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ABSTRACT

The evolution of power conversion systems have been emerged, since nineteenth century.
The need of high voltage DC-converters has showed expeditious growth over the past
years for various applications, such as alternative renewable energy sources. Thus, the
technological advancements in the demand of power supply significantly changed in the
fields of power system and power electronics. DC-DC topologies are the foremost
powerful methodologies of power converters. A boost converter (BC) is the most popular
prototype of DC-DC converters practiced in different power electronics applications. The
major objective of this modular research is to design and implement an adaptive multilevel
boost converter (MBC), to provide a multiple output voltages by controlling and regulating
the self-voltage balancing switch capacitors of the traditional BC based MBC with the help
of PWM controlled single switch. The proposed alternative converter is mainly build up by
integrating 2n—1capacitors, 2n—1diodes and a single inductor for n times MBC. Another
improvement of this paper is to introduce a new structure of MBC, with a central input
voltage source to reduce the power consumption in the lower level. The fundamental
function of the presented topology is to generate an optimal high voltage boost ratio, with a
suitable low power rating devices to block and achieve one level of voltage at each stage.
This topology is utilized as a DC-source for variety applications, like fuel cell systems and
photovoltaic sources (PV) which operate at low power that needs unidirectional current
and self-balanced controlled voltage levels, which is very useful in boosting the output
before being inverted and grid connected. The vital merits of MBC are large boost gain at
limited value of duty cycle, operating at steady continuous input current, no need of
transformer and balanced output voltage, which enables to work the MBC at high
switching frequency. The principle of the selected converter is simulated under various
conditions, to prove the accuracy of the estimated equations and experimental results and
demonstrate that the designed topology operates at its maximum acceptable voltage gain.

Key words: Power conversion system; DC-DC boost converter; DC-DC multilevel boost

converter; continuous conduction mode; discontinuous conduction mode; voltage gain.



OZET

Gli¢ doniisiim sistemlerinin gelisimi on dokuzuncu ylizyildan beri ortaya ¢ikmigtir. Yiiksek
voltajlt DC doniistiiriiciilere olan ihtiyag, gecmis yillarda alternatif yenilenebilir enerji
kaynaklar1 gibi ¢esitli uygulamalar i¢in hizli bir biiyiime gostermistir. Bu nedenle, gii¢
kaynagi talebindeki teknolojik gelismeler, gii¢ sistemi ve gii¢ elektronigi alanlarinda
onemli dl¢iide degismistir. DC-DC topolojileri, en gliglii glic donistiiriicii teknikleri. Bir
gii¢c doniistiiriicii (BC), farkli gii¢ elektronigi uygulamalarinda uygulanan en popiiler DC-
DC doniistiiriicli prototipidir. Bu modiiler arastirmanin asil amaci, geleneksel BC tabanl
MBC'nin kendi kendine voltaj dengeleme salter kapasitorlerini PWM kontrollii yardimiyla
kontrol ederek ve diizenleyerek coklu ¢ikis voltajlar1 saglamak {izere uyarlanabilir ¢ok
seviyeli bir giiglendirici dondstiiriicii (MBC) tasarlamak ve uygulamaktir tek anahtar.
Onerilen alternatif doniistiiriicii esas olarak N MBC igin 2n—1 kondansatorleri, 2n—1
diyotlar1 ve tek bir indiiktorii entegre ederek olusturulur. Bu yazinin bir bagka iyilestirmesi,
diisiik gii¢ tiikketimini azaltmak i¢in merkezi bir giris voltaj kaynag: olan yeni bir MBC
yapist sunmaktir. Sunulan topolojinin temel islevi, her asamada bir voltaj seviyesini bloke
etmek ve elde etmek i¢in uygun bir diisiik giic derecelendirme cihazina sahip optimum bir
yiiksek voltaj yiikseltme orami olusturmaktir. Bu topoloji, yakit hiicresi sistemleri ve
fotovoltaik kaynaklar (PV) gibi c¢esitli uygulamalar i¢in, tek yonlii akim ve kendinden
dengeli kontrollii voltaj seviyelerine ihtiya¢ duyan diisiik gilicte ¢alisan ve daha oOnce
ciktinin arttirnlmasinda ¢ok yararli olan cesitli uygulamalar i¢in DC kaynagi olarak
kullanilir ters ve 1zgara bagli. MBC'nin hayati degerleri, siirekli siirekli girig akiminda
calisan, transformatore ve dengeli ¢ikis voltajina ihtiya¢ duymayan, sabit anahtarlama
devresinde, yiiksek anahtarlama frekansinda MBC'nin ¢aligmasini saglayan yiiksek gii¢
artisidir.  Secilen doniistliriicliniin  prensibi, tahmin edilen denklemlerin ve deneysel
sonuglarin dogrulugunu kanitlamak ve tasarlanan topolojinin maksimum kabul edilebilir

voltaj kazancinda calistigini gostermek i¢in ¢esitli kosullar altinda simiile edilmistir.

Anahtar kelimeler: Gii¢ doniisiim sistemi; DC-DC yiikseltme doniistiiriicii; DC-DC ¢ok

seviyeli gug cevirici; surekli iletim modu; slreksiz iletim modu; voltaj kazanci.
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CHAPTER 1
INTRODUCTION

This chapter mainly deals with the system development of research motivations, problem
description, basic objective, research approaches, work contributions, literature survey and

the organizations of the system.
1.1 Motivation of the Research

During this era all the power electronics (PE) controlled technologies need a utilized power
conversion control strategy, to convert energy from one source to another source. The
transfer of power from the input to the output side is manipulated by selecting an
appropriate semiconductor device controlled converter, which is capable of operating at
high frequency to maintain optimal required voltage. The fast growth of electronic
equipment and devices operating separately or in combination to convert electric energy
efficiently, made power electronics to be more applicable in broad areas compared to
another engineering fields. As a result the field of PE got a great interest by the global
energy conversion system for integrating smart grids with main distribution generations to
provide quality power control and upgrade the efficiency of power to satisfy the demand of
energy requirement (Elbuluk and Da Silva, 2013).

According to the world global energy system in the current years our world is experiencing
electric power crises as a result of high demand of energy consumptions. This is caused
due to the fast diminishing of fossil-fuel sited convectional power supply systems and the
rapid increase of electric energy based technology advancement. Therefore, significant
researches have been developed to solve this issue. The possible feasible solutions are to
develop an effective renewable power generations, advanced power conversion control
systems and enhancement the efficiency of current power generation. Even though, a lot of
power converters have been developed, still an improvement is required in the existing
converters due to their low efficiency, high cost, low switching frequency and low voltage
gain. For example, renewable energies like PV systems, wind turbine and full-cell
generating low voltages need a high voltage converting device before inverting to AC

source connected to the main grid of the system (Mudliyar, 2013) as indicated in Figure
1



1.1. Because, these types of energy sources are clean, more feasible and practically
accepted their application is more fame through worldwide. Such, energy systems generate
variable low voltages; as a result a stabilized DC-DC step-up converter is required to
produce a stable output. In addition, high voltage DC-DC converters increases the number

of output voltage levels and reduces the output current, thus power loss are minimized.

In general, there are two groups of DC-DC step-up converters, the isolated and the non-
transformer converters. Isolated converters usually applicable in areas where, an
intermediate medium frequency operated transformer is required between the input and
output power sides for especial safety purpose. There are a number of such topologies have
been evolved with high voltage gain, but their application is limited to certain areas due to

their low efficacy and output stability (Mademlis, 2015).

High Gain DC-DC Three Phase

l Lomveror DC Transmission Line Inverter AC Grid
. . 4
|
|
. AV
|
ENEEN
I I
PV Output
DC Transmission Line ( DC Grid

Figure 1.1: PV Power controlling system block diagram for high level grid connected
two-stage power conversion systems

In contrast, the boost ratio of the traditional DC-DC non-isolated converters is not much
higher for these types of applications, due to their high value of parasitic capacitors and
inductors which likely limits the boost ratio. Consequently, transformer-less multilevel
boost converter with higher voltage gain, large efficiency and flexible performance can be
performed with convectional step-up converter as its base structure (Soman, 2017). This
can be done, by upgrading the convectional converters and introducing new topologies of
converters with high switching frequency, low cost, better efficiency, minimized size,

2



reduced weight and optimal boost ratio. Multilevel converters are some of the few
advancement topologies emerged in 21 century with multiple output and maximum power
ratio (Rosas and Martin, 2008). Therefore, DC-DC multilevel boost converters (MBC) are
pulse-width modulation (PWM) technique controlled DC-DC converters, which integrates
the traditional step-up converter with the voltage switched capacitors to generate various
voltage output levels as well as a self-balanced voltage using a single switch, 2n—1

capacitors, 2n—1diodes and one inductor for any desired MBC stage ( Peng et al., 2008).

1.2 Problem Statement

As energy conversion system is a wide area of PE fields and power derives, it is applicable
for different sectors, such as research development, industrial, communication
technologies, computer applications, transportation and renewable energy connected
system. As a result the discovering of new topologies is today’s trendy issue. In practical
applications, power conversion techniques are divided in to four topologies named as
rectifiers, inverters, DC choppers and AC-AC (Rashid , 2001). Based on the proposed
research objectives this study is mainly focused on DC-DC boost converters. According to
their functions, applications, designing system and characteristics there are a considerable
number of isolated and non-isolated DC-DC step-up converters have been discovered yet,
as the general block diagram layout of these family converters is illustrated in Figure 1.2.
However, due to their technical features and large demand in power conversion system the
need of DC-DC prototypes rather than AC power supply markets increased rapidly. Thus,
the requirements of low and high voltage power density in electronics industry become
more. As transformers do for AC power conversion system, researchers spent much time to
find an easy solution for converting one DC source to another DC voltage source with very
high efficiency and voltage gain. Semiconductor devises like capacitors, inductors, which
has a high capability of energy storing with high on-off switching frequency promises

researchers to convert DC source to much higher power stages (Luo and Ye, 2004).

In convectional AC distributions and transmission systems the conversion of power is done
by using step up or step down transformers. For example, a single-phase electric system
with an input source of 220V line voltage has a two-phase of power structures requires a

step-up grid connected inverter to get an output voltage of 380V high. An improved high
3



voltage ratio is obtained in isolated transformer connected converters while increasing the
turn ratio in the transformer. This type of system needs large size of transformer and
generates high harmonic distortions, thus the cost of the system increases (Shephed, 2004).
However, at this time with the fast increase of renewable energies, the above mentioned
power conversion system is becoming less effective, for such system with much lower
power generating source, like PV panels. Since, the output voltage of most PV cells varied
from 20V to 50V, a high boost ratio DC-DC boost converter is required at the output side
of the cells. Usually, almost for all convectional step-up topologies when the output
voltage gain increases much higher, the duty cycle increases close to unity. As a result, the
ripple current of an inductor, ripple voltages of the capacitor become higher and a high
current turning-off power electronic device is needed. Thus, there is an increase in
conduction losses, harmonic distortions, switching losses and very low power factor which
results in low efficiency. Although, the above mentioned DC topologies brought a solution,
still the demand of high amount of voltage ratio is not solved due to low switching

frequency, low efficiency and power losses.

PV
Output ™|

Isolation

3t

Figure 1.2: Isolated against non-isolated DC-DC boost converters high level block
diagram

Therefore, the drawbacks of convectional converters is replaced by multilevel converters
models, which are highly practiced in areas such as, renewable power systems rating at

high power and voltage. The superior advantages of multilevel converters are minimum
4



harmonic distortion, improved power quality, low switches voltage stress, maximal boost
ratio, high switching frequency, simple control structure and better efficiency (Qin, 2016).
The principle of designing the proposed converter to overcome the desired solution can be
viewed in two phases. The first phase is analyzing and designing a MBC with a voltage
source at its base. In this, topology the existence of higher current in the lower stage
semiconductor devices leads to consume more power than upper level. This limitation can
be minimized by manipulating a variable MBC levels with voltage source at its central
position as second phase. The implementation is designed by integrating less number of
passive components a with suitable low power rating semiconductor devices. The
significance of the proposed topology is to maintain a balanced output voltage levels
required by the HVDC power transmission system and suitable AC-grid connected DC-
link source, for high-power PV applications by improving better boost ratio and efficiency.
A typical high voltage multilevel DC-link converter connects the two phases of DC/DC
and DC/AC with the grid as shown in Figure 1.1.

1.3 General Objectives and Aims

The major objective of this modular research is to design, analyze, investigate and
implement an advanced multilevel boost converter (MBC), in order to improve a large
voltage conversion gain for high-power PV applications, to provide a desired balanced
multiple output voltages at the HVYDC power transmission system and to be served as
suitable DC-link source for grid connected AC inverters. The modeling strategies are based
on the traditional DC boost converter principles, to built-upn level MBC by integrating,
controlling and regulating the self-voltage balancing switch capacitors, without altering the
fundamental structure of the basic converter. The aim is to overcome the drawbacks of
limited boost ratio related with the low level power stages due to their parasitic losses and
increased value of duty cycle. Thus, the overall target is to achieve an optimal high voltage

gain and efficiency.
1.4 Research Approach

The designing system of this new topology is a combination PWM controlled DC-DC
fundamental boost converter and voltage switching capacitors to achieve a high voltage
5



ratio. The structure of this prototype is built up based on the number of high value boost
levels required, by integrating DC input voltage source, 2n—1capacitors, 2n—1diodes, one
inductor and one switch without altering the principal circuit of the traditional step-up
converter. The modeling approach of this proposed converter can be viewed in two main
comparative converters of similar design; the lower base voltage source based ntimes
MBC and central-voltage source based ntimes MBC. The main heart of this work is its
controlling scheme, the overall system is utilized using only one high frequency operating
switch with low loss controlled by PWM. This controlling strategy has an immediate
relation with input current and output voltage. By controlling the duty cycle of the
controlling signal the input current is controlled to improve high value of variable output
voltages. Further, the validity of the investigated calculations is simulated using PSCAD
software method. As a result, controlling the switching frequency and the duty ratio of the

MBC a high voltage gain is achieved.
1.5 Expected Research Contributions

In, practical applications there have been a lot of DC-DC boost converters families
discovered for high voltage conversion systems. In most cases as the conversion ratio
increases their duty cycle also increase close to unity with low switching frequency, as a
result switch loss and power loss increase which let to decrease the total efficiency.
Furthermore, some other related MBC due to their limited voltage gain, unbalanced output
voltage and the number of more switches used their efficiency is not much as required for
high power applications. All these drawbacks could be solved by the newly proposed MBC
by increasing the number of levels using PWM controlling system. Initially, the
mathematical equations and graphical representations for current and voltage for all
components are being analyzed according the performance of the desired power circuit of
the converter. In addition, to investigate the impact of the parasitic loss and semiconductor
voltage drops on the boost ratio. Moreover, to verify that, the outputs of the simulations,
practical implementation and theoretical experiments will be exactly the same. In general
to prove that, the output current is decreased while the output voltage is increased for any

stage of the designed MBC. Consequently, the value of the duty cycle will be limited to the



required level which allows the converter to operate at very high switching frequency and

the voltage gain of the converter is achieved better.

1.6 Thesis Outlines and Structure

The organization of this thesis is arranged mainly in to five chapters:

Chapter-1: The first chapter is entirely focused on the introduction part exploring the
motivations of the work, problems of the research, general objectives and scopes, how the
performance of the research is approached, expected contributions, achievements and the
thesis outlines how the work is handled.

Chapter-2: In this chapter a comparative literature review is discovered on the previous
proposed topologies with similar design, functions and application area related to the study
of this research paper. The demerits, positive sides, their characters, significance,
differences, similarities and their performance are analyzed and compared to take
measurable investigation useful in designing the system of the work. In addition the
general background explanations of DC-DC boost converters, existing MBC and brief
narration of the proposed MBC are also studied in this chapter.

Chapter-3: The modeling and designing approaches of the proposed converter are
analyzed and assessed in this chapter, for MBC with base voltage source and central-
voltage source.

Chaptr-4: The simulation analysis and control strategies for verifying the validity of the
practical assessment and the derived expressions.

Chapter-5: At last, system based conclusions of the research, recommendations and

suitable possible corrective future scopes of the work are presented.



CHAPTER 2
LITERATURE REVIEW OF THE PREVIOUS FINDINGS

The limitations of convectional DC-DC converters performance and designing system as
well as some of the MBC for achieving large voltage gain and efficiency have been studied
in many research works in different ways, in which the contribution of many of these
researches is mostly targeted to renewable energy sources and related applications are
stated in (Balakrishnan et al., 2013); ( Dam and Mandal, 2018); (Chan and Masri, 2014);
(Rai et al., 2012) and ((Rasheed et al., 2016). Subsequently, this chapter will try to figure
out the literature review of the previous findings, so far contributed similar to the topic of
the research dissertation.

2.1 Background Description of the Review

The popularity of DC power system for boost converters has got more attention in both
static and dynamic electrical applications. It is a motivated factor to develop further
advanced high level power electronics DC boost converters in the last 20 years as clearly
revised in (Monem et al., 2013). Especially, with the diminishing of the convectional
electrical sources of energy, fast growth of the demand of power supply and the gradual
increase of the alternative renewable energy sources, such as PV systems with fluctuating
low power, the need of large boost ratio converters is highlighted. Therefore, there have
been many new step-up converters discovered including the traditional one, to decrease the
losses, reduce the converter size and minimize the cost, as a result to upgrade the voltage
gain and the total efficiency. Today, it is estimated that the advancement in the evolution
of the DC-DC high level boost converters stepped up huge transformation, resulting in

reliable, more lightly and effective power conversion system is in use (Misoca, 2007).

Everyone can agree that, it is one of the greatest achievements occurred in the world in the
past century, the radical growth of DC-DC converters for variety applications of power
conversion topologies to boost a voltage varying from low to high power levels that opens
the road to the development of multilevel converter. The comprehensive case study

investigated the evolution of DC-DC step up converters form the past until the present was
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first introduced in ((Forouzesh and Lehman, 2017). The essence of the study mainly
focused on the analysis of different techniques of DC-DC boosting topologies to gather
information on how these converters are made, what components are needed and how
energy is controlled based on their features and voltage rating technique. In this paper, a
comparative study was made to get their similarities, difference, advantages and drawbacks

based on their power density, efficiency, cost, reliability and complexity.

Researchers also tried to investigate and develop an advanced high level DC-DC step-up
converter other than convectional one for extra high voltage applications. A modified DC-
DC boost converter is a typical example designed to generate up to 400V with an external
controller as proposed in (Sanjeevikumar and Rajambal, 2008). This type of converter
requires large number of inductors to store energy and each inductor needs its own diode to
block the revers current from the switch. In addition, an external control algorism, large
duty cycle nearer to unity, huge value of capacitor for charging purpose are required and
only operates in continuous conduction mode. Thus, its application is only limited to

specific high power conversion applications.

Some of the non-isolated high voltage-gain DC-DC boost converters with an improved
efficiency for PV cell applications are designed using more than two clamped circuits.
This, type of converter used several inductors with high turn ratio in parallel, more than
two switches, capacitors, voltage multiplier at the output side to get high voltage gain, as
clearly analyzed in (Almousa et al., 2016). However, due to its large number of conducting
modes, increased switch loss and its complex design, it is less economical and can operate
to some limited high voltage levels. The efficiency and designing system of the current
multilevel topology is compared and analyzed relatively to the various branches of
traditional boost converter, cascaded step-up converters based on their size, weight, cost
and simplicity in which the MBC outweighs most as discovered in (Kumar, 2017) for high
power applications. A non-isolated three-level step up converter was also designed for PV
cell systems to generate high voltage with improved efficiency, low inductor size using
voltage balancing capacitors. However, this type of converter requires an external voltage
and current sensing controller for balancing capacitor voltage and the duty cycle to monitor

the MPPT. Thus, due to its complexity, large size, more switch stress, the need of external
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controlling algorism and its application is limited up to three-levels, this topology is not
suitable to the more high level voltage PV power systems as presented in (Balakishan et
al., 2015).

The need of high voltage conversion system not only limited for renewable energy source
generating applications, but also it is very interesting issue for regenerative braking (both
in electric and hybrid vehicles) applications ,such as elevators, cranes and railways. These
applications require a high power during braking time and traditionally use many batteries
or capacitors in series to attain that energy for a short period of time. However, such
technology is not economical, due to its luck of control system, large size and low
efficiency. A cascaded multilevel DC-DC converter promises that will replace the above
mentioned drawbacks with reduced weight, size and increase efficacy operating at high
frequency with a simple controlling system by connecting supercapacitors in series to
achieve high power as briefly state in (Miracle et al., 2013). Although, this type of design
brought some solution, yet it has some disadvantages, since it uses more number of HB
convertors with multiple input source and needs a separate control for voltage and energy
balancing system that leads to increasing loses and reduction of efficiency.

Another family of multilevel converter was developed for high voltage applications, such
as VSC and HVDC converter systems using steady state analysis technique. Even though,
it solves some of the drawbacks of the low level DC converters, traditional converters and
is applicable to several levels with high voltages and high efficiency, it has its own
limitation. The system needs more number of switching devices, complex designing and
analyzing system, low switching frequency, requires carful investigation on calculations
due to inaccurate result errors. As a result the above mentioned factors makes it more
complex, increases harmonics and high costive as investigated in (Song et al., 2013). MBC
aren’t only useful for PV application but also extended to industrial and transportation
systems. For example a capacitor clamped DC-DC MBC with high efficacy, minimum size
and capable of resisting high temperature, was designed for industrial automotive
applications (Cao et al., 2013). In this literature review the aim is to investigate and
analyze the disadvantages of the previous present related finding with high size, power

loss, low efficiency and low power density which is applicable only for low power
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traditional capacitor clamped DC-DC. In this paper, the author tried to achieve the desired
goal using overdamped and underdamped strategies to get large conversion ratio.
However, the use of a large number of switches and high capacitance value in designing

scheme makes the topology very costive, complex design and control system.

To achieve a very large boost ratio in traditional boost converters, a high value of duty
cycle nearer to one is required that leads to low switching off time with a high current
ripples and more power losses as shown in Figure 2.4. In addition, the influence of voltage
stress on the switches and diodes also affected directly, as the output voltage ripples
increases. As a result, to design a high quality utilized DC-DC step-up converter is an
essential aspect in a high power system applications, such as renewable energy source.
High voltage renewable energy systems are characterized by their own distinct features of
having, high boost ratio, large efficiency, limited duty cycle, low loss and being non-
transformer circuits (Khazaei et al., 2016). Therefore, the objective of this research is to

solve the revised drawbacks of the above mentioned topologies.

2.2 Convectional DC-DC Boost Converter (One-Level BC)

A step-up DC-DC converter is used to generate a much higher output voltage with a low
value of input voltage, in which a constant regulated DC voltage is required for various
applications. Conventionally, using a battery cells or others DC sources in series to
enhance a large voltage is not economical due to its high cost, large space and low
efficiency. In contrast, the use of magnetic field of an inductor and capacitors to story
energy temporary and release are more effective in high switching boost converters with
low loss and ripples. Thus, a boost converter with a low inductor’s series resistance is
preferred to obtain better voltage gain and directly controls the input and output ripples of
both current and voltage (Thomas, 2014). The power circuit of a convectional DC-DC
boost converter is shown in Figure 2.1. The working principle of this converter can be
divided into two modes. The first mode starts by turning on the switchs at the moment
t=o0 untilt=pT . In this mode, the flow of the current passes through the inductor L and
the switch s . The second mode starts when the switch s is turned off at the momentt =T,
which is the duration of the diode b being switched on to a switching timeT . The current

that had passed through the switch s now passes through the inductor L, diode b, capacitor
11



c, and load resistance r . The current of inductor L in this mode begins to decrease, so that
the switch sturns on in the next period of time. In this mode, the stored energy in the

inductor L is transmitted to the load resistancer .

Figure 2.1: Conventional DC-DC'boost CGnverter power circuit diagram

For the conventional DC-DC boost converter, there are three modes of conduction, namely
continuous conduction region, critical conduction region and discontinuous conduction

region.
2.2.1 Continuous conduction mode (CCM)

This mode itself is sub divided in to two modes. The equivalent circuits for the first and

second working modes in the continuous conduction region are shown in the Figure 2.2.

(@) Fir'st mode (b) Sec;ond mod'e
Figure 2.2: DC-DC one-level boost converter working mode circuit diagrams

The waveforms of the voltages and currents for convectional DC-DC boost converter are

shown in Figure 2.3(a), for a continuous load current.
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Figure 2.3: Voltage and current waveforms for conventional DC-DC boost converter
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According to Figure 2.3(a), the inductance current i, through the inductor L during the time

period bT (when the switch s is switched on and the diode b is off) will be as follows:

i =1+t (2.1)

In reference to Figure 2.3(a), the inductor current through the inductance L during the time

period (1-D)T (when the switch s is off and the diode b is on) can be defined as:

iV (t-DT) (2.2)

=1
LP L

L

The boost ratio of the conventional DC-DC boost converter in the CCM forv, =V, is

expressed as follows:

Ve 1 - Y%__ 1 (2.3)
\Y V. 1-D '

The average inductor current (1, ) of the convectional DC-DC boost converter in the CCM,

can be expressed as shown below:
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S (2.4)
(1-D)R (1-D)

In general for traditional boost converters as the boost ratio increases the value of duty

cycle approaches to unity. The graph shown in the figure below is drawn for different

values of % as per the expression provided by equation 3.104.

worltage gain against duty cwcle

4
=}

Voli
0 2 N W & 0O N @ O
T

Figure 2.4: VVoltage gain against duty cycle for convectional BC

In the time period (1-D)T (when the switch s is off and the diode b is on), in the circuit
including the switchs, the diodep, and the load resistancer, then the voltage Vv, of the

switch s will be as follows:

V, =V (2.5)

o)

In the time interval pT (when the switchs is on and the diode b is off), the voltage of the

switch of s is zero.
2.2.2 Critical conduction region

The wave forms of the voltages and currents for the critical conduction region are shown in
Figure 2.3(b). In this figure, the current passing through the inductance L during the time

period bt (when the switch s is on and the diode b is off) will be as follows:
i =iy (2.6)

And referring the same figure, the current passing through the inductor L during the time

(1-D)T (when the s switch is off and the diode b is on) will be as follows:
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i=15 WY _LV° (t—DT) (2.7)

In the time interval (1-D)T (when the switch s is off and the diode b is on), the voltage

of the switch s in the circuit including switch s, the diode b, and load resistance r , will be

as follows:

v, =V,

o)

(2.8)

In the time period pT (when the switch s is on and the diode b is off), the voltage of the

switch is zero.
2.2.3 Discontinuous conduction mode (DCM)

The wave forms of the voltages and currents for the critical conduction region are shown in
Figure 2.3(c). According to this figure, the current passing through the inductance L in the

duration of bt (when the switch s is on and the diode b is off) will be as follows:

.V
IL :Tt (29)

Again with respect to Figure 2.3(c), the current passing through the inductor L over the

time AT (when the switch s is off and the diode b is on) will be deduced as:
i, = ILYP+%(I—DT) (2.10)

Then, with reference to the same figure, the current passing through the inductor L is zero

at the time A,T (when the switch sand diode b are off). As a result the converter’s

voltage gain in DCM forv, =V, will be given by the following formula:

_V,
- = - (2.11)

The average inductor current 1, of the boost converter in the DCM, will be expressed as

follows:
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_V(A, +D)
I, = AR (2.12)

In the ATtime interval in the loop including the switchs, the diodep, and the load

resistance r , the voltage of the switch s will be written as:

V, =V (2.13)

o)

In the time period A, T, in the circuit containing the voltage sourcev,, the inductor L and

the switchs, and considering that the voltage of the inductors L is zero. At this time

interval the voltage of the switch s is as follows:

V, =V, (2.14)

In the first half cycle of bt (when the switch s is on and the diode b is off), the voltage of
the switchsis zero. Therefore, for a given boost converter the designing system is
controlled by having specific critical values in order to operate continuously as shown
below. The critical values for the inductor and the capacitors are directly proportional to

the value of duty cycle.

2
Lc - PRE-D)™ (2.15)
2f
Cc = b (2-16)
R2f

And the voltage ripples as well as current ripples are controlled by controlling the values of
the capacitor, inductor and duty cycle.

AL = VIP (2.17)
L
Ave = YoP (2.18)
CiR
AVe = AVo = V1D (2.19)
CfR(1— D)
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2.3 DC-DC Multilevel Boost Converter

In general view multilevel boost converters (MBC) are a power electronics semiconductor
devices (PESD) based converters which has the capability of stepping-up the magnitude of
various values of DC input voltage sources at the output side. The number of the input
source may be a single or more than two sources, but the generated output voltage sources
are more than two levels (Skvarenina, 2002). Now days, the significance of this topologies
IS more dominant in energy generating sectors in the applications where, a high power
conversion is required. Renewable energies, such as PV cells in photovoltaic systems and
full cells are some of the recent alternative options that require a boosting of voltage due to
their distinct feature of generating low voltage (Ganesan and Prabhakar, 2013). The
performance of these converters is utilized by integrating low power rating power
electronics devices, like capacitors, inductors, power switches and diodes. The working
principle is mainly based on charging and discharging of the inductors and capacitors
(Puneeth and Nattarasu, 2014). Thus achieving high boost ratio and efficiency using low
input DC sources makes these types of converters more comfortable than other categories
of topologies. Likewise, using more number of power electronic components is a negative

side of these structures.

2.3.1 Existing multilevel DC-DC boost converter

As explained in the previous sections MBC are the new improvement of converters so far
discovered in recent years, in which most of these structures are directed toward the high
voltage conversion areas, thus their popularity has been increasing with time. Almost, all
the existing MBC are similar in their performance, design, operation and characteristics,
the only differences are in the number of power electronics components used, power loss,
voltage ratio obtained, variety of efficiency, voltage stress on switches, complexity of the
circuit, number of voltage levels generated, quality of control circuit, limitation of duty
cycle and the balancing of output voltages as indicated in Table 2.2. In most cases, the
boost ratio obtained was varied from 6 to 10 with the value of duty cycle run from 0.5 up
to 1, in which some of these converters achieved a high voltage gain with large value of
duty cycle which leads to high ripples and voltage stress as a result efficiency is reduced.

The designing parameters of some existing MBC are compared against their conversion
17



ratio, voltage stress, duty cycle and number of device used as shown below in the Table

2.1.

Table 2.1: Various boost topologies with voltage gain, voltage stress and specific

Parameter

Category Capacitors Inductors Diodes Switches Voltage Voltage
Gain Stress

Convectional 1 1 1 1 V, _ 1 v =V,

Boost Converter V., 1-D

Switched Capacitor 2 0 2 3 - v =3Vi

MBC

Switched Inductor 2N -1 2 2N +2 1 Vo _NO-D) —_V,

MBC Vi 1-D * N-05

Three Level MBC 2N -1 1 2N -1 1 vV, 3 v Ve
V, 1-D 3

N Level MBC 2N -1 1 2N -1 1 Vo, _ N v Ve
V, 1-D °* N

Table 2.2: High voltage gain, high efficiency DC-DC boost converter design requirements
for high power application

Parameters

Recommended Level Verification

Voltage Boost Ratio
Parasitic Element
(Resistance)

Semiconductor Devices
Voltage Stress

Number of Components
Used and their Rating

High

Minimal

Low

Minimum

Input/output Current flow Continuous

Rate
Switching System

Duty Cycle

Soft switching

Medium

Improve the maximal required DC
stage with low input source

Limits the value of voltage gain by
controlling the value of duty cycle

Reduce switch loss
Reduces the weight and cost of the
converter

Low ripple current and a capacitor with
low value

Low switching loss

Current and voltage ripples are reduced

18



2.3.2 Proposed DC-DC multilevel boost converter

The proposed multilevel DC-DC boost converter is a DC-DC converter based on pulse
width modulation (PWM) that uses a convectional DC-DC converter and voltage switched
capacitor to generate various voltage levels in the output using only a single-switch, 2n—1
diodes, one inductor and 2n—1 capacitors for n times MBC. This converter is used as a
DC-link in various applications, such as photovoltaic (PV) systems, or fuel cells that need
a multiple regulated voltage levels, with continuous unidirectional current flow and self-
balanced voltages for grid-connected AC inverters and HVDC distribution systems. The
main merits of this proposed converter are high voltage gain with limited duty cycle and no
transformer is needed, continuous input current, modular design, and operating at optimal

switching frequency without changing the basic structure of the traditional boost converter.

2.3.3 Advantages of the Proposed Multilevel Boost Converters

The proposed topology has some advantages over the existing high voltage boost
converters.

e High conversion ratio is improved without out extremely large value of duty

cycle

e Operating at steady continuous input/output currents

e The need of transformer is eliminated

e Variable balanced output voltages

e Operates at very high switching frequency

e Low current and voltage ripples

e Comfortable DC-link for grid connected multilevel inverters

e Low voltage stress on switch compared to output voltage
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CHAPTER 3
RESEARCH DESIGN AND MODELING OF THE PROPOSED CONVERTER

The designing and analysis of large level of the DC-DC MBC operating at a higher
switching frequency requires a mathematical modelling and approximation to estimate its
maximum operating boost ration. The performance of the proposed topology will be
described in detail in the following main parts.

3.1 Two-Level DC-DC Boost Converter

If two diode and two capacitors are added in the structure presented in Figure 2.1, then the

two-level boost DC-DC converter is formed as indicated in Figure 3.1.

V.=

Figure 3.1: Two-level DC-DC boost converter circuit diagram

According to Figure 3.1, the first level includes the switchs, the diode D, and the
capacitorc,, and the second level consists of diodes (D,and D,) and capacitorsC,andC;.
The advantage of this structure is increasing the number of voltage levels by adding
capacitors and diodes without changing the main circuit. According to Figure 3.1, the
difference between the two-level incremental DC-DC converter and the one-level
incremental DC-DC converter is that in a dual-level boost DC-DC converter, the output
voltage is twice the output voltage of the single-stage converter. This result is due to the
existence of a voltage doubles at the output of the conventional converter. The equivalent

circuit of DC-DC dual-level boost converter shown in Figure 3.2(a) is formed, when the
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switch s is on. During the switching on state of the switch, the inductor L is connected to

the voltage sourceV,. Due to the fact that the switch s is on, the presence of the voltage of
capacitor c, causes the diode D, to turn off. If the voltage of the capacitor C}is smaller than
the voltage of the capacitorc,, then c,clamps capacitor C;through diode D,and the switch

s . In this case, the presence of capacitor C, voltage causes the diode D, to be turned off.

—®
|

(@) On mode (b) Off mode
Figure 3.2: DC-DC dual-level boost converter on/off mode circuit diagrams

The equivalent circuit of the two-level boost converter in the interval when the switch s is
off is shown in Figure 3.2(b). In this period of time, the inductor current turns on the

diodes D,and D;. As long as the diode D, is on, the presence of the voltage of the capacitor
c,will cause the diode D,to turn off. The waveforms of the voltages and currents of the

DC-DC dual-level boost converter are shown in Figure 3.3. In this figure, 1and O are the

on/off states of the switchs . In the time interval 1-D)T (when the switch s is off and the
diodes D,and D, are on), voltage of the switch in the circuit including the switchs, the
diode D, and the capacitorC, is the same as the capacitor voltageVv, (v, =V.). At the time
interval b1 (when the switch s and the diode D, are on), the voltage of the switch sis

zero. In the following sections, the two-level DC-DC boost converter is analyzed in

continuous and discontinuous conduction regions.
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Figure 3.3: Voltage and current waveforms of DC-DC dual-level boost converter
3.1.1 Two-level DC-DC boost converter analysis in CCM

In the time interval ot (when the switchs and diode D, are switched on) the flow of the
inductor current I _through the inductor with a voltage of v, =V, in the loop including the

voltage sourceV, , the inductor L and the switch s, is given by:

. 1 v
=1y +ELVLdt =l + Tt (3.1)
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But, during (1-D)T interval (when the switch s is off and the diodes D,and D, are on), in
the circuit including the voltage sourcev,, the inductor L, and the capacitorc, provided that

v, =V, -V, and the current I _passing through the inductor L is:

. 1 _ v, -V,
IL:IL'P+E.[DTVLdt =i =1+ 2 € (t-DT) (3.2)

Based on Figure 3.1, for DC-DC two-level boost converter, assuming that the capacitorsc,
andc, have the same capacitance and the voltage of the capacitorsc,and C, are equal, then

V., =V, =V, , and the output voltage across the load will be:

V, =2V, (3.3)

0o

According to the relations 2.3 and 3.3, the voltage gain of the two-level DC-DC boost

converter in the continuous conduction region is defined as:

2
== (3.4)

<|<

According to Figure 3.1, the input power Pand output power P, of the converter with the
average of the input current 1, and output current1, are always kept equal and the output

current is defined as:

o]

VO
I == (3.5)

Then using the equations 3.3, 3.4 and 3.5 in the power equality the average inductor

current of this level converter is expressed as shown below provided that1, =1,.

=P
VI =V, 1,
2y, 2
V><V—°=2VC><%=2VC =V,
R R R
2y 2 2
IL:\%Xz:C :\\//—Cx% (3.6)

23



By replacing equation 2.3, into the above relation the average inductor current is expressed

as:

2%V,

= R (3.7)

From equation 3.7 it can be seen that the input current can be controlled by varying the
value of the duty cycle b using PWM, which is very important in many applications, such
as renewable energies and useful in calculating the maximum power point by tracking the

input current.
3.1.2 Two-level DC-DC boost converter analysis in DCM

According to the relations 2.11 and 3.3, the voltage gain of the two-level DC-DC boost

converter in the discontinuous conduction region will be as follows:

§22%+D (3.8)

Substituting equation 2.11 into 3.6, the average flow of the inductor current in the

discontinuous conduction region is defined as:

2V, (A, +D)

I, s (3.9)

3.1.3 Inductor’s equivalent series resistor (ESR) effect on the voltage gain of the two-
level DC-DC boost converter

For all step-up DC-DC converters with an increasing power, the maximum voltage gain in
ideal mode is infinite. In practical applications, this gain is limited by the parasitic
resistance of the passive elements. In all case of boost converters, the most limitation is the
existence of "equivalent series resistance (ESR)" with an inductor in the input side. This
phenomenon is due to the fact that the input current is equal to the product of the output
current and the gain of the voltage. It should be noted that the use of high switching
frequency allows the use of a smaller inductor with a smaller ESR, thus a converter

designed with high switching frequency will play an important role in reducing this effect.
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a. The effect of the ESR on the voltage gain of the two-level DC-DC MBC in CCM
In reference to Figure 3.2, the following relationships are maintained for the time interval

DT when the switchsis on and for the time period (1-D)T when the switch s is off

respectively.

Ve =Vi = Rege (3.10)

Ve =Vi Ve =1 Rege (3.11)

Where, R, is the equivalent series resistance of the inductor L andyv, is the voltage of the

inductor L. Considering the above relations at steady state, the average voltage of the

inductor in a total period of time is zero.

D(Vi - ILRESR,L)T + (1_ D)(Vi _Vc - ILRESR,L)T =0

Vi = (1_ D)Vc + ILRESR,L (312)

Substituting equations 3.3 and 3.7 into the above equation the boost ratio of the dual-level

boost converter considering the effect of the inductor’s ESR will be as follows:

V. 2V

V=1~ D)?"' (1-D)R Resr L

V 1

o-_ - 3.13

V. 1-D  2Rgp, ( )
2 @1-D)R

By comparing the relationships 3.4 and 3.13 it is clearly noted that, the ESR of the inductor

L reduces the gain of the voltage.

b. The Effect of the ESR on the voltage gain of the two-level DC-DC MBC in DCM
Referring with respect to Figure 3.2, the following relationships will be established for

two-stage DC-DC step-up converter in a DCM during the on/off states:

v =V, - ILRESR,L (3-14)
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Ve =Vi—Ve =1 Regr (315)
v, =0 (3.16)

The relations 3.14 to 3.16 for the time interval ot when the switch s is on and for the time
interval ATand A,7 when the switch is off are established respectively. Applying the
voltage balance low during the total period of time, then the average voltage of the

inductor is equal to zero.

D(Vi - ILRESR‘L)T +A1(Vi _Vc - ILRESR,L)T +Az (0) =0

V(A +D) =AV, +(A, + D)l Rz (3.17)

While substituting the relations 3.3 and 3.8 into 3.17, then the voltage gain of the two-level
DC-DC boost converter in a DCM considering the effect of the inductor’s ESR is given by
the equation shown below:

Vi (Al + D) = Al \%"' (Al + D)% RESR,L

1

Vo _ (4, +D) (3.18)
V. A 2(A+D)
-t RESR L
2 RA, ’

3.1.4 Evaluation of diodes and switch voltage drop effect on two-level DC-DC MBC

In practical applications, the voltage drop across the diodes and the switches in MBC
should be considered, since it affects the capacitors not to be charged to the value of v,
(voltage at the lowest capacitor). This effect will be studied in this section. The voltage
drop in conventional switches and power diodes can be estimated up to 2 volts (is much
smaller compared to lower powers). In medium voltage and high voltages applications, the
voltage drop on the elements can be neglected, but in low voltage applications, the voltage
drop of the elements should be considered. Considering Figure 3.2a, the equation of

voltages in the circuit containing the capacitor C;, switchs , capacitorcC,, and the diode D,,

is obtained as:
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Ve, +Vo =V, +V,, =0 (3_19)

Where,v.,,V,,V,andV,, are the voltages of the capacitor C;, the switch s, the capacitor C,
, and the diode D, respectively. For calculation simplicity, it is assumed that the voltage

drop across the switch s and the diodes are considered to be the same, in other words:
Vs =Vp, =Vq (320)

By replacing the above relation in to the equation 3.19, the following expression is
deduced:

Verr = Vo1 —2Vy (321)

Again with respect to Figure 3.2b, in the circuit, including the capacitor C;, the diode D},

the capacitor C,, and the diode D, the voltage expression is given by:
Ve, +V, +V, =V, =0 (3.22)

By substituting equation 3.21 into the relation 3.22 the voltage of the capacitorc,, will be

calculated as:
ch =VC1_2Vd (323)

Therefore, the output voltage of the two-level DC-DC step-up converter shown in Figure
3.1 is expressed by the following equation while considering the effect of the voltage drops
across the switch and diodes.

Vo =V +Vep =V +Vy _ZVd = 2Vc1 - zvd (324)

Thus, the efficiency of the switched capacitor of the two-level step-up DC-DC converter is

defined as shown below, while considering the above effects.

Vo _HNe-2Vy , Ve (3.25)
2VC1 2\/01 VCl
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3.1.5 Design and description of the two-level DC-DC boost converter

By selecting an appropriate value of the capacitors for the desired converter, the output
voltage ripple of the two-level DC-DC boost converter is reduced to the minimum value.

As shown in Figure 3.2(a), when the switchs is turned on, the capacitorc, has a higher
voltage than the capacitorC, because always capacitorc, charges at the end of the half
cycle process. Thus, the capacitorc, charges capacitor C;through the diode D, until they
have equal voltages. During the switching on state the capacitors C, andC; are connected

in parallel.
C=C,+C; (3.26)

At the time before the switch s is turned on, the total charge stored in the capacitors c,and

c; will be as follows:

Q12' (07) = Ql (07) + QZ' (07) = Clvlbc + CZ'VZ'bc (327)

In the above equation, Q. (07)is the sum of the stored charges in the capacitiesc,andC; at
the moment before turning on the switch s, while Q,(07)andQ,(07) indicates the charges
stored in the capacitors c,andC; at the moment before closing the switchs respectively.
The respective voltages of the capacitorc,andcjare v, _and v, at the moment just before

the switch s is closed. According to the principle of energy conservation, it is expressed as:

Q12' (0+) = le' (0_)
CV =C\Vyye +C3Vosy. (328)

In the above relation, Q,(0")and V are the total charge stored and voltages of the capacitors
c,andc; after the switchs have been turned on. Based on the above relation, equation
(3.28) can be expressed as:

_ Clv].bc + CZ,VZ’bc

v, = GV G Ve (3.29)

V=V, ,
zae C,+C;

lac
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From the above relation, v, _and Vv

lac 2'ac

are the voltages of the capacitorsc,andc;at the
moment after the switch s is turned on. After the switch s is activated diode D, is turned on,
and capacitor C; starts charging by the capacitorc,. As a result the capacitor c;does not

transfer energy to the load during the duration when the switchsis on and its voltage

remains constant during this period. At the same time, the capacitors c,andC, are arranged

in series and starts to discharge their voltage because these capacitors are supplying the

load. Then, the voltage drop during this time of conduction is(av,) assuming that all

capacitors have the same capacitance value. The current through the capacitors is given by:

. dv,
b =C (3.30)

~ A"tc , the above relation can be rewritten as follows:

Thus approximating %‘:

AV, = éicAt (3.31)

Since the capacitors have the same value of capacitance, the voltage drops across each

capacitor are equal.

1. 1.
AV, = AV, = C_1IC1At1 :C_ZlczAti (332)
In the above equation, At is the discharge time of the capacitors (C,,C,) and (Av,,Av,,)
are the voltage drops across the two capacitors C,and C, at the time interval when the switch

sis closed respectively. Therefore the voltage drop of the load feeding capacitors is the

same as the as the voltage drop across the load (Av,)and the discharging currents are equal

to the load current (i., =i., =1,) in the same interval time as shown below.

Av, =Ci| At1=i| At (3.33)
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The above equation expresses the voltage drop across the load. In reference to Figure
3.2(b), at the moment when the switch s is deactivated, the current of the inductor L turns

on the diode D;. The duration of switching off of the switch s can be sub divided into two
time intervalsat,and At,. In first time interval At,of the off state, the voltage of the
capacitors C;is greater than the voltage of the capacitorsC, that makes diode D, keeps in off

mode until their voltages get balanced. During this period, the discharge current through

the capacitorcjis 1 (i.,=1,) and the charging current of the capacitors c,andcC,is the
same as (i, =i, =1, —1,). At the moment when the voltages of the capacitor C,andcC, are
equalized, the diode D, turns on and this parallel capacitors are now ready to supply power
to the load in series with capacitorsc, . As soon as when the conduction mode of the above
interval ends, the second interval of the off state begins with a time period of At, . Based on
the above occasions, the variable voltage drops across the capacitorsc,,C,andcC; are
calculate at time intervals At, and At, . The voltage drops (Av,, Av,) of the capacitorsc,andC,

in the time interval At, are the same and expressed as follows.

1. 1.
Av, = Av, = E'mAtz = C—lczAt2

1 2

AV, = Av, =Ci(|L —1,)At, =Ci(|L —1,)At, (3.34)

1 2

The amount of voltage drop Av, across the capacitor C;in the time interval At, is also given

by:
1.
Av, = (_/‘—z,lc,zAt2
AV, = i I At, (3.34)
CZ

During the second conduction mode of the off state in the time interval At,, both the

capacitorsC,and c;are in parallel and delivers power to the load in series with capacitor C,

with a discharging current'?‘J in which(i., =ic., :'?0). However, capacitorC, keeps charging
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with a current 1, -1, during the same time interval wherei_, =1,_-1,. The voltage drop (Av,,

Av,) across the two capacitors C, and C; at the time interval At is given as:

Ay, = Ay, = iiCZAt3 = i'iC,ZAt3
C2 2
1(1 1(1

AV, = AV, = —[—"j At, = —,(i] At, (3.35)
c,\ 2 c;\ 2

The increase voltage ( Av,) of the capacitorsc, in the time interval At, is as follows:

1.
AV, = —1.,At
7 CCl 3

1

AV, :Ci(|L 1At (3.36)

The output voltage of the two-level DC-DC boost converter is equal tov,, +v.,. Therefore,

the ripple at the output voltage can be expressed as the summation of the voltage ripples in

capacitor c,and capacitorC,. Thus, the values of the capacitors and switching frequency

are selected based on the designing system proved above to reduce the voltage ripples for
practical applications. The required ripple current on the input side also controlled, by

calculating the inductor current in the base level of the convectional step up convertor.
3.1.6 Voltage stress on the switch in two-level DC-DC boost converter

With reference to Figure 3.2(b), the voltage across the switch in the circuit containing the

switch s, capacitor ¢, and diode D, during the off state of the switch s, is given by:
V, =V, (3.37)

By substituting equation (3.3) into the above relation given thatv., =V, =V, the voltage

stress of the switch in the two-level DC-DC MBC will be derived as:

v, = V? (3.38)
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3.2 Three-Level DC-DC Boost Converter

V. —— S_] Vg —

Figure 3.4: Three-level DC-DC boost converter circuit diagram

The three-level DC-DC boost converter circuit diagram is shown in Figure 3.4.The
equivalent circuit of the three-level DC-DC step up converter in the first half cycle is
shown in Figure 3.5(a), when the switch s is turned on. As shown in this figure the switch

s, the inductor (L) are connected in series with the voltage sourcev,. In this mode of
operation the voltages across the load feeding capacitorsc,,C,andC, is greater the voltage
across the clamped capacitors c;and C;, thus the presence of higher voltage in the capacitor
C,,C,andcC, causes the diodesD,, D;and D;to be off mode, while D,and D,remain in on
state for transferring energy from capacitors c,and C, to the capacitors C; and C; respectively.

The charging system continues until the voltage across the charging-discharging capacitors

will be the same.
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Figure 3.5: The power circuit of the three-level DC-DC boost converter for on/off modes

The equivalent circuit of the three-level DC-DC boost converter for the next half cycle is
shown in Figure 3.5(b), when the switchs is in off state. During this time interval, the

current flowing through the inductor L reaches its maximum peak and causes the diodes D, ,
D;and D; to be turned on, while the diodes D,and D, are in off mode, due to the presence
the voltages across the capacitor c;andcC;. The waveforms of the voltages and currents of

the three-level DC-DC boost converter are shown in Figure 3.6. In this figure, 1 means

high and 0 means low of the switch s . In the time interval 1—-D)T (when the switch off and
the diodes D,, Djand D}are on), in the circuit including the switchs, the diode D,, and the

capacitor C,, the voltageV, across the switch (s) will be defined as.
V =V, (3.39)

However, during the first time interval bt (when the switch s is and diodes D,and D, are

on), the voltage of the switch is zero. In the preceding section the details of the three-level
DC-DC step up converter is analyzed in continuous and discontinuous conduction regions

with the help of wave forms.
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Figure 3.6: Voltage and current waveforms for three-level DC-DC boost converter

3.2.1 Three-level DC-DC boost converter analysis in CCM

The same procedures are followed to evaluate the expression of the inductor current as
conducted in section 3.1 for both CCM and DCM. During the on state, in the time interval

DT (when the switchs and the diodes D,andD, are on) the following relation are

analyzed for the current (i, ) passing through the inductor L given thatv, =V, :
. 1t V,
i, =1,y +ELVLdt =1y ot (3.40)

In the time interval (1- D)T (when the s switch is off and the diodes D,, D,and D;are on),
the current (i ) passing through the inductorLis analyzed as follows provide that the

inductor voltage will bev, =V, -V, :

V, -V,

L

iLzlLF,+1J't vt =1, + (t-DT) (3.41)
1 L DT 1
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Considering Figure 3.4 for a three-level incremental DC-DC converter assuming that the

capacitorsc,to C, have the same capacitances, as a result the voltage of the capacitorsc,to

C, will be equal, and thus the following relationships are established:
Ver =Ve, =Vea =V

V. =3V, (3.42)

o

Thus, in reference with equations 2.3 and 3.42 the voltage gain of the three-level DC-DC

boost converter in the continuous conduction region can be expressed as:

Vo _ 8
YTTD (3.43)

And the average inductor current in this mode for this stage will be given by the equation

shown below comparing and relating to the expressions 2.4 and 3.7.

3V,

= RieD) (3.44)

3.2.2 DC-DC three-level boost converter analysis in DCM

The equation 3.45 and 3.46 represents the voltage ratio and average inductors current of
the three-level DC-DC boost converter in the discontinuous conduction region and the
evaluations are directly related with the derivation procedures followed in equations of 3.8

and 3.9 as shown below respectively.

Vv,

v 3 A (3.45)
3V, (A, +D)

IL —_ R—Al (3.46)
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3.2.3 The effect of the ESR on the voltage gain of three-level DC-DC boost converter

a. The effect of ESR on the voltage gain of the three-level DC-DC MBC in CCM
According to Figure 3.4, considering the effect of equivalent series resistance (R., ) of the

inductor L the converter’s boost ratio is limited by the parasitic element as verified in the
equation shown below. This equation is evaluated by substituting equations 3.42 and 3.44

in to the expression given by 3.12.

V=@-D)e s ¥

3 m RESR,L (347)

Therefore, the boost ratio of the three-level DC-DC step- up converter considering the

effect of the ESR of the inductance L in a CCM can be reduced to the following equation.

V 1

Lo - 3.48

Vv, 1-D SRESR,L ( )
3

3  (1-D)R

b. The Effect of the ESR on the voltage gain of three-level DC-DC MBC in DCM

Based on Figure 3.4, considering the effect of equivalent series resistance (R. ) Of the

inductorL on the converter’ voltage gain in a DCM, the simplified equation will be
calculated by replacing the relations 3.42 and 3.46 into 3.17 as deduced below.

3V, (A, +D)

V(A +D)=A, \% +(A,+D) ResrL (3.49)

1

Thus, the voltage gain of the three-level DC-DC step- up converter considering the effect
of the ESR of the inductance L in a DCM can be expressed as:

Vo _ (D+4) (3.50)
Vi AL 3(A+ D)?
3 RA]_ ESR,L
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3.2.4. The effects of diodes and switch voltage drop in three-level DC-DC MBC

Considering Figure 3.5(a), the voltage equations in the circuit including the elements (C;,
s, ¢c,andD,) and (c;, D,,C,and D,) are given by the equations 3.5 and 3.52 respectively.
Ve, +V, =V, +V, =0

Ve, =Ver — 2V, (351)

Vg, +V, +V,, -V, =0 (3.52)

Again with reference to Figure 3.5(b), in the loop containing the (C;, D;,C,and D,) and the
circuit with (c;,D;,C,, and D)) the voltage expressions are given by the following two

equations respectively.

V., +V, +V, -V, =0 (3.53)

Vg +V, +V, =V, =0 (3.54)

Combining the equations 3.51 and 3.53 the voltage of the capacitors C, will be defined by:

Vez =Ver —2Vy (355)

Substituting the above equation in to 3.52 the voltage of capacitor C; can be expressed as:

Vg =V — 2V, (356)

And finally by replacing the above relation into 3.54, the voltage of the capacitor C,is

given by:
Ves =Ver =2V, (357)

Thus, the total output voltage of the three-level DC-DC converter as indicated on Figure
3.4, considering the effects of diodes and switch voltage drops can be expressed by:

V. =V +Vg, +Vo, =3V, —4V, (3.58)
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From the above relation obtained, the efficiency of the switched capacitor of the three-level
DC-DC MBC will be given by:

V, 3V, -(B-)x2,

(3.59)
3\/Cl 3\/Cl 3\/01

3.2.5 Design and analysis of the three-level DC-DC boost converter

The minimized value of the output voltage ripple in the three-level DC-DC MBC can be
utilized, by selecting an appropriate value for the capacitors. Figure 3.5 shows the possible
switching states of the triple-stage DC-DC MBC. As indicated in Figure 3.5(a), when the

switch is closed, the capacitorsc,and C, have a higher voltage than the capacitorsC;andcC;.
During this time interval, the capacitorsC;and C; get charged from the capacitorsc,andcC,
through the diodes D,and D, respectively. At the moment of switching on of the switchs,
the capacitorsc,andC; are connected in parallel and their equivalent capacitor will be
C=C,+Cjand the total charge stored in the capacitorsc,andc; , at the time before the

switch s is turned on will be as follows:
le' (0_) = Ql (0_) + Qz' (O_) =C\Vy + CZ'VZ,bC (360)

In the above equation, Q, (0°) represents the sum of the stored charge in the capacitiesc,
andc;while Q0)andQ,(0") are the charges stored in the capacitors c,andcC; at the
moment before turning on the switchs respectively. In addition, v, and v, are the
voltages across the two capacitorsc,andcC;at the same time. According to the energy

conservation principle, the total charge stored before and after of the two complement

charging-discharging capacitors is equal.

Q12' (0+) = le' (0_)

CV = Clvlbc + C2,V 2'be

=V — Clvlbc + CZ'VZ'bC (3 . 6 1)

V=V, ,
zac C,+C,

lac
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Where, Q,, (0%)is the total energy stored in capacitors (C,andcC; ) and v is the voltage of the
equivalent capacitor of the capacitorsc,andc; after the switch s is closed respectively and

the voltages of these individual capacitors after charging are v, andv,. . The same

lac

procedure is conducted to analysis the relationship of the stored energy before and after

charging for the capacitorsC,and C;as explained in the above section for the same period
of time with an equivalent capacitorC’'=C, +C!, the total stored charge in capacitorsc,and

C; just before the switching on of the switch s is will be as follows:

st’ (0_) = Qz (0_) + Qs’ (0_) = C2V2bc +C;\:V3'bc (362)

In the above expression, Q,,(07)is the total charge stored in capacitors (C,andcC!) and
Q,(0),Q,(0),V,, andv,, are the respective voltages and charges for these capacitors at the

moment before the switch s is closed. According to the principle of energy conservation,

the total energies stored in the capacitors before and after charging are the same.
st' (0+) = st' (07)

CV = C2V2bc + Cs'stbc

_V. = CyVope + C3'V3’bc (363)

V=V ,
gac C,+C]

2ac
In this expression, Q,, (0) is the total energy stored in the capacitors (C,andC;) andv is
the voltage of the equivalent capacitance of the two capacitorsC,andcC; after the switchs
have been turned on. As expressed in the above equation, v, andv,, are the balanced

voltages of the two capacitorsC,andcC; after the complete time process of discharging-

charging for the first half cycle. After, the charging process of the capacitors is completed,

the diodes D,and D, are opened and the capacitors (C;and C;) no more transfer their stored

energy into the load. Thus, the voltages of these capacitors remain stable during the
switching on state. At the same time, the load is supplied a power by the series arranged

capacitors (C,,C,andC,) and their voltages dropped down. Further, assuming that all

capacitors in the circuit have the same capacitance and their voltage drops(Av,)also be the
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same. During the discharge time interval At, of the first half cycle the voltage drops, Av, ,
Av,, and Av,, across the these capacitors and their corresponding flow of the currents

ic, =i, =ic; =1, are the same. Then the expression of the voltage drops using the

approximated equalityc’ldltc ~ AALtC can be rewritten as follows:

¢ dt

1.
Av, :EICAt

1. 1. 1.

AV, = AV = AV, = AV, = C_1|01At1 = C_ZICZAtl = C_3IC3At1

1 1 1
AV, =1 At =—I At =—1 A 3.64

1 Cl o= CZ (] tl C3 0 tl ( )

The second phase of the conduction mode is analyzed with respect to Figure 3.5(b), during
the off state. At the moment when the switchs is opened, the current of the inductor L

causes the diode D; to turn in on mode. The duration of the switching off mode of the
switch s is divided into two time periods At, and At, . In the beginning of the time interval at,
, the voltage of the capacitor C]is greater than the voltage of the capacitorc,, while the
diode D, will be in off state. Also, the sum of the voltages of the two capacitors C;and C!is
more than the sum of the voltages of the two capacitorsC,andC,, so that the diode D, will
be turn off in the same time interval. During, the charging-discharging of time interval At,
the capacitorsC;and c;are discharged by a currenti , while the capacitorsc,,C,andC, get
charged by the current 1 —1,. At the moment when the voltages of the complement
capacitors (C,andcC;) and capacitorsC,and C; as indicated in the brackets are equal, their
respective conducting diodes Dj;and D, are turned on and the time periodat, starts. Thus,
the variable voltage drops across the capacitorsc,,C,,C,,C;andC; in the time intervals At,
andAt, are analyzed and calculated as follows respectively. The increased values of the
voltage drops Av,, Av,and Av, of the capacitorsc,,C,and C, in the time interval At, provided

that the charging currents i., =i., =i.; = I, —1, IS written as:
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1. 1. 1.
AV, = AV, = AV, = — I At, = —I,At, = —I,At,

Cl C2 C3
1 1 1
AV, = AV, = AV, ZE(IL —1,)At, =C—(|L —1,)At, =C—(|L —1,)At, (3.65)
1 2 3

The amount of voltage drops Av, and Av, across the two capacitors C;and C/in the same time

interval At, given that the discharging currents i., =i., = 1,_can be defined as:

1. 1.
Av, = Ay, = C—lec,zAt2 = C—élc,gAt2

L ! 3.66
AVSZAVGZC_Z;ILAtZZC_élLAtZ ( . )

In the last time interval At, of the off state, the capacitors (C,withC;) and capacitors (C,

with c;) are aligned in parallel and delivers power to the load in series with the capacitorC,
with a discharging current'?f’. But, the capacitorc, continues charging with a current1, -1,
until the cycle terminated. The voltage drops Av,and Av, across the two capacitorsC,andcC;,

over the time interval At, for i., =i.., :%"Wi” be expressed as follows:

Av, = Ay, = ! i, Aty = i}ic,zAt3
2 CZ
| |
AV, = Ay, = 1L At, = i —°]At3 (3.67)
C,\ 2 c,\ 2

The values of the voltage drop Av,and Av,, across the capacitors C,andC;in the same time

interval At , provided thati_, =i, ='?°can be defined as:

1. 1.
AV, = AV,, = — I, Al, = —1...At
9 10 C3 C3—/"3 C3 C'37—"3
1 (I j 1 (I j
AVy = Avyy = —| == |At, = —| = |At (3.68)
9 10 C3 2 3 C3 2 3

And finally the voltage drop Av,,across the charging capacitorsc, during the time interval At,
fori,, =1_-1,is given by:
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1.
Avy, = —I,At
1 C, 1Bl

Avllzci(lL_lo)At3 (369)
1

The output voltage ripple of the three-level DC-DC boost converter is equal tov,, +v,, +V, -

So that, the output voltage ripple can be expressed as the sum of the voltage ripples of the

capacitorc,,C,, andC,. The wave forms of the voltage ripples of the capacitors (c,,C,,C,,

C,andC!) and the output voltage ripple are shown in Figure3.7.

AL, CAL, At

DT T
Figure 3.7: Voltage ripple waveforms for capacitors (C,,C,,C,,C;andC;) and output
voltage
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3.2.6 Voltage stress on the switch in three-level DC-DC step up converter

In reference to Figure 3.5(b), during the switching off mode in the circuit including the

switch s, capacitorc,and diode D,, based on the expression 3.42, the voltage stress on the

switch in the three-level MBC can be defined by the following formula:

V, =V, == (3.71)
S C

3.3 DC-DC Four-Level Boost Converter

The four-level incremental DC-DC converter circuit is shown in Figure 3.8.

V. —

Figure 3.8: Four-level DC-DC'MBC circuit diagram

The equivalent circuit of the four-level boost converter in the interval when the switch s is
turned on is shown in Figure 3.9(a). As shown in Figure 3.9(a), the inductor L is connected
to the input voltage sourcev, during the switching on period of the switchs . During this
time interval, due to the existence of the higher voltages across the load feeding capacitors(

C,,C,,C,andc,) causes diodes (D,,D;,D;andD;) to be turn off, while the presence of
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smaller voltages across the capacitors (C;,C;andcC;) than the capacitors(c,,C,and C,),

causes the diodes (D,, D,and D,) in on mode respectively.

—_l ‘_o>
' [
DA. | D, _I_
=C, =C,
q b
, D41t , D‘“P
CT [ C,= )
D3“ ——C D3 ——C
T 3 T =3
b b
c L D31> + c L Dﬁ» +
3 T 3T
,® < .4 2
D20 V°>> R DZ«[ V°§ R
't T'-CZ 3 1 =C, _
DZ DZ
o= ' . G )
i =i, D¢ i =i, DT
— L le — L Y
+ +
- + V.==C, J_ V- + V.=¢C,

(a) On mode (b) Of:f mode
Figure 3.9: Circuit diagram of the four-level DC-DC MBC for on/off modes

The equivalent circuit diagram of the four-level DC-DC MBC in the interval when the
switch s is off is shown in Figure 3.9(b). In this time interval, the inductor’s L current

reaches is maximum peak causes the diodes D,, D;, D;and D; in on mode. However, as a
result of the balanced voltage present across the capacitors (C;,C;andC;) charged during
the first cycle makes the diodes(D,,D,and D,) to be in open mode respectively. The wave

forms of the voltage and current sources of this level of converter are shown in Figure

3.10. In this figure, 1 means high and 0 means low of the switchs. In the (1-D)T time
interval (when the switchsis off and the diodesD,,D,;,D;and D; are switched on), the
voltage of the switch s will be the same as the voltage across the capacitor (v, =V, ). At the
time interval bt (when the switchsandD,,D,and D,diodes are on) the voltage of the

switchs is zero. In the following sections, the four-level DC-DC MBC is analyzed in

continuous and discontinuous conduction regions.
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Figure 3.10: Voltage and current waveforms of the four-level DC-DC MBC

3.3.1 Analysis of the four-level DC-DC MBC in CCM

In the ot time interval (when the switchs,D,,D,and D,diodes is on), the flow of the

current1_through the inductor can be analyzed as :
: 1 V,
i, =1,y +ILVLdt =1y +Tt (3.72)

In the next time interval 1-D)T (when the switchs is off and D,, D;, D;and D, diodes are
on), the current (1, ) passing through the inductor L can be defined as:

t V, -V,

. 1 ,
i =1, +EJ.DTVLdt =1+ 1

(t-DT) (3.73)

With reference to Figure 3.8 for a four-level DC-DC MBC, assuming that the capacitorsc,
to C, have the same capacitance and the voltages across the capacitorsc,toc, will be equal,

then the expression of the voltages will be as shown below:
Ver =V, =Ves =V, =V

45



V, =4V, (3.74)

According to the equations 2.3 and 3.74, the voltage gain of the four-level incremental DC-

DC converter in CCM will be as follows:

<|<

4
- (3.75)

Based on previous derived average current equations for two and three levels the average

inductor current for four-level MBC is deduced as:

42V,
) (3.76)

3.3.2 Analysis of the four levels DC-DC MBC in DCM

Combining the on equations 2.11 and 3.74, the boost ratio of the four-level DC-DC MBC

in DCM will be defined as follows:

V,
2 =4 A7
v A 3.77)
And the inductor current in DCM is expressed as:
2
|, = 4Ve (8, +D) (3.78)

RA,

3.3.3 The Effect of the ESR on the voltage gain of four-level DC-DC MBC

a. The Effect of the ESR on the voltage gain of four-level DC-DC MBC in CCM

According to Figure 3.8, considering the effect of the equivalent series resistance R.,,, Of

the inductor L, the following relations are valid for the inductor’s voltage in the interval bt

and (1- D)T , when the switch s is on and the switch s is off. When the expressions 3.74 and

3.76 are replaced in equation 3.12, the voltage gain of the four-level DC-DC MBC
considering the effect of the ESR of the inductor L in CCM is given by:
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In Figure 3.11, the voltage gain of the four-level incremental DC-DC converter is plotted
against the duty cycle for different values of%. It is seen that the shape of the graph

exhibits a larger quasi-linear region compared to the conventional converter. When the
operating duty cycle is closer to unity, the region of the graph is getting more nonlinear. In
such way, the graph proves that the boost ratio for the four-level incremental DC-DC
converter can be improved best, if the converter operates with a duty cycle closer top =
0.5. So that,p= 0.5 provides the best point for the four-level structure, even for all

multilevel topologies.

||||||

i

e

Figure 3.11: Four-level MBC boost ration variation curve against operating duty cycle for

. R
different values of %
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b. The Effect of inductor’s ESR on the boost ratio of MBC (n=4) in DCM
In reference to Figure3.8, considering the effect of the equivalent series resistance ESR of

the inductor L, in the interval ot and (1- D)T , when the switch s is on and the switch s is off

in DCM , the boost ratio of the four-level DC-DC MBC can be expanded as shown below
by substituting the equations 3.74 and 3.78 into the relation 3.17.

4V (A, +D)

ESR,L

Vv
Vi(Al+D):A170+(A1+D)

1

Vo _ (D+A4A) (3.80)
Vi A 4(A, + D)’

I 4 RAl RESR,L

3.3.4. Evaluation of the diodes and switch voltage drop effects on the four-level DC-
DC MBC

Consider, in reference to Figure 3.9(a), the voltage equations in the circuit including (C;, s
,C, andD,), (c;,D,,C,andD,) and (C;,D,,C,andD,) are given by the following

expressions.

Ve, +V, =V, +V, =0

Ve =Ver =2V (381)
Ve +V, +V,, -V, =0 (3.82)
Ve, +V, +Vg, -V, =0 (3.83)

According to Figure 3.9(b), the voltage expressions in the circuit containing (C;, D;,C,and

2
D), (Cc},D;,Cc,andD;) and (C,,D;,C,and D;) considering the effect of diodes and switch

can be given as shown below respectively.

V., +V, +V, -V, =0 (3.84)
Vg +V, +V, =V, =0 (3.85)
Vg, +V, +V,, -V, =0 (3.86)
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Then, the voltage drop across the capacitors C, combining equations 3.81 and 3.84 will be:

Veo =Vor —2Vy (387)

And the voltage of capacitor C, can be calculated by mixing the relations 3.82 and 3.87 as

shown below:
Ve =Ver =2V, (388)

By replacing the above relation in to 3.85 the voltage of the capacitorsC, will be defined

by:

Ves =Ver =2V, (389)

Again, combining the expressions 3.83 and 3.89 the voltage drop across the capacitorC;

will be given as:
Ve =V —2Vy (390)

Finally, the voltage across the capacitorC,can be evaluated by substituting the above

equation in to (3.86) as:
Ves =Vor —2Vy (391)

Thus, based on all the equations derived the output voltage of the four-level DC-DC

converter is represented by the following equation:
V, =V, +Ve, +Veg +Ve, =4V, —6V, (3.92)

Therefore, according to the above relation of the output voltage expression for the four-
level DC-DC MBC, the efficiency of the switched capacitor of the converter is given by
the equation provided below, while considering the effect of the diodes and switch voltage

drops on the converter:
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Vo _ Ve —(A-DxV, _, 3x,

(3.93)
N, LAY/ 4V,

3.3.5 Design of four-level DC-DC boost converter

The ripples of the output voltage of the four-level DC-DC boost converter are reduced to
the minimum required value by selecting appropriate values for the capacitors. Figure 3.9
shows the possible switching state power circuit diagrams. As shown in Figure 3.9(a),

capacitorsc,,C,, andC, have a higher voltage than the capacitorscC,,C;andC;when the
switch S is closed. The capacitorsc,,C,and C, transfers energy to the capacitors c;,C;and
C, through the diodesD,,D,, and D, until their voltages are balanced respectively. After
this moment, the D, , D,and D, diodes are turned off and the capacitorscC;, C}andC;stopes

from transferring their energy to the load. Thus, their voltage remains stable during the

switching on of the switch S. However, the capacitorsc,,C,,C,andC,arranged in series

starts to reduce in voltages as they supply power to the load.

During, the next half cycle with reference to Figure 3.9(b), when the switch S is opened,

the current of the inductor L forward biased the diode D, . The duration of the switching off
of the switch S can be divided into two time intervals At, and At, . At starting time of At, , the
voltage of the capacitor C; is greater than the voltage of the capacitorc, as well as the sum
of the voltages of the two capacitors (C;andcC;) and the sum of the voltages of the
capacitors (C;,c/andc;) is more than the sum of the voltages of their complement
capacitors (Cc,andc,) and capacitors(c,,C,,C,, andC,) respectively. As a result their
corresponding respective diodes D; , D; and D, are in reveres biased mode. During this time
interval (at,), the capacitorsc;,C/andC; starts to discharge with a current 1, and the
capacitors c,,C,,C,, andC, get charged by the current 1 _-1,. At the moment when the
voltages of the compliment couple capacitors (C,andcC;), capacitors (C,andcC;) and
capacitors (C,and C;) as indicated in the brackets are equal, their corresponding diodesD; ,
D, and D, are automatically turned on respectively. Then, the second time period (At,) of
the off state starts and the capacitorsC,andcC;, capacitorsC,andcC;, and the capacitorsc,

and C; are arranged in parallel. At this time, the capacitors (C,and C}), capacitors (C,andC;
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) and capacitors (C,andcC;) are discharged by the current '? and the capacitorc, continues
to charge until the cycle ends with a current 1, -1, .

3.3.6 Voltage stress on the switch in four-level MBC

In reference to Figure 3.9(b), during the switching off mode of the switch s, in the loop

including switch s, capacitor ¢, and the diode D, , the voltage of the switch is defined as:
V, =V, (3.94)

By substituting equation 3.74, into the above relation the voltage stress on the switch for
the four-level MBC can be rewritten as follows:

v, = VI (3.95)

3.4 DC-DC n-Level Multilevel Boost Converter (MBC)

V,— SIK Vs —

Figure 3.12: Power circuit diagrarﬁ for DC-DC n -level MBC
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Figure 3.12 shows the DC-DC converter circuit of then-level MBC, which includesn
number of voltage levels. In this figure, the first stage consists of the switch S, diode D, and
capacitor ¢, and the second level consists of diodes ( D, and D, ) and capacitors (C,andc;).
For a general statement after the first stage of each level, there are two diode and two
capacitors are added. Consequently, the are a total of ntimes DC-DC MBC consists of
2n—1diodes, 2n—1capacitors, one switch, one inductor, ntimes output voltage levels and
n+1 number of converters level with respect to zero voltage level. The wave forms of the
voltages and currents of then -times DC-DC MBC are indicated in Figure 3.13. In this
figure 1, indicates high and O represents low of the switch S. In the time interval (1-D)T
(when the switch S is off and the diodes D, , D;, D;, D, to D, are on) the voltage stress of this
topology on the switch in the circuit including the switch s, diode D, and capacitor C, will
bev, =V.. At the time interval DT (when the switch s and diodes D, , D,, D, and D, are on),
the voltage of the switch S is zero. In this proceeding section, the n-level DC-DC MBC is

analyzed in continuous and discontinuous conduction modes.

S
ﬂu
11— f— .
> {
Vi
A
Ve T
> {
\V/Z5R V7 TS S G SN S—
>t
Vg
A
V7 S N SN S
»{

DT T
Figure 3.13: Voltage and current waveforms of then -level DC-DC MBC
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3.4.1 Analysis of n-level DC-DC MBC in CCM

The currenti, passing through the inductor L in the time interval DT (when the switch s

and diodes D, , D,, D, to D, are on), is expressed as:
: 1t V,
— = = hd 3.96
=1+ LIodet Ln 3 t ( )

During the next half cycle in the time interval (1-D)T (when the switch s is off and the

diodesD,, D;, D;, D, to D/ are on), the currenti_passing through the inductor L is written as:

_ 1 v, -V,
i, = IL’P+EIDTVLdt =1 .+ C <

(t-DT) (3.97)

According to the design of the power circuit diagram Figure 3.12, in order to reduce the
converter’s cost and to have a balance output voltage levels assume that all the capacitors

C,toc, have the same capacitance and the voltages of the capacitorsc,toc, will be equal.

Then the following conditions are concluded in relation to the voltages across all

capacitors.

o =Ve for j=12,...,n

V, =nV, (3.98)

Based on the relationship of the expressions 2.3 and 3.98, the voltage gain of then -level
DC-DC MBC in CCM will be defined as:

\'A _n
oo (3.99)

The formula for calculating the average inductor currenti_for n-level DC-DC MBC in

CCM can be formulated by substituting equation 3.98 into 3.5 considering the relationships

of the output power and input power as given by the relation v,1, =v 1, and combining with

the equation 2.3 provided that I, = I, the expression can be expanded as shown by 3.101.
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V, x—==nV, x =V,
R R
I, _ L VS Ve nVe (3.100)
V. R VR
2
Ve (3.101)

= Ra-D)

3.4.2 Analysis of n-level DC-DC MBC in DCM

According to the relations 2.11 and 3.98, the boost ratio of then-level DC-DC MBC in
DCM will be defined as:

V, D+A;
n— m—

s (3.102)

In the discontinuous conduction region, according to the relations 2.11 and 3.100, the

average flow of the inductor’s current of the n-level DC-DC MBC will be as follows:

|, = "Ve(8,+D) (3.103)
RA,

3.4.3 The Effect of the ESR on the voltage gain of n-level DC-DC MBC

a. The Effect of the ESR on the voltage gain of n-level DC-DC MBC in CCM
According to the power circuit of Figure 3.12, considering the effect of the inductor’s
equivalent series resistance (R, ) over the whole period of time operation, the boost ratio

of then-level DC-DC MBC in CCM will be as follows by combining the expressions 3.12,
3.98 and 3.10.

V nv
V.=(01-D)—2+——R
= ) N +(1_ D)R ESR,L
V 1
Lo - 3.104
V, 1-D  NRgp, ( )
n @-D)R
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b. The Effect of the ESR on the voltage gain of then -level DC-DC MBC in DCM
Based on the circuit diagram of the Figure 3.12, the voltage gain of then -level DC-DC

MBC in DCM considering the effect of the ESR of the inductor L, by substituting the
expressions 3.98 and 3.103 into 3.17 can be defined as:

V4 +D) =, 2 (8, + D) T DR
1
Vo _ (D+A,) (3.105)
V, A, n(A, +D)
Ry e
1

3.4.4 Diodes and switch voltage drop effects on DC-DC MBC

Based on the investigations and similarities made through the expressions 3.25, 3.59 and
3.93, considering the effect of the diodes and switch voltage drops on the converter the
efficiency for the switched capacitor MBC for n -levels can be expressed as:

\Y nVg, —(n-1)x 2V, _ (n=D)x2v,

o, _ Ve -1 (3.106)
nv, NV, nv,

Analyzing the behavior of the MBC with respect to the equation 3.106, it is observed that a
multilevel multiplier DC-DC converter is ideal for the applications with a number of
hundred volts, in whichv, can be ignored compared with lower voltage V. . Thus, the power
loss of the switch will be evaluated as the conventional step-up converter. It should be
pointed out that, the switching losses are directly proportional to voltage that the switch
able to block, which is the most important significance of this topology to turn down the
effect of this switch stress in comparison with other methodologies.

3.4.5 Design of the DC-DC n-level MBC

The ripples of the output voltage for n-level DC-DC MBC can be monitored and reduced
to the required value, by defining the exact capacitors value used for design. According to

Figure 3.12, when the switch s is closed, the capacitors (C,,C,,C,toC,,) have a higher
value of voltages than the capacitors (C;,C;,C; to C!). During this time interval, the

capacitorsc,,C,, C,toC,, charge capacitors (C;,C;,C,tocC/) through the diodes(D, , D,, D,
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toD,) respectively. After the charging-discharging capacitors voltages are balanced, the
diodesD,, D,, D,, and D, are reverse biased and the capacitors (C;,C;,C;toC’) stopes from

delivering their energy to the load and their voltage exhibit a stable graph during the whole
switching on period of the switch s . At the same time, the load is supplied a power from

the series arranged capacitorsc,,C,,C,,C, ,toC and their voltage dropped to feed the load.

The duration of the switching off cycle of the switch s is divided into two sub time

intervals (At,andAt,). In first interval At, of this cycle, the capacitorsc;,C;,C;toC’are
discharged by the current 1, and the capacitorsc,,C,,C,toC are charged by the 1 -1,
current. During, the second time interval At, of this period the complement capacitors (C,
andc)), (c,andc;), (c,andc;) to the capacitors (C,andC!) are placed in parallel ready to

deliver power to the load. Thus, the capacitors (C,andc;), capacitors (C,andc;),
capacitors (C,andcC;) to capacitors (C,andcC/) start to discharged by a current'?" and the

base capacitorc, continues to charge with a current 1, —1, to store energy for the next

repeated cycle.
3.4.6 Voltage stress on the switch in DC-DC n-level MBC

According to Figure 3.12, the voltage stress on the switch during the switching off mode in

the circuit including the switch s, capacitorC,, and diodeD,, will be given byv, =V, .

Therefore, based on the correspondence and explorations made on the expressions 3.38,
3.71 and 3.95 the voltage stress on the switch forn-level DC-DC MBC will be rewritten

as:
V, =2 (3.207)
3.4.7 The efficiency and output voltage ripples of the DC-DC n-level MBC

Assume that the converter is designed considering the effect of the inductor’s ESR, then
the efficiency for any level of MBC is analyzed using the formulas 3.5, 3.98 and 3.101 in

the efficiency equation provided below.
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R R R
T= P P 117R V2
i 0 L %L L"—ILZRL
R
(nV,)?
R

T (V. )? LY
R R2(1-D)* *

po— 1 (3.108)

n’R,
+7
(1-D)’R

The above expression indicates the general efficiency equation for MBC of any level. If
the converter is one-level (convectional boost converter) the relation is deduced to the
formula as given below and it is understood that our converter operates in ideal mode if the
effect of the ESR is neglected.

1
1+L2
(1-D)’R

7= (3.109)

The efficiency of a multilevel boost converter for (n=4) is drown against duty cycle for

various values of % in the next page as shown in Figure 3.14.
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Figure 3.14: Efficiency against duty cycle for (n =4) MBC of figure 3.8
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Equation 3.108 can be also rewritten as the expression shown below:

_ 1
T RR
P,(1-D)’R
1
. 3.110
n VIR, ( )

+—
PR(1-D)?R

The above equation is another way which compares the efficiency of MBC with the output
power for any level of the convert for% =0.002as clearly shown in the graph labeled in

Figure 3.15.
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Figure 3.15: Efficiency versus output power for (n=4) MBC of figure 3.8

The output voltage ripples of the MBC for any level of the converter based on the
investigations made and as shown in Figures 3.3 and 3.7 the voltage ripples of all load
feeding capacitors are equal and the ripples of the output voltage is the summation of all

load power supplying capacitors.

AV, = AVgy = AVggurrennnns = AV, = AV, (3.111)
AV, = AV, + AV, +AV Fae, +AvV,, =nAv,
Avg = Zf AVgn = NAVe (3.112)
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Combining the expressions of 2.19, 3.99 and 3.112 the output voltage ripples of the MBC

is given by:

AVo— VD' (3.113)
CfR(L- D)

3.5 The Structure of the Dual-Level DC-DC BC with Central Voltage Source (CVS)

In this section, a tactical improvement is made to the structure of the two-level DC-DC
converter as presented in Figure 3.1. The new version of this converter is shown in Figure
3.16. One of the disadvantages of the proposed topology as shown in Figure 3.1 is that, the
flow of the current in lower-level semiconductors is higher than the upper one. Therefore,
low-level semiconductors consume more power than high-level semiconductors. Such
drawbacks are more common in most MBC and can be minimized by putting the voltage

source in the middle of the circuit rather than in the base.

Il
I
O

Figure 3.16: Two-level DC-DC boost converter circuit diagram with CVS

The equivalent circuit diagram of the DC-DC dual-level step-up converter with a central
voltage source, when the switch s is on is shown in Figure 3.17(a). During the switching

on mode the switch s, the inductor L and the voltage source v, are connected in one loop.
In this, time interval the diode D, is turned off, due to the existence of the voltage of
capacitorC, and the diode D_, will also be in closed position due to the voltage of capacitor
C’,. But, the diode D, will be in on state. Since, the voltage of the capacitor C , is smaller

than the voltage of the capacitor C’,. The equivalent power circuit of the two-level DC-DC
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boost converter with the central voltage source at the time when the switch s is off is
shown in Figure 3.17(b). In this period, the current flowing through the inductor L forward

biased the diodesD, andD,. In the same time, as the sum of the voltages of the two

capacitorc,and C_; is more than the voltage of the capacitorc’,, causes the diodeD_, to

turn off.
l, L,
i : | =1 '
u L Dl . + I—t |. Dl [ + 1
"\ s Vc::C1 — T —e + Vc“Cl

C,= D—l., - Cig D‘l b -
L :L C, [ ] =C,
D—Z« D—Z T
(@ On mode (b) Off mode
Figure 3.17: Two-level DC-DC boost converter with CVS circuit diagram for on/off
modes

The waveforms of the voltages and currents of the two-level DC-DC boost converter with
the central voltage source are the same as shown in Figure 3.6 during the on/off state. The

voltage across the switch isv, =V, DT in time interval and zero at (1- D)T interval.

3.5.1 Two-level DC-DC BC analysis with central voltage source in CCM and DCM

According to the power circuit of Figure 3.16, for two-level DC-DC boost converter with a

central voltage source, assuming that the capacitorsc,and C_ have the same capacitance as
well as voltages, then their voltages assumed to be equalv, , =V, =V, and v, =2V, . Thus,

as explained in section 3.1.1the voltage gain and the inductor average current of the two-
level DC-DC boost converter with a central voltage source in the CCM will be given by
the following respective equations.

Vo __ 2
VoD (3.114)
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22V,
RS (3.115)

The boost ratio and the average inductor currents expression analysis in DCM are similar

to the equations evaluated in section 3.1.2 as shown below respectively.

Vo _pA+D (3.116)

V, A,

|, = ZVe(8,+D) (3.117)
RA,

3.5.2 The Effect of ESR on the boost ratio of two-level DC-DC boost converter with
CVS in CCM and DCM

Based on the circuit diagram of the Figure 3.16, the derivation principle of the voltage gain

of the two-level DC-DC BC with a central voltage source in CCM and DCM considering

the effect of the ESR of the inductor L is the same as analyzed in sections 3.1.3 and 3.1.4.

Thus, the equations for CCM and DCM can be expressed as follows respectively.

vV, 1
V_i_—l—D R, (3.118)
2  (1-D)R
Vo _ (4,+D) (3.119)
V, A 2(A +D)?
?+R7Al ESR.L

3.5.3 Analysis of diodes and switch voltage drop effects in DC-DC dual- level boost
converter with CVS

Considering the circuit diagram of Figure 3.17a and Figure 3.17b, including the (C’,, s,
c,andD,) and (C/,,D,,C,and D) respectively, then their respective voltage equations

across the circuit for v, =Vv,_, =V, are expressed as follows:

Ve, +Vo +V  +V, , =0

Vi, =V, +2V, (3.120)
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Ve, +V, +Vy -V, =0 (3-121)

Substituting equation 3.120 into the above expression, the following equation is obtained

for the voltage across the capacitorc, :
Ver = Ve + 2V, (3122)

The output voltage of the two-level DC-DC boost converter with a central voltage source

as shown in Figure 3.16, considering the above relation is given by the following equation:
V) =V +Ve, =V +V + 2V, =V, +2V, (3.123)

Thus based on the above derived voltage expressions, the efficiency of the switched
capacitors with respect to the load output voltage for the DC-DC two-stage BC with a

central voltage source is given as:

Vo Nt Y,

2Vc 1 2Vc -1 Vc -1

(3.124)

3.6 Three-Level DC-DC MBC with Central Voltage Source

The three-level DC-DC step-up converter power circuit diagram with a central voltage
source is shown in Figure 3.18 in next page. The equivalent circuit diagram of the triple-
stage boost converter with the central voltage source in the interval when the switch s is
on is shown in Figure 3.19(a). During the switching on state of the switch, the inductor L is

connected in series with the voltage source V, . Due to the fact that the switch is closed and
the presence of the voltage across the capacitorC, causes the diodeD, to turn off.
Considering, the voltage across the capacitor C; is smaller than the voltage of the capacitor
C,, so that diode D, will turn on and diode D, will be turned off due to the voltage of the
capacitorC, . Also, comparing the capacitor voltages in the lower case, the voltage of the
capacitor C, is smaller than the capacitor C’,voltage, in which the diode D, will be
switched on, but the existence of the capacitor voltageC’, causes the diode D, reveres

biased.
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Figure 3.18: Three-level DC-DC MBC circuit diagram with central voltage source

The analogue power circuit of the three-level DC-DC BC with the central voltage source in
the next half cycle, when the switch s is off is shown in Figure 3.19(b). In this period of

time, the current of the inductor L turns on the diodes D, and D; . In this case, the presence
of capacitor voltage C; causes the diode D, to turn off. As a result, when the diode D, is on,
the sum of the capacitor voltages C,andcC_, is greater than the voltage of the capacitorc’,,

then the diode D_, is automatically turned off and the diode D, is forward biased, due to the

current of the inductor L .
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Figure 3.19: Three-level DC-DC BC with a central voltage source for on/off modes
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The wave forms of the voltages and currents of the triple-stage DC-DC BC with central

voltage source for all components are identical as shown in Figure 3.6 over the complete

cycle in which the equation of the current also the same in CCM and DCM.

3.6.1 Three-level multiplier DC-DC converter analysis with CVS in CCM and DCM

Based on the value of the design parameters and the schematic designing circuit diagram of

Figure 3.18, for a three-level DC-DC BC with a central voltage source the capacitance

values of the capacitorsC_ toC, and their voltages are assumed to be the same at all

provided thatv, , =V, =V., =V, and Vv, =3v,. Then, the boost ratio and the average inductor

current in CCM as well as in DCM are the same to the expressions deduced in sections

3.2.1 and 3.2.2 as given below consecutively.

vV, 3
. 1-D
3?V,
" R@1-D)
\i:3A1+D
V, A,
| _ 3V (A +D)
- RA,

(3.125)

(3.126)

(3.127)

(3.128)

And, the boost ratio of the three-level incremental DC-DC converter with a central voltage

source, considering the effect of the inductor’s ESR both in CCM and DCM will be

expressed as:

V_0 3 1

VvV, 1-D 3RESR‘L
3 (1-D)R

Vo _ (A, +D)

(3.129)

3 RA,

V., A 3(A,+D)

(3.130)

ESR,L
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From the above relation it can be seen that the ESR of the inductor L limits the voltage

gain of the converter.

3.6.2 Investigation of diodes and switch voltage drop effects on three-level DC- DC
boots converter with central voltage source

To calculate the effects of the diodes and switch voltage drops on the converter considering
the circuit diagram of Figure 3.19a, in the circuit including (c’,, S,Cc,andD,), (C;, S,C,,
and D, ) as well as in figure 3.19b in the circuit containing (C’,,D,,C,andD_,) and (C;, D},
C, andD,). Assuming thatv, =V, _, =V,, then the voltage expression in the above circuits

can be given by the following equations.
Ve, +Vo +V , +V, , =0

Ve, =V, +2V, (3.131)

Ve, +V, =V, +V, =0 (3.132)
V., +V, +Vy, -V, =0 (3.133)
V., +V, +V, -V, =0 (3.134)

The voltage of the capacitor C, can be calculated by replacing the relation 3.131 into 3.133

and is given by:
Ver =Ver +2V, (3135)

Substituting the above relation into equation 3.132 the voltage of the capacitorsc, is the

same as:
Ve, =Ve (3.136)

Equation 3.134 is combined with the above expression to find the voltage across the

capacitorsC, as given below:

Ve, =V, (3.137)
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Then, the output voltage of the three-level DC-DC boost converter with central voltage
source represented by circuit diagram as shown in Figure 3.18, based on the above

analyzed voltage expression is given by the following equation:

V, =Vg, +Voy Ve g =Voy Ve +Ve  + 2V, =3V, +2V, (3.138)

Thus, based the above relation, the efficiency of the capacitor switched three-level DC-DC

boost converter with the source of the central voltage will expressed as:

Vo  HeatdNy ;. 2y (3.139)
3\/071 3Vc4 3Vc71
3.7 DC-DC n-Level MBC with Central Voltage Source
IO >

D,
= C,

DI’1

C/ = b

D, ., 1

T s

Figure 3.20: Power Circuit diagram forn -Ie(/el DC-Dé MBC with CVS

Then -level DC-DC MBC circuit power with the central voltage source is shown in Figure
3.20 and the wave forms of the voltages and currents of the three-level DC-DC converter

components with the central voltage source are shown in Figure 3.21. In this wave form,
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land O are the high and low states of the switch S . In the time interval (- D)T (when the
switch S is off and the diodes (D,,D/,,D’,toD’, andD,,D;,D;to D) are on), then the
voltage V. across the switch in the loop including the switch s, the diode D, and capacitor
C, with a voltage v, will bev, =V, . In the time interval DT (when the switch S and the
diodesD, , D,,D,, D,toD,and D_ are on), the voltage across the switch S is zero. In the

following relevant section, the n-levels DC-DC MBC is analyzed with a central voltage

source in continuous and discontinuous conduction regions.

DT T
Figure 3.21: Voltage and current waveforms of n -level DC-DC MBC with CVS

3.7.1 Analysis of n-level DC-DC MBC with central voltage source in CCM and DCM

According to Figure 3.20, for n-level DC-DC MBC with a central voltage source,
assuming that the capacitors C_ to C_ have the same capacitance and their corresponding
voltage also are equal, then the output voltage of this topologyntimes the capacitor

voltage.

V. =nv, (3.140)
As the procedures followed in section 3.4 to evaluate the expression for boost ration and

inductor current, then the equation of voltage gain and the average inductor current for
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then -level MBC with the central voltage source in the CCM and DCM are the same as

follows respectively.

\VLT: % (3.141)
- RPIZ\—/CD) (3.142)

Vo _,M+D (3.143)

vV, A,

| - w (3.144)

Considering the effect of the inductor’s ESR in reference to Figure 3.20, during the total
period of time, the conversion ratio of the n-level MBC with the central voltage source in

CCM and DCM is given by the following respective formulas as discussed and analyzed in

section 3.4.
v, 1
vV iD Ml (3.145)
n  (1-D)R
Vo _ (4,+D) (3.146)
V, A, n(A +D)? '
R, e
1

3.7.2 Diodes and switch voltage drop effects onn-level DC-DC MBC with CVS

As explained and investigated in the previous voltage output equations 3.124 and 3.139,
for the two lower level, the expression of output voltage in relation to the capacitor voltage
for anyn-level MBC with central voltage source considering the influence of the diodes

and switch voltage drops can be expressed as:

V, nV.,+2V,

[¢]

=1+ 2V,
()Y ()Y nv.,

(3.147)
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CHAPTER 4
PROCESS CONTROL STRATEGY AND SIMULATION ANALYSIS

4.1 Process Control Block Diagram

DC-power supply MBC

HUIT-DA/peo]

1

PWM control H PE derived switch

Figure 4.1: Proposed converter process control block diagram

As shown in the above schematic diagram of the proposed topology, the system is mainly
composed of five blocks. The input power source at low value is continuously supplied to
the main circuit and the on/off modes of the power electronic derived switch is controlled
by receiving a proper signal from the PWM controller depending on the value of the
switching frequency. The function of the main circuit (MBC) is to boost the low value of
the input voltage at much higher output voltage according the selected level and the output
is delivered to the load or to the DC-link system.

4.2 Simulation Results

In this chapter, the DC-DCn -level MBC is simulated in order to verify the accuracy of the
estimated and analyzed equations in chapter two and three. In addition, to evaluate the
validity of the obtained expressions for all stages of the DC-DC MBC, the topologies are
implemented in the PSCAD / EMTDC software environment and the simulation results are
presented, compared and labeled in the form of graphs. The specific parameters are given

in the form of tables for each level of the converter that are used for direct calculations and
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simulation purposed. The graphs and simulation solutions demonstrate that, the theoretical

and experimental results are almost the same.

4.2.1. Validation of the analyzed equations for first stage DC-DC boost converter

Table 4.1: Parameters of the single-stage DC-DC boost converter

Parameters Values
Voltage Source(V;) 50V
Inductance(L) 1.33mH
Duty cycle(D) 0.5
Capacitance(c) 100uF
Load Resistance(R) 1002
Switching frequency( f ) 100 kHz

The specific parameters required for the single level boost converter are shown in Table
4.1. From the derived boost ratio equation 2.3, the average value of the output voltage of

the converter will be equal tov, =100v . Also, the average value of the output current is the
same as |, =1A by equation 2.4. The simulation results presented in Figure 4.2, justify the

accuracy of the obtained equations to calculate the output voltage and current of the

conventional DC-DC incremental converter.

DC-DC one-lewvel boost conwverter voltage and current output wawve forms =

120 = Mo 1] *
100
20 —+
S50
40 -
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0.20 4
0.00
time(s}  g.go 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.20 0.80 1.00

lo

- *

Figure 4.2: Voltage and current output waveforms for DC-DC conventional BC

70



Based on the power circuit of Figure 2.2a and the values of Table 4.1, the voltage of the

inductor in in the first half cycle with time interval DT =5,S is equal to v, =50v and in the
next period at (1-D)T =54S time interval is equal tov, =-50v . According to the equation

2.4 the mean value of the inductor L, which is the same as the average input current will be

evaluated as 1, =2.1A. The wave forms of the voltage and current of the inductor are shown

in Figure 4.2, which confirms the accuracy of the above calculations.

DC-DC one-level boost converter voltage and current wawe forms of the inductor -
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Figure 4.3: Inductor voltage and current waveforms for one-level boost converter

The voltage drop across the switch from the given relation 2.8 and the parameter values of

Table 4.1, in the time interval (1-D)T =545 , will be equal tov, =100v . Also, the voltage of
the switch in the first half cycle will be zero at the time interval of DT =5, . The voltage

waveform across the switch for the two modes shown in Figure 4.4 verifies the above

calculations.

DC-DC one-level boost converter switch wvoltage waweform —_

120 —

Vs

time(s} 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.50 0.90 1.00

Figure 4.4: Switch voltage waveform for one-level DC-DC boost converter
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4.2.2. Evaluation of the expressions accuracy for two-level DC-DC boost converter

Table 4.2: Designing Parameters for two-level DC-DC boost converter

Parameters Values
Voltage Source(V,) 50V
Inductance(L) 1.33mH
Duty cycle(D) 0.5
Capacitance(c,,C,,C}) 100uF
Load Resistance(R) 100Q
Switching frequency( f ) 100 kHz

The components in the above table are for two-level MBC simulation aspects. The average
value of the output voltage (v, =200v ) and output current (1, =2A) of the converter are
calculated according to the equations 3.4 and 3.5. The simulation results presented in
Figure 4.5, confirm the accuracy of the obtained relations to calculate the output voltage

and output current of this special level of converter.

DC-DC two lewel boost converter wvoltage and current otput waweforms —
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Figure 4.5: Voltage and current output waveform for two-level DC-DC MBC

Since the output voltage of the simulated converter is equal tov, =200v , using the given
equation 3.3 the average voltages of the two capacitors C, and C, are calculated equal to

Ve =Ve, =100V . Thus, the wave forms of the two capacitors voltages illustrated in Figure
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4.6, verifies that their voltages are the same and matches with the result obtained using the

direct formulas.

DC-DC twwo lewvel boost conwverter capacitors wvoltage wawveforms —

-l ]
120 —
100
a0 |
= S04
=
40 -]
z0
o
- oz v 4
120
100
a0 -
] =0
=
40 -]
z0

o -

EE 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

- -

Figure 4.6: Capacitors (C, andc,) voltage waveforms for two-level DC-DC MBC

The average inductor voltages are always constant for all levels as explained in chapter

three its value over the time period DT =5,S and (1- D)T =54S based on the specifications
stated in Table 1.2, to give a voltages ofv, =50v andVv, =-50v respectively. The average
value of the inductor’s input current also will be 1, =8A using the equation 3.7. Therefore,

the waveforms of the voltage and current of the inductor shown in Figure 4.7, confirms the

validity of the above calculations.

DC-DC two lewvel boost conwerter woltage and current wawe forms of the inductor —
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Figure 4.7: Inductor voltage and current waveforms for two-level DC-DC MBC
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As specified in Table 4.2 the voltage across the switch using the given equation 3.38 in the

time interval (1- D)T =5uS will be equal tov, =100v . Also, the voltage of the switch in the
first half cycle DT =548 is zero. The voltage wave form of the switch is shown in Figure
4.7, which confirms that the simulation results are the same as the direct calculations.

DC_DC two-lewel boost converter switch voltage =

120

100

80 +

80 o

s

40 |

20 +

o

time(=k g0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.50 1.00

b L

Figure 4.8: Switch voltage waveform for dual-level DC-DC step-up converter

4.2.3 Verification of the results obtained for three-level DC-DC boost converter

Table 4.3: Parameters of the three-level DC-DC hoost converter

Parameters Values
Voltage Source(V,) 50V
Inductance(L) 1.33mH
Duty cycle(D) 0.5
Capacitance(c,,C,,C,,C; andC; ) 100uF
Load Resistance(R) 100Q
Switching frequency( f ) 100 kHz

Equations 3.43 and 3.5 are used to evaluate the average values of the output voltage

V, =300V and the output current I, =3Aof the converter. The simulation solutions drawn in

Figure 4.8 verify the accuracy of the obtained formulas to calculate the output voltage and

current of the converter.
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- o L]

a0 o]
300 [
250
200 o
150
100
50
D -

Yo

3.50
3.00 4
2.50
200
1.50
1.00 4
0.50
.00 -

lo

timeis} 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Figure 4.9: Voltage and current output waveforms for three-level DC-DC MBC

The average voltages across the capacitorC,,C,andC, equal toV., =V, =V5 =100V , are

calculated based on the equation 3.42 and the output voltage of the simulated converter is
equal tov, =300v . Further, the capacitor voltage wave forms and simulation results of the

converter shown in Figure 4.9, supports that their voltages are the same and prove the
validity of the expressions.
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Figure 4.10: Capacitor (C, toC,) voltage waveforms for three-level DC-DC MBC

According to the description of section 3.2.1and the parameter values of Table 4.3, the

voltage of the inductor L in the time intervals of DT =5,S and (1- D)T =58 are calculate to
bev, =50v andV, =-50v respectively. The average value of the inductor current with respect
to the equation 3.44 will be 1, =18A. The validity of the above calculations is confirmed by

the wave forms of the voltage and current of the inductor shown in Figure 4.10.
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DC-DC three-lewvel boost conwerter woltage and current waweforms of the inductor =
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Figure 4.11: Inductor voltage and current wave forms for DC-DC three-level MBC

In addition, the voltage stress on the switch in the time period (1-D)T =54S is estimated
equal tov, =100v according to the equation 3.71 and is equal to zero in the time interval
DT =5u4S . The switch voltage wave form provided in Figure 4.11 verifies the accuracy of

the evaluated results.

DC-DC three-lewvel boost converter switch wvolktage waweform =

120 = MSDv] "
100
a0

S0

Vs

40

20

o

timers} 0.00 0.0 0.20 0.20 0.40 0.0 0.60 0.70 0.20 0.90 1.00

-« *

Figure 4.12: Switch voltage waveform of DC-DC three-level boost converter

4.2.4 Estimation of the expressions accuracy for four-level DC-DC boost converter

Table 4.4: Parameters of the four-level incremental DC-DC converter

Parameters Values
Voltage Source(V,) S0V
Inductance(L) 1.33mH
Duty cycle(D) 0.5
Capacitance(c,,C,,C,,C,,C;, ,C; andC; )  100pF
Load Resistance(R) 300Q
Switching frequency( f ) 100 kHz
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The average value of the output voltageV, = 400v and current 1, =1.33A of the converter are
evaluated with respect to the relations 3.75 and 3.5 respectively. These results are agreed
with the simulation results presented in Figure 4.12 to prove the accuracy of the voltage

and current output expressions of the converter.

dc—dc four level boost conwverter —_
-\ [N
400 %

o

3]

=]

=]
T I |

- o [

lo

o0
[
oo

| I |

timels) 0.00 0.10 0.20 0. 30 .40 0.50 0.50 0. 70 0S50 0.90 1.00

Figure 4.13: Voltage and current output waveforms for four-level DC-DC MBC

The average voltages across the capacitorsc,,C,,C, andC, are evaluated according to the
relation 3.74 equal tov,., =V,, =V, =V., =100v , with an output voltage of the simulated
converter is equal tov, =100v . Therefore, the wave forms of the capacitor voltages shown
in Figure 4.13 and the assumption made to the capacitorsc,,C,,C, andC, to be equal,

confirm the validity of the above expressions.
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Figure 4.14: Capacitors (C, toC,) voltage waveforms for DC-DC four-level MBC
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The voltage and current waveforms of the inductor L presented in Figure 4.14 verifies the
accuracy of the analyzed calculations based on the values of Table 4.4. Thus, according to
the working principle of MBC, the value of the average voltages of the inductor are
estimated tov, =50v andv, =-50v in the time intervals of DT =5u4Sand(l-D)T =5uS
respectively. And, from the expression 3.76 the average inductor current which is equal to

the average input current will be evaluated as 1, =10.7A.
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Figure 4.15: Inductor voltage and current waveforms for DC-DC four-level MBC

Furthermore, with respect to the relation 3.95 and the specifications of Table 4.4, the

voltage stress across the switch in the time period (1- D)T =545 will be equal tov, =100v .
Also, in the first half cycle of DT =548 the voltage stress of the switch will be zero. The
simulation voltage wave form of the switch shown in Figure 4 15 verifies the accuracy of

the above calculations.
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Figure 4.16: Switch voltage waveform for four-level DC-DC boost converter
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4.2.5 Validation of the equations for DC-DC dual-level boost converter with CVS

Table 4.5: Specifications for DC-DC dual-level boost converter with CVS

Parameters Values
Voltage Source(V;) 50V
Inductance(L) 1.33mH
Duty cycle(D) 0.5
Capacitance(c,,Candc/,) 100uF
Load Resistance(R) 1002
Switching frequency( f ) 100 kHz

The average values of the output voltage Vv, =200v and the output current 1, =2A of the

converter are assessed using the equations given by 3.114 and 3.5. The precise of the above
calculations is verified by the simulation results and waveforms presented in Figure 4.16.
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Figure 4.17: Voltage and current output waveforms for two-level MBC with CVS

The average voltagesv,, =V, , =100v across the load feeding capacitors C, and C, are
calculated by the same equation 3.3, with an output voltage v, =100v of the simulated

converter. The waveforms shown in Figure 4.17 and the assumptions made to the values

of the capacitors confirm the validity of the analyzed equations.
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DC-DC Z-level boost cowverter with central voltage source YWol and Ve-1 waveforms -
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Figure 4.18: Capacitors (C,andC ,) voltage waveforms for two-level MBC with CVS

According to the given values in Table 4.5 and the concept of MBC, the voltages of the

inductor in the intervals DT =5uS and (1-D)T =54S are evaluated as v, =50v and Vv, =-50v

respectively. Also, from the estimated equation 3.117 the average value of the inductor

current 1, =8Ais calculated. The waveforms of the simulation are shown in Figure 4.18

confirm the accuracy of the estimation.
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Figure 4.19: Inductor voltage and current waveforms for two-level MBC with CVS
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The voltage stress of the converter on the switch in the duration of (1-D)T =5u4S is
calculated as v, =100v with the same equation given by 3.38 and the specifications shown
in Table 4.5. And the voltage stress is zero in the first half cycle atDT =54S. The

verifications of the calculations are illustrated in Figure 4.19.

DC-DC 2-level boost cowverter with central wvoltage source switch wvoltage waweform -
r

L -
120 Vs M
100
20

< &0
40 -
20
0
timeis} g pg R © .40 Y © D80 © 100

Figure 4.20: Switch voltage waveform for two-level MBC with CVS

4.2.6 Verification of the obtained equations for three-level DC-DC MBC with CVS

Table 4.6: Specifications of the three-level DC-DC boost converter with CVS

Components Specifications
Voltage Source(V,) 50V
Inductance(L) 1.33mH

Duty cycle(D) 0.5
Capacitance(c,,,C,,C;,C,andC/,) 100uF

Load Resistance(R) 100Q
Switching frequency( f ) 100 kHz

The equations 3.43 and 3.5 are used to evaluate the average values of the output voltage

and current of the converter exactly as v, =300v and 1, =3A respectively. The waveforms

of the converter presented in Figure 4.20 prove the accuracy of the solutions.
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Figure 4.21: Voltage and current output waveforms of the three-level MBC with CVS

From, the converter’s simulation results an output voltage of\V, =100V is generated, thus the
voltage across the capacitorsc,,C, andC_ are estimate to V., =V, , =V., =100v using the

given expression 3.42. Furthermore, the validity of the assumptions made to the
capacitance value and the above calculations are supported by the waveforms shown in
Figure 4.21.
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Figure 4.22: Voltage waveforms of (C,,C, andcC,) for three-level MBC with CVS
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According to the explanation given in section 3.2.1, the average voltages of the inductor in

the in the time intervals DT =545 and (1-D)T =54S are calculate to get a valuesv, =50v
andv, =-50v . The average value of the inductor current, which is the same as the average
input current, will be estimated 1, =18A using the relation 3.44. The inductor’s voltage and

current waveforms are shown in Figure 4.22 to verify the result.
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Figure 4.23: Inductor voltage and current waveforms for three-level MBC with CVS

Using the equation (1-262) and the values of Table 1.6, the voltage stress on the switch at

(1-D)T =5uS will be calculated to a value ofv, =100v . But, in the time interval DT =548

the switch voltage is zero. The validity of the calculations is confirmed by the waveform

shown in Figure 4.23.
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Figure 4.24: Switch voltage waveform for three-level DC-DC MBC with CVS



CHAPTER 5
CONCLUSIONS AND FUTURE SCOPES

5.1 Conclusion

As the key objective of this research is concerned with the high voltage conversion aspects,
the work is entirely focused on advanced voltage multiplier DC-DC converters for HVDC
/AC grid connected PV sectors via DC-link. The methodology of designing and analysis of
the selected alternative converter was mainly established on the principle of MBC. The
topology was performed by combining the fundamental structure of DC-DC BC with high
voltage boosting capability switched capacitors without altering its principal prototype. In
addition, 2n-—1capacitors, 2n—1 diodes, one inductor and PWM controlled single switch
were integrated to build up the n times MBC. The desired conversion ratio was improved
by providing a multiple output voltages while controlling and regulating the self-voltage
balancing switch capacitors using PWM controlling apparatus. The presented work was
carried out to analyze and implement the modular research according the required number
of voltage levels starting from the simple to the extended higher stages of MBC. Moreover,
the mathematical equation for currents, voltages, boost ration and efficiency were
estimated and the impact of the parasitic loss as well as semiconductor voltage drops on
the boost ratio were also investigated. The converter was simulated to confirm that the
theoretical calculations and experimental solutions were analogue. From the obtained
results and the presented graphs it is shown that the converter operates continuously at a
duty cycle 0.5 with a voltage gain varies from 4.5 to 8 even at higher values of ratio and
also the performed system assures the continuity of input/output current flow for high
voltage areas. In the previous work the conversion ratio was ran from 2.5 until 4.5 at
higher value of duty cycle. Furthermore, the efficiency of this topology was estimated
greater than 99% with a reduced output current and increased output voltage, as a result the
voltage stress on switch as well as the ripples of current and voltage are minimized.
Finally, the voltage gain of the MBC is achieved better with a duty cycle limited to the
desired level of the intended applications, which allows the high power system to work at

very high switching frequency.
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5.2 Future Scopes of the Work

Even though, the contributed work is enough sufficient to implement practically, but there
are several possible future enhancements that can be further developed for this thesis. In
the proposed converter as the number of stages increases the number of capacitors and
diodes also increases, thus in future a major potential achievement is to introduce a MBC
with less number of such semiconductor devices for higher levels. Another essential
improvement is to expand the principle of this work for multilevel inverters with balanced
output voltages and to design a multilevel boost converter with triple inputs that is PV-

panel, full-cell and battery.
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