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Preface

DC/DC conversion technology is the main branch of Power Electronics and
is progressing rapidly. Recent reports indicate that the production of DC/
DC converters occupies the largest percentage of the total turnover of all
conversion equipment productions. Based on incomplete statistics, there are
more than 500 topologies of DC/DC converters existing. Many new topol-
ogies are still created every year. It is a lofty undertaking to write about the
large number of DC/DC converters. The authors have sorted these convert-
ers into six generations since 2000. This systematical work is very helpful
for understanding DC/DC converter evolution and development. The cat-
egories are listed below:

The first generation (classical/traditional) converters
The second generation (multiple quadrant) converters
The third generation (switched component) converters
The fourth generation (soft switching) converters

The fifth generation (synchronous rectifier) converters

A

The sixth generation (multiple element resonant power) converters

More than 300 prototypes of the first generation converters have been devel-
oped in the past 80 years.

The purpose of this book is to provide information about essential DC/
DC converters that is both concise and useful for engineering students and
practicing professionals. It is well organized in 410 pages and 200 diagrams
to introduce more than 80 topologies of the essential DC/DC converters
originally developed by the authors. All topologies are novel approaches
and great contributions to modern power electronics. They are sorted in
three groups:

¢ The voltage-lift converters
¢ The super-lift converters
¢ The ultra-lift converter

The voltage lift technique is a popular method that is widely applied in
electronic circuit design. Applying this technique effectively overcomes the
effects of parasitic elements and greatly increases the output voltage. There-
fore, these DC/DC converters can convert the source voltage into a higher
output voltage with high power efficiency, high power density and a simple
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structure. It is applied in the periodical switching circuit. Usually, a capacitor
is charged during switching-on by certain voltage. This charged capacitor
voltage can be arranged on top-up to output voltage during switching-off.
Therefore, the output voltage can be increased. A typical example is the saw-
tooth-wave generator with voltage lift circuit.

Voltage lift technique has its output voltage increasing in arithmetic pro-
gression, stage by stage. Super lift technique is more powerful than voltage-
lift technique. The output voltage transfer gain of super-lift converters can
be very high, and increases in geometric progression, stage by stage. It
effectively enhances the voltage transfer gain in power series. Four series
of super-lift converters created by the authors are introduced in this book.
Some industrial applications verified their versatile and powerful charac-
teristics. Super-lift technique is an outstanding achievement in DC/DC con-
version technology.

Ultra-lift technique is another outstanding achievement in DC/DC conver-
sion technology. It combines the characteristics of the voltage-lift and super-
lift techniques to create the very high voltage transfer gain converter ultra-lift
Luo converter. It effectively enhances the voltage transfer gain.

This book is organized in seven chapters. The general knowledge of DC/
DC conversion technology is introduced in Chapter 1; and voltage lift con-
verters in Chapter 2. Chapters 3—6 introduce the four series super-lift con-
verters. Chapter 7 introduces the ultra-lift Luo converter.

The authors have worked in this research area for long periods and created
a large number of outstanding converters: namely Luo converters, which
cover all six generations of converters. Super-lift converters are our favorite
achievements in our 20-years’ research.

Our acknowledgment goes to the executive editor for this book.

Fang Lin Luo and Hong Ye
Nanyang Technological University
Singapore

May 2005
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Introduction

Conversion technique is a major research area in the field of power electron-
ics. The equipment for conversion techniques have applications in industry,
research and development, government organizations, and daily life. The
equipment can be divided in four technologies:

e AC/AC transformers
e AC/DC rectifiers

e DC/DC converters

e DC/AC inverters

According to incomplete statistics, there have been more than 500 proto-
types of DC/DC converters developed in the past six decades. All existing
DC/DC converters were designed to meet the requirements of certain appli-
cations. They are usually called by their function, for example, Buck con-
verter, Boost converter and Buck-Boost converter, and zero current switching
(ZCS) and zero voltage switching (ZVS) converters. The large number of
DC/DC converters had not been evolutionarily classified until 2001. The
authors have systematically classified the types of converters into six gen-
erations according to their characteristics and development sequence. This
classification grades all DC/DC converters and categorizes new prototypes.
Since 2001, the DC/DC converter family tree has been built and this classi-
fication has been recognized worldwide. Following this principle, it is now easy
to sort and allocate DC/DC converters and assess their technical features.

1.1 Historical Review

DC/DC conversion technology is a major subject area in the field of power
engineering and drives, and has been under development for six decades.
DC/DC converters are widely used in industrial applications and computer
hardware circuits. DC/DC conversion techniques have developed very
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2 Essential DC/DC Converters

quickly. Statistics show that the DC/DC converter worldwide market will
grow from U.S. $3336 million in 1995 to U.S. $5128 million in the year 2004
with a compound annual growth rate (CAGR) of 9%.* This compares to the
AC/DC power supply market, which will have a CAGR of only about 7.5%
during the same period. In addition to its higher growth rate, the DC/DC
converter market is undergoing dramatic changes as a result of two major
trends in the electronics industry: low voltage and high power density. From
this investigation it can be seen that the production of DC/DC converters
in the world market is much higher than that of AC/DC converters.

The DC/DC conversion technique was established in the 1920s. A simple
voltage conversion, the simplest DC/DC converter is a voltage divider (such
as rheostat, potential-meter, and so on), but it only transfers output voltage
lower than input voltage with poor efficiency. The multiple-quadrant chop-
per is the second step in DC/DC conversion. Much time has been spent
trying to find equipment to convert the DC energy source of one voltage to
another DC actuator with another voltage, as does a transformer employed
in AC/AC conversion.

Some preliminary types of DC/DC converters were used in industrial
applications before the Second World War. Research was blocked during the
war, but applications of DC/DC converters were recognized. After the war,
communication technology developed very rapidly and required low volt-
age DC power supplies. This resulted in the rapid development of DC/DC
conversion techniques. Preliminary prototypes can be derived from choppers.

1.2 Multiple-Quadrant Choppers

Choppers are the circuits that convert fixed DC voltage to variable DC
voltage or pulse-width-modulated (PWM) AC voltage. In this book, we
concentrate on its first function.

1.2.1 Multiple-Quadrant Operation

A DC motor can run in forward running or reverse running. During the
forward starting process its armature voltage and armature current are both
positive. We usually call this forward motoring operation or quadrant I oper-
ation. During the forward braking process its armature voltage is still posi-
tive and its armature current is negative. This state is called the forward
regenerating operation or quadrant II operation. Analogously, during the
reverse starting process the DC motor armature voltage and current are both
negative. This reverse motoring operation is called the quadrant I1I operation.

* Figures are taken from the Darnell Group News report on DC-DC Converters: Global Market
Forecasts, Demand Characteristics and Competitive Environment published in February 2000.
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AV
Quadrant Il Quadrant |
Forward Regenerating Forward Motoring
|
Quadrant I Quadrant IV
Reverse Motoring Reverse Regenerating

FIGURE 1.1
Four-quadrant operation.

During reverse braking process its armature voltage is still negative and its
armature current is positive. This state is called the reverse regenerating
operation quadrant 1V operation.

Referring to the DC motor operation states; we can define the multiple-
quadrant operation as below:

Quadrant I operation: forward motoring, voltage is positive, current is
positive

Quadrant IT operation: forward regenerating, voltage is positive, current
is negative

Quadrant III operation: reverse motoring, voltage is negative, current
is negative

Quadrant IV operation: reverse regenerating, voltage is negative, cur-
rent is positive

The operation status is shown in the Figure 1.1. Choppers can convert a
fixed DC voltage into various other voltages. The corresponding chopper is
usually named according to its quadrant operation chopper, e.g., the first-
quadrant chopper or “A”-type chopper. In the following description we use
the symbols V;, as the fixed voltage, V, the chopped voltage, and V, the
output voltage.

1.2.2 The First-Quadrant Chopper

The first-quadrant chopper is also called “A”-type chopper and its circuit
diagram is shown in Figure 1.2a and corresponding waveforms are shown
in Figure 1.2b. The switch S can be some semiconductor devices such as BJT,
IGBT, and MOSFET. Assuming all parts are ideal components, the output
voltage is calculated by the formula,

t
Vo =22V, =KV, (11)
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(a) Circuit Diagram
A
Vin

Tt

VoA
- === — =4 V5
ton T t

VoA

»

KT T t

(b) Voltage Waveforms

FIGURE 1.2
The first-quadrant chopper.

where T is the repeating period T = 1/f, f is the chopping frequency, ¢, is
the switch-on time, k is the conduction duty cycle k = t,,/T.

1.2.3 The Second-Quadrant Chopper

The second-quadrant chopper is the called “B”-type chopper and the circuit
diagram and corresponding waveforms are shown in Figure 1.3a and b. The
The output voltage can be calculated by the formula,

t
v,=2vy
(0] T in

= 1=k, (12)

© 2006 by Taylor & Francis Group, LLC



Introduction 5

(a) Circuit Diagram
Vin

Tt

VPA
e —d 1V,
ton T t

VoA
kKT T t

(b) Voltage Waveforms

FIGURE 1.3
The second-quadrant chopper.

where T is the repeating period T = 1/f, f is the chopping frequency, t,; is
the switch-off time ¢, = T - t,,, and k is the conduction duty cycle k = £,,/T.

1.2.4 The Third-Quadrant Chopper

The third-quadrant chopper and corresponding waveforms are shown in
Figure 1.4a and b. All voltage polarity is defined in the figure. The output
voltage (absolute value) can be calculated by the formula,

t
V=Y =kV,

O T in (]. 3)
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(a) Circuit Diagram
Vin
Tt
VoA
ton T t
VoA
kT T t

(b) Voltage Waveforms

FIGURE 1.4
The third-quadrant chopper.

where t,, is the switch-on time, and k is the conduction duty cycle k = t,,/T.

1.2.5 The Fourth-Quadrant Chopper

The fourth-quadrant chopper and corresponding waveforms are shown in
Figure 1.5a and b. All voltage polarity is defined in the figure. The output
voltage (absolute value) can be calculated by the formula,

ty
2V, ==KV, (1.4)

Vo=

where f,; is the switch-off time t,; = T - £,, time, and k is the conduction
duty cycle k = ¢,,/T.

© 2006 by Taylor & Francis Group, LLC



Introduction 7

Sf C v,
I T + ¥
(a) Circuit Diagram
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(b) Voltage Waveforms

FIGURE 1.5
The fourth-quadrant chopper.

1.2.6 The First and Second Quadrant Chopper

The first and second quadrant chopper is shown in Figure 1.6. Dual quadrant
operation is usually requested in the system with two voltage sources V;
and V,. Assume that the condition V; > V,, and the inductor L is an ideal
component. During quadrant I operation, S; and D, work, and S, and D, are
idle. Vice versa, during quadrant II operation, S, and D; work, and S, and
D, are idle. The relation between the two voltage sources can be calculated
by the formula,

kV, QI _operation
g :{ ! (1.5)

1=KV, QII _operation
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FIGURE 1.6
The first-second quadrant chopper.

FIGURE 1.7
The third-fourth quadrant chopper.

where k is the conduction duty cycle k = t,,/T.

1.2.7 The Third and Fourth Quadrant Chopper

The third and fourth quadrant chopper is shown in Figure 1.7. Dual quadrant
operation is usually requested in the system with two voltage sources V;
and V,. Both voltage polarity is defined in the figure, we just concentrate
their absolute values in analysis and calculation. Assume that the condition
V. > V,, the inductor L is ideal component. During quadrant I operation, S,
and D, work, and S, and D, are idle. Vice versa, during quadrant II operation,
S, and D; work, and S, and D, are idle. The relation between the two voltage
sources can be calculated by the formula,

V. =

2

{ kv, QIII _operation 16)

1-kV, QIV _operation

where k is the conduction duty cycle k = ¢,,/T.
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FIGURE 1.8
The four-quadrant chopper.

TABLE 1.1

The Switches and Diode’s Status for Four-Quadrant Operation

Switch or Diode Quadrant I Quadrant IT Quadrant III Quadrant IV
S; Works Idle Idle Works
D, Idle Works Works Idle

S, Idle Works Works Idle

D, Works Idle Idle Works
S; Idle Idle On Idle

D, Idle Idle Idle On

S, On Idle Idle Idle

D, Idle On Idle Idle
Output V,+ I, + V,+, I, - V,- I, - V,-, L+

1.2.8 The Four-Quadrant Chopper

The four-quadrant chopper is shown in Figure 1.8. The input voltage is
positive, output voltage can be either positive or negative. The switches and
diode status for the operation are shown in Table 1.1. The output voltage
can be calculated by the formula,

kv, QI _operation
1-k)V. II _operation

v Ll QII _operati (1.7)
—-kV, QIII _ operation
-(1-k)V, QIV _operation

1.3 Pump Circuits

The electronic pump is a major component of all DC/DC converters. His-
torically, they can be sorted into four groups:
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10 Essential DC/DC Converters

¢ Fundamental pumps

* Developed pumps

¢ Transformer-type pumps
¢ Super-lift pumps

1.3.1 Fundamental Pumps

Fundamental pumps are developed from fundamental DC/DC converters
just like their name:

¢ Buck pump
¢ Boost pump
* Buck-boost pump

All fundamental pumps consist of three components: a switch S, a diode D,
and an inductor L.

1.3.1.1  Buck Pump

The circuit diagram of the buck pump, and some current waveforms are
shown in Figure 1.9. Switch S and diode D are alternately on and off. Usually,
the buck pump works in continuous operation mode, inductor current is
continuous in this case.

1.3.1.2  Boost Pump

The circuit diagram of the boost pump, and some current waveforms are
shown in Figure 1.10. Switch S and diode D are alternately on and off. The
inductor current is usually continuous.

1.3.1.3  Buck-Boost Pump

The circuit diagram of the buck-boost pump and some current waveforms
are shown in Figure 1.11. Switch S and diode D are alternately on and off.
Usually, the buck-boost pump works in continuous operation mode, induc-
tor current is continuous in this case.

1.3.2 Developed Pumps
Developed pumps are created from the developed DC/DC converters just

like their name:

¢ Positive Luo-pump
¢ Negative Luo-pump
¢ Cik-pump
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Boost pump.
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FIGURE 1.11
Buck-boost pump.

All developed pumps consist of four components: a switch S, a diode D, a
capacitor C, and an inductor L.

1.3.2.1 Positive Luo-Pump

The circuit diagram of the positive Luo-pump and some current and voltage
waveforms are shown in Figure 1.12. Switch S and diode D are alternately
on and off. Usually, this pump works in continuous operation mode, induc-
tor current is continuous in this case. The output terminal voltage and current
is usually positive.

1.3.2.2 Negative Luo-Pump

The circuit diagram of the negative Luo-pump and some current and voltage
waveforms are shown in Figure 1.13. Switch S and diode D are alternately
on and off. Usually, this pump works in continuous operation mode, induc-
tor current is continuous in this case. The output terminal voltage and current
is usually negative.

1.3.2.3  Ciik-Pump

The circuit diagram of the Ctik pump and some current and voltage wave-
forms are shown in Figure 1.14. Switch S and diode D are alternately on and
off. Usually, the Ctik pump works in continuous operation mode, inductor
current is continuous in this case. The output terminal voltage and current
is usually negative.
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FIGURE 1.13
Negative Luo-pump.
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\j

FIGURE 1.14
Cuk-pump.

1.3.3 Transformer-Type Pumps

Transformer-type pumps are developed from transformer-type DC/DC con-
verters just like their name:

¢ Forward pump
¢ Fly-Back pump
e ZETA pump

All transformer-type pumps consist of a switch S, a transformer with the
turn ratio N and other components such as diode D (one or more) and
capacitor C.

1.3.3.1 Forward Pump

The circuit diagram of the forward pump and some current waveforms are
shown in Figure 1.15. Switch S and diode D, are synchronously on and off,
and diode D, is alternately off and on. Usually, the forward pump works in
discontinuous operation mode, input current is discontinuous in this case.

1.3.3.2  FHy-Back Pump

The circuit diagram of the fly-back pump and some current waveforms are
in Figure 1.16. Since the primary and secondary windings of the transformer
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FIGURE 1.15
Forward pump.

are purposely arranged in inverse polarities, switch S and diode D are
alternately on and off. Usually, the fly-back pump works in discontinuous
operation mode, input current is discontinuous in this case.

1.3.3.3 ZETA Pump

The circuit diagram of the ZETA pump and some current waveforms are
shown in Figure 1.17. Switch S and diode D are alternately on and off.
Usually, the ZETA pump works in discontinuous operation mode, input
current is discontinuous in this case.

1.3.4 Super-Lift Pumps
Super-lift pumps are developed from super-lift DC/DC converters:

¢ Positive super Luo-pump

¢ Negative super Luo-pump

* Positive push-pull pump

* Negative push-pull pump

¢ Double/Enhanced circuit (DEC)

All super-lift pumps consist of switches, diodes, capacitors, and sometimes
an inductor.
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Control T

FIGURE 1.16
Fly-back pump.

1.3.4.1  Positive Super Luo-Pump

The circuit diagram of the positive super-lift pump and some current wave-
forms are shown in Figure 1.18. Switch S and diode D, are synchronously
on and off, but diode D, is alternately off and on. Usually, the positive super-
lift pump works in continuous conduction mode (CCM), inductor current is
continuous in this case.

1.3.4.2 Negative Super Luo-Pump

The circuit diagram of the negative super-lift pump and some current wave-
forms are shown in Figure 1.19. Switch S and diode D, are synchronously
on and off, but diode D, is alternately off and on. Usually, the negative super-
lift pump works in CCM, but input current is discontinuous in this case.

1.3.4.3  Positive Push-Pull Pump

All push-pull pumps consist of two switches without any inductor. They
can be employed in multiple-lift switched capacitor converters. The circuit
diagram of positive push-pull pump and some current waveforms are shown
in Figure 1.20. Since there is no inductor in the pump, it is applied in
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FIGURE 1.17
ZETA pump.

switched-capacitor converters. The main switch S and diode D, are synchro-
nously on and off, but the slave switch S, and diode D, are alternately off
and on. Usually, the positive push-pull pump works in push-pull state con-
tinuous operation mode.

1.3.4.4 Negative Push-Pull Pump

The circuit diagram of this push-pull pump and some current waveforms
are shown in Figure 1.21. Since there is no inductor in the pump, it is often
used in switched-capacitor converters. The main switch S and diode D are
synchronously on and off, but the slave switch S, is alternately off and on.
Usually, the super-lift pump works in push-pull state continuous operation
mode, inductor current is continuous in this case.

1.3.4.5 Double/Enhanced Circuit (DEC)

The circuit diagram of the double/enhanced circuit and some current wave-
forms are in Figure 1.22. The switch is the only other existing circuit part.
This circuit is usually applied in lift, super-lift, and push-pull converters.
These two diodes are alternately on and off, so that two capacitors are
alternately charging and discharging. Usually, this circuit can enhance the
voltage doubly or at certain times.
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o
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FIGURE 1.18
Positive super Luo-pump.

1.4 Development of DC/DC Conversion Technique

According to incomplete statistics, there are more than 500 existing proto-
types of DC/DC converters. The main purpose of this book is to catorgorize
all existing prototypes of DC/DC converters. This job is of vital importance
for future development of DC/DC conversion techniques. The authors have
devoted 20 years to this subject area, their work has been recognized and
assessed by experts worldwide. The authors classify all existing prototypes
of DC/DC converters into six generations. They are

e First generation (classical/traditional) converters

* Second generation (multi-quadrant) converters

¢ Third generation (switched-component SI/SC) converters

¢ Fourth generation (soft-switching: ZCS/ZVS/ZT) converters
¢ Fifth generation (synchronous rectifier SR) converters

* Sixth generation (multiple energy-storage elements resonant MER)
converters
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FIGURE 1.19
Negative super Luo-pump.

1.4.1 The First Generation Converters

The first-generation converters perform in a single quadrant mode and in
low power range (up to around 100 W). Since its development lasts a long
time, it has, briefly, five categories:

* Fundamental converters

¢ Transformer-type converters
* Developed converters

¢ Voltage-lift converters

* Super-lift converters

1.4.1.1 Fundamental Converters

Three types of fundamental DC/DC classifications were constructed, these
are buck converter, boost converter, and buck-boost converter. They can be
derived from single quadrant operation choppers. For example, the buck
converter was derived from an A-type chopper. These converters have two
main problems: linkage between input and output and very large output
voltage ripple.
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FIGURE 1.20
Positive push-pull pump.

1.4.1.1.1 Buck Converter

The buck converter is a step-down DC/DC converter. It works in first-
quadrant operation. It can be derived from a quadrant I chopper. Its circuit
diagram, and switch-on and -off equivalent circuit are shown in Figure 1.23.
The output voltage is calculated by the formula,

(1.8)

£
Vo =2V, =kV,
o T ™ in
where T is the repeating period T = 1/f, f is the chopping frequency, t,, is
the switch-on time, and k is the conduction duty cycle k = ¢,,/T.

1.4.1.1.2 Boost Converter

The boost converter is a step-up DC/DC converter. It works in second-
quadrant operation. It can be derived from quadrant II chopper. Its circuit
diagram, and switch-on and -off equivalent circuit are shown in Figure 1.24.
The output voltage is calculated by the formula,

T 1
V. =
o T—t in 1—k

on

v, (1.9)

n
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FIGURE 1.21
Negative push-pull pump.

FIGURE 1.22
Double/enhanced circuit (DEC).

where T is the repeating period T = 1/f, f is the chopping frequency, t,, is
the switch-on time, k is the conduction duty cycle k = ¢, /T.
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(c) Switch-off

FIGURE 1.23
Buck converter.

1.4.1.1.3 Buck-Boost Converter

The buck-boost converter is a step down/up DC/DC converter. It works in
third-quadrant operation. Its circuit diagram, switch-on and -off equivalent
circuit, and waveforms are shown in Figure 1.25. The output voltage is
calculated by the formula,

t k
V,=—""2_V. = \%
(0] T_ta” in 1—k i

(1.10)

n

where T is the repeating period T = 1/f, f is the chopping frequency, t,, is
the switch-on time, and k is the conduction duty cycle k = t,,/T. By using
this converter it is easy to obtain the random output voltage, which can be
higher or lower than the input voltage. It provides great convenience for
industrial applications.

© 2006 by Taylor & Francis Group, LLC



Introduction 23

D
YY) N
. — Vo . ¢ .
. iL v
Vi T s = R [] V2
- c ic B
(a) Circuit diagram
i ’
i » L i2
—
+ . +
iL
Vi Ve R [] Vo
- c ic _
(b) Switch on
11 L f
> i2 >
YN
> +
+ L Ve
" eI
- c ic _

(c) Switch off

FIGURE 1.24
Boost converter.

1.4.1.2  Transformer-Type Converters

Since all fundamental DC/DC converters keep the linkage from input side
to output side and the voltage transfer gain is comparably low, transformer-
type converters were developed in the 1960s to 1980s. There are a large group
of converters such as the forward converter, push-pull converter, fly-back
converter, half-bridge converter, bridge converter, and Zeta (or ZETA) con-
verter. Usually, these converters have high transfer voltage gain and high
insulation between both sides. Their gain usually depends on the trans-
former’s turn ratio N, which can be thousands times.

1.4.1.2.1 Forward Converter
A forward converter is a transformer-type buck converter with a turn ratio
N. It works in first quadrant operation. Its circuit diagram is shown in
Figure 1.26. The output voltage is calculated by the formula,

V, =kNV,

in

(1.12)

© 2006 by Taylor & Francis Group, LLC



24 Essential DC/DC Converters

i1 s D i2
—» o -+

¢ VD _J/C )
.
Vi T L Ve T R[ Vo
R .
—_ . IC
L +

M

(a) Circuit diagram

(c) Switch off

FIGURE 1.25
Buck-boost converter.
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FIGURE 1.26
Forward converter.

where N is the transformer turn ratio, and k is the conduction duty cycle
k=t,/T.

In order to exploit the magnetic ability of the transformer iron core, a
tertiary winding can be employed in the transformer. Its corresponding
circuit diagram is shown in Figure 1.27.
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FIGURE 1.27
Forward converter with tertiary winding.

FIGURE 1.28
Push-pull converter.

1.4.1.2.2 Push-Pull Converter

The boost converter works in push-pull state, which effectively avoids the
iron core saturation. Its circuit diagram is shown in Figure 1.28. Since there
are two switches, which work alternately, the output voltage is doubled. The
output voltage is calculated by the formula,

V, =2kNV, (1.13)

where N is the transformer turn ratio, and k is the conduction duty cycle
k=t,/T.

1.4.1.2.3 Fly-Back Converter

The fly-back converter is a transformer type converter using the demagne-
tizing effect. Its circuit diagram is shown in Figure 1.29. The output voltage
is calculated by the formula,

v, = * nv

: 1.14
1_k m ( )

where N is the transformer turn ratio, and k is the conduction duty cycle
k=t,/T.
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FIGURE 1.30
Half-bridge converter.
1.4.1.2.4 Half-Bridge Converter

In order to reduce the primary side in one winding, the half-bridge converter
was constructed. Its circuit diagram is shown in Figure 1.30. The output
voltage is calculated by the formula,

V, =kNV,

in

(1.15)

where N is the transformer turn ratio, and k is the conduction duty cycle
k=t,/T.

1.41.2.5 Bridge Converter

The bridge converter employs more switches and therefore gains double
output voltage. Its circuit diagram is shown in Figure 1.31. The output volt-
age is calculated by the formula,

V,, =2kNV, (1.16)

where N is the transformer turn ratio, and k is the conduction duty cycle
k=t,/T.
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FIGURE 1.31
Bridge converter.

FIGURE 1.32
Zeta converter.

1.4.1.2.6 ZETA Converter

The ZETA converter is a transformer type converter with a low-pass filter.
Its output voltage ripple is small. Its circuit diagram is shown in Figure 1.32.
The output voltage is calculated by the formula,

k
V,=—NV.
o 1-k in

(1.17)
where N is the transformer turn ratio, and k is the conduction duty cycle
k=t,/T.

1.4.1.2.7 Forward Converter with Tertiary Winding and Multiple Outputs

Some industrial applications require multiple outputs. This requirement is
easily realized by constructing multiple secondary windings and the corre-
sponding conversion circuit. For example, a forward converter with tertiary
winding and three outputs is shown in Figure 1.33. The output voltage is
calculated by the formula,

V,=kNV (1.18)

ivin

© 2006 by Taylor & Francis Group, LLC



28 Essential DC/DC Converters

+ 1,

° O/P 1
AN
g % T O/P 2

N /\ Ny ° °

g % O/P 3

FIGURE 1.33
Forward converter with tertiary winding and three outputs.

where N; is the transformer turn ratio to the secondary winding, i =1, 2, and
3 respectively, and k is the conduction duty cycle k = t,,/T. In principle, this
structure is available for all transformer-type DC/DC converters for multiple
outputs applications.

1.4.1.3 Developed Converters

Developed-type converters overcome the second fault of the fundamental
DC/DC converters. They are derived from fundamental converters by the
addition of a low-pass filter. The preliminary design was published in a
conference in 1977 (Massey and Snyder, 1977). The author designed three
types of converters that derived from fundamental DC/DC converters plus
a low-pass filter. This conversion technique was very popular between 1970
and 1990. Typical prototype converters are positive output (P/O) Luo-con-
verter, negative output (N/O) Luo-converter, double output (D/O) Luo-
converter, Cik-converter, SEPIC (single-ended primary inductance con-
verter) and Watkins—Johnson converters. The output voltage ripple of all
developed-type converters is usually small and can be lower than 2%.

In order to obtain the random output voltage, which can be higher or
lower input voltage. All developed converters provide ease of application
for industry. Therefore, the output voltage gain of all developed converters is

k
V,=—-V. 1.19
o 1—k in ( )

1.4.1.3.1 Positive Output (P/O) Luo-Converter

The positive output Luo-converter is the elementary circuit of the series
positive output Luo-converters. It can be derived from the buck-boost converter.
Its circuit diagram is shown in Figure 1.34. The output voltage is calculated
by the Equation (1.19).

1.4.1.3.2 Negative Output (N/O) Luo-Converter

The negative output Luo-converter is the elementary circuit of the series nega-
tive output Luo-converters. It can also be derived from buck-boost converters. Its
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FIGURE 1.35
Negative output Luo-converter.

circuit diagram is shown in Figure 1.35. The output voltage is calculated by
the Equation (1.19).

1.4.1.3.3 Double Output (D/O) Luo-Converter

In order to obtain mirror symmetrical positive plus negative output voltage
double output (D/O) Luo-converters were constructed. The double output
Luo-converter is the elementary circuit of the series double output Luo-con-
verters. It can also be derived from the buck-boost converter. Its circuit dia-
gram is shown in Figure 1.36. The output voltage is calculated by Equation
(1.19).

1.4.1.3.4 Ciik-Converter

The Cuk-converter is derived from boost converter. Its circuit diagram is
shown in Figure 1.37. The output voltage is calculated by Equation (1.19).

1.4.1.3.5 Single-Ended Primary Inductance Converter

The single-ended primary inductance converter (SEPIC) is derived from the
boost converter. Its circuit diagram is shown in Figure 1.38. The output
voltage is calculated by Equation (1.19).
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FIGURE 1.38
SEPIC.

1.41.3.6 Tapped Inductor Converter

These converters are derived from fundamental converters. The circuit dia-
grams are shown in Table 1.2. The voltage transfer gains are shown in
Table 1.3. Here the tapped inductor ratio is n = nl1/(nl + n2).
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TABLE 1.2
The Circuit Diagrams of the Tapped Inductor Fundamental Converters
Standard Converter Switch Tap Diode to Tap Rail to Tap
—o Y'Y YN — TS~——9—o
S L s s N2 | N1 s
N2 N1 N1
Buck Viy b N\ ~TNC Vi D ~C Vo Vin D ~T~C ~TNC Vg,
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TABLE 1.3

The Voltage Transfer Gains of the Tapped Inductor Fundamental Converters

Converter No tap Switched to tap Diode to tap Rail to tap

Buck k k. ok k=n

n+k(l1-n) 1+k(n-1) k(1-n)

Boost 1 n+k(l1-n) 1+k(n-1) n-k
1-k n(1—k) 1-k )

Buck-Boost ko k nk ko
1-k n(1-k) 1-k 1-k

1.4.1.4 Voltage Lift Converters

Voltage lift technique is a good method to lift the output voltage, and is
widely applied in electronic circuit design. After long-term industrial appli-
cation and research this method has been successfully used in DC/DC con-
version technique. Using this method the output voltage can be easily lifted
by tens to hundreds of times. Voltage lift converters can be classed into self-
lift, re-lift, triple-lift, quadruple-lift, and high-stage lift converters. The main
contributors in this area are Dr. Fang Lin Luo and Dr. Hong Ye. These circuits
will be introduced in Chapter 2 in detail.

1.4.1.5 Super Lift Converters

Voltage lift (VL) technique is a popular method that is widely used in elec-
tronic circuit design. It has been successfully employed in DC/DC converter
applications in recent years, and has opened a way to design high voltage
gain converters. Three series Luo-converters are examples of voltage lift
technique implementations. However, the output voltage increases in stage
by stage just along the arithmetic progression. A novel approach — super
lift (SL) technique — has been developed, which implements the output
voltage increasing stage by stage along in geometric progression. It effec-
tively enhances the voltage transfer gain in power-law. The typical circuits
are sorted into four series: positive output super-lift Luo-converters, negative
output super-lift Luo-converters, positive output cascade boost converters,
and negative output cascade boost converters. These circuits will be intro-
duced in Chapters 3 to 6 in detail.

1.4.2 The Second Generation Converters

The second generation converters are called multiple quadrant operation
converters. These converters perform in two-quadrant operation and four-
quadrant operation with medium output power range (hundreds of Watts
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or higher). The topologies can be sorted into two main categories: first are
the converters derived from the multiple-quadrant choppers and/or from
the first generation converters. Second are constructed with transformers.
Usually, one quadrant operation requires at least one switch. Therefore, a
two-quadrant operation converter has at least two switches, and a four-
quadrant operation converter has at least four switches. Multiple-quadrant
choppers were employed in industrial applications for a long time. They can
be used to implement the DC motor multiple-quadrant operation. As the
chopper titles indicate, there are class-A converters (one-quadrant opera-
tion), class-B converters (two-quadrant operation), class-C converters, class-
D converters, and class-E (four-quadrant operation) converters. These con-
verters are derived from multi-quadrant choppers, for example, class B con-
verters are derived from B-type choppers and class E converters are derived
from E-type choppers. The class-A converter works in quadrant I, which
corresponds to the forward-motoring operation of a DC motor drive. The
class-B converter works in quadrant I and II operation, which corresponds
to the forward-running motoring and regenerative braking operation of a
DC motor drive. The class-C converter works in quadrant I and VI operation.
The class-D converter works in quadrant III and VI operation, which corre-
sponds to the reverse-running motoring and regenerative braking operation
of a DC motor drive. The class-E converter works in four-quadrant operation,
which corresponds to the four-quadrant operation of a DC motor drive. In
recent years many papers have investigated the class-E converters for indus-
trial applications. Multi-quadrant operation converters can be derived from
the first generation converters. For example, multi-quadrant Luo-converters
are derived from positive-output Luo-converters and negative-output Luo-
converters. The transformer-type multi-quadrant converters easily change
the current direction by transformer polarity and diode rectifier. The main
types of such converters can be derived from the forward converter, half-
bridge converter, and bridge converter.

1.4.3 The Third Generation Converters

The third generation converters are called switched component converters,
and are made of either inductors or capacitors, so-called switched-inductor
and switched-capacitors. They can perform in two- or four-quadrant oper-
ation with high output power range (thousands of Watts). Since they are
made of only inductor or capacitors, they are small. Consequently, the power
density and efficiency are high.

1.4.3.1 Switched Capacitor Converters

Switched-capacitor DC/DC converters consist of only capacitors. Because
there is no inductor in the circuit, their size is small. They have outstanding
advantages such as low power losses and low electromagnetic interference
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(EMI). Since its electromagnetic radiation is low, switched-capacitor DC/DC
converters are required in certain equipment. The switched-capacitor can be
integrated into an integrated-chip (IC). Hence, its size is largely reduced.
Much attention has been drawn to the switched-capacitor converter since its
development. Many papers have been published discussing its characteris-
tics and advantages. However, most of the converters in the literature per-
form a single-quadrant operation. Some of them work in the push-pull
status. In addition, their control circuit and topologies are very complex,
especially, for the large difference between input and output voltages.

1.4.3.2 Multiple-Quadrant Switched Capacitor Luo-Converters

Switched-capacitor DC/DC converters consist of only capacitors. Since its
power density is very high it is widely applied in industrial applications.
Some industrial applications require multiple quadrant operation, so that,
multiple-quadrant switched-capacitor Luo-converters have been developed.
There are two-quadrant operation type and four-quadrant operation type,
which will be discussed in detail.

1.4.3.3  Multiple-Lift Push-Pull Switched Capacitor Converters

Voltage lift (VL) technique is a popular method widely used in electronic circuit
design. It has been successfully employed in DC/DC converter applications in
recent years, and has opened a way to design high voltage gain converters.
Three series Luo-converters are examples of voltage lift technique implemen-
tation. However, the output voltage increases stage-by-stage just along the
arithmetic progression. A novel approach — multiple-lift push-pull (ml-pp)
technique — has been developed that implements the output voltage, which
increases stage by stage along the arithmetic progression. It effectively enhances
the voltage transfer gain. The typical circuits are sorted into two series: positive
output multiple-lift push-pull switched capacitor Luo-converters and negative output
multiple-lift push-pull switched capacitor Luo-converters.

1.4.3.4 Multiple-Quadrant Switched Inductor Converters

The switched-capacitors have many advantages, but their circuits are not
simple. If the difference of input and output voltages is large, many capac-
itors must be required. The switched-inductor has the outstanding advan-
tage that only one inductor is required for one switched inductor converter
no matter how large the difference between input and output voltages is.
This characteristic is very important for large power conversion. At the present
time, large power conversion equipment is close to using switched-inductor
converters. For example, the MIT DC/DC converter designed by Prof. John G.
Kassakian for his new system in the 2005 automobiles is a two-quadrant
switched-inductor DC/DC converter.
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1.4.4 The Fourth Generation Converters

The fourth generation DC/DC converters are called soft-switching convert-
ers. There are four types of soft-switching methods:

Resonant-switch converters
Load-resonant converters
Resonant-dc-link converters

Ll

High-frequency-link integral-half-cycle converters

Until now attention has been paid only to the resonant-switch conversion
method. This resonance method is available for working independently to
load. There are three main categories: zero-current-switching (ZCS), zero-
voltage-switching (ZVS), and zero-transition (ZT) converters. Most topolo-
gies usually perform in single quadrant operation in the literature. Actually,
these converters can perform in two- and four-quadrant operation with high
output power range (thousands of Watts). According to the transferred
power becomes large, the power losses increase largely. Main power losses
are produced during the switch-on and switch-off period. How to reduce
the power losses across the switch is the clue to increasing the power transfer
efficiency. Soft-switching technique successfully solved this problem. Profes-
sor Fred Lee is the pioneer of the soft-switching technique. He established
a research center and manufacturing base to realize the zero-current-switch-
ing (ZCS) and zero-voltage-switching (ZVS) DC/DC converters. His first
paper introduced his research in 1984. ZCS and ZVS converters have three
resonant states: over resonance (completed resonance), optimum resonance
(critical resonance) and quasi resonance (subresonance). Only the quasi-
resonance state has two clear cross-zero points in a repeating period. Many
papers after 1984 have been published that develop the ZCS quasi-resonant-
converters (QRCs) and ZVS-QRCs.

1.4.4.1 Zero-Current-Switching Quasi-Resonant Converters

ZCS-QRC equips the resonant circuit on the switch side to keep the switch-on
and switch-off at zero-current condition. There are two states: full-wave state
and half wave state. Most engineers use the half-wave state. This technique
has half-wave current resonance waveform with two zero-cross points.

1.4.4.2 Zero-Voltage-Switching Quasi-Resonant Converters

ZVS-QRC equips the resonant circuit on the switch side to keep the switch-on
and switch-off at zero-current condition. There are two states: full-wave state
and half wave state. Most engineers use the half-wave state. This technique
has half-wave current resonance waveform with two zero-cross points.
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1.4.4.3 Zero-Transition Converters

Using ZCS-QRC and ZVS-QRC largely reduces the power losses across
the switches. Consequently, the switch device power rates become lower
and converter power efficiency is increased. However, ZCS-QRC and ZVS-
QRC have large current and voltage stresses. Therefore the device’s current
and voltage peak rates usually are 3 to 5 times higher than the working
current and voltage. It is not only costly, but also ineffective. Zero-Transi-
tion (ZT) technique overcomes this fault. It implements zero-voltage plus
zero-current-switching (ZV-ZCS) technique without significant current
and voltage stresses.

1.4.5 The Fifth Generation Converters

The fifth generation converters are called synchronous rectifier (SR) DC/DC
converters. This type of converter was required by development of computing
technology. Corresponding to the development of the micro-power consump-
tion technique and high-density IC manufacture, the power supplies with low
output voltage and strong current are widely used in communications, com-
puter equipment, and other industrial applications. Intel , which developed the
Zelog-type computers, governed the world market for a long time. Inter-80
computers used the 5 V power supply. In order to increase the memory size
and operation speed, large-scale integrated chip (LSIC) technique has been
quickly developed. As the amount of IC manufacturing increased, the gaps
between the layers became narrower. At the same time, the micro-power-
consumption technique was completed. Therefore new computers such as
those using Pentium I, II, I, and IV, use a 3.3 V power supply. Future computers
will have larger memory and will require lower power supply voltages, e.g.
25,18, 1.5, even if 1.1 V. Such low power supply voltage cannot be obtained
by the traditional diode rectifier bridge because the diode voltage drop is too
large. Because of this requirement, new types of MOSFET were developed.
They have very low conduction resistance (6 to 8 m Q,) and forward voltage
drop (0.05 to 0.2 V). Many papers have been published since 1990 and many
prototypes have been developed. The fundamental topology is derived from
the forward converter. Active-clamped circuit, flat-transformers, double current
circuit, soft-switching methods, and multiple current methods can be used in
SR DC/DC converters.

1.4.6 The Sixth Generation Converters

The sixth generation converters are called multiple energy-storage elements
resonant (MER) converters. Current source resonant inverters are the heart
of many systems and equipment, e.g., uninterruptible power supply (UPS)
and high-frequency annealing (HFA) apparatus. Many topologies shown in
the literature are the series resonant converters (SRC) and parallel resonant
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converters (PRC) that consist of two or three or four energy storage elements.
However, they have limitations. These limitations of two-, three-, and/or
four-element resonant topologies can be overcome by special design. These
converters have been catagorized into three main types:

¢ Two energy-storage elements resonant DC/AC and DC/AC/DC
converters

* Three energy-storage elements resonant DC/AC and DC/AC/DC
converters

* Four energy-storage elements (2L-2C) resonant DC/AC and DC/
AC/DC converters

By mathematical calculation there are eight prototypes of two-element
converters, 38 prototypes of three-element converters, and 98 prototypes of
four-element (2L-2C) converters. By careful analysis of these prototypes we
find that few circuits can be realized. If we keep the output in low-pass
bandwidth, the series components must be inductors and shunt components
must be capacitors. Through further analysis, the first component of the
resonant-filter network can be an inductor in series, or a capacitor in shunt. In
the first case, only alternate (square wave) voltage sources can be applied to
the network. In the second case, only alternate (square wave) current sources
can be applied to the network.

1.5 Categorize Prototypes and DC/DC Converter Family Tree

There are more than 500 topologies of DC/DC converters. It is urgently
necessary to categorize all prototypes. From all accumulated knowledge we
can build a DC/DC converter family tree, which is shown in Figure 1.39. In
each generation we introduce some circuits to readers to promote under-
standing of the characteristics.
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Voltage-Lift Converters

The voltage-lift (VL) technique is a popular method that is widely applied
in electronic circuit design. Applying this technique effectively overcomes
the effects of parasitic elements and greatly increases the output voltage.
Therefore, these DC/DC converters can convert the source voltage into a
higher output voltage with high power efficiency, high power density, and
a simple structure.

2.1 Introduction

VL technique is applied in the periodical switching circuit. Usually, a capac-
itor is charged during switch-on by certain voltages, e.g., source voltage.
This charged capacitor voltage can be arranged on top-up to some parameter,
e.g., output voltage during switch-off. Therefore, the output voltage can be
lifted higher. Consequently, this circuit is called a self-lift circuit. A typical
example is the saw-tooth-wave generator with a self-lift circuit.

Repeating this operation, another capacitor can be charged by a certain
voltage, which may possibly be the input voltage or other equivalent voltage.
The second capacitor charged voltage is also possibly arranged on top-up
to some parameter, especially output voltage. Therefore, the output voltage
can be higher than that of the self-lift circuit. As usual, this circuit is called
re-lift circuit.

Analogously, this operation can be repeated many times. Consequently, the
series circuits are called triple-lift circuits, quadruple-lift circuits, and so on.

Because of the effect of parasitic elements the output voltage and power
transfer efficiency of DC-DC converters are limited. Voltage lift technique
opens a way to improve circuit characteristics. After long-term research, this
technique has been successfully applied to DC-DC converters. Three series
Luo-converters are the DC-DC converters, which were developed from pro-
totypes using VL technique. These converters perform DC-DC voltage
increasing conversion with high power density, high efficiency, and cheap
topology in simple structure. They are different from any other DC-DC step-
up converters and possess many advantages including a high output voltage

41
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42 Essential DC/DC Converters

with small ripples. Therefore, these converters are widely used in computer
peripheral equipment and industrial applications, especially for high output
voltage projects. This chapter’s contents are arranged thusly:

Seven types of self-lift converters
Positive output Luo-converters

Negative output Luo-converters
Modified positive output Luo-converters

AR e

Double output Luo-converters

2.2 Seven Self-Lift Converters

All self-lift converters introduced here are derived from developed convert-
ers such as Luo-converters, Cik-converters, and single-ended primary
inductance converters (SEPICs) discussed in Section 1.3. Since all circuits are
simple, usually only one more capacitor and diode required that the output
voltage be higher by an input voltage. The output voltage is calculated by
the formula

k 1
Vo=(—+1)V, =—V. 2.1
(0] (1_k )m ].—k in ( )

There are seven circuits:

e Self-lift Cak converter

¢ Self-lift P/O Luo-converter

¢ Reverse self-lift P/O Luo-converter

¢ Self-lift N/O Luo-converter

¢ Reverse self-lift Luo-converter

¢ Self-lift SEPIC

¢ 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 pulse-width-modulated (PWM)
switching signal with variable frequency f and conduction duty k. For all
circuits, the load is usually resistive, i.e.,

R=V, /I,
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The normalized load is

Zy = (2.2)

R
N ﬂeq
where L, is the equivalent inductance.

We concentrate on the absolute values rather than polarity in the following
description and calculations. 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 capaci-
tors are assumed to be large enough that the ripple voltage across the capac-
itors 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 i, and v, . Its average current and voltage values
are expressed as I, and V.. The input voltage and current are V, and I; the
output voltage and current are V; and I;. T and f are the switching period
and frequency.

The voltage transfer gain for the continuous conduction mode (CCM) is

M= “2 = ? (2.3)
Variation of current i, : ¢ = AZLIL/z (2.4)
Variation of current i, : ¢, = AlLIOL 0/ 2 (2.5)
Variation of current ij: &= AiEI’D/ 2 (2.6)
Variation of voltage v: = Av‘;c/ 2 (2.7)
Variation of voltage v,: G, = Av;;/z (2.8)
Variation of voltage v, : c, = Avgiz/Z (2.9)
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AV, /2
v

[

Variation of output voltage v, : € (2.10)

Here I, refers to the average current i, which flows through the diode D
during the switch-off period, not its average current over the whole period.

Detailed analysis of the seven self-lift DC-DC converters will be given in
the following sections. Due to the length limit of this book, only the simu-
lation and experimental results of the self-lift Ctik converter are given. How-
ever, the results and conclusions of other self-lift converters should be quite
similar to those of the self-lift Ciik-converter.

2.2.1 Self-Lift Cak Converter

Self-lift Ctik converters and their equivalent circuits during switch-on and
switch-off period are shown in Figure 2.1. It is derived from the Ciik con-
verter. During switch-on period, S and D, are on, D is off. During switch-
off period, D is on, S and D, are off.

2.2.1.1 Continuous Conduction Mode

In steady state, the average inductor voltages over a period are zero. Thus
=Y (2.11)

During switch-on period, the voltage across capacitors C and C, are equal.
Since we assume that C and C, are sufficiently large, so

Ve=V,=V, (2.12)

The inductor current i, increases during switch-on and decreases during
switch-off. The corresponding voltages across L are V, and —(V.-V)).

Therefore,
kTV, =(1-k)T(V.-V))
Hence,
Vo=V.=Vy=V,= ﬁv (2.13)

The voltage transfer gain in the CCM is
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(c) Switch off

FIGURE 2.1
Self-lift Ctik converter and equivalent circuits. (a) The self-lift Ctik converter. (b) The equivalent
circuit during switch-on. (c) The equivalent circuit during switch-off.

v,
m=Yo_ Ir_ 1 (2.14)
v, I, 1-k

The characteristics of M vs. conduction duty cycle k are shown in Figure 2.2.
Since all the components are considered ideal, the power loss associated
with all the circuit elements are neglected. Therefore the output power P,

is considered to be equal to the input power P, :

Vi, =VI

o~ 0 "1
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FIGURE 2.2
Voltage transfer gain M vs. k.

Thus,

During switch-off,

=] (2.15)

The current i, increases during switch-on. The voltage across it during
switch-on is V|, therefore its peak-to-peak current variation is

KTV,
8y ==t

The variation ratio of the current i, is

A /2 KTV, k(1-kP’R_ kR

== (2.16)
o2, 2fL  2MPfL

&
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The variation of current i, is

kR
ML

£=¢,
The peak-to-peak variation of voltage v is

[ (A-KT 1
Ay, =L c :f%

The variation ratio of the voltage v is

Ao /2 1

V.  2fCV, 2fRC

The peak-to-peak variation of the voltage v, is

_Lo(-KT _1,(-k)

A
T 1<

The variation ratio of the voltage v, is

CAve, /2 I,(-k) 1
oy 2fC,V, 2MfRC,

C1

The peak-to-peak variation of the current i,, is approximately:

A2 2 2 1,0-k
LO 2
LO 8f LOCI

140, T
2 _

The variation ratio of the current i, , is approximately:

LNy /2 I,(-k) 1

L= T 16£°L,CI, 16Mf’L.C,

LO

The peak-to-peak variation of voltage v, and v, is

18T
Avy = Av, =22 2 Tod=0)
3
C,  64f'L.CC,
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(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.24)

(2.25)
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The variation ratio of the output voltage is

£ Avx(; - 128;?L(1C];Z) v, 128Mf3£ C,C,R (2.26)
o o+-1-0"0 o+-1%0

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 Cik
converter is continuous with small ripple.

The output voltage of the self-lift Ctik converter is higher than the corre-
sponding Cuk converter by an input voltage. It retains one of the merits of
the Cuk converter. They both have continuous input and output current in
CCM. As for component stress, it can be seen that the self-lift converter has
a smaller voltage and current stresses than the original Ctik converter.

2.2.1.2 Discontinuous Conduction Mode

Self-lift Cik converters operate in the discontinuous conduction mode
(DCM) if the current i, reduces to zero during switch-off. As a special case,
when i, decreases to zero at t = T, then the circuit operates at the boundary
of CCM and DCM. The variation ratio of the current i, is 1 when the circuit
works in the boundary state.

R —_—
M*fL

Therefore the boundary between CCM and DCM is

k
&= 1 (2.27)

_ ok [ Rk
B2 Jz

(2.28)

where z, is the normalized load RAfL).

The boundary between CCM and DCM is shown in Figure 2.3a. The curve
that describes the relationship between My and z,, has the minimum value
Mg =15 and k = /3 when the normalized load z,, is 13.5.

When M > M, the circuit operates in the DCM. In this case the diode
current i, decreases to zero at t = t; = [k + (1 — k) m] T where kT < t1< T and
O<m<1.

Define m as the current filling factor (FF). After mathematical manipulation:

_1_ M
S &

m

X (2.29)
2fL
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RIL

a) Boundary between CCM and DCM

k=095

k=0¢

=033
k=01

RifL

b) The voltage transfer gain M vs. the
normalized load at various k

FIGURE 2.3

Boundary between CCM and DCM and DC voltage transfer gain M vs. the normalized load at
various k. (a) Boundary between CCM and DCM. (b) The voltage transfer gain M vs. the
normalized load at various k.

From the above equation we can see that the discontinuous conduction
mode is caused by the following factors:

e Switch frequency f is too low
* Duty cycle k is too small
¢ Inductance L is too small
* Load resistor R is too big
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In the discontinuous conduction mode, current i; increases during switch-
on and decreases in the period from kT to (1-k)mT. The corresponding
voltages across Lare V, and —(V. -V,). Therefore, kTV, =(1-k)mT(V.-V,)
Hence,

k
1-kym

V. =[1+ v, (2.30)

Since we assume that C, C;, and C, are large enough,

k

Vo =V.=V, =1+ - k)m]VI (2.31)
or
2 R
Vo, =[1+k*(1-k) ﬁ]vl (2.32)
The voltage transfer gain in the DCM is
2 R
Mpey =1+k*(1- k)ﬁ (2.33)

The relation between DC voltage transfer gain M and the normalized load
at various k in the DCM is also shown Figure 2.3b. It can be seen that in
DCM, the output voltage increases as the load resistance R is increasing.

2.2.2 Self-Lift P/O Luo-Converter

Self-lift positive output Luo-converters and the equivalent circuits during
switch-on and switch-off period are shown in Figure 2.4. It is the self-lift circuit
of the positive output Luo-converter. It is derived from the elementary circuit
of positive output Luo-converter. During switch-on period, S and D, are switch-
on, D is switch-off. During switch-off period, D is on, S and D, are off.

2.2.2.1 Continuous Conduction Mode

In steady state, the average inductor voltages over a period are zero. Thus
Ve=Veo =V

During switch-on period, the voltage across capacitor C; is equal to the
source voltage. Since we assume that C and C; are sufficiently large,
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FIGURE 2.4

Self-lift positive output Luo-converter and its equivalent circuits. (a) Self-lift positive output
Luo-converter. (b) The equivalent circuit during switch-on. (c) The equivalent circuit during
switch-off.

The inductor current i, increases in the switch-on period and decreases in
the switch-off period. The corresponding voltages across L are V, and
(Vo =V).

© 2006 by Taylor & Francis Group, LLC



52 Essential DC/DC Conuverters

Therefore
kTV, =(1-k)T(V.-V)
Hence,
1
V,=—"-V
O 1 _ k I

The voltage transfer gain in the CCM is

Vo
-

M (2.34)

1
1-k

Since all the components are considered ideal, the power loss associated
with all the circuit elements are neglected. Therefore the output power P,

is considered to be equal to the input power P, , V I, =V,
Thus,

The capacitor C, acts as a low pass filter so that

o =1o

The charge of capacitor C increases during switch-on and decreases during
switch-off.

Q, =l kT =IkT  Q =I. opy(1-K)T=1,(1-K)T

In a switch period,

k
Q=Q IL=77"0
during switch-off period,
ip =i, +i,,
Therefore,
Iy=1,+I,,=—1,
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For the current and voltage variations and boundary condition, we can
get the following equations using a similar method that was used in the
analysis of self-lift Ctik converter.

Current variations:

1 R k R k R
Cl = 2 g cz =——— &= 2 g
2M? fL 2M i, 2M? fL,
where L, refers to
L L
“ L+L,
Voltage variations:
k1 M1k 1
P=2/crR 272 OR 8M f2L.C,

2.2.2.2 Discontinuous Conduction Mode

Self-lift positive output Luo-converters operate in the DCM if the current 7,
reduces to zero during switch-off. As the critical case, when i, decreases to
zero at t = T, then the circuit operates at the boundary of CCM and DCM.

The variation ratio of the current i, is 1 when the circuit works in the
boundary state.

k R

Somi,

Therefore the boundary between CCM and DCM is

| R kz
M, =k — = [N 2.35
g =N \/zflgq \/ > ( )

where z,; is the normalized load R/ (fL, q) and L, refersto L, .= LL,/L+L,.

When M > M,, the circuit operates at the DCM. In this case the circuit
operates in the diode current i, decreases to zero at t = t; = [k + (1 — k) m]
T, where KT < ;< T and 0 < m < 1, with m as the current filling factor. We
define m as:

= (2.36)
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In the discontinuous conduction mode, current i, increases in the switch-
on period kT and decreases in the period from kT to (1 — k)ymT. The corre-
sponding voltages across L are V, and —(V.-V,).

Therefore,
kTV, =(1-kymT(V. -V,,)
and
Ve=Veo=V, Vo=V,
Hence,
k
V,=[1+——-]V,
0=l 1- k)m] !
or
1% —[1+k2(1—k)L]V (2.37)
(o) zﬁeq I -

So the real DC voltage transfer gain in the DCM is

M, . =1+k*(1-k) (2.38)

DCM

R
ZfL eq

In DCM, the output voltage increases as the load resistance R is increasing.

2.2.3 Reverse Self-Lift P/O Luo-Converter

Reverse self-lift positive output Luo-converters and their equivalent circuits
during switch-on and switch-off period are shown in Figure 2.5. It is derived
from the elementary circuit of positive output Luo-converters. During
switch-on period, S and D, are on, D is off. During switch-off period, D is
on, S and D; are off.

2.2.3.1 Continuous Conduction Mode

In steady state, the average inductor voltages over a period are zero.
Thus
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55

Reverse self-lift positive output Luo-converter and its equivalent circuits. (a) Reverse self-lift
positive output Luo-converter. (b) The equivalent circuit during switch-on. (c) The equivalent

circuit during switch-off.

During 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,

Vo=V, +V,
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Therefore,
k 1 1
VCl = VI + EVI = EVI VO = VCO = VCl = ﬂ‘/l (239)
The voltage transfer gain in the CCM is
V,
M=Yo_ 1 (2.40)
vV, 1-k

Since all the components are considered ideal, the power losses on all the
circuit elements are neglected. Therefore the output power P, is considered

to be equal to the input power P,

Volo =V},

Thus,

The charge of capacitor C; increases during switch-on and decreases during
switch-off

Q, = ICl—ONkT
Q =1,1-KT=1,1-k)T

In a switch period,

:IO+%IO -1 (2.41)

I Lo

c-on =10 ¥ cion
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The charge of capacitor C increases during switch-off and decreases during
switch-on.

1
Q, =l op(1-K)T Q =I. kT = " I kT

In a switch period,

1-k 1
Q=0 Ieop= TIC—ON = 1—k I (2.42)

Therefore,

1 2—-k

IL = ILO +IC—OFF = IO +ﬂlo :ﬂlo = IO +II
During switch-off,
iD iL iLO
Therefore,
Ip=1-1,=1I,

The following equations are used for current and voltage variations and
boundary conditions.

Current variations:

k R k R 1 R

C oo 2T, ST,

(0] eq
where L, refers to

L L
“ L+L,
Voltage variations:
1 1 1 1 k 1

= o, =— €=
P= ok fCR ' 2M fCR 16M f*C,L,
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2.2.3.2 Discontinuous Conduction Mode

Reverse self-lift positive output Luo-converter operates in the DCM if the
current i, reduces to zero during switch-off at t = T, then the circuit operates
at the boundary of CCM and DCM. The variation ratio of the current i, is
1 when the circuit works in the boundary state.

k R

:zszLieq_

&

Therefore the boundary between CCM and DCM is

| R kz
M, =k — = |—=X 2.43
g =N \/zflgq \/ > ( )

where z is the normalized load R/(fL,) and L, refersto L, =LL,/L+L,,.

When M > M,, the circuit operates in the DCM. In this case the diode
current i, decreases to zero at t = t; = [k + (1 — k) m] T, where KT < t1 < T
and 0 <m < 1. m is the current filling factor.

1 M?

1 2.44

I (2.44)
szL’q

m=

In the discontinuous conduction mode, current i; increases during switch-
on and decreases in the period from kT to (1 — k)ymT. The corresponding
voltages across L are V; and V.

Therefore,

kTV, =(1-k)ymTV,
and

Ve =Veo=Vo Vo=V +V
Hence,
k
V,=[1+——-]V,
0=l a- k)m] !
or
vV, = 1+k2(1—k)i \% (2.45)
o~ szeq I .
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a) Self-Lift Negative Output Luo-Converter

11

IC

o I

4_

c1 -«
Vc :i VO
L +T C Co R +

b) The equivalent circuit during switch-on

| + Vv, o)

) i )
I + Vg — Lo lo

_ %m “«

+ C1 _ LO -
V| l Ve =< =

_ L L +|C Co R .

c) The equivalent circuit during switch-off

FIGURE 2.6

Self-lift negative output Luo-converter and its equivalent circuits. (a) Self-lift negative output
Luo-converter. (b) The equivalent circuit during switch-on. (c) The equivalent circuit during
switch-off.

So the real DC voltage transfer gain in the DCM is

(2.46)

Mpey = 1+k2(1—k)2i

L

In DCM the output voltage increases as the load resistance R increases.

2.2.4 Self-Lift N/O Luo-Converter

Self-lift negative output Luo-converters and their equivalent circuits during
switch-on and switch-off period are shown in Figure 2.6. It is the self-lift circuit
of the negative output Luo-converter. The function of capacitor C, is to lift the
voltage V. by asource voltage V, .S and D, are on, and D is off during switch-
on period. D is on, and S and D, are off during switch-off period.
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2.2.4.1 Continuous Conduction Mode

In the steady state, the average inductor voltages over a period are zero. Thus
Ve=Veo =V

During switch-on period, the voltage across capacitor C; is equal to the
source voltage. Since we assume that C and C, are sufficiently large, V., =V,.
Inductor current i, increases in the switch-on period and decreases in the
switch-off period. The corresponding voltages across L are V, and

—(V-.=V,).
Therefore,
kTV, =(1-k)T(V.-V)
Hence,
1
Vo=Vo.=Vio=—"V, (2.47)
1-k
The voltage transfer gain in the CCM is
\%
M=-9= . (2.48)
VvV, 1-k

Since all the components are considered ideal, the power loss associated with
all the circuit elements are neglected. Therefore the output power P, is
considered to be equal to the input power P, ,V,I,=VI,.

Thus,

The capacitor C, acts as a low pass filter so that I,, =1,.

For the current and voltage variations and boundary condition, the fol-
lowing equations can be obtained by using a similar method that was used
in the analysis of self-lift Ctik converter.

Current variations:

__k R
2M* fL’

_k 1 k R
16 f°L,C

Cl CZ

Voltage variations:
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k1 M 1 k 1

=—— o, =——
P=ocr

€=
2 fC,R 128 f°L,CC,R

2.2.4.2 Discontinuous Conduction Mode

Self-lift negative output Luo-converters operate in the DCM if the current
i, reduces to zero at t = T, then the circuit operates at the boundary of CCM
and DCM. The variation ratio of the current i, is 1 when the circuit works
at the boundary state.

k R _

TOM?fL

g

Therefore the boundary between CCM and DCM is

| R |kz
MBZ\fk\/%—\/TN (2.49)

where LL,q refers to qu =L and z, is the normalized load R/ (ngq) .

When M > M, the circuit operates in the DCM. In this case the diode
current i, decreases to zero at t = t; = [k + (1 — k)m]T, where KT < t1 < T and
0 <m < 1. m is the current filling factor and is defined as:

e, R
2fL

m (2.50)

In the discontinuous conduction mode, current i, increases during switch-
on and decreases during period from kT to (1 — k)mT. The voltages across L
are V, and —(V.-V)).

KTV, = (1= k)mT(V. - V.,)

and
Vo=V, V=V, =V,
Hence,
k R
Vo =[l+———V Vo =[1+k*(1-k)—1]V,
o=l gV or Vol I-R 1Y,
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i i
— -9 p» Op
_/ G_D'__KYW\_
+ s C Dy . Lo +
\7 i VAR 4 = Vo
- oL D —|G Co R_

|/

+ Lo +
\z l Vo
Co R_

c) The equivalent circuit during switch-off

FIGURE 2.7
Reverse self-lift negative output Luo-converter and its equivalent circuits. (a) Reverse self-lift

negative output Luo-converter. (b) The equivalent circuit during switch-on. (c) The equivalent
circuit during switch-off.

So the real DC voltage transfer gain in the DCM is

R
Mpey =1+K(1- k)ﬂ (2.51)

We can see that in DCM, the output voltage increases as the load resistance
R is increasing.

2.2.5 Reverse Self-Lift N/O Luo-Converter

Reverse self-lift negative output Luo-converters and their equivalent circuits
during switch-on and switch-off period are shown in Figure 2.7. It is derived
from the Zeta converter. During switch-on period, S and D, are on, D is off.
During switch-off period, D is on, S and D, are off.
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2.2.5.1 Continuous Conduction Mode

In steady state, the average inductor voltages over a period are zero. Thus

The inductor current i, increases in the switch-on period and decreases in
the switch-off period. The corresponding voltages across L are V, and -V..
Therefore

kTV, =(1-k)TV,
Hence,

(2.52)

voltage across C. Since we assume that C and C, are sufficiently large,

Vo=V +Vc
Therefore,
k 1 1
Va=Vit = Vi=7— Vi Vo=Veo=Va =12

The voltage transfer gain in the CCM is

Vv

M=-9
Vi

1
— 2.53
- (2.53)

Since all the components are considered 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 P,V I,=VI,.
Thus,

The capacitor C,, acts as a low pass filter so that I, , =1,.
The charge of capacitor C, increases during switch-on and decreases during
switch-off.

Q, =IcionkT  Q =Ie op(1-FT =1,(1-K)T
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In a switch period,

Q=0 Iyon= Tlcfopp = %Io

The charge of capacitor C increases during switch-on and decreases during
switch-off.

Q, = IC—ONkT Q =1Ic o (I-k)T

In a switch period,

Q,=Q
1-k 1
I on =lcron t1io Io+15=—1I,
k k1 1
leorr =7 leon =733 o =75 lo
Therefore,
1
I =1 =—I
L C-OFF 1 k o
During switch-off period,
. 1
=1 ID:IL:ﬂIO

For the current and voltage variations and the boundary condition, we
can get the following equations using a similar method that was used in the
analysis of self-lift Ciik converter.

Current variations:

¢ = k R ¢ = 1 R - k R
Y2MP L 7P 16M fPLC 2M* fL
Voltage variations:
1 1 1 1 1 1

P=ok ek 7 T 2M fCR 128M f°L,C,C R
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2.2.5.2 Discontinuous Conduction Mode

Reverse self-lift negative output Luo-converters operate in the DCM if the
current i, reduces to zero during switch-off. As a special case, when i,
decreases to zero at t = T, then the circuit operates at the boundary of CCM
and DCM.

The variation ratio of the current i, is 1 when the circuit works in the
boundary state.

k R

F’:zMZme_

The boundary between CCM and DCM is

MB :\k CiR = \/kZiN
Zﬂ,Eq 2

where z,; is the normalized load R/ (fLm) and L, refersto L, =L.

When M > M,, the circuit operates at the DCM. In this case, diode current
ip decreases to zero at t = t; = [k + (1 —k) m] T where KT <t;<Tand 0 < m
< 1 with m as the current filling factor.

1w
& R
ZfLeq

m

(2.54)

In the discontinuous conduction mode, current i, increases in the switch-
on period kT and decreases in the period from kT to (1 —k)mT. The corre-
sponding voltages across L are V, and V.

Therefore,
kTV, =(1-k)ymTV,
and
Vo =Veo=Vo Vo=V +V
Hence,
Vo =1+ k v,
(1-k)ym
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or

v, :[l+k2(1—k)2R

v, 2.55
fl} ! (2.55)

The voltage transfer gain in the DCM is
M, = 1+k2(1—k)2L

2.56
1 (2.56)

It can be seen that in DCM, the output voltage increases as the load resistance
R is increasing.

2.2.6 Self-Lift SEPIC

Self-lift SEPIC and the equivalent circuits during switch-on and switch-off
period are shown in Figure 2.8. It is derived from SEPIC (with output filter).
S and D, are on, and D is off during switch-on period. D is on, and S and
D, are off during switch-off period.

2.2.6.1 Continuous Conduction Mode

In steady state, the average voltage across inductor L over a period is zero.
Thus V. =V,.

During 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,

Vo =V. =V

C1 C 1

In steady state, the average voltage across inductor L, over a period is also
zero.

Thus Vv,

The inductor current i, increases in the switch-on period and decreases
in the switch-off period. The corresponding voltages across L are V, and
_(VC —Vq +ch _VI)

Therefore

kTV, =(1-K)T(V. -V, +V,-V))

or
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) Ve Ver 4 i"o—b IO—}

+ L c D Lo +
+

v, M D Vo = Vo

B ] [ L, [Dy =| G, Co R _

a) Self-Lift Sepic Converter

v, i i
1 Lo
__C+ > 0I
+
Vo
R _

=
_T Cz CO

- = T i
— = .
o
+ Cc +
! .
v, M Ve b L Vo
_ s L, Te, Co <R -

c) The equivalent circuit during switch-off

FIGURE 2.8
Self-lift sepic converter and its equivalent circuits. (a) Self-lift sepic converter. (b) The equivalent
circuit during switch-on. (c) The equivalent circuit during switch-off.

KTV, = (1-K)T(V, - V,)

Hence,

1
VO = ﬂVI = VCO = ch (257)

The voltage transfer gain in the CCM is

V.

o

M=-9
VI

1
— 2.58
1% (2.58)
Since all the components are considered 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 P, ,V,I,=VI,.
Thus,
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The charge of capacitor C increases during switch-off and decreases during
switch-on.

Q =1 kT  Q,=1.o1-KT=1,1-KT
In a switch period,

1-k 1-k
Q,=0. I.onv= TIC—OFF =

kII

The charge of capacitor C, increases during switch-off and decreases during
switch-on.

Q.= Iy onkT =1kT Q. = Iy ope(1=K)T

In a switch period,

k k
Q=Q lpor= 1—k Ieon = 1—k Io

The charge of capacitor C; increases during switch-on and decreases during
switch-off.

Q, =l onkT Q=1 opp(1-K)T

In a switch period,

k 1
Qu=Q  Ierorr = leaopr +110= mlo +lo = mlo
Therefore
1-k 1
Iy on = TIC1—OFF = %Io Iy =Icion —Icon =0

During switch-off,
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Therefore,

For the current and voltage variations and the boundary condition, we
can get the following equations using a similar method that is used in the
analysis of self-lift Cik converter.

Current variations:

k R kR k R

G = T, =g g= 2 g

2M* fL 16 f°L,C, 2M° 1L,
where L,, refers to

_ L
“ L+L,
Voltage variations:
M1 M 1 k1 k 1

P=5 fCR ' 2 fCR * 2fCR 128 f°L,C,C R

2.2.6.2 Discontinuous Conduction Mode

Self-lift Sepic converters operate in the DCM if the current i, reduces to
zero during switch-off. As a special case, when i, decreases to zero at t =
T, then the circuit operates at the boundary of CCM and DCM.

The variation ratio of the current i, is 1 when the circuit works in the
boundary state.

k R

TOME AL

&

eq

Therefore the boundary between CCM and DCM is

! w“ R kZ
M, =~k |— = [ZN 2.59
B =N \/ZfLeq \/2 (2.59)
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LL
where z, is the normalized load R/ (fLeq) and L,, refers to L,= o,
When M > M, the circuit operates in the DCM. In this ¢ __ L+Loge
current i, decreases to zero at t = t; = [k + (1 — k) m] T where KT < t,< T and

0 <m < 1. m is defined as:

1 M?

i 2.60

£~ (2.60)
2fL,,

m=

In the discontinuous conduction mode, current i; increases during switch-
on and decreases in the period from kT to (1 -k)mT. The corresponding
voltages across L are V; and —(V. -V +V_,-V)).

Thus,
kTV, =(1-k)T(V, -V, +V,=V})
and
Ve=Vi Vo=Ve=V, Vo=V =V,
Hence,
Vo =M1+ L]VI
1-kym
or
R
V,=|1+k*(1-k)— |V,
oo T
So the real DC voltage transfer gain in the DCM is
2 R
Mpe, =1+k (1—k)% (2.61)

In DCM, the output voltage increases as the load resistance R is increasing.

2.2.7 Enhanced Self-Lift P/O Luo-Converter

Enhanced self-lift positive output Luo-converter circuits and the equivalent
circuits during switch-on and switch-off periods are shown in Figure 2.9.
They are derived from the self-lift positive output Luo-converter in Figure 2.4
with swapping the positions of switch S and inductor L.
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> c1 >
. L C, J& Lo
D, .
D+
VI D =
V,
o
+ | Co §
S ve T R_

FIGURE 2.9
Enhanced self-lift P/O Luo-converter.

During switch-on period, S and D, are on, and D is off. Obtain:

V.=V,

c1
and
74
Ai, = —LkT
L

During switch-off period, D is on, and S and D, are off.

Ai, = YemYiq_iyr
L
So that
1
YeT k!

The output voltage and current and the voltage transfer gain are

VO = ‘/I +VC1 = (1+ﬁ)‘ll (262)
1-k
1 2—-k
M=1+—=—— 2.65
1-k 1-k (2.65)
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Average voltages:

VCl = EVI (267)
Average currents:
Io,=1I, (2.68)
2-k
ILZEIO:II (269)
Therefore,
Vv -
Yo_ 1 ,4_2-K (2.70)
vV, 1-k 1-
|

2.3 Positive Output Luo-Converters

Positive output Luo-converters perform the voltage conversion from positive
to positive voltages using VL technique. They work in the first quadrant
with large voltage amplification. Five circuits have been introduced in the
literature:

¢ Elementary circuit

o Self-lift circuit

¢ Re-lift circuit

o Triple-lift circuit

* Quadruple-lift circuit

The elementary circuit can perform step-down and step-up DC-DC con-
version, which was introduced in previous section. Other positive output
Luo-converters are derived from this elementary circuit, they are the self-lift
circuit, re-lift circuit, and multiple-lift circuits (e.g., triple-lift and quadruple-
lift circuits) shown in the corresponding figures. Switch S in these diagrams
is a P-channel power MOSFET device (PMOS), and S, is an N-channel power
MOSFET device (NMOS). They are driven by a PWM switch signal with
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repeating frequency f and conduction duty k. The switch repeating period
is T = 1/f, so that the switch-on period is kT and switch-off period is (1 — k)T.
For all circuits, the load is usually resistive, R = V5/I; the combined inductor
L=L,L,/(L,+ L,); the normalized load is zy = R/fL. Each converter consists
of a positive Luo-pump and a low-pass filter L,-C,, and lift circuit (intro-
duced in the following sections). The pump inductor L, transfers the energy
from source to capacitor C during switch-off, and then the stored energy on
capacitor C is delivered to load R during switch-on. Therefore, if the voltage
V¢ is higher the output voltage V should be higher.

When the switch S is turned off, the current i;, flows through the free-
wheeling diode D. This current descends in whole switch-off period (1 - k)T.
If current i, does not become zero before switch S turned on again, this
working state is defined as the continuous conduction mode (CCM). If cur-
rent i, becomes zero before switch S turned on again, this working state is
defined as the discontinuous conduction mode (DCM).

Assuming that the output power is equal to the input power,

P

o =Db

IN

or V,I,=V]I,

The voltage transfer gain in continuous mode is

Vo L
VI IO
Variation ratio of current i,:
£ = Aij, /2
1
ILl
Variation ratio of current i, ,:
£ = Aij, /2
2
ILZ
Variation ratio of current ip:
{= Aij, /2
ILl + ILZ
Variation ratio of current i;,,; is
Ai, . /2
X=—1— j=123, .
IL2+j
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Variation ratio of voltage v.:

_AvC/Z

Variation ratio of voltage v;:

Avcj/Z
O . =——
/ Vv

G

j=1,2,34, ..

Variation ratio of output voltage vc:

A 2
8:7%/

Yo

2.3.1 Elementary Circuit

Elementary circuit and its switch-on and -off equivalent circuits are shown
in Figure 2.10. Capacitor C acts as the primary means of storing and trans-
ferring energy from the input source to the output load via the pump induc-
tor L,. Assuming capacitor C to be sufficiently large, the variation of the
voltage across capacitor C from its average value V. can be neglected in
steady state, i.e., vo(t) = V, even though it stores and transfers energy from
the input to the output.

2.3.1.1  Circuit Description

When switch S is on, the source current i; = i;; + i,,. Inductor L, absorbs
energy from the source. In the mean time inductor L, absorbs energy from
source and capacitor C, both currents i;; and i;, increase. When switch S is
off, source current i, = 0. Current i, flows through the free-wheeling diode
D to charge capacitor C. Inductor L, transfers its stored energy to capacitor
C. In the mean time current i;, flows through the (C, - R) circuit and free-
wheeling diode D to keep itself continuous. Both currents i;, and 7;, decrease.
In order to analyze the circuit working procession, the equivalent circuits in
switch-on and -off states are shown in Figures 2.10b, c, and d.

Actually, the variations of currents i;; and i}, are small so that i;; = I;; and

iy = Ipp.
The charge on capacitor C increases during switch off:

Q+=(1-0T L,
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d) Discontinuos mode

FIGURE 2.10
Elementary circuit of positive output Luo-converter(a) Circuit diagram. (b) Switch-on. (c)
Switch-off. (d) Discontinuous mode.

It decreases during switch-on:

Q- =kTI,,
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In a whole period investigation, Q+ = Q-. Thus,

ILZ = TILl (271)

Since capacitor C, performs as a low-pass filter, the output current
I, =1, (2.72)

These two Equations (2.71) and (2.72) are available for all positive output
Luo-converters.

The source current is 7; = i;; + i}, during switch-on period, and i; = 0 during
switch-off. Thus, the average source current I, is

o 1-k
I =kxiy =Ky +iy) =K = Ol =1, 2.73)

Therefore, the output current is

1-k
Hence, output voltage is
The voltage transfer gain in continuous mode is
V,
M,=Yo_ Kk (2.76)
vV, 1-k

The curve of M; vs. k is shown in Figure 2.11.
Current i, increases and is supplied by V; during switch-on. It decreases
and is inversely biased by -V during switch-off. Therefore,

KTV, = (1-k)TV,

The average voltage across capacitor C is

(2.77)
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FIGURE 2.11
Voltage transfer gain M vs. k

2.3.1.2 Variations of Currents and Voltages

To analyze the variations of currents and voltages, some voltage and current
waveforms are shown in Figure 2.12.

Current i}, increases and is supplied by V; during switch-on. It decreases
and is inversely biased by -V during switch-off. Therefore, its peak-to-peak
variation is

Considering Equation (2.73), the variation ratio of the current 7, is

_Ai, /2 KTV, 1-k R

= — 2.78
e I, 2LI,  2M; fL, 278)

Current i}, increases and is supplied by the voltage (V; + V.- V) =V,
during switch-on. It decreases and is inversely biased by -V, during switch-
off. Therefore its peak-to-peak variation is

AP =L (2.79)

Considering Equation (2.72), the variation ratio of current i, is

_A/2 KV, kR (2.80)
ILZ ZLZIO ZME fI‘Z

&
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FIGURE 2.12

Some voltage and current waveforms of elementary circuit.
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When switch is off, the free-wheeling diode current is iy, = i, + i;, and

_KIV, KTV, _KTV, _(1-k)TV,

+ Al
L L L L

Ai =Ai

(2.81)

D L1

1 2

Considering Equation (2.71) and Equation (2.72), the average current in
switch-off period is

Ip=1I,+1,=

1-k

The variation ratio of current iy, is

_Aiy /2 (1-k)?TV, k(1-k)R _ k* R

= 2LI ML M2 2fL (282)
D o EfL ME sz
The peak-to-peak variation of v is
Q+ 1-k
AUC = T =— TII
Considering Equation (2.77), the variation ratio of v. is
A 2 (1-kTI
p=0c/2 _(=PT _k 1 (2.83)

V. 2CV, 2 fCR

IfL,=L,=1mH, C=Cy,=20uF, R=10%Q, f=50 kHz and k = 0.5, we get
€, =&,=0.05=0.025 and p = 0.025. Therefore, the variations of i,,, i;,, and
v are small.

In order to investigate the variation of output voltage v,, we have to
calculate the charge variation on the output capacitor C,, because

Q = Co Vo
and

AQ = C, A,

AQ is caused by Ai;, 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, which
is shown in Figure 2.12. Considering Equation (2.79),

1A, T _TETV,

A
Q=222 8 L,
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Thus, the half peak-to-peak variation of output voltage v, and v is

Av, — AQ _ kT?V,
2 C, 8C,L,

The variation ratio of output voltage v, is

8_AZJO/Z_ kT* V, &k 1
I7A 8C,L, V, 8M, f°C,L,

(2.84)

If L,=1mH, C, =20 uF, f=50 kHz and k = 0.5, we obtain that € = 0.00125.
Therefore, the output voltage V, is almost a real DC voltage with very small
ripple. Because of the resistive load, the output current iy(t) is almost a real
DC waveform with very small ripple as well, and I, = V,/R.

2.3.1.3 Instantaneous Values of Currents and Voltages

Referring to Figure 2.12, the instantaneous values of the currents and volt-
ages are listed below:

|0 for  0<t<kT )85
P8 = Vo +V, for kT <t<T (2.85)
Vi+ Vo for  0<t<kT
= 2.86
o0 { 0 for  kT<t<T (2.86)
3 V; for  0<t<kT .
uT oy, for KT <t<T (2.87)
v for  0<t<kT )88
P2 = Vs for  kT<t<T (2.88)
. iLl(O)+iL2(O)+£t for  0<t<kT 5 89
Hh T 0 L for kT <t<T (2.89)
oY
, 1L1(0)+Zt for  0<t<kT 2.90)
n, Ve KT<t<T ‘
iy (KT) = <2 (= KT) for <t<

1
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. v,
] ZLZ(O)JFZt for  0<t<kT
Iy =
iLz(kT)_%(t—kT) for kT <t<T
2
i = 0 v for  0<t<kT
v i“(kT)HLZ(kT)_TO(t_kT) for kT<t<T
; Vi
' lLZ(O)JrLTt for  0<t<kT
lC~
_iu(kT)"'%(t—kT) for kT <t<T
1
- Vi
. 1L2(0)+L—2t—lo o o<ieir
leo ®
_iu(kT)+%(t—kT)—Io for kT <t<T
1
where
kI 1-—
iLl(O): - —%
1-k 2L,
i (k)= o, A=V,
1-k 211,
; (1-k)V,
1L2(0)=IO_TZO
a-kv,

i,(kT)=1,+ 21,

2.3.1.4 Discontinuous Mode

81

(2.91)

(2.92)

(2.93)

(2.94)

Referring to Figure 2.10d, we can see that the diode current i, becomes zero
during switch off before next period switch on. The condition for discontin-

uous mode is

£>1
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continuous mode -

discontinuous mode

0.1

1! 1 1 1 1

1 1 1
1 2 5 10 20 50 100 200 500 1000
R/fL

FIGURE 2.13
The boundary between continuous and discontinuous modes and the output voltage vs. the
normalized load zy = R/fL.

2
ie., kzizl
M,? 2L
'R [z
M, <k |— =k /N 2.95
or E \/2fl 12 (2.95)

The graph of the boundary curve vs. the normalized load zy = R/fL is
shown in Figure 2.13. It can be seen that the boundary curve is a monorising
function of the parameter k.

In this case the current i, exists in the period between kT and ¢, = [k +
(1 = k)ymg]T, where my is the filling efficiency and it is defined as:

2
Mg (2.96)
k2

R
2fL

1
mE:E:

Considering Equation (2.95), therefore 0 < m; < 1. Since the diode current
ip becomes zero at t = kT + (1 —k)m,T, for the current i;, then
kTV, = (1 -kymTV,

or

k R
Vo=V, =k(1-k)—V,
© (A-km, ! ( )ZjL !
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with

R, 1
V2fL T 1-k

and for the current i
KT(V,+ Ve = Vo) = (1-k)mTV,

Therefore, output voltage in discontinuous mode is

k R
o (1-km, ! ( )ZfL !

with

RS
2L

(2.97)
\

.
1-k
i.e., the output voltage will linearly increase during load resistance R increas-
ing. The output voltage vs. the normalized load zy = R/fL is shown in

Figure 2.13. It can be seen that larger load resistance R may cause higher
output voltage in discontinuous conduction mode.

2.3.1.5 Stability Analysis

Stability analysis is of vital importance for any converter circuit. Considering
the various methods including the Bode plot, the root-locus method in s-
plane is used for this analysis. According to the circuit network and control
system theory, the transfer function in s-domain for switch-on and -off are
obtained:

SV, (s CR
o= S . (2.98)
Vi(s) s’CC,L,R+5°CL, +s(C+C,)R+1
oV, (s) sCR (2.99)

o = SV (9) 1 = $CC, LR +5°CL, +5(C+ Cy)R+1

where s is the Laplace operator. From Equation (2.98) and Equation (2.99) in
Laplace transform it can be seen that the elementary converter is a third
order control circuit. The zero is determined by the equations where the
numerator is equal to zero, and the poles are determined by the equation
where the denominator is equal to zero. There is a zero at original point (0,
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FIGURE 2.14
Stability analysis of elementary circuit. (a) Switch-on. (b) Switch-off.

0) and three poles located in the left-hand half plane in Figure 2.14, so that
this converter is stable. Since the equations to determine the poles are the
equations with all positive real coefficients, according to the Gauss theorem,
the three poles are one negative real pole and a pair of conjugate complex
poles with negative real part. When the load resistance R increases and tends
toward infinity, the three poles move. The real pole goes to the original point
and eliminates with the zero. The pair of conjugate complex poles becomes
a pair of imaginary poles located on the image axis. Assuming C = C, and
Li=L,{L=L,L,/(L; + L,) or L, = 2L}, the pair of imaginary poles are
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=+jo, for switch on (2.100)

n

=xjo, for switch off (2.101)

where o, = \/ 1/CL is the converter normal angular frequency. They are
locating on the stability boundary. Therefore, the circuit works in the critical
state. This fact is verified by experiment and computer simulation. When R
= oo, the output voltage v, intends to be very high value. The output voltage
V cannot be infinity because of the leakage current penetrating the capacitor
Co.

2.3.2 Self-Lift Circuit

Self-lift circuit and its switch-on and -off equivalent circuits are shown in
Figure 2.15, which is derived from the elementary circuit. Comparing to
Figure 2.10 and Figure 2.15, it can be seen that the pump circuit and filter
are retained and there is only one capacitor C; and one diode D, more, as a
lift circuit is added into the circuit. Capacitor C, functions to lift the capacitor
voltage V. by a source voltage V,,. Current i (f) = d(t) is an exponential
function. It has a large value at the power on moment, but it is small in the
steady state because Vi = V.

2.3.2.1 Circuit Description

When switch S is on, the instantaneous source current is i; = i;; + i}, + ic.
Inductor L, absorbs energy from the source. In the mean time inductor L,
absorbs energy from source and capacitor C. Both currents i;; and 7, increase,
and C, is charged to v = V. When switch S is off, the instantaneous source
current is i; = 0. Current i, flows through capacitor C; and diode D to charge
capacitor C. Inductor L, transfers its stored energy to capacitor C. In the
mean time, current i;, flows through the (C,— R) circuit, capacitor C; and
diode D, to keep itself continuous. Both currents i;; and i;, decrease. In order
to analyze the circuit working procession, the equivalent circuits in switch-
on and -off states are shown in Figures 2.15b, ¢ and d. Assuming that capac-
itor C, is sufficiently large, voltage V., is equal to V, in steady state.

Current 7}, increases in switch-on period kT, and decreases in switch-off
period (1-k)T. The corresponding voltages applied across L, are V; and
—(V-—V)) respectively. Therefore,

KTV, = (1-WT(V, - V,)
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FIGURE 2.15
Self-lift circuit. (a) Circuit diagram. (b) Switch on. (c) Switch off. (d) Discontinuous mode.
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FIGURE 2.16

Voltage transfer gain M; vs. k.
1

Hence, Ve=—"V,

1-k

87

(2.102)

Current i}, increases in switch-on period kT, and decreases in switch-off
period (1-k)T. The corresponding voltages applied across L, are (V, +

Ve.-Vy) and —(V, - V). Therefore,

KT(V +V, = Vo) = (1= K)T(V, - V)

Hence, Vo = 1% Vi
and the output current is
Io=01-k),

Therefore, the voltage transfer gain in continuous mode is

1

1-k

M, =

=S

The curve of Mg vs. k is shown in Figure 2.16.
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2.3.2.2 Average Current I, and Source Current I

During switch-off period (1 -k)T, current i., is equal to (i;; + i;,), and the
charge on capacitor C,; decreases. During switch-on period kT, the charge
increases, so its average current in switch-on period is

1-k . . 1-k I
ICl:T(ZL1+1L2):T(1L1+1L2):70 (2106)

During switch-off period (1-k)T the source current i; is 0, and in the
switch-on period kT,
I =iy i, +ig

Hence, I =k +i,+i))=k(I,+1,+I1,)
1-k I, 1 1

=k(I,,+1,,)1+ =k-12 - =0 2.107

(i 1) k) 1-kk 1-k ( )

2.3.2.3 Variations of Currents and Voltages

To analyze the variations of currents and voltages, some voltage and current
waveforms are shown in Figure 2.17. Current i, increases and is supplied
by V; during switch-on period kT. It decreases and is reversely biased by
—(Ve - V) during switch-off. Therefore, its peak-to-peak variation is

Hence, the variation ratio of current i}, is

_Ai, /2 KT 1-k R
ILl 2kL111 ZMS le

& (2.108)

Current i}, increases and is supplied by the voltage (V; + V. - V,) = V;in
switch-on period kT. It decreases and is inversely biased by —(V - V) during
switch-off. Therefore its peak-to-peak variation is

Thus, the variation ratio of current i, is

_Ai,/2 KT kR 2109)
ILZ 2LZIO ZMS fLZ

&
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FIGURE 2.17
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Some voltage and current waveforms of self-lift circuit.
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When switch is off, the free-wheeling diode current is iy, = i;; + i, and

_ KTV, _K1-h)V,

Aip = Ai,, +Ai 2.110
D L1 L2 L L ( )
Considering Equation (2.71) and Equation (2.72),
I
Ip=1I,+1I,= —2
D L1 L2 1— k
The variation ratio of current i, is
Aiy /2 k(1-k)*TV,
(=fp/2 _MIZK)TVo _ kR (2.111)
I 2L1, Mg 2fL
The peak-to-peak variation of voltage v is
1-k)TI -
AUC:&:( ) lel kkTII
C C C
Hence, its variation ratio is
A 2 (1-k)’kI,T
poA0c/2_(-KVHT __ k 2.112)

V. 2V,

. 2fCR

The charge on capacitor C, increases during switch-on, and decreases
during switch-off period (1 — k)T by the current (I;; + I;,). Therefore, its peak-
to-peak variation is

_ =0T, +1,) Ty

“ Cl - fcl

Av

Considering V-, = V), the variation ratio of voltage v, is

_AvCl/Z_ I, M
- VCl - zfclm - chlR

(2.113)

IfLi=L,=1ImH, C=C, =C,=20uF, R=40Q, f =50 kHz and k = 0.5,
we obtained that &, = 0.1, &, =0.1, { = 0.1, p = 0.006 and & = 0.025. Therefore,
the variations of i;4, i;,, v and v are small.

Considering Equation (2.84) and Equation (2.105), the variation ratio of
output voltage v, is
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Av, /2 KT?
e=A0o/2_ K" V,_ k1 (2.114)
V,  8CoL, V, 8M, fiCol,

If L,=1mH, C; =20 pE f =50 kHz and k = 0.5, € = 0.0006. Therefore, the
output voltage V, is almost a real DC voltage with very small ripple. Because
of the resistive load, the output current iy(t) is almost a real DC waveform
with very small ripple as well, and I, = V,/R.

2.3.2.4 Instantaneous Value of the Currents and Voltages

Referring to Figure 2.17, the instantaneous values of the currents and volt-
ages are listed below:

B 0 for  O0<t<kT 2115
s, for KT<t<T (2-115)
v, for  0<t<kT
- 2.116
b {0 for kT <t<T ( )
B 0 for  0<t<kT 2.117)
A for KT<t<T @
o \4 for  0<t<kT (2.118)
B I for  kT<t<T '
, , 1%
i =i = i OF i)+ 80+ for  0<t<kT (2.119)
="' 0 for kT <t<T
, 1%
1L1(0)+flt for  0<t<kT
i = V.-V KT <t<T (2120
i (KT)— 201t kT) for kT <ts
L
L 1
N/
. ZLz(O)"'LiZt for  0<t<kT (2.121)
o = V. -V '
i kT)- Yo=Y _kr) for kT <t<T
LZ
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. OV v for  0<t<kT
'p = i1y (KT) + iy, (KT) = ==L (1= KT) for KT<t<T
o)) for  O0<t<kT
'Y g for kT<t<T

v,
i,(0)+—1t

' L, for  0<t<kT
ZC: B
i, (kT) = Yo=Vu 4 k1) for kT <t<T
Ll
o = éS(t)v 1% for 0<t<kT
Iy = —i,,(kT)—i,,(kT)+ oL L(t—kT) for KT<t<T

. \%
1L2(0)+L—’if—1O

. , for  0<t<kT
leo = i (T)— VOL—ZVI (t-KT)-1, for kT <t<T
where
i(0)=k,-kV,/2fL,
inkT) =k, +kV,/2fL,
and

i,00)=Io—k Vo/2 fML,

i(kT) =Ty +k Vo/2 fM L,

2.3.2.5 Discontinuous Mode

(2.122)

(2.123)

(2.124)

(2.125)

(2.126)

Referring to Figure 2.15d, we can see that the diode current i, becomes zero
during switch off before next period switch on. The condition for discontin-

uous mode is £ > 1,

ie.,
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FIGURE 2.18
The boundary between CCM and DCM and the output voltage vs. the normalized load zy =

R/fL.

e
or M, _\k\/ o xk\f 5 (2.127)
The graph of the boundary curve vs. the normalized load zy = R/fL is
shown in Figure 2.18. It can be seen that the boundary curve has a minimum
value of 1.5 at k = /5.
In this case the current i, exists in the period between kT and ¢, = [k +
(1 - k)mg]T, where myg is the filling efficiency and it is defined as:

= (2.128)

Considering Equation (2.127), therefore 0 < mg < 1. Since the diode current
ip becomes zero at t = kT + (1 —k)m,T, for the current i,

KTV, = (1 - kymT(Ve - V)
or

k 2q o R
Ve =l oy V= K=V,
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with
'R

Ik “72i
\ZfL 1-k

A

and for the current i,
KT(V, + Ve =Vo) = 1 =kmT(V, - V)

Therefore, output voltage in discontinuous mode is

k

Vo =1+ 7(1 v

]v1=[1+k2<1_k>§L]v, with <k \2?1 L)

i.e., the output voltage will linearly increase while load resistance R increases.
The output voltage V,, vs. the normalized load zy = R/fL is shown in
Figure 2.18. Larger load resistance R causes higher output voltage in discon-
tinuous conduction mode.

2.3.2.6 Stability Analysis

Taking the root-locus method in s-plane for stability analysis the transfer
functions in s-domain for switch-on and -off are obtained:

avo(s)} i sCR
8V, (s) ™" $’CC,L,R+s°CL, +s(C+C,)R+1

(2.130)

Dn={

ACKE SCR
T8V, (s) Y s(C+C,)CoL,R+5*(C+C,)L, +s(C+C, +Cy)R+1

(2.131)

where s is the Laplace operator. From Equations (2.130) and (2.131) in Laplace
transform it can be seen that the self-lift converter is a third order control
circuit. The zero is determined by the equation when the numerator is equal
to zero, and the poles are determined by the equation when the denominator
is equal to zero. There is a zero at origin point (0, 0) and three poles located
in the left-hand half plane in Figure 2.19, so that the self-lift converter is
stable. Since the equations to determine the poles are the equations with all
positive real coefficients, according to the Gauss theorem, the three poles
are one negative real pole and a pair of conjugate complex poles with neg-
ative real part. When the load resistance R increases and tends towards
infinity, the three poles move. The real pole goes to the origin point and
eliminates with the zero. The pair of conjugate complex poles becomes a
pair of imaginary poles locating on the image axis. Assuming C = C; = C,
and L, =L, {L=L, L,/(L, + L,) or L, = 2L}, the pair of imaginary poles are

© 2006 by Taylor & Francis Group, LLC



Voltage-Lift Converters

104
25 X10

K-jo,
sl /,’P—

-30 -20 -10 0 10 20

(a) Switch on

30

2L
15¢ \:2\\
< i(N32),

| € -(32)w,
a5l /’
21

(b) Switch off

FIGURE 2.19
Stability analysis of self-lift circuit. (a) Switch-on. (b) Switch-off.
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where o, =1/CL is the self-lift converter normal angular frequency. They
are locating on the stability boundary. Therefore, the circuit works in the
critical state. This fact is verified by experiment and computer simulation.
When R = 8, the output voltage v, intends to be a very high value. The
output voltage V, cannot be infinity because of the leakage current pene-
trating the capacitor C,.

2.3.3 Re-Lift Circuit

Re-lift circuit, and its switch-on and -off equivalent circuits are shown in
Figure 2.20, which is derived from the self-lift circuit. It consists of two static
switches S and S;; three diodes D, D, and D,; three inductors L,, L, and L;;
four capacitors C, C;, C,, and Cp. From Figure 2.10, Figure 2.15, and
Figure 2.20, it can be seen that the pump circuit and filter are retained and
there are one capacitor C,, one inductor L; and one diode D, added into the
re-lift circuit. The lift circuit consists of D,-C,-L;D,-S,-C,. Capacitors C; and
C, perform characteristics to lift the capacitor voltage V. by twice the source
voltage V. L, performs the function as a ladder joint to link the two capacitors
C, and G, and lift the capacitor voltage V. up. Current ir(t) = 8,(t) and i, (t)
= §,(t) are exponential functions. They have large values at the moment of
power on, but they are small because v, = v, = V; in steady state.

2.3.3.1  Circuit Description

When switches S and S, turn on, the source instantaneous current i, = i;; +
iiy + icy + i3 + icp. Inductors L, and L; absorb energy from the source. In the
mean time inductor L, absorbs energy from source and capacitor C. Three
currents i;,, i;; and i, increase. When switches S and S, turn off, source
current i; = 0. Current i, flows through capacitor C;, inductor L, capacitor
C, and diode D to charge capacitor C. Inductor L, transfers its stored energy
to capacitor C. In the mean time, current 7;, flows through the (C,, - R) circuit,
capacitor C,, inductor L,, capacitor C, and diode D to keep itself continuous.
Both currents i;; and i;, decrease. In order to analyze the circuit working
procession, the equivalent circuits in switch-on and -off states are shown in
Figure 2.20b, ¢, and d. Assuming capacitor C, and C, are sufficiently large,
and the voltages V, and V, across them are equal to V, in steady state.

Voltage v, is equal to V; during switch-on. The peak-to-peak variation of
current i, is

AP =1 (2.134)

This variation is equal to the current reduction when it is switch-off.
Suppose its voltage is ~V;5 .5 5O
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FIGURE 2.20

Re-lift circuit: (a) circuit diagram; (b) switch on; (c) switch off; (d) discontinuous mode.

Ai

L3 —

Vi (1=R)T

L

Thus, during switch-off the voltage drop across inductor L; is
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k
VLS—oﬁ‘ = ﬂ‘/l (2135)
Current i}, increases in switch-on period kT, and decreases in switch-off
period (1-k)T. The corresponding voltages applied across L, are V,; and
~(Vc =2V, = V15 ). Therefore,

KTV, = (1-K)T(Ve =2V, =V, )

Hence, V.=—-V (2.136)

Current i}, increases in switch-on period kT, and it decreases in switch-off
period (1-k)T. The corresponding voltages applied across L, are (V, +
Ve=Vo) and (Vo =2V, - V5 ). Therefore,

KT(Ve+V, = Vo) =(1=k)T(V, =2V, = V,4 )

Hence, Vo = LVI (2.137)
1-k
and the output current is
1-k
I, = TII (2.138)
The voltage transfer gain in continuous mode is
V, 2
M,=-9=_=_ 2.139
R V’ 1—k ( )
The curve of M vs. k is shown in Figure 2.21.
2.3.3.2 Other Average Currents
Considering Equation (2.71),
k k
ILl_mIO=211 (214:0)
1
and I,=1,+1,=—-1I (2.141)
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FIGURE 2.21
Voltage transfer gain M vs. k.

Currents i¢; and i, equal to (i;;+ i;,) during switch-off period (1 - k)T, and

the charges on capacitors C; and C, decrease, i.e.,

. ) . 1
iy =iy = (it ipp) = I

1-k

The charges increase during switch-on period kT, so their average currents
are

1-k 1-k, k I
a=Ie ZT(IU +IL2)=T(7+1)IO :?o

2.142
1-k (2142

During switch-off the source current 7; is 0, and in the switch-on period
kT, it is

=t Tl Fleg Tl i
Hence,

I =kij =k(I +1,+1+I+1.,) =k2(I,,+I,)+2I.]

lp 1_2 (2.143)

1-k
=2k(I,, +1,,)1+ P ):2kl—k%:1—k o
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FIGURE 2.22
Some voltage and current waveforms of re-lift circuit.

2.3.3.3 Variations of Currents and Voltages

To analyze the variations of currents and voltages, some voltage and current
waveforms are shown in Figure 2.22. Current i;; increases and is supplied
by V, during switch-on period kT. It decreases and is reversely biased by
—(Ve -2V, - V,) during switch-off period (1 — k)T. Therefore, its peak-to-peak
variation is

Considering Equation (2.140), the variation ratio of current 7;; is

A, /2 _kVT 1-k R

= = (2.144)
ILl kLIII 2]\/‘[R fL1

&

Current i}, increases and is supplied by the voltage (V; + V- V) = V,during
switch-on period kT. It decreases and is reversely biased by —(V, -2V, - V3)
during switch-off. Therefore, its peak-to-peak variation is
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Considering Equation (2.72), the variation ratio of current iy, is

_AiLZ/Z_

KTV,  k R

&
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When switch is off, the free-wheeling diode current is iy, = i, + i}, and

TV, K1-KV,
Niy = Aiy, + A, = LVI _K ZL) o (2.146)

Considering Equation (2.71) and Equation (2.72),

Ip=1I,+1,= —9©
D L1 L2 1—k
The variation ratio of current iy, is
Aiy /2 k(1-k)’TV, -
(=fp/2 _MIZK)TVo k1-BR__k R (2.147)
I, 4L, 2MLfL  M," fL

Considering Equation (2.134) and Equation (2.141), the variation ratio of
current i, is
A, /2 kv, T
A2 - kR (2.148)
Iy 2L, —1I My” fL,
1-k ©

IfL,=L,=1mH, L; =05mH, R =160 Q, f = 50 kHz and k = 0.5, we
obtained that &, =0.2,&, =02, {=0.1and yx, = 0.2. Therefore, the variations
of i;4, i, and i, are small.

The peak-to-peak variation of v is

_Q+_ 1_kTI _ k(l_k)TII

A
T T TnT e

Considering Equation (2.136), the variation ratio is

oo Avc/2_KA-RTI _ Kk

V 4CV,

= (2.149)
. . 2fCR

The charges on capacitors C; and C, increase during switch-on period kT,
and decrease during switch-off period (1-k)T by the current (I;; + I},).
Therefore their peak-to-peak variations are

_ A-KTU,,+1,,) A=kl

Av

c C, 2C,f
o = (=BT, +1,) (A=,
Vo2 = C TN
2
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Considering V., = V, = V|, the variation ratios of voltages v, and v, are

o Mg /2_(1-RL _ M,

_ 2.150
! VCl 4f Cl VI Zf ClR ( )
5 M0 /2 (=K1 _ My (2.151)

v, 4V,C,f 2fC,R

Considering Equation (2.84), the variation ratio of output voltage v, is

8_AZJO/Z_ kT? vV, k 1
V,  8C,L,V, 8M, f°C,L,

(2.152)

fC=C=C,=C,=20pF, L,=1mH, R =160 Q, f=50 kHz and k = 0.5,
we obtained that p = 0.0016, 6, = 6, = 0.0125, and € = 0.0003. The ripples of
V¢, Ve, U, and vep are small. Therefore, the output voltage v, is almost a
real DC voltage with very small ripple. Because of the resistive load, the
output current iy(t) is almost a real DC waveform with very small ripple as
well, and I, = V,/R.

2.3.3.4 Instantaneous Value of the Currents and Voltages

Referring to Figure 2.22, the instantaneous current and voltage values are
listed below:

_J0 for  0<t<kT 2153
Us = A for kT <t<T (2159
|74 for  0<t<kT

_ 2.154
Up {0 for kT <t<T 2159
0 for  0<t<kT 2155

+ = ’
Up1 T 0p, A for kT <t<T ( )
~ ‘k/I for  0<t<kT 2156
U3 = -—V for kT <t<T (2156)

1-k

~ ~ Vi L for  0<t<kT 2157
U =0 = -V, -(2 —E)VI] for kT <t<T 2157
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: : : Vi, v
; le(O)+zL2(0)+1L3(0)+81(t)+82(t)+ft+L—t for0<t<kT
1 - 3
0 forkT <t<T
iL1(0)+£t
. L;{ for  0<t<kT
= V,-2-—)V, for KT<t<T
i (kT)- Ll—k (t—KkT)
1
i,,(0) t
B 12{ for  0<t<kT
= -2-—)V, for kT <t<T
sz(kT)— 1=k™ " (s _k7)
2
15(0)+—t
) 3 for  O0<t<kT
i, = k
P for kT <t<T
i,,(kT) - (t—kT)
3
0 forO<t<kT
ip= VO—(Z—L)VI
i, (kT)+i,,(kT) - Ll—k (t—kT)  forkT <t<T
. S, (H)+98,(1) for  O0<t<kT
b1 0 for kT<t<T
.8, for  0<t<kT
P21 0 for kT <t<T
. v
; 1L2(0)+L7t for  0<t<kT
¢ kT <t<T

ien-Ye Vi S

1
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(2.158)

(2.159)

(2.160)

(2.161)

(2.162)

(2.163)

(2.164)

(2.165)
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8,(t) for 0<t<kT
ey = v, —(2+L)V, (2.166)
_iL1(kT) - ZLz(kT) + Ll_ k (t—kT) fOT’ kT <t<T
3,(t) for 0<t<kT
; k
i, = Vo=@tV (2.167)
_iu(kT) - le(kT) + I — (t - kT) fOT kT <t<T
. \%
i,0)+-Lt-1,
— L;{ for  O0<t<kT > 168
o Vo‘@‘*‘ﬁ)vl for kT<tST( -168)
iLz(kT) - L - (t—kT)- Io

2

where i,,(0) = k ,/2-k V}/2 f L, ip,(kT) = k I,/2 + k V,/2 f L,, and i,5(0) =
Io—k Vi/2 fLy, ipa(kT) = Ip + k Vi/2 f L,, and iy5(0) = I + k I,/2~k V,/2 f L,
i (kT) = Ip + k 1,/2 + k V,/2 L.

2.3.3.5 Discontinuous Mode

Referring to Figure 2.20d, we can see that the diode current i, becomes zero
during switch off before next period switch on. The condition for discontin-
uous mode is

=1
ie.,
k R
;21
M," fL
or Mg <k \/fli =k zy (2.169)

The graph of the boundary curve vs. the normalized load zy = R/fL is
shown in Figure 2.23. It can be seen that the boundary curve has a minimum
value of 3.0 at k = /5.

In this case the current i, exists in the period between kT and ¢, = [k +
(1 - k)ymg]T, where my, is the filling efficiency and it is defined as:
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60

k=0.95 continuous mode

k=0.1 "~.__ N discontinuous mode

____________

1 1 1 I 1
27 32 50 125 444 1684

FIGURE 2.23
The boundary between continuous and discontinuous modes and the output voltage vs. the
normalized load zy = R/fL.

1 R
1 (2.170)
L R

f

Considering Equation (2.169), therefore 0 < m; < 1. Since the diode current
ip becomes zero at t = kT + (1 — k)mgT, for the current i,

KTV, = (1 =kymgT(Ve =2V = Vs o)
or

k k k R
VA [ SO S S AN U S S L T B AL 17
= T a2 R A g

with

Jk |
\

and for the current i;o KT(V; + V= Vi) = (1 =k)mgT (Vo =2V, = Vi3 o)
Therefore, output voltage in discontinuous mode is

> 2
1-k

Gl

Vo=l Kok oy pe Foieain R

v,
1-k  (1-k)m, 1-k AfL
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with N

| > ﬁ (2.171)

==

i.e., the output voltage will linearly increase during load resistance R increas-
ing. The output voltage vs. the normalized load zy = R/fL is shown in
Figure 2.23. Larger load resistance R may cause higher output voltage in
discontinuous mode.

2.3.3.6  Stability Analysis

Stability analysis is of vital importance for any converter circuit. According
to the circuit network and control systems theory, the transfer functions in
s-domain for switch-on and -off states are obtained:

Vo), _ sCR
8V (s) " s’L,CC R +s°L,C+s(C+Cy)R+1

(2.172)

un:{

_{SVO(S)}
off — 6‘/1(5) off

R -S(C+C)+5°L,CC,
_ 1+sC,R s°C,C,
- € +C)+5°L,CC, R+sL, +5°L,CoR
s°C,C, 1+sC,R
L S(C+Gy) +s°L,C,C, L Resly+ s’L,C,R
s°C,C, 14+sC,R

~ SCR[(C, +C,)+5°L,C,C,]
SC(C, +C,)+5°L,C,C, ][R + 5L, + s°L,CoR]+(1+sC,R)[(C, +C,)

(2.173)
+5°L,C,C,]+sC,C,[R+5L, +s°L,C,R]

where s is the Laplace operator. From Equation (2.172) and Equation (2.173) in
Laplace transform we can see that the re-lift converter is a third order control
circuit for switch-on state and a fifth order control circuit for switch-off state.

For the switch-on state, the zeros are determined by the equation when
the numerator of Equation (2.172) is equal to zero, and the poles are deter-
mined by the equation when the denominator of Equation (2.172) is equal
to zero. There is a zero at the origin point (0, 0). Since the equation to
determine the poles is the equation with all positive real coefficients, accord-
ing to the Gauss theorem, the three poles are: one negative real pole (p;)
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(a) Switch-on
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(b) Switch-off

FIGURE 2.24
Stability analysis of re-lift circuit. (a) Switch-on. (b) Switch-off.

and a pair of conjugate complex poles with negative real part (p, ,). The three
poles are located in the left half plane in Figure 2.24, so that the re-lift
converter is stable. When the load resistance R increases and intends towards
infinity, the three poles move. The real pole goes to the origin point and
eliminates with the zero. The pair of conjugate complex poles becomes a
pair of imaginary poles locating on the imaginary axis. Assuming that all
capacitors have same capacitance C,and L, = L, {L=L; L,/(L, + L,) or L, =
2L} and L; = L, Equation (2.172) becomes:

© 2006 by Taylor & Francis Group, LLC



Voltage-Lift Converters 109

dVy(s), 1 1

sv,(s)}“” zLC+C+C T 28°LC+2
C

G, =1 (2.174)

and the pair of imaginary poles is

C+C .1
+ i] R
l\Lec, " e

Pip = =tjo,_  poles for switchon (2.175)

n

where o, = (LC)™'/2 is the re-lift converter normal angular frequency.

For the switch-off state, the zeros are determined by the equation when
the numerator of Equation (2.173) is equal to zero, and the poles are deter-
mined by the equation when the denominator of Equation (2.173) is equal
to zero. There are three zeros: one (z;) at the original point (0, 0) and two
zeros (z,,) on the imaginary axis which are

1= C 6 =) 2 = ij\/Z(Dn zeros for switch off (2.176)
' \ L C.C, VLC

Since the equation to determine the poles is the equation with all positive
real coefficients, according to the Gauss theorem, the five poles are one
negative real pole (ps) and two pairs of conjugate complex poles with neg-
ative real parts (p;, and ps,). There are five poles located in the left-hand
half plane in Figure 2.24, so that the re-lift converter is stable. When the load
resistance R increases and intends towards infinity, the five poles move. The
real pole goes to the origin point and eliminates with the zero. The two pairs
of conjugate complex poles become two pairs of imaginary poles locating
on the imaginary axis. Assuming that all capacitors have same capacitance
Cand L, =L, {L =1L, L,/(L, + Ly) or L, = 2L} and L, = L, Equation (2.173)
becomes:

5V, (s) C(C, +C,)+5°L,CC,C,

G, =1 b=
T8V,(s) Y ((CC,+CC, +C,C, +5°L,CC,C,)(1+5°L,C,,)

+(C,C, +C,C, +s’L,C,C,C,)

B 2C? +s°LC? B 2+5°LC
(8C? +5’LC)(1+2s*LC) + (2C* +s°LC?)  2s5*[*C* +85*LC+5

(2.177)

and the two pairs of imaginary poles are
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FIGURE 2.25
Triple-lift circuit.
T 8+ /6440 _ J_r\‘/—6 _ -3.225
4 2 —-0.775
poles for switch off, so that
p.=tjl8 0,
and Pss=1j0.88 o, (2.178)

For both states when R tends to infinity all poles are locating on the stability
boundary. Therefore, the circuit works in the critical state. From Equation
(2.171) the output voltage will be infinity. This fact is verified by the exper-
imental results and computer simulation results. When R = o, the output
voltage v, tends to be a very high value. In this particular circuit since there
is some leakage current across the capacitor C,, the output voltage v, can
not be infinity.

2.3.4 Multiple-Lift Circuits

Referring to Figure 2.20a, it is possible to build multiple-lift circuits using
the parts (L;-C,-S;-D,) multiple times. For example in Figure 2.25 the parts
(L;-C3D5-D,) were added in the triple-lift circuit. Because the voltage at the
point of the joint (L,-C;) is positive value and higher than that at the point
of the joint (L;-C,), so that we can use a diode Dj; to replace the switch (S,).
For multiple-lift circuits all further switches can be replaced by diodes.
According to this principle, triple-lift circuits and quadruple-lift circuits were
built as shown in Figure 2.25 and Figure 2.28. In this book it is not necessary
to introduce the particular analysis and calculations one by one to readers.
However, their formulas are shown in this section.
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0 0.2 0.4 0.6 0.8 1

FIGURE 2.26
Voltage transfer gain M; vs. k.

2.3.4.1  Triple-Lift Circuit

A triple-lift circuit is shown in Figure 2.25, and it consists of two static
switches S and S,; four inductors L,, L,, L;, and L,; and five capacitors C, C,,
C,, C5, and C,; and five diodes. Capacitors C,, C,, and C; perform character-
istics to lift the capacitor voltage V- by three times the source voltage V.. L,
and L, perform the function as ladder joints to link the three capacitors C,,
C,, and C; and lift the capacitor voltage V- up. Current i (), ic,(t), and i5(t)
are exponential functions. They have large values at the moment of power
on, but they are small because v, = v, = vz = V, in steady state.
The output voltage and current are

3
and
1-k
I, :TII (2.180)
The voltage transfer gain in continuous mode is
V, 3
M. =-0=_"_ 2.181
v, 1-k (2.181)

The curve of M; vs. k is shown in Figure 2.26.
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Other average voltages:
Ve=Vo Va=Va=Va=V,

Other average currents:

k
I,=1, 1, ﬂlo
1
IL3=IL4_IL1+IL2_WIO
Current variations:
g_l_ki £ = k i C_k(l—k)R_ k ﬁ
VoM, L, PTaM L, T ML M. 2f
k R k R

Sy T

Voltage variations:

— k 0. = MT
P=ocr 1T afcR
M M

T

o, = O, =
> 2fC,R 7 2fCR

The variation ratio of output voltage v is

o k1
8MT fZCOLZ

(2.182)

The output voltage ripple is very small. The boundary between continuous
and discontinuous conduction modes is

MTS\ J“‘ﬁ:\/BkZN
\ 2L 2

(2.183)

This boundary curve is shown in Figure 3.27. Comparing with Equations
(2.95), (2.165) (2.169), and (2.183), it can be seen that the boundary curve has
a minimum value of M; that is equal to 4.5, corresponding to k = /.
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40+
30 k=0.9 continuous mode

k=0.8

discontinuous mod

FIGURE 2.27
The boundary between continuous and discontinuous modes and the output voltage vs. the
normalized load zy = R/fL.

In discontinuous mode the current iy, exists in the period between kT and
[k + (1 — k)m;]T, where m; is the filling efficiency that is

1M
TTLTL 3R
2f

m

(2.184)

Considering Equation (2.183), therefore, 0 < m < 1. Since the diode current
i, becomes zero at t = kT + (1 - k)m,T, for the current i,

kTV, = (1 =kym;T(Ve =3V, = Vis 5= Vigop)
or

2k kv _peE iea-n Ry
-k (=kym, -k 6fL

and for the current ij, kKT(V, + Vo = V) = (L= k)m;T(Vo =2V, = Vi3 05— Vig o)
Therefore, output voltage in discontinuous mode is

VO=[3+2—k+L]VI=[3+ﬂ K-k~

1-k  (1-kym, 1-k 6jL]V’
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FIGURE 2.28
Quadruple-lift circuit.
3R _ 3
with k| —2z— 2.185
N e (2.185)

i.e., the output voltage will linearly increase during load resistance R increas-
ing, as shown in Figure 2.27.

2.3.4.2  Quadruple-Lift Circuit

Quadruple-lift circuit shown in Figure 2.28 consists of two static switches S
and S;; five inductors L,, L,, L,, L,, and Ls; and six capacitors C, C;, C,, C,,
C, and Cy; and seven diodes. Capacitors C,, C,, C;, and C, perform charac-
teristics to lift the capacitor voltage V. by four times the source voltage V.
L;, L,, and L; perform the function as ladder joints to link the four capacitors
C,, C,, G5, and C, and lift the output capacitor voltage V. up. Current i (f),
ico(t), ics(t), and icy(t) are exponential functions. They have large values at
the moment of power on, but they are small because v¢, = U¢, = V3 = Uy =
V} in steady state.
The output voltage and current are

V,=——V, (2.186)

and

(2.187)

The voltage transfer gain in continuous mode is
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0 0.2 0.4 0.6 0.8 1

FIGURE 2.29
Voltage transfer gain M, vs. k.

(2.188)

The curve of M, vs. k is shown in Figure 2.29. Other average voltages:
Ve=Vo Va=Va=Va=Vay=V,

Other average currents:

k-

I,=1, I, 6 = I
L2 O L1 1—k (0]
1
IL321L4:LL5:IL1+IL2:mIO
Current variations:
§—1_k R £ = k R C_k(l—k)R_ k 2R
boa2M, L, TP 2M, fl, ML My fL
k R k R k R

X = X2 = X3 =
' MQZ fLs ’ MQ2 /L, ’ MQ2 fLs
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60

50 )
k=0.9 continuous mode

discontinuous mode

5464 100 250 889

FIGURE 2.30
The boundary between continuous and discontinuous modes and the output voltage vs. the
normalized load zy = R/fL.

Voltage variations:

_ Q - =
2721,k T2 R %4 T 2/CR

The variation ratio of output voltage V. is

k 1
€=—— 2.189
8M, f*C,L, (2.189)
The output voltage ripple is very small.
The boundary between continuous and discontinuous modes is
2R
M, <k ﬁ = 2kz,, (2.190)

| fL

This boundary curve is shown in Figure 2.30. Comparing with Equations
(2.95), (2.127), (2.169), (2.183), and (2.190), it can be seen that this boundary
curve has a minimum value of M, that is equal to 6.0, corresponding to k = /3.
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In discontinuous mode the current ij, exists in the period between kT and
[k + (1 = k)my]T, where mg, is the filling efficiency that is

1M
=77 2K
fL

m (2.191)

Considering Equation (2.190), therefore 0 < mg < 1. Since the current i,
becomes zero at t = kT + (1 - k)myT, for the current i;; we have

KTV, = (1 - kymaT(Ve =4V, = Vig o= Vig oy = Visop)

or
3k k 3k
V.=[4+ —— |V, =[4+ +k2(1-k)—]V
[4+ - k+(l—k)mQ] [4+— ( )fL
with
2R 4
k==
VYL T 1k

and for current i, we have
kT(V;+ Vo= Vo) = 1 =kmgT(Vy - 2V, - Vigor = Vieog = Visop)
Therefore, output voltage in discontinuous mode is

3k k 3k

with
PR 4 (2.192)
VLT 1k

i.e., the output voltage will linearly increase during load resistance R increas-
ing, as shown in Figure 2.30.
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2.3.5 Summary

From the analysis and calculation in previous sections, the common formulas
for all circuits can be obtained:

v, I, LL, 1

v, I, L +L, fL Iy
Current variations:
1-k R k R k R
_ N - " = (=123, ...
ST, 2ap, Mowm, U )

Voltage variations:

Kk e ko1 ... M
2fCR 8M f*C,L, 7 2fCR

p (i=1,2734,..)

In order to write common formulas for the boundaries between continuous
and discontinuous modes and output voltage for all circuits, the circuits can
be numbered. The definition is that subscript 0 means the elementary circuit,
subscript 1 means the self-lift circuit, subscript 2 means the re-lift circuit,
subscript 3 means the triple-lift circuit, subscript 4 means the quadruple-lift
circuit, and so on.

The voltage transfer gain is

L)

: i=0,1,234, ... 2.193
j -k j (2.193)

The free-wheeling diode current iy’s variation is

B k[1+h(]')] ]+h(])

VIR z (2.194)
The boundaries are determined by the condition:
g =1
or
RELJ+hG), 51 520,1,2,3, 4, .. (2.195)

2
Mj 2
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Therefore, the boundaries between continuous and discontinuous modes for
all circuits are

1+h(j) !

= j+h()) .
M=k 2 \;%ZN j=0,1,234,... (2.196)
The filling efficiency is

wol_ M2 1
TG KON () 2,

(2.197)

The output voltage in discontinuous mode for all circuits is

v, =[j+ D e 12K gy 012,34, (2199)

o 1-k 2[j +h(j)]
where
0 i i>1
h(j) = {1 Z: ;: 0 is the Hong Function (2.199)

Assuming that f=50kHz, L, =L, =1mH, L, =L;=L,=L;=05mH, C
=(C, =C,=C;=C, = Cp =20 pF and the source voltage V; = 10 V, the value
of the output voltage V, with various conduction duty k in continuous mode
are shown in Figure 2.31. Typically, some values of the output voltage V,
and its ripples in conduction duty k = 0.33, 0.5, 0.75 and 0.9 are listed in
Table 2.1. From these data it states the fact that the output voltage of all Luo-
converters is almost a real DC voltage with very small ripple.

The boundaries between continuous and discontinuous modes of all cir-
cuits are shown in Figure 2.32. The curves of all M vs. zy state that the
continuous mode area increases from M; via M, My, My to M. The bound-
ary 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 of Mg, My, My and M, correspond at k = /3.

2.3.6 Discussion

Some important points are vital for particular circuit design. They are dis-
cussed in the following sections.

2.3.6.1 Discontinuous-Conduction Mode

Usually, the industrial applications require the DC-DC converters to work
in continuous mode. However, it is irresistible that DC-DC converter works
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FIGURE 2.31
Output voltages of all positive output Luo-converters (V; = 10 V).

TABLE 2.1
Comparison among Five Positive Output Luo-Converters
Positive Output Vo (V,=10V)
Luo-Converters I, Vo k=033 k=05 k=075 k=09
Elementary 1-k k 5V 10V 30V 90V
Circuit Io=—+1, Vo=—V
k 1-k
Self-Lift L=(-bl, ., 1, 15V 20V 40V 100V
Circuit 0TI k1
Re-Lift 1-k 2 30V 40V 80V 200 V
Circuit Iy = I Vo = Vi
2 1-k
Triple-Lift 1—k 3 45V 60 V 120 V 300 V
Circuit Io=—0—1, Vo=—V
3 1-k
Quadruple-Lift 1—k 4 60 V 80V 160V 400V
Circuit Ip= 4 I Vo= 1-k 14

in discontinuous mode sometimes. The analysis in Section 2.3.2 through
Section 2.3.5 shows that during switch-off if current i, becomes zero before
next period switch-on, the state is called discontinuous mode. The following
factors affect the diode current i, to become discontinuous:

. Switch frequency f is too low
. Conduction duty cycle k is too small
. Combined inductor L is too small

B W N R

. Load resistance R is too big

Discontinuous mode means iy, is discontinuous during switch-off. The
output current in(f) is still continuous if L, and C, are large enough.
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FIGURE 2.32
Boundaries between continuous and discontinuous modes of all positive output Luo-converters.

2.3.6.2 Output Voltage V vs. Conduction Duty k

Output voltage V, is a positive value and is usually greater than the source
voltage V; when the conduction duty ratio is k > 0.5 for the elementary circuit,
and any value in the range of 0 < k < 1 for self-lift, re-lift, and multiple-lift
circuits. Although small k results that the output voltage V,, of self-lift and
re-lift circuits is greater than V; and 2V, and so on, when k = 0 it results in
V, = 0 because switch S is never turned on.

If k is close to the value of 1, the ideal output voltage V, should be a very
big value. Unfortunately, because of the effect of parasitic elements, output
voltage V, falls down very quickly. Finally, k = 1 results in V, = 0, not infinity
for all circuits. In this case the accident of i;; toward infinity will happen.
The recommended value range of the conduction duty k is

0<k<09

2.3.6.3 Switch Frequency f

In this paper the repeating frequency f = 50 kHz was selected. Actually,
switch frequency f can be selected in the range between 10 kHz and 500 kHz.
Usually, the higher the frequency, the lower the ripples.

2.4 Negative Output Luo-Converters

Negative output Luo-converters perform the voltage conversion from positive
to negative voltages using VL technique. They work in the third quadrant with
large voltage amplification. Five circuits have been introduced. They are
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¢ Elementary circuit

o Self-lift circuit

¢ Re-lift circuit

o Triple-lift circuit

* Quadruple-lift circuit

As the positive output Luo-converters, the negative output Luo-convert-
ers are another series of DC-DC step-up converters, which were developed
from prototypes using voltage lift technique. These converters perform pos-
itive to negative DC-DC voltage increasing conversion with high power
density, high efficiency, and cheap topology in simple structure.

The elementary circuit can perform step-down and step-up DC-DC con-
version. The other negative output Luo-converters are derived from this
elementary circuit, they are the self-lift circuit, re-lift circuit, and multiple-
lift circuits (e.g., triple-lift and quadruple-lift circuits) shown in the corre-
sponding figures and introduced in the next sections respectively. Switch S
in these diagrams is a P-channel power MOSFET device (PMOS). It is driven
by a PWM switch signal with repeating frequency f and conduction duty k.
In this book the switch repeating period is T = 1/f, so that the switch-on
period is kT and switch-off period is (1 -k)T. For all circuits, the load is
usually resistive, i. e., R = V/I,; the normalized load is zy = R/fL. Each
converter consists of a negative Luo-pump and a “IT”-type filter C-L,-C,,
and a lift circuit (except elementary circuit). The pump inductor L absorbs
the energy from source during switch-on and transfers the stored energy to
capacitor C during switch-off. The energy on capacitor C is then delivered
to load during switch-on. Therefore, if the voltage V. is high the output
voltage V, is correspondingly high.

When the switch S is turned off the current i, flows through the free-
wheeling diode D. This current descends in whole switch-off period (1 - k)T.
If current i, does not become zero before switch S is turned on again, we
define this working state to be continuous mode. If current i, becomes zero
before switch S is turned on again, we define this working state to be
discontinuous mode.

The directions of all voltages and currents are indicated in the figures. All
descriptions and calculations in the text are concentrated to the absolute
values. In this paper for any component X, its instantaneous current and
voltage values are expressed as iy and vy, or ix(t) and vx(t), and its average
current and voltage values are expressed as Iy and V. For general descrip-
tion, the output voltage and current are V, and I,; the input voltage and
current are V; and I;. Assuming the output power equals the input power,

P,=P, or V,I,=V]I,

The following symbols are used in the text of this paper.
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The voltage transfer gain is in CCM:

Vo L
Vi g
Variation ratio of current i;:
Ai, /2
SENL
L
Variation ratio of current i
Ai, /2
g il
Lo
Variation ratio of current ij:
Ai .
(= [I) / during switch-off, i, = i,
L
Variation ratio of current i;; is
Ai./
. P
X 1 j=1273,.
Lj
Variation ratio of voltage v.:
_ Avc /2
Ve
Variation ratio of voltage v;:
A /2 j=1,2,34, ..
j Vg

Variation ratio of output voltage v, = vcp:

g:AvO/Z
VO
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(d) discontinuous mode

FIGURE 2.33
Elementary circuit: (a) circuit diagram; (b) switch-on; (c) switch-off; (d) discontinuous mode.

2.4.1 Elementary Circuit

The elementary circuit, and its switch-on and -off equivalent circuits are
shown in Figure 2.33. This circuit can be considered as a combination of an
electronic pump S-L-D-C and a “I1”-type low-pass filter C-L,-C,,. The electronic
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pump injects certain energy to the low-pass filter every cycle. Capacitor C
in Figure 2.33 acts as the primary means of storing and transferring energy
from the input source to the output load. Assuming capacitor C to be suffi-
ciently large, the variation of the voltage across capacitor C from its average
value V. can be neglected in steady state, i.e., vc(t) = V, even though it stores
and transfers energy from the input to the output.

2.4.1.1  Circuit Description

When switch S is on, the equivalent circuit is shown in Figure 2.33b. In this
case the source current 7; = i;. Inductor L absorbs energy from the source,
and current i, linearly increases with slope V,/L. In the mean time the diode
D is blocked since it is inversely biased. Inductor L, keeps the output current
I, continuous and transfers energy from capacitor C to the load R, i.e., ic,
= i;o. When switch S is off, the equivalent circuit is shown in Figure 2.33c.
In this case the source current i; = 0. Current i, flows through the free-
wheeling diode D to charge capacitor C and enhances current i;,. Inductor
L transfers its stored energy to capacitor C and load R via inductor L, i.e.,
ip = ic oy + ij0. Thus, currents i, decrease.

2.4.1.2 Average Voltages and Currents
The output current I, = I, because the capacitor C, does not consume any
energy in the steady state. The average output current is
Io =110 = Ic, (2.200)
The charge on the capacitor C increases during switch-off:
Q+=(1-0) T Iy
And it decreases during switch-on:

Q-=kTI.,, (2.201)

In a whole repeating period T,

k k
Qt=0Q- Iey= 1—k Iy = 1—k I,
Therefore, the inductor current I; is
I =1 I = Iy 2.202
L_C—ojj‘+0_1_k (2.202)
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Equation (2.200) and Equation (2.202) are available for all circuit of negative
output Luo-converters. The source current is 7; = i; during switch-on period.
Therefore, its average source current I; is

I,=k><i,=kiL=kIL:%IO

or
1-k
Iy, = TII (2.203)
and the output voltage is
k
The voltage transfer gain in continuous mode is
Vo I
M=Yo_li_ Kk (2.205)
v, 1, 1-k

The curve of M; vs. k is shown in Figure 2.34. Current 7, increases and is
supplied by V; during switch-on. It decreases and is inversely biased by -V
during switch-off,

KTV, = (1- k)TV, (2.206)

Therefore,

Ve=V,=——V, (2.207)

2.4.1.3 Variations of Currents and Voltages

To analyze the variations of currents and voltages, some voltage and current
waveforms are shown in Figure 2.35. Current i, increases and is supplied by
V, during switch-on. Thus, its peak-to-peak variation is

_KTV,

N ==
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FIGURE 2.34
Voltage transfer gain M; vs. k.

Considering Equation (2.202) and Equation (2.205), and R = V/I,, the
variation ratio of the current i is

(= Ai /2 k(I-K)V,T _k(1-kK)R _ k> R
I, 211, 2M L M. 2fL

(2.208)
Considering Equation (2.201), the peak-to-peak variation of voltage v, is

Av. = % = %TIO (2.209)

The variation ratio of voltage v is

Ao /2 KT k1
V. 2CV, 2fCR

C o

(2.210)

Since voltage V,, variation is very small, the peak-to-peak variation of
current 7, is calculated by the area (B) of the triangle with the width of T/
2 and height Av./2.

B
LO=E

Ai

T koo k
2

=—0 1 2.211
2CL, ¢ 8f*CL, ° (2.211)

_1
2

Considering Equation (2.200), the variation ratio of current 7, is
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Some voltage and current waveforms of elementary circuit.
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A /2 k1

STl efd,

(2.212)

Since the voltage v, is a triangle waveform, the difference between v, and
output voltage V, causes the ripple of current i, ,, and the difference between
iro and output current I, causes the ripple of output voltage v,. The ripple
waveform of current 7;, should be a partial parabola in Figure 2.35 because
of the triangle waveform of Av.. To simplify the calculation we can treat the
ripple waveform of current i, as a triangle waveform in Figure 2.35 because
the ripple of the current i, is very small. Therefore, the peak-to-peak vari-
ation of voltage v, is calculated by the area (A) of the triangle with the
width of T/2 and height Ai;,/2:

A 1T  k k

Av,,=—==—— I, = I (2.213)
€ C, 2216fCC,L, ° 64fCC,L, °
The variation ratio of current v, is
A 2 I
ez 00 /2 _ k o _ Kk 1 (2.214)

Voo  128f°CC.L, V, 128 f°CC,L,R

Assuming that f = 50 kHz, L = L, = 100 pH, C = C, =5 uF, R = 10 Q and
k = 0.6, we obtain

M,=15 (=016 (=003 p=012 and e=0.0015

The output voltage V, is almost a real DC voltage with very small ripple.
Since the load is resistive, the output current i(t) is almost a real DC wave-
form with very small ripple as well, and it is equal to I, = V/R.

2.4.1.4 Instantaneous Values of Currents and Voltages

Referring to Figure 2.35, the instantaneous current and voltage values are
listed below:

0 for  0<t<kT 2215)
s = v, for kT <t<T (@
vV, +V, for  0<t<kT
= 2.216
o { 0 for kT <t<T ( )
B for  0<t<kT 2917
L7y, for kT<t<T (2.217)
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I
iL
iD
I
where

i =
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Vv
. iL(O)“Lflt for  0<t<kT
> 0 for kT<t<T
) Vv
ZL(0)+flt for  0<t<kT
- v,
iL(kT)—TO(t—kT) for kT <t<T
B 8 for  0<t<kT
B z'L(kT)—TO(t—kT) for kT <t<T
I, for  0<t<kT
N ey for kT <t<T

i0)=kI,-kV,/2fL

L(T)=kI,+kV,/2fL

(2.218)

(2.219)

(2.220)

(2.221)

Since the instantaneous current i;, and voltage v are partial parabolas
with very small ripples, they can be treated as a DC current and voltage.

2.4.1.5 Discontinuous Mode

Referring to Figure 2.33d, we can see that the diode current i,, becomes zero
during switch off before next period switch on. The condition for discontin-

uous mode is

ie.,

or

£>1

2
k" R S

M 2fL”

'R iz
M, <k |— =k X
8 \/2fL V2
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20+
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discontinuous mode
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FIGURE 2.36
The boundary between continuous and discontinuous modes and output voltage vs. the nor-
malized load zy = VR/fL (elementary circuit).

The graph of the boundary curve vs. the normalized load zy = R/fL is
shown in Figure 2.36. It can be seen that the boundary curve is a monorising
function of the parameter k.

In this case the current i, exists in the period between kT and ¢, = [k +
(1 - k)ym;]T, where my; is the filling efficiency and it is defined as:

M,?
e R
2fL

m (2.223)

1
NS

Considering Equation (2.222), therefore 0 < m; < 1. Since the diode current
ip becomes zero at t = kT + (1 — k)m,T, for the current i,

KTV, = (1 - kym, TV,

or
k R
Vo=V, =k(1-k) —V,
< A-km, ! ( )ZfL !
with | K> 1
\/2]‘1 1-k

and for the current i,

KT(V, + Vo= Vo) = (1 - K)m TV,
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Therefore, output voltage in discontinuous mode is

k

R _ 1
v, YA o >~ @2

i.e., the output voltage will linearly increase during load resistance R increas-
ing. The output voltage vs. the normalized load zy = R/fL is shown in
Figure 2.36. Larger load resistance R may cause higher output voltage in
discontinuous mode.

2.4.2 Self-Lift Circuit

Self-lift circuit, and its switch-on and -off equivalent circuits are shown in
Figure 2.37, which is derived from the elementary circuit. It consists of eight
passive components. They are one static switch S; two inductors L, L, three
capacitors C, C;, and C; and two diodes D, D,. Comparing with Figure 2.33
and Figure 2.37, it can be seen that there are only one more capacitor C; and
one more diode D, added into the self-lift circuit. Circuit C;-D;, is the lift
circuit. Capacitor C; functions to lift the capacitor voltage V. by a source
voltage V. Current i (f) is an exponential function 8(¢). It has a large value
at the moment of power on, but it is small in the steady state because V-, = V.

2.4.2.1 Circuit Description

When switch S is on, the equivalent circuit is shown in Figure 2.37b. In this
case the source current i, = i; + i¢;. Inductor L absorbs energy from the source,
and current i; linearly increases with slope V;/L. In the mean time the diode
D, is conducted and capacitor C, is charged by the current i.;. Inductor L,
keeps the output current I, continuous and transfers energy from capacitor
C to theload R, i.e., ic,, = i;o. When switch § is off, the equivalent circuit is
shown in Figure 2.37c. In this case the source current 7; = 0. Current i; flows
through the free-wheeling diode D to charge capacitor C and enhances
current i; . Inductor L transfers its stored energy via capacitor C, to capacitor
C and load R (via inductor L), i.e., i} = icif = icof + i0- Thus, current i;
decreases.

2.4.2.2 Average Voltages and Currents

The output current I, = I, , because the capacitor C, does not consume any
energy in the steady state. The average output current:

IO = ILO = IC—on (2225)

The charge of the capacitor C increases during switch-off:
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FIGURE 2.37
Self-lift circuit: (a) circuit diagram; (b) switch on; (c) switch off; (d) discontinuous mode.
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Q+=(1-0) T Iy
And it decreases during switch-on:
Q-=kTI,, (2.226)
In a whole repeating period T, Q+ = Q-.

Thus,

k k

IC—aff = 1—k IC—on - 1—k IO

Therefore, the inductor current I, is

I =1 z+1p= 1I_Ok (2.227)
From Figure 2.37,
Iy =1, = ﬁlo (2.228)
and
1-k 1

I =—]

Cl-on — k Cl-off = %IO (2229)
In steady state we can use

Ve =V,

Investigate current 7;, it increases during switch-on with slope V,/L and
decreases during switch-off with slope (V- V)/L=—V,-V)/L.
Therefore,

KV, = (1-K)(V, - V)

or

(2.230)
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FIGURE 2.38
Voltage transfer gain M; vs. k.
and
Io=(01-k)I, (2.231)

The voltage transfer gain in continuous mode is

v, 1

1
My=-9="L=——— 2.232
SV, I, 1-k (2.232)
The curve of M vs. k is shown in Figure 2.38.
Circuit (C-Ly-Cp) is a “I1” type low-pass filter.
Therefore,
k
Vo=V, =—-V, (2.233)

2.4.2.3  Variations of Currents and Voltages

To analyze the variations of currents and voltages, some voltage and current
waveforms are shown in Figure 2.39.

Current i; increases and is supplied by V, during switch-on. Thus, its peak-
to-peak variation is

KTV,

Ai
L L
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FIGURE 2.39
Some voltage and current waveforms of self-lift circuit.
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Considering Equation (2.227) and R = V;/ 1, the variation ratio of the current
i is

_Ai, /2 kA-KV,T _k1-KR _ k R

= 2LI, DML M2 2fL

(2.234)

L

Considering Equation (2.226), the peak-to-peak variation of voltage v is

Ao, =%=%TIO

The variation ratio of voltage v is

_Av./2 KT k1

== (2.235)
Ve 2CV, 2 fCR
The peak-to-peak variation of voltage v, is
kT 1
Ave, = aICl—on = jTCIo
The variation ratio of voltage v, is
A 2 I M
5, = /2_ I, _Ms 1 (2.236)
Ve 2fC,V, 2 fCR
Considering the Equation (2.211):
IS SR S
o 222CL, ¢ 8f*CL, ©
The variation ratio of current i, is
Ai,, /2
g = Lo /2_k 1 (2.237)

ILO - EfZCLO
Considering Equation (2.213):

B 1T  k k
T 55 1472 o= 3 Io
C, 2216f°CC,L, ° 64f°CC,L,

Av =
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The variation ratio of current v is

A 2 I
e = 2o / — 3k ‘o _ L% (2.238)
V.o  128f°CC,L,V, 128 f°*CC,L,R

Assuming that f = 50 kHz, L = L, = 100 pH, C = C, =5 uF, R =10 Q and
k = 0.6, we obtain

Mg =25 {=0.09 &=0.03 p=012 and ¢ = 0.0015

The output voltage V, is almost a real DC voltage with very small ripple.
Since the load is resistive, the output current iy(t) is almost a real DC wave-
form with very small ripple as well, and it is equal to I, = V5/R.

2.4.2.4 Instantaneous Value of the Currents and Voltages

Referring to Figure 2.39, the instantaneous values of the currents and volt-
ages are listed below:

~ 0 for  0<t<kT 2939

s v, -V, for KT<t<T (2.239)
or <t<

_ Vo f 0 kT 2 240

I for KT<t<T (2.240)
or <t<

0 fi 0 kT 5941

A for kT <t<T (2.241)

~ v, for  O0<t<kT 2940

LT\ v, - V) for KT<t<T (2.242)

L iL1(0)+5(t)+&f for  0<t<kT 243

Calch 0 L for kT <t<T (2.243)

. V.
‘ 1L(0)+flt for  0<t<kT
i, = (2.244)

iL(kT)_VoL—VI (t—KT) for kT <t<T
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) 0 for  0<t<kT
i =i kry- Yo Vi k) for KT<t<T
. o(t) for  O0<t<kT
1= o for kT <t<T
. S(t) for  0<t<kT
‘a7 (kT) Yo=Viy i for kT<t<T
) . for  0<t<kT
fe I for kT<t<T

where
0 =kI,-kV,/2fL

LTy =k, +kV,/2fL

139

(2.245)

(2.246)

(2.247)

(2.248)

Since the instantaneous current i;, and voltage v are partial parabolas
with very small ripples, they can be treated as a DC current and voltage.

2.4.2.5 Discontinuous Mode

Referring to Figure 2.37d, we can see that the diode current i, becomes zero
during switch off before next period switch on. The condition for discontin-

uous mode is

(>1
ie.,
£ R,
M. 2fL
or
R |
MS S\k\/ﬁ = \/k\‘JZ?N
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The graph of the boundary curve vs. the normalized load zy = R/fL is
shown in Figure 2.40. It can be seen that the boundary curve has a minimum
value of 1.5 at k = V.

In this case the current i, exists in the period between kT and ¢, = [k +
(1 - k)ymg]T, where myg is the filling efficiency and it is defined as:

1M
TR
2L

m

(2.250)

Considering Equation (2.249), therefore 0 < m; < 1. Since the diode current
ip becomes 0 at t = kT + (1 — k)mgT, for the current i,

KTV, = (1 - KmsT(Ve — V)

or

V. =[1+ a-lzi)mslvf =[1+k*(1-k) ZI;L]VI with  Vk \/2;1 > ﬁ
and for the current i,
KT(V,+ Ve =Vp) = (1 -kmsT(Vy - V)
Therefore, output voltage in discontinuous mode is
v, = [1+(1_’Ii)ms]vl = [1+k2(1—k)2?L]VI with  k \ZI;L > ﬁ (2.251)

i.e., the output voltage will linearly increase during load resistance R increas-
ing. The output voltage V, vs. the normalized load zy = R/fL is shown in
Figure 2.40. Larger load resistance R causes higher output voltage in discon-
tinuous mode.

2.4.3 Re-Lift Circuit

Re-lift circuit, and its switch-on and -off equivalent circuits are shown in
Figure 2.41, which is derived from the self-lift circuit. It consists of one static
switch S; three inductors L, L,, and L,; four capacitors C, C,, C,, and C,; and
diodes. From Figure 2.33, Figure 2.37, and Figure 2.41, it can be seen that
there are one capacitor C,, one inductor L, and two diodes D,, D,; added
into the re-lift circuit. Circuit C,-D;-Dy;-L;-C D, is the lift circuit. Capacitors
C, and C, perform characteristics to lift the capacitor voltage V. by twice
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FIGURE 2.40
The boundary between continuous and discontinuous modes and output voltage vs. the nor-
malized load zy = R/fL (self-lift circuit).

that of 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 V. up.
Currents i (t) and i, (t) are exponential functions 8,(f) and 6,(t). They have
large values at the moment of power on, but they are small because v, =
Ve, = V) is in steady state.

2.4.3.1 Circuit Description

When switch S is on, the equivalent circuit is shown in Figure 2.41b. In this
case the source current i; = i; + i¢; + ir,. Inductor L absorbs energy from the
source, and current i; linearly increases with slope V,;/L. In the mean time
the diodes D,, D, are conducted so that capacitors C; and C, are charged by
the current i, and i¢,. Inductor L, keeps the output current I, continuous
and transfers energy from capacitors C to the load R, i.e., i, = i;0. When
switch S is off, the equivalent circuit is shown in Figure 2.41c. In this case
the source current i; = 0. Current 7; flows through the free-wheeling diode
D, capacitors C; and C,, inductor L, to charge capacitor C and enhances
current 7;,. Inductor L transfers its stored energy to capacitor C and load R
via inductor Lo i.e., i; = iciop = o og = Ip1of = lco + i0- Thus, current i;
decreases.

2.4.3.2 Average Voltages and Currents

The output current I, = I;, because the capacitor C, does not consume any
energy in the steady state. The average output current:

IO = ILO = ICmn (2252)
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FIGURE 2.41
Re-lift circuit: (a) circuit diagram; (b) switch on; (c) switch off; (d) discontinuous mode.

The charge of the capacitor C increases during switch-off:
Qt=(1-K) Ty

And it decreases during switch-on:

© 2006 by Taylor & Francis Group, LLC



Voltage-Lift Converters

Q_ =kT IC—on
In a whole repeating period T, Q+ = Q-. Thus,

k k

IC—aff = 1_kIC—Dn - 1_kIO

Therefore, the inductor current I, is

- __ %o
I =1 p+1p= -
We know from Figure 2.48b that
1
ICl—oﬁ = ICZ—oﬁ' =, =1 = ﬂlo
and
1-k 1
ey, Tk ICl—off = % I,
and
1-k 1
Iy, Tk ICZ—off = % Iy
In steady state we can use
Vo=V =V,
and
k
VLl—on = ‘/I VLl—oﬁ‘ = ﬂ

V

143

(2.253)

(2.254)

(2.255)

(2.256)

Investigate current i;, it increases during switch-on with slope V;/L and
decreases during switch-off with slope (V- Ve =V =V )/L

=-[Vo-2V,-k V,/(1 -k)]/L. Therefore,

KTV, = (1= k)T(V, -2V, —
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FIGURE 2.42
Voltage transfer gain My vs. k.

or

V,=—"-V, (2.257)
and

I, = 2 I, (2.258)

The voltage transfer gain in continuous mode is

V, 1
M,=-9=-"L= 2 (2.259)
v, 1, 1-k
The curve of M; vs. k is shown in Figure 2.42.
Circuit (C-L,-Cp) is a “I1” type low-pass filter. Therefore,
2
Ve=Vy=—"-V, (2.260)

1-k

2.4.3.3 Variations of Currents and Voltages

To analyze the variations of currents and voltages, some voltage and current
waveforms are shown in Figure 2.43.
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FIGURE 2.43
Some voltage and current waveforms of re-lift circuit.
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Current i; increases and is supplied by V; during switch-on. Thus, its peak-
to-peak variation is

kTV
Al = L
L
Considering Equation (2.253) and R = V,/ I, the variation ratio of the current
i is

/2 _KI-OVT _K1-BR_ _k R (2.261)
I, 2L, 2MfL M fL

The peak-to-peak variation of current i is

. k
Ay = ZTVI
The variation ratio of current i, is
Ai, /2 KTV, -
=2ult /2 _ KTV, (1-k)= Kl-k) R (2.262)
ILl 2LlIO 2]\AR le
The peak-to-peak variation of voltage v. is
Q- &k
Av. = =TI
C C C (@]
The variation ratio of voltage v is
_Av /2 KT k1 (2.263)
V.  2CV, 2fCR '
The peak-to-peak variation of voltage v, is
kT 1
Aoy =— I, =1
C1 Cl C1 fC o
The variation ratio of voltage v, is
_Avg /2 I, My 1 (2.264)

G fy ——
! VCl 2f(jl‘/l 2 fclR
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Take the same operation, variation ratio of voltage v, is

o M /2_ 1, M 1

= =—= 2.265
T Ve 20V 2 fOR (2269
Considering the Equation (2.211):
p AT ko ko
o 222cL, 9 8f*CL, °
The variation ratio of current 7, is
Al /2
g=fiwo/2_k 1 (2.266)
I, 16 f-CL,,
Considering the Equation (2.213):
B 1T k k
Avep =——=777"5 Ip=—"3 I,
Co 2216f°CC,L, 64f°CC,L,
The variation ratio of current v is
e=NMeo/2_ kI _k __1 (2.267)

Voo  128f°CC,L, V, 128 f°CC,L,R

Assuming that f=50kHz, L =L, =100 uH, C=C,=5pF R=10Q and k =
0.6, we obtain

My=5 {=0048 £=003 p=012 and &=0.0015

The output voltage V, is almost a real DC voltage with very small ripple.
Since the load is resistive, the output current iy(¢) is almost a real DC wave-
form with very small ripple as well, and it is equal to I, = V/R.

2.4.3.4 Instantaneous Value of the Currents and Voltages

Referring to Figure 2.43, the instantaneous current and voltage values are
listed below:

0 ' for  0<t<kT

Us = Vo= @-20V, for kT <t<T

(2.268)
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Ve for  0<t<kT
=1 0 for KT<t<T
Y for  0<t<kT
o1 = %02 7y for KT<t<T
{ Zi for  0<t<kT
T Ey, <
T for kT <t<T
B Vi ' for  0<t<kT
o= Vo=@ V] for kT<t<T

0
i (0)+—Lt
b= v.—@-_k W,
i (T)— 1=k
i (0)+—Lt
. ' 1 for
or
iy, (kT) = 1=5— (e~ k)

0
i = v,—2-—* v
i (KT)—— Ll—k (t—kT)

8 for  0<t<kT
o1 0 for  kT<t<T
B 3,(t) for  0<t<kT
b2 0 for kT <t<T

© 2006 by Taylor & Francis Group, LLC

B iL(0)+%t+81(t)+82(t)+iu(0)+%t for 0<t<kT

for kT <t<T
for  0<t<kT
for kT <t<T
0<t<kT
kT <t<T
for  0<t<kT
for kT <t<T

(2.269)

(2.270)

(2.271)

(2.272)

(2.273)

(2.274)

(2.275)

(2.276)

(2.277)

(2.278)



Voltage-Lift Converters

5,(t)
iy = Vo—(2-

Ky

—i,,(kT)+

1-k"!
t—kT
L ( )

8,(t)
iy = Vo —(2-

Ky

i, (KT)+

. {_Ic—on fOT
lC =

I C—off for

where

and

1-k"!
t—kT
i ( )

0<t<kT
kT <t<T

i0)=kI,-kV,/2fL

LTy =k, +kV,/2fL

in(0) =kl -kV,/2fL,

i,(kT) =k, +kV,/2fL,

0<t<kT
kT <t<T

0<t<kT
kT <t<T

149

(2.279)

(2.280)

(2.281)

Since the instantaneous currents i;, and i, are partial parabolas with very

small ripples. They are very nearly DC current.

2.4.3.5 Discontinuous Mode

Referring to Figure 2.41d, we can see that the diode current i, becomes zero
during switch off before next period switch on. The condition for discontin-

uous mode is

ie.,

or
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60

k=0.95 continuous mode
40 —

k=0.9
20

o k=0.8

6 L

k=0.5
k=033

3 :

k=0.1 "~ discontinuous mode

............

1 1 I 1
27 32 50 125 444 1684
R

FIGURE 2.44
The boundary between continuous and discontinuous modes and output voltage vs. the nor-
malized load zy = R/fL (re-lift circuit).

The graph of the boundary curve vs. the normalized load zy = R/fL is
shown in Figure 2.44. It can be seen that the boundary curve has a minimum
value of 3.0 at k = V.

In this case the current i, exists in the period between kT and t, =
[k + (1 = k)mg]T, where my is the filling efficiency and it is defined as:

=R (2.283)

Considering Equation (2.282), therefore 0 < m; < 1. Because inductor current
ii; =0att=t,so that

k
‘/ = ‘/
L1-off (1 _ k) < I

Since the current i, becomes zero at t = ¢, = [k + (1 — k)mg]T, for the current i,
kTV; = (1 -kymgT(Ve = 2V, = Vi o)

or

2k v oopera-pRw with ko

Vo=[2+ " —
(1_ k)mR sz \

> 2
1-k

SE
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FIGURE 2.45
Triple-lift circuit.

and for the current i,
KTV + Ve = Vo) = 1 =k)mgI(Vy = 2V = Vi)

Therefore, output voltage in discontinuous mode is

2k

Yo =B i hom,

IV, =[2 +k2(1—k)2?L]VI with  k \/2 > ﬁ (2.284)

i.e., the output voltage will linearly increase during load resistance R increas-
ing. The output voltage vs. the normalized load zy = R/fL is shown in
Figure 2.44. Larger load resistance R may cause higher output voltage in
discontinuous mode.

2.4.4 Multiple-Lift Circuits

Referring to Figure 2.45, it is possible to build a multiple-lift circuit just only
using the parts (L,-C,-D,-D;;) multiple times. For example, in Figure 2.16 the
parts (L,-C5-D5-D,,) were added in the triple-lift circuit. According to this
principle, the triple-lift circuit and quadruple-lift circuit were built as shown
in Figure 2.45 and Figure 2.48. In this book it is not necessary to introduce
the particular analysis and calculations one by one to readers. However, their
formulas are shown in this section.

2.4.4.1  Triple-Lift Circuit

Triple-lift circuit is shown in Figure 2.45. It consists of one static switch S;
four inductors L, L,, L,, and L; and five capacitors C, C,, C,, C;, and C,; and
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FIGURE 2.46
Voltage transfer gain of triple-lift circuit.

diodes. Circuit C,-D;-L-C,-D,-Dy;-L,-C;-D3-D;, is the lift circuit. Capacitors
C,, C,, and C; perform characteristics to lift the capacitor voltage V. by three
times that of the source voltage V. L, and L, perform the function as ladder
joints to link the three capacitors C,, C,, and C; and lift the capacitor voltage
Ve up. Current i((t), i(t), and iq(f) are exponential functions. They have
large values at the moment of power on, but they are small because v, =
U, = U = V) in steady state.
The output voltage and current are

3
V, ="V 2.285
o 1-k ! (2.285)
and
I, = %11 (2.286)

The voltage transfer gain in continuous mode is
3
MT = VO / VI = ﬂ (2287)

The curve of M; vs. k is shown in Figure 2.46.
Other average voltages:

Ve=Vy Vo =Vuo=Vs=V,
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Other average currents:

1
IL,=1 I, =1, ,=1,=—-I
Lo~ ‘o L™= 2= o
Current variation ratios:
(= k ﬁ g = ﬁ 1
M,? 2fL 16 f*CL,
_k(1—k)£ _k(1—k)£

= X =
! 2]\/‘[T fL1 ? 2Z\/IT fLZ

Voltage variation ratios:

k1 M, 1
2 fCR

M, 1 M, 1
c,= G, =—1"

2 fC,R 2 fC,R
The variation ratio of output voltage V. is

128 f°CC L R

The output voltage ripple is very small. The boundary between continuous
and discontinuous modes is

‘Skz
A

M, <k (2.289)

It can be seen that the boundary curve has a minimum value of M; that
is equal to 4.5, corresponding to k = /3. The boundary curve vs. the normal-
ized load zy = R/fL is shown in Figure 2.47.

In discontinuous mode the current i, exists in the period between kT and
[k + (1 — k)m]T, where m; is the filling efficiency that is

= (2.290)
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FIGURE 2.47
The boundary between continuous and discontinuous modes and output voltage vs. the nor-
malized load zy = R/fL (triple-lift circuit).

Considering Equation (2.289), therefore 0 < m; < 1. Because inductor current
i, =1i,=0att=1t,so that

k
VLl—aﬁ‘ = VLZ—off = WVI

Since the current i, becomes zero at t = t; = [k + (1 — k)m]T, for the current
i; we have

kTV,; = (1 -kym;T(Vc -3V, - Vi = VLZ—off)

or

V=Bt v -BrRA-b RV, with Jk $>Lk

(1-kym, ! 27! \ 2L
and for the current i;, we have
KTV, + Vo= Vo) = A =kmT(Vo =2V, = Vi g = Vis o)

Therefore, output voltage in discontinuous mode is

VO=[3+¢]V=[3+k2(1—k) Ry with vk PR3 (oo

(1-kym, ! 2fL° 1 V2L T 1-k
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FIGURE 2.48
Quadruple-lift circuit.

i.e., the output voltage will linearly increase during load resistance R increas-
ing. The output voltage vs. the normalized load zy = R/fL is shown in
Figure 2.47. We can see that the output voltage will increase when the load
resistance R increases.

2.4.4.2 Quadruple-Lift Circuit

Quadruple-lift circuit is shown in Figure 2.48. It consists of one static switch
S; five inductors L, L,, L,, L;, and L; and six capacitors C, C;, C,, C;, C,, and
Co- Capacitors C;, C,, C;, and C, perform characteristics to lift the capacitor
voltage V. by four times of source voltage V. L,, L,, and L; perform the
function as ladder joints to link the four capacitors C,, C,, C;, and C, and lift
the output capacitor voltage V. up. Current i (t), ic,(t), ics(t), and i,(t) are
exponential functions. They have large values at the moment of power on,
but they are small because v¢; = V¢, = V¢ = Uy = V) in steady state.
The output voltage and current are

4
Vy = 1% v, (2.292)
and
1-k
I, = TI’ (2.293)
The voltage transfer gain in continuous mode is
4
M,=V,/V, = 1% (2.294)
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FIGURE 2.49
Voltage transfer gain of quadruple-lift circuit.

The curve of M, vs. k is shown in Figure 2.49. Other average voltages:
Ve=Vo Va=Va=Va=Vay=V,

Other average currents:

1
IL,=1 I =1 =I1,=1,=—-1
LO O L L1 L2 L3 1 _ k (0]
Current variation ratios:
k 2R k 1
STMg L STae L,
Q 6]
_k(1—k)£ _k(1—k)£ _k(1-k) R

= X X e
' 2M, fL, ’ 2M, 1L, ’ 2M,  fL,

Voltage variation ratios:

k1o o My 1
P=2/crR T 2 1o
M M M
o= b 5 Mo 15 Mo 1
2 fC,R 2 fC,R 2 fC,R
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discontinuous mode

5464 100 250 889

FIGURE 2.50
The boundary between continuous and discontinuous modes and output voltage vs. the nor-
malized load zy = R/fL (quadruple-lift circuit).

The variation ratio of output voltage V. is

128 f°CC,L,R
The output voltage ripple is very small. The boundary between continuous
and discontinuous conduction modes is

2R
M, <k \g = 2kz,, (2.296)

It can be seen that the boundary curve has a minimum value of M, that
is equal to 6.0, corresponding to k = Y/s. The boundary curve is shown in
Figure 2.50.

In discontinuous mode the current ij, exists in the period between kT and
[k + (1 = kymy]T, where m, is the filling efficiency that is

2
— MiQ (2.297)
=— .

f

mQ=

X =
bl

Considering Equation (2.296), therefore 0 < m, < 1. Because inductor cur-
rent ij, =i, =i,;=0att=1#, so that
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k
VLl—off = VLZ—oﬁ‘ = VLS—oﬂ = (1-k) g Vi

Since the current i, becomes zero at t = t; = kT + (1 —k)mgT, for the current
i, we have

KTV, =(1- k)mQT(VC 4V, - VLl—off - VLZ—off - VLS—oﬁ‘)

or

Vo=l+—F v _mera- k)ﬁ]v with \k\/

- S 4
c (1-kym,, 1-k

2R
fL
and for current i;, we have

kKT(Vi+ Ve =Vo) = 1 =k)mgT(Vo =2V, = Vi = Vio o = Vi op)

Therefore, output voltage in discontinuous mode is

4k 21— 1) R T 2R, 4
VO_[4+W]V,_[4+1<(1 k)2ﬂ]V, with vwﬂ>l . 229%)

i.e., the output voltage will linearly increase while load resistance R increases.
The output voltage vs. the normalized load zy = R/fL is shown in Figure 2.50.
We can see that the output voltage will increase during load resistance while
the load R increases.

2.4.5 Summary

From the analysis and calculation in previous sections, the common formulae
can be obtained for all circuits:

Yo L, R o Vo
N
VI IO fL IO
Current variation ratios:
k(1-k)R k
g= E=—3
2MfL 16f°CL,
j=M (G=1,273..)
2Mij
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Voltage variation ratios:

k k M
= &= 0. =—— :1,2,3,4,---
P=2fcR 128°CC,LR 1 2fCR G )

In order to write common formulas for the boundaries between continuous
and discontinuous modes and output voltage for all circuits, the circuits can
be numbered. The definition is that subscript 0 means the elementary circuit,
subscript 1 means the self-lift circuit, subscript 2 means the re-lift circuit,
subscript 3 means the triple-lift circuit, subscript 4 means the quadruple-lift
circuit, and so on. Therefore, the voltage transfer gain in continuous mode
for all circuits is

_ kh(j)[j+h(j)]

. i=0,1,2,3,4, ... 2.299
= (2.299)

The variation of the free-wheeling diode current i, is

k[1+h(1)] ]+h(])

.= 2 z, (2.300)
The boundaries are determined by the condition:
g 21
or
4G 5 4 (i
KD . 51 720,1,2,3,4, ... (2.301)

2
M j 2

Therefore, the boundaries between continuous and discontinuous modes for
all circuits are

M=k 2 T
Vo2

j=0,1,2234, .. (2.302)
The filling efficiency is

1 M2 2 1
m; === g
g Tk j+h() zy

(2.303)
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output voltage, vo, v

1 .
0 0.2 0.4 0.6 0.8 1
conduction duty k

FIGURE 2.51
Output voltages of all negative output Luo-converters (V; = 10 V).

The voltage across the capacitor C in discontinuous mode for all circuits
i gl2in 1=k -
Ve =lj+k TZN]VI j=0,1,2234, .. (2.304)
The output voltage in discontinuous mode for all circuits
V.o =ik 12k ;
o =li+k TZN]VI j=0,1,2234, .. (2.305)

where

N L B :
h(j) = : : is the Hong Function
T if j=0

The voltage transfer gains in continuous mode for all circuits are shown
in Figure 2.51. The boundaries between continuous and discontinuous
modes of all circuits are shown in Figure 2.52. The curves of all M vs. zy
state that the continuous mode area increases from M; via Mg, My, My to
M,,. The boundary of elementary circuit is a monorising curve, but other
curves are not monorising. There are minimum values of the boundaries of
other curves, which of Mg, My, My, and M, correspond at k =/s.

Assuming that f=50 kHz, L=L,=L, =L, =L; =L, =100uH, C=C, =
C, = C; = C, = Cy = 5 uF and the source voltage V; = 10 V, the value of the
output voltage V,, in various conduction duty k are shown in Figure 2.22.
Typically, some values of the output voltage V,, in conduction duty k = 0.33,
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FIGURE 2.52
Boundaries between continuous and discontinuous modes of all negative output Luo-converters.

TABLE 2.2
Comparison among Five Negative Output Luo-Converters
Negative Output Vo (V;=10V)
Luo-Converters I, Vo k=033 k=05 k=075 k=09
Elementary 1-k k 5V 10V 30V 90 vV
Circuit Io=—71, Vo=1—2Vi
k 1-k
Self-Lift =0-bl, , _ 1, 15 20V 40V 100V
Circuit 0TI k1
Re-Lift -k 30V 40V 80V 200V
Circuit lo=—=1 Vo=1¢"
Triple-Lift -k 3 45V 60V 120V 300V
Circuit Io=—1, Vo=V
3 1-k
Quadruple-Lift 1-k 4 60V 80V 160V 400V
Circuit Io=—+-I Vo=V
4 1-k

0.5, 0.75, and 0.9 are listed in Table 2.2. The ripple of the output voltage is
very small, say smaller than 1%. For example, using the above data and R
=10 Q, the variation ratio of the output voltage is € = 0.0025 x k = 0.0008,
0.0012, 0.0019, and 0.0023 respectively. From these data the fact we find is
that the output voltage of all negative output Luo-converters is almost a real
DC voltage with very small ripple.
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2.5 Modified Positive Output Luo-Converters

Negative output Luo-converters perform the voltage conversion from posi-
tive to negative voltages using VL technique with only one switch S. This
section introduces the technique to modify positive output Luo-converters
that can employ only one switch for all circuits. Five circuits have been
introduced in the literature. They are

¢ Elementary circuit

*  Self-lift circuit

* Re-lift circuit

o Triple-lift circuit

* Quadruple-lift circuit

There are five circuits introduced in this section, namely the elementary
circuit, self-lift circuit, re-lift circuit, and multiple-lift circuit (triple-lift and
quadruple-list circuits). In all circuits the switch S is a PMOS. It is driven by
a PWM switch signal with variable frequency f and conduction duty k. For
all circuits, the load is usually resistive, R = V,/I,. We concentrate the
absolute values rather than polarity in the following descriptions and cal-
culations. The directions of all voltages and currents are defined and shown
in the figures. We will assume that all the components are ideal and the
capacitors are large enough. We also assume that the circuits operate in
continuous conduction mode. The output voltage and current are V, and I;
the input voltage and current are V; and I,

2.5.1 Elementary Circuit

Elementary circuit is shown in Figure 2.10. It is the elementary circuit of
positive output Luo-converters. The output voltage and current and the
voltage transfer gain are

Average voltage:
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(c) Switch-off equivalent circuit

FIGURE 2.53
Modified self-lift circuit and its equivalent circuit. (a) Self-lift circuit. (b) Switch-on equivalent
circuit. (c) Switch-off equivalent circuit.

Average currents:

ILO=IO IL=7I

2.5.2 Self-Lift Circuit

Self-lift circuit is shown in Figure 2.53. It is derived from the elementary

circuit. In steady state, the average inductor voltages over a period are zero.
Thus

Ve, =V =V, (2.306)

© 2006 by Taylor & Francis Group, LLC



164 Essential DC/DC Converters

The inductor current i, increases in the switch-on period and decreases in
the switch-off period. The corresponding voltages across L are V, and -V_.

Therefore
kTV, =(1-K)TV,
Hence,
Vo= K V; (2.307)
1-k

During switch-on period, the voltage across capacitor C, are equal to the
source voltage plus the voltage across C. Since we assume that C and C, are
sufficiently large,

Vo =V, + V¢

Therefore,

—_

The voltage transfer gain of continuous conduction mode (CCM) is

Yo

M=-2
14

b
1-k

The output voltage and current and the voltage transfer gain are

1

Vozl_k‘/[

I,=(1-Kk)I,

M. =L (2.308)
ST 1-k '
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Average voltages:
Ve=kV,
Va=Vo
Average currents:

ILO = Io

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=30~340Q, k=0.1~09

C = C, = 100 uF and L = 470 uH

2.5.3 Re-Lift Circuit

Re-lift circuit and its equivalent circuits are shown in Figure 2.54. It is derived
from the self-lift circuit. The function of capacitors C, is to lift the voltage v,
by source voltage V,, the function of inductor L, acts like a hinge of the
foldable ladder (capacitor C,) to lift the voltage v, during switch off.

In steady state, the average inductor voltages over a period are zero. Thus

Since we assume C, is large enough and C, is biased by the source voltage
V; during switch-on period, thus V., =V,

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=Vo =V +V,

The inductor current i, increases in the switch-on period and decreases in
the switch-off period. The corresponding voltages across Lare V, and -V, ...
Therefore

KTV, = (1-K)TV,

~OFF
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(c) Switch-off equivalent circuit

FIGURE 2.54
Modified re-lift circuit. (a) Re-lift circuit. (b) Switch-on equivalent circuit. (c) Switch-off equiv-
alent circuit.

Hence,

k
Viorr = ﬂ

V

I

The inductor current i, increases in the switch-on period and decreases
in the switch-off period. The corresponding voltages across L, are V, and
-V

L1-OFF *

Therefore

KTV, = (1-K)TV,

1-OFF
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Hence,

k
Viiorr = E

1%

I
From the switch-off period equivalent circuit,

Ve =Veorr =Viorr ¥ Virorr ¥ Ve

Therefore,

k k 1+k
Vo= Ky Ky oy Ltk 2309
Tk TS T T (2.309)

1+k 2
Yo=q o itVi=q oY

Then we get the voltage transfer ratio in CCM,

M=M, = ﬁ (2.310)

The following is a brief summary of the main equations for the re-lift
circuit. The output voltage and current and gain are

2

Vo=V,
o 1_k I
I, =1_k11

2

M —
o1k
Average voltages:

1+k
Ve="—"-V
C 1_k I

Ve =Veo=Vo
VCZ - VI
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FIGURE 2.55
Modified triple-lift circuit.

Average currents:

Lio=1p
1
I =1I,= 1-k I,

2.5.4 Multi-Lift Circuit

Multiple-lift circuits are derived from re-lift circuits by repeating the section
of L,-C;-D; multiple times. For example, triple-list circuit is shown in
Figure 2.55. The function of capacitors C, and C; is to lift the voltage v across
capacitor C by twice the source voltage 2V, the function of inductors L, and
L, acts like hinges of the foldable ladder (capacitors C, and C;) to lift the

voltage v during switch off.

The output voltage and current and voltage transfer gain are

V,=—"-V
o] ]._k I
and
Iozﬂll
3
M. =——
T 1-k
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FIGURE 2.56
Modified quadruple-lift circuit.

Other average voltages:

and
Va=Vo Vao=Va=V,
Other average currents:

Lio=1o

I, =1,=1

169

The quadruple-lift circuit is shown in Figure 2.56. The function of capaci-
tors C,, C;, and C, is to lift the voltage v across capacitor C by three times
the source voltage 3V. The function of inductors L;, L,, and L; acts like hinges
of the foldable ladder (capacitors C,, C;, and C,) to lift the voltage v, during
switch off. The output voltage and current and voltage transfer gain are

4
V,=—V,
(6] 1—k )

and
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Iy = % I
M, = 4 (2.312)
1-k
Average voltages:
Ve= %’lz I
and
Vo=V,

ch = VC3 = Vc4 = VI

Average currents:

and

1
Iy=1,=1,+I +1, zﬂlo

2.5.5 Application

A high-efficiency, widely adjustable high voltage regulated power supply
(HVRPS) is designed to use these Luo-converters in a high voltage test rig.
The proposed HVRPS is shown in Figure 2.57. The HVRPS was constructed
by using a PWM IC TL494 to implement closed-loop control together with
the modified positive output Luo-converters. Its output voltage is basically
a DC value with small ripple and can be widely adjustable. The source
voltage is 24 V DC and the output voltage can vary from 36 V to 1000 V DC.
The measured experimental results show that the efficiency can be as high
as 95% and the source effect ratio is about 0.001 and load effect ratio is about
0.005.
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_L 510 3.9k
FIGURE 2.57

A high voltage testing power supply.

2.6 Double Output Luo-Converters

Mirror-symmetrical double output voltages are specially required in indus-
trial applications and computer periphery circuits. Double output DC-DC
Luo-converters can convert the positive input source voltage to positive and
negative output voltages. It consists of two conversion paths. Double output
Luo-converters perform from positive to positive and negative DC-DC volt-
age increasing conversion with high power density, high efficiency, and
cheap topology in simple structure.

Double output DC-DC Luo-converters consist of two conversion paths.
Usually, mirror-symmetrical double output voltages are required in indus-
trial applications and computer periphery circuits such as operational ampli-
fiers, computer periphery power supplies, differential servo-motor drives,
and some symmetrical voltage medical equipment. In recent years the DC-
DC conversion technique has been greatly developed. The main objective is
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to reach a high efficiency, high power density and cheap topology in simple
structure.

The elementary circuit can perform step-down and step-up DC-DC con-
version. The other double output Luo-converters are derived from this ele-
mentary circuit, they are the self-lift circuit, re-lift circuit, and multiple-lift
circuits (e.g., triple-lift and quadruple-lift circuits). Switch S in these circuits
is a PMOS. It is driven by a PWM switch signal with repeating frequency f
and conduction duty k. In this paper the switch repeating period is T = 1/
f, so that the switch-on period is kT and switch-off period is (1 —k)T. For all
circuits, the loads are usually resistive, i.e., R = V, /Iy, and R, = V5 /1
the normalized loads are zy, = R/fL (where L = L, and L=LL,/L +L, for
elementary circuits) and zy_ = R,/fLy;. In order to keep the positive and
negative output voltages to be symmetrically equal to each other, usually,
we purposely select that L = L;; and zy, = zy._.

Each converter has two conversion paths. The positive path consists of a
positive pump circuit S-L;-D-C; and a “I1”-type filter (C,)-L,-Cy, and a lift
circuit (except elementary circuits). The pump inductor L, absorbs energy
from source during switch-on and transfers the stored energy to capacitor
C, during switch-off. The energy on capacitor C; is then delivered to load R
during switch-on. Therefore, a high voltage V-, will correspondingly cause
a high output voltage V.

The negative path consists of a negative pump circuit S-L;;-D;,-(Cy;) and
a “I1”-type filter C;;-L,-Cyy, and a lift circuit (except elementary circuits). The
pump inductor L,; absorbs the energy from source during switch-on and
transfers the stored energy to capacitor C,; during switch-off. The energy on
capacitor Cy; is then delivered to load R; during switch-on. Hence, a high
voltage V;; will correspondingly cause a high output voltage V, .

When switch S is turned off, the currents flowing though the freewheeling
diodes D, and D, are existing. If the currents iy, and ip,, do not fall to zero
before switch S is turned on again, we define this working state to be
continuous conduction mode. If the currents ip, and ij,, become zero before
switch S is turned on again, we define that working state to be discontinuous
conduction mode.

The output voltages and currents are V,,, Vo_and I,, Io_; the input voltage
and current are V; and I; = I;, + I._. Assuming that the power loss can be
ignored, P; = Py, or Vil; =V, I, + V_I,_. For general description, we have
the following definitions in continuous mode: The voltage transfer gain in
the continuous mode:

V
M, =2 and M =-%
VI VI

Variation ratio of the diode’s currents:
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¢ Bpo/2 i /2
’ IDO B ILll
Variation ratio of pump inductor’s currents:
e /2 Ly /2
ILl ILll
Variation ratio of filter inductor’s currents:
Ai, /2 Ai 2
§2+ _ 22 / and § =—L12 /
L2 IL12
Variation ratio of lift inductor’s currents:
Ai,,. . /2 Ai,. . /2
X]‘+:% and Xj—:% i=1,23, ..
L2+j L12+j
Variation ratio of pump capacitor’s voltages:
o :AvCl/Z and :AUC“/Z
s T
Va Ven
Variation ratio of lift capacitor’s voltages:
Avg,,. /2 Avey,, /2
6,=— "% and o, =15 121,234, .
VC1+j VC11+]‘
Variation ratio of output voltages:
A 2 A 2
€, = A0, /2 and g =—co-’% /
VO+ VO—

2.6.1 Elementary Circuit

The elementary circuit is shown in Figure 2.58. Since the positive Luo-con-
verters and negative Luo-converters have been published, this section can
be simplified.
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NI . Ay Y'Y
NI paa | D }
IN iL|N+ - Vc1 + iL2 | +
+ ) _
VI—_: IL1l L1 ZSDO /\Co R Vo+
: I
in— ‘ ? ?
) + ] ] +
iy Ly Ve TCy4 ~~Cio R, Vo—
- L2 I
D21 D10 ¢ - ¢ _
S 2008
12
l—-
FIGURE 2.58

Elementary circuit.

2.6.1.1 Positive Conversion Path

The equivalent circuit during switch-on is shown in Figure 2.59a, and the
equivalent circuit during switch-off in Figure 2.59b. The relations of the

average currents and voltages are

1-

k
I, :TI“ and [, =Io,

Positive path input current is

1-k

I :kxi“_ Zk(iLl +iL2)=k(1+T)IL1 = ILl

I+
The output current and voltage are

Io+=%11+ and VO+=%VI

The voltage transfer gain in continuous mode is

v Voo _ K
vV, 1-k

The average voltage across capacitor C, is
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it Ver + Lo
S —» —_—

Y YL
+
Vihn =/ L,

L
L l ity ?ino Co~ R Vo~

2

AY
Al

+
" A Co R| | Vo

!
I

(a) switch on

(b) switch off

(c) discontinuous mode

FIGURE 2.59
Equivalent circuits of elementary circuit positive path: (a) switch on; (b) switch off; (c) discon-
tinuous conduction mode.

The variation ratios of the parameters are

and £, N/2_ KTV, kR
* I 2L210+ 2]\Z[E ﬂ‘Z

AL, /2 KTV, 1-k R
I 2L111+ 2]\/IE ﬂ‘l

&H

L1 L2

The variation ratio of current ip, is

_Aipy /2 _(1-K*TV,, _k(1-kR _ k* R
IDO 2LIO+ 2MEfL ME2 2fL

g, (2.315)

The variation ratio of v, is
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v, /2 (-RTL, k1
Py, T 2cv, 2/fCR

The variation ratio of output voltage v, is

L oo /2 KTV k1

" VO+ - SCOLZ ViO-# ) 8ME fZCOLZ

(2.316)

IfL _L,=1mH, C, =C,=20pF, R=10 Q, f=50 kHz and k = 0.5, we get
€. =0.05, &, =005 ¢, =0.05, p, =0.025, and € = 0.00125. Therefore, the
variations of i, 7;, and v, are small. The output voltage V,,, is almost a real
DC voltage with very small ripple. Because of the resistive load, the output
current i, (t) is almost a real DC waveform with very small ripple as well,
and is equal to I, = V. /R.

2.6.1.2 Negative Conversion Path

The equivalent circuit during switch-on is shown in Figure 2.60(a) the equiv-
alent circuit during switch-off is shown in Figure 2.60(b). The relations of
the average currents and voltages are

Ip =1, and Ip =1 =Ieng,

Since

k k

ICll—oﬁ‘ = ﬂICH—on = 1—k Iy
the inductor current [, is
Iy
Iy =l +1o- = (2.317)
1-k
So that
. . k
I, =kxi,_=ki, =k, = % I
The output current and voltage are
1-k k
IO—:TII— and VO—:ﬂ‘/I
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IL12

-—
IR
Vin = Lu IFT F Ve Cio
_ +
(a) switch on
'oro Lz
- -—
P YY)
+ ¢ ? Ly -
VL11I iy 1Cy Ve Cio~ R, Vg-
Ly 4
- +

(b) switch off

D10
+ L12 -
Vi 1I Ly Ve Cio> R, Vo—

+
- +

(c) discontinuous mode

AN

FIGURE 2.60

177

Equivalent circuits of elementary circuit negative path: (a) switch on; (b) switch off; (c) discon-

tinuous conduction mode.

The voltage transfer gain in continuous mode is

\%
My ==
I
and
k
Ven =Vo. ﬂ‘/l

(2.318)

From Equations (2.314) and (2.318), we can define that My = M, = M;_.

The curve of M, vs. k is shown in Figure 2.61.
The variation ratios of the parameters are

_Avg, /2 KT

_k

1

= Ay /2 = k 1 and

£ — p_
I 16 f2C10L12 VCll

L12
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FIGURE 2.61
Voltage transfer gain M; vs. k.

The variation ratio of current 7;;; and iy, is

A, /2 k(-KV,T kA-kR, k> R,

¢ =— (2.319)
ILll 2L1110— 2]\AElel ME Zlel
The variation ratio of current vqq is
e _ Ave, /2 k Io.  k 1 (2.320)

B VClO 128f3C11C10L12 VO— 128 f3C11C10L12R1

Assuming that f =50 kHz, L; =L, =05 mH, C=C, =20 uE R, =10 Q
and k = 0.5, obtained M; =1, { = 0.05, p = 0.025, £ = 0.00125 and € = 0.0000156.
The output voltage V_is almost a real DC voltage with very small ripple.
Since the load is resistive, the output current iy (f) is almost a real DC
waveform with very small ripple as well, and it is equal to I,_ = V,_/R;.

2.6.1.3 Discontinuous Mode

The equivalent circuits of the discontinuous mode’s operation are shown in
Figure 2.59c and Figure 2.60c. In order to obtain the mirror-symmetrical
double output voltages, select:

L.L
L= 2 =Ly

L +L,

and R = R,. Thus, we define
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20

continuous mode It
10 -k=0.9 /

0.2 discontinuous mode

0.1F Ly 1 1 1 1 1 1 1

1 2 5 10 20 50 100 200 500 1000
R/fL

FIGURE 2.62
The boundary between continuous and discontinuous modes and the output voltage vs. the
normalized load zy = R/fL (elementary circuit).

Yo

57:7[

Vo:VO+:|Vofl My =M, =M

Kk
1-k
Zy = zy, = zy- and §=€+:C—
The free-wheeling diode currents iy, and i, become zero during switch

off before next period switch on. The boundary between continuous and
discontinuous modes is

£>1
ie.,
2
L
M2 2
or
M. <k 2 (2.321)
=% :

The boundary curve is shown in Figure 2.62.

In this case the free-wheeling diode’s diode current exists in the period
between kT and [k + (1 — k)m]T, where m; is the filling efficiency and it is
defined as:
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= (2.322)

Considering the Equation (2.321), therefore, 0 < m; < 1. Since the diode current
iny becomes zero at t = kT + (1 —k)m,T, for the current i;; kTV,= (1 -k)m TV
or

V., = a—llz)mE V. =k(1- k)%V V, with \JZTN > ﬁ (2.323)
and for the current i;,
KT(V, + Ve = Vp,) = 1 =k)m TV,
Therefore, the positive output voltage in discontinuous mode is
= (1—]Ii)mEVI k1= 3V, with e ﬁ (2.324)
For the current i;,; we have
kTV, = (1 -kymTV ¢y
or
V=K v k-0, with \/ZN > 1 (235
(1-kym, 2 2 1-k
and for the current i;;, we have
KT(V;+ Ve = Vo) = A =k)m TV
Therefore, the negative output voltage in discontinuous mode is
Vv, = a—llz)mEV’ — k(1- k)%"VI with \ZZN > ﬁ (2.326)

We then have

z
Vo =Vo, =Vo =k(1-k)2V,
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_<C10 R Vo_

|

FIGURE 2.63
Self-lift circuit.

i.e., the output voltage will linearly increase while load resistance increases.
It can be seen that larger load resistance may cause higher output voltage
in discontinuous mode as shown in Figure 2.62.

2.6.2 Self-Lift Circuit

Self-lift circuit shown in Figure 2.63 is derived from the elementary circuit.
The positive conversion path consists of a pump circuit S-L;-Dy-C,, a filter
(Cy)-L,-Cyp, and a lift circuit D,-C,. The negative conversion path consists of
a pump circuit S-L;-D;-(Cyy), a “I1”-type filter Cy;-Ly,-Cy, and a lift circuit
D ll_C12‘

2.6.2.1 Positive Conversion Path

The equivalent circuit during switch-on is shown in Figure 2.64a, and the
equivalent circuit during switch-off in Figure 2.64b. The voltage across
inductor L, is equal to V, during switch-on, and -V, during switch-off. We
have the relations:

Vo= ﬁ v
Hence,
Vo=Vio=V, =V, +V, = ﬁVI
and
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(c) discontinuous conduction mode

FIGURE 2.64

Equivalent circuits of self-lift circuit positive path: (a) switch on; (b) switch off; (c) discontinuous

conduction mode.

The output current is
IO+ = (1 - k)IH

Other relations are

II+ = k i1+

and
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Iy =iy g =kip, =1, (2.327)
Therefore, the voltage transfer gain in continuous mode is
V, 1
M, =-%=—1o 2.328
S+ ‘/I 1—k ( )
The variation ratios of the parameters are
¢ A, /2 k1 0 _Av., /2 (A=K, 1
o0, 16fCGL T Vg o, 1, k v, 2KCR
1-k
and
Avg, /2 k
TV, T 2fCR
c2 f 2
The variation ratio of the currents ip, and i, is
Ai, /2 kV.T k R
== = . T2 (2.329)
L1 171+ S fll
The variation ratio of output voltage v, is
A 2
e =o/2_ Kk 1 (2.330)
Vo, 128 f°C,C,L,R

L =L,=05mH, C=C,=Cy,=20puF, R=40Q, f =50 kHz, and k =
0.5, obtained that &;, = { = 0.1, p+ = 0.00625; and &,, = 0.00625, &,, = 0.00125
and € = 0.000004. Therefore, the variations of i;;, v¢, i;, and v, are small.
The output voltage V,,, is almost a real DC voltage with very small ripple.
Because of the resistive load, the output current iy, (t) is almost a real DC
waveform with very small ripple as well, and I,, = V,/R.

2.6.2.2 Negative Conversion Path

The equivalent circuit during switch-on is shown in Figure 2.65a, and the
equivalent circuit during switch-off in Figure 2.65b. The relations of the
average currents and voltages are

k

k
I Cli-off — 1-k Ieyion = 1—k

o- =l =lcyo 1 I
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+ icm‘
Vin = iL11l L1 G
Voo — iLi2
|7m
Ly
iL11l Ly ic11¢:ivc11 Cin
+
(b) switch off
+ Vc12 L12
l— Vo
il Verr

(c) discontinuous conduction mode

FIGURE 2.65

Equivalent circuits of self-lift circuit negative path: (a) switch on; (b) switch off; (c) discontinuous

conduction mode.

and
Iy

L= ICll—off +l = 1—k

We know that
1 1-k
Loy =111 = 1—k I, and I, = K Ieyy of =
So that
1
VO— :ﬂ‘/l and IO— 2(1—k)11
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0 0.2 0.4 0.6 0.8 1

FIGURE 2.66
Voltage transfer gain M; vs. k.

The voltage transfer gain in continuous mode:

M, =9 = (2.332)

From Equation (2.328) and Equation (2.332), we define Mg = Mg, = Mg_
The curve of M vs. k is shown in Figure 2.66.
The variation ratios of the parameters are

N, /2 k1

é;_ I - E f2C10L12

L12

Ao, /2 KT k1
- V. 2C,Vo. 2 anRl

C11

G - AV, /2 _ I _ My 1
1-
VC]Z 2fC12‘/I 2 fC12R1

The variation ratio of currents iy, and 7;;; is
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i, /2 kA-KV,T _k(1-KR,  k R,

¢ = = (2.333)
ILll 2L11107 2M5ﬂ‘11 Msz szll
the variation ratio of current v, is
e =0 /2_ k Too _ k1 g
) VClO 128f3C11C10L]2 VO— 128 f3C11C10L12R1

Assuming that f = 50 kHz, L, = L,, = 0.5 uH, C;; = C;, =20 uF, R, =40 Q
and k = 0.5, we obtain Mg = 2, { = 0.2, p_ = 0.006, 6,_ = 0.025, £ = 0.0006
and &_ = 0.000004. The output voltage V,_is almost a real DC voltage with very
small ripple. Since the load is resistive, the output current i, (f) is almost a real
DC waveform with very small ripple as well, and it is equal to I,_ = V, /R,.

2.6.2.3 Discontinuous Conduction Mode

The equivalent circuits of the discontinuous conduction mode’s operation
are shown in Figure 2.64 and Figure 2.65 Since we select zy = zy, = zy_, M
= Mg, = Mg_and { = {, = {_ The boundary between continuous and discon-
tinuous conduction modes is

{>1
or
k 2y 54
M 2
Hence,
z lkz
M, <k == [N 2.335
SN2 T2 (2:339)

This boundary curve is shown in Figure 2.67. Compared with Equation
(2.321) and Equation (2.335), this boundary curve has a minimum value of
Mg that is equal to 1.5 at k = Vs.

The filling efficiency is defined as:

mg=- = (2.336)

For the current i;; we have
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30

continuous mode
20

k=0.9 /
10| -

discontinuous mode

13.56 24.7 62.5 222 842
R

FIGURE 2.67
The boundary between continuous and discontinuous conduction modes and the output volt-
age vs. the normalized load zy = R/fL (self-lift circuit).

KTV, = (1 - kymg, TV,

or

k

Vo=V =21V, with S
(1-k)ym, 2 V2 T1-k
Therefore, the positive output voltage in discontinuous mode is
Vo =V 4V, =[l4— v —+k -k 2y
O+ C1 1 (1 _ k)ms 1 2 I
kz 1

ith N> 2.338
A V2 T1-k (2:339)

For the current i;;; we have
kTV; = (1= kmsT(Vey - V)
or

k

V. =[14+—"——
Cl11 [ +(1_k)ms

WV, =1+ k0= R 2,
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-

'k
with % > (2.339)

V2 T1-

>

and for the current i;;, we have
kIT(Vi+ Ven = Vo) = (1 -kms T(Vo - V)

Therefore, the negative output voltage in discontinuous conduction mode is

k z
V., =[l+—V =[1+k*1-k) XV
o =L g Vi SRR,
'k
with \% > ﬁ (2.340)
We then have
z
Vo =Vo, =V, =[1+K*(1-K) 2V,

i.e., the output voltage will linearly increase during load resistance increas-
ing. Larger load resistance causes higher output voltage in discontinuous
conduction mode as shown in Figure 2.67.

2.6.3 Re-Lift Circuit

Re-lift circuit shown in Figure 2.68 is derived from self-lift circuit. The pos-
itive conversion path consists of a pump circuit S-L,-Dy-C; and a filter (C,)-
L,-Co, and a lift circuit D;-C,-D;-L;-D,-C;. The negative conversion path
consists of a pump circuit S-L,;-D,;-(Cy;) and a “IT”-type filter Cy;-Ly,-Cy, and
a lift circuit Dy;-Cp-Li5-Dyy-Ci5-Dio.

2.6.3.1 Positive Conversion Path

The equivalent circuit during switch-on is shown in Figure 2.69a, and the
equivalent circuit during switch-off in Figure 2.69b. The voltage across
inductors L, and L; is equal to V; during switch-on, and —(V, — V}) during
switch-off. We have the relations:

1+k 2
VC1ZE1 and Vo:Vco:chzvz"'Va:ﬂm
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FIGURE 2.68
Re-lift circuit.

Thus,
2
Vo =1
and
1-k
IO+ = TIH

The other relations are

Ly=kiy i, =In+ It icaon +lcron ooy = ﬁz’cmn
and
Ly =1y =icy o =lcsop = Ei“ = %IH (2.341)
The voltage transfer gain in continuous mode is
Mg, = ‘;O: = ﬁ (2.342)
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i+ - Ver + i
S —» \ | —_—
YY)
Al L,
+ +
Vi iLi L, ~L-C, L, G, Co— R Vo+

(b) switch off
C, - Ve o
l_
L2
T +
|L1l L, Ly Vg G Co=— R| |Vo*

(c) discontinuous mode
FIGURE 2.69

Equivalent circuits of re-lift circuit positive path: (a) switch on; (b) switch off; (c) discontinuous
mode.

The variation ratios of the parameters are

Ai, /2 Ai, /2 kv.T
& = e/ :k 21 and x,, = !/ = i = k2£
ILZ 16 f Csz 1L3 2L3711+ MR fLa
A CAve, /2 (-kTI 1
* Ve, 4c1ﬂv, (1+k)fC,R
1-k
_Ave, /2 k _Ave, /2 _1-k 1, . Mg

o = c = =
" VC2 szZR * VC3 4fC3 VI szSR
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The variation ratio of currents ip, and i;; is

Aip, /2 kV,T _ k R

C, =&, = = — (2.343)
' IDO LlII+ MRZ .ﬂ‘ 1
and the variation ratio of output voltage v, is
_Av, /2 Kk 1 (2.344)

€ - -
TV, 128 f.C,C,L,R

IfL =L,=L;=05mH,C,=C,=C;=C;=20uF, R =160 Q, f = 50 kHz,
and k = 0.5, we obtained that §, = {, = 0.2, y; = 0.2, 6, = 0.0125, p = 0.004;
and o, = 0.00156, &, = 0.0125 and € = 0.000001. Therefore, the variations of
ir1, i, and i; are small, and the ripples of v, ve; and v, are small. The
output voltage v, (and vcp) is almost a real DC voltage with very small
ripple. Because of the resistive load, the output current iy, is almost a real
DC waveform with very small ripple as well, and I, = V. /R.

2.6.3.2 Negative Conversion Path

The equivalent circuit during switch-on is shown in Figure 2.70a, and the
equivalent circuit during switch-off is shown in Figure 2.70b. The relations
of the average currents and voltages are

k k
Ioo =115 = Ieion Ic11—nff = EICH’“" B ﬂl(}

and

Iy =Ty +1o- =75 (2.345)
1-k
1 1-k 1
Levsof =Tersop =T = HIO— Cl2-on = TIClanff - Elo_
1-k 1
ST Tk IC13—off = I I
In steady state we have:
k
Veo =Ves =V, Vi, =V, and VL13—aff = EVI
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IN L2
S —» -—

Vv i|_11l Ly ~LC, L,5Cis>=—C\,\ >~

+ T
C12] L13 C13 Ci1

(a) switch on

C12 L13 C|3
IL13 i ?
C11
iL1

G~

(b) switch off

12

C12 L13 C|3 VD10 -t
> l_ Ly,
\Y L
Ly C: Ci Cro=

(c) discontinuous mode

FIGURE 2.70

Equivalent circuits of re-lift circuit negative path: (a) switch on; (b) switch off; (c) discontinuous

mode.

The voltage transfer gain in continuous mode is

2
1-k

M
R I

Vo I _
-V

O-
Circuit (Cyy-L1,-Cyy) is a “I1” type low-pass filter.

Therefore,
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0 0.2 0.4 0.6 0.8 1

FIGURE 2.71
Voltage transfer gain M vs. k.

From Equation (2.342) and Equation (2.346) we define My = My, = Mg_.
The curve of M vs. k is shown in Figure 2.71.
The variation ratios of the parameters are

_AiL12/2_k 1

§7 =
IL12 16 f2C10L12
and Xy = AiL13 / 2 — kTVI (1—k) — k(l_ k) &
- IL13 2Ll3IO— ZMR fL13

o B /2_ Ko T _k 1
) VCll 2(:11‘10— 2 fCllRl

G - Avy, /2 _ Is _ M, 1
1-
VClZ 2fC12‘/I 2 fCIZR

1

Mo /2 Iy My 1

o, =
? VC13 2fcl3‘/l 2 fC13R

1
The variation ratio of the current i, and i, is

AN, /2 K1-KV,T k(1-KR, k R

¢ = =
ILll 2L1110— 2MRfL11 ]V‘[R2 lel

(2.347)
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The variation ratio of current vy, is

L Do /2 _ kI _ k1
B Vi 128f3C11C10L12 VO— 128 f3C11C10L12R1

C10

(2.348)

Assuming that f = 50 kHz, L;; = L, = 0.5 mH, C = C, = 20 uE, R, = 160 Q
and k = 0.5, we obtain My =4, { =0.2, p_=0.0016, 6,_ = 6, = 0.0125,& =
0.00125 and e_ = 10-. The output voltage V,_is almost a real DC voltage
with very small ripple. Since the load is resistive, the output current i, (t) is

almost a real DC waveform with very small ripple as well, and it is equal to
Io.=Vo /R,

2.6.3.3 Discontinuous Conduction Mode

The equivalent circuits of the discontinuous conduction mode are shown in
Figure 2.69 and Figure 2.70. In order to obtain the mirror-symmetrical double
output voltages, we purposely select zy = zy, = zy_and = {, = {_. The free-
wheeling diode currents iy, and iy, become zero during switch off before
next period switch on. The boundary between continuous and discontinuous
conduction modes is

=1
or
Z\/fRZ zy 21
Hence,
M, < kz, (2.349)

This boundary curve is shown in Figure 2.71. Comparing with Equations
(2.321), (2.335), and (2.349), it can be seen that the boundary curve has a
minimum value of M, that is equal to 3.0, corresponding to k = /3.

The filling efficiency my is

1 R
=—= 2.350
mg (e, ( )
So
2k z
V. =[1+—""—V =[1+k*1-k) =NV,
c1 [+(1_k)mR]1 [1+k A=K~V
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with

(2.351)

s 2
lkz,, > ——
N N 1—k

Therefore, the positive output voltage in discontinuous conduction mode is

2k

Vo,=V. +V, =2+——
O+ C1 I [ (1_k)mR

WV, =2+ K102V,

with Jkzy 2 (2.352)

2
1-k
For the current i,;; because inductor current i;;; = 0 at t = £, so that

k
Vitsop = A=k, Vi

for the current i;;; we have
kTV; = (1 - kymgT (Ve = 2V~ VL13~Oﬂ()

or

2k
+7
(1-k)my,

2

Ven =12 %

v, =[2+ k2(1—k)27N]V[ with [kz, > (2.353)

and for the current i;;,
KT(Vi+ Ve = Vo) = 1 =kmpT(Vo - 2V, - VL13mjf)
Therefore, the negative output voltage in discontinuous conduction mode is

2k

v TR
(1~ kymy

=2 IV, = [2+k2(1—k)%N]V, with fkzy Zﬁ (2.354)

So

V,=V,, =V, =[2+k2(1-k)%N]vl

+
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60

k=0.95 continuous mode
40 ndl

k=0.9 =

k=0.1 "~ discontinuous mode

27 32 50 125 444 1684

FIGURE 2.72
The boundary between continuous and discontinuous modes and the output voltage vs. the
normalized load zy = R/fL (re-lift circuit).

i.e., the output voltage will linearly increase during load resistance increas-
ing. Larger load resistance may cause higher output voltage in discontinuous
mode as shown in Figure 2.72.

2.6.4 Multiple-Lift Circuit

Referring to Figure 2.68, it is possible to build a multiple-lifts circuit only
using the parts (L;-D,,-C5-D;) multiple times in the positive conversion path,
and using the parts (D,-L,5-C;5-D;,) multiple times in the negative conver-
sion path. For example, in Figure 2.73 the parts (L,-D,-C4-D;) and parts (D;-
L,,-Cy4-D,;3) were added in the triple-lift circuit. According to this principle,
triple-lift circuits and quadruple-lift circuits have been built as shown in
Figure 2.73 and Figure 2.76. In this book it is not necessary to introduce the
particular analysis and calculations one by one to readers. However, their
calculation formulas are shown in this section.

2.6.4.1 Triple-Lift Circuit

Triple-lift circuit is shown in Figure 2.73. The positive conversion path con-
sists of a pump circuit S-L-D-C; and a filter (C,)-L,-C,, and a lift circuit D;-
C,- D,-C3-Dy-Ly-D-Cy-Ds-L,. The negative conversion path consists of a pump
circuit S-Ly;-Dy-(Cy;) and a “I1”-type filter C;-L,,-C,,, and a lift circuit Dy;-
C12_D22_C13_L13_D12_D23_L14_C14_D13'
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FIGURE 2.73
Triple-lift circuit.

2.6.4.1.1 Positive Conversion Path

The lift circuit is D,-C,-D,-C5-Ds-Ls-D,-Cy-Ds-L,. Capacitors C,, C,;, and C,
perform characteristics to lift the capacitor voltage V(, by three times of
source voltage V. L; and L, perform the function as ladder joints to link the
three capacitors C; and C, and lift the capacitor voltage V-, up. Current i, (f),
ic3(f), and ig(t) are exponential functions. They have large values at the
moment of power on, but they are small because v¢; = v, = Vyand v, = Vo,
in steady state.

The output voltage and current are

3 1-k
Vo =HV1 and I, =TIH

The voltage transfer gain in continuous mode is

V, 3
M,, =-%=_—"— 2.355
T+ ‘/I 1— k ( )
Other average voltages:
2+k
Va =EVI Vs =Vau=V, Veo=Ve=Vo,
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Other average currents:

1 1

I,=1 I, =1,=1,==-1,, =——1I
L2 O+ L1 L3 L4 3 I+ 1 _ k O+
Current variations:
k(1-k)R k 3R k 1
§1+:C+:7: 2~ §2+:7 2
2M, L M," 2fL 16 f°C,L,
k 3R k 3R

Xiw = MT2 211, Xow = MT2 21L,
Voltage variations:

3 k
T22+hfCR ¢ T 2fCR

P

c,, = My G, = M,
* T 2fC,R Y 2fC,R

The variation ratio of output voltage V is

k 1

£, = 2.356
* 7128 £°C,C,L,R (2.356)

2.6.4.1.2 Negative Conversion Path

Circuit Cyy-Dyy-Ly5-Dyy-Ci3-D1p-Lyy~Dy3-Coy-Dy5 is the lift circuit. Capacitors Cy,,
C,5, and C,, perform characteristics to lift the capacitor voltage V;; by three
times the source voltage V. L,; and L,, perform the function as ladder joints
to link the three capacitors C,,, Cy;, and C,, and lift the capacitor voltage V-,
up. Current i¢,(t), ici5(f) and iq,4(f) are exponential functions. They have large
values at the moment of power on, but they are small because v¢y, = v¢5 =
Ucyy = V) in steady state.

The output voltage and current are

3 1-k

VO—:ﬁ‘/I and IO—:TII—

The voltage transfer gain in continuous mode is

M, =V, /V,= % (2.357)
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0 0.2 0.4 0.6 0.8 1

FIGURE 2.74
Voltage transfer gain M; vs. k.

From Equation (2.355) and Equation (2.357) we define M; = My, = My
The curve of M; vs. k is shown in Figure 2.74.
Other average voltages:

Ven=Vo. Ve =Vez=Veu =V,

Other average currents:

1
Lp=lo Iy =lps=1p, :Elof
Current variation ratios:
k 3R, k 1
R VEE STl PC L
T fl‘ll f 10712
_k(1-k) & k(1-k) R,

- Xo-
' 2M; fLy ’ 2M; fLy,

Voltage variation ratios:

ko1 M. 1
p7:—7 (517:7

2 fcllRl 2 fC12R1
oM 1My
. 2 fC13R1 . 2 fC14R1
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The variation ratio of output voltage V., is

e = L% (2.358)
128 f C11C10L12R1
2.6.4.1.3 Discontinuous Mode
To obtain the mirror-symmetrical double output voltages, we purposely
select: L, = L;; and R = R;.
Define:

3

1-k

Vo=V, =V, M,=M,, =M, = Zy = 2y = 2y

=S

and £=C=C

The free-wheeling diode currents iy, and ip,, become zero during switch
off before next period switch on. The boundary between continuous and
discontinuous conduction modes is

Then

(2.359)

This boundary curve is shown in Figure 2.75. Comparing Equation (2.321),
Equation (2.335), Equation (2.349), and Equation (2.359), it can be seen that
the boundary curve has a minimum value of M; that is equal to 4.5, corre-
sponding to k = /.

In discontinuous mode the currents i, and i, exist in the period between
kT and [k + (1 — k)m]T, where m; is the filling efficiency that is

1_2M,°

M= ¢ 3kzy

(2.360)

Considering Equation (2.359), therefore 0 < m; < 1. Since the current ip,
becomes zero at f = t; = [k + (1 — k)m;]T, for the current i;,, i;; and i,

3kTV, = (1 - Kym;T(Ve, - 2V)
or

3k

1% TR S
(1-kym,

=2 IV, =[2+k2(1- k)%N]v,
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40
30 k=0.9 continuous mode

k=0.8

discontinuous mode

FIGURE 2.75
The boundary between continuous and discontinuous modes and the output voltage vs. the

normalized load zy = R/fL (triple-lift circuit).

k
with 3k 5 3 (2.361)

Vo2 1-k

Therefore, the positive output voltage in discontinuous mode is

3 2 N
V), =V +V, =[3+ o T]V =[3+K2(1-k) 2V,

3kz,, 5 3

R (2.362)

with
Because inductor current i;,; = 0 at t = £, so that

k
VL13—0]§‘ = VL14—off = WVI

Since ip,, becomes 0 at t; = [k + (1 —k)m]T, for the current i,

kTV, = (1 -kymrT(Vey =3V, = Vitsop = VL14—off)

3k z
V.. =[B+—— 1V, =[3+k*1-k)N]V,
C11 [ (1—k)7’}’lT] I [ ( )2] I
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3k
with oy 3 (2.363)
V2 T1-k
for the current i;;,
KT(Vi+ Vo= Vo) = A =k)mpT(Vo. = 2V, = Vg5 5 = VLM—oﬁ‘)
Therefore, the negative output voltage in discontinuous mode is
3k z
V, =[B+——V, =[3+k*(1-k) ]V,
o =34 W =B HEA-0 S,
k
with ey 5, 3 (2.364)
Vo2 T1-k
So
z
V=V, =V, =[3+k(1-k) 2,

i.e., the output voltage will linearly increase during load resistance increasing,
as shown in Figure 2.75.

2.6.4.2 Quadruple-Lift Circuit

Quadruple-lift circuit is shown in Figure 2.76. The positive conversion path
consists of a pump circuit S-L;-D-C; and a filter (C,)-L,-C,, and a lift circuit
D;-Cy-L3-D,-C5-Dy-L,-D-C-Ds-Ls-D¢-Cs-S;. The negative conversion path
consists of a pump circuit 5-L,;-D;,~(Cy;) and a “IT1”-type filter C;-L;,-C;, and
a lift circuit Dyy-C15-Doy-L13-Ci5-D1y-Dos-L14-C14=D15-Diy-L15-Ci5-Dhy.

2.6.4.2.1 Positive Conversion Path

Capacitors C,, C;, C,, and Cy perform characteristics to lift the capacitor

voltage Vi, by four times the source voltage V. L,, L,, and Ls perform the

function as ladder joints to link the four capacitors C,, C;, C,, and C;, and

lift the output capacitor voltage Vi, up. Current io,(t), ics(f), icy(f) and ic5(t)

are exponential functions. They have large values at the moment of power

on, but they are small because v; = v, = V5 = V;and v, = V,, in steady state.
The output voltage and current are

4 1-k
VO+=ﬂVI and IO+=71
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FIGURE 2.76
Quadruple-lift circuit.

The voltage transfer gain in continuous mode is

V 4
M, =—9%_-_-_ 2.365
Other average voltages:
3+k
Vc1 = EVI Vs =Vau=Vs=V, Veo=V,=V,
Other average currents:
1 1
Lpy=1Io, I=I,=1,= ILS :ZIH = ﬂlm
Current variations:
£ =¢ _kQ-KR _ k % £ _£ 1
1+ + ZMQfL MQ2 fL 2+ 16 f2C2L2
k 2R k2R k 2R

X = MQZ fL3 Xow = MQz E X3+ = MQz E
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Voltage variations:

_ 2 s - Mg
(3+2k)fC,R " 2fC,R

P

MQ MQ MQ
(¢} = (e} = o =
* 2fC,R Y 2fC,R Y 2fCR

The variation ratio of output voltage V is

k 1

R 2.366
* 7128 £°C,C,L,R (2.366)

2.6.4.2.2 Negative Conversion Path

Capacitors C,,, Cy3, Cyy, and C,5 perform characteristics to lift the capacitor
voltage V¢, by four times the source voltage V. L5, L, and L5 perform the
function as ladder joints to link the four capacitors C,,, C;5, Cy,, and C,5 and
lift the output capacitor voltage V., up. Current ic,(t), ici5(f), ici4(t), and
ici5(f) are exponential functions. They have large values at the moment of
power on, but they are small because v¢y, = Uey3 = Ueis = Ues = V in steady
state.
The output voltage and current are

1%1/1 and Io_=%11_

1%

O

The voltage transfer gain in continuous mode is

M, =V, /V, = % (2.367)

Q

From Equation (2.365) and Equation (2.367) we define My = My, = M, .
The curve of M, vs. k is shown in Figure 2.77.
Other average voltages:
Vaor=Vo. Ven=Vez=Veu=Vas =V,

Other average currents:

1
Lp=Io Iy=1lp=1,=1,= 1—k Iy
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% 02 04 06 08 1
k

FIGURE 2.77
Voltage transfer gain M, vs. k.
Current variation ratios:

k 2R, k1

SRR R Ty S
Q 11 12
_k(1-k) R, _k(1-k) R, _k(-k) R,

- Xo- X3
' 2M, fLis ’ 2M, fLis ’ 2M, fLis

Voltage variation ratios:

ko1 M, 1
p_ = — 61_ = —=
2 fcllRl 2 fCIZRl
o Mo 1 My 1 My
B 2 fCl3R1 B 2 fC14R1 B 2 fCISRl
The variation ratio of output voltage V, is
k 1 (2.368)

€ = ———
B 128 f3C11C10L12R1

The output voltage ripple is very small.
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discontinuous mode

5464 100 250 889

FIGURE 2.78
The boundary between continuous and discontinuous modes and the output voltage vs. the
normalized load zy = R/fL (quadruple-lift circuit).

2.6.4.2.3 Discontinuous Conduction Mode

In order to obtain the mirror-symmetrical double output voltages, we pur-
posely select: L, = L;; and R = R,. Therefore, we may define

Vo=Vo, =V, My=M, =M, = ZN = Zny = Zn-

_ 4
1-k

A

and £=C=C

The free-wheeling diode currents iy, and ip,, become zero during switch
off before next period switch on. The boundary between continuous and
discontinuous conduction modes is

(=1

or

M, < 2kz,, (2.369)

This boundary curve is shown in Figure 2.78. Comparing Equations
(2.321), (2.335), (2.349), (2.359), and (2.369), it can be seen that this boundary
curve has a minimum value of Mg thatis equal to 6.0, corresponding to k = /5.
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In discontinuous mode the currents ip, and ip,, exist in the period between
kT and [k + (1 - k)mg]T, where my, is the filling efficiency that is

=9 (2.370)

Considering Equation (2.369), therefore 0 < m, < 1. Since the current i,
becomes zero at t = t, = kT + (1 - k)myT, for the current i,y i;;, i;, and i;5

4TV, = (1 -k)mT(Ve, - 3V)

4k z
V. =[3+——1V, =[3+k*(1-k) ]V,
=B V=B RO-0,
. s 4

Therefore, the positive output voltage in discontinuous conduction mode is

4k

V,=V. +V =[44+——
O+ C1 I [ (1_k)mQ

WV, =[4+ K- 02V,

; 4
with 2kz, 2 —— 2.372
Because inductor current i;;; = 0 at t = £, so that

v k

|4 Ll4-off — VLls—off = 1- k)mQ Vi

L13-off —

Since the current iy, becomes zero at t = t; = kT + (1 — k)mT, for the current
i;;; we have

kTV, = (1=kymg T(Veyy — 4V, - Vitsop = Vitaog = VL]S—off)

So
4k z
Vo =[4+—V, =[4+K*1A-k) V]V,
Cl11 [ (1_k)mQ] 1 [ ( ) 2] I
. f 4
with ~ 2kzy, Zﬁ (2.373)
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TABLE 2.3
Comparison among Five Circuits of Double Output Luo-Converters
Double Output Vo(Vs =10 V)
Luo-Converters I, Vo k=033 k=05 k=075 k=09
Elementary 1—-k k 5V 10V 30V 90V
Circuit Io=—-+1I Vo=7—"VY
k 1-k
Self—Lift I, =(1-K), v - 1 v 15V 20V 40V 100 V
Circuit oSk ’s
Re-Lift 1k 30V 40V 80V 200V
Circuit Ip= TIS Vo = mvs
Triple-Lift 1k 3 45V 60V 120V 300V
Circuit Ip=——1 Vo=7—"VY
3 1-k
Quadruple-Lift 1-k 4 60 V 80V 160 V 400 V
R I, =—-I V,=—V,
Circuit o s 0T ks

For the current i,
kT(Vi+ Veis = Vo) = (1- k)mQT(Vof -2V, - VLlSmj:f - VLlef - VLlSwﬁ)

Therefore, the negative output voltage in discontinuous conduction mode is

4k z
Vo =4+ v =4+ kP(1-k) Ny
A TR
with Dk, >t (2.374)
VN Tk
So
z
Vo =Vo, =Vo. =[4+K*1-0 W,

i.e., the output voltage will linearly increase during load resistance increas-
ing, as shown in Figure 2.78.

2.6.5 Summary

2.6.5.1 Positive Conversion Path

From the analysis and calculation in previous sections, the common formulae
can be obtained for all circuits:
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M:VO+:II+ z :E R:VO+
N
V[ IO+ fL IO+
_ L,L,
L +L,
for elementary circuits only;
L=1L,
for other lift circuit’s current variations:
1-k R k R
=gt and Gy =i
ME le ME fLZ
for elementary circuit only;
k(1-k)R ko1
2::'1+-=t-v+=¥ d §2+=7 2
2MfL 16 f°C,L,
for other lift circuits
k(1-Kk)R k R .
g =MIZOR -, K (=123 )
ZMﬂ‘ M ij+2
Voltage variations are
_k e = k 1
P+Z2/c R © T 8M, f2CL
for elementary circuit only;
oM 1 _ k1
P M1 2fC.R * 128 f°C,C,L,R
for other lift circuits
G, = k C, = M (G=234,..)
2fC,R 2fC,,R
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2.6.5.2 Negative Conversion Path

From the analysis and calculation in previous sections, the common formulae
can be obtained for all circuits:

Vo Lo _R o Ve
17 Iy " Sy ' Iy

Current variation ratios:

‘- kK(1-K)R, . k _k(1-K)R,

S S (=123 ..)
2]\/I.lel 16f2C11L12 ! ZMfL

j+2
Voltage variation ratios:

ok . - k s . M
2fC,R,  128f°C,C,L,R, 7 2fC R,

1071271

0 (i=1,2734, ..)

2.6.5.3 Common Parameters

Usually, we select the loads R = R,, L = L;;, so that we have got zy = zy, =
Zn_. In order to write common formulas for the boundaries between contin-
uous and discontinuous modes and output voltage for all circuits, the circuits
can be numbered. The definition is that subscript 0 means the elementary
circuit, subscript 1 means the self-lift circuit, subscript 2 means the re-lift
circuit, subscript 3 means the triple-lift circuit, subscript 4 means the qua-
druple-lift circuit, and so on. The voltage transfer gain is

M = kh(j)[j+h(j)]

, i20,1,2,3,4 ...
i 1-k J

The characteristics of output voltage of all circuits are shown in Figure 2.79.
The free-wheeling diode current’s variation is

RO k)

The boundaries are determined by the condition:

¢ 21

or
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120

—_
o
o

[o]
o

a
o

output voltage, v,, v

30

1 1
0 0.2 0.4 0.6 0.8
conduction duty k

FIGURE 2.79
Output voltages of all double output Luo-converters (V; = 10 V).

LR ] + h(])
M? 2

zy21 j=0,1,2234, ..

211

Therefore, the boundaries between continuous and discontinuous modes

for all circuits are

1+h(j) | : .
o0 JtHh()
M]—k 2 \‘JTZN

The filling efficiency is

wol_ M2 1
j (:]' k[1+h(l)] ]+h(]) zy

The output voltage in discontinuous mode for all circuits

Vo-j — []'+k[2—h(f)] 1;k ZN]V

1

where

j=0,1,2,34, ...

j=0,1,2,34, ..

) 0 i j=1 | N .
h(j)= j=0,1,2,3,4,... h()isthe Hong Function

1 if j=0
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continuous mode
=
c
‘© 6
(o2}
8 45}
(72}
C
£ 38t
(0]
(o))
i
©
15}
discontinuous mode
1 1 1 1
0'54.5 13.5 27 405 5

normalized load zy R/fL

FIGURE 2.80
Boundaries between continuous and discontinuous modes of all double output Luo-Converters.

The boundaries between continuous and discontinuous modes of all cir-
cuits are shown in Figure 2.80. The curves of all M vs. z, state that the
continuous mode area increases from M via M, My, My to M. The bound-
ary of elementary circuit is a monorising curve, but other curves are not
monorising. There are minimum values of the boundaries of other curves,
which of Mg, My, My, and M, correspond at k = /5.
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Positive Output Super-Lift Luo-Converters

Voltage lift (VL) technique has been successfully employed in design of DC/
DC converters, e.g., three series Luo-converters. However, the output voltage
increases in arithmetic progression. Super-lift (SL) technique is more pow-
erful than VL technique, its voltage transfer gain can be a very large number.
SL technique implements the output voltage increasing in geometric pro-
gression. It effectively enhances the voltage transfer gain in power series.

3.1 Introduction

This chapter introduces positive output super lift Luo-converters. In order
to differentiate these converters from existing VL converters, these convert-
ers are called positive output super-lift Luo-converters. There are several sub-
series:

¢ Main series — Each circuit of the main series has only one switch
S, n inductors for n'h stage circuit, 2n capacitors, and (3n — 1) diodes.

¢ Additional series — Each circuit of the additional series has one
switch S, n inductors for nth stage circuit, 2(n + 1) capacitors, and
(3n + 1) diodes.

¢ Enhanced series — Each circuit of the enhanced series has one switch
S, n inductors for n'h stage circuit, 4n capacitors, and (51 — 1) diodes.

¢ Re-enhanced series — Each circuit of the re-enhanced series has one
switch S, n inductors for n' stage circuit, 6n capacitors, and (71 - 1)
diodes.

¢ Multiple (j)-enhanced series — Each circuit of the multiple (j times)-
enhanced series has one switch S, n inductors for n'h stage circuit,
2(1 + j)n capacitors and [(3 + 2j)n — 1] diodes.

In order to concentrate the voltage enlargement, assume the converters
are working in steady state with continuous conduction mode (CCM). The
conduction duty ratio is k, switch frequency is f, switch period is T = 1/f,

215
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216 Essential DC/DC Converters

the load is resistive load R. The input voltage and current are V;, and I,,, out
voltage and current are V, and I,. Assume no power losses during the

conversion process, V;, X I, = V5 x I5. The voltage transfer gain is G:

3.2 Main Series

The first three stages of positive output super-lift Luo-converters — main
series — are shown in Figure 3.1 through Figure 3.3. For convenience, they
are called elementary circuits, re-lift circuit, and triple-lift circuit respectively,
and are numbered as n =1, 2, and 3.

3.2.1 Elementary Circuit

The elementary circuit and its equivalent circuits during switch-on and -off
are shown in Figure 3.1. The voltage across capacitor C; is charged to V,,.
The current i}, flowing through inductor L, increases with voltage V;, during
switch-on period kT and decreases with voltage —(V, —2V,,) during switch-
off period (1 — k)T. Therefore, the ripple of the inductor current i, is

. -2V

Ai, :ﬁkT:M(l—k)T (3.1)
Ll Ll
2—k
Vo=V, 3.2
o 1—k ™ ( )
The voltage transfer gain is
1% -

G=-9= 2=k (3.3)

V., 1=k

The input current i;, is equal to (i;; + ir,) during switch-on, and only equal
to i, during switch-off. Capacitor current i., is equal to i;; during switch-
off. In steady—state, the average charge across capacitor C, should not change.
The following relations are obtained:

Lot = ltiof =lciof  Lineon = liicon Ficieon  KTicig =(A=K)Tic 0
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}
L

(a) Circuit diagram

f— . [
- v

+ + +
¥ L3 G RV, 27 _Vee RZVo

(b) Equivalent circuit during switching-on

lin L1 C1
—> YY) > I i o
: |
Vis - Vin + +

.
Vi, C2 T c2 R§ Vo

(c) Equivalent circuit during switching-off

FIGURE 3.1
Elementary circuit.

If inductance L, is large enough, i, is nearly equal to its average current I,;.
Therefore,

. . . 1-k I . 1-k
Lineoff = lc1off = Iy oty =1+ k I, = % Teron = k I,

and average input current

I, =ki,  +(1- k)im_oﬁ =1, +(1-KI,=2-kI,, (3.4)
Considering
V. 1-k,V 1-k
no (RO =C )R
I, 2-k" 1, 2-k
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D4 D5

D1 D2 Vi

N
in 0 L
D3

N
_ c2 ;1: Vo O c4 T Ve,

(a) Circuit diagram

in

+
v, L1 X Ci/xV, G2~

in L1 C1 V1 L2
m |_ I o
+ V, V, l
- Vin + + Yoot + +
Vi c2 Vi C4xVer RZVo

(c) Equivalent circuit during switching-off

FIGURE 3.2
Re-lift circuit.

the variation ratio of current i;; through inductor L, is

_ A, /2 kQR-KTV, k(1-k)® R
SE T 2LI, 22—k fL, (3)

L1

Usually & is small (much lower than unity), it means this converter nor-

mally works in the continuous mode.
The ripple voltage of output voltage v, is

Ap. = B9 _TokT _ k Vo
°“c, ¢, fc, R

Therefore, the variation ratio of output voltage v, is

(3.6)

. Av, /2 k
Vo 2RfC,
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lin D1 D2
V1 D4 D5 v2
+ +
+ L1< C1A< Ve L2 C3 1~ Ve3 L3
Vin _ .
Il
_ T T
D3 + D6 +
C27[<Vc2 c4 7[1 Vea

S S S R O G P

RVinC27R v lcs RVI R v2 l(:5 R v2 TVCG RS Vo

(b) Equivalent circuit during switch-on

L1 ct1 W L2 C3 V2 L3 Cs5

— | Y'Y Y )I mi_ lo

. Vi V|n Vi - vt VL3 . ¢ .
+

vin Co N V1 C4rR V2 CG’\V,CG RS Vo

(c) Equivalent circuit during switch-off

FIGURE 3.3
Triple-lift circuit.

Usually R is in kQ, fin 10 kHz, and C, in UF, this ripple is smaller than 1%.

3.2.2 Re-Lift Circuit

The re-lift circuit is derived from elementary circuit by adding the parts (L,-
D;-D;-Ds-C3-Cy). Its circuit diagram and equivalent circuits during switch-
on and -off are shown in Figure 3.2. The voltage across capacitor C, is charged
to V. As described in previous section the voltage V; across capacitor C, is

Vl :ﬂ‘/in
1-

The voltage across capacitor C; is charged to V,. The current flowing
through inductor L, increases with voltage V,; during switch-on period kT
and decreases with voltage —(V,—-2V,) during switch-off period (1-k)T.
Therefore, the ripple of the inductor current i}, is

© 2006 by Taylor & Francis Group, LLC



220 Essential DC/DC Converters

Ai :;kT:u(l_k)T

Similarly, the following relations are obtained:

. ‘/in Iin
iy =T Iy =5t
v 2-k I
Ai, = LKT I,=C"% 1, =0
2T =0 Do=17

Therefore, the variation ratio of current i;; through inductor L, is

Aiyy /2 kQ2-KTV, _kd-k* R
I, 2L, 2(2- k)3 le

§1=

The variation ratio of current i;, through inductor L, is

- Biy, /2 _k(1-K)TV, _ k(1-k)*TV, _k(-k?* R
2, 2L,1, 22-kL,I, 22-k fL,

and the variation ratio of output voltage v, is

e Av, /2 k
Vo 2RfC,

3.2.3 Triple-Lift Circuit

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

Triple-lift circuit is derived from re-lift circuit by double adding the parts
(Ly-D3-Dy-D5-C5-C,). Its circuit diagram and equivalent circuits during switch-
on and -off are shown in Figure 3.3. The voltage across capacitor C, is charged
to V,,. As described before the voltage V, across capacitor C, is
V, =(2-k/1-k)V,,, and voltage V, across capacitor C, is V, =(2—k/1- k)zVin .
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The voltage across capacitor Cs is charged to V,. The current flowing
through inductor L, increases with voltage V, during switch-on period kT
and decreases with voltage —(V, — 2V,) during switch-off (1 — k)T. Therefore,
the ripple of the inductor current iy, is

Vv, -2V,
Ai, = ﬁkT =9 " 21-kT (3.13)
L3 L3
2—-k 2—-k 2—-k
V="V, =)V, =)V 3.14
o=1 =) Vi=C )V (3.14)
The voltage transfer gain is
% 2—k
G=-9 —(Z_2) 3.15
G (3.15)
Analogously,
. ‘/in Iz'n
A, = L kT I“:Z—k
. V 2—-k
Ale =f:kT ILZ =WIO
. V. I
Azm:—sz IL3:1_Ok
Therefore, the variation ratio of current i;; through inductor L, is
Ai, /2 k(2-K)TV, k(1-k° R
e T T 2E2—k;5 f, (3.16)
L1 17in 1
The variation ratio of current i;, through inductor L, is
- Ai, /2 _k(1-kTV, _kT2-k)'V, k@2-k* R (3.17)
I,  2Q-KLiI, 21-kP’LI, 21-k)° fL, '
The variation ratio of current i;; through inductor L, is
' - k(1-k)*TV, —k)?
£ = A, /2 _ k(1-K)TV, k(Q-k)'TV, k(1-k)* R (3.18)

I, 2,0,  2Q-KL,, 22-k) fL,
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and the variation ratio of output voltage v, is

E::AUO/Z_ k

AT (3.19)

3.2.4 Higher Order Lift Circuit

Higher order lift circuit can be designed by just multiple repeating the parts
(Ly-Ds-Dy-Ds-C5-C,). For nth order lift circuit, the final output voltage across
capacitor C,, is

Vo=G—)"V,
o ( 1—k ) in
The voltage transfer gain is
Vo,  2-k
G=—9%=(=—)" 3.20
G (320)

The variation ratio of current i;; through inductor L; (i =1, 2, 3, ...n) is

AiL‘ / 2 k(l _ k)Z(n—iH) R
= = o 3.21
éz IL,' 2(2 _ k)2(74—1)+1 fL ( )

and the variation ratio of output voltage v, is

. Avp, /2 k
VO ZRfCZn

(3.22)

3.3 Additional Series

Using two diodes and two capacitors (D;;-D;,-C1;-Cy), a circuit called double/
enhance circuit (DEC) can be constructed, which is shown in Figure 3.4, which
is same as the Figure 1.22 but with components renumbered. If the input
voltage is V;,, the output voltage V, can be 2V;,, or other value that is higher
than V;,. The DEC is very versatile to enhance DC/DC converter’s voltage
transfer gain.

All circuits of positive output super-lift Luo-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 Figure 3.5 to Figure 3.7.
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in D11 D12
—

FIGURE 3.4
Double/enhanced circuit (DEC).

223

For convenience they are called elementary additional circuit, re-lift addi-
tional circuit, and triple-lift additional circuit respectively, and numbered as

n=1,2,and 3.

3.3.1 Elementary Additional Circuit

This circuit is derived from elementary circuit by adding a DEC. Its circuit
and switch-on and -off equivalent circuits are shown in Figure 3.5. The
voltage across capacitor C, is charged to V;, and voltage across capacitor C,
and C;; is charged to V;. The current i, flowing through inductor L, increases
with voltage V;, during switch-on period kT and decreases with voltage

—(Vo-2V,)) during switch-off (1 — k)T. Therefore,

V, = 2-k V.,
1-k
and
k
V —
L1 1—k in
The output voltage is
3-k
Vo=V, +tV,+V,=—-V,
o in L1 1 1— k in
The voltage transfer gain is
G Vo _3-k
v, 1-k
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(a) Circuit diagram

(c) Equivalent circuit during switching—off
FIGURE 3.5

Elementary additional (enhanced) circuit.

The following relations are derived:

21 I
o . _ 21, . . _ o
lin—uff - ILl - lCll—off + lCl—aff T a k Lin-on = 1on Tlctoon = ILl + ?
_ 1- k . _ IO . _ _ IO

leyon = K lerof = T Lerof = loaof = -k

. k. k. 1 . _1-k. I,
feaof = 7 p fezen T g feon T leteon = k fet-of = 7

. . k. I, . k . kI,
Tereog = Lo Ty = Io + 1_f oo T ferz-of = tezen T
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|
b D V1 D4 ps V2 D11 D12
Tt 1 DD —— D |
(0]
+ + + ¢
:/_ L1< cim ver L2 J c3-T~ Ve C11 7 T~Ver1 .
n
>t ) R2 V%
D3 + S + +
C2Xvee C4xVea C12 7xVetz
(a) Circuit diagram
I in I
V1 V2 0
+ + + C12J ¢ +
| .C2 c3| *C4| c11| * *
Nvin = L2 TTS Xy v Ve Vo
Vi Vi
(b) Equivalent circuit during switching—on
c11
AYl
o 4 S lo
ci Vi L2 C3 Vo +
oYLy, \
I B 7 V2 ¢
* “Vin * Vi o+
Vin +

+ Cc12 +

V

ce Vi \ T T verR °
- | C4 _

(c) Equivalent circuit during switching—off

FIGURE 3.6
Re-lift additional circuit.

If inductance L, is large enough, i, is nearly equal to its average current
I;. Therefore,

21

. . I 2 1 1+k
1 =], =—9 i =l +9=(—Z +)]. =
in—off L1 1- k in—on L1 k (1_ k k) o) k(l— k) o
Verification:
. . 1+k 3-k
Ly =Ky + A= 0 =G Do =7 Lo
Considering
1-k,V 1-k
no =Ty to - =Ky
I, 2-k" 1, 2—-k
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[ D1 D2 VA1 V2 D7

D4 D5
+
L2 ©3 Vg L3{ ©5 T
D6
+

+
c2 ;l: Vea c4 ;1: Y,

(a) Circuit diagram
V2 V3
I\
toal cs| *cel Tci1] *oeig
V1 Ve, L3 V2 Tvcs ATNV3 Vc1z R § VO

(b) Equivalent circuit during switching-on

]

11
Im

I
_W 34 Io
- |
- V1 + + +
v, + 012/

-Vi+ ~VeizR gvo

(c) Equivalent circuit during switching-off

<\/

FIGURE 3.7
Triple-lift additional circuit.

The variation of current i;, is

KTV,
AiLl — m

1

Therefore, the variation ratio of current i;, through inductor L, is

L/2_k1-KTV, _k(1-k? R
S= IM AL I,  4(3-k) fL, (3:27)

The ripple voltage of output voltage v, is

puy = AQ _IokT _ K
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Therefore, the variation ratio of output voltage v, is

Avo /2 k
Vo ZRfCu

(3.28)

3.3.2 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 3.6. The voltage across capacitor C; is charged to V;,. As described in
previous section the voltage across C, is

2-k

V=1V
1-k

The voltage across capacitor C; is charged to V; and voltage across capac-
itor C; and C;; is charged to V,. The current flowing through inductor L,
increases with voltage V; during switch-on period kT and decreases with
voltage —(V, — 2V;) during switch-off (1 — k)T. Therefore,

2—-k 2-k
V,==—V,=(>—)V, 3.29
2 1—k 1 ( 1—k ) in ( )
and
k
V=7V (3.30)
The output voltage is
2—-k3-k
Vo=V, +V,+V, = 1—k—ka (3.31)
The voltage transfer gain is
V.,
G=-9= HM (3.32)
v, 1-k1-k
Analogously,
; 3-k
Ai kT
L1 ) L1 (1 _ k)Z o
% 21
AlezflkT ILZZﬁ

© 2006 by Taylor & Francis Group, LLC



228 Essential DC/DC Converters

Therefore, the variation ratio of current i;; through inductor L, is

_ Ay /2 KA-K?PTV, k1=K R

£ — (3.33)
! I, 2B-kLI, 22-k)(3-k)?* fL,
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-K)T —k)?
g, =8/2_KI-BTV, kd-k" R (3.34)
I, 4L,1, 43-k) fL,
The ripple voltage of output voltage v, is
AvozgzlokT: k Vo
ClZ C12 .fc 12 R
Therefore, the variation ratio of output voltage v, is
e=tl/2_ K (3.35)

Vo - 2RfC,,

3.3.3 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 -off are shown in
Figure 3.7. The voltage across capacitor C, is charged to V,,. As described in
previous section the voltage across C, is

V=22,
1-k
and voltage across C, is
2-k 2-k
V, ="V, = ()Y
> 1-k ! (1—k) g

The voltage across capacitor C; is charged to V, and voltage across capac-
itor C; and Cy; is charged to V;. The current flowing through inductor L,
increases with voltage V, during switch-on period kT and decreases with
voltage —(V, — 2V,) during switch-off (1 — k)T. Therefore,

2-k 2-k, 2-k
V.==—V, =(—)?V. =)V,
=1 =G =0

3.36
-k (3.36)
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and
Vi, = K V. (3.37)
L3791 ) 2 .
The output voltage is
2—-k,3-k
Vo=V, +V,,+V, = (1—7k)2 ﬁvm (3.38)
The voltage transfer gain is
vV _ _
G=Yo_(2=kp3-k (3.39)
V., 1-k" 1-k
Analogously,
V. _ -
Aiyy = kT I, =wlo
L, (1-k)
.V 3-k
Ai, =-LkT I, = I
L2 ) L2 (1 _ k)Z (¢]
.V 21
Ai, :L—sz I, = l—ok
Considering
V. 1-k.,V, 1-k
o (CTXyp o o (CTXypR
I, 2-k 1, 2-k

the variation ratio of current i;; through inductor L, is

_ b, /2 K(1-k)PTV,
I, 22-kG-kL],

&

(3.40)
_ k1-k’T -k’ |, _  ki-k° R
T 22-k)B-KLI, 2-k?*G-k) ° 22-kP*G-k? f,

and the variation ratio of current i;, through inductor L, is
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_Aiy /2 _KI-kPTV,

S I, 2B-kKLI,
(3.41)
_ kA-kPT  (1-k) V. < k1-k* R
2(3-k)L,I, (2-k)3-k) ° 2(2-k)(3-k)* fL,
and the variation ratio of current i, through inductor L; is
; _ _ _ _11\2
g = Ai /2 _K1-KTV, _k(1-K)T 1-k v, = k(1-k)" R (3.42)
I, 4L.1, 4.1, 3-k 43-k) fL,
The ripple voltage of output voltage v, is
AZJOZQZIOkT: k Vo
ClZ C12 .f(j12 R
Therefore, the variation ratio of output voltage v, is
e=2%/2_ K (3.43)

Vo _thu

3.3.4 Higher Order Lift Additional Circuit

The higher order lift additional circuit is derived from the corresponding
circuit of the main series by adding a DEC. For nth order lift additional circuit,
the final output voltage is

2-k., 13-k

V — 7}1—17‘/‘
© (1—k) 1-k ™
The voltage transfer gain is
V, 2—k., 13-k
G=-0— et 3.44
G 12k (3.44)

in

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...1n) is

B AiLi / 2 B k(l— k)Z(n—i+1) ﬂ
IL,' 2[2(2 _ k)]h(n—i)(z _ k)2(n—i)+1 (3 _ k)Zu(n—i—l) fLi

g, (3.45)
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where

1 =1 7Y is the Hong funct
(x)= 1 xSOlS e Hong function

and

U205 the unit-step funct
u(x) = 0 x<0 is the unit-step function

and the variation ratio of output voltage v, is

. Avp /2 k
Vo 2RfC,,

(3.46)

3.4 Enhanced Series

All circuits of positive output super-lift Luo-converters-enhanced series —
are derived from the corresponding circuits of the main series by adding a
DEC in each stage circuit. The first three stages of this series are shown in
Figures 3.5, 3.8, and 3.9. For convenience they are called elementary
enhanced circuit, re-lift enhanced circuit, and triple-lift enhanced circuit
respectively, and numbered as n =1, 2 and 3.

3.4.1 Elementary Enhanced Circuit

This circuit is same as the elementary additional circuit shown in Figure 3.5.
The output voltage is

Vo=V +Vi +V, =22k, (325)
The voltage transfer gain is
1% -
G=—to_ 37k (3.26)
v, 1-

The variation of current i, is
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lin D1 D2 V1 D11 D12 D4 D5 V2 D21 D22

Lo+ 1+ g
_ c2 TVC2 c12 Tvm [ c4 TV04 czz/l\vC22

(a) Circuit diagram

)
ol mLmi i :
m T T T : L2 T T T T CZZR VO
b) Equivalent circuit during switching-on
(c) Equivalent circuit during switching-off
FIGURE 3.8
Re-lift enhanced circuit.
kTV.
AiLl m
L,
Therefore, the variation ratio of current i;; through inductor L, is
Ai 2 k(1-kK)TV. —k)?
él — lLl / — ( ) in _ k(l k) i (327)
I 4L1, 4(3-k) le

L1

The ripple voltage of output voltage v, is

AQ _IkT _ k Vg
C12 ClZ fCIZ
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lin D1 D2 V1 Di1 D12 D4 D5 v2D21 D22 D7 D8 V3D31 D32
—

l +
C4T (N 022,-[\ o2

(a) Circuit diagram

n
2 V1 v2 v3

¢l *cz2| fenl *e1z| tu

ol *tcal *ca| *to22|l ‘tisdes| teel fesi| tese| oLt
Vi L1 /\Vm/\\” V1T ~Ver

L 2, R
Ve V2 V2 Ve Ve V3 ARV Vo SV,

N
N

L2 c21 L3 C31
=V + Vi + l °
+ c3 V2 + cs V3 +
V2 V3
cizl * coo * cal * *
ci2 ~Vorz + + Ve Veze + + ~VezRZ VY
/‘\ _ C4 TVZ _ Ccé6 TVS _ -

(c) Equivalent circuit during switching—off

FIGURE 3.9
Triple-lift enhanced circuit.

Therefore, the variation ratio of output voltage v, is

Avo /2 k
Vo 2RfC12

(3.28)

3.4.2 Re-Lift Enhanced Circuit

This 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 3.8. As described in the previous
section the voltage across capacitor C,, is charged to

3-k
Ven =ﬂ‘/m

The voltage across capacitor C; is charged to V, and voltage across
capacitor C, and C,, is charged to V,,
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2—k 2-k3-k
V. = V.. = g 3.47
C4 1—k C12 1=k 1=k ™ ( )
The current flowing through inductor L, increases with voltage V;, during

switch-on period kT and decreases with voltage (V- V¢, — Vip,) during
switch-off (1 — k)T. Therefore,

. k 1-k
Ar, = fVaz = T(Vo ~Vei=Ver) (3.48)
2 2
3-k 3-k
Vo= 1-k Ve =( 1—k )V, (3.49)
The voltage transfer gain is
V. 3-k
G=—2=(C—) 3.50
v, 4ok (3:50)
Analogously,
Vi 3-k
Alle Ll kT lem 0
V, 21
A‘ = 71kT I = o
2 21—k

2

Therefore, the variation ratio of current i;; through inductor L, is

Ai /2 k(1-k)>*TV, -k)*
g 2 Ain/2_KI-O'TV,  ki-k' R (3.51)
I,  2B-kLI, 22-k@-k?* L,
and the variation ratio of current i, through inductor L, is
] 3 12
e, < B /2 _K1-BTV, _k(1-k)* R (3.52)
I, 4L,1, 4(3-k) fL,

The ripple voltage of output voltage v, is

AQ I kT k V,
A’UO =—= = _—
C22 CZZ fC 22 R
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Therefore, the variation ratio of output voltage v, is

_ A, /2 k
Vo 2RfC22

(3.53)

3.4.3 Triple-Lift Enhanced Circuit

This circuit is derived from 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 -off are shown in Figure 3.9. As described in the previous
section the voltage across capacitor Cy, is charged to V,, (3 k/1 k)V,
and the voltage across capacitor C,, is charged to V,, 53 k/1- k)

The voltage across capacitor C; is charged to V., and voltage across
capacitor C; and Cy is charged to V.

in’/

3-k.,
v,
GV

1%

c6 =

_2- _2-
3.54
1= 1 (3.54)

|
| =

k
K Ven =

The current flowing through inductor L; increases with voltage V,, during
switch-on period kT and decreases with voltage —(V — Vi — V) during
switch-off (1 -k)T.

Therefore, A, = * Veyy = ﬂ(Vo ~ Ve = Vi) (3.55)
L, L,
3-k 3-k
VO:l—kVCZZ_(l—k)svi” (3.56)
The voltage transfer gain is
V., 3-k
G=-9 (=) 3.57
=G (357)
Analogously,
Vi (2-k)@-k)
Aiyy = L kT n= gy o
% 3-k
Ale =f:kT ILZ =Wlo
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. V. 21
A1L3 :ikT IL3 = 1_Ok
Considering
V. 1-k,V 1-k
(=GR

I, 2-k I, ‘2-k

m

the variation ratio of current i;; through inductor L, is

AL /2 k(-K)’TV,
I, 22-kG-kLI,

&

L1

_ k(-kP’T (1-k)* Vo= k1-k° R
22-k)B-K)L I, 2-k’@-k) © 22-k’B-k) fL,

(3.58)

The variation ratio of current i;, through inductor L, is

AL, /2 k(1-k)1TY,

= I, 2B-kLI,

(3.59)
_ KA-k’T  (-k? |, Kki-k' R
C2B-Kk)L,I, 2-K)3-k) ° 22-k)(3-k)? fL,

and the variation ratio of current i, through inductor L, is

_Ai, /2 _K(1-K)TV,
I 4L,

&

L3

(3.60)
_kQ-kT1-k , _k1-k* R
AL1, 3-k ° 4(3-k) fL,

The ripple voltage of output voltage v, is

AQ I kT k 'V,
A’z}o = —= = —_—
C32 C32 fC32 R
Therefore, the variation ratio of output voltage v, is

. Avp /2 k
Vo 2RfC;,

(3.61)
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3.4.4 Higher Order Lift Enhanced Circuit

The higher order lift enhanced circuit is derived from the corresponding
circuit of the main series by adding the DEC in each stage circuit. For the
n'torder lift enhanced circuit, the final output voltageis V, = (3 —k/1- k)" V-
The voltage transfer gain is

G=2=Cy (3.62)

in

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...1n) is

B AiLi / 2 B k(l— k)Z(n—i+1) R

S I, 2[22-k)]""D (@2 - k)23 - )2 E (3.63)

where
h(x) = {O x>0 is the Hong function
1 x<0
and
1 x=20
u(x) = {O £<0 is the unit-step function
and the variation ratio of output voltage v, is
gz /2 _ K (3.64)

VO - ZRanZ

3.5 Re-Enhanced Series

All circuits of positive output super-lift Luo-converters-re-enhanced series
— are derived from the corresponding circuits of the main series by adding
the DEC twice in each stage circuit.

The first three stages of this series are shown in Figure 3.10 to Figure 3.12.
For convenience they are named elementary re-enhanced circuits, re-lift re-
enhanced circuits, and triple-lift re-enhanced circuits respectively, and num-
bered asn =1, 2 and 3.
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D12Vv3 D13 D14
. %
c11 + ci3  * l
Vc11 VC13
R §Vo
+ L ci12l |+ cl4] i+ -
C2 T Ve SI ci2 T cl4
(a) Circuit diagram
(b) Equivalent circuit during switching-on
C13
-V2+ I
lin L1 C1 ci V2 l °
—m% % . .
C14
* Vin + _V1+ + Vc14R§Vo
T T ]
(c) Equivalent circuit during switching-off
FIGURE 3.10

Elementary re-enhanced circuit.

3.5.1 Elementary Re-Enhanced Circuit

This circuit is derived from the elementary circuit by adding the DEC twice.
Its circuit and switch-on and -off equivalent circuits are shown in Figure 3.10.
The output voltage is

‘
I»-
<

Vo=V, +V, + Ve, = (3.65)

—_

|
=
S

The voltage transfer gain is
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ln DI D2 ViDi1 Di2 D4
—

(a) Circuit diagram

IO
- l
c1] *c2|l *cu| *cid toei3| tou T c3| *cal *c21| *ced tces| toeood TRL*

Vin L1 ;\Vm AV "\Vcwz ;\chz Veisl2 /\ch/\vu /:Vc4/‘\vczz /\chg;<\/024 V,

(b) Equivalent circuit during switching—on

lin L1 13 c2

—> YY) >
- —cat] -
* C1\-Lvm c11~Lv1 “var lo
C14
v, * R
:\/024

CZTWT T “T T

(c) Equivalent circuit during switching—off

__Q)

+

AN——
| <
o

FIGURE 3.11
Re-lift re-enhanced circuit.

v _
G=Vo _4-k (3.66)
v, 1-
where
2—k
V=11 Va (3:67)
3-k
Ve = 11—k Vi (3.68)
and
k
Vi =1 Vi (3.69)
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(a) Circuit diagram

Vi
_»

.

+ + + + +
c1| ‘o2 c11| Fci2| Tc13 | Tora| * 508 Tca c21| *cee| Toes | fooa L5958 "o 31
v, L1 Vi \ v Vois Voro  TVourr TVor T~Vorer TVors / T~Vear VoreTVos Vo
ci12 c12
(b) Equivalent circuit during switching-on
[ L1 ci13 C23 L3

ot Ny on B prvee e
- RS w[l
T 7T T

c2 Voo T TV CZZT o2 T

vi Ci12

Veas
ca2

Yyl
O< +

(c) Equivalent circuit during switching-off
FIGURE 3.12
Triple-lift re-enhanced circuit.

© 2006 by Taylor & Francis Group, LLC

0v¢

491490100 D(/D{ [V1UIssq



Positive Output Super-Lift Luo-Converters 241
The following relations are obtained:

. . ) 21 ) . , I
lin—n)ff = IL] = lCll—off + lCl—oﬁ’ = ﬁ lin—on = lLl—on + lCl—an = ILl + 70
S 1-k, I, T

leyon = K leyof = " leroff = lco-of = 1—k

) k. k . I, . 1-k . I,

fea-of =7 leo-on = 1 et 7 fer-on =74 let-of = m

) . : I . k . kI
letioof = I+ lcioof = I+ 1—k Tctoon = 1 _ok lcioof = 1—k lcipon = 1 _Ok

If inductance L, is large enough, i, is nearly equal to its average current

I;. Therefore,

21 I 2 1 1+k
ioe=I,=—% i =1 +%=(—"—+] =
in—off L1 1 _ k in—-on L1 k (1 _ k k) O k(l _ k) (0]
Verification:
. . 1+k 3-k
I. =ki. +(1-k)i. = +2)[, =—-—1I
in lm—on ( )lzn—oﬁ (1 _ k ) O 1 _ k (0]
Considering
V. 1-k,V 1-k
in _ ( )2 _~0 _ ( )ZR
in 2 - k o 2 - k
the variation of current i, is
kTV.
Al = u
L1 L

1
Therefore, the variation ratio of current i;; through inductor L, is

Ai, /2 _kK(1-K)TV, _k(1-k? R

I, ALI,  4G-k fL,

i =
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The ripple voltage of output voltage v, is

AQ _IkT _ k VO
C14 C14 fc 14

Therefore, the variation ratio of output voltage v, is

Avo /2 k
Vo ZRfCM

(3.71)

3.5.2 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 -off equiv-
alent circuits are shown in Figure 3.11. The voltage across capacitor C,, is

B~

-k

Ve = 1— Vi (3.72)
By the same analysis
4- k
Vo=71"¢ Veu= (7)2 i (3.73)
The voltage transfer gain is
V, 4-k
G=-92= 2 3.74
G (3.74)
Analogously,
. in 3-k
Ay = : kT L= a-k3? °
21
Aij, = n kT I,= 1_Ok

Therefore, the variation ratio of current i;; through inductor L, is

/2 k(l k)? TV,  k(1-k)* R
Y= ILl 2(3-k)L,1, B 2(2-k)(3-k)? L (3.75)
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The variation ratio of current i;, through inductor L, is

_Ai, /2 k(A-K)TV, _ k(1-k)? R

g (3.76)
2, 4L,1, 43-k) fL,
The ripple voltage of output voltage v, is
Avo=£=IOkT= k Vo
C24 C24 fC 24 R
Therefore, the variation ratio of output voltage v, is
_Av, /2 k (3.77)
Vo 2RfCy,

3.5.3 Triple-Lift Re-Enhanced Circuit

This circuit is derived from triple-lift circuit of the main series by adding the
DEC twice in each stage circuit. Its circuit and switch-on and -off equivalent
circuits are shown in Figure 3.12. The voltage across capacitor Cy, is

Veu = 1k Vi (3.78)
The voltage across capacitor C,, is
4-k
Veu =03 )V, (3.79)
By the same analysis
4-k 4-k
V, = - Ve —(1 k)3‘/i” (3.80)
The voltage transfer gain is
V, 4-k
G=-9 (=) 3.81
=G0 (3.81)

Analogously,
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Aij, = Vi kr I, = 2=hB-k _k)(3;k) I,
L (1-k)
. V 3-k
AILZ :?:kT ILZ :WIO
. \% 21
AZL3 =ikT IL3 = 1_Ok

Considering

v 1-k, Y% LAY
—m (2 7)e 0 —(Z_")R
G =Gy

in

the variation ratio of current i;; through inductor L, is

AL /2 K1-KPTV,

in

&,

I, 2(2-k)(3-k)L,1,
(3.82)
B k(1-k)’T (1-k)° V- k(1-k° R
22-k)3-k)LI, 2-k*@B-k) ° 22-k’B-k)’ fL,
The variation ratio of current i;, through inductor L, is
£ = A, /2 _ k(1-k)’TV,
> I,  20B-kL)l,
(3.83)
_ k(-k?T  (1-k) Vo= k(1-k* R
2B3-k)L,I, 2-k)@3-k) ° 22-k)(@3-k) fL,
The variation ratio of current i;; through inductor L, is
: _ _ _ _1\2
£ = Al /2 _ k(1-k)TV, _k1-0BT 1-k v, = k(1-k)" R (3.84)
I 4L.1, 4L.1, 3-k 43-k) fL,

L3

The ripple voltage of output voltage v, is

AQ IkT k V,
A’Z)O =—= =——
C34 C34 fC34 R
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Therefore, the variation ratio of output voltage v, is

. Ave /2 k
Vo 2RfCs,

(3.85)

3.5.4 Higher Order Lift Re-Enhanced Circuit

Higher order lift additional circuits are derived from the corresponding
circuit of the main series by adding DEC twice in each stage circuit. For the
nth order lift additional circuit, the final output voltage is

4—k
Vy = "V,
o (1_ k) in
The voltage transfer gain is
Vo  4-k
G=—2=(—)" 3.86
Gy (336)

n

Analogously, the variation ratio of current i;; through inductor L; (i =1, 2, 3,
...n) is

Ai, /2 k(1 - k)*=+D R
éi == = h(n—i)( )Z(n—i)+1 2u(n-i-1) g (3.87)
I, 22 @k G- kP g
where
9 =1 7Y is the Hong functi
(x)= 1 x<0 is the Hong function
and
b 20 the unit-step funct
u(x)= 0 %<0 is the unit-step function
and the variation ratio of output voltage v, is
g0 /2 K (3.89)

Vo | 2RC,
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1 2.. j

lin D1 D2 V1iD11 D12 D1(2j~1) D1(2j)

i ket

C11 Tvcn C1(2j—1 TVCHZH
- - +
R g Vo

in L hd
+ + + -
S L — -
C2 VC C12 VC12]

T > C12/I\V C12J/I\

(a) Circuit diagram

_) o e
) Lo I
Ct c2| ‘tenl ¢ C1(2j-1 cigl *

+ +
v, L1 Tvn T V1 Tw T i) T mﬁ Vo
(b) Equivalent circuit during switching-on
C11 C1(2j-1)
| N, o, ,
in L1 J1 /1 l o
—> -V1 + —Vc1(2J_1)+

+ “ Vi o+ V1
cigl * cig| * M
A = Vi + + iz vmiR§ Vo
o T\” T © T o ‘

(c) Equivalent circuit during switching-off

FIGURE 3.13
Elementary multiple-enhanced circuit.

3.6 Multiple-Enhanced Series

All circuits of positive output super-lift 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 Figure 3.13 through Figure 3.15. For
convenience they are called elementary multiple-enhanced circuits, re-lift
multiple-enhanced circuits, and triple-lift multiple-enhanced circuits respec-
tively, and numbered as n = 1, 2, and 3.
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Iin D1

D2 Vv

1 D11 D12

D1(2j-1)

C1(2j-1) /|\vc1 o

D1(2j) D4 D5 D21

+

o+
Ve

D22 D2(2-1) D2(2j)

D3

N
c 2171:vaI

(a) Circuit diagram

n Vi
Py Y 3 IO
. '
cil _*tcz2|l ‘teul teie-n * ool * c3_tcal ‘tez1| tozg-1) *ocel * +
Vin Ly Ve 1~ Vi ™ c1(2j—1)/\vc121|-2 /:Vcs T Ves f;ch V02(21—1)/\ chsz§ Vo
(b) Equivalent circuit during switching-on
o c11 CA( 2 1) CZ(Zi_1)
)I ! ~[ H—1 |
+ + -V, + l °
Vu -Vi+ Veiern* 2 021"' = Veopen*
A o2 * oz caj| * *
- Vi + Ve - cs + ~Vea VeaR § Vo
(c) Equivalent circuit during switching-off
FIGURE 3.14

Re-lift multiple-enhanced circuit.

© 2006 by Taylor & Francis Group, LLC

Siat40U0-0nT Hi-dadng ndinQ aargisoq

LYe



in D1 D2 yy D11 D12 Di(21) Di()) D4 D5 D21 D22 D2(2-1) D2(2))
>re—> p--
4

C22-1 )V,

C2(2i-1)|

D31 D32  D3(2j-1)

D3(2j)

(b) Equivalent circuit during switching-on

ln L1 ci

C1(2j-1)
T =Vl _V,
o1yt
Vin
+
V1 +
V., C12j C22 C22j
Ver Vcwz‘ + caz VCQQJ
T - o Ve -

L2 c21 C2(2j-1) L3

+
ezt = Veagr +

c2

C31

(c) Equivalent circuit during switching-off

FIGURE 3.15
Triple-lift multiple-enhanced circuit.
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3.6.1 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 -off equiv-
alent circuits are shown in Figure 3.13. The output voltage is

j+2-k
Vo=——V 3.89
(¢] 1—k in ( )
The voltage transfer gain is
V i+2—k
G=-0_J*2=K (3.90)
v,  1-k
Following relations are obtained:
) ) ) 21 . ) ) I
Lin-off = I, = letieof Tlcrof = 1_ok Lieon = ltcon Tlctoon = I + ?o
) 1-k . I, . . Iy
leyon = k leyof = T letoff = loz-of = 1—k
) k. k . I ) 1-k . I
feamof =7 p fezen T g fenon T fett-on = T Tenop T
) ) . I . k. kI
Tenog = Lo Tl oy = Io + 1—k leto-on = 1 _ok leto—of = 1—k leto-on = 1 _ok

If inductance L, is large enough, i, is nearly equal to its average current I;,.
Therefore,

21 I 2 1 1+k
=1, =—92 =1 +- 9 ="+, =
Zm—off L1 1— k lzn—on L1 k (1 _ k k) o k(l _ k) (@]
Verification:
. . 1+k 3-k
Im = klin—on + (1 - k)lin—qﬂ’ = (j + 2)10 = 1-— IO
Considering
1-k,V, 1-k
in _ ( )2 _~0 _ ( )ZR
. 2-kK I, 2-k
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the variation of current i, is

. kT‘/in
M
1

Therefore, the variation ratio of current 7;; through inductor L, is

A, /2 kK1-K)TV, k(1-k? R

€ = = — (3.91)
oI, AL, 43-k) fL,
The ripple voltage of output voltage v, is
AQ I kT k 'V,
AU = = = —_—
¢ C12j C12]‘ fC12]‘ R
Therefore, the variation ratio of output voltage v, is
e=00/2_ K (3.92)

Vo - 2RfC12j

3.6.2 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 3.14. The
voltage across capacitor Cy, is

i+2—k
Vc12;‘ = ]1?‘/”1 (3.93)

The output voltage across capacitor Cy, is

+2—k
Vo = chzj = (] 1—k )2 in (3.94)
The voltage transfer gain is
V, j+2-k
G=-0 (L2 ) 3.95
v - (3.95)

m

Analogously,
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v 3k
AlleflkT IR AR
v 21
Ai,, =—2kT [, =—0
1L2 L L2 l—k

2

Therefore, the variation ratio of current i;; through inductor L, is

Aij /2 k1-kPTV, k1-k* R

£ = = n = — (3.96)
! I, 2B-k)LI, 22-k)3-k)* fL,
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-k)TV, —k)?
(<8 /2 IR, KO- R 697)
I, 4L,1, 43-k) fL,
The ripple voltage of output voltage v, is
AQ  IkT k V,
A’U = = = —_—
¢ C22j sz]' fCZZj R
Therefore, the variation ratio of output voltage v, is
e=A%/2__k (3.98)

Vo - 2RfCy j

3.6.3 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
-off equivalent circuits are shown in Figure 3.15. The voltage across capacitor
Cryj is

172~y (3.99)

Vem; =( 1_; )V, (3.100)
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Same analysis,

2-k +2-k
VO = ! 1-k C22j = (] 1-k )3‘/in (3101)
The voltage transfer gain is
G- “;70 _ %)3 (3102)
Analogously,
.V, (2-K)B-k)
Aiy = 1 kT =" 1o
% 3-k
AILZZ?:kT ILZZWIO
.V 21
Aij, = L—jkT I, = 1—Ok
Considering

—m (2 7y 0 —(Z_")R
G =Gy

in

the variation ratio of current i;; through inductor L, is

AL /2 K1-KPTV,

in

&,

I, 22-k@-kLI,
(3.103)
B k(1-k)’T (1-k)° v - k(1-k° R
22-k)3-k)LI, 2-k*@B-k) ° 22-k’B-k)’ fL,
The variation ratio of current i;, through inductor L, is
g = Ai, /2 _ k(1-k)*TV,
I, 2(3-k)L,I,
(3.104)

_ k(1-k?T  (1-k)? . k1-k* R
" 2B-k)L,I, 2-k)3-k) ° 22-k)(3-k) fL,
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The variation ratio of current i;; through inductor L; is

_Aiy /2 k(A-KTV, k(1-kT 1-k., _k(1-k)* R

= — (3.105
= I, 4L.1, 4L 1, 3-k ° 43-k) fL, (3.105)
The ripple voltage of output voltage v, is
Avg = AQ kT _ k Vo
Coj Gy fCy R
Therefore, the variation ratio of output voltage v, is
g=A00/2 kK (3.106)

Vo 2RfCy;

3.6.4 Higher Order Lift Multiple-Enhanced Circuit

Higher order lift multiple-enhanced circuits can be derived from the corre-
sponding circuit of the main series converters by adding the DEC multiple
(j) times in each stage circuit. For the n'" order lift additional circuit, the final
output voltage is

j+2-k,,
Vo =(——-7)"V,
o ( 1—k ) in
The voltage transfer gain is
V, j+2-k
G=-9=("—")" 3.107
% ( 1-k ) ( )

m

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...n) is

A /2 k(1—k)>=+D R

gi I 2[2(2 _ k)]h(n—i)(z _ k)2(n—i)+1(3 _ k)Zu(n—i—l) E

(3.108)

Li

where

19 =10 7Y is the Hong functi
(x)= 1 x<0 is the Hong function
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and

@=1" "% s the unit-step functi

u(x) = is the unit-step function
0 x<0 P

The variation ratio of output voltage v, is

Av, /2 k
€= =
Vo | 2RfC,,

(3.109)

3.7 Summary of Positive Output Super-Lift Luo-Converters

All circuits of positive output super-lift Luo-converters can be shown in
Figure 3.16 as the family tree. From the analysis in previous sections, the
common formula to calculate the output voltage is presented:

(ﬂ)" V, main _ series
1 _ k m
(ﬂ)"_l( 3=k W, additional _series
1-k 1-k" "
Vo= (%)" V., enhanced _series (3.110)
(117_]]5)" V., re-enhanced _ series
(] 41- 2 ; k ' multiple-enhanced _series

The voltage transfer gain is

2—k., . .
(=) main _ series
1-k
(%)"'1(%) additional _ series
G= % = (%)" enhanced _series (3.111)
(47_k)" re-enhanced _ series
1-k
(%)” multiple-enhanced _ series
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Main Additional Enhanced Reenhanced Multiple-Enhanced
Series Series Series Series Series
4 A A A A
i i i i |
! ! ! ! !

Quintuple-Lift Quadruple-Lift Quintuple-Lift Quintuple-Lift Quintuple-Lift Multiple-
Circuit Additional Circuit | | Enhanced Circuit| | Reenhanced Circuit Enhanced Circuit
Quintuple-Lift Quadruple-Lift Quintuple-Lift Quadruple-Lift Quadruple-Lift Multiple-

Circuit Additional Circuit | | Enhanced Circuit| | Reenhanced Circuit Enhanced Circuit
Triple-Lift Triple-Lift Triple-Lift Triple-Lift Triple-Lift Multiple-
Circuit Additional Circuit Enhanced Circuit | |Reenhanced Circuit Enhanced Circuit
Relift Circuit Relift Addi_tional Relift Addi.ﬁonal Relift o Relift Multiple-_
Circuit Circuit Reenhanced Circuit Enhanced Circuit
Elementary Additional/Enhanced Elementary Elementary Multiple-
Circuit Reenhanced Circuit Enhanced Circuit
I I
Elementary Positive Output Super-Lift Luo-Converter
FIGURE 3.16

The family of positive output super-lift Luo-converters.

In order to show the advantages of super-lift Luo-converters, their voltage
transfer gains can be compared to that of a buck converter,

forward converter,

Cuk-converter,

fly-back converter,
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TABLE 3.1

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 0.2 N (N is the transformer turns ratio)

Cuk-converter 0.25

Fly-back converter 0.25 N (N is the transformer turns ratio)

Boost converter 1.25

Positive output Luo-converters 125 25 3.75 5 6.25 1.25n

Positive output super-lift 225 506 1139 25.63 57.67 2.25"
Luo-converters — main series

Positive output super-lift 3.5 788 17.72 39.87 89.7 3.5*2.250+D
Luo-converters — additional series

Positive output super-lift 35 1225 4288 150 525 3.5"
Luo-converters — enhanced series

Positive output super-lift 475 2256 107.2 509 2418 4.75"
Luo-converters — re-enhanced series

Positive output super-lift 7.25 5256 381 2762 20,030 7.25"

Luo-converters — multiple (j = 4)-
enhanced series

\% k . .
0 -_= N is the transformer turn ratio

Gzi_
v, 1-k

boost converter,

G=Yo_ 1.
v, 1-k
and positive output Luo-converters.
V. n
G=—"CY=—— 3.112
o 1-k ( )

m

If we assume that the conduction duty k is 0.2, the output voltage transfer
gains are listed in Table 3.1.

If the conduction duty k is 0.5, the output voltage transfer gains are listed
in Table 3.2.

If the conduction duty k is 0.8, the output voltage transfer gains are listed
in Table 3.3.
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TABLE 3.2

Voltage Transfer Gains of Converters in the Condition k = 0.5

Stage No. (n)

1

2 3 4 5 n

Buck converter

Forward converter

Cuk-converter

Fly-back converter

Boost converter

Positive output Luo-converters

Positive output super-lift
Luo-converters — main series

Positive output super-lift
Luo-converters — additional series

Positive output super-lift
Luo-converters — enhanced series

Positive output super-lift
Luo-converters — re-enhanced series

Positive output super-lift
Luo-converters — multiple (j = 4)-
enhanced series

11

0.5
0.5 N (N is the transformer turns ratio)
1
N (N is the transformer turns ratio)
2
4 6 8 10 2n
9 27 81 243 3"

15 45 135 405 5*30-1)
25 125 625 3125 51
49 343 2401 16,807 7n

121 1331 14,641 16*10* 11"

TABLE 3.3

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 0.8 N (N is the transformer turns ratio)

Cuk-converter 4

Fly-back converter 4 N (N is the transformer turns ratio)

Boost converter 5

Positive output Luo-converters 5 10 15 20 25 5n

Positive output super-lift 6 36 216 1296 7776 6"
Luo-converters — main series

Positive output super-lift 1 66 396 2376 14,256 11*60+-1
Luo-converters — additional series

Positive output super-lift 11 121 1331 14,641 16*104 11"
Luo-converters — enhanced series

Positive output super-lift 16 256 4096 65,5536  104*10* 16"
Luo-converters — re-enhanced series

Positive output super-lift 26 676 17,576  46*10*  12*10° 26"

Luo-converters — multiple (j = 4)-
enhanced series
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1.0A

{(9.988m, 618m)[

................

/(9.988m, 218m)

0.5A

------ L - -1454(9.988m, 111m

...... CPRR P S S G R S S
p + 1 i + b 4

------ T S SO SR N S L s

7 (9.988m, 194)

:(9.988m, 66)

EE S S,
e

9.980ms 9.984ms 9.988ms 9.992ms 9.996ms 10.000ms
® V(R2) e V(D2:2) V(D5:2)
Time
FIGURE 3.17

The simulation results of triple-lift circuit at condition k = 0.5 and f = 100 kHz.

3.8 Simulation Results

To verify the design and calculation results, the PSpice simulation package
was applied to these converters. Choosing V;, =20V, L, =L, = L; = 10 mH,
all C; to Cg =2 pF, and R = 30 kQ, and using k = 0.5 and f = 100 kHz.

3.8.1 Simulation Results of a Triple-Lift Circuit

The voltage values V,, V, and V, of a triple-lift circuit are 66 V, 194 V, and
659 V respectively and inductor current waveforms are i, (its average value
I;; = 618 mA), i},, and 7;3. The simulation results are shown in Figure 3.17.
The voltage values are matched to the calculated results.

3.8.2 Simulation Results of a Triple-Lift Additional Circuit

The voltage values V3, V,, V;, and V,, of the triple-lift additional circuit are
57V, 165V, 538 V, and 910 V respectively and current waveforms are i;; (its
average value I;; = 1.8 A), ij,, and ij;. The simulation results are shown in
Figure 3.18. The voltage values are matched to the calculated results.
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FIGURE 3.18

Simulation results of triple-lift additional circuit at condition k = 0.5 and f = 100 kHz.

3.9 Experimental Results

A test rig was constructed to verify the design and calculation results, and
compare with PSpice simulation results. The testing conditions were the
same: V,, =20V, L, =L, = L; =10 mH, all C, to Cg = 2 uF and R = 30 kQ,
and using k = 0.5 and f = 100 kHz. The component of the switch is a MOSFET
device IRF950 with the rates 950 V/5 A/2 MHz. The values of the output
voltage and first inductor current are measured in the following converters.

3.9.1 Experimental Results of a Triple-Lift Circuit

After careful measurement, the current value of I;; = 0.62 A (shown in
channel 1 with 1 A/Div) and voltage value of V; = 660 V (shown in channel
2 with 200 V/Div). The experimental results (current and voltage values)
are shown in Figure 3.19, that are identically matched to the calculated and
simulation results, which are I;; = 0.618 A and V, = 659 V shown in
Figure 3.17.

3.9.2 Experimental Results of a Triple-Lift Additional Circuit

The experimental results of the current value of I;; = 1.8 A (shown in channel
1 with 1 A/Div) and voltage value of V, = 910 V (shown in channel 2 with
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FIGURE 3.19

The experimental results of triple-lift circuit at condition k = 0.5 and f = 100 kHz.

TABLE 3.4

Comparison of Simulation and Experimental Results of a Triple-Lift Circuit

Stage No. (n) I,A IL,A V, V) P,W V,(V) P,(W) m(%)

Simulation results 0.618 0.927 20 18.54 659 14.47 78

Experimental results 0.62 0.93 20 18.6 660 14.52 78

TABLE 3.5

Comparison of Simulation and Experimental Results

of a Triple-Lift Additional Circuit

Stage No. (n) I,A IL,A V, (V) P,W V,(V) P,(W) m(%)

Simulation results 1.8 2.7 20 54 910 27.6 51

Experimental results 1.8 2.7 20 54 910 27.6 51

200 V/Div) are shown in Figure 3.20 that are identically matched to the
calculated and simulation results, which are I;; =1.8 Aand V=910 V shown
in Figure 3.18.

3.9.3 Efficiency Comparison of Simulation and Experimental Results

These circuits enhanced the voltage transfer gain successfully, but efficiency,
particularly, the efficiencies of the tested circuits is 51 to 78%, which is good
for high voltage output equipment. Comparison of the simulation and exper-
imental results, which are listed in the Tables 3.4 and 3.5, demonstrates that
all results are well identified each other.
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FIGURE 3.20
Experimental results of triple-lift additional circuit at condition k = 0.5 and f = 100 kHz.

Usually, there is high inrush current during the initial power-on. There-
fore, the voltage across capacitors is quickly changed to certain values. The
transient process is very quick in only few milliseconds.

Bibliography

Kassakian, J.G., Wolf, H-C., Miller, ].M., and Hurton, C.J., Automotive electrical
systems, circa 2005, IEEE Spectrum, 8, 22, 1996.

Lander, C.W., Power Electronics, McGraw-Hill, London, 1993.

Luo, EL., Luo-converters, a new series of positive-to-positive DC-DC step-up con-
verters, Power Supply Technologies and Applications, Xi'an, China, 1, 30, 1998.

Luo, EL., Positive output Luo-converters, the advanced voltage lift technique, Elec-
trical Drives, Tianjin, China, 2, 47, 1999.

Luo, FL. and Ye, H., Positive output super-lift Luo-converters, in Proceedings of IEEE-
PESC’2002, Cairns, Australia, 2002, p. 425.

Luo, EL. and Ye, H., Positive output super-lift converters, IEEE Transactions on Power
Electronics, 18, 105, 2003.

Pelley, B.R., Tryristor Phase Controlled Converters and Cycloconverters, John Wiley, New
York, 1971.

Pressman, A L, Switching Power Supply Design, 2nd ed., McGraw-Hill, New York, 1998.

Rashid, M.H., Power Electronics, 2nd ed., Prentice Hall of India Pvt. Ltd., New Delhi,
1995.

Trzynadlowski, A.M., Introduction to Modern Power Electronics, Wiley Interscience,
New York, 1998.

Ye, H., Luo, EL., and Ye, Z.Z., Widely adjustable high-efficiency high voltage regu-
lated power supply, Power Supply Technologies and Applications, Xi’an, China, 1,
18, 1998.

Ye, H., Luo, FL., and Ye, Z.Z., DC motor Luo-converter-driver, Power Supply World,
Guangzhou, China, 2000, p. 15.

© 2006 by Taylor & Francis Group, LLC



4

Negative Output Super-Lift Luo-Converters

Along with the positive output super-lift Luo-converters, negative output
(N/O) super-lift Luo-converters have also been developed. They perform
super-lift technique as well.

4.1 Introduction

Negative output super-lift Luo-converters are sorted into several sub-series:

¢ Main series — Each circuit of the main series has one switch S, n
inductors, 2n capacitors and (3n — 1) diodes.

¢ Additional series — Each circuit of the additional series has one
switch S, n inductors, 2(n + 1) capacitors and (37 + 1) diodes.

¢ Enhanced series — Each circuit of the enhanced series has one switch
S, n inductors, 4n capacitors and (57 + 1) diodes.

¢ Re-enhanced series — Each circuit of the re-enhanced series has one
switch S, n inductors, 6n capacitors and (7n + 1) diodes.

* Multiple-enhanced series — Each circuit of the multiple-enhanced
series has one switch S, n inductors, 2(n + j + 1) capacitors and (3n +
2j + 1) diodes.

All analyses in this section are based on the condition of steady state
operation with continuous conduction mode (CCM).

The conduction duty ratio is k, switch period T = 1/f (f is the switch
frequency), the load is resistive load R. The input voltage and current are
V., and I;,, output voltage and current are V, and I,. Assume no power losses

during the conversion process, V,, x I;, = V5 X I. The voltage transfer gain
is G:

263
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Vin L1 C1 T~ Ve

D1 D2 -
CzT Ve2 .
+

(a) Circuit Diagram

+ +
>
Vin L1 C1-~ Vin C2
(b) Swich-on
C1
- | lo
1€ T
+ + Vin ~ - _
Vi (¢} = Vc2
in
L1 ¢ Vi 2 R Vo
- T .
.

(c) Swich-off

FIGURE 4.1
N/O elementary circuit.

4.2 Main Series

The first three stages of negative output super-lift Luo-converters — main
series — are shown in Figure 4.1 to Figure 4.3. For convenience they are
called elementary circuits, re-lift circuits, and triple-lift circuits respectively,
and numbered as n = 1, 2 and 3.

4.2.1 Elementary Circuit

N/O elementary circuit and its equivalent circuits during switch-on and
switch-off are shown in Figure 4.1. The voltage across capacitor C, is charged
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FIGURE 4.2
N/O re-lift circuit.

265

to V,,. The current flowing through inductor L, increases with slop V;,/L;

during switch-on period kT and decreases with slop —(V -
switch-off (1 — k)T. Therefore, the variation of current i, is

A'Ll— Yiy kT—V Yiy (1-k)T
L1
1 2-k
Vo=V =(-"-1
O 1-k " (1 k W
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(a) Circuit Diagram
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+ + B
Vin |4 C1 Vin - \Al -
. l c2 X vy ca v2

- +

.

(b) Switch-on

(c) Switch-off

FIGURE 4.3
N/O triple-lift circuit.

The voltage transfer gain is
G=—1="-1 (4.3)

In steady-state, the average charge across capacitor C, in a period should
be zero. The relations are available:

1-k .

and ZCl—on = k ZCl—ojj’

kTiCl—on = (1 - k)TiCl—ojf
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This relation is available for all capacitor’s current in switch-on and switch-
off periods. The input current i;, is equal to (i;; + iC;) during switch-on, and
zero during switch-off. Capacitor current i, is equal to i;; during switch-off.

i I,

in—on — lLl—on + lCl—an lLl—off = lCl—oﬁ‘ =

If inductance L, is large enough, i, is nearly equal to its average current I;;.
Therefore,

) 1-k . 1-k 1

iin—on = Z’Ll—m/l + iCl—on = lLl—on + TlCl—oﬁ‘ = (1 + T)IU = EILl
and
Izn = kiin—on = IL1 (44)
Further
leoon = IO ZCZ*fo = EIO
. k . 1
ILl = lCZ—ojf + Io = ﬁZCZ—nn + IO = ﬂlo

Variation ratio of inductor current i, is

_Ai, /2 k(1-K)TV, k(1-k) R

él ILl 2LlIO Gl zfll

(4.5)

Usually &, is small (much lower than unity), it means this converter works
in the continuous conduction mode (CCM). The ripple voltage of output
voltage v, is

Ap. 2 DQ kT _ k Vo
°°CG G fGR

Therefore, the variation ratio of output voltage v, is

g:A”o/z— k

AT (4.6)
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Usually R is in kQ, f in 10 kHz, and C, in pF, this ripple is very small.

4.2.2 N/O Re-Lift Circuit

N/O re-lift circuit is derived from N/O elementary circuit by adding the
parts (L,-Dy-D-D5-C5-C,). Its circuit diagram and equivalent circuits during
switch-on and -off are shown in Figure 4.2. The voltage across capacitor C;
is charged to V,,. As described in previous section the voltage V, across

capacitor C, is

V=1,
-k

The voltage across capacitor C; is charged to (V; + V,,). The current flowing

through inductor L, increases with slop (V; + V,,)/ L, during switch-on period

kT and decreases with slop —(V,-2V,-V,) / L, during switch-off (1-k)T.

Therefore, the variation of current i, is

ai, =V Vo gp Vo m2VimVi (g _pyr 4.7)
L
2 2
2-KV,+V, 2—k,
vV, = in _ _1v, 48
e @8)

The voltage transfer gain is

Vo 2-k
G,=-2=—")1-1 4.9
=Gy *9)

The input current i;, is equal to (i;; + ic + ij, + ic;) during switch-on, and
zero during switch-off. In steady-state, the following relations are available:

lin—un = lLl—on + lCl—on + 1L2—an + ZC370}1

. k
legon = 1o fcy of = ﬁlo
. I ) I
Teaop = Lo = Io Ty o = 1_Ok lea-on = 70
I I I
i =1, +i =9 4 0___0 i —_ 0
C2—-on L2 C3-on 1— k k k(l _ k) C2-off (1 _ k)z
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, , 1, 1, 2-k . 2-k
ey =T =l Her =9 M T Taspr o e T pasg o

Thus
Lineon = b1on T icton T iroon T icson = E(I“ +1,,)= k?l_—zkk)z o
Therefore
I =ki, = (i - g‘z .
Since

v 2—-k

AiLl = Llln kT ILl =WIO
AiL2:V1+mGT:2_kkl in I,= ! Io
L, 1-k L, 1-k

Therefore, the variation ratio of current i;; through inductor L, is

Ai, /2 kTV, —k)?
g =tz KV _KIZW R (4.10)
I, K o1 (2-KG, 211,
(1 _ k)Z 170
The variation ratio of current i;, through inductor L, is
Ai, /2 k(2-KTV, -
&2 — lLZ / — ( ) in _ k(2 k) R (411)
ILZ 2LZIO GZ szZ
The ripple voltage of output voltage v, is
poy =20 _IkT _ K Vo
Cy C, fCi R
Therefore, the variation ratio of output voltage v, is
g=00/2_ K (4.12)

V,  2RfC,
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4.2.3 N/O Triple-Lift Circuit

N/O triple-lift circuit is derived from N/O re-lift circuit by double adding
the parts (L,-D3-D,-D;-C;-C,). Its circuit diagram and equivalent circuits dur-
ing switch-on and -off are shown in Figure 4.3. The voltage across capacitor
C, is charged to V,,. As described in previous section the, voltage V, across
capacitor C, is V, =((2—k)/(1- k)- v, =(11- kng , and voltage V, across
capacitor C, is V, =[(2~k/1-k)’ =11V}, = (3 2k/(1- k)Z%Vm-

The voltage across capacitor Cs is charged to (V, + V,,). The current flowing
through inductor L; increases with slop (V, + V,,)/ L, during switch-on period
kT and decreases with slop —(V,-2V,-V,,)/L; during switch-off (1 -k)T.
Therefore, the variation of current i, is

. V,-2V,-V
piy = 2 Vg Vom2Va Vi g pyr (4.13)
L3 LS
Q-KV,+V, 2-k
V, = = -1]v. 4.14
o 1-k [(1—k) V., (4.14)
The voltage transfer gain is
V. 2-k
G, =—2=(>—)-1 4.15
3Ty (1—k) (4.15)

m

The input current i, is equal to (i, + iy + i, + ic3 + 15 + ic5) during switch-
on, and zero during switch-off. In steady state, the following relations are
available:

1 =1 Floron T loeon T1 +1 +1

in-on — 'L1-on C3-on T tr3-on T tc5-on
lceon = 1o iC6—aﬁ” = ﬁ I,
iCS_gﬁ =1,=1, +iC6_Off = 1I_Ok loon = %

R R 1l_—ok + %O = k(lIi o iy o = (1£Ok)2
ic3_off =I,=1, +iC4_0ff = (12__}:;210 logon = k(zl_—kk)IO
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) ) 2—-k . 2—-k
leoon =112 Ticson = k(1—k)? Io looof = (1—k)® I,
) . (2-k)? . (2-k)?
lorgp = Ipy = Iy Ty o5 = (1-k) Iy let-on = k(1-k)? ©
Thus
iin—on = iLl—on + iCl—on + iLZ—on + lC3—on + iLS—on + iCS—on
1 7 -9k +3k
:%(1L1+1L2+1L3): k1-k? ©
Therefore
7 — 9k + 3k’ 2—k
I =ki =1 =[c—)-1]I
in lzn—un (1 _ k)S (0] [( 1— k ) ] (¢]
Analogously,
) V. (2-k)?
Ai, =—"kT =
L1 Ll L1 (1 _ k)3 o
\% - —
AZ'L2:V1+ kT = 2k kTV,, 1L2:27kzo
L, (1-k)L, (1-k)
V,+V. - I
R G R
L, 1-k" L, 1-k
Therefore, the variation ratio of current 7, through inductor L, is
(o /2_KI-KTY, k1=K R 416
oI, 22-k)?LI, (2-k)G, 2fL,
The variation ratio of current i;, through inductor L, is
£ - Ai, /2 _ kQ1-KTV, _k(1-k) R 4.17)
ILZ ZLZIO G3 2fL2
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The variation ratio of current i;; through inductor L; is

A, /2 kQ2-K)?TV, k(2-k)? R

£ = = (4.18)
o, 21-k)L,I, (1-k)G, 2fL,
The ripple voltage of output voltage v, is
AQ IkT  k V,
A =—= =
% Ce G SfG R
Therefore, the variation ratio of output voltage v, is
g=0/2_ K (4.19)

Vo 2RfC

4.2.4 N/O Higher Order Lift Circuit

N/O higher order lift circuits can be designed by repeating the parts (L,-D;-
D,-Ds-C;-C,) multiple times. For nth order lift circuit, the final output voltage
across capacitor C,, is

2—k
Vo =1G—)" =11V, 4.20
o [(1—k) ] in ( )
The voltage transfer gain is
V, 2-k
G, =-2=C—)-1 421
=) @21)

The variation ratio of current i;; through inductor L; (i = 1, 2, 3, ...n) is

A, /2 k1-k" R

= 4.22
IL] (2 - k)(”‘l)G” 2fL1 ( )

&

_hi, /2 k2-k)°" R

= 423
I (1-"DG, 2L, “2)

&

L2

Ai, /2 kQ@-k)™*) R
€, = ;3 - (1(_ k)<”)"'”)G o (4.24)
L3 n 3
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The variation ratio of output voltage v, is

s:AZJO/Z_ k

= 4.25
Vo 2RfC,, (*4.25)

4.3 Additional Series

All circuits of negative output super-lift Luo-converters — additional series
— are derived from the corresponding circuits of the main series by adding
a double/enhanced circuit (DEC). The first three stages of this series are
shown in Figure 4.4 to Figure 4.6. For convenience they are called elementary
additional circuits, re-lift additional circuit, and triple-lift additional circuit
respectively, and numbered as n =1, 2 and 3.

4.3.1 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 4.4. The voltage across capacitor C, is charged to V;,. The voltage
across capacitor C, is charged to V; and C;; is charged to (V; + V,,). The
current i;; flowing through inductor L, increases with slope V;,/L, during
switch-on period kT and decreases with slope —(V; - V,,)/L, during switch-
off (1-k)T.

Therefore,
V. V.-V
Aij, =—"kT =—1—"(1-k)T (4.26)
Ll Ll
v=v,=C Ky,
1-k 1-k
k
Vieoy =71 Vin
The output voltage is
2 3-k
VO = ‘/1'11 + VL] + ‘/1 = m ‘/in = [ﬁ - 1]‘/7'71 (427)
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(a) Circuit Diagram

Lin Ccn
— |/ VA
A
+ V1+Vin
Vin L1 B —— L

(b) Switch-on

C11 K -
_C1|€ - . *V1sVin
+ T Vin - N
Vin | *Vu ? 7v1 CF—
- C2
T +

(c) Switch-off

FIGURE 4.4
N/O elementary additional (enhanced) circuit.

The voltage transfer gain is
G="=—-1 (4.28)

Following relations are obtained:

kI

=1y iClZ—aﬁ‘ = 1—k

1C12—0n
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Iin

»
|_.
N
AN
5

+ L C1 Vet

Vin V1

. <
D1 D2

Ca>

vaz Ca T\:C4 Ci2 T\icm

(a) Circuit Diagram

C1i1 —
4 Vo
P AN
V2+Vin
|+
ans . -
V1+Vin N V2 N
- c4| *cr2

(b) Switch-on

- C11 I/
Ci -« L2 c IN

( <—"vouvin | o
AN V2
+ *vin - | - Vi eyigvin - f?

Vin L1 \Vj Ce =7 V1 - 2 V,
¢ L1 N ca =2 v, C12 = ver R o
(c) Switch-off
FIGURE 4.5
N/O re-lift additional circuit.
i =1 +i = Iy i =i - Lo
Cll-off o C12-off 1-k Cll-on C2-on k
. . Io ; IO
leooff Tlcrof = 1-k leyon = T
21
I o

11 = tereof Fletion = 1—k
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*Io
.
~ Vi1

] Rg\/O

D12 -

N
C12 Vci2
T

(a) Circuit Diagram

| L2 i *

in C3

» l V1+Vin
+ + B

Vin L1 C1 Vin -V

_ l C2 T i C4

|/ C11
IX

+ -~ | vs
L3 V3+Vin
I I
lCS AT V2+Vin Of
> N
_v2 R
V2
T

(b) Switch-on

+

ci1

C1 Vi L2 cC3 V2 L3 A é -

_ |H_mm_|% C5  va+vin | lo
\Y +yin ~ Vi + - Vi’ ~| v3 ?

+ B Vin - L2 " V1+Vin - L3 v2+Vin -
Vin L1 2] c2 v L N <L

l . CaT V2 C6 v3 Ci2T verz BT °
- + + + +

(c) Switch-off

FIGURE 4.6
N/O triple-lift additional circuit.

. . . 2 1 1 2
by =Ly + leron +ieno =+ 0 = mlo

Therefore,

The variation ratio of current i;; through inductor L, is
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Al 1-K)T -
e = i /2 _kQA-K)TV, k(1-k) R (4.29)
I, AL, 2G, 2fL,

The ripple voltage of output voltage v, is

AvozgzlokT_ k Vo

C, Cn, fC,R

Therefore, the variation ratio of output voltage v, is

_ A, /2 1-k
Vo ZRfCu

(4.30)

4.3.2 N/O Re-Lift Additional Circuit

The N/O re-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 4.5. The voltage across capacitor C, is charged
to v;,. As described in a previous section the voltage across C, is

Vl_ik‘/l

n

The voltage across capacitor C; is charged to (V; + V,,), voltage across
capacitor C, is charged to V, and voltage across capacitor C;; is charged to
(V, + V). The current flowing through inductor L, increases with voltage
(Vy + V,,) during switch-on kT and decreases with voltage —(V, -2V, -V,)
during switch-off (1 —k)T. Therefore,

Vi+V, V,=-2V, -V,

Al m kT = n1-KT 4.31
lLZ Lz L2 ( ) ( )

2-k)YV. +V. 3-2k 2—k,,

V2=( Wi+ Vi, _ =) -1,
1-k (1-k) 1-k
and

_k(2-k)

Vi off — =V,=2V -V, = (1-k)? in (4.32)

The output voltage is
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5-3k

Essential DC/DC Converters

3-k2-

k

V.=V, +V. +V _+V = = -1V
o 2 in L2 1 (1_k)2 in [1—k 1—k ] in
The voltage transfer gain is
% -k 3-k
G =—="—=- -1
2TV, 1-k1-k
Following relations are obtained:
. ) kI
It on =1o leroof = 1_Ok
. . I . . I
Ietof = Lo tici o = 1_Ok Lerr-on = tea-on = ?O
. . IO . IO
legoff T leaof = 1—k leson = m
. . 21,
Iy =icyiop Hicsop = 1—k
. ) 1+k . 1+k
leyon =1po Tics o = k(1—k) o) Teo o = (1- k)z Iy
, . 3-k . 3-k
Iy =i e =1 ticy o = WIO leyon = k1K) I
io=1 i i, i, =] 3-k ,3-k | 1+k +1]
in L1 Cl-on C2-on C4-on (1 _ k)z k(l _ k) k(l _ k) k (0]
Therefore,
Iin :kiin 5 3k2 o [3_k z_k_lllo
(1-k) 1-k 1-k
Analogously,
. ‘/in 3-k
AZLIZ L kT ILl :WIO

2
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VitV 2-k 21,

A, = KTV, I, =
L, (1-k)L,

in L2 1— k
Therefore, the variation ratio of current i;; through inductor L, is

A, /2 k(1-kPTV, kd-k? R

g = = = (4.35)
I, 23-k)L, I, (B-kG, 2fL,
The variation ratio of current i;, through inductor L, is
Ai, /2 kQ2-K)TV, _
&2 — ZL2 / — ( ) in _ k(2 k) R (436)
IL2 4LZIO 2G2 2ﬂ‘2
The ripple voltage of output voltage v, is
Ao = AQ _IkT _ 'k Vo
C12 ClZ .fC12 R
Therefore, the variation ratio of output voltage v, is
g=A00/2_ K (4.37)

Vo - 2RfCy,

4.3.3 N/O 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 are
shown in Figure 4.6. The voltage across capacitor C, is charged to V,,. As
described in a previous section the voltage across C, is

Vl :L‘/in
1-k

and voltage across C, is

v :3—2kV _ 3-2k
2 1—k 1 (1—k)2 in

The voltage across capacitor C; is charged to (V, + V,,), voltage across
capacitor C; is charged to V; and voltage across capacitor Cy; is charged to
(V3 + V). The current flowing through inductor L, increases with voltage
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(V, + Vi) during switch-on period kT and decreases with voltage
—(V3-2V,-V,,) during switch-off (1 - k)T. Therefore,

V,+V, V, -2V, -V,

Aij, =2 L in kT = n(1-k)T (4.38)
3 3
2-kV,+V. - 2 -
V3=( W, i _ 7 9k+§k Vm=[(2 k)3_1]Vin
1-k (1-k) 1-k
and
- _k(2—k)
VL3*0ff - V3 - 2V2 - ‘/in - (1 _ k)3 in (439)
The output voltage is
11-13k + 4k* 3-k 2-k
V,=V,+V +V +V, ="V =[—— () -1V, 4.40
(0] 3 in L3 2 (1_k)3 in [1_k(1_k) ] in ( )
The voltage transfer gain is
\% 2-k,3-k
G,=—2=C—)—0-1 4.41
N A i (4.41)
Following relations are available:
. . kI
lep-on = 1o leroof = ﬁ
. . I . . I
lCll—nff = IO + lClZ—oﬁ‘ = 1_Ok lCll—on = 1C6—a11 = ?O
. . IO . Io
lesoff = lesof = 1—k lesoon = m
) . 2]
Iy =icyop Tics o = 1 _Ok
) . 1+k . 1+k
T m o legof = W 0
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281

. . 3-k . 3-k
Iy =ieg gy =I5 Ficy 5 = WIO leson = K1-k) ©
. ) 3-k . 3-k
fea-on = Tio Tics on = K1-k)? Io looof = WIO
) . B-k)(2-k) (3-k)(2-k)
Iy =iy gy =T Hicy o = Wlo Cl-on — Wlo
iin = ILl + iCl—on + iC2—m1 + iC4—or1 + iC6—m1
(B-k)(2-k) (B-k)(2-k) 3-k 1+k 1
=[ e 12 12 — o
(1-k) k(1-k) k(1-k)* k(1-k) k
_11-13k+ 4k*
k(1-k)? ©
Therefore,
. 11-13k + 4k* 3-k 2-k,
=ki, = I, = -1]I
in in (1—k)3 o [1—k(1—k) ]O
Analogously,
. v 2-k)(3-k)
Ai,, =—"kT =" _"7]
L1 , L1 (1 _ k)3 (@]
V.+V. - -
Aip, = s kT = 2=k kTV, 2= 371(2 o
L, (1- KL, 1-k)
V,+V. —k)? 21
AiL3 = ZZ_ - kT = (iz_ k;CZ)L in IL3 = 1_Ok
3 3

Therefore, the variation ratio of current i;; through inductor L, is

- Ai, /2 kQ-kP’TV,  k(1-k)® R (4.42)
L, 22-0GB-kLL,  2-KE-kG, 2fL, '
and the variation ratio of current i;, through inductor L, is
e, - A, /2 _ k(1-k)2-k)TV, _k(d-k@2-k R (4.43)

I 26 -k)L,I,,

L2
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and the variation ratio of current i;; through inductor L; is

/2 _k@2- k’TV,,  k2-k)?* R
¢, = - M2-h (s.44)
IL3 4(1-k)L,1, 201-kG, 2fL,
The ripple voltage of output voltage v, is
poy=AQ _IokT _ k Vo
ClZ CIZ fC12 R
Therefore, the variation ratio of output voltage v, is
_Au /2 k (4.45)
Vo ZRfCu

4.3.4 N/O Higher Order Lift Additional Circuit

Higher order N/O lift additional circuits can be derived from the corre-
sponding circuits of the main series by adding a DEC. Each stage voltage V;
(i=1,2,...n)is

v, =IE=5 -1, (4.46)

This means V; is the voltage across capacitor C,, V, is the voltage across
capacitor C, and so on. For n' order lift additional circuit, the final output
voltage is

3-k 2—k
V, -1V, 4.47
o [1 k ( —k ) ] in ( )
The voltage transfer gain is
1% -
G,=-2= M(z—k)" -1 (4.48)

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...n) is

Ai /2 k(1= k)" R
IL1 2h(1 11)[(2 k)(n 2)(3 k) u(n Z)G fLI

g = (4.49)
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_Aiy /2 kA-k"P@-k) R

S == — (4.50)
o,  2"P@-kh"?PG, 2fL,
Aij, /2 k(2—k)" Y R
&= ;3 = 2h(17—3() 1 ]Z 25 (4.51)
L3 (1-k) n zﬁs
where
=10 *7Y i the Hong functi
(x)= 1 %<0 is the Hong function
and
P20 5 the unit-step funct
u(x) = 0 x<0 is the unit-step function
and the variation ratio of output voltage v, is
gz /2 K (4.52)

Vo - 2RfC,

4.4 Enhanced Series

All circuits of the negative output super-lift Luo-converters — enhanced
series — are derived from the corresponding circuits of the main series by
adding the DEC into each stage circuit of all series converters.

The first three stages of this series are shown in Figures 4.4, 4.7, and 4.8.
For convenience they are called elementary enhanced circuits, re-lift
enhanced circuits, and triple-lift enhanced circuits respectively, and num-
bered asn =1, 2 and 3.

4.4.1 N/O Elementary Enhanced Circuit

This circuit is derived from N/O elementary circuit with adding a DEC. Its
circuit and switch-on and switch-off equivalent circuits are shown in
Figure 4.4.

© 2006 by Taylor & Francis Group, LLC



284 Essential DC/DC Converters

Ve R

Situcs TT *
+ + +

N

IO
*ca1
c11 VIV | L2 +cs /\vc3 vy
:[ V2 Cc22 v

(c) Switch—off

FIGURE 4.7
N/O re-lift enhanced circuit.

The output voltage is

Vo=V, +V, +V, —LVM [S—k—l]Vm (4.27)
1-k 1-k
The voltage transfer gain is
Vo, 3-k
G="2=—-1 4.28
=T (@.28)
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s D3 D6
+ 1 o
N Tlo
L1- C1
Vin > -
D21 D22 .
_ c2 v, Ve, C41v, c22-lry c6 v, c32lv,
T T “T T 1 1=
= (a) Circuit diagram
Iin
_>‘
+ L lo
+ » +02 < c +cs T
o 011 “Vi4V, L2 -/ Ve \v2+v L3 T Ve TV
P, 2 _ _
Vin L1< N g ’ - L
m Y7 v2 V3C32_ VooR
) -
[ l V1C12\‘ v C4 17y C22 1~ Vs C6 1" y3 + +
B . . _ + ot J
(b) Switch-on
C31
<« |/ Y <« s «— 7 I
- ‘ ol {
cil + \ I V, 05| \ T
+ L3 + -
~ VY, m v +V3+V _ T Ves v4+vm} - -
Lo <V V1_ V2 co22 Ve V3 €321V ,R= Vo
l ~v2 T V3 T N +
[ cz] A+ ce | A+

(c) Switch-off

FIGURE 4.8
N/O triple-lift enhanced circuit.

4.4.2 N/O Re-Lift Enhanced Circuit

The N/O re-lift enhanced circuit is derived from N/O re-lift circuit of the
main series by adding the DEC into each stage. Its circuit diagram and
switch-on and switch-off equivalent circuits are shown in Figure 4.7. The
voltage across capacitor C,, is charged to

v 3

c12 = 1—k Vi (4.53)

The voltage across capacitor C; is charged to V., and the voltage across
capacitor C, and C,, is charged to Vi,
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2—k 2-k3-k
V. = V... = V. 4.54
C4 1—k C12 1-k 1=k in ( )
The current flowing through inductor L, increases with voltage V;, during
switch-on kT and decreases with voltage (V- — Vo, — Vyp) during switch-
off (1-Kk)T.

Therefore,

Veoy = Ve =V,
L2~ Izl(vcu -V,) =~ (1-hT (4.55)

2 2

Ai

3-k
Ven = (i)z Vi

The output voltage is

3-k
Vo =Vey =V, =( 1—k )2 -1V, (4.56)
The voltage transfer gain is
V. 3-k
G,=-92=C—")Y-1 4.57
=y =Gy @57)
Following relations are obtained:
) . kI
len-on = 1o leooff = ﬁ
) . I ) ) I
leotof = I+ Lo o = 1_Ok leoton = loaeon = 70
) ) I, ) Iy
leaof = leaof = 1-k les-on = &
) . 21
I, = leieoff Tlea—of = ﬁ
=i, =K i, =1tk
C12-on L2 C3-on k(l _ k) o Cl2-off (1 _ k)Z o
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iCll—Off = ILZ + iClZ—Uﬁ = W IO iCZ—oﬂ‘ = WIO

iCll—Dn = iCZ—Dn = m IO

) . 3-k . 3-k
I, = Letioof Flooof = ZWIO lctoon = mlo

. . . 42-k)
+ch_m +1 +1 =

Ly =1y +i C1z-on " iC21-on T g jy2 7O

Cl-on
Therefore,

i _4e-k

A
=y ol

~111,

Analogously,

V. —
Al =—"KkT I=3k

L]_L
2

\% 2+k 21

V.., -
. _ C12 in _ _ o
Ai, = k

= ) I.=
L, (1-kL, " " 1-k

Therefore, the variation ratio of current i;; through inductor L, is

CAi, /2 k(-k)’TV,  k(1-k)* R

£, = = (4.58)
I, 43-k)L, 1, 2(3-k)G, 2fL,
The variation ratio of current i;, through inductor L, is
Ai 2 k(Q+Kk)TV,
£, - i, /2 _kQ+KTV, k(2+k) R (4.59)
ILZ 4LZIO 2G2 ZfLZ

The ripple voltage of output voltage v, is

AQ _IkT _ k V,
Cp G fCu R

Avo =
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Therefore, the variation ratio of output voltage v, is

8:AZJO/Z_ k

- (4.60)
Vo 2RfC;,

4.4.3 N/O Triple-Lift Enhanced Circuit

This circuit is derived from the N/O triple-lift circuit of main series by
adding the DEC into each stage. Its circuit diagram and equivalent circuits
during switch-on and switch-off are shown in Figure 4.8. The voltage across
capacitor C,, is charged to V,. As described in the previous section the
voltage across Ccy, is

3-k
Ve = 1-k Vi
and voltage across C, and Cc,, is
3-k 3-k
Ven = 1 Ve = (?)va

The voltage across capacitor Cs is charged to V., voltage across capacitor
C, is charged to Vi

y 2k

- Voo =
Coé 1_k

—k 3-k.,
1%
G

The current flowing through inductor L, increases with voltage V,, during
switch-on period kT and decreases with voltage —(V 3, — Vg — Vpp) during
switch-off (1 -k)T.

Therefore,
V.., -V. -V
Al , = k—T(VC22 -V, )=-SL 6 2T (4.61)
L, L,
3-k
Vem = (?)SVM
and

a1~ Vin = [(37_]()3 -1V,

V, =V, :
1—k in

o

(4.62)
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The voltage transfer gain is
\% 3-k
G,=-2=(—)-1 4.63
G (4.63)
The following relations are obtained:
. kI
learon = 1o lespoff = 1 Ok
. . I . ) I
Iesiopr = Lo T icspop = 1_Ok Leston = tog-on = 70
. . I . . I
1C6—oﬁ‘ = lCS—off = 1_Ok 1C6—an = 1C5—an = ?O
) . 2]
Iy =icgy op s of = 1_Ok
) ) 1+k . 1+k
lexr-on = 113 tics on = k(1—k) Io leanof = (1—k)? Io
S+ _ 3-k I . _ 3-k
ZC21 Dﬂ“ C4 off +1C2270ff - (1_ k)Z (0] lC4—0n - k(l k)
3-k . 3-k
Iy =iy o +icy o Zmlo lesoon = k1K) I
. 3-k)(2-k) . 3-k)2-k)
Ictp-on = I1a T icaon = Wlo lenof = (1-k)® I
. _(3-k)(4-3k) . (3-k)(4-k)
Ievicoy = I Ficp gy = (1K) I, lett-on = k(1— k) I
(3-k)(4-k) . . (3-k)(4-k)
Ly =iy ey = Zwlo let-on = tco-on = K(1—k)? I,
_ 2(13-12k +3k?)
=Ty oy on Ficoon Fictoon T lcaon T icor-on Tico-on = K(1—k) o)
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Therefore,
. 13— 12k + 3k” 3-k;
in lm (1_k)3 o) [(1—](,') ] o)
Analogously:
.V 2(4-k)(3-k)
Ay, =—"kT ==
L1 L2 L1 (1 _ k)3 O
a2 Vg 27K gy g 37k
L, (LKL, (1K)
V,+V, -k)? 2]
AiL3 —_2 + in T = (2 kz) ; IL3 — (@)
L, (1-k)L, 1-k

Therefore, the variation ratio of current i;; through inductor L, is

¢ Ay /2 kQ-kPTV,  k(1-k)® R (4.64)
! I, 44-k)B-kL]I, 24-k(@B-kG, 2fL, ’
and the variation ratio of current i;, through inductor L, is
- Aij, /2 k(1-k)2-KTV, k(1-k)(2-k) R (4.65)
S 43 -k)L,I, 23-k)G, 2fL, '
and the variation ratio of current i;; through inductor L; is
Ai /2 Kk(2-k)TV, —k)*
§3 — ZL3 / — ( ) in _ k(2 k) R (466)
I, 41-k)L,I, 2(1-k)G, 2fL,
The ripple voltage of output voltage v, is
Avo=£=IOkT= k Vo
C32 CSZ fCSZ R
Therefore, the variation ratio of output voltage v, is
g=20/2__ K (4.67)

Vo 2RfCy
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4.4.4 N/O Higher Order Lift Enhanced Circuit

Higher order N/O lift enhanced circuit is derived from the corresponding
circuit of the main series by adding the DEC in each stage. Each stage final
voltage V1 (i=1,2, ... n) is

3_k.,
Von =) Vi (4.68)

For nth order lift enhanced circuit, the final output voltage is
3-k.,
Vo = [(ﬂ) -1V, (4.69)

The voltage transfer gain is

Yo

G, =0
Vi

_(3k
=(- )1 (4.70)

The variation ratio of output voltage v, is

- Avy, /2 k
V,  2RfC,

4.71)

4.5 Re-Enhanced Series

All circuits of negative output super-lift Luo-converters — re-enhanced
series — are derived from the corresponding circuits of the main series by
adding the DEC twice in each stage circuit.

The first three stages of this series are shown in Figure 4.9 through
Figure 4.11. For convenience they are called elementary re-enhanced circuits,
re-lift re-enhanced circuits, and triple-lift re-enhanced circuits respectively,
and numbered as n =1, 2, and 3.

4.5.1 N/O Elementary Re-Enhanced Circuit

This circuit is derived from the N/O elementary circuit by adding the DEC
twice. Its circuit and switch-on and switch-off equivalent circuits are shown
in Figure 4.9. The voltage across capacitor C, is charged to V,,. The voltage
across capacitor Cy, is charged to V,. The voltage across capacitor C; is
charged to V.
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FIGURE 4.9

N/O elementary re-enhanced circuit.

4-k
Vep=—-"V,
C13 1-— in
The output voltage is
4-k
Vo=Vers =V = [ﬁ -1V,

The voltage transfer gain is
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FIGURE 4.10
N/O re-lift re-enhanced circuit.
V, 4-k
G=-9=—1"-1 4.74)
v, 1k
The ripple voltage of output voltage v, is
AQ I kT k V,
A’()O == =
Cl4 C14 fC 14 R
Therefore, the variation ratio of output voltage v, is
_Avy /2 _ k
o/ (4.75)
Vo 2RfC14

© 2006 by Taylor & Francis Group, LLC



4/
)
IO
+ + + + D3 + + + ﬁ
L1 <ct Vg, Cti Ve C18 7 Veys Vg C31 Vs €337 Vegs
Via <o Ko <ol <lo K] K o< Ko<l K R; Vo
D1 D2 | D11 D12 | DI3 D14 D8 | D31 D32 | D33 D34 N
B c2 Ve, C12>y . cia cé Vo, G321y caaNlry
+ + + + + + + + +

+

V4+V3

Vi L1
_ V3 va co4

(b) Switch-on

C13 L2 c23 L3 C33

+cn Cc21

c + 5
Vl" VCH CQ [321 VS+V4 - 05 VCS1 V5+V6 - -
- V1_ 1 Ve Ve 6 C34 Ve R Vo
L vi T T
+ +
cz2 | A*ci2 c4 4*022 4+ 4*(;32 A+
® ° ¢ ® .

(c) Switch-off

+

+ -
Va2+Vi

L1

FIGURE 4.11
N/O triple-lift re-enhanced circuit.
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4.5.2 N/O Re-Lift Re-Enhanced Circuit

The N /O re-lift re-enhanced circuit is derived from the N/O re-lift circuit
by adding the DEC twice in each stage. Its circuit diagram and switch-on
and switch-off equivalent circuits are shown in Figure 4.10. The voltage
across capacitor C,; is charged to V5. As described in the previous section
the voltage across C; is

4-k
Ve =7V
Analogously,
4-k
Vi = (ﬁ)zvm (4.76)
The output voltage is
4-k
VO = VC23 - ‘/in = [(ﬁ)z - 1]‘/m (477)
The voltage transfer gain is
V, 4-k
G=—2=(—)-1 4.78
= =G (4.78)

The ripple voltage of output voltage v, is

AvozgzlokT_ k Vo

Cu Cu fCy R

Therefore, the variation ratio of output voltage v, is

o= Avp /2 k
Vo 2RfCy,

(4.79)

4.5.3 N/O Triple-Lift Re-Enhanced Circuit

This circuit is derived from 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 are shown in Figure 4.11. The voltage across capac-
itor Cy; is
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4-k
Ve =7V
The voltage across capacitor C,; is
4—k,
Vg = V.
C23 ( 1- k ) in

Analogously, the voltage across capacitor Cy is

4-k
Vg = (ﬁ)ﬁ/m (4.80)
The output voltage is
4-k
Vo =Veg =V, = [(ﬂf -1V, (4.81)
The voltage transfer gain is
V, 4-k
G,=—2=(-—)-1 4.82
=Gy (4.82)
The ripple voltage of output voltage v, is
AUO:Q:IOkT: k Vo
C34 C34 .f(j34 R
Therefore, the variation ratio of output voltage v, is
g=00/2_ K (4.83)

Vo o 2RfCs,

4.5.4 N/O Higher Order Lift Re-Enhanced Circuit

Higher order N/O lift re-enhanced circuits can be derived from the corre-
sponding circuits of the main series by adding the DEC twice in each stage
circuit. Each stage final voltage V3 (=1, 2, ... n) is

(4.84)
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For nth order lift additional circuit, the final output voltage is

4-k

VO = VCn3 - ‘/in = [( 1—k )” - 1]‘/1‘11 (485)
The voltage transfer gain is
Vo  4-k
G, =-2=(-—)"-1 4.86
=G (4.86)
The variation ratio of output voltage v, is
g=20%/2__k (4.87)
Vo 2RfC,,
—
4.6 Multiple-Enhanced Series
All circuits of negative output super-lift 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 Figure 4.12 to Figure 4.14.
For convenience they are called elementary multiple-enhanced circuits, re-
lift multiple-enhanced circuits, and triple-lift multiple-enhanced circuits
respectively, and numbered as n = 1, 2, and 3.

4.6.1 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 4.12. The voltage across capacitor Cy is

i+2-k
VCle—l = ]17 Vi (4.88)
The output voltage is
i+2—-k
VO = VC12]?1 T Vin = [] 1—k - 1]‘/1'11 (489)
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I
C1(2j—i + T °

C1(2-1

<

D1(2j-1) D12

ct2 C12j C12j

C1(2j-1)

Vc121
+ +
®

- T o
(an'lv - -
c12 mjﬂé v,
T + +

c12j

AN

(c) Switch-off

FIGURE 4.12
N/O elementary multiple-enhanced circuit.

The voltage transfer gain is

&_j+2—k_
V. 1-k

m

G, = 1 (4.90)

The ripple voltage of output voltage v, is

A :AQ:IOkT: k &
¢ C12j Clzj fclsz
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(c) Switch-off

FIGURE 4.13
N/O re-lift multiple-enhanced circuit.

Therefore, the variation ratio of output voltage v, is

Avo /2 1-k
VO 2RfC12]

(4.91)

4.6.2 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 into each stage. Its circuit
diagram and switch-on and switch-off equivalent circuits are shown in
Figure 4.13. The voltage across capacitor Cy;; is

+2-k,,
VC22j 1 _(] -k )? Vi, (4.92)
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FIGURE 4.14
N/O triple-lift multiple-enhanced circuit.
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The output voltage is

Vo = Ve = Vi =[ ﬁ) -1V, (4.93)
The voltage transfer gain is
j+2—-k
G,=—2= -1 4.94
2 Vm =g ) (4.94)
The ripple voltage of output voltage v, is
Avg = AQ kT _ k Vo
Cpnj  Cyj fCx i R
Therefore, the variation ratio of output voltage v, is
_Aw/2_ K (4.95)
Vo 2RfC22]

4.6.3 N/O Triple-Lift Multiple-Enhanced Circuit

This circuit is derived from N/O triple-lift circuit by adding the DEC mul-
tiple (j) times in each stage circuit. Its circuit diagram and equivalent circuits
during switch-on and switch-off are shown in Figure 4.14. The voltage across
capacitor Cyy; is

j+2-k
Vesja = ( - A (4.96)
The output voltage is
j+2-k,
VO = VCSZj—l - ‘/in - [( 1—k ) _1]‘/111 (497)
The voltage transfer gain is
+2-k.3
G, = (] - (4.98)

V.

m
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The ripple voltage of output voltage v, is

AQ _IkT — k Vy
C32j C32j fc32j R

Avo =

Therefore, the variation ratio of output voltage v, is

Avo /2 k
Vo ZRfC32 j

(4.99)

4.6.4 N/O Higher Order Lift Multiple-Enhanced Circuit

The higher order N/O lift multiple-enhanced circuit is derived from the
corresponding circuit of the main series by adding the DEC multiple (j) times
in each stage circuit. Each stage final voltage V., (i=1,2, ... n) is

+2-k;
Veinj = (] y )V, (4.100)

For nth order lift multiple-enhanced circuit, the final output voltage is

+2-k
L=y, (4.101)
The voltage transfer gain is
1% j+2-k
G,=—2=—")-1 4.102
A (4.102)
The variation ratio of output voltage v, is
_ Aoy /2 k
(4.103)
VO 2Rfcn2]

4.7 Summary of Negative Output Super-Lift Luo-Converters

All circuits of the negative output super-lift Luo-converters as a family can
be shown in Figure 4.15. From the analysis in previous sections the common
formula to calculate the output voltage can be presented:
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(s )" —1]V,,,
2 n-1e "Ry
[(1—k3) k( 1—k ) ]‘/in
Vo= [(}L_Ik{)” -1V,
[(1_,{;: -1V,
]+ - n_
(2,

303

main _series
additional _series
enhanced _ series (4.104)

re-enhanced _series

multiple-enhanced _ series

The corresponding voltage transfer gain is

G=Ey -1
E=HE=hH-1
(4 k)” 1
(f1 k") -1

main _series
additional _series
enhanced _ series (4.105)

re-enhanced _series

multiple-enhanced _ series

In order to show the advantages of N/O super-lift converters, their voltage
transfer gains can be compared to that of buck converters,

G=—2=k
Forward converters,
G=Yo kN
Cuk-converters,
V, k
G="o__K_
v, 1k
fly-back converters,
Vo BN
1-

© 2006 by Taylor & Francis Group, LLC

(N is the transformer turn’s ratio)

(N is the transformer turn’s ratio)
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Main Additional Enhanced Reenhanced Multiple-Enhanced
Series Series Series Series Series
A A A A A
i i i i |
! ! ! ! !
Quintuple-Lift Quintuple-Lift Quintuple-Lift Quintuple-Lift Quintuple-Lift Multiple-
Circuit Additional Circuit Enhanced Circuit | | Reenhanced Circuit Enhanced Circuit
Quadruple-Lift Quadruple-Lift Quadruple-Lift Quadruple-Lift Quadruple-Lift Multiple-
Circuit Additional Circuit Enhanced Circuit | | Reenhanced Circuit Enhanced Circuit
Triple-Lift Triple-Lift Triple-Lift Triple-Lift Triple-Lift Multiple-
Circuit Additional Circuit Enhanced Circuit | | Reenhanced Circuit Enhanced Circuit
Relift Circuit Relift Additional Relift Enhanced Relift Relift Multiple-
Circuit Circuit Reenhanced Circuit Enhanced Circuit
Elementary Additional/Enhanced Elementary Elementary Multiple-
Circuit Reenhanced Circuit Enhanced Circuit
I I
Negative Output Elementary Super-Lift Luo-Converter
FIGURE 4.15

The family of negative output super-lift Luo-converters.

boost converters,

v, 1

V. 1-k

(4.106)

If we assume the conduction duty k is 0.2, the output voltage transfer gains
are listed in Table 4.1, if the conduction duty k is 0.5, the output voltage
transfer gains are listed in Table 4.2, and if the conduction duty k is 0.8, the
output voltage transfer gains are listed in Table 4.3.
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TABLE 4.1

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

Negative output Luo-converters ~ 1.25 2.5 3.75 5 6.25 1.25n

Negative output super-lift 1.25 4.06 10.39 24.63 56.67 2.25m"-1
converters — main series

Negative output super-lift 2.5 6.88 16.72 38.87 88.7 3.5%2.250-0-1
converters — additional series

TABLE 4.2

Voltage Transfer Gains of Converters in the Condition k = 0.5

Stage No. (n) 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

Negative output Luo-converters 2 4 6 8 10 2n

Negative output super-lift converters — main series 2 8§ 26 80 242 31

Negative output super-lift converters — additional 4 14 44 134 404 5x30D-1
series

TABLE 4.3

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

Negative output Luo-converters 5 10 15 20 25 5n

Negative output super-lift converters — 5 35 215 1295 7775 61
main series

Negative output super-lift converters — 10 65 395 2375 14,255 11%60+D-1

additional series
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4.8 Simulation Results

To verify the design and calculation results, PSpice simulation package was
applied to these converters. Choosing V;, =20V, L, = L, = L; = 10 mH, all
C, to Cg =2 uF, and R = 30 k, and using k = 0.5 and f = 100kHz.

4.8.1 Simulation Results of a N/O Triple-Lift Circuit

The voltage values V;, V,, and V,, of a N/O triple-lift circuit are —46 V, -174
V, and -639 V respectively and current waveforms i;, (its average value I},
= 603 mA), i;,, and i;;. The simulation results are shown in Figure 4.16. The
voltage values are matched to the calculated results.

4.8.2 Simulation Results of a N/O Triple-Lift Additional Circuit

The voltage values V;, V,, V;, and V,, of a N/O triple-lift additional circuit
are -38 V, -146 V, -517 V, and -889 V respectively and current waveforms
ip; (its average value I;; = 1.79 A), i;,, and i;;. The simulation results are
shown in Figure 4.17. The voltage values are matched to the calculated
results.

4.9 Experimental Results

A test rig was constructed to verify the design and calculation results, and
compare with PSpice simulation results. The testing conditions are the same:
V=20V, L, =L,=L;=10mH, all C; to Cg =2 pF and R = 30 k, and using
k = 0.5 and f = 100kHz. The component of the switch is a MOSFET device
IRF950 with the rates 950 V/5 A/2 MHz. The output voltage and the first
diode current values are measured in the following converters.

4.9.1 Experimental Results of a N/O Triple-Lift Circuit

After careful measurement, the current value of I;; = 0.6 A (shown in
channel 1 with 1 A/Div) and voltage value of V, = -640 V (shown in
channel 2 with 200 V/Div) are obtained. The experimental results (current
and voltage values) in Figure 4.18 are identically matched to the calculated
and simulation results, which are I;; = 0.603 A and V, = -639 V shown in
Figure 4.16.

© 2006 by Taylor & Francis Group, LLC



Negative Output Super-Lift Luo-Converters 307
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FIGURE 4.16

Simulation results of a N/O triple-lift circuit at condition k = 0.5 and f = 100 kHz.
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FIGURE 4.17

Simulation results of a N/O triple-lift additional circuit at condition k = 0.5 and f = 100 kHz.

4.9.2 Experimental Results of a N/O Triple-Lift Additional Circuit

The experimental results (voltage and current values) are identically matched
to the calculated and simulation results as shown in Figure 4.19. The current
value of I;; = 1.78 A (shown in channel 1 with 1 A/Div) and voltage value
of Vo, =-890 V (shown in channel 2 with 200 V/Div) are obtained. The
experimental results are identically matched to the calculated and simulation
results, which are [;; =1.79 A and V, = -889 V shown in Figure 4.17.
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FIGURE 4.18
Experimental results of a N/O triple-lift circuit at condition k = 0.5 and f = 100 kHz.
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FIGURE 4.19
Experimental results of a N/O triple-lift additional circuit at k = 0.5 and f = 100 kHz.

4.9.3 Efficiency Comparison of Simulation and Experimental Results

These circuits enhanced the voltage transfer gain successfully, but efficiency,
particularly the efficiencies of the tested circuits are 51 to 78%, which is good
for high voltage output equipment. Comparison of the simulation and exper-
imental results, which are listed in the Table 4.4 and Table 4.5, demonstrates
that all results are well identified with each other.

4.9.4 Transient Process and Stability Analysis

Usually, there is high inrush current during the first power-on. Therefore,
the voltage across capacitors is quickly changed to certain values. The tran-
sient process is very quick lasting only a few milliseconds.
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TABLE 4.4

Comparison of Simulation and Experimental Results of a N/O Triple-Lift Circuit
Stage No. (1) I, (A I,A) V,(V) P, W |Vo|(V) Py(W) n (%)
Simulation results 0.603 0.871 20 17.42 639 13.61 78.12
Experimental results 0.6 0.867 20 17.33 640 13.65 78.75
TABLE 4.5

Comparison of Simulation and Experimental Results
of a N/O Triple-Lift Additional Circuit

Stage No. (n) I,A I,A Vv,V P,W [ Vol (V) Po (W) M (%)
Simulation results 1.79 2.585 20 51.7 889 26.34 51
Experimental results 1.78 2.571 20 51.4 890 26.4 51
]
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5

Positive Output Cascade Boost Converters

Super-lift technique increases the voltage transfer gain in geometric progres-
sion. However, these circuits are a bit complex. This chapter introduces a
novel approach — the positive output cascade boost converter — that imple-
ments the output voltage increasing in geometric progression, but with
simpler structure. They also effectively enhance the voltage transfer gain in
power-law.

5.1 Introduction

In order to sort these converters differently from existing voltage-lift (VL)
and super-lift (SL) converters, these converters are entitled positive output
cascade boost converters. There are several subseries:

¢ Main series — Each circuit of the main series has one switch S, n
inductors, n capacitors, and (2n — 1) diodes.

¢ Additional series — Each circuit of the additional series has one
switch S, n inductors, (1 + 2) capacitors, and (2n + 1) diodes.

¢ Double series — Each circuit of the double series has one switch S,
n inductors, 3n capacitors, and (3n — 1) diodes.

* Triple series — Each circuit of the triple series has one switch S, n
inductors, 5n capacitors, and (57 — 1) diodes.

* Multiple series — Each multiple series circuit has one switch S and
a higher number of capacitors and diodes.

In order to concentrate the super-lift function, these converters work in
the steady state with the condition of continuous conduction mode (CCM).

The conduction duty ratio is k, switching frequency is f, switching period
is T = 1/f, the load is resistive load R. The input voltage and current are V;,
and I;,, output voltage and current are V, and I,. Assume no power losses
during the conversion process, V;, X I,, = V5 X I5. The voltage transfer gain
is G:

311
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5.2 Main Series

The first three stages of positive output cascade boost converters — main
series — are shown in Figure 5.1 to Figure 5.3. For convenience they are
called elementary boost converter, two-stage circuit, and three-stage circuit
respectively, and numbered as n = 1, 2, and 3.

5.2.1 Elementary Boost Circuit

The elementary boost converter is the fundamental boost converter intro-
duced in Chapter 1 (see Figure 1.24). Its circuit diagram and its equivalent
circuits during switch-on and switch-off are shown in Figure 5.1. The voltage
across capacitor C, is charged to V,,. The current i;; flowing through inductor
L, increases with voltage V,, during switch-on period kT and decreases with
voltage —(V, - V,,) during switch-off period (1 — k)T. Therefore, the ripple of
the inductor current i, is

A, _ Vi gy :M(l—kﬁ (5.1)
Ll Ll
v-Lly (5.2)
o 1-— k in :
The voltage transfer gain is
\% 1
G=-2=—+— 53
‘/i" 1 - k ( )
The inductor average current is
V
I,=(1-k -2 5.4
== 54
The variation ratio of current i;; through inductor L, is
A /2 KTV,
él — ZLl / — in — Ei (55)
I, (1-k)2L,V, /R 2 fL,
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(a) Circuit diagram

i
NL

> .
+ ¢ o
+ +
Viy C1T \_/01 R< Vo

(b) Switching-on

(c) Switching-off

FIGURE 5.1
Elementary boost converter.

Usually &, is small (much lower than unity), which means this converter
works in the continuous mode. The ripple voltage of output voltage v, is

AQ _IMT _ KV
G G fGR

Av, =

Therefore, the variation ratio of output voltage v, is

S_AUO/Z_ k
V,  2RfG

5.6)

Usually R is in kQ, fin 10 kHz, and C, in uF, the ripple is smaller than 1%.

5.2.2 Two-Stage Boost Circuit

The two-stage boost circuit is derived from elementary boost converter by
adding the parts (L,-D,-D;-C,). Its circuit diagram and equivalent circuits
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—» L D, v, L D,
Wm+ ¢ io
+ D + *
2 L+ c,——J R
V|N C1 any VC1 S \ 2/\\/02 V_O

(a) Circuit diagram

§ ? ye
VIN L, G Vo 3L G, czR Vo

b) Equivalent circuit during switching-on

Vi Vi ¢ o
+ o+ +

Vin G, T Ver Corm\VeR Vo

(c) Equivalent circuit during switching-off

FIGURE 5.2
Two-stage boost circuit.

during switch-on and switch-off are shown in Figure 5.2. The voltage across
capacitor C, is charged to V;. As described in previous section the voltage
V', across capacitor C is

V=,
1-k

The voltage across capacitor C, is charged to V,. The current flowing through
inductor L, increases with voltage V; during switching-on period kT and

decreases with voltage —(V, - V;) during switch-off period (1 -k)T. There-
fore, the ripple of the inductor current i;, is

Ai, = 1kT_V 1(1 KT (5.7)

==V, =), (5.8)

The voltage transfer gain is
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V 1
G=-9 =(—)? 5.9
e 59)
Analogously,
-V, I
Ay = TkT L= a _Ok)z
1
. V I
A1L2=L—1kT IL2=1_Ok

2

Therefore, the variation ratio of current i;; through inductor L, is

_ Ay /2 KA-KTV, k(1-k)* R

g (5.10)
! ILl 2L110 2 le
the variation ratio of current i;, through inductor L, is
Aii, /2 k(1-K)TV, —k)?
g, =8 /2_KI-BTV, kd-k" R (5.11)
ILZ 2LZIO 2 fLZ
and the variation ratio of output voltage v, is
g=%/2_ K (5.12)

V,  2RfGC,

5.2.3 Three-Stage Boost Circuit

The three-stage boost circuit is derived from the two-stage boost circuit by
double adding the parts (L,-D,-D;-C,). Its circuit diagram and equivalent
circuits during switch-on and switch-off are shown in Figure 5.3. The voltage
across capacitor C, is charged to V,. As described previously, the voltage V;
across capacitor C, is

Vl Zix/in
1-k

and voltage V, across capacitor C, is
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D3 V2 L3 D5
iIN — Y Y Y \_4
—» L D, v, L D, ¢|0
— Y YY) N
I E +
+ RV,
D, | + L+ + § o
Vin C, T Ve C, Vg, ° ’\ CSTVca
(a) Circuit diagram a
i
IN V1 V2
i
+ + + + ¢+O
Vi SLC Vo1 9LCom Ve SLLCar~Ves R Vo
(b) Equivalent circuit during switching-on
i
WLV, LV, L
W .ULZLS ¢ io
+ + o+ +
Viy C, T Ver Gy T Voo Com\VesRZ v,
(c) Equivalent circuit during switching-off
FIGURE 5.3

Three-stage boost circuit.

The voltage across capacitor C; is charged to V,. The current flowing through
inductor L; increases with voltage V, during switching-on period kT and
decreases with voltage —(V, - V,) during switch-off (1 —k)T. Therefore, the
ripple of the inductor current i;; is

Vo -

Al , = 4 kT = YoV, 1-KT (5.13)
L, L,
Vo=t Vy = (LY = (Y, 519
o 1—k - in .
The voltage transfer gain is
V, 1
G=-"92=(-—) 5.15
Gy (5.15)

Analogously,
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V. I
Aij, =—"kT I,,=—2°2 3
L, (1-k)
V. I
Ai,, =—2kT I,,=—2
ZL2 L2 L2 (1 _ k)Z
, V. I
Ai, = L—jkT =12

Therefore, the variation ratio of current i;; through inductor L, is

_Biy, /2 _k(A-K)’TV, _k(1-k)° R
ILl 2L1Io 2 le

&

The variation ratio of current i;, through inductor L, is

Aij, /2 k(1-kPTV, k(1-k)* R

E = -
2 ILZ ZLZIO 2 fLZ

The variation ratio of current i;; through inductor L; is

_Ai, /2 k(1-KTV, k(1-k)* R

<t3 =
’ IL3 ZLSIO 2 fLS

and the variation ratio of output voltage v, is

S_AZ)O/Z_ k
V,  2RfC,

5.2.4 Higher Stage Boost Circuit

317

(5.16)

(5.17)

(5.18)

(5.19)

Higher stage boost circuit can be designed by just multiple repeating of the
parts (L,-D,-D5-C,). For n* stage boost circuit, the final output voltage across

capacitor C, is

The voltage transfer gain is
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G=-0 -1y (5.20)

the variation ratio of current i;; through inductor L; (i =1, 2, 3, ...n) is

B AiLi /2 B k(l_k)Z(n—Hl) 3

E” ILI' 2 fLi

(5.21)

and the variation ratio of output voltage v, is

= Av, /2 k
VO ZRan

(5.22)

5.3 Additional Series

All circuits of positive output cascade 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 Figure 5.4 to Figure 5.6.
For convenience they are called elementary additional circuits, two-stage
additional circuits, and three-stage additional circuits respectively, and num-
bered asn =1, 2, and 3.

5.3.1 Elementary Boost Additional (Double) Circuit

This elementary boost additional circuit is derived from elementary boost
converter by adding a DEC. Its circuit and switch-on and switch-off equiv-
alent circuits are shown in Figure 5.4. The voltage across capacitor C; and
Cy, is charged to V; and voltage across capacitor C,, is charged to V; =2 V..
The current i}, flowing through inductor L, increases with voltage V;, during
switching-on period kT and decreases with voltage —(V, — V,,) during switch-
ing-off (1 —k)T. Therefore,

Aij, = Vir k7 = wa k)T (5.23)
L L
1 1
Vl = L ‘/[n
1-k
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— L D, D, D,,
— Y'Y Y\ 4
i
vt v \ ¢ o
+ C_‘/\C1 e Cy + .
Vin s C12;<Vc1§ Vo
_ l\ - -
(a) Circuit diagram
iin L
1 V.
— 1
i
+ ¢ o
C1__ + Cl_ + C&_ + +
Vin ™ \_/01 ™ V_c11/\vc12 R<V,

(b) Equivalent circuit during switching-on
— b

N Cyy
— 1
V, ;
+ N +_ VC11 _ + +
Vin Cy Tvm Cio \Verz R Vo

(c) Equivalent circuit during switching-off

FIGURE 5.4
Elementary boost additional (double) circuit.

The output voltage is

2
o=2Vi=1V
The voltage transfer gain is
G=Yo_ 2
v, 1-k
and
2
by =1y = ﬂlo

The variation ratio of current i;; through inductor L, is
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(5.24)

(5.25)

(5.26)
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Aiy, /2 k(A-K)TV, _k(1-k* R

= = 5.27
3;1 ILl 4L1[o 8 fL 1 ( )
The ripple voltage of output voltage v, is
Aoy = AQ _IkT _ k Vo
ClZ C12 fC 12 R
Therefore, the variation ratio of output voltage v, is
_A/2_ K (5.28)
Vo ZRfCu

5.3.2 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 5.5. The voltage across capacitor C,
is charged to V. As described in the previous section the voltage V; across
capacitor C, is

V= Ve
k
The voltage across capacitor C, and capacitor C,; is charged to V, and
voltage across capacitor C,, is charged to V. The current flowing through
inductor L, increases with voltage V; during switch-on period kT and
decreases with voltage —(V, — V) during switch-off period (1 — k)T. Therefore,
the ripple of the inductor current i, is

V, -
Ai " kT = .= W 1-k)T 5.29
ha = I (1-k) (5.29)
v, =1 v, = (—) v, (5.30)
2 1-— k 1 in :
The output voltage is
Vo=2V,= ﬁvl = (7) Vi (5.31)
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(b) Equivalent circuit during switching-on

iin L, 2 L, v, Cyy

v, v, _/V I, ¢ io
+ + Vet + +

IN C1T \_/01 Cz;<\_/2 012/‘\\/212 R< Vg

(c) Equivalent circuit during switching-off

FIGURE 5.5
Two-stage boost additional circuit.

The voltage transfer gain is

V, 1
G=-92=2(—)° 5.32
V) (5.32)
Analogously,
; ‘/il1 2
AlLl :fkT IL] = (1—k)2 O
1
% 2]
Ai,, = L—lkT I,= 1—Ok

2

Therefore, the variation ratio of current i;; through inductor L, is
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Ai, /2 k(1-K)’TV, _k(1-k)* R

£ = = (5.33)
' ILl 4LlIO 8 le
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-K)T —k)?
£, = i, /2 _K1-KTV, _k(1-k)" R (5.34)
ILZ 4LZIO 8 fLZ
The ripple voltage of output voltage v, is
Avg = AQ _IkT _ k Vo
ClZ C12 .f(jIZ R
Therefore, the variation ratio of output voltage v, is
Avo /2 k (5.35)
Vo ZRfclz

5.3.3 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
are shown in Figure 5.6. The voltage across capacitor C, is charged to V;. As
described previously the voltage V, across Capac1t0r CisV, = (1/1 k) s
and voltage V, across capacitor C, is V, = (1/1 k)

The voltage across capacitor C, and capacitor C 11 is charged to V. The
voltage across capacitor C,, is charged to V. The current flowing through
inductor L; increases with voltage V, during switch-on period kT and
decreases with voltage —(V; — V,) during switch-off (1 — k)T. Therefore,

V, -

Aij, = Lj kT = L VamVaqopr (5.36)
and
V=V, = (Y = (), (5.37)
1-k 1-k 1-k
The output voltage is
V, =2V, =2(—>)V, (5.38)
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D3 Va2 L3
|.
_"L L1 D1 Vi1 L2 Da
D2
+ J
Vin
y c Ve
- C1;l: Vet 2~ Ve
(a) Circuit diagram
lin Vi1 V2 V3 |O

+ + 122 Co * s Co +C11 . Ci12 V+ |# +

Vin 119 C1 7R ver ~ V2 ~ =~ c12 03 Vg

- Vs V3

(b) Equivalent circuit during switch-on
lin L1 L2 L3 Ci1 Cs
) V1 V2 Vs )I |O
+ VL1 + VL2 + VL3 V3+ + ¢+
Vin "\ Vi Ve —~ Ys C12TVC12 Vo
(b) Equivalent circuit during switch-off

FIGURE 5.6

Three-stage boost additional circuit.

The voltage transfer gain is

\% 1
G=-9=2("-) 5.39
=2 (5.39)
Analogously:
o, 2
AZL1= L kT ILl =WIO
1
) V 2
AZLzzflkT ILZZWIO
2
V. 2]
Bijy =2 KT =15
3
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Therefore, the variation ratio of current i;; through inductor L, is

_ A, /2 k(l_k)sTV,-n _ k(1-k)° R

g
' ILI 4L110 8 ﬂ‘l

and the variation ratio of current i;, through inductor L, is

Aiy, /2 _k(1-k)’TV, _k(1-K)* R
ILZ 4LZIO 8 fLZ

§2=

and the variation ratio of current i;; through inductor L; is

_Aiy /2 k(-KTV, k(1-k?* R

g
’ I, 4L,1, 8 [l

The ripple voltage of output voltage v, is

AQ KTk V,
ClZ CIZ fC12 R

Therefore, the variation ratio of output voltage v, is

. Avp /2 k
Vo 2RfC,,

5.3.4 Higher Stage Boost Additional Circuit

(5.40)

(5.41)

(5.42)

(5.43)

Higher stage boost additional circuits can be designed by repeating the parts
(Ly-D,-D;-C,) multiple times. For nth stage additional circuit, the final output

voltage is
V=2 1 'V
(¢] 1—k in

The voltage transfer gain is

(5.44)

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,

...n) is
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_ A /2 k(1=K R

ST s 1,

(5.45)

and the variation ratio of output voltage v, is

. Ave /2 k
Vo 2RfC,,

(5.46)

5.4 Double Series

All circuits of the positive output cascade boost converter — double series —
are derived from the corresponding circuits of the main series by adding a
DEC in each stage circuit. The first three stages of this series are shown in
Figures 5.4, 5.7, and 5.8. For convenience to explain, they are called elemen-
tary double circuits, two-stage double circuits, and three-stage double cir-
cuits respectively, and numbered as n = 1, 2, and 3.

5.4.1 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 5.4,
which is the same as the elementary boost additional circuit.

5.4.2 Two-Stage Double Boost Circuit

The two-stage double boost circuit is derived from the two-stage boost circuit
by adding a DEC in each stage circuit. Its circuit diagram and switch-on and
switch-off equivalent circuits are shown in Figure 5.7. The voltage across
capacitor C; and capacitor Cy; is charged to V. As described in the previous
section, the voltage V; across capacitor C, and capacitor C;;is V| = (1/ 1- k)Vm .
The voltage across capacitor C,, is charged to 2V/,.

The current flowing through inductor L, increases with voltage 2V, during
switch-on period kT and decreases with voltage —(V, —2V;) during switch-
off period (1 — k)T. Therefore, the ripple of the inductor current i, is

= ZLLkT = %(1 —K)T (5.47)

2 2

Ai
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I'in L1 D1

(a) Circuit diagram

lin V.1 2\f1 \I.z |(1
" cil * +C1E_ T L Ce| * Czi Vc22 | *
Vvin L1y VIR v v V2=
- “Cul - ~C21

(b) Equivalent circuit during switch-on

L2
Ci11 oy V2 Cat
rYYW hY
;I—

c) Equivalent circuit during switch-off
FIGURE 5.7

Two-stage boost double circuit.

V,= ﬁ vV, = 2(—) (5.48)
The output voltage is
V, =2V, = (L)ZVM (5.49)
1-k
The voltage transfer gain is
V.,
G=yf = (ﬁ)z (5.50)
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Analogously,
.V, 2
Al = L kT Iu:(—l_k)zlO
1
N 21
Ai, = L—lkT I,= 1—Ok

2

Therefore, the variation ratio of current i;; through inductor L, is

A, /2 k(1-k)’TV, -k
él — lLl / — ( ) in _ k(l k) i (551)
ILl 8L110 16 le
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-KTV, —k)?
e, o8 /2_KI-KTV, K1-B® R 552
ILZ 4LZIO 8 fLZ
The ripple voltage of output voltage v, is
Avg = AQ _IkT _ k Vi
C22 CZZ .f(j22 R
Therefore, the variation ratio of output voltage v, is
g= 00 /2 _ K (5.53)

Vo 2RfCy

5.4.3 Three-Stage Double Boost Circuit

This circuit is derived from the three-stage boost circuit by adding a DEC in
each stage circuit. Its circuit diagram and equivalent circuits during switch-
on and -off are shown in Figure 5.8. The voltage across capacitor C; and
capacitor C,; is charged to V,. As described earlier the voltage V, across
capacitor C; and capacitor Cy; is V, = (1/1 - k)Vin, and voltage V, across capac-
itor C, and capacitor Cy, is V, = 2(1/1— k)2 V..

The voltage across capacitor Cy, is 2V, = (2/1—k)2Vin. The voltage across
capacitor C; and capacitor Cj, is charged to V. The voltage across capacitor
C,, is charged to V. The current flowing through inductor L, increases with
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I_n> L1 D1 Vi D11 D12 V4 L2 D3
+
+ D2 C11 ,T\Vc:ﬂ Da
Vin N . . + S \ 03
- 01;[_\\/,01 Ci2 ,_-|: Vciz C2 7—[_\_ch CZZ"[‘chz
(a) Circuit diagram T

lin \{1 2\./1 V.z 2\./2 \{3 lo

+ ci| + +C12 T ol + +sz T csl + +C32 Vz:sz +

vin Uy VIR vids v Ve Rove V=< 2Rz Yo

- -cn| - “Cat| V2 -cai| V8

(b) Equivalent circuit during switch-on
lin L Vi Cit oy 12 Va Gz avp 8 vs Cai lo
- - -
Vit + Vi2 + Vi3 +
¥ L V1 V2 V3 .
Ci==< v 1o+ 1 - 1o+ + 1o+ R
Vin Vet 12/\V?12 Co V2 022/\V?22 CBT \{3 Cszf\vi)32 Vo
(c) Equivalent circuit during switch-off

FIGURE 5.8

Three-stage boost double circuit.
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voltage V, during switch-on period kT and decreases with voltage —(V; — 2V,)
during switch-off (1 — k)T. Therefore,

Vv, -2V
Ai,, :%kT:Q(l—k)T (5.54)
S L L,
and
2V,
= et (5.55)
(1-k) @1-k)
The output voltage is
V, =2V, = (L)‘Q’V (5.56)
(0] 3 1-k in .
The voltage transfer gain is
% 2
G=-9=-(—=2)° 5.57
Gy (5.57)
Analogously,
V. 8
Ai, =—"KkT =——1]
L1 Ll L1 (1 _ k)3 (@]
. V. 4
A, =ikT L2 =WIO
) V. 21
Al = —sz I, = 1—Ok
Therefore, the variation ratio of current i;; through inductor L, is
j k(1-k)’TV, —k)®
£ - Aij, /2 _ ( )TV, _ k(1-k)" R (5.58)
I, 16L,1, 128 fL,
and the variation ratio of current i, through inductor L, is
Ai 1-k)’TV, -k)*
e 8 /2_KI-KITV, k1=K R 559
ILZ 8LZIO 32 fLZ

© 2006 by Taylor & Francis Group, LLC



330 Essential DC/DC Converters

and the variation ratio of current i;; through inductor L; is

_Ai, /2 k(1-KTV,  k(1-k)* R

5.60
3;3 IL3 4LSIO 8 fL 3 ( )
The ripple voltage of output voltage v, is
AQ 1,1-KT 1-kV,
A’U o = —= = —_—
CSZ CSZ f C32 R
Therefore, the variation ratio of output voltage v, is
g=20%/2__ K (5.61)

Vo - 2RfC;,

5.4.4 Higher Stage Double Boost Circuit

The higher stage double boost circuits can be derived from the corresponding
main series circuits by adding a DEC in each stage circuit. For nth stage
additional circuit, the final output voltage is

2
‘/ =\— n‘/
(@] (1—k) in

The voltage transfer gain is

<

2
G=—9 (=) 5.62
v =GR (5.62)

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...n) is

B AZ‘U /2 B k(l_k)2(n—i+1) i

éi ILz' 2% 22” ﬂ‘i

(5.63)

The variation ratio of output voltage v, is

o= Avy /2 k
VO 2Rfcn2

(5.64)
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s L‘ 147~

}
L

(a) Circuit Diagram

2V

1

L,3C1
b=

+ C£_+ C£_+ Cﬁ_+ Cﬁ__'_
Ver Ve Verz ~~Veis Ve R

(b) E

L1
L ) 2V1 ¢ iO
V, C
g ~ Voi© + ! +

quivalent circuit during switching-on
C
v, PN
c /1

11

4 1
R R§VO

+
Cy 1~ Vo C12TV012 _

(c) Equivalent circuit during switching-off

FIGURE 5.9
Cascade boost re-double circui

t.
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5.5 Triple Series

All circuits of P/O cascade boost converters — triple series — are derived
from the corresponding circuits of the double series by adding the DEC twice
in each stage circuit. The first three stages of this series are shown in
Figure 5.9 to Figure 5.11. For convenience they are called elementary triple
boost circuit, two-stage triple boost circuit, and three-stage triple boost circuit
respectively, and numbered as n =1, 2 and 3.

5.5.1

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
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and switch-on and -off equivalent circuits are shown in Figure 5.9. The
output voltage of first stage boost circuit is V;, V; = V,,/(1-k).

The voltage across capacitors C; and Cy,; is charged to V; and voltage across
capacitors C;, and Cy; is charged to Vc13 =2V,. The current i;, flowing through
inductor L, increases with voltage V,, during switch-on period kT and
decreases with voltage —(V, - V,,) during switch-off (1 — k)T. Therefore,

V-

A, = Yiy kT =——n Vi 1-k)T 5.65
iy = KT =S (- (5.65)
Vl = L ‘/in
1-k
The output voltage is
3
Vo=V + Vo, =3V, = ﬁVm (5.66)
The voltage transfer gain is
V, 3
G=-92=—"_ 5.67
V., 1=k (5.67)

5.5.2 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 each stage circuit. Its circuit diagram and
switch-on and -off equivalent circuits are shown in Figure 5.10. As described
in the previous section the voltage V,; across capacitors C; and Cy; is
V, =(/1-k)V,,. The voltage across capacitor C,, is charged to 3V.

The voltage across capacitors C, and C,, is charged to V, and voltage across
capacitors C,, and C,; is charged to V,; = 2V,. The current flowing through
inductor L, increases with voltage 3V, during switch-on period kT, and
decreases with voltage —(V, — 3V,) during switch-off period (1 - k)T. There-
fore, the ripple of the inductor current i}, is

aiy, == 22 g yr (5.68)
LZ L2
3
Vo= V- 3(—) V. (5.69)
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IN
— L1 D1 V1 D11 D 2V1 D13 D14 3V1 L2 D3 Vz D21 D22 2V, D23 D24
ik ve
* C1V‘|‘\ C13/|\ CZI/|‘\ C23/|\ .
v Dt R§ Vo
IN D2 \ _
1 1 J S N J 1
_ C1 VR C12/\ C14/\ | RS Cz sz/\ Cza/\
(a) Circuit diagram
iy 3V,

+L1 Ci|l + Cul + Cp Cig Cy4l + + Co| + Cp| +
Vin /l\\fm /l\Vcn/I\\ﬁm/I\ /l\ o Lo /|\ oa/|\ 021/I\\£<:22/I\_0 /I\_c24 Vo

(b) Equivalent circuit during switching-on

Cos \ |
vV, /1
-V
c23+
c L. — 021
Vi \1| 3V1N\;Y\_, > 2V, Cau) io
n L Cu ’él / ~ ¢+
=~ S v Ve g2y
1 - o
. Vi _/\/l + 1“4 + G, /\Voz —L_ Vg
Lo+ e |+ N Ve _ ™ 2
Vin C, Tvm 012/\Vc12 - C, | ~

(c) Equivalent circuit during switching-off

FIGURE 5.10
Two-stage boost re-double circuit.
The output voltage is
3
Vo=V, + Vo =3V, = (ﬁ) V., (5.70)
The voltage transfer gain is

G=-2=(—) (5.71)

Analogously,
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H %n 2
By =7 KT =G
V, 21
Ai = 1KT I, =2
ZLZ L L2 1 _ k

2

Therefore, the variation ratio of current i;; through inductor L, is

Ai, /2 k(1-k)PTV, _k(-k* R

€ = (5.72)
' ILI SLllO 16 fl‘l
and the variation ratio of current i, through inductor L, is
Ai, /2 k(Q-K)TV, —k)?
g, =M /2_KI-BTV, kd-ky R (5.73)
ILZ 4L2IO 8 fLZ
The ripple voltage of output voltage v, is
Avg = AQ _IkT _ k Vo
C24 C24 fC24 R
Therefore, the variation ratio of output voltage v, is
g=0/2_ K (5.74)

Vo - 2RfCy,

5.5.3 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 -off are shown in Figure 5.11. As described earlier the
voltage V, across capacitors C, and Cy, is V, =3V, =(3/1-k)V,,, and voltage
across capacitor C,, is charged to 3V,.

The voltage across capacitors C; and C;, is charged to V; and voltage across
capacitors C;, and Cy; is charged to Vi3 = 2V;. The current flowing through
inductor L; increases with voltage 3V, during switch-on period kT and
decreases with voltage —(V; —3V,) during switch-off (1 - k)T. Therefore, the
ripple of the inductor current i;; is

3V, v, -3V.
i, = L—ZkT = %(1 0T (5.75)

3 3
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FIGURE 5.11

Three-stage boost re-double circuit.
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and

3 1
V.=—_V =9(—)V.
3 1—k 2 (1_k) in

The output voltage is

3
Vo=Ves + Ve =3V3 = (ﬂ)s Vi

The voltage transfer gain is

G= =)
Analogously,
Ai, = ‘Z’l’kT =g fzk Lo
Ai, = ‘L/:kT I,= (1_8]()2 I,
Aij = %kT I, = ﬁ I,

3

Therefore, the variation ratio of current i;; through inductor L, is

&12

Ai, /2 k(1-K’TV, k(1-k° R

I, 64L,1,, 12°

and the variation ratio of current i;, through inductor L, is

&

AL, /2 K1-KPTV, k1-K* R

I 16L,1,, 122

L2

and the variation ratio of current i;; through inductor L, is

&
I, AL, 12
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AL /2 kA-KTV, k(1-k)* R

(5.76)

(5.77)

(5.78)

(5.79)

(5.80)
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The ripple voltage of output voltage v, is

AQ _IokT _ k Vo
Gy Gy fGu R

Av, =

Therefore, the variation ratio of output voltage v, is

_Av, /2 k
Vo 2RfCs,

(5.82)

5.5.4 Higher Stage Triple Boost Circuit

Higher stage triple boost circuits can be derived from the corresponding
circuit of double boost series by adding another DEC in each stage circuit.
For nth stage additional circuit, the final output voltage is

The voltage transfer gain is

G=_0=("y (5.83)

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...n) is

A /2 k(1=K R

, . 5.84
E.tz IU 12(n—1+1) le‘ ( )

and the variation ratio of output voltage v, is
e=flo/2_ K (5.85)

Vo | 2RFG,

5.6 Multiple Series

All circuits of P/O cascade boost converters — multiple series — are derived
from the corresponding circuits of the main series by adding DEC multiple
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(a) Circuit diagram
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(b) Equivalent circuit during switching-on
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(c) Equivalent circuit during switching-off

FIGURE 5.12
Cascade boost multiple-double circuit.

(j) times in each stage circuit. The first three stages of this series are shown
in Figure 5.12 to Figure 5.14. For convenience they are called elementary
multiple boost circuits, two-stage multiple boost circuits, and three-stage
multiple boost circuits respectively, and numbered as n = 1, 2, and 3.

5.6.1 Elementary Multiple Boost Circuit

From the construction principle, the elementary multiple boost circuit is
derived from the elementary boost converter by adding DEC multiple (j)
times in the circuit. Its circuit and switch-on and -off equivalent circuits are
shown in Figure 5.12.

The voltage across capacitors C; and C;; is charged to V; and voltage across
capacitors C;, and Cy; is charged to V; = 2V,. The voltage across capacitors
Cigj and Cpyqy is charged to Vg = jV;. The current i), flowing through
inductor L, increases with voltage V,, during switch-on period kT and
decreases with voltage —(V; - V,,) during switch-off (1 — k)T. Therefore,

© 2006 by Taylor & Francis Group, LLC



Positive Output Cascade Boost Converters

A, = Y kT = YoV (1-kT
Ll Ll
Vl = L ‘/in
1-k
The output voltage is
1+j
Vo =Ver + Voo = A+ )V, ——ka

The voltage transfer gain is

5.6.2 Two-Stage Multiple Boost Circuit

339

(5.86)

(5.87)

(5.88)

(5.89)

The two-stage multiple boost circuit is derived from the two-stage boost
circuit by adding multiple (j) DECs in each stage circuit. Its circuit diagram
and switch-on and -off equivalent circuits are shown in Figure 5.13. The
voltage across capacitor C; and capacitor C,; is charged to V, =(1/1- k) i

The voltage across capacitor Cy( is charged to (1 + j)V;.

The current flowing through inductor L, increases with voltage (1 + j)V;

during switch-on period kT and decreases with voltage —[V, -

1+ )vil

during switch-off period (1 - k)T. Therefore, the ripple of the inductor current

i, is
‘ 1
pipy =gy, = V2 m WDV gr
LZ LZ
1+
Vo= IV = )G,
The output voltage is
. 1+,
Vo =Ver +Veypjy =1+ ))V, = ) V.,
The voltage transfer gain is
Vi, 1+j
G= 0 =( ])2
V., 1-k
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(a) Circuit diagram
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(c) Equivalent circuit during switching-off

FIGURE 5.13
Two-stage boost multiple-double circuit.

The ripple voltage of output voltage v, is

AQ I kT k Vo
C22j sz]' fCZZj R

Ay, =

Therefore, the variation ratio of output voltage v, is

AUO/Z k

(5.94)
Vo ZRfczz j
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5.6.3 Three-Stage Multiple Boost Circuit

This circuit is derived from the three-stage boost circuit by adding multiple
(/) DECs in each stage circuit. Its circuit diagram and equivalent circuits
during switch-on and -off are shown in Figure 5.14. The voltage across capac-
itor C; and capacitor C;; is charged to V, :(1/1—k)Vm. The voltage across
capacitor Cy; is charged to (1 + j)V;. The voltage V, across capacitor C, and
capacitor Cy; is charged to (1 + /)V,.

The current flowing through inductor L; increases with voltage (1 + j)V,
during switch-on period kT and decreases with voltage —-[V;-(1 + j)V,]
during switch-off (1 — k)T. Therefore,

Al = 1+

kTV, = A-KT (5.95)

3 3

V,—(1+))V,
L

and

gV, e

= , 5.96
3 (1 _ k) (1 _ k)3 in ( )
The output voltage is
. 1+j
Vo =Ves +Vespjoy = A+ ))V; = 1- ]]<)3Vin (5.97)
The voltage transfer gain is
V, 1+j
G=-0—(=1/)3 5.98
Gy (5.98)
The ripple voltage of output voltage v, is
AQ  IkT k V,
A’U = = = —_—
° Coj Gy fCy R
Therefore, the variation ratio of output voltage v, is
e=00/2_ K (5.99)

Vo 2RfCy;
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(c) Equivalent circuit during switching-off

Three-stage boost multiple-double circuit.
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5.6.4 Higher Stage Multiple Boost Circuit

343

Higher stage multiple boost circuit is derived from the corresponding circuit
of the main series by adding multiple (j) DECs in each stage circuit. For nth

stage additional circuit, the final output voltage is

1+j
Vo=(—9)"V,
o (].—k) in
The voltage transfer gain is
G—&=(l+])”
V. 1=k

Analogously, the variation ratio of output voltage v, is

o= Av, /2 k
VO 2Rfcn2j

(5.100)

(5.101)

5.7 Summary of Positive Output Cascade Boost Converters

All circuits of the positive output cascade boost converters as a family are
shown in Figure 5.15 as the family tree. From the analysis of the previous
two sections we have the common formula to calculate the output voltage:

(i)" V., main _ series
1-k
2% (1 1 P )"V, additional _ series

V, = (L)” V. double _ series

1 5 k m

—)'V. triple _series

(l _ I{ ) m p -

(%)" V., multiple(j) _ series

The voltage transfer gain is
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Main Additional Double Triple Multi
Series Series Series Series Series
A } 4 4 A
i i i i i
! ! ! ! !
5 Stage Boost 5 Stage Additional 5 Stage Double 5 Stage Triple 5 Stage Multiple
Circuit Boost Circuit Boost Circuit Boost Circuit Boost Circuit
4 Stage Boost 4 Stage Additional 4 Stage Double 4 Stage Triple 4 Stage Multiple
Circuit Boost Circuit Boost Circuit Boost Circuit Boost Circuit
3 Stage Boost 3 Stage Additional 3 Stage Double 3 Stage Triple 3 Stage Multiple
Circuit Boost Circuit Boost Circuit Boost Circuit Boost Circuit
2 Stage Boost 2 Stage Additional 2 Stage Double 2 Stage Triple 2 Stage Multiple
Circuit Boost Circuit Boost Circuit Boost Circuit Boost Circuit
Elementary Elementary Triple Elementary Multiple
Additional/Double Boost Circuit Boost Circuit
Boost Circuit
Positive Output Elementary Boost Converter
FIGURE 5.15

The family of positive output cascade boost converters

1, . .
(—) main _ series
E

2% (1 p )" additional _ series

V
G= V—o = (ﬁ)” double _ series (5.103)

(lfk " triple _ series
(%)” multiple(j) _ series

In order to show the advantages of the positive output cascade boost con-
verters, we compare their voltage transfer gains to that of the buck converter,
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forward converter,

\%
G= V—O =kN N is the transformer turn ratio
Cuk-converter,
c-Yo_ k_
v, 1-k
fly-back converter,
Vo k . .
G=—"=——N N is the transformer turn ratio
v, 1-k
boost converter,
\% 1
G = 70 =
v, 1-k
and positive output Luo-converters
\%
G=-0_-_" (5.104)
V., 1-k

If we assume that the conduction duty k is 0.2, the output voltage transfer
gains are listed in Table 5.1; if the conduction duty k is 0.5, the output voltage
transfer gains are listed in Table 5.2; if the conduction duty k is 0.8, the output
voltage transfer gains are listed in Table 5.3.

5.8 Simulation and Experimental Results
5.8.1 Simulation Results of a Three-Stage Boost Circuit

To verify the design and calculation results, the PSpice simulation package
was applied to a three-stage boost converter. Choosing V;, =20V, L, =L, =
L;=10mH, all C; to Cg =2 uF, and R = 30 kQ, k = 0.7 and f = 100 kHz. The
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TABLE 5.1

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 ratio)

Cuk-converter 0.25

Fly-back converter 0.25N (N is the transformer turn ratio)

Boost converter 1.25

Positive output Luo-converters 1.25 2.5 3.75 5 6.25 1.25n

Positive output cascade boost 125 1.563 1.953 2.441 3.052  1.257
converters — main series

Positive output cascade boost 25 3125 3.906 4.882 6.104  2%1.25"
converters — additional series

Positive output cascade boost 2.5 6.25 15.625 39.063 97.66  (2%1.25)"
converters — double series

Positive output cascade boost 3.75  14.06 5273 19775 74158  (3*1.25)"
converters — triple series

Positive output cascade boost (j = 3) 5 25 125 625 3125 (4+1.25)

converters — multiple series

TABLE 5.2

Voltage Transfer Gains of Converters in the Condition k = 0.5

Stage No. (n) 1 2 3 4 5 n

Buck converter 0.5

Forward converter 0.5N (N is the transformer turn ratio)

Cuk-converter 1

Fly-back converter N (N is the transformer turn ratio)

Boost converter 2

Positive output Luo-converters 2 4 6 8 10 2n

Positive output cascade boost converters — 2 4 8 16 32 2
main series

Positive output cascade boost converters — 4 8 16 32 64 22"
additional series

Positive output cascade boost converters — 4 16 64 256 1024  (2=%2)
double series

Positive output cascade boost converters — 6 36 216 1296 7776  (3%2)"
triple series

Positive output cascade boost (j = 3) 8 64 512 4096 32,768  (4x2)"

converters — multiple series

obtained voltage values V;, V,, and V,, of a triple-lift circuit are 66 V, 194 V,
and 659 V respectively and inductor current waveforms i;, (its average value
I;; = 618 mA), i},, and i;;. The simulation results are shown in Figure 5.16.
The voltage values match the calculated results.
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TABLE 5.3

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 ratio)

Cuk-converter 4

Fly-back converter 4N (N is the transformer turn ratio)

Boost converter 5

Positive output Luo-converters 5 10 15 20 25 b5n

Positive output cascade boost 5 25 125 625 3125 5"
converters — main series

Positive output cascade boost 10 50 250 1250 6250 25"
converters — additional series

Positive output cascade boost 10 100 1000 10,000 100,000 (2x5)"
converters — double series

Positive output cascade boost 15 225 3375 50,625 759,375  (3%5)"
converters — triple series

Positive output cascade boost (j=3) 20 400 8000 160,000 32%10°  (4%5)"

converters — multiple series

1.0A T 7 T '
(9.988m, 618m)
H H H | H
{ ; ! | :
0.5A (9.988m, 218m)
(9.988m, 111m)
o — et : 2
0A : : —
I(L1) ®1(L2) m I(L3)
1.0KV T
(9.988m, 659m)
! ! ! | !
0.5KV (9.988m, 194m)
(9.988m, 66m)
SEL>> Y v e — e
ov S ] 2
9.980ms  9.984ms 9.988ms 9.992ms 9.996ms  10.000ms
V(R:2) © V(D2:2) V V(D5:2) Time
FIGURE 5.16

The simulation results of a three-stage boost circuit at condition k = 0.7 and f = 100 kHz.

5.8.2 Experimental Results of a Three-Stage Boost Circuit

A test rig was constructed to verify the design and calculation results, and
compared with PSpice simulation results. The test conditions are still V;, =
20V, L =L,=L;=10mH, all C; to Cg =2 uF and R =30 kQ, k = 0.7, and f
= 100kHz. The component of the switch is a MOSFET device IRF950 with
the rate 950 V/5 A/2 MHz. The measured values of the output voltage and
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i1 1.004a 2 200,00V

FIGURE 5.17
The experimental results of a three-stage boost circuit at condition k = 0.7 and f = 100 kHz

TABLE 5.4

Comparison of Simulation and Experimental Results of a Triple-Lift Circuit

Stage No. (1) I,(A) I, V,(V) P,W) V,(V) P, (W) n(%)
Simulation results 0.618 0.927 20 18.54 659 14.47 78
Experimental results 0.62 0.93 20 18.6 660 14.52 78

first inductor current in a three-stage boost converter. After careful measure-
ment, we obtained the current value of I;; = 0.62 A (shown in channel 1 with
1 A/Div) and voltage value of V, = 660 V (shown in channel 2 with 200 V/
Div). The experimental results (current and voltage values) in Figure 5.17
match the calculated and simulation results, which are [;; = 0.618 A and V,
= 659 V shown in Figure 5.16.

5.8.3 Efficiency Comparison of Simulation and Experimental Results

These circuits enhanced the voltage transfer gain successfully, and efficiently.
Particularly, the efficiency of the tested circuits is 78%, which is good for
high voltage output equipment. Comparison of the simulation and experi-
mental results is shown in Table 5.4.

5.8.4 Transient Process

Usually, there is high inrush current during the first power-on. Therefore,
the voltage across capacitors is quickly changed to certain values. The tran-
sient process is very quick taking only a few milliseconds.
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6

Negative Output Cascade Boost Converters

6.1 Introduction

This chapter introduces negative output cascade boost converters. Just as
with positive output cascade boost converters these converters use the super-
lift technique. There are several sub-series:

e Main series — Each circuit of the main series has one switch S, n
inductors, n capacitors, and (2n — 1) diodes.

e Additional series — Each circuit of the additional series has one
switch S, n inductors, (1 + 2) capacitors, and (2n + 1) diodes.

e Double series — Each circuit of the double series has one switch S,
n inductors, 3n capacitors, and (3n — 1) diodes.

e Triple series — Each circuit of the triple series has one switch S, n
inductors, 5n capacitors, and (57 — 1) diodes.

¢ Multiple series — Multiple series circuits have one switch S and a
higher number of capacitors and diodes.

The conduction duty ratio is k, switching frequency is f, switching period is
T = 1/f, the load is resistive load R. The input voltage and current are V,,
and I;,, output voltage and current are V,, and I,. Assume no power losses
during the conversion process, V;, X I,, = V, X I5. The voltage transfer gain
is G:

6.2 Main Series

The first three stages of the negative output cascade boost converters — main
series — are shown in Figure 6.1 to Figure 6.3. For convenience they are

351

© 2006 by Taylor & Francis Group, LLC



352 Essential DC/DC Conuverters

(a) Circuit diagram

5
I\ ? io

+ Vg = -

\" L RSV

iIN C1
=1 i
. oey- do

(c) Equivalent circuit during switching-off

FIGURE 6.1
Elementary boost converter.

called elementary boost converter, two-stage boost circuit and three-stage
boost circuit respectively, and numbered as n = 1, 2 and 3.

6.2.1 N/O Elementary Boost Circuit

The N/O elementary boost converter and its equivalent circuits during
switch-on and -off are shown in Figure 6.1. The voltage across capacitor C;
is charged to V. The current i;, flowing through inductor L, increases with
voltage V,, during switch-on period kT and decreases with voltage
—(Ve - V) during switch-off period (1 —k)T. Therefore, the ripple of the
inductor current i, is

\% V.-V
Aij, = Vg = e " i T 6.1)
Ll Ll
1
Var =1 Vi
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k
VO = VCl - ‘/in = ﬁ‘/m (62)
The voltage transfer gain is
V,
G=-o-_1 4 63)
v, 1-k
The inductor average current is
V,
I =(1-k)-2 6.4
n=(-K)C 64)

The variation ratio of current i;; through inductor L, is

A, /2 KTV, kR

I, (-k2LV,/R 2fL,

& (6.5)

Usually & is small (much lower than unity), it means this converter works
in the continuous mode.
The ripple voltage of output voltage v, is

AQ _IhT _ k Vo
c, C fG R

Av, =

Therefore, the variation ratio of output voltage v, is

g:AvO/zz k
Vo 2R,

(6.6)

Usually R is in kQ, fin 10 kHz, and C, in pF, this ripple is smaller than 1%.

6.2.2 N/O Two-Stage Boost Circuit

The N/O two-stage boost circuit is derived from elementary boost converter
by adding the parts (L,-D,-D;-C,). Its circuit diagram and equivalent circuits
during switch-on and switch -off are shown in Figure 6.2. The voltage across
capacitor C, is charged to V;. As described in the previous section the voltage
V, across capacitor C, is

Vl :L‘/in
1-k
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(b) Equivalent circuit during switching-on

N

(c) Equivalent circuit during switching-off

FIGURE 6.2
Two-stage boost circuit.

The voltage across capacitor C, is charged to V,. The current flowing
through inductor L, increases with voltage V; during switch-on period kT
and decreases with voltage —(V, - V;) during switch-off period (1-k)T.

Therefore, the ripple of the inductor current i}, is

AR A
Aijy = KT = =2 L (1= R)T

The voltage transfer gain is

© 2006 by Taylor & Francis Group, LLC
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V, 1
G=-9=(—)_1 6.9
oGy (6.9)
Analogously,
. I
Aiu:ﬁkT I, =2 2
L (1K)
. V I
A1L2=L—1kT IL2=1_Ok

2

Therefore, the variation ratio of current 7, through inductor L, is

Aiy /2 k(1-KPTV, k1-k*' R

& = (6.10)
! ILl 2L110 2 le
the variation ratio of current i, through inductor L, is
Ai - —k)?
£, - i, /2 _ k(1-k)TV, _k(-k)" R (6.11)
ILZ ZLZIO 2 fLZ
and the variation ratio of output voltage v, is
g=A0%/2__k (6.12)

Vo  2RfC,

6.2.3 N/O Three-Stage Boost Circuit

The N /O three-stage boost circuit is derived from the two-stage boost circuit
by double adding the parts (L,-D,-D;-C,). Its circuit diagram and equivalent
circuits during switch-on and -off are shown in Figure 6.3. The voltage across
capacitor C, is charged to V. As described previously the voltage V, across
capacitor C, Js Vo= (1/ 1- k)Vin , and voltage V., across capacitor C, is
Ve, = (1/1_k) Vi

The voltage across capacitor C; is charged to V. The current flowing
through inductor L, increases with voltage V-, during switch-on period kT
and decreases with voltage —(V; — V,) during switch-off (1 — k)T. Therefore,
the ripple of the inductor current i 4 is

Ma KT (6.13)

V
AiLS =%kT= L
3

3
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iIN CS
- . |
of ,3el 3 v PF
ciy L Vesy L B
VIN L1 2 - 8 R o

(b) Equivalent circuit during switching-on

iIN
—
C

1, 1. 1,
Vc1C chc Ves

3

1 2

(c) Equivalent circuit during switching-off

FIGURE 6.3
Three-stage boost circuit.

1 1 1
Ves = 1—k Ve = (ﬂ)z Ve = (E)B’Vm
L s
Vo =Ves =V =l )" -1V, (6.14)
The voltage transfer gain is

V. 1
G=_F=(—)"-1 6.15
v, ~G=¥ (615)

Analogously,
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g I
aiy, = Vi gt 1= to_
L, (1-k)
\% I
Aim:—lkT I,= 0 5
L, (1-k)
) V. I
iy, = L—jkT =12

Therefore, the variation ratio of current i;; through inductor L, is

_Biy, /2 _k(A-K)’TV, _k(1-k)° R
ILl 2L1Io 2 le

&

the variation ratio of current i, through inductor L, is

Aij, /2 k(1-kPTV, k(1-k)* R

E = -
2 ILZ ZLZIO 2 fLZ

the variation ratio of current i;; through inductor L; is

_Ai, /2 k(1-KTV, k(1-k)* R

<t3 =
’ IL3 ZLSIO 2 fLS

and the variation ratio of output voltage v, is

S_AZ)O/Z_ k
V,  2RfC,

6.2.4 N/O Higher Stage Boost Circuit

357

(6.16)

(6.17)

(6.18)

(6.19)

N/O higher stage boost circuit can be designed by multiple repetition of the
parts (L,-D,-D;-C,). For nth stage boost circuit, the final output voltage across

capacitor C, is
Vo =l 11V,
o T1-k

in

The voltage transfer gain is

© 2006 by Taylor & Francis Group, LLC



358 Essential DC/DC Conuverters

Gzio:(f "_1 (620)

the variation ratio of current i;; through inductor L; (i = 1, 2, 3, ...n) is

B AiLi /2 B k(l_k)Z(n—Hl) 3

E” ILI' 2 fLi

(6.21)

and the variation ratio of output voltage v, is

Avg, /2 k
= =—
VO ZRan

(6.22)

6.3 Additional Series

All circuits of negative output cascade 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 Figure 6.4 to Figure 6.6.
For convenience they are called elementary additional boost circuit, two-
stage additional boost circuit, and three-stage additional boost circuit respec-
tively, and numbered as n =1, 2 and 3.

6.3.1 N/O Elementary Additional Boost Circuit

This N/O elementary boost additional circuit is derived from N/O elemen-
tary boost converter by adding a DEC. Its circuit and switch-on and switch-
off equivalent circuits are shown in Figure 6.4. The voltage across capacitor
C, and Cy; is charged to V, and voltage across capacitor C;, is charged to
Ve1a =2V . The current i), flowing through inductor L, increases with voltage
Vi, during switch-on period kT and decreases with voltage —(V; — V,,) during
switch-off (1 — k)T. Therefore,

Aij, = Vir jr = Yo = Vi (1-K)T (6.23)
L L
1 1
1
Ve = ﬂ in
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(a) Circuit diagram

C
i .

i
+ Gy + 01L++Vc12— ?_O
N |_1 \1011 \icn R Vo
- u +

(b) Equivalent circuit during switching-on

TS

(c) Equivalent circuit during switching-off

FIGURE 6.4
Elementary boost additional (double) circuit.

The voltage V-, is

Ve =2V = 1-k Vi (6.24)
The output voltage is
2
Vo=Ver, =V = [ﬂ -1V, (6.25)
The voltage transfer gain is
V,
G=—O=L—1 (6.26)
V., 1=k
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The variation ratio of current i;; through inductor L, is

AL /2  k(A-K)TV, k(1-k)* R

6.27
3;1 ILl 4L1[o 8 fL 1 ( )
The ripple voltage of output voltage v, is
Avo=£=IOkT= k Vo
ClZ C12 fC 12 R
Therefore, the variation ratio of output voltage v, is
_Av, /2 k (6.28)
Vo 2RfCy,

6.3.2 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 6.5. The voltage across
capacitor C; is charged to V.. As described in the previous section the
voltage V, across capacitor C; is

VCl_l_k in

The voltage across capacitor C, and capacitor C;; is charged to V, and
voltage across capacitor C,, is charged to V;,. The current flowing through
inductor L, increases with voltage V, during switch-on period kT and
decreases with voltage —(V, — V) during switch-off period (1 - k)T. There-
fore, the ripple of the inductor current i;, is

V.,-V

\%
Aij, = kT =" (1-k)T (6.29)
L L
2 2
1 1
V., = V. = V. 6.30
Cc2 1 _ k C1 (1 _ k) in ( )
2 1
Ve =2V, = ﬁ Ve = Z(E)zvm
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(a) Circuit diagram

2
s
lo
+ _L C_L C_L ++Vg,— ?—
Vin L L 01 c2 02 R VO
- u +

(b) Equivalent circuit during switching-on

IN

(c) Equivalent circuit during switching-off

FIGURE 6.5
Two-stage additional boost circuit.

The output voltage is

V.

1
o=Ven -V, = [Z(E)Z - 1]Vin

The voltage transfer gain is

Analogously,
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s %n 2
AluzflkT I, :Wlo
V. 21
Ai,, =—LkT I,=—2%

ZLZ L L2 1—k

2

Therefore, the variation ratio of current i;; through inductor L, is

Aiy /2 k(1-KPTV, k1-k' R

€ = (6.33)
' ILI 4LllO 8 le
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-k)TV, —k)?
e, o8 /2_KI-KTV, K1-B® R (630
ILZ 4LZIO 8 fL 2
The ripple voltage of output voltage v, is
Aoy = AQ _IkT _ k Vo
C12 ClZ fC 12 R
Therefore, the variation ratio of output voltage v, is
gz /2 K (6.35)

Vo - 2RfC,

6.3.3 N/O Three-Stage Additional Boost Circuit

This N/O circuit is derived from three-stage boost circuit by adding a DEC.
Its circuit diagram and equivalent circuits during switch-on and switch-off
are shown in Figure 6.6. The voltage across capacitor C, is charged to V.
As described previously, the voltage V., across capacitor C, is
V., =(1/1-k)V,,, and voltage V, across capacitor C, is V., =(1/1-k)"V,,.
The voltage across capacitor C; and capacitor Cy, is charged to V;. The
voltage across capacitor C;, is charged to V. The current flowing through
inductor L; increases with voltage Vi, during switch-on period kT and
decreases with voltage —(V; — V,) during switch-off (1 — k)T. Therefore,

M(l KT (6.36)
LS

V
Al ,=—S2kT =

L3 L
3
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(a) Circuit diagram

(c) Equivalent circuit during switching-off

FIGURE 6.6
Three-stage additional boost circuit.

and

V,=— V., =(—
C3 1—k c2 (1—k C

The voltage V-, is

1
Ve =2Ves = z(ﬂ)avin
The output voltage is
1
Vo = Ve =V, = 26— -1V,
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The voltage transfer gain is

c Vo
V.

mn

Analogously,

Vin g1

Al = I
1

\%
Ai,, =—LkT
=7

2

1%
Ai,y =2 kT

3

L

1
=2(—)° -1
(1—k)

Essential DC/DC Converters

(6.39)

Therefore, the variation ratio of current i;; through inductor L, is

E.q:

Ai, /2 k(1-K’TV, k1-k° R

I

L1

4L1,

5 L (6.40)

and the variation ratio of current i, through inductor L, is

&

A, /2 k(l_k)zTVl _k(1-k)* R

I

L2

4L,1,

T (6.41)

and the variation ratio of current i, through inductor L; is

_Aiy /2 K1-KTV, _k1-k? R

g, ==k

L3

4Ll

The ripple voltage of output voltage v, is

Avy =——
C12

5L (6.42)

AQ IkT _ k V,

Ci - fC R

Therefore, the variation ratio of output voltage v, is

8=Avo/2_ k

Vo
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6.3.4 N/O Higher Stage Additional Boost Circuit

The N/O higher stage boost additional circuit is derived from the corre-
sponding circuit of the main series by adding a DEC. For the nth stage
additional circuit, the final output voltage is

VO = [Z(ﬁ)” _]‘/in

The voltage transfer gain is

G=Yo _y

1
—)" -1 6.44
2y (6.44)

Analogously, the variation ratio of current i; through inductor L; (i = 1, 2, 3,
...n) is

_ A /2 k(1=K R
ILi 8 sz‘

3 (6.45)

and the variation ratio of output voltage v, is

. Ave /2 k
Vo 2RfC,,

(6.46)

6.4 Double Series

All circuits of N/O cascade boost converters — double series — are derived
from the corresponding circuits of the main series by adding a DEC in each
stage circuit. The first three stages of this series are shown in Figures 6.4, 6.7,
and 6.8. For convenience they are called elementary double boost circuit,
two-stage double boost circuit, and three-stage double boost circuit respec-
tively, and numbered as n = 1, 2 and 3.

6.4.1 N/O Elementary Double Boost Circuit

This 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 6.4, which is the same as the elemen-
tary boost additional circuit.
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—

(a) Circuit diagram

N

Y . iz
— vol ol ol L hel el Lol e

v, v
Vi L, 37 :\im: Vo TN :YC?: Nl g2y
N

(b) Equivalent circuit during switching—on
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+
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|
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Vo1~ C Vc12;\C12 Ve~

/
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i
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—
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I
o+
Q
R
o
—W\,
+ S g

(c) Equivalent circuit during switching—off

FIGURE 6.7
Two-stage double boost circuit.

6.4.2 N/O Two-Stage Double Boost Circuit

The N/O two-stage double boost circuit is derived from two-stage boost
circuit by adding a DEC in each stage circuit. Its circuit diagram and switch-
on and switch-off equivalent circuits are shown in Figure 6.7. The voltage
across capacitor C; and capacitor C;; is charged to V. As described in the
previous section the voltage V., across capacitor C; and capacitor Cy; is
V., =(1/1=k)V,, . The voltage across capacitor Cy, is charged to 2V,.

The current flowing through inductor L, increases with voltage 2V, during
switch-on period kT and decreases with voltage —(V, — 2V;) during switch-
off period (1 — k)T. Therefore, the ripple of the inductor current i, is

Y V., -
Aijy = = OLKT = C2L2Vc1 A-K)T (6.47)

L2 —
2 2
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2 1
VCZ = mVCl = 2(ﬂ)2‘/m (64:8)
The voltage V,, is
2
Ven =2V, = (1_ k)z‘/in
The output voltage is
2
Vo =Veu =V =12 =11V, (649)
The voltage transfer gain is
Vv 2
G=-9=(-")-1 6.50
) (6.50)
Analogously,
) V., 2
Aij, = L kT Iu:(—l_k)zlO
. V 2]
Ai, = L—:kT I, = 1—Ok
Therefore, the variation ratio of current i;; through inductor L, is
Aij, /2 k(1-k)*TV, —k)*
&1 — lLl / — ( ) in _ k(l k) i (651)
ILl 8LIIO 16 le
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-k)T —k)?
ILZ 4LZIO 8 fLZ

The ripple voltage of output voltage v, is

AQ _IkT _ k V,
Cp G fCu R
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L R S S

7T C,p

(a) Circuit diagram

IIN C32
= i
I
el el el el ol ol Sl ol
Vi Ly 7 :\101: \\_/cn c1 L, ‘ ’ V L/ :\_/03: ‘V_c:n RV,
- +
(b) Equivalent circuit during switching-on
iIN
’ |
AN
\7 . + 1 + 1 V+__ V+ . csz
™~ G VE12/\C12 V_CZ/\CZ 022 ~Cp Vo3, Gy
Cy, A Cy
vy, | |@m_| ,
L, L lo
*Voii - : + Voor ¢ + Vea -
- L, R Vo
+
(c) Equivalent circuit during switching-off
FIGURE 6.8

Three-stage double boost circuit.

Therefore, the variation ratio of output voltage v, is

_ Ao /2 k
Vo ZRfczz

(6.53)

6.4.3 N/O Three-Stage Double Boost Circuit

This N/O circuit is derived from the three-stage boost circuit by adding DEC
in each stage circuit. Its circuit diagram and equivalent circuits during switch-
on and switch-off are shown in Figure 6.8. The voltage across capacitor C, and
capacitor Cy; is charged to V. As described previously, the voltage V-, across
capacitor C, and capacitor Cl1 is V, (1/ 1- k)V and voltage V, across capac-
itor C, and capacitor C, is V, / 1- k) i
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The voltage across capacitor Cy, is 2V, = (2/ 1- k)

369

The voltage across

capacitor C; and capacitor C;, is charged to V. The voltage across capacitor
Cy, is charged to V,,. The current flowing through inductor L; increases with
voltage V, during switch-on period kT and decreases with voltage
—(Ve3 — 2V,) during switch-off (1 - k)T. Therefore,

2V V..-2V
Al = ch kT =—¢8 L 2 (1-kT
3 3
and
2V, 4

< A-k A=k’

The voltage Vi, is

in

’ - 1]‘411

2
Ve =2V, (ﬂ)?"/m
The output voltage is
Vo= Vi =V, =[(-2-)
O C32 in 1—k

The voltage transfer gain is

G= & — (Lf -1
Vi}l 1 - k
Analogously,
V.
Ai,, =—"kT
1
V
Ai, =—1kT
LZ
.V 21
A1L3=L—2kT IL3=1—k

3

Therefore, the variation ratio of current i;; through inductor L, is
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_Aiy /2 K1-k)’TV, k(1-k)° R

3 (6.58)
L 16L,1, 128 1L,
and the variation ratio of current i;, through inductor L, is
Aij, /2 k(1-k)’TV, —k)*
g, = /2_KI-BTV, k1-K)' R (659)
ILZ 8LZIO 32 fLZ
and the variation ratio of current i;; through inductor L; is
Ai, /2 k(1-K)TV. —k)?
g, = M2 KOOIV, MI-K R (6.60)
I, 4L,1, 8 [l
The ripple voltage of output voltage v, is
Avg = AQ _IkT _ k Vo
Cr Cu fCu R
Therefore, the variation ratio of output voltage v, is
e=A%/2_ K (6.61)

Vo - 2RfCy

6.4.4 N/O Higher Stage Double Boost Circuit

The N /O higher stage double boost circuit is derived from the corresponding
circuit of the main series by adding DEC in each stage circuit. For nth stage
additional circuit, the final output voltage is

2
V, =l—)" -1V,
o=l -1,
The voltage transfer gain is
V, 2
G=-9=(—= Yy _1 6.62
v -G (6.62)

m

Analogously, the variation ratio of current i; through inductor L; (i = 1, 2, 3,
...n) is

A /2 k(1=K R

éi ILi 2% 22” fLi

(6.63)
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and the variation ratio of output voltage v, is

s:AZJO/Z_ k

= 6.64
Vo | 2RC, ©69

6.5 Triple Series

All circuits of N/O cascade boost converters — triple series — are derived
from the corresponding circuits of the main series by adding DEC twice in
each stage circuit. The first three stages of this series are shown in Figure 6.9
to Figure 6.11. For convenience they are called elementary triple boost (or
additional) circuit, two-stage triple boost circuit, and three-stage triple boost
circuit respectively, and numbered as n = 1, 2 and 3.

6.5.1 N/O Elementary Triple Boost Circuit

This N/O elementary triple boost circuit is derived from the elementary
boost converter by adding DEC twice. Its circuit and switch-on and switch-
off equivalent circuits are shown in Figure 6.9. The output voltage of the first
stage boost circuit is Vi, V¢ = V,,,/(1 - k).

After the first DEC, the voltage (across capacitor C,,) increases to

2
Ve, =2V = 1—k Vi (6.65)
After the second DEC, the voltage (across capacitor C,,) increases to
3
Veu=Vep +Vo = 1—k Vi (6.66)
The final output voltage V, is equal to
3
Vo=Veuu =V, = [17 -1V, (6.67)
The voltage transfer gain is
G=&=i—1 (6.68)
V., 1=k
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i\N
—»
+
VIN
L
(a) Circuit diagram
l i io
R <V,
+
(b) Equivalent circuit during switching-on
iIN
s |
I\ ?
Cy is
? [ i
\ I\ R § Vo
C13
¥

c) Equivalent circuit during switching-off

FIGURE 6.9
Elementary triple boost circuit.

6.5.2 N/O Two-Stage Triple Boost Circuit

The N/O two-stage triple boost circuit is derived from two-stage boost
circuit by adding DEC twice in each stage circuit. Its circuit diagram and
switch-on and switch-off equivalent circuits are shown in Figure 6.10.
As described in the previous section the voltage across capacitor Cy, is
Vews (3/ 1- k) ., - Analogously, the voltage across capacitor C,, is.

Ve = (7)2 (6.69)
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Cy

1 I .1
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- (a) Circuit diagram
i
— | io
+ J_J_J_J_J_gJ_J_J_J_C' )
V 24
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- L v
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(b) Switch on
3
. |
ISn
1 1 ol . Lo,
C Ciy Cy—— 2 Co
. 1 R iy
T
- L, Cy Cis Cy B = Vo
R+
(c) Switch off
FIGURE 6.10

Two-stage triple boost circuit.

The final output voltage V, is equal to

3
VO = VC24 - ‘/in = [(1_ k)2 - 1]‘1111
The voltage transfer gain is
VO 3 2
= =(— —_ 1
% (1 - k)
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Analogously,
V. 2
Ai,, =—kT I,=")1
L1 : n=\ g o
% 21
Ai, = L—lkT I,= 1—Ok

2

Therefore, the variation ratio of current i;; through inductor L, is

Ai /2 k(1-k)PTV, k(1-k* R

€ = (6.72)
' ILI 8LllO 16 fl‘l
and the variation ratio of current i, through inductor L, is
Ai, /2 k(Q-K)TV, —k)?
g, =8 /2_KIZBTV, kd-ky R 6.73)
ILZ 4L2IO 8 fLZ
The ripple voltage of output voltage v, is
AQ I kT k 'V,
A’z} = —= = —
¢ C22 C22 fC22 R
Therefore, the variation ratio of output voltage v, is
g=20/2__ K (6.74)

Vo - 2RfC;,

6.5.3 N/O Three-Stage Triple Boost Circuit

This N /O circuit is derived from the three-stage boost circuit by adding DEC
twice in each stage circuit. Its circuit diagram and equivalent circuits during
switch-on and switch-off are shown in Figure 6.11.

As described in the previous section the voltage across capacitor C54 is
Ve = (3/1—k)Vin , and the voltage across capacitor C,, is V,, = (3/1—k) V..
Analogously, the voltage across capacitor C,, is

3
Veas = (ﬂ)S Vi (6.75)

The final output voltage V, is equal to
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(a) Circuit diagram
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(b) Equivalent circuit during switch-on
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(c) Equivalent circuit during switch-off

FIGURE 6.11
Three-stage triple boost circuit.
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3
Vo=V =V, = [(E)S -1V, (6.76)
The voltage transfer gain is
V. 3
G=—C9=(—)-1 6.77
v, "¢ ©77)
Analogously,
) V. 32
Ai =—"kT =2
L1 . L1 (1 _ k)3 o
) V. 8
AZLZ :?:kT 12 :WIO
) V. 2
A1L3=fsz ILszﬂIO

3

Therefore, the variation ratio of current i;; through inductor L, is

_Aiy /2 K1-K)’TV, k(1-k)° R

g (6.78)
L 64L,1, 12° 1L,
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-k)*T —k)*
g, =B /2_KI-BTV, k1-K" R 6.79)
I, 16L,1, 12 fL,
and the variation ratio of current i;; through inductor L; is
Ai /2 k(1-k)TV, —k)?
g = A/2_KIZRTV, Kki-k) R (6.80)

I 4Ll 12 f,

L3

Usually &, &,, and &, are small, this means that this converter works in the
continuous mode. The ripple voltage of output voltage v, is

AQ I kT k V,
A’UO =—= = —
C32 C32 fC32 R
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Therefore, the variation ratio of output voltage v, is

8:AUO/Z_ k

- (6.81)
Vo 2RfC;,

6.5.4 N/O Higher Stage Triple Boost Circuit

The N/O higher stage triple boost circuit is derived from the corresponding
circuit of the main series by adding DEC twice in each stage circuit. For nth
stage additional circuit, the voltage across capacitor C,, is

VCn4 = (1_k)” in
The output voltage is
3
VO = VC114 - ‘/in = [(ﬂ) - 1]‘/1'11 (682)
The voltage transfer gain is
V. 3
G=-9=(-—")-1 6.83
=) (6.83)

in

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...1n) is

B AiLi /2 B k(l_k)Z(n—Hl) ﬂ

. , 6.84
E-H IU 12(n—1+1) fLi ( )

and the variation ratio of output voltage v, is
e=2%/2_ K (6.85)

V,  2RfC,

6.6 Multiple Series

All circuits of N/O cascade boost converters — multiple series — are derived
from the corresponding circuits of the main series by adding DEC multiple
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(j) times in each stage circuit. The first three stages of this series are shown
in Figure 6.12 to Figure 6.14. For convenience they are called elementary
multiple boost circuit, two-stage multiple boost circuit, and three-stage mul-
tiple boost circuit respectively, and numbered as n = 1, 2 and 3.

6.6.1 N/O Elementary Multiple Boost Circuit

This N /O elementary multiple boost circuit is derived from elementary boost
converter by adding a DEC multiple (j) times. Its circuit and switch-on and
switch-off equivalent circuits are shown in Figure 6.12.

The output voltage of the first DEC (across capacitor Cy,) increases to

j+1

VCle = 1-k Vi (6.86)
The final output voltage V, is equal to
j+1
Vo = VCle V= [ﬂ -1V, (6.87)
The voltage transfer gain is
V. i
G=Yo_J*1 4 (6.88)
V. 1-k

6.6.2 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 DEC multiple (j) times in each stage circuit. Its circuit
diagram and switch-on and switch-off equivalent circuits are shown in
Figure 6.13.

As described in the previous section the voltage across capacitor Cyy, is

j+1
ch/ = ﬂvm

Analogously, the voltage across capacitor Cy) is.

(6.89)

The final output voltage V,, is equal to
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&
(c) Equivalent circuit during switching—off
FIGURE 6.12
Elementary multiple boost circuit.
_ _J 1y
Vo= VC22j V= [(ﬂ) - HVin (6.90)
The voltage transfer gain is
V. j+1
G=-0=-(L"22_1 6.91
oy (691)

The ripple voltage of output voltage v, is
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I

|

|

i
;q’_ bzz TN C22]
D D

12j 2(2i-1) “~22j

-
_ Rg Vo

n
~2(2j-1)|

VO
+
(c) Switch off
FIGURE 6.13
Two-stage multiple boost circuit.
A IkT k V,
A’Uo = Q = o = 70
Cyn j Cyn i fCo j R
Therefore, the variation ratio of output voltage v, is
Av, /2 k
g=00/2 (6.92)

Vo - 2RfCy j
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6.6.3 N/O Three-Stage Multiple Boost Circuit

This N/O circuit is derived from the three-stage boost circuit by adding DEC
multiple (j) times in each stage circuit. Its circuit diagram and equivalent
circuits during switch-on and switch-off are shown in Figure 6.14.

As described in the previous section the voltage across capacitor Cy,; is
Ve = Ej +1/1- kng , and the voltage across capacitor C,,; is

Ven; =(j+1/1-k) V,, . Analogously, the voltage across capacitor Cy; is

VC32f = (ﬂ)3‘/i;1 (693)

The final output voltage V, is equal to

i+1
Vo = VCSZ]' -V, = [({ ~ k)3 -1V, (6.94)
The voltage transfer gain is
V. j+1
G=-2=(-—)-1 6.95
G (6.95)
The ripple voltage of output voltage v, is
Avg = AQ _IkT _ k Vo
Coj Gy fCy R
Therefore, the variation ratio of output voltage v, is
g=00/2 K (6.96)

Vo - 2RfCy;

6.6.4 N/O Higher Stage Multiple Boost Circuit

The N /O higher stage multiple boost circuit is derived from the correspond-
ing circuit of the main series by adding DEC multiple (j) times in each stage
circuit. For nth stage multiple boost circuit, the voltage across capacitor C,,,; is
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(a) Circuit diagram

Hy

N

YT T

Essential DC/DC Converters

(b) Equivalent circuit during switch-on

I

(c) Equivalent circuit during switch-off

FIGURE 6.14

Three-stage multiple boost circuit.

© 2006 by Taylor & Francis Group, LLC



Negative Output Cascade Boost Converters

JH1
V.  =—)"V
Cn2j (].—k) in

The output voltage is

V.

o

=V,
The voltage transfer gain is

Gzﬁz(]‘i)n_l
V. 1-k

m

The variation ratio of output voltage v, is

£=AUO/2— k

— j+1 n
cn2j Vz‘n - [(ﬂ) - 1]Vm

Vo - 2Ran2j

383

(6.97)

(6.98)

(6.99)

6.7 Summary of Negative Output Cascade Boost Converters

All the circuits of the N /O cascade boost converters as a family can be shown
in Figure 6.15. From the analysis of the previous two sections we have the

common formula to calculate the output voltage:

[(ﬁ)" -1V, main _ series
[2 % (ﬁ)” -1V, additional _ series
Vo= [(ﬁ)" -1V, double _ series
[(1:’]{)” -1V, triple _ series
j+
L 4 1-k

The voltage transfer gain is
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Main Additional Double Triple Multiple
Series Series Series Series Series
A A A A A
I I I I I
I I I I I
! ! ! ! !
5 Stage N/O 5 Stage N/O 5 Stage N/O 5 Stage N/O 5 Stage N/O
Boost Circuit Additional Circuit Double Circuit Triple Circuit Multiple Circuit
4 Stage N/O 4 Stage N/O 4 Stage N/O 4 Stage N/O 4 Stage N/O
Boost Circuit Additional Circuit Double Circuit Triple Circuit Multiple Circuit
3 Stage N/O 3 Stage N/O 3 Stage N/O 3 Stage N/O 3 Stage N/O
Boost Circuit Additional Circuit Double Circuit Triple Circuit Multiple Circuit
2 Stage N/O 2 Stage N/O 2 Stage N/O 2 Stage N/O 2 Stage N/O
Boost Circuit Additional Circuit Double Circuit Triple Circuit Multiple Circuit
Elementary N/O Elementary N/O Elementary N/O
Additional/Double Circuit Triple Circuit Multiple Circuit

Elementary Negative Output Boost Converter

FIGURE 6.15
The family of negative output cascade boost converters.

(L)" -1 main _series
1-k
2% (ﬁ)” -1 additional _ series
\%
G=-Y2= (L "1 double _series (6.101)
v, | 1k
(1'_1{)” -1 triple _ series
(%)’1 -1 multiple(j) _ series

In order to show the advantages of N/O cascade boost converters, we
compare their voltage transfer gains to that of the buck converter,
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forward converter,

% .
G=-—2=kN N is the transformer turn ratio

Cuk-converter,

k
G=—9-_"_
v, 1-k

fly-back converter,

Vv
G= V—O = %N N is the transformer turn ratio

boost converter,

v, 1
G=_0__*1_
vV, 1-k

n

and negative output Luo-converters

G="9=_"_ (6.102)

If we assume that the conduction duty k is 0.2, the output voltage transfer
gains are listed in Table 6.1, if the conduction duty k is 0.5, the output voltage
transfer gains are listed in Table 6.2, if the conduction duty k is 0.8, the output
voltage transfer gains are listed in Table 6.3.

6.8 Simulation and Experimental Results

6.8.1 Simulation Results of a Three-Stage Boost Circuit

To verify the design and calculation results, PSpice simulation package was
applied to a three-stage boost circuit. Choosing V,, =20V, L, =L, = L; = 10
mH, all C; to Cg = 2 uF and R = 30 kQ, and using k = 0.7 and f = 100 kHz.
The voltage values V;, V,, and V,, of a triple-lift circuit are 66 V, 194 V, and
659 V respectively, and inductor current waveforms i, (its average value I},
= 618 mA), ij,, and i;;. The simulation results are shown in Figure 6.16. The
voltage values are matched to the calculated results.
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TABLE 6.1

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 ratio)

Cuk-converter 0.25

Fly-back converter 0.25N (N is the transformer turn ratio)

Boost converter 1.25

Negative output Luo-converters 125 25 3.75 5 6.25 1.25n

Negative output cascade boost 0.25 0.563 0.953 1.441 2.052  1.25"-1
converters — main series

Negative output cascade boost 1.5 2125 2906 3.882 5.104 2#1.25"-1
converters — additional series

Negative output cascade boost 15 5.25 14.625 38.063  96.66 (2%1.25)"1
converters — double series

Negative output cascade boost 275 13.06 51.73 196.75 74058  (3%1.25)"-1
converters — triple series

Negative output cascade boost 4 24 124 624 3124 (4%1.25)"-1

converters — multiple series (j=3)

TABLE 6.2

Voltage Transfer Gains of Converters in the Condition k = 0.5

Stage No. (n) 1 2 3 4 5 n

Buck converter 0.5

Forward converter 0.5N (N is the transformer turn ratio)

Cuk-converter 1

Fly-back converter N (N is the transformer turn ratio)

Boost converter 2

Negative output Luo-converters 2 4 6 8 10 2n

Negative output cascade boost converters — main 1 3 7 15 31 21
series

Negative output cascade boost converters —additional 3 7 15 31 63 2%2n-1
series

Negative output cascade boost converters — double 3 15 63 255 1023 (2%2)*1
series

Negative output cascade boost converters — triple 5 35 215 1295 7775 (3%2)"-1
series

Negative output cascade boost converters — multiple 7 63 511 4095 32767 (4+%2)"-1
series (j=3)

6.8.2 Experimental Results of a Three-Stage Boost Circuit

A test rig was constructed to verify the design and calculation results, and
compare with PSpice simulation results. The test conditions are still V;, = 20
V,L;=L,=L;=10mH, all C; to G5 =2 uF and R = 30 kQ, and using k = 0.7
and f = 100 kHz. The component of the switch is a MOSFET device IRF950
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TABLE 6.3

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 ratio)

Cuk-converter 4

Fly-back converter 4N (N is the transformer turn ratio)

Boost converter 5

Negative output Luo-converters 5 10 15 20 25 b5n

Negative output cascade boost 4 24 124 624 3124 5%-1
converters — main series

Negative output cascade boost 9 49 249 1249 6249  2x5'-1
converters — additional series

Negative output cascade boost 9 99 999 9999 99999  (2x5)"-1
converters — double series

Negative output cascade boost 14 224 3374 50624 759374  (3%5)"-1
converters — triple series

Negative output cascade boost 19 399 7999 15999 32x10° (4%5)"-1

converters — multiple series (j=3)

1.0A
/ (9.99m, 603m)
0.5A (9.99m, 205m)
 A9.99m, 55m)
I Vo ~— " g V]
0A
I(L1) < I(L2) VI(L3)
ov = =
-250V (9.99m, -46)
(9.99m, -174)
-500V
SEL>> (9.99m, -639)
9.980ms 9.985ms 9.990ms 9.995ms 10.000ms
V(C4:2) ¢ Vv(C2:2) OV(R:2) Time
FIGURE 6.16

The simulation results of a three-stage boost circuit at condition k = 0.7 and f = 100 kHz.

with the rates 950 V/5 A/2 MHz. We measured the values of the output
voltage and first inductor current in the following converters.

After careful measurement, the current value of I;; = 0.62 A (shown in
channel 1 with 1 A/Div) and voltage value of V, = 660 V (shown in Channel
2 with 200 V/Div) are obtained. The experimental results (current and volt-
age values) in Figure 6.17 match the calculated and simulation results, which
are I;; = 0.618 A and V,, = 659 V shown in Figure 6.16.
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1 1.004 2 200,00 0.00s 100~ EEEEF1 RUN

FIGURE 6.17
The experimental results of a three-stage boost circuit at condition k = 0.7 and f = 100 kHz.

TABLE 6.4

Comparison of Simulation and Experimental Results of a Triple-Lift Circuit.

Stage No. (n) I, LA V, (V) P,W) V,(V) P,W) n(%)
Simulation results 0.618 0927 20 18.54 659 14.47 78
Experimental results 0.62 0.93 20 18.6 660 14.52 78

6.8.3 Efficiency Comparison of Simulation and Experimental Results

These circuits enhanced the voltage transfer gain successfully, and efficiently.
Particularly, the efficiencies of the tested circuits is 78%, which is good for
high output voltage equipment. To compare the simulation and experimental
results, see Table 6.4. All results are well identified with each other.

6.8.4 Transient Process

Usually, there is high inrush current during the first power-on. Therefore,
the voltage across capacitors is quickly changed to certain values. The tran-
sient process is very quick taking only a few milliseconds. It is difficult to
demonstrate it in this section.
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7

Ultra-Lift Luo-Converter

Voltage-lift (VL) technique has been successfully applied to the design of
power DC/DC converters. Good examples are the three-series Luo-convert-
ers. Using VL technique can produce high-voltage transfer gain. Super-lift
(SL) technique has been given much attention since it yields high-voltage
transfer gain. This chapter introduces the ultra-lift Luo-converter as a novel
approach within the new ultra-lift (UL) technique, which produces even
higher voltage transfer gain. Our analysis and calculations illustrate the
advanced characteristics of this converter.

7.1 Introduction

Voltage-lift (VL) technique has been widely applied in electronic circuit
design. Since the last century it has been successfully applied to the design
of power DC/DC converters. Good examples are the three-series Luo-con-
verters. Using VL technique, one can obtain the converter’s voltage transfer
gain stage-by-stage in arithmetical series; this gain is higher than that of
other classical converters, such as the Buck converter, the Boost converter,
and the Buck-Boost converter. Assume the input voltage and current of a
DC/DC converter are V, and I,, the output voltage and current are V, and
I,, and the conduction duty cycle is k. In order to compare these converters’
transfer gains, we use the formulae below:

Buck converter G= Y. . k (7.1)
Vi

Boost converter G= Yy = b (7.2)
vV, 1-k
V, k

Buck-Boost converter G=-—t=—- (7.3)
vV, 1-k

391

© 2006 by Taylor & Francis Group, LLC



392 Essential DC/DC Converters

v, K"™[n + h(n)]

Luo-Converters G= (7.4)
Vi 1-k
Where n is the stage number and h(n) is the Hong Function.
1 n=0
h(n) = 7.5
() {0 n>0 @)
n = 0 for the elementary circuit with the voltage transfer gain.
V. k
G=—2t=—1+ 7.6
Vi 1-k 76)

Super-lift (SL) technique has been paid much more attention because it
yields higher voltage transfer gain. Good examples are the super-lift Luo-
converters. Using this technique, one can obtain the converter’s voltage
transfer gain stage-by-stage in geometrical series. The gain calculation for-
mulae are:

V, (j+2-kY
G=V2=(]1_k J (7.7)
1

where n is the stage number and j is the multiple-enhanced number. n = 1
and j = 0 for the elementary circuit, yielding

V, 2-k
G=2=2"0 7.8
vV, 1-k 78

This chapter introduces the ultra-lift Luo-converter as a novel approach
of new technology, ultra-lift (UL) technique, which produces even higher
voltage transfer gain. Simulated results verify our analysis and calculations,
and illustrate the advanced characteristics of this converter.

7.2 Operation of Ultra-lift Luo-Converter

The circuit diagram is shown in Figure 7.1 (a), which consists of one switch
S, two inductors L, and L,, two capacitors C; and C,, three diodes, and the
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(d) Equivalent circuit during switch-off (DCM)

FIGURE 7.1
Ultra-Lift Luo-Converter.

load R. Its switch-on equivalent circuit is shown in Figure 7.1 (b). Its switch-
off equivalent circuit for the continuous conduction mode (CCM) is shown
in Figure 7.1 (c), and its switch-off equivalent circuit for the discontinuous
conduction mode (DCM) is shown in Figure 7.1 (d).

It is a very simply structured converter in comparison to other converters.
As usual, the input voltage and current of the ultra-lift Luo-converter are V,
and I, the output voltage and current are V, and I,, the conduction duty
cycle is 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, i.e.,, P, =P, and V;xI, =V, x1,.
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7.2.1 Continuous Conduction Mode (CCM)

Referring to Figures 7.1 (b) and (c), we see that the current i, increases with
the slope + V,/L, during switch-on, and decreases with the slope — V;/L,;
during switch-off. In the steady state, the current increment is equal to the
decrement in a whole period T. This gives relation below:

kTE:(l—k)Tﬁ
L, L,
Thus,
Ve, =V —LV (7.9)
Cl1 — 3_1_k 1 .

The current i}, increases with the slope + (V, — V;)/L, during switch-on,
and decreases with the slope — (V; - V,)/L, during switch-off. In the steady
state, the current increment is equal to the decrement in a whole period T.
We obtain the relationships below:

i VitVs _qor¥aVs
2 LZ
2-k k 2-k k(2 —k)
V,=V. = V. = V. = V. 7.10
2T Tk -k 1=k Y (k2 (7.10)
The voltage transfer gain is

V. k 2-k k(2-k)
G2 _ - 7.11
Vi 1-k1-k (1-k)? 710

This is much higher than the voltage transfer gains of the VL Luo-converter
and SL Luo-converter in equations (7.6) and (7.8). In fact, the gain in (7.11)
is the product of those in (7.6) and (7.8). Another advantage is the starting
output voltage of zero. The curve of the voltage transfer gain M versus the
conduction duty cycle k is shown in Figure 7.2.

The relation between input and output average currents is

L= Ry
K2 —k)

(7.12)
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10 4

0 0.5 1

FIGURE 7.2
The voltage transfer gain M versus conduction duty cycle k.

The relation between average currents I, and I, is
I, =(1-k)I,

Other relations:

1

L
1-k 2

k
I, =(1+—)I, =
L2 ( 1_k)2

1 1

I, :ﬁlu :(ﬂ

2
>'1,
The variation of inductor current i, is

. V.
Aij, = kTL—l

1

and its variation ratio is

&

Ay, /2 K(A-KPTV, k(1-k2TR _(1-k)*TR

I, 2L,1, 2LM 22—k,

395

(7.13)

(7.14)

(7.15)

(7.16)

(7.17)

The diode current iy, is the same as the inductor current ij; during the
switching-off period. For the CCM operation, both currents do not descend

to zero, i.e.,
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Gi=1

The variation of inductor current i, is

KTV,

Aijy = ——1
Ty

and its variation ratio is

_Ai, /2 KTV, kTR _ (1-k)*TR

& I, 2L, 2L,M 2Q2-kfl,

The variation of capacitor voltage v, is

and its variation ratio is

Ao, /2 KL, k(2-k)

1

Voo 2(1-kViC,  2(1-k)*fC,R

The variation of capacitor voltage v, is

Ave, = AQc» _ kTI,
G G,
and its variation ratio is
_Ave, /2 KTI, k

€=0,

Veo  2V,C, 2fC,R

(7.18)

(7.19)

(7.20)

(7.21)

(7.22)

(7.23)

From the analysis and calculations, we can see that all variations are very
small. For example, if V, =10V, L, =L, =1mH, C; =C, =1 uF, R = 3000 €,
f =50 kHz, and the conduction duty cycle k varies from 0.1 to 0.9, the output
voltage variation ratio € is less than 0.003. The output voltage is very smooth

DC voltage with nearly no ripple.
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(A-KT |

FIGURE 7.3
Discontinuous inductor current i;;.

7.2.2 Discontinuous Conduction Mode (DCM)

Referring to Figures 1 (b), (c) and (d), we see that the current i;, increases
with the slope + V,/L, during switch-on, and decreases with the slope —V;/
L, during switch-off. The inductor current i;; decreases to zero before t = T,
i.e. the current becomes zero before next time the switch is turned on.

The current waveform is shown in Figure 7.3. The DCM operation condi-
tion is defined as

& =1

or

g - MI-KPTR _(1-R'TR (7.24)
2L,M 2(2-k)fL,

To obtain the boundary between the CCM and DCM operation conditions,
we define the normalized impedance Z;:

Z,= fIL{l (7.25)
The boundary equation is
G= k(lz;k)zz N (7.26)
or
G _Ki-k
Zy 2
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A g
CCM Region _-
100 k=0.9 _ P
k=08 R
10 ~ k =0.67 2=
k=05 -
k=10.33 z
1 4 7
_JE&&_A///”//////’///
k=01 DCM Region
T T T T T L
0.1 1 10 100 1000 10k 100k
Zn
FIGURE 7.4
Boundary between CCM and DCM.
TABLE 7.1
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/Z, 0.064 2/27 1/16 1/27 0.016 0.0045
Z, 8.8 16.9 48 216 1500 22000
The corresponding Zy is
k2-k)  k(1-k)?* 22—k
_k2-b) K1k 202k 727

C(1-k)? 2 (1-k)*

The curve is shown in Figure 7.4 and Table 7.1.
We define the filling factor m to describe the current. For DCM operation,

0O<m<1

In the steady state, the current increment is equal to the decrement in a
whole period T. This gives the relation below:

kT Vi =(1—k)mT£
Ll Ll
Thus,
Vo, =V. —LV (7.28)
Cl1— 3_(1_k)m 1 -
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Comparing equations (7.9) and (7.28), we find that the voltage V; is higher
during DCM operation since m < 1. Its expression is

L_o1_ 2LG _ 22-h (7.29)
& k(1-k2TR (1-k)*Z,

The current i;, increases with the slope + (V,—V;)/L, during switch-on,
and decreases with the slope —(V; - V,)/L, during switch-off. In the steady
state the current increment is equal to the decrement in a whole period T.
We obtain the relationship below:

kTM:(l_k)Tu
L, L,
2—-k k(2 -k)
V,=V. = V, = V. 7.30
2 279 "3 m(1— k) 1 (7.30)

The voltage transfer gain in DCM is

_ Vo k(2-k) _k(l—k)zZ
DCM V,  m(1—kp 5

N (7.31)

This is higher that the voltage transfer gain during CCM operation since
m < 1. We can see that the voltage transfer gain Gpc), increases linearly
with, and is proportional to, the normalized impedance Zy, and is shown
in Figure 7.4.

7.3 Instantaneous Values

Instantaneous values of the voltage and current of each component is very
important in describing the converter operation. By referring to Figure 7.1,
we can obtain these values in CCM and DCM operations.

7.3.1 Continuous Conduction Mode (CCM)

Referring to Figures 7.1 (b) and (c), we obtain the instantaneous values of
the voltage and current of each component in CCM operation below:
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Im,m.m+%t 0<t<kT
i, (= ! 7.32
() v, (7.32)
im0t KT <E<T
1
IL27mm+V1£V3 0<t<kT
i (f) = v 2 v (7.33)
Iy — 2L_ Lt KT <t<T
2
. . emin + Vi ViZVs |y gcr<nr
L)=1i, = L L, (7.34)
0 KT<t<T
0 0<t<kT
() = 7.35
foa (1) Im_max—%t KT <t<T (7.35)
1
() _(ILZmin VleV3 f) 0<t<kT (7.36)
Ic\t) = 2 .
Iy kKT<t<T
. ~I, O0<t<kT
- 7.37
fealt) {ICZ KT<t<T 7:37)
V, 0<t<kT
v, (f) = 7.38
ul) {V3 KT<t<T (7.38)
v, -V, <t<KT
oap=11"V 0 (7.39)
V,-V, KkT<t<T
I 0<t<kT (7.40)
|V, -V, kT<t<T '
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V—ICLZt 0<t<kT
Uey(t) = !
v3+IC1 kT <t<T
1
Z—I—Zt 0<t<kT
va=1
Cc2
V+IC2 kKT <t<T
G,

7.3.2 Discontinuous Conduction Mode (DCM)

401

(7.41)

(7.42)

(7.43)

Referring to Figures 7.1 (b), (c) and (d), we obtain the instantaneous values
of the voltage and current of each component in DCM operation. Since
inductor current i, is discontinuous, some parameters have three states with

=kT+ (1 -kmT <T.

Kt 0<t<kT
L,
i (t) = ILl—max_%t kKT <t<T’
1
0 T'<t<kT
ILZ—mm+V1_V3t 0<t<kT
, L,
i,(t) = Vv
ILZ—max_ 2 1t kTSt<T
L,
- , 11m1n+(v I V]t 0<t<kT
Zl(t):ls: Ll L2
0 kKT<t<T
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0 0<t<kT
iy (=41, o — %t KT<t<T’ (7.47)
1
0 T'<t<kT

, —(ILZ_M+V1_V3 t) 0<t<kT
i (t) = L,

(7.48)
Iy KT<t<T
. -1 0<t<kT
i, (=4 2 (7.49)
I, KkT<t<T
V,  0<t<kT
v, (t)=3V, KT<t<T’ (7.50)
0 T'<t<kT
V-V, 0<t<kT
v,H=4" 3 (7.51)
V,-V, KkT<t<T
0 0<t<kTl
v,(H)=2V, =V, kT<t<T’ (7.52)

14 T'<t<kT

V.-V, O0<t<kT
ot)=1 0 KT<t<T’ (7.53)
-V,  T'<t<kT

V3—%t 0<t<kT
vey(t) = ) ! (7.54)
V3+€t kT <t<T

1

Vz—é—zt 0<t<kT
Doy (1) = 2 (7.55
V2+Ié—2t kT <t<T

2
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TABLE 7.2

Comparison of Various Converters Gains

k 0.2 033 05 0.67 0.8 0.9
Buck 0.2 033 05 0.67 0.8 0.9
Boost 1.25 15 2 3 5 10
Buck-Boost 025 05 1 2 4 9
Luo-Converter 025 05 1 2 4 9
Super-Lift Luo-Converter 225 25 3 4 6 11
Ultra-Lift Luo-Converter 056 125 3 8 24 99

7.4 Comparison of the Gain to Other Converters’ Gains

The ultra-lift Luo-converter has been successfully developed using the novel
approach of the new technology, ultra-lift (UL). Table 7.2 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 ultra-lift Luo-converter are very well pre-
sented. From the comparison we can obviously see that the ultra-lift Luo-
converter has very high voltage transfer gain: G(k) |- o5 = 3, G(K) | - 0667 =
8, G(K) |- 05 =24, G(K) [ - 09 = 99.

7.5 Simulation Results

To verify the advantages of the ultra-lift Luo-converter, we apply the PSpice
simulation method. We choose the parameter’s values: V, =10V, L, =L, =
1mH, C, =C,=1pF R=3kQ, f =50 kHz and conduction duty cycle k =
0.6 and 0.66. The corresponding output voltage V, = 52.5 V and 78 V. The
first waveform is the inductor’s current i, ;, which flows through the inductor
L,. The second and third waveforms are the voltage V; and output voltage
V,. These simulation results are identical to the calculation results. These
results are shown in Figures 7.5 and 7.6 respectively.

7.6 Experimental Results

To verify the advantages and design of the ultra-lift Luo-converter and
compare them with the simulation results, we construct a test rig with these
components: V; =10V, L, =L, =1mH, C,=C,=1uF R=3kQ, f =50
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FIGURE 7.5
Simulation results for k = 0.6.
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FIGURE 7.6

Simulation results for k = 0.66.

kHz and conduction duty cycle k = 0.6 and 0.66. The corresponding output
voltage V, = 52 V and 78 V. The first waveform is the inductor’s current
i, which flows through the inductor L. The second waveform is the output
voltage V,. The experimental results are shown in Figures 7.7 and 7.8
respectively. The test results are identical to those of the simulation results
shown in Figures 7.5 and 7.6, and verify both the calculation results and
our design.
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i 0108 2 20.00V . S5.002 £1 RUN
................................................. b

FIGURE 7.7
Experimental results for k = 0.6.
1 0,108 2 Z0.00V N 5,00 £1 RUN

R T N F R R N Y T O BN R IOy P R I ey I YNy I PY PRI RY PYTY YR RN FYRY RN TYRY PRRURRRNIN ™

FIGURE 7.8
Experimental results for k = 0.66.

7.7 Summary

The Ultra-lift Luo-converter has been successfully developed using the novel
approach of a new technology, the Ultra-lift (UL) technique, which produces
especially high voltage transfer gain. It is much higher than that of Voltage-
lift Luo-converters and Super-lift Luo-converters. This chapter introduces
the operation and characteristics of this converter in detail. This converter
will be applied in industrial applications entailing high output voltages.
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