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Preface

The purpose of this book is to provide up-to-date information on advanced
DC/DC converters that is both concise and useful for engineering students
and practicing professionals. It is well organized in 748 pages with 320
diagrams to introduce more than 100 topologies of the advanced DC/DC
converters originally developed by the authors. EMI/EMC reduction and
various DC voltage sources are also illustrated in this book. All prototypes
represent novel approaches and great contributions to modern power engi-
neering.

Power engineering is the method used to supply electrical energy from a
source to its users. It is of vital importance to industry. It is likely that the
air we breathe and water we drink are taken for granted until they are not
there. Energy conversion technique is the main focus of power engineering.
The corresponding equipment can be divided into four groups:

e AC/AC transformers
e AC/DC rectifiers

e DC/DC converters

e DC/AC inverters

From recent reports, the production of DC/DC converters occupies the larg-
est percentage of the total turnover of all conversion equipment production.
DC/DC conversion technology is progressing rapidly. According to incomplete
statistics, there are more than 500 topologies of DC/DC converters existing,
with new topologies created every year. It is a lofty undertaking to treat the
large number of DC/DC converters. The authors have sorted these converters
into six generations since 2001. This systematical work is very helpful for DC/
DC converter’s evolution and development. The converters are listed below:

First generation (classical/traditional) converters
Second generation (multiple-quadrant) converters
Third generation (switched component) converters
Fourth generation (soft-switching) converters

Fifth generation (synchronous rectifier) converters

S o

Sixth generation (multiple-element resonant power) converters



A review of the DC/DC conversion technique development reveals that the
idea was induced from other equipment. Transformers successfully convert an
AC source voltage to other AC output voltage(s) with very high efficiency.
Rectifier devices such as diode, transistor, and thysistor effectively rectify an
AC source voltage to DC output voltage. Nearly eight decades ago, people
sought to invent equipment to convert a DC source voltage to another DC
output voltage(s) with high efficiency. Unfortunately, no such simple apparatus
such as a transformer and/or rectifier was found for DC/DC conversion pur-
pose.

High frequency switch-on and -off semiconductor devices paved the way
for chopper circuits. This invention inspired the idea for DC/DC conversion.
Therefore, the fundamental DC/DC converters were derived from the cor-
responding choppers. At present, the fundamental converters — Buck con-
verter, Boost converter, and Buck-Boost converter — are still the basic circuits
for DC/DC conversion technique in research and development.

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 simple
structure. It is applied in the periodical switching circuit. Usually, a capacitor
is charged during switch-on by a certain voltage. This charged capacitor
voltage can be arranged on top-up to output voltage during switch-off.
Therefore, the output voltage can be lifted. A typical example is the saw-
tooth-wave generator with voltage-lift circuit.

The voltage-lift technique has been successfully employed in the design
of DC/DC converters. However, its output voltage increases in arithmetic
progression, stage by stage. The super-lift technique is a great achievement
in DC/DC conversion technology. It is more powerful than the voltage-lift
technique; the output voltage transfer gain of super-lift converters can be
very high, which increases in geometric progression, stage by stage. It effec-
tively 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 characteristics.

Multiple-quadrant operation is often required in industrial applications.
Most publications in the literature concentrate on the single-quadrant oper-
ation. This fact is reasonable since most novel approaches were derived from
its simple structure. To compensate for these losses, the authors have spent
much time and spirit to develop multiple-quadrant converters, positive-
negative converters in various generations.

This book is organized in 18 chapters. The DC/DC conversion technique
is introduced in Chapter 1 and the voltage list converters in Chapter 2.
Chapters 3 to 6 introduce the four series super-lift converters. Chapter 7
introduces the second generation converters; and Chapter 8, the third gen-
eration converters. Chapters 9 and 10 introduce the two-series multiple-lift
push-pull switched-capacitor converters. Chapter 11 introduces the fourth



generation converters and Chapter 12 the fifth generation converters. Chap-
ters 13 to 16 introduce the sixth generation converters. Chapter 17 introduces
various DC voltage sources; and Chapter 18 introduces the gating-signal
generator, EMI/EMC, and some applications.

The authors are pioneers in DC/DC conversion technology. They have
devoted many years to this research area and created a large number of
outstanding converters, including world-renowned series DC/DC convert-
ers, namely, Luo-Converters, which cover all six generation converters.
Super-lift converters are our favorite achievement in our 20-years’ research
fruits. Our biographies and information are provided on the following page.

Our acknowledgment goes to the executive editor for this book.

Dr. Fang Lin Luo and Dr. Hong Ye

Nanyang Technological University
Singapore
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1

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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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 III 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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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 IV 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 Il 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 =%‘/in =k‘/in (11)
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(a) Circuit Diagram
A
Vin
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ton T t
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' g
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, t,, 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,

\%

_ tf’ff _ k
o~ T‘/m - (1_ )‘/m (12)
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(a) Circuit Diagram
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(b) Voltage Waveforms

FIGURE 1.3
The second-quadrant chopper.

where T is the repeating period T = 1/, f is the chopping frequency, f,; is
the switch-off time ¢,z = 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
Vo="22V, =k, (1.3)
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(b) Voltage Waveforms

FIGURE 1.4
The third-quadrant chopper.

where £, 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,

t
V, = %V =(1-k)V, (1.4)

where t,; is the switch-off time ¢, = T - t,, time, and k is the conduction
duty cycle k = t,,/T.
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(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 (L5)

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.

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,

44 QIII _ operation

= 1-
V2 {(1 -k, QIV _operation (1.6)

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 II 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,+, L+ V,+, L, - V,- L,- 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,

144 QI _operation
1-k)V. II _operation

V2 — ( ) 1 Q — p ) (17)
—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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¢ 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
¢ Cuak-pump
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FIGURE 1.9
Buck pump.

FIGURE 1.10
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  Cdk-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 Cik 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 1.12

Positive Luo-pump.
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FIGURE 1.13

Negative Luo-pump.
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FIGURE 1.14
Ciak-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
e 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  Hy-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

e Double/Enhanced circuit (DEC)

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

* 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 Conuverter

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,

t
(0] T in in

(1.8)

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.

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,

o~ r ‘/in: ! ‘/in
T—t 1-k

on

(1.9)
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Negative push-pull pump.

D1 D2

|

ci Ve,
.
Y Ve,
s _
!
L

+ 9

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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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
Vo= v, =K v,
T—t " 1-k

(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. 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.
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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 Conuverter

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, (1.12)

m
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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,

k
V,=—NV. 1.14
(0] 1—k in ( )

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, (1.15)

m

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

1.4.1.2.5 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 Conuverter

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. 1.17
(0] 1—k in ( )

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, =kN,V, (1.18)

i'in
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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

V,=——V, (1.19)

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.

1.4.1.3.6 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 = n1/(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
—— A —o T~—9¢—o
s L S s S
N2 [ N1
N2 N1 N1
. v _ i
Buck Vv, b A\ € Vi D =c v, w D ~C ~~C
Vin N2
D
S AANY > — >t —
L D N1 [ N2 D N1 | N2 D N2
Boost | Vi s NG Viy s NG Vo | Vi TG N1 NG
S Vi
*{
— K3 —o —o
s o s s
Buck- v L L N2 K3 N1
N ™ \ N1
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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 ke onk k-n
n+k(1-n) 1+k(n—1) k(1-n)
Boost R n+k(1-n) I+k@m-1) n-k
1-k n(1-k) 1-k n(1—k)
Buck-Boost k- k nk ko
1-k n(1-k) 1k 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 the Chapter 3 to Chapter 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
or higher). The topologies can be sorted into two main categories: first are
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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. These circuits will be introduced in Chapter 7in detail. The
transformer-type multi-quadrant converters easily change the current direc-
tion 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. These
circuits will be introduced in the Chapter 8 in detail.

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. These circuits will be
introduced in the Chapter 9 and Chapter 10 in detail.

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
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switched-inductor DC/DC converter. These circuits will be introduced in
Chapter 8.

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:

1. Resonant-switch converters

2. Load-resonant converters

3. Resonant-dc-link converters

4. 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
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and half wave state. Most engineers use the half-wave state. This technique
has half-wave current resonance waveform with two zero-cross points.

1.4.4.3 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-Transition (ZT)
technique overcomes this fault. It implements zero-voltage plus zero-current-
switching (ZV-ZCS) technique without significant current and voltage
stresses. These circuits will be introduced in Chapter 11 in detail.

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, III, and IV, use a 3.3 V power supply. Future computers
will have larger memory and will require lower power supply voltages, e.g.
2.5,1.8, 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. These circuits will be introduced in Chapter 12 in detail.

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
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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
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:

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

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

e 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. These circuits will be introduced in Chapter 13
to Chapter 16 in detail.

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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FIGURE 1.39

DC/DC converter family.
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2

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
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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

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, Ciik-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

. ) 2.1
(0] 1—k in 1—k in ( )

There are seven circuits:

e Self-lift Cuk converter

e Self-lift P/O Luo-converter

e Reverse self-lift P/O Luo-converter

e Self-lift N/O Luo-converter

e Reverse self-lift Luo-converter

e 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

R
ME 2.2
z i, (2.2)

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

Vv 1
M= 70 = Iil (2.3)
I 0
Ai, /2
Variation of current i, : ¢, = Aiy /2 (2.4)
L 1 I
L
Ai, /2
Variation of current i, : ¢, = 1’1(’7/ (2.5)
Lo
Ai, /2
Variation of current ip: &= Aip /2 (2.6)
ID
A 2
Variation of voltage v.: = & (2.7)
g€ Uc v
C
A 2
Variation of voltage v, : o, = Ave /2 (2.8)
Ucy
A 2
Variation of voltage v, : G, = Ao, /2 (2.9)
&€ Ve 2
v
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_AV,/2
4

0

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 Ctik-converter.

2.2.1 Self-Lift Cadk 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 Ctik 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
=V, (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

V.=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=Vyo=7——V (2.13)
The voltage transfer gain in the CCM is
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(c) Switch off

f

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=7O=—’=ﬁ (2.14)
I

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, :

Volo =V,
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FIGURE 2.2
Voltage transfer gain M vs. k.

Thus,

During switch-off,

=] (2.15)

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

10=1o
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,

Ai, ==
L

The variation ratio of the current i, is

_ A, /2 KTV, k(1-k’R _ kR
I 21, 2L, 2MPfL

&,
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The variation of current i, is

kR
ML

‘);=C1

The peak-to-peak variation of voltage v is

— IL(l_k)T _Iio

Av. C IS

The variation ratio of the voltage v is

Ao /2 1, 1
© V. 2fCV, 2fRC

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

_Lo(1-RT _I,(1-k)

Av
“ Cl f Cl

The variation ratio of the voltage v, is

o D00 /2 L=k _ 1
R 7 2fCV, 2MfRC,

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

1Avg, T
A, =22 2 _1o=h)
L 2
L,  8fL,C

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

LA /2 Ia-k 1

S I, 16f*L,CI, 16MfL,C,

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

1A, T
Moy = Ao, =22 2= 100K
C,  64f°L,CC,
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The variation ratio of the output voltage is

Lo /2 L=k 1
-V, 128f°L,C,C,V, 128Mf°L,C,C,R

(2.26)

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 Ciik 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 Cak 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 p—
ML

Therefore the boundary between CCM and DCM is

£ =

1 (2.27)

N | =

M, =k ;‘ﬁ =,/kZ—N (2.28)
VoL Vo2
where z, is the normalized load R/AfL).

The boundary between CCM and DCM is shown in Figure 2.3a. The curve
that describes the relationship between M; and z,, has the minimum value
Mp = 1.5 and k = 5 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 = #; = [k + (1 — k) m] T where kT < t1< T and
O0<m<1.

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

MZ

m= (2.29)

SN

L R
2fL
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a) Boundary between CCM and DCM

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:

¢ 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)ymT(V.-V,)
Hence,

k

Ve=[1+
(1-k)ym

v, (2.30)

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

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

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,

© 2003 by CRC Press LLC



| Ve + Lo o)
K A
. S C J& b Lo
+—D+—1 "
D
v, i 1+ L § Vo
iL Vo, N C
c1 (o] R -
' g
L A4

Lo lo
—>

|
O~
+

<
4_
4
A%
s +

| Ve iLo io
—» - +

| A~

[N

C Lo

<
<_
|
AN

< &

,_
<

Q
OI\

o

)
|

c) The equivalent circuit during switch—off

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.

V.

C1

=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
(Vo =V5).
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Therefore
kTV, =(1-K)T (V. -V,)

Hence,

The voltage transfer gain in the CCM is

Yo

M=_©
VI

1
— 2.34
1% (2.34)

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

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

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

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

In a switch period,

Q=Q L=l
during switch-off period,
ip =1, +1,,
Therefore,
Iy=1+15= Io
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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 kR
Crmrr Yo Sar L
2M* fL 2M fL, 2M° 1L,
where L,, refers to
— LLO
4 L+,
Voltage variations:
k1 M 1 k 1
p== 0,= E= 2
2 fCR 2 fCR 8M f°L,C,

2.2.2.2 Discontinuous Conduction Mode

Self-lift positive output Luo-converters operate in the DCM if the current i,
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.

_ kR
2M2 fL

eq

g

Therefore the boundary between CCM and DCM is

— 'k
My =k R v (2.35)

V2, V2

where z, is thenormalized load R/(fL,) 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,< 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)mT. The corre-
sponding voltages across L are V, and —(V.-V,).

Therefore,
kTV, =(1-kymT(V.-V,))
and
Ve=Veo=Vo Vou=V,
Hence,
k
V,=[1+ %
0=l a—mm]’
or
2 R
V, =[1+k*(1-k) Z—]VI (2.37)

eq

So the real DC voltage transfer gain in the DCM is

_1+R-k) R

MDCM zﬂ .

(2.38)
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

© 2003 by CRC Press LLC



I 4 Vor _ Lo
1€ 2008
s c, JZ Lo
+ ¥,
_'q_ —
D
V| l L VO
. v;\_ Co R,
_ L s | C

<
Q
-
o
-

2=
'_§
o

<
[

AN
OI\
sy)

<
=
o)
5

’__

S
)

AN
Ol\
T

c¢) The equivalent circuit during switch—off

FIGURE 2.5

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 = EVI (239)
The voltage transfer gain in the CCM is
V,
M=-%= b (2.40)
VvV, 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+ :IC1—ONkT
Q =1,,0-KT=1,1-kT

In a switch period,

Ieon=1io+ 108 = 1o +%Io =%Io (2.41)
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The charge of capacitor C increases during switch-off and decreases during
switch-on.

1
Q, =l opr(1=KT Q=T o\ kT = I kT

k

In a switch period,

1-k 1

Q. =Q  Ieorr= k I oy = 1—k Io (2.42)

Therefore,

1 2—-k

I =10+ o :Io+1_klo = K Io =15 +1;
During switch-off,
Ip =iy —i
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
SEoCoME L RToMm, CToME AL
(0] eq
where L,, refers to
. L
‘4 L+L,
Voltage variations:
1 1 1 1 k 1
p c

= = €=
2k 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 _
M’ 1L

eq

g

Therefore the boundary between CCM and DCM is

M, =~k — = —N 243
5= \21L,, Vo2 (243)

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_ .
& R
Zfoq

m (2.44)

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.

Therefore,

kTV, =(1-kymTV,
and

Va=Veo=Vo Vo=V +V
Hence,
k
V., =[1+ \%
0=l a- k)m] !
or
Vv, = 1+k2(1—k)L 1% (2.45)
O 2ngq I :
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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 R
Mpe, =1+k (1_k)ﬁ (2.46)
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=V.=V,=—-V, (2.47)
1-k
The voltage transfer gain in the CCM is
% 1
M=-9=— 2.48
vV, 1-k (248)

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 Ciik converter.

Current variations:

_ kR C—i 1 k R
2M? L7 7?16 f°L,C

&

Voltage variations:
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k1 M 1 k 1
p:—i 61 = — 8:737
2 fCR 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
= 2—:1
2M> 1L

&

Therefore the boundary between CCM and DCM is
My=+k ——= —X (2.49)

where L, refers to L, =L and z is the normalized load R/ (fL,).

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:

1 M?
m= g = k& (2.50)
2fL

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
Vc1 =V, Vc = Vco = Vo
Hence,
\% —[1+L]V or V —[1+k2(l—k)£]V
O (1 _ k)m I O 2fL I
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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

(2.51)

My, =1+k2(1—k)2L

L

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-Kk)TV,
Hence,

(2.52)

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

Vo, =V, +V,
Therefore,
k 1 1
Vc1=V1+ﬁVI=EVI VO=VCO=VC1=ﬂVI

The voltage transfer gain in the CCM is

Y
VI

M (2.53)

1
1-k

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, , VI, =V, .
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. =leponkT  Q =1Iei o A-K)T =1,(1-K)T
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In a switch period,

1-k 1-k
Q. =Q Iy oy= TIC—OFF = TIO

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

Q, = IC—ONkT Q =1Ic o (1-Kk)T

In a switch period,

Q. =Q
1-k 1
Icon = Ieron T 1o k Ip+1o :%Io
k k1 1
e opr = 1_kIC—ON e k*Io = 1_klo
Therefore,
1
I =1 =—I
L= corr T o
During switch-off period,
. 1
Ip=1h ID:ILzl_kIO

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 Ctk converter.

Current variations:

k R 1 R k R
Cl = 2 g Cz = 2 &= 2
2M* fL 16M f°L,C, 2M* fL
Voltage variations:
1 1 1 1 1 1

= o, =— €=
P= ok fCR ' 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
S 2M? AL

eq

g

The boundary between CCM and DCM is

~ | k
M, =k R

2/, | 2

where z, is the normalized load R/(fL,) 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.

2
= é - 7MR (2.54)
k 0
Zﬂﬂq

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
Va=Veo=Vo Vo=V, +V
Hence,
Vo =1+ k v,
1-kym
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or

V,= {1 +k*(1-k) ;;L]V’ (2.55)

The voltage transfer gain in the DCM is

M =1+k2(1—k)2£ (2.56)

DCM
L

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,

V., =V.=V

C1 C I

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

Thus 1%

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, +V,=V)).

Therefore

KTV, = (1= K)T(V. =V + V., = V,)

or
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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,

=LVI =V, =V (2.57)

co — Vc2

1%
°© 1-k

The voltage transfer gain in the CCM is

Yo

:7]

M (2.58)

1
1-k
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 capacitor C,, acts as a low pass filter so that

o =1o

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

Q =I. kT Q, =1 o;1-KT=1,1-k)T
In a switch period,

1-k 1-k
Q,=Q. Iy :TIC-OFF = TII

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

Q =l oNkT=1kT  Q, =1Iey ope(1-K)T
In a switch period,

k k

Q=Q Iuor= 1_kIC—ON = 1—k I

(¢}

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

Q, =leonkT  Q =1l ope(1-F)T
In a switch period,

k 1

Q. =Q Ieropr =leoorr t1io = ﬂlo +lp= ﬂlo
Therefore
1-k 1
Ieyon = Tla—onr = EIO Ly =1Icioy —leon =0

During switch-off,
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D= T

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:

kR kR kR
Cl T o2 4 CZ e & T oafZ a
2M* fL 16 f°L,C, 2M*" fL,
where L, refers to
L - LL,
‘4 L+L,
Voltage variations:
M 1 M 1 k1 k 1
P=Fn ST o n 2T o ET o o n
2 fCR 2 fC|R 2 fC,R 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 7, is 1 when the circuit works in the
boundary state.

kR

=2M2ﬂ7€q_

g

Therefore the boundary between CCM and DCM is

My=vk = N (2.59)
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LL
where z, is the normalized load R/(fL,) and L, refersto L, = 9.

When M > M,, the circuit operates in the DCM. In this c¢.___ Ltloge
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_
& R

2fL eq

m (2.60)

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
Vo=V, Vo =Ve=V, V,=V,=V,
Hence,
k
V,=[1+ \%
o=l (1- k)m] I

or

R
V, = |:1+k2(1—k) }VI
2fL,,
So the real DC voltage transfer gain in the DCM is

M, =1+k2(1—k)-

DCM (2.61)
zﬂﬂ]

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

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

C

and
ai, = Ve
L
During switch-off period, D is on, and S and D, are off.

V.-V
8y == (1= KT

L

So that

The output voltage and current and the voltage transfer gain are

1

V=V, +V,, = (1+ﬁ)V1 (2.62)
1-k
Io=ﬂ11 (264)
M=14+_L 27K (2.65)
1-k 1-k
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Average voltages:

1
VC = ﬂ VI (266)
1
Average currents:
I,=1, (2.68)
2—k
IL:EIO:II (269)
Therefore,
Vv -
Yo_ 1 4 2K 2.70)
vV, 1-k 1-k
——

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
¢ Self-lift circuit

* Re-lift circuit

¢ 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 = V,/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,

w or Vol =V,

The voltage transfer gain in continuous mode is

wVo L
Vi Iy
Variation ratio of current i,;:
- Ai, /2
1
IL]
Variation ratio of current i,,:
£ - Ai, /2
2
ILZ
Variation ratio of current ip:
‘= Ai,, /2
IL] + ILZ
Variation ratio of current i;,,; is
Ai,. /2
X=— oS =123, ..
IL2+j
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Variation ratio of voltage v.:

Av. /2
pP=—1
VC
Variation ratio of voltage v;:
Ave, /2
c.=——— j=1,2,3,4,..
j Vg

Variation ratio of output voltage vo:

A 2
82700/

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., v(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, ¢, and d.

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

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

Q+=(1-0T I,
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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- = kTl
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In a whole period investigation, Q+ = Q-. Thus,

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

I, =kxi, = ki, +i,,) = k(1+ %)I“ -1, 2.73)

Therefore, the output current is

1-k
I o = T I I (274)
Hence, output voltage is
k
VO = ﬂ VI (275)
The voltage transfer gain in continuous mode is
V,
M, =Yo_ K (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 i, is

Ai, /2 KTV, 1-k R

= (2.78)
ILl ZLlll ZME le

§1=

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

Ai,, = KLV, (2.79)
LZ
Considering Equation (2.72), the variation ratio of current i}, is
Ai, /2 KTV,
g, =12 /2_KV, __k R (2.80)

ILZ 2Lzlo 2ME sz
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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

KTV, KTV, _KIV, _(1-K)TV,

Bip = Ay, + Ay == L = . ;

(2.81)

1 2

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

Ip=1I4+ 1= 1—k

The variation ratio of current i is

Ay /2 (1-KPTV, k(1-KR _ K* R

= — 2.82
¢ I, 211, 2M L M, 2fL (282)
The peak-to-peak variation of v. is
Ao, = 9F kg
C C
Considering Equation (2.77), the variation ratio of v, is
Av. /2 (1-K)TI
po B0 /2 _(-KTI _k 1 (2.83)

Ve 2CV, 2 fCR
IfL =L,=1mH, C=Cy=20uF, R=10Q, 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=C Vo
and
AQ = C, Avg
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_TkTV,

AO = e
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 T C, 8C.L

2
The variation ratio of output voltage v, is

LMoo /2 kTP Vo k1

Vo B 8CoL, 70 ) 8M; f*CoL,

(2.84)

If L, =1mH, C, = 20 pF, 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 i,(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 .
VeV, for kT<t<T (2.85)
Vi+V, for  O0<t<kT
) 2.86
o { 0 for  kT<t<T (2.86)
v for  0<t<kT -
A7 for kT<t<T (2.87)
v for  0<t<kT -
v, for KT<t<T (2.88)
| =1, = iL1(0)+iL2(O)+£f for  0<t<kT 259
e 0 k for kT <t<T (2.89)
. v,
. i,,(0)+ f]t o 0<teir .
I = v '
iy, (KT) = (¢ = KT) for kT <t<T

1
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\%
i.,(0)+ Lt
2O+

] 2 for  0<t<kT o)
I, = .
iLz(kT)—&(t—kT) for kT <t<T
LZ
i = ’ % for O<tskT
Ip = iLl(kT) +iL2(kT) —To(t— kT) fOT’ KT <t<T (2.92)
. v,
. i,,(0)+ Zf for  0<t<kT 09
i = |
=i, (kT) + %(t —kT) for kT <t<T
1
‘ v,
. 1L2(0)+?2t_lo for  0<t<kT 294
leco ® .
—iy,(KT) + %(t —kT)-1, for kT <t<T
1
where
. kI 1-k)\V
in0=1"5 _<2ﬂ>o
1
i ) =o A=0V,
1-k 2L,
i) =1,-1=V
2fL,
A=k,

i, (kT)=1,+ .

2.3.1.4 Discontinuous Mode

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

. K R
1e., > 2
M,? 21
or Ro_p o (2.95)

M, sk\sﬁ =k

The graph of the boundary curve vs. the normalized load z, = 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)ym;]T, where my; is the filling efficiency and it is defined as:

1 M7
=g o R (2.96)

2fL

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 - k)m, TV,

or

k R
V.=—"——V =k(1-k)— V.
© (A-kym, ! ( )2fL !
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with

R
V2

L1
1-k

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

Therefore, output voltage in discontinuous mode is

k R
Vo=V =k(l-k)—V
° (1-kym, ! ( )ZjL’
with
R, 1 (2.97)
V2fL T 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:

Vy(s), sCR

=1 Vo =3 5 (2.98)
oV, (s) s’CC,L,R+s°CL, +s(C+C,)R+1
SV, (s sCR

PLUAC i (2.99)
oV, (s) s°CC,L,R+5°CL, +s(C+C,)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.
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(b) Switch-off
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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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=) | —+j — =+jo, for switch 2100

s ]\/ cC.L, ]\“ L jo, for switch on ( )

=1j /% =xj i =+jo, for switch off (2.101)
\ CC,L, \VCL

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) = 8() 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, + icy.
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,
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 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
—(V - V) respectively. Therefore,

KTV, = (1-KT(V, - V)
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Voltage transfer gain M; vs. k.
1

Hence, Vo=V,

1-k

(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(Ve+V, =V,)=(1-K)T(V,-V))

Hence, V="V
(0] 1—k I

and the output current is
Io=(1-k)I,

Therefore, the voltage transfer gain in continuous mode is

Yo

M,=-9
T

b
1-k
The curve of M; 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; + ij,), and the
charge on capacitor C,; decreases. During switch-on period kT, the charge
increases, so its average current in switch-on period is

I

1-k 1- I,
k

. . k
ICl:T(1L1+1L2):T(IL1+1L2): (2106)

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

=yt T
Hence, I =k, +i, +ie)=k(I,, +1,+1)

1-k I, 1
=k(I, +1,)1+ . )=k1f2kﬁ=1_ok (2.107)

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
—(V = V) during switch-off. Therefore, its peak-to-peak variation is

Hence, the variation ratio of current i, is

A, /2 kYT 1-k R
ILl ZkLlll 2MS fL1

& (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

k1Y,

Ai, L

2

Thus, the variation ratio of current i}, is

_bi, /2 _kViT kR (2.109)
ILZ 2LZIO ZMS fLZ

&
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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

kT k(1-k)V,
iy = 8 + iy =TV KL=V (2110)

Considering Equation (2.71) and Equation (2.72),

I
Ip=L,+1,= —°©
D L1 L2 1—k
The variation ratio of current ip, is
Ai, /2 k(1-k)’TV,
(= ih /2 _k(A-k)TV, _ kzﬁ (2.111)
I, 2L1, Mg™ 2fL

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

_Q+_(-RTL, _1-k .,

A
T T C c

Hence, its variation ratio is

S_Avc/2_(-KPMT _ K

V. 2CV,  2fCR

(2.112)

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

A-KT,, +1,,) I
Avg, = CLl L2) _ fTO
1 1

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

Ao, /2 Iy M 2.113)
V.,  2fCV, 2fCR

IfL,=L,=1ImH, C=C;=C,=20puF R =40 Q, 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;,, i;,, ¢, and v are small.

Considering Equation (2.84) and Equation (2.105), the variation ratio of
output voltage v, is
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_ Aoy /2 KTV, k1
V,  8C,L,V, 8M, f’C,L,

(2.114)

If L, =1mH, C, = 20 puF, 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  0<t<kT 2.115)
Ug = v, for kT <t<T >
V, for  O0<t<kT
_ 2.11
Up {0 for kT <t<T 2419
)0 for  0<t<kT 2117
Up1 = v, for kT <t<T @47
B B V; fOi’ 0<t<kT 2118
U =0 = —~(V, -V, for kT <t<T 2119
. . V
i =i, = in@+i0)+8(1)+ for  0<t<kl (2.119)
1=k 0 for kT <t<T
. \%
1L1(0)+flt for  0<t<kT
iy = Vo - ] or kT <t<T (&S0
0m) - YooVigary S -
1
. \%
1L2(0)+flt for  0<t<kT
i = 2 or kT<t<T (&S0
)= YorVigury S -
2
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o OV v for  0<t<kT 9199
'p = i, (kT)+1i,,(kT)— OL L(t-kT) for  kT<t<T (2.122)
. o(t) for  0<t<kT

= 2.12
o1 {O for kT <t<T (2.123)

oV
. i (0)+ th for  0<t<kT 2124)
i = 3 .
i (kT Vo -V, (t— KT) for kT <t<T
Ll
o S(t)v v for  0<t<kT 9195
"= )iy (KT) =iy (KT) + 0L (4= KT) for kr<t<T 1%
oV
o ZL2(0)+Et_IO for  0<t<kT 2126)
co= _ :
iLZ(kT)—VO VI(t—kT)—IO for  kT<t<T
2
where
in(0) =kl -kV,/2fL,
inkT)=kI,+kV,/2fL,

and

ip(0) = Ip—k Vo/sz L,

i(kT) =1, +k Vo/2 fM L,

2.3.2.5 Discontinuous Mode

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/AL.

‘/R

IR
or MSS\/k\s‘ZjL xk\/ (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 = 1.

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

1 M

M. =—= (2.128)
ST R
2fL

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

KTV, = (1 - msT(Ve - V)

or

Ve =1+ k v, :[1+k2(l—k)2L]V1

(1_k)m5 fL
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with

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

Therefore, output voltage in discontinuous mode is

Vo=l F wepsea-n Ry with k(B> 2129

(1—kym 2fL szL —k

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:

- {SVo(S)}M = . sCR (2.130)
oV, (s) s’CC,L,R+5°CL, +s(C+C,)R+1
8V, (s) sCR (2.131)

of {SV(S)}“ff s°(C+C,)C,L,R+5*(C+C,)L, +s(C+C, +C,)R+1

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
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(b) Switch off

Stability analysis of self-lift circuit. (a) Switch-on. (b) Switch-off.

. C+C,
s=4%j |
\ CC,L,

V(C+C)CL,
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.| C+C,+C,

=+jo, for switch on

3 _4j 3 for switch off
acL 2

(2.132)

(2.133)



where o = \m 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 Co,.

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 C,. 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 C, and lift the capacitor voltage V. up. Current i.,(t) = 6,(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;; +
i;y + icy + ip3 + 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 7}, 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 i;, 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

VT

Ai, L

(2.134)

3

This variation is equal to the current reduction when it is switch-off.
Suppose its voltage is =V5 .5, sO

© 2003 by CRC Press LLC



s —Vc + ic + VI_2 —
P \ I — - N N
_ J
ilN? oV c J_ f L, i "co
. o 7= i
'py
——
11 I
1T 1
D, [ D,
V‘—__— ‘ -2 -\\/ — +
N [ <L Ci 7= |lo 2| Co5= |l Co-T°R Vo
= -
s /%
1/ Ve
- v

(d) discontinuous mode

FIGURE 2.20
Re-lift circuit: (a) circuit diagram; (b) switch on; (c) switch off; (d) discontinuous mode.

V=R

Aij, = L

3

Thus, during switch-off the voltage drop across inductor L; is
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k
Vi oy = ﬂVI (2.135)
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, = V5 ). Therefore,

KTV, =(A=k)T (Ve =2V, =V, )
2
Hence, Ve = T« 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 (V- 2V, =V 5 ,5). Therefore,

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

L3—off
2
Hence, Vo=—=V, (2.137)
1-k
and the output current is
1-k
Iy = ?I, (2.138)
The voltage transfer gain in continuous mode is
V,
My="0- 2 (2.139)
vV, 1-k
The curve of My vs. k is shown in Figure 2.21.
2.3.3.2 Other Average Currents
Considering Equation (2.71),
k k
ILl_ﬂIOZEII (2140)
1
and I,=1,+1,= WIO (2.141)
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FIGURE 2.21
Voltage transfer gain My 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 =gy = (it ipp) = ﬂlo

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

1-k 1-k, k I

= K (I + 1) = T(ﬂ+1)lo = ?O (2.142)

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

L=+l Fleg Tls+ic,
Hence,

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

_k):zk lp 1_ 2 I (2.143)

1
=2k(I,, +1,,)1+ p Tkk 1-xlo
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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

kv,
L1~ L

Ai
1

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

A, /2 _KV,T _1-k R
I kLI, 2M, fL,

& = (2.144)

L1

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, - V)
during switch-off. Therefore, its peak-to-peak variation is
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Ai kTV,
1 =
L2
LZ
Considering Equation (2.72), the variation ratio of current i, is
Ai, /2 KTV, k R
g, =—L2" "= I — (2.145)

ILZ 2LZIO ZMR fLZ
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When switch is off, the free-wheeling diode current is iy, = i;; + i, and

_KTV, _ k1=K,

Aiy =Ai, +Ai, = T o7 (2.146)
Considering Equation (2.71) and Equation (2.72),
I
Ip=1I,+1,= —°©
D L1 L2 1 _ k
The variation ratio of current ip, is
. _ 2 _
C:AzD/ZZk(l k) TV, _k(-k)R _ kzﬂ (2.147)
I, 4L, 2MfL M, fL

Considering Equation (2.134) and Equation (2.141), the variation ratio of
current i, is

A, /2 KVT k R

I

X = —
' IL3 2L3 ﬁ[o MRZ fLs

(2.148)

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

The peak-to-peak variation of v. is

Av

O+ 1-k k(1—K)
e ¢ Hu=pc

Considering Equation (2.136), the variation ratio is

CAv. /2 kA-RTI,  k
V. 4CV,  2fCR

(2.149)

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-K)T,,+1,,) _ 1-k),

Av

“ C, 2C,f
ny = (A=ROT(, +155) (A=K,
Pez = C TN

2 2
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Considering V., = V, = V|, the variation ratios of voltages v, and v, are

Ao, /2 (A-KI, M
=2la _ (=R _ M, (2.150)
VCl 4fC1‘/I chlR

o LM /2 (=R _ M,

>V, AVCf 2fCR

(2.151)

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

e Dog /2 _ kKT> V, _ k 1
V, 8C,L,V, 8M, f’C.L,

(2.152)

fC=C,=C,=C,=20uF, L,=1mH, R=160 Q, f=50 kHz and k = 0.5,
we obtained that p = 0.0016, 6, = 5, = 0.0125, and € = 0.0003. The ripples of
Ve, Ucy, Uy and vg 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:

0 for  0<t<kT (2.153)
Ug = v, for kT <t<T '
v, for  O0<t<kT
_ 2.154
Up { 0 for kT <t<T .
. _]o for  0<t<kT (2.155)
Up1 T Upy = v, for kT <t<T '
~ }:1 for  0<t<kT (2.156)
U3 = -V, for kT<t<T .
1-k
o 14 . for  0<t<kT 2.157)
u =% =)y _@- v for  KT<t<T '
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B iL1(0)+iLz(O)+iL3(O)+Sl(t)+82(t)+%t+%t forO<t<kT

Z‘I_is_ 3
0 forkT <t<T
iL1(0)+£t
. Lllc for  0<t<kT
l“_. -(2- l_k)VI for kT <t<T
1L1(kT) - L (t- kT)
1
iL2(0)+£t
. lec for  O0<t<kT
2 = —2-2 for kT <t<T
iLz (kT) - L (t - kT)
2
iL3(0)+£t
. ' L, for  0<t<kT
s = WVI for kT <t<T
i (1) = 1=K k)
3
0 forO<t<kT
iy = v—@-* v
i, (KT)+i,(kT) - Ll k™ (t—kT)  forkT <t<T
. 8,(t)+0,(t) for  0<t<kT
ol 0 for kT<t<T
.8, for  0<t<kT
P20 for  kT<t<T
. v,
, 1L2(0)+1:t for  0<t<kT
i =
or kT <t<T
i (k) =20 - kT) f

1
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(2.158)

(2.159)

(2.160)

(2.161)

(2.162)

(2.163)

(2.164)

(2.165)



8,(f) for 0<t<kT
Iy = Vo-(2+ L)VI (2.166)
—iy, (KT) =iy, (kT) + Ll— k™" (t—kT) for KT<t<T
8, (t) for 0<t<kT
io, = v.—@+ (2.167)
—i, (KT) =i, (KT) + Ll =K"_(t—KT) for kKT<t<T
i,(0) . I,
__— le( for  0<t<kT > 168
o™ Vo-2+—)V, for kT<t£T( -168)
i, (KT)— 5 =k " (t—kT)-1,

2

where i,,(0) = k I,/2-k V,/2 f Ly, iykT) = k I,/2 + k V,/2 f L,, and i,(0) =
Io=k Vi/2 f Ly, ipp(kT) = Ip + k V}/2 f Ly, and i1a(0) = I, + k I,/2 -k V,/2 f L,
iy(kT) = Io + kI,/2 + k V,/2 f 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 Rsy
M, fL
or M, <k /5 =k\zy (2.169)
VL

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 = 1.

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

© 2003 by CRC Press LLC



60

k=0.95 continuous mode
40

k=0.9 /
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FIGURE 2.23
The boundary between continuous and discontinuous modes and the output voltage vs. the
normalized load zy = R/fL.

=R (2.170)

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

KTV, = (1=k)meT (Ve =2V, = Vig )

or
[2+L L]V [2+L+k(1 k)—
1-k  (A-kym, 1-k 4fL
with
KRS 2
VAT 1-k

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

[2+L L] [2+L+k(1 k) ]

-k (1-k)m, —k 4fL
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with vk E > 2z (2.171)
VL 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 2.23. 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:

3V, (s)} 3 sCR
8V, (s) " $’L,CC,R+s’L,C+s(C+C,)R+1

(2.172)

on _{

0V (9)
o =gy o) o

R ~SC+C)+ s’L,C,C,
. 1+sC,R s*C,C,
- o S(C+C)+5’L,CC, RtsL, +5°L,CoR
s°C,C, 1+sC,R
L SC+C)+5LCC, R sy +5°L,CoR
s°C,C, 1+sC,R

~ SCRI(C, +C,) +$°L,C,C,]
sC[(C, +C,) +5°L,C,C,1[R +sL, + s’L,C,R]+ (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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FIGURE 2.24

(b) Switch-off

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:
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dV,(s), 1 1

8V, (s) b = LL,C, LE+CG T 28°LC+2
C

(2.174)

OVI={

and the pair of imaginary poles is

. C+C, 1

=+ =+ =
P==hee, ~ e

+jo, poles for switchon  (2.175)

where w, = (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

z,, =%j ;‘Cl +G, =+j i =+jv2m, zeros for switch off (2.176)
2~ hec T NhLe

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 (p;) and two pairs of conjugate complex poles with neg-
ative real parts (p,, and p;,). 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=L, L,/(L, + L,) or L, = 2L} and L; = L, Equation (2.173)
becomes:

RO C(C, +C,) +5°L,CC,C,
T8V,(s) 7 ((CC, +CC, +C,C, +5°L,CC,C,)(1+5°L,C,,)

+(CoC, +C,C, +5°L,CyC,C,)

B 2C* +$°LC? B 2+5°LC
(3C? +5’LC?)(1+25*LC) + (2C* +s°LC?)  25*[*C* +8s°’LC+5

(2.177)

and the two pairs of imaginary poles are
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Triple-lift circuit.

2o "8k 64-40 :_2i\26:{—3.225

4 -0.775

poles for switch off, so that
po=%j18 m,
and pss=%70.88 0, (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 = oo, 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
(Li-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 D; to replace the switch (5,).
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.
© 2003 by CRC Press LLC



0 0.2 0.4 0.6 0.8 1

FIGURE 2.26
Voltage transfer gain My 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,, G5, 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¢(t), 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, = v¢; = V; in steady state.
The output voltage and current are

3
V,=—-V, 2.179
° 1-k ! @179)
and
I, = ﬂl, (2.180)
3
The voltage transfer gain in continuous mode is
1%
M,=0= 3 (2.181)
vV, 1-k

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, Elo
1
Ly=1,=1,+1I,= ﬂlo
Current variations:
£ _1-k R £ = R ¢ = k(1- k)R k 3R
oM, fL, 2M flo 7T aM L M7 of
_k Rk R
fTMIL R TM L
Voltage variations:
k M,
p = — Gl =
2fCR 2fC,R
M M

T

o, = (¢}
> 2fC,R ° 2fC,R

The variation ratio of output voltage v is

k1
8M, f°C,L,

(2.182)

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

‘3R /3kz
\/211 V2

(2.183)

T—\k

This boundary curve is shown in Figure 2.27. 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 = V5.
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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 ij, exists in the period between kT and
[k + (1 - kym]T, where m; is the filling efficiency that is

1 M,?

mT:—_
¢ OR

(2.184)

2fL

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

kTV, = (1 -k)ym;T(Vc -3V, - Vis o= VLAroﬁ)

or
2k k 2k R
V.=[B+ "+~ V =[B+ " +k*1-k) ]V
e =l 1-k (1—k)mT]I[ 1-k ( )6fL]’
with Ak SR 3
\2 1-k

and for the current i, kKT(V; + Ve = V) = (1 =k)mT(Vo =2V, = Vi 5= Visop)
Therefore, output voltage in discontinuous mode is

2k k 2k R
Vo=[B+ "+ IV =[B3+ " +k*(1-k)—
0=l 1-k (1—k)mT]I [ 1-k ( )6fL
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FIGURE 2.28
Quadruple-lift circuit.

with Vk 22> (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),
icy(t), ics(t), and iq4(t) are exponential functions. They have large values at
the moment of power on, but they are small because v¢ = V¢, = Vg = Uy =
V, in steady state.
The output voltage and current are

Vo=—-V, (2.186)
and
I, = TI' (2.187)

The voltage transfer gain in continuous mode is
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FIGURE 2.29
Voltage transfer gain M, vs. k.

4
== 2.188
1% (2.188)

M, =

SIS

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

Other average currents:

k
Lo=loi Iy=1—1To
1
ILSZIL4:LL5:IL1+IL2:ﬂIO
Current variations:
&_1—k£ £ = kR C_k(1—k)R_ k2R
o2M, L, TP 2M, fL, 2MofL M, fL
k R k R k R

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

Voltage variations:

k M

2fCR ' 2fCR

p

MQ MQ MQ
c, = G, = o, =
2fC,R 2fC,R 2fC,R

The variation ratio of output voltage V. is

k 1
g=_—— (2.189)
8M, f*CoL,
The output voltage ripple is very small.
The boundary between continuous and discontinuous modes is
. 2R
M, sk = = 2kz (2.190)
g

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 = 5.
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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

k=

L

mQ=

oY =

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

kTV, =1 =k)mT(Ve =4V, = Vig o= Vie oy = Visop)

or
3k k 3k R
Voold+ o s Ry s S seaon Ry
c [+1—k+(1—k)mQ]’ et Vi
with
Jk 2RS4
VAT Tk

and for current i;, we have
kT(V,+ Vo= Vo) = 1 =kmgT(Vy -2V, - Vigor = Vieop— VLS—oﬁ)

Therefore, output voltage in discontinuous mode is

3k k 3k R
Vo=[4+———+——V =[4+———+k*A-k)—]V,
0=l 1-k (1—k)mQ]’ [ 1-k ( )8jL]’
with
2R _ 4
[ . 2.192
Tk 2192

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:

<

M = & = —I = 172 ZN = B R = 70
‘/I IO Ll + LZ fL IO
Current variations:
1-k R k R k R .
£, =—— G=1,223,..)

oM, Toamm, MTMEAL
Voltage variations:

ok k1 M
=—— E€=——— G = o
2fCR 8M f2C,L, 2fC.R

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

_ kh(/)[]' + h(])]

. i=0,1,23,4, ... 2193
; - j ( )

The free-wheeling diode current i,,’s variation is

_ R ]+h(]) z

i sz 5 N (2.194)
The boundaries are determined by the condition:
g, 21
or
KWL i+ (j) 2,21 j=0,1,2,34, .. (2.195)

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

1+h(j)
M =k 2 J+h(1)

i=0,1,2,3,4,.. 2.196
J V2 ] ( )

The filling efficiency is

M? 2 1
m. =

1
— 2.197
3 k“*h”” () 2, ( )

The output voltage in discontinuous mode for all circuits is

] + h(]) 1 gy 1-k .
V., e el | 4 =0,1,2,3,4,.... (2198
where
0 i i>1
h(j)= lf ] is the Hong Function (2.199)
L i j=0

Assuming that f=50kHz, L, =L,=1mH, L,=L; =L, =L; =05mH, C
=C, =C,=C;=C, = Cy =20 puF 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, M; 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, M; and M, correspond at k = V5.

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 EAY
Circuit Io=—+1, Vo=V
k 1-k
Self—Lift I, =(1-K)I, v - 1 v 15V 20V 40V 100 V
Circuit 0T k1
Re-Lift -k 2 30V 40V 80V 200V
Circuit Io=—7-1 Vo=—V
2 1-k
Triple-Lift -k 3 45V 60V 120V 300V
Circuit Io=——1, Vo=7—"VY
3 1-k
Quadruple-Lift 1-k 4 60 V 80V 160 V 400 V
Circuit Iy=—+-1, Vo=—V,
4 1-k

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

= W N =

. Load resistance R is too big

Discontinuous mode means i, is discontinuous during switch-off. The
output current iy(t) 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

¢ 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;/1,; the normalized load is zy = R/fL. Each
converter consists of a negative Luo-pump and a “IT”-type filter C-L5-Cp,
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(f) and v4(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

o =h

IN

or V. I,=VI

"1

The following symbols are used in the text of this paper.
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Vo L
Vi I
Variation ratio of current i;:
Ai, /2
e
L
Variation ratio of current i, ,:
- Ai;O /2
Lo
Variation ratio of current ip:
Ai .
(= ? / during switch-off, i, = i,
L
Variation ratio of current i;; is
Ai./
X = ;f i1=1,2,3,.
Lj
Variation ratio of voltage v:
_ Av, /2
= 7
Variation ratio of voltage v;:
Av.. /2
6, =—I"" j=1,2,3,4,..
j Vg

Variation ratio of output voltage v, = vqp:

A 2
8:77’0/

Yo
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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-L5-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., v(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 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 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., i,
= 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 = ic5 + i;o. 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=1p = Ic,, (2.200)
The charge on the capacitor C increases during switch-off:
Q+ = (1 - k) T IC—Off
And it decreases during switch-on:

Q-=kTI.,, (2.201)

In a whole repeating period T,

k k

Q+ = Q_’ IC—aff = 1-k IC—on = 1-—k IO

Therefore, the inductor current I, is

=l 41, =20 (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 i; = i, during switch-on period.
Therefore, its average source current ; is

. k
II :lel :le :kIL :ﬂlo
or
1-k
I, = TII (2.203)
and the output voltage is
k
V, = T v (2.204)
The voltage transfer gain in continuous mode is
Vo I
M, =-9=-L= ke (2.205)
v, I, 1-k

The curve of M; vs. k is shown in Figure 2.34. Current i; 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,
V.=V, = ke \% (2.207)
c— "o~ 1_ k I -

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

TV,

Ny ==

© 2003 by CRC Press LLC



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(A-KVT _kA-KR_ kK* R
I 211, 2M L M, 2fL

g (2.208)

L

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

(2.210)

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

B_1T k . k

Aijy=—==-> = I
oL, 222CL, ° 8fcCL, °

(2.211)

Considering Equation (2.200), the variation ratio of current 7, is
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FIGURE 2.35
Some voltage and current waveforms of elementary circuit.
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A, /2 k1

= 16 £CL,

(2.212)

LO

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
i;o and output current I, causes the ripple of output voltage v,,. The ripple
waveform of current i;, 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:

AT ko k
C, 2216f°CC,L, © 64f°CC,L,

Ave, = I, (2.213)

The variation ratio of current v, is

_ Ao /2 _ k I, & 1 2214)

e - fo_ K
V.,  128f3CC,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=0.12 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, = 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 (2.215)
Ys = V, for kT <t<T '
vV, +V, for  0<t<kT
= 2.216
o { 0 for KT<t<T (2.216)
v for  0<t<kT (2.217)
L7y, for KT<t<T '
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. i(0)+£t for  0<t<kT
=i =9t L

0<t<kT
kT <t<T

0 for kT <t<T
i, (0)+—- I t for
i, (kT) — —O(t kT) for

for
1L(kT)——O(t —kT) for
{ Iy, for  0<t<kT

I o for  kT<t<T

where

0 =kL-kV,/2fL

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

0<t<kT
kT <t<T

(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

=21
ie.,
2
2R
M," 2fL
or
R /zN

MEsk\sﬁ_k\s ;
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FIGURE 2.36
The boundary between continuous and discontinuous modes and output voltage vs. the nor-
malized load zy = R/ 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 t, = [k +
(1 - k)ymg]T, where my is the filling efficiency and it is defined as:

1 M7
- = 2.223
mE C k2 R ( )
2fL

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

KTV, = (1 - kymTV,

or
k R
Vo=V =k(1-k)—V
¢ A-kym, ! ( )2fL’
with | N> 1
V2fL 1-k

and for the current i,

kT(V, + Vo= V) = 1 -k)m.TV,,
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Therefore, output voltage in discontinuous mode is

k
V,=—
O (1-k)m,

2

R (2.224)
\ 2L

V=k1-k) X v with 1

2fL 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 2.36. 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 §(t). 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 the load R, i.e., ic,, = i;o. When switch S is off, the equivalent circuit is
shown in Figure 2.37c. 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 via capacitor C, to capacitor
C and load R (via inductor L), i.e., iy = iy = icof + iro- 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=1y=1,, (2.225)

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-k Tl
And it decreases during switch-on:
Q-=kTI,, (2.226)
In a whole repeating period T, Q+ = Q-

Thus,

k :kI

IC—uﬁ‘Zl_le—on 1-k (0]

Therefore, the inductor current I, is

=1 +I,=0© (2.227)

From Figure 2.37,
I, =——1I (2.228)

and

=1—k1 1

Iei g, K Clof = *

I, (2.229)

In steady state we can use

V.

C1

=V

I

Investigate current i;, 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, - ;)

or
(2.230)
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FIGURE 2.38
Voltage transfer gain M; vs. k.
and
I, =(1-K)I,

The voltage transfer gain in continuous mode is

v, 1-k

The curve of M; vs. k is shown in Figure 2.38.
Circuit (C-Ly-Cp) is a “I1” type low-pass filter.
Therefore,

2.4.2.3 Variations of Currents and Voltages

(2.231)

(2.232)

(2.233)

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

TV,

Ny ==
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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

A, /2 KA-KV,T kA-KR _ k R

¢ I 2LI, IM AL M 2fL

(2.234)
Considering Equation (2.226), the peak-to-peak variation of voltage v is
Q- k
A'UC = ? = E TI o

The variation ratio of voltage v is

oo B0 /2_ Mol _k 1

= (2.235)
Ve 2CV, 2 fCR
The peak-to-peak variation of voltage v, is
kT 1
Avg, = aICHn = ]TCIO
The variation ratio of voltage v, is
A 2 I
o =al2_ I M 1 (2.236)
VCl 2f Cl‘/l 2 f CIR
Considering the Equation (2.211):
. 1T k k
A= 0= g2 Io
22 2CL, 8f°CL,
The variation ratio of current i, is
Ai, /2 k1
E= = (2.237)

ILO - E szLO

Considering Equation (2.213):

B_1T  k k

AV =—=— = I
€ C, 2216f°CC,L, © 64f°CC,L, °
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The variation ratio of current v is

A 2 I
e=Meo/2_ Kk lp_k 1 _ (2.238)
V.,  128f°CC,L, V, 128 f*CC L R

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

Mg =25 £=0.09 & =0.03 p=0.12 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(f) 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:

B 0 for  0<t<kT 2939
s, - for KT<t<T (2.239)
Vs for  0<t<kT
71 0 for KT<t<T (2.240)
0 for  0<t<kT 5041
o1 = V, for kT <t<T (2.241)
~ v, for  0<t<kT 2042
L, - V) for KT<t<T (2.242)
S iL1(0)+5(f)+£t for  0<t<kT 5943
h=ls T 0 L for  kT<t<T (2.243)
. Vv
, IL(O)’LTIt for  0<t<kT (2.244)
i = VoV .
i (kKT) - OL L(t—KkT) for kT <t<T
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O for
D= 1(kT)— L I(t kT) for

. o(t) for  0<t<kT
;T for kT <t<T
8() for
i, = v, -V,
a1 _ZL (kT) + T (t — kT) fOr
) =1, for  0<t<kT
T Iy for KT<t<T

where
ii0)=kI,-kV;/2fL

LTy =k, +kV,/2fL

0<t<kT
kT <t<T

0<t<kT
kT <t<T

(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.,
kR,
Mg 2fL
or
LN
R YA
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The graph of the boundary curve vs. the normalized load z, = 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 = 1.

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

1 M

mg=_ = (2.250)
ST R
2fL

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 - mT(Ve - V)

or

k R . 'R 1
Ve=[l+— 1V, =[1+k*(1-k) 1V, ith ~k —2—o-
e = g 1 A0 g Wy with vk 2k
and for the current i,
kKT(Vy + Ve = Vo) = A= K)msT(Vo - Vi)
Therefore, output voltage in discontinuous mode is
k R . R _ 1
Vo =[l+———1V, =[1+k*(1-k)—1V, ith vk |-—2=2—- (2251
o [ (1—k)m5] I [ ( )ZfL] AL N \/ZfL 1—k ( )

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,-D,;-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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discontinuous mode
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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,(t) and 9,(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¢; + i,. 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 ir,. Inductor L, keeps the output current I, continuous
and transfers energy from capacitors C to the load R, i.e., i, = i;o. When
switch S is off, the equivalent circuit is shown in Figure 2.41c. In this case
the source current 7; = 0. Current 7; flows through the free-wheeling diode
D, capacitors C,; and C,, inductor L; 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., ij = iciop = icoof = i1 = lcof + 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=1Ti0 = Icq (2.252)
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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:
Q+=1-k T Iy

And it decreases during switch-on:
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Q_ =k TIC—on

In a whole repeating period T, Q+ = Q-. Thus,

k k

IC—Djf = 1_kIC—<m = 1_klo

Therefore, the inductor current I, is

We know from Figure 2.48b that

1
ICl—oﬁ = ICZ—oﬂ =, =1 = ﬂlo
and
1-k 1
ICl—an = T ICl—off = E IO
and

ey, k Icz-uff = %Io
In steady state we can use
Vo=V =V,
and
Vit =Vi Vi = % v,

(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 —(Vo = Ve = Ve, = Vi) /L

=—[V,-2V,-k V,/(1 -k)]/L. Therefore,

KTV, = (1= 0T(V, -2V, -V,

© 2003 by CRC Press LLC



0 0.2 0.4 0.6 0.8 1

FIGURE 2.42
Voltage transfer gain My vs. k.

or
2
V,=—"-V
O 1—k I
and
Io:ﬂlz

The voltage transfer gain in continuous mode is

Vo _ 1,

R=71_ =

M 4
IO

2
1-k

The curve of M; vs. k is shown in Figure 2.42.
Circuit (C-Ly,-Cp) is a “I1” type low-pass filter. Therefore,

2
Vc:Vo:ﬂVz

2.4.3.3 Variations of Currents and Voltages

(2.257)

(2.258)

(2.259)

(2.260)

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,

Ai
L

Considering Equation (2.253) and R = V,/1,,, the variation ratio of the current
i is

C A, /2 k(-KV,T k(1-KR _ k R

d =—F— (2.261)
I, 2LI1, ML M, fL
The peak-to-peak variation of current i, is
. k
A, = L—lTVI
The variation ratio of current i}, is
Ai, /2 KTV, -
A /2 KTV () gy K1-k) R (2.262)
ILl 2LlIO ZMR le
The peak-to-peak variation of voltage v, is
Q- &k
ADC = ? = E TIO
The variation ratio of voltage v, is
Av. /2 kI, T
_Ave /2 HoT _k 1 (2.263)
Ve 2CV, 2 fCR
The peak-to-peak variation of voltage v, is
kT 1
AZ)Cl = aIC1—011 = ficlo
The variation ratio of voltage v, is
A 2 I M
o =Ma/2_ I, My 1 (2.264)

1
VC 1

2fC,V, 2 fCR
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Take the same operation, variation ratio of voltage v, is

A, /2 Iy M, 1

c == 2.265
v, 2fC,V, 2 fCR (2.265)
Considering the Equation (2.211):
1T kg ko
‘9 2202CL, ° 8fcCL, °
The variation ratio of current i, is
Aii /2
g=fi/2_k 1 (2.266)
I, 16 f°CL,
Considering the Equation (2.213):
B 1T k k
Avep = =505 Iy = 3 Io
C, 2216f°CC,L, 64f°CC,L,
The variation ratio of current v is
A 2 I
ez 00 /2 _ k o _ K ! (2.267)

Voo  128f°CC.L, V, 128 f°CC,L,R

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

Mg=5 {=0048 £=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 iy(f) is almost a real DC wave-
form with very small ripple as well, and it is equal to I, = V5/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:

B 0 ' for  0<t<kT
= Vom@-1 0V, for KT<t<T

(2.268)
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{VO for  0<t<kT
o =

1o for kT <t<T
0 for  0<t<kT
o1 =2 Sy for KT<t<T
{ ZI for  0<t<kT
LT P, 7 <
1 for kT <t<T
B Vi , for  0<t<kT
LTV, - -] or kT<t<T
1-k

B z'L(O)+%t+81(t)+62(t)+iu(0)+%t for 0<t<kT

1
0 for kT <t<T
i (0)+—Lt
B :0) Lk for  0<t<kT
= Vo=@V, for kT <t<T
L(kT) L = (t—kT)
L1(0)+—’t
L, for  0<t<kT
for kT <t<T
le(kT)— (t kT)
0
) V@ k W for  0<t<kT
i = -2-——
ZL(kT)— © Ll—k I(t—kT) fOT" kT <t<T
. 3,(h) for  0<t<kT
;17 g for kT <t<T
.8, for  O0<t<kT
P21 0 for kT <t<T
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(2.270)

(2.271)

(2.272)

(2.273)

(2.274)

(2.275)

(2.276)

(2.277)

(2.278)



8,(t)
V@ k W for  0<t<kT (2.279)
ley = o~ \e= )V .
i, (kT)+ Ll—k (t—KT) for kT <t<T
8,(1)
V@ W for  O0<t<kT (2.250)
ley = o~ \e= )V :
i, (kT)+ Ll—k (t—kT) for kT <t<T
. =1, for  0<t<kT 5081
T Iy for KT<t<T (2250
where
i0)=kL,-kV/2fL
i kT)=kIL,+kV,/2fL
and

i,0)=kI,-kV,/2fL,
i,(kT)=kI,+kV,/2fL,

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

¢>1
ie.,
kR
M fL
or
M, <<k R Vkyzy (2.282)
VL
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k=0.1 “~. A discontinuous mode
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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 z, = 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 = 1.

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

2
- M (2.283)
k

mR=

UX| =
=]

Considering Equation (2.282), therefore 0 < my < 1. Because inductor current
i, =0att=+#,so that

k
V., =V
e (1-kym, !

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

> 2
1-k

V.=[2+ 27]V [2+k*(1-k) ]V with  Vk —

'R
< -kym, 2L VAL
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FIGURE 2.45
Triple-lift circuit.

and for the current i,
kT(V;+ Vo= Vo) = 1= kmgT(Vy -2V, - Viiep)

Therefore, output voltage in discontinuous mode is

% o e B owin ok B 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 2.44. 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-D;-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,-C4-D3-Dy, 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 ix(t), ic,(t), and ic(t) are exponential functions. They have
large values at the moment of power on, but they are small because v, =

Uy = Uz = V) in steady state.
The output voltage and current are

3
v, =71—kvl
and
1-k
=73l

The voltage transfer gain in continuous mode is

3

MT:VO/Vlzl_k

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

Vc = Vo Vc1 = ch = Vc3 = VI
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1
ILo=1 I =1,=1,=—-+I
=% T T2 T o
Current variation ratios:
(o k 3R .k 1
M, 2fL 16 f*CL,
_k(l—k)i _k(l—k)i

om, o, T oM, g,

Voltage variation ratios:

ko1 M, 1
p=77 Gl=7
2 fCR 2 fCR
M, 1 M, 1
C,=— C,=— ——
2 fC,R 2 fC,R

The variation ratio of output voltage V is

128 f3CC L R

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

. |3R  [3kz
M, <~k |— = N
T

(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 = 5. The boundary curve vs. the normal-
ized load zy = R/fL is shown in Figure 2.47.

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

— 1 — ]V‘[T2
ST R (2.290)
2fL

m
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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
iy =1i,=0att=t),so that

k
VLl—oﬁ’ = VLZ—off = W Vi

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, - VLHff_ VLZ—off)

or

3k ]V:[3+k2(1—k)£]v with Wk SR> 3

Ve=B+_——1V, f
(1= kym, 2fL V2fL T 1-k

and for the current i;, we have
KT(V; + Ve = Vo) = 1 =kmT(Vy - 2V, - Vitor = Vioop)

Therefore, output voltage in discontinuous mode is

kv —pea-p Ry, with kSR>3 (2001

R
Yo =B+ 4 om, 2L \2fL 1k
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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,, Ls;, 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 ic(t), ic,(t), ic5(t), and i(t) are
exponential functions. They have large values at the moment of power on,
but they are small because vq = V¢, = U3 = Uey = V; in steady state.

The output voltage and current are

Vo=—-V, (2.292)
and

Io=—-1, (2.293)
The voltage transfer gain in continuous mode is

4
Mo =Vo/Vi=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:

VC = Vo VC] = ch = Vca = VC4 = VI

Other average currents:

Lo=1s IL=IL1=IL2=IL3=ﬁIO
Current variation ratios:
(o K2R k1
M, fL 16 f°CL,
_Ki-b R _Kk1-K R _k1-K) R

! 2‘ZV‘[Q le ? 2‘Z\/IQ fLZ ’ 2MQ fLB

Voltage variation ratios:

ko1 M, 1
p:—i 61—77
2 fCR 2 fCR
M M M
(52=—Q—1 03:—(2—1 (54=—Q—1
2 fC,R 2 fC,R 2 fC,R
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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 £t = 2kz (2.296)
ety Y

It can be seen that the boundary curve has a minimum value of M, that
is equal to 6.0, corresponding to k = %. 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

_Min (2.297)
= )
ik

L

sz

oY =

Considering Equation (2.296), therefore 0 < m, < 1. Because inductor cur-
rent i, = i, = i;; = 0 at t = #;, so that
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=V k

\% =—V
L3—off (1 _ k)mQ I

Ll-off — v

L2—off

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

KTV, = (1 =k)maT(Ve =4V, = Vi g = Vio o = Visop)
or

4k
+ -
(1- k)mQ

7.1

V. =[4 IV, =[4+k>(1-k) fL]V with +/k /7 4

I fL _ k
and for current i, we have
KTV, + Ve = Vo) = (1 =kmgT(Vy =2V, - Viteog = Vieop — VLS—Oﬁ‘)

Therefore, output voltage in discontinuous mode is

by _aeea-p Ry with ok 2Rs 4 o0

Vo=[4+ —"— |

(1-kym,, 2fL VL 1-k
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:

moVoli L R Vo
Vi I, fL Iy

Current variation ratios:

(= k(1-k)R £= k

2MfL 16f*CL,,
k(1-k)R .
= =123, ...
i amp, j )
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Voltage variation ratios:

_k .o k s . M
2fCR 128f°CC,L,R 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. 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
= (2299)

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

_ k[l+h(f)l ]+h(])

j sz , AN (2.300)
The boundaries are determined by the condition:
g, 21
or
[L+h(DI i
LL}’(])sz j=0,1,2,34, ... (2.301)

2
M]. 2

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

Wh(j) | .
1j+h()) ,

M/.:kT\/ N j=0,1,23,4, .. (2.302)

The filling efficiency is

1 M2 21
My == = 20l o iy -
¢, k J+h(j) zy

(2.303)
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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

Ve =[j+ k00 %ZN]VI j=0,1,234, .. (2.304)
The output voltage in discontinuous mode for all circuits
i g2 1=k -
Vo =lj+k ?ZN]V] j=01,234,.. (2.305)

where

h(j) = 0 7 =1 is the H Functi
N=14 =0 is the Hong Function

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
My, 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 = V5.

Assuming that f=50 kHz, L=L,=L, =L, =L;=L, =100 pH, C=C, =
C, = C3 = 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 (Vi =10V)
Luo-Converters I, Vo k=033 k=05 k=075 k=09
Elementary 1—k k 5V 10V 30V W0V
Circuit Ip=—-1, Vo=V
k 1-k
Self-Lift L=0-bL, , _ 1, 15V 20V 40V 100V
Circuit o
Re-Lift -k ’ 30V 40V 80V 200V
Circuit Io=—=1, Vo=V
2 1-k
Triple-Lift -k 3 45V 6OV 120V 300V
Circuit Iop=—71, Vo=V
3 1-k
Quadruple-Lift 1-k 4 60 V 80V 160 V 400 V
Circuit lo==70L Vo=V

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

o 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:

Lo=I, I,=——1I

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

V=V, (2.306)
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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,
Ve = ke 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,
1
Va=Viti o Vi=s v
Vo=Veo=Vy :ﬂvl

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

V.

o

v

M

L
1-k

The output voltage and current and the voltage transfer gain are

1
S
I,=1-K)I,
1
M, =—- 2.308
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Average voltages:
VC = kVO
Ve =Vo

Average currents:

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

Hence,
v k

Lo T g 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= KTV, opr
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k
Viior = 1—k v

From the switch-off period equivalent circuit,

Ve =Veorr =Viorr +Virorr * Va2

Therefore,
k k 1+k
Ve=—Vi+—V+V,= "V 2.309
C 1-k ' 1-k ! 1-k ! ( )
1+k 2
Vo=V +V, ="V
© 1-k 1-k !

Then we get the voltage transfer ratio in CCM,
M=M, = 1% (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
V,=—-V
O 1—k I
1-k
IO=?I,
2
M —
Ro1-k
Average Voltages:
1+k
V.=—<2V
C 1_k I
Ve =Veo = Vo
Vo=V,
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iI _ Ve + o
D € T -
S Dy Voo _ C D Lo
P Pre C iul
L, Vos _
] y
c = S
. l 3 L, Z&D c, cy § .
R
v, i % L I Vo
4 Y _
- DS D2
FIGURE 2.55
Modified triple-lift circuit.
Average currents:
Lo =1
1
I =1, ,=-—"1
L= T o

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

3
VO :ﬂvl
and

1-k
IO :TII

3
M, =—"—
To1-k
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FIGURE 2.56
Modified quadruple-lift circuit.

Other average voltages:

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

Lio=1o

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

V.

and

© 2003 by CRC Press LLC



e

I,==—=1,
4
M,=— 2.312
° 1-k &5
Average voltages:
3+k
Ve="-"
C 1—k I
and
Va=Vo

Voo=Va=Vau=V,
Average currents:
Lio=1o

and

1
:IL3+IL+ILOZWI

I, =1, o

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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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/
£, 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, = V_ /1o
the normalized loads are zy, = R/fL (where L = L, and L=LL,/L,+L, for
elementary circuits) and zy_ = R,/fL;;. 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, = z,._.

Each converter has two conversion paths. The positive path consists of a
positive pump circuit S-L,-Dy-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 C;; 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 i, 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 i, 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,,,, V_and I,,, I5_; the input voltage
and current are V; and [; = I;, + I_. Assuming that the power loss can be
ignored, P, = Py, or VI, =V, I, + VI, For general description, we have
the following definitions in continuous mode: The voltage transfer gain in
the continuous mode:

V. 1%
M, =% and M =-9
VI VI

Variation ratio of the diode’s currents:
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¢ =AiDO/2 and ¢ =AiD10/2
' IDO : ILll
Variation ratio of pump inductor’s currents:
Ai /2 Ai, /2
§1+ _ 2 / and ( =-—Lu /
IL] ILll
Variation ratio of filter inductor’s currents:
e, = Ai,, /2 and £ = A, /2
ILZ IL12
Variation ratio of lift inductor’s currents:
Ai,,,./2 Al /2
o =% and 7y, = LI““ i=1,23, ..
L2+j L12+j
Variation ratio of pump capacitor’s voltages:
Av., /2 Ao 2
p,=—¢ / and p =—Ccu /
VCl VCll
Variation ratio of lift capacitor’s voltages:
Avg,,. /2 Ave,, /2
o,= 7"~ and o_ = """0 j=1,2,34, ..
VC]+j VCll+j
Variation ratio of output voltages:
Av 2 Av, /2
8+ = L/ and 87 = O;/
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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- L1
% VA
> K3 YT YN
Lz
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 I, =1,

Positive path input current is

. . . 1-k
I, =kxi,, =k(i, +i,)= k(l"'T)Iu =1,

The output current and voltage are

IO+:1_kII+ and VO+=1]_<k

V.
k

I

The voltage transfer gain in continuous mode is

V, k
M — O+ -
E+ ‘/I 1—k
The average voltage across capacitor C, is
k
Vo = 1—kVI =Vo.
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it — Vc1 + 'Lz
S —»
FWY\_
L2
+ +
Vin = L11 DO Co:i R Vo—
a) switch on
- Vo 4+ i
—
Ay ~YA
/1 L,
+
L l'm ?iDO Co:i R Vo—
(b) switch off
- Vo + 2
l—/VVV\_
L,
A +
L, l TL11 Voo Co—~ R Vo

(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

£ Aip, /2 _ KTV, _ 1_k£and§ _Ai, /2 _ KTV, k R
T 2L.1,, 2M, fL, * 1, 2LI, 2M, fL,

L1

The variation ratio of current ip, is

) A 2
g = Ano/2_(-K'TVo, KI-BR_ K R (2.315)
I 2L, ML M, 2fL

DO

The variation ratio of v, is
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Mo /2 (=BT, k1
Py T acV,. 2fCR

The variation ratio of output voltage v, is

L oo /2 KTV k1

: Vo. 8CoL, V70+ ) 8M, f*Col,

(2.316)

IfL,_L,=1mH, C; =C,; =20 uF, R =10 Q, f= 50 kHz and k = 0.5, we get
&, =005 &, =005 ¢ =005 p, = 0.025, and & = 0.00125. Therefore, the
variations of i}, 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 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

107 =1, and IO— =Iy = ICll—on
Since

k =k1

ICllfaff = 1—k ICll—mz 1—k O-

the inductor current [, is

I
Iy =Ty +1o-= o (2.317)
1-k
So that
. . k
I =kxi,_=kiy, =kl = EIO—
The output current and voltage are
1-k k
IO*ZTllf and Voizﬂ‘/[
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(a) switch on
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o— Y Y Y\

+ 1 ﬂ/_tm .

VL”I iy 1Cyy Vv, Cio=~ R Vg

c11 1
L
11
+
- +

(b) switch off

L12

L12

(c) discontinuous mode
FIGURE 2.60

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

M, = h = —k (2.318)
V; 1-k
and
k
Ven=Vo. = ﬂvl

From Equations (2.314) and (2.318), we can define that My = Mg, = M;_.
The curve of M; vs. k is shown in Figure 2.61.
The variation ratios of the parameters are

e i /2_ K 1 and p = en/2_ Mo T _k 1
IL12 16 f C10L12 VCll 2C11VO— 2 fcllRl
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10

FIGURE 2.61
Voltage transfer gain M; vs. k.

The variation ratio of current i;;; and ip,, is

_Aiy, /2 _kA-KV,T _kA-KR, _ K R,
ILll 2L11107 2MElel ]\4E2 2ﬂ‘ll

-

The variation ratio of current vq,q is

e = AAUClO /2 _ k IO— k 1

) VClO 128.](3(111C10L12 VO— 128 f3C11C10L12R1

(2.319)

(2.320)

Assuming that f = 50 kHz, L,; = L;; =05 mH, C=C, =20 uF, 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 i, (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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continuous mode e

0.2

discontinuous mode

0.1F L ] 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).

Vo=Vo,=IVo.| Mp=Mg, =M, =_7=

—

zZy=zy, =2zy. and {=(, =0

The free-wheeling diode currents iy, and ip,, become zero during switch
off before next period switch on. The boundary between continuous and
discontinuous modes is

£>1
ie.,
2
L
M. 2
or
M <k“‘§ (2.321)
ESR, :

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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==E (2.322)

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

V., = ﬂ—lli)rngvf = k(1—k)Z7NVI with | > ﬁ (2.323)
and for the current i,
KT(V, + Ve = Vo) = (1 - K)mpTV,,
Therefore, the positive output voltage in discontinuous mode is
V.= * v oka-n®V with /iN > 1 (3
(1-kym, 2 V2 "1-k
For the current i;;; we have
kTV, = 1 -kymTV ¢y
or
= (1—:)%‘/1 =k(1- k)%NvI with \/ZZN > ﬁ (2.325)
and for the current i;;, we have
KT(V,+ Ve — Vo) = A =k)m TV
Therefore, the negative output voltage in discontinuous mode is
v, = (1_’;)%1/1 = k(1—k)%NVI with \/Z; > ﬁ (2.326)

We then have
ZN
V=V, =V, =k(1- k)fz v,
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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 5-L;-Dy-C,, a filter
(C)-L,-Co, and a lift circuit D;-C,. The negative conversion path consists of
a pump circuit 5-L;-D,;(Cyy), a “IT1”-type filter C;-L,-Cyp, and a lift circuit
Dy-Cy,.

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:

k
Va=14"
Hence,
1
Vo=Veo =V =V + Vg :fvz
1-k
and
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Vin = oL 2 Ve Co>” R Vot
v

- Vo + L2
N\ e
~

Y L,

(b) switch off

- VC1 iL2
N —_—
- R
L,
I .
;>' L1 VDO Cc, ch C \;; R V o+

(1 ¢ ZT i

(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)11+
Other relations are

k

Ly=kiy iy =1Iy +ici lerof = 11—k leton

and
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Iy =icy pp =kip, =1}, (2.327)
Therefore, the voltage transfer gain in continuous mode is
V, 1
M, =-9 =" 2.328
S+ ‘/I 1-k ( )
The variation ratios of the parameters are
£ _AiL, /2 k1 0 _Ave, /2 (A-RI, 1
oL, 16fCL, T Voo o, C k_\  2kCR
1 1—k I
and
- - Ave, /2 k
" VCZ szZR
The variation ratio of the currents ip, and i, is
Ai, /2  kV,T k R
C+ — §1+ — 31 — 2L II = M 3 2 (2329)
L1 171+ S le
The variation ratio of output voltage v, is
A 2
e =0 /2_k __ 1 (2.330)
Vo, 128 f°C,C,L,R

IfL,=L,=05mH,C,=C,=C,=20uF, 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
o = IL12 = ICll—on ICll—uff = m ICll—on = ﬂlo—
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+
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+
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+ Ve — iLi2
-
l— Voo
L12
i | oLy Ci, Vo Cio
+

(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

I, =I (2.331)

L11 = fcit-off +lp = 1—k

We know that

1 1-k 1

Iy oy =11y = ﬂIo_ and I, , = TICH—ojf - EI

O-—
So that

v 1

O—:ﬂ‘/l and IO—:(l_k)II
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FIGURE 2.66
Voltage transfer gain M; vs. k.

The voltage transfer gain in continuous mode:

(2.332)

ch:Vole_k I

From Equation (2.328) and Equation (2.332), we define Mg = Mg, = Mg_

The curve of Mg vs. k is shown in Figure 2.66.
The variation ratios of the parameters are

e Mip/2_k 1
- 16 f2C,,L,,

L12

o M0 /2_ Mo T _k 1
B VCll 2C11V07 2 fcllRl

o Mg, /2 I M 1
1-
VC12 2fC12VI 2 fC12R1

The variation ratio of currents ip,, and iy, is
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Ay, /2 _K1-RV,T _k1-KR, _ kR (2333

¢ =
Iy 2L15. 2M,fLy, M52 2fL;,

the variation ratio of current vy, is

I
g = Aveyy /2 _ . k fo- _ L% (2.334)
VC]O 128f Cl]C]OLlZ VO* 128 f CllclOL]ZRl

Assuming that f = 50 kHz, L,; = L, = 0.5 uH, C;; = C;; = 20 uE R, =40 Q
and k = 0.5, we obtain Mg = 2, £ = 0.2, p_ = 0.006, 6,_ = 0.025, £&_ = 0.0006
and e_= 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_, Mg
= Mg, = Mg_and { = {, = {_ The boundary between continuous and discon-
tinuous conduction modes is

(=1
or
L
M2 2
Hence,
g 'kz
M. <~k == =N 2.335
T2 Ty 2 (2:335)

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 = .

The filling efficiency is defined as:

= = (2.336)

For the current i;; we have
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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 z kz 1
Vo=V, =k*1-k) "NV, ith N>~ (2337
= (g, = RATR Y with 2T @397)
Therefore, the positive output voltage in discontinuous mode is
Vo, =V +V, :[1+L]V =[1+k*(1- k)—N]
O+ C1 I (1 _ k)ms 2
kz,, 1
ith = 2 — 2.338
wi e (2.338)

For the current i;,; we have
kTV; = (1= kmT(Vey - V)

or

k

_ LT, | 201 _ 1y AN
VCll—[1+(1_k)mS]VI [1+k°(1-k) 2]V1

© 2003 by CRC Press LLC



'k
with :A >
2

. (2.339)

b
1-k
and for the current i;;, we have
kT(Vi+ Ve = Vo) = A -kyms T(Vo. - V)

Therefore, the negative output voltage in discontinuous conduction mode is

k z
V., =[1+—— WV =[1+k*>1-k) NV
L L SR
lkz 1
ith [N > 2 2.340
Wi V2 1ok (2340)

We then have

Vo=V, =V, =[1+k*1- k)%N]VI

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 5-L,-D,-C; and a filter (C,)-
L,-Co, and a lift circuit D;-C,-Ds-Ls-D,-C5. The negative conversion path
consists of a pump circuit S-L,;-D,,~(Cy;) and a “I1”-type filter Cy;-L;,-Cy, and
a lift circuit Dy;-Cy5-L15-D5p-Ci5-Di,.

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
Voo =—V, and Vo=V =V, =V, +V, :—1_1{

Vv
1-k

I
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FIGURE 2.68
Re-lift circuit.

Thus,
2
Vor =1
and
1-k
IO+ = II+

The other relations are

S . . , k.
Ly=kiy i =In+ It s on +icion oy = ﬂl(:l_gn
and
. . k. 1
Iy=1I,= lerof T lozof = EZH = EIH (2.341)
The voltage transfer gain in continuous mode is
V, 2
M, =-% == 2.342
v, 1-k (2342
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(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

AL /2 k

§2+

; =

L2

CAvg, /2 (1-K)TI, 1

v, ac Lk (+RfCR
1 ]._k 1
_Avc2/2_ k _Avc3/2_1—kli_ M,
" VCZ ZfCZR 2+ VC3 4fc3 ‘/I 2fC3R
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The variation ratio of currents iy, and i is

Aip, /2 KVT kR

=k = — 2.343
§+ E_>1+ IDO L111+ MRZ le ( :

and the variation ratio of output voltage v, is
e =0 /2 _ K ! (2.344)

* v, 128 f°C,C,L,R

IfL =L,=L,=05mH, C,=C,=C;=C; =20 pF, R =160 Q, f = 50 kHz,
and k = 0.5, we obtained that §, = {, = 0.2, x; = 0.2, o, = 0.0125, p = 0.004;
and o, = 0.00156, &, = 0.0125 and € = 0.000001. Therefore, the variations of
iry, i, and i;; are small, and the ripples of v, ve; and v, are small. The
output voltage vp, (and v.p) is almost a real DC voltage with very small
ripple. Because of the resistive load, the output current i,, 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 =l =lenon  longy = 1_f Cit-on = ﬂlof
and
Iy
Iy = Iy g+ = (2.345)
1-k
1 1-k 1
IClZ—njf = Ic13-off =l = 1—k L k IClZ—off = EIO—
1-k 1
Ieys o0 = K IClS—oﬁ‘ = %Iof
In steady state we have:
k
Voo =Ves =Vi Vi =V, and Vi, = 1—k v
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* ¢i012 *ius ¢i013 *icn
iL11l Lo ~ e

(a) switch on

i
C12 L13 C13 L2
l_er\% | A
i | L12
I13 i ?
C11

L iy 011\:i 10— R,

(b) switch off

IL12

C12 L13 C13 VD10 -t
} l_ L,

Ver Cy Cm\:/

+

(c) discontinuous mode

FIGURE 2.70

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

mode.

LVI and 1=k
1-k

Voo =
The voltage transfer gain in continuous mode is

MR_Z&ZLZ
VI

Circuit (Cy-L1,-Cyp) is a “I1” type low-pass filter.

Therefore,

© 2003 by CRC Press LLC
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FIGURE 2.71
Voltage transfer gain My vs. k.

From Equation (2.342) and Equation (2.346) we define My = M, = Mg_.
The curve of My vs. k is shown in Figure 2.71.
The variation ratios of the parameters are

E_,_ L]Z / 2 k 1
ILlZ 16f ClO 12
d My /2 KTV, g kI-R) Ry
" IL13 ZL I 2M ﬂ‘l3

_Av, /2 KT _k 1
Vo, 20,V 2fCR,

C11

Ucip / 2 Iy Mf 1
2

U8
' Vc12 2f CuV; fCuR;

Ao, /2 I, My 1
o, = -
% 2

C13 ZfCBV fC13R1
The variation ratio of the current iy, and i}, is
¢ = Aiyy, /2 k(l k)VT k(1-k)R, k R, (2.347)

Im ZL I - ZMRlel M fLu
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The variation ratio of current vy, is

Aoy /2 I
e =Men/2_ ko k155
VC]O 128f C11C10L12 VO* 128 f C11C10L12R1

Assuming that f = 50 kHz, L;; = L, = 0.5 mH, C = C, =20 uF, R, = 160 Q
and k = 0.5, we obtain Mz =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,_(¢) is

almost a real DC waveform with very small ripple as well, and it is equal to
Io_ = VO—/Rl'

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 i, and ip,, become zero during switch off before
next period switch on. The boundary between continuous and discontinuous
conduction modes is

¢>1
or
k
MRZ zy 21
Hence,
M, <. Jkzy, (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 My that is equal to 3.0, corresponding to k = V5.

The filling efficiency m; is

1 M
=_= 2.350
So
2k z
V. =[1+—— 1V =[1+k*1-k) XV
o = G W =0 AR,
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; 2
kzy > —— 2.351
VREN =TT ( )
Therefore, the positive output voltage in discontinuous conduction mode is

2k z
V., =V. +V =2+ — V. =[2+k*1-k) "NV
O+ C1 I [ (1—k)mR] 1 [ ( ) 2] 1

with Jkzy 2 % (2.352)

For the current i;;; because inductor current i;;; = 0 at t = t;, so that

k
% =—V
L13—off (1 _ k)mR I

for the current i;;, we have
kTV, = (1 = kymgT (Ve = 2V, = VLlS—off)

or

2k
+7
(1=k)my,

-

V.

C

n =12 \kz >

v (2359

IV, =[2+ k21— k) %N]Vl with

>

and for the current i;,,
KT(Vi+ Ve = Vo) = L=kmgT(Vo. = 2V = Vs o)
Therefore, the negative output voltage in discontinuous conduction mode is

2k

Vo =24 g,

IV, =[2+k*(1-k) %N]v, with | kz,, > ﬁ (2.354)
So

V=V, =V, = [2+k2(1—k)‘%N]v,
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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,-C,-Ds) and parts (D,;-
L,,-C4-D;;) 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,-Dy-C; and a filter (C,)-L,-C,, and a lift circuit D;-
Cy- D,-C4-Dy-Ly-D-C,-D;5-L,. The negative conversion path consists of a pump
circuit S-L-D;y~(Cy;) and a “I1”-type filter Cy;-Ly,-Cyy, and a lift circuit Dy;-
C12-Dyy-Cr3-L15~Di1p-Dy5-Lyy-Ciy=Dys.
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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,-C4-Ds-L3-D,-C,-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.,(t),
ic3(t), and iq,(t) are exponential functions. They have large values at the
moment of power on, but they are small because v¢; = v, = V;and v, = Vo,
in steady state.

The output voltage and current are

3 1-k
Vor=1_¢ Vi and lo ===,

The voltage transfer gain in continuous mode is

3
— 2.355
- (2.355)

Other average voltages:

v _2+k

_cthy
C1 1—k

I Vs =V =V, Vo=V =V,
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Other average currents:

l,=1o, 1

Current variations:

e ¢ _k(1-kR _ k 3R : k1
ot oML M2 P16 f°CLL,
k 3R k 3R

A T
Voltage variations:

3 k
T20+kfCR T 2fCR

P

0, = M, c,, = M,
* 2fC,R * 2fC,R

The variation ratio of output voltage V, is

e = k1
* 128 f°C,C,L,R

2.6.4.1.2 Negative Conversion Path

(2.356)

Circuit Cyy-Dyy-L13-Dyy-C3-D1p-L1y~D,3-C14-Dy5 is the lift circuit. Capacitors Cy,,
Cy3, 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), icy5(t) and i¢,4(t) are exponential functions. They have large
values at the moment of power on, but they are small because v¢, = V¢35 =

Uiy = V) in steady state.
The output voltage and current are

3 1-k

V =2V and [, =——1I
1-k ! - 3

(@)

I-

The voltage transfer gain in continuous mode is

3
M. =V, /V, =——
Of/ I 1—k

T—

© 2003 by CRC Press LLC
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FIGURE 2.74
Voltage transfer gain My vs. k.

From Equation (2.355) and Equation (2.357) we define M; = My, = M.
The curve of M; vs. k is shown in Figure 2.74.
Other average voltages:

Ven=Vo Ven=Vez=Veu=V,
Other average currents:

1

Lp=Io Iy =Il=1,= 1—k Iy

Current variation ratios:

k 3R, k 1
S =M 2 % =16 e, L
T lel f 1012
k(1-k) R, k(1-k) R,
Xi- = o X = e
2MT fL13 2MT fL14
Voltage variation ratios:
k1 M. 1
p_ = Gl— = —
2 fcllRl 2 fCIZRl
M, 1 M, 1

o, = _ 1
= 2 fC13R1 . 2 fC14R1
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The variation ratio of output voltage V, is

e o k1
© 128 f°C,,C,,L,R

1071271

(2.358)

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
Vo=Vo.=Vo. M;p=M; =M :f:ﬂ ZIN = 2Ny = 2N-
and C=C,=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 conduction modes is

Then

N (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 = 5.

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

o1 _2M,’

= 2.360
T C 3kz, ( )

Considering Equation (2.359), therefore 0 < m; < 1. Since the current iy,
becomes zero at t = t; = [k + (1 = k)m]T, for the current i},, i;; and i,
3kTV, = (1 -k)ymT(V - 2V)
or

3k

Vo=2+ " —
o =l (1-k)ym,

WV, =2+ (1-R 2V,
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FIGURE 2.75
The boundary between continuous and discontinuous modes and the output voltage vs. the
normalized load zy = R/fL (triple-lift circuit).

3k
with SRy, 3 (2.361)
V2 T 1-k
Therefore, the positive output voltage in discontinuous mode is
3k z
Vo, =V +V, =B+ ————1V, =[B+k*(1-k) 2V,
O+ C1 1 [ (1_k)mT] I [ ( ) 2] I
with Skay 3 (2.362)
V2 T1-k

Because inductor current i;;; = 0 at t = t;, so that

k
VLlS—oﬁ‘ = VLl4—oﬁ = WVI

Since iy, becomes 0 at t; = [k + (1 —k)m]T, for the current i,;;,
kTV, = (1 -kympT(Vey -3V, - Vitsof — VleHff)

3k

Vo, =[3+——
en =l (1-k)m,

IV, =[3+k*(1- k)%N]vI
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3kz,,

3
with > 2.363
Vo2 T 1-k (2369
for the current i;;,
kKT(Vy+ Ve = Vo) = A =k)mp T(Vo. - 2V, - VLlej:f - VleHﬁ)
Therefore, the negative output voltage in discontinuous mode is
3k z
Vo =[B+———1V, =[B+k*(1-k)"21V,
o =B+ S Wi =B AR W,
3k
with T (2.364)
Vo2 T1-k
So

V=V, =V, =[3+k2(1—k)Z7N]VI

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;-Dy-C; and a filter (C,)-L,-C,, and a lift circuit
D;-Cy-L3-D,-C5-D;3-Ly-D-Cy-D5-Ls-D¢-C5-S;. The negative conversion path
consists of a pump circuit S-L;-D;y-(Cy;) and a “IT”-type filter C;-Ly,-Cy, and
a lift circuit Dyy-Cp~Dyy-Ly5-Ci3~-D1p=Dys3-Ly~Ciy=D13-Dyy-L15-Ci5-Dis.

2.6.4.2.1 Positive Conversion Path

Capacitors C,, C;, Cy, and Cj perform characteristics 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;, C,, and C;, and

lift the output capacitor voltage Vi, up. Current i, (t), ics(t), icy(t) and ics(t)

are exponential functions. They have large values at the moment of power

on, but they are small because v¢; = v¢y = V5 = Vyand v, =V, in steady state.
The output voltage and current are

v, 4 V, and I 1=k

O+:1_k
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FIGURE 2.76
Quadruple-lift circuit.

The voltage transfer gain in continuous mode is

Other average voltages:

3+k
VCl 1 k‘/I

Other average currents:

Ly=1lo, In=I,=I,=1I;= 4 —I, = ﬂlm
Current variations:
k(1-k)R k 2R k 1
Cn=C= Y =73 So =1 12
ZMQfL MQ fL 16 f C,L,
k 2R k2R _k 2R

X+: X+_ e X+_77
! MQ2 fL3 ? MQ2 ﬂ‘4 ’ MQ2 ﬂ‘S
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Ves=Vau=Ves =V, Vo=V =Vo

(2.365)



Voltage variations:

_ 2 o = M,
(3+2k)fC,R " 2fC,R

Py

M, M, M,
62+ = 63+ = G4+ =
2fC,R 2fC,R 2fC,R

The variation ratio of output voltage V is

k 1

g, = (2.366)
128 £°C,C,L,R

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;3, Cy,, and C;5 and
lift the output capacitor voltage V., up. Current iq,(t), ici5(t), ici4(f), and
ici5(t) are exponential functions. They have large values at the moment of
power on, but they are small because v¢y, = Vey3 = Ueyy = Ueys = V) in steady
state.
The output voltage and current are

4 1-k

VO—:ﬂV and IO_:TI

I I-

The voltage transfer gain in continuous mode is

=V, /V, = (2.367)

4

1-k
From Equation (2.365) and Equation (2.367) we define M, = M, = M.

The curve of M, vs. k is shown in Figure 2.77.

Other average voltages:

Vao=Vo Ve =Vez=Veu=Ves =V,

Other average currents:

Lp=1Io 1
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FIGURE 2.77
Voltage transfer gain M, vs. k.

Current variation ratios:

(o kR ko1
B ]\/IQ2 ﬂ‘ll B 16 fZCL12

y _k(1-k) R, _k(1-k) R, _k(l-k) R,
. 2MQ fLIS ” ZMQ fL14 - 2MQ fL15
Voltage variation ratios:
k1 Mg
B 2 fcllRl " 2 fC12Rl
M M M

62_=—Q ! (53_=—Q L (54_=—Q L

2 fC13R1 2 fC14R1 2 fC15R1

The variation ratio of output voltage V, is

e - k1
) 128 f3C11C10L12R1

The output voltage ripple is very small.
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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

1%

o

4
Vo=Vo,=Vo. M Q—:vl_ﬂ ZN = 2Ny T In-

. My=M, =M

Q+

and £=6=C

The free-wheeling diode currents iy, and ij,, 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 M, that is equal to 6.0, corresponding to k = 5.
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In discontinuous mode the currents iy, and i, 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)mgT, for the current iy, i}, i;, and ij5

4k

V. =[3+
o=l (1-kymy,

IV, =[3+k(1- k)%N]vI

with J2kzy > (2.371)

4
1-k
Therefore, the positive output voltage in discontinuous conduction mode is

4k

Vo, =V, +V, =4+ —
O+ C1 I [ (1—k)mQ

WV, =4+ K-k 2,

with J2kzy, 2 (2.372)

4
1-k
Because inductor current i;;; = 0 at t = £, so that

k
VLls—nff = Vi = VL]S—aff = (1-k) g Vi

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

kTV, = (1~ k)mQ—T(VCH -4V, - VL13—qff - VL1447)§( - VLlS—oj}')

So
4k z
Vo, =[4+——V, =[4+k*(1-k) NV,
C11 [ (1—k)mQ] I [ ( )2] I
with | 2kz > 4 (2.373)
N1k

© 2003 by CRC Press LLC



e

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 N0V
Circuit Io = I Vo= Vs
k 1-k
Self-Lift I, =01-KI. 1 15V 20V 40V 100 V
Circuit © s Vo = -k Vs
Re-Lift 1—k 2 30V 40V 80V 200 V
Circuit Io=——1I Vo= -k Vs
Triple-Lift 1—k 3 45V 60 V 120 V 300 V
Circuit I = I Vo= Vs
3 1-k
Quadruple-Lift 1-k 4 60V 80V 160 V 400 V
Circuit Io=——1I Vo = ﬂvs

For the current i, ,,
kKT(Vi+ Vs = Vo) = (1 - k)mQT(Vof -2V, - VLlSwﬁ - VleHff‘ VLlSﬂ)ﬁ’)

Therefore, the negative output voltage in discontinuous conduction mode is

4k z
V, =[4+ |V =[4+Kk*(1-k) "NV,
o- =1 (1—k)mQ]’ [ ( )2]1
with \2kz > 4 (2.374)
NT1-k

So
V=V, =V, =[4 +k2(1—k)Z7N]V,

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 = h = I+ Z = 5 R = VO+
N
VI IO+ fL IO+
— L,L,
L +L,
for elementary circuits only;
L=1,
for other lift circuit’s current variations:
£ = 1-k R E. = k R
v oM, 1, > " oM, fL,
for elementary circuit only;
k(1-k)R k 1
&H:CJr:u and é;ZJr:i 2
2MfL 16 f°C,L,
for other lift circuits
§+=M _+=L2L (]'=1,2,3,'_
ZMfL ! M .](L j+2
Voltage variations are
_k e = k 1
PrZoc R T 8M, L,
for elementary circuit only;
oM 1k
P M-12fCR 128 f3C2C0L2R
for other lift circuits
c,, = k G, = M (=234, ..
2fC,R 2fC HR
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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:

mzYo- I R g Vo
N- 1
V[ 107 fL]] IO—

Current variation ratios:

¢ KPRk _k(1-K)R,
) ZMlel B 16.](2C11L12 ” ZMfL]+2

(=123 ..)
Voltage variation ratios:

_k . k s .M
szHR] ) 128f3C]]C10L]2R1 " ZijJrl]R]

P (i=1,234,..)

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

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

M.
/ 1-k

j=0,1,2,3,4,...

The characteristics of output voltage of all circuits are shown in Figure 2.79.
The free-wheeling diode current’s variation is

KO )

The boundaries are determined by the condition:
g 21

or
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o
o

[or]
o

(o))
o

output voltage, v,, v

30

1 1
0 0.2 0.4 0.6 0.8 1
conduction duty k

FIGURE 2.79
Output voltages of all double output Luo-converters (V; = 10 V).

LR ]+h(])
M? 2

zy21 j=0,1,2,3,4, ..

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

M =k 2 \/‘Lh(”z

1 2 N j:O/1/2/3,4,...

The filling efficiency is

M,Z
mf:iz [1+li(j)]#i j=0,1,2234, ..
¢, k JHh() zy

The output voltage in discontinuous mode for all circuits

v =i+ ke 1=k

O-j N ]‘/I

where

N (U /A = N .
h(j) = 1 i j=0 j=0,1,2,3,4,... h(jisthe Hong Function
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continuous mode

voltage transfer gain M
N
w 0 o
T —

—
0
T

discontinuous mode

1 1 I 1
05 4.5 13.5 27 405 54

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. zy 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 = V5.
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3

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' stage circuit, 2n capacitors, and (3# — 1) diodes.

e 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' stage circuit, 4n capacitors, and (51 — 1) diodes.

e Re-enhanced series — Each circuit of the re-enhanced series has one

switch S, n inductors for nth stage circuit, 6n capacitors, and (77 — 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,
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the load is resistive load R. The input voltage and current are V,, and [, out
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:

Ve
Vi

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 asn =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

V., V, -2V,

Aij, =—"kT =9 =" (1-k)T (3.1)
1 Ll
2-k
Vo=—=-V, 3.2
o 1—-k ™ ( )
The voltage transfer gain is

Vo 2-k
G=-9="+= 3.3
1/l.l‘l 1 - k ( )

The input current i;, is equal to (i, + i-;) 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:

iin—oﬂ = iLl—off = iCl—uff i = iLl—on + iCl—an kTiCl—an = (1 - k)TiCl—off

in—on
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(a) Circuit diagram

in

IO

- ’
+ + +
¥ Ly Gl ANV, 2 ~Vee R § Vo

(b) Equivalent circuit during switching-on

lin L1 ¢]

—> YY) Y| _ I
J1
V.

l o
¥

Vi Vi * + +
n C2 TVCZ 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
Lin-off = c1-of = Ly diygn =1+ TILl = % leron = Tk I,
and average input current
L, =kiy o + A=K}y e =1; +(A=K), = (2-K)] (34)
Considering
Vi o A=k Vo _ 1=k
2—-k" I, 2-k

in
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|

L

(a) Circuit diagram

Im
_> \/.1
.
I I el
v, L1 {2 C1/xV, C2 - <Ve L2< C3 < V1
(b) Equivalent circuit during switching-on
lin L1 c1 Vi L2 c3
w | lo
+ V, I l
L1 L2
= Vin + + - V14 + +
v, 2 X Vi C4x Ve RZVo

(c) Equivalent circuit during switching-off

FIGURE 3.2
Re-lift circuit.

the variation ratio of current i;; through inductor L, is

- Aij, /2 kQ2-K)TV, k(1-k? R
| 2L 1, 22-k) fL,

L1

(3.5)

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
AQ 1,01-KT 1-kV,
AZ]O = —= = —_—
C C, fC, R

2

Therefore, the variation ratio of output voltage v, is

. Avy /2 1-k
V,  2RfC,
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—4 Pt >+ — |
. N . ¢ ©
+ L Ci~ Vet L2 C3 1~ Vcs L34 C5-~ Vcs .
Vin _ L
_ T T R ; VO
D3 + D6 + S +
CaRvee C4 <X Ves C6 ~~Vcs|

(a) Circuit diagram

Vi v2 lo

* i * cal T3 *C‘i+ *

ARVINC2 7K v lca VI S ve l05 ~ V2 TVCS RS Vo

(b) Equivalent circuit during switch-on

L1 Cc1 Vi L2 C3 V2 L3 C5

lml Y YY) )I rvm,%'_ lo

+ Vi “vint Vie =y Vis “yp* ¢+
. + + —_— *

vin Can Vi1 Carm V2 ceVee g2 Vo

(c) Equivalent circuit during switch-off

FIGURE 3.3
Triple-lift circuit.

Usually R is in kQ, fin 10 kHz, and C, in pF, 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-C5-C,). 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

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 7, is
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Aij, = 1kT— (1-k)T
2 2
Vv :ﬂv :(Q)ZV

Similarly, the following relations are obtained:

V. I
Ai,, =" kT J P—
L1 : 7y
2-k
Ai, = 1kT , ==, =
=T (1 k Mo 1—

Therefore, the variation ratio of current i;; through inductor L, is

Ai, /2 _KQ2=K)TV, _k1-k)*
I 2L 1

L1 1tin 2(2 - k)3 le

&1:

The variation ratio of current i;, through inductor L, is

Ai, /2 _k(A-K)TV, _k(1-k?’TV, _k(1-k*> R

2= 21, 22-KLI, 22-k fL,

L2

and the variation ratio of output voltage v, is

AUO/Z 1-k

V,  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.

m*

As described before the voltage V, across capacitor C2 is

V, =(2-k/1-k)V,,, and voltage V, across capacitor C, is V, =(2—k/1- k)
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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 i, is

V, -2V
AiL3=£kT=M(1—k)T
L, L,
2-k 2-k 2-k
Vo="—V, =)V, =)V,
o=k G =T
The voltage transfer gain is
1% -
v, 1-k
Analogously,
4 ‘/in Iin
AlLl—flkT ILl_z_k
V 2—-k
L2 LZ L2 (1—k)2 o
V. I
Ai,, =—2kT I,=-°
s =T 1371

3

Therefore, the variation ratio of current i;; through inductor L, is

- Aiy, /2 _kQ2-KTV, _k(1-k)° R
' I, 2L,I, Z(Z_k)S ﬂﬂ

The variation ratio of current i;, through inductor L, is

Aiy, /2 _ k(l_k)zTV1 _ kT(Z_k)4VO _ k(2 -k)* R
I 22-KL,I, 2(1-k°LiI, 21-k)®fL,

éz=

L2

The variation ratio of current i;; through inductor L; is

_ iy /2 _KA-KTV, _k1-K’TV, _k(1-k?* R
I 20, 22-KLI, 22-k) fL,

&

L3
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(3.16)
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(3.18)



and the variation ratio of output voltage v, is

A 2 -
. v, /2  1-k

%

= ORT (3.19)

3.2.4 Higher Order Lift Circuit

Higher order lift circuit can be designed by just multiple repeating the parts
(Ly-D5-D-Ds-C5-C,). For nth order lift circuit, the final output voltage across
capacitor C,, is

2-k
Vo=GC—)"V,
(¢] (].—k) in
The voltage transfer gain is
V, 2-k
G=-9 (2 ") 3.20
=Gy (320)

The variation ratio of current i;; through inductor L, (i = 1, 2, 3, ...n) is

Al _ 1-\2(n=i+1)
- i /2 _kQ k)2 - 13 (3.21)
IL,' 2(2_k) (n—i)+ fL

i
and the variation ratio of output voltage v, is

8_AZJO/Z_ 1-k
V,  2RfC

(3.22)

2n

3.3 Additional Series

Using two diodes and two capacitors (D,;-D,,-C;;-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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b D11 D12

- '
L

FIGURE 3.4
Double/enhanced circuit (DEC).

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=220V,
1-k
and
k
V, =
L1 1—k in

The output voltage is

3-k
VO :‘/in +VL1 +‘/1 :ﬂ‘/in
The voltage transfer gain is
G= Vo = 3-k
v, 1-k
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T

< ,
o

(e}

(b) Equivalent circuit during switching—on

< LQ

jry
+

|n+

CZ

Iin L1
—>
+ -V, o+ 1
Vin -

_n.

T c12 Rgvo

(c) Equivalent circuit during switching—off

FIGURE 3.5
Elementary additional (enhanced) circuit.

The following relations are derived:

. 21
Lo = i1 = lciiogy Ticigr = 1 Ok
1k, I,
Teton = k T = ?
. k. k . I,
lCZ—oﬁ‘ = 1-k lCZ—on = 1-k lCll—an = 1—k
. ) k . I
letieoy = Io Hicpgg = Io + 1—k leiz-on = 1_Ok
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Zin—on Ll on + ZCl— ILl T
IO
Cl aff C2 off 1-k
S -k, 1,
letieon = k lCll—oﬁ‘ - 7
. ko K,
fen-of = 7 terzen T 2



ﬂ", D1 V1 D4

D2 D5 V2 D11 D12
Dt > { D—a—D— |
o
+ + . ¢
e L1s 7= ver L2 csrlx ves C11 A T~Vern .
- —4 - - R § Vo
D3 + S K + +
Cz:I:sz | 04:I:VC4 012,1\ C12
=+

(a) Circuit diagram

v2 I

cs| *ca| Tci1| +©12
=

+
V1__ = Vo /\Vi:12 R Vo

/1
\
7
<
N
Ayl

(b) Equivalent circuit during switching—on

C11
Y
|in L1 71 |
—> ci Vi L2 C3 “yor °
) V2 ¢
* T Vin * V1 * N
Vin

y + ciz| +
C:
- 2 Y1 \ veizh
- | C4 _

(c) Equivalent circuit during switching—off

Vo

FIGURE 3.6
Re-lift additional circuit.

If inductance L, is large enough, i}, is nearly equal to its average current
I;,. Therefore,

2l I 2 1 1+k
in—off L1 1—k in—on L1 k (1 2 k) o k(l - k) o
Verification:
j : 1+k 3-k
Iin = klin—on + (1 - k)lm_oﬁ = (ﬂ + 2)IO = ? IO
Considering

V, 1-k,V, 1-k,
m _(Z_")2 0 _ (= _T")2R
I, G I, G
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in D1

D2

"l

D4

D5 V2 D7
+
Vs L38{ ©5
I A
D6
+
Ca <Y,

(a) Circuit diagram

Vi
* c3| *

ol -

O

C5

2| l*oe_+c1i+c1z_+
- T T T 3

(b) Equivalent circuit during switching-on

O

1

- V1 4+
V2 - V1 +

P e

<\/

03

|
!
3+

il
T

I
VereR §V

FIGURE 3.7

Triple-lift additional circuit.

(c) Equivalent circuit during switching-off

The variation of current i}, is

Ai

-

Therefore, the variation ratio of current i;; through inductor L, is

The ripple voltage of output voltage v, is

- Aiy, /2 _k1-K)TV, _k(-k® R
oI, 4L1, 43-k) fL,
AQ I,(1-KT 1-kV,
A’Uo = — = = —_—
Clz Clz fC12 R
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Therefore, the variation ratio of output voltage v, is

AZJO/Z 1-k

(3.28)
VO 2szcjn

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

Vi=—— Vi,
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,

v, = ﬂVl = (ﬂ)2 V. (3.29)
and
k
Vi, = 1—k Vi (3.30)
The output voltage is
V,=V,+V,+V, _i—ki_—kvm (3.31)
The voltage transfer gain is
G=E=i‘l’{‘i’;" (3.32)
Analogously,
.V 3-k
Ai kT =
L1 : L1 (1 _ k)Z o
21
Al Ll kT I,= 1_Ok
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Therefore, the variation ratio of current i;; through inductor L, is

/2 k(1-k)° TV, k(1-k R
€ = I 2( ’ = A=k’ (3.33)
n o 26-bLI,  22-kGE-k? fL,
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-K)TV, —k)?
g, =8a/2_KI-BTV, k1-k" R (3.34)
I, 4L,1, 43-k) fL,
The ripple voltage of output voltage v, is
AQ 1,1-KT 1-kV,
A’UO = — = = —_—
C12 C12 fC12 R
Therefore, the variation ratio of output voltage v, is
_Avy /2
v, / 1-k (335)
V,  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

2—-k

V=1V
1-k

and voltage across C, is

V, =

2

1— k l ( ) in
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-
1-

=C=Erv =Ehy, (3.36)
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and

k
VLB = ﬂ V2 (337)
The output voltage is
V=V, +V,, +V, = (2=ky 3=k v, (3.38)
1-k" 1-
The voltage transfer gain is
Vv 2—-k,3-k
G="Y9=C—")Y"— 3.39
G (3.39)
Analogously,
- _Va (2-Kk)(3-k)
Ary = L kT L= (1_71()310
. V. 3-k
Alp, =ikT I, = (1— k) I,
) V. 21
Ai, :L—ikT I, = 1—Ok
Considering
1-k,,V, 1-k
in :( )2 e :( )2R
. 2-k7 1, "2-k
the variation ratio of current i;; through inductor L, is
£ = Ai, /2 _ k(1-k)’TV,
L 22-k)3-k)L,I,
(3.40)

 kA-k)PT (1-k)° . k1-k* R
T 22-K)B-k)LI, 2-k*(B-k) © 2Q2-k’(3-k)? fL,

and the variation ratio of current i;, through inductor L, is
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_Ai, /2 _k1-k)’TV,
I,  2B-kLI,

&
L2

(3.41)
_ k(1-kPT (1K) V- k1-k* R
" 2B-k)L,I, 2-k)3-k) °  22-k)(3-k) fL,

and the variation ratio of current i;; through inductor L is

] B B _ 12
:Az;3/2:k(1 NIV, _kA=RT 1=k, _K1=k® R 5,

= AL.I, 4L,0, 3-k © 43—k fL,

L3

The ripple voltage of output voltage v, is

CAQ IL,A-KT 1-kV,
C C12 fC12 R

Av,
12

Therefore, the variation ratio of output voltage v, is

. Av, /2 1-k
VO 2RfC12

(3.43)

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 nt order lift additional circuit,
the final output voltage is

2-k.,13-k
‘7 — n-1 ‘7‘
0= 1k Ve

The voltage transfer gain is

Vo 2-k,13-k
G="2=C—")">— 3.44
v, G 1ok (3.44)

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...n) is

B AiLi /2 B k(l _ k)Z(n—i+1) 3
I 2[2(2 _ k)]h(rl—i) (2 _ k)2(11—i)+1(3 _ k)Zu(n—i—l) fL,'

E, (3.45)

Li
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where

=10 7% is the Hong functi
(x)= 1 x<g 8 the Hong function

and

1 x2
u(x) = {O £ <0 is the unit-step function

and the variation ratio of output voltage v, is

. Av, /2 1-k
Vo ZRan

(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 = ‘/1'11 + VL] + ‘/] = %Vm (325)
The voltage transfer gain is
Vo, 3-k
G=-9="—= 3.26
1/Z.]‘l 1 - k ( )

The variation of current i, is
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lin D1 D2 V1 D11 D12 D4 D5 V2 D21 D22

(c) Equivalent circuit during switching-off

FIGURE 3.8
Re-lift enhanced circuit.

KTV,

Al =
L1 L

1

Therefore, the variation ratio of current i;; through inductor L, is

_ Ay /2 K1-K)TV, _k(1-k?* R
I 4L, 43—k fL,

& (3.27)

L1

The ripple voltage of output voltage v, is

_AQ _I,(1-KT _1-kV,

Av, =
C C12 fC12 R

12

© 2003 by CRC Press LLC



lin D1 D2 V1 D11 D12 D4 D5 V2 D21 D22 D7 D8 V3 D31 D32

C§’|\ [e3 C31 /I\Vcaw

R ; Vo
+ + -
c6 T Vg  C82 /l\vC32

l +
N c2 ,-I.\vCz c12TVm c4 T - czz,].\ 20

(a) Circuit diagram

hn
3 Vi v2 V3

=l R
Vi L1 Vi VT VT R Verr 4 Voo Y2 V2 Ve § Ve V3 V3 Vo SV,

o
- |
c1] *cz2| *en| *etz2l Tiecal *tca| fe21| *feze| tisdes| tee| fest| *fese| oLt

(b) Equivalent circuit during switching—on

(c) Equivalent circuit during switching—off

FIGURE 3.9
Triple-lift enhanced circuit.

Therefore, the variation ratio of output voltage v, is

Av /2 1-k
V,  2RfC,

(0]

(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 Cy, is charged to

m
»

V

c12 =

— Vi

—_
|
=

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
Ves=T Ve =7, 12 Vi (3:47)

The current flowing through inductor L, increases with voltage V,, during
switch-on period kT and decreases with voltage —(V— V¢ — Vipp) during
switch-off (1 — k)T. Therefore,

. k 1-k
Aip, I Ven L Vo =Veu = Ver) (3.48)
2 2
3-k 3-k
Vo = 1—k Ve (1 k)z Vi (3.49)
The voltage transfer gain is
V 3-k
G=_9 (=) 3.50
Gy (3.50)
Analogously,
o ‘/iil 3 - k
Ay = L kT LT (k)2 ©
. V. 21
AP, = L—:kT I,= 1—Ok
Therefore, the variation ratio of current i;; through inductor L, is
Ai, /2 k(1-k)}’TV, k(1-k R
T kLI, _22(k 3)k (3.51)
L1 (3-K) 1 ( X fL1
and the variation ratio of current i;, through inductor L, is
A 2 k(1-k)TV, —k)?
£ - i,/ _ 1-KTV, _k(l-k)" R (3.52)
I, 4,1, 43-k) fL,

The ripple voltage of output voltage v, is

_AQ I,(1-KT _1-kV,
¢ C C22 fC22 R

Av

22

© 2003 by CRC Press LLC



Therefore, the variation ratio of output voltage v, is

ngvo/Z_ 1-k

V

_ (3.53)
o] ZRfCZZ

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/21—k)Vm ,
and the voltage across capacitor C,, is charged to V., = 63— k/1-k)'V,.

The voltage across capacitor Cy is charged to V,, and voltage across
capacitor C; and Cj;, is charged to V.

2-k 2—-k 3-k
Vee = 1_chzz = 1—k(1—k)2Vi"

(3.54)

The current flowing through inductor L, increases with voltage V,, during
switch-on period kT and decreases with voltage —(V — Vs — V) during
switch-off (1 - k)T.

Therefore, Aij, = Lﬁ Ve, = 1L‘ k (Vo =Vee = Vo) (3.55)
3 3
3-k 3-k
VO_1-kVC22:(1—k)3Vf” (3.56)
The voltage transfer gain is
V, 3-k
G=_9 (=) 3.57
=Gy (357)
Analogously,
.V (2-k)(3—-k)
Ai,, =—"kT =1
L1 . L1 (1 _ k)3 (@)
. V 3-k
AZLZZikT ILZZWIO
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Az’L3=L—sz IL3=1—k
Considering
V. 1-k,V 1-k
o (SR 20 o (CTERR
I 2-k" I, 2—k

the variation ratio of current i;; through inductor L, is

LA /2 k(A-K)PTV,
I, 2Q2-kG-kLI,

&

(3.58)
_ kA-kPT -k’ |, _  Kki-k* R
22-k)@-KLI, 2-k?G-k) ° 22-kP’GB-k? fL,

The variation ratio of current 7;, through inductor L, is

L Aiy, /2 k(1—-k)TV,

S T 2(3-k)L,I,

L2

(3.59)
_ k(1-K?*T  (1-k)? V- k1-k* R
C2B-kLl, 2-kG-k) ° 22-kE-k) f,

and the variation ratio of current i, through inductor L is

_Ai, /2 K(1-K)TV,
IL3 4LSIO

&

(3.60)
_kA-KT 1=k, k1=K’ R

4L,I, 3-k °  4(3-k) fL,

The ripple voltage of output voltage v, is

_AQ _I,A-KT _1-kV,

Av, =
C C fC, R

32 32

Therefore, the variation ratio of output voltage v, is

E=AUO/Z_ 1-k

VO - ZRf C32

(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™ order lift enhanced circuit, the final output voltage is V,, =(3—k/1- k)” V...
The voltage transfer gain is

\% 3-k
G=-—0 () 3.62
=G0y (3.62)
Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...n) is
2 2(n—i+1)
£ - ALy / . k(1- k)z( - — R (3.63)
I 2[2(2 )2 — )2 (3 — )2 jL
where
I 0 x>0 he H ‘ .
(x)= 1 <0 is the Hong function
and

18720 the unit-step functi
u(x) = 0 x<0 is the unit-step function

and the variation ratio of output voltage v, is

Avo /2 1-k
V, 2RfC,

o

(3.64)

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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(b) Equivalent circuit during switching-on

C13
-V2 + lo
L ci Qe l
—}_{'Y'm_*% % .
+

LV
V + * C14 é vO
Vin CQTV1 012Tv2T _

(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

,J;
|
=~

Vo=V, +V, +V., =

<

(3.65)

—_
|

>

s

The voltage transfer gain is
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D2 V1 D11 D12

(a) Circuit diagram

N
c_1_+cg_+c1_1_+c1J el tcia *t c3 *ci_+cz_1_+02J *

13] ce3| *tcoa TRL T
Vip L1 Vi VT VI /‘\Vm Ve NVorsl24 Ve Ve, /\VC‘,/‘\VC22 AVerrTVezs SV,
(b) Equivalent circuit during switching—on
lin L1 L2 c23
= 1
¥ c1\-Lv C1?~Lv1 “v2s c - o2l Vel o
+ 514 l
v, co4 RL ¥
N Ve 2 Vo
C2TV1 012,1\ 1o - c4,.[\ 022T -
(c) Equivalent circuit during switching—off
FIGURE 3.11
Re-lift re-enhanced circuit.
1% 4-k
G=-0= (3.66)
v, 1-
where
2—k
Ve, = 1k V., (3.67)
3-k
Ve 1—k Vi (3.68)
and
k
1= 71 — g Vi (3.69)
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D2 yq D11

D13 D14

A2

V,

ca2

.
*ce | ‘car| *caz| Toas | Tcsa
Ca4, Vcs Vcs Vcs

hn L1 ci3 L2 c23 L3 c33
. > ° >
J/ - 021\|/ Tyt J/ - c31\|/ vt
Cc3 Vere Ve, Ve Cc5 Veos Ves Vosa
. + . +
+ + +
Vi C24 c34
Ve + + Voo + + Ves
c32
i T\” C12T 3 7 i TV B T _chz B T - TVEJZ 7
® ® ® ® ® ® ®

+

Vose

(c) Equivalent circuit during switching-off
FIGURE 3.12

Triple-lift re-enhanced circuit.
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The following relations are obtained:

. . . 21, . . . Iy
linﬂ)ff = ILI = lCllfaff + ZC]—off = 1-k Lineon = M1-on + lCl—un = ILI + ?
. 1-k. Iy . . Iy

lctoon = k leroff = * lerof = looof = 1—k

. k . k . Iy ) _1-k. Iy
leaof = 1—k Leo-on = 1—k leteon = 1—k leteon = k oo = *

; k Iy ) k kI,

=1I,+i

Cll-off Cl2-off = IO * ﬂicu—on = 1-k chz—off - ﬂicu—an = ﬂ

If inductance L, is large enough, i, is nearly equal to its average current
I;. Therefore,

21 I 1 1+k
i e=1,=—2 i =1+ ="+, =
Zm—nff L1 1 _ k in—on L1 k (1 _ k k) O k(l _ k) (0]
Verification:
1+k 3-k
I =ki. +(0-k)i. .= +2)[,=——+1I
in lzn—on ( )lm—off (1 _ k ) O 1 _ k (0]
Considering
V. 1-k,V 1-k
he (0= R
I 2-k" 1, 2—k
the variation of current i, is
kTV.
Al = m
L1 L

Therefore, the variation ratio of current 7;; through inductor L, is

_ A, /2 K1-KTV, k(1-k?* R

5 I, ALI,  4(B-k) fL,

(3.70)
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The ripple voltage of output voltage v, is

_AQ I,(1-KT _1-kV,
¢ C C14 fC14 R

Av

14

Therefore, the variation ratio of output voltage v, is

. Av, /2 1-k
Vo ZRfC14

(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

4k
Veu =73 Vi (3.72)
By the same analysis
4-k 4-k
VO = ].—k VC14 2(1_k)2‘/in (373)
The voltage transfer gain is
V. 4-k
G=—9=(1_2) 3.74
G (3.74)
Analogously,
.V 3-k
Ai,, =—-""kT =
L1 : L1 (1 _ k)2 o
. % 21
Ai,, :L—:kT I, = 1—Ok
Therefore, the variation ratio of current i;; through inductor L, is
Ai, /2 k(1-k)’TV, —k)*
E.>1 — lLl / — ( ) in __ k(]- k) i (375)

I, 23-KLI, 22-k)3-k)?* fL,
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The variation ratio of current i;, through inductor L, is

A, /2 kK1-KTV, k1-k? R

I 4L,1,  4B-k) fL, (3.76)

&

L2

The ripple voltage of output voltage v, is

_AQ _I,A-KT _1-kV,

Av =
© C C24 f C24 R

24

Therefore, the variation ratio of output voltage v, is

_Av, /2 1-k
Vo 2RfC,,

(3.77)

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 C,, is

4-k
Veu=-—"V, 3.78
Cl14 1—k in ( )
The voltage across capacitor C,, is
4-k
Ve =)V (3.79)
By the same analysis
4—k 4-k
VO = 1—k cu = (1 k)a‘/m (380)
The voltage transfer gain is
Vo  4-k
G=-9 (=) 3.81
=G (3.81)

Analogously,
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V. - —
AiLl — m kT ILl — (2 k)(3 3 k) IO
L, (1-k)
, V 3-k
Ai, =—LkT I, =——=I
L2 , L2 (1 _ k)Z (¢]
V. 21
Ai,, =—2kT I,=—%
L3 LS L3 1— k
Considering
V. 1-k,V, 1-k
o (ST Lo (CTEPR
I 2-k" 1, 2-k

the variation ratio of current i;; through inductor L, is

LA /2 k(1-K)PTV,
I, 22-k)(B-kLI,

&

L1

 k(A-k)PT (1-k)° V- k1-k° R
C22-k)@-KLI, 2-k?*G-k) ° 22-kP’G-k? fL,

(3.82)

The variation ratio of current i;, through inductor L, is

_Ai, /2 _k(A-KPTV,
I 23-k)L,1I,

&

L2

_ k(-k?*T  (1-k) V. < k(1-k* R
C2B-k)L,I, 2-k)3-k) ° 22-k)(3-k)? fL,

(3.83)

The variation ratio of current i;; through inductor L; is

_ Qi /2 _KA-KTV, _kA-©T 1-k |, _k(-k® R

= 3.84
= I AL.1, 4L1, 3-k ° 43-k) fL, (3.84)

L3

The ripple voltage of output voltage v, is

_AQ _I,A-KT _1-kV,

A% = ¢ C. fC, R
34 34 34
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Therefore, the variation ratio of output voltage v, is

Avo/2 1-k
V,  2RfC,

(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
n'h order lift additional circuit, the final output voltage is

4-k
Vo=(—)"V,
(¢] (1—k) in
The voltage transfer gain is
1% 4-k
G=-2=(-—)" 3.86
v -G (3.86)

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,

...n) is
2(n—i+1)
5= ?U/Z 2[2(2- k)" kg };))W D73 — k) E 87
where
h(x) = {0 g is the Hong function
1 x<0
and

=1t 20 the unit-step functi
u(x = 0 x<0 1S e unit-s ep unction

and the variation ratio of output voltage v, is

AZ)O/Z 1-k

V,  2RfC,

(3.88)
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D1

i

o 1/l\vCH

2]—1) D1(2j)

+

+

1(2j~1 vc1

+

C12_TV012

=

(a) Circuit diagram

T

1(2j= 1)] *t oc12
’l\ C1(2j-1) Tvcmﬁ

C1( 21—1)

)
V1 + J c1 @-nt J_V l
T c12 c12j g

FIGURE 3.13

Elementary multiple-enhanced circuit.

(c) Equivalent circuit during switching-off

(e}

+

<
[e]

lo

Vo

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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D2(2j-1)

I D1 D2 Vi D11 D12  D1(21) D1(2j)
+
C1(2-1 )/l\vC1 .
D3
| +

D2(2))

(a) Circuit diagram

in V1
+
cil_*cz|l feul teug-nl *t ool c3 *cal tez1l tozen focel t +
Vin L1 f\vin R Vi /\V1 Vc1(21—1)/\ Vc121L2 /\Vca R VCA /\ch V02(21—1)/\V0221H§ Vo
(b) Equivalent circuit during switching-on
in L1 c11 C1(21 1) c21 02(21—1)
N A 3 |
¥ v, + \//1I v/ [ Vv, + v/ [ l o
I —vi+ cie-nt Veor+ ~ Veant
\al
v, cig * cizi| oz * cezj| * *
Vin + + Verz T Ve CS*‘ Ve ngjR§ Vo
C2 V1 _ _ _ -
(c) Equivalent circuit during switching-off
FIGURE 3.14

Re-lift multiple-enhanced circuit.
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n D1 D2 yy D11 D12 D1(2-1) D1(2)) D4 D5 D21 D22 D2(2-1) D2(2)) D7 D8 D31 D32 D3(2-1) D3(2)
'..

+

C1(2j-1 )IVCHZH)

(b) Equivalent circuit during switching-on

[ L1 c11 C1(2j-1) L2 c21 2j-1) L3 C31 C3(2j-1)
% .
\2l cz (21 ch i
c v 1) + -
+ Vs
\2 + + +
v, C22j C32j
+ Vezy Ve, Rg v,
o Tw T ) T T - T T - ’
(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
Vv, = V. 3.89
(0] 1- k in ( )
The voltage transfer gain is
1% +2—k
G=-0-1% (3.90)
‘/iH 1 - k
Following relations are obtained
) 21 . ) ) I
lin—oﬁ = I lCll ojj‘ Cl—off 1 _Ok lin—(m = lLl—un + lCl—on = ILl + o
. 1-k . I, I,
lcteon = k leroff = * lerof = looof = 1—k
) k . k . I, . 1-k . I,
ZC2—off = 1—k lC2—on = 1—k lCll—an = 1-k ZCll—an = k lCll—oﬁ’ = ?
) . k. I . k . kI
Ieteor = lo e o = Io + 1_f ez T _Ok fer-o = 72 ferzon T4 _Ok

If inductance L, is large enough, i}, is nearly equal to its average current I .
Therefore,

21 I,
iin—o :IL1: e m 011_1 +7_( + )I Lk
7 1-k kK "1-k k k(1-k) ©
Verification:
1+k 3-k
I +(1-k +2),=—-1
in m on ( ) in—off (1 ) 1 _ k (0]

Considering

V. 1-k,V 1-k

e I G
I, 2—-k o 2—-k
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the variation of current i}, is

KTV,
L

Aip, =
1

Therefore, the variation ratio of current i;; through inductor L, is

_Aiy, /2 _k(A-K)TV, _k(1-k? R

£ " = (3.91)
L 4L 1, 4(3-k) fL,
The ripple voltage of output voltage v, is
AQ I,(A-KT 1-k V,
AZ)O = = = —_—
C12j C12j fC12j R
Therefore, the variation ratio of output voltage v, is
Av, /2 -
e=00/2_ 1-k (3.92)

V,  2RfC

12j

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 C,y, is

v =it2=ky (3.93)

The output voltage across capacitor Cy; is

j+2-k

Vo =Vey; =( - )V, (3.94)
The voltage transfer gain is
V, j+2-k
G=-92= 2 3.95
o= 22 (395)

Analogously,
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v 3-k

Aijy = L kT I =WIO
. % 21

Alezf:kT IL2:1_Ok

Therefore, the variation ratio of current 7;; through inductor L, is

Ai, /2 k(1-k)’TV,
g = Oiu/2_kKAZK'TV,  kA-K' R (3.96)
I, 2B3-k)LI, 22-k)(3-k)? le
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-Kk)TV, —k)?
g, = /2_KI-BTV, k1-k R (3.97)
I, 4L,1, 43-k) fL,
The ripple voltage of output voltage v, is
AQ 1,A-KT 1-k V,
A’UO = = = R —
sz;‘ C22j fCZZj R
Therefore, the variation ratio of output voltage v, is
_Av /2
0,/ 1-k (3.98)
V,  2RfC,, ;

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
Cyy; is

j

i+2—-k
VCle = ]17 Vi (3.99)

The voltage across capacitor C,; is

(3.100)
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Same analysis,

_jt+2-k _Jt2-ks
Vo = 1k Ve =( 1% )’V (3.101)
The voltage transfer gain is
V, j+2-k
G=—0 (L2 ™y 3.102
e (3.102)
Analogously,
V. - —
A, = L’” kT I, = (2(1]?(5)3]{)10
1
.V 3-k
Aip, :ikT I,= (1— k) Io
V. 21
Al , :L—jkT I,= 1—Ok
Considering
V. 1-k,V, 1-k
(TP = PR
L. 2-k I, 2-k

the variation ratio of current i;; through inductor L, is

LA /2 kA-K)PTV,

J I, 22-Kk@-kLI,
(3.103)
_ k(1-k)’T (1-k) Vo= 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
- Aiy, /2 _k(1-k)’TV,
I,  208-kLI,
(3.104)

_ KI-K'T -k, _  ka-k' R
2(3-k)L,I, (2-k)(3-k) ° 2(2-k)(3-k) fL,
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The variation ratio of current i;; through inductor L; is

_Ai, /2 k(A-KTV, k(Q-Kk)T 1-k V. = 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
AQ I,A-KT 1-k V,
AZ)O = = = _—
C32j C32] fCSZj R
Therefore, the variation ratio of output voltage v, is
Av, /2 -
_A /2 1-k (3.106)
v, 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,,
V.= V.
o ( 1—k ) in
The voltage transfer gain is
V, j+2-k
G=-9= n 3.107
R (3.107)

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...m) is

é B Al‘u / 2 B k(l_k)2(11—i+1) i
i IU 2[2(2 _ k)]h(iz—i) (2 _ k)Z(iz—i)+1(3 _ k)2u(w—i—1) fLi

(3.108)

where

=10 7Y is the Hong functi
(x)= 1 x<0 is the Hong function
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and

1 x20
u(x) = {0 £ <0 is the unit-step function

The variation ratio of output voltage v, is

A, /2 1-k
V,  2RfC

(3.109)

n2j

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:

(i;k)” V., main _series
(%)’lil(i%:)‘/in additional _series
Vo= (?7_];)” V., enhanced _series (3.110)
(4117_:)" V. re-enhanced _ series
(] J{ 2 ; k )"V, multiple-enhanced _ series

2—-k., ) ,
(7) main_series
(Z;k)”fl(ﬂ) additional _series
v 1-k 1-k
G=-9= (3—_1{)" enhanced _ series (3.111)

‘/in 1-k

(;L;:)" re-enhanced _series

(] J{ 2 ; k ) multiple-enhanced _ series
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Main Additional Enhanced Reenhanced Multiple-Enhanced
Series Series Series Series Series
A 4 4 A A
i 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

e~ Relift Additional Relift Additional Relift Relift Multiple-
Relitt Circuit 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,

1%
G=-0=kN
Vi

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. (n) 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 11.39 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 725 5256 381 2762 20,030 7.25"

Luo-converters — multiple (j = 4)-
enhanced series

v
G=-—92= %N N is the transformer turn ratio

boost converter,

cg=Yo_ 1
v, 1-k

n

and positive output Luo-converters.

G=20_ (3.112)

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 0.5

Forward converter 0.5 N (N is the transformer turns ratio)

Cuk-converter 1

Fly-back converter N (N is the transformer turns ratio)

Boost converter 2

Positive output Luo-converters 2 4 6 8 10 2n

Positive output super-lift 3 9 27 81 243 3
Luo-converters — main series

Positive output super-lift 5 15 45 135 405 5*30-D
Luo-converters — additional series

Positive output super-lift 5 25 125 625 3125 5"
Luo-converters — enhanced series

Positive output super-lift 7 49 343 2401 16,807 7"
Luo-converters — re-enhanced series

Positive output super-lift 11 121 1331 14,641 16*10¢+ 117

Luo-converters — multiple (j = 4)-
enhanced series

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 11 66 396 2376 14,256 11*6-D
Luo-converters — additional series

Positive output super-lift 1 121 1331 14,641 16*10*  11¢
Luo-converters — enhanced series

Positive output super-lift 16 256 4096 65,536  104*10* 16"
Luo-converters — re-enhanced series

Positive output super-lift 26 676 17,5576  46*10*  12*10° 26"

Luo-converters — multiple (j = 4)-
enhanced series
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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 pE 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), ij,, and i;5. 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 V;, 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 [;; = 1.8 A), i;,, and i;;. 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, =Ly =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) 1n(%)
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) L,A) V, (V) P,W) V,(V) P,W) (%)
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.
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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.

e Additional series — Each circuit of the additional series has one
switch S, n inductors, 2(n + 1) capacitors and (3n + 1) diodes.

e 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
Vi, 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:

ot
V.

in

263
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(a) Circuit Diagram
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(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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(c) Swich-off

FIGURE 4.2
N/O re-lift circuit.

to V,,. The current flowing through inductor L, increases with slop V;,/L;
during switch-on period kT and decreases with slop (V- V,,)/L, during
switch-off (1 —k)T. Therefore, the variation of current i}, is

Ai = Vm kT = Yo . Yo=Vi 1 _pyr 4.1)

L1
1 1

2—k
% —V =——-1)V. 42
o 1-k in (1 k )m ( )
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FIGURE 4.3
N/O triple-lift circuit.

The voltage transfer gain is

G=-90=-="""_1 4.3
L V4 4.3)

In steady-state, the average charge across capacitor C, in a period should
be zero. The relations are available:

1-k

kTiCl—on = (1 - k)TiC1—oﬂ and iCl—on = k iCl—oﬂ‘
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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.

Zin—un = ZLl—on + lCl—Dn lLl—D/f = lCl*Off = ILl

If inductance L, is large enough, i}, is nearly equal to its average current I; ;.
Therefore,

1-k 1-k 1

Z.in—mz = iLl—an + iCl—orl = iLl—an + k iC]—off = (]‘ + k )ILI = EILl
and
in = kiin—nn = ILl (44)

Further

) . k

leoon = 1o leo o = 1-k I,

, k. 1
Iy =icy gy +1o = 1_ k c2-on +1p = 1-k I,

Variation ratio of inductor current i, is

Aiy /2 _kK1-KTV, _k(1-k) R
I, 2L, G 2/,

& = (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

po, = B2 _LoL=RT _1-k Vo
C2 C2 fCZ R

Therefore, the variation ratio of output voltage v, is

. Av, /2 1-k
V,  2RfC

(@)

(4.6)
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Usually R is in kQ, fin 10 kHz, and C, in uF, 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,-D5-D,-Ds-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

1

V=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

. vV, -2V, -V,

nipy = 0 g LYo T 2N Vi g gy @7)
L, L,

R-kV, +V, 2—-k.,
V, = 7= -1V, 4.8
R A (e S 4 (48)

The voltage transfer gain is
Vo,  2-k

G,=-9=("%2_1 49
=y =G (*9)

m

The input current 7, is equal to (i;; + ic; + ij, + ic3) during switch-on, and
zero during switch-off. In steady-state, the following relations are available:

=1 +1 +1 +1

Zin—on

Ll-on Cl-on L2—-on C3-on

) ) k
legon = Io leaop = 1-k Io
) , I , I
legof =Ly =lo Ficy o5 = 1 _Ok lesoon = ?O

I I I I
iy =1, +i, =—9-+9=_20 i =—09
C2-on L2 C3-on 1-k k k(l _ k) C2-off (1 _ k)Z
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I, I, 2-k S 2-k

lerop =l = Iip Ty o5 = 11— (1-k) = (1-k) Io ic = K(1—k) Io

Thus
. . . . . 1 3-2k
Zin—on = ZLl—un + lCl—an + ZLZ—DH + 1C3—on = E(ILl + LZ) = k(1 _ k)Z o
Therefore
L 3-2k
in in—on (1 _ k)z o
Since

; ‘/ill 2_k
Aiy, = L kT lem 0
V.+V. -
Aip, = 1 kT=2 kklvm I, = ! Io
L, 1-k L, 1-k

Therefore, the variation ratio of current i;; through inductor L, is

Al /2 KTV, —k)?
§1 — ZLI / — 5 k in — k(l k) R (410)
I, LN TR (2-k)G, 2fL,
(1 _ k)Z 1
The variation ratio of current i;, through inductor L, is
, = Ai, /2 _ k2-KTV, _k@2-k) R @11)
ILZ 2LZIO GZ ZfLZ
The ripple voltage of output voltage v, is
AQ 1,01-KT 1-kV,
A’(}O = — = = —_—
C4 C4 fC4 R
Therefore, the variation ratio of output voltage v, is
A 2 -
e=2%/2_1-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,-D;-D,-D5-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)- 1)V, =(11-k)V,,, and voltage V, across
capacitor C, is V, =[(2~k/1-k)’ =11V, = (3-2k/(1- k)zzvm .

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

nipy = V2 Vg Vo= 2VamVie g _yr (4.13)

3 3

2-kVv,+V, 2k,
V, = = i\Z 4.14
O 1 _ k [( 1_ k) ] m ( )
The voltage transfer gain is
Vo 22—k

Gy=2=(C—) -1 4.15
=2 =G (415)

m

The input current i;, is equal to (iy; + i¢ + i, + ics + 173 + i5) during switch-
on, and zero during switch-off. In steady state, the following relations are
available:

lin—on = lLl—on + lCl—on + ZLZ—on + 1C3—0n + ZL3—011 + lCS—(m

. . k
lC6—on = IO lCG‘”ff - ﬂlo
. . I ) I
losop =l = 1o +ice o5 = 1_Ok lesoon = ?O
I I I I
i =1.+i =0 40— o i -0
C4-on L3 C5-on 1- k k k(l _ k) C4—off (1 _ k)Z
. ) 2—k . 2—k
leg o = I, =1+ legof = W 0 leaoon = wlo
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2—-k 2-k

leoon =112 Ticson = k(1— k)? Io iC2faff - (1-k)® Io
. . (2-k)? . (2-k)?
lorop =1 =1 Ticy oy = (1-k) © leron = k(1— k) I
Thus
iin—on = iLl—on + Z'Cl—an + iL2—o71 + iC3—m1 + iL3—OH + iCS—on
1 7 — 9k + 3k*
= %(IL1 +1,,+1,,)= W o
Therefore
. 7 — 9k + 3k 2-k
in in—on (1 _ k)3 o [( 1—k ) ] o
Analogously,
v (2-k)?
Al =—"kT I, =
L1 Ll L1 (1 _ k)3 O
V. +V. - -
Aip, = BAL kT = 2=k kTVin I, = 271{210
L, (1-k)L, (1-k)
g - I
AiLszvz-'_Vm kT:(Z k)ZkiTVm I, = ©
L, 1-k" L, 1-k

Therefore, the variation ratio of current i;; through inductor L, is

e 00 /2_kI-R'TV, k1=K’ R
= _

5 = 5 (4.16)
I, 22-k)°LI, (2-k)°G; 2fL,
The variation ratio of current 7;, through inductor L, is
Ai, /2 k(Q-KTV, k(1-k) R
g, =B2/2_ _kA-k) (4.17)

ILZ 2LZIO G3 szZ
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The variation ratio of current i;; through inductor L; is

Ai, /2 k(2-k)?’TV, —k)?
E, = 3 /2 _k2-K)TV, _k(2-k° R 4.18)
I, 2(01-k)L, I, (1-k)G, 2fL,
The ripple voltage of output voltage v, is
AQ I,(1-kT 1-kV,
A’Z)O = —= = —_—
C6 C6 fC6 R
Therefore, the variation ratio of output voltage v, is
e Mo /2 1k (4.19)
v, 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,-D;-C;-C,) multiple times. For nth order lift circuit, the final output voltage
across capacitor C,, is

2—-k
Vo =[G—)" =11V, 4.20
o =lE=p -1, (4.20)
The voltage transfer gain is
Vo 22—k
G,=-2=C—)-1 421
== (@21)

m

The variation ratio of current 7;; through inductor L; (i = 1, 2, 3, ...n) is

_ A, /2 k1-k" R

= 4.22
§1 Iu (2 - k)(’H)Gn szi ( )
Ai, /2 k(-k)F™ R
g, =L %o (_ (23) (4.23)
ILZ (1 k) Gn 2fLi
: _ 1\(n=i+2)
£ = Aij, /2 k(2-k) R (4.24)

I, (1-k""G 2fL,
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The variation ratio of output voltage v, is

8=Avo/2_ 1-k

V

- (4.25)
(@] ZRfCZH

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-Kk)T.

Therefore,

Vy o ViV,

Al = kT =1 —"n(1-KT 4.26
I L, I, ( ) ( )

v=—v, =Ky,

1-k " "1-k !
_k
Ll-off — 1— k in
The output voltage is

2 3-k

VO:Vin+VL1+V1:1_kVin:[1_k_1]Vin (427)
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(a) Circuit Diagram

Lin C11
— I/ V1
A
+ V1+Vin
V i L
" L C1 -~ Vin C2 —T Vi
- +

(c) Switch-off
FIGURE 4.4
N/O elementary additional (enhanced) circuit.
The voltage transfer gain is
G=rr="7"-1 (4.28)

Following relations are obtained:

leryon = Io leto—of = 1—k
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(c) Switch-off
FIGURE 4.5
N/O re-lift additional circuit.
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(a) Circuit Diagram
» |/ C11
R I va
L2 . L3 V3+Vin
lin C3 I |
. l V1+Vin lcs AT~ V2+Vin OT
+ + - B -
Vin L1 C1 ~Vin - V1 - V2
_ l c2 VA C4 V2
T T
+
(b) Switch-on
ci
c1 Vi L2 c3 V2 L3 N € -
— [, e N 2 G5 vawvin | lo
T - R v -
Vo lrvins | Ve fyivin | Vs vaavin| V8 ?7
Vin U 2] ce v L N £ v,
l . CaT V2 C6T v3 Ci2T veiz BT ©
- + + + +
(c) Switch-off
FIGURE 4.6

N/O triple-lift additional circuit.

+1 (L+1+1)I 2

iin=1L1+i Cll-on — ].—k k k O=m10

Cl-on

Therefore,

=ki, = I, =1

in m_l_k ¢}

2 3-k
S |
1-k Mo

The variation ratio of current i;; through inductor L, is
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A, /2 k1-K)TV, k(l-k) R

= 4.29
él ILl 4LIIO 2C;l zﬂ’l ( )
The ripple voltage of output voltage v, is
AQ 1,01-KT 1-kV,
AUO = = = R —
C]Z C]Z fClZ R
Therefore, the variation ratio of output voltage v, is
Av, /2 -
g=00/2_ 1=k (4.30)

V,  2RfC,

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

V=V,
1-k

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
(V, + V,,) during switch-on kT and decreases with voltage —(V, -2V, - V)
during switch-off (1 — k)T. Therefore,

pipy = 1 g 2 V22N =V jgr 431)
L2 LZ
2-KV,+V, 3-2k  2-k
v, = @TON e 322K 27 Kn gy
1-k A-k? “1-k
and

- _k2-k)

VLZ—off - VZ - 2‘/1 - ‘/in - (1 _ k)z in (432)

The output voltage is
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V,=V,+V, +V, +v—5_3"2\/,.”:[3_"2 -1V, (4.33)
(1-k) 1-k 1-k

The voltage transfer gain is

G, =-2= —-1 4.34
>V, 1-k1-k (4.34)
Following relations are obtained:
. . kI
lep-on = o fer-of = 7 _Ok
. , I . . I
leticog = Lo Ficigp = 1 _Ok letreon = teaon = 70
I, ; _ I,
C4 Dﬁ C3 off 1—k C3-on k
21,
ILZ [t ojj‘ lesof ﬁ
. . 1+k , 1+k
leoon = ILZ Tleson = mlo ZCZ—Oﬂ = W @]
. . 3-k . 3-k
Iy =i g =1 ey o5 = (1—k)? I, leton = K(1-k) I,
S P PO A A | 3=k 3=k Atk 1y, _ 538k
L1 Cl-on C2-on C4-on (1_ k)Z k(]. _ k) k(]. _ k) k (@] k(l _ k)Z o
Therefore,
L, = ki, = = 3kz Iy = [S_kz_k_lllo
(1-k) 1-k 1-k
Analogously,
. % 3-k
AZ = n kT I = I
L1 L2 L1 (1 _ k)Z O
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NWtVigr o 22K gy =

Al = .
ZLZ L2 (1 _ k)Lz in

Therefore, the variation ratio of current i;; through inductor L, is

A, /2 k(-k)PTV,  k(-k? R

g = = (4.35)
L 2B-kLI, (B-k)G, 2fL,
The variation ratio of current i;, through inductor L, is
Ai, /2 kQ-KTV, -
L2 270 2 2fL2
The ripple voltage of output voltage v, is
AQ I,(1-KT 1-kV,
A’Uo = — = = —_—
C12 C12 fC12 R
Therefore, the variation ratio of output voltage v, is
Av, /2 -
g=00/2_ 1=k (4.37)

VO - 2RfC12

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

V=1,
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 C,; is charged to
(V3 + V). The current flowing through inductor L; increases with voltage
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(V, + V) during switch-on period kT and decreases with voltage

—(V3-2V,-V,,) during switch-off (1 - k)T. Therefore,

V,+ V, =2V, -V,
A, =2 i kT = i (1- k)T
L3 L3
2-k)V,+V. 7 — 9k + 3k? 2—-k
v, = Gt TSy e -,
1-k (1=k) 1—k
and
K2—k)?
Vigop = V3 =2V, = W‘HJFM

The output voltage is

—_— 2 —_—
V.=V, 4V, 4V, JrV_ll 13k+34k Vin=[3 k(2 k) v,
(1-k) 1-k 1-k
The voltage transfer gain is
V, 2-k,3-k
G, =9=C—")»""-1
v, 1-k” 1-k
Following relations are available:
. , kI
lep-on = o fen-of = 7 _Ok
. , I . .
Lot = Lo Ficigp = 1—k leteon = eg-on =
Iy , I,
C6 aff C5 oﬁ' 1-k 1C5—un =?
I 21,
L3~ Cll ojj" C5 fo 1—k
, , 1+k , 1+k
legon = IL3 Floson = mlo ZC4—0ff = W
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(4.38)

(4.39)

(4.40)

(4.41)



3-k 3-k

I, = iCS—ojf =I5+ iC4—off = 1- k)z Iy legon = k(1-k) Iy
. . 3-k . 3-k
leoon =12 Ticson = k(1— k)2 Io lerof = (1-k)® e
. . (3-k)(2-k) . B-k)(2-k)
Iy = lerof = L, + loogp = WIO leron = WIO

lin = ILl + lCl—an + lCZ—an + lC4—an + ZC6—Dn

B-h2=K , B-b@=-k 3=k _ 1+k "

=[ 3 2 2 T
(1-k) k(1—k) k(1-k)*  k(1-k) k
_ 11-13k +4k?
T k(1-k? °
Therefore,
. 11-13k+4k*

3_k 2_k2
I =ki I, = —1]I
in lm (1_k)3 o [1—k(1—k) ]O

Analogously,
. V. 2-k)(3-k)
Ai,, =—"kT I, =571
L1 Lz L1 (1 _ k)3 o
Ai, = has kT = 2=k kTV, I, :Lkzlo
L, (1- KL, 1K)
2
Al = Ehas kT = (2 kz) kTV,, —I,= 2lo
L, (1-k)°L, 1-k

Therefore, the variation ratio of current i;; through inductor L, is

e /2 KI-K'TV, _ ki-k® R (4.42)
T T 20-KG-kLI, 2-KG-KG, 2/L, '
and the variation ratio of current i;, through inductor L, is
g, = A /2 _kI-RQ@-WTV, _k1-k@-k R (4.43)

I 23 -K)L,I, (B-kG, 2fL,

L2
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and the variation ratio of current i;; through inductor L is

A, /2 k(2-K)TV,  k(2-k)* R

€, = = (4.44)
I, 41-k)L,I, 2(1-k)G, 2fL,
The ripple voltage of output voltage v, is
AQ I,(1-kT 1-kV,
A’Z)O = — = = —_—
C12 C12 fCIZ R
Therefore, the variation ratio of output voltage v, is
Av, /2 -
_ Ao, / _ 1-k (4.45)
VO 2RfC12

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

(4.46)

This means V; is the voltage across capacitor C,, V, is the voltage across
capacitor C, and so on. For n'h order lift additional circuit, the final output
voltage is

3-k 2—k. .4
Vo=l-—C—)" -1V, 4.47
o [1—k(1—k) ] in ( )
The voltage transfer gain is
1% —k 2-
G, =Vo_3=k2=kui (4.48)
v, 1-k 1-k

n

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...m) is

LN /2 kK(1-k)" R

&1 ILl - Zh(l—n)[(z _ k)(n—Z)(B _ k)]u(n—Z)G” E

(4.49)
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_ AL /2 kA-K)"P(2-k) R

€ = = (4.50)
’ IL2 2" 2)(3_k)( 2)Gn 2ﬂ~2
Aiyy /2 k(2 —k)" R
‘23 = ;3 = 2h(n—3() 1 IZ 25 o (4.51)
L3 (1-k) G, ﬂ‘a
where
19 =10 7Y s the Hong functi
(x)= 1 x<0 is the Hong function
and
T x20 | . .
u(x) = is the unit-step function
0 x<O
and the variation ratio of output voltage v, is
A 2 -
g0 /2 _ 1-k (4.52)
VO ZRfC]Z

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.
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NN

IO
e 021 T
ci Vi+V | L2 +cs TV V24V
+ _
Vin L1 C1 V. B
= V1 V2 C22 Vew RSV
| e | -
B +
7 |
" AN 17
Vg, * V34V, _ -
v, U coa~rv,, R § v,
T + +
(c) Switch—off
FIGURE 4.7

N/O re-lift enhanced circuit.

The output voltage is

Vo=V, +V, +V——V =

33—
in 1—-k in 1—

3=k 4,
k

The voltage transfer gain is
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I i czl T%‘ ci’fcm + TIO

C11 ~V1+V, L2-

nL1\

(c) Switch-off

FIGURE 4.8
N/O triple-lift enhanced circuit.

4.4.2 N/O Re-lLift 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

=—V 4.53
C12 1— k in ( )

The voltage across capacitor C; is charged to V,, and the voltage across
capacitor C, and C,, is charged to V,
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2—-k 2-k3-k
= V.. = \% 4.54
C12 1—k 1—k in ( )

VC4_ 1_k

The current flowing through inductor L, increases with voltage V,, during
switch-on kT and decreases with voltage —(V ¢y, — Vo, — Vyp) during switch-
off 1-k)T.

Therefore,
. kT Vo.-V.,-V
Aij, = L—(ch -V )=t e c LC4 12 (1-K)T (4.55)
2 2
3-k
Ven = (ﬁ)2‘/m

The output voltage is

3-k
Vo=Ve, -V, = [(ﬁ)2 -1V, (4.56)
The voltage transfer gain is
V., 3-k
G,=-2=C—")Y-1 4.57
= =G0 (457)
Following relations are obtained:
) , kI
le-on = 1o leorofr = ﬁ
. , I , ) I
Ieoreopr = Lo Ficor o = 1 _Ok leoton = tegeon = 70
; ; Io ; Io
lC4—Uff = lCS—Oﬂ‘ = 1-k lCS—an = ?
. ) 21
Iy =lco oy Fics of = 1 _Ok
. . 1+k . 1+k
lergon = 12 ticaon = k(1—k) Io Leto—of = W o
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iCll—off =I,+ iClZ—fo = 1- k)z Iy icz—off = 1- k)2 I,

) 3-k
i

Clicon = lcoon = k(1—k) ©

3—k 33—k

I

L= iCll—njj‘ + iCZ—ujj( -- (1— k) Iy Icron = k(1—k) I,

42 k)

+1

lin = ILl + lCl—on + lCll—on + lC12—o71 C2l-on — k(l _ k)z (0]

Therefore,
42-k) . (3-k)
=ki = I, = -1]I
in 1171 (1 _ k)Z (0] [(1 _ k)2 ] (6]
Analogously,
. V. 3-k
Al =-"kT [ =22 "
L1 ) L1 (1 _ k)Z o
aiy, = Ve Vg 24K gy o 2o
L2 L2 (1 _ k)Lz in L2 1 _ k

Therefore, the variation ratio of current i;; through inductor L, is

Ni, /2 k1-kPTV,  k1-k? R

= = 4.58
d I, 43-Kk)L,I, 2(3-k)G, 2fL, (4.58)
The variation ratio of current i;, through inductor L, is
Ai,, /2 kQ+KTV,
E, = i,/ _k2+KTV,, _k2+k) R (4.59)

I 4L,1, 2G, 2fL,

L2

The ripple voltage of output voltage v, is

CAQ L,A-KT 1-kV,
© C CZZ fC22 R

Av

22
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Therefore, the variation ratio of output voltage v, is

8=AZJO/Z_ 1-k

V

= (4.60)
o] ZRfCZZ

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 Vj,. As described in the previous section the
voltage across Ccy, is

3-k
Ver =77 Vin
and voltage across C, and C,, is
3-k 3-k
Ven = 1-k Ve = (m)z Vi

The voltage across capacitor Cs is charged to V,,, voltage across capacitor
C, is charged to Vi

The current flowing through inductor L, increases with voltage V,, during
switch-on period kT and decreases with voltage —(V 3, — Vg — Vo) during
switch-off (1 -k)T.

Therefore,
. kT V. -V. -V
Aipy =7 (Ve =V,,) = = (1-HT (4.61)
3 3
3-k
Ve = (ﬂ)gvm
and
3—k.4
VO = VC31 - ‘/in [(E) - 1]‘/”, (462)
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The voltage transfer gain is

Vo _Bky_
Go=y =) -1 (4.63)

The following relations are obtained:

lCSZ—on =1 o

I
. _ . _ O
legteoy = Lo Ficsy o5 = 1—k

. . I
Teoof = lcsoof = ©
0) 0, 1_k

21

Iy =ics oy +ics o5 = 1 _Ok
) . 1+k
lC22—on = IL3 + lCS—on = k(l— k) IO

. . . 3-k
leareof = lcaroy = I1s T ooy = (1-k) I,

I,= ic4_off +iC21_0ﬁ( = 2(13—_kk)2 o

letpeon = 12 Hicson = (Bk_(f)_(zk)_zk) I,
o oy 207000
i =1 Fic o Tleo o Tlictioon Tlicaon T
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kI

i _ o

C32—off - 1 _ k

iy =iy =10

C3l-on — "Cé-on — k
I

. . _1o
Tegmon = tcseon = k

. 1+k
leoy o = W o

i, =37k
C4-on k(l_k) o

i =37k
C3—an_k(1_k) o

_B-he-h),
C12-off (1 _ k)3 o
o _B-hE-k)

on k(1 _ k)z (0]
L _G-RE-k
Cl-on C2-on k(l _ k)Z (@]

. 2(13 — 12k + 3k?)
+ lCﬁ—Un = k(1 _ k)3 o




Therefore,

13 — 12k + 3k? 3-k

I =ki, =2 I, = 11
in Zm (1_k)3 6] [(1—k) ] e}
Analogously:
. V., 2(4-k)(3-k)
AlLl =-—kT u:wlo
2
) Vi+V, 2—-k 3-k
AZLZ = 1 L kT = (1_ k)L kT‘/in ILZ = ZWIO
2 2
V,+V, (2-k)* 21
A L3 : L T (1 _ k)zL in IL3 = _Ok
3 3

Therefore, the variation ratio of current i;; through inductor L, is

C A, /2 k1-KPTV,  k(1-k® R

S I, 44-kG@-kLI, 24-k(G3-kG, 2fL,

(4.64)

L1

and the variation ratio of current i;, through inductor L, is

Ai, /2 kA-K)Q-KTV, k1-k@-k R
I,  4B-KkLJI,  2B-kG, 2fL,

g, = (4.65)

and the variation ratio of current i;; through inductor L; is

Ai, /2 kQ-k’TV,  k(2-k)?* R

%= A1-KLI, 20-k)G, 2fL,

(4.66)

L3

The ripple voltage of output voltage v, is

CAQ L,A-KT 1-kV,

A% = C.  fC. R
32 32 f 32

Therefore, the variation ratio of output voltage v, is

ngvo/Z_ 1-k

= (4.67)
VO ZRf C32
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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 Vo, (i=1,2, ... n) is

3-k.;
Ve = (1 - k) V. (4.68)
For nth order lift enhanced circuit, the final output voltage is
3-k
Vo =[==—)" -1V, 4.69
o =l6 =) -1, (4.69)
The voltage transfer gain is
V, 3-k
G =—92=(—5"-1 4.70
Gy (4.70)
The variation ratio of output voltage v, is
e Mo /2_ 1-k 4.71)
VO ZRf CnZ
—
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 C,, is charged to V;,. The voltage across capacitor C;; is
charged to V.
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Vin
(a) Circuit Diagram
I
_> - -
* 1 L e
+
C11 Vi+V  C13 V2+V1
+ -
Vio 1 C1 V. -
/J\ - V1 V2 014 Ve R g Vg
l c2 Vi C12 V2 + +
B ° ® v[ + _l +
(b) Switch-on
C13
. <« T|o
+ + c11] +
C1 L Vi, i c11 V2+V1 - -
Vin L1 <V, E’L CMR Vo
i c2 Vi +
—_ TA+ Ci12 A+
(c) Switch-off
FIGURE 4.9
N/O elementary re-enhanced circuit.
4 - k
VC13 1— zn (472)
The output voltage is
_ 44—k
Vo=Ve =Vi =l — 1V, (4.73)

The voltage transfer gain is
© 2003 by CRC Press LLC



_> -
|
+ o
1. 1 Lol |- f

CAVI+V,, GG V24Vl L2 GBI Vs 1 Voy+V3 C23 VA+V3

1 g 3 I Ve A e
Vi L1 LCL\Y,
= \al V2 _ V3 V4 C24 c2aR 2 Vo
l c2 vi C12 V2 C14 Vous C4 v3 C22 V4 + +
- +
] + I + + +

(b) Switch-on

c1 L2 023
4I< - NYY\ 4—. o
+ c11 + L + c21 +
Vor T V24V1 \LV— Veer v3+v4 —L— -
+ + +
++ ci2) ++ ++ c22) ++

(c) Switch-off

FIGURE 4.10
N/O re-lift re-enhanced circuit.

G =-0="""-1 (4.74)

The ripple voltage of output voltage v, is

AQ I,(1-KT _1-kV,
Cl4 Cl4 fC14 R

Av, =

Therefore, the variation ratio of output voltage v, is

_ vy /2 1-k
VO ZRfCM

(4.75)
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° <

+ + + + D3 + + +
L1 <C1 Ve, Gt Vo, G187 Ve Vg C31 Vs C33 7~ Voss
Vi << Fo< o< P <o oo
D1 D2 D11 D12 D1_3 D14 - D4 D5 D21 D22 D23 D24

B c2 Ve, C12XAv . Cla“y c4 Vo, G2y caalry c6 Ve, C32Mrv . ca4

1+ T+ i T T+ T+ Tfs T

- D7 D8 D31 D32 D33 D34

(a) Circuit Diagram

_}
+ c3 cs5
o] 7 Lo v, ca cas | T L3 v, e T o | 7
Cc11 \%l +VIn V2+V1 _ Vca+V3 V4+V3 _ VCS+V5 V5+V6
Cc1 +
Vi L1 v,
_ Vi v2  Cc14 V3 V4 co4| - V5 V6 C34
- - ch - - VCQA - -
c2 Vi v2 + V3 V4 + V5 V6
- ci2 c4 c22 cé c32
+ + + + + +
(b) Switch-on
c13 L2 c23 L3 ca3

C

+

+ - +
v, Ve, ~ Ve, V3HV4 vy, Veve
L1 Vi, Vi & A\ V3 \Z Co4 Vo Veas R§ Vo
i Vi1 +

(:Tl_*\:;z'*\/j T' ' —l_++032 + . :

(c) Switch-off

o
v2 T
c2 | A+c2 A+
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 = 1—k Vi
Analogously,
4-k
V=)V, 4.76
C23 ( 1-k ) in ( )
The output voltage is
4-k
Vo =Vep =V, = [(E)2 -1V, (4.77)
The voltage transfer gain is
1% 4-k
G,=—2=(-——7)-1 4.78
= =Gy (4.78)
The ripple voltage of output voltage v, is
AQ 1,0-KT 1-kV,
AUO = — = = —
C24 C24 fC24 R
Therefore, the variation ratio of output voltage v, is
A 2 -
_ Ay /2 1-k 479)
Vo 2RfC,,

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 = 1—k Vi
The voltage across capacitor C,; is
4-k
Vew = (ﬂ)zvm

Analogously, the voltage across capacitor Cj; is

4-k

Vew = (1—k)3 in

The output voltage is
4-k
VO = VC33 - ‘/in = [(ﬁ)g - 1]‘/1'11
The voltage transfer gain is
%4 4-k
Gy=-2=(-—)-1
=y =4y

The ripple voltage of output voltage v, is

Av

© C C34 - f C34 R

34

Therefore, the variation ratio of output voltage v, is

_Av, /2 1-k
VO 2RfC34

4.5.4 N/O Higher Order Lift Re-Enhanced Circuit

_AQ _I,(A-KT 1-kV,

(4.80)

(4.81)

(4.82)

(4.83)

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 (i=1,2, ... n) is

Vo =)V,

in
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For nth order lift additional circuit, the final output voltage is

V.

(0]

4—k.,
= VCH3 - ‘/in = [(ﬂ) - 1]‘/,',, (485)

The voltage transfer gain is

V 4-k
G =—9=(—3"-1 4.86
n ‘7. (1_k) ( )

m

The variation ratio of output voltage v, is

8=Avo/2_ 1-k

= (4.87)
VO ZRfC;14
I
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 C;y;, is

+2-k
Vc12/71 = 1ok V., (4.88)
The output voltage is
i+2—k
Vo = Vc12/-1 V.= [] - 11v,, (4.89)
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|
in
> o ° ° ° °

+ lo
1(2j-1)
C11 VI+V cier)
Vin L1 C1 V T -
T Vi Ci12 C12j \Y Fé %

b) Switch-on

(c) Switch-off

FIGURE 4.12
N/O elementary multiple-enhanced circuit.

The voltage transfer gain is

V j+2—
G1 =7O=M_1 (4.90)
V. 1-k

m

The ripple voltage of output voltage v, is

AQ I,(1-KT 1-kV,
C Cle fclzj R

Av, =
12
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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

AUO/Z 1-k

VO ZRfCIZ/

(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

v _(]+2 k.,

C22j-1 1- k ) in (492)
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(b) Switch-on

C2(2j-1) L3 C31 C3(2j-1)

c3t Ca(2i-1) -

(c) Switch-off

FIGURE 4.14
N/O triple-lift multiple-enhanced circuit.
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The output voltage is

j+2-k

Vo= VCZZj—l -V, = 1—k )? - 11V, (4.93)
The voltage transfer gain is
V, j+2-k
G, =-2=(—"-)-1 4.94
=) (&.94)
The ripple voltage of output voltage v, is
AQ I,A-KT 1-k V,
A’()O = = = —_—
Cy j Cyp i fCx i R
Therefore, the variation ratio of output voltage v, is
Av, /2 -
e=00/2_ 1-k (4.95)

V,  2RfC

22j

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 Csy;; is

+2—k
VC32];1 = (] 1k )SV,v,,, (4.96)
The output voltage is
+2—k
Vo =Vesjr =V = [(] 1-k )* - 1V, 4.97)
The voltage transfer gain is
V, +2-k
Gy= 7= (]1?)3 -1 (4.98)

© 2003 by CRC Press LLC



The ripple voltage of output voltage v, is

Av _AQ_IO(l—k) 1- ki
¢ C32/ C32j fC32/ R

Therefore, the variation ratio of output voltage v, is

Av /2 1-k
V,  2RfC

(0]

(4.99)

32j

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
cml—(] p )V, (4.100)

For nth order lift multiple-enhanced circuit, the final output voltage is

Vo= [(%)” -1, (4.101)

The voltage transfer gain is

G, = (]+2 k
V

in

) — (4.102)

The variation ratio of output voltage v, is

AUO/Z 1-k

V,  2RfC

(4.103)

n2j

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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[(%)” -11v, main _ series
[(%_k)"*l (37_]{) -1V, additional _series
V,= [(i Ilz)“ -1v, enhanced _ series (4.104)
[(111 I]j)” -1v, re-enhanced _ series
[(] 41'2 p k) -1V, multiple-enhanced _ series

The corresponding voltage transfer gain is

(z;k)” -1 main_ series
(2;115)”71(3;:) -1 additional _series
V _
G=—7= (3 £ ) -1 enhanced _series (4.105)
V., 1-k
( 411 II: ) -1 re-enhanced _series
( I J{ ; k ) -1 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,

Forward converters,

G=-2=kN (N is the transformer turn’s ratio)

Cuk-converters,

c=Vo_ k_
‘/iil 1 - k
fly-back converters,
Vv
G= V—O = 1k—Nk (N is the transformer turn’s ratio)
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Main Additional Enhanced Reenhanced Multiple-Enhanced

Series Series Series Series Series
’ A A 4 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 Gircuit 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,

\% 1
G=-9-=-_~_
1-k

G=-9= (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 125  4.06 10.39 24.63 56.67 2.25"-1
converters — main series

Negative output super-lift 2.5 6.88 16.72 38.87 88.7 3.5%2.2501-1

converters — additional series

TABLE 4.2
Voltage Transfer Gains of Converters in the Condition k = 0.5
Stage No. (1) 1 2 3 4 5 n
Buck converter 0.5
Forward converter 0.5N (N is the transformer turn’s ratio)
Ctk-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 5%30¢D-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 14255 @ 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:
Viw=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.
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OV(C4:2) O V(C2:2) O V(R:2) Time

FIGURE 4.16
Simulation results of a N/O triple-lift circuit at condition k = 0.5 and f = 100 kHz.

~(19.99m, 1.79) - -
,,,7(19 -00m; 610m)

-0.5KV
SEL>>
-1.0KV
19.980ms 19.985ms 19.990ms 19.995ms 20.000ms
O V(D6:1) < V(D2:1) O V(R:2) AV(C6:2)
Time
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 V, = -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 I;; = 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.

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, I,A) V, (V) P,W | Vol (V) Po (W) M (%)
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) IL,A) V, (V) P,W [V,|[(V) Po,W) n(%)
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
I

Bibliography

Baliga, B.J., Modern Power Devices, New York, John Wiley & Sons, 1987.

Luo, EL., Advanced voltage lift technique — negative output Luo-converters, Power
Supply Technologies and Applications, Xi’an, China, 3, 112, 1998.

Luo, EL. and Ye, H., Negative output super-lift converters, IEEE Transactions on Power
Electronics, 18, 268, 2003.

Luo, EL. and Ye, H., Negative output super-lift Luo-converters, in Proceedings of IEEE-
PESC’2003, Acapulco, Mexico, 2003, p. 1361.

Mitchell, D.M., DC-to-DC Switching Regulator Analysis, New York: McGraw-Hill, 1988.

Ye, H., Luo, FL., and Ye, Z.Z., Practical circuits of Luo-converters, Power Supply
Technologies and Applications, Xi’an, China, 2, 19, 1999.

© 2003 by CRC Press LLC



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:

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 — 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,, = V, X I. The voltage transfer gain
is G:
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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

1% V,-V.
Aij, =-"kT =-2——"(1-k)T (5.1)
Ll Ll
V, = 1 1% (5.2)
o 1—k in :
The voltage transfer gain is
V,
G=lo_-_ 1 (5.3)
v, 1-k
The inductor average current is
V,
I, =(1-k-2 5.4
0=k 64
The variation ratio of current 7;; through inductor L, is
Ai, /2 kTV,
g, = tnl2 n KR 55)
I, (1-k)2L,V, /R 2fL,
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(a) Circuit diagram

Vin c1 R< Vo

(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

s, = 8Q _Io0=RT _1-k Y,
Cl Cl fcl R

Therefore, the variation ratio of output voltage v, is

_ Ao, /2 1-k (5.6)
V,  2RfC, '

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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(a) Circuit diagram

=

> Vi
.
i
+ ¢ °
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(b) Equivalent circuit during switching-on

(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=—tv,
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

Aij, = Vigr= uu KT (5.7)
L2 L2
1 1,
V.=V =(—)*V. .8
0=k =G 8)

The voltage transfer gain is
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%
G = _~0 =(— 2
‘/in (1_ k)
Analogously,
Y, I
Al = 3 kT I, = a —Ok)2
1
.V I
AzLZ:L—lkT IL2:1_Ok

2

Therefore, the variation ratio of current i;; through inductor L, is

_ A /2 k(1=k)TV,

in _

k(1-k)* R
ILl 2L110 2 ﬂ‘l

&
the variation ratio of current i;, through inductor L, is

_ AL /2 KA-KTV, _k(1-k* R

g
? ILZ 2L2IO 2 fLZ

and the variation ratio of output voltage v, is

. Av, /2 1-k
Vv,  2RfC,

5.2.3 Three-Stage Boost Circuit

(5.9)

(5.10)

(5.11)

(5.12)

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

V=V,
1-k

and voltage V, across capacitor C, is
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(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

V. V,-V.
A, =—2kT=—>"—"2(1-KT
L3 LS
1 1 . 1
Vo=V, =)V, =)V,
o=k 2T T
The voltage transfer gain is
%
G=-9=(—)°
% (1—k)

Analogously,
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v, I

Al = kT I, = 0
Iy L, b= k)
Vv I
Aip, = kT I, = ° 2
L, (1-k)
V. I
Ai . =—2kT [.=—20C
1L3 L L3 1_ k

3
Therefore, the variation ratio of current i;; through inductor L, is

My /2 _K1-KPTV, k1-R° R

ILl 2L110 - 2 ﬂ‘l

& =
The variation ratio of current i;, through inductor L, is

A, /2 _kK1-KPTV, _k(1-k)* R
ILZ 2LZIO 2 fLZ

&

The variation ratio of current i;; through inductor L; is

Ai, /2 k(1-KTV, k(1-k? R

£ = -
’ IL3 2L310 2 ﬂ‘?

and the variation ratio of output voltage v, is

.l Av, /2 1-k
V,  2RfC,

5.2.4 Higher Stage Boost Circuit

(5.16)

(5.17)

(5.18)

(5.19)

Higher stage boost circuit can be designed by just multiple repeating of the
parts (L,-D,-D;-C,). For n'" stage boost circuit, the final output voltage across

capacitor C, is

The voltage transfer gain is
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\%
G=-2=(

v ) (5.20)

b
1-k

the variation ratio of current i;; through inductor L; (i = 1, 2, 3, ...n) is

Al _ 1)\ 2(n=i+1)
g - Au/2_K1-BTTT R (5.21)
L 2 L
and the variation ratio of output voltage v, is
Av, /2 -
e= 2% /2_1-k (5.22)
v, 2RfC,

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,

V. V.-V
Aiy, = KT = == (1= K)T (5.23)
1 1
V=V,
1-k
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(b) Equivalent circuit during switching-on

i L, Cy
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(c) Equivalent circuit during switching-off

FIGURE 5.4
Elementary boost additional (double) circuit.

The output voltage is

2
V=2V, =—-V, 5.24
O 1 1—k ™ ( )
The voltage transfer gain is
V, 2
G="9=_"_ 5.25
in 1-k ( )
and
2
in = ILl = 1-k IO (526)

The variation ratio of current 7;; through inductor L, is
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Aij /2 kKA-K)TV, k(1-k)?

= = = — 5.27
él IL] 4L110 8 ﬂ‘l ( )
The ripple voltage of output voltage v, is
AQ I,(1-kT 1-kV,
A’()O = — = = —
C12 C12 fC]Z R
Therefore, the variation ratio of output voltage v, is
_Av, /2 1-k (5.28)
V,  2RfC, '

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, = A kT = V.oV 1-k)T 5.29
i = L, L (1-k) (5.29)
V,= —V =(—)V, 5.30
2 =1 =2 ) (5.30)
The output voltage is
2
V, =2V, = 1% — V= 2(—) V., (5.31)
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(c) Equivalent circuit during switching-off

FIGURE 5.5
Two-stage boost additional circuit.

The voltage transfer gain is

V, 1
G=-92=2(-—)
in (1 - k)
Analogously,

.V 2
Al = kT I =

L1 Ll L1 (1 _ k)Z o

21

Ai,, :EkT I,= 1_Ok

2

Therefore, the variation ratio of current i;; through inductor L, is
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/2 k(l k) T‘/m _ k(l_k)4 A
S= 1Ll aLI, 8 fL (5.33)

and the variation ratio of current i;, through inductor L, is

Ai, /2 _k(A-K)TV, _k(1-k)*

= —_— - 5.34
éz ILZ 4LZIO 8 fLZ ( )
The ripple voltage of output voltage v, is
AQ 1,1-KT 1-kV,
A’UO = — = = _—
C12 C12 fC12 R
Therefore, the variation ratio of output voltage v, is
Avo /2 1-k (5.35)
VO 2RfC]2 .

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 C isV, = (1/1 k) i
and voltage V, across capacitor C, is V, = (1/1 k) .

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 V, during switch-on period kT and
decreases with voltage —(V; — V,) during switch-off (1 — k)T. Therefore,

V, -
Ai,, = Y kT YtV 1-K)T (5.36)
LS
and
1 1 1
Vy=——V,=(—)V, =)V, 5.37
Po1-k 2 (1—k) ! (1—k) (5:37)
The output voltage is
VO = 2V3 = Z(W)?"/m (538)
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(b) Equivalent circuit during switch-off

FIGURE 5.6
Three-stage boost additional circuit.

The voltage transfer gain is

Vv 1
G=—9=2(—) 5.39
> =2 (539)
Analogously:
. V., 2
Alle L kT ILIZWIO
1
. V. 2
A1L2=L71kT Lzzm o
2
21
A, = %kT I,= 1—Ok

3
© 2003 by CRC Press LLC



Therefore, the variation ratio of current i;; through inductor L, is

_Aiy /2 K1-k)’TV, k(1-k)° R

g (5.40)
! ILl 4L110 8 le
and the variation ratio of current i;, through inductor L, is
. _1\2 _1\4
£, = Aip, /2 _ka k) TV, _k(-k)" R (5.41)
ILZ 4LZIO 8 fLZ
and the variation ratio of current i;; through inductor L is
Ai - —k)?
£ = i,/2 _ k(1-k)TV, _k(-k)” R (5.42)
ILS 4LSIO 8 fLS
The ripple voltage of output voltage v, is
AQ I,(1-kT 1-kV,
A’Z)O = — = = _—
C12 Cj12 fC12 R
Therefore, the variation ratio of output voltage v, is
A 2 -
g0 /2 _ 1-k (5.43)

VO - 2RfC12

5.3.4 Higher Stage Boost Additional Circuit

Higher stage boost additional circuits can be designed by repeating the parts
(Ly-D,-D4-C,) multiple times. For nth stage additional circuit, the final output
voltage is

The voltage transfer gain is

Vo 1
G=12=2") (5.44)

in

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...n) is
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B Aiu /2 B k(l_k)z(n—iﬂ) £

: 5.45
gl I Li 8 fLi ( )
and the variation ratio of output voltage v, is
A 2 -
g=00/2_ 1-k (5.46)

V,  2RfC,

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)Vin .
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

A, = Vi V2=V _yr (5.47)
L L
2 2
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FIGURE 5.7
Two-stage boost double circuit.

2
V,= ﬁ‘/] 2(7)

The output voltage is

The voltage transfer gain is

© 2003 by CRC Press LLC
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(5.49)

(5.50)



Analogously,

v,

iy = KT Ly =G0
. V., 21

Aij, = L—lkT I,= l—ok

2

Therefore, the variation ratio of current 7;; through inductor L, is

A, /2 k(1-k)?’TV, -k)*
é] — 1L1 / — ( ) in _ k(1 k) 3 (551)
ILl 8L110 16 le
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-KTV, —k)?
g, =82 /2 _kI=OIV, _kd-k)" R (5.52)
ILZ 4LZIO 8 ﬂ‘Z
The ripple voltage of output voltage v, is
AQ I,(1-KT 1-kV,
A’UO = = = e
C22 C22 fCZZ R
Therefore, the variation ratio of output voltage v, is
Av, /2 -
g0 /2 _ 1=k (5.53)

V.,  2RfC,

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 C;;is V, = (1/1— k)Vm, and voltage V, across capac-
itor C, and capacitor C, is V, = 2(]1/ 1—k)2 V. ,
The voltage across capacitor Cy, is 2V, = (2/1—k) V.,- The voltage across
capacitor C; and capacitor C;, is charged to V5. The voltage across capacitor
Cy, is charged to V,,. The current flowing through inductor L; increases with
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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,

2 Vv, -2V,
Ai, = LkT =3 —2(1-KT (5.54)
L L
3 3
and
2V, 4
3 (1 _ k) (1 _ k)3 in ( )
The output voltage is
2
V=2V, =(—)V, (5.56)
1-k
The voltage transfer gain is
Vv 2
G=92=(-") 5.57
vy (5.57)
Analogously,
.V, 8
AlLl:?lkT ILl:WIO
. \% 4
AZLZZikT ILZZWIO
. V. 2]
Aij, = L—:kT I,,= 1—Ok
Therefore, the variation ratio of current i;; through inductor L, is
Ai /2 k(1-k)’TV, —k)°
gl — ZLl / — ( ) in _ k(l k) i (558)
I, 16L,1, 128 fL,
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-k)?TV, —k)*
g, = Mi2/2_ KTV _KI=h)” R (559)

I, 8L,1, 32 sz
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and the variation ratio of current i;; through inductor L is

_Aiy /2 k(1-KTV, k(1-k)* R

(5.60)
I 4L,1, 8 fL,

&

The ripple voltage of output voltage v, is

_AQ _I,A-KT _1-kV,

Av = —
© C C32 f C32 R

32

Therefore, the variation ratio of output voltage v, is

_Av, /2 1-k
Vo 2RfC,,

(5.61)

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
V.= (-2
o (1 _ k) in
The voltage transfer gain is
V, 2
G=-9 ==y 5.62
=) (5.62)

Analogously, the variation ratio of current 7;; through inductor L; (i = 1, 2, 3,
...m) is

_Aiy /2 k(1-k)*" R

E.’i ILi 2*22H fLi

(5.63)

The variation ratio of output voltage v, is

g:AvO/z— 1-k

= (5.64)
V,  2RfC

n2
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FIGURE 5.9
Cascade boost re-double circuit.

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 Figure5.9. The
output voltage of first stage boost circuit is V;, V; = V,,/(1-k).

The voltage across capacitors C; and C;; is charged to V; and voltage across
capacitors C;, and Cy; is charged to V3 = 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, = Y kT NV (1-Kk)T (5.65)
Ll
V=V,
1-k
The output voltage is
3
Vo=V +V., =3V, = % V., (5.66)
The voltage transfer gain is
%
G-Yo 3 -
v, 1-k

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
= (1/1— k)Vin . 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 Cy; 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

Ai, = 3L pr= V273V 1-KT (5.68)

V, =V, =3(-—)°V, (5.69)
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FIGURE 5.10
Two-stage boost re-double circuit.

The output voltage is

Vo =V, + Ve, =3V, —(—) i (5.70)
The voltage transfer gain is
% 3
G=-9 =(—")? 5.71
vy (5.71)

Analogously,
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.V, 2
Ai, = 5 kT =G0,
v, 21
Ai,, = 1kT I,=—20
2L 21—k

Therefore, the variation ratio of current 7;; through inductor L, is

A, /2 k(1-k)?’TV, -k)*
é] — 1L1 / — ( ) in _ k(1 k) 3 (572)
ILl 8L110 16 le
and the variation ratio of current i;, through inductor L, is
Ai, /2 k(1-KTV, —k)?
g, =82 /2 _kI=BIV, _kd-k" R (5.73)
ILZ 4LZIO 8 ﬂ‘Z
The ripple voltage of output voltage v, is
AQ I,(1-KT 1-kV,
A’UO = —= = —_—
C22 C22 fCZZ R
Therefore, the variation ratio of output voltage v, is
Av, /2 -
g=00/2_ 1-k (5.74)

V.,  2RfC,

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)Vm , 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 Cj; is charged to Vi = 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

V, -3V,
Ai —%kT:ST?’Z(l—k)T (5.75)

L3 —
L3 3
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Three-stage boost re-double circuit.
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and

The output voltage is

Vo =V + Ve =3V, =(

The voltage transfer gain is

G =
Analogously,
%
A, = L’” kT
1
%
Aij, = L—l kT
2
V.
Al = L—Z kT

3

Therefore, the variation ratio of current 7;; through inductor L, is

Ai, /2 k(1-K’TV, k1-k° R

§1= I

L1

and the variation ratio of current i;, through inductor L, is

&

A, /2 k(l—k)val _k(1-k)* R

I

L2

and the variation ratio of current i, through inductor L is

&

_Aiy /2 k1-KTV, _k(1-k?* R

I

L3
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The ripple voltage of output voltage v, is

_AQ I,A-KT 1-kV,

Av, = —
C C32 f C32 R

32

Therefore, the variation ratio of output voltage v, is

. Av, /2 1-k
Vo ZRfCE2

(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

3
V — (" \r V
o (1 _ k) in
The voltage transfer gain is
V, 3
G=-9 (") 5.83
Gy (5.83)

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...n) is

A‘ ) 2 _ 2(n—i+1)
g = Au/2_K1-k" T R (5.84)
ILi 12(”’ : fLi

and the variation ratio of output voltage v, is

. Av, /2  1-k
V,  2RfC,

o

(5.85)

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
© 2003 by CRC Press LLC
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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 Cy; is charged to V; and voltage across
capacitors Cy, and Cy; is charged to V3 = 2V,. The voltage across capacitors
Cipjz) and Cyyyy is charged to Vi) = jV;. The current i;; flowing through
inductor L, increases with Voltage V., during switch-on period kT and
decreases with voltage «(V,; - V,,) durmg switch-off (1 — k)T. Therefore,

in
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V, -

Ai Yy kT = Y=V 1-k)T 5.86
Iy = L, L, (1-k) (5.86)
v-ly (5.87)
1 1—k in '
The output voltage is
Vo =Vey + Vg = A+ )V, = 7;(1/, (5.88)

The voltage transfer gain is

(5.89)

5.6.2 Two-Stage Multiple Boost Circuit

The two-stage multiple boost circuit is derived from the two-stage boost
circuit by adding multiple (j) DECs in each stage 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)Vm.
The voltage across capacitor C,,, 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 + j)V4]
during switch-off period (1 — k) T. Therefore, the ripple of the inductor current
i, is

aip, = T gy 22 m UV g (5.90)
2 L2

1+j 1,
V, = V,=( —)V. 5.91
2 1 k ( +])(1_k) in ( )

The output voltage is
1+

Vo =Ver +Veipjmy = A+ )V, —( ]) V., (5.92)

The voltage transfer gain is

%)2 (5.93)

© 2003 by CRC Press LLC



11 ‘
il

(a) Circuit diagram

" AV,

(1+)V.
c '0
+ Gy e Cig C,,i C,, szu o Coer| Cyy + R Y4
VIN T VC1 T T T T /I\

(b) Equivalent circuit during switching-on

% | (1+)V,
[

cz(zm
v CKH) a9V, L v, - Ve,
- 1 | Y \ l_ Coy + io
oL c, /I /C v
— "
_WVH c L+ R _MR § Vo
L1 -V + al ComVee _I -
™ - ATV

o+ +
Vin Cy Vo C12/I\Vc12 C,, _

(c) Equivalent circuit during switching-off

FIGURE 5.13
Two-stage boost multiple-double circuit.

The ripple voltage of output voltage v, is

_AQ _1,(-KT _1-kV,
° Gy, C fCyp; R

22j 22j

Av

Therefore, the variation ratio of output voltage v, is

AUO/Z 1-k

V,  2RfC

(5.94)

2]

© 2003 by CRC Press LLC



5.6.3 Three-Stage Multiple Boost Circuit

This circuit is derived from the three-stage boost circuit by adding multiple
(j) 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 +j)V,.

The current flowing through inductor L; increases with voltage (1 + j)V,

during switch-on period kT and decreases with voltage —[V;—

during switch-off (1 — k)T. Therefore,

14 v, -
ai, = P gy, = Vo

L

3 3

and

V- A+7)V, _(1+j)°
3 (1_ k) (1_ k)? in

The output voltage is

V, =V, +V, (1+])V—(1+]

C3(2j-1)

)V,

The voltage transfer gain is

1+]

G=12=( "1y

The ripple voltage of output voltage v, is

Av, =

C C32j B fc32j R

32j
Therefore, the variation ratio of output voltage v, is

Av /2 1-k
V,  2RfC

32j
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(5.99)



1 2.4v, § 4V, 12 ijLQJ,J)v 1 2.3v, |
iy v v, ) i Vs (14)V,
- L1 D1 ! DH D12 D1(21-1)D121 Lz Da D21 Dzz }D212||;D22J } La Ds D31 Dse Da12|-nD321
AR I SINE ke TS
+ | -
Tl L, LT T L L
| R o
VIN } i 6‘4 -
| | \
B i _ s \.C
Co i 02777} CZZJ T . Co 1t Caprie
G I N | il
,,,,,,,,,,,,,,,,, R
(a) Circuit Diagram
n v, (14)V, (14)V, A (14)V,
———————— ¢ —————T . ¢ T———— io
+ 12(11) 112,1) 12; 1) 212;1; 221 031 032111) 3(2j-1) 321 ¢+
(b) Equivalent circuit during switching-on
Ca12m \ (1+)V,
/1
V3
Copiry (1+)V, - Vear + ¢ i
e (o]
v, i Cyy ; i L, ; c +
! C o R= Vo
@14V, L, . i 81 -
vV c21+ c 4
. [ —e- 22j C,——v 1
I L, Ci ! C22 . S los ™
e ‘
v, > Veas ot
+ |+ Vot - T~ Ve
Vin Gy Ve C|2/’\ C‘E/F Cyy .

c) Equivalent circuit during switching-off

FIGURE 5.14
Three-stage boost multiple-double circuit.
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5.6.4 Higher Stage Multiple Boost Circuit

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 ntt

stage additional circuit, the final output voltage is

V.

(0]

1+
= —_— n ‘/ .
(1 - k) "
The voltage transfer gain is

Y (1+])

in
Analogously, the variation ratio of output voltage v, is

AZJO /2 1-k
V,  2RfC

n2j

(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:

(L)” V., main_ series
1-k
2% (1 1 p 'V, additional _ series
Vo= (—)” V., double _ series
(ﬁ) V., triple _series
(i * 11)’1 V., multiple(j) _ series

The voltage transfer gain is
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Main Additional Double Triple Multi
Series Series Series Series Series
A A A A A
1 1 1 1 1
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
1-k
2% (L)” additional _ series
v 1 k
G= V—O = (—)” double _series (5.103)

(—)” triple _ series
( ] A 1 )” 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,

v
G= V—o =kN N is the transformer turn ratio
Cuk-converter,
| k
G=-9-_"_
‘/in 1 - k
fly-back converter,
V5 k . .
G=-—+*=——-N N s the transformer turn ratio
‘/in 1-k
boost converter,
v 1
G=—9—-_—_
v, 1-k

and positive output Luo-converters

v
G=0= 1L (5.104)

=

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 pF, 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. (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

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 1.25"
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 25 6.25 15.625 39.063 97.66  (2%1.25)"
converters — double series

Positive output cascade boost 375 14.06 52.73  197.75 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 2:2n
additional series

Positive output cascade boost converters — 4 16 64 256 1024  (2x%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), ij,, and i;5. 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  5n

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 j T T T
(9.988m, 618m)
H H H | H
< ! i : | !
0.5A (9.988m, 218m)
(9.988m, 11|1m)‘
0A
I(L1) @ |(L2) = |(L3)
1.0KV T
(9.988m, 659m)
! ! ! | !
0.5KV (9.988m, 194m)
(9.988m, 66m) ‘
SEL>> i i i
oV Oal; 8, <
9.980ms 9.984ms 9.988ms 9.992ms 9.996ms 10.000ms
V(R:2) ¢ V(D2:2) VV(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, Ly =L,=L;=10mH, all C; to Cg =2 pF 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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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, L,A) V, (V) P,W) Vy,(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 [;; = 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 I;; = 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 (21 — 1) diodes.

e 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 (51 — 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 [;,, output voltage and current are V, and I,. Assume no power losses
during the conversion process, V,, x I,, = V, x I. The voltage transfer gain
is G:
o Vo
Vi

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
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(a) Circuit diagram

C1
— |/

E

N C,

= |/
[\ ? lo
AV, _
Vin L, R Vo

(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
—(Ve1 = V) during switch-off period (1 —k)T. Therefore, the ripple of the
inductor current i, is

Ai,, :%kT:%(l—k)T (6.1)

1 1

L

1
VCl = m ‘/in
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k
VO = VCl - ‘/in = m‘/[n (62)

The voltage transfer gain is

V, 1
G=—9=—"-1 6.3
v, 1-k )
The inductor average current is
V,
I,=(1-k-2 6.4
n=-h (64

The variation ratio of current i;; through inductor L, is

in _k R
1, (-Kk2LV,/R 2L,

AL /2 KTV,

& (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

CAQ L,A-KT 1-kV,

A% =5 C C R
1 1 fl

Therefore, the variation ratio of output voltage v, is

e=0/2_ 1k 6.6)
Vv, 2R,

Usually R is in kO, 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

V=V,
1-k
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(a) Circuit diagram

—
I\ i
+ C1_L+ R °
L. Ve c2
Vi L, 2 _ R< VY,
- +

(b) Equivalent circuit during switching-on

IN

(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

L L
2 2
1 1
Vo= =G
1
Vo=V =V =1, )" —1IV, (68)

The voltage transfer gain is
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Vo_ 1w
G= () -1 (6.9)

Voo
Analogously,
Vv, I
Al = L’” kT I, = a Ok)2
) —
V I
AiLZ:L—lkT IL2:1_ok

2

Therefore, the variation ratio of current i;; through inductor L, is

Ai, /2 k(1-k)*TV, —k)*
&1 — lLl / — ( ) in. _ k(l k) A (610)
ILl 2L110 2 ﬂ‘l
the variation ratio of current i;, through inductor L, is
; _ _1\2
£, - Aij, /2 _ k1-K)TV, _k(-k)" R (6.11)
ILZ ZLZIO 2 fLZ
and the variation ratio of output voltage v, is
A 2 -
e=00/2_ 1-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, is V. =(1/1-k)V, , and voltage V, across capacitor C, is
Ve, = (V1-k)°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,
the ripple of the inductor current i, is

v V., -V
Biyy =~ KT = 2922 (1= k)T (6.13)
3

3
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(a) Circuit diagram

> Ve _
T

[}
O ST PSRN I
Cc3
Vi L, Ve) L, 'cs L, R Vo
- +

(b) Equivalent circuit during switching-on

1,
Vs

i
—»
C

1, 1,
VCWC VC2C

3

2

1

(c) Equivalent circuit during switching-off

FIGURE 6.3
Three-stage boost circuit.

1
Vo=V -V, = [(ﬁﬁ -1V,

The voltage transfer gain is

Analogously,
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v, I

L1 L1 L1 (1 _ k)3
V I
Aiy, = kT I, = ° 2
L, 1-5)
V. I
Ai, . =—2kT I ,=—29
lL3 L L3 1 _ k

3

Therefore, the variation ratio of current i;; through inductor L, is

iy /2 k1=K)’TV,

in _ k(l_k)6 A
I

L1 2L,1, 2 L

& =
the variation ratio of current i;, through inductor L, is

_Ai, /2 _kK1-KPTV, _k(1-k)* R
ILZ 2LZIO 2 fLZ

&

the variation ratio of current i;; through inductor L; is

Ai, /2 k(1-KTV, k(1-k?® R

€, = -
’ I 2L,1, 2 L

and the variation ratio of output voltage v, is

e Avy /2 1-k
V,  2RfC,

6.2.4 N/O Higher Stage Boost Circuit

(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 1) -1,

The voltage transfer gain is
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v, 1
G=0=(-)-1 6.20
v, =G (620

m

the variation ratio of current iy; through inductor L; (i = 1, 2, 3, ...n) is

B AiLi / 2 B k(l_k)Z(n—iH) £

. 6.21
ST, 2 1 (©2D
and the variation ratio of output voltage v, is
Av, /2 -
e M0 /2 _ 1-k (6.22)
Vs 2RfC,

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
V12 =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, Ve, -V,
Aiy, =" kT = ~C1 = Sin (1 k)T (6.23)
L L
1 1
1
V=g gV
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(a) Circuit diagram
¢

o

|C
+ Cy| + C_L++|\> ?
C11 C

(b) Equivalent circuit during switching-on

IN

(c) Equivalent circuit during switching-off

FIGURE 6.4
Elementary boost additional (double) circuit.

The voltage V¢, is

2
Ve =2V =V,
C12 C1 1— k in
The output voltage is
2
Vo=Vop =V, =[— -1V,

c12” Vin 1—k in

The voltage transfer gain is
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- +

(6.24)

(6.25)

(6.26)



The variation ratio of current i;; through inductor L, is

A, /2 K1-K)TV, k(1-k? R

= — 6.27
al ILI 4LllO 8 ﬂ‘l ( )
The ripple voltage of output voltage v, is
AQ 1,0-KT 1-kV,
A’Uo = = = _—
C12 C12 fC12 R
Therefore, the variation ratio of output voltage v, is
Av, /2 -
_ Ao, / _ 1-k 628)
VO 2RfC12

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

1
Ve =ﬂ‘/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., =V,
Aij, =—kT=-2 S (1-KT (6.29)
L L
2 2
1 1
V,=—V, =)V, 6.30
Cc2 1-k C1 (].—k) in ( )
2 1
Ve =2V, = 1—k Ve = 2(1_k)2Vin

© 2003 by CRC Press LLC



(b) Equivalent circuit during switching-on

I

(c) Equivalent circuit during switching-off

FIGURE 6.5
Two-stage additional boost circuit.

The output voltage is
1
Vo=V, -V, = [Z(E)z -1V, (6.31)

The voltage transfer gain is

V. 1
G=-92=2(-—)-1 6.32
v (1_k) (6.32)

m

Analogously,
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v, 2

Aij, =~ kT I, =—=1
L1 . L1 (1 _ k)Z o
V. 21
Ai, =LKT L,=1%

2

Therefore, the variation ratio of current i;; through inductor L, is

. AV —_ k)4
_Aiy /2 k(1-k)TV, _k(-k)* R (6.33)
I, 4L,1, 8 L

&

and the variation ratio of current i;, through inductor L, is

A, /2 k(1-K)TV, _ k(1-k)? R

6.34
gz ILZ 4LZIO 8 ﬂ‘Z ( )
The ripple voltage of output voltage v, is
AQ I,1-KT 1-kV,
A’Uo = —— = = E—
ClZ ClZ fC12 R
Therefore, the variation ratio of output voltage v, is
Av, /2 -
e=00/2_ 1-k (6.35)

VO - ZRfCu

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)2Vl.n .
The voltage across capacitor C; and capacitor Cy; 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 —(V; — V,) during switch-off (1 - k)T. Therefore,

Vepr Ve Ve gy (6:36)

Ai
L3 L3 L3
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(a) Circuit diagram

—> I/2 )
~ sel.3el 430 vl +v'c§2 f'°
VIN L1 /I\ c1 L/I\ c2 L/I\ ca/l\ c11

(b) Equivalent circuit during switching-on

(c) Equivalent circuit during switching-off

FIGURE 6.6
Three-stage additional boost circuit.

and
1 1 1
Ves =13 Ve = (E)ZVC1 = (ﬁ)ﬁ/m (6.37)
The voltage V¢, is
L\
Ve =2V, = Z(E) V.,
The output voltage is
Vo=Ver — [2(7)3 -1V, (6.38)
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The voltage transfer gain is

V,
G=Jo_p Ly _q
v, T1-k
Analogously,
.V, 2
AlLl_ L kT LIZWIO
1
V, 2
AlLZ_?lkT ILZZWIO
2
.V 21
A, =L—2kT I,,= 1—Ok

3

Therefore, the variation ratio of current i;; through inductor L, is

_ A /2 k(1-k)TV, k(1-k)° R
ILl 4L110 8 le

&

and the variation ratio of current i, through inductor L, is

Ai, /2 _k(1-k’TV, _k(1-k)* R

€, =
’ I, 4L, 1, 8 /L,

and the variation ratio of current i;; through inductor L; is

A, /2 K1-KTV, k(1-k® R

g
’ IL3 4LSIO 8 fLS

The ripple voltage of output voltage v, is

_AQ _I,A-KT _1-kV,

Av, =
C C12 fC12 R

12

Therefore, the variation ratio of output voltage v, is

. Av, /2  1-k
VO 2RfC12
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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

1
Vo =[2—)"-1V,
o =26,
The voltage transfer gain is

1% 1
G=-0=2(-—)"-1 6.44
y =2y (6.44)

m

Analogously, the variation ratio of current i;; through inductor L; (i =1, 2, 3,
...n)is

B Aiu /2 B k(l_k)z(n—iH) £

, 6.45
él ILi 8 fLi ( )
and the variation ratio of output voltage v, is
_Av, /2 1-k (6.46)
Vo  2RfC, '

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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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 C,; is
= (1/ 1—k)Vl." . 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

2 -2
Ai, = Verpr Ve =2Va g _pyr (6.47)
L L
2 2
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V=1 Va= Z(G)va
The voltage V,, is
2
Ve =2V, = (ﬁ) Vi
The output voltage is
2
Vo=Ven =V, = [(ﬂ) -1V,
The voltage transfer gain is
V,
G=-9= (—2 ) -1
v, 1-k
Analogously,
V. 2
Ai,, =—"kT I, =(7)
L1 : =\ g
.V 21
Ai, = L—lkT I,= 1—Ok

2

Therefore, the variation ratio of current i;; through inductor L, is

&1 =

Ai, /2 k(1-K?PTV, k1-k* R

I, 8L,I, 16

and the variation ratio of current i, through inductor L, is

_ A, /2 KA-KTV, _ k(1-k)? R

&

I 4L,1, 8

L2

The ripple voltage of output voltage v, is

Av

¢ CZZ CZZ - f C22 R

© 2003 by CRC Press LLC

_AQ I,(1-KT _1-kV,
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(a) Circuit diagram
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(c) Equivalent circuit during switching-off
FIGURE 6.8

Three-stage double boost circuit.

Therefore, the variation ratio of output voltage v, is

e Avy /2 1-k
Vo 2RfC,,

(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 Cy,is V, = (1/ 1- k)Vl.n ,and voltage V., across capac-
itor C, and capacitor Cp, is V., =2(1/1-k)'V,,.
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The voltage across capacitor C, is 2V, =(2/ 1—k)2Vm . The voltage across
capacitor C; and capacitor Cs, 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

—(Ve3 —2V,) during switch-off (1 — k)T. Therefore,

2V, V.,-2V
Aij, =—kT=-C 2 (1-k)T (6.54)
L L
3 3
and
2V, 4
Vo= = % 6.55
C3 (1 _ k) (1 _ k)3 in ( )
The voltage Vs, is
2 s
Ven =2V, = (1—k) Vi

The output voltage is

2
Vo=V =V, = [(ﬂy -1V, (6.56)
The voltage transfer gain is
V, 2
G=_C=(")"-1 6.57
Analogously,
) \% 8
Ai, =—""kT I =—— 1
"L T a-kp
14 4
coL 2a-kRte
V. 21
1L3 L L3 1—k

3

Therefore, the variation ratio of current i;; through inductor L, is
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Ai. /2 k(1-k)*TV, —k)®
&1 — lLl / — ( ) in _ k(l k) i (658)
I, 16L,1, 128 fL,
and the variation ratio of current i;, through inductor L, is
Aip, /2 k(1-k)’TV, —k)*
g, = M2/2_ KTV _KI=h)” R 659)
ILZ 8L2IO 32 ﬂ‘Z
and the variation ratio of current i;; through inductor L; is
A, /2 k(1-K)TV, —k)?
g =B /2_KIZRTV, k1=K R (6.60)
I, 4L,1, 8 fL,
The ripple voltage of output voltage v, is
AQ 1,1-KT 1-kV,
A’(}O = — = = —_—
C32 C32 fc32 R
Therefore, the variation ratio of output voltage v, is
2 -
EzAvo/ _ 1-k 6.61)
Vo 2RfC,,

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

in

Vo =120 -1,

The voltage transfer gain is

v, 2
G=T0=(-=)-1 6.62
v, ~Ge (662

m

Analogously, the variation ratio of current i;; through inductor L; (i = 1, 2, 3,
...m) is

B AiLj /2 B k(l_k)Z(n—i-H) £
I 2 % 2211 fLi

E, (6.63)

Li
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and the variation ratio of output voltage v, is

e Av, /2 1-k
VO ZRanZ

(6.64)

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 Vo, Vo = V,,/(1 - k).

After the first DEC, the voltage (across capacitor C,,) increases to

2

Ve, =2V = ﬂvm (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 = VC14 - ‘/in = [7 - 1]‘/774 (667)
1-k
The voltage transfer gain is
V. 3
G=-9=-"__1 6.68
v, 1-k (669
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(a) Circuit diagram
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(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 C,, is
V, (3/ 1- k)V Analogously, the voltage across capacitor C,, is.

Cl4

3
Ve = (ﬂ)z Vi (6.69)
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(a) Circuit diagram
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FIGURE 6.10
Two-stage triple boost circuit.
The final output voltage V, is equal to
3
Vo=Veu =V, = [(ﬂ)z -1V, (6.70)
The voltage transfer gain is
1% 3
G="2=(—)-1 6.71
=) (6.71)
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Analogously,

v, 2

iy = KT Ly =0
. \% 21

Ai, =—LkT I,= 1—Ok

2

Therefore, the variation ratio of current 7;; through inductor L, is

. _1)2 —_ k)4
_Aiy /2 k(1-k)?TV, _k(-k)* R 6.72)
I, 8L,1, 16 fL,

&

and the variation ratio of current i;, through inductor L, is

A, /2 k(1-K)TV, _ k(1-k)? R

gz ILZ 4L2IO 8 ﬂ‘Z

(6.73)

The ripple voltage of output voltage v, is

CAQ L,A-KT 1-kV,

Av =
© C C22 f C22 R

22

Therefore, the variation ratio of output voltage v, is

Av, /2 -
Szvo/_lk

V,  2RfC,

(6.74)

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 C%4 is
Ve =(3/1-k)V,,, and the voltage across capacitor C,, is V,, =(3/1-k) V.
Analogously, the voltage across capacitor Cs, is

3
Ve = (ﬂ)s Vi (6.75)

The final output voltage V, is equal to
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FIGURE 6.11

Three-stage triple boost circuit.



SV, -V, =[P -1, (6.76)

V
m 1_k

o

The voltage transfer gain is

G= “;O = (ﬁ)3 -1 (6.77)
Analogously,
A, = ‘;’:’kT I, = a 31)3 I,
AiLZ:EkT Iu:ﬁlo
Aim:%kT ILP)—ﬁIO

3

Therefore, the variation ratio of current i;; through inductor L, is

Ai, /2 k(1-k)’TV, k(1-k)° R
e VT M T L, (6.78)
L1 10 1
and the variation ratio of current i;, through inductor L, is
¢ :Aiu/Z:k(l—k)zTVl :k(l—k)4£ 6.79)
2, 16L,1, 12> 1L,
and the variation ratio of current i;; through inductor L; is
£ _Aiy /2 k(1-KTV, k(1-k)* R (6.80)
3= = = .

I, 4L,1, 12 f,

Usually &, &,, and &; are small, this means that this converter works in the
continuous mode. The ripple voltage of output voltage v, is

_AQ _I,(-0T _1-kV,

Av =
© C32 C32 f C32 R
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Therefore, the variation ratio of output voltage v, is

SzAvO/Z_ 1-k

V.

= (6.81)
o 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

3 .,
Voo =)V,
Cn4 (1 _ k) in
The output voltage is

3 W
Vo=Veu =V = [(ﬂ) -1V, (6.82)

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,
...m) is

B AiLi /2 B k(l_k)z(n—iH) £

, . 6.84
éz IL,‘ 12(11—1+1) fl‘i ( )
and the variation ratio of output voltage v, is
Av, /2 -
_AMvoy /2 1-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 C,) increases to

'\x
>_\

V

c12j = 1-

v (6.86)

»

The final output voltage V, is equal to

+1
Vy=Vep; ~V,, =I { -1, (6.87)
The voltage transfer gain is
V. i
G=Jo_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 Cy, is

jt+1
Ven; = 1-k Vin
Analogously, the voltage across capacitor C,; is.
) V., (6.89)

The final output voltage V, is equal to

© 2003 by CRC Press LLC



S S ’:
! N !
I
C, - ":\ Coog— i 0121'/ ~ i
1 ! 1
[ooy o [E op on |
» €7:D 3 T~ : ! < l— :
I
=L 7 5 Y
S ! N I
* :.___C_u_ ___________ : : |,/ i < -
Vi y AN : R = Vg
- Lo | Cen +
<
I/
L
(a) Circuit diagram
iIN
| ¢
T . L \
+ C 2T C12| io
C _
Vin . I 4 | R = y
N \ \ =~ Vo
T Cgp +
J:/‘
(c) Equivalent circuit during switching—off
FIGURE 6.12
Elementary multiple boost circuit.
_ _rtle
Vo= VCZZ]‘ [( ) 1]V1.n (6.90)
The voltage transfer gain is
G=Yo_ (]—) -1 (6.91)
V. -k

The ripple voltage of output voltage v, is
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Two-stage multiple boost circuit.

AQ _I,(-KT _1-k V,

Av, = = —
¢ C22j sz;‘ fczzj R

Therefore, the variation ratio of output voltage v, is

Avo /2 1-k 692)
VO ZRfCZZ]
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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 C,,; is
=(j+1/1- k; ., and the voltage across capacitor C22] is
=(j+1/1-k) V,, . Analogously, the voltage across capacitor Cy, is

C12

V.

C22j

(”HSM (6.93)

Ves; j

The final output voltage V, is equal to

+15
Vo=V, —V, —M -1, (6.94)
The voltage transfer gain is
j+1;
= - 6.95
Vm = ) (6.95)
The ripple voltage of output voltage v, is
AQ 1,A-KT 1-k V,
A’UO = = = _—
C32j C32j fcszj R
Therefore, the variation ratio of output voltage v, is
_Av /2
v, / 1-k (6.96)
V,  2RfC,,, j

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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_(]+1) v

CnZ] in

The output voltage is

]+1

Vo= Vanj in = [( ) -1V, (6.97)

The voltage transfer gain is

G_7_(]+1
V.

m

) — (6.98)

The variation ratio of output voltage v, is

Av /2 1-k
V,  2RfC

(6.99)

n2j

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:

((— - ! k "1V, main _series
[2 ( k) -1V, additional _ series
V, = [(—)” -1, double _ series (6.100)
[(7) -1]v,, triple _series
[( ] - 1 ) -1]v,, multiple(]) _series

The voltage transfer gain is
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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.

(1

oy

(1_]1()
2H( )t —

§ *(1_k)
G=Yo_] 2y

v, 15k
2y

<l_,{)

j+1,,
Iy

(1—k)

1

main _ series
additional _ series

double _series

triple _ series

multiple(j) _ series

(6.101)

In order to show the advantages of N/O cascade boost converters, we com-

pare their voltage transfer gains to that of the buck converter,
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forward converter,

V
G= V—O =kN N is the transformer turn ratio

Ctk-converter,

v k
G="o__*_
v, 1-k
fly-back converter,
Vo k . .
G=—2=——N N s the transformer turn ratio
v, 1-k
boost converter,
golo_ 1
V., 1=k

n

and negative output Luo-converters

G=to__"_ (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 C5 = 2 puF 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), i;,, 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 025 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%2m-1
series
Negative output cascade boost converters — double 3 15 63 255 1023 (2x2)'-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 (4x*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;=10 mH, all C, to Cg =2 pF and R = 30 k), 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. (1) 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 5n

Negative output cascade boost 4 24 124 624 3124 51
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  (2#5)*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° (4x5)'-1

converters — multiple series (j=3)

1.0A
(9.99m, 603m)

0.5A (9.99m, 205m)
 A9.99m, 55m)

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) ¢ V(C2:2) ©V(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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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,A IL,A) 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

Multiple Quadrant Operating Luo-Converters

Classical DC-DC converters usually perform in single quadrant operation,
such as buck converter, and Luo-converters. Multiple-quadrant operation is
required in industrial applications, e.g., a DC motor running forward and
reverse in motoring and regenerative braking states. This chapter introduces
three new converters that can perform two- and four-quadrant DC/DC
conversion. One particular application is the MIT 42/+14 V DC/DC con-
verter used for new car power supply systems. Because this converter imple-
ments dual-direction energy transference, it is a second-generation DC/DC
converter. Simulation and experimental results have verified its characteristics.

7.1 Introduction

Multiple-quadrant operation converters can be derived from the multiple-
quadrant chopper. Correspondingly, class B converters can be derived from
type B choppers (two-quadrant operation), class E converters from type E
choppers (four-quadrant operation) and so on. Also, multiple-quadrant oper-
ating converters can be derived from other first generation converters. This
paper introduces two- and four-quadrant operation Luo-converters, which
are derived from positive, negative and double output Luo-converters. They
correspond to a DC motor drive in forward and reverse running with motor-
ing and regenerative braking states. These converters are shown in
Figure 7.1. The input source and output load are usually certain voltages as
shown V; and V,. Switches S; and S, in this diagram are power MOSFET
devices, and driven by a pulse-width-modulated (PWM) switching signal
with repeating frequency f and conduction duty k. In this paper the switch
repeating period is T = 1/f, the switch-on period is kT and switch-off period
is (1 —k)T. The equivalent resistance is R for each inductor. During switch-
on the voltage drop across the switches and diodes are Vs and V. When the
switch is turned off, the free-wheeling diode current descends in whole
switch-off period (1 —k)T. If the diode current does not become zero before
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FIGURE 7.1
Multiple-quadrant operating Luo-converters.

the switch is turned on again, we define this working state to be the contin-
uous region. If the current becomes zero before the switch is turned on again,
this working state is the discontinuous conduction region.

In this chapter, variation ratio of current i, is

_ 8, /2
g ="

L1
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Variation ratio of current i, is

Ai, /2
g, =—L2
ILZ
Variation ratio of current iy is
(= Ain /2
IL)
Variation ratio of voltage v, is
Ao /2
Vv

7.2 Circuit Explanation

Each converter shown in Figure 7.1 consists of two switches with two passive
diodes, two inductors and one capacitor. Circuit 1 performs a two-quadrant
(forward) operation, and circuit 2 performs a two-quadrant (reverse) oper-
ation. Circuit 1 and circuit 2 can be converted to each other by a three-pole
(A, B, and C) double-through (A1/A2, B1/B2, and C1/C2) auxiliary
changeover switch as circuit 3. Circuit 3 performs a four-quadrant operation.
Since the change-over process between forward and reverse operations is
not very frequent, so that the auxiliary change-over switch can be isolated-
gate bipolar transistor (IGBT), power relay and contactor. The source voltage
(V,) and load voltage (V,) are usually considered as constant voltages. The
load can be a battery or motor back electromotive force (EMF). For example,
when the source voltage is 42 V and load voltage is 14 V there are four
modes of operation:

1. Mode A (Quadrant I): electrical energy is transferred from source
side V; to load side V,

2. Mode B (Quadrant II): electrical energy is transferred from load side
V, to source side V;

3. Mode C (Quadrant III): electrical energy is transferred from source
side V; to load side -V,

4. Mode D (Quadrant IV): electrical energy is transferred from load
side -V, to source side V;

Each mode has two states: on and off. Circuit 1 in Figure 7.1a implements
Modes A and B, and Circuit 2 in Figure 7.1b implements Modes C and D.
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FIGURE 7.2
Mode A.

7.2.1 Mode A

Mode A implements the characteristics of the buck-boost conversion. For
mode A, state-on is shown in Figure 7.2a: switch S, is closed, switch S, and
diodes D, and D, are not conducted. In this case inductor currents i;; and
ir, increase, and i; = i;; + i},. State-off is shown in Figure 7.2b: switches S,,
S,, and diode D, are off and diode D, is conducted. In this case current i},

© 2003 by CRC Press LLC



_NYY‘\_/\/\/\/_
S, A
D1
+ +
=V v, T
(a) Switch on
D C
-1+
A L, R
- +
L, T V, =/
iL1
R i
(b) Switch off
i A
iL2
/\\//
0 t
v A
— Ve _
&
0 t

(c) Waveforms with enlarged variations

FIGURE 7.3
Mode B.

flows via diode D, to charge capacitor C, in the meantime current i,, is kept
to flow through load battery V,. The free-wheeling diode current i, = i, +
ir,. Some currents’ and voltages” waveforms are shown in Figure 7.2c.

7.2.2 Mode B

Mode B implements the characteristics of the boost conversion. For mode B,

state-on is shown in Figure 7.3a: switch S, is closed, switch S; and diodes D,

and D, are not conducted. In this case inductor current i;, increases by biased
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V,, inductor current i;; increases by biased V.. Therefore capacitor voltage
V. reduces. State-off is shown in Figure 7.3b: switches S, S, and diode D,
are not on, and only diode D, is on. In this case source current i, = i, + i},
which is a negative value to perform the regenerative operation. Inductor
current i;, flows through capacitor C, it is charged by current i;,. After
capacitor C, i, then flows through the source V;. Inductor current i;; flows
through the source V, via diode D,. Some currents’ and voltages’ waveforms
are shown in Figure 7.3c.

7.2.3 Mode C

Mode C implements the characteristics of the buck-boost conversion. For mode
C, state-on is shown in Figure 7.4a: switch S, is closed, switch S, and diodes
D, and D, are not conducted. In this case inductor currents 7;; and i;, increase,
and 7; = ij;. State-off is shown in Figure 7.4b: switches S;, S,, and diode D, are
off and diode D, is conducted. In this case current i;; flows via diode D, to
charge capacitor C and the load battery V, via inductor L,. The free-wheeling
diode current iy, = i;; = ic + i,. Some waveforms are shown in Figure 7.4c.

7.2.4 Mode D

Mode D implements the characteristics of the boost conversion. For mode
D, state-on is shown in Figure 7.5a: switch S, is closed, switch S; and diodes
D, and D, are not conducted. In this case inductor current 7;; increases by
biased V,, inductor current i;, decreases by biased (V, — V). Therefore capac-
itor voltage V. reduces. Current i, = i-,, + i,. State-off is shown in
Figure 7.5b: switches S,, S,, and diode D, are not on, and only diode D, is
on. In this case source current i; = i;; which is a negative value to perform
the regenerative operation. Inductor current i, flows through capacitor C that
is charged by current iy, i.e., i = i,. Some currents and voltages waveforms
are shown in Figure 7.5¢.

7.2.5 Summary

The switch status of all modes is listed in Table 7.1. From the table it can be
seen that only one switch works in one mode, so that this converter is very
simple and effective.

7.3 Mode A (Quadrant I Operation)

As shown in Figure 7.2a and b the voltage across capacitor C increases during

switch-on, and decreases during switch off. Capacitor C acts as the primary
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FIGURE 7.4
Mode C.

means of storing and transferring energy from the input source to the output
load via the pump inductor 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., v.(f) = V, even though it stores and transfers
energy from the input to the output.

7.3.1 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
© 2003 by CRC Press LLC
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Mode D.

TABLE 7.1
Switch Status

Switch or Mode A (QI) Mode B (QII) Mode C (QIII) Mode D (QIV)
Diode State-on State-off State-on State-off State-on State-off State-on State-off
Circuit Circuit 1 Circuit 2

S, ON ON

D, ON ON
S, ON ON

D, ON ON

Note: The blank status means OFF.
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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 7;, flows through the load V, and free-wheeling
diode D, to keep itself continuous. Both currents i;; and i;, decrease. In order
to analyze the circuit working procession, these waveforms with enlarged
variations are shown in Figure 7.2c. The equivalent circuits in switch-on and
-off states are shown in Figure 2a and b.
Actually, the variations of currents i;; and i}, are small so that
in=1Iy and i, =1,
The charge on capacitor C increases during switch off and on:
Q+=01-KT I,
Q- =kTI,,

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

Thus, I (7.1)

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

The source current i; = i;; + i;, during switch-on, and 7, = 0 during switch-
off. Average source current I, is

. ) . 1-k
I =kxi, =k(i,, +i,)= k(1+T)1L1 =1,
Hence, the output current is
(7.2)

The input and output powers are
P =V and P,=V,I,
The power losses are
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Vsl,  — Switch power loss
RI;;* — Power loss across inductor L,
Vpl; — Diode power loss
RI,> — Power loss across inductor L,

The total power losses are

P = Vsl + VI, + R(112 + 122) (7.3)
Since
PI = PO + Plass
hence
Vi1, =V,L,+(V,+V)I, + R, +1,%) (7.4)
or
1-k k 1-k
The output current is
V1 - Vs - VD - Vz %
I, = i % (7.6)
R(—+—)
1-k k

The minimum conduction duty k corresponding to I, = 0 is

k. = £ (7.7)
V,+V, -V, -V,

The power transfer efficiency is

Pio_Vzlz _ 1
Vil +VS+VD k +&
v, 1-k V.

2

ik (7.8)

k

1 [T+ )]
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7.3.2 Variations of Currents and Voltages

Because the voltage across the inductor L, is (V; — RI;) during switch-on and
(V¢ + RI,) during switch-off, the average voltage across capacitor C is

KT(V, = RI,) = (V. +RI,)1- k)T

Hence
k 1 k k k RI
Ve = V, - RI, = V,-RI = V,-——2) (79
C 1-k ' 1-k Y 1-k ' P (-k)? 1—k( ! 1—k) 7.9)
The peak-to-peak variation of capacitor voltage v is
kTI, kI
AUC — % - 2 _ "2
C c fc
The variation ratio of capacitor voltage v is
Av. /2 -
_ v‘C// _ (1-k)I, . (7.10)
© 20V -RL )
The peak-to-peak variation of inductor current i, is
V,-V,-RI
Aij, =15 —LkT
Ll
The variation ratio of inductor current i, is
Ai, /2 |V, -V.-RI
g = Au/2_ VimVioRl, (7.11)
ILl Zfllll
The peak-to-peak variation of inductor current i, is
AL = Vi -Vs-V,+V.-RI, VT = V, -V, -RI, T
LZ LZ
The variation ratio of inductor current iy, is
Ai, /2 V,-V,-RI
g, =8ha/2_ Vi~ Vs —RI, (7.12)

ILZ zﬁzlz
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FIGURE 7.6
Boundary between continuous and discontinuous regions of Mode A.

The free-wheeling diode’s current iy, during switch off is: ip, = i;; + ip,. Its
peak-to-peak variation is

_Vi-Vs=RI,

Aip, = Aij | +Ai, kT

D2 L1

where
L=LL, /(L +L,).

The variation ratio of the diode current i, is

§ _AiD2/2 _kvl_VS_Rll _ 2V1_V5_R11
D2

_ - = (7.13)
I,+1,  2fL(, +1,) 2L,

7.3.3 Discontinuous Region

If the diode current becomes zero before S, switch is on again, the converter
works in discontinuous region. The condition i, {,, = 1, i.e,,

2fL1
A 714
1 S 1

From Equations (7.7) and (7.14) the boundary between continuous and dis-
continuous regions is shown in Figure 7.6. Particularly, since conduction
duty k is greater than k,,;, and the current is high, the converter usually works
in the continuous region.
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7.4 Mode B (Quadrant II Operation)

As shown in Figure 7.3a and b the voltage across capacitor C decreases
during switch-on, and increases during switch off. Capacitor C acts as the
primary means of storing and transferring energy from the load battery to
the source via inductor 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., vc(t) = V, even though it stores and transfers
energy from the load V, to the source V.

7.4.1 Circuit Description

When switch S, is off, source current i, = 0. Current i;; flows through the
switch S, and capacitor C, and increases. Current i;; flows through the switch
S,, and increases. When switch S, is off, the source current i, = i;; + i;,. The
free-wheeling diode D, is conducted. Both currents i;; and i}, decrease.
Inductor L, transfers its stored energy to capacitor C. In the mean time
current i;, flows through the source V. In order to analyze the circuit work-
ing procession, these waveforms with enlarged variations are shown in
Figure 7.3c. The equivalent circuits in switch-on and -off states are shown in
Figures 7.3a and b.
Actually, the variations of currents i;; and i}, are small so that

ipp=I, and i,=I,
The charge on capacitor C increases during switch off and on:
Q+=01-T I,
Q- =kTI},

In a whole period investigation, Q+ = Q-

Thus, I,=—1, (7.15)

The source current i; = i;; + i;, during switch-on, and 7, = 0 during switch-
off. Average source current I, is
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1

Il = (1—k)11 = (1_k)(lu +iL2) = (1_k)(1+7)IL1 = ILl

1-k

Hence, the output current is

The input and output powers are
P =V,], and P,=V]I,

The power losses are

VI, — Switch power loss
RI;;> — Power loss across inductor L,
Vpl; — Diode power loss
RI,,> — Power loss across inductor L,

The total power losses are

P, =V, +V,I,+R(I>+1,)
Since
PI = PO + Pluss
hence
V,L, =V,I,+(V,+ V)L, + R, +1,°)
or
v, =%(V1 + Vs +VD)+R11(£+%)

The output current is

1-k
VZ—(V1+VS+VD)T
I, =
RE LK
1-k k
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The minimum conduction duty k corresponding to I, = 0 is

AVt (7.21)
"V +V,+ V4V,
The power transfer efficiency is
P, VI, 1
=0 = = (7.22)
’ P Wi, 1 Vst Vp +&[1+(ﬂ)2]
V, k

7.4.2 Variations of Currents and Voltages

Because the voltage across the inductor L, is (V, — RI,) during switch-on and
(V, -V, + Ve + Rl,) during switch-off, the average voltage across capacitor
Cis

KT(V, —RI,) = (V, =V, + V. + RL,)(1-k)T

Hence

V. V.
V.=-2 —Vl—LRIZ: 2 —Vl—RIlL2 (7.23)
1-k 1-k 1-k (1-k)
The peak-to-peak variation of capacitor voltage v is
kTI, kI
AUC = g - 1_ "1
C c f
The variation ratio of capacitor voltage v, is
A
oo v‘C//ZZ . kI, . (7.24)
c 2fC[—2--V,—Rl,———
f[l—k ! 1(1—k)2]

The peak-to-peak variation of current 7, is
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The variation ratio of inductor current i, is

_ My /2_ V-V~ RI,

€ (7.25)
! IL] Zlell
The peak-to-peak variation of inductor current iy, is
V,-V.-RI
Ai,=-2" 78T 0T
LZ
The variation ratio of inductor current i, is
Ai,/2 V,-V.-RI
g, =22/2 Vo~ Vs =Rl (7.26)
ILZ Zﬂ‘ZI 2

The free-wheeling diode’s current iy, during switch off is: i, = i;; + ij,. Its
peak-to-peak variation is

V, -V, - RI,
L

Aip, = Aiyy + Ay, = kT

where L = L,L, /( L+ L,). The variation ratio of diode current iy, is

¢ My /2_ VooVooRL o Vo= ViRl
D1

= - (7.27)
I,+1,  2fL(I,+1,) 21LI,

7.4.3 Discontinuous Region

If the diode current becomes zero before S, is switched on again, the con-
verter works in discontinuous region. The condition is: {5, = 1, i.e,,

2fL1
i 7:28)
2 S 2

From Equations (7.21) and (7.28) the boundary between continuous and
discontinuous regions is shown in Figure 7.7. Particularly, since conduction
duty k is greater than k,,;, and the current is high, the converter usually works
in the continuous region.
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FIGURE 7.7
Boundary between continuous and discontinuous regions of Mode B.

7.5 Mode C (Quadrant III Operation)

As shown in Figure 7.4a and b the voltage across capacitor C increases during
switch-off, and decreases during switch on. Capacitor C acts as the primary
means of storing and transferring energy from the input source to the output
load via the pump inductor 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., v.(f) = V, even though it stores and transfers
energy from the input to the output.

7.5.1 Circuit Description

The equivalent circuits in switch-on and -off states are shown in Figure 7.4a
and b. When switch S, is on, the source current i; = i;;. Inductor L, absorbs
energy from the source. In the mean time inductor L, absorbs energy from
capacitor C, current i, increases and i, decreases. When switch S, is off,
source current i, = 0. Current i;; flows through the free-wheeling diode D,
to charge capacitor C and increase current i,. Inductor L, transfers its stored
energy to capacitor C and the load V,. Current i;; decreases and i, increases.
In order to analyze the circuit working procession, these waveforms with
enlarged variations are shown in Figure 7.4c.

Actually, the variations of currents i;; and i, are small so that i;; = I;; and
i =1, =1 ) )

Since the capacitor current ic_,, is equal to I, during switch-on, ic_,; should be:

. k
=——I 7.29
lC—uff 1—k 2 ( )
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Inductor current i;; during switch-off is

. ) k 1
= 12 +1C70ff =(1+ﬂ)12 =ﬂ12 (730)
The source average current I, is
) k 1
Il :lel :ﬂlz or ILl :Ell (731)
The input and output powers are
P =V
and
Py =W,
The power losses are
Vsl,  — Switch power loss
RI;,> — Power loss across inductor L,
Vpl; — Diode power loss
RI;,> — Power loss across inductor L,
The total power losses are
Lo, 12
Pluss = VSII + VD11 + R[(?) + 12 ] (732)
Since
Pl = PO + Ploss
hence
I
VI, =V,I, +(V,+ V), + R[(?l)2 +1,%] (7.33)
or
1-k 1 1-k
Vi=V,—+(V,+V)+RL[-—+— 7.34
1 2 k ( S D) 2 [ k(l _ k) k ] ( )

© 2003 by CRC Press LLC



The output current is

1-k
V1_VS_VD_V2 k
I,= 1 % (7.35)
R[ +——1]
k(1-k) Kk

The minimum conduction duty k corresponding to I, = 0 is

k. = Y, (7.36)
V,+V, -V, -V,

The power transfer efficiency is

P, VI, 1
Ne=—"7= = (7.37)
‘ Vil 1+V5+VD LJF&[ML(L)Z]

vV, 1-k V, 1-k

7.5.2 Variations of Currents and Voltages

Because the voltage across the inductor L, is (V; — Rl};) during switch-on and
(V¢ + RI},) during switch-off, the average voltage across capacitor C is

kT(V,=RI,,)=(V.+RI,,))A-k)T
Hence

ky_ Y pp oy g 1 (7.38)

Vv R
1 1—k L1 1—k 1 2(1—k)2

ik
The peak-to-peak variation of capacitor voltage v is

_KTI, kI,
< Cc fC

Av

The variation ratio of capacitor voltage v, is

_ Ao /2 3 kI,
p="r"= 0 R, (7.39)

© HL LY T ey
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The peak-to-peak variation of inductor current i, is

V, -V, —RI

A, = LkT

1

The variation ratio of inductor current i, is

_ Ny /2_ Vi-V-RI,

g
! ILl 2leIl

(7.40)

Diode’s current i, during switch-off is: ij,, = i;;. Its peak-to-peak variation is

_V,-V,-RI

Bipy = iy, ==L KT

D2 =
1

and the variation ratio of inductor current i, is

Aiy /2 _, V= Vs ~RI,
ILl 2.]‘Llll

=&, = (7.40a)

Since voltage v, varies very little, the peak-to-peak variation of inductor
current i, is calculated by the area A of a triangle with width T/2 and height
Av/2:

A 1T KT k
Al = = ) 5 acL, ~ 8fCL,
2 2 f 2

The variation ratio of inductor current i, is

LN, /2 Kk

2= 16f%CL,

(7.41)

2

7.5.3 Discontinuous Region

If the diode current becomes zero before S, is switched on again, the con-
verter works in discontinuous region. The condition id {p, = 1, i.e.,

k= L (7.42)
V, -V, —RI,
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FIGURE 7.8
Boundary between continuous and discontinuous regions of Mode C.

From Equations (7.36) and (7.42) the boundary between continuous and
discontinuous regions is shown in Figure 7.8. Particularly, since conduction
duty k is greater than k,,;, and the current is high, the converter usually works
in the continuous region.

7.6 Mode D (Quadrant IV Operation)

As shown in Figure 7.5a and b the voltage across capacitor C decreases
during switch-on, and increases during switch off. Capacitor C acts as the
primary means of storing and transferring energy from the load battery to
the source via inductor 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., v.(f) = V, even though it stores and transfers
energy from the load V, to the source V.

7.6.1 Circuit Description

When switch S, is on, source current i; = 0. Current i;; flows through the
switch S,, then capacitor C and load battery V,. It increases and i;; = i, +
i,, when switch S, is off. The source current is i; = 7;;. The free-wheeling
diode D; is conducted. Current i;; decreases. Inductor L, transfers its stored
energy to source V. In order to analyze the circuit working procession, these
waveforms with enlarged variations are shown in Figure 7.5c. The equivalent
circuits in switch-on and -off states are shown in Figure 7.5a and b.

Actually, the variations of currents i, and i}, are small so that i;; = I;; and
i, = I,
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Since the capacitor current ic_is equal to I, during switch-off, i_,, should be:

=l i, =0+ k )1,
The source average current I, is
. 1-k
I =Q1-k),, = . I,
or
1
I,=—1
EEE A
The input and output powers are
b=V,
and
Po=ViI,
The power losses are
Vsl,  — Switch power loss
RI;,> — Power loss across inductor L,
Vpl; — Diode power loss
RI;,> — Power loss across inductor L,

The total power losses are

P

loss

Since

P =P, +P

loss

hence

VL, =V,I,+(V,+ V)L, +R(I,,> +1,%)

© 2003 by CRC Press LLC
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(7.43)

(7.44)

(7.45)

(7.46)
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or

1 1 k
V, = (V +V,+V,)+RI, [k(1 o + ] (7.48)

The output current is

-V, +Vs+V, )g

I = ; (7.49)
R[ P ]
(1-k) 1-k

The minimum conduction duty k corresponding to I, = 0 is

min ‘/l * VS * VD (750)
Vi+V,+ Vo +V,
The power transfer efficiency is
P, VI
n, =0 =Yl _ 1 . (7.51)
P Wi, Ve+V, RI 1 ( k )
1+ +— Il
v, v a-k ik

7.6.2 Variations of Currents and Voltages

Because the voltage across the inductor L; is (V.- RI};) during switch-on
and (V; + RI},) during switch-off, the average voltage across capacitor C is

kT(V.—RI,,)=(V,+RI,;) (1-k)T
Hence

1-k 1 1-k 1
VC =T‘/1 +ERIL1 =TV1 +Rllﬁ (752)

The peak-to-peak variation of capacitor voltage v is

(1-KTI, K
AUC = 7(: 2 = TCl

The variation ratio of capacitor voltage v is
© 2003 by CRC Press LLC



_Avc /2 K, (7.53)

- RI
Ve apttRy e Rh
k k(1-k)
The peak-to-peak variation of current i, is
V.-V, -RI V,-V.-RI
Aij, =kT-C—*>—L=(1-k)- 2> 2%
Ll ﬂ‘l
The variation ratio of inductor current i, is
] -V.-RI
g =8n/2__pyYa~Vs-RL (7.54)
ILl Zfllll

Current iy, during switch-off is iy, = i;;. Its peak-to-peak variation is

V.-V, —RI,

Aig, =iy = (1= =2
1

and the variation ratio of inductor current i, is

Aipy /2 _ Vy =V, =RI,

Cpi =61 =
o ' I, 2fL,1,

(7.54a)

Since voltage v varies very little, the peak-to-peak variation of inductor
current i, is calculated by the area B of a triangle with width T/2 and height
Ave/2:

1T KTI, k

Ai . —
222CL, 8f*CL,

B
Lz:?Z:

The variation ratio of inductor current i, is

_Ai, /2 -k
I, 16f°CL,

&, (7.55)

7.6.3 Discontinuous Region

If the diode current becomes zero before S, is switched on again, the con-
verter works in discontinuous region. The condition id {p, = 1, i.e.,
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FIGURE 7.9
Boundary between continuous and discontinuous regions of Mode D.

po 2Ll (7.56)
V, -V, - RI,

From Equations (7.50) and (7.56) the boundary between continuous and
discontinuous regions is shown in Figure 7.9. Particularly, since conduction
duty k is greater than k,,;, and the current is high, the converter usually works
in the continuous region.

7.7 Simulation Results

In order to verify the above analysis and calculation formulae, and the
characteristics of this converter, we applied the PSpice simulation method-
ology to obtain the results shown in Figure 7.10 to Figure 7.13. The first plot
is current i, the second plot is current i;,, and the third plot is voltage v.
The repeating frequency f = 50 Hz. The conduction duty cycle k = 0.4 for
modes A and C, 0.8 for modes B and D. These results agree with the analysis
and calculations in the previous sections.

7.8 Experimental Results

In order to verify the above analysis and calculation formulae, and the
characteristics of this converter, we collected the following experimental
results. The experimental testing conditions are
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FIGURE 7.10
Simulation results of Mode A.
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FIGURE 7.11
Simulation results of Mode B.

Vi=42V,V,=14V,Vs=03V,V,=05V,R=0.05Q,
Li=L,=L=L,=05mH, C=20uF f =50 kHz
The experimental results corresponding to various conduction duty k are

shown in Table 7.2 for the Mode A, Table 7.3 for the Mode B, Table 7.4 for
the Mode C and Table 7.5 for the Mode D.
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FIGURE 7.12
Simulation results of Mode C.
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FIGURE 7.13
Simulation results of Mode D.

When compared with the analysis and calculations, the experimental
results are reasonable. From these data we can see that the function of this
converter has been verified.
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TABLE 7.2
The Experimental Results for Mode A (Quadrant Q)

with k,;, = 0.2536
k LA LA V() PW P,(W) n, (%)
0.26 3.0 8.5 14.28 126 119 944
0.28 13.7 35.1 15.07 575 491 85.4
0.30 26.5 61.8 15.77 1113 865 77.7
0.32 415 88.2 16.33 1743 1235 70.8
0.34 58.8 114.2 18.77 2470 1599 64.7
TABLE 7.3
The Experimental Results for Mode B (Quadrant Q)
with k,;, = 0.7535
k LA LA V. (V) P,W) P,W) MNs
0.76 8.81 2.78 13.70 123 117 94.9
0.78 35.72  10.08 12.72 500 423 84.6
0.80 62.0 15.5 11.67 870 652 75.0
0.82 87.7 19.3 10.57 1230 810 65.9
0.84 1129 21.5 9.43 1580 903 57.1
TABLE 7.4
The Experimental Results for Mode C (Quadrant Q)
with k,;, = 0.2536
k LA LA V(V) PW P,(W) nc (%)
0.26 3.0 8.5 14.28 126 119 944
0.28 13.7 35.1 15.07 575 491 85.4
0.30 26.5 61.8 15.77 1113 865 77.7
0.32 415 88.2 16.33 1743 1235 70.8
0.34 58.8 114.2 18.77 2470 1599 64.7
TABLE 7.5
The Experimental Results for Mode D (Quadrant Qyy)
with k,;, = 0.7535
k LA LA V. (V) P,W) PyW) Mo
0.76 8.81 2.78 13.70 123 117 94.9
0.78 35.72  10.08 12.72 500 423 84.6
0.80 62.0 155 11.67 870 652 75.0
0.82 87.7 193 10.57 1230 810 65.9
0.84 1129 21.5 9.43 1580 903 57.1

© 2003 by CRC Press LLC



7.9 Discussion

7.9.1 Discontinuous-Conduction Mode

Usually, the industrial applications require that the DC-DC converters work
in continuous mode. However, it is irresistible that DC-DC converter works
in discontinuous mode sometimes. The analysis in Sections 3.3, 4.3, 5.3, and
6.3 shows that during switch-off if current ip, and ip,, becomes zero before
next period switch on, the state is called discontinuous mode. The following
factors affect the diode current to become discontinuous:

1. Switching frequency f is too low
2. Conduction duty cycle k is too small and close k,,;,
3. Inductor L is too small

7.9.2 Comparison with the Double-Output Luo-Converter

The analysis of the double output Luo-converter is based on ideal compo-

nents. For example, all voltage drops are zero and inductor resistance is zero,

ie, Vs = Vp =0 and R = 0. If we use these conditions the corresponding

formulae will return back to those forms for double output Luo-converter.
From Equation (7.5):

k= v
Vi+V,
or
k
V,= 1—k 14
and
1-k
IZ = TI]
From Equation (7.19):
k= L4
Vi+V,
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or

k
Vl = EVZ
and
1-k
I, = TIZ
From Equation (7.34):
k= Y,
VitV
or
k
A
and
1-k
I, = 711
From Equation (7.48):
k= L4
VitV
or
k
V=1V
and
1-k
I, = TIZ

because the power losses are zero, the power transfer efficiency is 100%.
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7.9.3 Conduction Duty k

Since the source and load voltages are fixed, conduction duty k does not
affect the voltage transfer gain. We have considered the power losses on the
switches, diodes, and inductors. Therefore, the conduction duty k affects the
output and input currents and power transfer efficiency. Usually, large k
causes large currents and power losses. For each mode there is a minimum
conduction duty k,,;,. When k = k,,;, the input and output currents are zero.
In order to limit the overcurrent, the values of the conduction duty k are
usually selected in the range of

Kpin < k < Kk + 0.12

min

7.9.4 Switching Frequency f

In this paper the repeating frequency f = 50 kHz was selected. Actually,
switching frequency f can be selected in the range between 10 kHz and 500
kHz. Usually, the higher the frequency, the lower the current ripples.
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8

Switched Component Converters

Classic DC/DC converters consist of inductors and capacitors. They are large
because of the mixture of inductors and capacitors. On engineering design
experience, a circuit constructed by only inductor or capacitor may be small
in size. In order to reduce the converter size and enlarge the power density,
a third generation of DC/DC converters have been developed, and they are
called switched component converters. Particularly, they are switched-capac-
itor (SC) DC/DC converters and switched-inductor (SI) DC/DC converters.
The switched capacitor DC/DC converter is a new prototype of DC/DC
conversion technology. Since a switched capacitor can be integrated into a
power IC chip, these converters are small and have a high power density.
However, most of the published papers avoid discussing the efficiency
because most switched capacitor converters possess low power transfer effi-
ciency. This section introduces a switched capacitor two-quadrant DC/DC
converter implementing voltage lift and current amplification techniques
with high efficiency, high power density, and low electromagnetic interfer-
ence (EMI). Experimental results verified the advantages of this converter.
Four-quadrant operation is required by industrial applications. SC convert-
ers can perform four-quadrant operations as well.

SC converters always perform in push-pull state, and the control circuitry
is complex. A large number of capacitors are required, especially in the case
of large differences between input and output voltages.

Switched inductor DC/DC converters are a prototype of DC/DC conver-
sion technology from SC converters. Switched inductor DC/DC converters
have advantages such as simple structure, simple control circuitry, high
efficiency, large power, and high power density. Usually, one inductor is
required for a SI DC/DC converter. Since it consists of only an inductor, it
is small. This converter has advantages: no matter how many quadrant
operations and how large the difference between input and output voltages,
only one inductor is usually employed in one DC/DC SI converter.
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8.1 Introduction

A new type DC/DC converter consisting of capacitors only was developed
around the 1980s. Since it can be integrated into a power semiconductor IC
chip, it has attracted much attention in recent years. However, most of the
converters introduced in the literature perform single-quadrant operations.
Some of them work in the flip-flop status, and their control circuit and
topologies are very complex.

A newly designed DC/DC converter, two-quadrant DC/DC converter with
switched capacitors was developed from the prototype of the authors’ research
work. This converter implements the voltage-lift and current-amplification
technique, so that it reaches high power density and high power transfer
efficiency. In order to successfully reduce electromagnetic interference (EMI),
a lower switching frequency f = 5 kHz was applied in this converter. It can
perform step-down and step-up two-quadrant positive to positive DC-DC
voltage conversion with high power density, low EMI, and cheap topology
in simple structure.

The conduction duty k is usually selected to be k = 0.5 in most of the papers
in the literature. We have carefully analyzed this problem, and verified its
reasonableness.

Multiple-quadrant operation is required by industrial applications.
Switched-capacitor multiple quadrant converters and switched inductor
multiple quadrant converters will be introduced in this chapter as well.

8.2 A Two-Quadrant SC DC/DC Converter

A two-quadrant SC converter is shown in Figure 8.1. It consists of nine
switches, seven diodes, and three capacitors. The high voltage (HV) source
and low voltage (LV) load are usually constant voltages. The load can be a
battery or motor back electromotive force (EMF). For example, the source
voltage is 48 V and load voltage is 14 V. There are two modes of operation:

1. Mode A (quadrant I): electrical energy is transferred from HV side
to LV side;

2. Mode B (quadrant II): electrical energy is transferred from LV side
to HV side.

8.2.1 Circuit Description

Each mode has two states: on and off. Usually, each state operates in different
conduction duty k. The switching period is T where T = 1/f. The parasitic
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FIGURE 8.1
Two-quadrant DC/DC switched-capacitor converter.

resistance of all switches is g, the equivalent resistance of all capacitors is
e and the equivalent voltage drop of all diodes is Vj,. Usually select the
three capacitors have same capacitance C;= C,= C; = C. Some reference data
are useful: r; =0.03 Q, . =0.02Q, and V,=0.5V, f=5kHz, and C = 5000 pF.

8.2.1.1 Mode A

For mode A, state-on is shown in Figure 8.2a: switches S, and S, are closed
and diodes D; and Ds are conducted. Other switches and diodes are open.
In this case capacitors C;, C,, and C; are charged via the circuit
Vi=$,-C—D5—C,—-D—C;-S,, and the voltage across capacitors C,, C,, and C;
is increasing. The equivalent circuit resistance is R,y = (275 + 3rc) = 0.12 Q,
and the voltage deduction is 2V}, = 1 V. State-off is shown in Figure 8.2b:
switches S,, S;, and S, are closed and diodes D, D,, and D, are conducted.
Other switches and diodes are open. In this case capacitor C, (C, and C;) is
discharged via the circuit 5,(5; and S,)-V;—Dg(D, and D,,)-C,(C, and C;), and
the voltage across capacitor C; (C, and C;) is decreasing. The equivalent
circuit resistance is R,y = 5 + r- = 0.05 , and the voltage deduction is V, =
0.5 V. Capacitors C;, C,, and C; transfer the energy from the source to the
load. The voltage waveform across capacitor C, is shown in Figure 8.2c.

Mode A uses the current-amplification technique. All three capacitors are
charged in series during state-on. The input current flows through three
capacitors and the charges accumulated on the three capacitors should be
the same. These three capacitors are discharged in parallel during state-off.
Therefore, the output current is amplified by three.

8.2.1.2 Mode B

For mode B, state-on is shown in Figure 8.3a: switches Sg, S,, and S, are
closed and diodes D,, D,, and D, are conducted. Other switches and diodes
are off. In this case all three capacitors are charged via each circuit V,;-D,(and
D,, D,)-C,(and C,, C;)-Sg(and Sy, S,), and the voltage across three capacitors
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FIGURE 8.2
Mode A operation.

is increasing. The equivalent circuit resistance is Ry = r5 + 7 and the voltage
deduction is V},. State-off is shown in Figure 8.3b: switches S;, S¢, and S; are
closed and diode D; is on. Other switches and diodes are open. In this case
all capacitors are discharged via the circuit V,-S,~C;-5,-C,-S;—C,—D,-Vy,
and the voltage across all capacitors is decreasing. The equivalent circuit
resistance is Ry = 3 (r5 + 7¢) and the voltage deduction is V},. The voltage
waveform across capacitor C, is shown in Figure 8.3c.

Mode B implements the voltage-lift technique. All three capacitors are
charged in parallel during state-on. The input voltage is applied to the three
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Mode B operation.

capacitors symmetrically, so that the voltages across these three capacitors
should be the same. They are discharged in series during state-off. Therefore,
the output voltage is lifted by three.

Summary. In this circuit we have R,y =0.12 Q, R, = 0.05 Q, Ry = 0.05 Q,
Rgr = 0.15 Q. The switch status is shown in Table 8.1.

8.2.2 Mode A (Quadrant | Operation)

Refer to Figure 8.2a and b the voltage across capacitor C, increases during
switch-on, and decreases during switch-off according to the integration of
the current i¢,. If the switching period T is small enough (comparing with
the circuit time constant) we can use average current to replace its instanta-
neous value for the integration. Therefore the voltage across capacitor C; is
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TABLE 8.1
Switch Status

Mode A Mode B
Switches and Diodes  State-on  State-off  State-on  State-off
S, ON
D, ON
S,,55,5, ON
D,D,D, ON
S5,56,S; ON
D, D, ON
Sg,Sy ON
Sio ON ON
DSIDQ/DN ON
Note: The blank status means off.
1 t
00+ J' i (O = 00,0+ 0<t<kT
V() = O (8.1)
1. t—kT—
v, (kT) + C i (t)dt = v, (kT)— TlL kT <t<T

kT

The current flowing through the three capacitors is an exponential function.
If the switching period T is small enough (comparing with the circuit time
constant) we can use their initial values while ignoring their variations.
Therefore the current flowing through capacitor C, is

i ()=

V=300 =2Vy o mney Viu=Va= i oy i
Ao —a 2D g <
R,y R,y (8.2)
_UCl(kT)_VL - e ~t/RarC :_VC1_VL -V — i KT<t<T
€ L D ! <
RAF RAF
Therefore,
iy=3 L ; k i (8.3)

Where i, is the average input current in the switch-on period kT that is
equal to I;/k, and i, is the average output current in the switch-off period
(1 -Kk)T that is equal to I; /3(1 — k). Therefore, we have 3I; = I,.

The variation of the voltage across capacitor C; is
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kT

kT —  k(Vy =3V, —2V))

1
rog, == | i (e =""i
vCl C !ZCI( ) C lH fCRAN

0<t<kT

or

A=K~ _(1=0)(Ve =V, ~V,)

T
10.
Ava:C}:[zCl(t)dt: c b R,

After calculation,

_ KV —2V,,) +24(1-k)(V, +V;)

1%
cl 2.4 +0.6k
Hence
Ao = k(Vy =3V, =2V,,) _ 24k(1-k)(V,, —3V, ~5V;)
“t fCR,\ (2.4+0.6k)fCR,,,
We have

A A
0,(0) =V, — Z;Cl and v, (kT)=V. + Za
The average output current is

T
I, = % j i (H)dt = 3(1— k)m

kT AF

The average input current is

kT

1f
I, = ?J‘za(t)dt ~k

0

V, -3V, -2V,

AN
Output power is

V.-V, -V
P, =V,I, =3(1-kV, ~L—L_"D

AF
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TABLE 8.2
The Calculation Results for Mode A
k Vo (V) Ao (V) I,(A) I, (A P,(W) P, (W) Na

0.4 15.03 0.255 6.36 19.08 305.3 267.1 0.875
0.5 15.15 0.259 6.48 19.44 311.0 272.2 0.875
0.6 15.26 0.243 6.08 18.24 291.8 255.4 0.875

Input power is

V=3V, =V,

P =V,I,=kV, 8.9)
RAN
The transfer efficiency is
P -k3v, V.-V, -V, R 3V,
nA —__0 _ 1 kiL C1 L D AN _ YL (810)

P

I k Vi Vg =3V =V Ry Vi
If f=5kHz, Vy;=48 Vand V, =14V, and all C = 5000 pF, for the various k
values, the data are shown in Table 8.2.

From this analysis, it can be seen that the transfer efficiency only relies on
the ratio of the source and load voltages, and it is independent upon R, C,
f, and k. The conduction duty k does not affect the power transfer efficiency,
it affects the input and output power in a small region. The maximum output
power corresponds at k = 0.5.

8.2.3 Mode B (Quadrant Il Operation)

Refer to Figure 8.3a and b, the voltage across capacitor C; increases during
switch-on, and decreases during switch-off according to the integration of
the current i,. If the switching period T is small enough we can use average
current to replace its instantaneous value for the integration. Therefore the
voltage across capacitor C, is

t
00,(0) +%Jic1(t)dt ~0,,(0)+ é{ 0<t<kT
0, (t) = el ) (8.11)
vc1(kT)+%JiCl(t)dtzva(kT)—t_ T KT<t<T

Iy
kT

The current flowing through the three capacitors is an exponential function.
If the switching period T is small enough we can use their initial values and
ignore their variations. Therefore the current flowing through capacitor C, is
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ic1(t) =

c1(0) D 1- e—t/RBNC) VL — Vc1 — VD —i

i 0<t<kT 12
Ryy Rpy " (8.12)
_3UC](kT)+VL—V -V, o-t/RarC _ 3VC1+VL_VH_VD :_E KT<t<T
Ryr Ry
Therefore,
— -k—
i = TIH (8.13)

Where i, is the average input current in the switch-on period kT that is
equal to I; /k, and i, is the average output current in the switch-off period
(1 -K)T that is equal to I;/3(1 — k). Therefore, we have 41, = I,.

The variation of the voltage across capacitor C is

k(VL - Vc1 - VD)
fCRBN

kT
1f. KT
Ao, = EJzCl(t)dt === 0<t<kT
0

or

(1_ck)Ta: A-KBEV+V, -V, - V) kKT<t<(1-KT

T
1
Av., =— | i (H)dt=
%= [ia® fCRyy

kT

After calculation,

Ve, =k(V, =V, )+ (V -V, +Vp) (8.14)
Hence

_ k(1- k)[4(VL — VD) - VH]
a- fCRBN

(8.15)

Av,,

A
% and o (KT)=V,, +

0,(0) =V, - B
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TABLE 8.3
The Calculation Results for Mode B
k Ve, (V) Avg (V) Iz (A) I, (A) P, (W) Py(W) g

0.4 12.3 1.152 9.6 38.4 537.6 460.8 0.857
0.5 12.5 1.2 10 40 560 480 0.857
0.6 12.7 1.152 9.6 38.4 537.6 460.8 0.857

The average input current is

kT T
V.-V, -V
I = %[3] i (t)dt + J N
0 kT o (8.16)
+(1-K) 3V, +V, -V, -V,
RBF
The average output current is
1] BV +V, ~V, -V,
I, = ?Jia(t)dt - (- et (8.17)
kT BF
Input power is
vV, -V.-V, Ve+V, -V, -V,
p=vi1 =v,pk VeV gy Vet ViV Vo g4
RBN RBF
Output power is
3V.+V, -V, -V,
P,=V,I,=V,1-k)—¢—L —H D (8.19)
RBF
The transfer efficiency is
Po _ Vy
== 8.20
"= =4y, (8.20)

If f=5kHz, Vy =48 Vand V; =14V, and all C = 5000 pF, for the various k
values the data are shown in Table 8.3.

From this analysis, it can be seen that the transfer efficiency only relies on
the ratio of the source and load voltages, and it is independent of R, C, f,
and k. The conduction duty k does not affect the power transfer efficiency.
It affects the input and output power in a small region. The maximum output
power corresponds at k = 0.5.
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TABLE 8.4

Experimental Results

Volume PD

Mode LA) LA Va(V) PW) PoW) n% P W  Gnd)  (Wind)
A 189 64 1515 307 264 86 286 24 119
B 40 98 125 560 470 84 515 24 215
Average 2945 81 138 434 367 85 400 24 16.7

8.2.4 Experimental Results

A two-quadrant DC/DC converter operates the conversion between 14 V
and 48 VDC. The converter has been developed and is introduced in this
paper. This converter is a two-quadrant DC/DC converter with switched-
capacitors for the dual-direction conversion between 14 V and 48 VDC. A
testing rig was constructed and consists of a modern car battery 14 VDC as
a load and a 48 VDC source power supply. The testing conditions are

Switching frequency: f =5kHz

Conduction duty: k =05
High and low voltages: Vy;=48Vand V, =14V
All capacitance: C =5000 pF

The experimental results are shown in Table 8.4. The average power transfer
efficiency is 85%. The total average power density (PD) is 16.7 W/in®. This
figure is much higher than the PD of classical converters, which are usually
less than 5 W/in3. Since the switching frequency is low, the electromagnetic
interference (EMI) is weak.

8.2.5 Discussion

8.2.5.1 Kfficiency

From theoretical analysis and experimental results we find that the power
transfer efficiency of switched capacitor converters is limited. The reason to
spoil the power transfer efficiency is the power consumption on the circuit
parasitic resistors and the diodes.

In steady state, the increase and decrease of the charge across a capacitor
should be equal to each other. Therefore, its average input current I; must
be equal to the average output current I, If only one capacitor is applied in
a switched capacitor DC/DC converter, its power transfer efficiency is

(8.21)
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FIGURE 8.4
Four-quadrant switched-capacitor DC/DC Luo-converters.

Since the voltage-lift and current-amplification technique are applied in the
circuit, the power transfer efficiency is around 86.6%, which is much higher
than those of the circuits introduced by the literature.

8.2.5.2 Conduction Duty k

From the data calculated in previous sections, it can be seen that if k = 0.4,
0.5, or 0.6 the efficiencies n, and ng are not changed. The output power is
slightly affected by k, and its maximum value corresponds k = 0.5. Therefore,
we can take the typical data corresponding to k = 0.5.

8.2.5.3 Switching Frequency f

Because the switching frequency f = 5 kHz is very low, its electromagnetic
interference (EMI) is much lower than that of the traditional classical con-
verters. The switching frequency applied in the traditional classical convert-
ers normally ranges between 50 kHz to 200 kHz.

8.3 Four-Quadrant Switched Capacitor DC/DC Luo-Converter

Since most SC DC/DC converters published in the literature perform in
single-quadrant operation working in the push-pull status their control cir-
cuit and topologies are very complex. This section introduces an SC four-
quadrant DC/DC Luo-converter. The experimental results verified our anal-
ysis and calculation. This converter, shown in Figure 8.4, consists of eight
switches and two capacitors. The source voltage V; and load voltage V, (e.g.,
a battery or DC motor back EMF) are usually constant voltages. In this paper
they are assumed to be 21 V and 14 V. Capacitors C; and C, are the same
and C;= C, = 2000 pF. The circuit equivalent resistance R = 50 mQ. Therefore,
there are four modes of operation for this converter:
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TABLE 8.5
Switch Status

Q No Condition ON OFF Source Load
Q, Mode A Vi>V, Si468 Sy uers Vi+ Vo+
Forw. Mot. Vi<V, Sii6s Syrary L+ L+
Qy, Mode B Vi>V, Syu68 Sy,u7 Vi+ Vo+
Forw. Reg. V,<V, Sy 468 Siues I- I~
Quy Mode C Vi> |V, S1468 Sy5r68 Vi+ Vo
Rev. Mot Vi< |V, Sii68 Ss,57 I+ I~
Qi Mode D Vi> |V, S35 Stz Vi+ Vo
Rev. Reg. Vi< [V, Ss568 Stwers I- L+

Note: Omitted switches are off.

* Mode A (quadrant I, Q)): energy is transferred from source to posi-
tive voltage load

* Mode B (quadrant II, Qy): energy is transferred from positive voltage
load to source

* Mode C (quadrant III, Qy): energy is transferred from source to
negative voltage load

* Mode D (quadrant IV, Qy): energy is transferred from negative
voltage load to source

The first quadrant is called the forward motoring (Forw. Mot.) operation. V,
and V, are positive, and I, and I, are positive as well. The second quadrant
is called the forward regenerative (Forw. Reg.) braking operation. V,; and V,
are positive, and I,and I, are negative. The third quadrant is called the reverse
motoring (Rev. Mot.) operation. V; and I, are positive, and V, and I, are
negative. The fourth quadrant is called the reverse regenerative (Rev. Reg.)
braking operation. V; and I, are positive, and I; and V, are negative.

Each mode has two conditions: V; > V, and V, < V,. Each condition has
two states: on and off. Usually, each state operates in a different conduction
duty k. The switching period is T where T = 1/f. The switch status is shown
in Table 8.5.

For mode Al, condition V; > V, is shown in Figure 8.5. Since V; > V, two
capacitors C1 and C2 can be used in parallel. During switch-on state, switches
51,54, S¢, and Sg are closed and other switches are open. In this case capacitors
C,//C, are charged via the circuit V,-5,-C,//C,-S,, and the voltage across
capacitors C; and C, is increasing. During switch-off state, switches S,, S,,
Se, and Sg are closed and other switches are open. In this case capacitors C,//
C, are discharged via the circuit 5,-V,-5,-C,//C,, and the voltage across
capacitors C; and C, is decreasing. Capacitors C, and C, transfer the energy
from the source to the load. The voltage waveform across capacitor C, is
shown in Figure 8.5c.
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FIGURE 8.5
Mode Al (quadrant I) forward motoring operation with V, > V.

For mode A2, condition V; < V, is shown in Figure 8.6. Since V; < V, two
capacitors C1 and C2 are in parallel during switch-on and in series during
switch-off. This is the voltage lift technique. During switch-on state, switches
51,54 S, and Sg are closed and other switches are open. In this case capacitors
C,//C, are charged via the circuit V,-5,-C,//C,-S,, and the voltage across
capacitors C; and C, is increasing. During switch-off state, switches S,, S,,
and S, are closed and other switches are open. In this case capacitors C; and
C, are discharged via the circuit S,-V,-S,—C,-S,-C,, and the voltage across
capacitor C, and C, is decreasing. Capacitors C; and C, transfer the energy
from the source to the load. The voltage waveform across capacitor C, is
shown in Figure 8.6¢c.

For mode B1, condition V, > V, is shown in Figure 8.7. Since V, > V, two
capacitors C1 and C2 are in parallel during switch-on and in series during
switch-off. The voltage lift technique is applied. During switch-on state,
switches S,, S,, S;, and Sg are closed. In this case capacitors C,//C, are
charged via the circuit V,-5,-C,//C,-S,, and the voltage across capacitors
C, and G, is increasing. During switch-off state, switches S,, S,, and S, are
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FIGURE 8.6
Mode A2 (quadrant I) forward motoring operation with V, < V.

closed. In this case capacitors C; and C, are discharged via the circuit
5,-V—-5,—C,-5,-C,, and the voltage across capacitor C; and C, is decreasing.
Capacitors C, and C, transfer the energy from the load to the source. The
voltage waveform across capacitor C, is shown in Figure 8.7c.

For mode B2, condition V, < V, is shown in Figure 8.8. Since V, < V, two
capacitors C1 and C2 can be used in parallel. During switch-on state, switches
S,, S4 S¢ and Sg are closed. In this case capacitors C,//C, are charged via
the circuit V,-5,-C,//C,-S,, and the voltage across capacitors C, and C, is
increasing. During switch-off state, switches S;, S,, S¢, and S are closed. In
this case capacitors C,//C, are discharged via the circuit 5,-V,-5,-C,//C,,
and the voltage across capacitors C,; and C, are decreasing. Capacitors C,
and C, transfer the energy from the load to the source. The voltage waveform
across capacitor C, is shown in Figure 8.8c.

For mode C1, condition V, > |V, | is shown in Figure 8.9. Since V, > |V, |
two capacitors C1 and C2 can be used in parallel. During switch-on state,
switches S;, S;, Si, and Sg are closed. In this case capacitors C,//C, are
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FIGURE 8.7
Mode B1 (quadrant II) forward motoring operation with V; > V,.

charged via the circuit V,-5,-C,//C,-S,, and the voltage across capacitors
C, and G, is increasing. During switch-off state, switches S;, S5, S, and Sq
are closed. Capacitors C; and C, are discharged via the circuit S;-V,-5;-C,/
/C,, and the voltage across capacitors C; and C, is decreasing. Capacitors C,
and C, transfer the energy from the source to the load. The voltage waveform
across capacitor C, is shown in Figure 8.9c¢.

For mode C2, condition V; < | V,| is shown in Figure 8.10. Since V, < |V, |
two capacitors C1 and C2 are in parallel during switch-on and in series
during switch-off, applying the voltage lift technique. During switch-on
state, switches S,, S,, S¢, and Sg are closed. Capacitors C; and C, are charged
via the circuit V,-5,-C,//C,-S,, and the voltage across capacitors C; and C,
is increasing. During switch-off state, switches S;, Ss;, and S, are closed.
Capacitors C; and C, are discharged via the circuit S;~V,-5;-C,—5,~C,, and
the voltage across capacitor C; and C, is decreasing. Capacitors C; and C,
transfer the energy from the source to the load. The voltage waveform across
capacitor C; is shown in Figure 8.10c.

For mode D1, condition V; > |V, | is shown in Figure 8.11. Since V, > |V, |
two capacitors C1 and C2 are in parallel during switch-on and in series
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FIGURE 8.8

Mode B2 (quadrant II) forward motoring operation with V; < V,.

during switch-off, applying the voltage lift technique. During switch-on
state, switches S;, S;, S, and Sg are closed. In this case capacitors C,//C, are
charged via the circuit V,—-5;-C,//C,-S;, and the voltage across capacitors
C, and G, is increasing. During switch-off state, switches S,, S,, and S, are
closed. Capacitors C; and C, are discharged via the circuit 5,-V,-5,-C,-S,-C,,
and the voltage across capacitor C; and C, is decreasing. Capacitors C; and
C, transfer the energy from the load to the source. The voltage waveform
across capacitor C, is shown in Figure 8.11c.

For Mode D2, condition V; < | V,| is shown in Figure 8.12. Since V, < |V, |
two capacitors C1 and C2 can be used in parallel. During switch-on state,
switches S;, S5, Si, and Sy are closed. In this case capacitors C,//C, are
charged via the circuit V,-5;-C;//C, —S;, and the voltage across capacitors
C, and G, is increasing. During switch-off state, switches S;, S,, S,, and S
are closed. Capacitors C; and C, are discharged via the circuit S,-V,-5,-C,//
C,, and the voltage across capacitors C, and C, is decreasing. Capacitors C; and
C, transfer the energy from the load to the source. The voltage waveform
across capacitor C, is shown in Figure 8.12c.
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FIGURE 8.9
Mode C1 (quadrant III) forward motoring operation with V, > V,.

8.3.1 Mode A (Q,: Forward Motoring)
8.3.1.1 Mode AT: Condition V, > V,

Mode A1, condition V, > V,, is shown in Figure 8.5. Because two capacitors
are connected in parallel, the total capacitance is C = C; + C, = 4000 pF.
Suppose that the equivalent circuit resistance is R = 50 mQ, V;, =21 V and
V, =14V, and the switching frequency is f = 5 kHz. The voltage and current
across the capacitors are

t
vc(0)+%jic(t)dtzvc(0)+éﬂ 0<t<kT
o.(t) = 0 ) (8.22)
vC(kT)+%J.iC(t)dt - vc(kT)—%g KT<t<T
kT
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Mode C2 (quadrant III) forward motoring operation with V, < V,.
V. —v.(0 v.-v. -~
170()(1—@*/’“):17C=z1 0<t<kT
i(t)= (8.23)
¢ v.(kT)-V. -V —
_c(kD =V, T kT<t<T
R R
Therefore,
- 1-k-
b= h (8.24)

Where i, is the average input current in the switch-on period kT that is
equal to I,/k, and i, is the average output current in the switch-off period
(1 - k)T that is equal to I,/ (1 — k). Therefore, we have I, = I,. The variation of
the voltage across capacitor C is
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Mode D1 (quadrant IV) forward motoring operation with V, > V,.
1 KT+ _ k(V,=V,)
Av, :—J'ic(t)dt:—ﬂzlic 0<t<kT
cJ C fCR
or
T
- — ([A-k(V.-V.
Av, =ljic(t)dt= (1-RT i, = A=0WVe=V2) yreypor
C C fCR
kT
After calculation,
Ve =kV, +(1-k)V, (8.25)

Hence
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FIGURE 8.12
Mode D2 (quadrant IV) forward motoring operation with V, < V.

po. _ KA=B(V, =)

¢ fCR
We then have
Av
UC (0) = VC - TC
and
Av.

kKTy=V.+—+
v (kT) =V, 2

The average output current is
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TABLE 8.6
The Calculation Results for Mode Al (V; > V,)
k Ve Ave I I Na1

04 168V 1.68V  336A 336A 067
05 175V 175V 35A 35A 0.67
06 182V 1.68 V 33.6A 33.6A 0.67

T

1. V.-V,
L= ?J' et = (1-k) T2 (8.27)
kT
. kT V. _v
L=o J' i(hdt =k 1" Ye (8.28)
0
Output power is
V.-V,
P, =V,I,=(1-k)V, - R 2 (8.29)
Input power is
V.-V,
P =V =kV, R < (8.30)
The transfer efficiency is
P -kV, V.-V, V,
n“:?o: A A (831)
I 1717 Ve 1

From this equation it can be seen that the transfer efficiency only relies on
the ratio of the source and load voltages, and it is independent of R, C, f,
and k. If f=5kHz, V;, =21 Vand V, =14V, and total C = 4000 pE, R = 50
mQ, for three k values the data are found in Table 8.6.

From the analysis and calculation, it can be seen that the conduction duty
k does not affect the power transfer efficiency. It affects the input and output
power in a small region. The maximum output power corresponds at k = 0.5.

8.3.1.2 Mode A2: Condition V, < V,

Mode A2, condition V; < V,, is shown in Figure 8.6. Because two capacitors
are connected in parallel during switch-on, the total capacitance C = 2 x C,
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= 4000 pF. Input current i, is two times that of capacitor current i-,. Two
capacitors are connected in series during switch-off, the total capacitance C’
= C;/2 =1000 pE. Output current 7, is equal to capacitor current i.,. Suppose
that the equivalent circuit resistance R =50 mQ, V, =14 Vand V, =21,
and the switching frequency is f = 5 kHz. The voltage and current across
each capacitor are

t
0.,(0)+ ci J i (Dt =0, (0)+ %ﬂ 0<t<kT
1 1

vy () = . - . (8.32)

00, (KT) + _[ i (Bt = v, (kT) -G KT<t<T

Cl kT Cl
7‘/1_UCI(O)(l—e*f/RC)zL_V“ =i, /2 0<t<kT
1 <
C1 t/RC _ C1 2 _ —i2 KT <t<T
R R
Therefore,

i = 2%5 (8.34)

Where i, is the average input current in the switch-on period kT that is
equal to I, /k, and 2 i, is the average output current in the switch-off period
(1 -K)T that is equal to I,/(1 — k). Therefore, we have I; = 2I,. The variation
of the voltage across capacitor C is

_KT o _ KV, - V)

or

T
- - (1-kbQ2V.-V,
Ao, =1Jic(t)dt= A=bTr_(=R@Ve=V)) oy 7
C C fCR
KT
To simplify the calculation, set k = 0.5 we have:
0.5V, +V.
V. = 5217;2 112V (8.35)
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Hence

VYO o7y
¢ 2fCR '

We then have

0.(0)=V. - % =10.85 V
and

v-(kT) =V, +% =1155V

The average output current is

T
1 2V. -V,
L==\i.(hdt=(1-k)——=
o= Jicdt ===
kT
The average input current is
14 V—v
I, = ?J'ic(t)dt kT
0
Output power is
2V. -V,
P, =V,I,=(1-kV,——=%
R
Input power is
Vi-Ve

P =V =kV1

The transfer efficiency is

nAZZ?
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P, 1-kV,2V.-V, V,
 k V, V-V, 2V,

(8.36)

(8.37)

(8.38)

(8.39)
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TABLE 8.7

The Calculation Results for Mode A2 (V, < V)

k Ve (V) Ao (V) LA LA P,W P,(W) 1y
0.5 11.2 07V 28 14 392 294 0.75

TABLE 8.8
Experimental Results

LA LA V.(V) PW P,(W h P (W) PD (W/in%)

33 32 17.5 693 448 0.646 571 23.8

From this equation it can be seen that the transfer efficiency only relies on
the ratio of the source and load voltages, and it is independent of R, C, f,
and k. If f=5kHz, V; =14 Vand V, = 21 V and total C = 4000 pF, R = 50
mQ. For k = 0.5 the data are listed in Table 8.7.

From the analysis and calculation, it can be seen the power transfer effi-
ciency only depends on the source and load voltages.

8.3.1.3 Experimental Results

A testing rig of two batteries 14 VDC and 21 VDC was prepared. The testing
conditions were f =5 kHz, V, =21 Vand V, = 14 V, total C = 4000 uF, R =
50 mQ. The experimental results for mode A are shown in Table 8.8. The
equipment volume is 24 in®. The total average power density (PD) is 23.8
W/in3. This figure is much higher than the classical converters whose PD is
usually less than 5 W/in?. Since the switching frequency is low, the electro-
magnetic interference (EMI) is weak.

8.3.2 Mode B (Q,: Forward Regenerative Braking)
8.3.2.1 Mode B1: Condition V, >V,

Mode B1, condition V; > V, is shown in Figure 8.7. This mode operation is
similar to mode A2. Because two capacitors are connected in parallel during
switch-on, the total capacitance C = 2 x C; = 4000 puF. Input current i; is two
times the capacitor current ir;. Two capacitors are connected in series during
switch-off, the total capacitance C’= C,/2 = 1000 pF. Output current i, is
equal to capacitor current ir;. Suppose that the equivalent circuit resistance
R=50mQ0, V; =21V and V, = 14 V, and the switching frequency f = 5 kHz,
in order to save the description we quote the results as follows. The voltage
and current across each capacitor are
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t

17 =
0.,(0)+ C—Jza(t)dt =00+ 5y 0<t<kT

1 1

v (D) = . 0 o (8.42)
o0, (KT) + 71 i, ()t = o, (kT) - K KT<t<T

Cl kT Cl

~0.,0) V,-Vy —
i) = R e S TN (8.43)

c1 ZUCl(kT) oV/RC _ _ 2V, -V, _ KT <t<T '
R R ! -
Therefore,

i, = 2%§ (8.44)

where i, is the average input current in the switch-on period, kT is equal
toL,/k, and 2 i, is the average output current in the switch-off period (1 - k)T
that is equal to I,/ (1 = k). Therefore, we have I, = 2I,. The variation of the
voltage across capacitor C is

k(V, -V
J C(1&)dt—k—T i,= _ MV Vo) 0<t<kT
C 2C 2fCR
or
T
:lJ.iC(t)dt Sl i A=V =V) royor
C C fCR
kT
To simplify the calculation, set k = 0.5:
0.5V,
v =0Vt gy (8.45)
25
Hence
k(V. —
Av, = KV =Ve) _o7y (8.46)
2fCR
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A
0.(0)=V. —% =10.85 V
and
A
v.(KT) =V, +% =11.55 V

The average output current is

T

17. 2V. -V,
I, = ?J e (Ot = (1-k) = (8.47)
KT
The average input current is
1 v, -V,
L=y j o)t = k=2 (8.48)
0
Output power is
2V. -V,

P, =V, =1-kV,—¢ 1 (8.49)

Input power is

Vz _Vc

P, =V,I, =kV, (8.50)

The transfer efficiency is

n :&:1—k£2VC—V1:L (8.51)
P kv, V-V, 2y,

From this equation it can be seen that the transfer efficiency only relies on
the ratio of the source and load voltages, and it is independent of R, C, f,
and k. If f=5kHz, V; =21V and V, = 14 V and total C = 4000 pF, R = 50
mQ, for k = 0.5 the data are listed in Table 8.9.

From the analysis and calculation, it can be seen the power transfer effi-
ciency only depends on the source and load voltages.
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TABLE 8.9

The Calculation Results for Mode B1 (V; > V,)

k Ve(V) Ao (V) LW L(W) P, (W) P,W) ng
0.5 11.2 0.7 28 14 392 294 0.75

8.3.2.2 Mode B2: Condition V, <V,

Mode B2, condition V; < V, is shown in Figure 8.8. This mode is similar to
the mode Al. Because two capacitors are connected in parallel, the total
capacitance C = C; + C, = 4000 pE Suppose that the equivalent circuit
resistance R = 50 mQ, V, =21 V and V, = 14 V, and the switching frequency
f =5 kHz, the voltage and current across the capacitors are

t

vc(0)+%jic(t)dtzvc(0)+é§ 0<t<kT
v (t) = K ) (8.52)
0. (kT) +% J' i ()t = v, (kT) - %ﬂ KT<t<T
kT
Y, =0c0) C(O)( e /RC) = V-V RV =i, 0<t<kT
io(t) = B (8.53)
RS -, wre L VeV KT<t<T
R R
Therefore,
1k
b= i (8.54)

Where i, is the average input current in the switch-on period kT that is
equal to I,/k, and i, is the average output current in the switch-off period
(1 -Kk)T that is equal to I, /(1 — k). Therefore, we have I, = I,. The variation of
the voltage across capacitor C is

KT~  Kk(V,~ V)

kT

1
Av. =— |i.(t)dt = = 0<t<kT
Ve C‘!.1C() sz R <

or

kT<t<T

A, =ljic(t)dt Gl a"‘ifg]g_vl)
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After calculation,
V. =kV,+(1-k)V, (8.55)
Hence

_k(1-K)(V, - V))

Av 8.56
. [e (8.56)
We then have
Av
0)=V.-—¢X
0c(0)= Ve 2
and
A
0o (KT) =V + €
2
The average output current is
1 V.-V,
L= J ic(dt = (1= (8.57)
KT
The average input current is
. kT Vv
L= J A (8.58)
0
Output power is
V.-V,
P, =V]I =Q1-k)V, % (8.59)
Input power is
V, -V,
P =V,I,=kV, -2 R = (8.60)

The transfer efficiency is
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TABLE 8.10
The Calculation Results for Mode B2 (V; < V,)
k Ve Avc I I MNa1

0.4 16.8 V 1.68 V 336 A 336A 067
0.5 175V 175V 35A 35A 0.67
0.6 182V 1.68 V 33.6A 33.6A 0.67

S

P, -k, V
== 8.61
Mg, P k v, ( )

Y
=)

<f
rS

The transfer efficiency only relies on the ratio of the source and load voltages,
and it is independent of R, C, f, and k. If f=5kHz, V,=21Vand V; =14 V
and total C = 4000 puF, R = 50 mQ. For three k values we obtain the data in
Table 8.10.

From the analysis and calculation, it can be seen that the conduction duty
k does not affect the power transfer efficiency. It affects the input and output
power in a small region. The maximum output power corresponds at k = 0.5.

8.3.3 Mode C (Q,;: Reverse Motoring)

This mode is similar to the mode A.

8.3.4 Mode D (Q,: Reverse Regenerative Braking)

This mode is similar to the mode B.

8.4 Switched Inductor Four-Quadrant DC/DC Luo-Converter

Although switched-capacitor DC/DC converters can reach high power den-
sity, their circuits are always very complex with difficult control. If the
difference between input and output voltages is large, multiple switch-capac-
itor stages must be employed. Switched inductor DC/DC converters suc-
cessfully overcome this disadvantage. Usually, only one inductor is required
for each converter with 1-quadrant, 2-quadrant or 4-quadrant operation no
matter how large the difference between the input and output voltages.
Therefore, the switched inductor converter is a very simple circuit and con-
sequently has high power density. This section introduces an SI four-quad-
rant DC/DC Luo-converter working in four-quadrant operation.
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This converter is shown in Figure 8.13a consisting of three switches, two
diodes, and only one inductor L. The source voltage V; and load voltage V,
(e.g., a battery or DC motor back EMF) are usually constant voltages. R is
the equivalent resistance of the circuit, it is usually small. Its equivalent
circuits for quadrant I and II, and quadrant III and IV operation are shown
in Figure 8.13b and c. Assuming the condition V; > |V, |, they are +42 V and
114 V, respectively. Therefore, there are four quadrants (modes) of operation:

* Mode A (quadrant I: Q)): the energy is transferred from source to
positive voltage load

* Mode B (quadrant II: Qp): the energy is transferred from positive
voltage load to source

* Mode C (quadrant III: Qy): the energy is transferred from source to
negative voltage load

* Mode D (quadrant IV: Qp): the energy is transferred from negative
voltage load to source

The first quadrant is called the forward motoring (Forw. Mot.) operation. V,
and V, are positive, and I; and I, are positive as well. The second quadrant
is called the forward regenerative (Forw. Reg.) braking operation. V,; and V,
are positive, and I; and I, are negative. The third quadrant is called the
reverse motoring (Rev. Mot.) operation. V; and I, are positive, and V, and I,
are negative. The fourth quadrant is called the reverse regenerative (Rev.
Reg.) braking operation. V; and I, are positive, and I, and V, are negative.
Each mode has two states: on and off. Usually, each state is operating in
different conduction duty k. The switching period is T where T =1 / f. The
switch status is shown in Table 8.11.

Mode A operation is shown in Figure 8.14a (switch on) and b (switch off).
During switch-on state, switch S, is closed. In this case the source voltage
V, supplies the load V, and inductor L, inductor current i; increases. During
switch-off state, diode D, is on. In this case current i; flows through the load
V, via the free-wheeling diode D,, and it decreases.

Mode B operation is shown in Figure 8.15 a (switch on) and b (switch off).
During switch-on state, switch S, is closed. In this case the load voltage V,
supplies the inductor L, inductor current i; increases. During switch-off state,
diode D; is on, current i; flows through the source V; and load V, via the
diode D;, and it decreases.

Mode C operation is shown in Figure 8.16 a (switch on) and b (switch off).
During switch-on state, switch S, is closed. The source voltage V; supplies
the inductor L, inductor current i; increases. During switch-off state, diode
D, is on. Current i; flows through the load V, via the free-wheeling diode
D,, and it decreases.
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Switch S

T °
v —= 34 T1,2 3,4T 1,2
v
V2

(a) Circuit diagram

D,
T80 i
S 1 L1 R 1
q
Vhigh____ S 2 D, —_ Viow
Ihigh L llow

(b) Quadrant | and Il operation circuit

(c) Quadrant Ill and IV operation circuit

FIGURE 8.13
Four-quadrant switched-inductor DC/DC Luo-converters.

Mode D operation is shown in Figure 8.17 a (switch on) and b (switch off).
During switch-on state, switch S, is closed. The load voltage V, supplies the
inductor L, inductor current i; increases. During switch-off state, diode D,
is on. Current i; flows through the source V, via the diode D,, and it
decreases.
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TABLE 8.11
Switch Status

Q No. State S, D, S, D, S, Source Load
Q;, Mode A on ON ON 1/2 Vi+ Vot
Forw. Mot. off ON ON1/2 L+ L+
Qu, Mode B on ON ON1/2 Vi+ Vot
Forw. Reg. off ON ON 1/2 I- I~
Qu, Mode C on ON ON 3/4 Vi+ V-
Rev. Mot. off ON ON3/4 L+ I~
Qs Mode D on ON ON 3/4 Vi+ V-
Rev. Reg. off ON ON 3/4 I- L+

Note: Omitted switches are off.

—o—e—[-WY\—/\N\/— m\_/\/\/\,_
S L R L R,
i f
Vhigh__’__ Iy _ Vlow Vhigh__: ZSDz Iy — \/IOW
Ihigh IIow Ihigh I\ow
(a) Switch-on (b) Switch-off
FIGURE 8.14

Mode A (quadrant I) operation.

—MA—TYTYY
R, L,
iIN ?
Vlow T i1 32 T Vhigh
IIow Ihigh IIcyw Ihigh
(a) Switch-on (b) Switch-off
FIGURE 8.15

Mode B (quadrant II) operation.
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Al s
N R
1
Vh‘gh____ T V\ow
|high |_1 IIow

(a) Switch-on

FIGURE 8.16
Mode C (quadrant III) operation.

S, ¢ in
R,
i
Vhigh:r_ ! ___Vlcw
Ihigh I‘1 IIow
(a) Switch-on
FIGURE 8.17

Mode D (quadrant IV) operation.

8.4.1

8.4.1.1 Continuous Mode

high__r_

high

JARS

(b) Switch-off

AN

T Viow

1 low

Mode A (Q,: Forward Motoring)

(b) Switch-off

Refer to Figure 8.14a and suppose that V, = +42V and V,=+14V,L =03
mH and the parasitic resistance R = 3 mQ.

V.-V, -RI
'UL(t)Z{ 1 2 L

~(V, +RI,)
i, (0)+ YoV, Rl Vz‘ RI,
i(H)= V, +RI
i, (KT) = =21 (= kT)

where

i,0) = I, - Ai, /2
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0<t<kT 860
kT<t<T (8:62)
0<t<kT
(8.63)
kT <t<T
(8.64)



i(kT) =1, + Aiy /2
From Equations (8.62) and (8.63) the average inductor current is

_le—V2

I
L R

The peak-to-peak variation of inductor current 7; is

k(1-k)V.
Ai, = 7( Wi
fL
The variation ratio is

CAi /2 kA-KV, R
I kV, -V, 2fL

g

(8.65)

(8.66)

(8.67)

(8.68)

Substituting Equations (8.66) and (8.67) into Equations (8.64) and (8.65), we

have
i (0)= kv, -V, k(1-k)V,
R 2fL
and
lL(kT) — le — Vz + k(l - k)Vl
R 2fL
The average input current is
T KV, - V.

I, =%jiL(t)dt K

0

The average output current is

T
I, :%J‘Q(t)df :M
0

Input power is

PI=VlII=kV1kVIT_V2
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Output power is

kv, -V,
Py=V,I =V, % (8.74)
The transfer efficiency is
PO VZ
=2=—2 8.75
M4 P kv (8.75)

The transfer efficiency only relies on conduction duty k, the source and load
voltages. It is independent of R, L, and f.

Iff=1kHz, L=300 uH, R=3mQ, k=035 V,=42Vand V, =14V, we
find that

I, =233A, Ai;=318A (=683% I,=1=816A, [,=1,=233A,

P, =32,672W P, =3427 W m, = 95%

8.4.1.2 Discontinuous Mode

From Equation (8.68), when ¢ > 1 the current i; is discontinuous. The bound-
ary between continuous and discontinuous regions is defined:

_ N /2 _KI-K)V, R

¢ I,  kv,-V, 2fL
ie.,
Ki-kV, R _,
kV, -V, 2fL
or
V.
s k- k);L (8.76)

From Equation (8.76) the discontinuous conduction region is caused by the
following factors:

* Switching frequency f is too low
* Duty cycle k is too small
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¢ Inductance L is too small
* Load resistor R is too big

The whole conduction period is smaller than T. Assuming the conduction
period is in the region between 0 and ¢, that is smaller than T. The filling
coefficient m, is defined as

m, = h =T KT <t <T (8.77)
(1-k)T
The voltage and current across inductor L are
V,-V,-RI, 0<t<kT
v, (t)=9-(V, +RI,) kT <t<t, (8.78)
0 t<t<T
(V. -V, —RI
Mt 0<t<kT
RI
EkT—Lt kT <t<t
i(t)= L L (8.79)
0 L <t<T
because
;(0)=0
V.-V, —RI
i, (kT)= -1 "2 "L z L kT

i;(kT) is the peak value of inductor current 7,(¢). It is also the peak-to-peak
variation Ai, . From Equation (8.79) when t = t,, i;(t;) = 0. Therefore, we have
the following relation:

V, +RI
LERE Lt =0

iL(tl)z%kT—

Therefore,

v,
ty=——"—kT (8.80)
V, +RI,

© 2003 by CRC Press LLC



Considering Equation (8.76),
kT <t; <T

Since R is usually small, we can get

The average inductor current is

Vl Vl _Vz _RIL K2
V,+RI,  2fL

I, TJzL(t dt——z (kT =

Since R is usually small, it can be rewritten as

:LVI_VZ k2
L
vV, 2fL

The average input current is

I =

I

kT
L (KT), . V,~V,—RI
ljiL(t)dt=lL( hr ==V =Rl
T 2T 2L

0

The average output current is

L(kT);. — Vl _Vz _RIL V1 kz

I = ;J' i, (Bt =

) 2T ! 21L V, +RI,
Input power is
V,-V,-RI
P =Vl =V, 1 72 ML g2
2fL

Output power is

V,-V,-RI, V,
Po=Valo =V K
2 L
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The transfer efficiency is

PO \ 2
M- P, V,+RI, (8:81)

with

k<2 ka-r) R
v, o

8.4.2 Mode B (Q,: Forward Regenerative Braking)

8.4.2.1 Continuous Mode

Refer to Figure 8.15a, and suppose that V; =+42V and V,=+14V,L=0.3
mH and the parasitic resistance R = 3 mQ.

o [Va-RL 0<t<kT o0
W=\ v _v,4RI)  KT<t<T (8.82)
—-RI
z‘L(O)+%t 0<t<kT
i(t)= VoV 4RI (8.83)
LT - "2 kT KT <t<T
Where
i,(0)=1,-Ai, /2 (8.84)
i, (kKT)=1, +Ai, /2 (8.85)
Since the inductor average voltage is zero, we have
k(V,-RI,)=Q1-k)(V,-V,+RI,)
then:
I, = %_k)vl (8.86)

The peak-to-peak variation of inductor current i; is
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k(1-k)V.
Af =g

The variation ratio is

AL /2 k1-KV, R

R PR A (oS T3

(8.87)

(8.88)

Substituting Equations (8.86) and (8.87) into Equations (8.84) and (8.85),

V,-(1-bV, k1-kV,
R 21L

iL (0) =

and

(1)< Vem ARV, KL=k,

R 2L

The average input current is
17 Vv, —(1-k)V
[ =L J' (dt= 2~ U OV
1= 0 i,(t) R

The average output current is

T
1. V,-1-k)V,
I, = ?J.zL(t)dt N
kT
Input power is
P =V, =V, V,-(A-kv
R
Output power is
Vz - (1 - k)Vl

Py =V, =(1-k)V,
(¢] 170 ( )1 R

The transfer efficiency is
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(8.91)

(8.92)

(8.93)

(8.94)



=——-1 (8.95)

The transfer efficiency only relies on conduction duty k, the source and load
voltages. It is independent of R, L, and f.

8.4.2.2 Discontinuous Mode

From Equation (8.88), when £ > 1 the current 7 is discontinuous. The bound-
ary between continuous and discontinuous regions is defined as:

A /2 K1-KV, R

¢ >1

I, V,-(1-k)V, 2fL

ie.,
k(1-k)V, R S

V,~(1-k)V, 2fL "

or
v, .\ R
k<(1- 71) +k(1-k) 21 (8.96)

The whole conduction period is smaller than T. Assume that the conduction
period is in the region between 0 and ¢, that is smaller than T. The filling
coefficient my is defined as

t,—kT
mB =
1-K)T

KT <t,<T (8.97)

The voltage and current across inductor L are

V,-RI, 0<t<kT
v,()=1-(V,~V, +RI,) KT<t<t, (8.98)
0 t,<t<T
Bem,
_V, +RI
i (t) = %kT—%t KT <t<t, (8.99)
t,<t<T
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because
iL(O) =0

iy =B R

i;(kT) is the peak value of inductor current 7,(¢). It is also the peak-to-peak
variation Ai;. From Equation (8.99) when t = t,, i;(f,) = 0. Therefore, we have
the following relation:

V, -V, +RI

V,
i(t,)=-1kT Lt,=0

L

Therefore,

v,
ty=— 1 kT (8.100)
V,-V,+RI,

Considering Equation (8.86),
kT<t,<T

Since R is usually small,

Vi
-V

2

kT

-
It

1

The average inductor current is

t
t V V, =RI
IL:lJQmﬂ:ALQ&D: 1 2~ N2
TO 2T V,-V,+RI, 2fL
Since R is usually small, it can be rewritten as
N Vs
- Vi =V, 2fL
The average input current is
i (kT), _ Vi V,-RI, ,

t
1
Iz—Jitmz -
! TO“) 2T * V,-V,+RI, 2fL
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The average output current is

. _ 2
ZL(k’T) (tz _ kT) — L (VZ RIL) k2
2T 2fLV, -V, +RI,

ty
1
I, = ?J' i, (t)dt =
kT

Input power is

V. V,-RI

P =V,I,=V, ! i—Lk?
V,-V,+RI, 2fL
Output power is
V,-RI, V,-RI
Py = Vil =V, 2 k2oL

2fL.  V,-V,+RI,

The transfer efficiency is

P, V,-RI,
Lo _ V- RI 8.101
nB—d!S PI V2 ( )
with
V.
k<(-22)+k(1-k) -
v, 2fL

8.4.3 Mode C (Q,;: Reverse Motoring)

8.4.3.1 Continuous Mode

Refer to Figure 8.16a and suppose that V; =+42V and V,=-14V,L =03
mH and the parasitic resistance R = 3 mQ

o | ViR 0st<kT “ 100
W=\ v 4RI) KT<t<T (8.102)
i, )+ Ry 0<t<kT
i ()= (8.103)
z’L(kT)—%(t—kT) KT<t<T

where
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i,(0)=1,-Ai, /2 (8.104)
i, (kT)=1, +Ai, /2 (8.105)
Since the inductor average voltage is zero,
k(V,=RI,)=1-k)(V, +RI,)

I, = w (8.106)

The peak-to-peak variation of inductor current i; is

_k1-B)(V; +V,)

A,
L

(8.107)

The variation ratio is

_ A /2 kA=K, +V,) R
Sk -(-kV, 21

g (8.108)

Substituting Equations (8.106) and (8.107) into Equations (8.104) and (8.105),
we have

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

i, (0)= R 21 (8.109)
and
i (kry= V= L=RV; | k(l_k;(f‘f Vo) (8.110)
The average input current is
—lkT' gt = k= A=0V, 8.111
II_leL(t)t_ R (8.111)
The average output current is
1. kV, - (1- k)Y,
o= k‘[ i (hdt = (1=l 1 (8.112)
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Input power is

P =VI =kV, w (8.113)
Output power is
P, =V,1,=Q1-k)V, W% (8.114)
The transfer efficiency is
- 1;? _(A-hv, - "Z)Vz (8.115)

The transfer efficiency only relies on conduction duty k, the source and load
voltages. It is independent of R, L, and f.

8.4.3.2 Discontinuous Mode

From Equation (8.108), when { > 1 the current i; is discontinuous. The
boundary between continuous and discontinuous regions is defined:

_Ai /2 _kA-K)(V,+V,) R

¢ >1
Ik, -(-hV, 2f
ie.,
K1-B(V,+V)) R
KV, ~(1-kV, 2fL°
or

V. R
k< 2 k(1-k)— 8.116
ey KR (8.116)

The whole conduction period is smaller than T. Assuming that the conduc-
tion period is in the region between 0 and f;. The filling coefficient m. is
defined as

t,—kT
mc =
(1- k)T

KT <t,<T (8.117)
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The voltage and current across indictor L are

V,-RI, 0<t<kT
v, (t)=3-(V, +RI,) kT <t<t, (8.118)
0 ty<t<T
(V. —RI
—1 "Ly 0<t<kT

L
V,+V. V,+RI
2kT-—=2—-1Lt kT<t<t,

i(h=4 L L (8.119)

0 t,<t<T

because

i,(0)=0

kT LkT
i, (kT) =1

i;(kT) is the peak value of inductor current 7;(¢). It is also the peak-to-peak
variation Ai, . From Equation (8.119) when t = t;, i;(t;) = 0. Therefore, we have
the following relation:

it )_V+V2kT VerLRILt _

3

Therefore,
V. +V,
3= kT (8.120)
V, +RI,
Considering Equation (8.80),
kT <t;<T
Since R is usually small,
g VitV

© 2003 by CRC Press LLC



The average inductor current is

t3

1, t, . V,+V, V,~RI
1L=T-([1L(t)dt=zfrzL(kT)= 1 N R e

V,+RI;,  2fL

Since R is usually small, it can be rewritten as

~ ‘/1+V2 Lkz

IL
vV, 2fL

The average input current is

kT

;:%jgmm:

0

Lk2

i (kT), . _ V= RI
2T 2L

The average output current is

t3 . _ 2
I, = lJ.Z‘L(t)dt = i, (KT) (t,—kT) = Mkz
T J 2T 2fL(V, +RI,)
Input power is
P =VI =V, ViRl e

2L
Output power is

—RI,)?

P, =V,I,=V. 0y ” k*

> 2fL(V, +RI,)
The transfer efficiency is

Py _V, V,-RI,

News =p = V, V,+RI,

I

with

V. R
k<=2 +k(l-k)- 8.121
v (1=K (8.121)

1+V2 fL
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8.4.4 Mode D (Q,: Reverse Regenerative Braking)
8.4.4.1 Continuous Mode

Refer to Figure 8.17a and suppose that V, = +42V and V,=-14V,L =03

mH and the parasitic resistance R = 3 mQ.

o [-RL 0<t<kT
%w®=1 Jv +ri) KT<t<T
iL(0)+V2_TRILt 0<t<kT
i(B)= V, +RI

z’L(kT)—%(t—kT) kT<t<T

Where
i, 0)=1I,-Ai /2
i, (kT)=1, +Ai, /2
Since the inductor average voltage is zero we have
k(V,-RI,)=Q1-k)(V, +RI,)
then:

— sz _(1_k)V1

I
L R

The peak-to-peak variation of inductor current 7; is

g K=KV, +1)
fL

The variation ratio is

_ Ai, /2 _ kQ1-k)(V,+V,) R

ST Tk, —a-ky, 2

(8.122)

(8.123)

(8.124)

(8.125)

(8.126)

(8.127)

(8.128)

Substituting Equations (8.126) and (8.127) into Equations (8.124) and (8.125),
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KV, -(1-kV,  k(A-K)(V, +V,)

i, (0)= 8.129
1.(0) R 21 (8.129)
and
i) (KT) = kV, -(1-k)V, +k(1—k)(V1+V2) (8.130)
R 2fL
The average input current is
1 KV, —(1-k)V.
L=z J' i (Bt = ke (8.131)
0
The average output current is
17 KV, —(1-k)\V.
I, = ?J.iL(t)dt R (8.132)
kT
Input power is
kV, -(1-k)V,
P =V, =kV, K, ~(=0v, (8.133)
Output power is
kV, -(1-k)V,
Py, =V, :(l—k)Vl% (8.134)
The transfer efficiency is
Py _(1-h)V,
=0 1 8.135
Np P T (8.135)

2

The transfer efficiency only relies on conduction duty k, the source and load
voltages. It is independent of R, L, and f.

8.4.4.2 Discontinuous Mode

From Equation (8.118), when £ > 1 the current i; is discontinuous. The
boundary between continuous and discontinuous regions is defined:
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A /2 _kI-K)V,+V,) R

g >1
I, K,-(-k)V, 2
ie.,
K=KV, +V,) R
KV, ~(-k)V, 2fL°
or

k< " +k(1—k)L
V,+V, 2fL

(8.136)

The whole conduction period is smaller than T. Assuming that the conduc-
tion period is in the region between 0 and ¢, the filling coefficient m,, is

defined as

t,— kT
mD =
1-K)T

kT <t, <T

The voltage and current across inductor L are

V,-RI, 0<t<kT
v, (t)=4-(V,+RI)) kT<t<t,

0 t,<t<T
voR, A
V. +V. V. +RI
i ()= 1JerkT TRy kT<r<t,
0 t,<t<T
because
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i;(kT) is the peak value of inductor current i,(¢). It is also the peak-to-peak
variation Ai;. From Equation (8.139) when t = £,, i, (t,) = 0. Therefore, we have
the following relation:

V, +RI
——+tt,=0
L

i, )_V Vo p

Therefore,
V. +V,

—1° "2 T 8.140
47 V,+RI, ( )

Considering Equation (8.136),
kT<t,<T

Since R is usually small, we can get

t, = V;%kT

1

The average inductor current is

ty

1
I = T‘o[ (t)dt_— i (kT) =

Vi+V, V,~RI, ,
V,+RI, 2fL

Since R is usually small, it can be rewritten as

I ~‘/1+V2L 2
v 2

The average input current is

kT
i (kT _RI
=1J1L(t)dt= (D) Vo= Rl o
T 2T 2L

The average output current is

1 (V,=RL)
2fL V,+RI,

ty
1 i (KT)
=Tk_[zL(t)dt = —KT) =
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Input power is

Output power is

L (Vz _RIL)Z K2

P, =VI, =V
o 170 12fL ‘/1+RIL

The transfer efficiency is

Po _ViV,-RI,

ot = p TV, V4RI,

(8.141)

with
kst ika- R
v+, 2

8.4.5 Experimental Results

A testing rig of a battery 14 VDC as a load and a source 42 VDC as the power
supply was tested. The testing conditions were f =1 to 5 kHz, V; =42V
and V; =-14V, L = 0.3 mH, R = 3 mQ, Volume = 2750(in®). The experimental
results show that the total average PD is 28.8 W/in%. This figure is much
higher than the classical converters whose PD is usually less than 5 W/in®.
Since the switching frequency is low, the EMI is weak.
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9

Positive Output Multiple-Lift Push-Pull
Switched-Capacitor Luo-Converters

The micro-power-consumption technique requires high power density DC/
DC converters and power supply sources. The voltage lift technique is a
popular application in electronic circuit design. Since the switched-capacitor
can be integrated into the power integrated circuit (IC) chip, its size is small.
Combining the switched-capacitor and voltage lift technique create a DC/
DC converter with small size, high power density, high voltage transfer gain,
high power efficiency, and low EML

9.1 Introduction

Switched-capacitor (SC) converters can perform in push-pull state with con-
duction duty cycle k = 0.5. This chapter introduces positive output multiple-
lift push-pull switched-capacitor DC/DC Luo-converters. These converters
can be sorted into several sub-series:

¢ Main series

e Additional series

¢ Enhanced series

¢ Re-enhanced series

* Multiple-enhanced series
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(a) Circuit diagram

(b) Equivalent circuit during switching-on (S on)
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(c) Equivalent circuit during switching-off (S; on)

FIGURE 9.1
Elementary circuit of P/O push-pull SC Luo-converter.

Each circuit has one main switch S and several slave switches as S, (i = 1, 2,
3, ...n). The number # is called stage number. The main switch S is on and
slaves off during switch-on period kT, and S is off and slaves on during
switch-off period (1 -k)T. The load is resistive load R. Input voltage and
current are V;, and [;,, output voltage and current are V, and I,

9.2 Main Series

The first three stages of the main series are shown in Figure 9.1 to Figure 9.3.
For convenience they are called elementary circuit, re-lift circuit, and triple-
lift circuit respectively, and are numbered as n = 1, 2 and 3.
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(b) Equivalent circuit during switching-on (S on)
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(c) Equivalent circuit during switching-off (S; and S, on)

FIGURE 9.2
Re-lift push-pull SC circuit.

9.2.1 Elementary Circuit

The elementary circuit and its equivalent circuits during switch-on and
switch-off are shown in Figure 9.1. Two switches S and S, operate in push-
pull state. The voltage across capacitor C, is charged to V;, during switch-
on. The voltage across capacitor C, is charged to V, = 2V,, during switch-
off. Therefore, the output voltage is

v, =2V, 9.1)

Considering the voltage drops across the diodes and switches, we combine
all values in a figure of AV;. The real output voltage is

V, =2V, —AV, 9.2)
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(c) Equivalent circuit during switching-off (S4, S, and S5 on)

FIGURE 9.3
Triple-lift push-pull SC circuit.

9.2.2 Re-Lift Circuit

The re-lift circuit is derived from the elementary circuit by adding a parts-
set: one slave switch, two switched-capacitors and three diodes (S,-C;-Cy-Ds-
D,-D;). Its circuit diagram and equivalent circuits during switch-on and
switch-off are shown in Figure 9.2. The switches S and (S,, S,) operate in
push-pull state. The voltage across capacitor C, is charged to V;, and voltage
across capacitor C; is charged to V; during switch-on. The voltage across
capacitor C, is charged to V, = 2V, — AV, and voltage across capacitor C, is
charged to V; = 2V, — AV, during switch-off. Therefore, the output voltage is

V, =2V, - AV, =4V,

in ZA‘/l - AVZ (93)

where AV, is set for the same reason as AV;.
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9.2.3 Triple-Lift Circuit

The triple-lift circuit is derived from re-lift circuit by adding a parts-set: one
more slave switch, two switched-capacitors and three diodes (S;-Cs-Cy-Dy-
D;-Dy). Its circuit diagram and equivalent circuits during switch-on and -off
are shown in Figure 9.3. The switches S and (S,, S,, S;) operate in push-pull
state. The voltage across capacitor C, is charged to V, voltage across capac-
itor C; is charged to v, and voltage across capacitor Cs is charged to v, during
switch-on. The voltage across capacitor C, is charged to V; = 2V, voltage
across capacitor C, is charged to V, = 2V, — AV, and voltage across capacitor
Cs is charged to V, = 2V, - AV, during switch-off. Therefore, the output
voltage is

Vo, =2V, =AV, =4V, -2AV, - AV, =8V, —4AV, -2AV,-AV, (9.4)
where AV is set as same reason as AV;.

9.2.4 Higher Order Lift Circuit

The higher order lift circuit is designed by just multiple repeating of the
parts mentioned in previous sections. The output voltage of the n'h-order lift
circuit is

v, =2"V, - ZZ‘AV . (9.5)

9.3 Additional Series

The first three stages of the additional series are shown in Figure 9.4 to
Figure 9.6. For convenience they are called elementary additional circuit, re-
lift additional circuit, and triple-lift additional circuit respectively, and are
numbered as n = 1, 2, and 3.

9.3.1 Elementary Additional Circuit

The elementary additional circuit is derived from elementary circuit by add-
ing a DEC. Its circuit diagram and its equivalent circuits during switch-on
and switch-off are shown in Figure 9.4. Two switches S and S; operate in
push-pull state. The voltage across capacitor C; is charged to V;, during
switch-on. The voltage across capacitors C, and Cy; is charged to V; = 2V,
during switch-off. Therefore, the output voltage is

© 2003 by CRC Press LLC



lin D1 D2 V1 p1y D12

—»
N
Vin

(a) Circuit diagram
lin Vi
—»

|O¢
N Cce| T cn| *C1”2L - :

i — ey ~ V1 /‘\ Yc12 R Vo

(b) Equivalent circuit during switching-on (S on)

<
35
o
\
1
<
>
\
J
=
Ay

c11 [
Y| °
" 71 #
in —
> Vi *
1 G V1 . \;
+ ! cl2 = Ve R °©
Vin Vin * N - _
B Co~ W1

(c) Equivalent circuit during switching-off (S on)

FIGURE 9.4
Elementary additional /enhanced circuit.

V, =V, +V, =3V,

- (9.6)
Considering the voltage drops across the diodes and switches, we combine
all values in a figure of AV, and AV, (for additional output parts). The real
output voltage is

V, =3V —AV. —AV, 9.7)
(0] in 1 (6]

9.3.2 Re-Lift Additional Circuit

The re-lift additional circuit is derived from re-lift circuit by adding a DEC.
Its circuit diagram and equivalent circuits during switch-on and -off are
shown in Figure 9.5. The switches S and (S,, S,) operate in push-pull state.
The voltage across capacitor C; is charged to V,,, voltage across capacitor C,
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(c) Equivalent circuit during switching-off (S; and S, on)

FIGURE 9.5
Re-lift additional circuit.

is charged to V; and voltage across capacitor Cy; is charged to V, during
switch-on. The voltage across capacitor C, is charged to V; = 2V, - AV,
voltage across capacitor C, is charged to V, = 2V, — AV, and voltage across
capacitor Cy, is charged to Vy = V, + V, - AV, -AV,, during switch-off.
Therefore, the output voltage is

V, =V, +V,—AV, = AV, =6V, —3AV, = AV, - AV, 9.8)

where AV, is set for the same reason as AV;.

9.3.3 Triple-Lift Additional Circuit

The triple-lift additional circuit is derived from triple-lift circuit by adding
a DEC. Its circuit diagram and equivalent circuits during switch-on and -off
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FIGURE 9.6

Triple-lift additional circuit.
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FIGURE 9.7
Re-lift enhanced circuit.

are shown in Figure 9.6. The switches S and (S,, S,, S;) operate in push-pull
state. The voltage across capacitor C, is charged to V;,, voltage across capac-
itor C; is charged to V;, voltage across capacitor C; is charged to V, and
voltage across capacitor Cy; is charged to V; during switch-on. The voltage
across capacitor C, is charged to V, = 2V;, — AV, voltage across capacitor C,
is charged to V, = 2V, — AV, and voltage across capacitor C, is charged to V;
= 2V, — AV, during switch-off. Therefore, the output voltage is

Vo, =V, +V,=AV, - AV, =12V, —6AV, -3AV, - AV, - AV, 9.9)
where AV is set for the same reason as AV;.
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Triple-lift enhanced circuit.
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9.3.4 Higher Order Lift Additional Circuit

Higher order lift additional circuit is derived from the corresponding circuit
of the main series by adding a DEC. The output voltage of nth-lift additional
circuit is

n—1
=15x(2"V,, = Y 2'AV, )~ AV, - AV, (9.10)

i=1

Vv

O-m

9.4 Enhanced Series

The first three stages of the enhanced series are shown in Figures 9.4, 9.7,
and 9.8. For convenience they are called elementary enhanced circuit, re-lift
enhanced circuit, and triple-lift enhanced circuit respectively, and are num-
bered asn =1, 2, and 3.

9.4.1 Elementary Enhanced Circuit

The elementary enhanced circuit is derived from elementary circuit by add-
ing a DEC. Its circuit diagram and its equivalent circuits during switch-on
and switch-off are shown in Figure 9.4. The output voltage is

V,=V,+V, =3V,

in (96)
Considering the voltage drops across the diodes and switches, we combine
all values in a figure of AV, and AV, (for additional output parts). The real
output voltage is

V, =3V, —AV, - AV, 9.7)

9.4.2 Re-Lift Enhanced Circuit

The re-lift enhanced circuit is derived from re-lift circuit by adding one DEC
in each stage circuit. Its circuit diagram and equivalent circuits during switch-
on and switch-off are shown in Figure 9.7. The switches S and (S, S,) operate
in push-pull state. The voltage across capacitor C, is charged to V,,, voltage
across capacitor C, is charged to V, and voltage across capacitor C;; is charged
to V, during switch-on. The voltage across capacitor C, is charged to V, =
2V,,—AV,, voltage across capacitor C, is charged to V, = 2V, -AV, and
voltage across capacitor C,, is charged to V, =V, + V; - AV, - AV, during
switch-off. Therefore, the output voltage is
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V, =V, +V, = AV, — AV, =9V, —6AV, —2AV, - AV, 9.11)

where AV, is set for the same reason as AV.

9.4.3 Triple-Lift Enhanced Circuit

The triple-lift enhanced circuit is derived from re-lift circuit by adding the
DEC in each stage circuit. Its circuit diagram and equivalent circuits during
switch-on and -off are shown in Figure 9.8. The switches S and (S;, S,, S3)
operate in push-pull state. The voltage across capacitor C, is charged to V,,
voltage across capacitor C; is charged to V;, voltage across capacitor Cj is
charged to V, and voltage across capacitor C; is charged to V; during switch-
on. The voltage across capacitor C, is charged to V; = 2V, — AV, voltage
across capacitor C, is charged to V, = 2V, — AV, and voltage across capacitor
Cs is charged to V; = 2V, — AV, during switch-off. Therefore, the output
voltage is

V, =V, +V, - AV, —AV, =27V, —18AV, —6AV, —2AV, - AV,  (9.12)

where AV is set for the same reason as AV.

9.4.4 Higher Order Enhanced Lift Circuit

Higher order enhanced lift circuit is derived from the corresponding circuit
of the main series circuit by adding the DEC in each stage circuit. The output
voltage of the nth-order lift enhanced circuit is

n—1

Vo =15x(2"V, = Y 2'AV, )~ AV, - AV, (9.13)
i=1

n—i

9.5 Re-Enhanced Series

The first three stages of the re-enhanced series are shown in Figure 9.9 to
Figure 9.11. For convenience they are called elementary re-enhanced circuit,
re-lift re-enhanced circuit, and triple-lift re-enhanced circuit respectively, and
are numbered as n =1, 2, and 3.
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FIGURE 9.9
Elementary re-enhanced circuit.

9.5.1 Elementary Re-Enhanced Circuit

The elementary re-enhanced circuit is derived from elementary circuit by
adding the DEC twice. Its circuit diagram and its equivalent circuits during
switch-on and switch-off are shown in Figure 9.9. Two switches S and S,
operate in push-pull state. The voltage across capacitor C, is charged to V;,
during switch-on. The voltage across capacitors C, and C;; is charged to V;
= 2V, during switch-off. Therefore, the output voltage is

V, =V, +V, =4V, (9.14)

1

© 2003 by CRC Press LLC



D14 D4 D5 ViD21 D22Vv3b23 D24
>’I%{ + + >T/?{
Ve [S2 23 28

c

N T
L y
D3
o + c22[ | + 24] i+
ci2 C14T\’C|4 C4 TVCA SI Tvczz T c24

(a) Circuit diagram

V1 v2 V3 va "
- '
c1| *cz2| “*citl *cid *c1s| tora focsl tca| teo2t| feed *ezs| *od
3

Vio Vi VT RV /’\V2 V2 Ve Ve =V8 AN

+ Rl +
v /‘\V“ V4 Vez §V0

(b) Equivalent circuit during switching-on (S on)

lin c13 23
e ey 0
G, oy 3L corlv;
* C1\Lvin cﬁl/w “V2+ v Ceilrva - V4 + '
+ + cl4 + l
.
Vin Vi v2a ctal * V3 \Z cal *R
+ ¥ Vi + + Ve 2 Vo
c2 Tv1 C12,Tv2 - V3C22 V4 _ _
s Tt

(c) Equivalent circuit during switching-off (S; and S, on)

o

FIGURE 9.10
Re-lift re-enhanced circuit.

Considering the voltage drops across the diodes and switches, we combine
all values in a figure of AV, and AV, (for additional output parts). The real
output voltage is

V, =4V, — AV, - AV, (9.15)

9.5.2 Re-Lift Re-Enhanced Circuit

The re-lift re-enhanced circuit is derived from re-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 9.10. The switches S
and (S;, S,) operate in push-pull state. The voltage across capacitor C; is
charged to V,,, voltage across capacitor C; is charged to V; and voltage across
capacitor Cy; is charged to V, during switch-on. The voltage across capacitor
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Triple-lift re-enhanced circuit.
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C, is charged to V; = 2V, — AV,, voltage across capacitor C, is charged to V,
= 2V, - AV, and voltage across capacitor C;, is charged to V, = V, +
V.- AV, - AV, during switch-off. Therefore, the output voltage is

V, =V, +V, = AV, = AV, =6V, —3AV, = AV, - AV, (9.16)

where AV, is set for the same reason as AV.

9.5.3 Triple-Lift Re-Enhanced Circuit

The triple-lift re-enhanced circuit is derived from 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 9.11. The switches S
and (S;, S,, S;) operate in push-pull state. The voltage across capacitor C, is
charged to V,,, voltage across capacitor C; is charged to V;, voltage across
capacitor Cs is charged to V, and voltage across capacitor C;; is charged to
V5 during switch-on. The voltage across capacitor C, is charged to V; =
2V, —AV,, voltage across capacitor C, is charged to V, = 2V, -AV, and
voltage across capacitor C, is charged to V; = 2V, — AV, during switch-off.
Therefore, the output voltage is

V, =V, +V, - AV, —AV, =12V, —6AV, -3AV, - AV, - AV, (9.17)

where AV is set for the same reason as AV.

9.5.4 Higher Order Lift Re-Enhanced Circuit

Higher order lift re-enhanced circuit is derived from the corresponding
circuit of the main series by adding the DEC twice in each stage circuit. The
output voltage of the nth-lift re-enhanced circuit is

m—1
=) 2AV, - AV, AV, (9.18)

i=1

V,=(15%x2)"V,

in

9.6 Multiple-Enhanced Series

The first three stages of the multiple-enhanced series are shown in
Figure 9.12 to Figure 9.14. For convenience they are called elementary mul-
tiple-enhanced circuit, re-lift multiple-enhanced circuit, and triple-lift mul-
tiple-enhanced circuit respectively, and are numbered as n = 1, 2, and 3.
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FIGURE 9.12
Elementary multiple-enhanced circuit.

9.6.1 Elementary Multiple-Enhanced Circuit

The elementary multiple-enhanced circuit is derived from elementary circuit
by adding the DEC multiple (j) times. Its circuit diagram and its equivalent
circuits during switch-on and switch-off are shown in Figure 9.12. Two
switches S and S, operate in push-pull state. The voltage across capacitor C;
is charged to V;, during switch-on. The voltage across capacitors C, and Cy,
is charged to V; = 2V, during switch-off. Therefore, the output voltage is

Vo=V, +V, =(1+))V, 9.19)

m
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Re-lift multiple-enhanced circuit.
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FIGURE 9.14
Triple-lift multiple-enhanced circuit.
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FIGURE 9.15
The relationship among output current I, operation frequency f and capacitance C.

Considering the voltage drops across the diodes and switches, we combine
all values in a figure of AV, and AV, (for additional output parts). The real

output voltage is

V, =(1+))V, —AV, - AV, (9.20)

in

9.6.2 Re-Lift Multiple-Enhanced Circuit

The re-lift multiple-enhanced circuit is derived from re-lift circuit by adding
the DEC multiple (j) times in each stage circuit. Its circuit diagram and
equivalent circuits during switch-on and switch-off are shown in Figure 9.13.
The switches S and (S;, S,) operate in push-pull state. The voltage across
capacitor C; is charged to V,, voltage across capacitor C; is charged to V;
and voltage across capacitor C;; is charged to V, during switch-on. The
voltage across capacitor C, is charged to V, = 2V, — AV, voltage across
capacitor C, is charged to V, = 2V, — AV, and voltage across capacitor C, is
charged to V, =V, + V, — AV, — AV, during switch-off. Therefore, the output

voltage is
Vo=V, +V,=AV, - AV, =6V, —3AV, - AV, - AV, (9.21)

where AV, is set for the same reason as AV.
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FIGURE 9.16

The family tree of multiple-lift push-pull switched-capacitor Luo-converters.
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The simulation result of a triple-lift circuit at condition k = 0.5 and f = 100 kHz.
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FIGURE 9.18
The simulation result of a triple-lift additional circuit at condition k = 0.5 and f = 100 kHz.
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FIGURE 9.19
The experimental result of a triple-lift circuit at condition k = 0.5 and f = 100 kHz.

9.6.3 Triple-Lift Multiple-Enhanced Circuit

The triple-lift multiple-enhanced circuit is derived from triple-lift circuit by
adding the DEC multiple (j) times in each stage circuit. Its circuit diagram
and equivalent circuits during switch-on and switch-off are shown in
Figure 9.14. The switches S and (S, S,, S;) operate in push-pull state. The
voltage across capacitor C, is charged to V,,, voltage across capacitor C; is
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FIGURE 9.20
The experimental result of a triple-lift additional circuit at condition k = 0.5 and f = 100 kHz.

charged to V, voltage across capacitor C; is charged to V, and voltage across
capacitor C;; is charged to V; during switch-on. The voltage across capacitor
C, is charged to V, = 2V, — AV}, voltage across capacitor C, is charged to V,
= 2V, - AV, and voltage across capacitor C, is charged to V, = 2V, - AV,
during switch-off. Therefore, the output voltage is

V, =V, +V, - AV, - AV, =12V, —6AV, =3AV, AV, - AV,  (9.22)

where AV is set for the same reason as AV;.

9.6.4 Higher Order Lift Multiple-Enhanced Circuit

Higher order lift multiple-enhanced circuit is derived from the correspond-
ing circuit of the main series by adding the DEC multiple (j) times in each
stage circuit. The output voltage of the nth-lift multiple-enhanced circuit is

n—1
V,=15x(2"V, — Y 2'AV_)—AV —AV (9.23)
O in n—i n O

i=1

9.7 Theoretical Analysis

The maximum output current is a key parameter of the DC-DC converter.
The output voltage of DC-DC step-up converter can be shown as
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V, = sVin (9.24)

i=1

In Equation (9.24), m and n are the step-number of the converter and the
number of the serial-parallel capacitors network respectively. T and k are
the switch period and the duty-cycle ratio in the state 1, respectively. For the
three-lift circuit, m = 1, n; = n, = 1 and f = 1/T, we can write the Equation
(9.24) as follows

3V, -4V,
Yo=—9 1/¢, 1/¢, 025
1+—( —+ )
fR 1oe YRG 1 2RG

Since I, = V5/R, we can write the output current of this three-lift circuit as
follows

Lo 3V, -4V,

T/C /G f (9.26)
1 1

1— e_ 2fRyCy 1— e_ 2fRiCG

where V,, is the source voltage assuming 10 V, V,, is the output voltage
assuming 21.6 V, V, is the voltage drop across diode, R; which corresponds
to the wire resistor of capacitor C;. In order to increase the output current of
the converter, we selected Schottky barrier diode (V,; = 0.4 V), then

3V, —4V,- Vo =68V (9.27)

For getting the maximum output current, C; = C, = C have to be chosen.
In addition we assumed R, = R, = R. Therefore, the description of the output
current can be simplified as

I, =09 fC [1-exp(-1/2RfC)] (9.28)

Figure 9.15 shows the relationship among output current I,, operation
frequency f and capacitance C on the basis of the equation. From the result,
it is concluded that
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1. Higher frequency can result in bigger output current, especially the
capacitance of C if the serial-parallel capacitors is not elevated for
integration.

2. For a certain capacitor, there is a maximum frequency restriction,
and it reduces when the capacitance is raised.

3. The output current can be up to 1A if the operation frequency f of
the converter and the capacitance C of the serial-parallel capacitors
are suitably chosen.

In addition, it can be shown from the equation deducing that the maximum
ratio P,/ C can be obtained by using the same capacitance of the serial-parallel
capacitors in the structure. The theoretical analysis for the higher order lift
circuits is similar to above description.

9.8 Summary of This Technique

Using this technique, it is easy to design the Higher Order Lift circuit to
obtain high output voltage. All these converters can be sorted in several sub-
series: main series, additional series, enhanced series, re-enhanced series and
multiple-enhanced series. The output voltage of the nth-lift circuit is

m—1
2"V, — ZZIIAV”H. Main _series
m—1 =0
15%(2"V,, = Y 2'AV, )~ AV, - AV, Additional _series
i=1
m-1 . (929)
Vo=9 3"V, - Z 2'AV, )—AV, —AV, Enhanced _series
1;‘1:—1]
4"v, - 2 2'AV, )-AV —AV, Re-Enhanced _ series
i=1
m—1
[G+2)"V, - 2 2'AV, 1-AV, - AV, Multiple-Enhanced _series
| i1

From above formula, the family tree of positive output multiple-lift push-
pull switched-capacitor Luo-converters is shown in Figure 9.16.

9.9 Simulation Results

To verify the design and calculation results, the PSpice simulation package
was applied to these circuits. Choosing V; = 10 V, all capacitors C; = 2 uF, R
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=60k, k = 0.5 and f = 100 kHz, we obtain the current and voltage values in
the following converters.

9.9.1 A Triple-Lift Circuit

Assume that the voltage drops AV;, AV,, and AV; are about 4.2 V, the current
waveforms of I, I, and I, then voltage values of V,, V,, and V, are 15.7
V, 27.2 V, and 50.7 V. The simulation results (current and voltage values) in
Figure 9.17 are identically matched to the calculated results.

9.9.2 A Triple-Lift Additional Circuit

Assume that the voltage drops AV;, AV,, AV,, and AV, are about 4.2 V, the
current waveforms of I, I s, Ipg, and Iy, then voltage values of V, V,, V,,
and V,are 15.8 V, 27.5V, 50.8 V, and 74.8 V. The simulation results (current
and voltage values) shown in Figure 9.18 are identically matched to the
calculated results.

9.10 Experimental Results

A test rig was constructed to verify the design and calculation results, and
was compared with PSpice simulation results. With V, = 10V, all capacitors
C;=2uF R=60k, k=0.5and f = 100 kHz, we measured the output voltage
and the first diode current values in following converters.

9.10.1 A Triple-Lift Circuit

After careful measurement, we obtained the current waveform of I,, (shown
in channel 1 with 5 A/Div in Figure 9.19) and voltage value of V, of 50.8 V
(shown in channel 2 with 20 V/Div). The experimental results (current and
voltage values) in Figure 9.17 are identically matched to the calculated and
simulation results.

9.10.2 A Triple-Lift Additional Circuit

The experimental results (voltage and current values) are identically match-
ing to the calculated and simulation results, as shown in Figure 9.20. The
current waveform of I, (shown in channel 1 with 5 A/Div) and voltage
value of V of 75 V (shown in channel 2 with 20 V/Div) have been obtained.
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10

Negative Output Multiple-Lift Push-Pull
Switched-Capacitor Luo-Converters

Positive output multiple-lift push-pull switched-capacitor Luo-converters
have been introduced in the previous chapter. Correspondingly, negative
output multiple-lift push-pull switched-capacitor Luo-converters will be
introduced in this chapter.

10.1 Introduction

Negative output multiple-lift push-pull switched-capacitor Luo-converters
can be sorted into several sub-series:

¢ Main series

e Additional series

¢ Enhanced series

¢ Re-enhanced series

* Multiple-enhanced series

Each circuit has one main switch S and several slave switches as S; (i =1, 2,
3, ...n). The number 7 is called stage number. The main switch S is on and
slaves off during switching-on period kT, and S is off and slaves on during
switch-off period (1 -k)T. The load is resistive load R. Input voltage and
current are V;, and [;,, output voltage and current are V, and I,

Each circuit in the main series has one main switch S and # slave switches
for nth stage circuit, 2n capacitors and (37 —1) diodes. Each circuit in the
additional series has one main switch S and #n slave switches for nth stage
circuit, 2(n + 1) capacitors and (3n + 1) diodes. Each circuit in the enhanced
series has one main switch S and #n slave switches for nth stage circuit, 4n
capacitors and (57 — 1) diodes. Each circuit in the re-enhanced series has one
main switch S and #n slave switches for nth stage circuit, 6n capacitors, and
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(a) Circuit diagram

I
—>

i r

v, c2 R § o
T '

(b) Equivalent circuit during switching-on (S on)
<_ o

V. g Vo
+

—»
O

=R

(c) Equivalent circuit during switching-off (S1 on)

FIGURE 10.1
Elementary circuit of N/O push-pull SC Luo-converter.

(7n — 1) diodes. Each circuit in the multiple (j times)-enhanced series has one
main switch S and #n slave switches for nth stage circuit, 2(1 + j)n capacitors
and [(3 + 2j)n — 1) diodes. To simplify the calculation and explanation, all
output values are the absolute values. The output voltage polarity is shown
in the corresponding figure.

10.2 Main Series

The first three stages of the main series are shown in Figure 10.1 to
Figure 10.3. For convenience they are called negative out-put (N/O) elementary
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FIGURE 10.2

N/O re-lift push-pull SC circuit.

circuit, N/O re-lift circuit, and N/O triple-lift circuit respectively, and are

numbered as n = 1, 2, and 3.

10.2.1 N/O Elementary Circuit

The elementary circuit and its equivalent circuits during switch-on and
switch-off are shown in Figure 10.1. Two switches S and S, operate in push-
pull state. The voltage across capacitor C; is charged to V;, during switch-
on. The voltage across capacitor C, is charged to V,, = 2V,, during switch-

off. Therefore, the output voltage is (absolute value):
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(a) Circuit diagram

V1+V V2+V
T I I w2

(b) Equivalent circuit during switching-on (S on)

C/1 \"Al | / |

+_ _| \ \L » l l T O
+V, - _ VIV, _ + V2+V -

\% Cc2 \2 Cc4 \ Vo
SRR

(c) Equivalent circuit during switching-off (S1, So, and S3 on)

FIGURE 10.3
N/O triple-lift push-pull SC circuit.

VO = 2Vm - Vin = Vin (101)

Considering the voltage drops across the diodes and switches, we combine
all values in a figure of AV,. The real output voltage is

V, =V, -AV, (10.2)
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10.2.2 N/O Re-Lift Circuit

The N/O re-lift circuit is derived from N/O elementary circuit by adding
one slave switch, two switched-capacitors, and three diodes (S,-C5-C4-D5-D,-
D). Its circuit diagram and equivalent circuits during switch-on and switch-
off are shown in Figure 10.2. The switches S and (S, S,) operate in push-pull
state. The voltage across capacitor C; is charged to V,, and voltage across
capacitor C; is charged to V; during switch-on. The voltage across capacitor
C, is charged to V, = 2V,, — AV, and voltage across capacitor C, is charged
to V, = 2V, — AV, during switch-off. Therefore, the output voltage is

V, =2V, AV, -V,

in

=3V,

in

—2AV, - AV, (10.3)

where AV, is set for the same reason as AV.

10.2.3 N/O Triple-Lift Circuit

The N/O triple-lift circuit is derived from N/O re-lift circuit by adding one
more slave switch, two switched-capacitors, and three diodes (S;-Cs-Cy-Dy-
D;-Dy). Its circuit diagram and equivalent circuits during switch-on and
switch-off are shown in Figure 10.3. The switches S and (S, S,, S;) operate
in push-pull state. The voltage across capacitor C, is charged to V,,, voltage
across capacitor C; is charged to V; and voltage across capacitor Cs is charged
to V, during switch-on. The voltage across capacitor C, is charged to V, =
2V, voltage across capacitor C, is charged to V, = 2V, - AV, and voltage
across capacitor Cy is charged to V, = 2V, — AV, during switch-off. Therefore,
the output voltage is

V, =2V, - AV, -V,

in

=4V, —2AV, - AV, -V,

n

(10.4)
=7V, —4AV, = 2AV, - AV,

where AV is set for the same reason as AV.

10.2.4 N/O Higher Order Lift Circuit

The N/O higher order lift circuit is can be designed by multiple repeating
of the parts mentioned in previous sections. If the slave switches’ number
is n, the output voltage of the nth-lift circuit is

n—1
VO = (2” - 1)V[n - ZziAVn—[
i=0

(10.5)
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(a) Circuit diagram
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(b) Equivalent circuit during switching-on (S on)
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(c) Equivalent circuit during switching-off (S1 on)

FIGURE 10.4
N/O elementary additional /enhanced circuit.

10.3 Additional Series

The first three stages of the additional series are shown in Figure 10.4 to
Figure 10.6. For convenience they are called N/O elementary additional
circuit, N/O re-lift additional circuit, and N/O triple-lift additional circuit
respectively, and are numbered as n = 1, 2, and 3.
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10.3.1 N/O Elementary Additional Circuit

The N/O elementary additional circuit is derived from the N/O elementary
circuit by adding a DEC. Its circuit diagram and its equivalent circuits during
switch-on and switch-off are shown in Figure 10.4. Two switches S and S,
operate in push-pull state. The voltage across capacitor C, is charged to V;,
during switch-on. The voltage across capacitors C, and C;; is charged to V;
= 2V, during switch-off. Therefore, the output voltage is

Vo=V, +V, -V, =2V, (10.6)

Considering the voltage drops across the diodes and switches, we combine
all values in a figure of AV, and AV, (for additional output parts). The real
output voltage is

V, =2V, —AV, - AV, (10.7)

10.3.2 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 equivalent circuits during switch-on
and switch-off are shown in Figure 10.5. The switches S and (S,, S,) operate
in push-pull state. The voltage across capacitor C, is charged to V,,, voltage
across capacitor C, is charged to V, and voltage across capacitor C;, is charged
to V, during switch-on. The voltage across capacitor C, is charged to V, =
2V, —AV,, voltage across capacitor C, is charged to V, = 2V, -AV, and
voltage across capacitor C,, is charged to V, =V, + V; - AV, - AV, during
switch-off. Therefore, the output voltage is

V)=V, +V,—AV, - AV, -V,

in

=5V, —3AV,-AV,-AV,  (10.8)

where AV, is set for the same reason as AV.

10.3.3 N/O Triple-Lift Additional Circuit

The N/O triple-lift additional 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 10.6. The switches S and (S,
S,, Ss) operate in push-pull state. The voltage across capacitor C; is charged
to V,,, voltage across capacitor C; is charged to V;, voltage across capacitor
Cs is charged to V, and voltage across capacitor C;; is charged to V; during
switch-on. The voltage across capacitor C, is charged to V; = 2V, — AV,

voltage across capacitor C, is charged to V, = 2V, — AV, and voltage across
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FIGURE 10.5

N/O re-lift additional circuit.

capacitor C is charged to V; = 2V, — AV; during switch-off. Therefore, the
output voltage is

V, =V, +V, - AV, - AV, -V, =11V, —6AV, —3AV, — AV, — AV, (10.9)

where AV is set for the same reason as AV.
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(c) Equivalent circuit during switching-off (S4, Sp, and S3 on)
FIGURE 10.6

N/O triple-lift additional circuit.

10.3.4 N/O Higher Order Lift Additional Circuit

The N/O higher order lift additional circuit is derived from the correspond-
ing circuit of the main series by adding a DEC. The output voltage of the
nth-lift circuit is

Vo =15%(2"V, = 2'AV, )=V, — AV, - AV, (10.10)
i=1
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FIGURE 10.7
N/O re-lift enhanced circuit.

10.4 Enhanced Series

The first three stages of the enhanced series are shown in Figures 10.4, 10.7,
and 10.8. For convenience, they are called N/O elementary enhanced circuit,
N/O re-lift enhanced circuit, and N/O triple-lift enhanced circuit respec-
tively, and are numbered as n = 1, 2, and 3.
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10.4.1 N/O Elementary Enhanced Circuit

The N/O elementary enhanced circuit is derived from N/O elementary
circuit by adding a DEC. Its circuit diagram and its equivalent circuits during
switch-on and switch-off are shown in Figure 10.4. Therefore, the output
voltage is

Vo=V, +V, -V, =2V, (10.6)

Considering the voltage drops across the diodes and switches, we combine
all values in a figure of AV, and AV, (for additional output parts). The real
output voltage is

V, =2V, —AV, - AV, (10.7)

10.4.2 N/O Re-Lift Enhanced Circuit

The N/O re-lift enhanced circuit is derived from the N/O re-lift circuit by
adding the DEC in each stage circuit. Its circuit diagram and equivalent
circuits during switch-on and switch-off are shown in Figure 10.7. The
switches S and (S, S,) operate in push-pull state. The voltage across capacitor
C, is charged to V,,, voltage across capacitor C, is charged to V; and voltage
across capacitor C;; is charged to V, during switch-on. The voltage across
capacitor C, is charged to V; = 2V, —AV,, voltage across capacitor C, is
charged to V, = 2V, — AV, and voltage across capacitor C;, is charged to V,
=V, + V, - AV, - AV, during switch-off. Therefore, the output voltage is

V)=V, +V,—AV, - AV, -V,

in

=8V, —3AV,—AV,-AV,  (10.11)

where AV, is set for the same reason as AV.

10.4.3 N/O Triple-Lift Enhanced Circuit

The N/O triple-lift enhanced circuit is derived from the N /O triple-lift circuit
by adding the DEC in each stage circuit. Its circuit diagram and equivalent
circuits during switch-on and switch-off are shown in Figure 10.8. The
switches S and (S,, S,, S;) operate in push-pull state. The voltage across
capacitor C, is charged to V,, voltage across capacitor C; is charged to V,,
voltage across capacitor C; is charged to V, and voltage across capacitor Cy;
is charged to V; during switch-on. The voltage across capacitor C, is charged
to V, = 2V,,— AV, voltage across capacitor C, is charged to V, = 2V, - AV,
and voltage across capacitor C is charged to V; = 2V, — AV, during switch-
off. Therefore, the output voltage is
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FIGURE 10.8
N/O triple-lift enhanced circuit.

V, =V, +V, AV, - AV, -V, =26V, —6AV, —3AV, —AV, - AV,  (10.12)

where AV is set for the same reason as AV.

10.4.4 N/O Higher Order Lift Enhanced Circuit

The N/O higher order lift enhanced circuit is derived from the correspond-
ing circuit of the main series by adding the DEC in each stage circuit. The
output voltage of the nth-lift circuit is

=[(3" =1V, - > 2'AV, ]-AV, - AV, (10.13)
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FIGURE 10.9
N/O elementary re-enhanced circuit.

10.5 Re-Enhanced Series

The first three stages of the re-enhanced series are shown in Figure 10.9 to
Figure 10.11. For convenience, they are called N/O elementary re-enhanced
circuit, N/O re-lift re-enhanced circuit, and N/O triple-lift re-enhanced cir-
cuit respectively, and are numbered as n =1, 2, and 3.

10.5.1 N/O Elementary Re-Enhanced Circuit

The N/O elementary re-enhanced circuit is derived from N/O elementary
circuit by adding the DEC twice. Its circuit diagram and its equivalent circuits
© 2003 by CRC Press LLC



during switch-on and switch-off are shown in Figure 10.9. Two switches S
and S, operate in push-pull state. The voltage across capacitor C; is charged
to V,, during switch-on. The voltage across capacitors C, and C;; is charged
to V; = 2V, during switch-off. The voltage across capacitors C,, and Ci; is
charged to V,, = 4V,, during switch-off. Therefore, the output voltage is

=3V

in

Vo=V, -V,

o (10.14)
Considering the voltage drops across the diodes and switches, we combine
all values in a figure of AV, and AV, (for additional output parts). The real
output voltage is

V, =3V,

in

~AV, - AV, (10.15)

10.5.2 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 circuit. Its circuit diagram and equiv-
alent circuits during switch-on and switch-off are shown in Figure 10.10. The
switches S and (S, S,) operate in push-pull state. The voltage across capacitor
C, is charged to V,,, voltage across capacitor C; is charged to V; and voltage
across capacitor C;; is charged to V, during switch-on. The voltage across
capacitor C, is charged to V; = 2V, —AV,, voltage across capacitor C, is
charged to V, = 2V, — AV, and voltage across capacitor C,, is charged to V,
=V, + V, - AV, - AV, during switch-off. Therefore, the output voltage is

V, =V, +V,—AV, = AV, -V, =15V, —3AV, AV, - AV,  (10.16)

where AV, is set for the same reason as AV.

10.5.3 N/O Triple-Lift Re-Enhanced Circuit

The N/O triple-lift re-enhanced circuit is derived from the N/O triple-lift
circuit by adding the DEC twice in each stage circuit. Its circuit diagram and
equivalent circuits during switch-on and switch-off are shown in
Figure 10.11. The switches S and (S,, S,, S;) operate in push-pull state. The
voltage across capacitor C, is charged to V,,, voltage across capacitor Cj is
charged to V,, voltage across capacitor C; is charged to V, and voltage across
capacitor Cy; is charged to V; during switch-on. The voltage across capacitor
C, is charged to V; = 2V, — AV,, voltage across capacitor C, is charged to V,
= 2V, - AV, and voltage across capacitor C, is charged to V,; = 2V, - AV,
during switch-off. Therefore, the output voltage is

Vo=V, +V, AV, - AV, -V,

in

=63V, —6AV, —3AV, - AV, —AV,  (10.17)
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FIGURE 10.10
N/O re-lift re-enhanced circuit.

where AV is set for the same reason as AV.

10.5.4 N/O Higher Order Lift Re-Enhanced Circuit

The N/O higher order lift re-enhanced circuit is derived from the corre-
sponding circuit of the main series by adding the DEC twice in each stage
circuit. The output voltage of the nth-lift circuit is

v, =[(4" -1V, - Z 2AV, ]-AV, - AV, (10.18)
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FIGURE 10.11
N/O triple-lift re-enhanced circuit.
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FIGURE 10.12
N/O elementary multiple-enhanced circuit.

10.6 Multiple-Enhanced Series

The first three stages of the multiple-enhanced series are shown in
Figure 10.12 to Figure 10.14. For convenience they are called N/O elemen-
tary multiple-enhanced circuit, N/O re-lift multiple-enhanced circuit and
N/O triple-lift multiple-enhanced circuit respectively, and are numbered as

n=1,2,and 3.
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FIGURE 10.13
N/O re-lift multiple-enhanced circuit.

10.6.1 N/O Elementary Multiple-Enhanced Circuit

The N/O elementary multiple-enhanced circuit is derived from the N/O
elementary circuit by adding the DEC multiple (j) times. Its circuit diagram
and its equivalent circuits during switch-on and switch-off are shown in
Figure 10.12. Two switches S and S, operate in push-pull state. The voltage
across capacitor C; is charged to V;, during switch-on. The voltage across
capacitors C, and Cy; is charged to V, = 2V,, during switch-off. The voltage
across capacitors C; 4, is charged to Vi) = (1 + j)V;, during switch-off.
Therefore, the output voltage is

Vo= VCl(Zj—l)

-V

m

v

=V, (10.19)
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Considering the voltage drops across the diodes and switches, we combine
all values in a figure of AV, and AV, (for additional output parts). The real
output voltage is

V, =jV, —AV, - AV, (10.20)

10.6.2 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 in each stage circuit. Its circuit
diagram and equivalent circuits during switch-on and switch-off are shown
in Figure 10.13. The switches S and (S,, S,) operate in push-pull state. The
voltage across capacitor C; is charged to V,,, voltage across capacitor C; is
charged to V; and voltage across capacitor Cy; is charged to V, during switch-
on. The voltage across capacitor C, is charged to V; = 2V,, - AV, voltage
across capacitor C, is charged to V, = 2V, — AV, and voltage across capacitor
C,, is charged to V, = V, + V; — AV, — AV, during switch-off. Therefore, the

output voltage is

Vo=V, +V,-AV,-AV, -V, =[(1+j)2—1]V

in

—3AV, AV, -AV,  (10.21)

where AV, is set for the same reason as AV;.

10.6.3 N/O Triple-Lift Multiple-Enhanced Circuit

The N/O triple-lift multiple-enhanced circuit is derived from the N/O triple-
lift circuit by adding the DEC multiple (j) times in each stage circuit.. Its
circuit diagram and equivalent circuits during switch-on and switch-off are
shown in Figure 10.14. The switches S and (S,, S,, S;) operate in push-pull
state. The voltage across capacitor C, is charged to V;,, voltage across capac-
itor C; is charged to V;, voltage across capacitor C; is charged to V, and
voltage across capacitor C;; is charged to V; during switch-on. The voltage
across capacitor C, is charged to V, = 2V,, — AV, voltage across capacitor C,
is charged to V, = 2V, — AV, and voltage across capacitor C, is charged to V;
= 2V, — AV, during switch-off. Therefore, the output voltage is

Vo=V, +V,—AV, - AV, -V,

N (10.22)
=[(1+)* —1]V, — 6AV, —3AV, — AV, — AV,

where AV is set for the same reason as AV.
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10.6.4 N/O Higher Order Lift Multiple-Enhanced Circuit

The N/O higher order 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. The output voltage of the nth order lift circuit is

n-1
v, =[(1+)" -1V, - ZZZAVH_,. ~ AV, — AV, (10.23)

i=1

10.7 Summary of This Technique

Using this technique, it is easy to design N/O higher order lift circuits to
obtain high output voltage. All these converters can be sorted in several
subseries: main series, additional series, enhanced series, re-enhanced series,
and multiple-enhanced series. The output voltage of the nth-lift circuit is

n—-1
(2" -1)v, - 2 2'AV,, Main _series
i=0
n-1
(1.5 %" — 1)Vm - 2 2'AV, , —AV, - AV, Additional _ series
i=0
o (10.24)
V, = (3" - 1)Vm - 2 2'AV,_ —AV, - AV, Enhanced _ series
g
(4” - 1)Vm - 2 2'AV,_ —AV, AV, Re-Enhanced _ series
izonfl
[(2 + j)” - 1]Vm - Z 2'AV,  —AV, - AV, Multiple-Enhanced _ series
L i=0

From above formula, the family tree of negative output multiple-lift push-
pull switched-capacitor Luo-converters is shown in Figure 10.15.

10.8 Simulation and Experimental Results

To verify the design and calculation results, PSpice simulation package was
applied for these circuits. Choosing V; = 10 V, all capacitors C; =2 uF, R =
60 k, k = 0.5 and f = 100 kHz, the voltage and current values are obtained
from a N/O triple-lift circuit. The same conditions are applied to a test rig,
experimental results are then obtained.

10.8.1 Simulation Results

Assume that the voltage drops AV;, AV,, and AV; are about 4.2 V, the voltage
values of V, V,, and V,, to be -5.2 V, =16 V, and —41 V respectively and
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The family tree of N/O multiple-lift push-pull switched-capacitor Luo-converters.
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FIGURE 10.16

The simulation results of a N/O triple-lift circuit at condition k = 0.5 and f = 100 kHz.
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FIGURE 10.17
Experimental results of a N/O triple-lift circuit at condition k = 0.5 and f = 100 kHz.

current waveforms of Ip,, I;, and Ipg (the leak values are 103 A, 6.7 A, and
0.093 A respectively) are obtained. The simulation results voltage values in
Figure 10.16 are identically matched to the calculated results.

10.8.2 Experimental Results

Assuming that the voltage drops AV;, AV,, and AVj are still about 4.2 V, the
output voltage V, (41 V) and current waveform of I, (leak value is 10.3
A) are obtained and shown in Figure 10.17, which are identically matched
to the calculated and simulation results.
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11

Multiple-Quadrant Soft-Switch Converters

The third generation converters can transfer large amounts of power with
high power density to actuators. However, its power losses are usually high
during the transfer of large amounts of power since the power losses across
the switch devices are high. The soft switch technique is an effective way to
reduce the converter power losses and improve the efficiency. Therefore, it
is a very popular method in industrial applications.

The fourth generation converters are called soft-switch converters. The
soft-switch technique involves many methods implementing resonance char-
acteristics. A popular method is the resonant-switch. Soft-switch converters
are mainly implemented by the resonant technique. The resonant converters
have drawn much attention in research applications. They are sorted into
four categories:

e Load-resonant converters

¢ Resonant-DC-link converters

¢ High-frequency-link integral-half-cycle converters
¢ Resonant-switch converters

The converters of the first, second, and third catagories can be applied in
those cases depending on the load components and linking-cable. The con-
verters of the fourth catagory are applied in the case depending on the
resonant circuit in the switch-end, which are independent from load and
link components. After about two decades of investigation and application,
most industrial applications use resonant-switch converters.

Resonant-switch converters can perform in the over-resonant state, criti-
cal/optimum-resonant state, and quasi-resonant state. In order to determine
two (current/voltage) zero-cross points for switch-on and switch-off, the
quasi-resonant state is usually employed. The corresponding converter is
called quasi-resonant converter (QRC).The quasi-resonant state can perform
in full-waveform mode and half-waveform mode. The clue of soft switch
technique focuses on the zero-cross point rather than the resonance. Conse-
quently, there is no need in performing full-waveform mode. Most soft
switch converters perform in half-waveform mode.
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The zero-current-switch (ZCS) quasi-resonant-converters (QRC), zero-
voltage-switch (ZVS) quasi-resonant-converters (QRC) and zero-transition
(ZT) converters will be discussed in this chapter,.

11.1 Introduction

Zero-current-switch quasi-resonant-converters implement ZCS operation.
Since switches turn-on and turn-off at the moment that the current is equal
to zero, the power losses during switch-on and -off become zero. Conse-
quently, these converters have high power density and transfer efficiency.
Usually, the repeating frequency is not very high and the converter works
in the resonance state, the components of higher order harmonics is very
low. Therefore, the electromagnetic interference (EMI) is low, and electro-
magnetic susceptibility (EMS) and electromagnetic compatibility (EMC) are
reasonable.

Zero-voltage-switch quasi-resonant-converters use the ZVS technique.
Since switches turn-on and turn-off at the moment that the voltage is equal
to zero, the power losses during switch-on and -off become zero. Conse-
quently, these converters have high power density and transfer efficiency.
Usually, the repeating frequency is not very high and the converter works
in the resonance state, the components of higher order harmonics is very
low, so that the EMI is low, and EMS and EMC are reasonable.

ZCS-QRC and ZVS-QRC have large voltage and current stresses. In addi-
tion the conduction duty cycle k and switch frequency f are not individually
adjusted. In order to overcome these drawbacks we designed zero-voltage-
plus-zero-current-switches (ZV/ZCS) and zero-transition (ZT) converters,
which implement the ZVS and ZCS technique. Since switches turn-on and
-off at the moment that the voltage and/or current is equal to zero, the power
losses during switch-on and -off become zero. Consequently, these convert-
ers have high power density and transfer efficiency. Usually, the repeating
frequency is not very high and the converter works in the resonance state,
the components of higher order harmonics is very low, so that the EMI is
low, and EMS and EMC are reasonable.

The ZCS technique significantly reduces the power losses across the
switches during the switch-on and switch-off. Unfortunately, most papers
discuss the converters only working at single quadrant operation. This paper
introduces the multiple-quadrant DC/DC ZCS quasi-resonant Luo-con-
verter. It performs the soft switch technique with a four-quadrant operation,
which effectively reduces the power losses and largely increases the power
transfer efficiency. The results obtained from analysis and design were com-
pared and verified by practical test results.
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FIGURE 11.1
Four-quadrant DC/DC ZCS quasi-resonant Luo-converter.

11.2 Multiple-Quadrant DC/DC ZCS Quasi-Resonant
Luo-Converters

A multiple-quadrant DC/DC ZCS quasi-resonant Luo-converter is shown
in Figure 11.1. Circuit 1 implements the operation in quadrants I and II, i.e.,
two quadrant (I and II) 2CS quasi-resonant Luo-converters. Circuit 2 imple-
ments the operation in quadrants III and 1V, i.e., two quadrant (III and IV)
2CS quasi-resonant Luo-converters. Circuit 1 and circuit 2 can be converted
to each other by auxiliary changeover switch S;. Auxiliary switch S, assists
the two-quadrant operation in the same circuit. It is controlled by a logic
quadrant-operation controller. Each circuit consists of one main inductor L
and two switches. Assuming that the main inductance L is sufficient large,
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TABLE 11.1
Switch Status

Circuit //Switch  Mode A (Q-I) Mode B (Q-II) Mode C (Q-III) Mode D (Q-IV)
or Diode State-on State-off State-on State-off State-on State-off State-on State-off
Circuit Circuit 1 Circuit 2

S, ON ON

D, ON ON
S, ON ON

D, ON ON

S Position 1 Position 2 Position 3 Position 4

a

Note: The blank status means off.

the current i; remains constant. The source and load voltages are usually
constant, e.g., V; =42 V and V, =% 28 V. There are four modes of operation:

1. Mode A (quadrant I) : electrical energy is transferred from V; side
to V, side.

2. Mode B (quadrant II): electrical energy is transferred from V, side
to V, side.

3. Mode C (quadrant III) : electrical energy is transferred from V, side
to -V, side.

4. Mode D (quadrant IV): electrical energy is transferred from -V, side
to V, side.

Each mode has two states: on and off. The switch status of each state is shown
in Table 11.1.

11.2.1 Mode A

Mode A is a ZCS buck converter. The equivalent circuit, current, and voltage
waveforms are shown in Figure 11.2. There are four time regions for the
switch-on and -off period. The conduction duty cycle is kT = (¢, + ¢,) when
the input current flows through the switch S; and the main inductor L. The
whole period is T = (t, + f, + t; + t,). The resonance circuit is L,, — C

re

The natural resonance frequency is

o= 1 (11.1)
\s‘er]Cr
and the normalized impedance is
IL
Z, = \/‘ CH (11.2)
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FIGURE 11.2
Mode A operation.

The resonant current (AC component) is

V.
i(t)= Z—l sin(o,t + o)) (11.3)
1

Considering the DC component I;, the peak current is

v,
=1 +-L (11.4)
L Zl

ll—peeﬂk

11.2.1.1 Interval t = 0 to t,

Switch S, turns on at t = 0, the source current increases linearly with the
slope V,/L,; this is called current linear rising interval. This current is smaller
than the constant load current I;. Therefore, no current flows through the
resonant capacitor C,.

When t = t,, it is equal to I;. Therefore, the time is

r1 (11.5)
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And corresponding angular position is

1.z
o, =sin (21 (11.6)
1 Vl

11.2.1.2 Interval t=t, to t,

In this period the current flows through the resonant capacitor C,. Circuit
L,, — C,. resonates; this is the resonance interval. The current waveform is a
sinusoidal function. After its peak value, current descends down to I;, and
then 0 if the converter works in subresonance state. Switch S; turns off at ¢
= t,. At this point we can see that the switch S; turns off at zero current
condition. This period length is

t,

- Lray (11.7)
(O]

1

Simultaneously, the voltage across the capacitor C,. is a sinusoidal function
as well. When t = t,, the corresponding value v, of the capacitor voltage v. is

=V/[1+sin(n /2 +o,)] = V,(1+cosa,) (11.8)

Cco

11.2.1.3 Interval t = t, to t,

Since the switch S; does not allow the resonant current to flow reversibly,
the charge across the capacitor C, will be discharged by the load current I;;
this is the linear recovering interval. Because load current I; is a constant
current the voltage v decreases linearly from v, to 0 at t = £,

P = VoG,

;=< (11.9)

L

11.2.1.4 Interval t =t; to t,

Capacitor voltage v- cannot decrease to negative value because of the free-
wheeling diode D,; this is the normal switch-off interval. The load current
commutates from C, to D, at t = t,. Since then, the load current free-wheels
through the main inductor L, load voltage source V, and free-wheeling diode
D,. The time length t, of this period depends on the design requirement.
Ignoring the power losses and I, = I;, we have the input average current I;:

V, 2coso,
I=L2=121+ 11.10
(I, /2+oc) ( )
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Therefore,

_ Vit +t,) V 2cos o,

= VI, —— (I, + Z, n/2+ ) (t, +t, +1t5) (11.11)

t

We have the conduction duty

- “2:2% (11.12)
The whole repeating period is
T=t +t,+t, +t, (11.13)
And corresponding frequency is
f=1/T (11.14)

11.2.2 Mode B

Mode B is a ZCS boost converter. The equivalent circuit, current and voltage
waveforms are shown in Figure 11.3. There are four time regions for the
switch-on and -off period. The conduction duty cycle is kT = (¢, + t,), but the
output current only flows through the source V, in the period t,. The whole
period is T = (t; + t, + t; + t,). The resonance circuit is L,, - C

re

The resonance frequency is

0, = ! (11.15)
\ LYZCY
and the normalized impedance is
L
Z,= |- (11.16)
\ C,
The resonant current (AC component) is
) V.
i(t)= Z—sm(mztﬂxz) (11.17)

2
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(b) Waveforms

FIGURE 11.3
Mode B operation.

Considering the DC component I;, the peak current is

Vv
) I +—L 11.18
i s (11.18)

2—peeak =
2

11.2.2.1 Interval t = 0 to t,

Switch S, turns on at t = 0, the voltage across capacitor C, is equal to V;. The
inductor current i,,, increases linearly with the slope V,/L,,. This current is
smaller than the constant load current I;. Therefore, no current flows through
the resonant capacitor C,.

When f = t,, it is equal to I;. Therefore, the time is

t=-L2 (11.19)
and corresponding angular position is
o, = sin'l(%) (11.20)

1
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11.2.2.2 Interval t =t, to t,

In this period the current flows through the resonant capacitor C,. Circuit
L, - C,. resonates. The current waveform is a sinusoidal function. After its
peak value, current descends down to I;, and then 0 if the converter works
in subresonance state. Switch S, turns off at t = £,.

At this point we can see that the switch S, turns off at zero current condi-
tion. This period length is

L=t (n+ay) (11.21)

®,

Simultaneously, the voltage across the capacitor C,. is a sinusoidal function
as well. When t = t,, the corresponding value v, of the capacitor voltage v is

Voo =—Vsin(n/2+a,)=-V,cosa, (11.22)

11.2.2.3 Interval t = t, to t,

Since the switch S, does not allow the resonant current to flow reversibly,
the charge across the capacitor C, will be discharged by the load current I,.
Because load current I, is a constant current the voltage v, increases linearly
from v, to Vyatt = ¢,

— (‘/1 - Z)CO )C;

t
3 I

(11.23)

L

11.2.2.4 Interval t = t; to t,

Capacitor voltage v. cannot be higher than V, because of the diode D
conducted. The main inductor current commutates from C, to D; at t = f,.
Since then, the load current flows through the main inductor L, diode D;
source voltage V, and load voltage V,. The time length t, of this period
depends on the design requirement. Ignoring the power losses and I, = I},
we have the output average current I;:

IV, t
[ =L 2="47 11.24
vy, Tt ( )
or
V., t t
24 4 0 (11.25)
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Therefore,

£+t +t
= (11.26)
V. /V,-1
We have the conduction duty
= _ bhHh (11.27)
bttt
The whole repeating period is
T=t +t,+t, +t, (11.28)
and corresponding frequency is
f=1/T (11.29)

11.2.3 Mode C

Mode C is a ZCS buck-boost converter. The equivalent circuit, current and
voltage waveforms are shown in Figure 11.4. There are four time regions for
the switch-on and -off period. The conduction duty cycle is kT = (t; + t,)
when the input current flows through the switch S; and the main inductor
L. The output current only flows through V, in t,. The whole period is T =
(t; + t, + t; + t,). The resonance circuit is L,; — C,.

r

The resonance frequency is

1

0, = LC (11.30)
and the normalized impedance is
Z = \/ I&’: (11.31)
The resonant current (AC component) is
i(t)= % sin(o,t +o,) (11.32)

1
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(b) Waveforms

FIGURE 11.4
Mode C operation.

Considering the DC component I;, the peak current is

=1 +-L (11.33)

11.2.3.1 Interval t = 0 to t,

Switch S, turns on at ¢ = 0, the voltage across capacitor C, is equal to V,. The
inductor current i;,; increases linearly with the slope (V; + V,)/L,;. This
current is smaller than the constant load current I;. Therefore, no current
flows through the resonant capacitor C,.

When t = t,, it is equal to I;. Therefore, the time

IL
b= Lo (11.34)
VitV

and corresponding angular position is

1.7
o, =sin”'( ;/ ) (11.35)

1
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Before S, turns on at t = 0, free-wheeling diode D, is conducted. Therefore
the capacitor voltage v, across the resonant capacitor C, is equal to V, in this
interval.

11.2.3.2 Interval t =t, to t,

In this period the current flows through the resonant capacitor C,. Circuit
L, - C,. resonates. The current waveform is a sinusoidal function. After its
peak value, current descends down to I}, and then 0 if the converter works
in subresonance state. Switch S; turns off at t = £,.

At this point we can see that the switch S, turns off at zero current condi-
tion. This period length is

=L (ntay) (11.36)

@,

Simultaneously, the voltage across the capacitor C,. is a sinusoidal function
as well. The resonant amplitude is equal to V;. When t = t,, the corresponding
value v, of the capacitor voltage v, is

Vo=V, =V, +V;sin(n /2 +a,) = V,(1+cosa,) -V, (11.37)

11.2.3.3 Interval t = t, to t,

Since the switch S; does not allow the resonant current to flow reversibly,
the charge across the capacitor C, will be discharged by the load current I,.
Because load current I; is a constant current the voltage v decreases linearly
from v, to —| V,| at t = t;. In this interval, the free-wheeling diode D, does
not conduct because it is reversibly biased.

_ (00 + V)G,

t
3 I

(11.38)

L

11.2.3.4 Interval t = t; to t,

Capacitor voltage v, is equal to V, at t = t;, the free-wheeling diode D, then
conducted. The main inductor current commutates from C, to V, at t = £,.
Since then, the load current free-wheels through the main inductor L, load
voltage source V, and free-wheeling diode D,. The time length ¢, of this
period depends on the design requirement. Ignoring the power losses, we
have the input average current I:

bt
I = lJTFZ(ILJF

V, 2coso,

e (11.39)
Z, m/2+0,
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and

L=21 (11.40)

Therefore,

_ Vit +t,) V. 2cosa

s 11.41
£ VI, Ty Wt 1n/2+(x1) ( )

t

We have the conduction duty

t, +t,

- a*h (11.42)
b+ttt L,

The whole repeating period is
T=t +t,+t, +t, (11.43)
and corresponding frequency is

f=1/T (11.44)

11.2.4 Mode D

Mode D is a ZCS buck-boost converter. The equivalent circuit, current and
voltage waveforms are shown in Figure 11.5. There are four time regions for
the switch-on and -off period. The conduction duty cycle is kT = (, + t,), but
the output current only flows through the source V, in the period t,. The
whole period is T = (t, + t, + t; + t;). The resonance circuit is L, - C

re

The resonance frequency is

®, = 11.45
’ Y Lr2Cr ( )
and the normalized impedance is
L
zZ,= = (11.46)
|G
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FIGURE 11.5
Mode D operation.

The resonant current (AC component) is

, V.
i(t)=_tsin(w,t+0.,)

Z2

Considering the DC component I;, the peak current is

|
=1, +-t
ZZ

12— peeak

11.2.4.1 Interval t =0 to t,

(11.47)

(11.48)

Switch S, turns on at ¢ = 0, the voltage across capacitor C, is equal to V. The
inductor current i;,, increases linearly with the slope (V; + V,)/L,,;. This
current is smaller than the constant load current I;. Therefore, no current

flows through the resonant capacitor C,.

When t = t,, it is equal to I;. Therefore, the time

I L

t:LVZ

LV,
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and corresponding angular position is

1.z
o, = sin’](%) (11.50)

2

11.2.4.2 Interval t=1t, to t,

In this period the current flows through the resonant capacitor C,. Circuit
L,, — C,. resonates. The current waveform is a sinusoidal function. After its
peak value, current descends down to I;, and then 0 if the converter works
in subresonance state. Switch S, turns off at ¢ = ¢,.

At this point we can see that the switch S, turns off at zero current condi-
tion. This period length is

t = mi(n +at,) (11.51)

2

Simultaneously, the voltage across the capacitor C,. is a sinusoidal function
as well. When t = t,, the corresponding value v, of the capacitor voltage v. is

Veo = (V, = V)= V,sin(n /2 +a,) = V, = V,(1+ cos t,) (11.52)

11.2.4.3 Interval t = t, to t,

Since the switch S, does not allow the resonant current to flow reversibly,
the charge across the capacitor C, will be discharged by the load current I;.
Because load current I; is a constant current the voltage v, increases linearly
from v, to V; at t = ;.

V.—0.)C. V,C
=0 Ivco) “= 2 (1 cosa) (11.53)

L L

t

11.2.4.4 Interval t =t; to t,

Capacitor voltage v. cannot be higher than V, because of the diode D,
conducted. The main inductor current commutates from C, to D, at t = £;.
Since then, the output current I; flows through the main inductor L, diode
D, source voltage V, and load voltage V,. The time length ¢, of this period
depends on the design requirement. Ignoring the power losses, we have the
output average current I;:

(11.54)
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and
=1 2( +2——2%) (11.55)

Therefore,

V(¢ +ty) V, 2cosa,

v Ty Wt 447351127) (11.56)

t

We have the conduction duty

t, +t,

S L (11.57)
bttt

The whole repeating period is
T=t +t,+t, +t, (11.58)
And corresponding frequency is

f=1/T (11.59)

11.2.5 Experimental Results

A testing rig with a battery of 28 VDC as a load and a source of 42 VDC
as the power supply was tested. The testing conditions are : V;, =42 V and
V,=228V,L=30uH, L, =L, =1uH, C, =4 uF and the volume is 40 in3.
The experimental results are shown in Table 11.2. The average power transfer
efficiency is 96.3%, and the total average power density (PD) is 17.1 W/in3.
This figure is much higher than the classical converters whose PD is usually
less than 5 W/in. Since the switch frequency is low (f < 41 kHz) and this
converter works at the mono-resonance frequency, the components of the
high-order harmonics are small. Applying FFT analysis, the total harmonic
distortion (THD) is very small, thus the EMI is weak, and the EMS and EMC
are reasonable.

11.3 Multiple-Quadrant DC/DC ZVS Quasi Resonant
Luo-Converter

Many industrial applications require the multi-quadrant operation with ZVS
technique, since it significantly reduces the power losses. Unfortunately,
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TABLE 11.2
Experimental Results for Different Frequencies

Mode f(kHz) L,=L, (WH) C, (WF) I,(A) I,(A) IL(A) P(W) P,(W) 1(%) PD(W/in?)

A 20.5 1 4 16.98 25 25 713 700 98.2 17.66
A 21 1 4 174 25 25 730.6 700 95.8 17.88
A 215 1 4 17.81 25 25 748 700 93.5 18.1
B 16.5 1 4 25 16.4 25 700 688.8 984 17.36
B 17 1 4 25 16.2 25 700 6804 972 17.25
B 17.5 1 4 25 1597 25 700 670.1 958 17.13
C 19 1 4 16.17 2382 35 679.1 667 98.2 16.83
C 19.3 1 4 1642 23.64 35 689.7 662 96 16.9
C 19.5 1 4 16.59 2353 35 696.8 658.8 94.5 16.95
D 40 1 4 2405 1564 35 6634 6568 975 16.5
D 40.3 1 4 2423 1549 35 6785 6506 95.9 16.6
D 40.5 1 4 2435 154 35 6818 646.7 94.8 16.61

most of the papers discuss the ZVS converters only working at single quad-
rant operation. Four-quadrant DC/DC ZCS quasi-resonant Luo-converter
effectively reduces the power losses and largely increases the power transfer
efficiency. This is shown in Figure 11.6. Circuit 1 implements the operation
in quadrants I and 1I, circuit 2 implements the operation in quadrants III
and IV. Circuit 1 and circuit 2 can be converted to each other by an auxiliary
change-over switch S;, which is illustrated in circuit 3. Each circuit consists
of one main inductor L and two switches. Assuming that the main inductance
L is sufficient large, the current 7, is constant. The source and load voltages
are usually constant, e.g., V, =42 V and V, = % 28 V. There are four modes
of operation:

1. Mode A (quadrant I) : electrical energy is transferred from V, side
to V, side.

2. Mode B (quadrant II): electrical energy is transferred from V), side
to V; side.

3. Mode C (quadrant III) : electrical energy is transferred from V; side
to =V, side.

4. Mode D (quadrant IV): electrical energy is transferred from -V, side
to V; side.

Each mode has two states: on and off. The switch/diode status of each state
are shown in Table 11.3.

11.3.1 Mode A

Mode A is a ZVS buck converter. The equivalent circuit, current and voltage
waveforms are shown in Figure 11.7. There are four time regions for the
switch-off and -on period. The conduction duty cycle is kT = (¢; + t;) when
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(c) Circuit 3 for four Quadrant operation

FIGURE 11.6
Four-quadrant DC/DC ZVS quasi-resonant Luo-converter.

TABLE 11.3
Switch Status
Circuit //Switch  Mode A (Q-I) Mode B (Q-II) Mode C (Q-III) Mode D (Q-IV)

or Diode State-on State-off State-on State-off State-on State-off State-on State-off
Circuit Circuit 1 Circuit 2

S, ON ON

D, ON ON
S, ON ON

D, ON ON

Note: The blank status means off.
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(b) Waveforms

FIGURE 11.7
Mode A operation.

the input current flows through the switch S, and the main inductor L. The
whole period is T = (t, + f, + t; + t,). The resonance circuit is L, — C,;.

The resonance frequency is

0, = :‘“LlC (11.60)
\ e
and the normalized impedance is
Z = \/é’l (11.61)
The resonant voltage (AC component) is
v, (t)=ZI, sin(w,t+ o) (11.62)
Considering the DC component V, the peak voltage is
Vetpak = Vi + 20, (11.63)
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11.3.1.1 Interval t = 0 to t,

Switch S, turns off at t = 0, the capacitor voltage v, increases linearly with
the slope I;/C,;; this is the voltage linear rising interval. This voltage is
smaller than the source voltage V. Therefore, no current flows through the
diode D,.

When t = t,, it is equal to V,. Therefore, the time is

v,.C
t=——" (11.64)
IL
and corresponding angular position is
%
o, =sin” (- 11.65
p =sin"( 71 ) ( )

1°L

11.3.1.2 Interval t =t, to t,

In this period, since the voltage v, is higher than source voltage V;, the
current flows through the diode D,. Circuit L, - C,;. resonates; this is the
resonance interval. The voltage waveform is a sinusoidal function. After its
peak value vcy ., it descends down to zero (t = t,). If the converter works
in subresonance state, switch S, turns on at t = t,. At this point we can see
that the switch S, turns off and on at zero voltage condition. This period
length is

t, = i(1t +0.,) (11.66)
®

1

Simultaneously, the current i, flows through the inductor L,, it is a sinusoidal
function as well. When t = t,, the corresponding value i,,, of the inductor
current i, is

i, =1, sin(n/2+a,)=-I, cosa, (11.67)

11.3.1.3 Interval t = t, to t,

Since the diode D; does not allow the resonant voltage v., to become a
negative value, then v.; = 0. The free-wheeling diode D, conducts and the
current 7, increases linearly with the slope V,/L,; this is the linear recovering
interval. Because load current I, is a constant current the current i, increases
linearly from 7,, to 0 at t = ¢5,and i,o; = [, at t = t,.

, 1.,L
f3=—r07r 11.68
3 v ( )

1

© 2003 by CRC Press LLC



and

(I, —i,0))L, _ I, (1+cosoy)L,
%

1

t. =
3 v

1

(11.69)

11.3.1.4 Interval t =t to t,

In this period the load current is supplied by the source. Diode D, is blocked
until ¢ = ¢,; this is the normal switch-on interval. The output current is equal
to the main inductor current I, so the average input current [, is

t

Lv, 1°¢. 1 t,

Il = :? lydtz?(ILtll):?IL (1170)
f3

14

Therefore,

b+t L

TV v o1 (11.71)
We have the conduction duty
:h+212+5 (11.72)
The whole repeating period is
T=t +t,+t, +t, (11.73)
and corresponding frequency is
f=1/T (11.74)

11.3.2 Mode B

Mode B is a ZVS boost converter. The equivalent circuit, current and voltage
waveforms are shown in Figure 11.8. There are four time regions for the
switch-off and -on period. The conduction duty cycle is kT = (t; + t,), but the
output current only flows through the source V, in the period t,. The whole
period is T = (t; + t, + t; + t,). The resonance circuit is L, — C,,.
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(b) Waveforms

FIGURE 11.8
Mode B operation.

The resonance frequency is

1
0, = F——— (11.75)
’ Y LrCr2
and the normalized impedance is
L
Z,= | (11.76)
\“ CrZ

The resonant voltage (AC component) is
U, () =Z,1, sin(w,t +0.,) (11.77)
Considering the DC component V,, the peak current is

v =V +Z]I (11.78)
1 2°L

C2—-peak
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11.3.2.1 Interval t =0 to t,

Switch S, turns off at t = 0, the capacitor voltage v, increases linearly with
the slope I /C,,. This voltage is equal to V; when t = ;.

— ‘/1Cr2

t
! I

(11.79)

L

and corresponding angular position is

v,
o, =sin”(_1) (11.80)

2°L

11.3.2.2 Interval t =t, to t,

In this period the voltage v, is higher than the source voltage V. Circuit
L, - C,, resonates. The voltage waveform is a sinusoidal function. After its
peak value, it descends down to 0 when ¢ = t,. If the converter works in
subresonance state, switch S, turns on at t = t,. Until this point we can see
that the switch S, turns-off and -on at zero voltage condition. This period
length is

b= (n+a,) (11.81)

®,

Simultaneously, the inductor current i, flows through inductor L,, it is a
sinusoidal function as well. When ¢t = t,, the corresponding value i,,, of the
inductor current i, is

o, =1 [1+sin(n/2+a,)]=1, (1+cosa,) (11.82)

11.3.2.3 Interval t = t, to t,

Since the diode D, does not allow the resonant voltage to become a negative
value, the voltage across the capacitor C,, will be 0. The inductor current i,
decreases linearly with the slope -V, /L,. Because load current I, is a constant
current, the current i, decreases linearly from i,,, to [, at t = t{,and i, = 0 at
t=t,

' op )L
t :7(%2‘/ WL, (11.83)
1
0oL
t = 10‘% (11.84)
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11.3.2.4 Interval t =t; to t,

In this period the switch S, is on. Load current I; does not flow through the
source. Ignoring the power losses, and I, = I; we have the output average

current [;:
t3
LV, 1 1 t,+t
I = Lz:—jiwz—l by +t)] =22
1 Vl T : r T[ L( 2 3)] T
1
or
V, 1 t, +t
v
1 1 2 3 4
Therefore,

V.
gzﬁ;—nafwg—;

2

We have the conduction duty

— t3 +t4
bttt

The whole repeating period is
T=t +t,+t, +t,
and corresponding frequency is

f=1/T

11.3.3 Mode C

I

(11.85)

(11.86)

(11.87)

(11.88)

(11.89)

(11.90)

Mode C is a ZVS buck-boost converter. The equivalent circuit, current and
voltage waveforms are shown in Figure 11.9. There are four time regions for
the switch-off and -on period. The conduction duty cycle is kT = (f; + t,)
when the input current I, flows through the switch S; and the main inductor
L. The whole period is T = (t; + t, + t; + t,). The resonance circuit is L, — C,;.
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(b) Waveforms

FIGURE 11.9
Mode C operation.

The resonance frequency is

1
0, =—
\S‘chrl
and the normalized impedance is
L
Z, = \/ !
Crl

The resonant voltage (AC component) is
v, (t)=Z,I, sin(w,t+ o)
Considering the DC component V, the peak voltage is

v =V, +V,+Z]1,

cl—peak
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11.3.3.1 Interval t = 0 to t,

Switch S, turns off at t = 0, the capacitor voltage v, increases linearly with
the slope I;/C,,. This voltage v, is smaller than (V; + V,). Therefore, no
current flows through the diode D,. When t = t,, it is equal to (V; + V,).
Therefore,

_ WV +V)C,

t, (11.95)
IL
and corresponding angular position is
V,+V.
o, =sin(CL2) (11.96)
ZIIL

11.3.3.2 Interval t =t, to t,

In this period, since the voltage v, is higher than source voltage V,, the
current flows through the diode D,. Circuit L, — C,,. resonates. The voltage
waveform is a sinusoidal function. After its peak value v¢;_ ., it descends
down to zero (t = t,). If the converter works in subresonance state, switch S,
turns on at t = t,. This period length is

g=£4n+%) (11.97)

1

Simultaneously, the current i, flows through the inductor L,, it is a sinusoidal
function as well. When t = t,, the corresponding value i,,, of the inductor
current i, is

i, =1, sin(n/2+0o,)=~I, coso, (11.98)

rO

11.3.3.3 Interval t = t, to t,

Since the diode D; does not allow the resonant voltage v, to become a
negative value, then v, = 0. The free-wheeling diode D, conducts and the
current 7, increases linearly with the slope (V; + V,)/L,. Because load current
I, is a constant current the current i, increases linearly from i, to 0 at ¢ =
t;,and i,5, = I, at t = .

L
= - (11.99)
Vi+V,

and
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_ I =il _ I (A+cosay)L,

V+Y, V,+V,

(11.100)

11.3.3.4 Interval t = t; to t,

In this period the load current is supplied by the source. Diode D, is blocked
until t = t,. The output current is equal to the main inductor current I}, so
the average input current [, is

I, =

ty
1,v, 11. 1 t
A ar= Yy =teg 11.101
‘/1 Tt 7 T(L4) TL ( )
3

and
1 t o+t
. +
5=?ﬁg—mmz£?ig (11.102)
ty

Therefore,

;o V,(t, +t;)

. v (11.103)
We have the conduction duty
=t1+;j:;:+t4 (11.104)
The whole repeating period is
T=t +t,+t, +t, (11.105)
and corresponding frequency is
f=1/T (11.106)

11.3.4 Mode D

Mode D is a cross ZVS buck-boost converter. The equivalent circuit, current
and voltage waveforms are shown in Figure 11.10. There are four time
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FIGURE 11.10
Mode D operation.

regions for the switch-off and -on period. The conduction duty cycle is kT =
(t; + t,), but the output current only flows through the source V, in the period
t,. The whole period is T = (t, + t, + t; + t,). The resonance circuit is L, — C,,.

The resonance frequency is

o = 1
, =
\/ LrCrZ
and the normalized impedance is
Li’
Z,= Ic
\‘ r2

The resonant voltage (AC component) is
U, () = Z,1, sin(w,t +0o,)
Considering the DC component V, the peak current is
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vCZ*peuk = ‘/1 + ZZIL (11110)
11.3.4.1 Interval t =0 to t,

Switch S, turns off at t = 0, the capacitor voltage v, increases linearly with
the slope I, /C,,. It is equal to (V; + V,) when t = #,.

V, +V,)C,
L
and corresponding angular position is
o, =sin™'( Vit 2) (11.112)

Z,1,

11.3.4.2 Interval t =t, to t,

In this period the voltage v, is higher than the sum-voltage (V; + V,). Circuit
L,-C,, resonates. The voltage waveform is a sinusoidal function. After its
peak value, it descends down to 0 when ¢ = t,. If the converter works in
subresonance state, switch S, turns on at t = t,. This period length is

- L ray (11.113)
(DZ

t,

Simultaneously, the inductor current i, flows through inductor L,, it is a
sinusoidal function as well. When ¢ = t,, the corresponding value i,,, of the
inductor current i, is

i, =1 [1+sin(n/2+0,)]=1 (1+cosa,) (11.114)

11.3.4.3 Interval t = t, to t,

Since the diode D, does not allow the resonant voltage to become a negative
value, the voltage across the capacitor C,, will be 0. The inductor current 7,
decreases linearly with the slope —(V; + V,)/L,. Because the main inductor
current I; is a constant current, the current i, decreases linearly from i,q, to
ILatt=t),and i, =0att=t,

t/=(y(:)2 I )L

11.115
=V, ( )
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L
| = o2 (11.116)
Vi +V,

11.3.4.4 Interval t = t; to t,

In this period since the switch S, is on, the main inductor current I; does not
flow through the source. Ignoring the power losses, we have the output
average current [;:

t3
t,+t
I, :%Jirdt:%[h(tz )=, (11.117)
fy
and
17 1 t
L= j it~ (1,t) =41, (11.118)
t3
Therefore,
t, = %(t2 +1,) (11.119)
2
We have the conduction duty
- B (11.120)
b+t +t +Ey
The whole repeating period is
T=t +t,+t, +t, (11.121)
and corresponding frequency is
f=1/T (11.122)
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TABLE 11.4
Experimental Results for Different Frequencies

Mode f(kHz) L, (uH) C,=C, WP I (A) I,(A) I,(A) P(W) Py(W) (%) PD(W/in?)

A 23 4 1 1716 25 25 720.8 700 971  17.76
A 23.5 4 1 16.99 25 25 7137 700 98.1  17.67
A 24 4 1 16.82 25 25 706.6 700 99 17.58
B 54 4 1 25 1613 25 700 6776 968 17.22
B 54.5 4 1 25 1628 25 700 6838 977 173

B 55 4 1 25 1643 25 700 6901 986 1738
C 44 4 1 17.64 2427 45 7409 6796 917 1776
C 445 4 1 1732 2455 45 7276 6875 945 17.69
C 45 4 1 17.01 2483 45 7145 6952 973 17.62
D 29.5 4 1 2665 1627 45 7463 6835 916 1787
D 30 4 1 2634 1655 45 7376 6951 942 1791
D 30.5 4 1 2628 16.83 45 7359 706.7 96 18.03

11.3.5 Experimental Results

A testing rig with a battery of 28 VDC as a load and a source of 42 VDC
as the power supply was tested. The testing conditions are: V, = 42 V and
V,=228 V,L=30uH, L, =4 uH, C,; = C,, = 1 uF; the volume is 40 in3. The
experimental results are shown in Table 11.4. The average power transfer
efficiency is higher than 96%, and total average PD is 17.6 W /in®. This figure
is much higher than that of the classical converters whose PD is usually less
than 5 W/in3. Since the switch frequency is low (f < 56 kHz) and this
converter works at the mono-resonance frequency, the components of the
high-order harmonics are small. Applying FFT analysis, the THD is very
small, so that the EMI is weak, and the EMS and EMC are reasonable.

11.4 Multiple-Quadrant Zero-Transition DC/DC
Luo-Converters

Zero-transition (ZT) technique significantly reduces the power losses across
the switches during switch-on and -off. Unfortunately, the literature dis-
cusses the converters only working at single quadrant operation. The four-
quadrant ZT DC/DC Luo-converters perform soft switch four-quadrant
operation without significant voltage and current stresses. They effectively
reduce the power losses and greatly increase the power transfer efficiency.
These converters are shown in Figure 11.11a and b. Circuit 1 implements the
operation in quadrants I and II, circuit 2 implements the operation in quad-
rants III and IV. Circuit 1 and circuit 2 can be converted each other via an
auxiliary switch. Each circuit consists of one main inductor L and two main
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FIGURE 11.11
Four-quadrant zero-transition DC/DC Luo-converters.

switches. The source and load voltages are usually constant, e.g., V, =42V
and V, =+ 28 V. There are four modes of operation:

1. Mode A (quadrant I): electrical energy is transferred from V; side to
V, side.

2. Mode B (quadrant II): electrical energy is transferred from V, side
to V, side.

3. Mode C (quadrant III): electrical energy is transferred from V, side
to =V, side.

4. Mode D (quadrant IV): electrical energy is transferred from -V, side
to V, side.

Each mode has two states: on and off. The switch and diode status of each
state for modes A and B are shown in Table 11.5; the status of each state for
modes C and D are shown in Table 11.6.

The equivalent circuits for modes A, B, C, and D are shown in Figures 11.12,
11.14, 11.16, and 11.18. The corresponding waveforms for each mode are
shown in Figures 11.13, 11.15, 11.17, and 11.19 respectively.
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TABLE 11.5
Switch/Diode Status

Mode A (Q) Mode B (Q,)
S&D At, A, A, At, At, At, At, At, At, At, At, At, At, Af, At, At

S, ON ON ON

D, ON ON
S, ON ON ON

D, ON ON
S, ON ON ON

D, ON ON

S, ON ON ON

D, ON ON

Note: The blank status means off referring to circuit 1 of Figure 11.11a.

TABLE 11.6
Switch/Diode Status
Mode C (Qyy) Mode D (Qyy)
S&D At, A, At, At, At; At, At, At, At, A, At, At, At, At, At, At
s, ON ON ON
D, ON ON
S, ON ON ON
D, ON ON
S, ON ON ON
D, ON ON
S, ON ON ON
D, ON ON

Note: The blank status means off referring to circuit 2 of Figure 11.11b.

21 i |
s Lr
P . ° —» —Lb
S1 I-r L
AT
D, .
o o e
+ Sa e—t}—e .
v, = o— Cr ¢ T V.
N S, | %D, Sl £D,

FIGURE 11.12
Mode A (Q,) operation.
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FIGURE 11.13
Waveforms of mode A (Q)).

11.4.1 Mode A (Quadrant | Operation)

Mode A performs quadrant I operation. The equivalent circuit for Mode A,
is shown in Figure 11.12. The corresponding waveforms are shown in
Figure 11.13.

Stage 1 (f,—t,): prior to f,, S;and S, are all off. The circuit current is
freewheeling through the antiparallel diode D, and D,. C, voltage is zero, I;
= I, + I, At t,, the auxiliary switch S, is turned on with zero current.
Capacitor C, is charged in reverse, so that diode D, is reverse-biased in soft
commutation. The current of L, decreases linearly while the current of S,
increases gradually. At t = t;, the current of L, falls to zero; D, is turned off
with soft commutation. Meanwhile, current of S, reaches to I;. The current
of resonant inductor L, is

~ \S

The time interval of the first stage At, is given by equation

I L
At, =L 11.123
= b (11.123)

1

Stage 2 (f; —t;): the main switch S, junction capacitor C; (not shown in
Figure 11.12) discharges through L,, S,. Capacitor C, also discharges through
L,. V., and V, fall to zero rapidly at t,. Thereafter, the antiparallel diode of
S, starts to conduct and a small reverse current flows through L,. The reso-
nant time interval of stage 2, At,, is given by
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At, = g\/L,CI. (11.124)

Stage 3 (t, —t;): at t;, S, is turned on with zero current and zero voltage. At
the same moment, turn off S,. It should be noted that the turn on/off point
is not critical. S; and S, could be turn on and off prior to t,. If so, t, does not
exist in the stage. Therefore,

At =t —At - At (11.125)

Sa—on
Stage 4 (t;—t,): when S, is turned off, I, charges C, and L, through the
conducted S,. The voltage of C, increases gradually, enabling S, to be turned
off with zero voltage. After i;, reaches I, capacitor C, starts to discharge
through L,. At t = t,, V,, reaches zero again.

At, = L (11.126)

Stage 5 (t, —t5): During this period, the circuit current flows through main
switch S;, and inductor L,, L, like the conventional PWM converter. The
length is determined by the control of the PWM signal.

5= g\fL,C,, (11.127)

At
Stage 6 (t5—t,): at t5, main switch S, is turned off. Inductor and capacitor C,
are in resonance. The voltage of C, increases gradually at first, so that the
voltage across the main switch S, rises gradually. S; is therefore turned off
with zero voltage. At ¢, the voltage of C, becomes zero; D, and D, start to
conduct. The time interval is given by

At, = kT - At, - At, (11.128)

Stage 7 (t, — t;): During this period, the circuit current is freewheeling through
D, and D,, like the conventional PWM converter.

At,=m,LC, (11.129)

Stage 8 (t, — t,): at t,, S, is turned on once more, to start the next switch cycle.
The length of this period is determined by the control of the PWM.
Aty =(1-k)T -t

— At (11.130)

Sa—on
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FIGURE 11.14
Mode B (Qy) operation.

t0t1t2 t3t41t5 t6t7

FIGURE 11.15
Waveforms of mode B (Qy).

11.4.2 Mode B (Quadrant Il Operation)

Mode B performs quadrant II operations. The equivalent circuit for mode B,
is shown in Figure 11.14. The operational process is analogous to mode A
operation. The corresponding waveforms are shown in Figure 11.15. The
calculation formulae for mode B are listed below:

I, L T
v,C
At =ty —At —At, At, = } :
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FIGURE 11.16
Mode C (Qy) operation.
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FIGURE 11.17
Waveforms of mode C (Qyy).

At

5 r

- g\/LVC At, = kT - At, - At,

—At,

At, =m,LC, Aty =(1-k)T -t

Sb-on

11.4.3 Mode C (Quadrant Il Operation)

Mode C performs quadrant III operation. The equivalent circuit for mode
C, is shown in Figure 11.16. The operational process is analogous to mode
A operation. The corresponding waveforms are shown in Figure 11.17. The
calculation formulae of mode C are listed below:
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FIGURE 11.18
Mode D (Q,y) operation.

I LL,, T
Vi+V,
AtS = tSa—on - Atl - AtZ At4 Iicr
L
At, = g JLe, At, =kT - At, — At
At7 = TE\L;,C, Atg = (1 - k)T - tSu—on - At7

11.4.4 Mode D (Quadrant IV Operation)

Mode D performs in quadrant IV operation. The equivalent circuit for mode
D, is shown in Figure 11.18. The operational process is analogous to mode
B operation. The corresponding waveforms are shown in Figure 11.19. The
calculation formulae of mode D are listed below:

T =
At =L At, =~ |LC.
1 ‘/1+V2 2 2\/ r
Vi +V,
At —tSb M—At]—At‘2 At4 C
IL
A =" LC At, = kT — At, — At
5_2\ ror 6 4 5
At7 = TE\LrCV Atg = (1 - k)T - tSb—on - At‘7
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FIGURE 11.19
Waveforms of mode D (Q,y).

11.4.5 Simulation Results

PSpice is a popular simulation method to test and verify electronic circuit
design. In order to implement this ZV-ZCS two-quadrant DC/DC converter
with 3 kW delivery, the rig of a modern car battery +28 VDC as a load and
a 42 VDC as a source power supply was tested. The testing conditions are
Vi=42Vand V,=28V,L,=2 pH,C,=0.8nF and L =550 puH , f=100 kHz.
The simulation result for Q, is shown in Figure 11.20, the simulation result
for Qy; is shown in Figure 11.21. From these waveform and data, we can see
that the main switches in the converter are switched on at ZC and ZVS
condition; switched off at ZVS condition. Moreover, all the auxiliary switches
and diode are operated under soft commutation. The testing conditions are
Vi=42Vand V,=-28V,L,=2 pH,C,=0.8nF and L=550 uH , f=100 kHz.
The simulation results for Qy; are shown in Figure 11.22, the simulation
results for Q,, are shown in Figure 11.23. From these waveforms we can see
that the main switches in the converter are switched on at ZC and ZVS
condition; switched off at ZVS condition. Moreover, all the auxiliary switches
and diodes are operated under soft commutation.

11.4.6 Experimental Results

A testing rig battery of +28 VDC as a load and a source of 42 VDC as the
power supply was tested. The testing conditions are: V; =42 V and V, = 428
V,L=30uH, L, =L,=1uH, C,=4uE I, =25 A (for Q; and Qy)/35 A (for
Qu and Qyy) and the volume is 40 in®. The experimental results are shown
in Table 11.7. The average power transfer efficiency is higher than 89.7% and
the total average PD is 17.5 W/in3. This figure is much higher than the
classical converters whose PD is usually less than 5 W /in3. Since the switch
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FIGURE 11.20
Simulation result for ZV-ZCS mode A operation (f = 100 kHz; k = 30%).

FIGURE 11.21
Simulation result for ZV-ZCS mode B operation (f = 100 kHz; k = 60%).
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FIGURE 11.22
Simulation result for ZV-ZCS mode C operation (f = 100 kHz; k = 30%).

FIGURE 11.23
Simulation result for ZV-ZCS mode D operation (f = 100 kHz; k = 70%).
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TABLE 11.7
Experimental Results for Different Frequencies

Mode f(kHz) L,=L, H) C, (P L(A) I,A) IL(A) P(W) Py(W) m (%) PD(W/in%

A 20.5 1 4 1698 25 25 713 700 98.2 17.66
A 21 1 4 174 25 25 730.6 700 95.8 17.88
A 215 1 4 17.81 25 25 748 700 93.5 18.1
B 16.5 1 4 25 16.4 25 700 688.8 984 17.36
B 17 1 4 25 16.2 25 700 6804 972 17.25
B 17.5 1 4 25 1597 25 700 670.1 95.8 17.13
C 18.3 1 4 16.24 24.03 35 6821 6728 98.6 16.94
C 18.5 1 4 1642 2391 35 689.6 6694 97.1 17

C 18.7 1 4 16.59 2379 35 696.8 666.1 95.6 17.04
D 37.2 1 4 2442 16.02 35 6838 6727 984 16.95
D 37.5 1 4 2462 1587 35 6894 6664 96.7 16.94
D 37.8 1 4 2481 1571 35 6947 660 95 16.93

frequency and conduction duty k can be adjusted individually, we chose f =
100 kHz and a suitable conduction duty cycle k to obtain the proper operation
state.

11.4.7 Design Considerations

In a practical design, for ease of implementation, the control of the two
switches can adopt the constant time-delay method:

1. Turn-on of the main switch should delay turn-on of the auxiliary
switch at least by AToy,n- The auxiliary switch could be turned off
simultaneously with the turn-on of the main switch. But it is better
to turn off S, shortly after turn-on of the main switch to secure soft
turnoff of the auxiliary switch.

2. For prompt soft turn-off of main switch (S; or S,) and energy recov-
ery, turn-off of the auxiliary switch should precede turn-off of the
main switch by a minimum time of AT, This means that for
prompt soft switch, the above constraint should be met under the
minimum duty cycle k_;,. The simple timing constraints are calcu-
lated as follows:

IL
Ty 2 oy = Ay + A1y =0 +g\/ch]. (11.131)
1
cV, L
T, > AT, —=—"l4ri (11.132)
Y
A 'L,
i,= 1+ p=|" (11.133)
P \“L D \/Cj
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Where C; is the junction capacitor across the main switch’s drain and source,
T}, is the time that turn-on of main switch delays turn-on of auxiliary switch.
T, is the time that turn-off of auxiliary switch precedes turn-off of main
switch. i, is L, peak current.

For engineering implementation, as no capacitor is directly paralleled with
the main switch, the time interval Af2 is very small; moreover, the turn-on
loss caused by the junction capacitor is minimum if the main switch is
turned-on before Vs falls to zero. So, At2 in Equation (11.131) can be ignored
for simple design:

T, 2T, . =At =-L* (11.134)

To secure the soft switch under minimum duty cycle k

mins Equation (11.132)
can be expressed as:

A (11.135)

P 1

k. T >AT,

min~s OFFmin ~—

To achieve the similar conversion ratios of its hard switch PWM counterpart,
the commutation transition i.e., ATy, is normally set as 10 to 15% cycle in
practical design:

Tonmin = % <(10%—15%)T, (11.136)

1

From Equation (11.136) L, can be obtained, for practical implementation,
turn-on of the main switch delays turn-on of the auxiliary switch a constant
time T

T, = “Lmaxr (11.137)

To reduce the auxiliary switch’s conduction loss, the auxiliary switch is
turned off right after turn-on of the main switch. From Equation (11.133), it
is obvious that the peak current of L, does not relate to C,. So, C, can be set
large enough to reduce the turn-off loss of the main switch most effectively.
But C, should meet the constraint of Equation (11.135) as well.

Compared with other soft-switch circuits, besides the soft switch of the
auxiliary switch, the proposed circuit possesses the simplicity in topology.
Another merit is that C, is not directly paralleled with the main switch. It
not only provides soft turn-off for all the switches, but also does not dis-
charge to L,. A lower peak current in the auxiliary switch could, therefore,
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be expected, particularly in cases where a small snubber inductor is used in
high-frequency operation. Moreover, as the charge of C, does not increase L,
current, the design trade-off between C, and current stress on the auxiliary
switch does not exist, and the design of L,and C, become easy, as the above
design analysis indicates. Also, with the help of inductor L,, the reverse-
recovery current of the main diode is effectively minimized.

It should be also noted here that the turn-on point of the main switch is
not critical. The main switch could be turned on prior to t,, because the turn-
on loss caused by the junction capacitor is very small.

The control principle adopted here is simple, as it does not need the cross-
zero voltage detection of the main switch. So it is easy to implement, but it
has its limitations in light-load or no-load operation. Since the duty cycle of
the main switch may be smaller than the duty cycle of the auxiliary switch
at no load or light load, the constant duty cycle of the auxiliary switch will
charge up the output capacitor without control. In such a case, certain current
or voltage cross-zero detection is required to adjust the duty cycle of the
auxiliary switch. On the other hand, the conduction loss is increased, as the
auxiliary switch is not optimized with the minimum conduction at light load
by using this control method.
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12

Synchronous Rectifier DC/DC Converters

The global merchant dollar market for DC/DC converters is projected to
increase from about $3.6 billion in 2001 to about $6.0 billion in 2006, a
compound annual growth rate of 10.6%. North American sales of DC/DC
converters in networking and telecom equipment are expected to grow from
$2.3 billion in 1999 to $4.6 billion in 2004, a yearly compounded growth rate
of 15.3%. The first quarter of 1995 was the first time that shipments of 3.3 V
microprocessor and memory integrated chips (ICs) exceeded the shipments
of 5 V parts. Once this transition occurred in memories and microprocessors,
the demand for low-voltage power conversion began to grow at an increas-
ing rate. The primary application of DC/DC converters is in computer power
supplies and communication equipment.

The computer power supply shift from 5 V to 3.3 V digital IC has taken
over 5 years to occur, from the first indication that voltages below 5 V would
be needed until the realization of volume sales. Now that the 5 V barrier has
been broken, the trend toward lower and lower voltages is accelerating.
Within 2 years, 2.5 V parts are expected to become common with the intro-
duction of the next-generation microprocessors. In fact, current plans for
next-generation microprocessors call for a dual voltage of 1.5/2.5 V with 1.5
V used for the memory bus and 2.5 V used for logic functions. Within another
few years, voltages are expected to move as low as 0.9 V, with mainstream,
high-volume parts operating at 1.5 V.

Alow-voltage plus high-current DC power supply is urgently required in
the next-generation computer and communications equipment. The first idea
is to use a forward converter, refer to Figure 1.26, which can perform low-
voltage plus high-current output voltage. A modified circuit with dynamic
clamp circuit is shown in Figure 12.1. The two diodes D; and D, can be
normal rectifier diode, rectifier Schottky diode, or MOSFET. Figure 12.2
shows the efficiency gain of the following three types of forward converters
needed to construct a low-voltage high-current power supply:

* Forward converter using traditional diodes
* Forward converter using Schottky diode
* Synchronous rectifier using low forward-resistance MOSFET
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FIGURE 12.2
Efficiencies of different types of forward converter.

As the operating voltages ratchet downward, the design of rectifiers
requires more attention because the devices forward-voltage drop constitutes
an increasing fraction of the output voltage. The forward-voltage drop across
a switch-mode rectifier is in series with the output voltage, so losses in this
rectifier will almost entirely determine its efficiency. The synchronous recti-
fier circuit has been designed primarily to reduce this loss.

12.1 Introduction

A synchronous rectifier is an electronic switch that improves power-conver-
sion efficiency by placing a low-resistance conduction path across the diode
rectifier in a switch-mode regulator. At 3.3 V, the traditional diode-rectifier
loss is significant with very low efficiency (say less than 70%). For step-down
regulators with a 3.3 V output and 12 V battery input voltage, a 0.4 V forward
voltage of a Schottky diode represents a typical efficiency penalty of about
12%, aside from other loss mechanisms. The losses are not as bad at lower
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FIGURE 12.3
Synchronous rectifier converter with low-resistance MOSFET.

input voltages because the rectifier has a lower duty cycle and, thus, a shorter
conduction time. However, the Schottky rectifier’s forward drop is usually
the dominant loss mechanism.

For an input voltage of 7.2 V and output of 3.3 V, a synchronous rectifier
improves on the Schottky diode rectifier’s efficiency by around 4%.
Figure 12.1 also shows that, as output voltage decreases, the synchronous
rectifier provides even larger gains in efficiency.

A practical circuit arrangement of a synchronous rectifier (SR) DC/DC
converter with purely resistive load is shown in Figure 12.3. It has one
MOSFET switch S on the primary side of the transformer. Two MOSFETs S,
and S, on the secondary side of the transformer are functioning as the
synchronous rectifier. T is the isolating transformer with a turn ratio of 1:N.
an L-C circuit is the low-pass filter and R is the load. V; is the input voltage
and V, is the output voltage. The main switch S is driven by a PWM pulse-
train signal. Repeating frequency f and turn-on duty cycle K of the PWM
signal can be adjusted.

When the PWM signal is in the positive state, the main switch S conducts.
The primary voltage of the transformer is V;, and subsequently the second-
ary voltage of the transformer is v; = NV;. In the mean time the MOSFET S,
is forward biased, so it turns ON and inversely conducts.

When the PWM signal is in the negative state, the main switch S is switched
off. The voltage of the transformer, v;, at this moment in time is approxi-
mately —-Nv,. At the mean time the MOSFET S, is forward biased, so it turns
ON and inversely conducts. It functions as free-wheeling diode and lets the
load current remain continuous through the filter L-C and load R.

A lot of papers in literature with practical hardware circuit achievements
on synchronous rectifier have been presented about the recent IEEE Trans-
actions and IEE Proceedings. The paper “Evaluation of Synchronous-Rectifi-
cation Efficiency Improvement Limits in Forward Converters” supported by
Virginia Power Electronics Center is one of the few outstanding research
publications on synchronous rectifiers (Jovanovic et al., 1995). This chapter
provides a practical design of a 3.3V /20A FSR (forward synchronous recti-
fier) with an efficiency of 85.5%. Similarly, another paper in 1993 also showed
the principle of a RCD clamp forward converter with an efficiency of 87.3%

© 2003 by CRC Press LLC



at low output current (Cobos et al., 1993). Two Japanese researchers from
Kumamoto Institute of Technology designed an FSR with an additional
winding and switching element that is able to hold the gate charge for the
freewheeling MOSFET (Sakai and Harada, 1995). Their experimental results
for a 5 V/10 A SR gives a maximum efficiency of approximately 91% at a
load of 7 A and an efficiency of 89% at 10 A. Another comparable FSR project
was made by James Blanc from Siliconix Incorporated (Blanc, 1991). In his
paper, he has included a lot of practical and useful simulation and experi-
mental waveform data from his 3.3 V/10 A FSR. As the output voltage
decreased, the operating efficiency decreased. Until now, no recent paper
has been published on any practical hardware FSR that is able to provide
1.8 V/20 A output current at high efficiency.

Analysis and design of DC/DC converters has been the subject of many
papers in the past. From the moment averaging techniques were used to
model these converters, interest has been focused on finding the best
approach to analyze and predict the behavior of the averaged small signal
or large signal models. The main difficulty encountered is that the converter
models are multiple-input multiple-output nonlinear systems and thus,
using the well-known transfer function control design approach is not
straightforward. The most common approach has been that of considering
the linearized small signal model of these converters as a multi-loop system,
with an outer voltage loop and an inner current loop. Since the current loop
has a much faster response than that of the outer loop, the analysis is greatly
simplified and the transfer functions obtained allow the designer to predict
the closed loop behavior of the system. Another approach in analysis and
design has been that of state-space techniques where the linearized state-
space equations are used together with design technique such as pole place-
ment or optimal control.

Synchronous rectifier DC/DC converters are called the fifth generation
converters. The developments in microelectronics and computer science
require power supplies with low output voltage and strong current. Tradi-
tional diode bridge rectifiers are not available for this requirement. Soft-
switching technique can be applied in synchronous rectifier DC/DC con-
verters. We have created converters with very low voltage (5 V, 3.3 V, and
1.8 ~ 1.5 V) and strong current (30 A, 60 A, 200 A) and high power transfer
efficiency (86%, 90%, 93%). In this section new circuits different from the
ordinary synchronous rectifier DC/DC converters are introduced:

e Flat transformer synchronous rectifier Luo-converter
¢ Active clamped flat transformer synchronous rectifier Luo-converter

* Double current synchronous rectifier Luo-converter with active
clamp circuit

* Zero-current-switching synchronous rectifier Luo-converter

® Zero-voltage-switching synchronous rectifier Luo-converter
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FIGURE 12.4
Flat transformer synchronous rectifier Luo-converter.

12.2 Flat Transformer Synchronous Rectifier Luo-Converter

The flat transformer is a new design for AC/AC energy conversion. Since
its structure is very compatible and well-shielded, its size is very small and
likely a flan cardboard. Applying frequency can be 100 KHz to 5 MHz, its
power density can be as high as 300 W/inch?®. Therefore, it is a good com-
ponent to use to construct the synchronous rectifier DC/DC converter.

The flat transformer SR DC/DC Luo-converter is shown in Figure 12.4.
The switches S,, S,, and S; are the low-resistance MOSFET devices with
resistance Rg (6 to 8 m€2). Since we use a flat transformer, its leakage induc-
tance L,, L,, = 1 nH, and resistance are small. Other parameters are C; = 50 ~
100 nE, R; =2 m€Q, L = 5 uH, C, = 10 uF. The input voltage is V; = 30 VDC
and output voltage is V,, the output current is I,. The transformer turn ratio
is N that is usually much smaller than unity in SR DC/DC converters, e.g.,
N = 1:12 or 1/12. The repeating period is T = 1/f and conduction duty is k.
There are four working modes:

¢ Transformer Is in magnetizing

* Forward on

¢ Transformer Is in demagnetizing
* Switched off

12.2.1 Transformer Is in Magnetizing Process

The natural resonant frequency is

12.1)

LG
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where the L, is the leakage inductance of the primary winding, the C; is the
drain-source junction capacitance of the main switch MOSFET S.

If C; is very small in nF, its charging process is very quickly completed.
The primary current increases with slope V;/L,, then the time interval of
this period can be estimated

t, =" NI, (12.2)

This is the process used to establish the primary current from 0 to rated
value NI.

12.2.2 Switching-On
Switching-on period is controlled by the PWM signal, therefore,

t, = kT (12.3)

12.2.3 Transformer Is in Demagnetizing Process

The transformer demagnetizing process is estimated in

| v,
= V‘mej[g+ — ] (12.4)
\/\/12+C—’“(NIO)2

]

When the main switch is switching-off there is a voltage stress, which can
be very high. The voltage stress is dependent on the energy stored in the
inductor and the capacitor:

'L
‘/pmk = \CimNIO (125)
V&

The voltage stress peak value can be tens to hundreds of volts since C; is
small.

12.2.4 Switching-Off
The switch-off period is controlled by the PWM signal, therefore,

t,~(1-k)T (12.6)
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FIGURE 12.5
Active clamped flat transformer synchronous rectifier Luo-converter.

12.2.5 Summary

Average output voltage V, and input current I, are
L 2
V, =kNV, =(R, + R, +TMN )Mo (12.7)
and

I, = kNI, (12.8)

The power transfer efficiency:

R, +R, RTING
1 T
v, KNV,

1

— VZIO — 1

5 (12.9)

When we set the frequency f = 150 to 200 kHz, we obtained the V, =18V,
N =1/12,1, =0 to 30 A, Volume = 2.5 (in.?). The average power transfer
efficiency is 92.3% and the maximum PD is 21.6 W/in.2.

12.3 Active Clamped Synchronous Rectifier Luo-Converter

Active clamped flat transformer SR Luo-converter is shown in Figure 12.5.
The clamped circuit effectively suppresses the voltage stress during the main
switch turn-off.

Comparing the circuit in Figure 12.5 with the circuit in Figure 12.4, one
more switch S, is set in the primary side. It is switched-on and -off exclusively
to the main switch S;. When S, is turning-off, S, is switching-on. A large
clamp capacitor C is connected in the primary winding to absorb the energy
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stored in the leakage inductor L,,. Since the clamp capacitor C is much larger
than the drain-source capacitor C; by usually hundreds of times, the stress
voltage peak value remains at only a few volts.

There are four working modes:

e Transformer Is in magnetizing
¢ Forward on

¢ Transformer Is in demagnetizing
¢ Switched off

12.3.1 Transformer Is in Magnetizing

The natural resonant frequency is

1

\;LWC].

o= (12.10)

where the L, is the leakage inductance of the primary winding, the C; is the
drain-source junction capacitance of the main switch MOSFET S.

If C; is very small in nF, its charging process is very quickly completed.
The primary current increases with slope V,/L,, then the time interval of
this period can be estimated

L
b="NI, (12.11)

1

This is the process to establish the primary current from O to rated value NI.

12.3.2 Switching-On
Switching-on period is controlled by the PWM signal, therefore,

t, ~ kT (12.12)

12.3.3 Transformer Is in Demagnetizing

The transformer demagnetizing process is estimated by

: 2/1 ] (12.13)
\/‘Vf + %(NIO)Z

t, = \;“me% +

© 2003 by CRC Press LLC



where C is the active clamp capacitor in uF. The voltage stress depends on
the energy stored in the inductor and the capacitor:

‘:‘Lm
Vi = &Nl (12.14)

The voltage stress peak value is very small since capacitor C is large, mea-
sured in pF.

12.3.4 Switching-Off
Switching-off period is controlled by the PWM signal, therefore,

t,~(1-k)T (12.15)

12.3.5 Summary

Average output voltage is V, and input current is I;:
Lm 2
V, =kNV, —(R, + R + ?N )Mo (12.16)

and
I, =kNI, (12.17)

The power transfer efficiency:

Lm 2
B VI, _1_RL+RS+TN

= = I 12.18
R v, e
When we set the frequency f = 150 to 200 kHz, we obtained the V, =18V,
N =1/12,1, = 0 to 30 A, volume = 2.5 (in.?). The average power transfer
efficiency is 92.3% and the maximum power density (PD) is 21.6 W/in.2.

12.4 Double Current Synchronous Rectifier Luo-Converter

The converter in Figure 12.5 likes a half wave rectifier. The double current
synchronous rectifier Luo-converter with active clamp circuit is shown in
© 2003 by CRC Press LLC



FIGURE 12.6
Double-current synchronous rectifier Luo-converter.

Figure 12.6. The switches S, to S, are the low-resistance MOSFET devices
with very low resistance R (6 to 8 mQ). Since S; and S, plus L, and L, form
a double current circuit and S, plus C is the active clamp circuit, this con-
verter likes a full wave rectifier and obtains strong output current. Other
parameters are C=1uE L, =1nH, R, =2 mQ, L =5 pH, C, = 10 uE. The
input voltage is V; = 30 VDC and output voltage is V,, the output current
is Iy. The transformer turn ratio is N = 1:12. The repeating period is T = 1/
f and conduction duty is k. There are four working modes:

* Transformer Is in magnetizing

¢ Forward on

* Transformer Is in demagnetizing
¢ Switched off

12.4.1 Transformer Is in Magnetizing

The natural resonant frequency is

1

L C

0)23
\fm]'

(12.19)

where the L, is the leakage inductance of the primary winding, the C; is the
drain-source junction capacitance of the main switch MOSFET S.

If C; is very small in nF, its charging process is very quickly completed.
The primary current increases with slope V,/L,, and the time interval of this
period can be estimated

L
b="NI (12.20)

1
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This is the process used to establish the primary current from 0 to rated

value NI.

12.4.2 Switching-On
Switching-on period is controlled by the PWM signal, therefore,

t, = kT

12.4.3 Transformer Is in Demagnetizing

The transformer demagnetizing process is estimated in

Y ]
““ Lm
\/Vf + o (NI,)?

i T
t,=\L,Cl -+

(12.21)

(12.22)

When the main switch is switching-off there is a very low voltage stress

since the active clamp circuit is applied.

12.4.4 Switching-Off
Switching-off period is controlled by the PWM signal, therefore,

t,~(1-K)T

12.4.5 Summary

Average output voltage V, and input current I, are

L
V, = KNV, = (R, + Ry +~2N)I,

and
I, =kNI,
The power transfer efficiency is
m 2
VI, R, +Rs+-"N
=20 _q I,
VI kNV,
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FIGURE 12.7
ZCS synchronous rectifier Luo-converter.

When we set the frequency f = 200 to 250 kHz, we obtained the V, = 1.8 V,
N =12, I, = 0 to 35 A, volume = 2.5 (in.%). The average power transfer
efficiency is 94% and the maximum PD is 25 W/in.3.

12.5 Zero-Current-Switching Synchronous Rectifier
Luo-Converter

The zero-current-switching (ZCS) synchronous rectifier Luo-converter is
shown in Figure 12.7. Since the power loss across the main switch S; is high
in the double current SR Luo-converter, we designed the ZCS, DC SR Luo-
Converter shown in Figure 12.7. This converter is based on the DC SR Luo-
converter plus ZCS technique. It employs a double core flat transformer.
There are four working modes:

e Transformer Is in magnetizing
¢ Resonant period
¢ Transformer Is in demagnetizing
¢ Switched off
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12.5.1 Transformer Is in Magnetizing

The ZCS resonant frequency is

o = (12.27)

The normalized impedance is
Z = |- (12.28)
The shift-angular distance is

1.z
o= sin'l(%) (12.29)

1

where the L, is the resonant inductor and the C, is the resonant capacitor.
The primary current increases with slope V,/L,, then the time interval of
this period can be estimated

I.L
po=l (12.30)
Vi
12.5.2 Resonant Period
The resonant period is,
1
t,=—(m+a) (12.31)
®

r

12.5.3 Transformer Is in Demagnetizing

The transformer demagnetizing process is estimated in

v,a
p, = il Fcosa)C, iosa)cr (12.32)
1

When the main switch is switching-off there is a very low voltage stress
since active clamp circuit is applied.
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12.5.4 Switching-Off
Switching-off period is controlled by the PWM signal, therefore,

Vi(t, +t,) coso.
t,=—11—25 VL (I, + 1T) (t, +t, +15) (12.33)

12.5.5 Summary

Average output voltage V, and input current I, are

L +L
V, =kNV, —(R, + Ry + :} " NI, (12.34)
and
I, =kNI, (12.35)
The power transfer efficiency is
L +L
VI, RL+R5+7Y; m N2
=1- I 12.36
v, KNV, © (1236)

1

Since L, is larger than L,, therefore L,, can be ignored in the above formulae.

When we set the V; = 60 V and frequency f = 200 to 250 kHz, we obtained
the V,=18V,N=1/12,1,=0to 60 A, volume = 4 (in.%). The average power
transfer efficiency is 94.5% and the maximum PD is 27 W/in.2.

12.6 Zero-Voltage-Switching Synchronous Rectifier
Luo-Converter

The zero-voltage-switching synchronous rectifier Luo-converter is shown in

Figure 12.8, which is derived from the DC SR Luo-converter plus ZVS tech-

nique. It employs a double core flat transformer. There are four working
modes:

¢ Transformer Is in magnetizing
* Resonant period
¢ Transformer Is in demagnetizing
* Switched off
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FIGURE 12.8
ZVS synchronous rectifier Luo-converter.

12.6.1 Transformer Is in Magnetizing

The ZVS resonant frequency is

o= 1 (12.37)
JLC,
The normalized impedance is
Z = /ﬁ (12.38)
VG
The shift-angular distance is
V
o =sin"'(-* 12.39
sin”(Z) (12.39)

r-1

where the L, is the resonant inductor and the C, is the resonant capacitor.
The switch voltage increases with slope I,/C,, then the time interval of
this period can be estimated
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$ =Lt (12.40)

12.6.2 Resonant Period

The resonant period is,

L= (nra) (12.41)
()

r

12.6.3 Transformer Is in Demagnetizing

The transformer demagnetizing process is estimated in

L(1 L
t,= w (12.42)

1

While the main switch is switching-off there is a very low voltage stress
since active clamp circuit is applied.

12.6.4 Switching-Off
Switching-off period is controlled by the PWM signal, therefore,

f v (12.43)
Vz -
12.6.5 Summary
Average output voltage V, and input current I, are
L //L
V, =kNV, = (R, +Rq + %NZ)Io (12.44)
and
I, =kNI, (12.45)

The power transfer efficiency is
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VI RL+RS+7T// n N?
— 20:1_ T I

VI, kNV, ©

(12.46)

Since L, is larger than L, therefore L, can be ignored in the above formulae.

When we set the V; = 60 V and frequency f = 200 to 250 kHz, we obtained
the V, =18 V, N =12, I, =0 to 60 A, volume = 4 (in.?). The average power
transfer efficiency is 94.5% and the maximum PD is 27 W/in3.
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13

Multiple Energy-Storage Element Resonant
Power Converters

13.1 Introduction

Multiple energy-storage element resonant power converters (x-element RPC)
are the sixth generation converters. As the transfer power becomes higher
and higher, traditional methods are unable to deliver large amounts of power
from the source to the final actuators with high efficiency. In order to reduce
the power losses during the conversion process the sixth generation convert-
ers — multiple energy-storage elements resonant power converters (x-ele-
ment RPC), were created. They can be classified into two main groups

e DC/DC resonant converters
e DC/AC resonant inverters

Both groups consist of multiple energy-storage elements: two, three, or
four elements. These energy-storage elements are passive parts: inductors
and capacitors. They can be connected in series or parallel in various meth-
ods. The circuits of the multiple energy-storage elements converters are

* Eight topologies of two-element RPC shown in Figure 13.1.
¢ Thirty-eight topologies of three-element RPC shown in Figure 13.2.

* Ninety-eight topologies of four-element (2L-2C) RPC shown in
Figure 13.3.

If no restriction such as 2L-2C for four-element RPC, the number of the
topologies of four-element RPC can be very large. How to investigate the
large quantity of converters is a task of vital importance. This problem was
outstanding in the last decade of last century. Unfortunately, it was not paid
very much attention. This generation of converters were not well discussed,
only a limited number of papers were published in the literature.
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FIGURE 13.1
The eight topologies of two-element RPC.

13.1.1 Two-Element RPC

There are eight topologies of two-element RPCs shown in Figure 13.1. These
topologies have simple circuit structure and minimal components. Conse-
quently, they can transfer the power from source to end-users with higher
power efficiency and lower power losses. A particular circuitry analysis will
be carried out in the next section.

Usually, the two-element RPC has a very narrow response frequency band,
which is defined as the frequency width between the two half-power points.
The working point must be selected in the vicinity of the natural resonant
frequency
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FIGURE 13.2
The thirty-eight topologies of three-element RPC.

Another drawback is that the transferred waveform is usually not sinuso-
idal, i.e., the output waveform total harmonic distortion (THD) is not zero.

Since total power losses are mainly contributed by the power losses across
the main switches using resonant conversion technique, the two-element
RPC has a high power transferring efficiency.

13.1.2 Three-Element RPC

There are 38 topologies of three-element RPC that are shown in Figure 13.2.
These topologies have one more component in comparison to the two-element
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FIGURE 13.2 (continued)

RPC topologies. Consequently, they can transfer the power from source to
end-users with higher power and high power transfer efficiency. A particular
circuitry analysis will be carried out in the next chapter.

Usually, the three-element RPC has a much wider response frequency
band, which is defined as the frequency width between the two half-power
points. If the circuit is a low-pass filter, the frequency bands can cover the
frequency range from 0 to the natural resonant frequency o, = 1/\LC . The
working point can be selected in the much wider frequency width which is
lower than the natural resonant frequency o, = 1/'LC . Another advantage
over the two-element RPC topologies is that the transferred waveform can
usually be sinusoidal, i.e., the output waveform THD is nearly zero. A well-
known mono-frequency waveform transferring operation has very low EML
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FIGURE 13.3
The ninety-eight topologies of four-element (2L-2C).

13.1.3 Four-Element RPC

There are 98 topologies of four-element RPC (2L-2C) that are shown in
Figure 13.3. Although these topologies have comparable complex circuit
structures, they can still transfer the power from source to end-users with
higher power efficiency and lower power losses. Particular circuitry analysis
will be carried out in the next chapter.

© 2003 by CRC Press LLC



%.

I

(21 (23) (24)

\ I

Wmﬁ

(25) 2 (27) (28)
(29) (30) (31) (32)
%

T ﬁ 1T
(33) 34) (35) ._| (36)
(37) _| (38) (39) (40)

FIGURE 13.3 (continued)

Usually, the four-element RPC has a wide response frequency band, which
is defined as the frequency width between the two half-power points. If the
circuit is a low-pass filter, the frequency bands can cover the frequency range
from 0 to the high half-power point, which is definitely higher than the
natural resonant frequency ®, =1/~LC . The working point can be selected
in a wide area across (lower and higher than) the natural resonant frequency
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FIGURE 13.3 (continued)

W, = 1/7LC . Another advantage is that the transferred waveform is sinuso-

idal, i.e., the output waveform THD is very close to zero. As is well-known,
the mono-frequency-waveform transferring operation has a very low elec-
tromagnetic interference (EMI) and a reasonable electromagnetic suscepti-
bility (EMS) and electromagnetic compatibility (EMC).

13.2 Bipolar Current and Voltage Source

Depending on the application, a resonant network can be low-pass filter,
high-pass filter, or band-pass filter. For a large power transferring process,
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a low-pass filter is usually employed. In this case, inductors are arranged in
series arms and capacitors are arranged in shut arms. If the first component
is an inductor, only voltage source can be applied since inductor current is
continuous. Vice versa, if the first component is a capacitor, only current
source can be applied since capacitor voltage is continuous. Unipolar current
and voltage source are easier to obtain using various pumps, such as buck
pump, boost pump, and buck-boost pump, which are introduced in Chapter 1.

Bipolar current and voltage sources are more difficult to obtain using these
pumps. There are some fundamental bipolar current and voltage sources
listed in the following sections.

(77) (80)

FIGURE 13.3 (continued)

13.2.1 Bipolar Voltage Source

There are various methods to obtain bipolar voltage sources using pumps.
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13.2.1.1 Two Voltage Source Circuit

A bipolar voltage source using two voltage sources is shown in Figure 13.4.
These two voltage sources have the same voltage amplitude and reverse
polarity. There are two switches applied alternately switching-on or -off to
supply positive and negative voltage to the network. In the figure, the load
is a resistance R.

The circuit of this voltage source is likely a two-quadrant operational
chopper. The conduction duty cycle for each switch is 50%. For safety reasons
the particular circuitry design has to consider some small gap between the
turn over (commutation) operations to avoid a short-circuit.

© 2003 by CRC Press LLC



S

1

+V

Sz
Rg Vo
-V ——_——

FIGURE 13.4
A bipolar voltage source using two voltage sources.
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FIGURE 13.5
A bipolar voltage source using single voltage source.

The repeating frequency is theoretically not restricted. For industrial appli-
cations, the operating frequency is usually arranged in the range between
10 kHz to 5 MHz depending on the application conditions.

13.2.1.2 One Voltage Source Circuit

A bipolar voltage source using single voltage source is shown in Figure 13.5.
Since only one voltage source is applied, there are four switches applied
alternately switching-on or switching-off to supply positive and negative
voltage to the network. In the figure, the load is a resistance R.

The circuit of this voltage source is likely to be a four-quadrant operational
chopper. The conduction duty cycle for each switch is 50%. For safety reasons
the particular circuitry design has to consider some small gap between the
turn over (commutation) operations to avoid a short-circuit.

The repeating frequency is theoretically not restricted. For industrial appli-
cations, the operating frequency is usually arranged in the range between
10 kHz to 5 MHz depending on the application conditions.
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FIGURE 13.6
A bipolar current source using two voltage sources.

13.2.2 Bipolar Current Source

There are various methods used to obtain bipolar current sources using the
pumps.

13.2.2.1 Two Voltage Source Circuit

A bipolar current voltage source using two voltage sources is shown in
Figure 13.6. These two voltage sources have the same voltage amplitude and
reverse polarity. To obtain stable current each voltage source in series is
connected by a large inductor. There are two switches applied alternately
switching-on or switching-off to supply positive and negative current to the
network. In Figure 13.6, the load is a resistance R.

The circuit of this current source is a two-quadrant operational chopper.
The conduction duty cycle for each switch is 50%. For safety reasons the
particular circuitry design has to consider some small gap between the turn
over (commutation) operations to avoid a short-circuit.

The repeating frequency is theoretically not restricted. For industrial appli-
cations, the operating frequency is usually arranged in the range between
10 kHz to 5 MHz depending on the application conditions.

13.2.2.2 One Voltage Source Circuit

A bipolar current voltage source using single voltage sources is shown in
Figure 13.7. To obtain stable current the voltage source in series is connected
by a large inductor. There are two switches applied alternately switching-
on or -off to supply positive and negative current to the network. In the
figure, the load is a resistance R.

The circuit of this current source is likely a two-quadrant operational
chopper. The conduction duty cycle for each switch is 50%. For safety reasons
the particular circuitry design has to consider some small gap between the
turn over (commutation) operations to avoid a short-circuit.
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A bipolar current source using single voltage source.
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FIGURE 13.8
A two-element RPC.

The repeating frequency is theoretically not restricted. For industrial appli-
cations, the operating frequency is usually arranged in the range between
10 kHz to 5 MHz depending on the application conditions.

13.3 A Two-Element RPC Analysis

This two-element RPC is the circuit number six in Figure 13.1. The network
is a low-pass capacitor-inductor (CL) filter, and the first component is a
capacitor. By previous analysis, the source should be a bipolar current source.
Therefore, the circuit diagram of this two-element RPC is shown in
Figure 13.8. To simplify the analysis, the load can be considered resistive R.
The energy source V,, is chopped by two main switches S, and S,, it is a
bipolar current source applied to the two-element filter and load. The whole
RPC equivalent circuit diagram is shown in Figure 13.9.
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FIGURE 13.9
The equivalent circuit diagram of the two-element RPC.

13.3.1 Input Impedance

The whole network impendance including the load R is calculated by

R+ joL R+ joL

= = 3 : (13.1)
1+ joC(R+joL) 1-0 "CL+ joRC
The natural resonance angular frequency is
1
0, =—— 13.2
¢ cL (152
Using the relevant frequency 8
® ®
== 13.3
b= " e (13.3)
and the quality factor Q
®,L 1
— — 13.4
Q R o,RC (134)
we rewrite the input impendance
V4 1+j Z
Z__1+BQ 7, (135)
R 1-f°+/8/Q 'R
where
2
|£|: 1+(BQ) q):tan—lBQ_tan—l B/Q

R* V(A-B*)+(B/Q)7 1-p?
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13.3.2 Current Transfer Gain

The current transfer gain is calculated by

G(w)=zi 1 1

i 1+ joCR+jol) 1-©*CL+ joRC

Defining an auxiliary parameter B
B(w) =1+ joC(R + joL)

Hence,

G(m)=$=|G|49

Using the relevant frequency and quality factor,

CH)==—
in 1- 2 L
B+]Q
2, B
BB)=1- —
®) B+JQ
and
|G| 1 ——an"lB/Q

= 2\2 2 6=-t 2
VA=) +B/Q) 1-p

13.3.3 Operation Analysis

(13.6)

(13.7)

(13.8)

(13.9)

(13.10)

Based on the equivalent circuit in Figure 13.9, the state equation is estab-

lished as:

o =

(13.11)

By Laplace transform, the state equation in time domain could be trans-

ferred into s-domain, given by:
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sLI, (s)— LI, (0)=V.(s) -1, (s)R

(13.12)
sCV.(s)=CV.(0)=1/s-1,(s)
yielding:
I(s)= sLCILEO)JrI /s+CV(0) _ s[IL(O)—I]+[VC(0)—H§]/L +£ (13.13)
s°’LC+sRC+1 R, 1 R
s+ ) +——=->
2L LC 4L

The inductor current in time domain is then derived by taking the inverse
Laplace transform, giving:

b —
i, (t)=a,e” cos Bt+1Talae’°" sin Bt + I (13.14)

where
a,=1,0)-1 b, =[V.(0)-IR]/L

ais the damping ratio, a=R/2L. Bis the resonant angular frequency,

p=(VLC)~(R?/4L2).

Similarly, the resonant capacitor voltage in s-domain is attained as:

SLCV_.(0)+ % +[L(I,(0)~ )+ RCV,(0)]

V =
c(®) s?LC+sRC+1 (13.15)
_ SLC[V(0) = IR]+{L[I - I, (0)]+ RCV_(0) - IR?C} N IR
- s’LC+sRC+1 s

The corresponding expression in time domain is written by:

v () = a,e™ cosPt + bz_;za e ™ sinfBt + IR (13.16)
where
a,=V.(0)—IR b, ={L[I~1I,(0)]+RCV,.(0)— IRC} / LC

To make the analytic Equation (13.14) and Equation (13.16) available, the
initial conditions must be known at first. Here the periodic nature is applied
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under steady state operation. Namely, during one switching cycle, the res-
onant voltage and current at the initial instant should be the same absolute
values with negative sign as those at the half cycle, that is

T T
LO=1,0=-,(3)  2:0)=V0)=-2:(3) (13.17)

Substituting Equation (13.17) into Equation (13.14) and Equation (13.16),
respectively, yields:

o, o
s T b _ _oTy T
-1, (0)=ae 2 COS(BZS)ﬂLlﬁalae 2 Sin(%)-{-l

o, o,
L BT b —ao - BT
-V.(0)=a,e 2 Cos([325)+2;2ae 2 sin(%)+IR

(13.18)

Rearranging,

(13.19)

{mHVC(O) +my,I, (0)=n,
My, Vo (0) +mylI, (0)=n,

Where

oT,
2 ﬁTS
mll = Ze 2 SIH(T)

— — BTS)_ BTs
2

2

1+p

Ty BT

n, =le 2 [Bcos(—= 5

BT,

)+0csm(

2)]-BI

_oT BT,

my =e 2 [Bcos( 7

P ep

) + o sin(

oT,
o T
My == ¢ 2 sin(%)

n,=1Ie az RBcos(B £)— 1= aRC si (B})]—BIR
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FIGURE 13.10
General waveforms of the resonant voltage v. and current i;.

Since all the parameters shown in the coefficients of Equation (13.19) are
constant for a given circuit, the initial values of the resonant voltage and
current can be calculated. Thus, the complete expressions of the resonant
voltage and current are obtained by substituting V(0) and I, (0) into Equation
(13.14) and Equation (13.16).

Figure 13.10 shows the general waveforms of resonant voltage v.(t) and
current i;(t). As seen, both of them are oscillatory and track-following. Actu-
ally, further investigation of Equation (13.14) states that inductor current can
be rewritten as:

i, () =a,e” cosPt + bl_ﬁala e " sinPt+I= Ae ™ sin(Bt + @) + I (13.20)

where

@+ g P
\ B bl - 40

It is apparent that the inductor current is composed of two different com-
ponents. One is the oscillatory component, consisting of the sinusoidal func-
tion. The other is the compulsory component, given as the input current I.
The oscillatory component is time-attenuation. With the time increasing, it
will be attenuated to zero and the inductor current is then convergent to the
compulsory component. The attenuating rate is determined by the damping
ratio o. Larger ratios cause faster attenuation. Similar conclusions can also
be made about the capacitor voltage v(t).
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When the value of damping factor e *** is approaching 1, the resonant
voltage and current will contain an undamped oscillatory component.
Hence, the coefficients in Equation (13.19) can be simplified accordingly,
giving:

my = Lsin)

iy =Beos(* ) ~ausin(®2) +p
n, = B[COS(%) —1]I + ousin( Bsz )1
n, = BCOS(%) +a sin(%) B
== Lsin)

D)= R i1 ik

n, = I[RB cos( 5 c

13.3.4 Simulation Results

For the purpose of verifying the mathematical derivations, a prototype bipo-
lar current source resonant inverter is proposed for simulation and experi-
ments. The simulation is carried out by Pspice and the results are presented
in Figure 13.11a, where the upper channel is the input square-wave current
I; and the lower channel is the output current i,, respectively. The corre-
sponding FFT spectrums are shown in Figure 13.11b. From the results, it can
be found that the output current is very sleekly sinusoidal with the ampli-
tude larger than the input fundamental current. The THD value is only 1.2%.
It is obvious that the resonant network has the capability of attenuating the
higher order harmonics in the input square-wave current and transferring
their energy into the output current. Due to the advantages of high current
transfer gain and negligible output harmonics, this inverter could be widely
used in many high-frequency huge-current applications.

13.3.5 Experimental Results

The corresponding resonant waveforms under this condition are shown in
Figure 13.12, where both the capacitor voltage and the inductor current, i.e.,
output current are undamped oscillatory.
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FIGURE 13.11
The simulation waveforms of the input and output currents.
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FIGURE 13.12
Tested waveforms of the resonant voltage and current under undamped condition.
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14

T'I-CLL Current Source Resonant Inverter

14.1 Introduction

This chapter introduces a three-element current source resonant inverter
(CSRI): IT-CLL CSRI consists of three energy-storage elements CLL, the II-
CLL. A bipolar current source is employed in this circuit as described in the
previous chapter and shown in Figure 13.7. Since there is no transformer
and the circuit is not working in push-pull operation, the control circuit is
very simple and power losses are low. This II-CLL CSRI is shown in
Figure 14.1. The energy source is a DC voltage V,,, which is chopped by two
mains switches S; and S,. The three energy-storing elements are C, L, and
L,. Two inductors can be different, i.e., L, = p L, with p as a random value.
The load can be a coil, transformer or HF annealing equipment. A resistance
R,, is assumed. Its equivalent circuit diagram is shown in Figure 14.2.

14.1.1  Pump Circuits

In this application two boost pumps are used working at the conduction
duty k = 0.5. Each pump consists of the common DC voltage source V,,, a

switch S, and a large inductor L. The pump-out energy is usually measured
by output current injection.

14.1.2 Current Source

An ideal current source has infinite impedance and constant output current.
If the inductance of the pump circuits is large enough, the current flowing
through it may keep a nearly constant value. The internal equivalent imped-
ance of the pump is very high. The ripple of the inductor current depends
on the input voltage, inductor’s inductance, switching frequency, and con-
duction duty.
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FIGURE 14.1
The TTI-CLL current source resonant inverter.
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FIGURE 14.2
The equivalent circuit.

14.1.3 Resonant Circuit

Like other resonant inverters, this IT-CLL CSRI consists of a resonant circuit
sandwiched between the current source (input switching circuit) and the
output load. The resonant circuit can be considered as a II-CLL low-pass
filter. By network theory, these three components construct a circuit that is
no longer a real low-pass filter. Therefore, the I1-CLL circuit has two peak
resonant points. It gives more convenience to designers to match in the
industrial applications.

14.1.4 Load

Load is usually resistive load or inductive plus resistive load. To simplify the
problem we use R,, to represent either an actual or an equivalent resistance, to
consume the output power. This assumption is reasonable, because the load
inductance can be considered the parallel part to the inductor L,.

14.1.5 Summary

The switching circuit consists of two pumps (two boost pumps employed):
the R, is as mentioned, either an actual or an equivalent AC load resistance.
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The source current i; is a constant current yielded by input voltage V; via
large inductors L,; and L,,. To operate this circuit, S, is turned on and off in
180° (S, is idle) at the frequency w = 2nf. After the switching circuit, input
current can be considered a bipolar square-wave current alternating in value
between +[; and -I; that is then input to the resonant circuit section. The
equivalent circuit is shown in Figure 14.2.

14.2 Mathematic Analysis

In order to concentrate the function analysis of this I1-CLL, we assume:

1. The inverter’s source is a constant current source determined by the
pump circuits.

2. Two MOSFETs in the switching circuit are turned-on and turned-off
180° out of phase with each other at same switching frequency and
with a duty cycle of 50%.

3. Two switches are ideal components without on-resistance, and neg-
ligible parasitic capacitance and zero switching time.

4. Two diodes are components having a zero forward voltage drop and
forward resistance.

5. Four energy-storage elements are passive, linear, time-invariant, and
do not have parasitic reactive components.

Using these assumptions, the following analyses are based on using
Figure 14.2.

14.2.1  Input Impedance

This CSRI is a third-order system. The mathematic analysis of operation and
stability is more complex than three energy-storage element current source
resonant inverters. The input impedance is given by

~0°L L, + joR, (L, +L,)

Z(®) = § , . (14.1)
R, [1-o(L, +L,)C]+ joL,(1-»°L,C)
The corresponding phase angle is
oR, (L, +L -2
o) = tan -t Rl P L)y o 0L A-0TLO gy

~0’L,L, R, [1- (L, +L,)C]
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Define
B(w) = Rﬂl[l - (x)z(L1 +L,)C]+ joL,(1- 002L1C) (14.3)
So that

~®’L,L, +joR, (L, +L,)

Z(w) = Bo)

(14.4)

14.2.2 Components’ Voltages and Currents

This I[1-CLL CSRI has three resonant components C, L;, and L,, and the output
equivalent resistance R,,. In order to compare with the parameters easily, all
components’ voltages and currents are responded to the input fundamental
current [;. All transfer functions are in frequency domain (®-domain).

Voltage and current on capacitor C:

-o’L,L, + joR, (L, +L
VC((D) — Z((,l)) — 172 ] eq( 1 2) (145)
I (o) B(w)
2 i3

I.(®) _ -0 RWC(L1 +L,)-jo’CL,L, (14.6)

I(w) B(w)

Voltage and current on inductor L;:

2 .
v, (w) _ -o°L,L, +](;3RmL1 (14.)

I, () B(w)

R, +joL

1,(0) _ B 71O (14.8)

L, (o) B(w)

Voltage and current on inductor L,:

joR,, L
Via(@) _JO% " (14.9)

I. () B(w)

R

1,0 _ % (14.10)

I, () B(w)
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The output voltage and current on the resistor R,

VO((D) _ VLZ((D) _ ijeqLZ

= = (14.11)
Iin (('0) Iin (('0) B(O‘))
The current transfer gain is given by
Io(w) _ jol, joL,
g(m) = I = = 3 . 3
(@) B(w) Req[l—w (L, +L,)C]+ joL,(1-»°L,C)
1 o (14.12)
R ROl +Lc] 8]
(1-w’LC)—j—
oL,
Thus,
1
| g(@) = : - - (14.13)
| R, [1-o (L, +L,)C]
(1-0’L,C)* +—2 5
y (0L,)
R, [1-0*(L, +L,)C
6(w) =tan™ al (L +L,)Cl (14.14)

oL,(1-®’L,C)

14.2.3 Simplified Impedance and Current Gain

Usually, we are interested in the input impedance and output current gain
rather than all transfer functions listed in previous section. To simplify the
operation, we can select:

1 0] o,L 1 L
(1)0:7 B=7 Q=70 = and p:—z
JLC o, R, ®CR, L,

Hence
i —Bzﬂ)oleLz + ijOReq(L1 +L,)
R, [1-B?0,*(L, +L,)Cl+ jBoy,L,(1- B0, ’L,C)

_ _Bzmozpl‘lz + ijORequ(l + p)
Req[l - ﬁzmole(l +p)Cl+ jB(’)ole(l - BZ(’)OZLlc)

(14.15)

_ -P(BQR, V' +j(1+p)BQR,’
R, A[1-(1+ p)B*]+ jpBQ(L— )
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Then obtain,

B(B) =R, [1-(1+p)p* + jpBQ1-B*)] (14.16)
and
. BoRL(A+p) . pBoL(1-B0,’LC)
= ey 1T R -pe, L))
_ooal+p L pBQ(I-P?)
= tan 580 tan 1—B2(1+P) (14.17)
=T tan’llJr—P—tan’1 7PBQ(21_BZ)
pBQ 1-B*(1+p)
Therefore,
_ -pB*Q*+jBQ+p) R =1Zl® 1418
1= (L4 p)p7 + jopQri—p7) = 1218 (1418)
where
7| AP HFQ )
J[1-A+p)B° P +[pBQA-PH
|z| _ | V(PB Q%) +[BQ(L+p)] (14.19)
Ry \[1-@+pB P +[pBQ(-PB*)I*
and

_al+p L pBQ(L-B?)
0 =m—tan PBQ tan 1—(1+P)BZ

The characteristics of input impedance |Z]|/R,, vs. relevant frequency B
referring to p = 0.5 and various Q, is shown in Figure 14.3 and Table 14.1.

The characteristics of phase angle ¢ vs. relevant frequency B referring to
p = 0.5 and various Q, is shown in Figure 14.4 and Table 14.2.

The current transfer gain becomes

1
g=1_(1+p)B2 =|g||§

1_2
pQ +1-p

(14.20)
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FIGURE 14.3
The curves of |Z]|/R,, vs. f referring to Q.

TABLE 14.1
|Z| /R, vs. B Referring to p = 0.5 and Various Q
B=05 0.678 0.755 0.83 1.0 1.5 2.0 3.0 5.0
Q=02 02397 0.6513 15266 59126  0.6013 0.1898 0.1202 0.0721 0.0412
0.5 0.5954 1.5809 3.4353  8.6490 1.5207 0.4790 0.3029 0.1814 0.1033
1 11652 2.8924  5.3662 9.6875 3.1623 0.9852 0.6183 0.3673 0.2076
2 21693 4.6483  7.1323 10.9302 72111 21031 1.2804 0.7437 0.4162
5 43323 79346 11.0396 16.4384 29.1548 5.7645 3.3015 1.8719 1.0415
where
1
R rm—re (14.21)
- U+ 2 242
PR P a-pY)
pQ
and

6= —tan- - FPP" f)BZ
p-p7)Q
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FIGURE 14.4

The curves of ¢ vs. B referring to Q.

TABLE 14.2
¢ vs. B Referring to p = 0.5 and Various Q
B=0.5 0.678 0.755 0.83 1.0 1.5 2.0 3.0 5.0

Q=02 1.5442 14985 14008 22849 1.6374 15917 1.5839 1.5785 1.5749
0.5 15050 1.3965 1.1856 2.8022 1.7359 1.6209 1.6011 1.5869 1.5776
1 14445 12601 09755 3.1587 1.8925 1.6585 1.6184 1.5912 1.5769
2 1.3521 1.1276 0.8863 3.5185 2.1588 1.6879 1.6220 1.5873 1.5746
5 1.2827 1.1732 1.0760 4.0348 2.6012 1.6593 1.6011 1.5788 1.5724

The characteristics of current transfer gain |g| vs. relevant frequency 3
referring to p = 0.5, 1 and 2, and various Q, is shown in Figure 14.5 to

Figure 14.7 and Table 14.3 to Table 14.5.

The characteristics of the phase angle 6 vs. relevant frequency B referring
to p = 0.5 and various Q, is shown in Figure 14.8 and Table 14.6.
For various B and Q we have different current transfer gain. For example,
when B2 = 1 with any p, we have ¢ = —/Q = Q £ 90°. It means that the output
current can be larger than the fundamental harmonic of the input current!
The larger the value of Q is, the higher the gain g.
Actually, set B? = ¢, we can find the maximum |g| from
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FIGURE 14.5
The curves of |g| vs. B referring to Q.

FIGURE 14.6
The curves of |g| vs. B referring to Q.
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FIGURE 14.7

The curves of |g| vs. B referring to Q.

TABLE 14.3
|g| vs. B Referring to p = 0.5 and Various Q

B=05 0.678 0.755 0.83 1.0 1.5 2.0 3.0 5.0
Q=02 0.0799 02169 0.5082 1.9679 0.2000 0.0630 0.0397 0.0236 0.0130
0.5 0.1978 0.5236 1.1361 2.8558 0.5000 0.1549 0.0958 0.0541 0.0265
1 0.3831 0.9404 1.7346 3.1122 1.0000 0.2937 0.1715 0.0866 0.0356
2 0.6860 1.4119 2.1236 3.1879 2.0000 0.4957 0.2561 0.1109 0.0399
5 1.1094 1.7528 2.2895 3.2101 5.0000 0.7136 0.3162 0.1224 0.0414
TABLE 14.4
|g| vs. B Referring to p = 1 and Various Q

B=05 0.678 0.755 0.83 1.0 1.5 2.0 3.0 5.0
Q=02 0.1978 1.2446 09782 0.4353 0.2000 0.0852 0.0563 0.0340 0.0183
0.5 0.4682 1,6939 1.7609 1.0394 0.5000 0.2070 0.1313 0.0721 0.0323
1 0.8000 1.8075 2.1355 1.8138 1.0000 0.3778 0.2169 0.1020 0.0386
2 1.1094 1.8397 2.2734 25943 2.0000 0.5848 0.2879 0.1178 0.0408
5 1.2883 1.8490 23171 3.0850 5.0000 0.7495 0.3246 0.1238 0.0415

or
© 2003 by CRC Press LLC



TABLE 14.5

|g| vs. B Referring to p = 2 and Various Q

B=05 0.678 0.755 0.83 1.0 1.5 2.0 3.0 5.0

Q=02 0.6860 0.6673 0.4184 0.3098 0.2000 0.1035 0.0711 0.0433 0.0227
0.5 11094 1.2862 09670 0,7563 0.5000 0.2480 0.1596 0.0848 0.0355
1 1.2649 1.6438 1.5694 1.4007 1.0000 0.4370 0.2457 0.1099 0.0398
2 13152  1.7918 2.0406 2.2360 2.0000 0.6349 0.3030 0.1207 0.0412
5 1.3304 1.8409 22720 29709 5.0000 0.7648 0.3279 0.1243 0.0416
FIGURE 14.8
The curves of 6 vs. B referring to Q.
TABLE 14.6
0 vs. B Referring to p = 0.5 and Various Q

B=05 0.678 0.755 0.83 1.0 1.5 2.0 3.0 5.0
Q=02 -1.5109 -1.4533 -1.3505 0.9120 1.5708 -1.4920 -1.4514 -1.3811 -1.2532
0.5 -1.4219  -1.2840 -1.0604 04769 1.5708 -1.3759 -1.2793 -1.1233 -0.8828
1 -1.2793 -1.0378 -0.7290 0.2528 1.5708 -1.1948 -1.0304 -0.8058 -0.5465
2 -1.0304 -0.7030 -0.4200 0.1284 1.5708 -0.9025 -0.6947 -0.4802 -0.2953
5 -0.5880 -0.3268 -0.1768 0.0516 1.5708 -0.4690 -0.3218 -0.2054 -0.1211
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1-(i+p)t

1+p)+(1-H=0 (14.22)
pQ
We obtain
_ l+p+pQ 1
C14+2p+pP+pQ 1+ p+p

1+p+pQ

If taking Q =1, t = B2=0.6, or B = 0.7746, |g| = 2.236.
If this inverter is working at the conditions: B =1 and Q >> 1,

7= ]Q:lRmi - jOR,, (14.23)
1+ ]7
Q
q)———’fan’]ii L p=-I
Q 2 2
correspondingly
g=— = jQ (14.24)
—jp/pQ
0=-m/2

The II-CLL circuit is not only the resonant circuit, but the band-pass filter
as well. All higher order harmonic components in the input current are
effectively filtered by the IT-CLL circuit. The output current is nearly a pure
sinusoidal waveform with the fundamental frequency w = 2xf.

14.2.4 Power Transfer Efficiency

The power transfer efficiency is a very important parameter and is calculated
here. From Figure 14.5 we know the input current is i(ot), i.e.,

. +I, 2nn <ot < 2n+1)n )
i,(ot) = withn=0,1,2,3, ...« (14.25)

-I. (2n+hr<ot<2n+n
where I, =V,/Z+joL,, that varies with different frequency.
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This is a square waveform pulse-train. Using fast fourier transform (FFT),
we have the spectrum form as

v 2O sin2n + Dot
i) =" 2 e (14.26)

The fundamental frequency component is

21,
g (@F) = —* sin of (14.27)
T
Output current is
21,
i,(ot) = g—sin ot (14.28)
T

Because of the assumptions no power losses were considered. The power
transfer efficiency from DC source to AC output is calculated in following
equations. The total input power is

P, =17 #real(Z) (14.29)

m

The AC output power is gathered in the fundamental component that is

21.
pfund =(lgl n\;lE)ZRﬁ’VI (14.30)
The power transfer efficiency is
2(1. 2
» AL 1) Ry )P
n= =—T = cosd (14.31)

P

in

[7*real(Z)

14.3 Simulation Results

To verify the design and calculation results, PSpice simulation package was
applied for these circuits. Choosing V; =30V, all pump inductors L; = 10mH,
the resonant capacitor C = 0.2 uF, and inductors L, = L, = 70 uH, load R =
10 ©, k = 0.5 and f = 35 kHz. The input and output current waveforms are
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(a) Input and output circuit waveforms of pi-CLL CSRI
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(b) Corresponding FFT
FIGURE 14.9

Input and output current waveforms of TI-CLL circuit at f = 35KHz.

shown in Figure 14.9a. Their corresponding FFT spectrums are shown in
Figure 14.9b. It is obviously illustrated that the output waveform is nearly
a sinusoidal function, and its corresponding THD is nearly unity.

14.4 Discussion

14.4.1 Function of the II-CLL Circuit

As a II-CLC filter, it is a typical low-pass filter. All harmonics with frequency
® > m, will be blocked. TI-CLL filter circuit has thoroughly different character-
istics from that of low-pass filters. It allows the signal with higher frequency ®
> m, (it means B > 1 in Section 14.2) passing it and enlarging the energy.
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14.4.2 Applying Frequency to this IT-CLL CSRI.

From our analysis and verifications we found the fact that the effective
applying frequency to this II-CLL current source resonant inverter is (0.8 to
2.0) fy. Outside this region both current transfer gain and efficiency are falling
fast.

14.4.3 Explanation of g > 1

We recognized the fact that current transfer gain is greater than unity from
mathematical analysis, and simulation and experimental results. The reason
to enlarge the fundamental current is that the resonant circuit transfers the
energy of other higher order harmonics to the fundamental component.
Therefore the gain of the fundamental current can be greater than unity.

14.4.4 DC Current Component Remaining

Since the II-CLL resonant circuit could not block the DC component, the
output current still remains the same DC current component. This is not
useful for most ordinary inverter applications.

14.4.5 Efficiency

From mathematical calculation and analysis, and simulation and experimen-
tal results, we can obtain very high efficiency. Its maximum value can be
nearly unity! It means this II-CLL resonant circuit can transfer the energy
from not only higher order harmonics, but also a DC component into the
fundamental component.
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15

Cascade Double I'-CL Current Source
Resonant Inverter

15.1 Introduction

This chapter introduces a four-element current source resonant inverter
(CSRI): a cascade double I'-type C-L circuit CSRI. Its circuit diagram is shown
in Figure 15.1. It consists of four energy-storage elements, the double I'-CL:
C,-L, and C,-L,. The energy source is a DC voltage V;, chopped by two main
switches S; and S, to construct a bipolar current source, i, = xI.. The pump
inductors L, and L, are equal to each other, and are large enough to keep
the source current nearly constant during operation. The real load absorbs
the delivered energy, its equivalent load should be proposed resistive, R,,.
The equivalent circuit diagram is shown in Figure 15.2.

15.2 Mathematic Analysis

In order to concentrate the function analysis of this double cascade I'-CL
CSRI, assume:

1. The inverter’s source is a constant current source determined by the
pump circuits.

2. Two MOSFETs in the switching circuit are turned-on and turned-off
180° out of phase with each other at same switching frequency and
with a duty cycle of 50%.

3. Two switches are ideal components without on-resistance, and neg-
ligible parasitic capacitance and zero switching time.

4. Two diodes are components having a zero forward voltage drop and
forward resistance.

5. Four energy-storage elements are passive, linear, time-invariant, and
do not have parasitic reactive components.
631
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FIGURE 15.1
Cascade double I'-CL CSRI.
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FIGURE 15.2
Equivalent circuit.

Based on these assumptions and the equivalent circuit the following analysis
is derived.

15.2.1 Input Impedance

This CSRI is a fourth-order system. The mathematic analysis of operation
and stability is more complex than three energy-storage element current
source resonant inverters. The input impedance is given by

R, (1-0°L,C,)+ jo(L, + L, - ©°L,L,C,)

Z(0) = . ; (15.1)
1-o*(L,C, +L,C, +L,C,)+0"L,L,C,C,
+joR, (C, +C, - ®’L,C,C,)
or
R (1-0*L,C,)+ jo(L, +L, —®*L,L,C
Z(w) = al iC2) ]B (;)1 : iLC) (15.2)
where
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B(0) =1- 0*(L,C, +L,C, +L,C,) +®*L.L,C,C,
(15.3)
+joR, (C, +C, - 0’L,C,C,)

15.2.2 Components, Voltages, and Currents

This CSRI has four resonant components C,, C,, L; and L,, plus the output
equivalent resistance R,,. In order to compare with the parameters easily, all
components voltages and currents are responded to the input fundamental

current I..

Voltage and current on capacitor C, is

V., (o) _ R, (1~ o’L,C,)+ jo(L, + L, - ©’L,L,C,)

(15.4)
[;(0) B(w)
I, (@) R,(1- o’L,C,)+jo(L, + L, —®’L,L,C,) (155)
[}() B(w)/ joC, '
Voltage and current on inductor L, is
2 . 2
vV, (w) _ —Reqw LC, +joL (1-w"L,C,) (15.6)
[}(o) B(w)
2 .
I,,(w) _ (I-o°L,C,)+jR,oC, (15.7)
[;(0) B(w)
Voltage and current on capacitor C, is
R, +joL
Ver (0) _ S TIO% (15.8)
I(w) B(w)
2 .
I.,(®) _ -0°L,C, + ]qumcz (15.9)
I,(o) B(w)
Voltage and current on inductor L, is
V(@) _ joL, (15.10)

I(0)  B(w)
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I, (®) 1

[i(w)  B(w)
The output voltage and current on the resistor R,:

V(@) _ R,

I(®) B(w)

The current transfer gain is given by

I,(w) _ 1

I(®) B(w)

g(w)=

15.2.3 Simplified Impedance and Current Gain

(15.11)

(15.12)

(15.13)

Usually, the input impedance and output current gain are paid more atten-
tion rather than other transfer functions listed in the previous section. To

simplify the operation, select:

1
L=L=L C,=C=C o,=—r
1 2 1 2 0 \/LC
o,L 1 [0}
Q== p="
qu mOCRm 0
Obtain
2 4 -Z_Bz
BB)=1-3p"+B " +j— B
Q
Therefore,
1-p%)+jQ(-B*
7= ( [j) 4]Q(2_[-)E32) RLq=|Z|‘9
1-38"+B"+j B
)
where

Ja-p?y +Q*@-p?
(-3 +pty +p Ay
\ Q

|1Z|=
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Normalized switching frequency

FIGURE 15.3
The curves of |Z|/R,, vs. B referring to Q.

TABLE 15.1
|Z| /R, vs. B Referring to Various Q

B =059 1 1.2 1.414 1.59
Q 1.1994 0.7071  0.5672  1.0000 2.0237

=1
2 4.1662 1.7889  1.0955  1.0000 49137
5 23464 49029 27031 1.0000 17.463

2_32 _ -1 (Z_BZ)B
g7 9T 1o ap B0

and o =tan'

The characteristics of input impedance |Z|/R,, vs. relevant frequency [
referring to various Q, is shown in Figure 15.3 and Table 15.1. The charac-
teristics of phase angle ¢ vs. relevant frequency [ referring to various Q, is
shown in Figure 15.4 and Table 15.2. The current transfer gain becomes

9= Lo clsle (15.20)
1-3p*+B*+j=——PB
Q
where
lg]=— ! . (15.21)
\<1—352+B4>2+B2<2;f Y
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FIGURE 15.4
The curves of ¢ vs. B referring to Q.

TABLE 15.2
¢ vs. B Referring to Various Q
B =059 1 1.2 1.414 1.59
Q=1 —29.3 —45.0 -285 0.0 —48.3
2 -9.5 —-63.4 -56.8 0.0 -17.6
5 13.9 -787 764 0.0 29.0

and

0= —tan' 2 PP __ _2[32)[34
(1-3p"+B")Q

The characteristics of current transfer gain |g| vs. relevant frequency 3
referring to various Q, is shown in Figure 15.5 and Table 15.3.

The characteristics of the phase angle 0 vs. relevant frequency B referring
to various Q, is shown in Figure 15.6 and Table 15.4.

For various B and Q, different current transfer gain is obtained. Actually,
the maximum |g| can be found from

d
dT32|8|=0
or

8

4B° + (é —18)B* + (22— §)B2 + (i

-6)=0 15.22
Q2 ) ( )
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FIGURE 15.5
The curves of |g| vs. P referring to Q.

TABLE 15.3
|g| vs. P Referring to Various Q

B =0.59 1 1.2 1.414 1.59
Q= 1.0229 0.7071  0.7062  0.9994  1.1607

1
2 2.0270 0.8944  0.7747 09994  2.1641
5 4.7725 09806  0.7977  0.9994  3.9087

200
150
100

50

-50
-100

Phase angle of g (deg.)

-150

200 L L L
0 0.50.618 11.414 1.51.618 2

Normalized switching frequency

FIGURE 15.6
The curves of 6 vs. B referring to Q.

when

Q=2 4B°—17.258* +20p>-5=0 (15.23)
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TABLE 15.4
6 vs. B Referring to Various Q
B =0.59 1 1.2 1.414 1.59

Q=05 -87.7 -116.6  -132.8 -180.0 96.6
1 -85.5 -135.0 -151.7 -180.0 1029
-81.0 -153.4 -1649 -180.0 114.7

yields
B, =059 B,=120 B;=159

Take f3; = 1.59 (the local maximum transfer gain is achieved at 3, = 0.59),
and the corresponding |g(B)| is equal to 2.165.
In practice, Equation (15.23) is dependent on the qualify factor Q. For

various load conditions, the maximum transfer gain will be achieved at
different operating frequencies. When Q >>1, we then have

2B° —9B* +11B* -3=0 (15.24)
or
(2B* -3)(1-3p* +B*) =0
yields three positive real roots as
B,=0618 PBs=1.618 PB,=1225

It should be noted that two peaks exist in the transfer gain curves with
corresponding frequencies at 8, = 0.618 and B; = 1.618, respectively. The
current transfer gain drops from the peak to the vale at §, = 1.225.

Taking further investigation, it is found that at the frequencies correspond-
ing to peak gain, the following equation can be obtained,

1-3B*+B*=0 (15.25)
Thus, the current transfer gain at B, and B is

L =Q (15.26)

8(B) = —

\(1_3B2+B4)2+(2;2l32) B2

ByBs
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The relevant phase angle 0 is
0,=-90° 6;=90°

The results indicate that the current transfer gain is proportional to the
quality factor Q. The larger the value of Q is, the higher the gain |g(f)|. For
instance, when Q =1, 2 and 5 with B, = 0.618 or 35 = 1.618, | g(B)| will have
the same value. Note that although B, and B; are derived from the assumption
of Q >>1, the Equation (15.26) is still valid for all the values of quality factors.

Furthermore, when Q <<1, Equation (15.22) can be rearranged as

3B*-8p*+4=0 (15.27)
giving other two positive real roots as
B, =0.816 PBg=1414

As seen from Figure 15.5, the minimum transfer gain is achieved at [3,
while the maximum gain is obtained at 4. These characteristic points will
be useful in the estimation of the transfer gain curves. Notice that for low
Q values, the frequency characteristics of Cascade Double I'CL CSRI
approach those of conventional series-loaded resonant inverters, especially
when B is near to 1.414.

When B=f.=1414 (B> =2), all the curves will intersect at one point
where the corresponding current transfer gain is

8B.) =~ ! =1 (15.28)

(-3 R +[2 _QB;] B

This point is always called load-independent point since the current trans-
fer gain keeps constant with any value of quality factor Q.
If the inverter is working at the conditions:

B=1and Q>>1
we then have
jQ
:71{ —_
-1+j/Q 1 “
(15.29)
(p=——tar1’l—zE—Tt:—E
- 2 2

and correspondingly
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1
== =
B -1+j/Q (15.30)

0=-1

The double I'-CL circuit is not only the resonant circuit, but the band-pass
filter as well. All higher order harmonic components in the input current are
effectively filtered by the double I'-CL circuit. The output current is nearly
a pure sinusoidal waveform with the fundamental frequency o = 2f.

15.2.4 Power Transfer Efficiency

The power transfer efficiency is a very important parameter and it is calcu-
lated here. From Figure 15.2, the input current is a bipolar value i(wt):

’ withn=0,1,2,3,...0  (1531)

. I 2nn <ot < (2n+1n
i(of)= I, @u+Dr<ot<2n+n

where [, =V, / (Z + ijm) (Lyp = Ly) that varies with operating frequency.

This is a square waveform pulse-train. Applying fast Fourier transform
(FFT), the spectrum form is

o AL XO sin@2n + Dot
o)== 2 T (15.32)

n=\

The fundamental frequency component is

41,
g (@F) = —* sin ot (15.33)
T
Output current is
41,
ij(wt)=g—"sinwt (15.34)
T

The power transfer efficiency from input current source to AC output load
is analyzed and calculated. Since the input current is a square waveform the
total input power is

P =1|Z| (15.35)

m

© 2003 by CRC Press LLC



The output current is nearly a pure sinusoidal waveform, its root-mean-
square value is its peak value times 1/42. Therefore the output power is

I
2 _ i\2
R(’q - 8( | 8 | ;) Req (1536)

We can get the power transfer efficiency as

L8l
8~ R 2
P 2 e 8 RE
nefo_ " ar o BISTR, (1537)
P 1717 77|

Considering Equation (15.15) and Equation (15.21), we obtain:
8 1

e ®
JA-B) + QP2 B)z\/(l 362+B4)2+B(2QB

(15.38)

If B2 = 2 (B = 1.414) with any Q, 1 = 0.8106.
Ifp2=1B=1)and Q=1,n=05732.

Ifp2 =25 (B =1581)and Q = 1,1 = 0.5771.
If B2 = 2.618 (B = 1.618) and Q = 1, 1| = 0.4263.

Therefore, the characteristics of efficiency n vs. relevant frequency [ refer-
ring to various Q is obtained, and shown in Figure 15.7 and Table 15.5.

15.3 Simulation Result

In order to verify analysis and calculation, using PSpice software simulation
method to obtain a set of simulation waveforms as shown in Figure 15.8 to
Figure 15.9 corresponding to Q =2 and B = 1, 1.414, and 1.59. The parameter
values are set below:

[=1A,V,=30V,Ly=Ly=20mH, R, =10,
C,=C,=C=022uF and L, = L, = L = 100 uH.

Therefore, w, = 213 krad/s, f, = 33.93 kHz, and Q = 2. The particular
frequencies for the figures are f = 33.9 kHz, 48.0 kHz and 54.0 kHz. In order
to pick the input current a small resistance R, = 0.001 Q is employed. The
load in the simulation circuit is R rather than R,,.
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Curves of n vs. B referring to Q.
TABLE 15.5
N vs. B Referring to Various Q
B =0.618 0.8 1 1414 1.581 1.618 2 3 4 5

Q=02 02496 03527 0.7948 0.8106 0.1359 0.0995 0.0127 0.0008 0.0001 0.0000
0.5 05098 0.5559 0.7250 0.8106 0.3268 0.2394 0.0238 0.0009 0.0001 0.0000

1 06895 0.5885 0.5732 0.8106 0.5771 0.4263 0.0253 0.0006 0.0001 0.0000

2 07745 04927 0.3625 0.8106 0.7955 0.6304 0.0176 0.0003 0.0000 0.0000

5 0.8045 0.2680 0.1590 0.8106 0.6473 0.7715 0.0079 0.0001 0.0000 0.0000

All figures have two parts a and b. Figure a shows the input and output
current waveforms, and b shows the corresponding FFT spectrum. The first
channel of Figure 15.11a to Figure 15.13a is the input current flowing through
resistance R, which corresponds to the input current i(wt). It is a square
waveform pulse train with the pulse-width wt = n. The second channel of
Figure 15.11a to Figure 15.13a is the output current flowing through resis-
tance R. From Figure 15.11b to Figure 13b, the first channel of each figure is
the corresponding input current FFT spectrum. The second channel of each
figure is the corresponding output current FFT spectrum. From the spec-
trums, it can be clearly seen that there is only mono-frequency existing in
output currents. All output current waveforms are very pure sinusoidal
function.
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(b) The corresponding FFT spectrum of input and
output current waveforms

FIGURE 15.8
Input and output current waveforms at f = 33.9 kHz.

1531 B=1,f=33.9 kHz, T = 29.5 ps

The waveforms and corresponding FFT spectrums are shown in Figure 15.8.

The THD = 0 and current transfer gain is

I(R) 1.145

=0.9002
I(RO) |f 339kHZ 1 272

15.3.2 P =1.4142, f = 48.0 kHz, T = 20.83 us

The waveforms and corresponding FFT spectrums are shown in Figure 15.9.

The THD = 0 and current transfer gain is
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(b) The corresponding FFT spectrum of input and
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FIGURE 15.9
Input and output current waveforms at f = 48 kHz.

I(R) | 1.271
T I(RO), T 1071

———=1.00

15.3.3 B =1.59, f=54 kHz, T = 18.52 ps
The waveforms and corresponding FFT spectrums are shown in Figure 15.10.

The THD = 0 and current transfer gain is

I(R) 2.752

=2.162
I(RO) stie = 1273
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FIGURE 15.10
Input and output current waveforms at f = 54 kHz.

15.4 Experimental Result

In order to verify our analysis and calculation, a test rig with the same
components was constructed:

I=1A,V,=30V,L=Ly=20mH, R, =100,
C,=C,=C=022puF and L, = L, = L = 100 pH.

Therefore, o, = 213 krad/s, f, = 33.93 kHz, and Q = 2. The MOSFET device
is IRF640 (R, = 0.15 ohm, C,;, = 140 pF). Since the junction capacitance of C,
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is much smaller than the resonance capacitance C = 0.22 uF (C/C,, = 1429),
it does not affect the experimental results. The output current waveform is
a perfect sine function. A set of tested output voltage waveforms that cor-
respond to the output current with B = 1, 1.4142, and 1.59 is shown in
Figure 15.11 to Figure 15.13. The particular applied frequencies for the fig-
ures are f = 33.9 kHz, 48.0 kHz, and 54.0 kHz, and peak-to-peak voltage V,,
=281V,403V, 719V, and 65.5 V, which are very close to the values in
Figure 15.8 to Figure 15.10.

15.5 Discussion
15.5.1 Function of the Double T'-CL Circuit

Single I'-CL filter is a well-known circuit. As a I1-CLC filter, it is a typical
low-pass filter. All harmonics with frequency ® > w, will be blocked. Cascade
double I'-CL filter circuit has thoroughly different characteristics from that
of low-pass filters. It allows the signal with higher frequency o > o, (it means
B > 1 in Section 15.2) passing it and enlarging the energy.

15.5.2 Applying Frequency to this Double I'-CL CSRI

From analysis and verifications it can be found the fact that the effective
applying frequency to this double I'-CL current source resonant inverter is
(0.6 to 2.0) f,. Outside this region both current transfer gain and efficiency is
falling fast.

15.5.3 Explanation of g > 1

We recognized the fact that current transfer gain is greater than unity from
mathematical analysis, and simulation and experimental results. The reason
to enlarge the fundamental current is that the resonant circuit transfers the
energy of other higher order harmonics to the fundamental component.
Therefore the gain of the fundamental current can be greater than unity.
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16

Cascade Reverse Double I'-L.C Resonant
Power Converter

A four-element power resonant converter — cascade reverse double I'-LC
resonant power converter (RPC) — will be discussed in this chapter. Since
the first element is an inductor, the power supply should be a bipolar voltage
source. Do remember that the first element of CSRIs in previous chapters is
a capacitor, therefore, a bipolar current source was employed. The major
work is concentrated on the analysis of steady-state operation, dynamic
behavior, and control specialties of the novel resonant converter. The simu-
lation and experimental results show that this resonant converter has many
distinct advantages over the existing two or three element resonant convert-
ers and overcomes their drawbacks.

16.1 Introduction

Generally, a switched-mode power converter is often required to meet all or
most of the following specifications:

e High switching frequency

¢ High power density for reduction of size and weight
¢ High conversion efficiency

e Low total harmonic distortion (THD)

¢ Controlled power factor if the source is an AC voltage
* Low electromagnetic interference (EMI)

A review of the commonly used pulse-width-modulating (PWM) converter
and new generated resonant converter is presented in order to fully under-
stand the two major branches of the high frequency switching converter.
Although PWM technique is widely used in power electronic applications,
it encounters serious problems when the switching converter operates at

© 2003 by CRC Press LLC



VT S [ D
S AP s
L Ly Ly
Y'Y Y\ Y Y Y Y'Y Y
D3 Dy
v —— DSJ: /\D s C177 Cz | c L 3
T 2] SSRGS 3 t== R3v,
Ds D¢

FIGURE 16.1
Circuit diagram of cascade reverse double I'-LC RPC.

high frequencies. Due to the hard-switching transitions caused by PWM
technique, switching losses possess large proportion in total power dissipa-
tions. In other words, when the switch is turned on, the current through it
rises very fast, while the voltage across it cannot descend immediately due
to the parasitic output capacitance. Similarly, when the switch is turned off,
the voltage across it rises rapidly while the current through it cannot drop
at once because of the recombination of carriers.

In general, a resonant power converter is defined as a converter in which
one or more switching waveforms are resonant waveforms. It is reasonable
to say that a resonant power converter usually contains a resonant circuit.
In fact, there are many topologies of the resonant power converter, which
are many more than ZCS and ZVS QRCs in Chapter 11.

16.2 Steady-State Analysis of Cascade Reverse Double
I'-LC RPC

In this chapter, a cascade reverse double I'-LC RPC is introduced. Under
some assumptions and simplifications, the steady-state AC analysis is under-
taken to study the two most interesting topics: voltage transfer gain and the
input impedance.

16.2.1 Topology and Circuit Description

The circuit diagram of a half-bridge cascade reverse double I'-LC resonant
power converter is shown in Figure 16.1. Like other resonant converters, this
topology consists of a bipolar voltage source, resonant network — the cas-
cade reverse double I'-LC, the rectifier-plus-filter, and load (such as a resis-
tive load R). The power MOSFETs S; and S, and their antiparalleled diodes
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D, and D, act together as a bipolar voltage source. To operate this circuit, S;
is turned on and off 180° out of phase with respect to the turn-off and -on
of S, at same frequency o = 2nf. After the switching circuit, the input voltage
can be considered as a bipolar square-wave voltage alternating in value
between +V and -V, which is then input to the resonant circuit section. L,,
L, and C,, C, represent the resonant inductors and capacitors, respectively.
The output DC voltage is obtained by rectifying the voltage across the second
resonant capacitor C,. L¢ and C; comprise a low-pass filter to smooth out the
output voltage and current, and R denotes either an actual or an equivalent
load resistance.
The following assumptions should be made:

1. All the switches and diodes used in the converter are ideal compo-
nents

2. All the inductors and capacitors are passive, linear and time-invariant

3. The output inductor is large enough to assume that the load current
does not vary significantly during switching period

4. The converter operates above resonance

16.2.2 Classical Analysis on AC Side

This analysis is available on the AC side before the rectifier bridge.

16.2.2.1 Basic Operating Principles

For the cascade reverse double I'-LC RPC considered here, the half-bridge
converter applies a square wave of voltage to a resonant network. Since the
resonant network has the effect of filtering the higher-order harmonic volt-
ages, a sine wave of current will appear at the input to the resonant circuit
(this is true over most of the load range of interest). This fact allows classical
AC analysis techniques to be used. The analysis proceeds as follows. The
fundamental component of the square wave input voltage is applied to the
resonant network, and the resulting sine waves of current and voltage in the
resonant circuit are computed using classical AC analysis. For a rectifier with
an inductor output filter, the sine wave voltage at the input to the rectifier
is rectified, and the average value is taken to arrive at the resulting DC output
voltage. For a capacitive output filter, a square wave of voltage appears at
the input to the rectifier while a sine wave of current is injected into the
rectifier. For this case the fundamental component of the square wave voltage
is used in the AC analysis.

16.2.2.2 Equivalent Load Resistance

It is necessary that the rectifier with its filter should be expressed as an
equivalent load resistance before the analysis is carried out, which illustrates
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Equivalent load resistance R,

the derivation of the equivalent resistance to use in loading the resonant
circuit. The resonant converter uses an inductor output filter and drives the
rectifier with an equivalent voltage source, i.e.,, a low-impedance source
provided by the resonant capacitor. A square wave of current is drawn by
the rectifier, and its fundamental component must be used in arriving at an
equivalent AC resistance. For this case, the root-mean-square value of the
voltage and current before the rectifier are given as:

v (rms)=——=V
uc( ) 2\2 0
. 242
i (rms)=—-—1
HC( ) B Lf
_ v, (rms) _ni&_niR
9 i (rms) 8 I, 8

The equivalent resistance R,, is shown in Figure 16.2.

16.2.2.3 Equivalent AC Circuit and Transfer Functions

The equivalent AC circuit diagram of the cascade reverse double I'-LLC RPC
is shown in Figure 16.3. Note that all the parameters and variables are trans-
ferred to the s-domain. Using Laplace operator s = jo_, it is a simple matter
to write down the voltage transfer gain of the cascade reverse double I'-LC
RPC:

V) [s*L,L,R,,C,C, +5 L L,C,
8(s)=—" =R,
Vi) Y 4R, C +LR C,+L

1" "eq 1" Yeq

R, C,)+s(L, +L2)+Rm]

27 "eq

or
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FIGURE 16.3
Equivalent circuit of the cascade reverse double I'_-LC RPC.

g(s)=R,, / B(s) (16.1)
where

B(s)=s'L,L,R, C,C, +5°L,L,C,

eq

16.2)
+ sz(LlRmC1 +LR,C, +L,R, C))+s(L +L,)+ R,

The voltage and current stresses on different reactive resonant components
are obtained with respect to the input fundamental voltage V..
Voltage and current on inductor L;:

V,.(s) SLIS’L,R,C,C, +5°L,C, +5R, (C, +C,)+1]

= (16.3)
Vi(s) B(s)
1,(s) _ S'LoR,C,C, +5°L,C, +5R,,(C, +C,) +1 164
Vi(s) B(s) '
Voltage and current on capacitor C;:
VCl(S) — SZLZRL’qCZ + SLZ + qu (16 5)
v,(s) B() '
ICl(S) _ sCl(sszReqCZ +sL, + Req) 166)
Vi(s) B(s) '
Voltage and current on inductor L,:
V,,(9) B st(st]C2 +1) 16.7)

Vis)  B(s)
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I,(s) sRmC2 +1

(16.8)
Vi(s) B(s)
Voltage and current on capacitor C,:
Vi(s)  sC,-B(s)
Ieas) _ Ry (16.10)
V.(s) B(s)C,
The input impedance is given by
B(s) (16.11)

Z, =
" $’LR,C,C, +5°L,C, +5R, (C, +C,)+1

16.2.2.4 Analysis of Voltage Transfer Gain and the Input Impedance

In general, the voltage gain and the input impedance have more attractions
to the designer rather than other transfer functions listed above. To simplify
the mathematical analysis, the resonant components are chosen as follows:

1
L1:L2:L C1:C2:C (L)O:\“JE
The quality factor Q is defined as
L Z
o=t _ 1 _ % (16.12)
R, ©oCR, R,
where the characteristic impedance Z; is
'L
Zy= .~ 16.13
"TyC (1613
The relative switching frequency is defined as
=2 (16.14)
®

where o is the switching frequency and , is the natural resonance frequency:
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1

mw, =—
° JLC

(16.15)

Under the above-simplified conditions, the voltage gain g(s) given in pre-
vious section can be rewritten as

B(B) = R,,[1-3B% +B* + 2~ B*)BQ]

1
= = Z0 16.17

The determinant and phase of g(B) are given by:

1

‘S(B)‘: / 2 4\2 2\22212
NA=3p7+B)"+(2-B7)PQ

and

0 =—tan

4 (2-p*BQ
3 ep (16.18)

Analogiously, the input impedance Z,,(s) can also be simplified as:

Req[l_?’Bz +B4 +](2 - BZ)BQ] _

Z,B)= Ty To R Z,(B) £ ¢ (16.19)
where
2, ()= R, \(1-38" +B') + (2 -B*)'pQ°
m \/(1_Bz)z+(2_32)252 /QZ
and
o tan CBIBO _ . @-p"B (1620)

1-3p% +p 1-p")Q

The characteristics of the voltage gain | g(B) | and phase angle 8 vs. relative
frequency f referring to various Q is shown in Figure 16.4 and Figure 16.5,
respectively. Note that for lower Q value, the voltage gain |g(B)| is higher
than unity at some certain switching frequencies. It means the output voltage

© 2003 by CRC Press LLC



2.5

- - N
o o o

Voltage gain Vo/Vin

ot
o

0.0
0.0 0.5 1.0 1.5 2.0 25

Normalized switching frequency

FIGURE 16.4
Voltage gain | g(B)| vs. B referring to Q.
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FIGURE 16.5
Phase angle 8 vs. B referring to Q.

can be larger than the fundamental harmonic of the input voltage. The result
could be explained thusly: the resonant network consisting of inductors and
capacitors has the function of filtering the higher order harmonic compo-
nents in the input quasi-square voltage. The energy of higher order harmon-
ics is then transferred to the fundamental component thus enlarging the
output voltage.

This explanation is reasonable when fast Fourier transform (FFT) is applied
to the comparison to waveforms of the input voltage and the second capac-
itor voltage respectively. The resonant circuit in cascade reverse double I'-LC
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RPC allows the signal with higher frequency ( > 1) passing it and enlarging
the energy. In other words, the bandwidth of this novel converter is wider,
as it provides more options for the designer to choose the appropriate oper-
ating frequency in different applications.

The maximum voltage gain |g(B)| can be obtained from

dgzg(ﬁ) =0
or 4B° +(3Q —18)B* +(22-8Q)B* +4Q° —6=0 (16.21)
when Q=1 4B°—15B* +14p>-2=0 (16.22)
yields B,=042 B,=111 B,=153

It means the local maximum or minimum values on the gain curve are
achieved at these roots, respectively. Generally, the voltage gain decreases
with the increase of the Q value. For instance, when Q =1, 2, and 4 with [3?
= 2, the gain |g(B)| = 1, 0.5, and 0.25, respectively. At certain switching
frequencies, the smaller the value of Q is, the higher the gain.

Specifically, when Q << 1, Equation (16.21) can be simplified,

2B° -9B* +11B*-3=0 (16.23)
It yields two positive real roots as
B, =0.618 B,=1.618

These roots indicate the existence of two peaks in the voltage gain curve,
which is the main characteristics of the four-energy-storage-element resonant
converters and rarely stated in most conventional two or three elements
counterparts.

The voltage gain |g(B)| at these two roots is then given by

/ 1 1 (16.24)
Ja-387 By +2-p?BQ

5B =

B1.B2

This result is derived under the condition Q << 1, but applicable for all Q
values.

Furthermore, when Q >> 1, Equation (16.21) can be rearranged,
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FIGURE 16.6
Input impedance |Z,,(B)| vs. B referring to Q.

3B*-8p*+4=0 (16.25)
It gives other two positive real roots as
B;=0.816 B, =1414

The former represents the switching frequency at which the local minimum
gain is achieved, while at the latter the maximum voltage gain can be obtained.

From Equation (16.24), it should be noted that when B = 1.414 (§? = 2), the
voltage gain |g(B)| constantly keeps unity with any value of Q, as shown
in Figure 16.4.

The absolute value of the input impedance | Z,,(B) | and phase angle ¢ vs.
B referring to various Q is shown in Figure 16.6 and Figure 16.7, respectively.
The input impedance has its maximum value when the switching frequency
is equal to natural resonant frequency (i.e., p = 1), and its minimum value
when the B = 1.414. The phase angle ¢ keeps zero when f§ = 1.414, with any
Q value, which means the resonant converter can be regarded as a pure
resistive load.

16.2.3 Simulation and Experimental Results

Some simulation and experimental results shown in this section are helpful
to understand the design and analysis. The chosen technical data are good
examples to implement a particular RPC for reader’s reference.
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Phase angle ¢ vs. B referring to Q.
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FIGURE 16.8
Simulation results at frequency f = 50 KHz.

16.2.3.1 Simulation Studies

In order to verify the mathematical analyses, a four-element cascade reverse
double I'-LC RPC is simulated using PSpice. The parameters used are
V,=£15V, L, = L, =100 uH, C, = C, = 0.22 pF, and R = 22 Q. The natural
resonant frequency is f = 1/ (275\/LC ) =34 kHz. The applying frequency is f
= 50 KHz, corresponding to the = 1.42. The simulation results are shown
in Figure 16.8. The input signal V; is a square waveform and the voltage
across C, is a very smooth sinusoidal waveform.
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FIGURE 16.9
Experimental waveforms (f = 50.38 KHz).

16.2.3.2  Experimental Results

To verify the simulation results of the proposed cascade double I'-LC RPC,
a test rig was constructed with the same conditions: V,=+15V, L, = L, =
100 pH, C, = C, = 0.22 pF and R = 22 Q. The natural resonant frequency is
fo = 34 kHz. For high frequency operation, the main power switch selected
is IRF640 with its inner parasitic diode used as the antiparalleled diode. A
high-speed integrated chip IR2104 is utilized to drive the half-bridge circuit.
The switching frequency is chosen to be 50.38 KHz, corresponding to the f3
= 1.42. The experimental results are shown in Figure 16.9. The input signal
Vi is a square waveform and the voltage across C, is a very smooth sinusoidal
waveform.

Select the switching frequency to be 42.19 KHz, corresponding to the 8 =
1.24. The experimental results are shown in Figure 16.10. The input signal
Vi is a square waveform and the voltage across C, is also a smooth sinusoidal
waveform.

16.3 Resonance Operation and Modeling

From the circuit diagram in Figure 16.1, the steady-state operation of the
circuit is characterized by four operating modes within one switching period,
when the resonant converter operates under continuous conduction mode
(CCM). The equivalent circuits corresponding to each operating mode are
depicted in Figure 16.11. Note that for a large output filter inductor, the
bridge rectifier and the load can be represented as an alternating current
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Experimental waveforms (f = 42.19 KHz).

(c) Mode 3 (d) Mode 4

FIGURE 16.11
Different operating resonance modes.

sink with constant amplitude I, synchronous with the polarity of the second
resonant capacitor voltage vc,.

16.3.1 Operating Principle, Operating Modes and Equivalent Circuits

The operating modes of cascade reverse double I'-LC RPC are very difficult
to distinguish by analytic calculations, even under CCM conditions. How-
ever, the state of the converter should not exceed four modes when it oper-
ates above resonant frequency. The sequence among different modes is
dependent on the phase angle to the voltage gain V,(s)/ V(s). In other words,
when this angle is between 0° and +180°, the voltage across the second
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Voltage waveforms when v, lags behind V.

capacitor v¢, leads the input quasi-wave voltage V; in Figure 16.12, thus the
sequence from mode 1 to mode 4 should be:

* Model (t, <t <t): V;>0, v >0 (Figure 16.11a)
* Mode2 (t, <t<t,): V;>0, v, <0 (Figure 16.11b)
* Mode 3 (t, <t <ty): V; <0, v, <0 (Figure 16.11c)
* Mode 4 (t; <t<t,): V; <0, v, > 0 (Figure 16.11d)

Similarly, when the angle is between —-180° and 0°, v, will lag behind the
input voltage V; in Figure 16.13, causing the sequence to be changed to:

* Mode 2 (t;, <t < t): V;>0, v, <0 (Figure 16.11b)
* Model (t; <t<t): V>0, v >0 (Figure 16.11a)
* Mode 4 (t, <t <ty): V; <0, v >0 (Figure 16.11d)
* Mode3 (t; <t <t,): V<0, v <0 (Figure 16.11c)
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In practice, when simulation is in progress, it is up to the algorithm that
determines the shifting instant between different operating modes, by means
of judging the switching period and the polarity of the second capacitor
voltage.

16.3.2 State-Space Analysis

On the basis of the fact that the steady-state operation of resonant converter
is periodic and composed of multiple operating modes, each mode stands
for one state dependent on the different input voltage and rectifier current,
thus, the state equation for each mode is given by:

X, =Ax,+B, (16.26)

where x; is the state vector of the converter, A; is the state coefficient matrix,
B; is the input vector of the converter in the i operating mode, respectively.
For i mode, Equation (16.26) can be solved analytically:

t
x.() = M (1) + Je’*l“")Bidr =D (t,)+T, (16.27)

0

t
where @, = ®(t,t,) ="' is the state transition matrix, T, = JeA‘“’”B ,dt and
0
x{(t,) are the initial conditions for the i mode. For the continuous operation,
each state solved in i"* mode will be employed as the initial conditions for
the next (I + 1)" mode.

In fact, the solving process of Equation (16.27) is very tedious and time
consuming by the requirement for evaluating the integral. However, by
combining A; and B; to form an augmented dynamic matrix, the integration
overhead can be eliminated at the expense of obtaining only the cyclic
steady-state description:

d(xt) (A B x,(t)
G )Y 029
or

%&i(t) = A& (t) (16.29)
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By means of the concept of state transition matrix, the solution for the state
vector in different operating modes can be expressed as:

x(t,) = D7, (t,)

For i mode:

A

()= d

i i1t

DR(t) =D, A(t,) (16.30)

~

[OJEE
where O, =( Ol 1’) and X(t,) is the state vector at time f;.

1

Due to periodic nature of the system, the state vector at initial time f,
should be equal to the one at final time ¢; in one cycle, that is,

x(t) =, x(t,)+T,, = x(t,) (16.31)

tot

yields:
xiniz(to) =(I"- q)toty1 Ly (16.32)

Thus, the state variables at any subsequent time are solved from Equation
(16.30).

To obtain the average steady-state output voltage, the average values of
the state-variables over a complete cycle are found from:

M J' x()dt (16.33)

f

Again, the expression includes the integral process, which can be simpli-
fied by augmenting the state vector with

Yuo(t) = %x(t) (16.34)

Then, consider the total dynamics of the converter during the i mode, the
simultaneous equations are given by:

xi=Ax, +B, (16.35)
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. d.

. _ i
Xi_av =

L, 16.36
T (16.36)

1

where d; is the duty cycle for i** mode in one cycle.
Substituting Equation (16.36) into Equation (16.28), the resulting dynamic
equation is

x,(t) A B 0| x(t)
N 0 T L R (16.37)
at ot dp o oflx (t)
1—av T 1—ao
or
zi(t) = Az (b) (16.38)

Again, as discussed in previous section, the state equation can be expressed
as the function of state transition matrices in different modes:

2(t)=@,D,, - ©,z(t,) (16.39)

with the initial conditions:

2t)=| 1 (16.40)

From the state variables, i.e., the voltage across the capacitors and current
through the inductors, their average values can be gained directly.

The state coefficient matrix and the input source vector are determined in
terms of different operating modes of the resonant converter. Considering
the operating conditions described in Figure 16.12, for mode 1, suppose V,;
> 0 and v, > 0, it can be obtained

—

0 0 YL, 0 0 0
0 o YL, -VL, 0 0
L _|ve e o 0 0 0
Tl o1, 0 0 -G, 0
0 0 0 VL 0 ~VL,
0 0 0 0 YC,  —1RC|
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T

and B,=[V/L, 0 0 0 0 0]

where x=(i,,, zLZ,vCl,vcz,sz,va)

For mode 2, V; > 0, v¢, < 0, the structure of the topology is changed due
to the alteration of the polarity of the second capacitor voltage, giving:

[0 0 -1/L, 0 0 0 ]
0 0 1/L, -1/L, 0 0
A= vc, -1G, 0 0 0 0
2710 1/C, 0 0 1/C, 0
0 0 0 —1/Lf 0 —l/Lf
I 0 0 0 0 1/Cf —1/(RCf)_
and B, =B,

For mode 3, V; < 0, v, < 0, because only the input source is changed, the
topology of the system remains invariant, thus the state coefficient matrix
A, is identical with A,, that is,

Ay=A, and B,=[-V/L, 0 0 0 0 o

Similarly, when operating the above resonance, for mode 4, V; < 0, v, >
0, yielding;:

A,=A, and B,=B,

By employing the above coefficient matrices and vectors with the initial
conditions, the values of all state variables in different operating modes can
be obtained following Equation (16.39). Thus, the dynamic operating behav-
ior of the resonant converter can be described by these state variables as well.

16.4 Small-Signal Modeling of Cascade Reverse Double
I'-LC RPC

In the previous section, state-space averaging technique has been applied to
investigate the dynamic behavior and successfully simulated the waveforms
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FIGURE 16.15
Equivalent circuit of cascade reverse double I'-LC RPC.

at different time intervals, however, the numerical results cannot reveal the
relations of various control specialties, e.g., frequency response, closed-loop
control system stability, etc. In order to study these characteristics more
deeply, a number of mathematical methods were presented among them the
small-signal modeling is implemented.

16.4.1 Small-Signal Modeling Analysis

16.4.1.1 Model Diagram

The block diagram of the small-signal model is depicted in Figure 16.14, where
0 and f,, represent small-signal perturbation of the line voltage and the
frequency control signal. The output variable is the perturbed output voltage,
0,. With the model, it is easy to obtain the commonly used small-signal
transfer functions, such as control-to-output transfer function, line-to-output
transfer function, input impedance, and output impedance.

16.4.1.2 Nonlinear State Equation

The equivalent circuit of the resonant converter is shown in Figure 16.15. As
seen, the half-bridge circuit employing two diodes, applies a square-wave
voltage, v,, to the resonant network. Suppose the converter operates above
resonance, the state equations of the resonant converter can be obtained,
where the nonlinear terms are in bold face:
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L, 7;1 TUc1 =0y
dv . .
G d?l T, =1y
di
L, # TVcp = V¢
p (16.41)
0 . .
G, d? + Sgn(vcz)th =l
di,,
deleLf —i)r. +0 = ‘ZJCZ‘
do,.
f o .
op ot =l —i,
The output variable is the output voltage, v,, which gives:
v, = (z'Lf —1)r. + (e (16.42)

In this circuit, the output voltage is regulated either by the input line
voltage, v, or by the applying switching frequency, ®. Thus, the operating
point P can be expressed as the function of these variables 7 = {v, R, ®}.

16.4.1.3 Harmonic Approximation

Under the assumption that both the voltage and current inside the resonant
network are quasi-sinusoidal, the so-called fundamental approximation
method is applied to the derivation of the small-signal models. In other
words, the variables in the resonant network are assumed as:

i, =1i,(t)sinot +1, (t)cos ot

i, =1,(t)sinot +1i, () cos mt (16.43)
U, =0, (t)sinwt + v, (t) cos wt
U, =0, (t)sin ot + v, (t) cos wt

Note that the envelope terms {iy, i1, i, is V15 V1o Uas Vo) are slowly time
varying, thus the dynamic behavior of these terms can be investigated. The
derivatives of i, i;,, U¢ and v, are found to be:
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di,,  di di
"1 = hs — i, ]sinot +[ he + i, ]cos ot
dt dt dt
di di di
o _ [Q — i, ]sin of + [i + i, ] cos ot
dt dt dt )
(16.44)
dou,, do,, . dv,
—& = [ — o, |sinot +[—* + 0o, ]cos wt
i g ] Cat )
deZ dvz, . dvz
= £ — o, |sin ot + £ + v, ] coswt
dt [ dt 25] 1 [ dt 2>]

16.4.1.4 Extended Describing Function

By employing the extended describing function modeling technique stated
in the literature, the nonlinear terms in Equation (16.41) can be approximated
either by the fundamental harmonic terms or by the DC terms, to yield:

v, () = f,(v)sino t
sgn(v, )iy = f,(0y,, 0, 1) SNt + f5(0,, 0, 1) cOS O (16.45)
‘vcz‘ = f,(v,,,0,,

These functions are called extended describing functions (EDFs). They are
dependent on the operating conditions and the harmonic coefficients of the
state variables. The EDF terms can be calculated by making Fourier expan-
sions of the nonlinear terms, to give:

4

fl(U):;U

. 40, .
fZ(’DZs’ch’lLf):;AZ Ly

p
(16.46)

. 40, .

Jg(vzsrvchlLf):;Az by

P

2
f;l(UZS’UZC) = ;Ap
where

_ |2 2
Ap _\/UZS +ch
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is the peak voltage of the second capacitor voltage v,.

16.4.1.5 Harmonic Balance

Substituting Equation (16.43) to Equation (16.46) into Equation (16.41), the

nonlinear large-signal model of cascade reverse double I'-LC RPC is obtained
as follows:

Ll(d;ts —0i )+v, = %v
Ll(d;C +oi)+v, =0

Cl(d;);S —00,) =l — iy,
cgﬁ:+%qgﬁu—@

i
L(—%-wi )=0_-0v
2( dt sZc) 1s 2.

S

di, . (16.47)
L2 (? + ('05125) = Ulc - UZC
dv
C,(—= -0, )+——2i0, =i
s c f 2s
dt )
do
Cz( % +m5025)+7 = ‘Lf Ly
dt )
di, 2
f .
Lf ry + (sz i), = ;AP Ve
dvcf )
(TR TN
The corresponding output equation is
v, = (iLf —i,)r, + Vgt (16.48)

It should be noted that the small-signal modulation frequency is lower
than the switching frequency, thus the nonlinear model can be linearized by
perturbing the system around the operating point ® The perturbed variables
are the inputs, the state variables, and the outputs. Each one has the form of

x(H) = X +%(t)
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where X is the steady state at the operating point, and x(t) is a small
amplitude perturbation.

Similarly, in this circuit, the input variables are found to be

v=V+0 0= +0

S S S

16.4.1.6 Perturbation and Linearization

Under the small amplitude perturbation assumptions, the complete linear-
ized small-signal models can be established by applying the perturbation to
Equation (16.47) and only considering the first partial derivatives, to give:

di A A A
L, d? =2, + ElsfsN —U, F kvv
di s
L, d? ==Zi,, —E, fy =0y,
do,. N
G d; =i, — i+ GO, + ]bfsN
do R
Cl d;C e e T Gsvls ]lcfsN
di, . . . :
2 dib =0y, =0y + Zpyly + EZsfsN
. (16.49)
di, . . 2 A
2 djf =0, =0y = Zpplys — EchsN

A

0 ~ ~ ~
2s _ 7 - b~ ;
C2 dt =lys = &8ssV + 85V ~ stlLf + ]25fsN

do, - N .
2 _ 3 - - :
2 dtL =1y = 8eVse T 8esVos ~ chlLf + IZcf:;N

~

dip .~ . . . .
Lf e =(i, - 1Lf)rc — O + ko, +k.o,
do I
T =i i
fdr Lf "o
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FIGURE 16.16
Equivalent small-signal circuit of cascade reverse double I'-LC RPC.

where the input variables are 9 and fsN , standing for the perturbed line
voltage and normalized switching frequency, respectively.
The output part of the small-signal model is given by:

B, = (i, —i,)r. + 5 (16.50)

All the parameters used in the above models are given in the Appendix.

16.4.1.7  Equivalent Circuit Model

This linearized small-signal model makes it possible to describe the operat-
ing characteristics of the resonant converter using equivalent circuit model,
as shown in Figure 16.16. In this model, the circuit is divided into two parts:
the resonant network and the output part. To simplify the drawing, some
dependent sources are defined as:

~

é]s lelc + E1<fsN élc Zyhy + Elcf@N

éZs = Zngzc + EZSJ?:@N ézc = Zszzs + Ezcﬁw

,;15 = Gsf}lc + ]lsﬁ;N ;lc = Gs’als + ]1jsN

]A.zs = 8. Us — stlLf + ]zjsN jzc =805 — chlLf + ]zjsN
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Closed-loop system of cascade reverse double I'-LC RPC.

By employing the Kirchoff’s current law and voltage law, the equivalent
circuit can be drawn following the state-equation Equation (16.49). Note that
in the output part, the voltage across the second capacitor ‘73@‘ is replaced
by two voltage-controlled sources {k 0, k.0, }. This circuit model can be
implemented in general-purpose simulation software, such as PSpice or
MATLAB, to obtain the frequency response of the system.

16.4.2 Closed-Loop System Design

The closed-loop control system diagram of the half-bridge cascade reverse
double I'-LC RPC is illustrated in Figure 16.17, where the feedback loop is
composed of the sampling network, the compensator, and the voltage-con-
trolled oscillator (VCO). The sampling network, R; and R,, contributes attenu-
ation according to its sampling ratio of R;/(R; + R,). Since the two resistors are
chosen to be equal, the gain attenuation of the network is 20 log (v,/v,) = -6dB.
The sampled voltage, v,, is then sent to the inverting input side of the error
amplifier, where it is compared with a fixed reference voltage v, and generates
an error voltage, v.. This voltage determines the frequency output of a voltage-
controlled oscillator (VCO), whose gain can be obtained either in datasheet or
by experiment. The Bode plot, considering all the voltage gains of the main
circuit, the sampling network and VCO, is shown in Figure 16.18.

It should be noted that the slope of the magnitude response at the unity-
gain crossover frequency is —-40dB/decade. Both the gain margin and the
phase margin of the small-signal model are not able to meet the requirements
of the stability. Thus, the alleged feedback compensation is often used to
shape the frequency response such that it remains stable under all operating
conditions, especially in the presence of noise or disturbance injected at any
point in the loop. In order to yield a —20dB/decade slope at the unity-gain
crossover frequency, the magnitude response of the compensation network
must have a slope of +20dB/decade slope at the unity-gain crossover fre-
quency. Hence, a three poles and double zeros compensation network is
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FIGURE 16.18
Bode diagram of the small-signal equivalent circuit.

Vref ) —

FIGURE 16.19
Compensation network.

employed, whose circuit implementation and Bode diagram are shown in
Figure 16.19 and Figure 16.20 respectively.
The transfer function for this compensation network is

1+ joR,C, 1+ jo(R, + R;)C,

2 . . (16.51)
-0°R,C,C, +jo(C, +C,) R, +joR R,C,

H(jo) =

As seen from Equation (16.51), it has two high-frequency poles, one at f,;
= 1/2R,C; and the other at f,, = (C; + C,)/2R,C,C,. The zeros are at f,; = 1/
2R,C;and f,, = 1/2(R, + R;)C;, respectively. The two gains of the compensa-
tion network are K; = R,/R, and K, = R, (R; + R;)/R,R;, respectively. To
simplify the design process, the two high frequency poles are usually chosen
to be equal to each other (i.e., f,; = f,, = f,) such that
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Bode schematic diagram of the compensation network.

1 _ G +C,

= (16.52)
2nR,C, 2rmR,C,C,
The phase lag due to the double poles, 6, is
6, =2tan" (f—p) (16.53)
P f ’
1
where f; is the unity-gain crossover frequency.
Similarly, the two zeros are also chosen to be equal, such that
L ! (16.54)
2nR,C, 2m(R, +R;)C,
The phase boost at the double zeros, 0,, is
—otan (L
0, =2tan (f ) (16.55)

Hence the total phase lag introduced by the compensation network and
the error amplifier at the unity-gain crossover frequency is

6, =270°— 2tan1(Jf§) +2 tanl(?) (16.56)
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Bode diagram of the open loop system.

where the 270° phase lag is due to the phase inversion introduced by the
inverting amplifier and the pole at the origin of the compensation network.

Consider the real system described in Figure 16.21, the unity-gain cross-
over frequency is chosen to be 900 Hz, where the attenuation is -16 dB.
Hence, the gain of the error amplifier at the unity-gain crossover frequency
is chosen to be +16 dB in order to yield 0 dB at the unity-gain crossover
frequency.

The locations of the double poles and double zeros of the compensation
network are chosen to yield the desired phase margin of 45°. The total phase
shift at the unity-gain crossover frequency is 360° — 45° or 315°. Taking into
account the effect of equivalent series resistor (ESR) in the output capacitor,
the phase lag of the output filter with an output capacitor ESR is

6, =180° —tan-l(f—l) (16.57)

ESR

where fg is the ESR break frequency

1

— (16.58)
2nnC§

fESR =

Then the phase lag contribution from the compensation network and the
error amplifier is

6, =315°-6,, (16.59)
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Hence, from Equation (16.58), the phase lag contribution from the compen-
sation network is

Ztanl(;’)—Ztanl(g’) =270°-9,, (16.60)

z

Solving this equation yields a value of 4.64 to achieve a phase lag of 65.67°.
Hence, the high-frequency pole should be located at 4.64 times the unity-
gain crossover frequency, or 4.2 KHz, while the low-frequency zero should
be located at one-fourth of the unity-gain crossover frequency, or 190 Hz.
There are six components to be selected for the compensation network. As
described previously, the gain at the double zero, K, is 0 dB, or 1. Assuming
an R, value of 1 KQ, R, is 1 KQ too. The gain at the double poles, K,, is
selected to be 20 dB, or 10. Thus, R3 is given by

RR
= (16.61)
K,R, =R,
The capacitance value for C; is
1
= 16.62
? 2nf R, ( )

Hence, the capacitance values of C; and C, can be calculated respectively
from Equation (16.52) and Equation (16.54).

The Bode diagram of the open loop system is given in Figure 16.21. Notice
that the gain at the unity-gain crossover frequency in the overall magnitude
response of the feedback-compensated resonant converter is 0 dB with a
slope of —20 dB/decade. The unity-gain crossover frequency is enhanced
from 540 KHz to 930 KHz, at which point the phase lag is reduced from
-175° to —134°. The values of gain margin and phase margin are 9.7 dB and
46°, respectively. Both of them have fit the specified requirements of the
stability.

In most cases, the stability plays an important role in various performance
indexes of a closed-loop system. For this resonant converter, the stability can
be studied by analyzing the characteristics of the poles and zeros of the
closed-loop system. Since the small-signal model has been found in previous
section, the state-space equations can be established from Equation (16.49),
to give:

9% _ 4% +Bi
it
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and
y=Cx+Di
where

A~ A~ A

A A A A A~ T
xX= (le’llc’vls’ 10’125’12c’UZS’UZE’lLf’va)

>

Based on the relationship between the state-space equation and transfer
function, these equations of the open loop system can be transformed to the
transfer function G,(s), to give:

G,(s) = ZEZ)) =C[sI-A]'B+D (16.63)

By considering both the expression in Equation (16.51) and G(s), the
closed-loop control system transfer function can be obtained. Hence, the
poles of the closed-loop control system are found to be:

p1, = —0.3138 £19.3296i P34 = —0.8750 £12.9716i
Ps = —0.8809 + 5.2819i p7s = —0.3914 + 0.9492i
Po,0 = —0.0071 + 0.03771 P12 = —0.7777 + 0.0000i
P =0
Notice that all the real parts of the poles are nonnegative, thus, the whole

system is found stable. The root loci of the closed-loop system are given in
Figure 16.22.

16.5 Discussion

In all the previous sections, the analyses are undertaken on the basis of the
assumption that two resonant inductors are identical, as well as two resonant
capacitors. The following discussion will be focused on the condition that
the resonant components have different values, that is, variable-parameters.
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Root loci of the closed-loop system.

In addition, the discontinuous operation, always occurring when switching
frequency is lower than the natural resonant frequency, will also be taken
into consideration.

16.5.1 Characteristics of Variable-Parameter Resonant Converter

In fact, most of the derivation results and general conclusions in Section 16.3
and Section 16.4 are still valid for the variable-parameter condition, except
that the curves of the voltage transfer gain are a little bit different. For
instance, if the ratios of two inductors and two capacitors are defined as:

p=L /L, and ¢q=C, /C,
then the expression in Equation (16.1) can be rewritten as :

R
mw)= “ 1664
8) o'pBL’C*R, —o*(pq +p+1)LCR,, ( )

+R,, +jloL(p+1) - 0’ L*Cpq]

Following the same definitions of the natural resonant frequency ®,, Q value,
and relative frequency J, the voltage transfer gain g(B) is given by:

1

16.65
1B p+ D+ g+ i+ D-pppa 0%

gB)=
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and its determinant is

1

\g(B)\= 7 ) 4 1 212022
V=B (pg+p+D)+B pgl” +[(p+1)—pgB°1"B°Q

(16.66)

The local maximum and minimum values of the voltage gain g(B) can be
gained by solving the resulting equation after setting the derivatives of the
determinant to zero.

d

@ \S(B)\ =0 (16.67)

4p°q*B° +[3p°7°Q” — 6pq(pq + p + DIP*
+[4pg+2(pqg +p+1)* — 4pg(p + )Qp? (16.68)
+Q*(p+1)*-2(pg+p+1)=0

When p = g = 1, this equation is simplified to be
4B°+(3Q7 —18)p* +(22-8Q”)B* +4Q° -6 =0

which is the same as Equation (16.21).

Figure 16.23a to d depict the voltage gain |g(B) | with different parameter
ratios referring to various Q values. One can find that all the curves have
the similar shape in Figure 16.4, which begins with unity at low switching
frequency and displays two peaks with lower Q values. However, the dif-
ferent parameter ratio results in a different bandwidth. Thus, the designer
will have more choice to find the most appropriate bandwidth to meet the
requirements of various applications. Besides this, with certain parameter
ratios (for example, p = 2, g = 1), all the curves intersect at one point, which
is independent of the Q values. The corresponding switching frequency can
be calculated by setting the imaginary part of the denominator in the expres-
sion in Equation (16.65) to zero, gives:

p+1=pqp’
or
gr-ptl (16.69)
pq
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FIGURE 16.23
Voltage gain |g(B)| with different parameter ratios referring to various Q.

Substituting Equation (16.69) into Equation (16.65), the voltage gain at this
frequency is obtained as:

()= ; (16.70)

Hence, the voltage transfer gain is only dependent on the inductors ratio
o and it determines the rough shape of the gain curve over a wide frequency
range [0~ ], which is useful for the designer to estimate the needed oper-
ating point.

Figure 16.24 gives the maximum voltage transfer gain vs. different param-
eter ratios of p and g, corresponding to the peak value in Figure 16.23a to d.
Notice that the maximum gain is obtained with small p and large g. This is
true because when L, is much smaller than L, while C, is larger than C,, the
cascade reverse double I'-LC RPC will be degraded to the conventional
parallel resonant converter, which voltage gain is prominent near the natural
resonant frequency. Figure 16.24 shows the three-dimensional relations.
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FIGURE 16.24
Maximum voltage gain vs. different parameter ratios of p and 4.

The dynamic analysis of the variable-parameter resonant converter is sim-
ilar to that in the previous section, except that some relevant matrices need
to be amended. The waveforms of the input and the resonant voltage are
shown in Figure 16.25a, where some distortions can be found in the second
capacitor voltage v,. Figure 16.25b is the probe output of the commonly used
circuit simulation software PSpice. From this one can find a good accordance
between the two figures.

The comparison of the resonant output voltage and total harmonic distor-
tion (THD) of the variable-parameter resonant converter is given in
Table 16.1. Compared to other conditions, the second capacitor voltage
obtains the highest amplitude when L, = L,, C, = C,, while it keeps the lowest
total harmonic distortion value. Thus, it is reasonable to implement the
practical cascade reverse double I'-LC RPC with dual symmetric resonant
network.

16.5.2 Discontinuous Conduction Mode (DCM)

When the switching frequency is lower than half of the natural resonant
frequency, the current through the inductors and the voltage across the
capacitors will become discontinuous. For the cascade reverse double I'-LC
PRC, in DCM operation, the energy in the resonant capacitor is consumed
before the new half of a switching cycle. There are six stages of operation in
one switching cycle, as shown in Figure 16.26. Suppose before the beginning
of a switching cycle, the second inductor current i;, is zero. When stage 1
begins at time t,, since i;, is lower than the constant-current-sink I, all the
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FIGURE 16.25
Simulation waveforms using Matlab (a) and PSpice (b) when L, = 10 L,.

rectifier diodes become forward biased and conduct. The second capacitor
C, is clamped to zero volts by the freewheeling action, which is shown in
Figure 16.27a. Thus, the second inductor L, is charged and the current though
itis increased. Stage 2 commences when the current i, reaches the magnitude
of the current-sink I, at time ¢,. The topology at this moment is the same as
that in CCM operation. Stage 3 starts when the input voltage source V;
changes its polarity at time t,, as depicted in Figure 16.27c. This completes
the first half-cycle of operation. The next half-cycle operation repeats the
same way as the first half-cycle, except that the direction of the inductor
current i;, and the polarity of the capacitor voltage v, are reversed.

The state coefficient matrix and input source vector corresponding to two
additional operating modes are given by:
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TABLE 16.1

Comparison of Output Resonant Voltage and
THD Values under Different Parameter Ratios

Switching frequency f, = 50 KHz
o(L,/L,) B(C/C)  V,Amplitude (V)  THD (%)

1 1 235 241
2 1 11.0 7.90
0.5 1 17.0 6.84
1 2 6.0 5.82
1 0.5 8.0 5.93
2 2 3.5 2.72
0.5 0.5 10.0 7.14
0.5 2 19.0 8.55
2 0.5 6.0 391

Note: With L, = 100pH, C, = 022pF R = 22Q, L, =
24mH, C; = 220 pF

TABLE 16.2
Comparison of Output Voltage and THD among Different Resonant Converters
V,(V) Harmonic Statistics Harmonic proportion (%)

Converter THD(%) 1st 3rd 5th 1st 3rd 5th
SRC 3.355 788 1650 3.042  3.663 100 18.4 222
RPC 4.254 6.09 1218 0419  0.261 100 3.44 2.14
SRPC 4.341 159 59.87 2.485 0.625 100 4.15 1.04
CRD I'-LC 2.407 12.0 23.29 0.517 0.179 100 2.22 0.77
Vi — — 18.83 6.366  3.820 100 33.8 18.5

i

model  mode2 mode3

FIGURE 16.26
Switching waveforms for the discontinuous-mode cascade reverse double I'-LC RPC.
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FIGURE 16.27
Discontinuous-mode equivalent circuits in half cycle.
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571 o 0 o 0 0 0
0 0 o 0 0 ~1/L,

K 0 0 0 YC -IRC]
B,=[V/L, 0 0 0 0 o]
and

T

Ag=A; By=[-V/L, 0 0 0 0 0

The augmented state-space equation in Section 16.4 is still valid besides that
the state transition matrices describing two additional operating modes
should be considered as well. The waveforms of simulation and experimen-
tal results under DCM operation are shown in Figure 16.28. Note that the
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FIGURE 16.28
Simulation (a) and experimental (b) switching waveforms for DCM operation.

second capacitor voltage is discontinuous at some intervals, which verifies
the description of the theoretical analysis.

In practice, the discontinuous conduction mode is often dependent on the
switching frequency and the equivalent load current I, Namely, under a
certain load current, when the switching frequency is increased, the operat-
ing state of the resonant converter will transfer from DCM to CCM. Con-
versely, if the switching frequency is invariant, the increase of the load
current will lead to the occurrence of DCM. Thus, it is very significant to
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FIGURE 16.29
Critical load resistor vs. the switching frequency.

find the relationship between the load current and the switching frequency,
in other words, to find the critical load current ], under a certain frequency.

In many open literatures, the critical load current is always obtained by
solving the differential equations and identifying the respective duration of
various subintervals. For instance, the normalized critical load current of
RPC is given:

J., = sin*(y /2)+sin(y) / 4 —sin(y) / 2 (16.71)

This conclusion is very simple and straightforward to describe the rela-
tionship between f, and I,. However, it is acquired at the cost of very com-
plicated calculations and derivations. For SRPC, there is no similar analytical
expression given in the literature. In fact, with the increase of the quantity
of the resonant components, the order of the differential equations becomes
very large so that it seems impossible to solve them by pen and paper. Once
again, the numerical calculation offers a very useful solution to overcome
such a problem.

The numerical analysis method starts at solving the higher order state
equations using recursion algorithm. Once the steady state is achieved, it is
up to the algorithm that judges whether the critical load current is found
correctly. The drawbacks of this method are in two aspects: one is the discrete
result; the other is time-consuming. However, the obtained results are proved
to be precise and useful so long as the step of the loop is small enough. The
critical load resistor and critical load current vs. the switching frequency are
shown in Figure 16.29 and Figure 16.30 respectively.

© 2003 by CRC Press LLC



1.8
@
€
<
e
S
7]
[%2]
o
e}
@
o
-
20 25 30 35 40 45 50 55 60 65 70
Switching frequency (KHz)
FIGURE 16.30

Critical load current vs. the switching frequency.
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APPENDIX

Parameters Used in Small-Signal Modeling
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TOmA
o2V

¢ mA,
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Z,=QL,
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E.=o,L]I,
E.=w,LI
E, =o,L,I,
E, =o,L,I
.= 0,0V,
J. = 0,CV,
I, = 0,C,V,.
Je =—0,C,V,,
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17

DC Energy Sources for DC/DC Converters

The DC/DC converter is used to convert a DC source voltage to another DC
voltage actuator (user). In a DC/DC converter system the main parts are the
DC voltage source, switches, diodes, inductors/capacitors, and load. This
chapter introduces the various DC energy sources that are usually employed
in DC/DC converters.

17.1 Introduction

In a DC/DC converter system the initial energy source is a DC voltage source
with certain voltage and very low internal impedance, which can be usually
omitted. This means the used DC voltage source is ideal. The DC voltage
source can be a battery, a DC bus (usually equipped in factories and labo-
ratories), a DC generator, and an AC/DC rectifier. As is well-known, the
battery, DC bus, and DC generator can be considered an ideal voltage source.
They will be not discussed in this book. AC/DC rectifiers are widely applied
in industrial applications and research centers since it is easily constructed
and less costly. In this chapter the AC/DC rectifiers will be discussed in
detail. AC/DC rectifiers can be grouped as follows:

* Single-phase half-wave diode rectifier

¢ Single-phase full-wave bridge diode rectifier

¢ Three-phase bridge diode rectifier

¢ Single-phase half-wave thyrister rectifier

¢ Single-phase full-wave bridge thyrister rectifier
* Three-phase bridge thyrister rectifier

¢ Other devices rectifiers
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FIGURE 17.1
Half-wave diode rectifier.

17.2 Single-Phase Half-Wave Diode Rectifier

The single-phase half-wave diode rectifier is shown in Figure 17.1, it is the
simplest rectifier circuit. The load Z in the figure can be any type such as
resistor, inductor, capacitor, back electromotive force (EMF), and/or a com-
bination of these. This rectifier can rectify the AC input voltage into DC
output voltage. The analysis of the circuit is based on the assumption that
a diode as an ideal component is used for the rectification. A diode forward
biased will conduct without forward voltage-drop and resistance. A diode
reverse biased will be blocked, and likely an open circuit. Since the used
diode is not continuously conducted, the output current is always discon-
tinuous in some part of negative half-cycle.

17.2.1 Resistive Load

A single-phase half wave rectifier with a purely resistive load (R) is shown
in Figure 17.2a, and its input/output voltage v,, and v,, and input/output
current #,, and i, waveforms are shown in Figure 17.2b and c. The AC supply
voltage v;, is sinusoidal, the output voltage and current obey Ohm’s law.
Therefore the output voltage and current are sinusoidal half-waveforms

v,,(t) =~ 2V, sinwt (17.1)
2V, sinot 0<ot<
0o () = V2V, sinw Ot<T (17.2)
0 T <ot <27
Vi not 0<wt<
i,(H=i(h=1 g M® SoEsT (17.3)
0 T<Ot <27
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FIGURE 17.2
A single-phase half wave rectifier with a purely resistive load (R).

Where V,, is the root-mean-square (RMS) value of the input voltage. The
input wave is a sinusoidal waveform, the corresponding output is half-wave
of a sinusoidal waveform for both voltage and current without angle shift
between voltage and current. The output DC average voltage and current are

Vo = %Vm =045V, (17.4)
V.
Ig = 0.45% (17.5)

17.2.2 Inductive Load

A single-phase half wave rectifier with an inductive load (a resistor R plus

an inductor L) is shown in Figure 17.3a. The input voltage and current v,

and i;,, waveforms are shown in Figure 17.3b, output voltage v, in ¢ and
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FIGURE 17.3
A single-phase half wave rectifier with an inductive load (R + L).
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output current i, in d. The AC supply voltage is sinusoidal, the output
voltage and current obey Ohm’s law. The impedance of load is

Z=R+joL=R>+(oL) £ ¢
where

|Z| =+ R*+(wL)* and q):tan’lw—L

Input voltage is

v, (1) =2V, sinot (17.1)

Output voltage is

m

N2V sin ot 0<wt<(n+¢)
o(h) = { 0 (T +0) < of <21 (176

Where V,, is the RMS value of the input voltage. The input wave is sinu-
soidal waveforrn, the corresponding output is a partial sinusoidal waveform
more than half-cycle. Since it is negative value in the negative half-cycle, the
output DC average voltage is

V, . = ﬁa —cos o)V, =0.45(1-cos§)V,, (17.7)
e
The input and output current waveform is no longer a sinusoidal waveform.

~t/t

EV”‘ t i 0<wt<
i (O=ip)={ |7 1SIN(O —0)+sing-e <ot<(n+o) (175
0 (T+0) <ot <21

where 71 is the load time constant © = L/R. The input and output current
average value is

1%
T = 0452 (1= cos) (17.9)
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FIGURE 17.4
A single-phase half wave rectifier with a pure inductive load (L).

17.2.3 Pure Inductive Load

A single-phase half wave rectifier with a pure inductive load (an inductor
L only) is shown in Figure 17.4a, and its input/output voltage v;, and v, and
input/output current i;,, and i, waveforms are shown in Figure 17.4b and c.
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal, the output voltage can follow it in time.
The impedance of load is

Z=joL=wL £Lm/2

Input and output voltage is
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v,,(t) =0, (t) =~ 2V, sinwt (17.1a)
Where V,, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output can be a full sinusoidal waveform too.
Since it is negative value in full negative half-cycle, the output DC average
voltage is 0.

The input and output current waveform is a sinusoidal waveform.

/
V2V (1~ cos ot (17.10)
oL

i, (t)=i,(t)=

17.2.4 Back EMF Plus Resistor Load

A single-phase half wave rectifier with a resistor plus an EMF load (a resistor
R plus an EMF) is shown in Figure 17.5a, and its input/output voltage v,
and v, and input/output current i;, and i, waveforms are shown in
Figure 17.5b and c. The EMF value is E which is smaller than the input peak
voltage \2V,. Suppose an auxiliary parameter m is

m=E/N2V, <1

and

. .4 E
o=sin" m=sin" —=
\2 in
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal, the output voltage and current obey Ohm'’s
law. The impedance of load is

Input voltage is v, (1) =~2V, sinot (17.1)

in

V. sin ot oa<ot<(t—a)

2V,
Input voltage is vo(t):{\ " (17.11)

E (m—o) <ot <(2m+ o)

Where V,, is the RMS value of the input voltage. The input wave is a
sinusoidal waveform, the corresponding output is a partial sinusoidal wave-
form less than half-cycle. The output DC average voltage is

v
v = s+ B+ S E (17.12)
I 2 Tn

O-av
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FIGURE 17.5
Single-phase half wave rectifier with an EMF plus resistor (R + EMF).

The input and output current waveform is no longer a sinusoidal waveform.

1, =, .
i (t)zlo(t)z E(\Z‘/m Sln(,l)t—E) (XS(DtS(TE—(X) (1713)
(T-o)<ot<2rn+a)
The input and output current average value is
0.45V,
Iy, = % [2coso —m(m—20)] (17.14)
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17.2.5 Back EMF Plus Inductor Load

A single-phase half wave rectifier with an EMF and inductive load (an EMF
plus an inductor L) is shown in Figure 17.6a, and its input/output voltage
v;,, and v, and input/output current i,, and i, waveforms are shown in
Figure 17.6b and c. The circuit will be analyzed for the relationship of the
output to input. The AC supply voltage is sinusoidal waveform:

v, (1) =2V, sinot (17.1)

2V, sin oof <ot<(n+
Output voltage is vo(t):{\ in STL® o< of < (T+7)

(17.15)
E (T+y)<ot<2n+o)

T

2V

in

sin ot)d(wt)

in

Where J.

T—0+Y
sin ot — E)d(ot) :_[ (E—+2V
o -0l
Where v,, is the RMS value of the input voltage. The input wave is sinu-
soidal waveform, the corresponding output is a partial sinusoidal waveform.
The output DC average voltage is E.
The input and output current waveform is no longer a sinusoidal waveform.

iin(t) = iO (t)
2v,
_ ;J[(cosa—coswt)—m((ot—oc)] a<ot<(T+o+7y) (17.16)
0 (T+a+y)<ot<(2r+a)
The input and output current average value is
0.45V.
0o =y Y COSY = sin(o+y) +sina—o?] (17.17)

17.3 Single-Phase Bridge Diode Rectifier

Single-phase full-wave diode rectifier has two forms:

* Bridge (Graetz)
¢ Center-tap (mid-point)
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FIGURE 17.6
Single-phase half wave rectifier with EMF plus inductor (EMF + L).

These are shown in Figure 17.7a and b. The input and output waveforms
are same in both circuits. Use Graetz type for the description in the following
sections.
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(b) Center-tap (Midpoint)

FIGURE 17.7
Single-phase full-wave diode rectifier.

17.3.1 Resistive Load

Asingle-phase full-wave diode rectifier with a purely resistive load is shown
in Figure 17.8a, and its input/output voltage v,, and v, and input/output
current #;, and i, waveforms are shown in Figure 17.8b and c. The circuit
will be analyzed for the relationship of the output to input. The AC supply
voltage is sinusoidal, the output voltage and current obey Ohm’s law. There-
fore the output voltage and current are sinusoidal half-waveforms.

v, (t)=~2V,, sinot (17.18)
2V, sin ot 0<ot<
o (=] " mSn® W=t (17.19)
V2V, sin(wf—1) mw<of<2n
2V,
22 7in gin oof O<wt<n
i (H=i,(={ - R (17.20)

T’”sin(mt -m) m<ot<2n
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'\/; Vin

T 2n  of
(b) Input voltage and current
A
Vo
io
»
0 T 2n ot

FIGURE 17.8

(c) Output voltage and current

Single-phase full-wave diode rectifier with a purely resistive load.

Where V,, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output is repeating half-wave sinusoidal
waveform for both voltage and current without angle shift between voltage
and current. The output is a DC voltage with ripple in the repeating fre-
quency 2. After FFT analysis of the rectified waveform, harmonics compo-
nents are shown in the frequency spectrum. From the spectrum, there are
only nth (n = 2k) harmonics exsisting. The parameter ripple factor RF is

defined

© 2003 by CRC Press LLC
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where V. is the DC component of the output voltage, which is the average
value, V, is the nth order harmonic component of the output voltage. The
output DC average voltage and current are

/
VO—av = 2;2 ‘/in =09 ‘/in (1722)
V.
oo =092 (17.23)

17.3.2 Back EMF Load

A single-phase full-wave diode rectifier with an EMF plus resistor load (a
resistor R plus an EMF) is shown in Figure 17.9a, and its input/output
voltage v, and v, and input/output current 7;, and i, waveforms are shown
in Figure 17.9b and c. The EMF value is E which is smaller than the input
peak voltage V2V,,. Suppose an auxiliary parameter 1:

m=E/\N2V, <1
and

E
N2V,

in

o=sinm=sin"!

The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal, the output voltage and current obey Ohm'’s
law. The impedance of load is

Input voltage is v, (1) =~2V, sinot (17.1)

2V sin ot <ot<(n-
Output voltage is Uo(t):{\ in ST a<ot<(t-o)

(17.24)
E (T—o)<ot<(n+o)

Where V, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output is a partial sinusoidal waveform less

than half-cycle with repeating frequency of 2w. The output DC average
voltage is

2.2V
= s 22 ESE (17.25)
Y T
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Vo
V2 v, ===~

(c) Output voltage and current

FIGURE 17.9
Single-phase full-wave D-rectifier with EMF plus resistor (R + EMF).

The input and output current waveform is no longer a sinusoidal waveform.

1

i (t)=iy(t)= R(\VZVM sinwt — E) a<of<(T—o) (17.26)

0 (m—o) <ot <(T+o)
The input and output current average value is

0.45V,
I, = Tm [cos o —m(m—20)] (17.27)

O-av
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(a) Circuit diagram

lin

'\/;VI - —_— = Vin

0 I 27 ot
(b) Input voltage and current
A lo
Vo
N —
0 n o ot

(c) Output voltage and current

FIGURE 17.10
Single-phase full wave D-rectifier with an capacitive load (R + C).

17.3.3 Capacitive Load

A single-phase full wave diode rectifier with a capacitive load (a resistor R
plus a capacitor C) is shown in Figure 17.10a, and its input/output voltage
v;,, and v, and input/output current i, and i, waveforms are shown in
Figure 17.10b and c. The circuit will be analyzed for the relationship of the
output to input. The AC supply voltage is sinusoidal. The load time constant
T=RC.
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Input voltage is v, (1) =~2V, sinot (17.1)

From previous section analysis, the peak value of output voltageis V, .. =

\2V,,. The minimum output DC voltage is V,,;,. The capacitor charges from
Vin to V. during t,, discharges from V,, to V,,;, during t, = T/2-t, = 1/2f

since usually ¢, << t,.

ax

The minimum output DC voltage is V,,,,

_b !

Vo =2V,e T =2V, e PRC (17.28)

Considering the peak-to-peak variation of the output DC voltage is

- l2v,
_ —ty/ty ] _ VeV
V,, =2V, (1-e") = N2V, (t, / 1) = e (17.29)
Defining
2V, -V 1
N e Ty iy
=C0s ——=——=cos (e =cos (1-——= 17.30
p v, (e™) ( 2R C) (17.30)
Output voltage is
2V, sin ot (g—B)SmtSn/Z
vo(t)=1 (17.31)
Jay, - ORIy T (3T
" T " 2 2

Where V, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output is a partial sinusoidal waveform less
than half-cycle. The repeating frequency is 2w. The output DC average volt-
age is

1

Y _4ch)

o =2V, (1 (17.32)

The capacitor charging and discharging current waveform is nearly a
rectangular-wave.

Vo T=B (% gy cpr<n/2
v.(h=1 R VB = 5 (17.33)
-—& E<(mf<(—n—B)
R 2 2
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(b) Input voltage waveform

FIGURE 17.11
A three-phase half-bridge diode rectifier with a resistor (R).

17.4 Three-Phase Half-Bridge Diode Rectifier

A three-phase half-bridge diode rectifier is shown in Figure 17.11. The three
phase AC suppliers have the same RMS value V;, with amplitude V2V,, and

frequency , the phase angle shift is 120°.

17.4.1 Resistive Load

A three-phase half-bridge diode rectifier with a purely resistive load is shown
in Figure 17.11a, and its input/output voltage v;, and v, and input/output
current i;, and i, waveforms are shown in Figure 17.11b. The circuit will be
analyzed for the relationship of the output to input. The AC supply voltage
is sinusoidal. Therefore the output voltage and current are sinusoidal half-

waveforms.
© 2003 by CRC Press LLC



v, (1) =~2V, sinot (17.34)

vy () =2V, sinot (2”7’t + g) <ot < (Z”TTE + ‘%") (17.35)

wheren=1,2,3, ...

. ) N2V 21T T 2nm 5w
(H=i(t) = —Lsinwt —t )<t (—+— 17.36
iO=ip =" sinot D<o (E4 ) (17.36)

Where V,, is the RMS value of the input voltage. The input wave is a
sinusoidal waveform, the corresponding output is a repeating partial sinu-
soidal waveform for both voltage and current without angle shift between
voltage and current. The output is a DC voltage with ripple in the repeating
frequency 3w. After FFT analysis of the rectified waveform, harmonic com-
ponents are shown in the frequency spectrum. From the spectrum, there are
only nth (n = 3k) harmonics existing. The parameter ripple factor RF is
defined

RF =t = 1 nl (17.37)

‘/dc dc

where V. is the DC component of the output voltage which is the average
value, V, is the nth order harmonic component of the output voltage. The
output DC average voltage and current are

v, =20y _q17v (17.38)
O-av 275 in in
%
oy =117 (17.39)

17.4.2 Back EMF Load (0.5 V2V,, < E < \2V,)

A three-phase half-wave diode rectifier with an EMF plus resistor load (a
resistor R plus an EMF) is shown in Figure 17.12. This section discusses the
case that EMF value E is in condition: 0.5 V2V, < E < V2V,.. Suppose an
auxiliary parameter m:

05 <m=E/\2V, <1
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R

FIGURE 17.12
Three-phase half-wave diode rectifier with EMF plus resistor (R + EMF).

and

. . 4 E
30°< o =sin"'m=sin"" = < 90°
N

The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal, the output voltage and current obey Ohm'’s
law. The impedance of load is R

Input voltage is v, () =2V, sinwt (17.1)

in

Output voltage is

V2V, sin ot (MTRHX) Swts(znTnJrn—oc)

ROE in (17.40)

other

Where V,, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output is a partial sinusoidal waveform less
than half-cycle with repeating frequency of 3w. The output DC average

voltage is

V.
v 23 s+ G- LESE (17.41)
T n 2

O-av
The input and output current waveform is no longer a sinusoidal waveform.

1

iin(t)=i0(t)= R(\zx/m SIn(Dt_E) OLS(DtS(Tt—oc)

0 (m—o) <ot <(T+o)

(17.42)
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17.4.3 Back EMF Load (E < 0.5 V2V,

A three-phase half-wave diode rectifier with an EMF plus resistor load (a
resistor R plus an EMF) is shown in Figure 17.12. The EMF value E is in the
condition E < 0.5 V2V,,. Suppose an auxiliary parameter m:

m=E/N2V, <05

v, (£) =2V, sin ot (17.34)
oo(t) =2V, sinot (24 ”) <ot < (2 O (17.35)
3 3 6
wheren=1,2,3, ...
1 th i 2nm 57w
iz’n (t) (t) (\ 2Vm sin wf — E) ( 3 ) sof< ( 3 + Z) (1743)
0 other

Where V, is the RMS value of the input voltage. The input wave is sinusoidal
waveform, the corresponding output is repeating partial sinusoidal wave-
form for both voltage and current without angle shift between voltage and
current. The output is a DC voltage with ripple in the repeating frequency
3. After FFT analysis of the rectified waveform, harmonic components are
shown in the frequency spectrum. From the spectrum, there are only nth (n
= 3k) harmonics existing.

Where V. is the DC component of the output voltage, which is the average
value, V, is the nth order harmonic component of the output voltage. The
output DC average voltage and current are

v =3Rby v (17.44)

O-av 271 in in

17.5 Three-Phase Full-Bridge Diode Rectifier
with Resistive Load

A three-phase full-bridge diode rectifier with a purely resistive load is shown
in Figure 17.13a, and its input/output voltage v;, and v, and input/output
current 7;, and i, waveforms are shown in Figure 17.13b. The three phase AC
suppliers have same RMS value V,, with amplitude V2V, and frequency o,
and phase angle shift of 120° each other The circuit will be analyzed for the
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(b) Input voltage waveform

FIGURE 17.13
Three-phase full-bridge diode rectifier with a resistor (R).

relationship of the output to input. The AC supply voltage is sinusoidal.
Therefore the output voltage and current are sinusoidal half-waveforms

v, (1) =~2V, sinot (17.34)
| . nm (n+Dm
U,(t) =6V, sinwt 3 <ot < 3 (17.45)
wheren=1,2,3, ...
6V,
i (H)=i,(t) = \Tl”sin of “<et< @ (17.46)

Where V,, is the RMS value of the input voltage. The input wave is a
sinusoidal waveform, the corresponding output is a repeating partial sinu-
soidal waveform for both voltage and current without angle shift between
voltage and current. The output is a DC voltage with ripple in the repeating
frequency 6 w. After FFT analysis of the rectified waveform, harmonic com-
ponents are shown in the frequency spectrum. From the spectrum, there are
only nth (n = 6k) harmonics existing. The parameter ripple factor RF is
defined
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v "
Vd

RE = =0.054 (17.47)

dc c

where V. is the DC component of the output voltage, V, is the nth order
harmonic component of the output voltage.

The input voltage is an AC voltage with distortion in the repeating fre-
quency 6 o. After FFT analysis of the supplying waveform, the harmonic
components are shown in the frequency spectrum. From the spectrum, there
are only nth (n = 6k £1) harmonics existing. The parameter total harmonic
distortion (THD) is defined

Nv

1% JZ !

THD = —% =1"2___ —0.046 (17.48)
Sfund Sfund

where Vj,,, is the fundamental component of the input voltage, V,, is the nth
order harmonic component of the input voltage.
The output DC average voltage and current are

v, =20y oy
s

O-av in

(17.49)

%
Toq=234"0 (17.50)

Since the output DC voltage ripple is very small (RF = 0.054), the EMF load
usually has the condition E < V6 V,,. There is no need to spend time discuss-
ing this case.

17.6 Thyristor Rectifiers

A thyristor is a silicon-controlled rectifier (SCR). It is a four-layer p-n-p-n
semiconductor device forming three junctions J1-J2-J3, as shown in
Figure 17.14a. It has three external electrodes: anode, cathode, and gate. This
structure can be considered as a two-type transistor in a cascade connection
shown in Figure 17.14b and c. Its characteristics will be discussed in the next
section. It is controlled by a firing pulse with shifting firing angle (o). When
o = 0° the characteristics of a thyristor is the same as those of a diode.
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(a) Thyrisator symbol and structure
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(b) Combination by two transistors

(c) Equivalent circuit

FIGURE 17.14
Thyristor.

17.6.1 Single-Phase Half-Wave Rectifier with Resistive Load

A single-phase half-wave thyristor rectifier with resistive load is shown in
Figure 17.15. The firing angle o can be set in the range:

O<o<m
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lin » i

+ vy~

@ Vin = w/;Vmsinmt R § Vo

FIGURE 17.15
Single-phase half-wave thyristor rectifier with a resistor (R).

As before, the input voltage is a sinusoidal wave:
v, () =~2V, sinwt

The output voltage and current are

\ZV sin wt afwt<T
v,(t) =
0 T<O<2T+ 0o

: ‘ZVZ” sin ot ofwt<T
i, (t)=1i,(t)= ==

0 n<ot<2n+o
Their average values are

Vo =045V, (1+cosa)

Iy ,, =045 Y (l+cosoc)

(17.1)

(17.51)

(17.52)

(17.53)

(17.54)

17.6.2 Single-Phase Half-Wave Thyristor Rectifier with Inductive Load

A single-phase half-wave thyristor rectifier with inductive load (R + L) is
shown in Figure 17.16. The load time constant is T = L/R. Hence the load

impedance Z is

Z=R+joL=R>+(oL) £ ¢
where

oL
=tan! —
0 R

© 2003 by CRC Press LLC
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@ w/_ 2 V,sinot Vo R

FIGURE 17.16
Single-phase half-wave thyristor rectifier with inductive load (R + L).

The output voltage and current are

2 t Sot<
oy ()= | 2V SINO a<of<p (17.56)
0 B<ot<2m+a
“JZV _(B-o)/w
iin (l’) — iO (t) — | 7 |m sm(mt (b) + Sll’l(OL ¢)€ L/R o<t B (1757)
0 B<ot<2m+a
where f is the extinction angle and is determined by
_po
sin(B — ¢) =sin(o.— dp)e ©r (17.58)
Their average values are
Voo =0.45V, (coso.—cosP) (17.59)
‘477
Iy, =045 53 (cosa.—cosP) (17.60)

17.6.3 Single-Phase Half-Wave Thyristor Rectifier with Pure
Inductive Load

A single-phase half-wave thyristor rectifier with pure inductive load (L) is
shown in Figure 17.17. The load is an inductor L only. Therefore,

Z=joL=oL £ ¢ (17.61)

where

N
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@ Vin = w/gvmsinwt L Vo

FIGURE 17.17
Single-phase half-wave thyristor rectifier with pure inductive load (L).

T

iin 0 lo
+ vy - F
@ Vjp = w/;\/,»,,sinwt Vo R §
_ E
&S

FIGURE 17.18
Single-phase half wave thyristor rectifier with EMF plus resistor (R + EMF).

The output voltage and current are
o (f) = «/EVinsin(ot oot <2nt-o
© 0 2N -0 <O <27+

/

N in

] ) - <of<21—
i, (H=i,(t)= Z] (conaL — conwt) a<ot<2n—o

2n—o <t < 2T+ 0

Their average values are
O-av —

2V
=1 in [(m—a)+sina]
oL

O-av

17.6.4 Single-Phase Half-Wave Rectifier with Back EMF
Plus Resistive Load

(17.62)

(17.63)

(17.64)

(17.65)

A single-phase half wave thyristor rectifier with an EMF plus resistor load
(a resistor R plus an EMF) is shown in Figure 17.18. The EMF value is E,
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which is smaller than the input peak voltage V2V,,. Suppose an auxiliary
parameter m:

m=E/\N2V, <1

and

1

2V,

in

N=sin"'m=sin"

The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input voltage is v, (1) =~2V, sinot (17.1)

The thyristor conduction condition requires firing angle oo = 1. Hence,
output voltage is

in

2V, si <ot <(n-
Uo(t)z{\ZV sin ot asof<(t—"n) (17.66)

E (t—m)<ot<(2r+0)

The input wave is a sinusoidal waveform, the corresponding output is a
partial sinusoidal waveform less than half-cycle. The output DC average
voltage is

2V,
V. =_2Vin (cosn+cosa)+£(0€+n+ﬂ)>E (17.67)
21t 27

O-av

The input and output current waveform is no longer a sinusoidal wave-
form.

l(\s’EV

i )=i,t)=1R . sinwt —E) asof<(nt—"n) (17.68)

0 (m—m)<ot<2rn+o)

The input and output current average value is

2V
= " [cosn +coso.—m(mT—"—0 17.69
O-av 27'CR [ T] ( n )] ( )
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FIGURE 17.19
Single-phase half wave thyristor rectifier with EMF plus resistor and inductor (EMF + R + L).

17.6.5 Single-Phase Half-Wave Rectifier with Back EMF
Plus Inductive Load

A single-phase half wave thyristor rectifier with an EMF plus inductive load
(an EMF plus a resistor R and an inductor L) is shown in Figure 17.19. The
EMF value is E, which is smaller than the input peak voltage V2V,,. Suppose
an auxiliary parameter m:

m=E/\2V, <1

and

N=sin'm=sin" —

in

As before, the load Z is

Z=R+joL=\R>+(L)} £
where

|Z| =+ R*+(wL)* and q):tan’l%L

the load time constant T = L/R.
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input voltage is v. (t)=\2V, sinot (17.1)

in in

Since the inductor causes the current continuity, the thyristor conduction
angular length is vy, in which usually o + vy = ©n. The thyristor conduction
condition requires firing angle o 2 1. Hence, output voltage is
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2V. si <ot <

0o () = N2V, sin ot oot <(a+y) (17.70)
E (a+y)<ot<2rn+o)
Where v is determined by:
v m —sin(ot+7vy—0)

e ol/R - 08 (17.71)

—sin(o — )

cosd

The input wave is sinusoidal waveform, the corresponding output is a partial
sinusoidal waveform less than half-cycle. The output DC average voltage is

V.

O-av

=E (17.72)
The input and output current waveform is no longer a sinusoidal waveform.

i, (t)=1i,(t)

2V,
S fsin(ot - 0)— {1

1Z] cord (17.73)
- oasot<(a+7y) :
a m -

S e LG )
cond
0 (a+vy)<ot <(2m+ o)
The input and output current average value is
l2v,
O-ap = \2751%” [coso—cos(o +7) — my] (17.74)

17.6.6 Single-Phase Half-Wave Rectifier with Back EMF Plus
Pure Inductor

A single-phase half wave thyristor rectifier with an EMF plus a pure inductor
L is shown in Figure 17.20. The EMF value is E, which is smaller than the
input peak voltage V2V,,. Suppose an auxiliary parameter

m=E/N2V, <1

and
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+ vy
/ ) v,
Vin = 2 Vjssinot o E

FIGURE 17.20
Single-phase half wave thyristor rectifier with EMF plus inductor (EMF + L).

_.a. .4 E
n=sin" m=sin" —
\

The load Z is
Z=joL=oL £ ¢

where

N a

The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input voltage is v, (1) =~2V, sinot (17.1)

Since the inductor causes the current continuity, the thyristor conduction
angular length is y, which is usually o + vy = w. The thyristor conduction
condition requires firing angle o > 1. Hence, output voltage is

2V, si <ot <
0o () = V2V, sin ot oa<ot<(o+7) (17.75)
E (a+y)<ot<(2r+o)
where v is determined by:
= cono. —cos(a+7) (17.76)

m

The input wave is a sinusoidal waveform, the corresponding output is a
partial sinusoidal waveform less than half-cycle. The output DC average
voltage is
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Vin = \/;V,,,sinwt ? D3 D4 -

FIGURE 17.21
Single-phase full-wave semicontrolled thyristor rectifier with inductive load (L + R) plus a free-
wheeling diode D.

Vv

O-av

=E (17.77)
The input and output current waveform is no longer a sinusoidal waveform.

i, (t)=1,(t)

(17.78)

2V,
%[cosa—coswt—m(mf—a)] o< of < (0 +7)
o

0 (au+7y)<ot<(2rn+o)
The input and output current average value is

\/2V mYZ
2

oome =~ [ycoso+sin o —sin(o + ) — + mory] (17.79)
2nmwL

17.6.7 Single-Phase Full-Wave Semicontrolled Rectifier
with Inductive Load

A single-phase full-wave semicontrolled rectifier with inductive load (an
inductor L and a resister R) plus a free-wheeling diode D, is shown in
Figure 17.21. This rectifier is operating in quadrant 1 only because of the
free-wheeling diode D. The rectified output waveform is repeating in the
frequency 2. The load Z is

Z=R+joL=R>+(oL) £ ¢
where

|Z|=\R*+(wL)* and d)ztan'l%L
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the load time constant T = L/R.
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input voltage is v, (1) =2V, sinot (17.1)
2V, sinot <ot <
Output voltage is  v,(t) = VY SM® G=of=T (17.80)
0 T<ot<(n+o)
The output DC average voltage is
2v,
Vo = u (1+cosa) (17.81)
T

If the inductance is large enough and load time constant © = L/R is larger
than the half-cycle T/2 = 1/2f, and the input and output current waveform
can be considered constant.

ﬂ(1+ o) asot<m
io()={(m-)R cos =0b= (17.82)
0 T<of <(T+0)

The input and output current average value is

V2,

= %Zg(l+cos o) (17.83)
T

O-av

17.6.8 Single-Phase Full-Controlled Rectifier with Inductive Load

A single-phase full-wave semicontrolled thyristor rectifier with inductive
load (an inductor L and a resister R) is shown in Figure 17.22. This rectifier
is operating in quadrants I and IV. The rectified output waveform is repeating
in the frequency 2. If the inductance is large enough, the output current
can be constant. The load Z is

Z=R+joL=+R>+(0L)’ £
where

|Z|=yR>+(wL)* and d):tan’lw—L
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Vip = \/;\/,-,,sinu)t\$-r2 T4 -

FIGURE 17.22
Single-phase full-wave semicontrolled thyristor rectifier with inductive load (L + R).

the load time constant Tt = L/R >> T/2 = 1/2f.
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input voltage is v, (1) =~2V, sinot (17.1)

Output voltage is v, (t) = V2V, sinot o< of < (T+o) (17.84)

in

The output DC average voltage is

22V,

Vo =—"""cosa (17.85)
n

If the inductance is large enough and load time constant © = L/R is larger
than the half-cycle T/2 = 1/2f, the input and output current waveform can
be considered constant.

, 232V,

i(t)=——"cosa 17.86

=" (17.86)
The input and output current average value is

J2v,

=— R"" (1+cosa) (17.87)
I

O-av

17.6.9 Three-Phase Half-Wave Rectifier with Resistive Load

A three-phase half-wave thyristor rectifier with a resister R is shown in
Figure 17.23. This rectifier is operating in quadrant I only. The rectified out-
put waveform is repeating in the frequency 3w. The circuit will be analyzed
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Va, Ta i,

FIGURE 17.23
Three-phase half-wave semicontrolled thyristor rectifier with resister.

for the relationship of the output to input. The AC supply voltage is sinu-
soidal.
Input line-to-neutral (between phase a to N) voltage is

v (H) =2V, sin(of - %) (17.88)
N2V, sin ot aSthz—n
Output voltage is v, (t) = 27t3 (17.89)
0 ot >—

The firing angle o starts from the phase cross point wt = 30°. Each thyristor’s
maximum conduction period is 120°. Possible firing angle range is

0 <o <150°

The output DC average voltage is

346V, n
———CcosQ oS —

Vs = ?71“ 3 6 (17.90)
J6Vin\/7+Lc052a o>=
6 8n 6

The output current waveform is a partial sinusoidal wave.

V., . 21
——sin®wt o< —
v,(H)=4 R 2n3 (17.91)
0 ot > 3

The output current average value is
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FIGURE 17.24
Three-phase half-wave semicontrolled thyristor rectifier with inductive load (L + R).

36V, T
ZTCTCOSO( OLSg
v.oo={ ‘ 17.92
o eV, 11 43 n (1792)
— T+ = cos20 oa>—
R \6 8n 6

17.6.10 Three-Phase Half-Wave Thyristor Rectifier with Inductive Load

A three-phase half-wave thyristor rectifier with inductive load (an inductor
L and a resister R) is shown in Figure 17.24. This rectifier is operating in
quadrants I and IV. The rectified output waveform is repeating in the fre-
quency 3. If the inductance is large enough, the output current can be
constant. The load Z is

Z=R+joL=~R>+(0L) £ 0
where

|Z|=\R*+(wL)?> and ¢=tan" oL

the load time constant Tt = L/R >> T/3 = 1/3f.
The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.

Input line-to-neutral (between phase a to N) voltage is

v, () =2V, sin(ot - g) (17.88)

Output voltage is v, (t) = \/EVM sinot oot (Z?TC + o) (17.93)

The firing angle o starts from the phase cross point wt = 30°. Possible firing
angle range is

0<o<180°
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FIGURE 17.25
Three-phase full-wave thyristor rectifier with resister R.

The output DC average voltage is

36V,
v =29V s (17.94)
21

O-av

If the inductance is large enough and load time constant T = L/R is larger
than the half-cycle T/2 = 1/2f, the output current waveform can be consid-
ered constant.

6V,
in(t)= 3;271{”%05(1 (17.95)

The output current average value is

36V,
22%in cos 0 (17.96)

O-av — 1R

17.6.11 Three-Phase Full-Wave Thyristor Rectifier with Resistive Load

A three-phase full-wave thyristor rectifier with a resister R is shown in
Figure 17.25. This rectifier is operating in quadrant I only. The rectified out-
put waveform is repeating in the frequency 6®. The circuit will be analyzed
for the relationship of the output to input. The AC supply voltage is sinu-
soidal.

Input line-to-line (between phase a to c) voltage is

v, (£)=~6V, sin(ot - %) (17.88)
\36Vm sinwf o< 2—n
Output voltage is v, (t) = 2n3 (17.97)
0 ot >—
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The firing angle o starts from the phase cross point ot = 30°. Each thyristor
maximum conduction period is 120°. Possible firing angle range is

0 <o <150°

The output DC average voltage is

3\ 6Vm T
cos o oS —
Vo w = :”1 = 6 (17.98)
2V6V, =+ \— c0s20 o>
V6 6
The output current waveform is a partial sinusoidal wave.
\R’”smwt oc<cozfs%7r
v5(t) = o (17.99)
0 ot >-——
3
The output current average value is
376V, n
2nR cos QL o< 6
Iy, = 17.100
O-av /7‘/”1 | 1 N 3 T ( )
—+-——cos20. o>
R V6 8m 6

17.6.12 Three-Phase Full-Wave Thyristor Rectifier with Inductive Load

A three-phase full-wave thyristor rectifier with inductive load (an inductor
L and a resister R) is shown in Figure 17.26. This rectifier is operating in
quadrants I and II. The rectified output waveform is repeating in the fre-
quency 6. If the inductance is large enough, the output current can be
constant. The load Z is

Z=R+joL=~R>+(0L) £
where

|Z|=\R*+(wL)* and ¢=tan’1w—L

the load time constant t = L/R >>T/3 =1/3f
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FIGURE 17.26
Three-phase full-wave thyristor rectifier with inductive load (L + R).

The circuit will be analyzed for the relationship of the output to input. The
AC supply voltage is sinusoidal.
Input line-to-line (between phase a to c) voltage is

vac(t): \6V

in

sin(of — %) (17.88)

Output voltage is v, (t) = V6V, sinmt o< of < (Z?TE +0) (17.101)

in

The firing angle o starts from the phase cross point wt = 30°. Possible firing
angle range is

0<o<180°

The output DC average voltage is

3J6V,
Vv, = VOV cosa. (17.102)
I

O-av

If the inductance is large enough and load time constant T = L/R is large
than the half-cycle T/6 = 1/6f, the output current waveform can be consid-
ered constant.

376V,
i(t)= %COSOC (17.103)
T

The output current average value is

36V,
I, =2"incogq (17.104)
TR

O-av
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18

Control Circuit: EMI and Application
Examples of DC/DC Conuverters

18.1 Introduction

During investigation of DC/DC prototypes and their characteristics, much
attention is paid to the circuitry components of the converters. Actually,
control components as auxiliary apparatus are important roles for DC/DC
converter operation. For example, the PWM pulse train generator is used to
yield the switching signal to all switches of DC/DC converters.

EMI, EMS, and EMC have to be considered during DC/DC converter
design because they affect the converter and other equipment working oper-
ation heavily.

Some particular examples of DC/DC converters are presented in this
chapter to demonstrate DC/DC converter application.

18.2 Luo-Resonator

The Luo-resonator is a pulse-width-modulated (PWM) generator, which pro-
duces the PWM pulse train switching signal used for DC/DC converters.
This resonator consists of only three operational amplifiers (OA), and provides
a pulse train of the switching signal to control static switch-on or switch-off
with adjustable frequency f and conduction duty k. Luo-resonator can be re-
integrated into an application specific integrated circuit (ASIC) to produce
portable DC/DC converters.

The Luo-resonator is a high efficiency and simple circuit with easily adjust-
ing frequency f and conduction duty k. Its circuit diagram is shown n
Figure 18.1. It consists of three OAs named OA1 to 3 and auxiliary. These
three 741-type OAs are integrated in a chip TL074 (which contains four OAs).
Two potentiometers are applied to adjust the frequency f and conduction
duty k.
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FIGURE 18.1
Luo-resonator.

The analysis of the Luo-resonator is performed under the assumption that
the operational amplifier is ideal:

1. Its open-loop gain is infinity
2. Its input impedance is infinity and output impedance is zero

3. Its output voltage positive and negative maximum values are equal
to the power supply voltages

18.2.1 Circuit Explanation

Type-741 OA can work with a+ 3 to =18 V power supplies, which are marked
V+, G, and V- with | V- | = V+. OA2 in Figure 18.1 acts as the integration
operation, its output V. is a triangle waveform with regulated frequency f
= 1/T controlled by potentiometer R,. OA1 acts as a resonant operation, its
output Vj; is a square-waveform with the frequency f. OA3 acts as a com-
parator, its output V, is a square-waveform pulse train with regulated con-
duction duty k controlled by R,.

First, the output voltage of OA1 maintained as V; = V+. In the meantime
V3 inputs to OA2 via R,. Because of the capacitor C, the output voltage V-
of OA2 decreases toward V- with the slope —1/R,C. Voltage V. feeds back
to OA1 negatively via R;. Voltage V, at point A changes from (2mV+)/(1 + m)
downward to 0 in the period of 0 — 2mR,C. It then intends toward negative.
It causes the OAl’s output voltage V; = V- at t = 2mR,C and voltage V,
jumps to

2mV —
1+m

(18.1)
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Therefore, the output voltage of OA1l jumps to V; = V—. In the meantime
V3 inputs to OA2 via R,. Because of the capacitor C, the output voltage V.
of OA2 increases toward V+ with the slope 1/R,C. Voltage V. feeds back to
OA1 negatively via R;. Voltage V, at point A changes from (2mV-)/(1 + m)
upwards to 0 in the period of 2mR,C —4mR,C. It then intends toward positive.
It causes the OA1’s output voltage V; = V+ at t = 4mR,C and voltage V,
jumps to

2mV +
1+m

(18.2)

Voltage V; takes the two values either V+ or V-.

Voltage V. is a triangle waveform, and inputs to OA3. It compares with
shift signal Vg, regulated by the potentiometer R; via R. When Vi, = 0,
OA3 yields its output voltage V), as a pulse train with conduction duty k =
0.5. Positive V., shifts the zero-cross point of voltage V. downward, hence,
OA3 yields its output voltage V}, as a pulse train with conduction duty k >
0.5. Vice versa, negative V., shifts the zero-cross point of voltage V.
upward, hence, OA3 yields its output voltage V|, as a pulse train with
conduction duty k < 0.5 as shown in Figure 18.2. Conduction duty k is
controlled by Vi, via the potentiometer R;.

18.2.2 Calculation Formulae

The calculation formulas are

Setting,
R
m=-—2 (18.3)
RZ
We obtain:
1 1
=—= 18.4
f T 4mR,C ( )
and
R.V
k=05+ L=t (18.5)
2RV,

If the positive and negative maximum values of the shift voltage V., are
V+ and V-, and R; = R,, the value of the conduction duty k is in the range
between 0 and 1.0. Considering the resistance tolerance is 5%, we usually
choose that resistance R, is slightly smaller than resistance Rs.

This PWM pulse train V/, is applied to the DC/DC converter switch such
as a transistor, MOSFET or IGBT via a coupling circuit. The voltage wave-
forms of V, -V}, are shown in Figure 18.2.
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FIGURE 18.2
Voltage waveforms of Luo-resonator.

18.2.3 A Design Example

A Luo-resonator was designed as shown in Figure 18.2 with the component
values:
Ry =10kQ; R; = R, = R5 = 100 kQ; Ry = R = 95 kQ;
R, =510 Qto 5.1 kQ; R, =20 kQ and C = 5.1 nF

The results are m = 0.95, frequency f = 10 kHz to 100 kHz and conduction
duty k =0 to 1.0.

18.2.4 Discussion

Type 741 operational amplifier of chip TL074 has the frequency bandwidth of
about 2 MHz. Its open-loop gain is only about 20 when this Luo-resonator
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works at f =100 kHz. The waveform of V- may be deformed slightly. It increases
or decreases as an exponential curve, but linearly. However, the frequency f
and conduction duty k of the output PWM pulse train are still adjustable.

Although real maximum positive and negative output voltages of all OA
are slightly smaller than the power supply voltages V+ and V—, experimental
results verified that Luo-resonator still works well. When power supply
voltages change from + 5 V to + 18 V the variations of the frequency f and
conduction duty k are less than 2%.

18.3 EMI, EMS and EMC

Electromagnetic interference (EMI) generally exists in all electrical and elec-
tronic equipment, especially in all DC/DC converters. Since the switching
frequency applied in DC/DC converter is high it causes significant EMI if
carelessly designed. For the sake of providing the power quality, two objec-
tives must be achieved. First, limit the high frequency (HF) emissions that
can be imposed on the power mains. Second, elaborate the current electro-
magnetic susceptibility (EMS) test methods with the goal of reducing the
EMS of devices on the consumer end of the power grid.

Electromagnetic compatibility (EMC) has come a long way from the “black
magic” approach in the early 1960s to an almost exact science today with its
analytical methods, measurement techniques, and simulation software. Four
decades ago, all existing handbooks on EMC could be counted on the fingers
of one hand, but today they could occupy several shelves in a respectable
library. This fact is caused by the significant reason that the applied frequency
in 200 kHz to 5 MHz is much higher than those (5 kHz to 100 kHz) of 40
years ago. EMI is a serious problem in power electronic circuits because of
their fast switching characteristics. Many countries have imposed EMC reg-
ulations that must be met before electronic products can be sold legally.
Because of this fact, the vital importance of this problem in all equipment
including DC/DC converters is recognized.

18.3.1 EMI/EMC Analysis

The recent investigation of international regulations on EMC has prompted
active research in the study of EMI emission from switched-mode power
converters, which are now indispensable components in modern electronic
equipment such as computers. EMI study can be focused on three major
elements, namely,

1. The EMI source (EMI emission)
2. The coupling path (EMI transmission)
3. The victim (EMI effect)
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It is important to minimize the coupling path and to improve the EMI
immunity. An effective solution for EMI suppression is to attack the problem
at the EMI source. By studying power electronics circuits, the high dv/dt
and di/dt involved in the switching operation of traditional hard-switched
power electronics devices are the major source of EMI emission. Effectively
reducing dv/dt and di/dt in DC/DC converters will largely attenuate the
EMI emission in radio frequency (RF) radiation.

In order to improve the energy efficiency and reliability of power convert-
ers soft-switching techniques created in 1980s have been proposed to reduce

* The switching power losses across the power devices,
¢ The switching stress of switched-mode power electronics circuits.

Essentially, soft-switching techniques create a zero-voltage-switching
(ZVS) and/or zero-current-switching (ZCS) conversion process for the
power switched to turn-on and turn-off. Therefore, the instantaneous power
losses across the main switches can be reduced or eliminated. Results pub-
lished recently have confirmed the feasibility of such soft-switched operation.

Coupling path is a complex problem. EMI emission is created by the EMI
source and radiated out by certain manner, then EMI reaches the receiver or
victim. The EMI transferring process from the source to victim is called
coupling path. It relies on the following factors

* The physical structure in both EMI source and victim
e The location and direction between EMI source and victim

e The transmission media (shielded or unshielded) between EMI
source and victim

e The difference of the frequency bandwidths between EMI source
and victim

Successfully cut, the coupling path can effectively reduce the EMI to other
equipment (victim). Unfortunately, no matter how carefully it is done, EMI
still affects all victims.

Victim is the equipment to be harmed by the EMLI. In order to reduce the
interference some effective measures can be taken

* Neat physical structure

¢ Distance from source

¢ Shielding equipment

¢ Large different frequency band from EMI source

We concentrate to reduce the EMI emission that may be created by DC/
DC converters in further sub-sections.
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FIGURE 18.3
Hard-switching and soft-switching buck converter.

18.3.2 Comparison with Hard-Switching and Soft-Switching

Hard-switching converters usually have large rates of dv/dt and di/dt. For
example, a hard-switching buck converter in Figure 1.23a can be redrawn in
Figure 18.3a. Its corresponding soft-switching buck converter is shown in
Figure 18.3b. The soft-switching buck converter is similar to its hard-switching
circuit, except that it consists of the extra resonant components L, and C,.
Since the values of the extra resonant components L, and C, are usually small,
they can be carefully designed in the power devices (switch S and diode D)
snubbers. Although a snubber circuit can reduce the EM], it generally causes
additional energy loss. Thus, resonant converters not only produce less EMI,
but also exhibit lower energy loss than hard-switching converters with snub-
ber circuit.

The resonant inductor L, limits the initial current of the main switch S to
provide zero-current condition during switch-on. The resonant process can
provide another zero-current condition for switch-off operation. The reso-
nant capacitor C, can discharge through the antiparallel diode of the main
switch S (it usually exists in the device), thus clamping the voltage across S
to about 1 V for near-zero voltage turn-off of the main switch S.

18.3.3 Measuring Method and Results

An EMC analyzer is usually used to measure the EMI emission conducted
and radiated. For example, an EMC analyzer HP 8591EM is widely applied
in experiments to measure both conducted and radiated emissions. During
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the tests, the detector function was set to the Comite International Special
des Perturbations Radioelectriques (CISPR) quasi-peak function. With the
converter off, the frequency range of interest is swept to survey ambient
environmental level. With the converter on, the signals measured are the
ambient and the converter emission signals. The actual emission from the
converter can be obtained by subtracting the ambient signal from the mea-
sured signals.

The basic converter components (L and C) in each set of hard-switched
and soft-switched converters are identical and the two converters are tested
under same load conditions. The magnitude of the inductor current and load
current in the two converters of each type are essentially identical. The
converters have no EMI filters and are not shielded. In addition, none of the
converters has any enclosure. The background EMI was measured just before
turning on each converter. Both the conducted EMI (from 50 kHz) and
radiated EMI (from 50 kHz to 5 MHz) of the converters were recorded. In
the radiated EMI measurement, the results have been corrected with the
antenna. All converters were tested with an output power of about 55 W.

For both of the hard-switched and soft-switched buck converters, V;, = 55
V, V, = 20V, switching frequency f = 50 kHz and duty cycle k = 0.4, L = 2.5
mH, C = 20 uF and, R = 7.5 Q. For the soft-switched buck converter, L, = 4
uH and C, = 1 uF. Figure 18.4 shows the voltage and current waveforms of
the main switch S in the hard-switched buck converter. The corresponding
current FFT spectrum is shown in Figure 18.5. The switching trajectory in
this case is illustrated in Figure 18.6. Figure 18.9 shows the voltage and
current waveforms of the main switch S in the soft-switched buck converter.
The corresponding current FFT spectrum is shown in Figure 18.8. The
switching trajectory in this case is illustrated in Figure 18.9. The L-shape of
the trajectory confirms the main switch S in soft-switching state.

Comparison of Figure 18.4 and Figure 18.7 shows that the soft-switched
voltage and current waveforms have very little transient ringing. The reverse
recovery current of the diode in the soft-switched converter is also much
less than in the hard-switched converter. The significant reduction of the
transient ringing in the soft-switched converter results in much reduced dv/
dt and di/dt.

Comparison of the FFT spectrums in Figure 18.5 and Figure 18.8 shows
that the soft-switched current has much lower total harmonic distortion
(THD) than hard-switched current. The FFT spectrum in Figure 18.8 shows
the frequency bands are lower that that in Figure 18.5. Otherwise, amplitudes
of all harmonics in Figure 18.8 are lower than those in Figure 18.5. From this
fact, EMI emission is much lower than that of the corresponding soft-switch-
ing converter.

Comparison of the FFT spectrums in Figure 18.6 and Figure 18.9 shows
that the switching trajectory shows that the conducted and radiated EMI
emission from the hard-switched buck converter (together with the back-
ground noise) is larger than that from the soft-switched buck converter. It
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FIGURE 18.4
Voltage and current waveforms of hard-switching buck converter.
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Current FFT spectrum of hard-switching buck converter.
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(b) Current waveform

Voltage and current waveforms of soft-switching buck converter.
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Current FFT spectrum of soft-switching buck converter.
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FIGURE 18.9
Switching trajectory of soft-switching buck converter.

120V

can be seen that the soft-switching technique effectively limits the conducted

and radiated EMI emission.

18.3.4 Designing Rule to Minimize EMI/EMC

In order to reduce the EMI in certain stage and keep the reasonable EMC,
some rules have to be considered during designing a DC/DC converter:

* Take soft-switching techniques ZCS, ZVS, and ZT
* Reduce the switching frequency as low as possible
¢ Reduce the working power

* Use fewer inductors

e House DC/DC converter in a shielded enclosure
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FIGURE 18.10
The 5000 V insulation test bench.

18.4 Some DC/DC Converter Applications

DC/DC conversion technique has been rapidly developed and has been
widely applied in industrial applications and communication equipment.
Some particular examples of DC/DC converters are presented here to dem-
onstrate DC/DC converter application.

e A 5000V insulation test bench
e MIT 42 V/14 V 3 kW dual direction DC/DC converter
e IBM 1.8 V/200 A power supply

18.4.1 A 5000 V Insulation Test Bench

Insulation test bench is the necessary equipment for semiconductor manu-
facturing organizations. An adjustable DC voltage power supply is the heart
of this equipment. Traditional method to obtain the adjustable high DC
voltage is a diode rectifier via a setting-up transformer. It is costly and large
size with poor efficiency.

Using a positive output Luo-converter quadruple-lift circuit plus a general
IC-chip TL494, can easily implement the high output voltage (say, 36 V to
1000 V) from a 24 V source, which is shown in Figure 2.57. If higher voltage
is required, it is available to implement 192 V to 5184 V, via a positive output
super-lift Luo-converter triple-lift circuit, this diagram is shown in
Figure 18.10. This circuit is small, effective, and low cost. The output voltage
can be determined by

2-kg
Vo=V, (18.6)
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TABLE 18.1
The Experimental Results of the 5000 V Test Bench

Conduction duty, k 0 01 02 03 04 05 06 0.7 08 0.82
Output voltage V,, (V) 192 226 273 244 455 648 1029 1953 5184 6760
D,
< i
s L -

o—— —4 }
(o —> L
+ o—|— ir +
Vi = J_ Vo
Cr T 182 AD, —‘7 -
FIGURE 18.11

The MIT 42 V/14 V 3 kW dual direction DC/DC converter.

The conduction duty cycle k is only adjusted in the range 0 to 0.8 to carry
out the output voltage in the range of 192 V to 5184 V. The experimental
results are listed in Table 18.1. The measured data verified the advantage of
this power supply.

18.4.2 MIT 42/14V 3 KW DC/DC Converter

MIT 42/14 V 3 KW DC/DC converter was required to transfer 3 kW energy
between two battery sources with 42 V and 14 V. The circuit diagram is
shown in Figure 18.11. This is a two-quadrant zero-voltage-switching (ZVS)
quasi-resonant-converter (QRC). The current in low-voltage side can be up
to 250 A. This is a typical low-voltage strong-current converter. It is easier
to carry out by ZVS-QRC.

This converter consists of two sources V; and V,, one main inductor L, two
main switches S; and S,, two reverse-paralleled diodes D, and D,, one res-
onant inductor L, and two resonant capacitors C,; and C,,. The working
conditions selected:

V=42V V,=14V
L =470 pH C.=C,=C,=1uF
- 1uH normal — operation

" |9uH  low - current - operation

Therefore,
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= =10° rad/s 18.7
° JLC, (187)
L .
Z, = \C—’ =1 Q(Normal operation) (18.8)
o =sin™ Vi (18.9)
Z1,

It is easy to keep the quasi-resonance when the working current I, > 50 A.
If the working current is too low, the resonant inductor will take a large
value to guarantee the quasi-resonance state. This converter performs two-
quadrant operation:

* Mode A (quadrant I) — Energy transferred from V; side to V, side
* Mode B (quadrant II) — Energy transferred from V, side to V; side

Assuming the working current is I, = 100 A and the converter works in
mode A, following calculations are obtained:

1

0,=———=10° rad/s 18.10
0= (18.10)
'L
Z,= £ =1Q (18.11)
1q
sl ‘/1 o
o=sin L =2483 (18.12)
ZOIZ
V.C
b= LT =042 ps (18.13)
12
t,=""%_358 s (18.14)
(DO
g trcosoy o 140908 150,106 — 454 s (18.15)

3 Vv 27r

1

_b+b 4t 042+3.58+4.54
vV, -1 2

=427 s (18.16)
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TABLE 18.2
The Experimental Test Results of MIT 42V /14 Converter
Mode f(KHz) L(A) LA L (A P,(W) P,(W n(% PD (Wiin?

A 78 77.1 220 220 3239 3080 95.1 23.40
A 80 78.3 220 220 3287 3080 93.7 23.58
A 82 81 220 220 3403 3080 90.5 24.01
B 68 220 69.9 220 3080 2939 95.3 22.28
B 70 220 68.3 220 3080 2871 93.2 22.04
B 72 220 66.6 220 3080 2797 90.8 21.77

Note: With the condition: L, =1 pH, C,, = C, =1 uF.

T=t +t,+t,+t, =042+358+4.54+4.27=1281 ps (18.17)

f= % = ﬁ =78.06 KHz (18.18)

Ctyt+t,  454+427
T 12.81

k

=0.688 (18.19)

The volume of this converter is 270 cubic inches. The experimental test
results in full power 3 kW are listed in Table 18.2. From the tested data, a
high power density 22.85 W/in.?® and a high efficiency 93% are obtained.
Because of soft-switching operation, the EMI is low and EMS and EMC are
reasonable.

18.4.3 IBM 1.8 V/200 A Power Supply

This equipment is suitable for IBM next-generation computers with power
supplies of 1.8 V/200 A. This is a ZCS SR DC/DC Luo-converter, and is shown
in Figure 18.12. This converter is based on the double-current synchronous
rectifier DC/DC converter plus zero-current-switching technique. It employs
a hixaploid-core flat-transformer with the turn ratio N = 1/12. It has a six-
unit ZCS synchronous rectifier double-current DC/DC converter. The six
primary coils are connected in series, and six secondary circuits are con-
nected in parallel. Each unit has particular input voltage V;, to be about 33
V, and can offer 1.8 V/35 A individually. Total output current is 210 A. The
equivalent primary full current is I, = 17.5 A and equivalent primary load
voltage is V, = 130 V. The ZCS natural resonant frequency is

Wy = ——— (18.20)
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FIGURE 18.12
The IBM 1.8 V/200 A power supply.
Z, = \/‘—V (18.21)
o
Cr
Z,1
o =sin! ~9-1 (18.22)

The main power supply is from public utility board (PUB) via a diode
rectifier. Therefore V; is nearly 200 V, and the each unit input voltage V,, is
about 33 V. Other calculation formulae are

IL
po= L (18.23)
4
p =11 (18.24)
®,
g = LHCOS®y, (18.25)
3 I 1>r
1
V.(t +t,) V  cosa
=Tl VST gy gy 18.26
¢ LV, 4 ZOn/2+0c) (+ty hy) ( )
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T=t +t,+t, +t, (18.27)

1
== 18.28
f=7 (18.28)
£+t
p=hth (18.29)
T
Real output voltage and input current are
Lm 2
V, =kNV, = (R, +R; + T NI, (18.30)
I, = kNI, (18.31)
The power transfer efficiency is
L
R +R,+ "™ N?
I L S
_Yolo _4_ r ., (18.32)
‘/inlin kN‘/m

The commercial unit of this power supply works in voltage closed-loop
control with inner current closed-loop to keep the output voltage constant.
Applying frequency is arranged in the band of 200 kHz to 250 kHz. The
volume of the power supply is 14 cubic inches. The transfer efficiency is
about 88 to 92% and power density is about 25.7 W/in.2.
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