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ABSTRACT

This report presents a novel three-phase three-level DC/DC converter using zero-
voltage zero-current switching (ZVZCS) method, in order to reduce switching losses
during the start of turning on and turning off in semiconductor devices, by using phase-
shifted pulse width modulation (PSPWM) signals which are generated from a 16 bit
microcontroller. This proposed converter consists of three-level invertersg’:éthat have some
advantages. Not only does the voltage stress of semiconductor devices decrease to half
of the input dc voltage at the tuning-off time, but the total harmonics voltage
distortions (THDv) of the output inverter also decrease when being compared to the
two-level inverters. The semiconductor devices within this circuit can operate under
zero-voltage (ZVS) and zero-current (ZCS) conditions by using the energy of leakage
inductances and dc blocking capacitors. However, the devices still can completely
achieve soft switching conditions without the need of dc blocking capacitor being used
in dircuit. This can be explained by the balanced current’s principle of three-phase
transformer. The proposed converter has been designed and tested at 3.5 kW rated
power, input dc voltage of 530 V, output dc voltage of 110 V. at the switching frequency

of 50 kHz. It was found that the converter has maximum efficiency of 92.52 %.
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i active clamping STiaLwﬂﬁﬂﬁvmmsnv‘h‘lﬁl,ﬁmé’nwm"ﬂﬁv’i'mun'm’léfl,‘fiaulmﬂsuu,a
ﬂua (ZCs) fuaintdasly (S, So 1§ T,ﬂa’lum\ﬂwumaqmwlsaawmﬂivuamuﬂﬁmmm
wifauvasiiy aI0G (Syy ) a8 Qﬂaﬂmnﬂmsmmu (Turn on) Wluseuiinnaseusaifiu
U929 (Co) denasteswilinthilva (L) mndiaudag wﬁummmm’lwni LLﬁﬂ'lu‘Uﬁ:uﬂll
wawuaLnﬂaquuaﬂawuumwuﬂua ﬁmml‘vimﬂuﬂumﬂaﬂmmamlﬁamaq‘lwﬁmanu
I‘LI‘UNMEJﬂU']ﬂi“LLﬁ‘Ua\?ﬁ?9171‘3\11‘11LLauﬂ’J’lllﬁiyL?lEJ’e]UL‘U@x‘IﬁJ'Hl’mﬂiuLLﬁIMa’JuIﬂ weingglsh
mufiadadaeuan (S1, Sa) ENLﬂﬂmmamaamaﬂwﬂﬂummammnivuaaaLLavwmumsﬂ.m
wau‘bumsmmmmu VS meaEmmmm’mumqmnmmma’luwmmmmmu‘tmmEflm'
Fouly 2vzes dafuadndasly (S5, S3) m‘lummmmamLaﬂmaﬂw“ﬂwamummmnmsmmi
Iﬂ&l’iﬂﬂaum\‘i‘]‘VILﬂﬂ‘U‘lJﬁ’]ﬁJ’]iﬂLtﬂﬂ\ﬂﬂmiﬂw 2.11

feidyvenasraunesinesuuvuiiie Sulussdinsliaindifunassiodiynnuny
:\‘ ] o . . st o ¥ v é’
wianteldiuge Active clamping Juvinlsifuugetiu
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i S2 1] Ss I S |
Saux [] Saux [ Saux B

Vab
i
ﬁ' Vsi1 ' Vi
isy

ZVS at turn on l/
Vs2
Is) isz
\ZVS at turn on ZCS at turn off /
Vrect ( Vrectv ) Vrect

wux lCaux 'Caux

I

o | Pe st a od o X 1% ) B
U 2.11 pUrduvenasreuneiineAiadivhanuuy 2vzes Tnsld active clamping
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2.3.2.2 wasreunefinesieuinduuy zvzcs Tneld passive clamping

c.L 2 SZ 1
e T e
de = %L =+ ﬂ GF 3a,
Y
= S =
C F 3 3 L
2
D,

w

4

JUT 2.12 199smsunedinesiaiasuuy zvzes nsldmaia passive clamping

MTABUSImEIRIATuLY ZvZCSs Tneldmatia passive clamping [11] @175
LLam‘lé’ﬁ’agUﬁ 2.12 ?faﬁ]sé'i’aLﬂm‘lﬁ’hﬁﬁmnﬁagﬁwawﬁaLLUaa‘lWWﬂﬁmWia‘LmIaﬂ Dist, Di
wagiufvlszq C, ?faawL‘%ﬂﬂqﬂnszﬁméqﬁ’nuﬁ’uh passive clamping Famadinianunsayi
‘lﬁl,ﬁﬂé'nwmsﬂ'ﬁv‘hmunw‘l@fﬁ‘au‘lwnssLLagmé (ZCS) fuadndalu (S, So) I Tnglugae
Tvmmmmsvﬁ%maqnszuaﬁwﬂgugﬁwawﬁaLLﬂaqﬁu’u 1alon (0,,) wgniudalmians
#191U (Tumn on) v‘h‘lﬁ’tmﬁ’uﬁmnﬂs'auﬁ"sLﬁ‘uﬂsxﬁl (G) dmanasamiia1i$lva (Ly) vo4
misulas nanﬂamm‘uﬂsva} (C) a]“awaml‘mLmmumummaﬂmawuauﬂmuuaﬂaama
amwwu'mwLLsmuﬂﬁunmaamaLtﬂawﬂwmmmmLmnmwaqLLsamu'LWﬁwaamamEh
Yaantlsuuaq r«muLmﬂmwmLLsmu‘wmmuua}"mnﬂsaummumﬁﬁ”ﬂwa L w99
Muauﬂmlw%mLﬂua'lmmwm‘lwﬂs“LLamuﬁﬁmmawuaLtﬂaauuaﬂawunmwuﬂua
mm‘lmwﬂuﬂumsaﬂmmamLaamaalﬂﬁmmmu’lumwaﬂmns suavasaindaslunay
anugadssudewnannszudinainly Lmaemlsﬂmwmmmuan (S So) gufinAay
azytaamaqlvxlﬁﬂummﬂmmnisuaamawmumﬂlmqau‘lwmsmmmmu ZVS Liig4eea
Lﬂmmmumqmnmﬂmﬂwmmsnmﬁu‘lﬂma“lmauh ZVZCS fuuaindadly (S5 S3)
ﬂxﬂ,ummmmamtﬁamaa’LWﬂwauLuaammﬂmsmm Iﬂaﬁﬂﬂaumq‘mmmummmLLam'lm
miﬂw 2.13 urfpslifoidsfovsiinuseiuidunasusessuiiy (Overshoot) #ilalemiFes

53u,aauLuaqmmnmﬂmuuemaw'1'5'mmaswmaL‘m"l,tfluwai



g e}
duinvodinnan NISIDMNAINANTZIN

Si || S« || St ]|
Hi | Ss I S |

Sy
Vab
i
| A\ Vi
is 1 . isl

,/\z

VS at turn on

\ZVS at turn on ZCS at turn off /

N ' Vrect Vrect Vrect

A V, V

o { ¢t a oo o v . B
31’“ 2.13 ‘gﬂﬂﬁuwm’aﬂﬂiﬂauLQE]%LGIE]ENUSW\WWIN"MLLUU ZVZ(CS Iﬂ&ﬂﬂj passive clamplng
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2.3.23 293neudnduuy ZvZes Tagld DC-blocking capacitor

Sl% }
S
] —YYY
C g J i_ Ge 1y Fl:_* Lo
14 C
dc —==— A i 8
N - T 2R
/;L;z 53
C2 y § l—u_
S,

3UT 2.14 2nsmeuniefinesiavinduuy 2vzes Ineldinafla DC-blocking capacitor

2ITABUNBSESAWSAT LUy ZvZCS lagldmaila DC- blocking capacitor [12]
mmmuam‘tmmsﬂw 2.14 mﬁ]“mmm‘lmmmuﬂsmmawuaLqu"I,WW"mmsmam'smu
Usy waanm (Co) mmr-mﬂummmm‘lmnﬂanwmsmsmmuma‘lmaulsunsvLLaﬂua
(2CS) Muaindaglu (S, S, lawudierfusuinedeildnd1innsuntii Tnglugrlnunves
ms Wﬂawaans"u,amuﬂﬁunmawuauﬂmuu Ltiamuwmnﬂiaumtnwsswaanm (Coo)

Al

dwarefmidehlvg (L) woavslautas nanﬂmmmwmmmvﬂsva (Cee) JMNATEU

L4

mmummsﬂua () ?JEJ\WIQJEJLL‘Uﬂx‘ilWﬁ’WNL‘Uuﬁ'lL‘Vim‘VWl’ﬂ‘Vlﬂ'iuLLﬁﬂ?UUﬁﬂJﬂN‘U@GWNBLLUaG

q

uuamawuumLUuﬂua ‘\]\Wl'ﬂWLVIﬂUﬂU‘U'JEJaﬂﬂ'J’mﬁiULﬁEJﬂ’]ﬁ\ﬂWﬁ'WlLﬂﬂﬂulu%’NMEJﬂ

q

u'miuLLammmmma‘luuasmmazyl,aﬂauLuaqmmnﬂsuuaiwmulﬂ usigdndasuen (S, S,
aqmLﬂﬂmwamtaamaq‘lwmumwﬂmmnivu,aasJLLasmwuma’lmaaubmsmmufuu
VS meamammmwuumqmnmmma‘luwa'}msnwm'm‘lﬁmﬂ‘lﬁﬁau‘lw ZVZCS gt
angatlu (S, Sy WliiAnarmdeidsiihsutsanannsaind Imaiﬂﬂaumq‘m

ad

Lﬂﬂ‘lluﬁ']ﬂ']‘iﬂLLﬂﬂﬂIﬂﬂﬂiﬂﬂ 2.15 waﬂ“uaaLwﬂuﬂuﬂaummmdumiaamwws"waﬂmwu

- X5

stu“lumLﬂumaa’l%ﬂﬂauimal,wmm wandadivedsuisusenasie nasle DC-blocking

capacitor 9gviliAin voltage drop wuwmLnuﬂiswaanmm’lmmmumuﬂammawua

1

LL‘lJﬁ\ﬂWﬁ']ﬂJﬂ’]aﬂa\'i’iNVI’ﬂWJNaWﬂUi”ﬂVlﬁﬂ']WIﬂEJ‘J'JSJ‘U@\?NQSF]E]UL’JB?LG]@S
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Vab

S 1
Vsl
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/ isl i

|
/ \ 2VS at turn on

/

—

I / is2 \

Vsz ;

is2

ZVS at turn on

Vv

G N

ZCS at turn off /

Vcb/——

_

Vrect

N

_Vrect

Vrect

< 4 i o
UM 2.15 gUrurenssrounesinesiin

capacitor

ditviauuuy zvzes Tngld DC-blocking
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A15190 2.2 nsilSeuiisumediansadindeouiaine s wuussaaIngd , ZVS uag ZVZCs

wadanseing 1R Jaidy
gimaing L lddfamdseiymnn | 1. \Rarfdeansgandeiigunsad
alnd |
2. gunsalfemuiiiags
3. daumsvngauiaudl
YUAlng)
AT 1. aamasmsgeydevas | 1. Liaansnanfdwnsgds
turn on @ladla turn off 1§
2. Sidunumnduuy 2. nsgualvanlugunsaiaing
g15neing uaznfeuvadludrawiiadeedl
G
ZVZCs L anfdwagnelévis | 1. swsimuwtudomnnau
turn on uag turn off vinli
Uszdndsningq
2. duszvien sl
nAdnas
3. fwallansaindvae
sUwuulidentdlvivanyan
NuUanYzNUY

v L

' 9 P o P ' £ ' |
9T ZVZES UUURNY agliteanadendatufamisnad 2.2 uieeidounniasi

1 U .73 dl
HANRIAUMINITINN 2.3

- . P ) 1 ]
A9 2.3 ﬂ’]iLU%EJULﬁEIU‘ZgJ’BUﬂW‘SEN 2VZCS wmazuuu

g < Ao
NITFBULIBILNDILUUNI
active clamping
auRend

9 Y

NIADUDILRBS WU LT
passive clamping
AunRegd

19IABULIDS MBI
DC-blocking capacitor way
U 4 (-] Q' Q
fieniwuudud

1. finsldaindiiuuasdiod
YmUAULsLNeliuga
active clamping eyl
AUty

Py v o 1
2. fiadld Caux Aifluunalvgy

4 o s Y]

ienazdnenseualen

A 0 ay ¥ o
willsnhiawmeslaisawe

1. sedinsifiulalonuazs
iuuszqudldluneasdu
nAsgliudAuyusInItuuy
active clamping

2R ULAULAL L TIAULAY
ot | =
fiangenlaloniSeanseua

WuwasnannsSlawuud

1. fimsldufivdsyg DC-

blocking capacitor ¥il¥iiin
o4

voltage drop ‘Vlﬁ?Lﬁ‘Uﬂ'isq
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NN 2.3 %’1qﬁuaswui1ﬁtwﬂﬁﬂwawaquﬁﬁ'ﬂﬁlﬁmn'l'sv'l’wluwma‘iw’&l,uu
LL'is‘iﬂuﬂ‘LJEJLLauﬂi‘"LLaﬂUEJ (ZvZCs) Iﬂ81u01u3’«JEMQ“’VI’]ﬂ']SLﬂEJﬂI‘UWIﬂUﬂ‘UEI\‘l DC-Blocking
capacitor 'Lumsm‘lmnmmsmmmuuniuuaﬂua iesnniianudtedensenniuuuazan
U84 DC-Blocking capaotor EN&INaﬁaL’Jmm{ﬂumiaﬂawax‘msuLLaUmeJmEWILSEmTl
°zn<1L’Jm'iL°m “Reset time” %mmmmau‘lﬂmamsmmmﬂa LmLuaammwsﬂaunaimai
musmmwumm ﬂuﬁlmanmamau‘u fililansoneuaussrednuazauiinenisigau
lw%wm‘lm Fodudtatiay m‘lmwmaumasmaﬁamﬁsm/mw‘lwwmmmmu‘lﬂﬂmawu
m‘l,ﬂumsmLaumwsﬂaunasLmasmuusmLmuama“ﬂuw%msmmmmwmuﬂumm"
nsEuanueTy

2.3.2.4 299siiuuinduuu zvzes Tanldf DC-blocking capacitor

T

D1
c.L £ Lads | S G —rn—
T CZ Cbc Ly Ly
V,—* t G
N = Lc, l 1°ig,
c;: 57 D, c7 |
2 a2

JUTl 2.16 2ssmsunesineRinEaduuy 2vZes Tnslmada DC-blocking capacitor

¢ s d a ¢ ) [ Pz -:4' = )
NITABUIBIABIANTATUUUAWSEAY [13] amnsouandldfagui 2.16 Fwedann
1@”&1%~ﬂs~nau‘[ﬁ€haﬁqa‘im%amﬁaﬁaﬁaa%ﬁwﬁﬂ (leading  switches) wazfsaIndunas
(lagging switches) smmaaqnwvuanwmvﬂmaﬂu‘[ﬂaﬂsvnau'l,ilmammmav 4 ffla S1-

¥

S4 ﬁ']‘i/ﬁ‘Uﬁ'JWUﬂ\WiU"ILLa“ 55-58 ﬁ'miUﬁ’J(ﬂ‘Uﬂ\‘i‘Via\‘i ‘U\iaﬂ‘t}muﬂ']iﬁ']\‘i']ﬂ?lax‘]’)\‘iﬁ]‘iLmJUiﬂ"\m

o

wils ﬂ‘l&!ﬂwﬂa'l YARY Auiu2995iuY ﬂ\‘i‘UiW\] weazan iﬂﬁ']\‘l']ﬂﬁ‘ﬁ ﬂﬂ']ﬁ\ﬂﬂﬂ']ﬁ\‘i ﬂ'J']L‘U‘N
<

| a davoegwa o o & .
gawi lnawaiadldildifansyiauaeldideuls zvzes  genasld DC-blocking
- [y { Q 2 Qs A
capacitor Iﬂaanwngﬂﬁﬁuma\‘imsmmwuaﬂwsmmsaLLam‘lﬂmgﬂw 217

uanmnﬁﬁawuﬁndwﬁwnm‘%ﬁ%m “Reset time” ‘waqﬂiuuamuﬂaﬁmuuummsn
Lﬂaauuﬂaﬂﬁiﬂa%uaﬂﬂummaamLﬂuﬂssquaaﬂm (DC-blockmg capacitor) Ssansnfiay
weesradnldnnaunsit 2.1 madduiulsy a‘uaaﬂm (Coo) Timanyinliiusesiu
mnmaummuﬂsuwaanm (Vo) entTeeiiiorusenuy V,xumuaan%m‘lwni“uaﬂﬁmu
?vamauﬂadﬂﬁhaﬂaaﬂaumwmmaﬂmmmmswm AN uadmnAdfiuUseq
uienia (Coo) TeNtTapasiaziiussdunnassufifivusequsonig (Vo) ﬁﬁhmn%mﬁaﬂ'ﬁ

9

U39 Ve fidnunnfunasilinssuaugugiive snsfoutasinifianategnasndannniy
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F
t

wngmNIasEnasiinfora s‘ﬁw’amaﬁvfjmmﬂizLLanﬁmﬁﬁ’umwasiammazyL?iEJ

v
e

Tugunsalaindg, Im‘lama“wuaLLUa\ﬂwﬁwmEJLuaqmnmmnmmmswmmnmnﬂsuLLaiJ%u
nuuunm’lwmumuaﬂnizuma'lmwsmnm’lwmmamLaamaﬂWWﬂWNWmamﬂmaﬂ,ﬂ

ﬂ'lEJLLG]ﬂ'Wi']ﬂ‘U’NL’Ja’]iL‘Uﬁlllﬂ’]uaﬂ‘ﬂﬂ‘lﬂﬂﬂ’l'lﬁJQiluJ,L’s’ifﬂ‘lﬁl'J\‘lWi'JauaEIZ'N ﬂ'ﬁm‘lfﬂ'WI’JLﬂU‘Uiﬂ

1
]
Pt

s & v L oo g w o ' o v gy o < w
Uaenm (Cyo) usstuiivenmssivihiliaugadeludivdiadesawdiitodunsiuseiu 4
fufiudszquieniia (Cpo) eiimnntuiliussiiliiudmdoulasdimsianilidmass
UszdvSamvanasrounissineine Asdumsesnuuuiieandafivlszquianisiumsey

fimusngauiiomindesfisnsaniuFewuseiu voltage drop meludifivdszqme

T — LIk 'lPeak (21)

reset
Vesp
o 1 i ) 2
logwiin L, ferenumisnhiilvavemsiouvadiii

Vp FOusesfunnasoufiufiuusyquianiogegn
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Si/Ss | | SJSs | [ SiuSs ] |

I S2/ S5 j | S3/ Sq I S2/ S,
Vab
ik
Vsl
is].
/ ZVS at turn on

Vrect ’ i Viect Vrect

11 217 S‘lJﬂﬁU‘UEN’N%ﬂauL’JE]iLGIBSLG\JJUiﬂ vinuwuu Zvzes Teeld DC-blocking
capacitor
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(Y &l L3 t <
24 Waﬂmswug'mwaﬁqﬂnim LLnan

LA . 0o aw uw |- t o .
guUnIaiudininildlunisiniasedlaun wiisudaslniraudige (high  frequency

transformer) wagdamilenii (inductor) FausmazuuuiisrvasviSonsst

2.4.1 witauvasluia

Y 3
' {
i i N
1 : - L1 L" _!2_>. +
+ '.—,.‘ : ,' \\ I’ ): Thall °
t v i
vi Ntq_ ot #) (P ::; N2 v2
:\\ I \x ‘(,
] 0
EEUR— R A VA T 2
f 1
: LI Al (B —— ]
2 O\ de ©
AC V1 ' ’ V2 Load

Uil 2.18 vifautasluiiin

m’J'auUaﬂWﬁqmmﬁqmﬂuqﬂ'nszﬁmjL‘iﬂ'énﬁugmﬁ’l*’d‘luawsuﬂmﬁuﬁqé’alwﬁw
AuaniAveswlfoulasliinide svdesfirmudueliye Weoanduduususivintlva
Ltamﬁa%lﬁﬁhnszu,av‘l"lLtﬁmﬁnﬁﬁhﬁaaﬁqﬂwhﬁqulu‘lﬂlé’uanmmfuehﬁ’ué’q‘lwﬁqq:yzﬁﬂ
szfiasdlansi Iﬂaﬁamujmﬁnﬁﬁaﬂ%’ﬁwLﬂuwﬂauﬂaa‘lw%%LLamnsﬂWmmﬁ'uﬁ’uﬁwm
e iudunswsimdniuanuduauanaivgn 6-H curve) TlidnwuzunuviTfias
tﬂulﬂlﬁtﬁéamﬁﬁé’alWﬁquyzﬁaLﬁmmmqsau%'ama‘%%aﬁ’qLtam‘lugﬂﬁ 2.19
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-B

r

d =Y ool o U o t o L2 o 2/
3un 2.19 NspUBAmR Tl i whwivanasuazdmuhwiuUaduih

. o d v oo & 4 A
242 mseenuuuniowdadiiiirvanuigefieiSnaquiud (High-Frequency

Transformer Design Using Area Product Design)

wﬁauﬂah‘lﬂﬁﬂmwﬁqaLﬂuqﬂhstﬁuﬁmﬁﬁﬁugmﬁlﬂmaamﬂa_aﬁ'uﬁqé’a'lwﬁ'l it
Sunesiaesuarundsinerdedindududy dwsuluideiisnanisniseenuuundiowas
Itihmuiigelaoemzdmivudsieideings wazfmsvdnmstuguReIfuaninse
Usggndldluniseenuuundiouvasliihauigedmivendugls 2asiugilldly
wisinehdeeindeagliun

M) 293751 Innauedines (Forward Converter)

)] 'Nasﬂaunaéma'S"quﬁw‘%ﬂéuasmsLﬁsru%ﬂé (Half-Bridge and Full-Bridge
Converter)

(A) MaTV-yaneunBsines (Push Pull Converter)

@ asiareulnaeunefines (Fly Back Converter)
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v
a |

Taevluud Tuniseenuuumiieundadiiihansfigezdeldiuanmiui (14]

v

(Area Product) Fellenuliluanniseiail
Ap = area product = core cross section (A) x window area (A,) (2.2)
ﬂ‘ g du o v @
o A vunefauivtn@auny (core area)
A, vanetanunnelunsauinsvesunu (window area)

o & 4 ¢ Vo PN
e Ac uay A, Wuituivesunuminileslsdanunsouanslieguil 2.20

Unu El

ununasoes

=I U ] &l d‘ o i 4
3UN 2:20 Magrawun A kag A, ﬁwmuu,ﬂuuumﬁmmumﬂ
[y} P o v [} v = o @
MNAUNTLIINUMLEI D UNaUY B auUasl WG siiA iy
Eyo=K,-E, =4K, [ B4 (2.3)
a a o  w o o v o o
Tnei Kr M 1 avisunsalguaduussnidiviey
o o w a g oo o <
K e 1.11 amsvnsmgﬂﬂauuﬁﬂﬂw
N 1889 91UUSBUINAIN
. - o
f wngtsanud (Hz)

= 1 1 v 1 < 2
Bm VINUIIAANUVUILUUAULSWIWANGSER (Wb/m”)
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o & d v oo 2
Ac anedsuiiihdavawny (m*)

< 1

sldddnnuseuiulgugluazyiegiifiduviniu

El

=1 (2.49)
' 4K,-4,-B,-f
Ny=—f2 (2.5)
4K P ‘4.-B, - f
nszualwihiilvariurnaaniidyindy
I = J' awire (2.6)

{ ' 2
e J  wnefs anumnwidunseud (A/m’)
o X od v oo oo ' 2
Quire VHNBEY NUNUMIENTInszualvar1u (M)

° £ o o ¥ a ad d v oo v o o S0 e

mwum‘lmma'mmu’lmuﬂguqu (N ARUNvAaYeamtinianunaglianviiny a,

T @ o W a o dd‘ledlllulu uu’j-ﬂ"&vu UDQ’.’I =
KaYYAMIARINUNRNN (o) TAUAMIIAALIINY a, AtuRuRmhinvesiiwivanasd
1w a v A d v oo v o Y do & d v o
ANNNNU Nja+Nxa;  TasUnfudifunvuida il svaa s s wen fuR UANT A1
(Window area : K,) wisghslsinndunisujuiudivaaalildvszneudesniniat ue
2UTENDUMIBDEWDUDN LU AUIUYBIUAAIANTLATEALIUIEHINTARIALAZ TR TIN81NA
wessurgmwdoududu fatiudi K, nuneds Window  utilization: aaduurninasitlalu

MIvaENaninaLasinemlUaziirntosnimils annsadsuduaunislassd
K, -A,=N,-a,+N,-a, | 2.7)

4 ' o PR
WOUNUAY Q= 1) adluaunsh (2.7) alan

K,-4,-J=N-L+N, I, (28)
. d : = i o A o
ool wvaneth dsinvesdvaesadevesnssuadgugd (4)
(=3 1 o e A . a o
Iy wnedis MTnvesidEenieveanseiayiunl (4)

Ny vanedis SunuseuvenaainUgugl

a

N, e SiuseuvanInniisgh

unuen Ny uaz N, luaunsit (2.4), (2.5) asluaunisil (2.8) ezl
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Koo, = BB L, 29)
"M U4K, 4B, f

A =44 -t hi+E (2.10)
» 4K, K, J-B, f

Kr vunedla Form  factor (@Amvinful.11 amsusﬂﬂauazymmlsuuuauwnnv 1
mwsusﬂﬂauacymmamaam)

Ky 318819 Window utilization factor

nevdlumsufoResdmunls €, feiussanawviiy 0.3-0.4 WazAIAMAUNIULY
1 1 Qs 2
nszud () asiiduszanauviniu 3 - 5 A/mm

& - R v @ v ° °
°lun'maammumeaﬂwﬁlwaamhﬂwmmuaunums‘lmmmvm"l,éﬂmamsmmmm
A A, 2InEUN15T (2.10) WaSsufisuiua A wmwwﬂmauswwwamtnumnuumms
@enunuanewIafisen A, Tinnada Ao Agannisinnm

2.4.3 gnieni

fadeniimhidvazaimdioulnsesiii AuanRvesdiamienidiaiude
ﬂiwlmme’l'uﬁ'uﬁ‘wmmmwmLuju‘uaqLé'i'uuiaLm'mﬁnﬁ’um'mL*ffuau'muajmﬁﬂﬁaqﬁmmLﬂu
Wit (linearity) odlsnmanaie Slsuunuinvsananalidudaduusiaasy
YPIVAUIUUE g Iums‘ﬁu,nummmﬁaLtnuﬁﬁnmnmsﬁlﬁ’lﬁﬂaﬁsummﬁn AN
Fuyrwauuwivanilen g=y, %@ﬂvﬁmﬂ'ﬂmﬂuﬁmﬁuaa waazvi A ldaumieaeh uas
mwamnmmnm?mwﬂwLUumsmﬂiumwgummuaamwummummwum
Pl nhasile am\ﬂ,snmmﬁnﬁmnﬂcymmmmﬂumwgumﬂﬂmwmaammﬂ”{umu
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A Novel Three - Phase Three - Level ZVZCS
DC-DC Converter Using Phase-Shift PWM Strategy

Thammachat Kongwirat
Department of Electrical Engineering,
Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang, Bangkok, Thailand
Email: thammachat.k@egat.co.th

Abstracti— A 3-Phase 3-Level DC-DC Converter is used for
high electric applications. In this paper, all power semiconductor
switches are operated under Soft-Switching conditions.
The outer-switches are operated within ZVS conditions by using
charge transfer through flying capaciters, while the inner-
switches are operated within ZVZCS conditions by using leakage
inductances and blocking capacitors. Also, this paper describes
the operation modes under ZVS and ZCS conditions. In addition,
the simulation and experimental results are compared.
The practical test is at 5.5 kW rated power and efficiency of
93.40%.

Keywords—Soft-Switching, 3-Phase 3-Level, Blocking capacitors

1. INTRODUCTION

~ Recently, DC-DC Converter is applied in various
industries by using semiconductor devices, such as MOSFET
and IGBT to solve problems. To make these devices operate in
high electric applications and increase efficiency of the circuits by
reduction of loss in switches is provided. This paper presents
the Zero- Voltage Zero-Current Switching (ZVZCS) [1], [2].
For example, a half bridge DC-DC Converter [3] and a full
bridge DC-DC Converter [4], [5] by using blocking capacitors
to achieve ZVZCS condition were presented. According to
the example mentioned, notice that it is unable to use the circuit
in high electric applications under the load condition requiring
high electrical power due to the limitation of voltage and
current of semiconductor devices. Thus, this paper presents
operation modes and ZVZCS by using blocking capacitors in a
‘Three - Phase Three - Level ZVZCS DC-DC converter [6]
using phase-shift PWM (Pulse Width Modulation) strategy.

. A THREE - PHASE THREE - LEVEL ZVZCS
' DC-DC CONVERTER

A Three — Phase Three - Level ZVZCS DC-DC converter
is the circuit converting direct current electrical power into
direct current electricity. It consists of a three — phase inverter
with three — branch switches; for example, the first branch
comprises 4 switches including upper outer switch §; and
lower outer switch S, using MOSFETs as switching devices,
upper inner switch S, and lower inner switch S; using IGBTs
as switching devices as well, 2 clamping diodes D, and D,

-2 Rectifiers D, and D;, 1 flying capacitor Cg, which obtains
voltage V., through capacitor Cy, and C,, as shown in Fig. 1.
In addition, the primary side of transformers consists of blocking
capacitors (Cy;—;), leakage inductances (Ly, - 3). The secondary side of
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Fig.1. Three - Phase Three - Level ZVZCS DC-DC Converter.

the transformers consists of Rectifiers (D,;-4), LC filters (L
and (Cy) by using resistance (R,) as a load of the output side.

[II. THE ANALYSIS OF OPERATION MODES OF
THE CIRCUIT UNDER ZVZCS CONDITIONS

The operation modes of Three - Phase Three — Level DC-DC
Converter can be divided into 24 modes per cycle as shown in
Fig.2. The analysis of ZVZCS conditions in this paper will be
presented only the mode to achieve ZVZCS condition in S; and S
because other switches have similar way to be under ZVZCS
condition.

A. The Operation Modes Under ZVS Condition

According to Fig.3., the operation of the circuit under
Zero-Voltage Switching (ZVS) condition of switch S;can be
analyzed by the principle of electric charge transfer from
capacitor C; of S; to capacitor C; of S, in branch A, as
depicted in Fig.3(a). which has to complete transferring before
§; operate at f,. When S is ordered to be OFF at t,;, electric
charge in C; of S; will start transferring the charge to C, of S,
through flying capacitor Cy;. The current is and the voltage
V4v will decrease as shown in Fig 3(d), until i, reaches 0
as shown in Fig 3(c). Then, §; will be ready to conduct
the current under ZVS condition. That is to say, charge
transfer from C, to C,must be completed before switch signal
of S; comes to be ON. Therefore, in mode 1 (¢ —¢,), S; can be
achieved under ZVS condition.
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Fig:3 (a) Mode 22,.(b) Mode 23, (c) Mode 24
and (d) Timing diagram of operation mode
under ZVS condition in S;.

B. The Operation Mode of The Circuit Under ZCS Condition

According to Fig.4., the Zero-Current Switching (ZCS)
condition in S, can be analyzed by starting at mode 10,
as shown in Fig.4(a). At the time fy, S; gets the signal to be
OFF. The current i, and voltage V,y will decrease until Vyy
reaches to 0 at the time #;5. The voltage across the blocking
capacitor Cy; will affect the current iy to decrease linearly by
freewheeling through the diode D,,, as depicted in Fig.4 (b)
until it reaches to 0 at the time ¢;;. This achieves ZCS
condition in S,. That is to say, the voltage across the blocking
capacitor will affect the current i to decrease and reach to be 0
before S, gets the signal to be OFF. Moreover, S, can be
obtained to ZVS condition during the beginning of current
conduction because of leakage inductances Ly ; which makes
the current cannot flow through the switch immediately after
the switch is turned ON [7].
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IV. EXPERIMENTAL RESULTS

The proposed converter is simulated by MATLAB"®
Simulink software and is tested for the operation of the circuit.
The results from simulation and experiment are compared
each other as shown in Figs. 5, 6, 7 and 8. The results reveal that
the waveforms of voltage and current from the experiment are
similar to those from the simulation. It indicates that S is obviously
operated under Zero-Voltage Switching condition. That means
the voltage across S reaches 0 before is; current flows the switch, as
shown in Fig.5. This prevents losses in circuit during the beginning
of current conduction. This process will occur in switches S, Sy, S,
Ss Soand S, The switch S is achieved under ZCS condition.
That is to say, the current is, reaches 0 before voltage across switch
S,, as shown in Fig.6. This is due to the voltage from blocking
capacitors which prevents losses duringthe end of current
conduction. Moreover, there is also ZVS condition occurred at
the beginning of current conduction due to leakage inductances.
This process can be found at switches Sy, S5 Ss S7, Sio and S,.
Fig.7. shows the waveforms of phase voltage Vv and phase
current i, and Fig.8. shows the waveforms of line to line voltage
V5 and line current i, from the test by using 540 V. input voltage,
110 ¥, output voltage, SO A average output current at the switch
frequency of 50 kHz. Found that, the converter has maximum
efficiency of 93.40 % (5.5 kW rated power). Moreover, it is able
to adjust electric power of the converter by adjusting the angle of
phase shift whose results shown in Fig.9. When increasing phase
shift angle of PWM signal, average input and output electric
power of the converter will decline because when phase shift
angle increases, output voltage of Three-Phase converter decline.
This causes average output voltage and average output current
decline and is the reason why average output electric power
declines when phase shift angle increases.
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Fig.5 (a) Voltage and current waveform of S; (simulation),
(b) Voltage and current waveform of §; (experiment).
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Fig.6 (a) Voltage and current waveform of S, (simulation),
(b) Voltage and current waveform of S (experiment).



Fig.7 (a) Waveforms voltage phase ¥,y and current phase i
(simulation), (b) Waveforms of voltage phase ¥4y and
current phase i, (experiment).

Fig.8 (a) Waveforms of voltage line ¥,z and current line i
(experiment), (b) Waveforms of voltage line ¥ zand
current line iy (simulation).
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Fig.9. Output power vs. phase shift angle.
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Table I: Parameters and devices used in the circuit

AC Input Line Voltage (V,.) 380V
Input voltage (V4) 540V
Capacitor (DC Link (Cy, and Cu2)) 4,700 uF
S, 8¢ S5, Sz, Spand S MOSFETs
Sy 85 S¢ S5, Sip and Sy IGBTs
Flying Capacitor (Cg) 10 uF
Leakage inductance (Ly) 4 uF
Blocking Capacitor (Cp) 1.5 uF
Transformer Cores , Turn ratio(n) EES80, 5:1
Capacitor Filter (Cp) 680 uF
Inductance Filter (Ly) 30 uH
Switching Frequency (f) 50 kHz

V. CONCLUSION

A Three-Phase Three-Level DC-DC Converter by using
soft-switching used in the circuit is described. The outer-
switches are operated under Zero-Voltage Switching
condition (ZVS) by using charge transfer through flying
capacitors and inner-switches are operated under Zero-
Voltage Zero-Current Switching conditions (ZVZCS) by
using leakage inductances and voltage across blocking
capacitor. The results show losses in the circuit to be
reduced ‘and the converter has efficiency of 93.40 %.
Moreover, it is able to adjust electric power of the converter
by using Phase Shifted PWM Strategy. The experimental results
are compared to simulation results, which are very similar to
each other and simulation results are simulated by program
MATLAB"® Simulink software,
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