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Rezumat

Prezenta tezt de abil i-D@Arehi ti @a ma idd taApkl i"cCao'Hiv
ofert o analizt cuprinzttoare a contribu™iilo
special “n domenb@Gl convertoarelor DC

Cncep®©nd cu un rezumat ato©t “n | i mhasianmerk
acercettrilor efectuate ~ nprceazpirnitibkcs pudi iel d und
ale converD@®aMHiel ot adDICfi carea | or, acoperind
t opol ogiSie fheirbkr iod ea.n atliipzuktr ¢ dt dotrddalileadHieu aa bl i ni i nd
conf i gurcao'HuUitl4dBiI° edbe™Mi neepeéaconver si.i de energi e
Esteatti anahakompar at ideto nar etra-p@lreeg iDsCt e@hdu i der
seimitbtrilenHcadempmhbhunEnhhdesa ce priveHte r ar
static d,e scoolniieirtgtivent rl el de component e. Capi't
motivaH a pentru dezvoltarea de noi familidi
poten™H ale comparativ cu model el e conven'Hi ona
sinaemnbil or convertoare hibride multifaz

Pardwagrae utteazzeei de abilitare este prezentatt
“n revistt a realiztrilor “n domeni ul Ht i i n "Hi
doctorat. Lucrarea se concentreazdbcper xte,r cé e
contripboipluislee n ceea ce pri v Kt e nedpaled i idlee ¢
apli aaz'dlisitloe a .

Tematica cercettrii HtiinH fice a fost ~“mptr

1. Dezvoltarea de noi f-a@) | ipiropen@ndnvieop olac
i novat oarreesacndament ul elHt Sper f onmaon®™Huse mai mu |
convertoar e, printere BépeBRoEsHe r tLauki et eaBa cdi
acestea fiind mbuneocepluiHi pe odbivieerrsiitae pauptleircia "Hi in.
Unel e dintre aceste convert oarte édieisietiteiazit d \0:
de maompgentru a reduce piserndetiezar ®lni a.  ®Hbuat e
pentr generarea acestor noi topol ogi i de coi
mod el i mat emati ce riguroase, simulitri de ci
Anal i |l e comparative cu topologiile tradiHi
const d "n cO©Htiguri deoteobétbpmpieurnai simacur s@
Hi ra ament ma i mar e. Simul tril e autovwaalei dat
prototipurile experimentale ale convertoarel ¢
practict, ceea ceprograpalhadtei cCadeiapsiompletr i | ol

2 . Met oacdcerhepddnet r u convDeOr tsowarrtel @er iDECnt at e ct
fenomene de Dbifurca’™™ e Hi proiectarea contr ol
convertor boost ¢ dout faze, evi delsdHst Bdhup ar :
Hi respunsul tranzitoriu. Stwitle i ¢ endlec Blii g udicsa
(DCM) eviden™Hi azt comportamentele neliniare H
depar amedarriiabdn pl us, estes plieszemadt cumdepmno o©i
convertmwmooshucikdeal de ordinul pcaot maurpceind @ tui mi
“mbuntg tbdH it Ieiazski curnei Htaediaiment ul ui . Este dezvol't

u
z
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convertor cu pierderi pttratic de tip buck,
sistemul ui

3. O aplica™Hi e a convertoarelor propuse es
sistemel or fotovoltaice (PV) Hi al ICl €lnor d
sistemele fotovoltaice se concélnt rpeeazvial pe i fi
energetickt sporittkt. A fost i ntrodus un convert
optimiza conmverhiscauvuaei a pentru aplicaH ile fot
conver-b6ér SbEI C cu pehine aupbdiee un raport s
reduc©nd “~n ace€elnaHiurteinnpc bshopl bi ecei stiaerheear a 'Hi pi er
Simul Lril e Hi experimentele efectuate au val.i
ceea ce prinehsiRuo®8pugsebl di namic “mbuntt L Hi
i mporattarett ectroni ci . de pubedemensoabmbéolr ndmarg
regenerabil t.

4 0ptimizarea grupul ui propul sor al vehicul
Este introdust comapdhtesurdtegrebddi a energi ei
bateri.i Hi pile de combusti e, asigur©nd gesti
viaHL a bateriei. SEBCpmoppéaktamn aonwmeunibotrt "BiC
grupul ui propul sdeurtndeéuci@ntdr ap el sthi™Hi de i e Hir
randament ul general unChamptuse e¢esetadezdeldi at
configura™i il e grupul ui propul sor, val i do©nd
experimentale. WBtcodveld@&xtpd bir giazéc Hi onal e pe
regenerativt, permi 'HOnd recuperarea energiei

Teza de abiladadrmtrrei lew'HidielnéHi azademi ce Hseprof e

accenpukbkddpieseemi narea cercetdbtrii Hi col aborare
detaliate meritele autfarciddopract nr ipdib¢ faemtr@raa 6 i
Il S1) Hi 44 de articole publicate “n vol umel ¢
demonstr©ndim¢eeumadHHo @a ¢ac tHiv intatHHioin aslakl e ~ n d«c
putere. Candidata a, co@#dte gr gHia cab oppaertthi dditHepoant a
de membru | a alte cdnt €& plunfidori ulnkea rsewebr BigdnS @aa é&r d o 1
studen'Hi |l a finalizarea |l ucrtrilor dme®te en Ht
de masteranzi “ndr uma Hi "n activitatea de cel
t i nceerricet Lt or i “n Aa | dacbisotrodnai tcet parpdiieccatte .de cer
demonstr©nd astfel Il ntegrarearoonmpatde Hpluber o
Cn plus, este subliniat rol ul autorul ui “n de
acadedm csea wdinit ri bur atietlda tiart dti Acrieesag | Tampe Hoil . s u
apoautbrului ato©t " n ceeaacad,pmd@te Hiia ni"Ai doiedr. e

Ulti ma pdestéenastewndit oparrregmazeca i vitt™H aca
cercéuarareaseémched mslivwka ermndlbtieb i ndHpr af i c e
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Abstract

The present habil i tDaQ | ©@on vieAretsdiriss, e etnuridd ,edCd
Applications," provides a comprehensive analy
of power electronics, ®Hfecohivealtlkysin the dom

Starting with an abstract both i n Romanian a
of research conducted in the PHD studDE€s. It
converters and their cl assi fiacnadt i loywhr icdovteo p o
architectur esdepltth prreowiiedwe sofanswint ching cell st
Lan@switching conf i gureaftfiiocnise nicny aecnheiregvyi ncgo nhviegrt
anal ysis obDCexomsapomilgediCes is conducted, ident.i
areas for i mprovement in terms of efficiency,
chapter also presents the motivation for deve
the potenti al advantages compared to convent.
synthesizing new multiphase h
vativpr opposédgiessubsequent <ch .

e main part of the habilitatno ew 068
evements in scientific, profes nal and

6.2015, at t hTee |lFeaccounimuyn iocfa tEil cercst raomd clsn,f or m
tehnica University of Timisoara. -PhtD,f ocus
i ing the pD€posedentvteel tpypobhoBCes, contr

The focus on scientific research was divi ded
The development-DOfcorwertaenmi 4, epr @pg o DiCn g
gies that i mprove efficiency and perf ol
ures are intrlgdBeheodB-Bo klsanudd ilirgkniviee t B u & k
ot hers, each designed to enhance power
ehesetconverters employ coupled inducto
I techniques to reduce the | osses and
ting t his new converter topol ogiaé¢ s i s

chgcuit simulations, and experimental v
Comparative analyses with traditional topo
converters, consisting of higher or | ower vol
and hi gher efficiency. The si neurlaattiioonnss dveavl @ |c
Furthermore, the experi ment al prototypes of t
feasibility, closely matching with the analyt

2 . The <contr oblDCmectohnovdesr tfeoars RB€Ce focusing
phenomena, and advanced contr eplhlaessre dbeosoisgtn .c oAn v
conducted, revealing the Kkey paraannseiteenrts raefsfpeo
Bi furcation studies of di sco i nuous <conduct
i [

e
cont
behavaodr spotenti al instability i ssues under
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systematic design pradeebdaukctkrcamvedteal foupté
control strategies for improved voltage-regul
order | ossy guadr ati c bucrkg crombviegttrees si sagae \
di sturbances. These control strategies provi d:¢
ri pple, and enhanced system stability, making
and commercial applications.

3. A major application of the converters
particularly the photovoltaic {DEV)coawverfteels ¢
systems focuses on efficiency i mprnoevwe meyhlrsi da
i ndulcasoed boost converter has been intupduced
vol tage conversion for PV -bapé ddC® i oonnvse. r tAedrd i v
coupled inductors i s -uppr ccfagpdaehd twhi d ehirede chingh
and power | osses. These innovative architectu
modern power grids, increasing the overall sys
conducted svwmd ardiadre dp earhfeor mance of these conver
ripple, and i mproved dynamic response. The <ch:
el ectronics in maximizing the effectiveness o

4 Further mor e, the thesis extends its <co
batfeey cell hybrid vehicles. A novefuebntebl
hybrid vehicles is introducnretd,and spurralnogn geefd ilbca
mul ti paCs ecobi@erter is proposed to enhance pow
out put current ri pple and i mproving overal/l |
devel oped to opgtointhiigeir ppiwensr aiv,ml i dating the
through experimental anal ysis. -Dithec osntwedryt ealss
regenerative braking, enabling energy recover

The habilitation thesis also highlights the
aut hor , focusing on research disseminati on,
academi a. I't detail s t he -ianupahcom |16jsp untelr ii ¢ &t ii aan P
(formerly | S1) papers and 44 confBRDleageéer proc
showcasing the gl obal recognition of her work
natigmant garatnidci pated as3.a Treenbehaptnerotaleso ¢
contributions in mentoring and supervising s

di ssertation thesis (63 bachelor and 22 disse
the resear chstaertiinvg ttyhe thest fgenerati on of r

Coll aborative research projects are discussed
expertise in advanced power el ectroniopmeAtddit
and academic programs i mprovement is outlined
Overall, this chapter underscores the author'
| eader ship.

The | ast part is devoted to the future aca
the work ends with a comprehensive references
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1 Summarryesoefarch conducted 1 n th

Thegl obal efforts to r edttercen sciatriboonn teomi swsg toa
i nteasotye Wemrgk.r ehewabil @ssererug & & In theerctaitutls e

prodgluicetl e greenhouse gases during operation.
compared to fossil fuels, which are maA®r <con
the demand f or dsemawddnlgdoastgierougogutshi ey | mpoert ance

DC converters in ensuring efficient pobwxer fl o\
DC converters amkeseissememavalkloenpemer gy syst ems

i cient conversion and management of el ect

| i cTahteiscensappl i caDCoasesnyvy emqgtuepr £0 AD@IMNnles@g eipn p ut
voltage with high-DE€f cioaovemntyer sClsassiggdle DG acl
ratios, and using transformers for this purpo.
stuydly 11 new topol ogi edsDCofc omwletritpha sve rhkey lprriod oL

ThRhDi ssertation aimed to achieve the foll owi |
9 Toomduct a comprehensi D€ cewvewt ef st hesedai
energy systems as documented in the |itera
T anal yze and compthsewitthcehisntgr uccetlurses of
T Toveal uatcemp@aamde tdipfofl@inggbetsi d converters.
9 Tor @sasmwytnt hesi zing method for generating ne
T Tor@epose a new cl aBGcoonfvemuletri pthoapsoel o@C es
structures.
9 Toepform both analytical and digital simul:
T Toomstruct and test | aboratory prototypes t
simul ations.
Because chapters and paragraphs of the thes
mai ntain the notation used in the PhD thesi
referenced in this work.
ThRhD twassirsuctured into five chapters, organi

Chaptserrvkes as a gener abDC icnotnrvoedrutcetriso ne nocfo utn
' iteratur eeaewa ulseendpehmagsrigzyi,ng t he key clomponeni
DCDC comwer &kadgsinftioe t hree categori es: cl assi
converters, and a<€acdhi zovrsre b@fp aemo erde btyet sdi a
a bri edescdrricputhieomst ati ¢ maowmeescoomsy aalongt wiet !
of tahdeviarnt ages an&pdifaladisa ntthaeg eslaansds i mwllt i pha
convert evest, & ewhpicohmaeoyndedh &8 htehediaswé eh t he preser
of |l eawosystem for testing and monitoring the
condiRriomst hitsh ec hcaopntveerr,t er s t hat wi | | be used
with the staticsebpaneddp ron$ abdtie dol hveesree wiolnlver t «
serve as the foundational model si haotwautdwedried 0 p m
The -kwedWwn general formula for static conversi

F— (1.1)
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Converter i Statlc.
hame Converter diagram conversion
ratio
L D
Boost G) v, . L. R SUu
converter N
L
p Q
ut =
Buck ,
converter C)Um ZSD =cC R =S Uy U Q
A J
S D
/- ﬁ
Buck- o
Boost + i) S
Uin L —_ R Uou ’
converter C) I c % : pQ
A J
L, 1 D
L Il B
Sepic Q
converter Ui, Cr) s\ IL2 C, — R = Ugy 0 o
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S C, L,
-~ I -
Zeta = ) 0
— R < Uou _
converter Uin (f) L, D E C =+ = You 0 50
L 4
Ly ! Lz
. | .

Luk \ . Q
converter| VUin <+> S D S.Z C == R Uout | U p—Q

+

| n t hec hseepctilemwd@s wi t ching structures propose:
Berkovich, and 44d5[li6d e rpr cismmaomvdieadih@&me tihmetyegr at ec
classical and bidirectiooahveninere raheedsa t ey deruire
structur eGs,wiktncomnngas( usi ng chpwicti ¢ mirmsg a(us idn @ c
and diodes), Tabl®ewp 1t s e@rhtee d oisrsi bl e hybrid con
conversion rTaabl3dsi deftfagdiedg i 1i gni-ufpi coard ovtge phi g
conversion ratios compared to traditional <con

10
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Tabll2€anldswi t chind 1dt5fGFk2a]ur es

SW|tch|ng structure name Image Of the SWItChII’Ig structure
3 4
.|_|C
C-switching structures Stepup 1 nK o,
1. l2

Dy

C-switching structures Stepup 2 G o C2

=
L=

C-switching structures Stepdown 1

L-switching structures Stepdown 1

L-switching structures Stepdown 2

Bt N
D3 Lz
. . '1—“ ZSDQ ‘I—z
L-switching structures Stepup 1 Ls D,
— B

11
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Converter
name

Converter diagram

Static conversion
ratio

1. Hybrid
Buck
converter
with
C-
switching
structure
step
down 1

Rg l-'out

2. Hybrid
Buck
converter
with
L-
switching
structure
step
down 1

Rg UDUt

3. Hybrid
Boost
converter
with
C-
switching
structure
stepup 1

-
Rg l-'out

oo
ol
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4. Hybrid . m

Boost
converter
with

L_
switching C’r) U
structure ' "

stepup 1

L2
IAT

o

Il

)

o
Wy

=

O |
ol

L, Ds

5.BHyirid A
uck-
Boost TG ED?

5
converter N D 0
. U; 3 L _
with C) " I 2 C; == X '
C. H 3 R§ Uout p Qtc¢ Q

switching
structure =cC
D — 2

step E !
down 1

Dl L2

19T J_ S J_ -
6. Hybrid ?I C
Buck- 1 G A
Boost

converter I
. L Q

with <+> Ui, ' 0 = : p
C_ C3:: Rg Uout p Q

switching
structure
stepup 1

13
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7. Hybrid
Buck-
Boost

converter

with
L-
switching
structure
stepup 1

D,

9]
I
]

R ; l-'uut

8. Hybrid
Luk
converter
with
C-
switching
structure
step
down 1

Ly

N I}

D;

o
2

L,

yiy

L. 7

Cs o= R‘% Uout

ctp Q

9. Hybrid
Luk
converter
with
L-
switching
structure
stepup 1

Lo
IAT

G Ls

o, 37

G == R Uout

p QtQ

14
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10.

Hybrid + \u. -
Luk C—) in SJE
converter

with
L-
switching
structure
step
down 1

Rg Ul:lut

11.
Hybrid
Luk

converter N
with (") Ui, ﬂﬁ
C-

switching
structure
stepup 2

o
Q

Rg UDut U —_—

°
o)

Ll

12. o
Hybrid _— b

Sepic

converter

with
C-

5
L. I 0
G —_—
pr (D” 2l RSV | p QEC Q
structure
step
down 1

i N

4]
=]
A

15
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13.
Hybrid
Sepic
converter
with

switching

structure
step

down 2

= On

ctp Q

14.

Hybrid
Sepic
converter
with

L-
switching
structure
stepup 1

L2
I3 1T

C, —

p QtQ

15.
Hybrid
Zeta
converter
with
C-
switching
structure
stepup 2

Rg UDUt

16
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16.
Hybrid
Zeta
converter
with
L-
switching
structure
step
down 1

C2 — R? Ul:lut D _ ’Q
¢tp Q

17.
Hybrid
Zeta I L, Vo,
converter D .
L- M 4 K out p Q

switching I
L,

structure
D
stepup 1 ¥Yo. v

The second chaptcantovn datéhsea Phddmp aireestidtsocke ra n a
identify the most suitable Afyber dtlcenvempanratfi
from the examimeaell3ge obhveocane st,el ethed ad @adh by

switclkedmd twhhd ghest or | ow&E&athceerVecsedncoavieo
wi tah ci rcuia Wriiagfr aei, rtbhbckecdbutdpepstcr vptitage for mu
waveforms, and an analysi s.Téfeshiappsd ea dheandt dv® ¢

for synthesizing mul] tiaplkase ehyywdntihd e ovgormuoerotseprh
convsrhtaar ar eT alElge cttoegde tihneit awi ch comeer si on r at

17
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Tabl4dlul ti phase hybhtid converter
Converter Converter diagram Staticconversion ratio
name
Lis L2y
- 1 14T -
S
==cy; Z8ou
+ Jui L D3y 1 s
1. Cﬁ) ‘ N ZSDM o R gu"”‘
Multiphase Ko, T l
hybrid
Buck 1 ) 0
converter . [ J—
with C- - ¢ Q
switching “ls.
structure
Stepdown 1 ——Ci2 ZSDu
Ds>
Dt Ao
Koo ==Cz
1
Dll I—11
Dy
Dz t Bt
-2' é)“inc - Lz D sJ'J Com= R
Multiphase . T 2 1 o= Uout
hybrid 1
Boost ' b 0
converter 0o —
with D Lu P Q
L-switching
Day
structure b B
stepup 1 J
L2z Dy szJj

18
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Liz Day
- 1 19T <
_IS:l
=—=Cu 8D T
CT)Uin El ILzl Co = R Vo
3. o TC=
Multiphase
hybrid r
Buck-Boost 0
converter 12 " —_—
with C- - 18 < p otc Q
switching l s.
structure
stepdown 1 =—C,; YL
Dz L2z
"
ZSDH =—Ca
1
Ddl
L1
1¥T 1 N
s, |
N
I L1y 2011
+ i Dz,
C)Um ﬁ Com= R g Uout
4.
Multiphase N4 I Lot
hybrid
Buck-Boost 1 cto
converter Da -
with L- LA p Q
switchin = ]
g s, |
structure
stepup 1 I - Woss
Dz2
N
1
EDZI I L2z
1

19
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11 11
N ll
Lis Dis Ca: Las
_— ZKo,,
c]l D21
il & ]\
5.
Multiphase
hybric |
converter — - D L
e L ba Cu L ctp Q
C-switching I Z5o.,
structure c:: % , .
stepdown 1
=i o
——
Dyy Lys
Zom |———
L2 D2y Cy L3y
C)Uin SJE Day SZ Co== REEUT“
6.
Multiphase
hybri g "
converter “ S ato
with 5 ﬁ
L-switching B'lnu_—-—le
structure Z5o., I
-Lzz D2, C L3a
stepup 1 e
52 Jiq D.uSJZ

20
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7.
Multiphase
hybrid
converter
with
C-switching
structure
stepup 2

Co =

Ugut

oo
(o]l o]

8.
Multiphase
hybrid
Sepic
converter
with
C-switching
structure
stepdown 1

Lis

T

s Je

I

w

Com= R = U

Ciz

ZRp;,

i N

e

21
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B> -
D3 Lig
st.n |: H
L2 D3y Cs Das
— Bt
, 1
Multiphase
hybrid
Sepic p QtQ
Conyerter I~ N ﬁ
with Dy L1 N
L-switching ) Kb, i 2
structure - i ’ Dz
stepup 1 "'
L2
19T L
S,
G)Uin Lnl Co=+= R:;: Ugut
10. v
Multiphase
hybrid Zeta
converter Lo cto
with p Q
C-switching 1%l -
structure s,
stepup 2
Liz I

22
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. Lia SZDN ‘
D3y

* Ui 4 Uow

C) Bt Das ZK Com= R Z Vo

11. o N l

Multiphase
hybrid Zeta 1 .
converter N p QtQ
with 14T | ———— Y "o a
L-switching s, | C: Ls;
structure
stepup 1 L Wo.
D3z
m Da2 iy
‘z D23 I L2z

Champ@peesents theomwlerite rBondasdtya sicmayg adescrip
waveforms and . délsicogmpguiadelvienasnal ysi s bet ween

and uncoupled inductors was conducted, reveal
current ripple by half. This allows fornl ower
increased efficiency and reduced cpbase Boowga
Lconverter wasmudeastiegdn eidn aGAS PsOC, showing exce
simulation and theoretical cad Ibcou Il & t,i oannsd. eAx plear

results confir meidddrhetTihbresochapt eal coapol udes wi
comparing the prototypei fafnedo epail d rowsvieme!l amaiionn
contribution is the modification of the hybri
single core and reduced current ripple.

The hybrid micoinprraser Bpo DtposChdapliyert fle avu

realwizcehd t he h-epphyghbrli-demBwerstper di s cous stende iPnh DC
thesinow i mplemented in a multiphase design. B
the converter operat esbuwi tghh aasle¢l e dp htaos eismpsryonvceh r
The analysis i ncludes the theoretical rel ati
Ssimulations in the CASPOGE puogi pmas@&@heobetneght
i mproved input and output characteristics due
filtering requirements andthasi edduthtea cimpn te xri
the <circuit i's reduced, the current rippl e &
minimizing the number of cores needed.

A comparison of coupl evderssthowncobhplted hiend
configuration is more efficient, and experi me
t heoretical and simulated analyses. Delgpsdee t
design, it off eans thhieg hsaisregeltebheeenhey, t heaching
when the duty cycle is 1/3 and above 92% at 1
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the multiphase hybrid converter and stresses
family ofl cotnverlt@®sts. clsaptderc ondodi it chtec bRdrsl@ otnh e s
highl.ighted

The author chose to begin with this presen
the current research has itsPopPrgigmam.n the s

The cooperation bet weeTi nHocsbonatrealt miec albnW iviev e
|l ied Science, W |l hel mshaven, pl ayed a pivo
earch project. Under the expert supervisio
|l ied El ectroni csUMDiypalr smmesyota nadt t heel iitnevhan iucaa
Professor PhD. Eng. Fol ker Renken during tfF
m a blend of rigomcuscatademighseppdhe aod
[ by the technical assistance of Eng.
I dleadb dreassttdrmnygy prototypes. This internat
p sive research experience butwhalc®ho f o
o] to future research.

YOooTD®O—"O0 P>~ P>
— o0 Cc IS T T MO
D ~
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2 Achi evemeind rspriioffiiecs,s i acnaadl e,fimieatndds
dur ipopgdo ct e rail o d

2. bcientific research
Thi s chapter presents a comprehensive sum

defending the PADndaweccliesfsfea ndifietfiaeggitimu Ictoinprlea 4 e r «
[ 1] The PhD t hesiisn wa%.,06 a2 e@btered Faculty of
Tel ecommuni cations and I nformation Techme | ogi ¢
Mi ni stNeart i ohal cBdhaddatmealn t he PhD thesis throu
30.07.2015.
My postdoctor al research hastspagasdt sever
devel dp8f@®n1.0N.I1N2N0N.3N4131.6 1. TRN.8N.9RORIRZR3]
[ 24RPRERTRERIBOBIB2BIBEBIB6]conATr®ERBS]and
appli takeo L. BoORt &ueld, 9 L EP.I1 381 -DC converters
most notable achievements are

contributi to the field, there are instance
nature of research Ltioghtsthdhdepshraott ene
acknowl edgi-dgsdihpl immraoys i nsights t hat have ¢
contributions thrdugh gtinhd i gpresaedtesstRiacmod s pr o mg
publ i cati onco ncdu tntlgkeeb ga watr lkears

~+ O

2. 1Néw famiddicesoosivedt er
The discovery and ®dDE€velonpmenterdgfoi sever DC wa l

range of applications, including electronics
systems and DC grids. The-sap, edsotmenp r toerr sb ontuhs,t de
on the i1 nput and out pcunt avpoplltiacgaet ire&n@ u icl onenvoevnatts r
topologies, such as quadratic, semiquadratic,
efficiency, voltage gain, and reduceddirn ppl e,
renewabl d i kestphmd,ovol taic modul es. Additional
more i mportance in combating thedCererngyrdred sp
necessary to maximize energy harvesting and
di scovery and devBCopmentertodr snear eDCvi t al for
i mproving energy efficiency, and supporting s

The contributions to t harseheoweciacspp@&retndof ne

extensi védhywoc anag roed r ¢[sdelaf.The progeedtsi ve st udi
have had a significant I mpact on expanding t
addressing various technical <challenges, and
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2.1 . Hyblri d ®BOC kconverter

I n t hd 8 ®d@ em e wp htawsoe h ylbcroindv eBsut cgkr .e s @ tnid recdim n g
t hLeswi tching dowmncl up el &ledpel 5 j4rd h[dlirlepl abheng
di oDdaend t helLbynlsewdttacrieil hogcil m sBhekat beverter descr
[ 7aln[dwjas deviehleopedii pr efegled i n

S
]Iu i J ) L[

ip = iL1 iop Tow
o Tl —— o
ic ip1 * ;2 i
ioc
. Dy Ds } _
Unn ) == — Co Uou
°
° —— o
Lo,

Fi g2aIrSeé n-ghase hylbDGDdCc dbuw.&kr t er

| h &]n[dX]hdee sognmul t i phasle omwlersitde rBRldcknp eds e é
share a common input and output capacitor. The
which signi fAiCCant ¢éyt s eidoamlds tohu ttphueg icrapuatci t or s
interl eaved sWué chonghe opoéogiyce of trhaflmai n |
the converter, it i s necessary t.Bobathnseptuhp
commomode i nductanEegR2aase PHawredi n n both the p
raof seach phase.

Sl . .
JE ‘f—m flm % ‘iLHﬂ . LC_Mll iopt  Top  Jow
SRR
Un | ¢ =— — Co Uou
~ | wm
Phase 1 ha Levz
Sy
Fliz T%f ‘img . LC-M;FOP
.
~ -
Phase 2 iz 1, Lenm
Figa2Tevphase interl|l davedehyleri d buck

Additionall vy, this approach increases the
l ower r i piphlie efofnddtgsu.r ati on hel psspteo fmaimatmaien
mul ti phase converter designs, effectively i mp
the system.

For the calculations, it Is asovsmédatthdth ad
both input agtdgceuthpwtu w chhéta@alpeyeAddi ti onal |y, tt#
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l ed via pulse width moduinbai &ny, anwdt

e output voltage i s:
Yoo —tY (21)
Il n comparison to the traditciomaépbertke cwintv
a higher duty cycle for the same input and ou
electronic switch is turned onohostatkengértéa
budkonverterd, reamealgsyf eéersred from i nput to out pl
with the same component effort i's expeicn ed. L

Fi g&2a3aes a function of duty cycle.

U 1.0 7
Ot Hybrid Buck Converter 5
Uln 0 8 ’I/

Traditional Buck Converter P
0.6 . e
’_f
N\ >/
0.4 ’

0.2 -

0.2 0.4 0.6 0.8 1.0

Figa3Vve | t age ratio of a trddionmnvemalrbuck and a

Convaeanmrpoetr ccali ¢ul ati on
Fig4&id |l ustrat esswalhvee fiompnsp feoaerab ggobmoi d buck

The currents in both inductors, as well as th
t h2phase currents are depicsleapdel onvduat gr e@unr.
t wo phases are interl epawlé&sdeeusinpagtachalaem®epeni
addreeds uil @i hgt al i npUWp. phase scarsisB @ueodniptohnaetn t o nolf
t he cfuroovesnbugh the circuit iPinput. For multiph:
i nput Icjurarecdhtt (e average i nldiye tcoadne theer mesne do f
[ Sa]n[d1 ]
O le‘)t—l (22)

The entire AC component peogfuitviad einip utglgrhase not
assumeldow ot hr opc@tp atché or .

The capacitensA@empwntentthef t helipi NTFGts p ha s
urrent i s much | epwears et hhaytbcrt hda ebruocékr a amd gt ke
he capacitor ¢4 1B &jrt[dli]ls al so doubl ed
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i i iLll:iLZI ILnA\’ A"ELn
/:"L—\ /:'————._
T i S .
'y ! ! ! i | i
¢ tun i roﬁ' § i § iTPIi
e } i |
t
it I =5 Lo Aiy,
e _/:———L_ i !"7"——4
Ty L T
| R RN
i 4 P, : -
X ‘ % hi_tun“i‘ i tuff § " E
L t
i 3 ’

T, 2T, 37,
Fi glB&lenput wavefmphanse ol ylaroinde edr=ut cékr 3 |

The calcul ati on o fn-pchiarsceuidte siingdnu cctaann cbees pienr f

t hat opfhassiengcier cuit s. It i s i mportant to consi
the number of phases. Consequently, the maxi ml
shoul d ebeni ded basedDGOcnurtrheent maaxi nuhne r at ed pov
phases. Typically, for design purposes, the m:
10% and 30 %DGcfurtrheen tpthea sien d upd veph&Je%®n[dl] r at ed

3E| jAg® T®W )1 16 o (24)
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Since the amplitude of the triangular curr
cycle of the converter, and the dutyrcpplesre
in all i nducg[t®rew]n[dx]e i denti cal

W ———r 1911 Ap (25)

I n the calculation of the i bpanv eratparcs ,t oirt f
that , comparpencaseo dasisgmgl ¢éhe capacitor cCurr e
frequency increases proportionally with the
influenced by wvariatTymiscalnl y,hef arnpadap avcoil tt carg et
voltage variation is chosen t,p8p6éanfddgs than 1

§ il (2.6)
tt )i 1Ag
Qi 1 4a@dQ (27)

For electrolytic capacitors, the RMS curre
RMS current inlcdfhlhe imubhDCDh @acasweern tt e s , I D@ al S W
i nput current ar-eaasssmedar| o, thbewd&nwprarce rito.r
The capacitor current consists of two compone.]
bel ow shows the RMS current for the rencctangul
phag$a&d Gan[dl ]

0 f5tQ -t- Q EE Q -
O it Q -t- Q EA Q -
O it Q -t- Q EA Q -
Oy (2.8)
Z E
E E
72 72
O fEtQ —it- Q EA Q -
As the number of phases i nclinefasem,f 2 hlulaa e

decreaseg.halse Thhwer toenrl,y hal f -pohfa steh acto nivrera es
formua)a2z) which reduces the rectangul ar compon
mul tiphase design. Additionall vy, the RMS <curr
convertnphaswist hs provided in the next formul a
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. Lt t i - f— . )
({OQT itA %] i N EA Q -
. Lt t t - t— , )
(*.)QT itA [%] i I EA Q -
¢ S . (29)
p# (*)QT ity (%] i Wt EA Q -
73 3
3 73
73 3
. ot t t @ — t — ; .
(*.)QT itA %] i I E /- Q -

The curr e@tmafvaomaft @ oy | dhet(er mi ned based on

i nduct ankevdaun mgntcircuit design. As the numb
variation decreases. hpbatet hyGHEdabuéeéktrecurs
geometric combination of the RNS]Jr9r[dlangul ar

he Na ) (21 Q

The results of the RMS curr@inn aamhd@&l iap h @
DCconverter &Erg2sddvwn ciam be observed that (.

significantly decreases as the number of phas
domi nant factor, as i n®dic &x®&] Bayn[dlhe dotted I
0.7
] — A= 0
]1( 06
L1 AV 1 Phise e
0.5 / p— “-_""--..\\\
0.4 : N
2 Phase b
0.3 /
5 / ;-—--E_\\ f“"\
’ // \S‘J\Phase \\\ . \\
0.1 \\v/{ '
i YV Y \
0.2 0.4 0.6 0.8 10
d
Fi gbd5ReMSE urrent in the inputcecaypyeaercieé¢énors of a hyl
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|l mphase converters, the maxi mum capacitor
decreases 1b/yn Bhé actioang@@l ar current | oad is ir
is determined by the inductance design. At r
domi nat es, minimizing the triangul ar current

cpacitor currents arbDan.n syl M@aSWIS] Bajrddlar i ati on

Conveutmurtccal ¢ul ati on
Figagid |l ustrates the outpphascser hgbt i dabefc&r

The currents in both inductors, as well as t he
the phase 2 currents are d-pamededudcithoel ocw rirme ng r
t wo phases are i-miulesé epeRidoidirrg Mgwi@ap enfedB dd s, t he
out put currents are equal t o t hef fi ndtuactt eosr, ctuhre
current of each phase is doubplkeasbdatoonvetther i
out put rphkeegde the sum of all phase output curr.
the DC clompS®[n%]n[dl ]
it b =y Y A,
\§ )
ot
f A tml I\lﬁ' E i 'iOI’l ‘
t
ik I110 = ko I 5 ! Ai,
- e ——— — E‘ﬁi R
| | r
,‘: A % Ion taﬂ' i i0P2 3
iOP% :i 33‘[()11[3 t

T, 27, 3T,
Fi gaOaut put wavefphramse dcfylbaoindwelb—ut cékr 3 |

|t i's assuntxdurtrleat fhews through ®BRe cir.
component of the ovkmplaldbowDutpuougphaskeAdou tr g uwt
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current is significantly smaller, -phdseéetbudk:e
converter Similarly, for calculating the req
converter, the output capacecintorf regmureercty decrHr &
number of phases. As a result, the capacitor
Typically, the permissible static voltage var
the rated ,p8f gainfdlyol t age
6 i te (219
tt ;006 iAo
3Q 60 | AW AQ 60 2 (212
The RMS current i@@ofheé heutcpwmivecadpacitsorcal c
divided into a rectangular and a triangul ar

current of the rectangul amp hpaadr&d Bla[dl Imul t i phas

0 gt -t- Q EA Q -

0 fEtQ -t- Q EA Q -

0 fEtQ -t- Q EA Q -

Dy (213
E E
2 E
E 3
O fEtQ —t- Q EA Q -

The RMS current at the outoput capacitor |
mul tiphase convertefresl lcawmi s fdesidir]ided by the
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. N t - i t- , )

U.)Qi ita [4] i I EA Q -
. Lt t - t t- 3 )
(p,QT itAo : Wi EA Q -
“ . Lt it - t [ 3 ) 21
P U)QT ilao ; Wt EA Q - ( 4
E ¥
¥ ¥
E 72
Lt t — t t- 3
(A)QT ilig —— EA Q -

The rectangul ar component of the output caj
I

i nput capacitor. Additionally, as the number
IlLnaf rom f B2)mudecr(eases. The triangular RMS cur
converter |l oad and is deter mpihaeadebyonkhertaduyc
capacitor current is the geometric sum of th
shown in the[] lo®lmdl]a bel ow
Py Py Oy (219
Fi gAhsehows the tot al RMS c¢ Cgorfe nat mun tti hpeh aset
budkonverter. As the number of phases increas
rectangul ar RMS component, which is the same
(see dothte dgrxlQ meglgse converters, the maxi mum
rectangul ar part 1li/9§8] Sdniclgdgd by a factor of
0.7
I(}t.‘
IL]A\-'O.6
0.5
0.4
0.3
0.2
0.1
0.2 0.4 0.6 0.8 IIU
d
Fi gRAFReMSE urrent in the out pulc ocnavpeactietror s of a hy
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on the output capacitors caused L
converted power. At rated output power, this
current, represebiuthed mdxQlnsa vHoorwieavteirgn cofmpar ed
capacitors, the triangular current has a grea
triangular current in the iIinductances can be
current i aan d awdt htcgap@awet t or s of mul ti phase conve
dynamics i n DIEBCchoyrbwerdt erucaknd reduces the si
capacito, 8] ©aégnqddi]r ed

I n addition to the calculated current, har
through the capacitors. These [e4,7 Jeacntds shianviel abre e
can be applied to hybrid buck converters. At
contribute to capacitor heati ng, whil e at hi
domi nat es. Howevependihng orf ftelcd tvyapa esf dse mi ¢«
by the converter[ ¥48wm[dd.06 hi ng frequency

Si mul athydnmns dodBux &r tLer

The simunaltyh#sansurrent waweter mybodmnadBrutwdr
using therohA$SRMIThe converter circuit has an
converter power of 400W. The pulse frequency
is in the gmond,s dymmetre@nted s achieved by con
Lecv= 2mH i n eachhe hsismu loautt ipaurt .r e sda 0 A 4dk 2aiFten a d
shown.

| Fige8a&nBi gl@t® the inductor pbaseermrctosnveftrt ¢
presented. The four inductor currents have id
by half a pulse period. The swptkcébebdghBegach |
anki galJe. I n -ewi stchteels, the inductors are in s
also fl ows thr duxy/h3,t hteh esrwa ticshessv.erAltap i n the <c

I n swofthettates, the inductors are connect
e diodes, with each di odki g21n@lnki g@lrfeheTk e ngl
ode currents |nsd1|iifffterdem)ty hlad $ds0. glyé stehiemecruir
ows in the diode overl ap.
FigrlanHdi gax E‘ehow the ilnprud tchue repmasiee i nput
Dur iOiNgt at e, t h phase inductance current fl o\
current remain constant. The difference betw
capacitor deOQrd4dentheWet hsonospbaeas2ap¥hnds wat emnl
observed. The avlews a@Al e agiung ctuo raeamti nput power

Fi galrzenki galrei spl ay t he oigdaput tphhea $ e tcadr roeur
lout Dur i neg ns wesittaccheesd t he phase inductance curre
duri ng -afwfi txctheetdes, the output phase current i s
cur toens nearly constant, with the output capa
out put phase an,d 8 ®&jmgdl Jout put current

e
S
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16

i

1 E /""‘\ : A
4
2

Fi ga&lenductor

10m 10010m  10020m 10030m 10.040m 10.050m 10.080m 10.070m  10.080m 10.090m  10.100m

Time(s)}—

cup hh@ne sh ydlicroimdv tedwaddcekd ) (

1o [DMOSFET1] I[DMOSFET2]

10////

10m 10.010m  10.020m  10.030m 1

}40m

10.050m  10.060m  10.070m  10.080m  10.080m  10.100m
Time{s)}—

Fi ga9Sewi t ch cur+spadrase o flcaoindwed=ulcekd ) (

16\[011] I[D12] I[D21]1[D22]

10“\‘\:\5\:’\:\:\?\‘\ :

10m 10010m  10.020m  10.030m 10

J40m

10.050m  10.060m  10.070m  10.080m  10.090m  10.100m
Time{s}—

Fi gAr®i ode cur r-gma se ol ylxroindv atb=ulcekd ) (

LlIINIIIP]

"

1

m////

Figar¥Burrents

at

10m 10010m  10020m 10030m 10040m 10.050m 10.060m 10.070m  10.080m WIUQOm 10.100m

Time(s)}—

Phasenpybrotddauc«poconverter
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OP11[0UT]

10m 10010m  10020m 10030m 10040m 10050m 10060m 10.070m 10.080m 10.080m  10.100m
Time(s)}—

Fi grZurrents at tphhea soeu thpyubtr iodfddsi.c¢kyoconverter

18I[L‘H] iLizpieneez)

o H
10m 10.010m  10.020m  10.030m  10.040m 10.050m 10.060m 10.070m 10.080m  10.080m  10.100m
Time(s)}—

Fi gar¥nductor cuphaane shydlicroiamdv tedwadcéks ) (

1 [DMOSFET1] I[DMOSFET2]

n
10m 10.010m 10.020m 10.030m 10.040m 10.050m 10.060m 10.070m 10.080m 10.080m  10.100m
Time{s)}—

Figrdwitch curpbdratse b fylbcaoindwed—uleeks ) (

L DNID12][D21]1D22]

n
10m 10.010m  10.020m  10.030m 10.040m 10.050m 10.060m 10.070m 10.080m 10.090m  10.100m
Time(s)—

Fi gar®i ode cur r-gma se ofi ylxroinav eb=ulcéks ) (
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A

m  10010m 10.020m 10030m 10040m 10050m 10.060m 10.070m 10.080m  10.090m  10.100m
Timelsl—

Figlreurrents at Pphasenpybrotdddlicoconverter (

[OP] I[OUT]

10m  10010m 10020m 10.030m 10.040m 10.050m 10.060m 10.070m 10.080m 10.090m 10.100m
Time(s)—

Fi gar@urrents at tphhea soeu thpyultr iodfd=bedli/ccyoconverter (

Can be rermarmgkRezg ttih@tmdi ode currents of both
the output phase current to be the sum of the
periods. Il n other periods, the output phase ¢
and twuté eddi ode current of the otich®er3,dAvd der. aThh
out put VYUswEt & geenbdvfout put power of 400W.

| Ri gArTehe switch currents of both phases o0\
the sum of both switch currents during those
consists of the switch current from one phase
case, the averageloyshalséeAwouh path o Udupa 2tc Veptbitlalg e
achieving the same output power of 400W.

| n ptahppe8r] t hheh & sv@ h ylbcroindv eBrutcekr 1 s sciorgilaaseed wi
Buellconvémt era.chhe danspeu Ui v 0510tVa gaen:d t he rated powe
Poure 3 0DHWNul se fr equencfy= 050 ktHze acnodn diehred edbu t yT heey
current i niiia migcan en dauttc d WimghiIng tfhoer -peh assien chlydbr i d B
converter.

2
solIL111L2]

18-
14

B~

10

Q

5.010m 5.020m 5.030m 5.040m 5.050m 5.060m 5.070m 5.080m 5.090m 5.100m
Time(s)—

Figar8 nductor curphase hylcraind emuwdeke
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InF i g 211r 9%he input phase curremtrand converter input curreht,are shown. When
switched on, the input phase current equals the inductor current, and in the off state, it drops to
zero. The difference between these is the input capacitor current.

20 INLILIP]

18

/ A

10

5.010m 5.020m 5.020m 5.040m 5.050m 5.060m 5.070m 5.080m 5.090m 5.100m
Time(s)—

Fi g% urrents at t-pbasaphylcoofndveebratcelrgl! e
F i g 22 O0shows the output phase currigss and output currenb u.{\When switched on,

the output phase current matches the inductor current, while during the off state, it doubles. The
output currento remains nearly constant, with the difference being the output capacitor current.

I[OP] 1[OUT]

26
24
22
2
1

e R e e e

5010m  5020m  5030m  5040m  5050m  5080m  5070m  5080m  5080m  5.100m
Time(s)——

Fi g2a2@®urrents at t hpeh aosuet phuytbcroifdv.alruscekn g | e

In these examples, the input currenind output currerlb ¢ remain nearly constant. This
situation represents the worsise scenario for sizing the filter capacitors and calculating the RMS
current, as in this case, all tA€ current components flow through the capacitpr8-I 9a]n d

[ 1]

For compari son, simul atipbasewdryboc @rev drotcdre ,d
with the currenthenamegsuradsh esohpdmins w nf r eqieency f
50kHz, and td=e O0dubSt.y Tchyec liendiusc-ploaseucoewneést e¢mn, t
t hFei g222le have the same @&amplfittedd eblyb ehtapdr mmogdhase
Figaz2e |l |l ustratesl tama itrhputi nurer Prata O blgtcaithe enft
a switch, the corresponding inductior WwWihtals ena@ L
overlap or dxur0efibheghappuanmnmairmrsendonstant, and
bet ween the input phase current and input C
significantly | owehasce mpam\war tteor .a Asti ntghlies dut
current reachésgad mi ni mum (se
| i gRZ3F t he out puidpaptiasencart eldadtaaduvet psuhto wenu r rDeunr
t hGeNst ate, the inductor current floWwsthkerougliu
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phase current i s twice asd=| &®r. Pen ea P Nualsieel e rstdhu e t
ot heOFFi snaki ng t he oigdrpuwtg hp tya sheh gehuertrhetnt@asmn duct o
current. Theéoutoutmpedr lcwuraemdetant, and the outp
i nput capacitor current, -pihsaassei gminfvieaaretrl,y rle@awsé
at this dbEetg2a®gcle (see
Il n this si mul dta nodn,olobieoptuhtr & rtes ianrpeutnear |l y const
t he worst case for calculating the filter cap
L MIILT2] I1L21111L22]
&m 5010m  5020m  5030m  5.040m ;ge?:?;su'sm 5070m  5080m  5080m  5.100m
FiglaZ2¥nductor cuphaand shydlicroimdv telwu cekr
201 1IP)
5.010m 5.020m 5.030m 5.040m -i,.:zg?a 5. D:BDm 5.070m 5.080m 5.090m 5.100m
FigRr2Zurrents at $hasinpylbcroonty.ear uttekro
I[OP] I[OUT]
5.010m 5.020m 5.030m 5.040m ;:z?&w;— 5.060m 5.070m 5.080m 5.090m 5.100m
Fi ga23urrents at tphhea soeu t hpydbtcroiads .ebaut cekw o
| n t kpenh atsveo converter circuit, the inductanc
l ines of each phaski g2de. n ddiri Isy biad emtcieda lc u(r ¥ eea
| arge common mode i ndilemv=0 r2smHi)i ntuhlea t p hoansse aorvet p
deter mi ne t he trheeqsuei rceodmnvoanl uneosd ef oirnduct ors i n t
The next figure shows the inductancelcegurrent :
O.5mH)e used. In this case, the phase currents
in the negative |ine to be slightly | ower t heée
more asymmetrical, it can aditreg theurdnalelre e
conditions, whi,fB] ®hnqddl]]d be avoi ded
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sl L2 L2 22)

DO

1

Sm 5.010m 5.020m 5.030m 5.040m 5.050m 5.060m 5.070m 5.080m 5.080m 5.100m
Time(s)—

Fi glA24enductor currents in case of reduced comn

The two common mode inductors must compens
resi dual Il nductance in the output circuit ca
practical i mpl ementation of the circuit desig

Alternatively, doubl e pole switches can be
achieve current symmetry between the phases.
respective phases must al ways switemtsi.multan

Su
In LI 1 —I

= itnn Ln fop1  lop Tout
- TAT , ————
i ip11 C D21 ioc
. D11 Dzl - -
Um Cr == — (o Uout
S21
— o
AT - o
Phase 1 ma o,

jIP 2 iOPZ

Phase 2 2 1,

Figr2®esign -mHase tavonverter .with bipolar swit

Figaz@i spl ays the waveforms of-phasefoonvendec
duty cdeclOe Fcdhfe currents in the two individual
operation across the phases.
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1oL IL12] 1211 11L22)

PP < <P<P<

nl : S :, = -
sm 5010m  5020m  5030m  5040m 5050m  5060m  5070m  5080m  5090m  5.100m
Time(s)—

Fi gh2@nductor currents in tdre Ocibr)cui t with bip

I n the illustrated inductor current wavefor
However, studies have shown that this methoc
switching durations between diamfcemgnt Thlea se®svn
this approach is that the converter experieni
swi t,c &8 S]n[dl]

Il n multiphase configurations, current bal e
additional components | i ke c onmppeé&] adwe V enrd,u c t
incomplete compensation can <cause oscillati ol
switches, which i mproved current bal ancing b

complexity for balancing wiurmenhe advantdgewul
designs.

The design i ncorporating common mo d e i nd
i mpl ementation &@afCobtwer Hghbri dndutke results wi
simulations and the theoretical analysi s.

Pr acopeircfaolr mand awweat hydom | adf cBauve &r tLe r

I n t his section, t he calcul at ed and sSi mu
measurement-ph & s e mhwalbatawsv ébrutgdeer &=s hows t he 1 mpl en
converter, with a maxi mum power output 400W a

Il n the circuit, the inductor coils of the
requirementisnncl  udepgs i @ard he i nductor connecti or
Smal | current transformers are used to measur

Auxiliary Power Supply

asind ajdueri],/

Pulse block _

switch

Figlx®Beal i zed lhodmrvdr tbaurc kwi t h output power of
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Sin he main inductance is | ocated in th
need t bal anced using common mode induct
i nduct Wdvt h2 mlé ussedfto achieve maxi mum co
i nductance I n the output circuit could caus
i mpl ementation of the design more challenging

To control the power wunit, two PWM signal s
This is achieved bACodtmpari wgtah pPCanlhiviegasn.d
The triangular voltage has a constant maxi mun
phase pul se fDe@audamogy.s Tahree tewqgoual i n magnitude
two PWM signals shifted by half a pulse peri
simultaneous!l y abD@wosltteadg ebsy. varying t he

Figaa2&hows theACtoi aagal alt on@Guiod & agree . o fT hteh
of t heDGwalothadge i s al BGv alntdagceast eaddan Blmde hadj usH
maxi mum and mini mum values of the triangul ar \
[ &1 S]n[d1]

. ;"h'*.' Tnaggle signal , f\\ fﬁ"-_l
i { D(C-1 H 4 f
o y [y , | ,-'II | '.II 1 | IIIIJI.I' .
§ .-Ifﬂ. | :,lll\. =+ s II,' .Il\ Il.l
'III. Ilil .'rlr . lll'-,l ,."'
Ea .r'r H -."J 4 £
2| ! \ ¥ Vol
1.8 'l1 L \
vV v

Fi g28eneratingsbgnahs PWM

Fi gaa@anki g3 ®i spl ay the PWM signals for th
I

phases. The duty cycle of the choing22@l téahiegual y
cycldeO, swhiFlig3® t he duty cydl12éb¥i sa dij udr€d ansge dt |
vol tages.
|
m—t
B R I wma VS
Fi ga2®WMsignals with a duty cycle d = 0.4

The two PWM signals control the electronic swi
propers hpihfatseed cont r ol of the power semiconduct
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power unit are shown. The current in the powe

transformeansswatimeaof 1/ 50.
Figa¥3®resents the measured current wa&ehbsms,
and the outpBtu@dpdWw®&Wtarndwirsd operating point, t
over |l appgimeg .onfince the currAk@Ctomproareanfter, mdrhse a

i s marked in the figure. The princiopal curren
previgasef

Fi gp¥®WMsignals witdh 2/ 8uty cycle

IUuS

Figa¥®Burrent in the MOSERTSS with a duty cycl

I n t he -osfsfti dtch,edt he i nductor current conti nt
l ear | yFishZ3wsm wihrer e the current in the MOSFET
to flow The corresponding wavefor ms FRirgeurad s o
215
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10ps

|24 D11} Ip12

i

Fi g3 Burr endi oidrest hwd t hdda/. 8uty cycl e

The practical current wavefor ms closely
calcul ated r emsuupthiase Toeruseuné aignificantly |
and output capacitors, | owering the filtering
phases, common mode inductors are necgessdry i
bal ancing, it slightly increases circuit | oss

Finally, efficiency curves for the hybrid |
i nput and output power . Efficiency was cal cl

Pou= 206W 400W, with a comsu=s t2emtd ada uintppuut vwd Ittaagg
The efficiency of LUchoen vperratcetri Fciag R3lyowmiedi mawxad knu r
efficiency is approximately 95% at an output i
power i s ABpGNILE 7 %,

100,00%

0 50 100 150 200 250 300 350 400
W Pouw —p

Fi gR3Effici erenyoyulie gpawer

These efficiency | evels are comparable to
t he hybriodhveudlr offers significant advantage
di fferences.
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Conclusi on
Buck converters are widely wused in various
the filter ccobourtbgiigmgftoanthley overall vol u
accurately determining the required filter si
Thi s s 8 LQajn[dlajn altylse shy blrciodn vbeurctker , whi ch i s
suitable for applications with wide voltage
converter is the complexity of the filter el e
interl eaved switdoki figltechmieqweé $s ements can be
a hybriDCDCockverter with varying numbers of pl
with simulations and pr actpihcassle emebaagur élrhentrse sal
that the input and output cap&jc%jn@i] currents
Il n multiphase configurations, phase currer
mode inductors at each phase output. These in
adding complexity to the circueftfartsi gn and i
Finally, the efficiency results of the rea
nomi nal out put power of 400W with an input Vv
oper a8 6apn[dl ]

2.1 . Mul2ti ph-8selsBauacrkverter

I n papet,3]a novel stDQ@cmwlirtei pfasaee TOGnNnverte
specific#lologtatbpokogy. Al though this convert
t hepiltthe detail ed abh@d gtsi sulotfi prhhaesihed mdcokmovte r b & &
publ itshtelenidk e i n the ppeyplkdB8ffolwWwoavks a hsystemat.
beginning with the abstract and i-mha®eucdanwear, t

The di stchuesnsipornogr e-gs@se n-@mashee itntoeclamabed d
read al so fSriomultahtei oanrst,i calleoong wi th practical m
analysis, confirming the effectiveness of the

The structure of -pthhaes ec ogpnhda saeretr nf er | @aa v evdd h
boostonverter can g@&4eseen in the

Iin lip lipy

AL

Doi | dom  iop
A
N

O
- - -

Ag

Iip lip1

AS

o
\
\
Y

4 >

lin

L > -
iic
C

N Y

/|-

A

H;

= Phasel Co

U cT CoT

0
iic A loc A
= B
Duw La1
‘!J o a <

Phase

o

Al
iy SU
Ag

5

L]
.
. ;
Lel| D, ¥D= iien iopn
N
VT
Dy ! L2 Phase N

Fi gl¥®Pesi gn -pifase tWwaepfhta(sreaigitit @mnl eavelodgtonverbeck
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The conversion r&dtwiostofcomnverhyybriid:buck

Yoo —i7Y 1 (219

[ i EE

with — andp Q —.

The currenpbater hitlhea ddtiwbaacrkv e rRieg3pge e e ret e ¢
showhi gh¥% The figure's top section, highlight
i nductors and the input current for phase 1,
corresponding currents for phase pPha$ke tareas
by half a pul sempateodt hBurndgctbes for each
re
ou
cu

sulting in an input <current for each phase
t put <curr emntidt aatte ,zetrilve ilmduchteor s connect in
rrents equal to the inductor ¢ur3lents, whi l
i iLI] . i]_’il [Ln AV Aan T: iLl] - iLEl ILn AV AiLn
ot
1 i ]
P . t ] t
J . tm - e i tnn torf H iom
i 5 t
i iuz = fr.:z an A * AiLu : i i i1.|1 = il.:: i 1,1.\1 AV * Ai].n
o iR ] %
. t t
i % - L bpai i T, ‘L [

T, 2T, az, T 27, 3T,

Figa¥3%urrent waveforms at the ippastefdbatk)camdemtue pu

The overall i hput s phheesmmacsud mtemd si, n pvhti | e
out put philggssei curhentombi ned cur r emitg 230 m hteh e
overall i npuwbwipthh® €=b mmpalr.emitt shown on the [ eft),
out put p hlarsve t bDUOc D@ to l3mPtpear s on the right. F
assumed DGcautr remltys fl ow through the input and
relationship betlweeonuttphug,,: icaupdtetnber aeetr age i nd
each Ip.hlaosre mul ti phase converters can be detern

4 6
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One (217
01 e (219
ThACcomponent of the ovlep aflll atveep uitn ppunta scea pca
whi |l AACtbmponent of the oveloml Ifl owsputhrphgtet
capacitor. These capacitor currents apheasse gni
hybri4dobst¢kconverter, and the frequency of th
filtering,[1M84quirements

The RMS currents in the iIinput Fag@d3@ut peat REISDp
currents, ftowoa s dnhyahseecbebaustk converters are showr

current is roughly twice that of the output c
decreases as the numbeur nmdntphacaers bhecdiewisekeesd i
a rectangul ar part and a triangular part. The
dotted IDLpnessyQwhaend its maximum contribution t

by a flai¢ bompamafse converter.

Calcul ations show that the triangular compone
capacitors of mul ti phase converters. Theref or
he dy$oadCGDcCcoaspohesee whi

increased, i mproving t

significantly reducing the j[ndBdctance and cap
1.4 0.7

]IL —_— A = 05 ]UL — A, = 05

L W 1 Phase ——— Al =0 Ly e 1 Phase

=== Al = 0

1.0 7 = 0.5 y/
0.8 —Rs 0.4 Z

/ 2 Phase g 7 2 Phase
0.6 7 D 7 7

03

f hY i
’—‘-'r‘\ \\ // [
0.4 - X 02 A7 T
-.\ : 1a5¢ m—— / ] 1asC —-——\
0.2 'S \) i \\{

VY Y \ YIY Y

l 0.2 0.4 0.6 0.8 i 1.0 | 02 0.4 0.6 08 P l_lo

Fi g¥@®MSCurrent in input (left) and output .capacitor s

I n addition to the calculated current in tfF
processes in each phase al spoubfllicgWwpgtdt@mpmb,gh t he
examined this additional current in aldiof fere
thihgbri ébolbbstck converter. At |l ow | oads, this e
capaci tioorcsr eamrsd ng their temperatur e. However,
capacitor current becomes more dominant. The
the convertenbds pagdeske® Jafr ebgeu esnecen al so t he r es.
patn. hdabisl itatwohltbespsesented the resume fr.

Practmaasadr e neopht astyeb r | dB Baesctkv er t er
The circuit is desiRpsre d3OfOOW. &N 6QOONVp MIOSHFEWeE
output diode are chosen for each phase, all ow
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hybri#obstkconverter opefrat2 kaHe sailpulnsge ifnr eaq
on the input anhd3putput capacitors

The next figure illustrbhbetsvitthe foawnmyv armtda rv'i
and the conphoTheonop {(wo power Dboards represe
represent the ot hebophtaselohd eitrhputhyadnrd do btupkt
converter with the MOSFET and -hd&ared olud pruds dfi @n
phases I n order to control the MOSFEHac¢cha ga
of the two powht boatdsnsnthédecrrguit structu
i nductors and three diodes. The inductors 1in
current sensors are used to measure thaendcurre
out put fofl8adch phase

. — .

Fi g3 ®hot os efh atshed btovwdk converter power .(left) and

| #i g3 % waveforms oboose bbygbvedt bucore sho

otl= 0o(B®&afty Qambdght ). The current scale is set

G/div, with zero lines marked on the | eft of

the nearly constant, triangular inductor curr
phase converotretrat ®urt mg phase input current i
ofsft ate, the inductor currents flow through th
I

owerofparhte figure.
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40pus

Fi gR3¥&urrent waveforms of d=he0d.c303nderedfeth) @atnidghtdyuty

i gA3® efficiency diagr anpshafscer htyfbe o &l tnbluec

I
converter are shwdwne60Vrheemaiinnpsu tc ovnoslttaangte,, whi | e
in 30V incVYemedtys,=c1b50WM. The typicaVoure f8fidisci enc
di splayed in the top |l eft, with a peak effici
Vous 90Vef ficiency improves slighkyl2aefafcihd ingn ¢
further increases, achiVew il ¥F2X.i5c% eantc yr artiesde sp
around 93%, maintaining nearly cgdns3dtlant perfo
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—_—— // T o
y —
.'/ h
/
£ ,”
Vi =60V . Vi, =60V
Vouw = 60V ' Fox =90V
100 150 00 50 ) ( 10C 150 200 250 300 50
Pout[W] Pouw[W]
n ]]
- — _—
U = 60V . i = 60V
Fe =120V Vo= 150V
100 150 200 250 300 350 : ) 50 100 150 200 250 300 350
Pout[W] PoulW]

Fi gax®Ef fici endyrdiwvgteaams hylbaoaddt bauacrkverter

| n ctohrec | sxicdoifogishpeerre presented the main fec:
and it is followed by a comprehensive | ist of

2.1 . HyB3ridLcBonostter

The paper @A A NeGwo nHyepfrii#dindBromcdsucesupatoew!l sgy
with a -lhp ghorsv enpslildn croampaor i son to a[Qtfhesical
static convesi bnmeat hioigsh strh(el wthreanesf or mer r at i
converters, this design uses only one transi ¢
component , ef ftelordeiavcet liw er eed vecmemg s . Design equ
simulations and experi ment al results validati
presented f@ac¢teovte solution for applications reg
t ma hien prwtlef 4.4 |

The devel opment of this capveonheerdstar wed hf
structp7e adpSIhiogvd G manal yg &fl59]4.7]The i nnti al
devel oping the nceowmepdnhter utcw al raenddeuscat [loyhes® nver t er
operati on. F orhitgrhdamasfi d rynbe rdei moagitenvsa yasntdh er ef or e i
waesl|l i mi nat edt,hes iaipdciufigtdeeoys ng. Additionally, <co

reduces the need forsiamphididyitngni@ahe mMmdes e s aud ¢
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converterFi gsBddewn nichudes one active switch, t |
capacitor, and two coupled inductors, achievi
P of
il
D 1
— 1 D, 2 =+ N % +
+ D,

(D% —op- b I3 -

R[ Vo

Figad®Eybridpstepverter with[gWitching structu

Fi g24The new proposled nhydhblintlidd Boost

ThBCanal ysis is conducted fC&mM)cfoomd u sniurogi sorc o

D1, Do, abp.dy pi tae@CManal ysi s, smal | ri ppltéedisetastsas mpt
vari abl es, considering inductor c¢ ubCaennatlsy sa nsd
pur poses, and the static conversion ratio is
assumed, where al/l components are | ossless, a

For this -bhoydnrvdar tBoroG&Me it avtoi n @ piom ogi cal states

t

he switching states of the power trandgistor

and the Tpewi bd bhre transi stbor Ddut ynwgc yf &nloenf i0e g1t

—

—h

t

BiTs, t r aSasids tdgaordee on, Dha rbeardd oodfefs due to reve
n the séc dfigd dst dtr @Sanids tdd roudren o f f Draanddga rdei od e s
orward bi astehden alTgm §| a ¢ vséciheeatad iac Rii gAd Eedher e
he coupledremldlugea@nsi ae &l trlajhsdowd mar magdeeo
nduclvwamgaieblh, wi th the teaoassedr mer rati o
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Ip3 D, . -

c=T=vc R[] v,

Fi g242Equi vsadheenmmat i ¢ of t he -LlgrompesdadkrHybri d Boos

The ideal transformer equations ar e:
Q £¢JQ m (219
O € (22 0
and these equations are applied to any convert
ThBCvol tage across the output capacitor is equ
® ® —ab (229

Hence the static conversion ratio of the conyv

0 —2 (222

The dependency of the statiwée ndhbnaveraipar ame
i's prefegased in
The dc value of tifse magneti zing current

0 —2 245 (223
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Ratio(M)

Conversion Ratio Comparison

EU T T T
— — Classical Boost
Hybrid Boost-L
50 Proposed Hybrid Boost-L,n=2
— — Proposed Hybrid Boost-L,n=3
— — Proposed Hybrid Boost-L,n=4
40 Proposed Hybrid Boost-L,n=5 fl

Duty cycle(D)

Fi g243Bt atic conversion

converter

rati o agai nstn=@u)t,y cclyacs sei cfaolr
a AL othwlerrifd B d o otm

Bad

The semiconductors current Tab2levoltage stress

Tab2l®evi ce.

stresses

Name of the Voltage Current
component
’ p €30 ¢ p Op £30 0 wqg
S w o 0O , o
p O p 0OF Y
’ €0 ¢ p Op £30 0 wqg
D1 w — Mg 0O , S
p O p OF¢ Y
: o p ¢330 w
D2 ® & © . D_Q
p O Y
P o LI
Ds p o ° p O Y

Differ-emtcaone@ire¢adrtfsh es mspapme

same

IMg, p wmith ivlioel tpargoev,i di

out p\st
resul ts

tvoo | tt megRes aamee
of this

taakde,n i nto considerat

The c o mpah2l2d 1.¥e anal ysi s are
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Tab2a22€ompari son between madi eup paomawmet eessof di ffe

Type of Boost Converter
Parameter Classic Hybrid Upl Hybrid Proposed
Up3
Switches 1 1 1 1
Diodes 1 2 4 3
Total no. of 8 8 7
components
System 2 3 3 3
Order
Conversion 1 1+D 1+D 1+n-D
auo-M ) 10p 1-D 1-D | 1-D
Switch . . s
voltage M Vg Vg M Vg M Vg
stress
Switch V V V M ( M -
current M._g M._g M._g ])VD/R
stress R R R g
Diode . . .
voltage M Vg (1-M)- Vg M Vg M Vg
stress 2
Diode
current MV_g MV_g MV_g Mr.i
stress R R R R
Input Smooth Smooth Smooth Smooth
current

| tanc be remarked that the sthattatsnwvelsBo
converter, et vheart hheif ghhyebri. ctdmaBre o g &/Mfher cmnvert er
|l ower number of diodes, than the Hybrid Up 3

L

Hybrid Up3. Al convert elrhsi se xfheiabtiutr es nmaoktehs it nhp

highly suit
S t

bl e fhoirg batppu ti cvaalitoangse ss.equi ri ng
To design e

a
h proposed boost conveTalBe t he f

Tab23®esi gn specification

Parameter name Value
Input voltageVg 30V
Output voltageVo 120V
Output powelP, 50W
Switching frequencys | 50 kHz
Transformer ratim 2

Knowing the dessi ghesepathkei cwempemhent at ed.
resulted statiMVdcgndershedduabymayndlse he | oad r
R=\W/P=288Fr otmheal cwlla=t.iF D22 . 10 LSAvaH©S8. 4We rCeH

obt alfmeedval ue of the GhimBmMOM2 wapacihosrenwahe s

val ue olfh fheexk t OF.i gur essi muhleatrieosnu lctasn obfe sdeen. B
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inductors, only half of the trisaseaghl @athgeshapeatc
i ndukEitgadreand t he other thiat & hteh s puFldagizfrSehuap o r

SIGNAL1
Qi. — — —
1.500

1

500m ...
| ESSCcRENER FEREAEE, Sl l SRS (SRSt TS E St ST ER e S PR |

-500m;

- ! . - =

-1.500

g S S N DS S S S |
20.500m 20.510m 20.520m 20.530m 20.540m 20.550m 20.560m 20.570m 20.580m 20.590m 20.600m
Time(s)

Fi g4 WM signal applied to the gate of the

2300

40 ; ; ;
20.500m 20.510m 20.520m 20.530m 20.540m 20.550m 20.560m 20.570m 20.580m 20.590m 20.600m
Time(s)—

Fi gl4™ol t agdicaodrloss

L1
PUG

0 : : c
20.500m 20.520m 20.540m 20.560m 20.580m 20.600m
Time(s)

Figad@urrent through inductor

70 VIL2]

60,

40|
30|
20|
10

-10)
-20
-30
=40
=50

70, 1 Gk L s
20.500m 20.520m 20.540m 20.560m 20.580m 20.600m
Time(s) -

Fi g4 ™ol t agécadddoss
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LNzl
1,800,
1.600(
1.400
1.200
1
800m|
600m|
400m|
200m|
zn.ganm 20.520m 20.540m 20.560m 20.580m 20.600m

Time(s)

Figaa&urrent through inductor

500my -

ol | | | 2 i
20.500m 20.520m 20.540m 20.560m 20.580m 20.600m
Time(s) —

Fi g24®urrent through thbhw magneti zing induct

A practical prototype of the simulated con\
against theoretical predictions. Mi par adiitfif e
el ement s, introduce slight deviations from t
MOSFET BUQROH5B as the switch,DDES5 4H2A arnedc tiinfdiuecrts
Li=122H1 @n=d523H600sci |l | os dopas@aiit ghbBh dvn e
waveffoomstransi stor voltage, outpanldyvodltagely

agr ewiitnlg si,[mulJati on
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Tek Run Trig'd

@ 100V 2 : " @ 2002 J(100 1.00GS/ 1 260V
(@ s0.0v 10.015 j[ X ][mokpo?ntsJ o J
value Mean Min Max std Dev }
F 50.74kHz 50.70k 50.67k 50.74k 29.32
=—r[§!3$ncy 50.72 % ‘ 49.82 49.29 50.76 698.5m
Figab®scill oscope waveforms: voltage aicvg)o;s so utthpeu tt rvaonlstie
l'ight)bluvel tlageedcr cus r &n(tg rtéhgrnou g h
Tek Run i . . =Tri5;|’d

g e
]

H—

@ 100V @ 500maA J[H).()ps ][1.00(}5/5 ] @ . 26.0 v]
(@ 100v 10.0us ) 100k points

value Mean Min Max Std Dev
@ Frequency 50.74kHz 52.71k  50.66k 531.1M 670.2k
@ Duty 50.70%  50.32 129.4m  96.86 605.6m 15:33702

Figab®scill oscope waveforms: voltage aicvf}o;s sv otlhtea gter aancsri
Lo(r-ead ; curr dn(tg rtéhgrno u g h
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The experimental static conver sitdiedealt i o
t heoreti ctahtehcewrrwed tabrad ¢takes i nt o lacsBagur et he
252 The effagaensly the Féeuyiylsdyawlse t hfan omx per i me
are slightly betbwr a dhdewer iett 0 ic@ ¢ diil nodsusceesda nldo pp ¢ «
switching | osses.
Static conversion ratio
E T T T T T T T T T
55
5_
451
,q__
=
o 35¢
<
3_
254
2_
M ideal
15 2 —&%— M state space losses
; | —=— M measured

| 1 1 1
01 015 02 025 03 035 04 045 05 055 06
Duty cycle(D)

Fi g5Z2he experimental conversion ratio against duty cy
|l osses .calcul ated

Experimental efficiency
100 . T

80 -

80 - -

60 - -

80+ -

Efficiencyfy)

30+ -

20+ -

10 —=r— Theoretical efficiency

Measured efficiency

u | 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Duty cycle(D)

Fi gh53Fhe experimental efficiency against the
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Overaheéese resul ts confugenf utblihee s heasprbapgased a
demonstrati ngatretpsi glufi it @ibedad yylalplpl i cati ons

Thepap@A Compari son -PBheaswe eaPhdaistegd Ry blsi d
ConveflL,8tmwgmparpesaskEd ind) ipdvweos e hy-hcodvB8obsts, f o
on their desi gn, oper ati Dme  sprhubgsl pee rcfomirfshagrua ea |
preserrtigdE&nwhhleepthmese hyhciodv Bdoogtt5® whi ch
empl oys interleaved switching to achieve bet
compared {phaistts coiumg lpehmasret deBhegnt wesul ts in |
capacitor s, reducing c¢ompemiEycto mptarf @ gofased enh
i nput and output caphasdae ocphdutsweoanfsi dwmra tsiinmgd

reduced current stressphhangde adeilpgneBiedmiSetsd e d ni n
Simul ation resul tphacsenfciommetrhkal phoed dappd woe £
out put Eiugaseghtig,h!l i ghting i t-moweuri tapmpll i d¢agt ifoonrs
systems.

7 .
“Viu + i
o
> >

i|:l. |}l + +

Fi ga546i nngphase hydDICOCBoosvYerter

= VD“ +1L11 . - VD31 + iOFl iOP
- M e z b
7 N p| e lD”DuDzl +iy L Iosi D L+
n ‘E le VD21 Ig) + 1ng Lot
: sy 1 g[
L i 51
VinC) ¢ ., bt Ly - ' C, Ve Vo
Phasel
- VD12 + +t Vi - - Vp H
- . ——p—
iz lDlZDuD +1L12 Ly IpsaD,, [loe:
1 ig
! 8 MV
iy Ly 7.
Phase2

Fi g5 c hematthient e f | epahvaesde thwollciod vBoO ¢ € Ir
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Q= 0.7
I, — A, 051, L — A 051,
K 06 1Phase | | —_— M= 0 K o6 | Phase ——— A= 0
0.5 S e o 05 s —t
0.4 v T 0.4 A
03 /l 3 Phase \\ 4 / %_Phasc \
—\:-f\ A 4 2 \\'\ >W<
0.1 V v V4 0.1 v Y4
i \ | f ,
0.2 0.4 0.6 0.8 a 10 0.2 0.4 0.6 0.8 p 1.0
Fi ga5@®MS i nput (left) and ofudarpehet@awodgipthrecapganivteart ec u
- e
Fi g5 urrents at tphpbaset pidtevfdaf, t-pasadn et |vebor i wgehrtt. e r
Thi s rebatr owas parti al Ssuppo-mT C0l[fBR] rese
demonstrates how multiphase conf-D@urcatniveermrst ec
per f orbmacnacues e i nterl eaved switching increases

significant| ynegfefdourcte sa st hteh ef inlutpgbfle8r] of phases i

2.1 HybMBudkonvewitter coupd ed inductor
From the same switchilncg noelrlt efr afpirdedd éenft etd h d
[ 1,1 ]iln6gnt r oad unceewdLBamker t er obtained using the
concep[th,FJremul ting in the MPprgops@&sed converter
+ Vg - - +
Is *Vg- - Ips Yo I
1 T b >»—pt >
g4 g ! 1 D,
A = Vpp * + V|
+ + D3 IC + +
C-)Vg V[]gI D3 Ip2 D2 I LE C iCR ]Vo
|

Fi g5&he new propodedniMebtfdd]Buohk
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Analyscogvémesul ts that in CCM, two topolo

status of the power transistor a$®adn dd idn doedse. | n
on, whi Dmeansiacckesof f. | n the seco%adn dt odpieordesgi c a l
of f, whDJaenghircedreosn . t he anal ysis, a siPhpyufeed

259 The coupl end diebhdedtmorn slead Ftwiansfarmmangf or
and a magnetwm z iwhge gibtaih..sc t or

= Vpz *
i
Vo, + D, D2
¢ —>
[
D1 . D1
I I Io
i 1 n »—
V4 I A
is  + Vg - Lm o
14T ™ +
Ig =T in I 2 Y + Riyy
- S + _I_ Ve [ o
C)Va Vo3 D, C| - -
—— N

Fi gag®i mpl i fied schemati c -locfonvheer tperoposed Hybr

Il n pgehpelnrGlhe operating-spateciaphéysi steadygd c
ot her converftearnantdbsh ¢ daetei ¢ als assumptions. Sir
progdemonstratadr eenwiattiffitehretoredn ciader EXpens ment
results further confirmed the simulation and
practical appluimmat iypahpeesr Arelsemtt ed further.

The static conversion ratio of the converter

" o)

) 5 (229
The relationship between the @o®hvassaompar amet
i Il ustFrigtk&@® A8 shioghG@® md dérowmedghbhatvleenout put
voltage is | ower than thdownpoatuobktafget heonbd
same duty cycle, the conversion ratio of the
converter. Additionawégn twhendtubhpddti Fdkbitrpete \
Vgis small, the proposed converter operates at
converter requiressunusually high duty <cycl e
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Conversion Ratio against Duty Cycle

1
0.9}-
0.8
3 0.7+
£ 0.6
=
=4
£ 0.5
=
- 7/
5 ¥ 4 e (Classical Buck
- 0.4 y i . 1
= s Proposed Hybrid Buck-L.n=1
8 Proposed Hybrid Buck-L.n=2
0.3 e Proposed Hybrid BuckLoi=3 | |
= Proposed Hybrid Buck-L.n=4
0.2 e Proposed Hybrid Buck-L.n=5 E
Proposed Hybrid Buck-L.n=6
0.1 == == = Proposed Hybrid Buck-L.n=7 |
; == == = Proposed Hybrid Buck-L.n=8
0E I 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Duty cycle(D)

Fi gheg®tatic conversion ratio against the duty

To ensure a fair -dompacbpsesuBrtensi ause 8s8tapu

the identicandnpuovivdl hggtehkatsamee oRiampet| vad
Tab2dpr ovi des a s ummahmey vefl tcloen vfeirmdceirngsvhi ch ha:
of compeoxnheinstivei,$ cd voltage stress that 1 s comp:
QBC3, and QBC4 <converters, whil e diode wvoltac
QBC2, and hybrid converters. The swiQ8K2dc cu
and it it® htalie odame e classical, QBC3, QBC4, hy
[ 1.6]
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di fferent

Tablda€ompari son between mai fdopvanr aamentvesrrst eafs St

The

Type of Buck Converter
Parameter Classical QBC1 QBC2 QBC3 QBC4 Hybrid TSQBC | Stacked Proposed
nfu:is?grs 1 1 1 1 1 1 2 1 1
No. of diodes 1 3 3 3 3 2 3 2 3
Total no. of 4 8 8 8 8 6 10 8 6
componems
System Order 2 4 4 4 4 3 5 5 2
C i . , (1+n )D
r‘:;ize&a)n D D D D (2-D) D(2-D) DA2-D) D/(2-D) 2D/(1+D) T
i (1+M)
VolTSa\;g:gess Ve e | ¢ “/ﬁ* M) Ve Ve A+M)V; VTg Ve(1-M/2) Ve
Switch dc , ¥ v, , ¥, .V, .V .V, Y v
current stress Mf'?g M'Eg MVyR M"?g M’-ng Mw?g M’-% M,.Kg Mz.}g
Maximum (I+M)
diode voltage Ve N Ve NETHA Vi-u v, Ve 13 Ve(1-M72) Ve
stress 2
Maximum g f Vg
diode current (1-0)- 21— MvE MvV—g ML= R Mﬁg M'V—g JVI"-V—g (1~M)MV—g M:-V—g
stress R R R 2R R R R
To design t heowr oporswdar tsdre,p t he foll owdlnlge spe
2.5.
Tab258®&esi gn specification
Parameter name Value
Input voltageVy 60V
Output voltageVo 30V
Output powelP, 20W
Switching frequencys | 50 kHz
Transformer ratim 1.75
Knowing the desigbheapopreaeitaveaticanh at ed.
static t he

convM=N§gEOomM . Kat itch ©i sel—u—tgy T, @ Qapned

| oa

r es iRs WtPs4 § .Fr otnheea | ¢ wslLwrt #3680 OM3 dpFfAv=2 11 0 OH6 6

weodt ai

nrence

wan32. OF,

V=60

Vv,

Wi

p
bu
t h

t

t he

r alcstéidowad s val im3hed | G

volt aypwye6 0 fV BCGcdur a elp=t0 . @131 3t Aee x t

S i

mulsaamome
magneti zing

see

n.

s h atpher @ thgeh s ec o rFd gié Zpulcbt]jor

6 3

of

figured hehe r
Beéicrmduwscet orfs ,t hen lcy ulpd lef
cthr @chtehwiilrl§ t bgeitndseuatnt tolr e

t he mi

gFmaardiormd meamwmsi st or
a nls=alv.e3r3a3g eA .c uTrhree ndti oodfe s

mu st

ot her

ni mu
v ol
be

of t
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L3M[L1)
20m 20.020m 20.040m 20.060m 20.080m 20.100m
1.800
3 ok 1 600
200 A I S E— B I . 1.400
’: e 1.200
1 1
800m
o 600m
a0 —! 400m
200m
20m 20.020m 20.040m 20.060m 20.080m 20.1u0m

Time(s)
Fi g6¥ol tagd;(bloses trace) anidirceid rtemdacehrough it

L8jifL2]
j!(lm 20.0:10111 20.0:20111 20.0:3[}111 20.0:4(}m 20.0;5Um Eo.qﬁﬂm 20.qmm EO.QBOm 20.q90rn 2{).10_(2[[90m
O 00T
10 i i i i .B[]Um
700m
9 | | 1 600m
=10, | i 1500m
-20| -\-_"‘"-— -\-_"""—— 400m
-30 { i 300m
-40| 200m
-50| 100m

— i _ H _

S S — — b 0

20m  20.010m 20.020m 20.030m 20.040m 20.050m 20.060m 20.070m 20.080m 20.090m 20.100m

Time(s)—
Fi ghG62Xol t agd(vaLbbloses tr acd)hraonigphceidtrtgmace) .

A practical experiment wa&,6]tcoondalcitecat eantdh &
anal yspsopbsetieconverter, using the I nfineon N
Ul trafast r eEc3t/i5fdi.e rWave @R D ewnelrleo sccaoptldue evdo | t a g €
acr os Dswdasoasze ta r,e fadrdewn& ¢ g 26 & nkKi g 26 4e

Tek Run ; :Trlg'd
L
-

T R )

@ 500V @ 200 @ 00mA ; ;

@ 0.0V 10.0p5 [10.01.!5 100MS5/5 [ - 1.00\;]
Value Mean Min Max Std Dev 10k points | J

@ Frequency 50.20kHz 2.057M 49.92k  53.07M  0.501M

@ +Duty 26.78% 27.4% 33.96m 7311 5.931 [ 2 Mar 2018]

@ Mean 27.37 \ 27 2726 ] 1) [ 16:49:17 )

Figaae®scill oscope wavef or s : (walrtka ¢god uaecr; eVepsu ttplhod t daigeed ea
acrlags-end ; curr dn(tgrtehgrnough
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TejcRun — : : — — ——Trigd

@ 500V 2 & s00mA )

@ 500V 10,045 I 10, 0ps 100MS/5 - . sV
Value Mean Min Max Std Dev | IJ'“"“"”" | |
@ Frequency  50.23kHz 2.428M  50.01k 57.32M 6.071IM
@ Duty 26.70 % 31,64 243.83m  99.90 15.53 [ 2 Mar 2018
2 ) 1710010
Figaag®scill oscope wavef or s : (walrtka ¢god uaedr; eVehbsu ttphod t daigeed ea

acrlees-ad ; curr dn(tgrtahgrnough

The experimental sstabtai te@dhveysvanyragi o he
slightvyl demywear ed to the st hasr il Fioghtrba awehdeurieat i
the experimental curve closely matcheFsi giuhree i d
266 demonstrate excellent perf dOMarkce Theseeead
confirm the feasibility and high efficiency o

Static conversion ratio

(=] o
=y w
T T
\\
[
L \

Ratio(M)
o o
[+ ~

T T

o
L&)
T

04r 1
0.3F —5— M measured ||
M ideal
0.2
0.1 0.2 0.3 0.4 0.5 06 07 08 0.9
Duty cycle(D)
Fi ghGd®he experimental conversion ratio against dut
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Experimental efficiency
100

T A A N P, 7
A A A e
s Ao

. B
A

a0+ V. q
i

70}

60+ -

50 .

Efficiency(n)

40+

30+ b

20+ .

10F

—&— Measured efficiency

v] 0.2 0.4 06 0.8 1
Duty cycle(D)

Fi ganagEhe experimental efficiency against t

Conclusi on

The proposedicbgyber deBuc&dwébl applications
voltage slightly | ower than the input, as it
a simple design with one transistor,dubreesdi
resultingonderateemcohadat simplifies | oop design

wor k was sau prpeogyet aerd-TbGR O N 74.2 ]

2.1 . Hybbri dcBruwcekr t er with unequal inductors

Starting from -tphectpg&dhfyibvrei d osptoed ppgio@s wer €

of wthh admee w, including tihfe3.2]rTompeo e ladbswoe pt e rotl erg
[ 3@¢éri vadheyboimd [cojsveertedregloe/d consi sting of tw
an output capacitor, and one transi st btahe The

static conversion ratio remains unaffected. T
transistorcoaddctdimmd,e with i ndusbehawliad wtelse i n
peculiarlbLdasé¢e hehemperanti yoon ti mproll drdeisarall asti aotness .a
t heex perivlmmé ndttdatet heorewi thkéehhewhyesesf or ks gdiepi ct
26 Fi gure 2. 71.
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D, L.
’-]l . g g
ipz4 - Vpz+ VT iz
|
T VoD b
i + Vul- . Ly L, Ipiz D, Alp4 . .
g4 ins Y | ” lea ko
A Vp1 + +

Fi gaag®he new propokednwhgibtréemd Buck

Conveanaeliysseas | i ttIivE@nbitto dii nfdi owltt t hsey sstteant iwc tche
11 unknowns wasMsdlhvee d eisnulMatilsab
0o — (229

Fi ghe6&he waveforms associ at elde ftto atnhde sreenaicatadi nyded cctoonrp odne
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resul ts

al
foll owing spe

Simul ation and experi me
The converter operates with t

T I npoltt ¥5gg24V

T Out poultt g &2V

T Out pouvtePy=:2 0 W

T Swi t drhd qénTt Y0k Hz

A design procedure for selecting the [rSedajcti ve
yieldinglLta@a8DOH#ucLl=dAWOOHyr CaPROKF,t odDFtOy 3y cl e

nt
he

LINTERNA KODE_1ait?]
2 n

Fi gaag®i olkel ef t |, B idgihadsd ced)y ea#n(db [vuoel)t.a g e

Fi g ndulgdamldc ur s(ernetd) a®(db Ivuoel)t.age

Figar®scilloscopel|l vay®f(oememw vol tlafgeadcr oss
(gr-éa¢n outpon wvhoé vie¢gtta,gBPa(ryderrvdsosn t hg ot it @lgt( a-
currently(tdhrréogurg hout put voMgt.age (1 i g
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These figures capt ur e ptelremtradostemec ee xoff e rtihnee nct
f otrhe siwtidat iuonnrequal diemducsct oat g dil mbhalta nicned udca eosr
i mpact the st aetniscurcionngv errosbiuosnt rpaetrifoor manc e

2.1 .Hyberid-DGknwe&rter with coupled inductors

Tepaper #AA New HytbhrGanviewk ePC with[ Tdlupl ed
introduces a -nppebDO6ybmwielckheutkl ed i nductor s,
applications requiring an output voltage higt
achieves an extended staticthamvearhei ominatail o c\
[ 7dnd dehi gkhes outphe saimgagempmawmed he cl assic
converter, while maintaiouhguhegppliTevet pelga riets
freedom in its design allow for enhanced fl exi
DCanAlCanal yses, along with evaluations of devi
traditional converters. Si mdt hei oheandtegpkrp
confirming the feasibility of the proposed de:s
oprathnghatduty cycl es.

Af taeirnt rodecti vtehevhetraet e of art of differen
their aanpartseqasdescri ption of ea¢R2%ection i

The authors started fypemnvbaet ecoppb@gEnoédt

[ 7The i nitial step in designing the lpamg@osed c

Assuming ideal coupl i mbge ihnaggt e & i edui moldizeys,s fad wag 1s
ofafnd t herefore it can Deer emov bd stionoaineerdlee ad o
expensive architecture was achi éevg@n®®i th one
D3 L2
N Y
f Ly
D, 1] Y
L,
Y'Y N
D, -
- QJE A 4 C,— []R Vo
v 4 R

Fi g2%"Zhe i nittyipelepLweclonverter with the switching

The coupledmobdduwbstamgs aar @ dedgrl ctormbn snfear nneirt
magneti zilvg iamsdgkiogw@iirdei hn t his model , Lulhe magn
assumedqtual beand all components are considered
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QJE by S LR

_+_

Fi g2%rEhe novel propygpadcdicywmnrvied tlewk wi th coupled ir

ire L Ip; 2}1 ic c Ly i3
—P P—{ Y'Y\ —o
i i VDI fg; — i VL3
1 Vi L Ve D4 ; Ai
2 1 A Co o
. E3 ] I
4 IT D 2!}’02 Veo L7
| | ofple oW =L [
Ve C_) i) + —; Yin: N

Fi g2a%Z&€quival ent schemati c edfc tchoen vperropears ewd.thhy becroiudo | Leud

CCM, the

n propowetiwocohoupotl dapisecale ot & thees s
he power transi stamd [dTdgea walvrint cthhien go pferreagtui e

I

of t )
duty Deymlte ol | ing the pulse width moduDMAT i on.
trandamsd o@iECODE UBKh i | B2 OBmad es rteiveseske. I n the se
occur r iDiAGN 0§ r o mMpadrdkucw N dwicitirean Qa s d o Diaa cee T f
ideal transfaoea:mer equations

e 2.2

Q ¢0Q ™ (229
Smal | r e assumptions consi deorchreagptashretnoe v

I
Maiad ytshien ¢ 9 nrvedsrutletrs t hat the static
0 p £ CG— (2279

The duty eypressad flwecti on of the static conv

(o) (229

Examining ZEf,uaitti ons (@bserved that the stat

when the dhmtgmteam—y—&leﬁsz nan@8, this threshold d
and 0. 33, respectivel vy, i @adil ®adsd tnlgu g theap-d t dhitee
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downnver sNothab luyp, rtehgei st ebpegi ns at a signi fica
to thBod8stkand Luk converters, with the propo
instead of O.nS.ncAxatstkees , vdalhee daffuyp acyagli ®nd afeicm i
Consequentulpy,r etgheonstodpthe proposed coBiocegtt er
and Luk cTorev erretleartsi,.onshi p between static conyv
classical L u kt oapnadl o ghye, parto pvoasreido us t Fiag®iaf5® r mer

40 Static Conversion Ratio against Duty Cycle dependency
T T T T T T T T

== =(Classical Cuk

35| |=====Proposed Hybrid Cuk, n=1.3
= Proposed Hybrid Cuk, n=2.2
== Proposed Hybrid Cuk, n=3.4

w
o
T

5 Static Conversion Ratio against Duty Cycle dependency

== =Classical Cuk

— Proposed Hybrid Cuk, n=1.3
Proposed Hybrid Cuk, n=2.2
Proposed Hybrid Cuk, n=3.4

n
(&)}
T

S}
o

o

-
w
T

Static conversion ratio (M)

Static conversion ratio (M)
[~]
o
T

10 05

0 005 01 015 02 025 03 035 04 045 05
5 Duty cycle (D)

-__——
1 | 1 1

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09
Duty cycle (D)

Figar®tatic conversion ratio against duBBy e@yel anfdom. #l
the classical Luk converter

Figanegenki ganvrel |l ustraseatbkbewaveddyms for the re

semi conductoswidtetoehiceg ( & Fhe@ctidme dt ransi stor i s
reference, defined as:

. m 60

no ﬁff) 5 "0°0 (229
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Figar@®ain waveforms associatlswdndot hlelsilmeafgte, ¢ barnzd ntgo itnhdeu

capaCandrout pudirdagpmaci tor
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Figaa®ain semiconductor wavefor ms

FoCCMperation, t he dd wrdiehsgiomursd s proeprdaii ang i ocna |

states, requiring their currenbianibharet agupbst
iLm, the CCM condition mandates tOhat Ot h-© minir
YO , must bTeh ep ofsiintailvec.ondi ti on i s:
6 0
6 060 (239

Th@éCMonditi osyi sobadieddenmw h@tbatr eéhows Si hceug
iLmanidsshare the same monotonicitywhéeéhe CCM cond
o}e;

- (239

where, the equivalent inductor i s:
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Compar isswmirdoametopelogi es )
Tabdbeompares the proPp&€sedbnivebrtied wuk hDE€ he

Boost, classical Luk, and a hybrid Luk conver
vol tVggeout puVYy,, vahdRagp&ayg parameters compared i
components, system oMdedut Bt @egntdc esceommi vceor nsdi uocnt orr

Tab2d6€ompari son between mai rupp aroavne tceornsy eaft edisf.f er ent st ¢

Type of Converter

Classical T
Parameter Buck-Boost ClassicallL u k Hybr i di5) uk Proposed Hylt
[56]
[55]
Switches 1 1 1 1
Diodes 1 1 3 3
Total no. of 4 6 8 8
components
System order 2 4 4 4
Static 0 ¢! 00t © 00p ¢
conversion — — — -
ratio-M p O p O €0p O p O
Duty cycleD v _ v w u
o 0 o 0 C . cE
Switch ) . W 0 o)
current stress Y OV Lop U O? v O? v O?
Switch . . c @ ¢t 0@
voltage stress P U I p o Y ) o 0 &
Maximum R R D o
diode dc 0 Og 00p 0 Og 0 o5 0 Og
current stress Y Y Y Y
Maximum : >
diode voltage p 0 w p 0 @ ﬂ ﬂ
stress E £@ 0 p 0 6
where, 0 ¢ p O Tl ;0 p 0 T€E D
Unli ke the <classical Luk, the proposed co
achieves |l owethrcougkeabbissdtr@emsshednd niiiondeasi ni ng

system or deFi g&iske sthhoewnprionposed topol ogy achi ev
rati o at the same duty c yup eap pmaikciantgi onts nroergeu i
i npgutut put voltage differences.
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Design exampl e
The design objective is to develop a hybi
specifications:

T I'nput Vol3B3B4aYe:

T Out put W-=oll2t0avg e :

T Out put Pop 8-e W:

1 Swi tchi ngfsflr0eq kkeHrec y :

Knowi ng tdmecdieksiicdgaibanp a veard tussr ®avl cul at ed, us i
equations [R2Résented in

The mini mum andomakhmumtadal aeM=BnB3r Wi b h r 8
DmimO,c®rresponding to the mithemueqset gedcautldsn s a
n=2.03. The maxi mum duty <cycl e, t hat corresp
Dmax 0. 6 8. The maxi mum and minimum | oad resi st a
maxi mum out put power ,sarReisp g8 hRhaxetl§O haen dmit rhiemwma |
magneti zing Luhdhuovtasr cwdlcwed amheer acswsded 2c ®n ddH i u
(maxi mum | oad resi st aircve 4 8 gHla9nldwpafitvmiv® | 0 A gmH,

Fotrhper acti cal ilLywpdemdM@atisad. The Bhimi mum
was found to be 3.1 Ind3. dawmanthsplractedal Tval urt
was designed to Iimit the voltage ripple to 5

out put capacivbooditra gpwilteh la mia@% was chosen as 3
stress wasVoe2al@uV,atwidt msang=4dv é&r &Ag ¢ Desgwewendt ao f
maxi mum vVed 2la@ed od ma x irmeumip=00Ck 2¢c ur

Simul ations and experiment al resul ts

To validate the theoretical anal ysis of tF
conducted usi ng[ 80]eT h@a sparca nted elr s mat ched tF
speci f Vg=at3ifoxVs7 781,138 2. 3%:=mB, 46= mH3CHF3. 3 OF,
R= 3%@= 100Ak#$lzi ght adjustment tm=ltlv&lBemadnsigort
a calcul atebd0dBsllheysstcommnbédtr i mend a DU, owdrmpuits tver
with theoretical eXipeXM8ati ons, as depicted in

75



Universitatea

Politefnica [ M
din Timisoara ETeTd |

Vi
200,

180

1604

140

120

100

80

604

40

20

n
160.150m  160.155m 160.160m 160.165m 160.170m 160.175m 160.180m 160.185m 160.190m 160.195m 160.200m
Time(s)——

Fi gahn&aspmonul a&Out pnt dc voltage.

The 1 mpl emenetnepd topyesso patrmmet er s outl i ned in
setup included ¥%=fBxeW| tapiundgvolld@QyeamrHzB= and I
360 THe chosen transistor was I nfineolm ;MOSFET
RFN1ONSG6 SFH. I n all the recorded waveforms, t
dr aiehource volt&geForf ardrutsYsypcecltdheoPMroat i on
di oDk, as verifi &8P khynwdEgrhapRin®i BE 20, F6Gur e
28 ankKi gh&lenftake expected rectangul ar inductor
inductor current waveforms, consistent with b

lL_\"I'/S u \-—v L——’ u
BJ’\QMWMW
@ 1 value Mean .Mi]no.ov Max. Sé?grgs\/ jm%}w
@ +Duty 19.87 % 14.52 58.84m__ 20.05 8.855 }g:?g,::s;gzg
Figan®scill oscope -wavefoemsol dwpengdaekcbl velvsdage (pur

currentlbathrtorueghbat@. 2ycl e
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NSNS NN

pI]

- 1oV - T — @ oomA ‘4:00]“ " [250M5/s ‘ - 7 os'u'v]

- 00V 4.005 |10k points ‘

||3 Dec 1nzu“
17:38:50 |

FigR&8®scill oscope wavefoemsol dwgengyoathkhgbkl aer-s,19s t he p
the pri manygr-@a@mrefntt atnalowdmr @ae nvol tvage (adlar&kgedl aeross t he
(r-e

gl; secondary)-aurgrheant DEdgrfe &g cl e

Figa8®Wscill oscope wWwavefocemyol dwdien ¢odat kg &lagler oosust p ut
vol tage ol i gmd dbdlnueegt-epihrdtgh-asdoudcai nol tvagge -ff-atae kK bl
source voltage (pur pltve),; couutrpdnftg mtiehbrnoauggent ( | Dgh9 . @G aclee

The static conversion ratio of theDgnmndtoty]
measuring t h¥.Fow2@gikt evo)ttheedg eewssmpari son of t he
(with conduction | osses), andmareaghs Dr@.dhr ¢ onv el
deviation at highet-eputyniggd&®&Brsi ghiytg,ht¢ alght s t
theoretical c omalanedi sobsaguesatpdakl|l i ne at ver:
finite maxi mumi g8 3li habdli earasiobhe efficiency
at a ddgnit0a vt
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