltage of output voltage vg is
AQ  IokT k Vo
Avp= —==2" =~ 2
Cn Cip fCi2 R
Therefore, the variation ratio of output voltage vg is
Avo/2 k
= = . 7.35
T Vo T 2RfCn (7.35

7.2.2.3 Triple-Lift Additional Circuit

This circuit is derived from the triple-lift circuit by adding a DEC. Its circuit diagram and
equivalent circuits during switch-on and switch-off periods are shown in Figure 7.7. The
voltage across capacitor Cp is charged with Vj,. As described in the previous section, the
voltage across C is V1 = ((2 — k) /(1 — k)) Vin and the voltage across Cy is

2k 2—k\?
V2 = —le = (m) Vil’l-

—_
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(@ Ln D D, V D, Dy V, D, Dy Dy, Dy,
— NI . N N . N } } *
T T T T 1
IR IE , ; y°
+ b Cl/l\ Va L, C3/l\ Ves Ly 3 C5xVis Cii~Ven +
Vin | T~ LN — T B R § Vo

Dy + Ds + k‘ + + _
G ;l: Ve Cy /l: Veo S | GCe ;[:_VC6 Cip /I\_ch
L
(b)
v, v,
C + +
3__ C4_‘_ I C5__+ Cs Cch + C12_
o~ -~ 3 p= ~v, 1~ Vs 7]
Vi Vs Vs 3
(© Cn
ol
fin L G vy L c W Ly G -y, + ;
2000 —MH_W_H . o
3
+ “v, t -+ - Vo ¢
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Vi == + Cpp| *
in C, ~ V. C4 s R \Z
_ 2 1 _ V3 T T Ve ©

FIGURE 7.7 Triple-lift additional circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 226. With permission.)

The voltage across capacitor Cs is charged with V; and the voltage across capacitors
Ce and Cy; is charged with V3. The current flowing through inductor L3 increases with
V> during the switch-on period kT and decreases with —(Vo — 2V3) during the switch-off
period (1 — k)T. Therefore,

V3 = i:’livz = (i — i)z Vi= (%)3 Vi (7.36)
and
Vis = 7 V2. (7.37)
The output voltage is
Vo=V +Vig+ V3= <%>2 %Vm. (7.38)
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The voltage transfer gain is

Vo 2-k\?3 -k
= 2 (=) — 7.39
C=v. (1—k> 1—k (7.39)
Analogously,
. Vin 2-kB -k
Ay = —kT, hi1=—-—"=—"I0,
IL1 L n a-k? ©
) 1 3—k
Aiip = —kT, Lo=——=lo,
L2 L 2T g0
. Vo 2o
= —= I3 =——.
Air3 Ls KT, Ihs=1—F
Considering

Vin _ (1=k\*Vo _ (1-k\*,
In  \2-k) Io \2-k)

the variation ratio of current i through inductor L; is

e = Ai1/2 kA —KkPTVi, k(1 —k)?3T (1—k)73
'TTIL T 20-0h@-bLilo  22-0HG-kLilo 2—k2G—k °
k(1 —k)® R
= —, 7.40
2@ kPG bEfL; (7:40)
the variation ratio of current i1, through inductor L, is
() Airp/2  k(1—K2 TV k(1 —k?T  (1—k)? __ka-kb* R
2T T 26-blio  26-bLhio2-Kh3—-k ° T 22-kh@-kZfLy’
(7.41)
and the variation ratio of current i1 3 through inductor L3 is
Air3/2 k(1 —-KTV, k(1-KT1—k k(1—-k? R
= = = Vo= —-"——. 7.42
=77, 4510 alo 3-k °7 43—k fLs (742)
The ripple voltage of output voltage vo is
AQ  IokT k Vo
Ao = —~ =" = — =,
T Cn Cn fCi2 R
Therefore, the variation ratio of output voltage vg is

Vo  2RfCp’
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7.2.2.4 Higher-Order Lift Additional Circuit

The higher-order lift additional circuit is derived from the corresponding circuits of the
main series by adding a DEC. For the nth-order lift additional circuit, the final output

voltage is
2—k\" 13—k
Vo= (1—k) 1k Vi

The voltage transfer gain is

Vo 2-k\" 13-k

Analogously, the variation ratio of current i;; through inductor L; (i = 1,2,3,...,n) is

i 20—+

§i = AZILLIZ./Z = 222 — k)]h(n—il){((zl _ ;I;)2<n—i)+1 G- k)Zu(n—i—l)f_Ll.’ (7.45)

where
h(x) = {(1) 3; Z 8 is the Hong function
and
ux) = {(1) z i 8 is the unit-step function,
and the variation ratio of output voltage vo is
e = AZ"/(;/ 2 _ 5 R]]f e (7.46)

7.2.3 Enhanced Series

All circuits of P/O SL Luo-converters—enhanced series—are derived from the correspond-
ing circuits of the main series by adding the DEC in circuits of each stage. The first three
stages of this series are shown in Figures 7.5, 7.8, and 7.9. For ease of understanding, they
are called the elementary-enhanced circuit, the re-lift enhanced circuit, and the triple-lift
enhanced circuit, respectively, and numbered n = 1, 2, and 3, respectively.

7.2.3.1 Elementary Enhanced Circuit

This circuit is the same as the elementary additional circuit shown in Figure 7.5.
The output voltage is
3—k

Vo=Vin+ V01 + Vi = Tkvin- (7.25)

—_
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_VinJr

C 4

FIGURE 7.8 Re-lift enhanced circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit during
switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 232. With permission.)

The voltage transfer gain is

G=-2=2"" (7.26)

The variation of current i1 is Aij1 = kTVin/L1.
Therefore, the variation ratio of current ir; through inductor L; is

A2 kA —-kTVi,  k(1—k)? R
" T 4Ll 4G -k fLy

(7.27)
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FIGURE 7.9 Triple-lift enhanced circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 233. With permission.)

The ripple voltage of output voltage vo is

_AQ_IokT_ k Vo
Cpp Ci2 fCi2 R

Therefore, the variation ratio of output voltage vo is

Avo

Avp /2 k
_ _ , 7.8
T Vo T 2RfCn (7.28)

7.2.3.2 Re-Lift Enhanced Circuit

The re-lift enhanced circuit is derived from the re-lift circuit of the main series by adding
the DEC in each stage circuit. Its circuit diagram and switch-on and switch-off equivalent
circuits are shown in Figure 7.8. As described in the previous section, the voltage across
capacitor Cyy is charged with Vi = (3 — k)/(1 — k)) Vin.

The voltage across capacitor C3 is charged with V12 and the voltage across capacitors Cy
and Cp; is charged with Vg,

2—k 2—-k3—k
= — = ———Vin. 7.47
Vo =— Ve =17 Vi (7.47)
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The current flowing through inductor L, increases with Vcip during the switch-on
period kT and decreases with —(Vo — Vg — Vc12) during the switch-off period (1 — k)T.
Therefore,

1—k

. k
Aipp = —Venp =

Vo—Vecs =V 7.48
L L, Vo~ Va-Vew), (7.48)
3—k 3—k\?
Vo= chu = (ﬁ) Vin. (7.49)
The voltage transfer gain is
Vo  (3-k)?
G=—=|—] . 7.50
Vin (1 - k) ( )
Analogously,
. V; 33—k
Airg = ~BKT, I = —— o,
L1 L L= 52 ©
. V1 2Io
Al = —kT, I1p=-—.
L2 L L2=7"¢

Therefore, the variation ratio of current ir; through inductor L is

Air1/2 k(1 —k)?*TVin k(1 —k)* R
It 23 —k)L1lo 22 —-k)3—k)?*fL;
and the variation ratio of current ir, through inductor L; is
Aip/2 k(1 —KTV: k(1 —k?* R
£y — 2/2 _ k( TV k( ) R (752)
Iio 4L,1p 43 —k) fLo
The ripple voltage of output voltage vg is
AQ  IokT k Vo
Avp = == =2 = = 9
Cn Cn fCn R
Therefore, the variation ratio of output voltage vo is
Avp/2 k
= = . 7.53
T Vo  2RfCx (7.59)

7.2.3.3 Triple-Lift Enhanced Circuit

The triple-lift enhanced circuit is derived from the triple-lift circuit of the main series by
adding the DEC in each stage circuit. Its circuit diagram and equivalent circuits during
switch-on and switch-off periods are shown in Figure 7.9. As described in the previous
section, the voltage across capacitor Cyz is charged with V1o = (3 — k)/(1 — k))Vin, and
the voltage across capacitor Cp; is charged with Voo = (3 —k)/(1 — )2 Vin.
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The voltage across capacitor Cs is charged with Vi, and the voltage across capacitors
Ce and C3; is charged with Vg,

2—k 2—k (3—k\?
Ve = 1—_kVC22 =1 % (m) Vin. (7.54)

The current flowing through inductor L3 increases with Vcp during the switch-on
period kT and decreases with —(Vo — Vce — Vc22) during the switch-off period (1 — k)T.
Therefore,

. k 1—k
Air3 = L—chz = L—(Vo — Ve — V), (7.55)
3 3
3—k 3-k\°
= — = — in. 7.
VO 1_kVCZZ (1—k> Vm ( 56)

The voltage transfer gain is

Vo _ (3-k\’
G=—-=(—] - 7.57
Vin (1 - k> ( )
Analogously,
: Vin 2-kB—k
Aipg = —kT, I1=——=—Io,
L1 L L1 1—_k3 ©
, Vi 3—k
Aipp = —kT, Lp=-——=lo,
L2 L 2= g pzo
. Vs 2Ip
Aipy = —kT, L3=-—-.
L3 Ls L3=71"1
Considering

Vin _ (1-k\*Vo _ (1-k\*,
In  \2-k) Io \2-k)

the variation ratio of current i1 through inductor Ly is

() — Ai1/2 kA —kPTVi, k(1 —k)3T (1—k)73
L T T 20-0GB-blilo  2Q2-kG-klilo 2—k2G—k °
k(1 —k)® R
- . 7.58
22— PG 02 fL (7.58)
The variation ratio of current it through inductor L; is
_ Aip/2 k(1 —k)*TV, k(1—k?2T  (1—k)? _ ka-b? R

52 o 2B -klo 2B —kLo2—-k@3 -k 0= 22-k@3 - k)zm’

(7.59)
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and the variation ratio of current i1 3 through inductor L3 is

Air3/2 k(1 —-KkTV, k(1—-kT1—k k(1—k? R
€3 = = = 0= s 7 (7.60)
Ii3 4L3lo 4l3lo 3—k 43 —k) fLs3
The ripple voltage of output voltage vg is
Ap _AQ_IokT_ k Vo
° T Cm fm R’
Therefore, the variation ratio of output voltage vg is
Avp/2 k
= = ) 7.61
Vo 2RfC3p (7.61)

7.2.3.4 Higher-Order Lift Enhanced Circuit

The higher-order lift enhanced circuit is derived from the corresponding circuits of the main
series by adding the DEC in each stage circuit. For the nth-order lift enhanced circuit, the
final output voltage is Vo = ((3 — k)/(1 — k))" Vin.

The voltage transfer gain is
Vo 3—k\"
G=—=(—) - 7.62

Vin (1 - k) ( )

Analogously, the variation ratio of current i;; through inductor L; (i = 1,2,3,...,n) is

e = Diif2 _ k(1 — k2=t R 7.63)
L I - 2[2(2 — k)]h(n—i) Q- k)Z(n—z')+l 3 - k)Zu(n—i—l)le.’ :
where
h(x) = :O x>0 is the Hong function
1 x<0
and
1
ux) = ¥=0 is the unit-step function,
0 x<0
and the variation ratio of output voltage vo is
Avp/2 k
= = . 7.64
*T Vo T 2RfCn (7.64)

7.2.4 Re-Enhanced Series

All circuits of P/O SL Luo-converters—re-enhanced series—are derived from the corre-
sponding circuits of the main series by adding the DEC twice in each stage circuit.
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C13
Ay °
/1
c, Vo + Io
Iin Ll Cl Vl 1 V2 i
== YL, ’% % . .
+ C14
Vin * + + Ve RZ Vo
Vin C2 T Vl C12 T V2 T - -

FIGURE7.10 Elementary re-enhanced circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 238. With permission.)

The first three stages of this series are shown in Figures 7.10 through 7.12. For ease of
understanding, they are called the elementary re-enhanced circuit, the re-lift re-enhanced
circuit, and the triple-lift re-enhanced circuit, respectively, and numbered n =1, 2, and 3,
respectively.

7.2.4.1 Elementary Re-Enhanced Circuit

This circuit is derived from the elementary circuit by adding the DEC twice in each
stage circuit. Its circuit and switch-on and switch-off equivalent circuits are shown in
Figure 7.10.
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The output voltage is

4—k
Vo=Vin+Vi1+ Vcip = 1= kVin. (7.65)
The voltage transfer gain is
Vo 4-—k
G=—=——, 7.66
Vin 1—k ( )
where
2—k
Ve = mVin, (7.67)
3—k
Ve = mvin, (7.68)
and
Vi1 = k Vi (7.69)
L1 — 1—k in- .
The following relations are obtained:
. . . 2Io . . . Io
lin—off = IL1 = iC11—0ff + IC1—0ff = m/ lin—on = {L1—on + IC1—on = IL1 + ?r
. 1—k. Io ) . Io
ICl—on = k IC1—off = ?r IC1—off = IC2—off = ml
. k . k . Io . 1-k. Io
1Co—off = mla—on = mlcn—on = 1_¢ ICll1-on = Tlcu—off = T’
i =Io+i o+ _ o __* _ Ko
Cll—off = 1O Cl12—off = 1O 1—k Cl12—on = 1_ k/ Cl12—off = 1—k Cl12—on — 1—k

If inductance L1 is large enough, i1 is nearly equal to its average current I ;. Therefore,

. 2Ip ) Io 2 1 1+k
E = I = — CE = I —_— = _— —_ I = I .
lin—off L1 1-% lin—on L1+k (1—k+k)o k(l_k)o
1+k 3—k
Verification: lin = kijn—on + (1 — K)iin—off = -t +2)Ilp=——Ipo.
1—k 1—-k
Considering
Vin _ (1=k\*Vo _ (1-k\*,
Im \2—-k/) In \2-k !
the variation of current iy 1 is Air1 = kTVin/L1.
Therefore, the variation ratio of current I ; through inductor Ly is
Air1/2 k1 —-kTVy, k@1 -k? R
£ = /2 k( )TVin — k( ) (7.70)

In ~ 4ldo  4G-k fLi
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The ripple voltage of output voltage vo is

AQ  IokT k Vo
Avp= == =2 = — 22
Cu Cu  fCu R
Therefore, the variation ratio of output voltage vo is

Avo/2 k
€= = .
Vo 2RfC14

(7.71)

7.2.4.2 Re-Lift Re-Enhanced Circuit

This circuit is derived from the re-lift circuit of the main series by adding the DEC twice in
each stage circuit. Its circuit and switch-on and switch-off equivalent circuits are shown in
Figure 7.11.

lo
TCy| TCu TR

f
Ve Ve TVeuI Vo

)

FIGURE 7.11 Re-lift re-enhanced circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 239. With permission.)
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The voltage across capacitor C14 is

4—k
Vcis = 1= kVin- (7.72)
By the same analysis
14—k 4—k\?
- - = — . 7.73
Vo = ;— Veus (1—k) Vin (7.73)
The voltage transfer gain is
Vo 4 —k\?
G=—=—]) . 7.74
Vin (1 - k) ( )
Analogously,
. Vin 3—-k
Aipp = —KT, 1= ——=lo,
L1 L L= g p2o
. Vi 2Ip
A = —kT Ijp = ——.
i sz , =1

Therefore, the variation ratio of current iy through inductor Ly is

Air1/2 k(1 —k)2TVin k1-k* R
g = = = ot (7.75)
Iia 2B -kLilo 2Q2-kG—-k?fL
The variation ratio of current i1, through inductor L; is
' - k1 —k? R
£y = Aia/2 _ kA =BTV1 _ k( ) R 7.76)
Ii» 41,10 43 —k) fLo
The ripple voltage of output voltage vo is
rog = AQ _IoKT _ k Vo
T Cu Cu ~ fCu R
Therefore, the variation ratio of output voltage vo is
Avp/2 k
= = . 7.77
*T Vo T 2RfCn (7.77)

7.2.4.3 Triple-Lift Re-Enhanced Circuit

This circuit is derived from the triple-lift circuit of the main series by adding the DEC twice
in each stage circuit. Its circuit and switch-on and switch-off equivalent circuits are shown
in Figure 7.12.
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FIGURE 7.12 Triple-lift re-enhanced circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 240. With permission.)

The voltage across capacitor Ci4 is

4—k
Ve = 77— Vin.
The voltage across capacitor Cp4 is
4—k\?
Ve = (ﬁ) Vin.
By the same analysis
4—k 4—k\°
Vo=—-V Vin.
O 11—k C24 = (1 _ k) in
The voltage transfer gain is
1\ 3
G=Yo_ (4=ky"
Vin 1-k

(7.78)

(7.79)

(7.80)

(7.81)



320 Power Electronics

Analogously,
, Vin 2-kbB -k
=T, = —— o,
Al L, L L1 a_k3 o
) V1 3—k
[ — — —I
Airp L kT, 2= g zlor
. V> 2Ip
= —kT I3 =—=.
ALz L LB=1"¢
Considering

Vin _ (1=k\*Vo _ (1-Kk\*,
In  \2-k) Io \2-k)

the variation ratio of current ir; through inductor L, is

e — Ai1/2 kA —KPTVi, k(A —k)°T -k
YT T 200G —hLilo 22 —k@—klilo 2 —k2G -k °©
k(1 —k)°® R
= — 7.82
20— kPG — FATL; 78
The variation ratio of current i, through inductor L, is
e, = Ai2/2 _ k(1 —k)*TVy kA —k?*T (1 —k)? __ka-k* R
2T T, 2B-bhilo 2B8-bLlo2-kbG—-k ° " 20-kG— k2fLy’
(7.83)
The variation ratio of current i3 through inductor L3 is
Air3/2 k(1 —-KTV, k(1—-KT1—k k(1—k?% R
= = = V = . 7.84
=77, 4510 allo 3-k °7 43—k fLs (7.84)
The ripple voltage of output voltage v is
Av _AQ_IQkT_ k Vo
OTCu Cu fCu R’
Therefore, the variation ratio of output voltage vo is
Avp/2 k
= = . 7.85
*T Vo T 2RfCy (7.85)

7.2.4.4 Higher-Order Lift Re-Enhanced Circuit

The higher-order lift additional circuit is derived from the corresponding circuits of the
main series by adding the DEC twice in each stage circuit. For the nth-order lift additional
circuit, the final output voltage is Vo = ((4 — k)/(1 — k))" Vin.
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The voltage transfer gain is

Vo [4—k\"
=—=—] . 7.
¢ Vin (1_k> ( 86)

Analogously, the variation ratio of current i;; through inductor L;(i = 1,2,3,...,n) is

. AiLi/2 _ k(1 — k)2<”—f+1> R , 7.87)
i 222 - kD@ — kX E - k2D L
where
h(x) = {(1) jcc ; 8 is the Hong function
and
ux) = {(1) jﬁ i 8 is the unit-step function,
and the variation ratio of output voltage vo is
e = AZ"/%/ 2_ 5 R]]:cn4‘ (7.88)

7.2.5 Multiple-Enhanced Series

All circuits of P/O SL Luo-converters—multiple-enhanced series—are derived from the
corresponding circuits of the main series by adding the DEC multiple (j) times in circuits
of each stage. The first three stages of this series are shown in Figures 7.13 through 7.15.
For ease of understanding, they are called the elementary multiple-enhanced circuit, the
re-lift multiple-enhanced circuit, and the triple-lift multiple-enhanced circuit, respectively,
and numbered n = 1, 2, and 3, respectively.

7.2.5.1 Elementary Multiple-Enhanced Circuit

This circuit is derived from the elementary circuit of the main series by adding the DEC
multiple (j) times. Its circuit and switch-on and switch-off equivalent circuits are shown in

Figure 7.13.
The output voltage is
i+2—k
Vo = ﬁvin. (7.89)
The voltage transfer gain is
V. +2—k
G=-0_Ilte=K (7.90)

T Ve 11—k
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FIGURE?7.13 Elementary multiple-enhanced circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent
circuit during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006.
Essential DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 246. With permission.)

The following relations are obtained:

- , . 2o
lin—off = IL1 = iC11~off + iC1-off = 1-k
. 11—k, Io
ICl~on = T1C1—off =%
. k . k . Io
iC2off = ml(ﬁ—on = mlCH—on = m,
] H k Io
icn—off = lo + ic12—off = Io + 1 _f/C12z-on = 11

fin—on = iL1—on + iC1-on = IL1 + %O,
. . Io

IC1—off = 1C2—off = 1-%

. 1-k. Io
ICll—on = Tlcu—off = T’

. k. klo
IC12—off = mlcu—on = 1—%
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If inductance L, is large enough, i1 is nearly equal to its average current Iy 1. Therefore,

. 2lpo . Io 2 1 1+k
lin—off = Ihh=—7=, lin—on = I+ —-—= <_ + _) IO = I

T—k r U=k Tk kd—k) <
1+k 3—k
Verification: Iin = kiin—on + (1 — k)iin—off = (ﬁ + 2) Io=7—lo.

Considering
4 1-k\*Vo _(1-k)\?
e l— _— i _— R ,
In 2-k) TIo 2k

the variation of current iy 1 is Aip1 = kTVin/L1.
Therefore, the variation ratio of current iy through inductor L; is

A2 kA -kTVi, k(1 —-k)? R

= = — 7.91
S1=— 4110 43—k fL 791)
The ripple voltage of output voltage vg is
AQ  IokT k Vo
Avp = — = 2> = — =,
Cij Cipj fCiyj R
Therefore, the variation ratio of output voltage vo is
Avp/2 k
Vo 2RfC1yj (7.92)

7.2.5.2  Re-Lift Multiple-Enhanced Circuit

This circuit is derived from the re-lift circuit of the main series by adding the DEC multiple
(j) times in each stage circuit. Its circuit diagram and switch-on and switch-off equivalent
circuits are shown in Figure 7.14.

The voltage across capacitor Cyy; is

2k
vcuj=1—T:I—vh. (7.93)

The output voltage across capacitor Cyy; is

i+2—k\?
Vo= Ve = (]17) Vin. (7.94)
The voltage transfer gain is

Vo j+2—k 2
G=-2=-(L22"2) . 7.9
Vin ( 1-k ) ( 5)
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FIGURE 7.14 Re-lift multiple-enhanced circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent
circuit during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006.
Essential DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 247. With permission.)

Analogously,
. Vln 3 — k
Al = kT It = ——=lo,
IL1 L= g p2©
. V1 2lp
Airp = —kT, Lip=—.
L2 L 2= 77

Therefore, the variation ratio of current ir; through inductor L, is

; AV . AT
Air1/2 k(1 = k) TVin k(1 —k) i (7.96)

'YL T 26-bLilo  22-kbG-kifL

and the variation ratio of current ir; through inductor L; is

_ Aip/2  k(-KTV:  k(1—k?* R
2=, T T ahlo 46—k fLy @7.97)

The ripple voltage of output voltage vg is
2Q Ik _ k Vo
~ Cpj  Cxmj  fCxmj R
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Therefore, the variation ratio of output voltage vo is

_ Avo/2 k
- Vo o 2RfCooj

(7.98)

7.2.5.3 Triple-Lift Multiple-Enhanced Circuit

This circuit is derived from the triple-lift circuit of the main series by adding the DEC
multiple (j) times in each stage circuit. Its circuit and switch-on and switch-off equivalent
circuits are shown in Figure 7.15.

The voltage across capacitor Cy; is

+2—k
Ve = HTVin- (7.99)
The voltage across capacitor Cpy; is
i+2—k\?
Veaj = (]17> Vin. (7.100)
By the same analysis,
i+2—k i+2—k\°
Vo = ﬁvczzj - (ﬁ) Vin. (7.101)
(a) I, Dy, D, ViDy Dy D1(2/ 1y Dy D, D5 Dy Dy Dypjyy Doy, D; Dy D3 D3 Dypigy Dy

31 ™
C. Ve C3(2j-1)
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FIGURE 7.15 Triple-lift multiple-enhanced circuit of P/O SL Luo-converters: (a) circuit diagram, (b) equivalent
circuit during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006.
Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 248. With permission.)
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The voltage transfer gain is

Vo [(j+2-k\°
= =(— . 7.102
G V; ( 1—k ( )
Analogously,
. Vi 2-kbGB -k
Aij1 = kT, I = ———FIp,
1 I L1 e o
. V1 3—k
Aij» = —kT, L= ——Io.
12 L L2 1—r2 o
. Vs 2Ip
= —ZkT 3= ——.
A3 L L= 1_¢
Considering

Vin _ (1=k\*Vo _ (1-k\*,
In \2-k) Io \2-k) ™

the variation ratio of current i1 through inductor L; is

CAig/2 kA -k3TVin k(1 —K)PT 1-k?
S1= i 2Q-kGB-kLilo 22-k@—-kLlo 2—-k?23—k)

B k(1 —k)® R

22 —-k3B—k?2fLy’

(@]

(7.103)

The variation ratio of current it through inductor L; is

_ Aip/2 kA —-k?*TVi k(1 —K2T  (1—k)? v
T I, 26 -Klido 2B —-Klilo2-kG—k °©

_ ka-b* R
C2Q-kGB-k2fLy

&2

(7.104)

The variation ratio of current i 3 through inductor L3 is

_ Ai3/2 kA-kTV, kQ—-KT1-k  k(1—-k? R

8=, T allo ~ 4aLido 3k T UG- fLs

(7.105)

The ripple voltage of output voltage vo is

AQ _ IokT _ k Vo
Cxj Czmj fCxmj R

Therefore, the variation ratio of output voltage vo is

Avp/2 k
e = = .
Vo 2RfC32j

(7.106)
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7.2.5.4 Higher-Order Lift Multiple-Enhanced Circuit

The higher-order lift multiple-enhanced circuit can be derived from the corresponding
circuits of the main series converters by adding the DEC multiple (j) times in each stage
circuit. For the nth-order lift additional circuit, the final output voltage is

The voltage transfer gain is

_ Vo _ j+2—k n

Analogously, the variation ratio of current i1; through inductor L;(i = 1,2,3,...,n) is

Airi/2 k(1 — k)2n—i+D) R
g = DILi/Z _ B e — (7.108)
I 2122 = ))M1=D (2 — k)2(=D+1(3 — f)2uti=i=D f;
where
h()—O x>0 s the H functi
D=1y <0 is the Hong function
and
1 x>0 . . .
u(x) = {0 =0 is the unit-step function.
The variation ratio of output voltage vo is
Avp/2 k
g = = . 7.109
Vo 2RfCypj ( )

7.2.6 Summary of P/O SL Luo-Converters

All circuits of P/O SL Luo-converters can be shown in Figure 7.16 as the family tree.
From the analysis in previous sections, the common formula to calculate the output
voltage can be presented as

Vin main series,

=
2—k\" (3—k
<_1 — k) <m> Vin additional series,
—k\"
Vo= (—1 — k) Vin enhanced series, (7.110)
4—k\"
<—1 k) Vin re-enhanced series,
i+2—k\"
(]—_; _y ) Vin multiple-enhanced series.
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FIGURE 7.16 The family of P/O SL Luo-converters. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 255. With permission.)

The voltage transfer gain is

2 —k\"
(=)
2—k\"'/3—k
(=) (=)
Vo _ ) (3-k\"
Vin (ﬂ)
4—k\"
(=)
j+2-k\"
(5=)

main series,

additional series,

enhanced series,

(7.111)

re-enhanced series,

multiple-enhanced series.

In order to show the advantages of the SL Luo-converters, their voltage transfer gains can
be compared with that of other converters:

Buck converter: G = Vo /Vin = k.

Forward converter: G = Vo /Vin = kN, where N is the transformer turn’s ratio.
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Cuk-converter: G = Vo /Vin = k/(1 — k).

Fly-back converter: G = Vo /Vin = (k/(1 — k))N, where N is the transformer turn’s
ratio.

Boost converter: G = Vo /Vin = 1/(1 — k).
P/O Luo-converters:

(7.112)

Assume that the conduction duty cycle k is 0.2; the output voltage transfer gains are listed
in Table 7.1. Similarly, for k = 0.5 and 0.8, the output voltage transfer gains are listed in
Tables 7.2 and 7.3.

7.3 N/O SL Luo-Converters

The N/O SL Luo-converters were developed at the same time as the P/O SL Luo-
converters. They too perform the SL technique. Only three circuits from each subseries
will be introduced in this section [1,2,5,6].

TABLE 7.1

Voltage Transfer Gains of Converters in the Condition k = 0.2

Stage No. (1) 1 2 3 4 5 n

Buck converter 0.2

Forward converter 0.2N (N is the transformer turn’s ratio)

Cuk-converter 0.25

Fly-back converter 0.25N (N is the transformer turn’s ratio)

Boost converter 1.25

P /0O Luo-converters 1.25 25 3.75 5 6.25 1.25n

P /O SL Luo-converters—main 2.25 5.06 11.39 25.63 57.67 2.25"
series

P/OSL 3.5 788  17.72 39.87 897 3.5 x 2.2501=1)

Luo-converters—additional
series

P/OSL 3.5 12.25 42.88 150 525 3.5"
Luo-converters—enhanced
series

P/OSL 475 2256 107.2 509 2418 4.75"
Luo-converters—re-enhanced
series

P/OSL 725 5256 381 2762 20,030 7.25"
Luo-converters—multiple
(j = 4)-enhanced series

Source: Data from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters, p. 256. Boca Raton: Taylor &
Francis Group LLC.
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TABLE 7.2

Voltage Transfer Gains of Converters in the Condition k = 0.5

Stage No. (1) 1 2 3 4 5 n

Buck converter 0.5

Forward converter 0.5N (N is the transformer turn’s ratio)

Cuk-converter 1

Fly-back converter N (N is the transformer turn’s ratio)

Boost converter 2

P/O Luo-converters 2 4 6 8 10 2n

P/0O SL Luo-converters—main 3 9 27 81 243 3"
series

P/OSL 5 15 45 135 405 5 x 3=1)

Luo-converters—additional
series

P/OSL 5 25 125 625 3125 5"
Luo-converters—enhanced
series

P/OSL 7 49 343 2401 16,807 7"
Luo-converters—re-enhanced
series

P/OSL 11 121 1331 14,641 16 x 104 11"
Luo-converters—multiple
(j = 4)-enhanced series

Source: Data from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters, p.257. Boca Raton: Taylor & Francis
Group LLC.

7.3.1 Main Series

The first three stages of N/O SL Luo-converters—main series—are shown in Figures 7.17
through 7.19. For ease of understanding, they are called the elementary circuit, the re-lift
circuit, and the triple-lift circuit, respectively, and are numbered n = 1,2, and 3, respectively.

7.3.1.1 N/O Elementary Circuit

The N/O elementary circuit and its equivalent circuits during switch-on and switch-off
periods are shown in Figure 7.17.

The voltage across capacitor C; is charged with Vi,. The current flowing through inductor
L1 increases along the slope Vi, /L1 during the switch-on period kT and decreases along
the slope —(Vo — Vin)/L1 during the switch-off period (1 — k)T. Therefore, the variation of
current iy 1 is

Vi Vo = Vin

n
” kT = " 1-0T, (7.113)

Aipy =

1 2—k
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TABLE 7.3

Voltage Transfer Gains of Converters in the Condition k = 0.8

Stage No. (n) 1 2 3 4 5 n

Buck converter 0.8

Forward converter 0.8N (N is the transformer turn’s ratio)

Cuk-converter 4

Fly-back converter 4N (N is the transformer turn’s ratio)

Boost converter 5

P/O Luo-converters 5 10 15 20 25 5n

P /O SL Luo-converters—main 6 36 216 1296 7776 6"
series

P/OSL 11 66 396 2376 14,256 11 x6(m—1)

Luo-converters—additional
series

P/OSL 11 121 1331 14,641 16 x 10 11"
Luo-converters—enhanced
series

P/OSL 16 256 4096 65,536 104 x 10* 16"
Luo-converters—re-enhanced
series

P/OSL 26 676 17,576 46 x 104 12 x10° 26"
Luo-converters—multiple
(j = 4)-enhanced series

Source: Data from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters, p. 257. Boca Raton: Taylor & Francis
Group LLC.

The voltage transfer gain is
Vo 2-k

= = =—___ _1. 7.11
G1 Vo =1k (7.115)

In the steady state, the average charge across the capacitor C; in a period should be zero.
The following relations are available:

. . . 1—k.
kTici—on = (1 = k)Tici—off and  ici—on = — lCloft-

These relations are available for all the capacitors’ current in switch-on and switch-off
periods.
The input current i, is equal to (i1 + ic1) during the switch-on period and zero during
the switch-off period. The capacitor current ic1 is equal to ir; during switch-off.
fin—on = iL1-on + iCl—on, IL1-off = iC1—off = IL1.

If inductance L; is large enough, i1 is nearly equal to its average current I 1. Therefore,

. . . . 1—-k. 1—-k 1
lin—on = IL1—on + I{Cl—on = IL1—on + ¢ lCloff = 1+ = Iy = %ILl

and
lin = kiin—on =I1. (7.116)
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FIGURE 7.17 Elementary circuit of N/O SL Luo-converters—main series: (a) circuit diagram, (b) equivalent
circuit during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006.
Essential DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 264. With permission.)

Further,

) . k
ic2-on =lo, ic2-ott = 7—los

k 1
i1 = ico—off + o = ——icr—on + I = ——Io.
L1 C2—off (e} 1_kC20n O 1_kO
The variation ratio of inductor current iy is

Air1/2 k(1 —k)TVia, k(1 —k) R
— — - . 7.117
51 i1 20116 G 2fLy (7.117)

Usually &1 is small (much lower than unity); this means that this converter works in the
CCM.
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The ripple voltage of output voltage vo is

AQ  IokT k Vo
AV p=—"=—=——.
G C fC2 R

Therefore, the variation ratio of output voltage vo is

. Avo/2 k
Vo 2RfG

(7.118)

7.3.1.2  N/O Re-Lift Circuit

The N/O re-lift circuit is derived from the N/O elementary circuit by adding the parts
(L2-D3-D4-D5-C3-Cy). Its circuit diagram and equivalent circuits during switch-on and
switch-off periods are shown in Figure 7.18.

The voltage across capacitor C; is charged to Vi,. As described in the previous section,
the voltage V1 across capacitor C; is V1 = (1/(1 — k))Vin.

()

Vin L1 Cy A

in

C; v L, Cy

- | ¢ L~y |/ I

I AN TO
+ + Vin ~ - Vi +VitVin 7 _

L —_
Vin Ll C2 T V; NI V.
Vi1 +1 C, FVa R (o)

- + +

FIGURE 7.18 Re-lift circuit of N/O SL Luo-converters—main series: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 265. With permission.)
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FIGURE 7.19 Triple-lift circuit of N/O SL Luo-converters—main series: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 266. With permission.)

The voltage across capacitor Cs is charged with (V1 + Vin). The current flowing through
inductor L, increases along the slope (V1 + Vin)/Ly during the switch-on period kT and
decreases along the slope —(Vpo—2V1 — Vin)/Ly during the switch-off period (1 —k)T.
Therefore, the variation of current iy, is

Nipp = V1 Vingp Vo =2V1=Vin g 00 (7.119)
Ly Ly
Q2—-kVi+ Vin 2—k\?
vo= BBV [(1 —) -1|Va (7.120)

The voltage transfer gain is

_ 2
@=E=@l>4. (7.121)
Vin
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The input current i, is equal to (i1 + ic1 + iL2 + ic3) during the switch-on period and is
zero during the switch-off period. In the steady state, the following relations are available:

iin—on = iLl—on + iCl—on + iL2—on + iC3—0n/

. . k
ica—on = lo, iCa—off = mlo,
) ) Io . Io
ic3—off = 12 = Io + ica—off = T—% IC3—on = 77/

. . Io Io Io . Io
ic2—on = IL2 + iC3—on = 1—x + < m/ 1Co—off = m/

. . Io Io 2 —k . 2 —k
icr—off = L1 = I2 +ico—off = 7 + iy Io, ici-on = mlo-
Thus,
. . . . . 1 3 -2k
lin—on = L1-on + !Cl—on + !L2—on + !C3—on = E(ILl +1I2) = m O-
Therefore,
. 3 -2k
Iin = klin—on = m[@
Since

) Vin 2—k
Ay = —kT, Ip1 = ——=lo,
=7 L= g 52 ©

Vv Vi 2 —kkT
Al = ng =

1
=Ty = — .
[ 1—kIL, ™ 2771_%°

Therefore, the variation ratio of current I 1 through inductor Ly is

Air1/2 kTV; k(1—k?* R
g = 22 n _xi-h . (7.122)
Ii1 2—-k/1 - k)Z)ZLllo 2—-kGy Zle
The variation ratio of current it through inductor L; is
Ai1p/2 k(2 —k)TV; k2—-k) R
£y = 2/ _ ( )TVin _ ( ) ' (7.123)
Iio 2010 Gy 2fL
The ripple voltage of output voltage vg is
AQ  IokT k Vo
Avp=—""=00 = = 282
Cq Cs fCs4 R
Therefore, the variation ratio of output voltage vo is
Avp /2 k
¢ — AvO/2 _ (7.124)

Vo  2RfC4
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Example 7.3

An N/O re-lift circuit in Figure 7.18a has Vi, = 20V, all inductors have 10 mH, all capacitors have
20n F, R=200¢, f = 50kHz, and conduction duty cycle k = 0.6. Calculate the variation ratio
of current I 1, and the output voltage and its variation ratio.

SOLUTION
From Equation 7.122, we can obtain the variation ratio of current i 1:

k(i —k3 R 0.6(1-06)3 200

§1= Q2-k?2 2fl; = (2-06)2 2x50kx10m

= 0.0039.

From Equation 7.120, we can obtain the output voltage:

2 _ k)2 2-0.6\2
Vo = <ﬂ) —1 v, = (1_0.6) —1 | x20=225V.

From Equation 7.124, its variation ratio is

. ko 0.6
T 2RfC4 2 %200 x50k x 20

= 0.0015.

7.3.1.3 N/O Triple-Lift Circuit

The N/O triple-lift circuit is derived from the N/O re-lift circuit by twice repeating the
parts (Lp-D3-D4-D5-C3-Cy). Its circuit diagram and equivalent circuits during switch-on
and switch-off periods are shown in Figure 7.19.

The voltage across capacitor Cy is charged with Vi,. As described in the previous section,
the voltage V1 across capacitor Cz is V1 = ((2 —k)/(1 —k)) — 1)Vin = (1/(1 — k))Vin, and
the voltage V across capacitor Cy is

2—k\? 32k
Vo=|l—=] —1|Vin=—-"—=Vin.
2 [(1—k> } T Ak
The voltage across capacitor Cs is charged with (V> + Vin). The current flowing through
inductor L3 increases along the slope (V2 + Vin)/Ls during the switch-on period kT and

decreases along the slope — (Vo — 2V, — Vin)/L3 during the switch-off period (1 —k)T.
Therefore, the variation of current i 3 is

Aipy = L2 Vingp Yo =2Va = Vin g o (7.125)
I3 I3
Q2 =k)Vs+ Vin 2—k\3
_ _ 1w 712
Vo 1—k |:<1 — k) Vin ( 6)

The voltage transfer gain is

3
Gi=—=|\—-) -1 7.127
3 Vin (1_k) ( )
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Theinput current i, isequalto (ip1 + ic1 + ir2 + ic3 + ir3 + ics) during the switch-on period
and is zero during the switch-off period. In the steady state, the following relations are

available:

fin—on = iL1—on + iCl—on + iL2—on + iC3—on + iL.3—on + iC5—on,

. . k
ice—on = lo, iCe—off = mlo,
. ) Io . Io
ics—off = I3 = Io + ice—oft = 1% iC5—on =~
. . Io Io Io ) Io
—_ = 1 - = — —_—= — = -7,
IC4—on =113 +1C5-on = T T K1—5) 1Ca—off 1—n2
j Iip = L3+ 2=k, i 2=k,
1, __ = = 1, _ = — , . = — ,
C3—off L2 L3 C4—off (1 —k)2 O C3—on k(l —k) O
i =T +i _ 27k, i _ 27k,
C2—on = 12 +1C3-on = K — k)2 o, C2—off = R o))
. . 2 —k)? . (2 —k)?
ic1—off = Ir1 = I2 +ico—off = mlor ICl—on = m O-
Thus,
fin—on = iL1—on + iC1—on + iL2—on + iC3—on + iL3—on + iC5—on = E(ILl + I + I13)
7 —9k+3k2
T TkA—k3 &
Therefore,
. 7 — 9k + 3k2 2-k\°
Iin = klin—on = WIO = [(m) -1 IO'
Analogously,
Aipy = iy =2 _k)zl
L1 = P L1 = R o)
. Vi+ Vin 2—k 2—k
Alpp = kT = kTVih, I1p=-——=I0,
112 L, 1 -k, in L2 1— k)Z O
, Vo + Vin 2 —k\? kT Io
Aips = kT = Vi, hy=—
L3 Ls <1 — k) L in L3 1—%
Therefore, the variation ratio of current ir; through inductor L; is
Air1/2 k(1 —k)3TV; k(1-k?3 R
£ = it1/2  k( ) in _ k( ) (7.128)

i1 2Q—-Kk?2Lilo  (—-Kk2G32fLy
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The variation ratio of current it » through inductor L, is

: Ain/2 k(1 —KTVis k(1—k R
2= = =

= = . 7.129
Iio 2LoIo Gs 2L ( )
The variation ratio of current i1 3 through inductor L3 is
Air3/2  kQ—-k)?*TVin  kQ2—-k? R
£y = ir3/ _ ( ) in _ ( ) ' (7.130)
Itz 21 -kLslo (1 —-kGs2fLs
The ripple voltage of output voltage vg is
AQ  IokT k Vo
Avp =2 =" — = 9
Cs Ce fCs R
Therefore, the variation ratio of output voltage vg is
Avp/2 k
e = AVO/2 _ (7.131)

Vo  2RfCe

7.3.1.4 N/O Higher-Order Lift Circuit

The N/O higher-order lift circuit can be designed by just multiple repeating of the parts
(L2-D3-D4-D5-C3-Cy). For the nth-order lift circuit, the final output voltage across capacitor

Czn is
2—k\"
Vo — [<_1 - k) - 1] Vin (7.132)
The voltage transfer gain is
Vo [2—k\"
= ={——|) -1 7.1
=y (1—k) 7133

The variation ratio of current ir; through inductor L; (i =1,2,3,...,n) is

_ Airq/2 _ k(1 -k" R

= , 7.134
=T, T 2= 0G, oL (7.134)
Aitp/2 k@ —-k© "™ R
= = 7 7.135
2= T, T U= G, oL (7.135)
; k(2 —k (n—i+2) R

,= Ais/2 _ k2=bT . (7.136)

I3 (1 —k)@=i+DHG, 2fL3

The variation ratio of the output voltage vo is

e Bvo/2_ K (7.137)

Vo  2RfCa’
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FIGURE 7.20 Elementary additional circuit of N/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 274. With permission.)

7.3.2 N/O Additional Series

All circuits of the N/O SL Luo-converters—additional series—are derived from the corre-
sponding circuits of the main series by adding a DEC. The first three stages of this series
are shown in Figures 7.20 through 7.22. For ease of understanding, they are called the ele-
mentary additional circuit, the re-lift additional circuit, and the triple-lift additional circuit,
respectively, and are numbered n = 1, 2, and 3, respectively.

7.3.2.1 N/O Elementary Additional Circuit

This circuit is derived from the N/O elementary circuit by adding a DEC. Its circuit and
switch-on and switch-off equivalent circuits are shown in Figure 7.20.

The voltage across capacitor C; is charged with Vi,. The voltage across capacitor Cp
is charged with V; and Cy; is charged with (V1 + Vin). The current Iy flowing through
inductor L; increases with the slope Vi, /L1 during the switch-on period kT and decreases
with the slope —(6.V1 — Vin) /L1 during the switch-off period (1 — k)T.

Therefore,

V1

VizVinq_pr, (7.138)

. Vin
1 L L
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FIGURE?7.21 Re-liftadditional circuit of N/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit during
switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC

Converters. Boca Raton: Taylor & Francis Group LLC, p. 275. With permission.)

1 2 —k
Vi=—Vin= <m - 1) Vin,

The output voltage is

1—k

2 3—k
Vo=Vin+Vi1+Vi=—Vih = [——1] Vin.

The voltage transfer gain is

(7.139)

(7.140)
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FIGURE 7.22 Triple-lift additional circuit of N/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential

DC/DC Conuverters. Boca Raton: Taylor p. 276. With permission.)

The following relations are obtained:

) , klo
ic12-on = lo, IC12-off = T

, . Io . . Io
ict—off = Io +ici2—off = 77/ iClimon = iC2-on = 77,
IC2—off = IC1—off = o iCl—on = lo

C2—o Cl—o 1_k’ —on K’

. . 206
It = ici1—off + iCl1—on = T—x
2

. . . 2 1 1
iin = IL1 + ic1—on + iC11—on = (m + % + E) Io = mlo-
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Therefore,

. 2 3—k
Iin=k11n=1_klo=|:1_k—1:|10.

The variation ratio of current I1 1 through inductor L; is

_ Air1/2 _ k(1 —k)TVin _ k(1—-k) R

= = . 7.141
=T 4li1o 261 2fLy (7.141)
The ripple voltage of output voltage vg is
AQ  IokT k Vo
Avp==-2=2 = = 79
Cz Ciz fC2 R
Therefore, the variation ratio of output voltage vo is
_ Avo/ZZ k (7.142)
Vo  2RfCp’ '

7.3.2.2 N/O Re-Lift Additional Circuit

The N/Ore-lift additional circuit is derived from the N /O re-lift circuit by adding a DEC. Its
circuit diagram and switch-on and switch-off equivalent circuits are shown in Figure 7.21.

The voltage across capacitor Cy is charged with Vi,. As described in the previous section,
the voltage across C is V1 = (1/(1 — k)) Vin.

The voltage across capacitor Csz is charged with (V1 + Vin), the voltage across capacitor
C4 is charged with V3, and the voltage across capacitor Cy; is charged with (V> + Vi,). The
current flowing through inductor L, increases with (V1 + Vin) during the switch-on period
kT and decreases with —(V, — 2V — Vi) during the switch-off period (1 — k)T. Therefore,

Vi + Vi Vo, =2V - V;
Nipg = AT gy L 27217 Vingg o, (7.143)
Ly Ly
Q-kVi+Vin 3-2k 2 —k\?
V = = == _1 Vi 7
2 1—k (1—k)?2 |:(1—k n
and
k2 —k)
VL2—off =V, -2V —Vjp = mvin- (7~144)
The output voltage is
5 — 3k 3—k2—-k
Vo=Vo+V; \% Vize——— V= —=——— — 1| Vin. 7.14
(@] 2+ Vint+ Vi + V1 (1—k)2 in [1—k1—k :| i ( 5)

The voltage transfer gain is

Gr=oo =" 1 (7.146)
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The following relations are obtained:

. . klo
ic12-on = lo, IC12—off = 71/
. . IO . . Io
ict1—off = lo + ic12—off = T—x {Cli—on = iC4—on = 77,
; . _ Io ; _ Io
C4—off = IC3—off = 1_% C3—on = i’
. . 2o
It2 = icn—off + ica—ott = 71
. . 1+k . 1+k
ic2—on = I12 + ic3—on = mIO/ 1C2—off = mlo-
3—-k 33—k
IL1 = ic1—off = L2 +ico—off = ——— iCl~on = ———lo,
(1—k)? k(1 —k)
. . . . 3—k 3—k 1+k
lin = IL.1 4+ ic1-on + iC2-on + iC4-on = a 52 + ) + ) +t5
_ 5-3k
TkA-k2©
Therefore,
5 -3k —k2—k
Iin =kijn=——=lo=|————-1]I0.
in =i = 20T [Tk -k }O
Analogously,
. Vin 3—k
A = —kT, I = —I 7
i1 L L1 1 _k2 o)
. Vi+ Vin 2—k 2Ip
Aifg = 27— 270 4TV, T = 2
12 L, 1=K, in L2 1_%

Therefore, the variation ratio of current ir; through inductor L; is

_Aiy/2 k(= k)*TVig

k(1-k? R

€1

The variation ratio of current i, through inductor L; is

. Airp/2 _ k2 —-Kk)TVin

k2 —k)

i 2B-kLilo (B-kGy2fL

R

)
The ripple voltage of output voltage vg is

Avp =

Therefore, the variation ratio of output voltage vo is

Avp/2
g = =

L, 4Llo

2Go

AQ _ IokT _ k Vo
Ci2 Ci2 fCi2 R’

Vo

T 2RfC1y’

2L,

343

(7.147)

(7.148)

(7.149)



344 Power Electronics

7.3.2.3 Triple-Lift Additional Circuit

This circuit is derived from the N/O triple-lift circuit by adding a DEC. Its circuit diagram
and equivalent circuits during switch-on and switch-off periods are shown in Figure 7.22.

The voltage across capacitor C; is charged with Vi,. As described in the previous section,
the voltage across C; is V1 = (1/(1 — k)) Vin and the voltage across Cy is

3-2k  3-2
T—k '~ a-k2

Vo= Vin.

The voltage across capacitor Cs is charged with (V, + Viy), the voltage across capacitor
Ce is charged with V3, and the voltage across capacitor Cq; is charged with (V3 + Vip).
The current flowing through inductor L3 increases with (V3 + Vin) during the switch-on
period kT and decreases with —(V3 — 2V, — Vi) during the switch-off period (1 —k)T.
Therefore,

Vo + V; V3 — 2V, — V;
Nipg = 2t Vingp Y37 2V2 7 Vin gy (7.150)
Is Is
Q—KVo+ Vin 7 — 9%k + 3k2 2-k\°
Vs = = o= (2=) =1 Vin,
3 1—k (1—k3 ' mn 1—k in
and
k@2 —k)?

Vig—off = V3 =2V — Vin = mvin- (7.151)

The output voltage is

11 — 13k + 4k2 3—k (2—k\?
— : = TPy |22 (=) —1| vy, (7152
VO V3+V1n+VL3+V2 (1—k)3 Vll’l |:1—k <1—k) 1|V1 ( 5 )

The voltage transfer gain is

2
Gy= YO _ (M) S-k_ (7.153)

The following relations are available:

klo
1—k’
Io Io

ict—off =Io +iciz—off = 77, iCll~on = iC-on = 7

ic12-on = lo, iC12—off =
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. . Io . Io
1C6—off = IC5—off = m/ 1C5—on = ?/
. ) 2Ip
Iis = icn—oft +ics—ott = 77/
. . 1+k ) 1+k
iC4—on = IL3 + ic5—0on = mIOI 1C4—off = mlo-
. . 3—k . 3—k
It =ica—off = I13 + ics—off = mlor IC3—on = mlof
3—k 3—k

ico—on = I12 + ic3—on = mIO/ iCo—off = _(1 YA lo,

B-k2—k , B-k2—k

I —on = I
(1 _ k)3 O/ 1C1 on k(l _ k)2 O,

It = ic1—off = IL2 +ico—off =

iin = I11 + ic1—on + iC2—on + iC4—on + iC6—on

_[6-ke-b 6-be-k  3-k  1+k 1],
Tl a-x? k1-k2 " kd-k2 k(d—k k]°
11— 13k + 4k?
T kA—k3 @
Therefore,
11 — 13k + 4k? 3—k (2—k\?
Lin = ki = Io= —1|1Io.
n = Hin aA—k3 ° [1—k<1—k> }O
Analogously,
) Vin 2-kB -k
Aipg = —2kT I = — 2= 7]
L1 L L1 A—k3 o
. Vi+ Vin 2—k 3—k
Aipp = kT = kKTVin, o= ———Io,
2= A-bL ™ MTa—g°
. Vo+ Vi 2 —k)? 2Ip
Al = kT = TV, Iy = —>.
i3 I 1 k)ngk Vin, LB=1 ¢

Therefore, the variation ratio of current ir; through inductor L; is

Air1/2 k(1 —k)3TVin k(1 —k)3 R
£ = = = , (7.154)
L1 22-k)B-kLilo Q—-kG—-kGs2fLy
the variation ratio of current i, through inductor L; is
Ain/2  kA-kQ@-KTV: k(1-k@—-k R
= = = 7 7.155
2= 23 — bLalo BG-KGs 2y (7.135)
and the variation ratio of current i; 3 through inductor L3 is
Airz/2 k@ —k)2TV; k2—-k? R
£y = i3/2  k( ) in _ k( ) (7.156)

s 40 -kLslo 21 —kGs2fLs
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The ripple voltage of output voltage vo is

AQ  IokT k Vo
Avp=—==2" = - 2
Cz Ciz fC2 R
Therefore, the variation ratio of output voltage vo is
_ Avg/2 k
Vo  2RfCip

(7.157)

7.3.2.4 N/O Higher-Order Lift Additional Circuit

The higher-order N /O lift additional circuit can be derived from the corresponding circuits
of the main series by adding a DEC. Each stage voltage V(i =1,2,...,n) is

2 —k\
Vi = [(m> - 1} Vin. (7.158)

It means that V is the voltage across capacitor C, V> is the voltage across capacitor Cy,
and so on.
For the nth-order lift additional circuit, the final output voltage is

3—k (2—k\"!

The voltage transfer gain is

Vo 33—k /[(2—k\"!
_ /o _27%(sTX 1. 7.160
Gn Vi 1—k<1—k> (7.160)

Analogously, the variation ratio of current i;; through inductor L;(i = 1,2,3,...,n) is

_ Air1/2 _ k(1 —k)" R

= = —, 7.161
& It 2hA=m[2 — k)= 3 — k) |[*"-2G,, fL41 ( )
Airp/2 k1 —-k™2Q2-k R
= = , 7.162
52 Ir» 2h(n—2) B —kn-2G, Zsz ( )
Air3/2 k@2 — k)= R
= = , 7.163
53 I3 2hn=3)(1 — k)("=2G,, 2f L3 ( )
where
0 x>0 . .
h(x) = is the Hong function
1 x<0
and

(%) 1x=z0 is th it-step functi
ux) = 0 x<0 1S e uni sep unction,
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and the variation ratio of output voltage vo is

_ Avo/2 k
T Vo T 2RfCn

(7.164)

7.3.3 Enhanced Series

All circuits of the N/O SL Luo-converters—enhanced series—are derived from the corre-
sponding circuits of the main series by adding the DEC in each stage circuit of all series
converters.

The first three stages of this series are shown in Figures 7.20, 7.23, and 7.24. For ease
of understanding, they are called the elementary enhanced circuit, the re-lift enhanced
circuit, and the triple-lift enhanced circuit, respectively, and are numbered n =1, 2, and 3,
respectively.

7.3.3.1 N/O Elementary Enhanced Circuit

This circuit is derived from the N/O elementary circuit by adding a DEC. Its circuit and
switch-on and switch-off equivalent circuits are shown in Figure 7.20.
The output voltage is

2 3—k
Vo=Vin+ V1 + V1= mvin = [m - 1] Vin. (7.139)

The voltage transfer gain is

Vo 3—-k
= = _1. 7.140
G1 T ( )

7.3.3.2 N/O Re-Lift Enhanced Circuit

The N /O re-lift enhanced circuit is derived from the N /O re-lift circuit of the main series
by adding the DEC in each stage circuit. Its circuit diagram and switch-on and switch-off
equivalent circuits are shown in Figure 7.23.

The voltage across capacitor Cyy is charged to

3
VClZ = man. (7165)

The voltage across capacitor Cz is charged with Vciz, and the voltage across capacitors
C4 and Cyp is charged with Vg

N

—k 2—-k3—k
VC4 = chu = mmvin- (7-166)
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FIGURE7.23 Re-liftenhanced circuit of N/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit during
switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 284. With permission.)

The current flowing through inductor L; increases with V12 during the switch-on period
kT and decreases with —(Vc21 — Vcg — Vcr2) during the switch-off period (1 — k)T.
Therefore,

Vear = Ves — Ve

L, 1 -KT, (7.167)

. kT
Airp = L—(VClZ —Vin) =
2

3—k\?
Vear = (ﬁ) Vin.
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The output voltage is
3—k\?
Vo=Vco1 — Vin = 1T-%) ~ 1| Vin. (7.168)
The voltage transfer gain is
Gy= Yo _ (3=k : 1 (7.169)
2TV Ik ' '
The following relations are obtained:
. . klo
icz-on =lo,  ico—oft = 71
. . lo . . Io
ic21—off = [0 + ic22—off = T—% iC21-on = iC4—on = <=
: 4 Io . Io
ICa—off = IC3—off = 71 IC3—on = 77
. . 2o
Ita = ico1—off + ic3—off = 71
. Lo 4i 1+k I ; 1+k I
1 — = - = — , - P — ,
C12—on L2 C3—on k(1 —k) O C12—off a —k)2 O
. ) 3—k ) 3—k
ic11-off = IL2 + ic12-0ff = mfor IC2—off = mloz
) . 3—k
IC11—on = IC2—on = mlol
) . 3—k . 3—k
IL1 = ic11—off + ico—off = ZWIO/ iCl—on = mlo,
) ) . , . 42 —k)
lin = IL1 + iC1—on + iC11~on + iC12-0on + iC21—on = k1 —h2 0
Therefore,
, 42 — k) (3 —k)?
Lin = kijn = Io = —1|Io.
in lin 1 — k)2 (0] |:(1 52 (0]
Analogously,
. Vin 3—k
Airg = “BKT, I =2——"1Io,
111 L, L1 1_52 o)
. Vciz2 — Vin 2+k 2Io
= T o 2T TV Ip= —2.
Ay L a oL, Vi L=1"¢

Therefore, the variation ratio of current ir; through inductor L; is

: Air1/2 k(1 —k?*TVi,  k(1—k? R
1= = =

= = . 7.170
It1 43 —k)L1lp 23 - k)G 2fLy ( )
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The variation ratio of current it » through inductor L, is

_ Aip/2 _ kQ+KTVie _ kQ+k) R

= . 7.171
2= 4,10 2G, 2L, (7.171)
The ripple voltage of output voltage vo is
AQ  IokT k Vo
Avp=—"—=="2"=_— =2,
Cn Cn fCn R
Therefore, the variation ratio of output voltage vo is
Avo/2 k
= = . 7172
T Vo T 2RfCy (7.172)

7.3.3.3 N/O Triple-Lift Enhanced Circuit

This circuit is derived from the N/O triple-lift circuit of the main series by adding the
DEC in each stage circuit. Its circuit diagram and equivalent circuits during switch-on and
switch-off periods are shown in Figure 7.24.

The voltage across capacitor Cqp is charged with Vcip. As described in the previous
section, the voltage across Cc12 is Vciz = ((3 — k) /(1 — k)) Vin and the voltage across C4 and
Ccaois

The voltage across capacitor Cs is charged with V2, and the voltage across capacitor Cg
is charged with Ve
2—k 2—k (3-k

2
VC6 = TkVC22 = m (m) Vin.

—_

The current flowing through inductor L3 increases with V2o during the switch-on period
kT and decreases with — (V32 — Vcg — Vcop) during the switch-off period (1 — k)T.
Therefore,

Vst — Vee — Ve

. kT
Aipz = L—(chz = Vin) = T 1-KT, (7.173)
3 3
3—k\°
VC31 = <m> Vin/
and
3-k\°
Vo=Vc31 — Vin = T—%) ~ 1] Vin. (7.174)

The voltage transfer gain is

N2
G; = Yo _ (u) ~1. (7.175)
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FIGURE 7.24 Triple-lift enhanced circuit of N/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 285. With permission.)

The following relations are obtained:

. . klo
ic32—on = lo, IC32—off = T

. ) Io ) ) Io
ic3t—off = Io +ic3o—off = T—% IC31—on = IC6—on = 7

) . Io . . Io

1C6—off = 1C5—off = mr 1C6—on = IC5—on = 7/

. . 2l
Iis = ics1—oft +ics—off = 71

. Iati 1+k I . 1+k L
1 — = 1 - = — , 1 . = — ,
C22—on L3 C5—on k(1 —k) O C22—off a _k)2 (@)
. . , 3—k . 3—k
iCo21—off = Ica—off = IL3 + ic20—0ff = —— 10, iC4—on =

1 —k)2 k1 —k) lo,
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Lo =i +1 _, 37k, i _ 3=k,
L2 = IC4—off + 1C21—off = 1—r2 o} C3—on = ) o))
; 4 _(3—k)(2—k)I ; _(3—k)(2—k)1
Cl12—on = {12 C3—on = k(l — k)2 O/ Cl12—off = 1— k)3 O/
l, o _B-bha-30, i _B-hd-h,
Cll—off = 112 Cl12—off = —(1 — k)3 O, Cll—on = —k(l — k)2 O,
4 , BG—k4—k ‘ . G-k -k
IL1 = icti—off + IC1—off = ZWIO/ iC1—on = IC2-on = WIO/
lin = IL1 + iC1—on + iC2—on + iC12—on + iC4—on + iC22—on + iC6~on
2(13 — 12k + 3k?)
T kd-k® @
Therefore,
13 — 12k + 3k2 3—k\°
Ln =kin=2———TIo=||—) —-1]|I0o.
n = Kin a—k2 © |:<1—k) } ©
Analogously,
. Vin 2(4-k)3—k)
Airp = —KkT, h1=—"——F—Ip,
L1 L L1 1_r? o
. Vi+ Vin 2—k 3—k
Aip = kT = kTVin, Lp =2——1Ip,
=T -k ™ B2T%a-pr°
. Va+ Vi 2—k? 2Io
Aiz = kT = kTVin, hz3=—.
13 Ls 1 —k2Ls in L3 1—k
Therefore, the variation ratio of current 711 through inductor L; is
Air1/2 k(1 —k)3TV; k(1 —k)3 R
£y = iL1/ _ ( ) n__ ( ) ) (7.176)
i1 44 - k)3 —k)L1lp 24 -k)B-kG32fL;
the variation ratio of current it through inductor L; is
Aip/2 k(1 -k)QR-kTV: k(d-k@2-k) R
= = = , 7.177
2= =7, 43—k Lalo 2B-KGs 2fL, 7177)
and the variation ratio of current i 3 through inductor L3 is
Airz/2 kR —k)>TV; k2—-k? R
£y = ir3/ _ ( ) in _ ( ) (7.178)

Iis h 41 — kLslp - 2(1 —k)Gs 2fL3 ’
The ripple voltage of output voltage vo is

_AQ_IokT_ k Vo

Avpo = = — = — .
© Ca Cx» fCx» R
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Therefore, the variation ratio of output voltage vo is

Avp/2 k

= = . 7.179

T Vo T 2RfCy (7.179)
7.3.3.4 N/O Higher-Order Lift Enhanced Circuit

The higher-order N /O lift enhanced circuit is derived from the corresponding circuits of the
main series by adding the DEC in each stage of the circuit. At each stage, the final voltage
Vein(i=1,2,...,n)is

3—-k\'
Veir = (m) Vin. (7.180)

For the nth-order lift enhanced circuit, the final output voltage is

Vo = [(%)n — 1} Vin. (7.181)

The voltage transfer gain is

Vo [(3-k\"
=—=|—) -1 7.182
Gn Vin <1_k) ( )

The variation ratio of output voltage vo is

. Avo/2 k
Vo 2RfCp

(7.183)

7.3.4 Re-Enhanced Series

All circuits of the N/O SL Luo-converters—re-enhanced series—are derived from the
corresponding circuits of the main series by adding the DEC twice in circuits of each stage.

The first three stages of this series are shown in Figures 7.25 through 7.27. For ease of
understanding, they are called the elementary re-enhanced circuit, the re-lift re-enhanced
circuit, and the triple-lift re-enhanced circuit, respectively, and are numbered n =1, 2, and
3, respectively.

7.3.4.1 N/O Elementary Re-Enhanced Circuit

This circuit is derived from the N/O elementary circuit by adding the DEC twice in each
stage circuit. Its circuit and switch-on and switch-off equivalent circuits are shown in

Figure 7.25.
The voltage across capacitor C; is charged with Vi,. The voltage across capacitor Cy; is
charged with V1.
The voltage across capacitor Cy3 is charged with V3.
4 —k
Vcis = mvin- (7.184)
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(@ I,
-
S
+
Vin
(b) In
—> - -
* IENE t
Cn Vi+Vin Cp3 Vot Vi
+
Vin C -
L 1 V.
1 _ln v, Iz Cua VC14 R §VO
L C2 V1 C12 VZ + +
- DR B
(© Ci3
. . [ Io
+ c + Cpp + BN T
1

Vin Cl1 TVt VT - -
Vie L1 3Vu Vi_ Va Cua Ve R §VO
i G Vi Vy T . +

_ A+ Cp| A+

FIGURE 7.25 Elementary re-enhanced circuit of N/O SL Luo-converters: (a) circuit diagram, (b) equivalent
circuit during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006.
Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 292. With permission.)

The output voltage is

4k
Vo = Vcig — Vin = [ﬂ - 1} Vin. (7.185)

The voltage transfer gain is
Gl=—0—=—--1 7.186
1=y =Tk ( )
The ripple voltage of output voltage vg is

AQ _ IokT k Vo

Avp =
°©TCu Cu fC14 R’
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Therefore, the variation ratio of output voltage vo is

_Avp/2  k
Vo 2RfCius’

(7.187)

7.3.4.2 N/O Re-Lift Re-Enhanced Circuit

The N/Ore-lift re-enhanced circuitis derived from the N /O re-lift circuit by adding the DEC
twice in circuits of each stage. Its circuit diagram and switch-on and switch-off equivalent
circuits are shown in Figure 7.26.

The voltage across capacitor Cy3 is charged with Vci3. As described in the previous
section, the voltage across Cy3 is

4—k
Vcis = ﬂvim
(a) Im
+
Vin
(b) Iin
— ° ° ‘ ° °
+ Io
+ +Cy| ¥ + T
C;u 1+ VinCi3 Vz +Vy Lo C3 Ves Veg+ Vs Cog ~Va+ Vs B
VinL, 2CG ~V, B i -
e - Vi V3 Vy Cy VC24R§ Vo
l G vi Cn v, VC” Gy v, Cn + +
_ 1 2 + 3 f
! ) I + _ 'I + 'I + :
L
(C) C13 2 C23
" JI ( . TIO
+ Cpp + + Cu| +
(& ‘én Ven * V2 +Vi~ G Ves Ve P Va+ Vy~
Ly 5 Vip Vl Vz Ci Veia :EVE Eﬂ_ Coy o §Vo

b O O TT R T j

FIGURE 7.26 Re-lift re-enhanced circuit of N/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 293. With permission.)
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Analogously,
4—k\?
Ve = (—) Vin.

The output voltage is

4 —k\?
Vo =Veas — in=|:(—1_k> —1:| Vin.

The voltage transfer gain is

Vo 4 —k\?

=—=|—+) - L
©2 Vi (1 —k )

The ripple voltage of output voltage vg is

_AQ _IofT _ Kk Vo

Avo = = — = — .
©T Cu  Cu fCos R

Therefore, the variation ratio of output voltage vo is

Avo/2 k
e = = .
Vo 2RfCoy

7.3.4.3 N/O Triple-Lift Re-Enhanced Circuit

Power Electronics

(7.188)

(7.189)

(7.190)

(7.191)

This circuit is derived from the N /O triple-lift circuit by adding the DEC twice in each stage
circuit. Its circuit diagram and equivalent circuits during switch-on and switch-off periods

are shown in Figure 7.27.
The voltage across capacitor Ci3 is

v —4_kV~
C13 = 1—k in-

The voltage across capacitor Cp3 is

Vo = 4—k 2v~
C23 = 1—k in-

Analogously, the voltage across capacitor Cs3 is

4—k\?
Vess = (ﬁ) Vin.

The output voltage is

4—k\3
Vo =Vczz — Vin = {(ﬂ) — 1} Vin.

(7.192)

(7.193)
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VC32 34

ch szTchz C24T‘1C24 Cs TVC6 CszT
+

(b) I
—> - -
* * CB T lo
a Cll Vi+V, _
v, Li ;
: % I I VC34 VO
VeTuare .
— 1 (o

FIGURE 7.27 Triple-lift re-enhanced circuit of N/O SL Luo-converters: (a) circuit diagram, (b) equivalent circuit
during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conwverters. Boca Raton: Taylor & Francis Group LLC, p. 294. With permission.)

The voltage transfer gain is

_ 3
Gy = Lo _ <u> ~1 (7.194)

The ripple voltage of output voltage vo is

AQ  IokT k Vo
Avp=—==—" =2
Ca G fCu R
Therefore, the variation ratio of output voltage vo is

Avp/2 k
= = . 7.195
Vo 2RfCas ( )

7.3.4.4 N/O Higher-Order Lift Re-Enhanced Circuit

The higher-order N/O lift re-enhanced circuit can be derived from the corresponding cir-
cuits of the main series by adding the DEC twice in each stage circuit. At each stage, the
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final voltage Vciz(i =1,2,...,n) is

4—k\
VCi3 = (m) Vin. (7196)

For the nth-order lift additional circuit, the final output voltage is

4—k\"
Vo=Vews—Vin=|(7=%) —1|Vin- (7.197)

The voltage transfer gain is

Vo [4—k\"
=—=—1] —1 7.198
Gn Vin <1_k> ( )

The variation ratio of output voltage vo is

Avp/2 k
€ = = .
Vo 2RfCy4

(7.199)

7.3.5 N/O Multiple-Enhanced Series

All circuits of the N/O SL Luo-converters—multiple-enhanced series—are derived from
the corresponding circuits of the main series by adding the DEC multiple (j) times in each
stage circuit.

The first three stages of this series are shown in Figures 7.28 through 7.30. For ease
of understanding, they are called the elementary multiple-enhanced circuit, the re-lift
multiple-enhanced circuit, and the triple-lift multiple-enhanced circuit, respectively, and
are numbered n =1, 2, and 3, respectively.

7.3.5.1 N/O Elementary Multiple-Enhanced Circuit

This circuit is derived from the N/O elementary circuit by adding the DEC multiple (j)
times. Its circuit and switch-on and switch-off equivalent circuits are shown in Figure 7.28.
The voltage across capacitor C12j,1 is

[ +2—k
Veij-1 = ”Tvin- (7.200)

The output voltage is

j+2—k

Vo =Vcizj-1 = Vin = [ T %

- 1} Vin. (7.201)

The voltage transfer gain is
_ Vo . j+2—k

G| = =
1=y 1—k

1. (7.202)
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C1(2j-1)

Digj1y  Diyj

Ciyj

Ve
I +

(b) I
_> =

1
+ o
* Gy | * T
Cn Vit Vin /l\ Veiei-1
+ —_ _ _ p—

Vin L 1 Cl

-

4
Vin Ly Vi1

FIGURE?7.28 Elementary multiple-enhanced circuit of N/O SLLuo-converters: (a) circuit diagram, (b) equivalent
circuit during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006.
Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 298. With permission.)

The ripple voltage of output voltage vo is

AQ IokT k Vo
Cipj Cipj  fCipj R

Therefore, the variation ratio of output voltage vo is

Avp/2 k
e = = .
Vo 2RfC1yj

(7.203)
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+

Io
o * T
G| oy Ve
Vin L1 V. - N
in Vi C22j VZZ/ Vo
- l + + +
() Cu Cij-1 L, Cn Gy
R e L
+ 1]+ Vi G|+
Vin Vot Vin _j/ + VCI(Zi—l)— - ! Vest Ven _l - VC2(2;>1) - —
Vin L1 VLI}}/L Civep, Cioj Ve E/Z Cpu Vo Cyyj chsz Vo
Vi + + Vs + + +
S AT IR IR | B

FIGURE 7.29 Re-lift multiple-enhanced circuit of N/O SL Luo-converters: (a) circuit diagram, (b) equivalent
circuit during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006.

Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 299. With permission.)

7.3.5.2  N/O Re-Lift Multiple-Enhanced Circuit

The N /O re-lift multiple-enhanced circuit is derived from the N /O re-lift circuit by adding
the DEC multiple (j) times in circuits of each stage. Its circuit diagram and switch-on and

switch-off equivalent circuits are shown in Figure 7.29.
The voltage across capacitor Cppj—1 is

i+2—k\?
Veaj-1 = (]17> Vin.

The output voltage is

i+2—k\?
Vo = Vc2j-1 = Vin = (HT) — 1| Vin.

(7.204)

(7.205)
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T Tl

Ca C3(2/ 1)

(c) Cyy C3(2/ 1)
oy 1
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lﬁ;_p? ‘}‘_f e %{[ *C“{ﬁ :

FIGURE 7.30 Triple-lift multiple-enhanced circuit of N/O SL Luo-converters: (a) circuit diagram, (b) equivalent
circuit during switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006.
Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 300. With permission.)

The voltage transfer gain is

Vo (j+2-k\?
= 2= (L=) -1 7.2
GZ Vin ( 1-k > ( 06)

The ripple voltage of output voltage vg is

AQ IoKT  k Vo
~ Cpj  Cxmj  fC;i R

Therefore, the variation ratio of output voltage vo is

AUO /2 k
Vo 2RfC22]

(7.207)

7.3.5.3 N/O Triple-Lift Multiple-Enhanced Circuit

This circuit is derived from the N/O triple-lift circuit by adding the DEC multiple (j)
times in each stage circuit. Its circuit diagram and equivalent circuits during switch-on and
switch-off periods are shown in Figure 7.30.

The voltage across capacitor Czpj—1 is

i+2—k\°
Vesjo1 = (ﬁ) Vin. (7.208)



362 Power Electronics

The output voltage is

i+2—k\3
Vo =Vcaj-1 — Vin= [(ﬁ) — 1] Vin. (7.209)
The voltage transfer gain is
o Vo _(it2-k\ (7.210)
TV U 1-k ' '

The ripple voltage of output voltage vg is

AQ _ IokT _ k Vo
~ Caj  Caj  fCqj R

Therefore, the variation ratio of output voltage vg is

Avo/2 k
€= = .
Vo 2RfCsy;

(7.211)

7.3.5.4 N/O Higher-Order Lift Multiple-Enhanced Circuit

The higher-order N/O lift multiple-enhanced circuit is derived from the corresponding
circuits of the main series by adding the DEC multiple (j) times in each stage circuit. At
each stage, the final voltage Vcipj—1(i =1,2,...,n) is

i+2—k\!
Veij1 = (ﬁ) Vin. (7.212)

For the nth-order lift multiple-enhanced circuit, the final output voltage is

. n
Vo= | (1F2=FY _q]v... (7.213)
1-k
The voltage transfer gain is
Vo j+2—k "
=—=——) - L 7.214
6 =12 = (525 7214

The variation ratio of output voltage vo is

Avp/2 k
£ = =

= . 7.215
Vo 2RfCyj ( )
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All circuits of the N/O SL Luo-converters can be shown in Figure 7.31 as the family tree.
From the analysis in previous sections, the common formula to calculate the output
voltage can be presented as

Main
series

A

Additional
series

A

Enhanced
series

A

main series,

additional series,

enhanced series,

re-enhanced series,

(7.216)

multiple-enhanced series.

Re-enhanced
series

A

Multiple-enhanced
series

A

Quintuple-lift
circuit

Quintuple-lift
additional circuit

Quintuple-lift
enhanced circuit

Quintuple-lift
reenhanced circuit

Quintuple-lift mulitple-
enhanced circuit

Quadruple-lift
circuit

Quadruple-lift
\additional circuit

Quadruple-lift
enhanced circuit

Quadruple-lift
reenhanced circuit

Quadruple-lift mulitple-
enhanced circuit

Triple-lift
circuit

Triple-lift
additional circuit

Triple-lift
enhanced circuit

Triple-lift
reenhanced circuit

Triple-lift mulitple-
enhanced circuit

Re-lift circuit

Re-lift additional
circuit

Re-lift enhanced
circuit

Re-lift
reenhanced circuit

Re-lift mulitple-
enhanced circuit

Elementary additional/enhanced

circuit

Elementary
reenhanced circuit

Elementary mulitple-
enhanced circuit

Negative output elementary super-lift Luo-converter

FIGURE 7.31 The family of N/O SL Luo-converters. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 304. With permission.)
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The corresponding voltage transfer gain is

2 —k\" . .
T—%) ~ 1 main series,
2—k\"'/3-k . ,

(m) <m> — 1 additional series,

V 3—k\"
G= V—O = (ﬂ) -1 enhanced series, (7.217)
m -

4 —k\"

(ﬂ) -1 re-enhanced series,
j+2-k\" : ,
% ) 1 multiple-enhanced series.

In order to show the advantages of N/O SL converters, their voltage transfer gains can
be compared with that of the buck converter, G = Vo /Vin = k.

V
Forward converter: G = —2 = kN (N is the transformer turn’s ratio),
in
V
Ciik converter: G = -2 = L,
n  1—k
V kN
Fly-back converter: G = 20 _ 1% (N is the transformer turn’s ratio),
in -
V 1
Boost converter: G = —2 = _—
in 1-k
and
Vo n
N/O Luo-converter: G = — = . (7.218)
Vin 1—k

Assume that the conduction duty cycle k is 0.2; the output voltage transfer gains are listed
in Table 7.4. Assume that the conduction duty cycle k is 0.5; the output voltage transfer gains
are listed in Table 7.5. Assume that the conduction duty cycle k is 0.8; the output voltage
transfer gains are listed in Table 7.6.

7.4 P/O Cascaded Boost-Converters

SL Luo-converters largely increase the voltage transfer gain in geometric progression. How-
ever, their circuits are a bit complex. We introduce a novel approach—P /O cascaded boost
converters—that implement the output voltage increasing in geometric progression as well,
but with a simpler structure. They also effectively enhance the voltage transfer gain in power
law. There are several subseries. As described in previous sections, only three circuits of
each subseries are introduced [1,2,7-9].
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Voltage Transfer Gains of Converters in the Condition k = 0.2

Stage No. (n) 1

2 3

4 5 n
Buck converter 0.2
Forward converter 0.2N (N is the transformer turn’s ratio)
Cuk-converter 0.25
Fly-back converter 0.25N (N is the transformer turn’s ratio)
Boost converter 1.25
N/O Luo-converters 1.25 25 3.75 5 6.25 1.25n
N/O SL converters—main series 1.25 4.06 10.39 24.63 56.67 225" —1
N/O SL converters—additional series 25 6.88 16.72 38.87 88.7 3.5 x225=1 _1
Source: Data from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters, p. 305. Boca Raton: Taylor & Francis
Group LLC.
TABLE 7.5

Voltage Transfer Gains of Converters in the Condition k = 0.5

Stage No. (1) 1

2 3

4 5 n
Buck converter 0.5
Forward converter 0.5N (N is the transformer turn’s ratio)
Cuk-converter 1
Fly-back converter N (N is the transformer turn’s ratio)
Boost converter 2
N/O Luo-converters 2 6 8 10 2n
N/O SL converters—main series 2 8 26 80 242 31
N/O SL converters—additional series 4 14 44 134 404 5% 30=D _1

Source: Data from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters, p. 305. Boca Raton: Taylor & Francis

Group LLC.

TABLE 7.6

Voltage Transfer Gains of Converters in the Condition k = 0.8

Stage No. (1) 1

2 3 4

5 n
Buck converter 0.8
Forward converter 0.8N (N is the transformer turn’s ratio)
Cuk-converter 4
Fly-back converter 4N (N is the transformer turn’s ratio)
Boost converter 5
N/O Luo-converters 5 10 15 20 25 5n
N/O SL converters—main series 5 35 215 1295 7775 6" —1
N/O SL converters—additional series 10 65 395 2375 14,255 11 x 6D —1

Source: Data from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters, p. 305. Boca Raton: Taylor & Francis

Group LLC.
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7.4.1 Main Series

The first three stages of P/O cascaded boost converters—main series—are shown in
Figures 5.5, 7.32, and 7.33. For ease of understanding, they are called the elementary boost
converter, two-stage circuit, and three-stage circuit, respectively, and are numbered n =1,
2, and 3, respectively.

7.4.1.1 Elementary Boost Circuit

The elementary boost converter is the fundamental boost converter; it is also introduced in
Section 5.2.2. Its circuit diagram and its equivalent circuits during switch-on and switch-off
periods are shown in Figure 5.5. The output voltage is

1
Vo= Vin

The voltage transfer gainis G = Vo /Vin = 1/(1 — k).

I
@ e L Dy Vi L, Ds I
¢O
4 D, +
R
Vin + S \ + g VO
- Va C. Vea

i
C, + +
T Ve g Vo

(c) I, Ly VioLp
) 1
o

v Via
+ L1 + +

+
Vin S Va A

FIGURE 7.32 Two-stage boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and (c) equiv-
alent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton:
Taylor & Francis Group LLC, p. 314. With permission.)
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() Dy VW, Ly D
— YYY\_
Ly L D V. L
- ; RPN | ?/‘1? lo

V.
) C ; C \;r 5 \\ G ;/ Yo
- —~ V 2 1~ Va cal -
‘T T- T-
(b) L, v Vv,
- . - *IO
+ Y LdC | YL Gl o+ +
Vi L3 C RV T~V T Vs g2 Vo
(c) I; Ly Ly Ly
—> i 2 v Io
+ Via + Vi + V2 + ¢+
Vin Cl /‘\ VCl C2 ;: ch C3 ;: ch R§ VO

FIGURE 7.33 Three-stage boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and (c) equiv-
alent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton:
Taylor & Francis Group LLC, p. 316. With permission.)

Therefore, the variation ratio of output voltage vo is

Avp/2 k
e= —— = — .
Vo 2RfC

7.4.1.2 Two-Stage Boost Circuit

The two-stage boost circuit is derived from the elementary boost converter by adding
the parts (Ly-D»-D3-Cy). Its circuit diagram and equivalent circuits during switch-on and
switch-off periods are shown in Figure 7.32.

The voltage across capacitor C is charged with V1. As described in the previous section,
the voltage V1 across capacitor Cq is V1 = (1/(1 — k)) Vin.

The voltage across capacitor C; is charged with V. The current flowing through inductor
L, increases with V1 during the switch-on period kT and decreases with — (Vo — V1) during
the switch-off period (1 — k)T. Therefore, the ripple of the inductor current i ; is

Yo - Vi _pr, (7.219)

Vi
Aipp = —kT =
ir2 L L

1 1 \?2
Vo = Vi = <_k) Vin. (7.220)



368 Power Electronics

The voltage transfer gain is

Vo 1 \?
G=—=—). 7.221
Vin (1 - k) ( )
Analogously,
. Vin lo
= kT, = g0
. V1 Io
Airp = —kT, Iip=——.
L2 L L2=7"%

Therefore, the variation ratio of current it through inductor L; is

: Air1/2 k(1 —-k3*TVin k1 -k* R
l = = fr —

= = , 7.222
i1 2L1Io 2 fL1 ( )
the variation ratio of current i, through inductor L, is
Aiip/2 k(1 —-kTVy k(1-k? R
£y = 2/2 _ k( Vi _ K ) R (7.223)
Lo 21,10 2 fL
and the variation ratio of output voltage vo is
Avo/2 k
g — Av0/2 _ (7.224)

Vo  2RfCy

7.4.1.3 Three-Stage Boost Circuit

The three-stage boost circuit is derived from the two-stage boost circuit by twice repeating
the parts (Lo-D>-D3-C»). Its circuit diagram and equivalent circuits during switch-on and
switch-off periods are shown in Figure 7.33.

The voltage across capacitor C; is charged with V. As described in the previous section,
the voltage V1 across capacitor Cy is V1 = (1/(1 — k)) Vin, and the voltage V; across capacitor
Czis Vo = (1/(1 = k))*Vin.

The voltage across capacitor C3 is charged with V. The current flowing through inductor
Lz increases with V; during the switch-on period kT and decreases with —(Vo — V) during
the switch-off period (1 — k)T. Therefore, the ripple of the inductor current i1 3 is

1% Vo -V
Aipg = —2kT = 22— "2(1 - )T, (7.225)
Ls Ls

Vo = ! Vy = ! 2V— ! 3V- (7.226)
0_1—k 2 = 1_k 1= k in- .

The voltage transfer gain is

3
G=Yo _ (L> . (7.227)
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Analogously,
Aipg = ‘z—ilkT, I = (1[_%)3,
Airp = ‘L/_;kT’ Ip = (11_%)2,
o= r, e

Therefore, the variation ratio of current ir; through inductor L; is

E_AMQ_WG—MW%n_ML%PE_

— = , 7.228
= 2o 2 fL (7:228)
the variation ratio of current i > through inductor L; is
Airp/2 k(1 —k?TVy  k(1—-k* R
£y = n2/2 _ kA -TTV1 _ kd -k r (7.229)
Iip 2,10 2 fLp
the variation ratio of current i3 through inductor L3 is
Airz/2 k(1 —k)TV, k(1 -k? R
£y = i3/2 _ k( TV2 _ K ) r (7.230)
IL3 2L310 2 f L3
and the variation ratio of output voltage vo is
Avp/2 k
e = AVO/2 _ (7.231)

Vo  2RfC3’

Example 7.4

A three-stage boost converter in Figure 7.33a has Vj, = 20V, all inductors have 10 mH, all capac-
itors have 20puF, R =400, f =50kHz, and conduction duty cycle k = 0.6. Calculate the
variation ratio of current /1, and the output voltage and its variation ratio.

SOLUTION

From Equation 7.228, we can obtain the variation ratio of current i 1:

k(1 =k® R 06(1-0.6° 400

= = 0.00098.
2 1l 2 50k x 10m

€1

From Equation 7.226, we can obtain the output voltage:

T\ T
Vo=(—) Vi,=(——) x20=3125V.
© (1—/<) in (1—0.6) *

From Equation 7.231, its variation ratio is

k 0.6

®TORMC; T 2 x 400 x 50k x 200
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7.4.1.4 Higher-Stage Boost Circuit

A higher-stage boost circuit can be designed by just multiple repeating of the parts
(L2-D2-D3-Cy). For the nth stage boost circuit, the final output voltage across capacitor

Cy,is
1 n
VO = <m) Vin.

Vo 1 \"
_Yo _ 7.232
¢ Vin (1_k> ’ ( 3 )

The voltage transfer gain is

the variation ratio of current ir; through inductor L; (i = 1,2,3,...,n) is

e, AiLi/2 _ k(- k2= R

, 7.233
= 7 L (7.233)
and the variation ratio of output voltage vo is
Avo/2 k
¢ — Av0/2 _ (7.234)

Vo  2RfC,

7.4.2 Additional Series

All circuits of P/O cascaded boost converters—additional series—are derived from the
corresponding circuits of the main series by adding a DEC.

The first three stages of this series are shown in Figures 7.34 through 7.36. For ease of
understanding, they are called the elementary additional circuit, the two-stage additional
circuit, and the three-stage additional circuit, respectively, and are numbered n = 1, 2, and
3, respectively.

7.4.2.1 Elementary Boost Additional (Double) Circuit

The elementary boost additional circuit is derived from the elementary boost converter by
adding a DEC. Its circuit and switch-on and switch-off equivalent circuits are shown in
Figure 7.34.

The voltage across capacitors C; and Cy is charged with V1 and the voltage across capaci-
tor Cp is charged with Vo = 2V;. The current i1 flowing through inductor L1 increases with
Vin during the switch-on period kT and decreases with —(V; — Vi) during the switch-off
period (1 — k)T. Therefore,

Airg = YVinpr — @(1 —-0T (7.235)
Ly L1
1
V1 = mVin.
The output voltage is
2
Vo=2Vi = —Vin. (7.236)

1—k
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FIGURE 7.34 Elementary boost additional circuit: (a) circuit diagram, (b) equivalent circuit during switch-on,
and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 319. With permission.)

The voltage transfer gain is

Vo 2
G=—“J=_"_ 7.237
Vin 1-k ( )
and
A (7.238)
in =111 = 1—k O- .
The variation ratio of current ir; through inductor Ly is
Air/2 k(1 —k)TVin k(1 -k? R
£ = i1/ _ ( )T Vin _ ( ) = (7.239)
L1 4111 8 fL1
The ripple voltage of output voltage vg is
A IokT
AUO — _Q — i — L E
C Cpp fCi2 R
Therefore, the variation ratio of output voltage vo is
Avp /2 k
. Avo/Z _ (7.240)

Vo  2RfCip
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7.4.2.2 Two-Stage Boost Additional Circuit

The two-stage additional boost circuit is derived from the two-stage boost circuit by adding
a DEC. Its circuit diagram and switch-on and switch-off equivalent circuits are shown in

Figure 7.35.

The voltage across capacitor C; is charged with V7. As described in the previous section,

the voltage V1 across capacitor Cq is V1 = (1/(1 — k)) Vin.

The voltage across capacitors C, and Cy; is charged with V5 and the voltage across capac-
itor Cy is charged with Vo. The current flowing through inductor L, increases with V7
during the switch-on period kT and decreases with —(V; — V1) during the switch-off period

(1 — k)T. Therefore, the ripple of the inductor current i1, is

Vo=V
270 pr,

. V1
Alp = —kT =
2 Ly

>
|
—_
=~
Il
/N
‘H
N———"
N
=~
=]

The output voltage is

1—k 1-—
@ T p, D 1% L, D D D
— 1I RN 3 1 12

+ C V, +
D. 1 C11
2 /l\ R§ v
Vin |+ S \ __+ + o
- le'[\ Va G T‘CCZ Cip /]'\Ycu -
I
(b) in \./1 \:2 ¢IO
+ + LY G|+ +C12 |t +
V. L1 Cl ~ V. T~ V2 .~ T VClZ R VO
in C1 C V2
- _ ~Cn -
(c) fin L Vi L, Vs Cpy
P YL,
= S
Vi Via +
+ + + Vi +
c, == 2 + R
v "Tva T V2 TV, 7
i a G T Cpy c12 o

(7.241)

(7.242)

(7.243)

FIGURE7.35 Two-stage additional boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and
(c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters.

Boca Raton: Taylor & Francis Group LLC, p. 321. With permission.)
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FIGURE 7.36 Three-stage additional boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on,
and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters.

Boca Raton: Taylor & Francis Group LLC, p. 323. With permission.)

The voltage transfer gain is

Vo 1 \?
G=-—"=2(—).
Vin (1_k>

Analogously,

2
— ]
(1 _ k)2 O,

. Vi 2o
Afpp = —KkT, Iip = ——.
112 L2 L2 1—k

Vin

Aipg = ~2KkT, Iy =
1.1 Ll L1

Therefore, the variation ratio of current ir; through inductor L; is

_ Aipg/2 k(A —k)?*TVin k(1 —k* R
T I 4Ll 8 fLy

(7.244)

(7.245)
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and the variation ratio of current i1, through inductor L, is

_ Aip/2 _ k(1-kTVi _ k(1 -k?* R

= — 7.246
2= 4L1o 8  fLy (7.246)
The ripple voltage of output voltage vo is
AQ  IokT k Vo
Avp= =" = _— 2
Co Ci2 fC2 R
Therefore, the variation ratio of output voltage vo is
Avp/2 k
= = . 7.247
T Vo T 2RfCp, (7.247)

7.4.2.3 Three-Stage Boost Additional Circuit

This circuit is derived from the three-stage boost circuit by adding a DEC. Its circuit diagram
and equivalent circuits during switch-on and switch-off periods are shown in Figure 7.36.

The voltage across capacitor C; is charged with V. As described in the previous section,
the voltage V1 across capacitor Cy is V1 = (1/(1 — k)) Vin, and the voltage V; across capacitor
Czis Vo = (1/(1 = k))*Vin.

The voltage across capacitors Cz and Cq; is charged with V3. The voltage across capacitor
Ci2 is charged with Vo. The current flowing through inductor L3 increases with voltage
V> during the switch-on period kT and decreases with —(V3 — V3) during the switch-off
period (1 — k)T. Therefore,

V: V3 -V
Aij3 = L—jkT = %(1 0T, (7.248)
and
1 1\° 1\’
Vs= V2= (1_k> V= (ﬂ) Vin. (7.249)
The output voltage is
1 \3
Vo =2Vs=2 <ﬁ> Vin. (7.250)
The voltage transfer gain is
14 1\’
G= V_O =2 (m> : (7.251)
m
Analogously,
Airy = kT, lo,
L1 L L= g gpo
. Vi
Airp = —kT, I1p =——=lo,
L2 L 2= 52 ©
. Vs 2Iop
Az = —kT, I3=—.
L3 I3 L3 1—k
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Therefore, the variation ratio of current ir; through inductor L, is

: Air1/2 k(1 —k3TVi,  k(1-Kk°® R
1= = = [—

= = , 7.252
It 41410 8 fL ( )
the variation ratio of current i, through inductor L, is
Aip/2 k(1 —Kk?TVy k@ -k* R
£y — 2/2 _ kA -B7TV1 _ kd -k R (7.253)
Iio 41,10 8 fLa
and the variation ratio of current i1 3 through inductor L3 is
Airz/2 k(1 —-KTV, k(1 —k? R
£y — i3/2 _ k( Ve K ) R (7.254)
IL3 4L3Io 8 f L3
The ripple voltage of output voltage vo is
A IokT
C2 Cip fCi2 R
Therefore, the variation ratio of output voltage vo is
Avp/2 k
= = . 7.255
Vo 2RfC12 ( )

7.4.2.4 Higher-Stage Boost Additional Circuit

A higher-stage boost additional circuit can be designed by just multiple repeating of the
parts (Lp-D2-D3-Cp). For the nth stage additional circuit, the final output voltage is

1 n
The voltage transfer gain is

Vo 1 \"
=—=2—]. 7.2
G Ve <1—k> (7.256)

Analogously, the variation ratio of current i1; through inductor L; ( =1,2,3,...,n) is

e, = DiLi/2 _ k(1 — k)2=HD R
T 8 fLi

(7.257)

and the variation ratio of output voltage vo is

. Avo/2 k
Vo 2RfCip’

(7.258)
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7.4.3 Double Series

All circuits of the P/O cascaded boost converters—double series—are derived from the
corresponding circuits of the main series by adding the DEC in each stage of the circuit.
The first three stages of this series are shown in Figures 7.34, 7.37, and 7.38. For ease of
understanding, they are called the elementary double circuit, the two-stage double cir-

cuit, and the three-stage double circuit, respectively, and are numbered n =1, 2 and 3,
respectively.

7.4.3.1 Elementary Double Boost Circuit

From the construction principle, the elementary double boost circuit is derived from the
elementary boost converter by adding a DEC. Its circuit and switch-on and switch-off

equivalent circuits are shown in Figure 7.34, which is the same as the elementary boost
additional circuit.

7.4.3.2 Two-Stage Double Boost Circuit
The two-stage double boost circuit is derived from the two-stage boost circuit by adding the

DEC in circuits of each stage. Its circuit diagram and switch-on and switch-off equivalent
circuits are shown in Figure 7.37.

Iy L D D D L D D D
» 1 1 11 12 2 3 21 22
Vl DI ‘r>= Y YY) ‘l> ‘10
+ D2 Cll

rl\ivcn Ca

S
C17'[\ \ia Cia ;f%cu \

.
3 v

CZ T‘ECZ C22 T‘ZCZZ

Iin v 2V1 V, ¢ Io
+ G|+ +Co| T LY G|+ +C2£_ + *
Ly ~V1 == v ~ V2 = T Ven R V,
in ™ TN Vl ™2V1 ™ VanS e _ (0]
- Cu| ~ - Cu| _? _
c
© n L Vv, Cu oy D v, ©a
Y | YL ] I
v ] v . ¢ o
+ H c + N v 2 Va + R | +
1 \Z ~ Vi 7~ Vi ~ V(
Vi "‘ vl Clz/\ V12 Cy T v sz/\ vew Vo

FIGURE 7.37 Two-stage double boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and (c)
equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 326. With permission.)



Super-Lift Converters and Ultralift Converter 377

e Ly Dy v, Dy Dy, 2V, L

T
D, Cn T Ven Dy

+ +
- G T V_c1 Ciy ;]:7VC12

I
(b) in v, 2V, v, 2v,
* G| + +C]2 T, G|+ + Caof ¥ Ly
Vo Ly RV TR 3 R o,
- C11 - _ - C21 V2 _
(C) Im Ll Vl Cll 2V, L2 V2 C21 sz L3 V5 31

FIGURE 7.38 Three-stage double boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and
(c) equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 328. With permission.)

The voltage across capacitors C1 and Cyj is charged with V1. As described in the previous
section, the voltage V1 across capacitors C; and Cy1 is V1 = (1/(1 — k))Vin. The voltage
across capacitor Cqy is charged with 2V7.

The current flowing through inductor L; increases with 2V during the switch-on period
kT and decreases with —(V, — 2V1) during the switch-off period (1 — k)T. Therefore, the
ripple of the inductor current 7 is

2V, Vy -2V,

Aijp = —kT = ——(1-KT, 7.259
o =7 I (1—k (7.259)
Vo= 2 Vi=2 ! 2V- (7.260)
2= 1—_k 1= 1_k in- .
The output voltage is
7 \2

The voltage transfer gain is

2
G=Yo_ (i) . (7.262)
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Analogously,
Vi 2 \?
Aipy = L—llnkT, I = (m) lo,
. \% 2o
Alp = L—zlkT, Lo = m

Therefore, the variation ratio of current it through inductor L, is

_ Aig/2 k(A —k?TVin k(1 —k* R

7.263
i 8L1lo 16 fL (7.269)
and the variation ratio of current i;p through inductor L; is
Aip/2 kA —kTVy  k(1—k? R
£ = 2/2 _ k( IV K ) R (7.264)
Ii» 4L210 8 fLZ
The ripple voltage of output voltage vo is
AQ  IokT k Vo
Avg= == =2~ 9
Cn Cn fCn» R
Therefore, the variation ratio of output voltage vo is
Avp/2 k
= = ) 7.265
T Vo  2RfCx (7.265)

7.4.3.3 Three-Stage Double Boost Circuit

This circuit is derived from the three-stage boost circuit by adding the DEC in each stage
circuit. Its circuit diagram and equivalent circuits during switch-on and switch-off periods
are shown in Figure 7.38.

The voltage across capacitors C1 and Cyg is charged with V1. As described in the previous
section, the voltage V1 across capacitors Cy and Cyy is V1 = (1/(1 — k))Vin, and the voltage
V3 across capacitors Cp and Cyp is Vo = 2(1/(1 — )2 Vin.

The voltage across capacitor Cp; is 2V, = (2/(1 — k))2Vi,. The voltage across capacitors
C3 and C3; is charged with V3. The voltage across capacitor Cq; is charged with V. The
current flowing through inductor L3 increases with V, during the switch-on period kT and
decreases with —(V3 — 2V») during the switch-off period (—k)T. Therefore,

2V Vs — 2V,
Ay = = 2kT = 2221 - T (7.266)
Ls Ls

and
2V, 4

= a5 = a= (7.267)

Vs

The output voltage is

2 3
Vo =2V3 = (m> Vin. (7.268)
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The voltage transfer gain is

3
c=Yo_(_2 Y
Vin \1—k

Analogously,
Aipy = Z—ilnkT, I = ﬁlo
Aipy = Z—ik”[, Iy = ﬁlo
=Vt pam 2o

Therefore, the variation ratio of current ir; through inductor L; is

_Ai/2  k(—k>TVin  k(1—k°® R

=T T T TeLlo 128 fLy’

the variation ratio of current i > through inductor L, is

_ Aip/2 kA -k?*TVi k(1 -k* R
I, 8Lilo 32 fLy

&2

and the variation ratio of current i; 3 through inductor L3 is

s — Air3/2 k(1 —KTV,  k(1—k? R
3T Ty 4lslo | 8 fLs

The ripple voltage of output voltage vo is

AQ  IokT k Vo
Avp====2" -~ 29
Cx C;» fCx» R

Therefore, the variation ratio of output voltage vo is

. Avo/2 k
Vo  2RfCxm

7.4.3.4 Higher-Stage Double Boost Circuit

379

(7.269)

(7.270)

(7.271)

(7.272)

(7.273)

A higher-stage double boost circuit can be derived from the corresponding main series
circuit by adding the DEC in each stage circuit. For the nth stage additional circuit, the final

output voltage is

2 n
Vo= (-—"-) V.
(@) (1—k> n
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The voltage transfer gain is

Vo 2 \"
G=—=—. 7.274
Vin (1 - k) ( )

Analogously, the variation ratio of current i;; through inductor L; (i = 1,2,3,...,n) is

_Ai/2 k(1 =k R

; = . 7.275
§i It 2 x 221 fLi ( )
The variation ratio of output voltage vo is
Avp/2 k
= = . 7.276
*T Vo T~ 2RfCm (7.276)

7.4.4 Triple Series

All circuits of the P/O cascaded boost converters—triple series—are derived from the cor-
responding circuits of the double series by adding the DEC twice in circuits of each stage.
The first three stages of this series are shown in Figures 7.39 through 7.41. To make it easy
to explain, they are called the elementary triple boost circuit, the two-stage triple boost
circuit, and the three-stage triple boost circuit, respectively, and are numbered n = 1, 2, and
3, respectively.

7.4.4.1 Elementary Triple Boost Circuit

From the construction principle, the elementary triple boost circuit is derived from the
elementary double boost circuit by adding another DEC. Its circuit and switch-on and
switch-off equivalent circuits are shown in Figure 7.39.

The output voltage of the first-stage boost circuit is V1, V1 = Vin /(1 — k).

The voltage across capacitors C1 and Cy is charged with V1 and the voltage across capac-
itors Cqp and Cy3 is charged with Vic13 = 2V The current it flowing through inductor Lq
increases with Vi, during the switch-on period kT and decreases with —(V1 — Vj,) during
the switch-off period (1 — k)T. Therefore,

Vi Vi—-V;
Aipg = —2kT = 270 T, (7.277)
Ly Ly
V)= ! Vi
T
The output voltage is
3
Vo=Vci1+ Vciz3 =3V = mvm. (7.278)
The voltage transfer gain is
Vi 3
G=-92_-_"_ (7.279)
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FIGURE 7.39 Elementary triple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and (c)
equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 331. With permission.)

7.4.4.2 Two-Stage Triple Boost Circuit

The two-stage triple boost circuit is derived from the two-stage double boost circuit by
adding another DEC in circuits of each stage. Its circuit diagram and switch-on and switch-
off equivalent circuits are shown in Figure 7.40.

As described in the previous section, the voltage V1 across capacitors C; and Cyq; is V1 =
(1/(1 — k))Vin. The voltage across capacitor Cy4 is charged with 3V7.

The voltage across capacitors C; and Cp; is charged with V5 and the voltage across capac-
itors Cp and Cp3 is charged with V3 = 2V5. The current flowing through inductor L,
increases with 3V during the switch-on period kT, and decreases with —(V, — 3V1) during
the switch-off period (1 — k)T. Therefore, the ripple of the inductor current it is

1% V, -3V
Nipp = Yyr = V2=V (7.280)
Ly L,

Voe > vy =32 2v- (7.281)
2—1_k 1= 1_k in- .
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I

—_+

™ +
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FIGURE 7.40 Two-stage triple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and (c)
equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 333. With permission.)

The output voltage is

Vo = Vg 4 Viegs = 3V5 = (%)2 Vin. (7.282)
The voltage transfer gain is
G= gz = (%)2 (7.283)
Analogously,
Aipy = Z—ilnkT, I = (12Tk>210’
sia= Vit am 20
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Therefore, the variation ratio of current ir; through inductor L, is

A2 k(A —k)?*TVin k(1 —k* R

= 7.284
i 8L1lo 16 fL (7.284)
and the variation ratio of current i;; through inductor L is
Aip/2  k(1—K)TVi  k(1—k? R
£y — 2/2 _ k( TV _ K ) R (7.285)
I 4Ll 8  fL
The ripple voltage of output voltage vg is
AQ  IokT k Vo
Avp==2=2" = = 9
Cn Cx fC» R
Therefore, the variation ratio of output voltage vo is
Avp/2 k
= = } 7.286
T Vo T 2RfCx (7.286)

7.4.4.3 Three-Stage Triple Boost Circuit

This circuit is derived from the three-stage double boost circuit by adding another DEC in
each stage circuit. Its circuit diagram and equivalent circuits during switch-on and switch-
off periods are shown in Figure 7.41.

As described in the previous section, the voltage V7 across capacitors Cp and Cq; is V, =
3V1 = (3/(1 — k))Vin, and the voltage across capacitor Cp4 is charged with 3V>.

The voltage across capacitors C3 and Cz; is charged with V3 and the voltage across capac-
itors C3p and Ca3 is charged with V33 = 2V3. The current flowing through inductor L3
increases with 3V, during the switch-on period kT and decreases with —(V3 — 3V3) during
the switch-off period (1 — k)T. Therefore, the ripple of the inductor current iy 3 is

3V, V3 =3V,

Aipg = —kT = —=1 -kT 7.287
i =7~ I (1-k (7.287)
and
Vi > v, =9t 3V- (7.288)
Tk T \i=k) '
The output voltage is
3 3

Vo =Vc3+ Vs =3V3 = <m> Vin. (7.289)

The voltage transfer gain is

3
G=Yo _ (i> . (7.290)
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FIGURE 7.41 Three-stage triple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and (c)
equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 335. With permission.)

Analogously,
. Vin 32
Aip1 = —kT I I
i = 7k L= gl
. 1% 8
Al = L_zlkT' Iy = a—n? o
. V: 2
Al 3 = L—;kT, I3 = mlo.

Therefore, the variation ratio of current it through inductor L; is

Air1/2 k1 -k3TVy, k(1 -k©° R
L= i1/ _ ( ) in _ ( ) = (7.291)
It 64L11p 123 fLy
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the variation ratio of current i, through inductor L, is

_ Aip/2 kA —-k?TVi k1 -k?* R

= = —, 7.292
2=, 16L210 122 fL, (7.292)
and the variation ratio of current i; 3 through inductor L3 is
Airz/2  kA—-KTV, k(1—k? R
£y — i3/2 _ k( V2 K ) R (7.293)
Iis 413lo 12 fLs
The ripple voltage of output voltage vg is
AQ  IokT k Vo
Avp=——~=—"2"=_— 2,
Cx  Cx fC» R
Therefore, the variation ratio of output voltage vo is
Avp/2 k
= = ) 7.294
*T Vo T 2RfCy (7.294)

7.4.4.4 Higher-Stage Triple Boost Circuit

A higher-stage triple boost circuit can be derived from the corresponding circuits of the
double boost series by adding another DEC in each stage circuit. For the nth stage additional

circuit, the final output voltage is
3 n
VO = (m) Vin.

Vo 3 \"

Analogously, the variation ratio of current ir; through inductor L; (i = 1,2,3,...,n) is

The voltage transfer gain is

_Aig/2 k(1 — k2D R

= = . — 7.296
§i It 12(n—i+1) fL; ( )
and the variation ratio of output voltage vo is
Avp/2 k
= = ) 7.297
TV T 2RfCn (7.297)

7.4.5 Multiple Series

All circuits of P/O cascaded boost converters—multiple series—are derived from the corre-
sponding circuits of the main series by adding the DEC multiple (/) times in circuits of each
stage. The first three stages of this series are shown in Figures 7.42 through 7.44. For ease of
understanding, they are called the elementary multiple boost circuit, the two-stage multi-
ple boost circuit, and the three-stage multiple boost circuit, respectively, and are numbered
n =1,2, and 3, respectively.
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7.4.5.1 Elementary Multiple Boost Circuit

From the construction principle, the elementary multiple boost circuit is derived from the
elementary boost converter by adding the DEC multiple (j) times in the circuit. Its circuit
and switch-on and switch-off equivalent circuits are shown in Figure 7.42.

The voltage across capacitors C1 and Cy is charged with V7 and the voltage across capac-
itors C12 and Cy3 is charged with Vi3 = 2V7. The voltage across capacitors Cypj—2) and
Cij-1) is charged with V¢i1(2j — 1) = jV3. The current i1 flowing through inductor L;
increases with Vi, during the switch-on period kT and decreases with —(V1 — Vi,) during
the switch-off period (1 — k)T. Therefore,

Vi Vi -V
Aipg = 24T = L= "1 _|yT, (7.298)
Ly Ly
1
Vi = 1= Vin. (7.299)
(@) 1 2... j
reT T T T T = ': T T T T T T T T T T
Ii_"> L, Dy, Vil Dy Dy, 2‘/1: D1(2j—1) D12j(1+j) Vi
|

(©

Cij-1) ,
N 1+)W
A
C13
Vi > I 3V,
Iy L, Cn C12j ¢IO
vy 2Vy -
v c T~ g +
L1 _ 14 R V.
+ + Vau® o _O
Vin G T Var Ci TVm/z[

FIGURE7.42 Elementary multiple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and
(c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters.
Boca Raton: Taylor & Francis Group LLC, p. 338. With permission.)
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The output voltage is

. 1+j
Vo=Vci+Vcae-n=0+)V1 = ﬁvin‘ (7.300)
The voltage transfer gain is
Vo 145
G=—-=—. 7.301
Vin 1—k (7:301)

7.4.5.2 Two-Stage Multiple Boost Circuit

The two-stage multiple boost circuit is derived from the two-stage boost circuit by adding
multiple (j) DECs in each stage of the circuit. Its circuit diagram and switch-on and switch-
off equivalent circuits are shown in Figure 7.43.

(a) 1 2. j 1 2. j
r- -
L, jVi 1)y Vy jVa L4V
—» L Dy ViiDyy Dy Dipjo1y Dryj | Ly D3 1Dy Do D2(2; 1) Dzz;
T | D> o
+ C11/—|-\ :C1(21‘—1 : C21/-|-\ Cz(z; )/|\ .
I
‘/in i % i g VO
: L 21 s \ ; i -
- C1/|‘ C12/|‘ Cu;‘/l‘1 /I‘ G C22/|‘ C24/|\
- M ] o -
(b)
I

v, . , . A

. * . ¢ Io
+ G + Cp | Craj-n| Craj G CE %2(,;_1 B Copjo1) Coy| + +
f ™ R

Qo gy, L, v, -

Iin L Cu

_F\(‘YY\_._>H N
Vi1 Cy, TV,
+ VCll 2 7 TN\VC2
Vin T Vc1 Cry TVCIZ/l\

FIGURE 7.43 Two-stage multiple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and
(c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 340. With permission.)
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The voltage across capacitors C1 and Cyj is charged with V1 = (1/(1 — k)) Vin. The voltage
across capacitor Cy(2j) is charged with (1 + /) V7.

The current flowing through inductor L, increases with (1 4 )V during the switch-
on period kT and decreases with —[V — (1 4 j) V1] during the switch-off period (1 — k)T.
Therefore, the ripple of the inductor current i1 is

Ay = ﬂkﬂ/l - w(l — 0T, (7.302)
Ly Lo
VA 1. PR (I8 S (7.303)
2= 1_k 1= ) 1—% in- .
The output voltage is
. 14+7\°
Vo =Va+Veagj-y=0+pVa=|1—¢) Vin: (7.304)
The voltage transfer gain is
Vo [(1+])\°
=—=|—]) . 7.
G Ve (1 — k) (7.305)

The ripple voltage of output voltage vg is

AQ _ IokT _ k Vo
Coj Camj fCxj R

Therefore, the variation ratio of output voltage vo is

Avp/2 k
£ = =

= . 7.306
Vo 2RfC22]' ( )

7.4.5.3 Three-Stage Multiple Boost Circuit

This circuit is derived from the three-stage boost circuit by adding multiple (j) DECs in
circuits of each stage. Its circuit diagram and equivalent circuits during switch-on and
switch-off periods are shown in Figure 7.44.

The voltage across capacitors C; and Cyj is charged with V1 = (1/(1 — k)) Vin. The voltage
across capacitor Cy()) is charged with (1 +j)V7. The voltage V; across capacitors C; and
C2(2j) is charged with (1 +)V>.

The current flowing through inductor Lz increases with (1 4 )V during the switch-
on period kT and decreases with —[V3 — (1 4 j) V2] during the switch-off period (1 — k)T.
Therefore,

Vs —1A+)V2

14
Ali3z = ikTVz =
Ls 3

1-kT (7.307)
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FIGURE 7.44 Three-stage multiple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and

(c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters

Boca Raton: Taylor & Francis Group LLC, p. 342. With permission.)

and

(1 +j)V2
11—k

(1+))>
 (1-k)p3

Vs =

Vm

The output voltage is

1+j

1—

Vo =Ves + Vesej-1) = 1 +)Vs = < .

The voltage transfer gain is

3
) Vi

(7.308)

(7.309)

(7.310)
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The ripple voltage of output voltage vo is

AQ IoKT  k Vo
~ Cxpj  Cx:j  fCxmj R

Therefore, the variation ratio of output voltage vg is

Avp/2 k
e = = .
Vo 2RfC32j

7.4.5.4 Higher-Stage Multiple Boost Circuit

Power Electronics

(7.311)

A higher-stage multiple boost circuit is derived from the corresponding circuits of the main
series by adding multiple (j) DECs in circuits of each stage. For the nth stage additional

circuit, the final output voltage is

1+7\"
VO = (ﬁ{f) Vin.

The voltage transfer gain is

% "
G=_°_ 1+) .
Vin 1-k
Analogously, the variation ratio of output voltage vo is
Avp/2 k
e = = :
Vo 2RfCppj

7.4.6  Summary of P/O Cascaded Boost Converters

(7.312)

(7.313)

All circuits of the P/O cascaded boost converters can be shown in Figure 7.45 as the family

tree.

From the analysis of the previous two sections, the common formula to calculate the

output voltage can be presented as
1 n
<_k> Vin main series,
1 n
2 % (ﬁ) Vin additional series,

2 n
—) Vin double series,

n
(—) Vin triple series,

n
—) Vin multiple (j) series.

(7.314)
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FIGURE 7.45 The family of P/O cascaded boost converters. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 344. With permission.)

The voltage transfer gain is

(

(
(
(

3

1—-k
j+1
1—k

:
;
;
;

main series,

additional series,

double series,

triple series,

multiple (j) series.

(7.315)
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7.5 N/O Cascaded Boost Converters

This section introduces N /O cascaded boost converters. Like P /O cascaded boost convert-
ers, these converters implement the SL technique [1,2].

7.5.1 Main Series

The first three stages of the N/O cascaded boost converters—main series—are shown in
Figures 7.46 through 7.48. For ease of understanding, they are called the elementary boost
converter, the two-stage boost circuit, and the three-stage boost circuit, respectively, and
are numbered n =1, 2, and 3, respectively.

7.5.1.1  N/O Elementary Boost Circuit

The N/O elementary boost converter and its equivalent circuits during switch-on and
switch-off periods are shown in Figure 7.46.

The voltage across capacitor C; is charged with V. The current ir; flowing through
inductor Lj increases with Vi, during the switch-on period kT and decreases with

oL
C

" Ly R Vo
B +
L
® I, ¢
e Io
| ¢
N AN f
+ - _
v L Ve
in 1 R VO

FIGURE 7.46 N/O elementary boost converter: (a) circuit diagram, (b) equivalent circuit during switch-on, and
(c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters.
Boca Raton: Taylor & Francis Group LLC, p. 352. With permission.)
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—(Vc1 — Vin) during the switch-off period (1 — k)T. Therefore, the ripple of the inductor
current i1 is

Vi Ver = Vi
Aipg = 2T = -1 T, (7.316)
Ly Ly
1
Vel = mvin/
k
Vo=Vc1 — Vin = mVin. (7.317)
The voltage transfer gain is
Vo 1
G=—=—--1 7.318
Vin 1-k ( )
The inductor average current is
1 V
1= ——/. 7.319
U= 7R (7.319)
The variation ratio of current ir; through inductor L, is
Air/2 kTV; k(1—k R 1-k?% R
g, = AL/2 _ n____kl-BH R _(A-0B K (7.320)
I1 2L1Vo/(1 — k)R 2G  flLy 2 flLh

Usually &1 is small (much lower than unity); this means that this converter works in the
continuous mode.
The ripple voltage of output voltage vo is

AD _AQ_IQkT_ k Vo
°T ¢ T ¢ T fAa R

since AQ = IokT.
Therefore, the variation ratio of output voltage vo is

. Avo/2 k

- . 7.321
Vo  2RfC (7:321)

7.5.1.2 N/O Two-Stage Boost Circuit

The N/O two-stage boost circuit is derived from the N/O elementary boost converter by
adding the parts (L2-D2-D3-Cy). Its circuit diagram and equivalent circuits during switch-on
and switch-off periods are shown in Figure 7.47.

The voltage across capacitor Cy is charged with V7. As described in the previous section,
the voltage V1 across capacitor Cq is V1 = (1/(1 — k)) Vin.

The voltage across capacitor C; is charged with V. The current flowing through inductor
Ly increases with V7 during the switch-on period kT and decreases with —(Vc — V1) during
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FIGURE 7.47 N/O two-stage boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and (c)
equivalent circuit during switch-off. (Reprinted from Luo, E L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 354. With permission.)

the switch-off period (1 — k)T. Therefore, the ripple of the inductor current iy is

V Ve =V
Aipp = L—ZlkT = %(1 0T, (7.322)
1 1 \?
Ve = I _le = (m) Vin,
1 2

The voltage transfer gain is

2
G=Yo_ (L> ~1 (7.324)



Super-Lift Converters and Ultralift Converter 395

Analogously,
. Vi Io
Airy = L—llnkT, I = m,
. % Io
Aip = L—zlkT, ILZ = m

Therefore, the variation ratio of current ir; through inductor L; is

_Aiy/2 k(A —k?TVin k(1 —k* R

— = 7.325
5= 2L11o 2 fL (7.325)
the variation ratio of current it through inductor L, is
Airp/2 k(1 —-kTVy k(1-k? R
£y = 2/2 _ k( TV k( ) R (7.326)
Tio 2Lolo 2 fL,
and the variation ratio of output voltage vo is
Avp/2 k
¢ — Av0/2 _ (7.327)

Vo  2RfC

7.5.1.3 N/O Three-Stage Boost Circuit

The N/O three-stage boost circuit is derived from the N/O two-stage boost circuit by
twice repeating the parts (Ly-D3-D3-C2). Its circuit diagram and equivalent circuits during
switch-on and switch-off periods are shown in Figure 7.48.

The voltage across capacitor Cy is charged with V7. As described in the previous section,
the voltage V1 across capacitor Cy is Vc1 = (1/(1 — k))Vin, and the voltage Vi, across
capacitor Cp is Ve = (1/(1 — 5))2Vin.

The voltage across capacitor C3 is charged with V. The current flowing through inductor
L3 increases with Vi, during the switch-on period kT and decreases with —(Vc3 — Vo)
during the switch-off period (1 — k)T. Therefore, the ripple of the inductor current 71 3 is

Ve Ves = Ve

Alj3 = — = ——(1 - 7.32
i3 I kT = 1-KT, (7.328)
2 3
Ves = ﬂch = (1 k) Vel = <ﬂ) Vin,
1\
Vo =Ves — Vin = [<ﬂ> - 1} Vin. (7.329)

3
G=Yo_ <L> ~ 1 (7.330)
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FIGURE 7.48 N/O three-stage boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and (c)
equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC Converters. Boca
Raton: Taylor & Francis Group LLC, p. 356. With permission.)

Analogously,
, Vi I
Al = Lll kT, Iy = ﬁ/
. Vi Io
Airp = —kT I p =————
L2 L 2= g2

. V> Io
Airz = —kT, i3 = ——.
s = - LB=1 ¢

Therefore, the variation ratio of current 71 through inductor L; is

= = —, 7.331
IL1 2L1IQ 2 f Ll ( )

Air1/2 k1 —-k3TVi, k(1 —-k° R
1= = =
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the variation ratio of current i, through inductor L, is

: Airn/2 k(1 —k?3?*TVy k(1 —-k* R
2= = =

_ = iy 7.332
Iio 20,10 2 fLa ( )
the variation ratio of current i3 through inductor L3 is
Airz/2 k(1 —KTV, k(1—k)? R
£y = ir3/ _ ( YTV> _ ( ) R (7.333)
i3 2L3lp 2 fL3
and the variation ratio of output voltage vo is
Avp /2 k
¢ Avo/2 _ (7.334)

Vo  2RfCs

7.5.1.4 N/O Higher-Stage Boost Circuit

An N/O higher-stage boost circuit can be designed by just multiple repeating of the parts
(L2-D-D3-C»). For the nth stage boost circuit; the final output voltage across capacitor Cj, is

o[

Vo 1\
G=-9_(—) -1, 7.335
Vin <1_k> ( )

The voltage transfer gain is

the variation ratio of current ir; through inductor L; (i = 1,2,3,...,n) is

A2 k(1 =k R

. —, 7.336
6= R (7.336)
and the variation ratio of output voltage vo is
Aii/2 k(1 =k R
g — Ai/2_ kK (7.337)

I 2 f_Ll '

7.5.2 N/O Additional Series

All circuits of N/O cascaded boost converters—additional series—are derived from the
corresponding circuits of the main series by adding a DEC.

The first three stages of this series are shown in Figures 7.49 through 7.51. For ease
of understanding, they are called the elementary additional boost circuit, the two-stage
additional boost circuit, and the three-stage additional boost circuit, respectively, and are
numbered n = 1, 2 and 3, respectively.
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FIGURE7.49 N/O elementary additional (double) boost circuit: (a) circuit diagram, (b) equivalent circuit during
switch-on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 359. With permission.)

7.5.2.1 N/O Elementary Additional Boost Circuit

The N/O elementary additional boost circuit is derived from the N/O elementary boost
converter by adding a DEC. Its circuit and switch-on and switch-off equivalent circuits are
shown in Figure 7.49.

The voltage across capacitors C; and Cy; is charged with Vc; and the voltage across
capacitor Cy; is charged with V1o = 2Vcy. The current i1 flowing through inductor L,
increases with Vi, during the switch-on period kT and decreases with —(V¢; — Vin) during
the switch-off period (1 — k)T. Therefore,

Vi Vel — Vin

Al = 3 kT = 1-KT, (7.338)
1
1
Vel = mvin-
The voltage Vcr2 is
2
Ve =2Ver = ——Vin. (7.339)

1—-k
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The output voltage is

2
Vo=Vci2 = Vin = [ﬁ - 1} Vin. (7.340)
The voltage transfer gain is
Vo 2
G=—or=—3-1 7.341
Vi 1-k ( )

The variation ratio of current ir; through inductor L, is

: Air1/2 k(1 —-KTVin k(1 —-k? R
1= = =

= = — 7.342
Iiq 41110 8 fLy ( )
The ripple voltage of output voltage vo is
AQ  IokT k Vo
Avp=—==220" = - 22
Cz Cz fC2 R
Therefore, the variation ratio of output voltage vo is
Avp /2 k
= = ) 7.343
T Vo T 2RfCn (7.343)

7.5.2.2 N/O Two-Stage Additional Boost Circuit

The N/O two-stage additional boost circuit is derived from the N/O two-stage boost circuit
by adding a DEC. Its circuit diagram and switch-on and switch-off equivalent circuits are
shown in Figure 7.50.

The voltage across capacitor Cy is charged with V1. As described in the previous section,
the voltage V1 across capacitor Cq is Ve = (1/(1 — k) Vin.

The voltage across capacitors Cp and Ci; is charged with V, and the voltage across the
capacitor Cp; is charged with V12. The current flowing through the inductor L, increases
with V¢ during the switch-on period kT and decreases with —(Vcy — V1) during the
switch-off period (1 — k)T. Therefore, the ripple of the inductor current i1, is

1% Ve — Vi
Aipp = %kT = %(1 — 0T, (7.344)
2

1 1\?
VCZ = TVC] = m Vin, (7345)

V—2V—2V—212V‘
ce=sVe = pVa=s\1 ¢ in-

The output voltage is

1

2
Vo=Vci2 — Vin = |:2 (m) — lj| Vin. (7.346)



400

Power Electronics

(b) Iin Cy 1
— 1/ [¢)
+ IN T
. Gl + 3G " Cu Yo v,
Vin Ly ™ Vo T Ve ;:VCH R (¢
— — — — +

FIGURE7.50 N/O two-stage additional boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on,
and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters.

Boca Raton: Taylor & Francis Group LLC, p. 361. With permission.)

The voltage transfer gain is

Analogously,

. Vin 2
Aipp = —kT, = —lo,
11 L] L1 (1 — k)2 (@]

) V1 2Ip
Alrp = —KkT, Ip = —.
i) L L2=1_"¢

Therefore, the variation ratio of current it through inductor L; is

_Aig/2 k(A —k?*TVin k(1 —k)* R
"YU T 4Lle 8 fLy

(7.347)

(7.348)
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and the variation ratio of current i;, through inductor L is

_ A2 k(1-kTVi _ k(1 -k?* R

= = _—. 7.349
2=, 4Lrlo 8  fL (7.38)
The ripple voltage of output voltage vg is
A I
pog = AQ _I0FT _ k Vo
Cz  Ciz fC2 R
Therefore, the variation ratio of output voltage vo is
Avo/2 k
= = . 7.350
T Vo T 2RfCp (7:350)

7.5.2.3 N/O Three-Stage Additional Boost Circuit

The N /O three-stage additional boost circuit is derived from the three-stage boost circuit by
adding a DEC. Its circuit diagram and equivalent circuits during switch-on and switch-off
periods are shown in Figure 7.51.

The voltage across capacitor Cj is charged with V1. As described in the previous section,
the voltage V1 across capacitor Cq is Vc1 = (1/(1 —k))Vin, and the voltage V; across
capacitor Cy is Vo = (1/(1 — £))2Vin.

The voltage across capacitors C3 and Cyj is charged with V3. The voltage across capacitor
C12 is charged with Vc1o. The current flowing through inductor L3 increases with Vs
during the switch-on period kT and decreases with —(Vc3 — Vcp) during the switch-off
period (1 — k)T. Therefore,

Ve Ves = Ve

Afj3=—kT=—"—-""1-KT 7.351
s =7~ I ( ) (7.351)
and
Ves = ! Ve = ! 2V = ! 3V‘ (7.352)
C3_1—k C2 = 1—k Cl1 = 1—k in- .
The voltage Vcia is Vein = 2Ves = 2(1/(1 — k)3 Vip.
The output voltage is
1 3

Vo=Vciz —Vin =12 (m) — 1| Via. (7.353)

The voltage transfer gain is

3
G=Yo_, <L) 1. (7.354)
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FIGURE 7.51 N/O three-stage additional boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-
on, and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 363. With permission.)

Analogously,
. Vi 2
Al = L—llnkT/ I = mlol
. Vv 2
Aipp = L—zlkT, Iy = i k)zlo,
. V. 2Ip
Airz = L—;kT, IL3 = 1T

Therefore, the variation ratio of current it through inductor L is

Aif1/2 k(1 = k)3TV; k(1—k°® R
L= i1/ _ ( ) in _ ( ) = (7.355)
Ii1 41410 8  fLy
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the variation ratio of current i, through inductor L, is

_ Aip/2 kA -k?TVy k1 -k* R

= = —, 7.356
52 o 4L,10 8  fL (7.356)
and the variation ratio of current i; 3 through inductor L3 is
Air3/2 k(1 —KTVy,  k(1—k? R
£y — n3/2 _ kA —BTVs _kd -k~ R (7.357)
I3 4L31o 8 fLs
The ripple voltage of output voltage vg is
AQ  IokT k Vo
Avp === =2 - = 9
Cz Ci2 fCi2 R
Therefore, the variation ratio of output voltage vo is
Avp/2 k
= = . 7.358
*T Vo T 2RfCn (7.358)

7.5.2.4 N/O Higher-Stage Additional Boost Circuit

The N/O higher-stage boost additional circuit is derived from the corresponding circuits
of the main series by adding a DEC. For the nth stage additional circuit, the final output

voltage is
1 n
VO = |:2 (m) —] Vin.

Vo 1 "
cYo_,( L\ _4 7.359
Vi <1 —k) 7359)

The voltage transfer gain is

Analogously, the variation ratio of current i;; through inductor L; (i = 1,2,3,...,n) is

_ Aigi/2 k(1 — k2D R

. , 7.360
6= L (7.360)
and the variation ratio of output voltage vo is
Avp /2 k
= = . 7.361
T Vo T 2RfCn (7.361)

7.5.3 Double Series

All circuits of the N/O cascaded boost converters—double series—are derived from the
corresponding circuits of the main series by adding the DEC in each stage circuit. The first
three stages of this series are shown in Figures 7.49,7.52, and 7.53. For ease of understanding,
they are called the elementary double circuit, the two-stage double circuit, and three-stage
double boost circuit, respectively, and are numbered n = 1, 2, and 3, respectively.
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FIGURE 7.52 N/O two-stage double boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on,
and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Conuverters.
Boca Raton: Taylor & Francis Group LLC, p. 366. With permission.)

7.5.3.1 N/O Elementary Double Boost Circuit

The N/O elementary double boost circuit is derived from the elementary boost converter
by adding a DEC. Its circuit and switch-on and switch-off equivalent circuits are shown in
Figure 7.49, which is the same as the elementary boost additional circuit.

7.5.3.2  N/O Two-Stage Double Boost Circuit

The N/O two-stage double boost circuit is derived from the two-stage boost circuit by
adding the DEC in each stage circuit. Its circuit diagram and switch-on and switch-off
equivalent circuits are shown in Figure 7.52.

The voltage across capacitors C1 and Cyj is charged with V. As described in the previous
section, the voltage V1 across capacitors C; and Cyg is Ve = (1/(1 — k))Vin. The voltage
across capacitor Cyp is charged with 2V¢;.

The current flowing through inductor L, increases with 2V during the switch-on period
kT and decreases with —(Vcp — 2Vc1) during the switch-off period (1 — k)T. Therefore, the
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FIGURE 7.53 N/O three-stage double boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on,
and (c) Equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 368. With permission.)

ripple of the inductor current 7 is

2V, Ve — 2V
Aipp = = Ckr = 222 L1 -pT,
Ly Ly
2 1 \?2

Ver= —Ver =2 —) Vin.

C2 1—_k C1 <1 — k) in

The voltage Vo, is
2
Ve =2V = (m) Vin.

(7.362)

(7.363)
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The output voltage is

7 \2
The voltage transfer gain is
Vo 2 \?
= =({—) -1 7.
G 7 < 1= k) (7.365)

Analogously,

. Vin 2 2
Aip1 = —kT, Lhi=—) Io,
L1 L L1 (1 — k) O

. V1 2lp
Afpp = —kT, I1p=-—-.
112 L2 L2 1—_k

Therefore, the variation ratio of current it through inductor L, is

: Air1/2 k(1 —-k3*TVin k1 —-k* R
1= = =

= = — 7.366
It 8L11o 16 fLy ( )
and the variation ratio of current i;, through inductor L; is
Airp/2 k(1 —k)TVy k(1 -k? R
£ = i2/2 _ k( Vi k( ) R (7.367)
I 41,10 8 fL
The ripple voltage of output voltage vg is
A I
pug = AQ I _ Kk Vo
Cn Cn fCn R
Therefore, the variation ratio of output voltage vg is
Avo/2 k
= = . 7.368
Vo 2RfCp» ( )

7.5.3.3 N/O Three-Stage Double Boost Circuit

The N/O three-stage double boost circuit is derived from the three-stage boost circuit by
adding the DEC in each stage circuit. Its circuit diagram and equivalent circuits during
switch-on and switch-off periods are shown in Figure 7.53.

The voltage across capacitors C; and Cyp is charged with V. As described in the previous
section, the voltage V1 across capacitors C1 and C11 is Ve = (1/(1 — k)) Vin, and the voltage
V2 across capacitors Cy and Cyp is Viea = 2(1/(1 — k))?Vin.

The voltage across capacitor Cpp is 2V = (2/(1 — k))?Vin. The voltage across capacitors
C3 and C3; is charged with V3. The voltage across capacitor Cy is charged with V. The
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current flowing through inductor L3 increases with V;, during the switch-on period kT and
decreases with — (V3 — 2V2) during the switch-off period (1 — k)T. Therefore,

2V, —

_ Ve, Ves =2V
L3 L3
2V 4

Ves = o= ase Vin. (7.370)

A3 1-0T, (7.369)

The voltage V3, is

7 \3
Ve =2Ves = (ﬁ) Vin.

The output voltage is

Vo = Vesp — Vig = [(%)3 - 1} Vin. (7.371)
The voltage transfer gain is
G= “;0 - (1%()3 1 (7.372)
Analogously,
Aipy = ‘Iill kT, In1= ﬁl()/
Aipp = ‘L/—zlkT, Iip = ﬁl@,

Therefore, the variation ratio of current ir; through inductor L; is

_Ainy/2 kA —kPTVin k(1 —k° R

= = —, 7.373
1 i 161110 128  fLy (7.373)
the variation ratio of current i, through inductor L, is
Airp/2 k(1 —k)>2TVy  k(1-k?* R
£y = f2/2 _ k( YTVL _ k( ) r (7.374)
Iio 8L2Io 32 fLp
and the variation ratio of current i; 3 through inductor L3 is
Air3/2 k(1 -kTV, k(1-k? R
£y — i3/2 k(A -KTVy k(A —-k* R (7.375)

IL3 - 4L3Io - 8 fL3 ’
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The ripple voltage of output voltage vo is

AQ  IokT k Vo
Avp= === = —— 2,
Cz Cxn fCn R

Therefore, the variation ratio of output voltage vo is

. Avo/2 k
Vo  2RfCxm’

(7.376)

7.5.3.4 N/O Higher-Stage Double Boost Circuit

The N/O higher-stage double boost circuit is derived from the corresponding circuits of
the main series by adding the DEC in each stage circuit. For the nth stage additional circuit,

the final output voltage is
2 n

Vo 2 \"
=—=|—) —1 7.377
¢ Vin <1 - k) ( )

The voltage transfer gain is

Analogously, the variation ratio of current i;; through inductor L; (i =1,2,3,...,n) is

_Ai/2 k(1 =k R

. —, 7.378
Si It 2 x 221 fLi ( )
and the variation ratio of output voltage vo is
Avp/2 k
= = ) 7.379
T Vo T 2RfCn (7.379)

7.5.4 Triple Series

All circuits of the N/O cascaded boost converters—triple series—are derived from the
corresponding circuits of the main series by adding the DEC twice in circuits of each stage.
The first three stages of this series are shown in Figures 7.54 through 7.56. For ease of
understanding, they are called the elementary double (or additional) circuit, the two-stage
double circuit, and the three-stage double circuit, respectively, and are numbered n =1, 2,
and 3, respectively.

7.5.4.1 N/O Elementary Triple Boost Circuit

The N/O elementary triple boost circuit is derived from the elementary boost converter
by adding the DEC twice in each stage circuit. Its circuit and switch-on and switch-off
equivalent circuits are shown in Figure 7.54. The output voltage of the first stage boost
circuitis Vi1, Ver = Vin/(1 — k).
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FIGURE 7.54 N/O elementary triple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on,
and (c) equivalent circuit during switch-off. (Reprinted from Luo, . L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 372. With permission.)

After the first DEC, the voltage (across capacitor Cy2) increases to

2
Ve = 2Ver = 7 Vin. (7.380)

After the second DEC, the voltage (across capacitor Cy4) increases to

3
Ve = Ve + Ve = mvim (7.381)
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The final output voltage Vo is equal to

3
Vo="Vci = Vin = [m - 1} Vin.
The voltage transfer gain is
Vo 3
G=—=—>-1
Vin 11—k

7.5.4.2 N/O Two-Stage Triple Boost Circuit

Power Electronics

(7.382)

(7.383)

The N/O two-stage triple boost circuit is derived from the two-stage boost circuit by adding
the DEC twice in circuits of each stage. Its circuit diagram and switch-on and switch-off

equivalent circuits are shown in Figure 7.55.

As described in the previous section, the voltage across capacitor Cig is Vg =

(3/(1 — k))Vin. Analogously, the voltage across capacitor Coy is

3 2
Vo = <m> Vin.

The final output voltage Vo is equal to

3 2
Vo =Vcou — Vin = <m> —1|Vin.

The voltage transfer gain is

Analogously,

2 2
R

. Vin
Aip1 = —KkT, I =
.1 L L1 1—k

Y

. \%1 2Ip
Aip = —kT, Iip = —.
112 Lz L2 k

—_

Therefore, the variation ratio of current it through inductor L; is

g, = Diu/2 _ kA - K?TVin  k(1—k* R
YT T 8Lilo 16 fLy

and the variation ratio of current i;, through inductor L; is

)= Aip/2  k(1—KTVy  k(1—k? R
2T T 4l 8 fly

(7.384)

(7.385)

(7.386)

(7.387)

(7.388)
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~

FIGURE7.55 N/O two-stage triple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on, and
(c) equivalent circuit during switch-off. (Reprinted from Luo, E. L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 373. With permission.)

The ripple voltage of output voltage vo is

AQ  IokT k Vo
Avp =22 =0 _ = 1O
Cn C»n fC»n R

Therefore, the variation ratio of output voltage vo is

. Avo/2 k

= . 7.389
Vo  2RfCx» (7.389)
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7.5.4.3 N/O Three-Stage Triple Boost Circuit

This N/O three-stage triple boost circuit is derived from the three-stage boost circuit by
adding the DEC twice in each stage circuit. Its circuit diagram and equivalent circuits during
switch-on and switch-off periods are shown in Figure 7.56.

As described in the previous section, the voltage across capacitor Cig is Vg =
(3/(1 — k))Vin and the voltage across capacitor Cp4 is Vicps = (3/(1 — €)% Vin. Analogously,
the voltage across capacitor Czy is

3 3
VC34 = <m> Vin. (7390)

The final output voltage Vo is

3
Vo = Vst — Vin = [(—) - 1} Vin. (7.391)

FIGURE 7.56 N/O three-stage triple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on,
and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 375. With permission.)
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The voltage transfer gain is

G= “j_z - <137k>3 ~1. (7.392)
Analogously,
Aipg = Z—ilnkT, It = %Io,
Aipp = ‘L/—zlkT, Iip = ﬁlo,
Aips = ‘L/—SZkT, I3 = 1%{10.

Therefore, the variation ratio of current ir; through inductor L, is

Air1/2 k(1 —=k)P3TVi, k(1 —k° R
£ = i1/ _ ( ) in _ ( ) = (7.393)
Ii1 64L11p 123 fL1

the variation ratio of current i > through inductor L; is

_ Aip/2 kA -k?TVi k1 -k* R

= —, 7.394
2= 77, 161,10 122 fl, (7.394)
and the variation ratio of current i; 3 through inductor L3 is
Ai3/2  k(1—-KTV, k(1-k? R
£y = ir3/2  k( TVa _ k( )" R (7.395)

I, 4Lzl 12 fL3

Usually &1, &2, and &3 are small; this means that this converter works in the continuous
mode.
The ripple voltage of output voltage vg is

AQ  IokT k Vo
Avp=—==2"_ - 'O
Cxz C;» fCx» R

Therefore, the variation ratio of output voltage vo is

. Avo/2 k
Vo 2RfCxpm’

(7.396)

Usually R is expressed in k€2, f in 10kHz, and Ca4 in pF; this ripple is much smaller than
1%.

7.5.4.4 N/O Higher-Stage Triple Boost Circuit

An N/O higher-stage triple boost circuit is derived from the corresponding circuits of the
main series by adding the DEC twice in circuits of each stage. For the nth stage additional
circuit, the voltage across capacitor C,4 is

3 n
VCn4 = (m) Vin-
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The output voltage is

3 n
Vo = Vs — Vin = K—) - 1} Vin. (7.397)

The voltage transfer gain is

Vo 3\
=—=—) -1 7.
oo (=) 7:3%%)

Analogously, the variation ratio of current i;; through inductor L; (i = 1,2,3,...,n) is

_ Ai/2 k(1 =k R

= = , —, 7.399
& I 12(n—i+1) fLi ( )
and the variation ratio of output voltage vo is
Avp/2 k
= = ) 7.400
*T Vo  2RfCn (7.400)

7.5.5 Multiple Series

All circuits of the N/O cascaded boost converters—multiple series—are derived from the
corresponding circuits of the main series by adding the DEC multiple () times in each stage
circuit. The first three stages of this series are shown in Figures 7.57 through 7.59. To make it
easy to explain, they are called the elementary multiple boost circuit, the two-stage multiple
boost circuit, and the three-stage multiple boost circuit, respectively, and are numbered as
n =1,2,and 3, respectively.

7.5.5.1 N/O Elementary Multiple Boost Circuit

The N/O elementary multiple boost circuit is derived from the elementary boost converter
by adding the DEC multiple (j) times. Its circuit and switch-on and switch-off equivalent
circuits are shown in Figure 7.57.

The output voltage of the first DEC (across capacitor Cyy;j) increases to

Vewj = %Vim (7.401)
The final output voltage Vo is
Vo =Vcizj — Vin = [% - 1] Vin. (7.402)
The voltage transfer gain is
G= Yo_j+1_ 1. (7.403)
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FIGURE7.57 N/O elementary multiple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on,
and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 379. With permission.)

7.5.5.2  N/O Two-Stage Multiple Boost Circuit

The N/O two-stage multiple boost circuit is derived from the two-stage boost circuit by
adding the DEC multiple (j) times in each stage circuit. Its circuit diagram and switch-on
and switch-off equivalent circuits are shown in Figure 7.58.
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(a) o J |
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FIGURE 7.58 N/O two-stage multiple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on,
and (c) equivalent circuit during switch-off. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 380. With permission.)

As described in the previous section, the voltage across capacitor Cizjis Vergj = (G+ 1)/
(1 = k) Vin.
Analogously, the voltage across capacitor Cpy; is

i+1)\°
Ve = (%) Vin. (7.404)
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FIGURE7.59 N/O three-stage multiple boost circuit: (a) circuit diagram, (b) equivalent circuit during switch-on,
and (c) equivalent circuit during switch-off. (Reprinted from Luo, . L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 382. With permission.)

The final output voltage Vo is

i1 2
Vo =Vcwj—Vin= |:<;Tk) - 1} Vin. (7.405)
The voltage transfer gain is
Vo (j+1)\°
= =\—) -1 74
C=7 (1 - k) (7.406)

The ripple voltage of output voltage vg is

_AQ  IokT  k Vo

Avg=—==2"=_— 29
Cxnj Cxj fCx R
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Therefore, the variation ratio of output voltage Vo is

Avp/2 k
e = =

- : 7.407
Vo  2RfCx (7.407)

Example 7.5
An N/O two-stage multiple (j = 4) boost converter in Figure 7.58a has Vi, = 20V, all inductors

have 10 mH, all capacitors have 20uF, R = 10k, f = 50kHz, and conduction duty cycle k =
0.6. Calculate the output voltage and its variation ratio.

SoLUTION
From Equation 7.405, we can obtain the output voltage

. 2 2
_ j+1 _ . 4+1 B B
Vo = [(1 _k> 1} Vi, = [(1 —0% 1| %20 = 605V.

From Equation 7.407, its variation ratio is

k 0.6

g = = = 0.00003.
2RfCrg 2 x 10,000 x 50k x 20

7.5.5.3 N/O Three-Stage Multiple Boost Circuit

The N/O three-stage multiple boost circuit is derived from the three-stage boost circuit
by adding the DEC multiple (j) times in circuits of each stage. Its circuit diagram and
equivalent circuits during switch-on and switch-off periods are shown in Figure 7.59.

As described in the previous section, the voltage across capacitor Cioj is Vengj =
(G+1/(Q =k))Vin and the voltage across capacitor Cpyj is Ve = (G +1)/(1 — )2 Vin.
Analogously, the voltage across capacitor Cap; is

i+1)°
Vesy = (L22) Vi (7.408)
1-k
The final output voltage Vo is
i1y’
The voltage transfer gain is
Vo (j+1)\°
G=-=7—) -1 7.410
Vi <1 - k) 7410

The ripple voltage of output voltage vg is

AQ IKT  k Vo
~ Cspj  Czj  fCmj R
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Therefore, the variation ratio of output voltage vo is

Avp/2 k
€= = .
Vo 2RfCsy;

(7.411)

7.5.5.4 N/O Higher-Stage Multiple Boost Circuit

An N/O higher-stage multiple boost circuit is derived from the corresponding circuits of
the main series by adding the DEC multiple (j) times in circuits of each stage. For the nth
stage multiple boost circuit, the voltage across capacitor C;; is

1\
Vemj = (]1Tk> Vin.

The output voltage is

1\"
Vo = Ve — Vin = [(h) — 1} Vin. (7.412)
The voltage transfer gain is
Vo i+1\"
G=—=|7——) - L 7.413
Vin <1 - k> ( )
The variation ratio of output voltage vo is
Avp/2 k
_ Avo/2 _ , (7.414)
Vo 2RfCypj

7.5.6  Summary of N/O Cascaded Boost Converters

All circuits of the N/O cascaded boost converters can be shown in Figure 7.60 as the family
tree.

From the analysis of the previous two sections, the common formula to calculate the
output voltage can be presented as

DERERY. -
<_k) —1|Vin main series,
- 1 0

2 % (—) — 1i| Vin additional series,

Vo double series, (7.415)

I
1
7N
—_
|
=
N~
2
|
—
1
~
5

—1|Vin multiple (j) series.

- n
(ﬂ) —1|Vin triple series,
j+1 )
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Main Additional Double Triple Multiple
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boost circuit

4 stage N/O
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4 stage N/O
double circuit

4 stage N/O
triple circuit

4 stage N/O
mulitple circuit

3 stage N/O
boost circuit

3 stage N/O
additional circuit

3 stage N/O
double circuit

3 stage N/O
triple circuit

3 stage N/O
mulitple circuit

2 stage N/O
boost circuit

2 stage N/O
additional circuit

2 stage N/O
double circuit

2 stage N/O
triple circuit

2 stage N/O
mulitple circuit

Elementary N/O
additional/double circuit

Elementary N/O
triple circuit

Elementary N/O
mulitple circuit

Elementary negative output boost converter

FIGURE 7.60 The family of N/O cascaded boost converters. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential
DC/DC Conuverters. Boca Raton: Taylor & Francis Group LLC, p. 384. With permission.)

The voltage transfer gain is

() -
24 (;Tk) 1
(=)
() -
()

main series,
additional series,
double series,
triple series,

multiple (j) series.

(7.416)
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7.6 UL Luo-Converter

The VL technique has been widely applied in the design of electronic circuits. Since the last
century, it has been successfully applied in the design of power DC/DC converters. Good
examples are the three series Luo-converters. Using the VL technique, one can obtain the
converter’s voltage transfer gain stage by stage in arithmetic series, which is higher than
that of classical converters such as the buck converter, the boost converter and the buck—
boost converter. Assume that the input voltage and current of a DC/DC converter are V;
and I1, the output voltage and current are V, and I, and the conduction duty cycle is k. To
compare the transfer gains of these converters, we list the formulae below:

\%
Buck converter: G = V—Z =k,

1

\% 1
Boost converter: G = 7? = 1=%
% k
Buck-boost converter: G = V—i =1-%

Vo KM+ h
Luo-converter: G = —= = [n—+(n)]’ (7.417)
Vi 1—k

where 7 is the stage number, and h(n) is the Hong function:

1 =0
h(”):{o Z>O !

and n = 0 for the elementary circuit with the voltage transfer gain

k
= = —. 741
¢ Vi 1—-k (7.418)

The SL technique has been paid much more attention since it yields higher voltage transfer
gain. Good examples are the SL Luo-converters. Using this technique, one can obtain the
converter’s voltage transfer gain stage by stage in geometrical series. The gain calculation

formula is
Vs j+2-— K\"
_ _ ndiiieg 7.41

G V1 < 1—k ) ! (7.419)

where 7 is the stage number and j is the multiple-enhanced number. Note that n =1 and
j = 0 for the elementary circuit with

Vo 2—k
G=-—2=°"—. 7.420
Vi 1—k (7.420)

We introduce the UL Luo-converter as a novel approach of the new technology called the
UL technique, which produces even higher voltage transfer gains [1,2,10,11]. Simulation
results verified our analysis and calculation, and illustrated the advanced characteristics of
this converter.
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7.6.1 Operation of the UL Luo-Converter

The circuit diagram is shown in Figure 7.61a, which consists of one switch S, two inductors
L1 and Ly, two capacitors C; and Cy, three diodes, and the load R. Its switch-on equivalent
circuit is shown in Figure 7.61b. Its switch-off equivalent circuit for the CCM is shown in
Figure 7.61c and the switch-off equivalent circuit for the DCM is shown in Figure 7.61d.

It is a converter with a very simple structure when compared with other converters.
As usual, the input voltage and current of the UL Luo-converter are V1 and I, the output
voltage and currentare V3 and I, the conduction duty cycleis k, and the switching frequency
is f. Consequently, the repeating period T = 1/f, the switch-on period is kT, and the switch-
off period is (1 — k)T. To concentrate the operation process, we assume that all components
except load R are ideal ones. Therefore, no power losses are considered during power
transformation, thatis, P, = Po or V1 x I1 = Vp x b».

e s | D Dy oy, I D, 2
l—wf—m *
+ - T UP) - T -
v, v,
v, L, l asl o [ r[]v,

i i
Cl C1 CZ C2

(b)

iy i
+ T -
vi T L, = | R [] Vy
- icy +
(C) V. LZ b
. > Y Y M <
-
— T iy — T —
V. V
L l a ozl r(] v
+ ic1 i +
i G G
(d) V3 L2 ‘ i2
P —
— T iLZ — T —
V.
L l Va adl | » I:I v,
+ o ia +| i +
. C C.
i, “1 2

FIGURE7.61 UL Luo-converter: (a) circuit diagram, (b) equivalent circuit during switch-on, (c) equivalent circuit
during switch-off (CCM), and (d) equivalent circuit during switch-off (DCM). (Reprinted from Luo, F. L. and Ye, H.
2006. Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC. With permission.)
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7.6.1.1 Continuous Conduction Mode

Referring to Figures 7.61b and c, we have obtained the result that the current i ; increases
along the slope +V1 /L1 during the switch-on period and decreases along the slope —V3 /L1
during the switch-off period. In the steady state, the current increment is equal to the current
decrement in the whole period T. The following relation is obtained:

1% Vs
KT =1 -T2
L - =iy

Thus,

Ve =V3 =

V1. 7421
T (7.421)

The current i1, increases with the slope +(V1 — V3)/L, during the switch-on period and
decreases with the slope —(V3 — V,)/L, during the switch-off period. In the steady state,
the current increment is equal to the current decrement in the whole period T. We obtain
the following relation:

Vi+ V3 V3
kTL—2 (1—k)T L
2—k k 2—-k k2 -k
Vo=V = 1—kV3_1—kl—k 1= (1—k)2V (7.422)

The voltage transfer gain is

Va k 2—k kQ-k
_ 2 = . 7.42
G Vi 1-k1-k (1—k2 (7.423)

It is much higher than the voltage transfer gains of the VL Luo-converter and SL Luo-
converter in Equations 7.418 and 7.420. Actually, the gain in Equation 7.423 is the
consequence of those in Equations 7.418 and 7.420. Another advantage is the starting output
voltage of 0 V. The curve of the voltage transfer gain M versus the conduction duty cycle k
is shown in Figure 7.62.

The relation between input and output average currents is

2= ]22_—_1(]); 1 (7.424)
The relation between average currents I1» and Ir 1 is
o =0 =K. (7.425)
The other relations are
Iio = <1 + L) I = ! I, (7.426)
1—k 1—k

1 2
h1=—-hp=—) L. 7.427
L1 — L2 <1 k) 2 ( )
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FIGURE 7.62 Voltage transfer gain G versus conduction duty cycle k. (Reprinted from Luo, F. L. and Ye, H. 2006.
Essential DC/DC Converters. Boca Raton: Taylor & Francis Group LLC, p. 395. With permission.)

The variation of inductor current iy 1 is
Vv
Al = kT—l (7.428)
Ly

and its variation ratio is

A2 kA —k?*TVy kA —-k?TR  (1-k*R

& i 2011 o 2LM 22 —k)fLy

(7.429)

The diode current ip; is the same as the inductor current 711 during the switch-off period.
For the CCM operation, both currents do not descend to zero, that is, &1 > 1.
The variation of inductor current iy, is

Aijg = —— (7.430)

and its variation ratio is

: Airp/2  kTVi kTR (1—k)2R
2= =

= = = . 7.431
Lo 20 2LoM 22 —k)fLy ( )
The variation of capacitor voltage vcy is
AQc1  kTIip kTI,
AvCT = = = 7.432
o TTa T a-ha 7432
and its variation ratio is
A 2 kTI k2—k
op = vc1/2 2 ( ) (7.433)

Voo 20—-kVsC,  2(1—k2fCiR
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The variation of capacitor voltage vc; is

AQc2  kTh
C G

Avcy = (7.434)

and its variation ratio is

Avco /2 kTI, k
= = = . 7'435
Ve 2VoCy  2fCaR ( )

€ =02

Example 7.6

An UL Luo-converter, shown in Figure 7.61a, has V; = 20V, all inductors have 10 mH, all capac-
itors have 20 uF, R =500€, f = 50kHz, and conduction duty cycle k = 0.6. Calculate the
variation ratios of current i 1, current i » and voltage vc1, and the output voltage and its variation
ratio.

SOLUTION

From Equation 7.429, we can obtain the variation ratio of current i 1:

(1 —Kk*R (1 —0.6)* x 500

=20 kil 22 -06 x50kx1om 00"

&1

From Equation 7.431, we can obtain the variation ratio of current iy;:

(1 - k2R (1 —0.6)2 x 500
2Q—k)fly 22 —-0.6) x50kx10m
From Equation 7.433, we can obtain the variation ratio of voltage vc1:
k@2 -k 0.6(2 -0.6
o1 2-5 ( ) = 0.00525.

T 20 —K2fCIR ~ 2(1 = 0.6)2 x 50k x 201 x 500
This converter works in the CCM. From Equation 7.422, we can obtain the output voltage

_k@-k , 0.6(2-0.6)

Vy = = 20 =105V.
2T a2 T T2 06)2
From Equation 7.435, its variation ratio is
k .
0.6 = 0.0006.

*T 2GR T 2 x 50k x 20 x 500

7.6.1.2 Discontinuous Conduction Mode

Referring to Figures 7.61b—d, we have obtained the result that the current i1; increases
along the slope +V7/L; during the switch-on period and decreases along the slope —V3/L;
during the switch-off period. The inductor current it decreases to zero before t = T, that
is, the current becomes zero before the switch turns on once again.
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The current waveform is shown in Figure 7.63. The DCM operation condition is defined as
g1>1

or
_kA-k?TR _ (1—k*R

SUSTOLM T 22 —kfh = - (7.436)

Taking the equal sign, we obtain the boundary between CCM and DCM operations. Here
we define the normalized impedance Zy as

R
IN= —. 7.437
N= A (7.437)
The boundary equation is
k(1 — k)2
G= 7 Z (7.438)
or
G k(-k?
N 2
The corresponding Zy is
k2 —k) /(1 —k)? ~
L ke—k/a-b? 22—k 7.439)

k(1-k2/2 — 1-k*

The curve is shown in Figure 7.64 and Table 7.7.
We define the filling factor m to describe the current’s survival time. For DCM operation,

O<m<1.

In the steady state, the current increment is equal to the current decrement in the whole
period T. The following relation is obtained:

1% 1%
KTL = (1 - kymT=.
Ly Ly

1

A=K T l

! ol
1
| T
(1-k)ymT |

| 1

|
|
|
|
|
|
0 kTi

FIGURE 7.63 Discontinuous inductor current i 1. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 397. With permission.)
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FIGURE 7.64 Boundary between CCM and DCM. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 398. With permission.)

TABLE 7.7

Boundary between CCM and DCM

k 0.2 0.33 0.5 0.67 0.8 0.9

G 0.5625 1.25 3 8 24 99
G/ZN 0.064 2/27 1/16 1/27 0.016 0.0045
ZN 8.8 16.9 48 216 1500 22,000

Source: Data from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters, p. 398.
Boca Raton: Taylor & Francis Group LLC.

Thus,

k
Vep = Vs = mvl. (7.440)

Comparing Equations 7.421 and 7.440, we found that the voltage V3 is higher during
DCM operation since the filling factor m < 1. Its expression is

124G 2=k
"= g1 k(1—k2TR (1 —-k)4zn' (7.441)

The current 71, increases along the slope +-(V1 — V3)/L, during the switch-on period and
decreases along the slope —(V3 — V) /L, during the switch-off period. In the steady state,

the current increment is equal to the current decrement in the whole period T. We obtain
the following relation:

Vi+V3 V3
T——=(1- T
k L 1 -k L2
2—k k2 —k)
= = = . 7.442
Va=Va=1—Vs m(l—k)2V1 (7.442)
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The voltage transfer gain in the DCM is

c Vo kQ-k k@ —k)?
DM = v T ma—k2 ~ 2

ZN. (7.443)

Itis higher than the voltage transfer gain during CCM operation sincem < 1. It can be seen
that the voltage transfer gain Gpcwm is directly proportional to the normalized impedance
ZN, and this is shown in Figure 7.64.

7.6.2 Instantaneous Values

Instantaneous values of the voltage and current of each component are very impor-
tant to describe the converter operation. Referring to Figure 7.61, we have obtained the
components’ values in CCM and DCM operations.

7.6.2.1 Continuous Conduction Mode

Referring to Figure 7.61b and c, we have obtained the instantaneous values of the voltage
and current of each component in CCM operation, as listed below:

1%
IL1—min + L_llt’ 0<t<KkI,
i) = , Vs (7.444)
Ll-max — —1, kT <t<T,
Ly
Vi=-V
I12—min + 1L 3, 0<t<KkT,
; _ 2
i) = AR (7.445)
ILZ—max - LZ t, kT <t<T,
V Vi-V
. . Il—mm+<—l+ ! 3)t, 0<t<kT,
i) =is = Ly Ly (7.446)
0, kT <t<T,
0, 0<t<kT,
ip1(f) = Vs (7.447)
ILlfmax 1 t/ kT <t= T/
V-V
. - (ILme + L 3t> , 0<t<KkT,
ic1(t) = Ly (7.448)
Ic1, kKT <t<T,
-, 0<t<kT,
ic2(f) = (7.449)
Icr, kT <t=<T,
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Vi, 0<t<KT,
o1 () = (7.450)
Vs, kT <t<T,

Vi—V;, 0<t<kT,

ur2(t) = (7.451)
Vo—V3, kT <t<T,

0, 0<t=<kT,
s = (7.452)
Vi—Vs, kT<t<T,
Vi—V3, 0<t<kT,
up1(t) = (7.453)
0, KT <t<T,
I
V3—%t, 0<t<kT,
ve1(t) = I Cll (7.454)
Vs+ —t, kT <t<T,
C1
I
Vz—C—t, 0<t=<KkT,
vea(t) = I C22 (7.455)
Vo+—t, kT <t<T.
6]

7.6.2.2 Discontinuous Conduction Mode

Referring to Figure 7.61b—d, we have obtained the instantaneous values of the voltage
and current of each component in DCM operation. Since the inductor current i is
discontinuous, some parameters have three states with T’ = kT + (1 — k)ymT < T.

V1
—t, 0<t<kT,
L1 -
=1, .V yr<i<r (7.456)
L4 -
0, T <t <kT,
V-V
IL2—min + 1L 3, 0<t<KkT,
i) = Vo2V (7.457)
I1o—max — 2 1t, kKT <t<T,
Ly
Vi Vi— V3>
Hemin+ | —+ t, 0<t<KkT,
hh=ig={ ™" <L1 Lo == (7.458)
0, kT <t<T,
0, 0<t=<KkT,
. B Vs
D1 (t) - ILl—max - L_t/ kT <t=< T// (7'459)
1

0, T <t <kT,
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Vi—-Vs3 >
. — p—min + ———t), 0=<t=<KkT,
ic1() = < F2min L,
Ic, kT <t<T,
‘ —I,, 0<t<kT,
ic2(f) =
Ico, kT <t<T,
Vi, 0<t<KkT,
o) ={Vs, kT<t<T,
0, T <t<kT,
Vi—Vs, 0<t<kT,
() =
Vo—Vs3, kT <t<T,
0, 0<t<kT,
vs(t) ={V1—-V3, kKT <t<T,
1, T <t <kT,
Vi—-V;3, 0<t<kT,
op1(t) = {0, kT <t<T,
—Vs, T <t <kT,
I
Vs— 24 0<t<kT,
C1
ve1(t) = Icy
Va+—t, kT <t<T,
C1
I
Vz—c—t, 0<t<KkT,
vea(t) = 1C22
Vo+ =t kT <t<T.
6]
TABLE 7.8
Comparison of Various Converters Gains
k 0.2 0.33 0.5 0.67 0.8 0.9
Buck 0.2 0.33 0.5 0.67 0.8 0.9
Boost 1.25 1.5 2 3 5 10
Buck-boost 0.25 0.5 1 2 4 9
Luo-converter 0.25 0.5 1 2 4 9
SL Luo-converter 2.25 25 3 4 6 11
UL Luo-converter 0.56 1.25 3 8 24 99

Source: Data from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters. Boca Raton: Taylor &

Francis Group LLC, p. 403.
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7.6.3 Comparison of the Gain to Other Converters’ Gains

The UL Luo-converter has been successfully developed using a novel approach of the new
technology called UL. Table 7.8 lists the voltage transfer gains of various converters at
k=0.2,0.33,0.5,0.67,0.8, and 0.9. The outstanding characteristics of the UL Luo-converter
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FIGURE?7.65 Simulationresultsfork = 0.6. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC Converters.
Boca Raton: Taylor & Francis Group LLC, p. 404. With permission.)
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FIGURE 7.66 Simulation results for k = 0.66. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 404. With permission.)
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FIGURE 7.67 Experimental results for k = 0.6. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 405. With permission.)

are very well presented. From the comparison, we can clearly see that the UL Luo-converter
has very high voltage transfer gain: G(k)|x—o5 = 3, G(k)|x=0.67 = 8, G(k)|x=0.8 = 24, and
G(k)|k=0.9 = 99.

7.6.4 Simulation Results

To verify the advantages of the UL Luo-converter, a PSpice simulation method was applied.
We choose the following parameters: V1 =10V,L; =L, = 1mH,C; = C; = 1nE R =3k,
f = 50kHz, and conduction duty cycle k = 0.6 and 0.66. The output voltageis V, = 52.5and
78V, correspondingly. The first waveform is the inductor current i 1, which flows through
the inductor L1. The second and third waveforms are the voltage V3 and the output voltage
V5. These simulation results are identical to the calculation results. The results are shown
in Figures 7.65 and 7.66, respectively.
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FIGURE 7.68 Experimental results for k = 0.66. (Reprinted from Luo, F. L. and Ye, H. 2006. Essential DC/DC
Converters. Boca Raton: Taylor & Francis Group LLC, p. 405. With permission.)
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7.6.5 Experimental Results

To verify the advantages and design of the UL Luo-converter and compare them with the
simulation results, we constructed a test rig with the following components: V1 =10V,
L1 =L, =1mH, C; = C; =1uE R =3k, f = 50kHz, and conduction duty cycle k = 0.6
and 0.66. The output voltage is Vo = 52 and 78V, correspondingly. The first waveform is
the inductor current i1, which flows through the inductor L;. The second waveform is the
output voltage V5. The experimental results are shown in Figures 7.67 and 7.68, respectively.
The test results are identical to those of the simulation results shown in Figures 7.65 and
7.66, and confirm the calculation results and our design.

7.6.6 Summary

The UL Luo-converter has been successfully developed using a novel approach of the new
technology called the UL technique, that produces even higher voltage transfer gain. The
voltage transfer gain of the UL Luo-converter is much higher than that of VL Luo-converter
and the SL Luo-converter. This chapter introduced the operation and characteristics of this
converter in detail. The converter will be applied in industrial applications with high output
voltages.

Homework

7.1. A re-lift circuit of the P/O SL Luo-converter, shown in Figure 7.2a, has Vi, =20V,
L1 =10mH, C; =20nE R =100€, f = 50kHz, and conduction duty cycle k = 0.6.
Calculate the variation ratio of current i 1, and the output voltage and its variation
ratio.

7.2. Anelementary additional circuit of the P/O SL Luo-converter, shown in Figure 7.5a,
has Vi, =20V, all inductors have 10 mH, all capacitors have 20 u.F, R = 1000 L, f =
50kHz, and conduction duty cycle k = 0.6. Calculate the variation ratio of current
iL1, and the output voltage and its variation ratio.

7.3. An N/O triple-lift circuit, shown in Figure 7.19a, has Vi, = 20V, all inductors have
10 mH, all capacitors have 20 uF, R = 200 2, f = 50kHz, and conduction duty cycle
k = 0.6. Calculate the variation ratio of current i 1, and the output voltage and its
variation ratio.

7.4. An elementary boost additional circuit, shown in Figure 7.34a, has Vi, =20V,L; =
10 mH, all capacitors have 20 LF, R = 400 €, f = 50 kHz, and conduction duty cycle
k = 0.6. Calculate the variation ratio of current i1, and the output voltage and its
variation ratio.

7.5. An N/O three-stage multiple (j =5) boost converter, shown in Figure 7.59a,
has Vin =20V, all inductors have 10mH, all capacitors have 20uF, R = 10k€2,
f =50kHz, and conduction duty cycle k = 0.6. Calculate the output voltage and
its variation ratio.

7.6. An UL Luo-converter, shown in Figure 7.61a, has V1 =20V, all inductors have
1mH, all capacitors have 2 uF, R = 10k, f = 50kHz, and conduction duty cycle
k = 0.6. Calculate the output voltage.
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Pulse-Width-Modulated DC/AC Inverters

DC/AC inverters are used to quickly develop knowledge of the power switching circuits
applied in industrial applications in comparison with other power switching circuits. In
the 20th century, a number of topologies of DC/AC inverters were created. Generally,
DC/AC inverters are mainly used in an AC motor adjustable speed drive (ASD). Power
DC/AC inverters have been widely used in other industrial applications since the late
1980s. Semiconductor manufacture development resulted in power devices such as GTO,
triac, BT, IGBT, MOSFET, and so on in higher switching frequencies (say from tens of kHz up
to a few MHz). Because of devices such as thyristors (SCRs) with low switching frequency
and high power rate, the above-mentioned devices have low power rate and high switching
frequency [1,2].

Square-waveform DC/AC inverters were used before the 1980s. Among this equipment,
thyristor, GTO, and triac can be used in low-frequency switching operations. Also, high-
frequency devices such as power BT and IGBT were produced. Corresponding equipment
implementing the PWM technique has a large range of output voltage and frequency, and
low THD.

Today, two DC/AC inversion techniques are popular: the PWM technique and the MLM
technique. Most DC/AC inverters continue to be different prototypes of PWM DC/AC
inverters. We introduce PWM inverters in this chapter and MLM inverters in the next.

8.1 Introduction

DC/AC inverters are used for converting a DC power source into an AC power application.
They are generally used in the following applications:

1. Variable voltage/variable frequency AC supplies in an ASD, such as induction
motor drives, synchronous machine drives, and so on.

2. Constant regulated voltage AC power supplies, such as uninterruptible power
supplies (UPSs).

. Static var (reactive power) compensations.

. Passive/active series/parallel filters.

. Flexible AC transmission systems (FACTSs).
. Voltage compensations.

N U1 = W

Adjustable-speed induction motor drive systems are widely used in industrial applica-
tions. These systems require DC/AC power supply with variable frequency, usually from

435
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(@)
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FIGURE 8.1 Standard ASD scheme: (a) switch-mode inverter in AC motor drive and (b) switch-mode converters
for motoring/regenerative braking.

0 to 400 Hz in fractional horsepower (hp) to hundreds of HP. Today, there are a large num-
ber of DC/AC inverters in the world market. The typical block circuit of an ASD is shown
in Figure 8.1. From this block diagram, we see that the power DC/AC inverter produces
variable frequency and voltage to implement ASD.

The PWM technique is different from the PAM and PPM techniques. By implementing
this technique, all pulses have adjustable pulse width with constant amplitude and phase.
The corresponding circuit is called the pulse-width modulator. Typical input and output
waveforms of a pulse-width modulator are shown in Figure 8.2. The output pulse train has
pulses with the same amplitude and different widths, which correspond to the input signal
at the sampling instants.

8.2 Parameters Used in PWM Operations

Some parameters are specially used in PWM operations.

8.2.1 Modulation Ratios

The modulation ratio is usually yielded by a uniformed-amplitude triangle (carrier) signal
with amplitude Virj_m. The maximum amplitude of the input signal is assumed to be Vin_pm.
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L,
U

FIGURE 8.2 Typical (a) input and (b) output waveforms of a pulse-width modulator.

We define the amplitude modulation ratio m, for a single-phase inverter as

Vin—m
My = —. 8.1
: Viri-m ( )
We also define the frequency modulation ratio ¢ as
g = Jaiom (8.2)

£ = .
fin—m

A one-leg switch-mode inverter is shown in Figure 8.3. The DC-link voltage is V4. Two
large capacitors are used to establish the neutral point N. The AC output voltage from
point a to N is Va0 and its fundamental component is (Vao0)1. We mark (VAO)l to show
the maximum amplitude of (Va0)1. The waveforms of the input (control) signal and the
triangle signal, and the spectrum of the PWM pulse train are shown in Figure 8.4.

If the maximum amplitude (Va0)1 of the input signal is smaller than and/or equal to half
the DC-link voltage V4/2, the modulation ratio m, is smaller than and/or equal to unity.
In this case, the fundamental component (Vap)1 of the output AC voltage is proportional
to the input voltage. The voltage control by varying m, for a single-phase PWM is split in
to three areas, as shown in Figure 8.5.

s 4
G
+ S D
Vyl2 —= * *
q
C, o
—>
V4 2 06—
Yo
N
+ <
Vg2 ==
C_ S_ J D_

FIGURE 8.3 One-leg switch-mode inverter.
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FIGURE 8.4 Pulse-width modulation. (a) Control and triangle waveforms, (b) inverter output waveform and its
fundamental wave, and (c) spectrum of the inverter output waveform.

<1.0)

8.2.1.1 Linear Range (i,

The condition (VAo)l = ma(V4/2) determines the linear region. It is a sinusoidal PWM
where the amplitude of the fundamental frequency voltage varies linearly with the ampli-
tude modulation ratio m,. The PWM pushes the harmonics into a high frequency range
around the switching frequency and its multiples. However, the maximum available
amplitude of the fundamental frequency component may not be as high as desired.

8.2.1.2 Overmodulation (1.0 < m, < 1.27)

The condition (Vg4/2) < (VAO)1 < (4/m)(V4/2) determines the overmodulation region.
When the amplitude of the fundamental frequency component in the output voltage
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FIGURE 8.5 Voltage control by varying 5.

increases beyond 1.0, it reaches overmodulation. In the overmodulation range, the
amplitude of the fundamental frequency voltage no longer varies linearly with m,.

Overmodulation causes the output voltage to contain many more harmonics in the side-
bands as compared with the linear range. The harmonics with dominant amplitudes in the
linear range may not be dominant during overmodulation.

8.2.1.3 Square Wave (Sufficiently Large m, > 1.27)

The condition (VAO)l > (4/m)(V4/2) determines the square-wave region. The inverter volt-
age waveform degenerates from a pulse-width-modulated waveform into a square wave.
Each switch of the inverter leg in Figure 8.3 is on for one half-cycle (180°) of the desired
output frequency.

8.2.1.4 Small ms(m; < 21)

Usually the triangle waveform frequency is much larger than the input signal frequency to
obtain small THD. For the situation with a small m¢ < 21, two points have to be mentioned:

o Synchronous PWM: For a small value of my, the triangle waveform signal and
the input signal should be synchronized to each other (synchronous PWM). This
synchronous PWM requires that m; be an integer. The reason for using syn-
chronous PWM is that asynchronous PWM (where i is not an integer) results
in subharmonics (of the fundamental frequency) that are very undesirable in most
applications. This implies that the triangle waveform frequency varies with the
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desired inverter frequency (e.g., if the inverter output frequency and hence the
input signal frequency is 65.42 Hz and m¢ = 15, the triangle wave frequency should
be exactly 15 x 65.42 = 981.3 Hz).

o myg <21 should be an odd integer: As discussed previously, m¢ should be an odd
integer except in single-phase inverters with PWM unipolar voltage switching,
which will be discussed in Section 8.7.1.

8.2.1.5 Large m¢(ms > 21)

The amplitudes of subharmonics due to asynchronous PWM are small at large values of ;.
Therefore, at large values of m¢, asynchronous PWM can be used where the frequency of
the triangle waveform is kept constant, whereas the input signal frequency varies, resulting
in noninteger values of m (so long as they are large). However, if the inverter is supplying
a load such as an AC motor, the subharmonics at zero or close to zero frequency, even
though small in amplitude, will result in large currents, which will be highly undesirable.
Therefore, asynchronous PWM should be avoided.

It is extremely important to determine the harmonic components of the output voltage.
Referring to Figure 8.4c, we have the FFT spectrum and the harmonics. Choosing the fre-
quency modulation ratio #i¢ as an odd integer and the amplitude modulation ratio m, < 1,
we obtain the generalized harmonics of the output voltage shown in Table 8.1.

The rms voltages of the output voltage harmonics are calculated by

Va (Vaoln
V. = — ,
Vo 73 Va2

(8.3)

TABLE 8.1
Generalized Harmonics of Vo (or Vo) for a Large Value of mi¢

may
h 0.2 0.4 0.6 0.8 1.0
1 0.2 04 0.6 0.8 1.0
(Fundamental)
mg 1.242 1.15 1.006 0.818 0.601
mg £ 2 0.016 0.061 0.131 0.220 0.318
mp + 4 0.018
2me £ 1 0.190 0.326 0.370 0.314 0.181
2ms £ 3 0.024 0.071 0.139 0.212
2mg £5 0.013 0.033
3mg 0.335 0.123 0.083 0.171 0.113
3ms£2 0.044 0.139 0.203 0.176 0.062
3mg +4 0.012 0.047 0.104 0.157
3mg+6 0.016 0.044
4me £1 0.163 0.157 0.008 0.105 0.068
4me £3 0.012 0.070 0.132 0.115 0.009
4me £5 0.034 0.084 0.119
dme £7 0.017 0.050

Note: (VAo)h/(Vd/Z) or (VAO);,/(Vd/Z) is tabulated as a function of m,.
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where (Vo) is the hth harmonic rms voltage of the output voltage, Vg4 is the DC-link

voltage, and (‘A/Ao)l /(V4/2) or (‘A/Ao)h /(V4/2) is tabulated as a function of m,.
If the input (control) signal is a sinusoidal wave, we usually call this inversion SPWM.
The typical waveforms of an SPWM are also shown in Figure 8.4a and b.

Example 8.1
A single-phase half-bridge DC/AC inverter is shown in Figure 8.3 to implement SPWM with V4 =

200V, my = 0.8, and m; = 27. The fundamental frequency is 50 Hz. Determine the rms value of
the fundamental frequency and some of the harmonics in the output voltage using Table 8.1.

SOLUTION
From Equation 8.3, we have the general rms values

Va (Vao)h _ 200 (Vao)h (Vao)h
Vi = — = — =141.42————V. (8.4)
VO="5"Ve2 =2 Vg2 Va/2
Checking the data from Table 8.1, we obtained the following rms values.

Fundamental:

(Vo)1 =141.42 x 0.8 =113.14V at 50 Hz,
(Vo)23 = 141.42 x 0.818 = 115.68V at 1150 Hz,
(Vo)25 = 141.42 x 0.22 =31.11V at 1250 Hz,
(Vo)27 = 141.42 x 0.818 = 115.68V at 1350 Hz,
(Vo)51 = 141.42 x 0.139 = 19.66V at 2550 Hz,
(Vo)53 = 141.42 x 0.314 = 44.41V at 2650 Hz,
(VO)55 = 141.42 x 0.314 = 44.41V at 2750 Hz,
(Vo)s57 = 141.42 x 0.139 = 19.66V at 2850 Hz, and so on.

8.2.2 Harmonic Parameters

Refering to Figure 8.4c, various harmonic parameters were introduced in Chapter 1, which
are used in PWM operation.
Harmonic factor:

V
HF, = 7’; (1.21)
Total harmonic distortion:
Y2 Vi
THD = +—. (1.22)
Vi

Weighted total harmonic distortion:

VX (Vi/m)
WTHD = Y222 " 7

v (1.23)
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8.3 Typical PWM Inverters
DC/AC inverters have three typical supply methods:

o VOI
o CSI
o Impedance Source Inverter (zZ-source inverter or ZSI).

Generally speaking, the circuits of various PWM inverters can be the same. The difference
between them is the type of power supply sources or network, which are voltage source,
current source, or impedance source.

8.3.1 Voltage Source Inverter

A VSlis supplied by a voltage source. The source is a DC voltage power supply. In an ASD,
the DC source is usually an AC/DC rectifier. A large capacitor is used to keep the DC-link
voltage stable. Usually, a VSI has buck operation function. Its output voltage peak value is
lower than the DC-link voltage.

It is necessary to avoid a short circuit across the DC voltage source during operation. If a
VSI takes bipolar operation, that is, the upper switch and the lower switch in a leg work
to provide a PWM output waveform, the control circuit and interface have to be designed
to leave small gaps between switching signals to the upper switch and the lower switch
in the same leg. For example, the output voltage frequency is in the range of 0—400Hz,
and the PWM carrying frequency is in the range of 2-20kHz; the gaps are usually set
at 20-100ns. This requirement is not very convenient for the control circuit and interface
design. Therefore, the unipolar operation is implemented in most industrial applications.

8.3.2 Current Source Inverter

A CSl is supplied by a DC current source. In an ASD, the DC current source is usually an
AC/DC rectifier with a large inductor to keep the current supply stable. Usually, a CSI has
a boost operation function. Its output voltage peak value can be higher than the DC-link
voltage.

Since the source is a DC current source, it is necessary to avoid the open circuit across the
inverter during operation. The control circuit and interface have to be designed to have
small overlaps between switching signals to the upper and lower switches at least in one
leg. For example, the output voltage frequency is in the range of 0400 Hz, and the PWM
carrying frequency is in the range of 2-20kHz; the overlaps are usually set at 20-100 ns.
This requirement is easy for the control circuit and interface design.

8.3.3 Impedance Source Inverter (Z-SI)

A 7SI is supplied by a voltage source or current source via an “X”-shaped impedance
network formed by two capacitors and two inductors, which is called a Z-network. In an
ASD, the DC impedance source is usually an AC/DC rectifier. An Z-network is located



Pulse-Width-Modulated DC/AC Inverters 443

between the rectifier and the inverter. Since there are two inductors and two capacitors to
be set in front of the chopping legs, there is no restriction to avoid the opened or short-
circuited legs. A ZSI has the buck-boost operation function. Its output voltage peak value
can be higher or lower than the DC-link voltage.

8.3.4 Circuits of DC/AC Inverters

The commonly used DC/AC inverters are introduced below:

. Single-phase half-bridge VSI
. Single-phase full-bridge VSI
. Three-phase full-bridge VSI
. Three-phase full-bridge CSI
. Multistage PWM inverters

. Soft-switching inverters

N OGN

. Impedance-source Inverters (ZSI).

8.4 Single-Phase VSI

Single-phase VSIs can be implemented using the half-bridge circuit and the full-bridge
circuit.

8.4.1 Single-Phase Half-Bridge VSI

A single-phase half-bridge VSI is shown in Figure 8.6. The carrier-based PWM technique
is applied in this inverter. Two large capacitors are required to provide a neutral point
N; therefore, each capacitor keeps half of the input DC voltage. Since the output voltage
refers to the neutral point N, the maximum output voltage is smaller than half of the DC-
link voltage if it is operating in linear modulation. The modulation operations are shown in
Figure 8.5. Two switches S and 5_ in one chopping leg are switched by the PWM signal.
Two switches S and S_ operate in an exclusive state with a short dead time to avoid a
short circuit.

In general, linear modulation operation is