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Summary

In modern technology, power conversion equipment is very important and is now used
in a great variety of products. The corresponding equipment can be divided into four
groups, ac-ac converters, ac-dc rectifiers, dc-dc converters, dc-ac inverters. From recent
reports, the production of dc-dc converters occupies the largest percentage of the total
turnover of all conversion equipment production. However, in the traditional dc-dc
converters (buck, boost, Cik, SEPIC...), the effect of parasitic elements comes into
picture at high duty ratio D, so the practical value of D has an upper limit. It is difficult to
operate at higher duty ratios and hence to achieve high voltage transfer gains in those
traditional dc-dc converters. With the fast development of technologies, this disadvantage
limits the further applications of those traditional converters in some areas that require
higher voltage transfer gains such as in communication equipment, aerospace electronics,
portable devices and IC chips. Therefore, an in-depth research on advanced dc-dc power
conversion topologies whose voltage transfer gains are higher than traditional dc-dc

converters has been firstly performed in this thesis.

Voltage lift technique is an effective method that is widely applied in electronic circuit
design, especially in the radio engineering. It also can be utilized to improve the
performance and characteristics of dc-dc converters. This thesis introduces a set of
positive output dc-dc converters (voltage-lift type SEPIC converters) applying series
SEPIC implementing voltage lift techniques. Compared with the prototype of the SEPIC
converter, these converters can perform positive to positive de-dc voltage increasing
conversion with higher positive voltage transfer gains. Additionally, this thesis also
introduces a set of negative output dc-dc converters (voltage-lift type Cik converters)
applying series Ciik implementing voltage lift techniques. Compared with the Cik
converter prototype, these converters can perform positive-to-negative dc-dc voltage
increasing conversion with higher negative voltage transfer gains. These two sets of
advanced dc-dc conversion topologies are different from other existing dc-dc step-up
converters and possess obvious advantages, mainly including fewer switches, clearer
conversion processes and a higher output voltage with the small ripple. Since the

proposed converters avoid using transformers and cascade connection, relative simple

- Vi -
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structures are beneficial to potential practical applications in future. They can be further
improved in structures to obtain better output performance by the enhanced circuits (EC).
A detailed theoretical analysis for the continuous conduction mode (CCM) and
discontinuous conduction mode (DCM) is given, from which general principles and

special performance phenomena have been discussed.

On the basis of foregoing research, a set of advanced mirror-symmetrical double-
output transformerless dc-dc converters have also been proposed, which can convert the
positive input source voltage to positive and negative output voltages by two conversion
paths. Single switch structure is adopted in the proposed mirror-symmetrical double-
output transformerless dc-dc converters, and the cost can be significantly decreased. Two
different series of ECs, boost and super enhanced series, have been developed to further
increase the voltage transfer gains. Furthermore, the general guidelines of positive output

dc-dc topology construction using a series of output enhanced circuits are proposed.

The mathematical analytical method of dc-dc converters is a historical problem that
has accompanied dc-dc power conversion technology since the 1940s. Traditional
mathematical analytical methods are not available for complex structure converters
because of the high-order differential equations involved. Therefore, in the thesis a
developed graphical modelling method has been presented to cover all complex dc-de
converters. The high-order complex converters are taken as examples, and a thorough
analysis is given with consideration of effects caused by parasitic parameters and diodes’
forward voltage drop. The general guidelines of constructing and deriving graphical
models are provided, from which it is seen that the classical graph reduction techniques
and Mason rules are utilized to analyze the graphical models and perform the system
calculation. Mason rules need the tedious searching for the different forward paths and
loops in the flow graph, and graph reduction method requires a complicated node-
movement transformation process. So a new method is presented to enrich the graphical
mathematical modeling theory in this thesis, which is termed averaging binary tree
structure representation. The proposed method, based on the switching signal flow graph
(SSFG) models, describes the converters as a binary tree structure. The general
construction principles of the binary tree for the complex flow graph system are

summarized and developed. The proposed method has been applied to the analysis for e

- viii -
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order dc-dc converters, which shows the advantages of high convenience and
practicability compared with the conventional flow graph analytical methods. Simulation

and experimental observations are provided to validate the proposed algorithm.

Furthermore, to reduce the complexity of graphical analytical methods, new
mathematical methods from the view of the system energy characteristics of dec-dc
converters has been proposed. When the converter changes from one steady state to
another, the corresponding stored energy changes. So does a dc-dc converter behave
because it has several energy storing components. Therefore, there must be a transient
process from one steady state to the new steady state. The thesis has theoretically defined
a new concept, namely energy factor (EF), and researched the relationship between it and
mathematical modeling for multi-state dc-dc converters. Various operation conditions
have been analyzed to demonstrate the application of EF, pumping energy (PE), stored
energy (SE), capacitor/inductor stored energy ratio (CIR), energy losses (EL), time
constant T and damping time constant tq. The EF and its associated parameters illustrate
the unit-step response and interference recovery that may be helpful for system design

and anticipating dc-dc converter characteristics.

Based on the system energy characteristics, a new explanation of DCM has also been
proposed to enrich the knowledge of power electronics principles, and it can unify all
complex discontinuous inductor currents phenomena existing in the complex dc-dc

converters.

T
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Chapter 1 Introduction

1.1 DC-DC Converters in Power Electronics

Advanced power conversion technique is a major research area in the field of power
electronics. The equipment for conversion techniques have important applications in
modern technology and are now used in a great variety of products [1-10], including heat
controls, light controls, motor controls, switch-mode power supplies, vehicle propulsion
systems, flexible ac transmission systems (FACTS), power factor correction (PFC) and
high-voltage dc (HVDC) systems. The power conversion equipment can be divided into

four technologies:

» ac-ac transformers and converters
* ac-dc rectifiers
* dc-dc converters

» dc-ac inverters

A dc-dc converter is a power electronics system, which converts one level of electrical
energy into another level of electrical energy at the load. The dc-dc conversion technique
was established in the 1920s. 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 chopper is the second step in dc-dc
power 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 voltage dc power
supplies. This resulted in the rapid development of dc-dc power conversion techniques,

and several preliminary prototypes were derived from choppers. Switching dc-dc
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converters have been in existence since the 1950s. However, the unavailability of reliable
and low-cost power transistors had limited their applications primarily to the military and
space applications. The advances and availability of modern power semiconductor
devices in the early 1970s have made the switching dc-dc converter a popular choice in

power supplies and dc motor drive.

Switching dc-dc power conversion technology is therefore a major subject area in the
field of modern power engineering and drives, and has been under development for six
decades. Switching dc-dc converters are widely used in industrial applications and
computer hardware circuits, and dc-dc conversion techniques have developed very
quickly. Statistics show that the dc-dc converter worldwide market has grown 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 de-dec converter market is undergoing dramatic changes as a result of two major
trends in the power 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 dc-ac inverters.

According to incomplete statistics, there have been more than 500 prototypes of dc-dc
converters developed in the past six decades. All existing dc-dc converters were
designed to meet the requirements of certain applications. They are usually termed by
their function, for example, Buck converter, Boost converter and Buck-Boost converter,

and zero current switching (ZCS) and zero voltage switching (ZVS) converters.

1.2 Basic Topologies Review of Switching DC-DC Converters

A simple switching dc-dc converter consists of one active power switch (usually one
GTO/MOSFET/IGBT), one passive power switch (diode), one inductor and one capacitor,
as shown in Fig. 1-1. Since there are two energy storage elements, we usually term them
2" order dc-dc converters. The different arrangement of these storage elements and
switches generates the different topology of switching de-dc converters, such as the buck

converter, the boost converter and the buck-boost converter.
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Fig. 1-1.  The generalized representation of 2" order dc-dc converters

10+

2:buck-boost

Voltage Transfer Gains, M

1:buck

T T

0.0 0.2 04 06 08
duty ratios, D

Fig. 1-2.  Voltage transfer gains of 2" order dc-dc converters

The principle merits of these 2™ order switching converters are their high conversion
efficiency and high power density, which result in significant weight reduction. However,
their voltage transfer gains are limited due to their simple structures. As shown in Fig. 1-2,
the voltage transfer gain of the buck converter, Mg, is equal to the duty ratio D, and it is

a step-down converter. The buck-boost converter is a negative output converter, and the

absolute value of the voltage transfer gain, |M,,, .|, 1S equal to D/(1-D). The boost

converter can provide a step-up function, and the voltage transfer gain My, is equal to

1/(1-D).

The 4" order dc-dc converters can be considered as the development of simple 2™
order topologies. Each 4™ order topology consists of one active power switch, one passive
power switch, two inductors and two capacitors, as shown in Fig. 1-3. The different
arrangement of these storage elements and switches generates the different topology of

switching dc-dc converters. They are the buck converter with input filter, the SEPIC
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converter, the Cik converter, the buck-boost converter with output filter and the boost

converter with input filter, respectively.

‘f c2
Vez

1 L; Fr2 & 2 R
> I

Fig. 1-3.  The generalized representation of 4" order dc-dc converters
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T i T

00 02 04 06 08

duty ratios, D

Fig. 1-4.  Voltage transfer gains of 4" order dc-dc converters

(1: buck converter with input filter; 2: SEPIC converter; 3: Ciik converter; 4: Buck-boost converter
with output filter; 5: Boost converter with input filter)

Applications of 4™ order topologies has been fast developing in recent years; however,
their voltage transfer gains are still not high, which has seriously limited their industrial
applications in some high voltage transfer gains areas. As shown in Fig. 1-4, the voltage
transfer gains of the buck converters with input filter, M, is equal to D, and it is a step-
down converter. For the buck-boost converter with output filter, the SEPIC converter and

the Cik converter, all of their voltage transfer gains are equal to D/(/—D). The boost
converter with input filter can provide a step-up function, and its voltage transfer gain

Mp,os 18 equal to 1/(1—-D).
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1.3 Review of the High Performance DC-DC Converters

Recently the high performance converters with high voltage transfer gains have been
widely studied for many industrial applications, such as car auxiliary power supplies,
medical equipment, high intensity discharge headlamps, battery-discharged dc converter
in UPS system and fuel-cell based dc converter [78-90]. New technologies are requiring a
higher voltage transfer gain, which is usually greater than four. However, high voltage
transfer gains cannot be easily realized by conventional step-up converters due to the
narrow allowed duty cycles. In these converters, the voltage transfer gain is a function of
the modulating control signal of the active switch. Therefore, the high voltage transfer
gains can be obtained using conventional PWM converters by: (a) operating at extremely
low or high duty ratios D with the corresponding limitations on the finite commutation
times of the switching devices; or (b) using a step-down or step-up transformer with the

corresponding difficulties in switching surges and operating frequencies.

In theory, higher voltage transfer gains can be obtained by properly adjusting the duty
ratio. In practice, the maximum and the minimum attainable voltage transfer gains for the
conventional converters are limited by the characteristics of the switching devices. The
turn-on time and turn-off time of the active switch now play an important role for the
attainable duty ratio and, consequently, in the conversion ratio. Also, when the duty ratio
is close to 0 or /, great deterioration on the output voltage and inductor currents occur.
For the above reasons, it is better to select an operating point in the midrange, i.e., D =
0.5. On the other hand, an often-used approach is to use step-down or step-up
transformers; however, large switching surges are present that may damage the switching
devices and to make the controller difficult to design. Also, the transformer itself would

limit the switching frequency of the converter.

A scheme that provides high voltage transfer gains is the cascade connection of
conventional converters. This scheme is a multistage approach that consists of two or
more converters connected in cascade. One of the major advantages of these converters is
a high gain; however, a drawback is that the total efficiency may be low if the number of
stages is high, mainly by losses in the switching devices. Matsuo and Harada [78]

proposed the cascade connection of buck and buck-boost converters to obtain low-voltage
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in power supplies. Maksimovic and Cuk [79] proposed several topologies of quadratic
converters and discussed the DC operating conditions. A large voltage reduction can be
obtained using two-stage topologies with a buck converter in the first stage, which
regulates the output voltage, and an isolated converter in the second stage, which operates
with 50% duty cycle like a “dc transformer™ to step down the voltage. Additionally, J.A.
Morales-Saldana [32] and M. Veerachary [24-26] performed the systematic research on

theoretical modelling for the cascade connection.

The interesting scheme is to have n converters connected in cascade with a single
active switch, which has been proposed mainly by F.L. Luo [3] and T.F. Wu [34-36].
This class of converters can be used only when the required number of stages is not very
large, as the efficiency will be reduced. For example, two stages of boost converter with
only one power switch can be adopted to achieve high voltage conversion. The group of
B.R. Lin [80] used some active clamp circuits in the proposed converter to realize the
zero voltage switching (ZVS) for both main and auxiliary switches and the high voltage
transfer gains, in which the voltage stress of main switch can be effectively limited by the

active clamp circuit.

The switched capacitor (SC) converters also can provide the high voltage transfer
gains than the conventional topologies. Some new circuits of the SC converters were
proposed by A. Ioinovici, F.L. Luo and K.W.E. Cheng [41-44, 81, 90]. An SC circuit can
also be used in the structure of a ZCS converter. Theoretically, any voltage transfer gains
can be achievable by increasing the number of capacitors. Therefore, this type of power
electronic circuit may serve as another solution to new challenges of high voltage transfer

gains and small size in low-power dc-dc converters.

In recent years an advanced dc-dc conversion enhancement method, voltage lift (VL)
technique has been proposed by F.L. Luo [48-57]. The main objective is to construct the
novel dc-dc topologies which can reach a high efficiency, high power density and simple
structures. The positive/negative/double output Luo converters have been successfully
constructed and termed by the name of their inventor F.L. Luo. The VL technique differs
from current SC techniques. It is well known that the main advantage of SC techniques is
the absence of inductors, making very small size and high power density possible. But

more switches are required in SC-type converters than in magnetic-based converters.

-6-
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Both inductors and capacitors play important roles in the VL technique, and all inner
capacitors are fully charged by the power source. Moreover, fewer power switches
(usually single switch or two synchronous switches) are included in VL-type structures

and avoid those complex multiple switches control schemes.

1.4 Review of Main Analysis Principles in DC-DC Converters

To perform a theoretical analysis for a given dc-dc topology, we usually assume that
the circuit is operating in the steady state. This means that: 1) the duty ratio D is held
constant at a fixed switching frequency for a long time (over a large number of switching
cycles). ii) the current and voltage waveforms become periodic with switching cycle 7, i.e.
i((n+1)T) = i(nT) and v((n+1)T)=v(nT). There are two important principles that describe
the steady-state performance of dc-dc converters: volt-second balance of the inductor and
charges balance of the capacitors. These two principles will be used throughout the thesis
to analyze the steady-state performance of various new dc-dc topologies, and the
following sub-section will give a brief introduction. In addition, classical analytical
methods state-space averaging and switching signal flow graph, will also be introduced
because these two methods are widely used in the mathematical modelling of dc-dc

converters.

1.4.1 Volt-second balance and charges balance principles

The steady-state condition imposes a periodic behavior of the current flowing through

the inductor. Thus, we have

i,(nT)=i,((n+1)T) (1.1)
Also,
di,
W e 1.2
Ve i (1.2)

Integration over one switching cycle yields:

(n+ 1T
i, (n+DT)—i,(nT) =— j v, (t)dt (1.3)

“ nT
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Since the left-hand side of (1.3) is zero, then the right-hand side must be zero too, i.e.,

(n+T
0=+ [ v.@ar (1.4)

nl

Equation (1.4) states that the integral of the voltage across the inductor along a
switching cycle must be zero for the steady state. This property is termed volt-second

balance principle in the steady state.

A similar analysis can be applied to the capacitor. The relationship between the
capacitor voltage and the current flowing through capacitor is defined by:

d
Ec(t)=C—v‘-§2 (1.5)

The integration of (1.5) over one switching cycle yields:

vc((n+f)T)—vC(nT)=é j i (t)dt (1.6)

nT

Since the left-hand side of (1.6) is zero, then the right-hand side must also be zero, i.e.,

(r+)T
0= | icar (1.7)

al

Equation (1.7) states that the integral of the current flowing through the capacitor
along a switching cycle must be zero for the steady state. This property is termed charges

balance principle in the steady state.

1.4.2 State-space averaging method

State-space averaging method is an approximation technique that approximates the
switching converter as a continuous linear systems [11-21]. It was firstly proposed by
R.D. Middlebrook and S. Cuk [11]. State-space averaging method requires that the
effective output filter corner frequency f., to be much smaller than the switching
frequency f (i.e. f/f<<I). The mathematical model derived from the state-space averaging
permits the designer to determine the steady-state performance and small-signal transfer

functions of the switching converter. Procedures for state-space averaging are as follows:
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1) Identify switched models over a switching cycle. Draw the linear switched circuit
model for each sub-mode of the switching converter.

2) Identify state variables of the switching converter. Write state equations for each
switched circuit model using Kirchoff’s voltage and current laws.

3) Perform state-space averaging using the duty ratio as a weighting factor and combine
state equations into a single averaged state equation. The state-space averaged
equation is

x=[Ad+A,(I-d)lx+[B,d+B,(1-d)Ju (1.8)
Where: x is the state vector and u is the input signal.
A; and A; are the state matrixes during switching-on and —off.
B; and B; are the input matrixes during switching-on and —off.
4) Perturb the averaged state equation to yield steady-state (dc) and dynamic (ac) terms

and eliminate the product of any ac terms.

For example, the state-space averaging method is illustrated for an ideal buck
converter shown in Fig. 1-5. The state-space averaged equations for the buck converter in

matrix form are:

A S
i e |l o "

A . rv'::'v\ o —> iy
f/; h _L

v D ’_‘\Co Ry
- = =

-~

—

Fig. 1-5.  The buck converter

1.4.3 Switching signal flow graph method

State-space averaging has proven in the past to be a very popular analysis technique
for deriving various performance characteristics of PWM dc-dc converters. This general
method has led to understanding of dynamic performance of PWM converters. However,

the state-space method is sometimes tedious for the circuit designers, especially when the



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 1. Introduction

converter circuit contains a large number of elements or many power stages. Besides, the
linearized models, derived from these traditional methods, can only predict the small-
signal stability rather than the large-signal stability information. Therefore, the switching
signal flow graph (SSFG) method has been introduced by K.M. Smedley and S. Cuk [22]
for modelling some complex dc-dec topologies [22-27]. The advantages of this graphical

method over other methods are:

1) It converts the switching converter (two or multi-state) into a unified dynamic model.

2) From unified model, it is possible to derive large-signal, small-signal and steady-state
models.

3) It is easier to arrive at small-signal models with minimum mathematical
manipulations.

4) It provides the designer an easy way of getting large signal global behavior when it is
combined with TUTSIM and MATLAB simulators.

5) It is possible to derive various relationships among the circuit variables without any
difficulty.

6) Itis possible to incorporate the cause and effect relationship of the dynamics, etc.

With the SSFG, a given switching converter can be timely divided into two sub-modes
corresponding to the switching states of the active switch. Since the sub-mode is linear,
corresponding signal flow graphs G; and G; can be obtained. These two flow graphs can
be combined to form an SSFG by the following:

G =kG, +kG, (1.10)

Where: k and k are switching functions
1l O<t<dl

{0 otherwise

1-k

Equation (1.10) introduces two basic switching branches in G, k branch and k branch

k
k=
[22, 23]. The corresponding transmittance of the k branch is equal to the duty ratio d
while the corresponding transmittance of the k branch is equal to (I/-d), which is usually

expressed by d . Since the switching branches are the only nonlinear components in an

SSFG, replacing the switching branches with their models yields the unified steady-state,

- 10 -
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large-signal, and small-signal models for any given dc-dc converter. For example, the

large-signal model of the buck converter in Fig. 1-5 is obtained and shown in Fig. 1-6.

Fig. 1-6.  The graphical large-signal model of the buck converter

1.5 Objectives, Research Plan and Major Contributions

1.5.1 Objectives

Reviewing the research work introduced in Section 1.3, we find that most research
work for high performance dc-dc converters is based on the existing classical dc-dc
topologies. F.L. Luo paved a new way to construct novel dc-dc topologies with high
voltage transfer gains. Therefore, constructing novel dc-dc topologies becomes the

emphasis in this thesis. The main objectives of this research project are as follows:

B To survey the current dc-dc power conversion techniques for high voltage transfer

gains and propose the new dc-dc topologies that can improve output performance.

B To introduce the main characteristics of all dc-dc topologies proposed in the thesis

and provide a theoretical support for their future industrial applications.

B To investigate steady and transient phenomena of complex dc-dc topologies which

haven’t been noticed in the past.

B To develop new analytical methods and concepts that can unify simple and

complex dec-de topologies.

=11 =
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1.5.2 Research Plan

We have systematically classified the types of dc-dc converters into six categories
according to their characteristics and development sequence. This classification grades all
dec-dc converters and categorizes new prototypes, and it can be referred to in [3]. The
simplified family tree of de-dc converters is constructed and shown in Fig. 1-7. Following

this principle, it is now easy to sort and allocate dc-dc converters and assess their

technical features.

r 1
[} I
i I
: Buck Converter :
' - Fundamental Circuits% Boost Converter !
: Buck-Boost Converter :
[} I
! EPIC |
: | pevetopea r SEPIC Converter !
I
P glassical i Forward Converter Ciik-Converter :
| onverters I
Fly-Back Converter
\ ? Tapped-Inductor Converters :
: Push-Pull Converter 1
I
! - Transformer Half-Bridge Converter :
! Bridge Converter !
: ZETA Converter |- Luo Converters |
1 I
! - Voltage Lift '
i L To be explored ]
| |
: Cascade Boost Converters :
: - Super-Lift —[ _ [
| Super-Lift Luo Converters |
s S S R |
b=
g
r§ Multi-Quadrant [ Transformer-type Converters
8 Converters Developed Converters
&)
a i . y
Switched- Switched-Capacitor Converter
+— Component —[ .
Converters Switched-Inductor Converter
ZCS-QRC
Soft-Switching
Converters ZVS-QRC
ZTC
- Flat-Transformer Synchronous Rectifier Converter
Synchoronous Synchronous Rectifier Converter with Active Clamp Circuit
il Rectifier — Double Current Synchronous Rectifier Converter
Converters - ZCS Synchronous Rectifier Converter
L ZVS Synchronous Rectifier Converter
[ 2-Elements

Multi-Elements
— Resonant Power— 3-Elements

Converters L Multiple Elements

Fig. 1-7.  Simplified d family tree of dc-dc power conversion topologies
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ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 1. Introduction

From Fig. 1-7, it is seen that development and application of the VL technique
resulted in the derivation of Luo converters. However, at present, the research on this area
is not enough. Therefore, the exploration of new dc-dc power conversion topologies
based on the VL technique might be a potential and valuable area for the research on dc-

dc converters.

Based on the aforesaid research objectives and ideas, the main research work in this
thesis is divided into two steps as shown in Fig. 1-8. The first step is to perform the
investigation on the classical dc-dc converters and to propose several advanced dc-dc
power conversion topologies mainly including the positive, negative and double output
topologies. Here, the VL technique has been utilized to construct the novel topologies.
Based on the research results of the first step, mathematical analytical methods for simple

and complex dc-dc topologies are to be explored in the second step.

e

© Advanced DC-DC Topologies
: (High Voltage Transfer Gains) :

Positive Double Second Step
| OUPUt © Negative :  OUfPUt
Kﬁ“‘““-——-___o_lﬁm____ff"" -
T - Developed Mathematical
; Analytical Methods
First Step
"-\-\_._\_‘_‘_\_\_-_ -__'_'__,_,_-"/
/" Classical DC-DC Topologies Second Step
(Low Voltage Transfer Gains) =
—— _,_,”_/

—

Fig. 1-8.  Sketch map of the research plan

1.5.3 Major Contributions

The major contributions of the thesis are summarized as follows:

@ The advanced VL technique are developed and applied to the SEPIC and Cik

prototypes, and several series of new dc-dc topologies are created. All of them

. s
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can provide higher voltage transfer gains than the classical de-de topologies. In

addition, the structures of these new topologies are feasible.

@ A series of positive output de-dc converters based on the SEPIC prototype are
proposed, including re-lift circuit and multiple-lift circuits. Here, they are termed

positive output VL-type SEPIC converters.

€ A series of negative output dc-dc converters based on the Clk prototype are
proposed, including developed self-lift circuit, re-lift circuit and multiple-lift
circuits. Here, they are termed negative output VL-type Cuk converters. In
addition, the topology of enhanced self-lift Cik converter is proposed, which can

provide the negative-to-positive voltage conversion.

€ A novel mirror-symmetrical double output VL-type topology is proposed. On the
basis of cascade boost converters and super-lift converters [3], two series of
enhanced circuits are also proposed. Here, they are termed boost enhanced series

and super enhanced series.

@ The applications of output enhanced circuits [3] are discussed, which are used to
lift the voltage boost ability of dc-dc converters. The general guidelines and

examples are given.

€ Two graphical analytical methods are investigated in detail. They are developed
switching signal flow graph method and averaging binary tree structure

representation. Their general guidelines and concepts are given.

€ Remaining inductor current phenomena in DCM are investigated. A new
explanation for DCM based on the system energy characteristics is proposed,
which can be applied to all de-dc converter cases and can explain all different

inductor current phenomena in DCM.

€ A new transient modelling method based on the system energy characteristics is
proposed. The new generalized concepts, energy factor and the sub-sequential

other parameters are discussed and used to illustrate the system transient process.

€ The parameter “current filling efficiency” proposed in [3] is reexamined during

the DCM analysis. The obtained new results modify the corresponding results in

[3].
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1.6 Organization of the Thesis

There are eight chapters in this thesis.

In Chapter 1, the background of power electronics, dc-dc converter and main
analytical methods are introduced. The objective and main contributions of the research
work are also given. The main contents are presented in Chapter 2, 3, 4, 5, 6 and 7,

respectively.

In Chapter 2, on the basis of classical SEPIC converter and self-lift SEPIC converter
[3], a series of positive output VL-type SEPIC converters are proposed. A detailed
theoretical analysis for CCM and DCM is performed. The examples of the self-lift circuit
and the re-lift circuit are given, respectively. Both simulation and experimental results are

provided to verify the theoretical analysis.

In Chapter 3, on the basis of classical Cik converter and self-lift Cik converter [3], a
series of negative dulput VL-type Clk converters are proposed. A detailed theoretical
analysis for CCM and DCM is performed. The examples of the elementary self-lift circuit,
the developed self-lift circuit and the re-lift circuit are given, respectively. Both
simulation and experimental results are provided to verify the theoretical analysis. A
supplementary introduction on negative-to-positive voltage conversion is given at the end
of this chapter, and a novel circuit termed enhanced self-lift Cik converter is proposed

with theoretical analysis and verification results.

In Chapter 4, a mirror-symmetrical double output dc-dc topology is proposed. A
detailed theoretical analysis for CCM and DCM is performed. Then, two series of
enhanced circuits are proposed, and a brief introduction is given. Both simulation and

experimental results are provided to verify the theoretical analysis.

In Chapter 5, the general application guidelines of output enhanced circuits proposed
in [3] are given to lift the voltage boost ability of positive output dc-dc converters. The

applications to the boost converter and the VL-type SEPIC converters are discussed.

In Chapter 6, two graphical analytical methods, developed switching signal flow graph

method and averaging binary tree structure representation method are investigated in

.
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detail. Their general guidelines and concepts are given. Both simulation and experimental

results are provided to verify the theoretical analysis.

In Chapter 8, remaining inductor current phenomena existing in the complex dc-dc
topologies are investigated in detail firstly. A new explanation of DCM based on the
system energy characteristics is proposed, and all DCM cases can be unified into the
proposed concepts. Furthermore, the concepts of system energy characteristics are
developed and applied to the modelling for the multi-state dc-dc converters. Both

simulation and experimental results are provided to verify this new method.

Finally, a summary of the research work and some suggestion for further

developments are given in Chapter 8.

1.7 Convention of Symbols Used

For any component X in this thesis, its instantaneous current and voltage are expressed
as iy and vy, and its average current and voltage during a switching cycle in the steady
state are expressed as Iy and Vy. Their corresponding perturbations are represented by the

lowercase letters with a hat symbol, such as i, and ¥, . All reference directions of

currents and voltages can be referred to in the corresponding figures.

For general description, each component is treated as ideal, and the converter output
power is equal to its input power (i.e.V,l,=V;,[;,). The subscript —B indicates the boundary
value between continuous conduction mode (CCM) and DCM. The peak-to-peak
variation value is always indicated by the symbol “A ™. The symbols ¢, ( and ¢ are
defined as output voltage variation ratios, inductor current variation ratios and diode

current variation ratios, respectively.

-~ 16 =
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Chapter 2 Positive Output VL-type SEPIC Converters

This chapter introduces a set of positive output de-dc converters applying series SEPIC
implementing VL techniques. Compared with the prototype of the SEPIC converter, these
converters can perform positive-to-positive dc-dc voltage conversion with higher voltage
transfer gains. They are different from other existing dc-dc step-up converters and possess
obvious advantages, mainly including fewer switches, clear conversion processes and a
high output voltage with small ripple. Since the proposed converters avoid using
transformers and cascade connection, relatively simple structures are beneficial to

potential practical applications in the future.

2.1 Introduction

Dc-dc step-up converters are widely used in computer hardware and industrial
applications such as computer periphery power supplies, car auxiliary power supplies,
servo-motor drives and medical equipment. As a classical dec-de topology, the SEPIC
converter [28-31] has many industrial applications due to its good characteristics, and its

prototype is shown in Fig. 2-1.

‘}|
J -

"

Fig. 2-1.  Prototype of the SEPIC converter

This topology does not suffer from an output polarity inversion, and capacitor Cs can
prevent unwanted current flow from v, to v,. Under the different values of duty ratio D, it
can perform step-down and step-up dc-dc conversion according to its voltage transfer

function expressed as:

= [
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D

e = ——— 2.1
seric =7 (2.1

M

However, because of the effect of parasitic elements, the practical value of D has an
upper limit and cannot be taken too high. So the output voltage and power transfer
efficiency of the SEPIC converter have been seriously restricted below (2.1). With the
fast technological development, this disadvantage limits the further applications of SEPIC
converters in some areas that require higher voltage transfer gains such as in

communication equipment, aerospace electronics, portable devices and IC chips.

Dc-dc converters may be developed by n-cell cascade connection or by adding
transformers to obtain higher voltage transfer gains [32-39]. However, the resulting
problems, energy losses, multiple power switches and large switching surges in
transformers significantly increase the control complexity and the cost of these converters.
In recent years advanced dc-dc conversion enhancement techniques such as SC [40-47]
and VL techniques [48-57] have been greatly explored. The main objective is to reach a
high efficiency, high power density and simple structures. Since SEPIC converters are
widely used in power electronics as a classical topology, the combination with the SEPIC
prototype and above-mentioned enhancement techniques could be a good solution for

promoting its further application.

In [3], F.L. Luo proposed a developed SEPIC converter integrating the VL technique,
and it is termed the self-lift SEPIC converter. As shown in Fig. 2-2, the self-lift SEPIC
converter is derived from the SEPIC prototype by adding the components (D;-C;). The
lift circuit consists of L;-D;-Cy, and it can be regarded as a basic VL cell. When switch S
turns on, D; is on, and D, is off. When S turns off, D, is off, and D, is on. The capacitor

C; performs a function to lift the output capacitor voltage V¢, by the capacitor voltage V..

Fig. 2-2.  Topology of the self-lift circuit

- 18 -
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From the analysis in [3], it is known that the voltage boost ability of this self-lift circuit
is increased from D/(1-D) to 1/(1-D). This circuit paves a new way to develop the
classical SEPIC converter, and applying the VL technique might have the potential to

derive more new SEPIC-based topologies.

In this chapter, a series of positive output VL-type SEPIC converters have been
presented on the basis of the SEPIC prototype and the self-lift SEPIC converter. Due to
the similar circuit mechanism and for the convenience of analysis, the self-lift SEPIC
converter in Fig. 2-2 can be regarded as the elementary circuit of all proposed circuits.

Therefore, positive output VL-type SEPIC converters can be categorized into:

® self-lift circuit (i.e. self-lift SEPIC converter [3])
® re-lift circuit
® multiple circuits (e.g. triple-lift and quadruple-lift circuit).

The VL-type SEPIC converters to be introduced in this chapter are different from any
other existing dc-dc step-up converters and possess the advantage of high voltage lift
ability as well as primary advantages in the SEPIC prototype. All circuits perform
positive to positive dc-dc voltage conversion with higher voltage transfer gains, small
ripple and high efficiency in simple structures. Therefore, they will be used in computer
peripheral equipment and industrial applications, especially for high output voltage

projects. The detailed analysis will be performed in the following sections.

2.2 Self-Lift Circuit

A very simple introduction on the self-lift circuit was given in [3]; however, the
introduction and results in [3] are not enough for practical design and applications. This is

because the following reasons:

* The results on DCM is wrong.

= Parameter “current filling efficiency” was proposed, but its usage during
calculation is not correct.

» The voltage and current characteristics of each component have not been provided

in detail.

- 19 -
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No more detailed analysis procedure and valuable results can be found in other
opening literatures so far. As stated in Chapter 2.1, the self-lift circuit plays an important
role for all proposed circuits, so it is necessary to give a detailed analysis to reexamine

and reveal its main circuit characteristics before the introduction of the other new circuits.

The equivalent circuits during switching-on, switching-off and DCM are thus shown in
Fig. 2-3(a-c), respectively. Switching diagrams with main steady-state waveforms for a
switching cycle in CCM are shown in Fig. 2-4 to analyze the circuit operation, where

reference directions are referred to in Fig. 2-2.

Fig. 2-3.  Equivalent circuits of the self-lift circuit

(a) equivalent circuit during switching-on
(b) equivalent circuit during switching-off
(c) equivalent circuit during DCM

2.2.1 Circuit analysis in CCM

In the steady state, the average voltage across L over a cycle is zero. Thus

Ve, =V

in



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2. Positive Output VL-type SEPIC Converters

LA
Ai, b —
.............. V.
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& in
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Fig. 2-4.  Self-lift circuit: waveforms with enlarged variations

During switching-on, the voltage across C; is equal to V¢, Since Cs, and C; are

sufficiently large, we have:

V.

Cl

=V.

Cs

= VI-JI
The inductor current i, increases during switching-on and decreases during switching-

off. The corresponding voltages across L are V;, and <V, =V, =V, + V). Therefore, with
the sec-voltage balance principle, we have

DTV, =(I-D)T(Ve, =V, -V, +V,) or DTV, =(I-D)T(V,-V,,)
Hence,

v,=-—Lv,
1-D

o

The voltage transfer gain in CCM is

4 (2.2)

and the input current is

: I =1 =1 (2.3)

:'n=I_D o ‘L Cs—off

Where: I, is defined as the average current (charging current) during switch-off.

i 5 .



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2. Positive Output VL-type SEPIC Converters

The charges of C, and C; increase during switching-off and decrease during switching-
on. We get:

QGH- = ]:;DT QCM- = ICS—GHDT
O =gy U=D)T  Qp, =1¢, e (I-D)T

In a switching cycle, Qco+=Qc,- and Qcs+=Qcs- Therefore,

1
DI,! =—1

]Ca--qﬂ' :}‘-'D o Cs=on D o

During switching-off, ip,=ic,+i,. Therefore,
. +1 =——1 2.4)
off D (

During switching-off, L; and C; form a path and transfer the stored energy through D,

Therefore,

1

!C}—{Jﬂ' = [ Dr;—uff: ]—D 1:!

In a switching cycle, Qc¢;+=0¢;. Therefore,

A=D, I

!C!—un = D Cl-off =B o

During switching-on, L; and C; are connected in parallel and accept the stored energy

from C;. Therefore, with the KCL law,

= (2.5)

[LI == ]C.‘ —on ICF—O!!

Equation (2.5) is for the average value of a switching cycle in the steady state. It is
noted that a practical instantaneous inductor current iy; flows through L; during each

cycle. The energy storing and transferring of L; are achieved by associate oscillation of i; ;.

Since the peak-to-peak current variation of i, Ai, is equal to DTV,, /L, the variation

ratio of the current i; is

Ai, /2 D R
g =oll . 2 8 (2.6)
If_ 2M5 _ﬂ,
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The variation of the current ip, during switching-off is equal toAi;,, and Ai;,is equal
to DTV, /L, . Therefore, the variation ratio of ip, is

_Ai,,/2_ D R

oy (2.7)
[Dnm.rj" ZM_‘; fz‘f

Sbo

The peak-to-peak voltage variation of v,, Av,is equal to I DT/C,. Therefore, the

variation ratio of v, 1s

Av,/2 D
B = =

‘ = 2.8
V. 2RCf )

2.2.2 Circuit analysis in DCM

The self-lift circuit operates in DCM if the current ip, reduces to zero during

switching-off. The condition for DCM is&,, > 1, i.e.

D

& Fw] (2.9)
2M;

Soo

where Zy is defined as the normalized load RAfL,).

As a special case, when ip, decreases to zero at t+ = T, the circuit operates at the
boundary of CCM and DCM. Therefore, the boundary between CCM and DCM is

obtained as below:

2M?
Zy g = =

, = 2.10
D  DU-Dy (210

When Zy > Zy., the circuit is operating in DCM. Under this condition, ip, decreases to
zero at t = t; = [D+ms (/1-D)]T, and i; decreases to zero at t = t; = [D+kms (I-D)]T

where
DT <t <t,<Tand O<k<I1,0<mg<]

Here, myg is the current filling efficiency for self-lift circuit and defined as

_ =0T

o a— 2.11
my J-D)T ( )



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2. Positive Output VL-type SEPIC Converters

In DCM, current i;; increases during switching-on and decreases during the period

from DT to ms(/-D)T. The corresponding voltages across L; are V¢, and —(V,,, =V,,) . Thus,
using the volt-second balance principle, we have
DTV, =m(1-D)T (V. —V.,)or
DTV, =m.(1-D)YT(V,-V,.) (2.12)
Additionally, the transferred charges of L; during switching-off to compensate the total
consumed charges of the load, are equal tomk(/—D)TAi,,/2, where, k is the modified
coefficient and defined as (1,-DT)/(1;-DT). So we have

IT= é mgk(1—D)TAi,, or

iTzimsk(1~D)T—D& (2.13)
R 2 L
Combining (2.12) and (2.13), we obtain

1+ Jk? + 2kD’Z,,
= (2.14)

m
* D(I-D)Z,

From (2.12), we have

D
V =ll+—]V. 2.15
o [ + ms(]-D)] in ( )

Therefore, substituting (2.14) into (2.15) yields the following voltage transfer gain in

DCM:

2
Wi = Sl (2.16)
1+Jk? + 2kD*Z,

Using (2.2), (2.10) and (2.16), we obtain the boundary curve between CCM and DCM.
The voltage transfer gains versus the normalized load are thus shown in Fig. 2-5, which is

beneficial for theoretical analysis and practical engineering design.
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Veltage Transfer Gains, M

Fig. 2-5.  Self-lift circuit: boundary between CCM and DCM and voltage transfer gains against Zy

2.3 Re-Lift Circuit

!
L

Fig. 2-6.  Topology of the re-lift circuit

The re-lift circuit shown in Fig. 2-6 is derived from the self-lift circuit by adding the
components (Lz-D;-C;). It consists of two static switches § and §; switching
simultaneously. The lift circuit consists of L;-D;-C;-L;-D>-C>-S; and it can be divided
into two basic voltage lift cells. When switches S and S; turn on, D; and D; are on, and D,
is off. When § and S; turn off, D, and D, are off, and D, is on. Capacitors C; and C;
perform characteristics to lift the output capacitor voltage V¢, by twice the capacitor
voltage V. L, performs the function of a ladder joint to link the two capacitors C; and C;

and lift Ve,.
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Fig. 2-7.  Equivalent circuits of the re-lift circuit

(a) equivalent circuit during switching-on
(b) equivalent circuit during switching-off
(¢) equivalent circuit during DCM

The equivalent circuits during switching-on, switching-off and DCM are shown in Fig.
2-7(a-c), respectively. In the following sub-sections, the circuit is assumed operating in

CCM.

=P =



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2. Positive Output VL-type SEPIC Converters

2.3.1 Circuit analysis in CCM

Switching diagrams with main steady-state waveforms for a switching cycle are shown
in Fig. 2-8 to analyze the circuit operation, where reference directions are referred to in

Fig. 2-6.

L&
Al s
Ve
0 > !
-_(Vs “Fn _VL -—oﬁ)
LA
J/(,‘:
0 > ¢
Ai“ f.L.f
;(Jf.}—nf
LA
Ai, I
Ves
1] Lot}
_(V( - V(' o K(‘.’ & V;.f-rﬁ}
C.A
'\\ / Very V. =
\/ \ Cs in
0 Ll
DT (I-D)T

Fig. 2-8.  Re-lift circuit: waveforms with enlarged variations

In the steady state, both the average voltages across L and L; over a cycle are zero.

Thus,
Ve, =V,

5 mn

During switching-on, both the voltages across C; and C: are equal to Ve,. Since C, C;

and C; are sufficiently large, we have:

in

Vor =Ve, =V, =V,

=27 -
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The voltage across L, is equal to Vi, during switching-on. With the volt-second

balance principle,

D D
Vu—«ﬁ = _f_—_D Ve, = _E Va

The inductor current iy increases during switching-on and decreases during switching-
off. The corresponding voltages across L; are Ves and (Vi =V, =V, +V,,_z) - Therefore,

with the sec-voltage balance principle, we have

DTV, =(1-D)T(Ve, =V —Ver + V5 )or DTV, =(1-D)T(V, -2V, +V,,_.)

in

Hence

V=2,
]—D m

The voltage transfer gain in CCM is

vV, 2
M=o _ 2.17
* v, 1-D e

n

and the input current is

2

Il'ﬂ' = a
1-D

=1, =1

(2.18)

The charges of both C, and C; increase during switching-off and decrease during

switching-on. Thus, we get:

QC‘0+ = !oDT QC_H- = le—an DT
Qoo =y oy U-D)T Q¢ =1,y (I-D)T

In a switching cycle, Qco+=Qco- and Qcs+=0c;- Therefore,

I D!,I =£1

Co-off = }—D o Cs—on D o

During switching-off, ip,=ic,+i,. Therefore,

1 Dn—r{ffz 10!—0_3' + !n = —! (2]9)
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During switching-off, L;, C;, L, and C; form a path and transfer the stored energy

through D,. Therefore,

1
ILZ = [Cf—ﬁﬂr = !CE—Uﬁ' =1 Do—r!fz 7:-5 10 (2'20)

In a switching cycle, Qci+=Qc;- and Qc2+=0Qc:. Therefore,

I-D 1

0

D L2 D o

J{C;‘—{m = I(".?—m'

During switching-on, L,;, C;, L, and C; are connected in parallel and accept the stored

energy from C;. Therefore, with the KCL law,

A 2.21)

IL}' = IC_;_M _IC.’-an = !C‘2-m1 _If-z 1-D ¢

Equation (2.21) indicates that the practical i, is flowing in an opposite direction, and

reference positive direction of iz, is shown in Fig. 2-6.

In a switching cycle, A, is equal to DTV, /L, therefore, the variation ratio of the

current iy is

Ai,/2 D R

WL, G A

(2.22)

Analogously, Ai,, and Ai,, correspond to DTV, /L, and DTV,

/L, , respectively.

Therefore, the variation ratios of i;; and i are

=i 2 X 2.23)
IL! M-‘:’ fL.’

g Bl S R (2.24)
I, M, /L,

The variation of the current ip, during switching-off is equal to Ai,,, and Ai,, is equal

to DTV, /L, . Therefore, the variation ratio of ip, is

D R
- 2.25
§Da gLZ‘ MR;' fL_, ( )
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The peak-to-peak voltage variation of v,, Av is equal to /,DT/C,. Therefore, the

variation ratio of v, is

65 — A‘.’" f2 — D (2.26)
V. 2RCf

o

Equations (2.23) and (2.24) indicate that inductor current variations during a switching
cycle may be different due to the inductance difference. Because L; and L, are in series
during switching-off, the same inductance is thus recommended in practical circuit design.
In reality, although they will be slightly different, it will not affect the normal operation.
This is because the practical inductor current variations (ripple) will be rather small under

the high switching frequency and large inductance conditions.

2.3.2 Circuit analysis in DCM

From the foregoing explanation, it is assumed that L, and L; are the same, which can
simplify the boundary analysis of CCM and DCM. The re-lift circuit operates in DCM if

the current ip, reduces to zero during switching-off. The condition for DCM is&,,, > 1, i.e.
D
£y = Fz 5] (2.27)

As a special case, when ip, decrease to zero at =T, the circuit operates at the boundary
of CCM and DCM. Therefore, the boundary between CCM and DCM is obtained as
below:

M;’
Zy,=—2= B (2.28)
D D(I-Dy

When Zy > Zy p, the circuit is operates in DCM. Under this condition ip, decreases to

zero at t = t; = [D+mg(1-D)]T where
DT <t,<T and O<m, <1

Here, mg is the current filling efficiency for the re-lift circuit, and its definition is the

same to (2.11).
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In DCM, because current i;, increases during switching-on and decreases during the

period from DT to (1-D)mgT, we thus have

TR
L2-aoff (I_D)mh. in

Current iz; increases during switching-on and decreases during the period from DT to
mg(1-D)T. The corresponding voltages across L; are Ve and—(Ve, =V, =V 4V ) .

Thus, using the volt-second balance principle, we have
DTV, =(I1-D)ym;T(Vy, =V, = Ve +V,_5) OF

D V.1 (2.29)

DTV, =(1-Dym,T[V, -2V, -———V,
(1-D)m,

Additionally, the transferred charges of L; during switching-off are equal

tomy(1-D)TAi,,/2, which compensate the total consumed charges of the load. So we

have

IT= %mﬁ.(}— D)TAi,, or

V 1 DTV,
—2+T=—m,(1-D)T —* 2.30
R zm,g( ) I (2.30)

2

Combining (2.29) and (2.30), we obtain

2421+ DZ, 231

m, =
*  D(U-D)Z,

From (2.29), we have:

2D
V =[2+——JV, 2.32
o [ +mR(I—D)] in ( )

Therefore, substituting (2.31) into (2.32) yields the following voltage transfer gain in
DCM:

M, oo =1+41+D°Z,, (2.33)
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Using (2.17), (2.28) and (2.33), we can obtain the boundary curve between CCM and
DCM. The voltage transfer gains versus the normalized load are thus shown in Fig. 2-9,

which is beneficial for theoretical analysis and practical engineering design.

1
= 50,D=09
w
§ } ccMm
F 10.’
ol
2 1 0.7
@
=
s 4 0.5
k! 0.3
s 0.1

1 .
10° 10' 10° 10

R/fL

Fig. 2-9.  Re-lift circuit: boundary between CCM and DCM and voltage transfer gains against Zy

2.4 Multiple-Lift Circuit

2.4.1 General analysis

Referring to Fig. 2-6, it is possible to construct multiple-lift circuits by repeating
adding the components (L;-D;-C>-S;). Assuming that there are n VL cells, the generalized
multiple-lift circuit is shown in Fig. 2-10 with reference directions. All future active
switches can be replaced by passive diodes. According to this principle, only two
synchronous switches S and S; are required for each complex multiple-lift circuit, which
simplify the control scheme and decrease the cost significantly. Hence, each circuit has

two switches, (n+1) inductors, (n+2) capacitors and (2n-1) diodes.

When switches S and S; turn on, D}, D>,..., D3,.; are on, and D, is off. When S and S;
turn off, D;, D;,..., D3, are off, and D, is on. Capacitors C; Cs,...,C, lift V¢, by n times
of Ve, Inductors L, Ls,... L, perform the same function of a ladder joint to link the
adjacent capacitors. From the foregoing analysis and calculation, the general formulas for

all multiple-lift circuits can be obtained according to the similar steps.
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+

1 '\ I +
A
o
=

AN

1

Fig. 2-10. Multiple-lift circuit possessing n voltage-lift cells

The generalized voltage transfer gain is

M=—"— n=1234,. (2.34)
1-D
The generalized /” inductor current is
(n - J-)h[j)
[, =———I 2.35
Lj 1-D 4 ( )
where
1 j=0,1
h(j) = J and 0° =1
0 I<jsn

and the subscript 0 denotes the inductor L which is connected with the source in the
circuit.

Therefore, the generalized variation of the j” inductor current iy, is
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A2 nD R

| — & (2.36)
Su 1, 2M*(n-)"" 1L,
Analogously, the generalized variation ratio of the output voltage v, is
V.  2RfC,
The generalized variation of the diode current ip, is
& =22 R (2.38)
oM 1L,

It is assumed that all inductors existing in the voltage lift cells are the same. Therefore,

the generalized boundaries between the CCM and DCM for all circuits are

2M? _ 2n
nD  D(I-D)’

Zy p= (2.39)

The generalized current efficiency is

++/n° +2nD’Z
Tyl TR Ay (2.40)

D(1-D)Z,

The generalized voltage transfer gain in DCM is
I 2 2
17 =—2-(n+ n +2nD°Z, ) (2.41)

If the generalized circuit possesses three VL cells, it is termed the triple-lift circuit. If
the generalized circuit possesses four VL cells, it is termed the quadruple-lift circuit. The
main characteristics of these two multiple-lift circuits are given in Table 2-1 for ready

reference.

The boundaries between CCM and DCM of all proposed circuits are shown in Fig.
2-11. The curves of all M versus Zy indicate that the CCM area increases from the self-lift
circuit via the re-lift circuit, the triple-lift circuit to the quadruple-lift circuit. There are
minimum values of Zy (13.5, 27, 40.5 and 54) at the boundaries, and all of them are under
the condition of D = /3. It means that the condition of D = 1/3 is the most possible for
these converters to enter DCM. The corresponding extreme points are also marked in Fig.

2-11 for ready reference.
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Table 2-1. Main Characteristics of Proposed Multiple-lift Circuits

Triple-Lift Circuit  Quadruple-Lift Circuit

3 4
M /J-—D) Y-y
Mpcm ”+49+6022N% 2+‘}4+2DZZN)

Z 6 8
N-B DI - DY’ D(I - D)?

m 3+4J9+6DZ, 4+2y4+2D°Z,
DU-D)Zy D(I-D)Zy

I [%!—D)”ﬂ f%f—m]"n

I* “Hi-pye A 1-pylo

I
- pyVo
1-D)
I - pyle
Is Nil

Vollage Transier Gains, M

135 27 405 54 200

Fig. 2-11. Boundaries between CCM and DCM against the normalized load Zy

(1: self-lift circuit; 2: re-lift circuit; 3: triple-lift circuit; 4: quadruple-lift circuit)

2.4.2 Steady-state performance summary

From the foregoing analysis, we can get an overview and main analytical results of
proposed VL-type converters. Equation (2.37) indicates that the output voltage variation
ratios are determined by the interactions caused by D, R, f and C,. So increasing the

capacitance of output capacitor can effectively decrease the ripper of output voltages.

-35-
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In order to show the high voltage transfer gains characteristics of proposed circuits
over the conventional SEPIC converter, voltage transfer gains V,/Vj, in duty ratio D =

0.33, 0.5, 0.75 and 0.8 are listed in Table 2-2.

Table 2-2.  Comparison of four proposed converters with conventional SEPIC converter

Vu/viu
Topology
D=0.33 D=0.5 D=0.75 D=08

Conventional SEPIC prototype 0.5 1 3 4

Self-lift circuit 1.3 2 5
Proposed Re-lift circuit 3 4 8 10
converters | Triple-lift circuit 4.5 6 12 15

Quadruple-lift circuit 6 8 16 20

The data in Table 2-2 indicate all proposed converters can get higher voltage transfer
gains compare with traditional topologies. Although traditional n-cell cascade connection
converters (quadratic converters) and transformer-type converters can achieve high
voltage transfer gains, their efficiency 77remains low. This is because 770of n-cell cascade
connection converters given by the product of the efficiencies of each cell belonging to

the cascade connection, i.e.n7=17,7,..77,. And7jof transformer-type converters would be

limited by additional losses caused by transformer magnetic characteristics. Since all
proposed converters avoid these problems, compact structures with a good efficiency
might be achieved in the practical manufacture. The practical efficiency of a dc-dc
converter equipment is usually concerned with the interactions caused by the components,
layout, operation conditions, mechanical and thermal details, which may be further

explored and improved by industrial companies.

2.5 General Guidelines of Parameters Selection

Three kinds of basic parameters, L, C, and f, have to be chosen. The first design

formula is the classical one based on a small ripple Ai, of i;, which is:

DT

L = 1/:';1
Ai,

-36-
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The above design formula can be extended to the selection of other inductors, Lj, L;...L,,
and consequently, we have:

1 uify K (2.43)

n , .
Ai,,

Where: Vi, is defined as the voltage across L, during DT.

The first design formula for C, and f is also the classical one, requiring for a small

ripple in the output voltage AV, (It is noted that this requirement comes not only from the

desire of having clean dc load voltage, but mainly from the need of increasing the
efficiency of the SC circuit and decreasing the peak of the capacitor current, i.e.

decreasing the EMI). So we have:

C.f 22’7?25‘/;@_!23 (2.44)
Furthermore, in all circuits introduced in this chapter, L, C, and f have to meet one
more complicated constraint, the switching operation has to be calculated in such a way
as to:1) allow for charging C,; C....C, at their nominal required value during the
switching-on mode (similar to SC converters, the nominal operating point has to be on the

linear part of the capacitor charging characteristic), and 2) avoid sensible discharging of

the capacitors during the switch-off mode. Usually, we let:
C,=C,=..=C, <C, (2.45)

According to above-mentioned design formula and general guidelines, an elementary
parameter selection can be performed. Then, the corresponding Zy and Zy.p can be
calculated to determine the operation mode, which is verified by the initial design

objective. The criterion using Zy and Zy g is as follows:

Z.<Zy .:CCM
{” ek (2.46)

Zy>Zy 5:DCM

These requirements give an implicit constraint. By using the time-domain equations of
each topology, the constraints have been applied to the steady-state cycle, and numerical

solutions can have been obtained by computer simulation and calculation.
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It is noted that the general guidelines introduced in this part are applicable not only to
the positive output VL-type SEPIC converters in this chapter, but also to the other circuits

that will be introduced in the next chapters.

2.6 Simulation and Experimental Results

Simulation package PSIM was applied to self-lift and re-lift circuits. Inductor currents
and output voltage are given to verify the theoretical analysis. All diodes and the switch
in simulation cases are ideal. The corresponding hardware testing circuits were also
constructed to compare with the simulation results. It is noted that v, and v¢, are

demonstrated through channel 1 and 2 of the oscillograph, respectively.

2.6.1 Simulation verification of the self-lift circuit in CCM

The circuit parameters for simulation are: V;,=10V, R=100), L=ImH, L;=500uH,
C,=110uF, C;=22uF, C,=110uF and D=0.6/0.75/0.4. The switching frequency f is
100kHz. Since the case is to be performed in CCM, we use (2.10) and get the boundary
values of normalized load, ZN_Bl =20.8/42.716.94. The normalized load Zy in

D=0.610.75/0.4
this case is equal to 2 and located at the left CCM region of the boundary curve shown in

Fig. 2-5. Therefore, it indicates that above parameters are appropriate for the CCM

operation.

According to (2.2) and (2.5), we obtain the theoretical output voltage value V, and
inductor current value /;; (average value), which are equal to 25V and 0OA under the
condition of D=0.6. The corresponding output voltage variation ratio € is equal to 2.7e-4

calculated by (2.8), and near-zero ripple is achieved.

The simulated startup traces (v, and i;;) under the zero initial condition are shown in
Fig. 2-12(a), from which it can be seen that the startup process is quick and similar to
other existing classical dc-dc converters. The simulated responses to the duty ratio step
change from 0.6 to 0.75 and 0.4 are shown in Fig. 2-12(b) and (c), respectively. Although

the transient processes are different in Fig. 2-12(b) and (c) due to the inner energy
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exchanging, both of the corresponding large-signal models are very close to 2™ order
models. The steady-state performance in all simulation cases is identically matching the

theoretical analysis.

000 Doz 0.04 008 008 010 012
Time ()

(a)
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Fig. 2-12. Simulation results of the self-lift circuit in CCM

(a) simulated startup traces under zero initial conditions
(b) simulated response to the duty ratio step change from 0.6 to 0.75

(c) simulated response to the duty ratio step change from 0.6 to 0.4
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It is seen from Fig. 2-12(b) that there exists some low frequency ripples in iz, (source
current) after D is changed. This is a common phenomenon in dc-dc converters, because
low frequency ripples are very easy introduced into source current when D and load are

changed. This phenomenon can be eliminated by current-mode controllers.

2.6.2 Simulation verification of the self-lift circuit in DCM
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Fig. 2-13. Simulation results of the self-lift circuit in DCM

(a) simulated startup traces under zero initial conditions
(b) Steady-state waveforms of (a)

On the basis of the simulation case given in Chapter 2.6.1, we let: R=500Q2, D=0.4
and f=50kHz. Zy in this case is thus equal to 20 and located at the right DCM region of
the boundary curve shown in Fig. 2-5. Therefore, under the interaction caused by R, L;, D
and f, the converter enters the DCM operation. The simulated startup traces (v, and ir;)
under zero initial conditions are shown in Fig. 2-13(a), and the corresponding steady-state
waveforms are shown in Fig.2-13(b). It can be measured from Fig. 2-13(b) that  is nearly
equal to 0.66, and V,, is equal to 20.4V.

_40 -
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Substituting k=0.66 to (2.16), we can obtain that the theoretical V,=20./3V, which
shows that the theoretical analysis results in DCM also have a good agreement with the

simulation results.

2.6.3 Experimental results of the self-lift circuit

In the hardware testing circuit, we still choose the same parameters in Chapter 2.6.1.
The n-channel MOSFET 2SK2267 is selected as the active power switch S. The drain-
source on resistance is 8m{), which is near the ideal condition. All the diodes are realized
by using MBR6045WT, the forward voltage drop of 0.6V. Thus, the circuit will work in
CCM, and the practical output voltage is smaller than the theoretical value due to the
effects caused by parasitic parameters. Under the condition of D=0.6, the corresponding
steady-state experimental curves are shown in Fig. 2-14(a). After careful measurement,
we obtained V,=23.6V (shown in Channel 1with 10V/Div) and V=9.9V (shown in
Channel 2 with10V/Div), from which it is seen that the measured results are close to the

theoretical analysis and simulation results.

4 10.0v 2 10.0v —0.008 _1.00% $1_STOP

(a)
1.10.0v_2 10.0v : :
i |-I4|l-|;.| 1 ; i l!‘-'- "'I: Jam
: : [
(©)
Fig. 2-14. Experimental results of the self-lift circuit case

(a) experimental results of steady-state performance
(b) experimental results of the duty ratio step change from 0.6 to 0.75
(c) experimental results of the duty ratio step change from 0.6 to 0.4

=] =
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Additionally, the experimental results of the duty ratio step change from 0.6 to 0.75 is
shown in Fig. 2-14(b), and the experimental results of the duty ratio step change from 0.6
to 0.4 is shown in Fig. 2-14(c). The oscillation of v¢, decays in a short time, and a fast
constant voltage recovery is made. The open-loop transient processes are quick in only
few milliseconds. The converter reaches the new steady state which has a good agreement

with the simulation results as shown in 2-13(b) and (c).

2.6.4 Simulation verification of the re-lift circuit in CCM

The circuit parameters for simulation are: V;,=10V, R=100C), L=1mH, L;=L,=500uH,
C,=110uF, C;=C,=22uF, C,=110uF and D=0.6/0.75/0.4. The other assumptions are the
same with the above-mentioned self-lift circuit simulation case. Analogously, we use

(2.28) and get the boundary values of normalized load, ZN“*‘D:O.!‘JHL?SIGA =41.7185.3/27.7 .

The normalized load Zy in this case is equal to 2 and located at the left CCM region of the
boundary curve shown in Fig. 2-9. Therefore, it indicates that above parameters are

appropriate for the CCM operation.

According to (2.17), (2.20) and (2.21), we obtain the theoretical values of V,, I;> and
Ir;, which are equal to 50V, 1.25A and -1.25A under the condition of D=0.6. The
corresponding output voltage variation ratio € is equal to 2.7e-4 calculated by (2.26),

which is same with that of case 1. So near-zero ripple is achieved.

The simulated startup traces (v, ir; and iz;) under zero initial conditions are shown in
Fig. 2-15(a), from which it can be seen that the startup process is very quick and similar
to other existing classical dc-dc converters. The steady-state performance (curve 1: ij;
curve 2: iz>) in the simulation is identically matching to the theoretical analysis. It is noted
that the reference positive direction of iz; in the simulation is the same with that in Fig.
2-6, so the simulation curve i;; in the steady state is below the zero axis and symmetrical
with respect to iz>. The simulated responses to the duty ratio step change from 0.6 to 0.75
and 0.4 are shown in Fig. 2-15(b) and (c), respectively. Both of the corresponding large-

signal models are close to 2" order models, which is similar to the self-lift circuit case.

-42 -
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Fig. 2-15. Simulation results of the re-lift circuit in CCM

(a) simulated startup traces under zero initial conditions
(b) simulated response to the duty ratio step change from 0.6 to 0.75
(c) simulated response to the duty ratio step change from 0.6 to 0.4

2.6.5 Simulation verification of the re-lift circuit in DCM

On the basis of the simulation parameters given in 2.6.4, we let: R=1000€), D=0.4 and
[=50kHz. Zy in this case is thus equal to 40 and located at the right DCM region of the

<l s
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boundary curve shown in Fig. 2-5. Therefore, the circuit will work in DCM. According to

(2.33), we can calculate the theoretical value of V,, which is equal to 37.2V.

To verify the theoretical calculation, the simulated startup traces (v, and iz;) under zero
initial conditions are shown in Fig. 2-16(a), and the corresponding steady-state
waveforms are shown in Fig.2-16(b). V, is carefully measured and equal to 37.92V,

which has a good agreement with the theoretical analysis.

(b)
Fig. 2-16. Simulation results of the re-lift circuit in DCM

(a) simulated startup traces under zero initial conditions
(b) Steady-state waveforms of (a)

2.6.6 Experimental results of the re-lift circuit

The same parameters in Chapter 2.6.4 are chosen to construct a testing hardware
circuit. Two n-channel MOSFETs are selected. All diodes and MOSFETS are the same

with those adopted in the self-lift circuit. The circuit will work in CCM. Under the
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ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2. Positive Output VL-type SEPIC Converters

condition of D=0.6, the corresponding steady-state experimental curves are shown in Fig.
2-17(a). We obtained V,=46.2V (shown in Channel 1 with 10V/Div) and V= 9.9V
(shown in Channel 2 with 10V/Div) from which it is seen that the measured results are
close to the theoretical analysis and simulation results. The output voltage drop might be
caused by many reasons, mainly including the parasitic parameters, circuit board

conditions, etc.

Additionally, the experimental results of the duty ratio step change from 0.6 to 0.75 is
shown in Fig. 2-17(b), The oscillation of v¢, decays in a short time, and a fast constant
voltage recovery is made. The open-loop transient processes are quick in only few
milliseconds. The converter reaches the new steady state, and a significant voltage
degradation can be found. Considering the parasitic parameters and high values of D, the
experimental results are acceptable. The experimental results of the duty ratio step change
from 0.6 to 0.4 is shown in Fig. 2-17(c), in which the new steady state has a good

agreement with the simulation results as shown in Fig. 2-15(c).
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Fig. 2-17. Experimental results of the re-lift circuit case

(a) Experimental results of steady-state performance
(b) Experimental results of the duty ratio step change from 0.6 to 0.75
(c) Experimental results of the duty ratio step change from 0.6 to 0.4
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Chapter 3 Negative Output VL-type Cik Converters

In Chapter 2, a series of positive output dc-dc converters have been introduced. This
chapter will introduce a series of negative output dc-dc converters (VL-type Cik
converters) applying series Cuk implementing VL techniques. Compared with the Cik
converter prototype, these converters can perform positive to negative dc-dc voltage
conversion with higher voltage transfer gains. Similar to the positive output VL-type
SEPIC converters introduced in Chapter 2, all circuits proposed in this chapter are totally
different from other existing dc-dc step-up converters. The main advantages, mainly
including fewer switches, transformerless structures, clear conversion processes and high

output voltages, will be analyzed in detail.

3.1 Introduction

The classical Ciik converter [58-60] shown in Fig. 3-1 has many industrial applications
due to its good characteristics. This topology provides an output voltage with an opposite
polarity to its input voltage. L and L; reduce EMI, and output voltage ripple is small.
Under the different conditions of duty ratio D, it can perform the step-down and step-up

dc-dc conversion due to its voltage transfer function as:

D
Ciik :_E:_Msmc (3.1)
~—Source;
Ak g

Lol

Fig. 3-1.  Prototype of the Ciik converter

From (3.1), it is seen that the both the Ciik converter and the SEPIC converter are

faced with the same difficulty of low voltage boost ability. Furthermore, because the
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classical Cik converter is protected as an international patent, its practical applications
have been seriously limited in present. Therefore, it is necessary to develop new

topologies on the basis Ciik prototype for obtaining high voltage boost ability.

As introduced in Chapter 2, the VL technique has the potential to improve the
performance of some classical dc-dc converters. In [3], F.L. Luo proposed a Cik-based
self-1ift circuit integrating the VL technique, and it is termed the self-lift Ciik converter.
As shown in Fig. 3-2, the self-lift Cik converter is derived from the Cik prototype by
adding two components (diode D; and capacitor C;) into the pump section. When § turns
on, D; is on, and Dy is off. When § turns off, D, is off, and Dy is on. C; performs
characteristics to lift the output capacitor voltage V¢, by the capacitor voltage V.
Furthermore, a Il-type low-pass filter C;-L;-C, is constructed and combined with the

pump section. The voltage boost ability is thus increased from -DAI-D) to -1/(1-D).

Fig. 3-2.  Topology of the self-lift Ciik circuit (i.e. Elementary self-lift circuit)

In this chapter, the VL technique is applied to the Ciik prototype and the self-lift Cik
converter, and a new series Clik implementing VL technique is developed. Consequently,
a series of novel negative output VL-type Ciik converters have been created. Similar to
Chapter 2, the self-lift Ciik converter in Fig. 3-2 is included into the proposed series as the
elementary circuit. And consequently, negative output VL-type Ciik converters can be

categorized into:

® clementary self-lift circuit (i.e. self-lift Ciik converter [3])
® developed self-lift circuit
® re-lift circuit

® multiple circuits (e.g. triple-lift and quadruple-lift circuit).

ol e
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All above circuits are different from any other existing negative output dc-dc
converters. They are featured with higher voltage transfer gains in simple structures. The

detailed analysis will be performed in the following sections.

3.2 Elementary Self-Lift Circuit

At present, the problems existing in the study of this circuit are the same to those of
the self-lift SEPIC converter, and analysis results in [3] on this circuit is not enough and
need to be reexamined. The detailed reasons are the same to those mentioned in Chapter

2.2, which are summarized again as follows:

* The results on DCM are not precise due to simplified calculation.
* Parameter “current filling efficiency” was proposed, but its usage during

calculation is not correct,

» The voltage and current characteristics of each component have not been provided.

Therefore, a detailed circuit analysis is to be performed here. The equivalent circuits
during switching-on, -off and DCM are shown in Fig. 3-3(a-c), respectively. Switching
diagrams with main steady-state waveforms are shown in Fig. 3-4 to analyze the circuit

operation, where reference directions are referred to in Fig. 3-2.

I, —
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L * 6—
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> e, e gz
i Tt
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(c)

Fig. 3-3.  Equivalent circuits of the elementary self-lift Ciik circuit

o
’t"rr
—

a

(a) equivalent circuit during switching-on
(b) equivalent circuit during switching-off
(c) equivalent circuit during DCM

LA
Ai, I
KH
0 >
_(V(\ '_;/M-]
CA
\ /wq V(
\\/ X &
0 >
CA y
/
V V
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L —7 a-D)T S

Fig. 3-4.  Elementary self-lift circuit: waveforms with enlarged variations

3.2.1 Circuit analysis in CCM

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

Ver =V, =V,

o

During the switch-on period, V¢, is equal to the voltage across C,. Since C; and C; are

sufficiently large, we have:
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The inductor current i; increases during switching-on and decreases during switching-

off. The corresponding voltages across L are V;, and —(V,, —V,)). Therefore, applying the

inductor volt-second balance principle to L, we have:
DTV, =(I-D)T (V. -V,) or DTV, =(I-D)T(V,-V,)

Hence

Vn:—!_vfn
1-D

The voltage transfer gain in CCM is

- (3.2)

M. = -
s 1=

SRS

Therefore the input current is

1
!m:]—_l_)_lozll =!Df—uf (33)

Capacitor C, acts as a lowpass filter so that
I =1 (3.4)
Since the peak-to-peak current variation of iz, Ai, is equal to DTV, /L, the variation
ratio of iy is

Ai,/2_ D R
g =—tife — _— (3.5)
I, 2M; fL

The peak-to-peak voltage variation ratio of v¢;, Av,, is approximate to

1-D)T
AT
Cn‘
Therefore, the variation ratio of v¢; is

& s Ave, /2 _ 1 _—
Ve 2M ¢ fRC,
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Because v, varies very little, the peak-to-peak current variation of i;; can be calculated

by the area A of a triangle with width 7/2 and the height Av., /2, which is approximately

Therefore, the variation ratio of iz; is approximate to
(3.7)

A, /2 ]
L A VIV
Li .s'f L!CJ

The variation of ipy is equal to Ai, during switching-off, so the variation ratio of ipyis
(3.8)

tf—g—Di
7ot oMl fL

To simplify the calculation, we treat the ripple waveform of i;; as a triangle waveform

as shown in Fig. 3-4 because the ripple of i;; is very small. So the peak-to-peak voltage

variation of v, is calculated by the area B, which is approximately

wl  (1-D)I,
Avn = = 3
C, 64f°LCC,

Therefore, the variation ratio of v, is approximate to
(3.9)

o= Av, /2 _ 1
v, I128M,f’LCC,R

o

3.2.2 Circuit Analysis in DCM

The elementary self-lift circuit operates in DCM if the current ip; reduces to zero

during switching-off. The condition for the DCM is 50;‘ >1],ie.
(3.10)

D
w7 %]
Sor 2m?"

where Zy is defined as the normalized load RAfL).
T, the circuit operates at the

As a special case, when ips decrease to zero at ¢
boundary of CCM and DCM. Therefore the boundary between CCM and DCM is

obtained as below:

=81+
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M’ 2
Zyg=—7T-= ; (3.11)
D  D(I-D)

When Zy > Zy.p, the circuit operates in DCM. Under this condition ips decreases to

zero at t = t; = [D+ms(1-D)]T where

DT <t,<T and O0<mgz <1
Here, mj is the current filling efficiency for the elementary self-lift circuit and defined as

_#=BT

" (I-D)T (3.12)

5

In DCM, i, increases during switching-on and decreases during the period from DT to
ms(1-D)T. The corresponding voltages across L are Vj, and —(V,, —V, ). Thus, utilizing

the volt-second balance principle, we have

DTV, =mg(I-D)T (V. -V, ) or

n

DTV, =my(1-D)T(V,-V,) (3.13)

In addition, the transferred charges of L during switching-off are equal to

mg(1—D)TAi, /2, which compensate the total consumed charges of the load. So we have

1
IT= 3 mg(I1-D)TAi, or

V, .. 1 DTV,
=T =—mg(I-D)T —= 3.14
w1 =y M (3.14)

Combining (3.13) and (3.14), we can obtain the filling efficiency of the elementary

self-lift circuit as:

_1+y1+2DZ, (3.15)

m —
* DU-D)Z,

From (3.13), we have

v=+—2 v (3.16)
mg(1-D)

Therefore, substituting (3.15) into (3.16) yields the voltage transfer gain in DCM as

follows:

sy
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M s :§(1+J1+2DZZN) (3.17)

Using (3.2), (3.11) and (3.17), we can obtain the boundary curve between CCM and

DCM and voltage transfer gains versus the normalized load as shown in Fig. 3-5.

10 i WS I e

Voltage Transfer Gains, M

100
10° 10

RIL
Fig. 3-5.  Elementary self-lift circuit: boundary between CCM and DCM and voltage transfer gains

against Zy

3.3 Developed Self-Lift Circuit

The developed self-lift circuit is derived from the elementary self-lift circuit by adding
the components (D,-S;) and redesigning the connection relations of L;. The circuit
diagram is shown in Fig. 3-6, and the subscript S'is used here to distinguish this topology
from the elementary self-lift circuit. Static switches S and S; are switched simultaneously.
The lift circuit consists of C;-L;-S;-D;, and it is a basic voltage lift cell. When § and S,
turn on, D; is on, Dy and D, are off. When § and §; turn off, D; is off, Dyand D, are on.
Capacitor C; performs its characteristics to lift the output capacitor voltage V¢, by the

capacitor voltage V.

+ '(I

Fig. 3-6.  Topology of the developed self-lift Cik circuit
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The equivalent circuits during switching-on, switching-off and DCM are shown in Fig.
3-7(a-c), respectively. In the following sub-sections, the circuit is assumed operating in

CCM.

_.-jﬂ
(a)
L e, gl
+ * 5
J; ‘;T; b fi“'
= =i
(b)
e
Im._IYZY\_TI&_
C,
v‘" — -
—:"i-& G, G, R:i‘:T‘u
+ + 9
TA T
= ' —~i
(c)

Fig. 3-7.  Equivalent circuits of the developed self-lift Ciik circuit

(a) equivalent circuit during switching-on
(b) equivalent circuit during switching-off
(c) equivalent circuit during DCM

3.3.1 Circuit analysis in CCM

Switching diagrams with main steady-state waveforms are shown in Fig. 3-8 to

analyze the circuit operation, where reference directions are referred to in Fig. 3-6.
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The inductor current i; increases during switching-on and decreases during switching-
off. The corresponding voltages across L are Vj, and (V. -V, ), which is the same with

the condition of the foregoing elementary self-lift circuit. Therefore, we get

1
VC: = vr'rr
1-D
LA
Af, I
l/iﬂ
0 >
_-(V:".‘ = P:n
LA
Ai,, Iy
l/r'n
0 > |
—(Ve, _Vt‘f
cA
\ / vf's J/:‘
\/ \ &
0 |
1 bpr (1-D)T

Fig. 3-8.  Developed self-lift circuit: waveforms with enlarged variations

During switching-on, the voltage across C; is equal to Vg,. Since C; and C; are

sufficiently large, we have:

The inductor current i;; increases during switching-on and decreases during switching-

off. The corresponding voltages across L are V¢, and —(V,,, — V). Therefore, with the sec-

voltage balance principle, we have

DTV, =({1-D)T(V.,—-V,) or DTV, =(I-D)T(V,-V,,)

o
Hence,

=t
(I-D)

-55-



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3. Negative Output VL-type Citk Converters

The voltage transfer gain in CCM is

MS.=L-=——;~—, (3.18)
V. ({-Dy
and the input current is
1
- 1, =4, =l (3.19)

_m o~ LT “Cs-off

The charges of C, increase during switching-off and decrease during switching-on. We
get:
Q('of = f{,DT
Q(.'u— = l(_‘,,_nﬂr(]_ D)T
In a switching cycle, Qco+=Qc,- Therefore,

D
IC‘o—uﬂ = }_—.D_ Io

During switching-off, ip,=ic,+1,. Therefore,

1 / +], =——I (3.20)

Co-off 0 F=1 o

Do-off =

During switching-off, L; and C; form a path and transfer the stored energy through D,

Therefore,

1

L = f&)-vq,f_,f' = 1_D !ﬂ

i

Since the peak-to-peak current variation of iz, Ai, is equal to DTV, /L, the variation

ratio of the current iy is

- _4,)2_ D R
Lr 2My) fL

(3.21)

Since the peak-to-peak current variation of iz;, Ai;, is equal to DTV, /L, , the variation
ratio of the current iz; is

_4,/2__ D R

. (3.22)
[U 2M§ ﬂ.’

g!. I
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The variation of the current ip, during switching-off is equal to A7, ,, and Ip,..4 is equal

to I; ;. Therefore, the variation ratio of ip, is

D R

—_— 3.23
2M fL, ( )

‘fn; =Ly

The peak-to-peak voltage variation of v,, Av, is equal to/ DT/C,. Therefore, the

variation ratio of v, is

_Av, /2 D
V. 2RC,f

o

(3.24)

5

3.3.2 Circuit analysis in DCM

The developed self-lift circuit operates in DCM if the current ip, reduces to zero

during switching-off. The condition for DCM is&,,, 21, i.e.

D

5o =20

B 21 (3.25)

3

where Zy is defined as the normalized load RAfL)).

As a special case, when ip, decrease to zero at + = T, the circuit operates at the
boundary of CCM and DCM. Therefore, the boundary between CCM and DCM is
obtained as below:

2M,, 2

= - 3.26
D D(1- D) ( )

When Zy > Zy.p, the circuit is operates in DCM. Under this condition ip, decreases to

zero at t =t, =[D+m,.(I—D)]T where
DT <t,<T and O0<mg <1

Here, mg.is the current filling efficiency for the developed self-lift circuit, and its

definition is the same to (3.12).
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In DCM, current i;; increases during switching-on and decreases during the period

from DT to mg(1-D)T. The corresponding voltages across L; are Ve and —(V,, —V,)).

Thus, using the volt-second balance principle, we have

DTV, =my(1-D)T(V,, -V,,) or

DT—LV

1
- =m.(I-D)YT(V —V. 327
}_D in m.‘;( ) (n I—D m) ( )

Additionally, the transferred charges of L, during switching-off are equal to

mg(I1-D)TAi,, /2, which compensate the total consumed charges of the load. So we have
1 .
IT'= Emy(f - DT A, or

Yor Ll a-pyr2L 1y, (3.28)
R 2 1-D

1

Combining (3.28) and (3.29), we obtain

_1+\1+2D°Z, (3.29)

me.
¥ D(U-D)Z,

From (3.27), we have

1 D

V, = v, 3.30
’ [1—D+ms.(}—D)3]’" 530

Therefore, substituting (3.29) into (3.30) yields the following voltage transfer gain in
DCM:

1+,/1+2D°Z, (331)

M. =
5'-DCM 2(-D)

Using (3.18), (3.26) and (3.31), we obtain the boundary curve between CCM and
DCM. The voltage transfer gains versus the normalized load are thus shown in Fig. 3-9,

which is beneficial for theoretical analysis and practical engineering design.

siaR
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Fig. 3-9.  Developed self-lift circuit: boundary between CCM and DCM and voltage transfer gains
against Zy

3.4 Re-Lift Circuit

The re-lift circuit shown in Fig. 3-10 is derived from the developed re-lift circuit by
adding the components (D;-C>-D3-L3). The lift circuit consists of Cj-L;-D;-Cz- D3-L; -S;
and it can be divided into two basic voltage lift cells. When switches § and S; turn on, D;,
D; and D; are on, Dy and D,, are off. When § and §; turn off, D; D; and D; are off, Dy and
D, are on. Capacitors C; and C; perform characteristics to lift the output capacitor voltage
Vo by twice the capacitor voltage Vi,. L; performs the function of a ladder joint to link

the two capacitors C; and Czand lift Ve,.

Fig. 3-10. Topology of the re-lift Ciik circuit

The equivalent circuits during switching-on, switching-off and DCM are shown in Fig.
3-11(a-c), respectively. In the following sub-sections, the circuit is assumed operating in

CCM.
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(a)

= =,
(b)
: S Tc; ) 2 \ {0 R:ET v,
+ c + 9
L2
= i —i

(©)
Fig. 3-11. Equivalent circuits of the re-lift Ciik circuit

(a) equivalent circuit during switching-on
(b) equivalent circuit during switching-off
(c) equivalent circuit during DCM

3.4.1 Circuit analysis in CCM

Switching diagrams with main steady-state waveforms are shown in Fig. 3-12 to

analyze the circuit operation, where reference directions are referred to in Fig. 3-10.
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Fig. 3-12. Re-lift circuit: waveforms with enlarged variations
As is illustrated in the previous analysis, we get the same formula

1
Cs I—D in

During switching-on, both the voltages across C; and C; are equal to Vg,. Since C, C,
and C; are sufficiently large, we have:
Vo, =Vea =V =V,
The voltage across L; is equal to V¢, during switching-on. With the volt-second
balance principle, we get

D D
Voo gimime W s I
Li-off I“D Cs (1_0)2 in
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The inductor current i, increases during switching-on and decreases during switching-

off. The corresponding voltages across L; are V¢, and —(V, =V, =V, +V,,_») - Therefore,

with the sec-voltage balance principle, we have

in

DTV, =(I1-D)T (Vp, =V, Ve, +V gl 0T JDTﬁVF.rl =(I-D)T(V, —%V Vo)

Hence

o = 2 2 Va‘n
(I-Dy

The voltage transfer gain in CCM is
M.=Ye__ 2 (3.32)

and the input current is

__ 2
" (1-Dy

I,=1 =1l , (3.33)

The charges of both C, increase during switching-off and decrease during switching-

on. Thus, we get:

QC0+ = IoDT
Oco- =Ly op U=D)T

In a switching cycle, Qc,+=0c,-. Therefore,

D
forar =75

During switching-off, ip,=ic,+i,. Therefore,

1
I Do—oﬂ"__ [Co—oﬁ" +]D =ﬁf (334)

o

During switching-off, C;, L;, C> and L, form a path and transfer the stored energy

through D,,. Therefore,

1 { ! (3.35)

= [ =] =—
i L2 Do-uff ]—D [

L
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In a switching cycle, Ai, is equal to DTV, /L, therefore, the variation ratio of the

in
current i; 18

_Ai,)2__ D R
I, 2M:fL

(3.36)

L

Analogously, Ai,, and Ai,, correspond to DTV /L, and DTV, /L, , respectively.

Therefore, the variation ratios of i;; and i are

_Ai,/2_ D R (3.37)

TV

_Aiy/2_ D R (3.38)

v IL? 2MR ﬂ‘?

The variation of the current ip, during switching-off is equal to Ai,,, so the variation

ratio of ip, 18

D R

2 (3.39)
2M . fL,

‘;:Do =6 =

The peak-to-peak voltage variation of v, Av,is equal to I, DT/C,. Therefore, the
variation ratio of v, is

o _Av/2_ D
* V. 2RCf

]

(3.40)

Equations (3.37) and (3.38) indicate that inductor current variations during a switching
cycle may be different due to the inductance difference. Because L; and L; are in series
during switching-off, the same inductance is thus recommended in practical circuit design.
In reality, although they will be slightly different, it will not affect the normal operation.
This is because the practical inductor current variations (ripple) will be rather small under

the high switching frequency and large inductance conditions.

3.4.2 Circuit analysis in DCM

From the foregoing explanation, it is assumed that L; and L, are the same, which can
simplify the boundary analysis of CCM and DCM. The re-lift circuit operates in DCM if

the current ip, reduces to zero during switching-off. The condition for DCM is &, 217, i.e.

= B3 -
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é{}u = 2‘3 ZN 2} (3.41)

R
As a special case, when ip, decrease to zero at t = T, the circuit operates at the
boundary of CCM and DCM. Therefore the boundary between CCM and DCM is
obtained as below:

ZN_3=2M“= . ; (3.42)
D  D(I-D)

When Zy > Zy., the circuit is operates in DCM. Under this condition ip, decreases to

zero at t = t; = [D+mgp(I-D)]T where
DT <t;<T and O0<m, <1

Here, mg is the current filling efficiency for the re-lift circuit, and its definition is the

same to (3.12).

In DCM, because current i, increases during switching-on and decreases during the
period from DT to (1-D)mgT, we thus have

ﬂ_D_VC‘
(I-Dym, °©

Viguy =

Current iz; increases during switching-on and decreases during the period from DT to

mg(1-D)T. The corresponding voltages across L; are Veg and —(Vg, =V, =V, +Vip o)
Thus, using the volt-second balance principle, we have

DTV, =(I1=D)mgT(Ve, =V, = Vs + V5 o) OF

2 V.1 (3.43)

DTV,. =(1-DynIT|V -2V, ———
Cs ( )mR l o Cs (I—D)mR Cs

Additionally, the transferred charges of L; during switching-off are equal to

my(1-D)TAi,, /2, which compensate the total consumed charges of the load. So we have

1T =émR(I~D)TAiL2 or

o

1 DTV,

V(i
E—T =EmR(J-D)T (3.44)

Combining (3.43) and (3.44), we obtain
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_2+21+D’Z, (3.45)

J?IR =
D(I1-D)Z,
From (3.43), we have:

2D
V =[24+———F=JV, 3.46
Il [ +mR(]—D)] Cs ( )

Therefore, substituting (3.45) into (3.46) yields the following voltage transfer gain in
DCM:

I+ I+ P2
M =< S I———;.3 (3.47)

R-DCM — 1-D

Using (3.32), (3.42) and (3.47), we can obtain the boundary curve between CCM and
DCM. The voltage transfer gains versus the normalized load are thus shown in Fig. 3-13,

which is beneficial for theoretical analysis and practical engineering design.

W
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Fig. 3-13. Re-lift circuit: boundary between CCM and DCM and voltage transfer gains against Zy

3.5 Multiple-Lift Circuit

3.5.1 General analysis

Referring to Fig. 3-10, it is possible to construct multiple-lift circuits by repeating

adding the components (D>-C>-L>-D;3). Assuming that there are n voltage lift cells, the
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generalized multiple-lift circuit is shown in Fig. 3-14 with reference directions.
According to this principle, only two synchronous switches S and S; are required for each
complex multiple-lift circuit, which simplify the control scheme and decrease the cost
significantly. Hence, each circuit has two switches, (n+17) inductors, (n+2) capacitors and

(2n+1) diodes.

Fig. 3-14. Generalized representation of the multiple-lift circuit possessing n voltage-lift cells

When switches S and S, turn on, Dy, Dy,..., D2, are on; Dyand D, are off. When S and
S; turn off, Dy, D3,..., D3,.; are off; Drand D, are on. Capacitors C;, C,...,Cy lift V¢, by n
times of Ve,. Inductors L;, Ls,... L, perform the same function of a ladder joint to link the
adjacent capacitors. From the foregoing analysis and calculation, the general formulas for

all multiple-lift circuits can be obtained according to the similar steps.

The generalized voltage transfer gain is

=(T_—% B=T2, 34 (3.48)
Where

1 elementary self —lift
h(n) =
2 others

The generalized current of L is

n
I.L Zmlo (3.49)

The generalized j inductor current is

1

I,;= a_py 7 I, (3.50)
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The following general analysis is for the developed self-lift circuit and its
corresponding multiple-lift circuits. The generalized variation of the j” inductor current iLj

18

Ai, /2 D R
gq:L/:—— (3.51)
I 2M fL,
Analogously, the generalized variation ratio of the output voltage v, is
/
Ane_ D (3.52)
v, 2RfC,
The generalized variation of the diode current ip, is
D R
& =—— (3.53)
2M fL,

It is assumed that all inductors existing in the voltage lift cells are the same. Therefore,

the generalized boundaries between the CCM and DCM for all circuits are

(3.54)

2M 2n
ZN-.B — — 3
D D(-D)

The generalized current efficiency is

n+yIn’+2nD’Z,
m= (3.55)

D(I-D)Z,

The generalized voltage transfer gain in DCM is

n+\n’ +2nD’Z,
M,y = (3.56)

Iola 2(1-D)

. If the generalized circuit possesses three voltage lift cells, it is termed the triple-lift
circuit. If the generalized circuit possesses four voltage lift cells, it is termed the
quadruple-lift circuit. The main characteristics of these two multiple-lift circuits are given

in Table 3-1 for ready reference.

Table 3-1 Main Characteristics of Proposed Multiple-lift Circuits

Triple-Lift Circuit Quadruple-Lift Circuit

3 4
M /.'—ur' /J—m"
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M (3+946D°Z,) 2+,,‘4+2022N/
DCM 2(1- D) (1-D)
6 8
Znp D(-D)y D(i - Dy
m 3+y9+6D°Zy 4+2|4+2D0%2,
D(I-D)Zy D(I-D)Z,
3 4 "
% U1 py Vo LY oyl
I
I
_ Ufo—pyVe
j=1..4

The boundaries between CCM and DCM of all proposed circuits are shown in Fig.
3-15. The curves of all M versus Zy indicate that the CCM area increases from the
elementary self-lift circuit via the developed self-lift circuit, the re-lift circuit, the triple-
lift circuit to the quadruple-lift circuit. There are minimum values of Zy (3.5, 13.5, 27,
40.5 and 54) at the boundaries, and all of them are under the condition of D = /3. It
means that the condition of D = 1/3 is the most possible for these converters to enter

DCM. The corresponding extreme points are also marked in Fig. 3-15 for ready reference.

100

B
o

- N
— N
L3 ]

Voltage Transfer Gains, M
o
-
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i !
e S et I O3 [ S S e,

%30 135 27 405 54 " 200
RIfL

Fig. 3-15. Boundaries between CCM and DCM against the normalized load Zy

(1: elementary self-lift circuit; 2: developed self-lift circuit; 3: re-lift circuit; 4: triple-lift circuit; 5:
quadruple-lift circuit)

3.5.2 Steady-state performance summary

From the foregoing analysis, we can get an overview and main analytical results of

proposed VL-type converters. Equation (3.52) indicates that the output voltage variation
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ratios are determined by the interactions caused by D, R, f and C,. So increasing the

capacitance of output capacitor can effectively decrease the ripple of output voltages.

In order to show the high voltage transfer gain characteristics of the proposed circuits
over the conventional Cik converter, voltage transfer gains V,/Vj, in duty ratio D = 0.33,

0.5, 0.75 and 0.8 are listed in Table 3-2.

Table 3-2 Comparison of five proposed converters with conventional Ciik converter

Topology M=V
D=0.33 D=0.5 D=0.75 D=0.38

Conventional Cik prototype -0.5 -1 -3 -4

Elementary self-lift circuit | -/.5 -2 -4 -5

Developed self-lift circuit -2.25 -4 -16 -25
Proposed converters | Re-lift circuit -4.5 -8 32 -50

Triple-lift circuit -6.75 -12 -48 -75

Quadruple-lift circuit -9 -16 -64 -100

The data in Table 3-2 indicate all proposed converters can get higher voltage transfer
gains compare with traditional topologies. Although traditional n-cell cascade connection
converters (quadratic converters) and transformer-type converters can achieve high
voltage transfer gains, their efficiency 77 remains low. This is because 77 of n-cell cascade
connection converters given by the product of the efficiencies of each cell belonging to
the cascade connection, i.e. 7=1,7,..7,. And nof transformer-type converters would be
limited by additional losses caused by transformer magnetic characteristics. Since all
proposed converters avoid these problems, compact structures with a good efficiency

might be achieved in the practical manufacture.

For the circuit parameter selection, the general guidelines can be referred to the

discussion in Chapter 2.5.

3.6 Simulation and Experimental Results

To verify the foregoing theoretical analysis results, Psim simulation package was

applied to the proposed converters. All the diodes and the switch in simulation cases are
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ideal. The corresponding hardware testing circuits were also constructed to compare with

the simulation results.

3.6.1 Simulation verification of self-lift circuits in CCM

Referring to Fig. 3-2 and Fig. 3-6, both of these two circuits are under the same
simulation condition that V;,=10V, R=100Q), L=1mH, L;=500uH, Cs=110uF, C;=22uF,
C,=47uF, D=0.5 and f=100kHz. Since simulation is to be performed in CCM, we use

(3.11) and (3.26) to get the boundary value of normalized load, Z For these two

N-B |.D=fJ,5 :

cases, both Z,_,| are equal to /6. Both the normalized load Zy are equal to 2 and

D=05
located at the left CCM region of their boundary curve. Therefore, it indicates that above
parameters are appropriate for the CCM operation. According to (3.2) and (3.18), we
obtain the theoretical output voltage values of V,, which are equal to 20V (elementary) and
40V (developed), respectively. From (3.9) and (3.24), the output voltage variation

ratio £ and &;.are equal to 7.5e-8 and 5.3e-4, respectively. Therefore, near-zero ripple is

achieved.

The simulated startup traces under zero initial conditions are shown in Fig. 3-16(a),
from which it can be seen that the startup process is quick and similar to other existing
classical dc-dc converter. It is noted that curves 1 and 2 correspond to v, of the
elementary self-lift circuit and the developed self-lift circuit, respectively. Additionally,
the simulated responses to the duty ratio step change from 0.5 to 0.6 and 0.4 are shown in
Fig. 3-16(b) and (c). The steady-state performance in all simulation cases is identically

matching the theoretical analysis.

Va1 Vo2
000 5 - —
Y] — . W —

: 1
T
/ : 2
o o B A D
T :
V :
% o0 00 e 000 400 s 6900
Time. {ms)
(a)
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Fig. 3-16. Simulation results of the self-lift circuits in CCM

(a) simulated startup traces under zero initial conditions
(b) simulated response to the duty ratio step change from 0.5 to 0.6
(c) Simulated response to the duty ratio step change from 0.5 to 0.4

3.6.2 Simulation verification of self-lift circuits in DCM

To make the elementary self-lift circuit working under DCM, on the basis of the
simulation parameters given in 3.6.1, we let: R=1000€), L=500uH, D=0.4 and f=50kHz.
Zy in this case is thus equal to 40 and located at the right DCM region of the boundary
curve shown in Fig. 3-5. Therefore, the circuit will work in DCM. According to (3.17),

we obtain that the theoretical value of V,, is equal to 23.58V.

The simulated startup traces (v, and i;) under zero initial conditions are shown in Fig.
3-17(a), and the corresponding steady-state waveforms are shown in Fig.3-17(b). It is
seen from Fig. 3-17 that the simulated value of V, is about 23.62V, which has a good

agreement with the above theoretical analysis result.
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Fig. 3-17. Simulation results of the elementary self-lift circuit in DCM

(a) simulated startup traces under zero initial conditions
(b) steady-state waveforms of in (a)

Analogously, to make the developed self-lift circuit working under DCM, on the basis
of the simulation parameters given in 3.6.1, we let: R=1000Q), D=0.4 and f=50kHz. Zy in
this case is thus equal to 40 and located at the right DCM region of the boundary curve
shown in Fig. 3-9. Therefore, the circuit will work in DCM. According to (3.31), we

obtain that the theoretical value of V, is equal to 39.3V.

The simulated startup traces (v, and iz;) under zero initial conditions are shown in Fig.
3-18(a), and the corresponding steady-state waveforms are shown in Fig.3-18(b). Ii is
seen from Fig. 3-18 that the simulated value of V, is about 39.3V, which has a good

agreement with the above theoretical analysis result.
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Fig. 3-18. Simulation results of the developed self-lift circuit in DCM

(a) simulated startup traces under zero initial conditions
(b) Steady-state waveforms of (a)

3.6.3 Experimental results of self-lift circuits (elementary and developed)

In the hardware testing circuits, we still choose the same parameters in Chapter 3.6.1.
The n-channel MOSFET 28K2267 is selected as the power switches S. The drain-source
on resistance is 8m€2, which is near the ideal condition. All the diodes are realized by
using MBR6045WT, the forward voltage drop of 0.6V. Thus, the practical output voltage
is smaller than the theoretical value due to the effects caused by parasitic parameters.
Under the condition of D=0.5, the corresponding steady-state experimental curves of the
output voltages are shown in Fig. 3-19(a). After careful measurement, we obtained the
practical output voltage value of the elementary self-lift circuit is about 79V (shown in

Channel 1 with 10V/Div), and the practical output voltage value of the developed self-lift
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circuit is about 37V (shown in Channel 2 with 10V/Div). It is seen that the measured

results are very close to the theoretical analysis and simulation results.

Additionally, the experimental results of the duty ratio step change from 0.5 to 0.6 are
shown in Fig. 3-19(b), and the experimental results of the duty ratio step change from 0.5
to 0.4 is shown in Fig. 3-19(c). The oscillation decays in a short time, and a fast constant
voltage recovery is made. The open-loop transient processes are quick in only few
milliseconds. Both of them reach their new steady states, which has a good agreement

with the simulation results as shown in Fig. 3-16(b) and (c).
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Fig. 3-19. Experimental results of the self-lift circuits

(a) experimental results of steady-state performance
(b) experimental results of the duty ratio step change from 0.5 to 0.6
(c) experimental results of the duty ratio step change from 0.5 to 0.4

3.6.4 Simulation verification of the re-lift circuit in CCM

The circuit parameters for simulation are: V;,=10V, R=1002, L=1mH, L;=L,=500uH,
Cs=110uF, Ci=C>=22uF, C,=110uF D=0.5 and f=100kHz. The other assumptions are
the same with those for above-mentioned self-lift circuits. Analogously, we use (3.42)

and get the boundary value of normalized load, Z, ,| . =32. The normalized load Zy in

this case is equal to 2 and located at the left CCM region of the boundary curve as shown
in Fig. 3-13. Therefore, it indicates that above parameters are appropriate for the CCM

operation. According to (3.32), we obtain the theoretical value of V,, which is equal to

=G a
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80V. Since the corresponding output voltage variation ratio & is equal to 5.3e-4

calculated by (3.40), near-zero ripple is achieved.

The simulated startup trace of the output voltage under zero initial conditions is shown
in Fig. 3-20(a), from which it can be seen that the startup process is quick and similar to
other existing classical dc-dc converter. Additionally, the simulated responses to the duty
ratio step change from 0.5 to 0.4 are shown in Fig. 3-20(b) and (c). The steady-state

performance in the simulation is identically matching the theoretical analysis.
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Fig. 3-20. Simulation and experimental results of the re-lift circuit case

(a) simulated startup traces under zero initial conditions
(b) simulated response to the duty ratio step change from (.5 to 0.4 (output voltage)
(c) simulated response to the duty ratio step change from 0.5 to 0.4 (inductor currents)
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3.6.5 Simulation verification of the re-lift circuit in DCM

To make the elementary self-lift circuit working under DCM, on the basis of the
simulation parameters given in 3.6.1, we let: R=7000Q), D=0.4 and f =50kHz. Zy in this
case 1s thus equal to 40 and located at the right DCM region of the boundary curve shown
in Fig. 3-13. Therefore, the circuit will work in DCM. According to (3.47), we obtain that

the theoretical value of V,, is equal to -62V.

The simulated startup traces (v, and i) under zero initial conditions are shown in Fig.
3-21(a), and the corresponding enlarged steady-state waveforms are shown in Fig.3-21(b).
It is seen from Fig. 3-21 that the simulated value of V, is about -61.82V, which has a

good agreement with the above theoretical analysis result.

Time {s)

(a)
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Fig. 3-21.  Simulation results of the self-lift circuits in DCM

(a) simulated startup traces under zero initial conditions
(b) steady-state waveforms of (a)
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3.6.6 Experimental results of the re-lift circuit in DCM

The same parameters in Chapter 3.6.4 are chosen to construct a testing hardware
circuit. Two n-channel MOSFETs are selected. All diodes and MOSFETS are the same
with those adopted in the self-lift circuits. It is noted that v;, and v, do not share the
common ground. The corresponding v, in the steady state is shown in Fig. 3-22(a). We
obtained the practical average value of V,=72V (shown in Channel 1 with 20V/Div).
Considering the power losses, we see that the measured results are very close to the
theoretical analysis and simulation results. Additionally, the experimental v, curve of the
duty ratio step change from 0.5 to 0.4 are shown in Fig. 3-22(b). The oscillation decays in
a short time, and a fast constant voltage recovery is made. The open-loop transient
process is quick in only few milliseconds, and it reach the new steady state which has a
good agreement with the simulation results as shown in Fig. 3-20(b).
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X
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(a) (b)
Fig. 3-22. Simulation and experimental results of the re-lift circuit case

(a) experimental results of steady-state performance
(b) experimental results of the duty ratio step change from 0.5 to 0.4

3.7 Exploration on Negative-to-Positive Voltage Conversion

From the foregoing statement, it is known that the classical Cik converter, the buck-
boost converter and all VL-type circuits above introduced are used to provide positive-to-
negative voltage conversion paths. Negative-to-positive voltage conversion is another
form of voltage polarity inversion. Sometimes, dc-dc converters that can perform the
negative-to-positive voltage conversion play a vital role in industrial applications,
especially in dc distributed power systems. As one type of power supply architectures

widely used in automobiles, space stations and manufacture industries, the dc distributed

.
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power system sometimes needs a de-dc converter to realize the polarity inversion for its

negative dc voltage bus with respect to the common ground.

Through the foregoing analysis on the elementary self-lift circuit, it is found that this
topology has the potential to be improved for obtaining the negative-to-positive voltage
conversion ability. Therefore, a new circuit termed enhanced self-lift circuit, is proposed

here, and its topology is shown in Fig. 3-23.
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i), -— !
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Fig. 3-23. Topology of the enhanced self-lift circuit

3.7.1 Enhanced Self-lift Circuit

The proposed enhance self-lift circuit is different from any other existing dc-dc step-up
converters from the viewpoint of circuit topology. Compared with the elementary self-lift
circuit as shown in Fig. 3-2, the polarities of D;, Dy, C;, C,, Cy, Vi, and § are changed;
however, the relative positions of all components are kept invariant in the new circuit.

Additionally, its voltage transfer gain is also equal to -1/(1-D).

For the convenience of analysis, the whole circuit is divided into three different
sections as described in Fig. 3-23. L; belongs to the Source section, and it performs the
energy storing and transferring form the source voltage v;, to C under the switching
operation of S. C;, D; and Dy form a Pump section, in which C; is charged by C; during
each cycle and absorbs the energy stored in C; like a pump. An Output section formed by
L; and C, is combined with the Pump section to perform the output filter function for the

voltage of C.

The equivalent circuits during switching-on, switching-off and DCM are shown in Fig.
3-24(a-c), respectively. When S turns on, D; is on, and Dy is off. When S turns off, D, is
off, and Dyis on. C; performs characteristics to lift the output capacitor voltage Vi, by the

capacitor voltage Vi, Switching diagrams of main steady-state waveforms with enlarged

%
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variations are shown in Fig. 3-25 for the following circuit analysis, where reference

directions are referred to in Fig. 3-23.

(©)
Fig. 3-24. Equivalent circuits of the enhanced self-lift circuit

(a) equivalent circuit during switching-on
(b) equivalent circuit during switching-off
(c) equivalent circuit during DCM

3.7.2 Circuit Analysis in CCM and DCM

From Fig. 3-24, it is seen that the topology and equivalent circuits of the enhanced
self-lift circuit are very close to those of the elementary self-lift circuit in Chapter 3.2, so
the analysis procedure on the enhanced self-lift circuit can be referred to the content of
Chapter 3.2. The detailed derivation process is thus omitted, and the main circuit

characteristics are summarized as follows:

V /
M., 6 =—2t=—" 3.57
il ‘/in ]_D ( )
W=t (3.58)
1-D
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Fig. 3-25. Elementary self-lift circuit: waveforms with enlarged variations

i
VCS =VCI ='}—_B~‘/m (359)
Ai,/2 D R
= = T (3-60)
I, 2M;g fL
&) = = o W (3.61)
' Ve 2M fRC,
Ai,, /2 i
= ul? , (3.62)
1, 16M_ f’LC,
Av /2
gy =—el" = - (3.63)
V,  128M_f°LC,C,R
2M°? 2
Zy == 3.64
" D DU-DY -
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DeM

M =V<*=i(1+ 1+2D°Z,,) (3.66)
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Where: Zy is defined as the normalized load RAfL).

The boundary curve between CCM and DCM, and relations of the voltage transfer
gains versus Zy are described in Fig. 3-26, which is beneficial for theoretical analysis and
practical engineering design. It is derived that there is a minimum value of Zy at the
boundary curve under the condition of D = /3, and the corresponding Zy is equal to /3.5.

It means that the condition of D = 1/3 is the most possible for the converter to enter DCM.

AT B [ T | ot L e e

Voltage Transfer Gains, M

W T e ——
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Fig. 3-26. Boundary between CCM and DCM and voltage transfer gains against Zy

3.7.3 Performance Summary

From the foregoing analysis, it is known that the voltage transfer gain of the proposed
circuit is significantly increased compared with that of the classical Cik/Buck-boost

converter.

Additionally, since v;,, S and R share the common ground, the proposed circuit has the
potential of the further topology development, which may lead to the high order VL-type
circuits with higher voltage transfer gains and single switch structure. The correlative
work based on this circuit to derive high order circuits will be introduced solely in the

future papers.
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3.7.4 Simulation and Experimental Verification

The main circuit parameters are chosen as follows: V,,= -12V, R=100€2, L=L;=500uH,
Ci=110pF, C; =22uF, C,=47pF and f =50kHz. The simulation objective is to obtain

+36V output voltage.

It is obtained from (3.66) that Zy is equal to 4. In CCM, D should be equal to 2/3 so
that the converter can step up the output voltage to +36V. Since the boundary value of

normalized load, ZN_BL,_): is equal to 27 according to (3.64), Zy is located at the left

2/3
CCM region of the boundary curve as shown in Fig. 3-26. Therefore, it indicates that

above parameters are appropriate for the CCM operation.

To verify the foregoing theoretical analysis results, the simulation is run under the
open-loop and close-loop conditions, respectively. The reasons of presenting close-loop

simulation results are as follow:

When a dc-dc converter is changed from one steady state to a new steady state due to
duty ratio changing or load changing, the low-frequency oscillation is very easy to be
introduced to the steady-state input current as ripples. This is a common phenomenon in
dc-dc converters, which is the direct reason that current-mode control methods are
widely accepted and used in practical industrial companies to improve steady-state
current waveforms in dc-dc converter products. For example, the same phenomenon of

low frequency ripples can be found in Fig. 2-12(b) and Fig. 2-15(b).

For the open-loop case, D is constant. For the close-loop case, the PWM technique
integrating the dual-loop PI current-mode control algorithm is adopted to adjust D to
compensate the perturbations. It is noted that in the curve | and 2 in the following figures

correspond to the results of the open-loop case and the close-loop case, respectively.

The startup traces of v, and i;, from the zero initial condition to the steady state are
simulated and shown in Fig. 3-27(a), which is followed by the response to a step change
from the light load to heavy load (R=9€2). The responses (v, and i;,) to a simulated small-
signal perturbation of v;, are shown in Fig. 3-27(b). The steady-state performance in the
simulation is identically matching to the theoretical analysis. It is also seen that the both

the load changing and the input perturbation will cause a significant overshoot to the

SR
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voltage and current in the open-loop operation. The resulting voltage and current stress to
the components in the open-loop operation can be eliminated or be removed by

introducing an effective close-loop current-mode controller in the close-loop operation.
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Fig. 3-27. Simulation and experimental results

(a) response to the step change from the light load to heavy load
(b) response to the small-signal perturbation of the source voltage
(c) experimental curves for the output voltage change

The same parameters are chosen to construct a testing hardware circuit. The low
resistance MOSFET and fast-switching diodes are selected to decrease the power losses
here. For the open-loop case, a step change of D is made from 0.5 to 0.67, and the output
voltage is recorded by Channel 1 as shown in Fig. 3-27(c). For the close-loop case, the

reference voltage is changed from 24V to 36V, and the controller adjusts D. Channel 2
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shows the corresponding output voltages. It is seen that the transient processes are quick
in only few milliseconds, and the output voltage ripple is negligible. Although the
parasitic elements affect some performance, the converter reaches the new steady state

that has a close agreement with the simulation and analysis results.
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Chapter 4 Mirror-Symmetrical Double Output VL-type
Converters

Through the introduction and analysis of Chapters 2 and 3, the concepts of positive-to-
positive and positive-to-negative voltage conversion are explained in detail. All circuits
introduced in Chapters 2 and 3 are used to provide single output voltage. The circuits that
can obtain double output voltages in simple structures will be discussed in this chapter. A
novel mirror-symmetrical double-output dc-dc converter applying the VL technique will
be proposed in this chapter together with its enhanced series. They are featured with high

voltage transfer gains and single switch control method.

4.1 Introduction

Double-output dc-de converters [61-65] can convert the positive input source voltage
to positive and negative output voltages. They consist of two conversion paths. Usually,
mirror-symmetrical double-output voltages are especially required in industrial
applications and computer periphery circuits such as operational amplifiers,
telecommunication equipment, computer periphery power supplies, differential
servomotor drives and some symmetrical-voltage medical equipment. With the fast
development of modern technology, the correlative research and applications of mirror-
symmetrical double-output dc-dc power conversion techniques are becoming an

important and promising area, which is expected to obtain the following aims:
* More extended voltage conversion range
= More compact structure with simple topologies
* Lower power losses

= Applicable easy and straightforward control methods

- B
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At present, cascade connection and transformer isolation are usually utilized to
develop double-output dc-dc converters with high voltage transfer gains [32-39].
However, multiple power switches and transformers in these converters increase the
control complexity and the circuit cost significantly. Especially, magnetic flux and
leakage inductance of the transformer will affect switching devices and regulation of the
output voltage. Transformerless double-output dc-de converters may be a good alternative
to overcome the abovementioned problems, and they are usually derived from classical
dc-de topologies. For example, the positive and negative output Luo converters have been
developed by F.L. Luo, which results in a novel transformerless double-output converter
[61]. Additionally, the buck-boost and ZETA converters have also been explored to

construct corresponding transformerless double-output converters [62].

The classical topologies, SEPIC and Cik converters [28-31, 58-60] are shown in Fig.
2-1 and 3-1, respectively. Under different conditions of the duty ratio D, both SEPIC and
Cik converters can perform step-down and step-up dc-dc conversion due to their voltage

transfer functions.

For the SEPIC converter, this topology does not suffer from an output polarity
inversion. For the Cak converter, it suffers an output polarity inversion. Their voltage

transfer gains are as follows:

D

M sepic = I-D (4.1)
D
M., :_B 4.2)

Reviewing their topologies, it is found that both of them are a derivative of the buck-
boost converter in that the energy transferred from the input to the output is achieved by a
capacitor C; rather than by an inductor as in the buck-boost converter. C; can prevent
unwanted current flow from v;, to v,. Furthermore, since the capacitive energy storage in
them is more efficient than inductive energy storage in a buck-boost converter, a
substantial weight and size reduction can be achieved. Therefore, the similar circuit
mechanisms in these two converters provide the possibility to construct new circuits with

double output voltages.
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Based on the prototypes of the SEPIC and Cuak converters, an in-depth study on the
VL technique has been performed in this chapter. A family of novel mirror-symmetrical

double output VL-type converters has been proposed. They are categorized into:

® mirror-symmetrical double output VL-type converter (elementary circuit)
® boost enhanced series
® super enhanced series

The detailed introduction will be performed in the following sections.

4.2 Mirror-Symmetrical Double Output VL-type Converter

We compare the SEPIC and Ciik prototypes. Each topology can be divided into two
sections. One is the source section including the voltage source, the inductor L and the
active switch S. The other is the pump section consisting of the rest components. Each

topology can thus be considered as a special cascade connection of these two sections.

Since both of them have the same source sections (L-S) and the voltage transfer gains
with opposite polarities, we combine the source section of SEPIC and Cik converters at
the input side. In addition, the VL technique is utilized in the pump sections to increases
the voltage transfer gains, and combination is performed. The newly obtained topology
shown in Fig. 4-1 is termed mirror-symmetrical double output VL-type converter. It is
noted that four new components, D;,, D;., C;, and C,. are added into the previous pump

sections.

The proposed topology is a combination of the positive and negative conversion paths.
The positive conversion path consists of three cascade sections, the source section L-S,
the pump section C, —(S)-L, —D, —C,, , and an output filter section D, -C,, . The
negative conversion path also consists of three cascade sections, the source section L—-S,
the pump section C_—(S)—D,, and an output Il-type filter sectionD, -C, -L_-C,_.
The detailed analysis will be performed in the following sub-sections, and the circuit is

assumed operating in CCM.
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fiieo =V,
™ c’rH R+§l ;’

o+

cap R‘§ ‘:’rj—
oS fr;—

Fig. 4-1.  Topology of the mirror-symmetrical double output VL-type converter

4.2.1 Positive conversion path

When switch § turns on, D,, is on, and D, is off. When S turns off, D, is off, and D, is
on. The capacitorC,, performs characteristics to lift the output capacitor voltage V. by

the capacitor voltage V.., . The equivalent circuits of the positive path during switching-

I+

on, switching-off and DCM are shown in Fig. 4-2(a-c), respectively.

Switching diagrams with main steady-state waveforms are shown in Fig. 4-3, where
reference directions are referred to in Fig. 4-1. In the steady state, the average voltage

across L over a cycle is zero. Thus,

V('s* = ‘/in

During switching-on, the voltage across C,, is equal to V., . Since C,. and C,, are

sufficiently large, we have:

Ver =Veu =V,
—...p'f.; __-_jw__
l|u|+ L
t IR
2 v o~ v,
VHT C, T~ R3
—L—

(a)
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Fig. 4-2.  Equivalent circuits of positive conversion path

(a) equivalent circuit during switching-on
(b) equivalent circuit during switching-off
(c) equivalent circuit during DCM

LA
Ai, i
Vlﬂ'
0 L]
Ve, —Ver =V +Ve,.)
L»“
. VE.'H
I
Ay, L - Lall§
'(Vc'n = Kf:.u
CJ,‘“
\\ /W, V.. =V
\/ ‘\ At in
0 =
DT (-D)T

Fig. 4-3.  Positive path: waveforms with enlarged variations

The inductor current i; increases during switching-on and decreases during switching-

off. The corresponding voltages across L are Vi, and—(V,, —-V¢,, —V,, +V¢,,). Therefore,

with the sec-voltage balance principle, we have

DTV, =(I=D)T (Veys =V =Vin +Vesi) or DTV,

in

=(I-D)T(V,, =V.)

Hence,
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v, =— v,
I-D

The voltage transfer gain in CCM is

Ve, 1
M=V, "7 @)
and the input current is
1
]in+ = m Irn = If.+ = sz-Hoﬂ'J (4'4)

The charges of C, and C, increase during switching-off and decrease during switching-
on. We get:

QC:;+[on} = !m-DT QC5+ = [C‘s+(zm}DT
Qf'tn-{oﬂ’j = I("ui-{uj}'j(!_ D)T QCJ— = IC'.H[U_B'}(}_- D)T

In a SWi[Ching CyCle' Q(.}H-tm: = Q(.‘n-t—{.af{! and QC_\‘+[0!I} = QCSﬂraﬁ'} 5 Therefore’

D 1 /

Co+(off ) = Tl Io+ ' ACs+ion) =B o+

During switching-off, ip,+=ic,++ io+. Therefore,

Iposioy = leosiogy + 1o =——1 (4.5)

Co+loff ) o+ 1-D o+

During switching-off, L,, and C,, form a path and transfer the stored energy through
D,. Therefore,

1
ICI+(oﬁ) == jF.D:‘i{t:r)f?'} = I"‘ D I:H—
In a switching cycle, Q.,..,., = Oc/.op) - Therefore,
1-D 1
!C.h-(ml} = T I(';'fl:aﬂ: = -5 o+

During switching-on, L, and C;. are connected in parallel, and they accept the stored

energy from Ci,. Therefore, with the KCL law,

] = I ff!ﬂwr] = O (46)

Li+ Cs+lon)
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Equation (4.6) is for the average value of a switching cycle in the steady state. It is
noted that a practical instantaneous inductor current iz;+ flows through L;, during each

cycle. The energy storing and transferring of L;, are achieved by associate oscillation of

iLJ'+‘

Since the peak-to-peak current variation of iz, Ai, is equal to DTV, /L, the variation

ratio of the current i; is

=é§:/_2=_£_£_ 4.7)

The variation of the current ip, during switching-off is equal to Ai;,, , and Ai, ,, is equal

to DTV, / L,, . Therefore, the variation ratio of ip, is

A 12 D R
IDo{rﬂ'j 2MS2+ fLH

Spo (4.8)

The peak-to-peak voltage variation of v,., Av,, is equal to 1,,DT/C,, . Therefore, the

variation ratio of v, is

E_Av(H_!Z_ D
T, RG]

o+

4.9)

4.2.2 Negative conversion path

When S turns on, D,_is on, and Dy is off. When S turns off, D,_is off, and Dyis on. C,.
performs characteristics to lift the output capacitor voltage V,,_by the capacitor voltage
V,,. . The equivalent circuits of the negative path during switching-on, switching-off and

DCM are shown in Fig. 4-4(a-c), respectively.
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Fig. 4-4. Equivalent circuits of negative conversion path

(a) equivalent circuit during switching-on
(b) equivalent circuit during switching-off
(c) equivalent circuit during DCM

LA
Ai, b
llfﬂ
0 L )
_(V(’J— _P:n
C.A
\ / Y F= v
\/ \ (:_
0 Ll 4
C!_lk y
/ 05T /"u- c1-=Ve,
Lol d
LA &
m.u - P - /
\/ M“_ 1, =1,
o—>pr a-DT w5t

Fig. 4-5. Negative path: waveforms with enlarged variations

Switching diagrams with main steady-state waveforms are shown in Fig. 4-5, where
reference directions are referred to in Fig. 4-1. In the steady state, the average voltage

across L,_ over a period is zero. Thus
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During the switch-on period, V,,_is equal to the voltage across C_. Since C_and C, are

sufficiently large, we have:

V

Cs—

¢

o—

The inductor current i;, increases during switching-on and decreases during switching-
off. The corresponding voltages across L are V;, and —(V,,_ —V,,). Therefore, applying the
inductor volt-second balance principle to L, we have:

DTV, =(I-D)YI(V,,_-V,) or DTV, =(I-D)T(V,_-V,)

Hence

v, =21y,
1-D

The voltage transfer gain in CCM is

My e (4.10)

Ly=——I, =1,=1, , (4.11)

C, acts as a lowpass filter so that

=7 (4.12)

Li- o—

1
Since the peak-to-peak current variation of i;, Ai, is equal to DTV, /L, the variation
ratio of i; is

_Aiy/2_ D R

= = = 4.13
L, 2MmlofL Lo

The peak-to-peak voltage variation ratio ofv., , Av,,_is approximate to

1, (I-D)T

Av
cil- C,

Therefore, the variation ratio ofv,.,_is
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e e T (4.14)

Because v, varies very litter, the peak-to-peak current variation of i,, can be

0=

calculated by the area A of a triangle with width 7/2 and the height Av.,_/2, which is

approximately

18 T —-D)I
A, s e 0N

L 8F L€,

Therefore, the variation ratio of i,,_is approximate to

Ai, /2 i

- . (4.15)
I, 16M, f°L C,

Sii- =

The variation of ipy, is equal to A, during switching-off, so the variation ratio of ipsis

D _& (4.16)

T2MLfL

éﬂf =¢

To simplify the calculation, we treat the ripple waveform of i,,_as a triangle waveform
as shown in Fig. 4-5 because the ripple of i,, is very small. So the peak-to-peak voltage

variation of v, _is calculated by the area B, which is approximately

Therefore, the variation ratio of v,_ is approximate to

7 Av, /2 1
Sy 128M,_f°L,C,C, R

o=

(4.17)

From (4-3) and (4-10), we can define that V,=V,.=IV, |, Ms=Ms.=Ms_= V,/V,,

=//(1-D), and the mirror-symmetrical double output voltages in CCM are obtained.

423 DCM

The free wheeling diode currents ip, and ipr become zero during switch off before the

beginning of the next switching cycle, which means the converter is operating in DCM.
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The equivalent circuits of the DCM operation are shown in Figs. 4-2(c) and 4-4(c),
respectively. In order to obtain the mirror-symmetrical double-output voltages in DCM,
we purposely select: L=L;, and R,=R_. The normalized load of the positive conversion
path, R.AfL;,) is written as Zy., and the normalized load of the negative conversion

path, R_/(fL) is written as Z,_ . Thus, we define that Zy=Zy,=Z, and{=¢,, =§qu . The

condition for DCM is £>1, i.e.

E=—"z,2] (4.18)
5

As a special case, if ip, and ips simultaneously decrease to zero at ¢t = T, the circuit
operates at the boundary of CCM and DCM. Therefore, the boundary between CCM and
DCM is obtained as below:

(4.19)

When Zy >Zy., the circuit operates in DCM. Under the DCM condition ip, decreases

to zero at t = t;, = [D+mgs,(/-D)]T, where

DT <t,<T and O<m,, <1
Here, ms, is the current filling efficiency for the positive conversion path and defined as

_ =0T

= 4.20
" T U=Dyr (420

In DCM, i, increases during switching-on and decreases during the period from DT to
ms.(/-D)T. For the positive conversion paths, the corresponding voltages across L are V;,

and—(V,, =V, ). Thus, utilizing the volt-second balance principle, we have

o+ m

DTV,

in

=mq, (1-D)T(V,, ~V,) (4.21)

o+

Additionally, the transferred charges of L;, during switching-off are equal to

mg(1-D)TAi,,, /2, which compensate the total consumed charges of the load. So we have

[.T= ém“ (I-D)TAi,, or
Yoer 1y (1-Dyr 2T (4.22)
R+ 2 . 1+
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Combining (4.21) and (4.22), we obtain

_1+\1+2D°Z, i

"= TDpa-p)z,

From (4.21), we have

D
V,=[ll+—V, 4.24
o+ [ +ms+(!—D)] in ( )

Therefore, substituting (4.23) into (4.24) yields the following positive voltage transfer

gain in DCM:
/ 3
Mg, peny = E(} +1+2D°Z,) (4.25)

Under the DCM condition ips decreases to zero at t = 1, = [D+ms_(1-D)]T where

DT <t,<T and O0<mg_<1
Here, ms__ is the current filling efficiency for the negative conversion path and defined as

_ 4=DF
(I-D)T

-

For the negative conversion paths, the corresponding voltages across L are Vi,

and—(V,_—V, ). Thus, utilizing the volt-second balance principle, we have

DTV, =mg_(1-D)T(V, =V,) (4.26)

o=

In addition, the transferred charges of L to the positive conversion path during

switching-off are equal to mg (/- D)TAi, /2 , which compensate the total consumed

charges of the load. So we have

I Ir'"=§ms_(]—D)Ir‘".&:'L or

v i DTV,
- T="ym. (]-DT=—lin 4.27
R 2 s-( ) L ( )

Combining (4.26) and (4.27), we obtain

_1+\1+2D°Z, 4.28)

m. =
* D(-D)Z,
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From (4.26), we have

D
V =[l+——V 4.2
- =U Ve (4.29)

Therefore, substituting (4.28) into (4.29) yields the negative voltage transfer gain in
DCM as follows:

1 5
" S— =5(1+~”+2D'Z~) (4.30)

From the foregoing analysis, we can define that mg=ms.=ms_, Vo=Vpi=IV,_l,
Msipem)= Mswipemy= Ms_pery= Vo/Vin =(I+J!+ZDZZN)12, so the mirror-symmetrical
double output voltages in DCM are obtained. Using (4.3), (4.10), (4.19), (4.25) and (4.30),

we can obtain the boundary curve between CCM and DCM and voltage transfer gains
versus the normalized load as shown in Fig. 4-6. We can see that a larger normalized load

may cause a higher output voltage in DCM.

30

-
._o.

Voltage Transfer Gains, M

Zn

Fig. 4-6.  Proposed topology: boundary between CCM and DCM, and voltage transfer gains
against Zy

4.3 Boost Enhanced Series

Since the positive and negative conversion paths in Fig. 4-1 share a common source
section that can be regarded as a boost converter, we can construct corresponding

enhanced circuits by using applying the VL technique to the source section of Fig. 4-1.
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The concept of cascade boost converter proposed by F.L. Luo [3] is utilized here,
which results in much more energy transferred to C,, and C,. in each cycle. And
consequently, Ve, and V. are increased stage-by-stage along the geometric progression.

To explain conveniently, we call them boost', boost’ and boost" enhanced circuits,

respectively.

4.3.1 Boost' enhanced circuit

According to the cascade re-lift boost converter proposed in [3], the source section is
redesigned by adding the components (L;;-Ds;-Dy>-Cy;), which form a basic VL cell as
shown in Fig. 4-7. This circuit is indicated by boost'. Therefore, the newly-derived
topology in Fig. 4-7 provides a single boost circuit enhancement using the supplementary
components, and the concept of cascade boost converter is successfully integrated with
the mirror-symmetrical double output converter. When S turns on, D;; is on, and D, is off.
When S turns off, D, is off, and Dy, is on. The capacitor C; performs its characteristics

to lift the source voltage V. Therefore,

1
Vi =" -V 4.31
Csl }—D in ( )

Fig. 4-7. Boost enhanced series: boost' enhanced circuit

The energy is transferred to C;, and C;. in each cycle from C;;. Furthermore, V¢, and

Ve,. are increased significantly. Thus, in CCM, we get
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(4.32)

Therefore, from the foregoing analysis and calculation in Section II and III, the voltage

transfer gains of the boost' enhanced circuit in CCM are:

V._ 1
boost'+ v - ]'—D 2
V.,, ( 1) (4.33)
M |, =-t==-
boast” — V’r_ﬂ ()( _ D).?

Analogously, the voltage transfer gains of the boost' enhanced circuit in DCM are:

Iy _V,, (+1+2D’Z)
boost’ +(DCM ) V‘_" 2(]_ D)
4 (4.34)
- V. (I+y1+2D°Z,)
boost’' —(DCM vm 2(1-D)

4.3.2 Boost" enhanced circuit

Referring to Fig. 4-7, it is possible to realize the boost™ enhanced circuit (i.e. multiple
boost circuits enhancement) in the source section by applying the generalized cascade
boost converter [3] to the source section (i.e. repeat the components Ly;-D;;-D,>-C stage
by stage). Assuming that there are n voltage lift cells (denoted by boost™), the generalized
representation of the boost enhanced series for the mirror-symmetrical double output VL-
type converter is shown in Fig. 4-8. All circuits share the same power switch S, which
simplifies the control scheme and decreases the cost significantly. Hence, each circuit has
one switch, (n+3) inductors, (n+6) capacitors and (2n+4) diodes. All the capacitors are
sufficiently large. The energy is transferred to C., and C,. in each cycle from C,, and

increase Ve, and Ve, In CCM, we get:

1

V., = V. (4.35
Cs (1 _ D)rl )
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Fig. 4-8.  Generalized representation of the boost enhanced series (the boost™ enhanced circuit)

1
= VC.m = Viﬂ
(I-D)"
(4.36)
1 1

Vo, =" D
Cs~- ]—D Csn (]_D)m..* in

V

Cs+

Therefore, from the foregoing analysis and calculation, the general voltage transfer

gains of the boost series are

Vv 1
boost™ =5+ V.‘,. (} = D):H-‘

v ; (4.37)
boost™ -5 - = an = (]_D)nﬂ

Analogously, the general voltage transfer gains of the boost series in DCM are:

_V, _U+y1+2D°Z,)

Mbmer+{DCM) - vV 2(1-D)"

in

(4.38)
V. (+y1+2D’Z,)
B 2AT—D)"

boost™ —~(DCM) -
{ Vi

From (4.37) and (4.38), it is seen that the mirror-symmetrical double output voltages in

CCM and DCM are obtained.
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4.4 Super Enhanced Series

In [3], super lift converter as an series of improved cascade boost converters are
introduced by F.L. Luo. Here, the concepts of the super lift converter are applied to the
source section in Fig. 4-1 to improve the voltage lift ability of the source section. In each
cycle, Cs, and C;. can obtain absorb and transfer much more energy. A series of circuits
are thus constructed. To explain conveniently, we call them super’, super’ and super™

enhanced circuits, respectively.

4.4.1 Super' enhanced circuit

The circuit diagram is shown in Fig. 4-9, and D,;-C,-L,;-Dy> form a basic voltage
super lift cell. Here, the circuit in the source section is the same to the super re-lift
converter proposed in [3]. When switch S turns on, D> and D,; are on, and Dy, is off.
When S turns off, D> and D,; are off, and D,; is on. Because C,; performs characteristics

of a ladder joint to link L,; and C;; during switching-off, Vi, are lifted by V.

Fig. 4-9.  Super enhanced series: super' enhanced circuit

Therefore,

v 2=D

g, =—V +V. =—2WV 4.39
Csl I—D in Cal !—D in ( )

The energy is transferred to C,, and C,. in each cycle from C,,. Furthermore, V¢, and

Ve,. are increased significantly. Thus, in CCM, we get
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-D
VCH = v(.‘s! = ? D v:'n

N (4.40)
V. = 1 _2-D

Therefore, from the foregoing analysis and calculation in Section II and III, the voltage

transfer gains of the super' enhanced circuit in CCM are:

y Ve 2-D
super’ + V‘.n (; - D)Z
(4.41)
_ Y. _ 2-D
super' — V (1 - D).?

1

Analogously, the voltage transfer gains of the super' enhanced circuit in DCM are:

vV, (2-D)I+y1+2D’Z,)

super' +(DCM ) = v Z(I—D)
(4.42)
_V, _ (2-D)U+1+2D°Z,)
super' ~(DCM) V. T 2(1-D)

4.4.2 Super" enhanced circuit

Referring to Fig. 4-9, it is possible to construct the super" enhanced circuit by
applying the generalized super lift converter [3] to the source section (i.e. repeat the
components Lg;-Dg-Cai-Dyj-Dy2-Cyj). Assuming that there are n voltage super lift cells,
the generalized representation of the super enhanced series for the mirror-symmetrical
double output VL-type converter is shown in Fig. 4-10. All circuits share the same power
switch S, which simplify the control scheme and decrease the cost significantly. Hence,
each circuit has one switch, (n+3) inductors, (2n+6) capacitors and (3n+4) diodes. All
capacitors are sufficiently large. The energy is transferred to C,. and C,. in each cycle

from Ci,, and it can significantly increase V¢, and V.
From the foregoing analysis and calculation, the general formulas for all super™
enhanced circuits can be obtained as below:

2-D
I-D

Csn = ( )n‘/m (443)
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2-D
VC'.H =VCsn '__(I_D)"Vm
I 2-DY’ 49
V. =——V = )

Cs= — !_D Csn _m in

Therefore, from the foregoing analysis and calculation in Section II and III, the general

voltage transfer gains of the super enhanced series in CCM are:

. =Ve_@-D)
super™ + 1/1_" (I— D):H—J'
(4.45)
Voo @-Dy
super" = an (1 e D)m-.’

oy — = — L

Fig. 4-10. Generalized representation of the super enhanced series (the super™ enhanced circuit)

Analogously, the general voltage transfer gains of the super enhanced series in DCM

are:

V,, (+\{1+2D°Z,) 2-D

j‘dmpvrmI +HDCM ) = ;+ 2 [_D)
" (4.46)
_ V. (I+41+2D’Z,) 2-D,,
mprr”-(DCM)_V - 2 (}_D)

From (4.45) and (4.46), it is seen that the mirror-symmetrical double output voltages in

CCM and DCM are obtained.

From the foregoing analysis and calculation, the general formulas for two enhanced

series are obtained and tabulated in Table 4-1 for reference.
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Table 4-1 Summary of two enhanced series (1 is the number of VL cells)

Boost Series Super Series
No. of L n+3 n+3
No. of C n+6 2n+6
No. of D 2n+4 3n+4
1 =
VC\'H n V"" [Z—Q)" V-‘n
' (/-D) 1-D
/ 2-D
Ves+ —"V,-,, (—)nvin
(I-D) I-D
{2'70).!14” ———CCM
v ! v (;_D}”+
Cs— n+] in
¢=n) (1+/142D°Zy) 2-D
( )' ——-DCM
2 1-D
y V., ; R, +R_ (2-D)'V, R +R
L (f " D)in-.’ R+R_ (1 _ D):r-.‘Z R+ R_
I V. R+R | (2-D)"V, R +R
in (}_'D}.’rn,? R+R_ ()"—DJEJHE R+R_
1 (2-D)"
Mcem b "
(1-D) (I-D)"
1+1+2D°Zy) [1+2D27.) >_
Mocn i( N J_r(!+ 1+2D°Z,, ){2 D)u
2(1=Dy* 2 1-D

4.5 Simulation and Experimental Results

Simulation package PSIM was applied to three individual cases. The voltages of
positive and negative paths are given to verify the theoretical analysis. The corresponding
hardware testing circuits were also constructed to compare with the simulation results. It

is noted that v,. and v,_ are demonstrated through channel 1 and 2 of the oscillograph

(share the common ground), respectively.

4.5.1 Simulation and experimental results of the elementary circuit

Referring to Fig. 4-1, the circuit parameters for simulation are: V,,=/0V, R.
=R =100}, L=1mH, L;,=L;=500uH, C;,=C;.=22uF, C;;=Cy.=110uF, C,.=C,=47uF,

D=0.5 and f =100kHz. According to (4.3) and (4.10), we obtain the theoretical values of
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double output voltage V,. and V,. They are equal to 20V and -20V, respectively. The
simulation results under zero initial conditions in Psim are shown in Fig. 4-11, where
curve 1 is for v,, of the positive conversion path and curve 2 is for v,. of the negative
conversion path. It can be seen that the startup process is quick and similar to other
existing dc-dc converters. The steady-state values as shown in Fig. 4-11(b) are identically

matching to the theoretical analysis.

Vot Vo-

0.00 \ ................ . ligas . ...................... ..........................

0.00 10.00 20.00 30.00 40.00
Time (ms)

(a)

Vo Vo

IL) Nt iLte)

(b)
Fig. 4-11. CCM Simulation results of the mirror-symmetrical double output VL-type converter

(a) simulated startup traces under zero initial conditions
(b) steady-state waveforms in (a)

On the basis of the above simulation parameters, we let: R, =R_=1000€), L=500 uH,
and f=50kHz in order that Zy, = Zy.= Zy. Under the condition of D=0.4, Zy in this case is
equal to 40 and located at the right DCM region of the boundary curve shown in Fig. 4-6.
Therefore, when D=0.4, the circuit will work in DCM. According to (4.30), we obtain

that the theoretical values of V,,, and V,. are equal to +23.5V and -23.5V, respectively.
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The simulated startup traces (v, and i;) under zero initial conditions are shown in Fig.
4-12(a), and the corresponding steady-state waveforms are shown in Fig.4-12(b). It is
seen from Fig. 4-12 that the simulated values of V, and V,,. are about #23.4V, which has a

good agreement with the above theoretical analysis results.

00 0.05 0.10 015 0.20 025 030
Time (s)

(a)

3000+
025

I 1L L1+)

25994 290,96
Time (ms)
(b)

Fig. 4-12. DCM Simulation results of the mirror-symmetrical double output VL-type converter

(a) simulated startup traces under zero initial conditions
(b) steady-state waveforms in (a)

The parameters of the CCM case are chosen to construct the testing hardware circuit.
Only a single n-channel MOSFET is used in the circuit. The corresponding experimental
curves in the steady state are shown in Fig. 4-13 respectively. The curve shown in
Channel 1 with 10V/Div corresponds to positive output v,., which is about /8.7V. The
curve shown in Channel 2 with 10V/Div corresponds to the negative output v,., which is
also about 78.7V. Considering the effects caused by the parasitic parameters, we can see

that the measured results are very close to the theoretical analysis and simulation results.
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10.0V 2 10,0V —0.00s 1003 §1 stoOP

.

Fig. 4-13. Experimental results of the mirror-symmetrical double output VL-type converter

4.5.2 Simulation and experimental results of a boost' enhanced circuit

Referring to Fig. 4-7, the circuit parameters for simulation are: V;,=10V, R,
= R =100Q, Lgy=L=1mH, L;.=L;=500uH, C;=C1+=C;.=22uF, C;,=C;=110uF,
Co+=Co.=47uF, D=0.5 and f =50kHz. According to (4.33), we obtain the theoretical
values of double output voltage V. and V,. They are equal to 40V and -40V, respectively.
The simulation results in Psim are shown in Fig. 4-14, where curve 1 is for v,. of the
positive conversion path and curve 2 is for v,. of the negative conversion path. It is seen

that the steady-state values in the simulation are identically matching the theoretical

analysis.
Vo+ Vo-
80.00 r T T
/N o
40.00 - ; . = 3
000
: 2
e i : |
0 080{] 10.00 20.00 30.00 4000
Time (ms)
(a)
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Fig. 4-14. CCM Simulation verification for the proposed converter

(a) simulated startup traces under zero initial conditions
(b) waveforms in the steady state

On the basis of the above simulation parameters, we let: R, =R_=1000€2 and L=500
1H, in order that Zy, = Zy.= Zy . Under the condition of D=0.5, Zy in this case is equal to
40 and located at the right DCM region of the boundary curve shown in Fig. 4-6.
Therefore, when D=0.5, the circuit will work in DCM. According to (4.34), we obtain

that the theoretical values of V,, and V,. are equal to +55.8V and -55.8V, respectively.

The simulated startup traces (v, and i;) under zero initial conditions are shown in Fig.
4-15(a), and the corresponding steady-state waveforms are shown in Fig. 4-15(b). It is
seen from Fig. 4-15 that the simulated values of V, and V,. are about +54.6V, which has a

good agreement with the above theoretical analysis results.

Vo- Vot

v
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(b)
Fig. 4-15. DCM Simulation verification for the proposed converter

(a) simulated startup traces under zero initial conditions
(b) steady-state waveforms in (a)

The parameters of the CCM case are chosen to construct the testing hardware circuit.
Only a single n-channel MOSFET is used in the circuit. The corresponding experimental
curves in the steady state are shown in Fig. 4-16 respectively. The curve shown in
Channel 1 with 20V/Div corresponds to positive output v,4, which is about 37V. The
curve shown in Channel 2 with 20V/Div corresponds to the negative output v,., which is
also about 37V. Considering the effects caused by the parasitic parameters, we can see

that the measured results are very close to the theoretical analysis and simulation results.

r 20.0¢ 2 20.0V 0008 1.00% £1_STOP

NI B T

x

5
F "

Fig. 4-16. [Experimental verification for the proposed converter

4.5.3 Simulation and experimental results of a super' enhanced circuit

Referring to Fig. 4-9, the circuit parameters for simulation are: V,,=/0V, R,
=R =100, Ly=L=ImH, L;=L;.=500uH, Cy=C;+=C1.=22uF, C4=220uF, Cy=C;.
=110uF, Copi=C,=47uF, D=0.5 and f =50kHz. According to (4.41), we obtain the

theoretical values of double output voltage V,, and V,. They are equal to 60V and -60V.
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The simulation results in Psim are shown in Fig. 4-17, where curve 1 is for v,, of the
positive conversion path and curve 2 is for v,. of the negative conversion path. The

steady-state values in the simulation are identically matching to the theoretical analysis.

Time (ms)

(a)

250 e L

i oo 1{L1;) i
i k- S .. . w .
0.00 /’\\_?/‘ T TR \/\\
39.90 3992 39.94 39.96 39.98 40.00
Time (ms)

(b)
Fig. 4-17. CCM Simulation verification for the proposed converter

(a) simulated startup traces under zero initial conditions
(b) steady-state waveforms in (a)

On the basis of the above simulation parameters, we let: R, =R_=1000€2 and L=500

uH, in order that Zy, = Zy.= Zy . Under the condition of D=0.5, Zy in this case is equal to
40 and located at the right DCM region of the boundary curve shown in Fig. 4-6.
Therefore, when D=0.5, the circuit will work in DCM. According to (4.42), we obtain
that the theoretical values of V,, and V,, are equal to +83.7V and -83.7V, respectively.

The simulated startup traces (v, and iz) under zero initial conditions are shown in Fig.
4-18(a), and the corresponding steady-state waveforms are shown in Fig.4-18(b). It is
seen from Fig. 4-18 that the simulated values of V, and V,. are about +#83.3V, which has a

good agreement with the above theoretical analysis results.
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Fig. 4-18. DCM Simulation verification for the proposed converter

(a) simulated startup traces under zero initial conditions
(b) waveforms in the steady state

The parameters in the CCM case are chosen to construct the testing hardware circuit.
Only a single n-channel MOSFET is used in the circuit. The corresponding experimental
curves in the steady state are shown in Fig. 4-19 respectively. The curve shown in
Channel 1 with 20V/Div corresponds to positive output v,., which is about 54V. The
curve shown in Channel 2 with 20V/Div corresponds to the negative output v,., which is
also about 54V. Considering the effects caused by the parasitic parameters, we can see

that the measured results are very close to the theoretical analysis and simulation results.
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1 20.0v 2 20.0v 0,008 1.00§- £1 STOP

O s o o

Fig. 4-19. Experimental verification for the proposed converter

4.5.4 Supplemental discussion on dynamics and control strategy

Similar to most dc-dc power converters, there exists a distinct voltage/current
oscillation in all proposed circuits because of the absence of the close-loop controller,
which will increase additional voltage/current stress of components. This will also cause

low frequency current ripples in the source, and increase additional stability problems.

Take the CCM simulation case in Chapter 4.5.1 as the example. When D is changed
from 0.5 to 0.66, simulated curves of v,., v,. and i, of the elementary circuit are shown in
Fig. 4-20. The steady-state results match the expected values, but the peak value of iy is
much higher than its average value during the steady state. In addition, some low
frequency ripples are introduced into the inductor current i; (source current), which
decays very slowly. Therefore, all proposed circuits are advised to work with the close-
loop control approaches to improve their practical transient performance, which is similar

to the practical applications of classical dc-dc converters.

70.00 i 90.00 100.00
Time (ms)

Fig. 4-20. Open-loop simulation results for the elementary circuit: response of v,., v,. and i; to the
duty ratio change from 0.5 to 0.66.
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For the convenience of the further study and applications, a brief introduction on
simplified control strategies is given here. Since the symmetrical circuit structures and
parameters of the positive and negative path with the same voltage conversion ratios may
bring the symmetrical dynamics as previously stated, the mirror-symmetrical double
outputs can be obtained by a single-switch control scheme in theory. Two basic dual-loop
PI control schemes as shown in Fig. 4-21 have potentials for practical applications of
proposed circuits. The classical dual-loop PI control method is adopted because that the
inner inductor-current loop and the output-voltage loop has the advantage of very good

voltage regulation.

Ve (D 4 iy (1) 4 d(t) | Proposed
Converters

Inductor current, i

(a)
Proposed
Converters
Inductor current, i 1
]2
4 e |
.' ) Vaos
12 ST
(b)

Fig. 4-21. General Description of dual-loop PI control schemes for proposed circuits.

(a) semi-regulated approach
(b) averaging voltage-mode approach

If the components of both paths are selected carefully, good symmetrical circuit
parameters like as in the simulation cases can be obtained. Therefore, we can use the
semi-regulated approach as shown in Fig. 4-21(a) directly to regulate one output with
heavier load current through feedback control, and leave the other output unattended. The
output with lighter load is cross-regulated through the output with heavier load, which
may results in a dc regulation error. This error can be ignored due to the symmetrical

characteristics of the circuit.
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If the circuit parameters of two paths have distinct differences that may lead to
different dynamics and power losses, the approach shown in Fig. 4-21(b) can be applied
to overcome the problems caused by the imbalanced load and circuit parameters. None of
the output voltages can be precisely regulated, but the errors between the vy, v,. and Vs
are redistributed according to the weighting factor 0.5. For most cases, this approach can

be regarded as an improved scheme of the semi-regulated approach [107-109].

Therefore, the close-loop regulation of proposed circuits can be easily implemented by
above-mentioned two simple and straightforward approaches. They are helpful to
decrease the complexity of the whole power converter system. The extensive studies into
their effects and design considerations will be introduced in the future papers as a special

topic.

For the CCM simulation case in Chapter 4.5.1, the circuit parameters of two paths are
symmetrical. The semi-regulated approach (v,. is used as the feedback variable) and the
averaging voltage-mode approach are added, respectively. And the PI parameters are the

same. It can be seen from Fig.4-22 that the response curves are basically in coincidence.

vor .|

Iy

4000 5000 6000 70.00 an'no 90.00 100.00
Time (ms)

Fig. 4-22. Close-loop simulation results for the elementary circuit: response of v,,, v,. and i;, to the
duty ratio change from 0.5 to 0.66.

Therefore, only the semi-regulated control scheme in Fig. 4-21(a) is applied to the
hardware prototype as the example. The reference output voltage V,. is set as 20V.
During the startup process, we let R, = R_=/00€). Fig. 4-23(a) illustrates the experimental

start-up curves of v, and v,.. The curve shown in Channel 1 with 10V/Div corresponds to

Vos, and the curve shown in Channel 2 with 10V/Div corresponds to v,. We can see that
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the oscillation as exhibited in Fig. 4-20 has been eliminated successfully. The steady-state

output voltages have a good agreement with the expected results.

Vs 1s increased from 20V to 30V to observe the voltage and current stress. The
transient curves of v, and i; are shown in Fig. 4-23(b), where Channel 1 with 10V/Div
corresponds to v,., and Channel 2 with 2V/Div corresponds to iy (/:1). Compared with
the simulation curves shown in Fig. 4-20, it is seen that the transient performance of v,

and ; has been significantly improved, and the expected new steady state can be obtained

smoothly and quickly.
10.0v_ 2 10.0¥ £0.00s  S.009, F1_STOP A lo.ov 2 2.00v £0.00s  S.003;
...ui-uuuh-u.iuuu:nni-u|| I frseniafi S P I<“-I--l-r-§—-- ||||||| [N RN RTTn
—L/\‘W .. g 2 z
T K " i~ i
@) (b)

Fig. 4-23. Experimental results of response to V, with close-loop regulation.

(a) experimental start-up curves with close-loop regulation,
(b) experimental results of response to V.. with close-loop regulation.
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Chapter 5 Positive Output Topology Construction Using
Output Enhanced Circuits

From Chapter 2 to Chapter 4, novel positive, negative and double output dc-dc
converters have been introduced, respectively. Since the positive output voltages are
widely required in the various industrial areas, this chapter will specially introduce the

applications of output enhanced circuits to the constructions of positive output topologies.

5.1 Introduction

Reviewing the energy conversion processes of the classical positive output dec-de
converters, we can see that output capacitor C, widely exists in all kinds of topologies.
The energy is transferred from the voltage source v;, to output capacitor C, through the
pump circuit in each cycle. The pump circuit is a major section of all de-dc converters,
and it consists of switches, diodes and passive components. Therefore, the general
representation of a positive output converter can be referred to in Fig. 5-1. It is seen that
the converter performs the characteristics of voltage conversion through two sections, the
pump section and the output section. Usually, the output section consists of no component,
and delivers the energy to load R from C, directly in each cycle. The corresponding
voltage transfer gains of each section are expressed by M, and M,, respectively. Hence,

the voltage transfer gain of the whole converter is:

M=-2=M M, (5.1)

jfl’! !

f Pump &Jpvm Output .
$ Section ol Section RV,

v, M, ,’|\ M, :

Fig. 5-1.  General representation of a positive output dc-de converter
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For example, the classical SEPIC converter is shown in Fig. 5-2. The pump section
consists of §, D,, L, L; and C,, and M, is equal to DAI-D). Since the output section
consists of no component, M, is equal to /. Therefore, the voltage transfer gain of the

whole SEPIC converter as shown in Fig. 5-2 is equal to the product of M, and M,

Fig. 5-2.  Prototype of the SEPIC converter

For a given positive output dc-dc converter, if we maintain the relative position of each
component and add several new components into the output section, the evolution of
output section with higher voltage transfer gains will be obtained. The new topologies
will keep basic advantages of the converter, and the voltage transfer gain of the entire

circuit will be increased significantly according to (5.1).

To avoid the problems of the control complexity and the cost caused by multiple
power switches and transformers, the evolution of the output section is realized by the VL
technique in this chapter. A series of output enhanced circuits in the output section are
utilized to the output improvement. They consist of capacitors and diodes, and share the

same power switch with the pump section.

5.2 Review of Output Enhanced Circuits

In [3], F.L. Luo proposed a VL scheme using two diodes and two capacitors (D;-D»-
C;-C>), and these components construct the prototype of a series of enhanced circuit (EC)

as shown in Fig. 5-3.

D, D,

i I I
5
l

Fig. 5-3.  Prototype of the enhanced circuit
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According to Fig. 5-3, C; is charged via node | during switch-on. During switch-off,
the energy stored in C; is transferred via the path from node 1’ to node 2, and the
capacitor voltage V> will be 2V¢;. It is a very powerful VL technique for enhancing the
de-de converters’ voltage transfer gains. Hence, based on the circuit in Fig. 5-3, a series
of novel circuits connected with C, are obtained in the output section in [3]. The first two
circuits are shown in Figs. 5-4 and 5-5. To explain them conveniently, we call them
double EC and triple EC, respectively. Fig. 5-6 corresponds to the generalized circuit for

ready reference. A detailed introduction will be given in the following parts.

5.2.1 Double EC

Output
Fig. 5-4.  Double EC

The double EC [3] is a basic VL cell, and circuit diagram is shown in Fig. 5-4. When
switch S turn on, D,; is on, D, and D,; are off. When S turn off, D,; is off, D, and D, are
on. During switching-on, the voltage across capacitors C,; is charged to V¢,. During
switching-off, the potential of node 7°, V; is equal to V(,, and the output capacitor

voltage Vo2 is equal to V;+V¢,;. Since C,; performs characteristics to lift V,2 by Ve,

we have:
VC{JJ = V(_"o (5 2)
Voo =2V, '

From (5.2), it can be seen that the transfer gain of the output section M, has been

increased successfully from 7’ to 2.
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5.2.2 Triple EC

The triple EC [3] is derived from the double EC by adding the components (D,3-C,;3-
D,4-Coy). It can be divided into two basic VL cells, and its circuit diagram is shown in Fig.
5-5. When switch S turn on, D, is on, D,and D,; are off. When S turn off, D,; is off, D,

and D, are on.

During switching-on, the voltage across capacitors C,; is charged to V¢, and the
voltage across capacitors C,; is charged to V¢,2. During switching-off, the potential of
node 7', V; is equal to V¢, and the capacitor voltage Vi, is equal to Vi+Vees. Since Co;

performs characteristics to lift V4 by V2, we have:

Veor =Ve,
Veso =Veus = ZVCD (5.3)
Veor =3V,

From (5.3), it can be seen that the transfer gain of the output section M, has been

increased successfully from /" to 3.

Fig. 5-5. Triple EC

5.2.3 Multiple EC

p, ' 1D

2l : < et2i=h
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Sl\ | -a_a/_l\i: | 'ut.’.f]fl\!'
I i ]

. | E
—1"gell—3 *—j"cell—

Duwa

Fig. 5-6. Multiple EC
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Referring to Fig. 5-4 and 5-5, it is possible to construct the multiple EC by repeating
the components (L,-D»-C>-S,). Assuming that there are n voltage lift cells, the generalized
EC [3] is shown in Fig. 5-6. All circuits share the same power switch S, which simplify
the control scheme and decrease the cost significantly. Hence, each circuit has one switch,
2n capacitors and 2n diodes. All the capacitors are sufficiently large. From the foregoing

analysis and calculation, the general formulas for all ECs can be obtained as below:

V,

Co(2n-1)

= nvfo
(5.4)
VC.;!Z.-:J = (n’ + !)VG-

The voltage transfer gains of the output section for all ECs are equal to (n+17). The

evolution of the output section has been realized successfully.

5.2.4 On the power switch of ECs

Through the foregoing review of output ECs, it is seen that the single switch structure
is a main advantage of all ECs. As shown in Fig. 5-6, switch § is paralleled with D,-C,.
When an EC is integrated with a dc-dc converter, how can we obtain a single switch
structure by merging them? In practical applications, the position of the active power
switch in the dc-dc converter should be considered before an EC is applied to the dc-dc
converter. Therefore, the general guidelines for new circuit construction with ECs are

given as follows:

* In some cases, if the active power switch in the dc-dc converter is paralleled

with D,-C,, the EC can share this active power switch with the dc-dc converter.

* In some cases, if a passive power switch (diode) in the dc-dc converter is anti-
paralleled with D,-C,, the active power switch in the dc-dc converter can not
be used directly in the ECs. § as shown in Fig. 5-6 can be replaced by the anti-

paralleled diode of the dc-dc converter to obtain the single switch structure.

In the following parts, two different cases are given to demonstrate the above

guidelines of ECs.
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5.3 Applications to the Boost Converter

The classical boost converter is shown in Fig. 5-7. The pump section of the boost
converter consists of L, S and D,. Since § in the pump section is paralleled with D,-C,,
according to the general guidelines introduced in Section 5.2, S in the EC can be the same
active power switch power of the boost converter. Combining the pump section with the

double EC, we can get a developed dc-dc topology as shown in Fig. 5-8.

;' — _ D’*M —
]
v‘[ R s &
= -

Fig. 5-7.  The boost converters

\s NG,
T
Fig. 5-8.  The boost converter with a double EC

Therefore, according to (5.1) and (5.2) the voltage transfer gain of the boost converter

with a double EC is

X2=— (5.5)

Analogously, the boost converter with a triple EC is proposed and shown in Fig. 5-9.

Therefore, the voltage transfer gain of the boost converter with a triple EC is

szc““'= 2 X3 = g (5.6)
v T=1 1-D
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Fig. 5-9.  The boost converter with a triple EC

5.4 Applications to the VL-type SEPIC Converters

The self-lift circuit of the VL-type SEPIC converters is shown in Fig. 5-10, and it has
been analyzed in detail in Section 2. The pump section of the self-lift converter consists
of L, S, Cs, L, C;, D; and D,. However, for the combination of the pump section and
output section, there is no overlap for these two sections, and two separate active power

switches are required.

According to the general guidelines introduced in Chapter 5.2, it is found that D; in the
pump section is anti-paralleled with D,-C,, so S in the EC can be replaced by D, directly.
Combining the pump section with the double EC, we can get the new dc-dc topology as

shown in Fig. 5-11. Here, D; can be regarded as a synchronous passive power switch.

=

Fig. 5-11.  Self-lift circuit of VL-type SEPIC converters with a double EC
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Therefore, according to (5.1) and (5.2), the voltage transfer gain of the self-lift circuit

of VL-type SEPIC converters with a double EC is

Lol =Lx2 =—-—-2— (5i7)
|4 1-D I=D

Analogously, triple-lift circuit of VL-type SEPIC converters with a double EC is
proposed and shown in Fig. 5-12. The pump section of the triple-lift circuit consists of Ci,
S, 81, D, and three VL cells. Since D;, D> and Dy are connected in series, they can be
regarded as an equivalent active power switch when an EC is applied to the pump section.
Then, § in the EC is replaced by the equivalent passive power switch of D;-D>-D.
Therefore, according to (5.1) and (5.2), the voltage transfer gain of the triple-lift circuit of

VL-type SEPIC converters with a double EC is

Moz & 5. @ (5.8)

Y K
/1
=|."\
IRYE
/
-
I
]

Fig. 5-12.  Triple-lift circuit of VL-type SEPIC converters with a double EC

Since the evolution of the output section has been realized, the different configuration
of each section and their combination will result in several new dc-dc topologies, which

can be referred to in Fig. 5-13.

Assuming that the numbers of VL cells existing in the pump and output sections are n,,

and n,, respectively. All the new topologies can be unified and termed VL-type SEPIC
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Fig. 5-13. Combination of VL-type SEPIC converters with output enhanced circuits

converters. From the analysis in previous Sections we have the common formula to

calculate the voltage transfer gain as below:

m=Yo oy py <P tHEID™ N 1)
v, ! (I=D)

(5.9)

1 n, =0

Where: h(n2)={0 . b
P

When n,=n,=0, the unified topology degenerates to the prototype of the SEPIC
converter as shown in Fig. 5-1. Hence, from (5.9) we get
v
Mz;_{t:—:Ms‘mc (5.10)

When n, =0 andn, >1, the generated converters can be termed main series of VL-

type SEPIC converters. Hence, from (5.9) we get

Heton BB opp (5.11)
Vo (I-D)

n

The other generated converters can be termed enhanced series.

Therefore, the total number of components is:
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i o [ =0
ctive power switch:

¥ 2 ny >l
Passive switches (diodes): 2n, +2n, -1
Inductors: n, +/

Capacitors: n, +2n, +2

5.5 Simulation and Experimental Results

To verify the design and theoretical calculation results, Psim simulation package was
applied to these converters. The testing circuits for typical topologies were constructed to

compare with simulation results.

5.5.1 The boost converter with a triple EC

The generated topology is shown in Fig. 5-8. The circuit parameters for simulation are:
Via=10V, R=100Q), L=500uH, C,=C,=22uF, C,=47uF and D=0.6. The switching
frequency f is 100kHz. All the diodes and the switch are ideal. From the analysis in the

previous parts, the theoretical values are

Vemv =2 v| =s0v (5.12)

o m = mn
1-D

D=6

Vo, =MV, w4 g

poin n
=

=25V (5.13)

D=6

The simulation results are shown in Fig. 5-14, where curve 1 and 2 are for v, and ve,,
respectively. The steady-state performance in the simulation is identically matching the

theoretical analysis.

In the hardware testing circuit, we still choose the same parameters. The n-channel
MOSFET 2SK2267 is selected as the power switches S. The drain-source on resistance is
8m€2, which is near the ideal condition. The diodes are realized by using MBR6045WT
and MBRB20200CT. Thus, the practical output voltage is smaller than the theoretical

value due to the effects caused by parasitic parameters. The corresponding experimental



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5. Positive Output Topology Construction Using Output Enhanced Circuits

curves in the steady state are shown in Fig. 5-15. After careful measurement, we obtained
the output voltage value of V, shown in Channel 1 (50V/Div) and capacitor value of V¢
shown in Channel 1 (50V/Div). It is seen that the measured results are very close to the

theoretical analysis and simulation results.

T 0.00 10.00 20.00 30.00 40.00
Time (ms)

Fig. 5-14. Simulation verification for the proposed converter

420.0v_2 20.0v —0.008  1.009 1_ST0P

Fig. 5-15. Experimental verification for the proposed converter

5.5.2 Triple-lift circuit of VL-type SEPIC converters with a double EC

The generated topology is shown in Fig. 5-12. Since n,>1, two active power switches
are configured. The circuit parameters for simulation are: V,,=10V, R=IkQ,
L=L,;=L,=L;=500uH, C=110uF, C=C,=Cp=22uF, C,=47uF, and D=0.6. The
switching frequency f is /00kHz. All the diodes and the switch are ideal. From the

analysis in previous Sections, the theoretical values are

= MV. :Lv_

in

=150V (5.14)

D=0.6

=75V (5.15)

D=00.6:
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The simulation results are shown in Fig. 5-16, where curve 1-3 are for v, v¢, and vey,
respectively. The steady-state performance in the simulation is identically matching the

theoretical analysis.

In the hardware testing circuit, we still choose the same parameters. The n-channel
MOSFET 28K2267 is selected as the power switches S and S;. The drain-source on
resistance is 8mQ, which is near the ideal condition. The diodes are realized by using
MBR6045WT and MBRB20200CT. Thus, the practical output voltage is smaller than the
theoretical value due to the effects caused by parasitic parameters. The corresponding
experimental curves in the steady state are shown in Fig. 5-17. After careful measurement,
we obtained the output voltage value of V, shown in Channel 1 (50V/Div) and capacitor
value of V¢, shown in Channel 2 (50V/Div). It is seen that the measured results are very

close to the theoretical analysis and simulation results.

Vo WCo WCs

250.00

Time (s)

Fig. 5-16. Simulation verification for the proposed converter

450.0v 2 s0.0v —0.00s  1.00pe £1_STOP
‘|..|......,'
:
i
1
L - \i
i
1
i

Fig. 5-17. Experimental verification for the proposed converter
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Chapter 6 Graphical Analytical Methods of Complex
Topologies

6.1 Introduction

Many analytical and modelling methods for power dc-dc converters have been
reported in recent decades. The main methods include state-space averaging, the
equivalent duty ratio method, the average-switch model, and the loss-free resistor model
[11-21, 66-70]. Although all of these modelling methods have been discussed and applied
to many cases, they are still rather tedious for the circuit designers, especially when the
converter circuit contains a large number of elements or many power stages. Besides, the
linearized models, derived from these traditional methods, can only predict the small-
signal stability rather than the large-signal stability information. Therefore, graphical

analytical methods have been introduced for modelling some complex dc-dc topologies.

Signal flow graph (SFG) is a classical analytical approach. It consists of a number of
“nodes” representing system variables or signals, and they are connected by “branches™
that are the dynamic connections between these nodes. The branches are labeled with

signal gains or transfer functions.

For a variable-structure nonlinear system, sub-flow graphs can be drawn according to
the corresponding sub-networks. Then these sub-flow graphs will be combined together
by weighted summation. This is so-called swirching-signal flow graph (SSFG) method,
and it is applied successfully into the modeling of simple dc-dc topologies in the past ten

years [22-27].

For a given switching converter operating in CCM, there are only two switching sub-
networks in each cycle. According to the basic rules of SSFG theory for switching

networks, two SFGs G, and G: are drawn from the operation modes of the converter,
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which correspond to switching-on and switching-off respectively. Then these two sub-

graphs are combined to form such a switching SFG as follows:

G =kG, + kG, (6.1)

Where: k and k are switching functions
1 O<t<dTl
0 otherwise

1-k

Equation (6.1) introduces two basic switching branches, k branch and k branch. The

k
k =

corresponding transmittance of the k branch is equal to the duty ratio 4 while the
corresponding transmittance of the k branch is equal to (/-d), which is usually expressed
by d . The steady-state model, large- and small-signal models of the converter can be
obtained from G by the systematic procedure. It is noted that the transmittance labeled on
the branch is a real gain or complex gain between two nodes. Such gains can be expressed

in terms of the transfer function between two nodes.

6.2 SSFG and Complex DC-DC Topologies

The requirement for high voltage transfer gains with transformerless structures
stimulates the development of high order complex dc-dc topologies. According to the
voltage conversion mechanism, complex transformerless dc-dc converters are classified
into two kinds as follows:

*  Multiple-switch cascade converters

= VL-type converters

The general representation of multi-switch cascade converters is shown in Fig. 6-1(a),
in which classical low order dc-dc converters such as boost and buck converters are
usually utilized as series power stages. In recent years, the SSFG modeling method for
multiple-switch cascade dc-dc converters has been explored by Veerachary [24, 25], and
generalized graphical models are successfully derived to describe the steady-state

information and dynamics.
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The general representation of VL-type converters integrating multiple functional VL
cells is shown in Fig. 6-1(b) for comparison with multi-switch cascade converters. The
functional cells in Fig. 6-1(b) can be various VL cells. As introduced in Chapter 2, 3, 4
and [3], advanced VL cells perform the function to boost the output voltage in proposed
circuits, and the number of required active power switch is / or 2. Can we utilize the
SSFG method directly to model these VL-type complex dc-dc converters? In the

following parts of this chapter, this question will be discussed.

— —>
Classical Classical Classical
Vin Converter Converter Converter
#1 #2 #n
4 4 4
d, d, d,
PWM -
(a)
—> —>
v, VL Cell VL Cell VL Cell v
#1 #2 #n
|
d,.d,
PWM
(b)
Fig. 6-1. Comparison of complex de-dc converters

(a) multiple-switch cascade converter
(b) VL-type converter integrating multiple functional cells

It is unfortunately that above SSFG method developed by Veerachary cannot be

applied to VL-type complex dc-dc topologies. The reasons are as follows:

= The VL-type topologies avoid the complex control schemes, but more diodes
are introduced. The decreasing of the active power switches result in the
increasing of passive power switches in theory. The effects caused by diodes
have not been considered in Veerachary’s SSFG method.

* The functional cells in VL-type topologies are totally different from those
classical low order dc-dc converters utilized as power stages in multiple-switch
topologies. For example, the VL cell is usually a switched-mode charge-
discharge circuit consisting of inductors and capacitors, but Veerachary's

SSFG method didn’t discuss this special problem.
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Therefore, it is necessary to develop Veerachary’s SSFG method to provide a systemic
procedure for VL-type complex dc-dc topologies. In the following parts, as a series of
typical VL-type complex dc-dc topologies, super-lift dc-dc converters are to be taken as

the example.

A developed SSFG method is thus presented based on the operation characteristics of
the VL cells existing in the super-lift converters. Since the developed SSFG method is a
combination of conventional SSFG and the special characteristics of VL cells, the

following discussion and analysis are carried out under such assumptions as:

(a) The converter is working in the continuous conduction mode (CCM). The power
losses are represented by the equivalent series resistance (ESR) of each inductor.

(b) The ESR of the capacitor and stray capacitances are neglected except the output
capacitor.

(¢) All capacitors are large enough that the ripple voltage across the capacitors can be
negligible in one cycle for the average value discussion.

(d) The switching operation of the power switch is ideal.

(e) All the forward voltage drop values of diodes are the same and defined as Vp.

(f) The filter corner frequency is much smaller than the switching frequency f.

6.3 Developed SSFG Method for Super-Lift Converters

The super-lift dc-dc converters [51] are a series of advanced step-up dc-de power
conversion topologies that are based on the VL technique. Compared with the
conventional dc-dc converters, super-lift converters can implement the output voltage
increasing stage by stage along the geometric progression and obtain the higher voltage
transfer gain. They are divided into many categories according to the number of VL cells,
such as the elementary circuit (single VL cell), re-Lift circuit (two VL cells), triple-lift
circuit (three VL cells) etc. Assuming that there are n VL cells connected in series for
voltage lift. we get the generalized topology of the super-lift converters as shown in Fig.

6-2(a). The circuit has only one switch, n inductors, 2n capacitors, and (3n-1) diodes.
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Fig. 6-2. Generalized topology of the super-lift converter with n VL cells
(a) topology

(b) equivalent circuit during switching-on
(c) equivalent circuit during switching-off

Obviously, it is different from the topology of conventional cascade boost converters
due to its topology and operation principles. The number of active power switches in the
conventional cascade boost converters is n (n power stages); however, only one active
power switch is required in this circuit. In addition, more diodes (passive switches) are
involved in the process of network switching. When switch § turns on, D;, D;, Dy,

Dg... D3z, Dim... D3, are on, and D5, Ds...Dsp,y... Dj,.; are off. When S turns off, D,
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D3, Dy, Ds...Dips, Di... D3, are off, and D>, Ds...D3p.p... D3,y are on. The equivalent

circuits during switching-on and —off are shown in Fig. 6-2(b) and (c), respectively.

6.3.1 General Principles for Super-Lift Converters

For drawing the SSFG of a super-lift converter with n VL cells, the developed method

presents the following several general guidelines:
A. Guidelines for nodes configuration

Neglecting the definition for the voltage and current nodes of each storage capacitor
(Cy, Cs...Cz, ) in the pump circuits, we define the sequence of the basic nodes, which are
determined according to the sequence of the elements appearing in the circuit, inductor
(L; Ls...L,) or support capacitor (C; C...Cz,). Each inductor current node iy, is
connected from its corresponding inductor voltage node v;,, and the transmittance has
considered the ESR of each inductor expressed by //(sL, +r,,). Each capacitor voltage
node veo, is connected from its corresponding capacitor current node ic2,, and the

transmittance is expressed by //(sC,,).

=m

B. Guidelines for drawing SFG of switching-on

The corresponding SFG for switching-on, G; is shown in Fig. 6-3(a). For the
switching-on mode shown in Fig. 6-2(b), the charging process of each capacitor in the
pump circuit can be neglected. It is due to the above-mentioned assumption (c). Therefore,
these storage capacitors, C;, Cj,...,C2,., are taken as voltage controlled voltage sources
(VCCS) in the SFG and the voltage values across them are defined as a series of voltage
nodes. These nodes are determined directly by the input source node v; and the
corresponding voltage nodes of support capacitors (Cz, Cy....C2,2). Then the number of

the capacitors considered in the SFG has been reduced by 50%.

Check the connection branches existing in the switching-on mode. Since the capacitor
charging current of in each pump circuit is neglected, this neglected current should be
reconsidered when the current feedback loop from the node of i1, to the node icpzm.2)1s

being constructed. The support capacitor C-,,.> charges L,, and C,, ; simultaneously. so a
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transmittance labeled on the current feedback branch is added to reflect the summation of

charging current iz, and icim.1). For super-lift converters, we have /1., ,, =D"I,, in the

steady state. So the proposed transmittance is equal to—d ™.

In addition, the effects caused by the forward voltage drop of diodes are defined as a
series of dc source voltage nodes. They are used to modify the practical voltage value of
each passive element. For example, the voltage node -(n-1)Vp is added and connected
with the node v;; because the total voltage drop caused by diodes during the process of

charging L, is equal to (n-1)Vp.
C. Guideline for drawing SFG of switching-off

The corresponding SFG for switching-off, G, is shown in Fig. 6-3(b). For the
switching-off mode shown in Fig. 6-2(c), the effects caused by the forward voltage drop
of diodes are defined as some another source nodes. This is due to the different
conduction paths in the switching-on and switching off modes, which contain different
diodes. For example, a new voltage node, -V) is added and connected with the node vy,

which has never been considered by the conventional methods.

Check the connection branches existing in the switching-off mode. The transmittance
labeled on the current feedback branch is changed to -/ because L, and Czn.; are
connected in series during switching-off. It means neglecting ic>,.; need not any

additional correction on the current feedback branch from the node of i, to the node

ic(2m-2)-
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Vr'?m-}
! 1
1

3(:{_- m+ 1)V, Voann

Fig. 6-3. Unified SSFG of the super-lift converter with n VL cells

(a) switching-on
(b) switching-off
(c) unified SSFG

D. Guidelines for drawing the SSFG

The unified SSFG is drawn by merging G; and G: according to (6.1), and is shown in
Fig. 6-3(c). Many source nodes are added due to the modelling of diodes. Then we can
check and perform some primary predigestion such as branch moving or reducing the
parallel braches that shares the same nodes. Two sorts of source nodes, v;, and -Vp are
distributed in the different positions of the graph. Furthermore, it will result in several
new switching branches which can be described by the generalized
expressions, (ak+ ) and (ak +f) . Here, @ and B are two generalized and fixed
parameters. « is produced by the predigestion of diodes’ voltage nodes and g is produced
by the predigestion of sharing branches in sub-graphs. They will be illustrated in the
following  sub-section about modelling examples. Because we  have

(-d™"yxd +(~1)xd =—(]1+d ), the transmittance labeled on the current feedback branch is

merged to —(1+d).
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E. Guidelines for graph analysis

In the obtained SSFG, the source nodes correspond to the source voltage and voltage
drop caused by diodes. The mixed nodes correspond to the state variables. Each mixed
node can be regarded as a sink node to perform the graph analysis when the relations
between this variable and source voltage are investigated. The main computer simulation
packages are TUTSIM and Matlab. The detailed graph analysis depends on the derivation
of steady-state, large- and small-signal models from the SSFG, which will be introduced

in the following parts.
F. Derivation of large-signal models and steady-state model

The SSFG can be utilized to derive the graphical representation of large-signal and
steady-state model by substituting for switching branches existing in the graph. Here, the
switching branches in the SSFG will be developed to the branches with the averaging
transmittance. For super-lift converters, the averaging transmittance of their generalized
switching branches are (ad + f) and (ad + f) , respectively. Hence, the corresponding

large-signals carried through the switching branches can be expressed by:

y(s) = (ad + B)x(s) forak + f branch (6.2)
y(s)=[a(l-d)+ Blx(s) forak + B branch (6.3)

Where: x and y represent the input and output nodes (signals) of the switching branch.

The graphical representations of (6.2) and (6.3) are substituted for the switching
branches in the SSFG as shown in Fig. 6-3(c). Then, the graphical representation of the

linear large-signal model in the s-domain is obtained directly.

It is convenient to obtain the steady-state model from the aforementioned large-signal
model. In the graphical representation of the large-signal model, all the source nodes are
assumed constant and all the mixed nodes (state variables) are fixed to their average
values. In addition, all the transmittances labeled on the branches are simplified by setting
s—0. Then the graphical representation of the steady-state model is obtained, which are

used to derive the steady-state information.

G. Derivation of small-signal models
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From the large-signal expressions (6.2) and (6.3) presented in the previous part, the

corresponding small-signal expressions for the generalized switching branches can be
derived. It is assumed that there exist small perturbations x(r) , d(r) and y(r) near the

operating point X, D and ¥, i.e.

d(t)=D+d(1) (6.4)
x(y=X +x(1) (6.5)
y(t) =Y + y(t) (6.6)

The time domain expression of (6.2) and (6.3) are

y(t)=(ad + B)x(1) forak + f branch (6.7)
y(t)=[a(l-d)+ Blx(t)  forak + B branch (6.8)

Substituting (6.4), (6.5), and (6.6) into (6.7) and (6.8), we get the following equations:
Y+ 51) = (X + 2e)a(D+d(1) + Bl (6.9)
Y +5(1) = (X + &(@)[e(l - D-d (1) + Bl (6.10)

Neglecting the second-order perturbations and performing Laplace transformation, we

get the corresponding small-signals carried through the switching branches expressed by:

$(s) = aXd(s)+ (aD + B)i(s) for k + A branch (6.11)

() =—0&‘(2}(s)+[a(I—D) + BIx(s) fork + Abranch (6.12)

The graphical representations of (6.11) and (6.12) are substituted for the switching
branches in the SSFG, which can obtain the graphical representation of the linear small-

signal model in the s-domain.

6.3.2 Example: modelling and analysis of the elementary circuit

In this sub-section, the proposed method will be applied to the modelling and analysis
of the elementary circuit. Both the parasitic parameters and forward voltage drop of
diodes are considered. Both the simulation results in Pspice and experimental results are

given to verify the analytical results of proposed method.
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A. Derivation

Fig. 6-4. Topology of the elementary circuit of super-lift converters (with one VL cell)

The elementary circuit is shown in Fig. 6-4, where state variables and directions are
indicated. The SSFG of the elementary circuit is drawn from Fig. 6-3(c), which has been
predigested as shown in Fig. 6-5(a). There are two generalized switching branches in
Fig.6-5(a). One is (k + 1), where the corresponding parameters a=f=1. The other is (2k),
where the corresponding parameters a=2 and f=0. In addition, there are two source nodes,
vip and -Vp (-Vp/s is the expression in the s-domain) distributed in it. We get the graphical
expression of the large-signal model according to the proposed method as shown in Fig.
6-5(b). It can be programmed in the TUTSIM or Matlab to observe the large-signal
transient performance directly. For example, to get the steady-state information of V,/V,,,
assuming s—0 and using graph reduction techniques, we analyze the graph from two
individual paths which start from different source nodes and end at the same mixed node.

We have:

¥, _ v“(s)l & v, (s) ‘
V., v,.(5)

m

x(-Yo) 6.13)

_VD(S)L_,” Vi

s=

The result obtained from (6.13) is tabulated in Table 6-1 with the other main steady-
state information. The ideal performance of the elementary circuit is also provided for the

reference.
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Where: ; = R(I+5Crp5)
£ I+ sC(R+1g;)

(c)
Fig. 6-5. Modelling of the Elementary Circuit of Super-lift converters

(a) SSFG
(b) large-signal model
(c) small-signal model

Table 6-1 Steady-state performance of the elementary circuit (super-lift converters)

Nonideal Performance | Ideal Performance
_\f_,',_' 1+D _8 2D 1+D
l"'rr'n q’g ¢'5 E
I 1+D _, 2 1+D
v DR®, R, DR

Where: 9:%‘:_’—’ and ¢E=%+5

Since switch § will have large current rating, from Table 6-1, the averaging current of

S during switching-on, Is.,, is obtained for ready reference. We have:

A )
DR®, R®,

S—on

W, (6.14)

The graphical expression of the small-signal model is shown in Fig. 6-5(c), which has

two different sorts of source nodes, which include one node of v, (s) and four nodes of

d(s)distributed in the different positions. Different from the large-signal model as shown
in Fig. 6-5(b), Fig. 6-5(c) considers the effects caused by the ESR of the output filter r¢,

by changing the transmittance labeled on the branch <i.,, ¥, > from the previous

RI(1+5RC,) to R(I+5Cr.,)/|1+5sC(R+r.,)]. Neglecting all the source nodes d(s) and
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the branches connected form them, we can easily get the analytical form of input-to-

output transfer function by graph reduction techniques as below:

5,(5) M .D’R(I +sr,.,C,) 6.15)
v.(s) (SL+r)[l+s(R+1.,)C,1+D’R(1+s1.,C,) '
Where: M, = 422

D

It is noted that the obtained transfer function consider the different parasitic parameters
except the forward voltage drop of diodes. This is because the transmittances labeled on
the branches from the source node v, (s) to any mixed node don’t cover the forward
voltage drop of diodes. Since the diodes will decrease the practical steady-state

performance significantly as referred to in Table 6-1, we modify (6.15) by substitution of

a modified voltage transfer gain M, for the ideal value M;, which is shown as below:

v(s) MpﬁzR(htsrmCz) (6.16)
D.(s) (SL+r)[I+s(R+1.,)C,]+ D’R(I+sr.,C,) '
" —1+D _pn2b — (I+D) _
Where: M, = 42— 022 e 26

Similarly, neglecting the source nodes v, (s) and the branch connected from it, the
analytical form of control-to-output transfer functions (v, /c? and fL/c?) also can be
obtained by the graph reduction techniques. Because there are several source nodes d(s)
in the different positions of the graph, we can derive the relations between the output
node and the different nodes d(s) respectively, which are summed up to get the entire

control-to-output transfer function. Both Mason rules and graph reduction techniques are

effective calculation approaches. Because the transmittances labeled on the branches from
each node d(s) to the output node include the forward voltage drop of diodes, the

obtained control-to-output transfer functions reflect the effects caused by diodes and need
no modification. The main analytical forms of small-signal transfer functions are

tabulated in Table 6-2 for ready reference.

Table 6-2 Analytical forms of small-signal models of the elementary circuit

_. () _ MP_,GER{I + 520y )

T008)  (SL4 R[4+ SR+ 1e3)Cy )+ D R(1L+ 570,Cy )
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Up(8) _ 1+ 810,CIV, +2Vyy =V, )DR =1 R(SL + 1))
ri[.r) (SL+r )1+ $(R+r05)C5 |+ DRI +35705C5)

i (s) U+ 8(R+1:0)C )V, +2V,, =V, )+ 1, DRU + 5105C5 )
di(s) (sL+ 1 )+ 5(R +15)C, 1+ D? R(1 + 572,C5)

B. Verification

To illustrate the comprehensive application of the proposed method, the following
design examples are considered. Referring to elementary circuit shown in Fig. 6-4, we
choose the circuit parameters f=50kHz, d=0.5, L=500uH, C;=220uF, C;=50uF, R=1082
and v;;,=5V, which make the converter operated in CCM. Some power losses occur
assuming that the ESR of the inductor r;=0.142. and the forward voltage drop of the
diodes Vp=0.85V. In the previous part, the theoretical results of steady-state performance
are derived by the proposed method and tabulated in Table 6-1, from which we get the
steady-state performance. The averaging load voltage V,=12.77V and the averaging

inductor current /;=2.55A.

The elementary is simulated in the Pspice with the above-mentioned parameters to
verify the theoretical results. All the parasitic parameters are included. The corresponding
simulation results are shown in Fig. 6-6. In addition, the experimental testing circuits are
constructed and the corresponding experimental results are shown in Fig. 6-7. Both
simulation and experimental results are in agreement with the theoretical results derived

from the proposed method.

20

+ + +
* *
. — =2 -—
10 [ ' + + ¥
* * * L3
0 s | * l + l + ] - l + +
-104 < ——
14,90 14. 92 14. 94 14. 96 14. 94 15. 00
OV(R:2,R:1) ¢-T(L1) VV{(D1:1,D1:2)
Time, ms

Fig. 6-6. The simulation results in Pspice of the elementary circuit: load voltage, inductor current and
voltage across the diode
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Fig. 6-7.  The experimental results of the elementary circuit: the output load voltage

(a) (b)
Fig. 6-8.  Transient process of the elementary circuit

(a) simulation curve obtained from proposed SFG method
(b) Experimental curve

For illustration of the transient performance, the theoretical large-signal SFG models
described by Fig. 6-5(b) are programmed into the TUTSIM simulator or Matlab to
observe the large-signal global behaviors. For the case that the input voltage is changed
from 5V to 8V and back to SV after an interval, the simulation curve for output voltage is
shown in Fig. 6-8(a). Under the above conditions, the circuit is simulated as an
underdamped 2" order system. The experimental curve is shown in Fig. 6-8(b) to validate
the SFG simulation results. From Fig. 6-8, it can be seen that the actual transient

performance can be simulated by the proposed SFG analytical method exactly.

6.3.3 Example: modelling and analysis of the re-lift circuit

A. Derivation
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Fig. 6-9.Topology of the re-lift circuit of super-lift converters (with two VL cells)

The re-lift circuit is shown in Fig. 6-9, where state variables and directions are
indicated. Its SSFG is drawn from Fig. 6-3(c), which has been predigested as shown in
Fig. 6-10(a). There are three close loops and five generalized switching branches in Fig.
6-10(a). In addition, there are one source nodes v, and two source nodes -Vp in it. We get
the graphical expression of the large-signal model shown in Fig. 6-10(b) according to the
proposed method, which is similar to the analytical procedure of the elementary circuit.
Therefore, the complicated calculation difficulties existing in the conventional methods
are avoided through constructing the flow graph. For example, to get the steady-state
information of V,/V,,, assuming s—0 and using Mason rules, we analyze the graph from
three individual paths that start from different source nodes and end at the same mixed

node. We have:

V, v(s)

V:’n v.r'n ( 5)

Z[ v, (5)

[ ] Vp()

(_%)-)]n (6‘17)

x=4()

Where: n is the number of the node -Vp in the large-signal model

The steady-state information is then obtained by Mason rules as tabulated in Table 6-3.
In addition, the ideal performance of the elementary circuit is also provided for the

reference.

Vb ;
s \l2k
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Where: ; - RU+sCrey)
d 1+5C(R+1p0y)

(©
Fig. 6-10. Modelling of the re-lift circuit of the super-lift converters

(a) SSFG
(b) large-signal model
(c) small-signal model

Table 6-3 Steady-state performance of the re-lift circuit (super-lift converters)

Nonideal Performance Ideal Performance

V, | u+by 452+35+;] {Hﬁr,
Vin ¢, @, D
Ve 5|'f+5){‘%‘3+h._915(;4.25)4..';: ﬂéﬂ_%%l “__5
Vi b, @, D
I, (+D)* 453+35+fj (1+ Dy
V., RD®, RD®,, D°R
L u+f))-’_a(1+5x45-’+35+n] (/+Dy

s 2. i =3 =
Vin RD @, RD'®y, D'R

Where: g=72and ¢, =% + % (122)? 4+ p’

Since diode D; and switch S will have large current rating, from Table 6-3, the
averaging current of D3 during switching-on, Ip;.., is obtained for ready reference. We

have:
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V. (6.18)

mn

I D3-on

_, _Ju+by (1+5)(453+35+1)]
“ | rRD'®, RD’®,

The averaging current rating of S during switching-on, Is.,, is obtained as

(6.19)

a

*1,, 8 =
RD®, RD®,

S—on — 1LI 2 —
D

B 1+25{(J+5)" ~ 452+35+I]}v

Because multi-loops make SFG more complex, the graph reduction technique is not
appropriate computation approach. The detailed analytical procedure of using Mason
rules to analyze the graph will be demonstrated in the following part about small-signal
models. The graphical expression of the small-signal model is shown in Fig. 6-10(c) and
the analytical forms of small-signal transfer functions are tabulated in Table 6-4. The ESR

of the output filter r¢y is considered. So the transmittance labeled on the branch <i.,, ©,>
is changed from the previous R/(/+sRC,) to R(I+sCr.)/[1+sC(R+r-,)] . The

application of Mason rules need searching forward paths and close loops exactly. For
example, the derivation of input-to-output transfer function is demonstrated here. From

the source node v, to the mixed node ©,, the forward path is searched and defined as P;

oY

(<P, Vpy iy fea Vea Vpa ips ics v,>). The transmittance of this forward path P, is obtained as:

~ (1+ D)y’ D*R(I+sr,.,C,)
" U+ s(R+1.,)C (L, +1, ) )(sL, +1,,)sC,

There are three individual loops L; (<¥, iy, i¢s ey 91,>)s L2 (<ics ¥y V45 iy, ic,>) and

L3 (<9, iy, ic4 ¥, ¥,,>) in the graph. The corresponding loop transmittances are:

_ -D? - _(]+15)2 L = —52R(]+SFC4C4)
(sL, +1,,)sC, 2 (sL,+1,,)sC, P (sL, 4+ 1)+ s(R+1.,)C,]

1

Note that since all three loops have a common branch and there are no nontouching
loops. _Hence, the determinant A is equal to (/-L;-L>-L3+L,L3). The cofactor of defined

forward path, A; is equal to 1. Therefore, the overall gain between v, and v, , or the

transfer function is given by
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; PA
Ll dypy -5 (6.20)
Vinlacs)=0 A% 8

The final result obtained from (6.20) also doesn’t reflect the effects caused by diodes
because of the same reason discussed in Chapter 6.3.2. So the modified voltage transfer

gain M), shown in Table 6-3 is used. The derivation for the analytical form of control-to-
output transfer functions (7, / dsiiz /3 and i, /3) can refer to the procedure for the
elementary circuit. The detailed analytical forms of small-signal transfer functions of the

re-lift circuit are tabulated in Table 6-4.

Table 6-4 Analytical forms of small-signal models of the re-lift circuit

V,(5) M,,ﬁ"R{HsrC,,C”
V() A, +[1+ S(R+124)Cy)(SLy +72)D” +(sLy + 1 )1+ D)’ 14 D’R(1+ 5764Cl(sLy +1,,)sCy + D*]

Vo(8) _ A+ Ay(sly +ry) + ALD? + (5L + 1) )5Cs 1= ALy + 1y WLy +115)5C + (sLy + 1) D + (sLy + ry M1+ D)?]
d(s) A, +[1+5(R+1e)CI(sLy + ) D7 + (sly + 1 Y1+ DY 1+ D7 R(1+ 570.4C)I(sLy + 1,)sC, + D]

i (5) _ As(1+D)D + Ag(sLy + 1)+ (Ay + A,D)D? +(sLy + r,,)sC,)
d(s) A, +U+5(R+1:0)C, (L, +1,)D% +(sLy + 1, X1+ DY 1+ D’ RU + 570,C (L, + 1)sCy + D’

(s A5 (5L, + 12 )[5C + (1 + DY 1+ AysCy — A, D? — A, D(sL, +r;,) + (A, + A,D)(I1+D)D
d(s) A, +[1+5(R+re)C M(SLy +1,3)D? +(sLy + 1 W1+ DY 1+ D RU + 57, C, M(sLy + 1y )sCy + D? )

Where:

M :{“5‘2_94‘5’+35+£ :(I+D)2_94D“+3.5+.‘
o, ) b B’
rpp=r =t

A, =11+5(R+r1cy )CoNsLy + 1y Nsky +113)5C5
A = (Vey + 2V =V, XU+ D)D? R(1 + 5104Cy)

Ay = (I, — 1)1+ D)DR(I +s1:,Cy)

A; =(V, + 2V =V, )DR(1 + 574 C;)

Ay =1 ,R(1+51:,Cy)

Ag =V +2Vy =V )T +s(R+1:,)C,]

Ag = =T U+ s(R416,)C4]

A=V, + 2V, =V I+ (R +12,)C, ]
B. Verification

Referring to re-lift circuit as shown in Fig. 6-9, we choose the circuit parameters
f=50kHz, d=0.5, L;=L=500uH, C;=C>=C3;=220uF, C,=50uF, R=1082 and v;,=5V.

There are some power losses, assuming that the ESR of the inductor rp;j=r;>=0.142. The
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forward voltage drop of the diodes Vp=0.85V. We get the steady-state performance by the
calculation equations in Table 6-3.The averaging load voltage V,=23.64V. The averaging
inductor current /;,=4.73A and I,,=14.18A.

The re-lift circuit is simulated in the Pspice with the above-mentioned parameters to
verify the theoretical results. All the parasitic parameters are included. The corresponding
simulation results are shown in Fig. 6-11. In addition, the experimental testing circuits are
constructed and the corresponding experimental results are shown in Fig. 6-12. Both
simulation and experimental results are in agreement with the theoretical results derived

from the proposed method.

30 =

v

-10

14.90 14, 92 14. 94 14. 96 14, 98 15. 00
C-T(L1) ©-I(L2) v V(DI:1,D1:2)aV(R:2,R:1)
Time, ms
Fig. 6-11. The simulation results in Pspice: load voltage, inductor current and voltage across
the diode

Fig. 6-12. The experimental results: the output load voltage

For illustration of the transient performance, the theoretical large-signal models
described by Fig. 6-10(b) are programmed into the TUTSIM simulator or Matlab to
observe the large-signal global behaviors. For the case that the input voltage is changed
from 5V to 8V and back to 5V after an interval, the simulation curve of the output voltage
are shown in Fig. 6-13(a). Under the above conditions, the re-lift circuit is close to an

overdamped high order system. The experimental curve is shown in Fig. 6-13(b) to
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validate the SFG simulation results. From Fig. 6-13, it can be seen that the actual transient
performance of super-lift converters can be simulated by the proposed SFG analytical

method exactly.

Voltage (V)

(a) (b)
Fig. 6-13. Transient process of the re-lift circuit

(a) simulation curve obtained from proposed SFG method
(b) Experimental curve

6.4 Averaging Binary Tree Structure Representation Method

The SSFG method has been successfully applied to the modeling of complex dc-dc
converters in forgoing sections. For a given converter operating in CCM, there are two
sub-networks in each switching cycle. These are described by two different SFGs. These
two SFGs can be combined through averaging to get an SSFG model. Classical graph
reduction techniques and Mason rules are utilized to analyze the SSFG models and
perform system calculations. For topologies (cascade/parallel) with multiple feedback

loops in their SSFGs or under an operation condition of high complexity:

® Mason rules need tedious searching for the different forward paths and loops in

the flow graph.

= Graph reduction techniques also require a complicated node-movement

transformation process.

However, it is still a strenuous process [71-76]. So a more convenient and effective

analytical method is needed.

For a linear system represented by the flow graph, an effective computational approach

developed from conventional graph reduction techniques has been introduced in [77].
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This constructs a binary tree structure to replace the original flow graph. The SSFG

models of power dc-dc converters are typical flow graphs with feedback loops.

Therefore, The concept of constructing a binary tree structure is introduced into the
modeling and analysis of dc-dc converters in this sub-chapter. General construction rules
for graphs with feedback loops are summarized firstly. Then the proposed method for
power dc-dc converters is presented, together with theoretical analytical results and

experimental data. The conclusion and discussion are given at the end of the sub-section.

6.4.1 General Principles

Fundamentals of the binary tree structures and flow graphs have been introduced in
[77]. However, only simple flow graphs have been discussed, and it is difficult to
construct the correct binary tree presentation for complex graphs under the rules in [77].
Therefore, an in-depth introduction is given here for complex flow graphs with multiple
feedback loops (similar to dc-dc converter models). To aid understanding, the basic

definition is reexamined.
A. Basic Definition of Nodes and Binary Tree

Each branch in SFG is labeled with a signal gain or a transfer function which denotes
the dynamic characteristics between the input and output signals of this branch. Such a
branch with its dynamic information can be represented by a node in a tree structure. The
entire information expression of a tree node is denoted from four aspects, which

correspond to four fields, as shown below:

(Name, Type ,Weight )" (6.21)

The combination of input and output signals is used as the content in the Name field.
For example, the node name of A.B shows that the prefix A and the postfix B correspond,
respectively, to input and output signals on the branch. The Type field is then defined as
TF, which indicates that the nodes correspond to the basic branches of the graph. The

signal gain or transfer function labeled on the basic branch is taken as the content in the
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Weight field. The Step field is a supplement to the original node expression structure of

[77], and indicates the node appearance order.

Two adjacent basic branches in the flow graph will be merged into a new branch by
graph reduction techniques. The corresponding two TF type nodes can then be regarded
as the left and right children of a new father node. The mapping from the flow graph to
the binary tree structure representation is then established and is illustrated in Fig. 6-14.
Three new types of father nodes, CA (cascade), PA (parallel) and LO (self-loop) are
defined, respectively, according to the connection relations of their two adjacent branches.
The name of the father node is a string of the left child’s prefix and the right child’s

postfix. The corresponding weight is calculated by the following rules:

Weight(CA) = Weight(Left _child)xWeight(Right _child) (6.22)
Weight(PA) = Weight(Left _ child) +Weight(Right _ child) (6.23)

Weight(Left _child)

: 5 ; (6.24)
1—Weight(Right _child)

Weight(LO) =

Fig. 6-14. Construction and reduction of binary tree structures

(a) cascade reduction
(b) parallel reduction
(c) self-loop reduction

B. General construction principles for complex flow graphs

For most of complex linear systems, there exist multiple feedback loops. Rules in [77]
may make their binary tree construction processes confused. So the general principles for

those complex flow graphs are explored and presented as follows:

1) First check all the individual branches from input to output and create the

corresponding TF-type nodes. All of them will be the leaves of the finally obtained tree.
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2) For those branches that are located in the loops, the corresponding TF-type nodes

will be considered firstly in the whole tree construction process.

3) If there exists such a node whose postfix (prefix) is equal to the prefix (postfix) of

other nodes, this node will be duplicated and reduced earlier than the other nodes.

4) At any level of the tree, if a certain node is replicated, its duplicate node should be
used for reduction in this level and cannot be left to the next level. In addition, if the node
is taken as the left or right child, the corresponding duplicate node should be taken as the

same child.

5) By reduction for the nodes located in the loops, some new nodes are created.
When there appears such a node whose prefix is the same as its postfix and the same as
the postfix of a certain node located outside the loops, then we can deal with the reduction

of these two nodes.

6) At any level of the tree, the reduction of the corresponding nodes should follow
the same construction algorithm. First, all possible parallel reductions are performed.
Then all possible cascade reductions are performed. Finally, all possible loop reductions

are performed.

7) Note that the graph finally obtained is a strongly binary tree, which means the root

is adjacent to two nodes, and all non-root nodes are adjacent to either one or three nodes.

The above principles may be utilized to get the correct mapping from a complex flow
graph to the binary tree structure representation. For example, the graph shown in Fig.
6-15 has two individual feedback loops which possess a common branch. It needs five

steps to realize the mapping as shown in Fig. 6-15.

Fig. 6-15. Example of the mapping: a flow graph system

The 1% step: According to principle 1, the individual branches in the graph correspond

to the tree leaves A.B(TF), B.C(TF), C.D(TF), D.E(TF), E.C(TF), and D.B(TF). All of
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them are indicated by / in the Step field. According to principles 2, 3 and 4, we find the
postfix of C.D(TF) is equal to the prefixes of nodes D.E(TF) and D.B(TF). A duplicated
node C.D(TF) is thus created. By the check of principle 6, the cascade reductions of (C.D,
D.B) and (C.D, D.E) are performed firstly at the bottom of tree.

The 2™ step: Since new nodes C.B(CA) and C.E(CA) are created, both of them are
indicated by 2 in the Step field. In this new tree level, the duplicated nodes of C.B(CA)
and C.E(CA) are created respectively due to the same reason as explained in the principle
3 and 4. By the check of principle 6, the cascade reduction of (E.C, C.B) and (E.C, C.E)

are performed.

The 3™ step: Because step 2 creates a new father node B.B(CA) in this level, the tree
leaf A.B(TF) will be considered. It can be explained by principle 5. The Step field for
B.B(CA), E.B(CA) and B.E(CA) is indicated by 3. In addition, the duplicated nodes of
B.B(CA) are created because of principle 3. By the check of principle 6, the self-loop
reductions of (A.B, B.B) and (E.B, B.B) are performed.

The 4™ step: In the new tree level, the duplicated nodes of B.E(LO) are created because
of principle 3. By the check of principle 6, the cascade reductions of (A.B, B.E) and (E.B,
B.E) are performed.

The 5™ step: Only two nodes are left, and the self-loop reduction is performed to

obtain the root A.E(LO). The final binary tree should accord with principles 4 and 7.

Fig. 6-16. Example of the mapping: the binary tree structure representation of Fig. 6-15

C. Computation rules of the weight
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The weight of the root node can be calculated by (6.22), (6.23) and (6.24). The
computational process is clear, especially for the application of the CAD program. The
result can be regarded as the transfer function of input to output. If we need to calculate
transfer functions of input to any other state variables, the same binary tree will be
utilized to obtain what we want. It is called a sub-weight derivation and can be referred to
in [77] for details. The key of the derivation is to find a node nearest to the root whose
postfix is just what we need. Starting from this node, we can quickly obtain the sub-
weight. For the tree structure representation, there may be several replicated nodes at the
same level which belong to different sub-trees. We can choose anyone among them as the

intermediate node, and the same sub-weights will be obtained.

The above rules are valid only under the condition that the root node type is CA or LO.
When the root node type is PA, we should check the left and right sub-trees of the root
node and find the corresponding intermediate nodes. If the root of a sub-tree is also a PA-
type node, the above steps should be repeated. Each sub-tree corresponds to only one
intermediate node. The general computational rules in [77] are still valid. Finally, the
corresponding sub-weights based on the general rules should be summed. This special

point will be used in the following sub-section.

6.4.2 Application on dc-dc converters and case study

The proposed method, which can be termed averaging binary tree representation, is a
combination of SSFG and binary tree structure here. The 2™ order de-dc converters are
chosen as examples. The same procedure can be applied to converters with higher order
numbers. 2" order dc-dc converters consist mainly of one inductor L, one active switch S,
one passive switch D (diode).and one capacitor C (output filter). Different locations of the
above-mentioned elements correspond to different topologies. The generalized
representation is shown in Fig. 6-17(a). Note that the equivalent series resistance of the

inductor r; is considered here. Every converter concerned is operated in CCM.

Large-signal SSFG models are unified into a generalized form as shown in Fig.
6-17(b). Branch transmittances H; to Ho, are tabulated in Table 6-5 for ready reference.
For dc-dc converters, there are multiple input/output pairs in SSFG. Input signal v, can be
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selected as the prefix of the root node. State variable ve can be selected as the postfix of
the root node. Then we need to construct a tree with the root node v, v¢. Using principles
1 to 7 introduced in the forgoing part, we get the binary tree structure representation for
large-signal models, as illustrated in Fig. 6-18. The derivation of the large-signal transfer
function (v, to v¢) is an evaluation process for the root node weight. It starts from the
bottom of the tree and ends at the root node. From Fig. 6-18, the generalized analytical
form of large-signal transfer functions is derived by using (6.22), (6.23) and (6.24). We

have:

(6.25)

il
=
=
-
Ln
-
5
lﬂ:
A -l'
=

(a)

d ' dO

(b) (c)

Fig. 6-17. Generalized 2" order dc-dc converters

(a) topology
(b) large-signal SSFG
(c) small-signal SSFG

Table 6-5 Branch transmittances of the generalized SSFG for 2™° order dc-dc converters

L H H, H; H, H, __ Hy _H
Buck A L T D v, L0
BukBoost [ D i (D) —— D) D (VeVo b
Boost I L UD) o D) Ve 0o
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Fig. 6-18. The generalized binary tree structure for large-signal models of 2™ order dc-dc
converters

If we want to derive the transfer functions of the v, to any other state variable, the
binary tree in Fig. 6-18 can again be utilized. This process is a computational derivation
for the sub-weight of the binary tree. For example, the generalized analytical form of
large-signal transfer functions for v, to the inductor current i; needs to be calculated.

Node v..i;(TF) is selected as the intermediate node. Then we have:

i __ HH, (6.26)

L
v, 1-H,HHH,

Small-signal SSFG models are also unified to a generalized form as shown in Fig.
6-17(c). Duty ratio d is the control signal. Because there exist two input ports of ¢ and
only one output port of ©.in the SSFG, two pairs of d/7.need to be considered. Each
pair corresponds to a sub-tree with the sub-root noded.... Hence, a PA-type root node

E{.GC(PA} should be created to sum the weights of the two sub-trees. This represents the

total effects caused by the control signal in the circuit. The binary tree structure

representation for small-signal models is then illustrated in Fig. 6-19. The prefix and
postfix of the root node correspond to control signal d and output voltage ., respectively.

The generalized analytical form of small-signal transfer functions is obtained as follows:

__HHHH,  HH, (6.27)

I-H,H.H,H, 1-H,HH,H,

Q.»Jq"
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Fig. 6-19. The generalized binary tree structure for small-signal models of 2™ order dc-de
converters

If we want to derive the small-signal transfer function of 4 to any other state variable,
the binary tree in Fig. 6-19 can again be utilized. This process is a computational

derivation for the sub-weight of the binary tree. Take as an example that the transfer
function of d to state variable /, needs calculating. We should consider the left and right
sub-tree, respectively, because the root is a PA-type node. In the left sub-tree, the

intermediate node is ¥,.i, (TF), and we obtain the partial transfer function from the
control signal. In the right sub-tree, the intermediate node is ﬁC.?L(CA) , and we obtain the

partial transfer function from a control signal port. The different sub-weights are summed.

Thus the entire analytical form is as follows:

i,  H,H, . _H.H,HH,

L/ (6.28)
d 1-H,HHH, I1-H,HHH,

To verify the proposed method, the following example of a 2" order boost converter is
considered. The circuit parameters are: switching frequency f=50kHz, duty ratio d=0.5,
inductor L=800uH, capacitor C=1/0pF, load R=20€2 and input voltage v,=5V. There are

some power losses, assuming that the inductor resistance r;=0.5€2.

Referring to the branch transmittances listed in Table 6-5 and substituting the
corresponding values in the generalized model representation illustrated in Fig. 6-18, we

obtain the binary tree structure representation of the boost converter directly. Hence, the
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large-signal transfer functions can be obtained by computing the root node weight or sub-

weight in the binary tree structure models as follows:

LS. bl : (6.29)
v, SLRC+s(L+RCr)+r,+R(I-D)
5 = RCs+1 (630)

v, S’LRC+s(L+RCr,)+r, +R(I- D)
Assuming the operator s— 0, (6.29) and (6.30) yield the steady-state performance:

_ RU-D)
r, +R(I-D)* *
i

I, =————V. (6.32)
", +R(-D)’

(6.31)

C

Similarly, small-signal transfer functions also can be obtained by using the generalized
model representation illustrated in Fig. 6-19. We calculate the root node weight and sub-

weight in the binary tree structure models. These are expressed as follows:

GE, - R(I—=D)Ve —RI;(Ls +r,) - 14.87-2.65x107 s 6.33)

d  SPLRC+s(L+RCr )+ +RU-D)’ 32x107 s +3.45x107 s+1

i _ (RCs+ 1)V +R(1-D)I, 3.645+3.3 (6.34)

d s’LRC+s(L+RCr)+r, +R(1=-D)> 32x107 s> +345x107*s+1

For the large-signal transfer functions (6.29) and (6.30) derived from the binary tree
structure models, the expressions are the same as those obtained from the approaches of
conventional state-space averaging or SSFG. But the derivation process has been
predigested. According to (6.31) and (6.32), the theoretical steady-state performance of
the example is Ve=9.1V and [;=0.97A. Simulation for models (6.33) and (6.34) is
performed under the condition that d is 0./ and the perturbation lasting time is /ms. The

simulation curves are shown in Fig. 6-20.

Experimental verification is performed. The duty ratio is changed from 0.5 to 0.6 and
then back to 0.5 after about /ms. The experimental curves (Channel 1: v¢ and Channel 2:
ir) are provided in Fig. 6-21 along with an enlarged partial view, which shows a good
agreement with the response of (6.33) and (6.34). The practical steady-state values are

also very close to the theoretical performance of (6.31) and (6.32).
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Fig. 6-20. Simulation curves of model (6.33) and (6.34)

Fig. 6-21. experimental curves of duty ratio small-signal disturbance
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Chapter 7 Analytical Methods Based on System Energy
Characteristics

7.1 Introduction

Dc-dc converters are nonlinear dynamic systems due to switching actions in each
switching cycle 7. Mathematical analytical methods of power dc-dc converters have been
an important problem that has accompanied dc-dc conversion technology development
since 1940s. Many traditional parameters such as power factor (PF), power transfer
efficiency (77), total harmonic distortion (THD) and ripple factor (RF) have been
successfully applied in power electronics and conversion technology. As power dc-dc
converters usually possess dc input and dc output, some parameters such as PF and THD
are not feasible to describe the characteristics of power dc-dc converters. Therefore, the
existing knowledge in dc-dc converters is not completed. Traditional knowledge cannot

describe the general characteristics of various dc-dc converters.

All switched-mode power circuits work under the switching condition with high
frequency f. It is thoroughly different from traditional continuous work condition. The
obvious technical feature is that all parameters perform in a switching cycle 7, then
gradually change period-by-period. T is the clue to investigate all switching power
circuits. Catching this clue, some new concepts and parameters to describe the

characteristics of dc-dc converters can be defined and developed.

Because dc-dc converters consist of several energy-storage elements, they are likely an
energy container to store certain energy during each switching cycle. The stored energy
will vary if the working condition changes. For example, once the power supply is on, the
output voltage starts from initial zero state because the container is not filled. The
transient process from one steady state to another depends on the pumping energy and
stored energy. Same reason affects the DCM performance, since the current

discontinuous phenomena are related to the system energy characteristics.
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Despite the long duration spent in researching on the energy storage in power dc-dc
converters, there was no clear concept to describe the phenomena and to reveal the
relationship between the stored energy and the main characteristics of power dc-dc

converters.

In this chapter, on the basis of the investigation results on system energy
characteristics and practical inductor current waveforms, a new explanation of DCM is
proposed so that all discontinuous cases can be unified by the proposed concepts.
Furthermore, according to the general transient performance of multi-state dc-dc
converters, a unified modelling method is developed based on the system energy
characteristics. The proposed method focuses on the output transient performance (output
voltage) and is released from the analysis on the inner nonlinear switching behaviors. The
concepts of system energy parameters and the corresponding canonical definition are
presented, by which the system model parameters of dc-dc converters are deduced. They

are very helpful for the system design and dc-dc converters characteristics foreseeing.

7.2 Remaining Inductor Current Phenomena and DCM New

Concepts

Under different circuit configurations and load conditions, a dc-dc converter can be
operated either in CCM or in DCM. According to the conventional definition in power
electronics, if the current flowing through a given inductor has fallen to zero before the
beginning of the next switching cycle, the converter is said to be operating in DCM. Each
cycle is thus divided into three periodic switched sub-modes [0, dT], |dT, t;] and [#;, T],

where d is the duty ratio and dT <1, <T .

However, with the fast development of dc-dc power conversion techniques, DCM
phenomena in some high-order dc-dc converters do not mean that the inductor current
will also go to zero before the next switch cycle begins. In other words, a remaining
current /¢ still flows through during sub-mode 3 after #,. These special phenomena are
generalized and shown in Fig. 7-1. Hence, the conventional definition of DCM is only

based on a special case of the inductor current waveform and cannot reflect the internal
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physical nature by a unified form. Moreover, the conventional analytical methods for
DCM are usually based on the state-space averaging equations, which are tedious for the
circuit designers. Since the in-depth theoretical analysis on DCM phenomena is important
and valuable for many practical industrial applications, a reexamination on all kinds of

phenomena in DCM is needed.

J .

Mode |

-~y

0 dT T

Fig. 7-1.  General waveform of DCM cases with the remaining inductor current I

The analytical and modelling method based on energy characteristics has been proven
to be effective in power electronics [102-106]. There are some energy-storing
components in a dc-dc converter, and the corresponding stored energy will change during
different sub-modes. Therefore, to unify all discontinuous phenomena (with or without /)
into a canonical form, an explanation from the view of energy variation characteristics
concerning the original DCM concepts is proposed in the following sub-section. The
general principles of fast solving the steady-state performance are also given. Finally, two

high order converter examples are provided to validate the proposed DCM concepts.

7.2.1 DCM and energy characteristics
A. New explanation of DCM

Referring to Fig. 7-1, we can find that the inductor current i, may be continuous but its
stored energy will not vary during the sub-mode 3. Therefore, from the view of energy
variation during a switching cycle, if the transmission of energy stored in L ends off

before the next turn-on of §, the converter is said to be operating in DCM.

According to this new explanation, all the DCM phenomena can be unified. If /x exists
during sub-mode 3, it means the transferred inductor energy (stored energy variation) is

less than the maximum stored inductor energy during a whole cycle. Conversely, if /g
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does not exist, i.e. i; has fallen to zero before the beginning of sub-mode 3, it means all

stored inductor energy has been transferred to the load and capacitors.

The proposed new explanation on DCM applies to all complex discontinuous cases.
No matter whether /5 exists or not, the energy transmission ends at the end of sub-mode 2.
The ending of the energy transmission process means the inductor current variation
Ai, will not change any more at t;. Therefore, the voltage across L, v is equal to zero
during sub-mode 3. Moreover, it suggests that a certain diode whose current must has
decreased to zero at the end of sub-mode 2. The discontinuous diode current relates the
proposed new explanation to the conventional DCM definition based on the inductor

waveforms.
B. Existence conditions

Since there may be multiple inductors in a complex dc-dc converter, we should

analyze each inductor to judge the existence of /g using the following criterion:

Existence conditions of I during sub-mode 3 in DCM are simultaneously satisfied: (i)
Inductor L is included in a certain close-loop with the source or load. (ii) There is no

active switch (power switch) or passive switch (diode) in above-mentioned close-loop.

_'-":” ‘E:J > jri
i L
. |

2 N e +
P;"I Loopl ¢ T RV,

=

Fig. 7-2.  Simple examples
(a) the boost converter
(b) the SEPIC converter
For a simple example, the classical boost converter is shown in Fig. 7-2(a) for ready
reference. There is a single inductor L, in the topology. Searching the possible close-
loops containing L;, we find Loop 1 (source-L;-S) and Loop 2 (source-L;-D,-C,lIR). An
active switch exists in Loop 1, and a passive switch exists in Loop 2. Therefore, it can be

known that I will not exist in the sub-mode 3 when the converter is operated in DCM.
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Reviewing the other classical dc-dc topologies, /x phenomenon occurs in the classical
COk/ZETA/SEPIC converters and disappears in the classical buck/buck-boost converters.
For a 4™ order example, the SEPIC converter is shown in Fig. 7-2(b). There are two
inductors, L and L, in the topology. Searching the possible close-loops containing L or L,
we find Loop 1 (source-L-S), Loop 2 (source-L-C;-L;) and Loop 3 (source-L-Cs-D,-C,IIR).
An active switch exists in Loop 1, and a passive switch exists in Loop 3. Loop 2 satisfies
the existence conditions, and it contains L; simultaneously. Therefore, it can be known
that /g will exist in both L and L, during the sub-mode 3. Since a lot of in-depth study has
been performed on this topology, the relative research results validate this phenomenon.
Two more complex cases will be given in the following sub-sections, and their analysis

procedure can be applied to the classical SEPIC converter.
C. Solving principles

Because the third sub-mode is determined by interactions caused by multiple
parameters in the converter, the derivation of inductor current waveforms and output
voltage V, in the steady state is usually complicated. To perform a fast steady-state
analysis, current filling efficiency m [3] is used here and it is defined as:

t;~dTl

m= ,(O<m<l 7:1
(I—d)T( m<1) (7.1)

Sub-modes 1-3 are thus expressed by [0, dT1, [dT, dT+m(1-d)T] and [dT+m(1-d), T},
respectively. The current filling efficiency indicates the shape of steady-state waveform
of i;. It is an unknown and should be worked out. Considering the other unknown V,,, we
should construct a set of two binary equations to obtain the steady-state performance.
There are two general principles that describe the steady-state operation of dc-dc
converters: the volt-second balance on inductors and the charge balance on capacitors.

Applying inductor volt-second balance to L, we have:
dT m(l-d)T
L v, dt + LT v,dt=0 (7.2)

During the sub-mode 2, partial or all of the energy stored in L is transferred to the
capacitor C. It states that i; is related to the capacitor current ic. Applying the capacitor

charges balance to C, we have:
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nrll—n‘JT_ ar T . ! —O _%
LI_ L% L :Cdr+J i.dt= {1.3)

m{I-d)T ¢

Usually (7.3) needs to be simplified to separate the unknowns m and V,, and this step
can be obtained by utilizing constraints between the average currents (/;; and /,) and i, (or

Ai, or Ig). Equations (7.2) and (7.3) can thus be combined and can derive a system of two

binary equations as follows:

f,(m,V,)=0 (7.4)
f,(mV)=0 -

The solution of (7.4) is the steady-state performance in DCM, and it is more
convenient to compare the solving procedure with the conventional state-space method.
The current filling efficiency parameter can also be utilized to solve the boundary
condition between CCM and DCM. The physical meaning of the current filling efficiency
is now independent of detailed inductor current values. The converter will operate in

DCM as long as the current filling efficiency is smaller than ].

According to incomplete statistics, there have been more than 500 prototypes of dc-dc
converters developed in the past six decades. All existing topologies were designed to
meet the requirements of certain applications. In the following sub-sections, two novel
high order dc-dc converter topologies are presented as examples, and an in-depth DCM

analysis is performed to show the existence of the remaining inductor current phenomena.

7.2.2 Case Study: 5" order self-lift Luo converter

The 5™ order self-lift Luo converter [48] shown in Fig. 7-3(a) contains two inductors,
and the VL technique has been successfully applied to this topology. Its voltage transfer
gains in CCM is equal to 1/(I-d). Here, it is assumed that the converter is operating in
DCM. During sub-mode 1 (S is on), D; is on, while D, is off. The main inductor L,
absorbs energy from the source Vi,. In the mean time, the output inductor L, absorbs
energy from C,. During sub-mode 2 (S is off), D; is off, while D; is on. C; is charged by
ir; through D>, and L, transfers its stored energy to C,. Once stored energy of L; is

invariable, D> will be off, and the converter enters sub-mode 3.
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Searching the possible close-loops containing L; or L,, we find one loop (L,-Cs-L-
C,lIR-L,) which satisfies the existence conditions of Iz. Therefore, the DCM analysis
should consider effects caused by /. Since this close-loop contains two inductors, it
means both of them have the phenomena of /. This converter provides a positive output
voltage, so I flowing through L, is negative with respect to the reference direction shown
in Fig. 7-3(a). Analogously, /¢ flowing through L, is positive. The corresponding steady-
state waveforms with enlarged variations can be derived and shown in Fig 7-3(b) and (c),

respectively.

-

=
S
.‘L__/
-J'...,__\ &
N |2
|
?
P

Fig. 7-3.  The 5" order self-lift Luo converter

(a) topology
(b) waveform of i, with enlarged variations
(c) waveform of i;,, with enlarged variations.

The voltages across L; are Vj, during sub-mode 1 and—(V, -V, )during sub-mode 2.
Thus, utilizing the volt-second balance principle and (7.2), we have
fimV)=dV, —m(I-d)V, -V, )=0 (7.5)

In addition, the transferred charges of L; during [dT, dT+m(I-d)T] are equal

to m(I-d)TAi,, /2, which compensate the total discharges of C;. Thus, utilizing the

charges balance principle and (7.3), we have
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é;—’m(f—d)i‘"= !RT+A;“ dr (7.6)

Furthermore, the current constraint between I and I, reflects the effects on the 5"
order Luo converter caused by /g. Since L, is the main energy-stored component for load,
we can ignore the effects caused by C,, and can consider that the steady-state waveform
of instantaneous output current i, is the same to Fig. 7-3(c). In practical design, L, is
usually the same with L; to simplify analysis. Hence, integration of i, over one switching

cycle yields 7, , and it is expressed by

L =L=1R+A’“
R 2

Combining (7.6) and (7.7), we eliminate /z and get a canonical binary equation as follows:

[m(]—d)+d] (7.7)

f(m,V,) = ‘;; —m(I—d)Ai,, =0 (7.8)

It can be known from the foregoing analysis on sub-mode 1 that Ai,,is equal to
V,dT /L, . Combining (7.5) and (7.8), we can obtain the following steady-state
performance:

_1+1+4d°Z,,

© 2d(I-d)Zy, (7.9)

in

V.= é(}+ 1+4d?zN,)v
where Zy; is defined as the normalized load RAfL)).

We can substitute (7.9) into (7.7) and work out the following remaining inductor

current Ig:

v z
I, =ﬁlf+~/1+4d“zm -2d°’Z,,] (7.10)

When the converter is operating under the boundary condition between CCM and
DCM, m will be equal to /. Consequently, we can get the boundary normalized load Zy;.5

from (7.9) as:

!

e 7.11
d(1-d) (2.11)

ZN.’—H
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Using (7.9), (7.11) and CCM performance, we can draw the boundary curve between

CCM and DCM, which is shown in Fig. 7-4 for ready reference. When the operating

point is on the boundary curve of Fig. 7-4, the boundary remaining inductor current /z.s

can be derived from (7.10). The derived Iz.p can be regarded as the minimum value of

instantaneous inductor currents under the given duty ratio. Choosing V, /R as the base

current, we define the pu boundary remaining inductor current, /g.gpu), and the curve of

Ir-(pu) against duty ratio 4 is shown in Fig. 7-5. It is seen that Iz.g(u) Will be zero when d

is 0.5. Therefore, only at this event, will the inductor current decrease to zero at the

beginning of the next switching cycle.

Fig. 7-4.

Fig. 7-5.

The 5™ order

The 5" order
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self-lift Luo converter: boundary curve (dash-dot line) between CCM and
DCM, and voltage transfer gains against Z,
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self-lift Luo converter: curve of pu boundary remaining inductor current,
Ig-pipu) against duty ratio d

For this case, if the parameters are chosen as follows: V;,,=20V, R=100%,

L/=L,=500uH, C=C,;=22uF, C,=l1uF, d=0.3 and f=1/T=20kHz, the boundary
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normalized load Zy, 5 will be 6.8 according to (7.11). Normalized load Zy; of this case is
10, the corresponding operation point will be located in the right area of the boundary
curve shown in Fig. 7-4. So the converter will be operating in the energy DCM.

According to (7.9) and (7.10), we obtain m=0.749 V,=31.44V and Iz=0.067A.

To verify the theoretical analysis, the same parameters are chosen, and PSIM
simulation software was applied to the circuit shown in Fig. 7-3 (a). The simulation
results are shown in Fig. 7-6, where curves in the subwindows stand for iz, V, and iy,
respectively. It states that /g exists during sub-mode 3. And the practical simulation
waveforms accord with the estimated current shapes described in Fig. 7-3(b) and (c).
Using the measurement tool of PSIM, we get m=0.75 V,=31.25V and Ix=0.065A. The

steady-state performance in the simulation is identically matching the theoretical analysis.

1985 19875 1880 19925 1995 19975 2000

Time (ms)
I{La)

080 :
060} 5/4
040 /
020l/

0.00 . 4 ;
1985 19875 1990 19825 1985 19975 2000
Time (ms)

Fig. 7-6.  The 5" order self-lift Luo converter: steady-state simulation waveforms in PSIM

7.2.3 Case Study: 7" order re-lift VL-Type SEPIC converter

The 7™ order re-lift VL-type SEPIC converter shown in Fig. 7-7(a) has been
introduced in Chapter 2. It is more complex in terms of structure and component number.
Its voltage transfer gain in CCM is equal to 2/(/-d). Since this converter can provide
higher voltage transfer gains than the conventional SEPIC converter, it has many

potential industrial applications. Here, we assume it is operating in DCM. During sub-
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mode | (synchronous switches S and §; are on), both D; and D; are on, while D, is off. L,
and L; absorb energy from C;. In the mean time L absorbs energy from the source. During
sub-mode 2 (S and S; are off), both D; and D; are off, while D, are on. C; is charged by i;.
L;, C;, Ly, C; and D, are in series and transfer stored energy to C, and R. It is noted that
L; and L; are usually the same to simplify the practical engineering design. Once stored
energy of L; is invariable, D, will be off, which make the converter enter into sub-mode 3.
The analysis of the conventional SEPIC converter can also refer to the following

procedure.

Fig. 7-7.  The 7" order re-lift VL-type SEPIC converter

(a) topology

(b) waveform of i;; with enlarged variations

(c) waveform of i» with enlarged variations

(d) waveform of i, (i) with enlarged variations.

Searching the possible close-loops containing L, L; and L>, we find one loop (source-
L-C,-L;-source) which satisfies the existence conditions of Ix. Therefore, the DCM
analysis should consider effects caused by Ix. Since this close-loop contains L and L, it
means both of them have the phenomena of Iz. For L;, no close-loop which satisfies the
existence conditions of /g can be found, so i;> will be decreased to zero during the sub-
mode 3. The source provides a positive input current, so Ig flowing through L, is positive

with respect to the reference direction shown in Fig. 7-7(a). Analogously, I flowing

through L is positive. It is noted that C; charges L; during sub-mode 1 in a reverse
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direction, which will makes i;; decrease. The corresponding steady-state waveforms with

enlarged variations can be derived and shown in Fig 7-7(b-d), respectively.

In DCM, because current i, increases during switching-on and decreases during the

period from dT to (/-d)mT, we thus have

d
Vv =V
L2-off ([—d)m in

The voltages across L; are Vi, during sub-mode 1 and—(V, -V, —V,, +V,, ) during

sub-mode 2. Thus, utilizing the volt-second balance principle and (7.2) to L;, we have

FmV.y=aV, —m(I-d)V, -2V, ——L2__y y=0 (7.12)
(1- D)m

In addition, the transferred charges of L; during [dT, dT+m(I-d)T] are equal to

m(1-d)TAi,, /2, which compensate the total consumed charges of the load. Thus,

utilizing the charges balance principle and (7.3), we have
1 ;
IE,ngm(I—d)TAru (7.13)
Rewriting (7.13) results in a canonical binary equation as follows:
¥. 1 ;
fz(m.V‘,)zi"’-—Em(l—d)mu=0 (7.14)

It can be known from the foregoing analysis on sub-mode 1 that Ai,, is equal to
V., dT /L, . Combining (7.12) and (7.14), we can obtain the following steady-state
performance:

e 2+2m
d(l=d)2;; (7.15)
V,=(1++/1+d’Zy,)V,

where Zy; 1s defined as the normalized load RAfL)).

Furthermore, the current constraint between Iz and [;, reflects the effects on the i

order VL-type SEPIC converter caused by Ix. Assuming C, is sufficiently large, we can
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consider that the steady-state waveform of instantaneous current i, is the same to Fig.

7-7(d). Integration of i;, over one switching cycle yields /;,, and it is expressed by

v, v Ai
IL,=1,=—2 =, +—L[m(I-d)+d 7.16
Ry TR [m(I—d)+d] (7.16)

n

We can substitute (7.15) into (7.16) and work out the following remaining inductor

current [g:

V. (I+4J1+d’Z d’
7, =V R M)(Hm— Zny Yod Zy; Zy (7.17)

’ Zy, 2R Z,

Where: Z, =R/(fL)and Z,, = R/(fL,)

When the converter is operating under the boundary condition between CCM and

DCM, m will be equal to /. Consequently, we can get the boundary normalized load Zy;.5

from (7.15) as:

4
Ziy s = 7.18
YRR I —d)? o

50;

nYRiage Tragsfer Gains, M

1000

Yo 272

100
ZN1=RALY

Fig. 7-8.  The 7" order re-lift VL-type SEPIC converter: boundary curve (dash-dot line) between
CCM and DCM, and voltage transfer gains against Zy,

Using (7.15), (7.18) and CCM performance, we can draw the boundary curve between
CCM and DCM. which is shown in Fig. 7-8 for ready reference. When the operating
point is on the boundary curve of Fig. 7-8, the boundary remaining inductor current /g5
can be derived from (7.17). The derived Ig.p can be regarded as the minimum value of

instantaneous inductor currents under the given duty ratio. Choosing V, /R as the base

< 17
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current, we define the pu boundary remaining inductor current, /g.gu), and the curve of
Ir-Bpu) against duty ratio d under the assumption of Zy=Zy; is shown in Fig. 7-9. The
monotonic increase of /g.gy in Fig. 7-9 indicates that in any event the inductor currents,

i; and iy; will never be discontinuous.

i

-
L]

10

Boundary R
ry Remaining Current, lR-B{puJ

_l
|
|
|

87 02 03 04 05 06
Duty Ratio.d

Fig. 7-9.  The 7" order re-lift VL-type SEPIC converter: curve of pu boundary remaining inductor
current, Ig g, against duty ratio d

For this case, if the parameters are chosen as follows: V;,=10V, R=1000S2, L=10mH,
L;=L>=500uH, C;=C>=C,=22uF, d=0.3 and f=1/T=20kHz, the boundary normalized
load Zy;.g will be 27.2. Since the normalized load Zy; of this case 1s /00, the
corresponding operation point will be located in the right area of the boundary curve
shown in Fig. 7-8. So the converter will be operating in the energy DCM. According to
(7.15) and (7.17), we obtain m=0.396, V,=41.63V and Iz=0.17A.

To verify the theoretical analysis, the same parameters are chosen, and PSIM
simulation software was applied to the circuit shown in Fig. 7-7(a). The simulation results
are shown in Fig. 7-10, where curves in the four subwindows stand for iz, V,, i; and i,
respectively. It states that Iz exists during sub-mode 3. And the practical simulation
waveforms accord with the estimated current shapes described in Fig. 7-7(b-d). Using the
measurement tool of PSIM, we get m=0.4 V,=41.83V and Ig=0.17A. The steady-state

performance in the simulation is identically matching the theoretical analysis.
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Fig. 7-10. The 7" order re-lift VL-type SEPIC converter: steady-state simulation waveforms in
PSIM

7.3 Transient Analysis of Multi-State Converters Using System

Energy Characteristics

The study of multi-state dc-dc power conversion techniques is restricted by the
complicated inner switching behaviors. This section presents a general and unified
transient analysis for various sorts of multi-state dc-dc converters from a viewpoint of

their system energy characteristics.

7.3.1 Multi-State conversion techniques

A PWM dc-dc converter is generally operated in CCM, in which two states are usually
switched periodically by actions of the switch. With the development of dc-dc conversion
techniques, multi-state dc-dc conversion techniques have been proposed to overcome
some disadvantages of conventional two-state dc-dc converters. For a dc-dc converter,

multi-state operation in a cycle can be implemented by adding some additional switching
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devices [26]. An additional state is then produced. This can be regarded as an active
approach because each state 1s determined by actions of the switches. Usually, the main
inductor current in the converter is kept continuous during the whole cycle [26]. Here,
this approach is termed multi-state CCM conversion technique. Another main
implementation approach for multi-state operation is to make the conventional two-state
converter operated in DCM. This can be regarded as a passive approach because the third
state is determined by the discontinuous characteristics of main inductor current.

Therefore, it can be termed multi-state DCM conversion technique.

Both of these two multi-state conversion techniques have higher voltage/current
conversion capacity than two-state converters. They can also provide the control-to-
output small-signal transfer function without zeros. So an appropriate and effective
analytical method for multi-state dc-dc converters will stimulate their practical industrial
application in future. Unfortunately, the multi-state operation increases the complexity in
the inner circuit and causes much more complicated switching behaviors. So the transient
performances of multi-state converters are difficult to be described accurately and

conveniently.

7.3.2 Energy factor and modelling

There are some energy-storing components in a dc-de converter and the corresponding
stored energy will change during the transient process. Hence, the modelling method
based on system energy characteristics is a novel approach in power electronics. Despite
the long duration spent in researching on the energy storage characteristics in power dc-
dc converters, there had been no clear understanding to reveal the relationship between
the stored energy and the dynamics of dc-dc converters until a new concept, namely

energy factor (EF) was proposed by F.L. Luo [104-106].

Using EF and its associated parameters, a conventional de-dc converter in CCM (with
two states) can be approximately described by a 2™ order transfer function G(s) to reflect

its transient performance.

Sl (7.19)
T8 +Ts+1
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The damping time constant 7; and the time constant 7 are concerned with the energy
transfer process of every energy-stored element. They can be deduced from EF and its
associated parameters. M is the ideal voltage transfer gain and 7 is the power transfer
efficiency caused by the parasitic parameters. Since a linear transfer function is utilized to
describe the transient performance of two-state dc-dc converters accurately, all the state
variables should be averaged firstly. Hence, the harmonics yielded by the nonlinear
switching networks will be eliminated, which is similar to the averaging models. The
theoretical proof of this model has been introduced in [104-106] and supported by a large
number of simulation and experimental results. Therefore, the study of system
characteristics and introduction of new concept EF paved a new way for the modelling of

dc-dc converters.

Based on the above-mentioned investigation of system energy characteristics for
conventional two-state converters, we try to develop this energy-based method into the
modelling process of multi-state dc-dc converters. The following sub-section focuses on
the output transient performance (output voltage) and is released from the analysis on the
inner nonlinear switching behaviors. According to the general transient performance of
multi-state CCM and DCM converters, a unified modelling method is developed. The
concepts of system energy parameters and the corresponding canonical definition are

presented, by which the system model parameters of multi-state converters are deduced.

7.3.3 Switching operations and general transient performance

When a converter changes from one steady state to another, the corresponding stored
energy changes. Therefore, there must be a transient process from one steady state to the
new steady state. For the convenience of theoretical analysis hereafter, we choose the
multi-state boost converters as the discussion objects. The multi-state CCM and DCM
boost converters are discussed respectively here. Because these two sorts of boost
converters are typical for the multi-state conversion technique, the analytical results can

be extended to the other multi-state dc-dc converter topologies.

The topology of the multi-state CCM boost converter is shown in Fig. 7-11(a). This

circuit was proposed by R. Omganti [110, 111] in 2001. Its typical inductor current
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waveform and switching signal waveforms are shown in Fig. 7-11(b) respectively. This
converter is different from the classical boost converter operated in CCM, whose
additional state is caused by the freewheeling of the main inductor current #;. When the
first state (energy storing mode, Srand S,, are ON) and the second state (energy pumping
mode, Sy and S,, are OFF) are completed, the freewheeling switch Sy and freewheeling
diode Dy form a freewheeling loop, L-Sp-Dy, before the beginning of next cycle, which
brings the third state (energy freewheeling mode, Sy is ON and §,, is OFF). The first duty
ratio d;, the second duty ratio d> and the last duty ratio d; are determined by the control

signals, so there are no duty ratio constraints in each cycle.

(l
mIR
Q
on
= ‘/—‘r—

@]

hY

71
AW

=

(a) (b)
Fig. 7-11. The multi-state CCM boost converter.

(a) topology
(b) typical inductor waveform (r,=0) and control signals.

The topology of the multi-state DCM boost converter is shown in Fig. 7-12(a). Its
typical inductor current waveform and switching signal waveforms are shown in Fig.
7-12(b) respectively. The converter is operated in DCM due to the interactions caused by
the load, switching frequency and the inductance. Because the second duty ratio d> has
algebraic dependency on state and control variables, the complex duty ratio constraints

have become the main difficulty in the conventional modelling methods.

From the above analysis, it can be seen that the nonlinear switching operation in
above-mentioned multi-state conversion techniques are totally different. To find a unified
modelling method, we carefully investigated the output transient performance of these
two topologies. The circuit parameters’ selection and power transfer efficiency 7 are two

main factors which determine the output transient performance.
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S

(a) (b)
Fig. 7-12.  The multi-state DCM boost converter.

(a) topology
(b) typical inductor waveform (r,=0) and control signals.
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Fig. 7-13. The general unit-step response curves with different values of 7

(a) the multi-state CCM boost converter
(b) the multi-state DCM boost converter

Assuming that the topology and elements have been selected, the effects caused by the
power efficiency are investigated. Under the different 7 conditions, the general time-
domain unit-step response curves of the multi-state CCM boost converter can be referred
to in Fig. 7-13(a). The responses indicate that the converter is similar to a 2" order
system (including underdamped, critically damped or overdamped system) and 7 can not
change the system similarity. However, the general time-domain unit-step response
curves of the multi-state DCM boost converter indicate that the converter under the
different efficiency conditions has not the system similarity. It can be referred to in Fig.
7-13(b), and the derivation of the critical value, 7., is given in the Appendix. When 7 is
lower than 7.,,, the DCM converter is much closer to a 2" order overdamped system (can

be downgraded to a 1™ order inertia system). Hence, using a 2" order transfer function,
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we can unify the modelling of CCM and DCM boost converter now. It is possible to

describe the mathematical models of these two sorts of multi-state boost converters with

2™ order transfer functions.

7.3.4 General rules and generalized system energy parameters

The crux of this unified modelling method for multi-state converters is to obtain the
accurate time constant 7and damping time constant 7 for its 2™ order transfer functions.
For a given dc-dc converter circuit, these two parameters can be termed system model
parameters. The time constant 7is available to estimate the multi-state converter transient
operation. The damping time constant 7; is utilized to estimate the multi-state converter
response with oscillation. EF and its associated parameters mentioned in [104-106] can
be termed system energy parameters. They are used to reflect the energy-transferred

characteristics during the whole transient process.

The steady-state information of each element needs to be examined before the
beginning of transient process. After the ending of transient process, the corresponding
steady-state information also needs to be examined. They include the averaging values of

each state variable in the steady state, which are obtained as below:
b g, _F 1T,
B [RACI A = [ vewar 1, = = [ i@t

It is similar to a “black box”. We focus on the input and output information and
neglect the complicated nonlinear switching behaviours in the inner circuit. The input and

output information is the reflection of interactions caused by nonlinear characteristics.

The transient performance of a converter indicates that the stored and transferred
energy in the circuit have been changed. If the converter is operated from the beginning
zero state to the steady state, it can be called the starting process. We use the symbol
“_0” in the subscript of the corresponding state variables for this steady—state. Assuming
that the converter is in a normal steady state, when the converter is changed from the
original steady state to the new steady state due to a certain operation or disturbance, it
can be regarded as the generalized transient process. We use the symbol *_/" and “_2" in

the subscript of the corresponding state variables to differentiate these two different
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steady states. The next part will give the detailed definition and generalized expressions
of system energy parameters for dc-dc converters. They are the theoretical basis of the
proposed modelling method. Based on the application of system energy parameters, the

system model parameters can be obtained consequently.

Different from the original definition in [104-106], the physical meaning of every
system energy parameter is modified here. They are the stored energy variation of
inductor (WL), stored energy variation of capacitor (WC), stored energy variation (SE),
pumping energy variation (PE), energy factor (EF) and capacitor/inductor stored energy
variation ratio (CIR), energy losses variation (Ej,,) and power efficiency (7). Here, the
power losses are simulated by the series equivalent resistance of the inductor r. to
simplify the derivation. In addition, it is assumed that there are n; inductors and n,
capacitors in a given converter. The generalized calculation expressions are shown in

Table 7-1, respectively.

Table 7-1 Generalized expressions of system energy parameters

Parameters Starting Process Generalized Transient Process
L i . 2
W}'_’: _L(!U_” _0) _L(Iu_z—!u";)
2 2
} v Y i 2
We; EC(VQ_H -0) EC(VCJ_E Vg )

n n
SE D Wg+ Wy
j=1 =l
PE Vin__n;fn_ HT (“”r'n_zlm_z '_Vin_.’!in_!)T

EF S o

CIR i We i Wi,
j=! =

n n
2 2
Ploss Zlfj U Z("u_z T
=1 =1
E-‘o_u P;()&-ST
(PE _E tJE.T)
n n= " PE
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7.3.5 System model parameters for multi-state boost converters

The generalized system energy parameters of dc-dc converters in Table 7-1 can deduce
the system model parameters of multi-state boost converters (including multi-state CCM

and DCM boost converters). They are written as:

L (7.20)
1+CIR )
_2T-EF  CIR

B = (7.21)
I+CIR n+CIR(1-1)

The detailed derivation can be referred to in Appendix.l. Theoretically, 7 and 7; are
invariable. Then the mathematical models of multi-state converters can be obtained

quickly. The large-signal transfer function for the generalized transient process can be

written as:
V. ,=V. YV, -V,
G(s)="1e "~’,) iz Vo) (71.22)
TT,s” +Ts+1
The time constant ratio & of a dc-dc converter is defined as:
=T o CIR (7.23)

- I-n~2
t n{+CIR T”)

& is used to estimate transient response with oscillation. In addition, it is an index for
the variation of stored energy. When ¢ is very small, the oscillation of the response will
disappear. The model is approximately similar to a 1™ order inertia element. Then 7; can
be omitted (i.e. 7y =0) and the generalized large-signal transfer function (7.22) is

downgraded from 2™ to 1% order as below:

(V 2 -Vu_!)f(v:n_.’ _1/rn,f)

G(s)=—22 (7.24)

I+7s

Small-signal models reflect the dynamics caused by the small perturbations of a steady
state, and they can be described by 2™ order models with the same eigenvalues. Hence,
referring to the traditional models in Table A.I, we can use the above-derived system
model parameters to rewrite the characteristic equation and derive the new small-signal

transfer functions of the multi-state CCM boost converter which are tabulated in Table
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7-2. Owing to energy freewheeling mode added, there is no zero in the control-to-output
transfer function. There exist the zeros in the output impedance transfer function and
input admittance transfer function. They also can be expressed by the system energy
parameters. Analogously, we refer to traditional models in [11-15] and use the above-
derived system model parameters to derive the new small-signal transfer functions of the

multi-state DCM boost converter tabulated in Table 7-3.

Table 7-2 New small-signal transfer functions of the multi-state CCM boost converter

Proposed Small-Signal Models

v M
o= Whee:  Mpm=it

in TTs° +Ts+1 Vo

g M %

o (4 g
& =—————  Where: Mclj=—
d, oy’ +rs+l el D, 7

v M " 2T-EF
‘_:3,:__—) ol Where: MJ}:—Z(H_-;———
I, Trys"+71s5+1 D; (1=m)(1+CIR)
i 2
i‘l = 71‘4"’? Where: Mn= wﬁ‘?"’\' (.-‘+52T'EF L
Vi TTys" +7s+1 RD, X1+CIR)

Table 7-3 New small-signal transfer functions of the multi-state DCM boost converter
Proposed Small-Signal Models

3 M v
—== —*,L Where: My =—%*

Vin Tr;s° +Ts+1 Vin

Vo Mcn e _2MVyn [pM o 2f
d, trys’+ts+l ' M= m-1 M1 P~k

7.3.6 Qualitative analysis

From the analysis in the above parts, it is known that the large-signal transfer function
of multi-state converters (including CCM and DCM) can be described by a normalized

2 order model as below:

M M
G(s)= 5 = —— (7.25)
s +Ts+1 Erist+rs+1
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The basic small-signal transfer functions (input-to-output and control-to-output) of
multi-state converter also can be unified to a normalized 2" order model expression
without zeros, which is written as:

Mn Mn

= (7.26
tr,s’ +rs+1 05T +rs+l )

é(s) =

The qualitative analysis curves of the above normalized 2" order system with various
& are illustrated in Fig. 7-14. Referring to Fig. 7-14(a), the critical value of £ in the time-
domain, & is equal to 0.25. This value is useful for the analysis of large-signal models and
its calculation process can be referred to in the Appendix. 3. The power efficiency 77 has
the mathematical relation with & which is described by (7.23). If 7 makes the
corresponding & lower than (.25, the large-signal model will be likely a 1% order function.
If we improve the performance of the converter, the corresponding & will be higher than
0.25 along with the increasing of 7. The oscillation will appear in the transient process.

The corresponding large-signal model will be a typical 2" order function.

Referring to Fig. 7-14(b), the critical value of £ in the frequency-domain, & is equal to
0.5. This value is useful for the analysis of small-signal models and its calculation process
can also be referred to in the Appendix.3. For a CCM converter, experimental data
indicate that the frequency response curve of its small-signal model usually has a
resonance hump at the corner frequency. In the contrary, the resonance hump doesn’t

exist in the bode plot for a DCM converter.

=]

Magnitude (dB)
E 8

&

Magnitude, M

(a) (b)
Fig. 7-14. Qualitative analysis of normalized the normalized 2™ order system

(a) time-domain analysis: unit-step response curves.
(b) frequency-domain analysis: bode plot curves.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 7. Analytical Methods Based on System Energy Characteristic

The above qualitative analysis is based on the fact the multi-state CCM/DCM
converters are close to a 2™ order system. It is noted that the transient performance of the
DCM converter may deviate from the general 2™ order system response if 7 is larger than
Nen (usually near /00%). Therefore, there is a power efficiency constraint for modelling
DCM converters using a 2" order transfer function. According to (7.23), we let:

CIR
-1, 2
M. (14 CIR )

=& =0.25, thus

e CIR
“ (JCIR +1)

Equation (7.27) indicates that 7. is not a constant and determined by CIR of different

(7.27)

DCM converters. For a given DCM converter, if 77 >1,,, the practical transient process
will exhibit the nonlinear characteristics with an overshoot as shown in Fig. 7-13(b).
Since this special phenomenon is concerned with some nonlinear characteristics of dc-dc

converters, it is not to be considered in this chapter.

We compare the classical method, signal flow graph and state space averaging with the
proposed method here. The signal flow graph method is derived from the state space
averaging method, and in fact they are equivalent. When the signal flow graph method is
applied to multi-state dc-dc converters, three individual graphs, G;, G; and G; should be
drawn for the combination. Analogously, for the state-space averaging method, three
individual state-space equations Q;, Q> and Q;, should be constructed before weight
averaging. Both of the combined graph G and combined equation Q need much more
procedures to obtain the transient model compared with the proposed method. This is
because the proposed method needs only two system model parameters, which can be
worked out according to the presented equations. Additionally, it is noted that the system
model parameters’ derivation is based on the preliminary work of classical methods (see
Appendix). The accuracy of the proposed method is very close to that of the classical
methods under the second order condition. Therefore, the main advantage of our method
is a faster and clearer derivation process against classical methods. Furthermore, when the
multi-state converter consists of a large number of elements, the proposed method will

significantly reduce the order of the system.
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7.3.7 Analysis Example: The multi-state CCM boost converter

Fig. 7-11 shows the multi-state CCM boost converter with conduction duty ratio d,,
d>.and d;. The parameters are: Vi,=10V, f =50 kHz, d; =0.55, d>=0.3, L= 300uH,
C=110uF and R=10£2. There are some power losses, assuming that the inductor

resistance r;=0.1552. The following modelling examples are considered.

A. The starting process

The initial state of every parameter is zero. After the starting process, the converter
will be operated in a steady state. We then obtain Vi, ¢=10V, V,=24.15V, I; ¢=7.889A,

lin 0=6.767A and B, =r,1] ,=9.335W . The corresponding system energy parameters are

calculated and given in Table 7-4.

Therefore, the system model parameters are:

2T-EF 1-n
= 1+—=-CIR)=427.5 7.28
K 1+C1R( 2 n ) - ( )

A L R =709.4us (7.29)
1+ CIR 7+ CIR(1-1)

Since ¢£=1,/r=1.66>0.25, the large-signal transfer function of this converter for this
given transient process has two poles (-s; and -s2) that are located in the Left-hand half

plane (LHHP). The large-signal transfer function is:

Vo__ My M,

4]

v, Trs +Ts+1 (s+s,)(s+s,)

mn

where: s =0+ jo and s,=0 - jo with

L I N— 704.82 Hz and

2r, 2x7094x10°

V4L =T _10ISXI0° o rad s

27z, 606537

)=
Hence, the step response (transient process from initial zero state to the steady state) is:

v, (1)=M][I- e " (cos @f — sinaxr)]v,

1
4 T, [t—1

= 24.15[1— ¢ ™ (cos 1674t +0.421sin 16741)] (7.30)
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Referring to Table 7-2, the impulse responses (interference recovery process) for

input-to-output and control-to-output small-signal models can be written in a normalized

form. i.e.
Av, (1) = ——Zg—e_ﬂ; sin @t = 0.842Ue ™% gin [ 6741
4t /1~

Where: U is the normalized interference signal.

The generalized transient process

(7.31)

If the input voltage is changed from the above mentioned state to a new one, Vj, =15V

(Vin_1=10V, I;, 1=6.767A) owing to a step signal at a certain instance, we then obtain

Vo o= 3651V, I »=12.085A, I, 2=10.305A and P,

e, {15

corresponding system energy parameters are also calculated and given in Table 7-4.

o =nUi ,-1} )=12.572w . The

Table 7-4 System energy parameters of the multi-state CCM boost converter
PE We Wy Elss SE i EF CIR
The starting process 1.353mJ | 32.077m | 9.335mJ | 0.186mJ | 41.412m | 0.862 | 30.6 3.44
The generalized transient | 1.738mJ | 41.237m | 12.572m | 0.251mJ | 53.809m | 0.856 | 30.9 | 3.28
Therefore, the system model parameters are:
2T -EF 1-
= 1+ IRy = 448.1us (7.32)
1+CIR n
I~EF
= - F X =713.1us (7.33)
1+CIR n+CIR(1-1n)
Since§=7,/r=1.6>025,
N0 DN SR 1§ T
2t, 2x713.1x107
47r, - 1° f
e MIFR T ABOKIG 5 o b T
22, 639080
Hence, the step response (transient process from steady state 1 to the steady state 2) is
v (1)=24.15+(36.51-24.15)[1- e ™% (cos 16241 +0.43sin 16241)) (7.34)

The impulse responses (interference recovery process) for input-to-output and control-

to-output small-signal models can be written in a normalized form. i.e.
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Av, (1) =0.86Ue "™ sin 1624t (7.35)

Where: U is the normalized interference signal.

Comparing (7.30, 7.31) with (7.34, 7.35), we find they are very close. Theoretically, 7
and 7; are constants. If the parasitic parameters of the converter vary due to the long-time
operation, the modelling calculation based on the different processes will result in the

different sets of Tand 7.

B. Model verification

25

(b)
Fig. 7-15. Large-signal step response of multi-state CCM boost converter
(a) Response curve described by the proposed model (7.30)

(b) Experimental curve

To verify the proposed models, the experimental circuit with the above-mentioned
parameters has been constructed. The diodes are fast switching diodes so that the effects
of reverse recovery are negligible for the analysis and calculation. The switches are
comprised of several MOSFET devices in parallel so that the equivalent drain-source ON
resistance can be negligible. The step response described by the proposed large-signal
model is shown in Fig. 7-15(a), which is compared with the experimental curve in Fig.

7-15(b). The impulse response described by the proposed small-signal model is shown in
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Fig. 7-16(a), which is compared with the experimental curve in Fig. 16(b). On the main
indexes such as settling time, rising time and peak time, the experimental results have a

good agreement with the simulation curves of proposed models.

30
25 pr—
== 20
3 15
s
g 104
(=]
5 4
o T T ¥ v
10 15 20 25 ao
time, ms
(a)
iS00 £.009-
----- o Lo
.......................... o
(b)

Fig. 7-16.  Small-signal impulse response of multi-state CCM boost converter

(a) Response curve described by the proposed model (7.31)
(b) Experimental curve

7.3.8 Analysis Example: The multi-state DCM boost converter

Fig. 7-12 shows the conventional three-state DCM boost converter with conduction
duty ratio d;, dz>.and (/-d;-d). The parameters are: V=5V, f=50kHz, d;=0.5, L=10uH,
C=110uF and R=2052. Duty ratio d» and d; are determined by the circuit configuration
and load condition. There are some power losses, assuming that the inductor resistance

r= 102,
A. The starting process

In the initial state of the converter, all the parameters are zero. After the transient

process, the converter will be operated in a steady state. We then obtain V;, o=5V,

~ 18
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V,=8.719V, I o=11 0=1.356A and P, =rl; ,=1.8387W . The corresponding system
energy parameters are calculated and given in Table 7-5.

Table 7-5 System energy parameters of the multi-state DCM boost converter

PE We W Ejoss SE N/ Nen EF CIR
0.1356mJ 42mJ | 0.009194mJ | 0.03677mJ | 4.2mJ | 0.73/091 | 309 | 454.79

The example meets the requirement of 7<7)., so the proposed method can be used.

Therefore, the system model parameters are:

e B e AN, i s (7.36)
I+CIR 7
_2TEF  CIR

10us (7.37)

T, = o
" 1+CIR n+CIR(I-1)

Since £ =17, /7=0.022<<0.25, 74 can be omitted (i.e. 7z = 0). Under such a condition,

the mathematical model of DCM converter can be regarded as an inertia element.
According to (7.24), the step transient response (transient process from initial state to the

steady state) is derived:

v () =Metv, =8.719(-e “**) (7.38)

The ideal impulse interference response (interference recovery process) is:
Av,(t) =Ue ™ =Ue = (7.39)
Where: U is the normalized interference signal.
B. Model verification

To verify the proposed models, the experimental circuit under the small time constant
ratio condition has been constructed according to the same principles as introduced in
foregoing sub-section. The above-mentioned parameters are selected. The step response
described by the proposed large-signal model is shown in Fig. 7-17(a), which is compared
with the experimental curve in Fig. 7-17(b). The impulse response described by the

proposed small-signal model is shown in Fig. 7-18(a), which is compared with the
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experimental curve in Fig. 7-18(b). All the experimental results accord with the

simulation curves of proposed models on the main response indexes.

10
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Fig. 7-17. Large-signal step response of the multi-state DCM boost converter

(a) Response curve described by the proposed model (7.38)
(b) Experimental curve

10 1 '5 2.0 25 3‘0

(b)
Fig. 7-18. Small-signal impulse response of the multi-state DCM boost converter

(a) Response curve described by the proposed model (7.39)
(b) Experimental curve
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Chapter 8 Conclusion and Recommendation

8.1 Conclusions

The thesis gives an in-depth research on advanced dec-de power conversion topologies
and mathematical analytical methods. In Chapter 1, the background of the research work
is introduced firstly, and the basic concepts of dc-dc power conversion techniques are

then reviewed. The detailed research work is given in Chapter 2-7, respectively.

In Chapter 2, to achieve positive output voltages with high voltage transfer gains in
transformerless structures, a series of new switching topologies are proposed, which are
termed positive output VL-type SEPIC converters. The proposed topologies are based on
the VL techniques and the SEPIC prototype, and they are different from any other
existing dc-dc step-up converters. All circuits perform positive-to-positive dc-dc voltage
increasing conversion with higher voltage transfer gains, small ripple and high efficiency

in simple structures.

In Chapter 3, to achieve the negative output voltages with high voltage transfer gains
in transformerless structures, a series of new switching topologies are proposed, which
are termed negative output VL-type Cik converters. The proposed topologies are based
on the VL techniques and the Cik prototype, and they are different from any other
existing dc-dc step-up converters. All circuits perform negative to positive dc-dc voltage
increasing conversion with higher voltage transfer gains, small ripple and high efficiency

in simple structures.

In Chapter 4, to achieve the mirror-symmetrical output positive and negative voltages
with high voltage transfer gains in transformerless structures, a new topology is proposed,
which is termed mirror-symmetrical double-output VIL-type converter. Additionally, the
evolution of this topology results in the boost enhanced series and the super enhanced

series. All topologies are different from any other existing multiple output step-up
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converters. They perform positive to positive/negative dc-dc voltage increasing
conversion with higher voltage transfer gains, small ripple and high efficiency in simple

structures.

In Chapter 5, to achieve higher voltage transfer gains, the concept of evolution in the
output section is introduced. The general guidelines using output enhanced circuits in
the output section are presented and analyzed. They can be utilized in some positive
output dc-dc converters. All derived topologies avoid adding accessorial active power
switcher and transformers. The detailed topology construction guidelines are helpful for

circuit design and engineering education.

In Chapter 6, to give a thorough analysis with consideration of effects caused by
parasitic parameters and diodes’ forward voltage drop, the developed switching signal
flow graph method is proposed. The general guidelines of constructing and deriving
graphical models are introduced. Furthermore, the averaging binary tree structure
representation method of dc-dc converters is proposed, which paves a new way for

graphical analysis of dc-dc converters.

In Chapter 7, to unify the analysis of complex and simple dc-dc topologies, the
concepts and analytical methods based on the system energy characteristics are proposed.
By investigating the remaining inductor current phenomena in DCM, a new explanation
of DCM is proposed so that all discontinuous cases can be unified by the proposed
concepts. Furthermore, a unified transient modelling method for various sorts of multi-
state dc-dc converters from a viewpoint of their system energy characteristics is proposed.
The proposed method ignores the complex switching state analysis and nonlinear
characters in the inner circuit. It turns to system energy investigation of different steady
states and tries to describe transient processes by 2™ order transfer functions. Hence, the

analytical difficulty is decreased significantly.

Following the theoretical analysis in Chapter 2 to 7, both simulation and experimental
verification have been carried out. It can be seen that all the simulation results are
identically matching the theoretical results. The reason is that we are using the ideal
switching and passive component in the simulation. However, in the practical

experimental circuits, the parasitic parameters affect the performance of the circuits.
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Nevertheless, the experimental results are quite close to the theoretical and simulation

results.

All dc-dc topologies proposed in the thesis could be widely used in the areas of
computer peripheral circuits, medical equipment, semiconductor industry, especially in
applications that require high voltage transfer gains. They enrich the family of advanced
dc-de switching power converters and are helpful for the practical industrial applications
and engineering education. The analytical methods proposed here provide a useful and

convenient way for analyzing and utilizing these advanced dc-dc topologies.

8.2 Recommendation

All dc-dc topologies proposed in the thesis are circuit prototypes. The discussion in
this thesis could explain main fundamental principles of these topologies. More research

work needs to be performed in future, and it can be classified into the following parts:

* Protection circuits for complex dc-dc converters including various snubber
circuits and soft switching techniques.

= Reliability theories of complex dc-de converters.
= Control techniques based on the high-order models and low-order models.

All analytical methods and corresponding concepts proposed in this thesis are based on
the averaging techniques, which ignore the nonlinear characteristics of switching circuits.

The following research work could be classified into two parts:

* To relate the proposed analytical methods in this thesis with the nonlinear
system theories.

* To develop a more convenient analytical method that could unify the CCM and
DCM theories.

Above-mentioned contents should be considered for practical applications, and they
will be carried out step by step in the future. The theoretical research and case study
would be attractive in the areas such as electrical drive systems, new generation power

sources applications and dc distributed power systems.
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Appendix

1. Time constant 7 and damping time constant 7y of multi-State

CCM converters

Referring to Fig. 7-11, the preliminary work in [26] gave a theoretical analysis on the

mathematical modelling of the multi-state dc-dc converter. It is based on the switching

signal flow graph method, a typical conventional method developed from state-space

averaging techniques. The small-signal transfer functions with power losses (r;#0) are

tabulated in Table A.I for ready reference.

Table A.I Traditional small-signal transfer functions of multi-state CCM boost converter [26]

Small-Signal Transfer Functions

Obviously.

l:: - MT Wh
> ) Ia F ere:
Vi ()54
D3 D3 RD3 RD3
Yo _ M
: 3 Where:
d, €43+ Lys+t 4]
D3 D RD: RD3
& M, (1+ L 5)
= a Where:
= EE .2 nC L 1t :
! == ¢ + (== + )5+ "'T+l
¢ p? ( D! RD] ) RD:
5 M, (1+sCR)
T ] Where:
5 C r .
Vin ¥52+(nﬁ+—f\)_‘j+—{'—1+]
D} D:  RD] RD:

_(Dy+D, )

RD?

the

models in Table A.I are relevant with each component. By

mathematical transformation, they can be developed to the new expressions based on the

system energy parameters as introduced in Section 7.3. The detailed deviation can start

from the generalized transfer function G(s), which can be written as follows:

o 7
G(.sl—£g3;32+( s+
B p} = RD}
‘ RD?
VheLE: =
2 L

(A.1)

(A.2)

From the definition of (A.2), we can get the following equations, which will be used in

the deviation process.
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5 :ﬂ—RDf (A.3)

D? = A 5 (A.4)
I-n R

In addition, we get the output energy E, and energy loss Ejy in a cycle using the

system energy parameters.

E =qV,I.T=n ;FW (A.5)

W, +W,

.‘ﬂn’ (} n) in mT (‘F ??) F {A.f))

Firstly, according to the denominator of (A.1), Tcan be written as:

RnC L
=t 4+ —r A7
¢ D] RD; ) (A7)

Substituting (A.3) and (A.4) to the (A.7), we can obtain:

2TW,. 2EWL) ‘ (A.8)

o loss

Then substituting (A.5) and (A.6) to the (A.8), we can obtain 7 expressed by the

system energy parameters:

_SLEF o AP (A.9)
I+CIR 7

From the denominator of (A.1) and (A.9), we get:

__ng U- 7 _m _2T-EF __ CIR (A.10)
£ r T 1+CIR n+CIR(I-n) -

2. Time constant 7 and damping time constant 7z of multi-State

DCM converters

The stored and transferred energy characteristics in each cycle determine whether a
converter is in CCM or in DCM. 7and 7, will be changed significantly once the converter
is operated from CCM to DCM. The expressions of 7and 7; derived from the boost

converter in CCM (only two states) are applied into DCM, which can indicate the
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transient performance from a new point of view. The corresponding derivation procedures
fort and 7 in CCM boost converter is the same with the buck converter discussed in

[104-106]. Consequently, the expressions of Tand 7;is same with (A.9) and (A.10).

Hence, the system model parameters of multi-state CCM and DCM converters can be
unified to a generalized form based on the system energy parameters. The modelling and

analysis on their transient performance can be carried out conveniently.
3. Critical value of &for a normalized 2" order system

Consider the normalized 2™ order large-signal transfer function as shown in (7.25),

M e M (A.11)
ECS +Ts+1 (s+5,)(s+s,) .

—T+.1° —4&7 (A.12)

2&7°

G(s)=

where: s,, =

Let \t? =477 =0and the critical value of £in the time-domain is obtained as
£=025 (A.13)
Consider the normalized 2™ order small-signal transfer function as shown in (7.26),

M M

G(ja)):‘ TR AT |= (A.14)
J I |s’,c‘1"(](0)'+jm4'1| \/(1—(022'26)2+(03f3
Then, take the following derivative
Ed—-[(f—ﬂ)g’fzf)z + @' T’ =201 -’ T (207 E) + 2w (A.15)
@
Let (A 15) be equal to zero, we have:
> 2¢6-1
2b(-&'T’E)-11=0 = w= ‘-':, —>0
251
Therefore, the critical value of £ in the frequency-domain is obtained as
£ =05 (A.16)
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