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ABSTRACT

The world has becpe critical point in termsf energy. The oil, coal or gasoline age will be

over soon. Becauseankind has figured out the energy demand increases day by day. If all
the demand is tried to supply from oil, coal or gasoline, the atmospheric pollution reaches
critical point orlimited minesover in 100 years. Fortunately, mankind has started to turn
towards renewable energy. But the renewable energy sources have caused new problems.
Such as photovoltaic arrays, the production of arnay® high cost. Besides, the efficiency

of arrayschanges between 192¢%. But solar panels can supply energy over the years.

This is unique specifications.

The use of dc to dc converters can intervene in this point. This low efficiency can be
increased by using dc to dc converter to obtain high vatagéigher power. Not only for
this purpose but the dc to dc converters have apéication area.

To achiewe high efficiency, high gain need to bbtained. As aesult the low input can be

reached high voltage or high power to supply the demand of application.

Z-source dc to dc converter is a converter that can boost the input voltagher voltages
by using unique structure to achieve high efficiency and high gais. unique structure

exceedthe limitations and boundaries of classical converters.

This thesis explains-Zource dc to dc converter. Besides, cirstriicturehas been analyzed
and designedAlso, high gain converter has been analyzed. Calculati@omiponents have
been ahieved. Besides, simulation ofsburce dc to dc converter has been achieved in
MATLAB Simulink.

Keywords: Photovoltaic (PV); Renewable energy; DC RC converter; Zsource;
MATBLAB Simulink



¥ZET

D¢nya, enerji l-reseoldtaamya okelkadiit i Retrol , k°©°
-ajeée yakéenda sona erecek. ¢¢enkeg insanl ek, [
var de. Ejer b¢gten talep petr ol mosferilykalilikk © m¢ r d

kriti kuldaskaeeeypyoek s énérl € ol an madenl er yg¢zyeél

yenil enebilir enerjiye dojru yPOolapanetdeyire b a k|
cretiminin y¢sgksek maliyeti veya soldem pane
ol maya baxl adé. Bunun yanénda, panel |l erin
arasénda dejikmekte. Fakat, solar panell er
DC DC <ceviriciler tamda bu nokt ada dan¢g d a h a
ceviricilerdi kull anarak y¢ksek gerilimlere
Sadece bu ama- i-in dejil fakat dc dc cevir
Y¢e¢ksek veri mi ger -ekl ektirebi |l meiesiigerekn, ayr
Sonu- olarak d¢k¢gk gerilime sahip kaynak, |
yé¢ksek g¢gce ulakabilir.

Z kaynakl é (empedans kaynakl &) cevirici, y
eKsiz yapésdaba kvl kdekr add,rdiel iendebi | i r . Bu
ceviricilerin |imitasyon ve sénérlarné axkar
Butezzk aynak dc dc ceviriciyi a-éklamaktader.
ve dizayn edilmiktir. Ayréca y¢hselk elmand m+ ¢

hesapl amal are yapelzhawtnark.l é€ B uWrcusndl oau |- @ivry loin kcta
MATLAB Simulink@ e yapél méxkt ér .

Anahtar kelimeler: yenilenebilir enerji; dc dc cevai; Zkaynak @ c dc ceviri ci ;
kazan-; Nullnk AB S
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CHAPTER 1
INTRODUCTION

In the developing world, the efficiency, stability and cost have came to an impaotatt
especially in technologsection. Because tifie limited energy sources, people have headed

to invent new sources or improve the exist sources. But the invented methods have caused
new problemsResearchers have been focused on to improve, develop ap@#iciency
problems for many year$o reach thdest efficiency and high gaidifferent methods have

been achieved.

1.1Subject: What is the Subject of the Thesis?

Sun is the limitless sources that people can profit by it. But the solar panel pras¢aken

some money. To obtain electrigityhis methods very expensive and the efficiency is very
low such as 1% - 24%. But by usingeme devices that has called MP@Taximum power

point tracking, the efficiency and the gaircan be increasedn voltage level Maximum

power point tracker is the booster that boost the output of photovoltaic array under the
control strategiesMppt can increaséhe solar panel dc voltage using dc to dc converter
topologies. Using this way, lower voltage value camisesiasedio desired voltage level and

can be converted to A(Seyedmahmoudiaet al., 2016)

In terms of structures of the ordinary or common dc to dc topologies have boundaries to
handle perfect efficiencgnd high gainn renewable energy sourcesother any systems

Fang Zheng Peng was offeringnovel unique topology that has an original empedance link

to combine the source and main circuit. This was a z source dc to dc converterséunsiez
topology has presented by him in 2003 and somengahave been published by researchers

since 2003Z-source converter has explained®eng, 2003)

This thesis will explain the-gource dc to dc converter topology that has a unique efficiency,
minimal cost and perfect stabilityVith unique structureinrush currents and harmonic
distortion have been taken down to minimal value. A3® Watt system will be designed
and simulated in following sections. Also filter inductor design will be explained in
following sectionsNot only in mpptbut the zsource topology can be used in all converter

applications (a@c, deac, aedc, dedc). Zsource d¢o dc topology shown inigure 11.

1
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Figure 1.1: Z-source dc to dc converter circuit

It has z shaped two indues and two capacitarthat couple the system to the load and
sourceThe value of capacitors and the value of inductances are equal. Pulse with modulation
(PWM) technique will be used to switch the switches. The output voltage can be set to any
higher valie depend to the duty cycle of the switch. Also depend to the duty cycle, output
can be adapted to buck or boost. This feature sidleezsource topology takes one step

ahead of traditional topologi€éBeng, 2003)

Every chosen parameter is very impottéor the efficiency, stability and cost. Therefore,

the system design and calculations must be done very carefully and simulation tests are
necessary. Theetiailed explanations will be presented following chaptevery step will

be described one by orend also simulation test will be explained using MATLAB
Simulink. Moreovey advantages will be explained following chapters. All operations have

been operated and explained with CCM (continuous conduction mode).

1.2 Objective

To design high gain dc to dc converters, efficiency should be conserved and kept high.
Traditional and classical dc to dc converters cannot achieve this conserved because of their

limitations. New topologies have been introduced many times to exceedité&s#ons.

1 Z-source is the one of the topologies with high gain and high efficiency.

Therefore, the one of the main objective of thesis is the proof of high gain. Thesis

2



will be supported with examples, calculations and simulations to understanding

of z-source.

1 Second objective of the thesis is the comparion of-#®uzce dc to dc converter
with other topologies. With explanations, waveforms graphics, comparisons will

be clearly understandable.

1 Exceeding of classical edc converter limitations

1 Also, illumination of the way to design and understand tseurce for users and
learners is the other objective of the thesis. Thus, people who read this thesis will
be able to learn and desigisaurce dc to dc converter.

1 Calculations will be achievetd chose of component.

1.3Importance: Why isit Important?

Z-source has key advantages to become important topology. Cost, efficiency and size are the

most demanded parameters by users.

In terms of cost, Bource topology has used minimal component foeration. Also
component numbers affect the size of circuit. Minimal component means that the size of
circuit will be smallerIn terms of structure of z source converter has taken important role

of power electronic world. Because of structure z sourcetfi@sed high gain, wide range
cgpability and high efficiency. ie boundaries of classical-dc boost circuit is the barrier

to reach high gain and desired efficiencgaurce is the circuit that has a structure to reach

the objective.Also with the unigie structure, -source can achieve the buck and boost
operations. This specification take the z source one step ahead from other topologies. It can
be achievable wide range applications.

Capability of circuit will be shown in following chapters.



1.4 Literature Review

In literature, there are some papers have been published alsoutce converter (or

invertel). But the most of them are abousaurce inverter. First-gource idea has been
explained by Fang Zheng Peng. In Fang Zheng paper, new topasgbout the traditional
converters boundaries could be exceed with unique impedance network efaheee. It

could be used boost and bumBerationwith same circuit and it could be applied all dc to
ac,actodc,actoacanddctodcconversioms.s t hesi s0s isthispapest ar t i
This thesis inspires same topology and same principle but different power conyeesign

2003)

The other reference was dynamic modeling and analysis@fize converter. It was about
AC signal model and design. The simulation result @xgerimental results were
illuminating. Choice of capacitors and inductors habeen evaluated and some
consideations have been publishédu, Hu, & Xu, 2007)

Shenhas helped understanding ebaurce operation modes and characteristics of the z
source inverte(Shen & Peng, 2008)

Other inspired aper was-ang Zheng Pengame topology has been used in this thesis.
Similar operating principle has been used. It has helped to understanditgtofdc

conversion of source (Fang, 2008).

Sarodehas helped to understand mathematical operations dypargtion of modeSarode

& Kadwane)

Galigekerehas evaluated the continuous conduction mode of P\A8durce converter.
Besides, mathematical approaches has illuminateduitient and voltages on components.
Besides, waveforms were critical po(@aligekere & Kazimierczuk, 2012)

Comparison between other topologies arsbarce topology have been evaluatgden has
compare the zsource inverter with traditional inverteThe importance of-source has
emphasized. Switching device power, passive pmmnts, CPSR and efficiency
comparisons have been achieved. The z source have passed all tests and comparisons
several papensere about Bsource topology surveys and comparison with other topologies



(Shen, Josph, Wang, Peng, & Adams, 200{Qreepratab & Joseph, 2014), (Husev, et al.,
2016), (Mahale & Patil, 2016)

Not only zsource but the other topologies surveys and comparisons have been evaluated
Forouhzesh and Tofoli paperspnisolated high voltage, high gain topologies have been

presentedForouhzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2017), (Forouzesh, Siwakoti,
Gorji, Blaabjerg, & Lehman, 2016), (Tofoli, de Castro pereira, de Paula, & Junior, 2015)

1.5Explanation: What have been Done in Each Chapter

To achieve best performance and intelligibility of thesis, all chapters have been categorizied
simply. Chapters can response all question just by reading. This is very important for
intelligibility of thesis. As a result, audiences can desiggoarce dcd dc converter by
reading all thesis.

In chapter 2, high gain converters have beescribed. In 2.1, the importance of the high

gain has been explained. Some examples have been given about it. Next topic was topologies
that provide high gain. In 2.3, degption of high gain topologies have been explained and
have been given some details about these topologies. Other topic was comparison about
these topologies. Last part of this chapter was advantage ofsth&ce converter. What
doesnakes zsource onestep ahead from other topologies? It has been answered this

question by explaining advantages efaurce dc to dc converter.

In chapter 3, source dc to dc converter has been elabor&ethiled explanation of-z

source has been given. In subsectiond8.dhapter 3, detailed description of converter and
operation have been given to understand it. In 3.2, description of application has been
presented. Next section was about design of converter. In this section, 300 W system has
been designed. The convaarhas designed to convert 12 V to 240 V. In 3.4, inductor design
has been explained to bring ability of design coupled inductor and filter inductor to

audiences.

In chapter 4, simulation results has been sharéb\V\B@onverter has been simulat@tien
their results have been shared. Besides, efficiency calculation has been achieved and

comments have been shared.

Last chapter was about conclusion. Outcome of thesis has been shared.
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CHAPTER 2
HIGH -GAIN DC-DC CONVERTERS

High gain dc to dc converters will be debed in this chapter. Importance of the high gain,
topologies or techniques that provide high gain, descriptions of each topology and techniques
and advantage of thesource converter have been included.

2.1Why is it Important to H ave High Gain?

Such @ motor drivers, renewable energy applications, robotic applications, military
applications, space applications or other special applications have needed to consume high
voltage or high power from limited energy sources. Therefore, Wide power range is

important and necessary for some areas.

Batteries, photovoltaic arrays and wind turbines are the some of the limited sources or low
voltage suppliers. They all need to booster circuit that has high gain to obtain higher voltages.
Especially nowadays, electaic vehicles need high power such asaesls 2017 P10C(
version has a 458w motor poweror sun powered homes, UPSs, different robotic projects

need to consume demanded power. Also in space applications, the power is always limited

because of the sizd gpacecraft. The size has caostllions of dollars.

To obtain high voltage range from limited sources, high gain must be praVidéadi, de

Castro pereira, de Paula, & Junior, 2D15 lot of reasons effects the high gain such as
efficiency, losses, righibpology, right control strategy, right material, right component. One

of the key point is the achievement of high efficiency with right topology. Becaulgssés

is reduced, high efficiency will be provide@ihus, one more step will be taken to redeh t

high gain. Ofcourse, the correct topology has to be chosen and besides the cost should be

keep low.

Structure of zsource has offered to high gain. Voltagengduity cycle waveform shown in

Figure2.1.
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Figure 2.1: Duty cycle waveform of -source dc to dc converter
Figure shows that when duty cycle approach to 0.5 from 0, voltage gain increase
dramatically. Between 0 and 0.5, the topology is in positive region and it means that it is in
boost mode. On the other hand, when the duty cycle approach to 0.5 from 1, voltage gain is
in negative region. It means that the converter is in buck rffealey, 2008)This feature
brings hat the desired voltage candogy value between 0 and infinifyetailed explanations

of waveform and provements will be included in following chapters.
2.2Which Topologiescan Provide High Gain?

Nowadays, dalc converters have wide research area. Topologies are being developed and
improved day by day by researcheAccording to demand of application, topologies varies.
Some of applications demand high voltage or high gain. To apply correct strategy,
categorization should be achieved. High gain topologies can be analyzed in groups.

Categoization of topologies shvan in Fgure2.2
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Figure 2.2: Dc to Dc boost converter topologies (Forouhzesh, Siwakoti, Gorji, Blaabjerg, &
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Lehman, 2017)
switched capacitor (charge pump)
voltage multiplier
switched inductor and voltadit
magnetic coupling

multi-stage/level

In survey of step up dc dc conwend, authors havgrouped the source converter under a

magnetic coupling in some papers. Subgroups of topologies can be shown in following

figures.

voltage
multiplier

voltage
multiplier
rectifier

voltage
multiplier cell

Figure 2.3: Voltage multiplier
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Figure 2.4; Magnetic coupling

multi-
stage/leve
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Figure 2.5: Multi-stage/level

Before the high gain convertartroduces, the conventional dc to dc step up converter will

be explained.



2.2.1Conventional dc to dc step up converter

Supply Load

Figure 2.6: Convetional dc to dc step up converter circuit
The dc to dc boost conster is the converter that converts lower voltage to upper voltage
levels. In boost converter, the input voltage always lower than the output. The boost
converter consistfrom inductor, switch element (transistor, mosfet, igbt), diode, capacitor
and filter elements (depend to design). Capacitor filter or capaaitiurctor filter have added
to circuit for eliminates or reduce the voltage ripple or noises. The step up traditional
converter is the most used converter. Also, the easiest topology to operate it

The main working principle is the switching the switch.

1- When the switch is OFF, the inductor starts to store energy because of the current
behavior.

2- When the switch is ON, while empedannoerease, the current will be decreased.
The magnetic field will be demolished. Thus, the current will be maintained towards
to the load.

When the switch is operated enough freqyettee inductor will not reduce zero and the
voltage of load will higler than input voltage. The pulse hased to switch the switch
element. ON and fstates can be shown in Figure 2.7 aiglife 2.8(de Paula, de Castro
Pereira, de Paula, & Tofoli, 2014 ofoli, de Castro pereira, de Paula, & Junior, 2015)
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Figure 2.7: Conventional step up converter switch ON state

Figure 2.8: Conventional step up converter switch OFF state

Advantages;

1 Simple to operate
1 Simple tounderstand

 Low cost

Disadvantages;

Non isolated
Low efficiency.
Not for high voltage conversion

Noises

== =4 4 4 -

Ripples(Tofoli, de Castro peira, de Paula, & Junior, 2015).
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2.2.2Switched Capacitor

Switched capacitor in other words, charge pump techniqueopsilar between boost
converters. Because, switched capacitor structure hasbdity of integration and
modularity. The charge pump converter trarséapacitive energy only. it is not boost the
voltage via magnetic energy transfer. In literature, eéhame several switched capacitor
topologies. One of the topologies is basic charge p(fepouhzesh, Siwakoti, Gorji,
Blaabjerg, & Lehman, 2037CP is shown in igure2.9a.

~ o
vﬂul
Vi C /7 C
Basic Charge Pump Basic Switched Capacitor

Figure 2.9: Charge pump cirdts (Forouhzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2017)

The working princible of the basic charge pump is switching the switches. When switch 1 is
turned ON, the energy is charged to capacitor 1. When the switch 2 is turned ON, energy of
first capadior is transferred to second capacitor. Thus, the energy has been pumped by first

capacitor to second capacitor.

Second switched capacitor is tpbase swiched capacitor voltage doubf€PVD). TPVD
can be shown ifrigure 2.9 For higher gains, Capacitond connected series to the source
and this connection can double the output vol{&geouhzesh, Siwakoti, Gorji, Blaabjerg,
& Lehman, 201Y.

12



C G
. L
I

I
AN
) I ) | \? \1—\ o 1 i
RN RN I o ’ L O G G J‘VM l[]( G I( G
Vuul "/-I Co Vm
[

& b (1] |

‘\I —

J oI J J Jd o J

Vin

Ladder Dickson Makowski or Fibonacci

Figure 2.10: Improved switched capacitor exampl&®iouzesh, Siwakoti, Gorji, Blaabjerg, &
Lehman, 2016)

The ladder switched captar can be shown in Figure 2.1@ consists of two ladder
capacitos. Different gains can be obtained by changing nodes. On the other hand, the
Di ckson does ntéhtit usesdodea. By driwngachsstage with clock cycle,
charge is transferred between stages from input to o(iouitreloigne, 2010)

Another charge pumb circuit is the Makowski switched capacitor. Number of components
less than the other top@@s. It can be achieved high voltage. Makowski SC also known as
a Fibonacci.

Mak ows ki voltage gain depends to Fibonacci
increased by setting the sequence. Besttiesjoltage gain of Dickson Gihanges lineayl

depend to stages. N*Vin is the output voltage. N is the number of charge pump stages.
Besides, the makowski s voltage gain-increa
step up ability. But it has capacitor voltage stress and switch voltage stpeswld to wide

range(Forouzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2016).

Switched capacitor circuits have some problems. One of these problems is transient of high
current. It effects directly efficiency and power density. The solution is the addling o
inductor. By adding the inductor, the circuit gains 2 advantages, efficient regulation and clear

off current transient.

The last charge pump circuit is the Multilevel Modular Capacitor clamped converter. This
converter can be achieved any demanded wvelgggn in terms of structure. Power losses
has decreased and higher efficiency than the other charge pump ¢ifotals de Castro
pereira, de Paula, & Junior, 2015).
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2.2.4Voltage Multiplier
Voltage multiplier circuits consist of diodes arapacitors. Voltage multiplieese efficient,

simple and low cost. It can be obtained high voltage. There are 2 voltage multiplier circuit

group.

2.2.4.Moltage Multiplier Cell

Voltagemultiplier circuit is simple to adapt any circuits. VMC circuits d@noperated in
high gain applicationf~orouhzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2080me of

voltage multipliercircuits can be shown indgure2.11

A

Cyq

Jo

9%

we) ]

Figure 2.11: Voltage multiplier examples (fFouzesh, Siwakoti, Gorji, Blaabjerg, & Lehman,
2016)

Some of the voltage multiplier cell circuits have only capacitors and diodes. Besides, others
have inductors to increase gain and switches is needed to drive inductors. The voltage gain
of the figued circuits are equal. Hencéjd voltage gain is (1+D)/D). To decrease the
power loss and increase the efficiency, small inductor can be added where the zero current

switching is achieved as shown imgkre 2.11 By adding inductor, circuit becomes more
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efficient. by compromising inductors and capacitors, voltage gain can be incréisedy
compromising the circuits, high voltage gain can be obtgiRetbuhzesh, Siwakoti, Gorji,
Blaabjerg, & Lehman, 2017), (Tofoli, de Castro peraePaula, & Junior, 2015ye Paula,
de Castro Pereira, de Paula, & Tofoli, 2014)

2.2.5Switched inductor and voltage lift

Next topology is the switched inductor and vo#dgt that is widely popular in ddc
converters. In this method, capacitorcisarged to one level. Then the output voltage
increased by the capacitor that charged before. This process is achieved over and over with
including of extra capacitor to increase the voltage level much more. Some of the converters
using this technique su@s SEPIC, cuk converters and zeta converters. To achieve higher
output gainmultistage (n) can be addéebrouzesh, Siwakoti, Gorji, Blaabjerg, & Lehman,
2016), (Forouhzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2017)

-

B
o

Elementary-Lift Cell

D, L,
- Y

~C5
—»— B

B A
| I o—t D; \S[} Dy t—>°

Dy Dy
Pt

J_Cl 1 g ] c,
_NW\LH_ _nrw—\T >

0>

L, D: L, D,
Self-Lift SL Cell Double Self-Lift SL Cell

Figure 2.12: Switched inductor types (Forouzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2016)

Different switched inductor and voltage lift boost topologies can be iseEigure 2.12.
ElementaryLift Cell is the basic switched inductorrogerter. The size of the converter can

be decreased, because of the same inductance of inductors, the inductors can be placed in
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same coreDouble SelLift SL cell is the compromise oélementary VL cell and SL cell

can be shown. This new technique is sbecalled self lift SL cell. Also, in literature there
are more versions such as anaesgwitched inductor, improveattive switched inductor,
hybrid active switched inductoguasi active switched inductor. All versions have different
advantages andisadvantagesAlso, sepic converter will be examined umdke switched
inductor section (Forouzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2016), (Forouhzesh,
Siwakoti, Gorji, Blaabjerg, & Lehman, 2017).

2.2.5.1SEPIC (singleended primary-inductor converter)
Singleended primarynductor converter have abilities to convert input voltage to higher
than, lower than and equal to output voltage. The switch has been controlled by square wave

pwm signal. It operated buddoost converter.

L1

!
§
42

Figure 2.13: Single ended primary inductor circuit
When the switch is ON stateurrent on L1 inductor will increase and current on L2 will
become negative. The switch will be short circuit. The voltage on Cs will nearly edhal t
V1 and voltage on L2 will nearly equal t&/1. Thus, magnitude of current on L2 will
increase depend to C1 energy symold L2 will be stored energiZzhang, 2013)(Erikson,
2001)
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L1

Figure 2.14: SEPIC switch turn ON state

When the switch is OFF state, current on Cs will be equalizied to current on L1, because

inductors can not change instantaneous. Finally, L2 and L1 have delivered the power to the

load.
G D,
L1
g mls M
1 il
= —iLs %Lz Comm R

Figure 2.15: SEPIC switch turn OFF state

Fast, ultrafast diodes should be used. Because of voltage spikes of inductors, switching time

of diodes should be fast.
Advantages;

1 Having noninverted output

9 True shutdown
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Disadvantages

1 Pulsating outputurrent
1 It transfes energy through Cs, and required current handling ability.
1 Difficult to operate(Zhang, 2013), (Erikson, 2001)

2.2.6Magnetic Coupling

The magnetic coupling topology is the widely used converter technique. Magnetic coupling
Is included both nonisolated and isolated converters. One of the benefit is the size of circuit
can be decreased by using coupled inductor which decreases the number Ahaibrer.
benefit is the boost capability. However, the leakage inductance can bedddagnetic
coupling can be dividkin 2 section (Forouhzesh, Siwakoti, Gorji, Blaabjerg, & Lehman,
2017)

a Transformer

b- Coupled inductar

2.2.6.1Transformer
Transformers based converters are very popular in power electronics. It has high gain ability

andthere are 2 types of transformer isolated andisolated.

In isolatedtransformer technique, there are transformer, diodes, switches. It can meet high
gain demandForouzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2016)Figure 2.16 it

can be seen thstructure of isolated transformer.

Switching Device(s) Transformer Rectifier
—i— el
A A’
L ® [
1\"'Illin_--_ | R“’; Vr:.nul
B B’
——0— ——

Figure 2.16: Transformer based topologies (Forouhzesh, Siwakotjj,&baabjerg, & Lehman,
2017)

In Fgure2.17, half bridge and full bridge transformers can be shown.
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Figure 2.17: Half bridge and Full bridge transformers (Forouzesh, Siwakoti, Gorji, Blaabjerg, &
Lehman, 2016)

To purpose of increase the gain or boost factor, many researches has been published which
include zsource dc to dc converters, dual half bridge, dual active bridge. It is important to
consider the take account magnetizing inductance and leakage inductance. Switching losses
can be occurred because of leakage inductance. but it can be suit faitsbing.

Other kind oftransformer is the butin transformer. The difference between isolated and
built in transformer is that the builh transformer uses direct energy transfer to derive non
isolated transforer. it has shown difference indtire 2.18 (Forouhzesh, Siwakoti, Goriji,
Blaabjerg, & Lehman, 2017)

[solated Transformer Built-in Transformer

Figure2181 sol ated and non ésolated transformers (
Lehman, 2017)

Input directly supplyne part oknergy and rest of it transfer energy using voltage multiplier
toincrease gain and efficiency. Imgkre2.18 it has shown several buiht transformers. In
primary side, there are switching links. In secondary side, there are charge pump switched
capaciors. To obtain high gain and dease the transformers turn ratimltage multipliers

have adde@Forouzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2016).
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Voltage Multiplier Module

| L [ TRV
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Figure 2.19: Combine of transformers and voltageiltipliers (Forouhzesh, Siwakoti, Goriji,
Blaabjerg, & Lehman, 2017)
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Figure 2.20: Combine of transformers and coupled inductors (Forouhzesh, Siwakoti, Gorji,
Blaabjerg, & Lehman, 2017)

To increase gaiffiactar, efficiency and performancéhere are two control variant which

include coupled inductor and transfamiurn ratio. It has shown irdure2.20

2.2.6.2Z-source dedc converter

Z-source dc to dc converter can be reviewable undenttatformers and coupled inductor
topologies. Zsource uses empedance network to obtain high gain boost ability. Inrush
currents and harmonics have been taken down to minimal value via unique stAiswre.
z-source circuit is a simple, cheaper and maddlhis spec effects size of the circ{Reng,
2003).
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Figure 2.21: General zsource dc to dc converter circuit
S1is in conduction and S2 is turndfl state. Supply voltage (Vd)ells or battery) supply
energy to the -source capacitors. Simultaneoushsaurce inductors transfer their energy

to the load.

S1 is in nonconduction mode and S2 is ON. Inductor starts to store energy for release it
towards to the loafFang, 2008).

2.2.7 Coupled inductor

Coupled inductors remind the transformers in terms of structures. It has a high gain
capability. It can be used tdstructfalling of diode current. This ability can be achieved by
using leakage inductance. Also coupled inductorsbeamsed to decrease the current ripple
for high gain application§Tofoli, de Castro pereira, de Paula, & Junior, 202830, z-

source converter has been examined under coupled inductor.

In Figure 2.22,the winding turn ratio can be adjustable to achieigh gain. But the EMI
noise can be occurred and effiaggncan be decreased becausealfage stress. Voltage

stress can be arised from leakage inductance
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Figure 2.22: Coupled inductor topology (Foroultstg Siwakoti, Gorji, Blaabjerg, & Lehman,
2017)

These problems can be resolved bigire2.23. to decrease voltage stress, clamp capacitor
has used. This solution is low cost reliable and basic. Another problem is the max Do diode
voltage is very high. Aa result, expensive semiconductors should be used.

,o"Y'Y‘Y" """""""" e . ?"YY‘Y‘\—H ''''''''' » Vost &
L1 De L2 Do
Vit —— |ES =—C¢ ==L ;Ro Vo
L . 2 *

Figure 2.23: Improved coupled inductor
Another coupled inductor based converter is the flyback converters. flyback conearters

suply high gain. But thbecause of leakage inctance is efficiency is reducédorouhzesh,
Siwakoti, Gorji, Blaabjerg, & Lehman, 20117

2.2.7.1Flyback Converter
The flyback converter is the converter that using transformer instead of inductor. The
isolation has been provided bransformer between input and output. The output can be

reached to high voltage using transformer.
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Figure 2.24: Flyback converter
When the S switch is ON stat@put side of the transformer will m®nducted to voltage

source and the input current of transformer will be increased. Transformer will be started to

store energy. The capacitor will be transferred energy to the load.

D |

‘Ti.&. g > +

N1 N2 c |
Vg J T LOAD | y

Figure 2.25: Flyback caverter switch turn ON state

When the S switch is OFF state, the input current of transformer will be reduced. The diode
will be forward biasing and current will be flow and capacitor will be started to store energy.
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Figure 2.26: Flyback converter switch turn OFF state

Advantages of flyback converter

1 Isolation between input and output
1 Multiple outputs.

i Low cost

1 High voltage

Disadvantages of flyback converter

1 Lower bandwidth has been required.

1 Turn onand turn off durations is very important for efficier(&rikson, 2001)

2.3 Comparison of Topologies

Every area of electronic world, dc to dc converters are necessary to satisfy dBotnd.
high voltage and low voltage levels, converter topologiesuld be designed to operate
properly and stable. Als@ost is very important for sales. Another important matter is the
efficiency. Becausevery application or every voltage level in brief, all demand needs
specific topology to keep efficiency higheshroughout the thesis, all converter types have
beenresearched andescribed. In the light of this researched, a table appebrddis

chapter, comparison of topologies will be achieved.

If topologies are evaluated dsnensionsswiched capacitoopology is simple technique.
Its light and cheap. Alsat has a small size. Besides switched inductor topology has a lot of
passive components. This brings heavier than switched capacitor. Moreoverstagdti
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needs excessively componemisount of compnents reflect to cost. The cost increases as
the quantity increasedntegration and modularity is also important. According to this
perspective, switched capacitor topology is easy to integrate. Besidesstangdticonveers
have modularity structuréForouzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2016)
(Forouhzesh, Siwakoti, Gorji, Blaabjerg, & Lehman, 2017)

Switched capacitor has inrush currerats the converter is first started to operBeesides

the equivalent series resistances (ESR) is wepprtant for switched capacitors. Besides,

it has fast dynamic response. But it can be applied high gain applications. In voltage
multiplier topologies, voltage stress on components becomes very high. Furthermore, to
achieve high gain, ongtaged o e ®moagh. It requiremore than one stag®espite that
advantage a being a cell. Switched inductor and voltage lift technique can be applied high
gain dedc applicationsneverthless, not suitable for high power applications. Leakage
inductance occurs in magtic coupling topologies. But high efficiency can be achieved. The
couled magnetic design is sensitive. Besides its bulky. It has a wide application area such as
high voltage applications, dc microgrids, telecommunication, bidirectional, regenerative and
space. In last topology mulstage, efficiency can be reduced, as the stages incBRases
reliable and efficient. It can be applied high voltage dc transmission, releesiems.

High power dc supplyForouhzesh, Siwakoti, Gorji, Blaabjerg, & Lehm&017)

2.4 Advantageof the Z-sourceConverter

There are a lot of advantage of theaurce converteAdvanteges of source converter can
be listed.

High efficiency

High gain

High power applications
Buck-boost operations

Can be reached to higlutput voltage
Perfect stability

Low noise

EMI (ElectroMagnetic Interference) does not effesozirce

=4 =4 =4 A4 A4 4 A4 -4

Reduced inrush currents and harmonics
25
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Applicable to all aalc, deac, dedc, acac conversions.
Low cost
Pwm used

Small circuit size
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CHAPTER 3
Z-SOURCEDC TO DC CONVERTER
Empedance source dc to dc converter has described in this chapter. Detailed decription,
description of application, design of the converter, desigh of the inductor and efficiency

analysis will be included.

3.1 Detailed Description of the Converter and Operation

The zsource topology is the converter that converts voltage level to upper or lower levels.

It means that is dc to dc boost converter or buck converter. Z shaped inductors and capacitors
can couple the syste(®arode & KadwaneWhen it does that, it uses unique induetor
capacitor network that has an empedance. Thus, the harmonic distortion and inrush current
have been reduced to minimal valgiang, 2008) Z-source inductors and capacitor have
been chosen same value., 8tey canbe used symmetrical. The inductor voltages and
capacitor voltages will be equalized due to symmetrical propertiethé&woltages will be

following equation.
VL1=VL2=VL and VC1=VC2=VC

Inductorcapacitor (LC) filter used ttake down output voltagépple (Sarode & Kadwane).

Z-souce dc to dc topologghown in kgure3.1

|

CELLS |
| v [l e oo
i

OR BATTERY
&
L2

AN

D1 L1 LO
u YYY YYYY

3|
J
N

Figure 3.1: Schematics design ofsource dc to dc converter
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3.2Description of Application

Working principle of the circuit wilbe explained in 2 working steps. For step 1, D1 is in
conduction and)1is turned off state. Supplyoltage (Vs) €ells or batterysupplyenergy
to the zsource capacitors. Simultaneouslhysaurce inductors transfer their energy to the

load.
Step 1 inteval: (1-d)T.
d; duty cycle

T; switching cycle, period.

=+

(?\ Loor1 C1T C2

N
;

L2

Figure 3.2: Z-source LOOP 1 switch turn OFF state (Fang, 2008)

¢

c1 Co LOOP?2 655)

L2

;
4

Figure 3.3: Z-source LOOP 2 switch to OFF state (Fang, 2008)

In this step, ource capacitor and ot voltage can be written aggbre 3.2 and Figure
3.3



LOOP 1;Vc=Vs-V, (3.1)
LOOP 2;Vo=Vc- V(=Vi- Vi - V= Vi-2VL (3.2)

For step 2, D1 is in nonconduction mode and Q1 is ON. Inductor starts to store energy for

release it towards to the load.

Step 2 interval; dT

Figure 3.5: Z-source LOOP 2 turn ON state (Fang, 2008)
As seen on schematics, the path will be;
LOOP 1; Vc=V, (3.3)
LOOP 2; Vo=VeV_.=V_.-V_.=0 (3.4)

The step 2 can also be shown igu¥e 3.6.
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Figure 3.6: Equivalent of step 2

The voltage on inductor in step 2 is;

V.= L (di/dt), in step 2 inductor voltage is equal to the capacitor voltage Vc. So the equation

will be;

Vi =Ve=L1T (di/dt). (3.5)

ip (=1 (OF

I

LotA)
I
0 In( .t

ip () = ig(1)

0 ST v r
v, () —
(D T

0 r

V(£ = v (O
v, ()
29 1) = Vs —1p(0)
0 -
— Ve (O

Figure 3.7: Waveforms of several parameté¢Pekuz, 2010)
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Waveforms of parameters can be shawRgure3.7for each step 2 and step 1, respectively.

And now the new equation can be written as;

Visve= S P (3.6)

dT will be multiplied both side.
dTT Ve= LT (lz-1) (3.7)

In step 1, the time interval is-d)T and inductor voltage is Véc. Then the equation can

be written as;

(1-d)TT (Vs-Ve) = LT (liz-1La) (3.8)

When the inductor voltage complete one period, Taken down to the zero. Sboth

equations will equal to zero.

di Ve =0,

(1-d) T (Vs-Vc) = Vs-dVs-Vc+dVe=0 (3.9)
Now we can sum both equations.

dVc + Vsi dVsi Vc + dVc = 0 lets make common brackets.

(1-d)Vsi (1-2d)Vc = 0, (3.10)
(1-d)Vs = (:2d)Vc,

Then, final equation will be;

p A6 O

ves P CA

(3.11)

If kvl rule is applied to all circuit, the M can be found and Vo relation can be extracted
from it.

p A6 O

Vo= p CA

(3.12)

This equation is the proof of V¢ is equal to Vo. Therefore, this equation shows that the output

voltage can be adjustable from input voltage to infinity.
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Thus, output inductor current ripple andpait capacitor current ripple can be equal to each

other.
DiLo= Dico (3.13)
From equation 3.12ve have reached that the duty cycle is;

61 60
D= C61606 (3.14)

From equatior8.150 obtainDiLo;
ey i) ip . . | .
$ D Vo =-VO -Vo=Vi, from applying KVL to outpit section of
circuit in step 2
Then
Dio= (lLoz-llor) =6 1 A4 i (3.15)
The average value of the output capacitor current;

o= 0 _=voT dT/4Lo (3.16)

IL. can be obtained from state vectors.

_ A pc 60
= 2, P 3¢ (317)

L. can be otained from equation 3.20

ve=r PSP, (3.18)
DiL = lio-ls (3.19)
L = @8 QY 0 (3.20)
Also;

Lo=61 A4 .. (3.21)
And

o= P A 60 2. o 3 (3.22)
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The equations clearlghowthat ripple current of inductor &n important point. The load

dependgto ripple current of inductor.

The voltage of output capacitor Vco is;

Vco = (1/Co)licodt + Veo @t t=0)

After that to calculate output voltage ripple;

DVco = Vcoi Vco(0)

DVco = (1/Co)f(Di Lo/ 4) dt boundaries are fromté T/2
Final ripple equation will be

QU 4

3.3 Designof the Converter

(3.23)

(3.24)

(3.25)

the important parameters of design-aozirce converter are the passive components, duty

cycle and switching frequency. Low frequency means that the passive components will be

increased, and physical dimension of the circuit will increase. On the othdrtbhakeep

low the sizes of passive components, also will decrease the physical dimension of circuit.

Therefore, the frequency should be high, however, the losses will be increased and efficiency

problem will be emerged. The frequency has been chooserH50dt the following

example.
D1 290 UH 1.35 MH
N Y ARE
l % 290uH
=
| = - ! 3
vy e~ ZelE RS : : i [
i ! i
&
290 UH
WM

Figure 3.8: ISIS proteus schematiesource circuit
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In the exampleircuit, 12 V input voltage, 200 V output voltage and 20&utput power

will be provided. The calculationsilwbe dependdto these parameters.
Vs=Vin=12 V

Vo=200 V

Po= 208W

R= 192 Y

f=50 kHz

lLoad=V /R =200/192 =1.0A

To find duty cycle, equatioB.14will be used

d=0.4845 0.49

To find inductor valueof z source network, inductor current ripple e$aurce network
should be calculated. To calculate inductor current ripple-sfuzce network, inductor
current of zsource network should be calculated. The following equation for |

I = A pc 60
L= 2, p ¢3¢
= wp  Pg
pPWCP C*2T8 W
0P ¢
|L T[8I)((p

IL=40.625 A is the-source network inductor current.
The zsource inductor ripple has been assigned to 20%.
Then,

Di_ =8.12 A for 20%.

To find z-source inductor value;

Lz= weE QY 0
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7= CTITTE W TEITITITC

L U q
Lz=241 10%H

To find output inductor value of the circuit, output inductor current ripple of the circuit
should be calculatedlo calculate output inductor current ripple of the circuit, output

inductor current of the circuit should be calculated. The following equatiopofor |

= P A 60

Lo~ 2, p ¢S

= P ™ ® pg

° PWC P ¢ M8 W
ILO:WCG&JT

The final result of the output inductor current will be;
lLo=1.59 A

The output inductor current ripple has been assigned to 20%.
The 20% of the output inductor current ripple is 0.32A
Dio=61 A4

=61 A4

3B €
—CTIT8 BT TITTTI
Lo=G T%,c

Lo=6.125mH is the output inductor value.

Next step is the calculation of capacitor values.
_)JAO 4 -

c=) 26 A (3.26)
Equation 3.26s the capacitance formula of thesaurce network. To find it, lav aridVc
must be calculated.
lav is the average current of z source inductor.

_0¢, ., .
lav=""%6y 0
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Po is the output power.

Vin is the input voltage.
=Qqm
lav g C
lav=17.3A
DVc is the voltage ripple on thesource capacitors. It is 20% percent of Vc.
DVc= 40V
- T T T TT
Cz=P ® L %.[
Cz= 8.65uF

DVco is the voltage ripple on the output capacitor. It is 20% percent of Vc.

300 4
_Wwi p Q Q 4¢
The Co can be written as;
Co= @1 P R 0 4C (3.29)

P 30nédé p ¢Q
3.4 Design of he Inductor

Coupled inductors have wide application area in power electronics especially i#bbokst
operations. It has many advantages such as dectieascircuit dimensiorprovide high
efficiency and fast transients. So the coupled inductor has been usesbtoce inductors.

Coupled inductor design has been described in this section.

3.4.1Coupled inductor design

Coupled inductors can prevent input voltage source get damaged by shoot through state.

Besides, it limits the input current ripple of converter. Besides, it decrease the circuit size

(Zakis, Vinnikov, & Bisenieks, 2011).
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First of all, thenductance and inductor current should be known. The inductance of coupled
inductor have been calculated in 3.3 and current has been calculdtédAfier calculated

the inductance and current, the magnetic core selection should be choosen. Thede are wi
core shapes and sizes in inductor world but EE, EI, L, UU, CC shapes appriapriagsh
power applicationgChan, Cheng, Cheung, & Cheung, 2006)

— . . i
(| i I 7 ¢ N\
Fql l | l
43 i 1 70T
g * - 1 ! I i 12 |
1 i DI
: 5 7 |

Figure 3.9: Core shape and cross sectiof@han, Cheg, Cheung, & Cheung, 2006)

These shapes are also cheaper thamwther shapes because of making of winditakis,
Vinnikov, & Bisenieks, 2011)After choosing the corezalculation of coupled inductor
design will be done using Core geometry, Kg.

Ipk= I,z + 30 c (3.30)

Energy 0 & Ol (3.31)

G

After calculated the energyandling capability, the electrical conditions coefficient Ke

calculates.
Ke=0.145 Pol Bm?1 (10%) (3.32)
Final Kg core geometry coefficient is;

0% Qi "Q
Kg= 5a ) (3.33)

Then, the core can be selected. The table showsraggeometry of cores.
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Table 3.1 ETD coregMcLyman, 1978)

ETD, Ferrite Cores (Ferroxcube)

Part Wicu |Wie |ML | MP | Wa | Ac Wa | Apcm* | Kg At *AL
No. gram | gram | T L A cm? | cm? cm® | cm? | mh/1K
S s cm | cm ¢

ETD- | 126.2 124.0 10.3 11.4 1.62 2.11 | 3.43 7.2453 0.591 107 1909
49

ETD- | 186.9 180.0 11.7 | 12.7 | 1.60 2.80 | 4.50 | 12.612| 1.210 | 133 | 2273
54

ETD- | 237.7 260.0 129 | 13.9 | 141 3.67 | 5.18 | 19.069 | 2.127 | 163 | 2727
59

*This AL value has been normalized for a permeabilityif For a close approximation of A
for other values of permeability, multiply this AL value by the new permeability ingelon. If
the new permeability is 2500, then use 2.5.

After select the core, Current density, J, can be calculated using ¢herackict, Ap, of

selected core.

0% Qi Qo
3= PN s azo w06 (3.34)

To calculate bare wire area, first, rms current should be calculated.
Irms= (IFT ol 222 (3.35)

Aue= O O (3.36)
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Table 3.2 Wire size tabldMcLyman, 1978)

Wire Table
AW Bare Area Resista Heavy Synthetics
G nce
e (10| cir- | &, /em Area Diameter | Turns- | Turns- | Weight
) mil 20 & Per Per
cn?(10 cir-mil cm Inch | ¢ | Inc | cm | Inck? | gmic
9) m| h 2 m
1 2 3 4 5 6 7 8 | 910 11| 12 13
10 | 52.6100 | 10384.0 | 32.7 55.9000 | 11046.00 | 0.2670 | 0.10 | 3.9 | 10 | 11 | 69 0.46800
0 5
11 | 41.6800 | 8226.00 | 41.4 44.5000 | 8798.00 | 0.2380| 0.09 | 44 | 11 |13 | 90 0.37500
4
12 | 33.0800 | 6529.00 | 52.1 35.6400 | 7022.00 | 0.2130| 0.08 | 49 | 12 |17 | 108 | 0.29770
4
13 | 26.2600 | 5184.00 | 65.6 28.3600 | 5610.00 | 0.1900 0.07 | 55|13 |21 | 136 | 0.23670
5
14 | 20.8200 | 4109.00 | 82.8 22.9500 | 4556.00 | 0.1710 0.06 | 6.0 | 15 | 26 | 169 | 0.18790
8
15 | 16.5100 | 3260.00 K 104.3 18.3700 | 3624.00 | 0.1530 | 0.06 | 6.8 | 17 |33 | 211 | 0.14920
0
16 | 13.0700 | 2581.00 | 131.8 14.7300 | 2905.00 | 0.1370 | 0.05 | 7.3 | 19 | 41 | 263 | 0.11840
4

After selection of wire size, effective windows area can be calculated.
Waem=Wal S (3.37)

Now, required information has been gathered to calculate turn number and air gap of core
(McLyman, 1978)

_TARAEE3 ¢ _

N oV

(3.38)

~

0 bw pm 0)"'(06(‘){‘1) (3.39)

'—%ap :(T[8

S2=S= Fill factor.

O= magnetic permeability of air= 1
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&= magnetic Id®nstant= 44bY

3.4.2Example of coupled inductor design.
L=241T1 10°0OH

[L=40 A

Ipk = 40.625 + W Cc=44.685 A

Energy:c thpm T® Y ¢ 0.2399watt-seconds
Ke=0.145 81251 (0.8%) 1 (10%=0.0754

Bmis0.8T

_T 0 WWw _
Kg= T8t X 5 P.7632cn

ETD-54 core can be selected according to Kg.

35 T Oowwp T e p@p T 1189amps/cr

Irms= (40.625+ 8.12)Y?= 41.43 A

Awe=T B % o { §035cn?

AWG=12

Bare, Ave)= 0.03308&n?
Insulated, A= 0.03564cn¥
Waet= 4.5051 0.75= 3.38 crh

_0® P T _ _
N= T8I ¢ qJ—GS(E.Q— 57urns.
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= _ M8 “ ux & pm _ i _
Bap =( Ctpopm ) - P& 7 p6L6T 109=

0.465m.
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CHAPTER 4
SIMULATION AND EXPER IMENTAL RESULTS

Simulation resultsexperimental results, efficiency calculation and comments will be
reviewed. Simulation results will be shown in different graphs and waveforms. Also
MATLAB simulink schematic design and obtaining of waveforms and graphs will be
described.

4.1 Simulation Results

The simulation results will be discussed in this section. The simulation test has achieved in
MATLAB Simulink. To simulate the source dc to dc converter, values of all components
should be calculated before. Alsarrangement of parameters will be explained in this

chapter. The aim of the simulation is explained in matters;

1 The unerstanding of circuit operating principle.

1 Understanding of efficiency.
1 Provement of thealculations.
1 Waveforms of parameters
1 Comparing of calculation results and simulation results.
nh
Diod Series RLC Branch2 Series RLC Branchd
]
. a
JTDCVoHageSource 1 { o 4
! T SefiesRiBeaRnCBrancht Puse  Mosfet SeiesRLCBranchs  Series RLC Branché
] “T Generator T
£
]
a
+ =Jm\'+= +

Series RLC Branch3

Figure 4.1: MATLAB schematics of zsource converter
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Specifications and values of the simulation circuit have been written in tables.

Table 4.1: Design specifications

Value
Input voltage 12V
Output voltage 200 V
Frequency 50 kHz
Duty cycle 0.49
Output power 208W

Table 4.2: Parameters of components

value
Z-source inductor 240 uH
Z-source capacitor 8.65 uF
Output inductor 6.12 mH
Load 192 Y

Schematic design stanp;

All parameters have been chosen from library browser and can be searched by name. To set
capacitor, resistor and inductor, series rlc branch has been chosen from library browser and
to define and set the values, double click has applied to series rithbEaode should &

chosen similar with Figure 4.After the diodehasbeensetto the schematics, double click

has applied to diode to set the values. After blpakameters window is openedlues

should be set as shown ilgtre4.2
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Block Parameters: Diode @

Diode (mask) (link)

Implements a diode in parallel with a series RC snubber circuit.

In on-state the Diode model has an internal resistance (Ron) and
inductance (Lon).

For most applications the internal inductance should be set to zero.
The Diode impedance is infinite in off-state mode.

Farameters

Resistance Ron (Ohms) :
0.001

Inductance Lon (H) :

0

Forward voltage Vf (W) :

0.8

Initial current Ic (A) :

0

Snubber resistance Rs (Ohms) :
300

Snubber capacitance Cs (F) :

250e-9

Show measurement port

[ 0K ][ Cancel ][ Help ] Apply

Figure 4.2: Block parameters of diode

After the complete diode parameters, mosfet have been added to schematics. To set the

parameters of mosfet, double click can be applied to mosfet on schematics.
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Figure 4.3: Block parameters of mosfet switch

Figure4.3 shows us the parameters of mosfet. After placed the components on schematics,

the wiring can be done. Next step of the simulation iptheing of voltageneasurement

and current measurement elements to the schematics. Voltage measurement unit can be
found in simulink library browser as a voltage measurement. Besides current measurement

unit can be found in simulink library browser as a current measureérgn double

clicking, units can be added to circuit. To measure the voltage of any components, paralel
network can be linked to voltage measurement unit. Besides, to measure the current of any
components, series network can be linked to current measuramerBut the adding of
measurement units dondt enough to get wavef

to the measurement units.dpe connection can be shown iigie4.4.
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