v13aroav
VAINVHY "d d43HNZ

d3143ANI 39dld9-47TvH d3asvd
3404dN0OS-Z 40 NOILVTNINIS ANV N9IS3d

6T0C

N3N

DESIGN AND SIMULATION OF Z -SOURCE BASED
HALF -BRIDGE INVERTER

A THESIS SUBMITTED TO THE GRADUATE
SCHOOL OF APPLIED SCIENCES
OF
NEAR EAST UNIVERSITY

By
ZUHER R. KHALIFA ABOJELA

In Partial Fulfilment of the Requirements for
the Degree of Master of Science
in
Electrical and Electronic Engineering

NICOSIA, 2019



DESIGN AND SIMULATION OF Z -SOURCE BASED
HALF -BRIDGE INVERTER

A THESIS SUBMITTED TO THE GRADUATE
SCHOOL OF APPLIED SCIENCES
OF
NEAR EAST UNIVERSITY

By
ZUHER R. KHALIFA ABOJELA

In Partial Fulfilment of the Requirements for
the Degree of Master of Science
in
Electrical and Electronic Engineering

NICOSIA, 2019



ZUHER R.KHALIFA ABOJELA: DESINE AND SIMULATION OF Z -SOURCE
BASED HAFE- BRIDGE INVERTER

Approval of Director of Graduate School of
Applied Sciences

Prof. Dr. Nadire CAVUS

We certify this thesisis satisfactory for the award of the degree of Master of Science
in Electrical and ElectronicEngineering

Examining Committee in Charge:

Asgst. Prof. Dr.Sertan Kaymak Committee ChairmarDepartment of
Electrical and ElectroniEngineering,
NEU

Prof. Dr. Ebrahim Babaei SupervisoyDepartment oElectrical

andComputerEngineeringUniversity
of Tabrizlran

Assgst. Prof. Dr.Parvaneh Esmaili Co-SupervisoyDepartment of
Electrical and ElectroniEngineering,
NEU

Asgst. Prof. Dr. Ali Serener Department of Electrical and Electronic

Engineering, NEU

Asgst. Prof. Dr. LidaEbrahimiVafaei Department of Mechanic&@ngineering,
NEU



| hereby declare that all information in this document has been obtained and presented in
accordance with academic rules and ethamaiduct. | also declare that, as required by
these rules and conduct, | have fully cited and referenced all material and results that are

not original to this work.

Name, Last name&uher R. Khalifa Abojela
Signature:

Date:



ACKNOWLEDGEMENTS

| would like to express my deep and sincere gratitude to my research supervisor, Prof. Dr.
Ebrahim Babaei, Near East University, Northern Cyprus, for giving me the opportunity to
conduct this research by providing invaluable guidance throughout thesgrodes
dynamism, vision, sincerity and motivation have deeply inspired me. He has taught me the
methodology to carry out the research and to present the research works as clearly as
possible. It was a great privilege and honor to work and study undguikiznce. | am
extremely grateful for what he has offered. | would also like to thank him for his

friendship, empathy, and great sense of humor.

| would also like to take the time to thank my friends and family for their immense
contribution, suggestionand moral support. | would also like to thank my examination

committee for taking their time to review my thesis.

| am extremely grateful to my parents for their love, prayers, caring and sacrifices while
educating and preparing me for my future. Alsavill like to express my thanks to my

brothers and sister, for their support and valuable prayers.



my

(
rents
pa



ABSTRACT

Half-bridge inverters are suitable for many power electronics applications due to their
simple struture, ease of control, versatility, and ability to produce high gain and
efficiency. However, in some applications such as electromechanical power supplies for
electroplating products there are special requirements to provide very high voltage gain and
wide range of outputs such as symmetrical and asymmetrical voltages. The use of
conventional hatbridge inverters in such applications is affected by current shocmigh
problem, limited output voltage and unbalance voltage between input capa€hs.
thesis focuses on thenalysisand simulation of a Zource based halfridge inverter to
address the limitations of the conventional IH&hd make it capable for lots more
applications.The equations of currents and voltages of all the compoaeatderive, in

order to find the minimum values of passive components (capsaitdrinductos).

This inverter circuit is built upon the conventional Halidge converter circuit by adding

an impedance LC network known assdurce between the source and the cdakeA
comprehensive description and steady state analysis of the inverter circuits are presented.
In order to complement the theoretical analgsisimulation is conducted on the inverter
circuits using PSCAD/EMTDC package.

The theoretical and simulatigasults show that ginverter circuit can solve the unbalance
midpoint input voltage problem in addition to solving the issues of current-fivooigh

and limited output voltage. It also provides an improved efficiency compared to the two
LC network Zsource halfbridge converter since only one LC network is used here. It also
produces a wide range of output voltage with reduction in component count, size, weight
and costThe inverter can satisfy the special requirements of the electromechanical power

supplies used in electroplating technologies and many more applications.

Keywords Half-bridge nverter Z-source Z-source HB] PSCADEMTDC package
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CHAPTER 1
INTRODUCTION

1.1 Overview

Power converters are frequently used in numerous applications to provide a desired power
supply for many electronic equipment. Popular applications of imgeiteclude in
servomotor derives, renewable power systems, home appliances, office equipment,
telecommunication devices, electrochemical power suppliers and many more. Power
converters gives a regulated output higher than a given unregulated input for boos
converters or lower output for buck inverté¥8en, Deng, Mao, & Batarseh, 200%5)alf-

bridge converters are prominent among the power inverter topologies, this is resulting from
its simple structure, ease of control, ver:
producing high effiency. These features have made them to be widely used in power
electronics applicationgWin, Baba, Hiraki, Tanaka, & Okamoto, 201R)oreover, hal

bridge structures suitable for applications requiringdimamlevel power. HaHbridge de

dc converters are traditionally control using complementary (asymmetric) control and
symmetric control strategies, even though, introduction -esburce network has pave a

way for more flexible and efficient methods hgvénnikov, Chub, & Liivik, 2015)

1 ;

T
Cal
R
T Load }
o —
Vo
—_ S,

T

Figure 1.1: Conventional hatbridge inverte(Zhang et al., 2014)




Despite the aforementioned advantages of the-tmalfe inveters the conventional
topology has the following problems. 1) Current shibobugh problem, 2) Limited
outputvoltage problem, and 3) Unbalance voltage between input capacitors. As shown in
Figurel.l switches of conventional hdtfidge inverters are amnged in serieshe turn on

and off of the switches cannot occur instantaneowasiyinterval occur within whichoth

the switches are turned on and they are said to be operating intlstoamgh mode,
because of the occurrence of shtlobugh heavy cuent flow through the switches which
may destroy them, event ual (Zhao, &, lfeegc& GCGheng t h e
2012) Moreover, stability of the system is affected by unbalance betweencapactitos

that increases stress across semiconductor device and increaseqkpptesShyu, Lin,

& Lai, 2003; Z. Liu, Liu, Duan, & Kang, 2012)

There is a good number of proposed solutions in the literaturehése problems.
Boroyevich et al. invented a protection st to handle the shoot through problem.
However, a special design process is required for the switchest al., 2010) Moreover,

a digital signal processor (DIP) based protection sch@méei, Lan, & Yangguang, 2009)

has been established, but their method considered only adding a control circuit to the
inverter which added cost, complexity and affected the overall system stability. In order to
address the limited outpubltage issue, two strategies have been usedKamli,
Yamamoto, & Abe, 1996)using in parallel between the source and the output section, a
stepup transformer or a boost circuit, the problem of this technique is that because of the
fixed transformer turmatio the converter output voltage is also fixed. Extended power
control algorithm was presented, to take care of the unbalanced voltage of the input
capacitors( Joaqueén, Sant i adAsq hybfid adtiveposver qualilyO 8 )
compensator ah voltage balancer circuit have been introducedTianaka, Ishibashi,
Ishikura, & Hiraki, 2010)and(Win et al., 2012}o solve the unbalanced midpoint issue.

In 2003 PendPeng, 2003)nvented an impedance sourcevarter known as fetwork
based inverter. ZSI has brought about a change that resolves many of the limitations of

conventional currertource and voltageonverters.



Figure1.2 shows a Bdource based half r i dge i nverter-networkwie gr at it
traditional HB inverter(Loh, Gao, Blaabjerg, Feng, & Soon, 2008jnce two input

capacitors served as-douces in the circuit, and one-sburce should be coupled with

each input source, two impedancesaurce network are required in this topology as

shown.

D A Z-network

St aaa'
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™ i
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l"d = ‘;.:.......‘.'.".......--‘ L()i_ld
—>
”0

L. s£}

Figure 1.2: Z-source haHloridge converter with two -Aetworks(Loh et al., 2007)

Both problems of output ac voltage limitation and current stlwobugh could be
alleviated by using etwork based halbridge inverter. Nevertheless, additional circuits
are introduced by using twbC networks, thereby increasing size, cost plus weight.
Furthermore, for applications like electrochemical power supply, were several waveforms
of different shapes with wider range of output voltage are necessary, the rangewt&

inverter can not sesfy such special requirements.

This thesis presents an improved version-gbxrce basebalf-bridge inverter where only

one impedance network is used. This new inverter is capable of solving the unbalance
between input capacitors in addition to solyiie issues of output voltage limitation and
current shoathrough. Moreover, this inverter topology provides an improved efficiency

compared to the twbaC network Zsource haHoridge inverter.



1.2 Thesis Objectives and Significance

The main objective of tBithesis is to analyse and simulate-aofirce based halfridge
inverter. PSCAD software used for simulation, support theoretical result. This inverter
differs from conventional HB inverter, and tvi@ network Zsource based halfridge
inverters from sese that only one LC network is used. The inverter under study resolve
solving the unbalance between input capacitors, issues of output voltage limitation and
current shoothroughsufferd by conventional HB inverters. When compared to other Z
source invedrs it provided much broader output voltage range with reduction in
component count, size, weight, cost and efficiency. It can satisfy the special needs of
electrochemical power supplies usedeiectroplating products which requires a broad
range of outpts, with different waveforms including sawoth, square, step waves and

recurrent pulses.

1.3 Scope and Limitations

For simplicity the analysis considered ideal components conditions and ignored
freewheeling diodes in switches. The thesis is limited to stmoualanly, no prototype or
experimental results are presented.

1.4 Structure of Thesis

Chapter 1: This chapter gives a general background on the thesis topic including the

problem description, motivation and objectives.

Chapter 2: Provides a comprehengie@ew on conventional, sefiwitching and Zsource

based hatbridge inverters proposed in literature.

Chapter 3: Presents the power circuit description, mathematical analysis, equivalent

circuits, converter operational modes and simulation results.

Chagper 4: Conclusion and recommendation



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The function of power electronics converter is to condition electricalep taken from a

power source to the form suitable for user loads, and therefore serves as an interface
between user loads and the source. Depending on the type of input and output (alternative
current (ac) or direct current (dc)) they operate on, podesttrenics convertes are
classified into a@c, aedc, deac and dalc converters. Power electronics converters, that

converts a dc input source into an ac output are referred to as inverters.

Power inverter circuits are construct are often constructegitlasr fultbridge or hakl

bridge depending on the number of switches uBatk-bridgeinvertess operates with four
transistor switches for input signal, and there is also simultaneous conduction of the two
switches and simultaneous cutting of the othé& makessignal processing full-bridge
inverters complex and cumberson@n the other hand, haliridge inverter circuits utilize

just two switches for input signal, and therefore it operates with one switch conducting
when the other one is ofiin this way, signal processing is easier and sim@ié¢in et al.,

2012)

Half-bridge inverters are prominenhangthe power convertdopologiesthis is resulting

from its simple structure, ease of control
potent for producing high efficieyc These features have made them to be widely used in

power electronics applicatiorfgVin et al., 2012)Moreover half-bridgestructuressuitable

for applications requiring mediwhevel power

Half-bridge inverters are traditionally control using complementary (asymmetric) control
and symmetric control strategies. Conventional -hatlge inverters have three major
problems; because of having their input switches in secigsent shoethrough occurs
which may damage the whole inverter, limitation in the output ac voltage leveh wh
hinders its usage in many applications where high output voltage is a must and finally the
unbalance midpoint input voltage which leads to instability in the inv€Zteang et al.,

2014)



However introductiorof Z-source network has pave a way for more flexible and efficient
methods of inverter design and have offered a solution to this proifiénmskov et al.,
2015)

In line with that, this chapter presents a review of some of the most signtiaifbtidge
inverter topologies existing in the literature. For the purpose of this review, three classes of
half-bridge inverérs are considered; the classical fmifige inverters, the sefiwitched
half-bridge inverters and-gource half bridge inverters as shown in figure 2.1. A number

of articles are reviewed under each category.

Half-bridge
Inverters (HBI)
L
[ 1 ]
™ ™ ™

Classical Haif Softswitch Z-Source HaH
bridge Inverters Half-bridge bridge

(CHBI) Inverters (SHBI Inverters (ZSHI

Figure 2.1: Classification of HaHbridgelnverters
2.2 Classical Halfbridge Inverters (CHBI)

Figure 2.2 shows the circuit diagram of classical-batige inverterwhich comprise of
two transistor switches (IGBTs), a-tloltage source, a load and two input capacitors
Despite the aforementionelvantages of the hdifridge inverters the classical topology
has the following problems. 1) Current shttmtough problem, 2) Limited outpwbltage
problem, and 3) Unbalanceoltage between input capacitaré\s shown in figure 2.2,
switches of conventimal haltbridge inverters are arranged in sertég, turn on and off of
the switches cannot occur instantaneously, interval occur within whichboth the

switches are turned on and they are said to be operating inteh@magh mode.



Because of the ocaence of shoethrough heavy current flow through the switches which

may destroy them, eventual | yZhaofef ad.c20i2ng t h e
Moreover stability of the system is affected lhwbalancebetween inputapacitorsthat

increases stress across semiconductor device and increases(Hpplgset al., 203; Z.

Liu et al., 2012)

1

T
Cai
R
T Load
—

T Can SI_E}

Figure 2.2: Conventional hatbridgeinverter(Zhang et al., 2014)

There is a good number of proposed sohsiin the literature for the above problems.
Boroyevich et al. invented a protection strategy to handle the shoot through probkem.
protectionidea is shown in figure 2.3. To detect the shbobugh problemnbidirectional
switches consisting of relaynal IGBT is inserted in the dc link. Sheibrough problem is
identified in the converteand clearedHowever, a special design process is required for
the switchegLai et al., 2010)

Moreover, a digital signal processor (DIP) based protection sc{i#hmiei et al., 2009has
been established, but their method considered only adding @lccintuit to theinverter

which added cost, complexity and affected the overall system stability.
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Figure 2.3: Protection Circuit proposed {fhai et al., 2010)

In order to address the limited outpuditage issue, two strategies have been used in
(Kamli et al., 1995 using in parallel between the source and the output section,-apstep
transformer or a boost circuit, the problem of this technique is that because of the fixed

transformer turfratio the inverter output voltage is also fixed.

Extended power contra@llgorithm was presented, to take care of the unbalanced voltage of
the input capacitors, i J o a qu € n ant shawn in figur2 R.42 B8I30 hybrid active
power quality compensator and voltage balancer circuit have been also introduced in

(Tanaka et al., 201@ solve the unbalanced miipt issue of the input capacitors.
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Figure 2.4: Neutral point clamped (NPGJ-source inverte( J oaquén et al



2.3 Soft Switching of HBC

Hard change is opposed to progressive change. When we produce software switching
circuits, we start with a hardware swiiog circuit, and then add circuits (power
components) to make it flexible. Flexible support for smooth voltage / current transitions
when switching. Under the "difficult change" it simply means that a special diet is not
added to smooth the pattern. Thhi@we smooth transitions, the basic principle of all soft
switching methods is the switching of zero voltage and zero current in the main switching
devices. At high switching frequency, soft switching technologies (ZVS or ZCS) are used
to achieve good pasfmance and lower switching voltage. When switching with zero
voltage (ZVS), the voltage on the device is zero just before switching it on. On the other
hand, at zero current switching (ZCS), the current flowing through the device is zero just
before the atput. Figures & (a) and (b) illustrate the switching paths of the ZVS and
ZCS.

s

I

assisted Turn-on

>
ZV'S Turn-on Vp % ZCS Turn-off ~ Vp Us
(a) ZVS Trajectory (b) ZCS Trajectory

Figure 2.5: Switching trajectory of ZVS and ZC8leelamet, al 201)

The switching or dynamic behavior gbwer semiconductor devices attracts the most
attention from the fastest due to several reasons: optimal unity, power dissipation,
electromagnetic and radi frequency interference problems and switching support
networks. Changing software is another opportunity to reduce losses in electronic circuit
breakers. In fact, the operation of electronic power switches in ZVS (zero voltage) or ZCS
(zerocurrentymodes cal l ed fAsoft switchingo. Softwal
are of great interest for power switching applications. for-pigiver IGBT applications,

preferably strong MOSFETS, with much higher conductivity lasgks Figure 27 shows



the cirait diagram of soft switching and the salient element is the nonlinear reactor, shown

enclosed in a bowith constant secondary bias current

¥
'C:_E"I'
nonlinear reactor, v, ;1
5 | L.
—T ] r | I
— . [ " i
L CTTSRETITS N ——>-
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Figure 2.6: Soft switching circuit diagrarfAl-Saffar, Ismail, & Sabzali, 2013)

2.4 Z-Source Inverters

As there exist two traditional converters which are voltage source and current source
converters. But these converters have the following common probieeysare either a
boost or a buck converter and cannot be a {nadst converter. That is, their obtainable
output voltage range is limited to either greater or smaller than the input voltage, their main
circuits cannot be interchangeable. In other wordsther the Vsource converter main
circuit can be used for thesburce converter and nor vice versa and they are vulnerable to
EMI noise in terms of reliability.

To solve the aforementiongoroblems related withthe traditional voltage source and
voltage source converteran impedance source power conveféiSource converters
introduced in(Peng, 2003)after the introduction of the-Zource inverter (ZSI) various
topologies have been introduced by modifying and utilizing this ¢ir€his includeacto-

dc, deto-ac, deto-dc and acto-ac, converter operations, as well as folidge and half

bridge conversions
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The ZSlhas interesting and unique properties like shsgiggye conversion, high voltage
gainsandbuck-boostcapability It uses a specially designédd 0 Qo 0 #oi caple the
inverter source to the main inverter circuit abdost the input voltageThis greatly
enhance the reliability of the inverter and make it suitable for many applicddanyg.ZSI
structures have been discussed in liteggllabban & AbuRub, 2016)

Figure 27 shows the basic circuit of Z&nverter This circuit comprises of a dc source or
load which may be a curresburce or vltagesource or loads. the source is connected to
the main circ-8htapeédrQouwdgdipreide thé Mpedance source.

This dc network contains capacit@rsandd along with two inductor$ rand0 8

DC (voltage or

curtent) Source | 7 Source ‘Congrerter
orfoad | L Inverter
‘ |
+’.
Bon() .

‘ To (DC or
[ AC) Load
or oource

J( = A switch or a combination of switching device(s) and/or diode(s)

Figure 2.7: General Structure of ZS Conver{&llabban & AbuRub, 2016)

For instancethe dcinput source may be a fuel cell, thyristmnverter as a source, diode
rectifier, battery source, a capacitor or inductor or any of their combin&®ieries or
anti-paallel combination of switches and diodes can be used as shoguire 2.8 and

Figure 2.9 respectively.
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DC (voltage or | Z Source 3-phase
current) Source I Inverter
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|

@or(®D —

4To AC Load

or Motor
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Figure 2.8: ZS convertemwith anti-parallel combination of diodeand switcheAbu-Rub

et al 2016)
DC (voltage or Z Source 3-phase
current) Source L, Inverter

yTo AC Load
or Moto_r__

@orD

Yy

111

TT

Figure 2.9: ZS convertemwith anti-parallel combination of diodeand switchegEllabban
& Abu-Rub, 2016)

Nevertheless, above ZSI circuits have some shortcomings and challenges. Such as high
starting current inrush, inability to handle heavy load, input current discontinuity, power
flow in one direction, reduced effency, to mention someTherefore, numerous
improvements have been proposed in the literature to alleviate these shortcomings of

classical ZS converter topology.

To cite some examples;igure 2.10 Shows an improved version of ZSI obtained by

modifying classical ZSI structure. In this topology the connections of the input diodes are

12



reversed and then interchange their location with the inverter bridge.number of
components used is equal to those in classical ZSI strudtuselved the problem of
current inrush while maintaining the voltage conversion gain. It also significantly
decreases the voltage strégs Tang, Shaojun Xie, Chaohua Zhang, & Zegang2009)
Lower current inrush and voltage stress is also achievéd/@, Tang, & Xie, 2010pby

connecting the impedance networks in cascade.

To ac load
or motor |y 3 |

Figure 2.10:Improved ZSl(Wei et al., 2010)

Another modification of the ZSI isrgsented in(Y. Liu, Abu-Rub, & Ge, 2014) This
convert aguastASh(RISEOds shibwn inFigure 2.11, it hagliscontinuous input
current,and hence provide numerous advantages compared with classical ZSI structure.
This include less noise since common earthing is use for input and-ktiné,cend reduces

the ratings of the impedance network cam@nts. Further modification based on similar
passion is presented fAnderson & Peng, 200&nd(Ge et al., 2013as shown irFigure
2.12.Here, ontinuouscurrent is used in the input and it provides an additional advantage

of reduced stress in the source.

13
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Figure 2.12 QZSI with continuous input curre(®e et al., 2013)

Figure 2. 1 uasiresdnantv sofswatching Zsource inverter (QRSSZ9)
designed to achieve a soft switching in ZSI. The circuit is predy adding diquast
resonart circuit with a singlecomplementargwitchto a clasgal ZSI structureWith this
topology zero voltage switching (ZVS) is achieved for all the inverter bridge switches. Due

to the softswitching higher efficiency is attaingddhu, Chen, Lee, & Tsutomu, 2012)
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Figure 2.13:Quastresonansoftswitching S| (Zhu € al., 2012)
2.4.1 Zsource Halfbridge Inverter

There is agood number of proposed invertepologies produced byntegratingP e n g-0 s Z
network with traditional half-bridge nverter By using this technology -Zource based

half-bridge converters are @ihed.

In (Zhao et al., 2012¥haoet al presented rew Z-source based switched-dc converter
with isolation transformerTwo Z-networks are used to connect the input source to the
main converter and the load to the main converter cirthis converter topology is shown

in Figure 214, a high frequency transformer (HFT) is used to provide an isolation. It is
composed of two halbridge converters one in the primary part and the other in the
secondary of the HFT. Two-#etworks are used, one tonnect the input source to the

main converter and the second one to connect the load to the main converter circuit.

In comparison with classical (B this topology provides a better voltage regulation, can
operate on both voltage and current dc souBesause of the isolation there is increase in
efficiency. Furthermore, the presence of impedance network makes the converter more
reliable, since it can handle the problem of current shoot through which limits the

reliability of conventional halbridge onverter.

15
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Forward Power Flow VlT
M

Switched Switched
Z-source Network Reverse Power Flow Z-source Network

Figure 2.14:SZSIB dedc convertefZhao et al., 2012)

Figure 2.15 shows a-Zource based halfridge inverter, formed by integratiiye n g-0 s Z
networkwith traditionalHB inverter(Loh et al., 2007)Since two input capacitors served
as desources in the circuit, and onesdurce should be coupled with each input source,

two impedance Aource network are requir@dthis topology.

D; A Z-network

et STV
T
C“
R
Vo= S Toad
>

Vo

ok SEE}

[

Figure 2.15: Z-source hahbridge converter with two etworks(Loh et al., 2007)

Both problems of output ac voltage limitation and current shtwough could be
alleviated by using Zetwork based halfridge nverter. Nevertheless, additional circuits
are introduced by using two LC networks, thereby increasing size, cost plus weight.

Furthermore, for applications like electrochemical power supply, were several waveforms

16



of different shapes with wider range aftput voltage are necessary, the range-ebdrce

inverter cannot satisfy such special requirements.

Baleei et al (Babaei, Asl, & Babayi, 2016present and analysed a unique +oaiéige
inverter circuitshown in Figure 2.16, this convertemploys active circuit components
instead of passive, replacing the inductors and capacitors with switathesoaes. When
compared with the inverter ifLoh et al., 2007}his inverter provides a decrease in size,

weight and significantly reduced the cost.

Furthermorethe new inverterdpology has the advantage of creating zero outpliage

level. It provides a higher voltage gain compared to traditional counterpart; it possesses the
capability of removing short circuit issues associated with the inverterAlegptailed
analysis of tlk inverter circuit in steadgtate was presented. The experimental and
theoretical results confirmed the significance of this topology. To further ascertain the

advantages a comparison was made with classical inverter types.

Figure 2.16: Power circuit 6the proposed invertéBabaei et al., 2016)

An improved version of Zource based Habiridge inverter where only onenpedance
network is used is also proposé&thang et al., 2014)This new inverter is capable of
solving the unbalance between input capacitors in additicolving the issues of output
voltage limitation and current shethftrough. Moreover, this inverter topology provides an

improved efficiency compared to the tk€ network Zsource haHbridge inverter.
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The circuit arrangement of thieverter circuit is depictedin Figure 2.17 As shown
traditional half-bridge inverter consisting two switcheS8Y and “Y, a diode’O and two
capacitorsd and® is combined withan impedanc® Onetwork comprising inductors
0 and 0 , and capacitor® and 0 . The additional Zsource circuit is to protect the
inverter dc sourcéom current flow back. The inductors used in theatirce are to handle

the inverter shoethrough currents.

Figure 2.17: ZSI with single Znetwork(Zhanget al., 2014)

This inverter differs fromconventional HB inverter, anvo-LC network Zsourcebased
half-bridge nvertes from sense that only one LC network is used. The inverter resolves
the unbalance between input capacitors, issues of output e/ditagation and current
shootthroughsuffered by conventional HB inverters. When compared to otksyurce
inverters it provided much broader output voltage range with reduction in component
count, size, weight, cost and efficiency. It can satisfy pgezigal needs of electrochemical
power supplies used ielectroplating products which requires a broad range of outputs,

with different waveforms including sateoth, square, step waves and recurrent pulses.

Further attempt is made Bgumar and Veeracharyto handle the deficiencies associated
with two-Z-network inverters.They present a improved version of ZSHB converter
suitable for applications whelgoad range of outputs, with different waveforms including

sawtooth, square, step waves and recurrensgsjl and variation in output voltagee
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required. In comparison to conventional type, this topology provides a significant decrease

in voltage stress across the capacitor and the switch

In terms of circuit structure this converter circuit as showRigure 2.8 It interchanged
the connection between the load and the impedance network contrary to the arrangement in
traditional ZSHBC(Kumar & Veerachary, 2017)

,_> |J +—> (Y YY) _
1 S_1|ﬂ o o L ic:
Cai
+ R ig
Vo __’VV\"_{(_-
- v,

Figure 2.18: Z-source haHbridge converte(Kumar & Veerachary, 2017)

In a similar manner, a differentZour ce based i nv eHigh¥oitagest r uct
Gain HalfBridge ZSource Inverter WithLow/ ol t age St r e dssntradmcedCa p a c i
in (Babaei & Asl, 2017)In this topology only one-network (LC network) is employed.

The circuit arrangment for this inverter is depicted kigure 219 As shown, the circuit
consist of traditionahalf-bridge inverterconsisting two switched and™Y, two diodesO
andO , two inductors) and0 , and capacitor6 and0 . A dc-voltage source and a load.
The additional Zsource circuit is to protect the inverter dc source from current flow back.
The inductors used in thesburce handles the inverter shttmtough currents(Babaei &

Asl, 2017)

Contrary to traditional halbridge inverter, this inverter circuit is capable of producing
zero outpwvoltage level. It can as well provide a heg stabilized outpwioltage with
different range. It can work with nominal capacitor voltage rating with decrease stress and
cost. Using mathematical analysis technique and experimental analysis are carried out to

validated the performance. For the asayin steady state two operation modes are
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consider ed based on t he di odeds states;

operation modes.

To provide more reduction in weight, size and cost while increasing the voltage conversion
gains, the impedaecnetworks are connected in series. A correlation analysis between this

inverter and previous one shows the exceptional performance of this inverter.

Figure 2.19: Power circuit of the proposed topolo(Babaei & Asl, 2017)
2.4.2 Application of ZSHBI

Classical haHbridge inverters and-detwork HBI have many applications in several areas
(Jangwanitlert & Sanaj, 2007; Lee et al., 2011, Silvestre, Pedro, & Quinta, 2008; Wu, Sun,
Zhu, & Xing, 2016; Zhilei et al., 2009)o stress the importance of combining classical
HBI with Z-network, a detailed disission on potential application of ZSHBI in eleetro

chemical power supply conversion system is discussed in thisestion.

A potential application where the use of ZSHBI is necessary is elgdo&mical power
system, because of its special requirememtd characteristics. This power supply is
required to produce a variety of output voltage waveforms, such as variable negative or

positive outpwvoltages with varied rate ratios among the positive and negative voltages.

20
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To realize thisengineers haveotincorporate many series saiocuits with complicated

control strategies to create averlapping waveformwith multiple output voltages.
Neverthel ess, using these -voltagalstabilizationaahd appr
control is cumbersome, drthe additional subircuits used results in an increased in cost,

size, components power losses, and the structure become bulky and leads to system

instability.

One of the popular examples of eleetttemical supply system is electroplating
technology Figure 220 shows the basic diagram representing the principle of operation of
electroplating process. This process works based on redox reaction (transfer of electrons),
as shown the process consist ofvittage source, a solution and opposite charged
electrodes. The aim is to force the metal ions to smoothly and evenly cover the negative (
ve) electrode surface. Unfortunately, direction of the dc source and current density have to
be adjusted occasionally. In order to achieve that complex designs airedetppending

on the processes and produgts'Y, PuZhiyuan, LingZhiyuan, & Yin, 2009)

The continues increase in applications that requires elelstmicalbased power supplies

has made the demand on the electroplating product to increase exponéitiakyer, the
recentadvances in the design and implementation-aeEvork based inverter circuit have
responded well and the existing circuits discussed here can satisfy the special needs of
electrochemical power supplies usedeiectroplating products which requires a loroa
range of outputs, with different waveforms including g¢aath, square, step waves and

recurrent pulses.

ol e

Figure 2.20: Diagram of electroplatinHuY et al., 2009)
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2.5 Comparison between Conventional, Soft Switching and-ZSource Half Bridge

Converter

The comparison of proposed converter with ZSHBC is presented in this section. The
proposed converter has load voltage equal to ZSHBC and lesséf#htBZSI, with least
capacitor voltage stress and same switch voltage stress, without any additional component
(Kumar et al., 2017)Table2.1 represents the comparison based on number of components.
The detaileccomparison based on the voltage gain avithge stresacross the switches is
presentedn Table 22.

Table 2.1: Comparison Based onuxhber of Components

_ _ Conventional Soft  Switching
Relationship Z-Source HBC
HBC HBC

Input Voltage V4 Vin V4

Capacitors 2 3 4

Inductors 0 4 2

Diodes 2 2 3

Switches 2 2 2

Table 2.2: Comparison based on voltage gain and VoltagesStacross the switch.

. Soft Switching
Conventional HBC Z-Source HBC
HBC

Voltage p s_ p ¢ O p ©O
Gain ¢e p O p © p cO
Voltage

, W
stress acros w -

€ p

the switch
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2.6 Conclusion

This chapter presented a revi@n conventional half bridge converter. A conventional half
bridge converter is not suitable due to the fact that it is associated with shoot through,
limited voltage problems, ripples (unbalanced midpoint problems}sduece half bridge
converter is propsed to give a solution to these problems. And it shows thetoairze

converter is more stable than the traditional half bridge
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CHAPTER 3
CONVERTER CIRCUIT ANALYSIS AND THE SIMULATION RESULTS

3.1 Introduction

This chapter discussed the circuit ais&d8 and simulation for the-Zource based half
bridge inverte(Zhang et al., 2014 Circuit description of converter and analysis in section
3.2, two case are considered, case 1 and case 2 in which the converter is kirsbagh

and otherwise respectively. To express the converter capability of producing different
output voltage waveforms by controlling the switches duties, two conditions are
exemplified, first to produce a symmetric output voltage and second to produce
asymmetric output voltage. This is followed by a simulation conducted using PSCAD

software.

3.2 System Development and Analysis

This section explains the circuit development, stestdfe opeational analysis, equivalent

circuits and key waveforms of the inverter.

3.2.1 Circuit Development

The circuit arrangement of the inverter circuit is depicted in figure 3.1. As shown,
traditional half-bridge inverterconsisting two switche8Y and Y, a diode O and two
capacitor®d and6 is combined withan impedanc® onetwork comprising inductors

0 and0 , and capacitor® and 6 . The additional Zource circuit is to protect the
inverter dc source from current flovatk. The inductors used in thesBurce are to handle

the converter shodhrough currents.

Figure 3.1: Z-source haHbridge inverter
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3.2.2 Steady State Analysis

Following assumptions and notations are adapted in the analysis:

1)The inverter components operatédeal mode; 2)n theld onetwork, capacitor6 0

and inductors) 0 ; 3) Switching pulseslead time and switches freewheeling diodes
are neglected; 4) Large value of capacitance of the capagitor® ,0 ando . 5) O

and O represent the duty cycles of the switchi&sand "Y respectively. The inverter
operates distinctively in two different cases based on the combination of switches duties:
O O pandO ©O p.

A.Caselifr 8

Here, the cicuit does not operate in the shdltough since the switché€¥ and™Y never
turn on simultaneouslyThe process is exactly the same as in traditionatdnmge
inverter. Depending on the switches states in this case we have three distinthgpera
modes in this case. Switches stafe€® ¢ £ Y O ¢ "Q&rrespond to mode 1, equivalent
circuit for this mode is shown iRigure 3.2 (a). Therein, as indicated by arrows current
flow from sourcediode d>-network™Y, finally flows into souce. During the second mode
which correspond toY © € "QTY © ¢ "Q1he equivalent circuit is shown Figure3.2 (b).
Therein, as indicated by arrows, current flow from the source, via the diode, through the
network, and finally flows back tgource. Similarly, mode 3 occur whéW © ¢ "Q"Q
"Y 0 ¢ ¢ As shown in the equivalent circiitgure3.2 (c), negative voltage appears across
the diode and therefore tuoff. The current flow from source, vi&' , through the switch

"Y, then dxnetwork, finally flows into source again.
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Figure 3.2: Case 'O 'O p equivalent circuits. (a)Y© € ¢ YO € "QQb) "YO
€ QO € QE)YO ¢ QWO ¢ ¢

B.Casell:f 1 P

There are three operational modes in this case, based on the states of the switches over the
period "BMode 1:"YO € £"YO ¢ ¢ mode 2."Y©O ¢ £°Y O ¢ "Q"@nd mode 3'Y ©
€'Q'QY O ¢ &£The equivalent circuits for these modes are shown in fig. 3.3 (a), 3.3(b) and

3.3(c) for model, mode 2 and mode 3, respectively.

For the steady state operation analysi®leb represent the starting of a periead mode
trangtion from model to mode 2 given as0 0 Oc Op p"Y O transition
interval from mode 2 to mode 8, 0O p Oc “Yando “Yis the end of period.

The goal here is to obtain the equation for the owgplibge from every mde.

26



Lzloopff

P

Ry

- F— 1
o= fS— g
—

Vo

()

Figure 3.3: Case IO 'O p equivalent circuits. (anode 1:"YO € ¢"YO € £ (b)
mode 2°Y©O ¢ £"Y O ¢ "Q'@) mode 3°Y O ¢ "QUYO ¢ ¢

Mode 1:6N8 O : This is shown inFigure 3.3(a), YO & £ Y O ¢ hthere are two
loops; loop 1 and loop 2 marked with red and blue colours respectively. Within the loops,
energy is discharged from the capacitorsandd to 0 and0 inductors. Subsequently,
the energy is stored it and 0 and therefore inductor currenf@ and"Q increased.
Accordingly, we have:
0 0
0 0 (3.1)

Whered ) ) ,0 KRQPAT A are the voltages aj ) ,6 hand 6 and currents of

n

0 ) respectively.
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Meanwhile diodef carry negative voltage U 0 @ it therefore turns offThe
capacitord deliver energyd andload'Y , therefored charges whil& discharges.

Considering loo@ © Y © 0 , the inverter output voltage is obtained as
0 U 0 (3.2)

Mode 2:0N o : This is shown inFigure3.3(b),"Y© & £°Y O ¢ "QDhere are two
loops; loop 1 and loop 2 marked with red and blue colours respectively. Within loop 1,
energy is discharged from the sourie and inductord to the capeitor 6 , and therefore

0 increased. Within loop 2, energy is discharged from the sowrcand inductord to

the capacitod , and so that) increasedSubsequently, capacitor deliver energyd

andload'Y , therefored charges whil& dischargesConsidering loop 1 we have
0 ®w U (3.3)
Considering loo@ © Y © 0 , the inverter output voltage is equal to (3.2).

Mode 3:0N o O : This is shownin Figure3.3(c),"Y© ¢ "QTY O ¢ & There are two
loops; loop 1 and loop 2 marked with red and blue colours respectively. Within loop 1,
energy is discharged from the sour@e and inductord to the capacitod , and therefore

U increased. Within loop 2, energy is discharged from the sowrcand inductord to

the capacitoo , and so thatb increasedSubsequently, energy storedinand¢ is
discharged toY , therefored chages whiled dischargesConsidering loop 1 we have

similar equation as in (3.3)
Considering loom © 'O© 6 © 'Y © ¢ |, the inverter output voltage is obtained as

N b0 O (3.4)

Using voltsecond property aj , we have
L Qo 1 (3.5)
Using (3.1) and (3.2) in (3.5)

b Qo. @ 0 Qo (3.6)
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0O O p’y ¢ O O Yo U T (3.7)

Since the impedance network is symmetrich.e. 0 and0 0 equation (3.7) can be

written as
0 0 —w (3.8)
On the other hand, considering the amisa&e characteristics capacitord

Q Qo m (3.9
It is observed from the equivalent circurigure3.3 that
®w U 0

Let the errors of the voltages and v be represented a¥v and YO

respectively. Since the source voltages constant, then
Yo Yo
And it follows that

Furthermore, from the equivalent circuit its apparent that

Subsequently,
q @ . (3.10)

By using (3.6) in (3.5) we got

QO m (3.11)

Using (3.2) and (3.4) in (3.7)
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Q0 — Qo6 ™ (3.12)

—0O0YY —— p OpY ™ (3.13)
Which leads to

0 W OO L (3.14)

To find the inverter positive outpwbltage by considering situation whéYi is on using
equations (3.8) and (3.14) in (3.2) we have

O 0 U 0 —w (3.15)

In the same way to find the inverter negative outmitage we consider situation whén

is on usingequations (3.8) and (3.14) in (3.4) we have

0 0 0 U 0 —w (3.16)

Using equation (3.15) and (3.16), relationship between the switches duties D1, D2 and the
inverter gainb ¢ IS plotted in figure 3.4 (a) and zoomed figure 3.4 (b). It can be observed

from these figure that the voltage gain increases rapidly, this implies that by properly

adjusting the duties D1 and D2 wide outpottage is obtained from this inverter.
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(b)
Figure 3.4:(a) Relationship figure dd1, D2 and” ¢ - (0) Zooming in of (a)

Different outputvoltage such as asymmetric and symmetric, buck and boost, positive and
negative peaks can be obtained by adjusting the duty of the switches D1 and D2.
Moreover, the inverter work as a buo&ost, it wuld work as boost when the gain

0 0 p, and act as a buck whgn 0 p.

Figure 3.5 shows the inverter waveform under case 2 @ph ™ and O¢ T&.

Therein, "'O and"O are the switching voltages foY and"Y, respectively’Q and’Q are
the currents of inductor® and0 , respectively"Q diodeD current; ,0 ,0 , and
0 represent the voltages of capacitors6 , 6 and0 regectively; and finally the

outputvoltage isU . For the conventional inverter the output voltage limit wipn 1@
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andO¢ 1 is indicated as@®w and T@®w and it can be seen that the voltage of the Z

network converter can go beyona thmit.

Gs 1 Adode 1
_l Mode2i Mode3
] § Ll

Vi

Figure 3.5: Waveforms of the zhetwork haltbridge inverter whe1 = 05 andD2 = Q7.

Figure 3.6 shows the converter waveform under case 2Q@pith & and’O¢  T@®. from
the output waveform it can be clearly observed that the output voltaggnsnetric unlike
in Figure 3.5 this prove the assertion that different output voltage waveforms can be

achieved, which is the requirement of applications such as electrochemical supply.
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Figure 3.6: Waveforms of the zhetwork haltbridge inverter whe1 = Q7 andD2 = 05.

The converter efficiency can be express as

P (3.17)

where the output power

b (3.18)

And the input power
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0 w0 (3.19)
‘O is the average input current.
Using (3.18) and3.19) in (3.17), we have

[OXV] [OJV

p
Y
L
w0

[ORV) p OO0
Yoo 'O

Substituting forb ando

(3.20)

3.3 Midpoint Voltage
Considering the equivalent circuits shownhRigure 3.7 (a) and (b); these circuits are

obtained by regarding the inverter input part as a dc voltage source or a dc current source
and the output side of the-netwak as a dc current source, the current of the constant

source is given by;

0 0 — (3.21)
From (3.21)
U 0 . —Q8 (3.22)

Let the maximal fluctuation @i  in this inverter be represented¥s® , using (3.22), one

has

Yo . —Qo 0"Y— (3.23)

Using KVL in the circuits we obtained

oY » o W
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0o ——— (3.24)
And therefore (3.23) become
Yoo ONY—m (3.25)

Taking the ratio of the maximal fluctuation of in this inverterY® to the one in

conventional inverteYoas given in

Yo — o ® (3.26)
We have,

y .

5 Gp TIHT (3.27)

From (3.27) it can be seen that thaldlity can be enhance by proper desigrofwhich

can be done proper selection of theétwork parameters. As shown in the equation the

ratio Yo ¥y, become smaller ifo is positive and approaches zex®w appro&hes the

valueof ® 8

(amode 1Y O & §"YO ¢ "Q (b)mode 1°Y© ¢ "QTY O ¢ &

Figure 3.7: Equivalent circuit of Zsource inverter
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3.4Components Design andimulation Results

This section pesents the simulation result for the inverter, carried out using PSCAD
software. The first stage is components design, to obtain the optimal values of the

impedance network capacitors and inductors.

Thecapacitance of the capacitor is given by theequation
6 — (3.28)

Where' Qo O 'O p “Yis the time when the switch & § and’ Q) is capacitor
voltage ripple which can be express in terms ofalfmvablefluctuation factorw P and

the maximum capacitance rangep,

® ® 0MEYRY ¢ & "QQ (3.29)

W @ 0'MEYRY £ " (3.30

Applying KCL in the equivalent circuits shown in figure 3.3 we get

N Q0 Q 0UMEYRY ¢t ¢

N Q0 Q 0UMEYRY ¢ £ "QQ

N 0 Q 0MEYRY £ Qe (3.31)
And subsequently, from (31) we get

Qr Qp - (332

The range ofv  voltage is determirte by using the equations (3Rand (330), the
maximum voltage for safe opeiat the voltage should be betweep@®U and

¢0  8The voltage rippl&€Y) can therefore be given as

D by (3.33)
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By using equationg3.32) and3.33) along with expression féo in to (3.28)

using the same procedure the capacitance of the cap@acitogiven as

(6] 0 D—ﬁ (3:5)

Similarly, for the inductor designthe inductance of the inductar is given by the

equation
0o — (3.36)

Where' O 'O p "Yis the time when the switch & ¢ andthe inducto ripple
current’QQ can be express in terms of thkowable inductancéluctuation factoraw b

and inductor curren© as
a0 wbkbO (3.37)

Substituting fofO from equation (3.32X0 andw following expression is obtained

n i
)] S (3.38)
Meanwhile
0 0 (3.39)

Wherew is capacitor allowed fluctuationmge,w is inductor allowed fluctuation range
of the inductor,Yis the switching periodQis the desired output current rms value, and

w the maximal rated voltage oOf .

For the purpose of ousimulation the preassigned values tbe allowed capacitor and
inductor fluctuation range> andw are selected to bgb andp t respectively,®
TPw pTmeao pod
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The selected parameters for the simulation are summarized in table 3.1.

Table 3.1:Selected Parameters for Simulation

® T g

0 0 ptmtoO

6 6 6Q 0o T Xm0
Y T Xm

Q L TIQOG

3.4.1 Symmetric output voltage Simulation Result

Fig. 38 shows the simulation result for the inverter symmetrical output voltagere=3@

(a) shows the trigger pulse with for switthwith a duty raticO 1@, andFigure3.8 (b)
shows the switching pulses fewitch™Y with a duty raticO 1, the duties are selected
to be equal to those Figure 3.5 that produces a symmetrical outpihe input voltage is
selected to be equal t ¢p as shown irFigure 3.9 (a). The waveform for the two input
capacitor voltage® anduv  are shown inFigure 3.9 (b) and 310 (a) respectively,
according to these figures, the total voltages of the two capacitors is equal to the value of
source voltage. Fige 3.10 (b) shows the current flowing through the did@gaccording

to this figure, when the switch€g and™Y are simultaneously on, the diode current is zero
and the diode is off, otherwise, the diode current is positive and the diode iswe.3Ed

(@ and 311 (b) show the current flows througlme inductorsO and 0 , Q andQ
respectively. It can be seen that the average valu& ahdQ are equal. The shape of
the voltages of the two capacitads and 6 is shown inFigure 3.12 (a) and 312 (b)

respetively, from these figures the average voltage of the two capacitors peak is
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@ @0 ¢ ddviich is approximately equal to the calculated valug ab ¢ dhealiculated
using equation (3.8)inally, fig. 312 (c¢) shows the output voltage which é¢ensistent
with the theoretical waveform dfigure 3.5. Furthermore, from the figure the positive and
negative output voltages arerand-1 T1volts which is approximately equal to @ € Q

o @volts, calculated using equations (3.15) and (3.16).

"Gt | "Gg2
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Figure3.8:Simulation Result in case of symmetric outga);"Ofy Switch 1 triggering pulses (b)
"0ty Switch 2 triggering pulses

80 {ﬂm | 24050 1ot |
24040
24020
0 24000
02000 02002 02004 02006 02008 020000 020002 020004 020006 020008
@ (b)

Figure 3.9: Simulation Result in case of symmetric output;d@)jrce voltageo (b) input
capacitord voltagev
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Figure 3.10: Simulation Result in case of symmetric output; (a)lmgautacitord voltageb
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Figure 3.11: Simulation Result in case of symmetric outga)0 inductor currentQ (b) 0
inductor currentQ
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Figure 3.12 Simulation Result in case of symmetric outpa); 6 Capacitor voltage (b) 0

Capacitor voltag® (c) Output Wltagew.

3.4.2 Asymmetric output voltage Simulation Result

Figure 3.13 shows the simulation result for the inverter asymmetric output voltagereFig

3.13 (a) shows the trigger pulse with for switth with a duty ratioO  1&, andFigure

3.13 (b) shows the switching pulses ®witch™Y with a duty raticO  ™®, the duties are
selected to be equal to those in fig. 3.6 that produces asymmetrical othpuinput
voltage is selected to be equalttadp as shown irFigure 3.14 (a). The waveform for the

two input capacitor voltage8 anduv  are shown inFigure 314 (b) and 315 (a)
respectively, similarly the algebraic sum of voltages from the two capacitors is equal to the
value of the source voltage. kg 3.15 (b) shows the current flowing through the dio@e

also according to this figure, when the switchéand"Y are simultaneously on, the diode
current is zero and the diode is off, otherwise, the diode current is positive and the diode is

on. Figure3.16 (a) and 316 (b) show the current flows through the inductorsaando , Q
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and ‘Q respectively. It can also be observed that the average valu@s ahd‘Q are
equal. The shape of the voltages of the two capadtorandd is shown inFigure3.17

(a) and 317 (b) respectively, from theskgures the average voltage of the two capacitors
peak is@ @V ¢ dawhich is approximately equal to the calculated valuepab € o i
calculated using equation.83. Finally, Figure3.17 (c) shows the output voltage which is
consistent with the theoretical waveform Fifjure 3.6. Furthermore, from the figure the
positive and negative output voltages gr&®o and -u & volts which is approximately

equal tog 1 &€ Qu qvolts, calculated using equations (3.15) and (3.16).

@ (b)

Figure 3.13:Simulation Result in case afymmetric output{a) "Ofy Switch 1 triggering pulses (b)
‘O Switch 2 triggering pulses

@ (b)

Figure 3.14: Simulation Result in case of asymmebutput; (a)source voltageo (b) input
capacitord voltagev
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