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ABSTRACT

Nowadays, a DC-DC converter with a high step-up voltage gain has become
an essential component in modern power electronics applications e.g. an electricity
generation from alternative energy sources, a power supply for a computer server in
telecommunication centers, etc. The main function of the DC-DC converter in these
systems is to increase a low voltage from the alternative energy sources/battery into
a higher voltage level suitable for usage or further processing. This thesis proposes
a new DC-DC converter with a high step-up gain, namely a Novel Voltage Clamp
Coupled-inductor Boost Converter (NVCCBQ). It is developed from a conventional
Voltage Clamp Coupled-inductor Boost Converter (VCCBC) by incorporating
an additional capacitor and diode. The proposed converter is able to achieve
the higher voltage gain, while still retaining the switch voltage clamp property of
its predecessor. In the thesis, operation and analysis of the proposed converter are
described. Experimental results from a prototype converter are presented to verify
the validity of the analysis. The prototype circuit attains the highest efficiency of
92.69%.
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boost converter with one active switch [8-10] fauandluzun 1.5 (3) ddldueanaing
o w oa o - o ) = o el
WswiReuavdnlidnsiversviniuaesluguin 1.5 () lunsdii N = 2 2995 N-stage
cascade boost converter azanjuiluissaiennsinyavineuIeines (Quadratic Boost
=

Converter: QBC) [8,11-13] lugu# 1.5 (p)

JoRva11935 N-stage cascade boost converter fp

1. annsafiusnsveneveaenstaeM NS I stage

2. navuaBunvailasuarannsneenuuuliiUDanseuasumilah

YeId8v992995 N-stage cascade boost converter #ia

1. luthsaindinszua nssuaiilvakiudimiloaniwemn stage  avlwaunsauiuri
ueanaing Kafuainddesanansonunseualsigs

2. Tuthaaindlaithnsvua usafupseutpampaIndiswinfuusafueing fufuainddos
anunsanuusnulage

3. fiusy@nsniwen uieafulseseynsuyainouiesines

a o o =l o
1.1.2 2999 quttiﬁﬂum‘ﬁ’ﬂ‘:mumu'lﬂu

2esRYNIUYMiRBunDSmaindiefulivdnnisifiuday stage  Liauiia
Snsnvenve9ees Mdwgadsiiiatuluusioy stage dwaliuszanslassiuvenisasiirem
2easiiunseRuildFanileadisan (Coupled-inducton) wanidesdgmidandalaonisly
Samdrdausevresiamilsniulumsiiusnsueerees dwalimosifinusady
dsrmilenhsuiiuszansnmaeninseynsuyavinouioiines Methnieesifiuusadiu
fgFanilonismuandluguil 1.6 Feusznoudie 3Rl 1.6 (n) 29esifiuusafuyai.
WaeuuAABULIBS (Integrated  Boost-Flyback Converter :IBFC) [14-17] gﬂﬁ 1.6 (v)
WsWivBudnwmesyaiaeuniaiines (Tapped Inductor Boost Converter:TIBC) [18-21]
u.asgﬂﬁ 1.6 (A) [22,23] 2sasunandussfuiumienirsuyarineuieiines (Voltage
Clamp Coupled-inductor Boost Converter: VCCBC) Tnensasmaauiisns1veuana
aunsi 1.3

v, 1+nD

=8 = (1.3)
v, = 1-D




L 1 = - | - s A o U d
ot n Ao dasndrusevvamayRsgiidevaainusugilvessimilenineu 91naunisi (1.3)
[ 1 d' Voo A dl - 4’ - )
riiuimndenal n Mnunzan 2esasabions1veengelalaenafnleAalinin
wiuly

N, N,
L] -L.? a4
EER Vo

Vr'no Sw C} T

>

SR Vo

(m)

d n‘ ar ¥ vV oas A o 1 -nl @ « 3
JUN 1.6 2esiiiuussiunlgiumienirsm (n) wesifinuswiuyai varsuuaroues
() 29suivBudneiyavinouaiines

£ al s d o U
(A) 2vsuARudusWuiImtnhuyanounesines

ussdumuazsIaIgnnInla

- - (dv o ‘; ar s A -] 1 o

Ineniinusiiaueresiiuusauildmmidsrthuuuulndlnewmuianainies

o v < o . I ¢ ¢ ¢ - [ - w &

waandusausiamienisauyaiaeuneiinesd lugui 1.6 (a) smenisiulaloauardiiu

| - w a w - 1 - ] = i « W
Usygegarniledn 29asivaundulid uandugun 1.7 leedivadeninesuaaudusediv
@ -l o 1 « ] .
fmllenihsuyaviaouneiinasuuuini (Novel Voltage Clamp Coupled-inductor Boost

' Igd LY 1 - A s 1

Converter: NVCCBC) 3ALAuYaI99sImiuAe 8ns1veneganineasiiulurusiussiunson
AINBOIRUNLAY
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C; '[ EER Vo

o « v W = () ¢ ¢ ¢ '
JUN 1.7 asumandussdiudimilenihsuyavineuneineiuuull

VnQ sW C
L]

1.2 ANMUMINEUAZINGUTTAIAYDIN TN

1. AnwMEnNISTIILLariAsIERNIsINYe e suLAau U s uRuie N
Jwyavirouieiinasuuuln

2. A NI9sFULUULATIARUALSI AN NS uTeNRsuAaNTusIduFmilath
Swyavirounesineiwuuln

3. ﬁnmLU'%'EJ‘ULﬁEJ'Uﬂmsnuz'sswj'mwmﬂauﬂusaﬁuﬁuwﬁmﬁﬁmgaﬁﬂau-
nesmesuuulmi waraevsiiuussuymi-nasuuareunDSineS [32]

13 vguivieuunanudaililunisise

AsANYINISHIINYeRskAaNTusatufunilsnihuyaineuiedines
wuulvel windu 4 funou

1. MIIATIERNSHINIUIBNITTTaNNEAIlnLAANATs Leakage Inductance
WelviannsndsusUaduussiunaznsruarenaaslé lneaugndiosdudushenanisdians
(Simulation)

2. NMFIATILWNISHIUVD929951ne]iAANATDY Leakage  Inductance uag
MsUsyaIgnAdu (Wave form  approximation) ielilfaunisusedu nzua uay
Sn51818Y992995 10EANUYNABITUTUMEHAN INAADUNITAULUY (Prototype)

3. @5 19UATNAABUANTINULYBINIIAUUUY waviTeuifisuassaurisasunand
wseuimmileniuyaineunefimesuuulnifuuuuiiaiatuiuiasiiuusfuyan-
WansuuemeupsinaslaeguuiuguuasHan saaautnld

a. weiiamadiinlaleauaziifuusegednarnialuisesiielilddasvesi

i
=

a .%‘ J o o 2 as o = daada v a 4 o L el

iRl Teigninunldiursesuuaussiufid-fAdnisninvevgaeidadugvitlilasssinmisn
W =i ol

5 2993 muamiwazmam'[uumw 2



1.4  YaULUANISIVY

s L s o/ A o i [
Anwvdnnsyinuvensasurandussiuiimiisnismyaiaouiiesinesuuulnl
o W a wa "
SAUNIAFIUALNAADUANTTOUL VDA URUUNTAuanTAn1eIni (Electrical
g 1 W -
Specification) flasaluil

WTIAUBUNN Vin = 12V

WI9FULDIVINT V, = 120V,

AudaIng fs =100 kHz

NSTUALDYINY lo=03A-09A = lomn = 0.3A lome = 0.9A
ARG IUNIULD VI R=13333Q-400Q = R, = 13333 Q, R e = 400Q
maslniievinn Po=36W-108 W = Py min =36 W, Pg, max = 108 W

¥
1.5  YUADUVBINISANE

1. ANWIMANNITVINUYDINRS

2. SiseimsvhaurenseslasAnuaues Leakage Inductance iielianansaidou
sUPAuUsIFUMAENSEULATDISTS LA

3. Jiaseinisvinaurenesiaglifnnaes Leakage Inductance iielildaunis
USIAU NTEUA WAZORNTITEIBUDIINNG

4. A519NTAURUY

5. VINADUANTIOULVDINITAULUY

6. LU‘%’UULﬁauauisnumwsuﬂauﬂuiqﬁuﬁhmﬁﬂ':ﬁ"ﬁ'mgav?ﬂauna‘s’ma%uuu'lmjﬁ’u
NsRNLTIFuya-naeuuAReuDsined
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WANNIS99IUYD2995UARNTLSIRUAIUTE T AWYE
ABUBSIMRsWUU IV

2.1 unin

Uﬂﬁﬁ'uﬂuaﬁ"i’mmmsu.awé’nmiv‘hqwﬂanaﬂmﬂauﬂuwﬁu6‘1’1mﬁmﬁ'ﬁ'augaﬁ
pauesmasuuului (Novel Voltage Clamp Coupled-inductor Boost Converter: NVCCBC)
TumauuRandamileaniiilva (leakage inductance) vasfumilenthiuiidvinasients
Ymuwen®s faluuniinsesuemshnnurenasisiansanaues Leakage inductance
e Tudwevesunaznanisnsiaunsesuaandusiuiamilsnisuyaineuns
wosianiulmisndnees Tnrseslmisniffisumifinshauimileutulsesiiuaue
Feanursofudulaenanissiass (Simulation)  M13vieIuvesesiagldlusunsu Orcad
PSpice

2.2 FTMUINTTVD92995

Wanmsvensasuaaudussduiamienhsuyavireunesinesuuulmi Busn
29syaireunDsines (Boost converter) Tugu 2.1 (n) Tummgufesyavineuniedines
aansalisnsnsiigaiuldlasnisiiudifnlodavesaing uilumefifdesnnay
Liidugaumivasgunsainigluams iy Msumuudsusawilonh () summiluaing
(rason) WUusdiu vliiiauseiuanaseuuazauggdonigluasdmwalnisasliamnsnli
Sarumeiigannld dufudsléidinauniasuivdudninesyavinounodines (Tapped
Inductor Boost Converter : TIBC) #aguil 2.1 (@) daudumsunuinienhueisasyay
ABUNBIMEY Mefmilsnhufiuniuiududnnes (Tapped inductor)  Bawansluy
nsevdindsy Tnowi-Sudnineffesmilsniiufevamaugugiiuasyiegiinooynsuiu
wazgadousoiiuivludefuaing deldiuouvenses TIBC Wsufuiaesyarireunieiine’
Aefldniveniigelu warannsaiudnsveereneslasnsiiiudnsiduduiusey
wnmanAsgineUgugd (h =N/N,) uilideidefe ussiunsoulalondiuieminnazganiy
2asymiReuneines duandumsed 2.1 venanilussiunsonaindluvuengminssua
(Turn-off switch voltage) 999739335 TIBC azﬁﬁwquﬁammﬁﬂ Ringing voltage Fufnan
msisTeuuwisewinedmilsnihialva (Leakage inductance) wosiawmilenisauiue
dufutsrquisluaing (23] dewalilumaujiRduiuseshasatiuuesronienaindiiie
untgymnanand

vsuaandussiuiimilenihsuyainouedines (Voltage Clamp Coupled-
inductor Boost Converter : VCCBC) uamadaguit 2.1(p) lﬁgnﬁ’mmﬁumtﬁauﬁﬂmm



2]
+
<

D,
Vin swW o % $R Vo

(n) 293syavinuIniines

"

-
-
-
-
-
-

D,

sssssssssssassssssasnsfasnsnnnnsnnsnnas H A

ano SW

>
‘D

& -]- TR V_’o

(9) wasuilaudnmeiyarireunefined

ER Vo

I/fﬂ

v P o 1 ¢ ¢ I3 |

(1) '3*370'5Ltﬂa{]Llﬁ\'iﬂum'lLWUEJ'JU']THJH?W]F]@UWailmﬂ'ﬁLLU‘U‘LﬂﬂJ
d - £ @ o A o 3 « « 1
EUVI 21 ';]'JW‘U']ﬂ']ﬁ'liaﬁ']\‘if\)ill,ﬂauﬂlﬁqmu@nLﬁus’]u’]uﬂﬂﬂﬂunﬂilﬂaill’UU‘L'Wll

Ringing voltage wesaind Insnsiiiulalen D, uagdufiuusyy ¢, luluaees TIBC Tog
lolon D, snnszualuvuziiaindvgminszuailiuseiuasauaindgnuaaudli
fiavihfuussuaseudiiulsey €, uenanazuitgwm Ringing voltage ¥oaInduan
2995 VCCBC ailussiunsanilalaniuieviymeiinitluas TIBC sedwandlunsie 2.1
’mﬁLmauﬂmaﬁuﬁfamﬂmﬁ']iamgaﬁﬂaunaémaéwu’lwﬂ (Novel Voltage Clamp

Coupled-inductor Boost Converter: NVCCBC) ﬁﬁ’uaua'lugﬂ‘ﬁ 2.1 () lagnWamunaunan

= - a o a o« °
2995 VCCBC Tuguii 2.1 (A) Tnemsifwlalon D, uawiuiiudsey C, Wioaindvgminszua

= = -

Fufulsey C;  nARDYNIUAUUMAITIEUSIIUBUNY wazvamnUsupiiuasyiogives

| v
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Fwilnisau ussuaseudifivlsyy ¢, Hasiidaaduiuussiudunnuasusafumieni
yosnmavUguniuaryAsgll ildussiuemmitlaiidnnndiluases VCCBC Falaislnavos
useuaSuandafiulsey C, aumpdanarnili 2993 NVCCBC Minaueiidndnsivens
gendmees VCCBC wauanslumsnedl 2.1 dwdu lalen D, wavdufuusyy C; luases
NVCCBC tumsimiiunauiusfunsouaindianduideaivluases VCcBe
nanlapazaaes NVCCBC ihiaus 18ns1ueneganinnems VCCBC wazdinsinw
Forlusunisuraudusssiunsendindussasas VCCBC 1nlild agalsid 2nsiiveidede
usssuasoulalomeoinniiAiginitluieas VCCBC Tnsdidwinduluees TIBC dwansly

-
M1 2.1

d -l = as ar i - ‘ [ «
A3799 2.1 WIBUIBUdRS 1878 WSITUATENAINTLATUTIAULALEALDIVINNTBIINTT
ABULIBS MBS TLAMINY

24995 dns1vene weAUATNEIND uﬂ,ﬁ unia::l‘ln'l'.an
. ﬁ"l'l.ll.a'l'ﬂ'l’!“

Boost Converter VB__1 L v =V

V. 1-D ¥ 1-D ?1-D
Tapped Inductor v, 1+nD v s
::;z’; Converter 7 1D Vew = o Vir = -D ¥,
Voltage Clamp
Couple-Inductor Vo _1+nD . y "y
Boost Converter v, 1-D T t-D il 755
(VCCBQ)
Novel Voltage Clamp
Couple-Inductor Vo _2+nD _ Wy Vo 1+n
Boost Converter V. 1-D ¥ 1-D sl Y T
(NVCCBQ)
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2.3 BANNNITNNIUYDINIG

N%mﬂauﬂusaﬁ’uﬁqmﬁmﬂws'anu‘,m‘ﬂaur:a%ma%uw'lw'lugﬂﬁ 2.2 Usznaume
andusawia Sw lalen D, D, D; fAUYsEy C; C; C; waziunilenisudiiensdiu
Snnusevveaanionll devaateusugiin = Ny/N;  Hfi1 Magnetizing inductance
Hewnmaugugfivinfu L, uasfismmilenir3rlva (Leakage Inductance) Hevnmaniogi
wiriu L, Tunilsmunainisaing wesiinavihau 4 anmesaiine

o £ w e - ° 1 < ¢ ¢ '
3Un 2.2 29surandusiusmiisnisuyavireunesinesuuuln

d s J -4 - L]
Tnuadl 1 (tp-t,) : 2esauyaLanfagui 2.3 (n) luanneilaindiinszua laloa D, uaz D;
vinszua wavlelen D, Lihnszua ussiuBuwngnanglifuunaiausunil nseud i, Su
Wuduadrautudadulaeiinnuduuaniniaunis

di L, v

v _Ve 2.1)
dr L

m

- oW P

%) a 0 @ ° v o | e W = F e v oW
suvamanisnil Famdlenislvavimiidimizailinssua i, anandugudeiaiuiiviule

v
- &

urvranaset Ul adulauin U TULEAIRIENNNS

ﬁ Va=v-Vo _Va—nV,-V, (2.2)

—_ in

dt L A

Tuvasiieaiu fufiulsey ¢, fariausegirenseualudainiiulsey C; Soili Ve, =V,
A‘U ot = 1 P et
vennisifiudsey C; daldnaniavsrgdnadunseua i, Wisiuiudsey C; uavlvan R e

PIUBUNN NSTUA [, ANTOUAAILARIANNTS
i

in = ILm

—i =i, - ni, (2.3)



Vea +
.’% C,

§))

+
Ve

o o 5 o W -l o i ¢ 3 s |
31.]'“ 23 ﬂqﬁmﬁﬁjuﬂaqqqzaiLLﬂﬁQJULﬁQﬁum’JLWUUQUW3?“H3WﬂﬂuL?ﬂﬁLmaiLLUU1“3J

(n) Wniuad 1 (v) Tvuadt 2 (@) Tvuedt 3 (2) Tnued 4

i .o o= 2 =l P - = = I o &
{99970 i, dAnanasuas i, dawiiuty 9naun1sh (2.3) i, JAnRuay

v y
- =1

msvieululuued 1 desduaeniian t; We i, = 0 WaT i, = im

1
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b d s Ai‘ -J P~ 1 v
Tnua@l 2 (t,-t,) : 2WITANYAUARAINIFUN 2.3 (¥) LT0anNTEUA I, = 0 dwalit lalen D;
Livnszua lusuzmsatuainduay lalen D, dsnaninszua lalen D, Henslaiiinszua

4’, o & E P e =i o ar o - 1
Tuannedl iy, = i, Inenszuavaptilifuulaeiinudufsaun1sy (2.1) minudsey ¢,
Y] = « J o W o & '3 - I3
famsfarisausrrensrualudadiuiulsey €, dufudseueninn C;  Aavsausey
enszualudalvan R
¥ 3

[ -l : = = 03 °
msvihalulyuedl 2 desdugeniian t, Weaindveminszud

q

« ©

o o - 4 a
Tnanf 3 (t,-t;) : 2NsAUYaLanWiagUR 23 (A) luannzlaindvgainszua lalen D,
way D, whinseua lalon D, ldvinszua ussiuasauvnaInUguiiiawviniu V;,-Ve, Bl
4 = ﬂl ] - o s
Wuauilienn Ve, > Vi, NSEWA i, Suanasesnafudadu Tnsflanudunansnsaunis

di!.,,, % V=V _ Vu— Vo g3 Vc: (2.9)

mn

dt L L L (1+n)

m m

v a a - & < a1 & I 1 ' &
AuvRaIANRNil v, dAduau (1Wed9n v, AANUUAY) Uavnssua i, Sunuvuag1idy
Wadulaedlmudusaunis

ﬁz VatVa-wm-V, - Ve, —n(V,, =Ve)) - Vo
dt L, L

(2.5)

Tusmzipeaiufuiulsey ¢, Aavisausyyinalunseua i, lWEWuiulseq C; wavlvan R
o . ‘ - v o i .
faiulsey C; gnusausERlaenssud ip, J99INFUN 2.3 (A) duiusiiunseud i, uay i
AT

ipy =8, —I, = (if_m _il) —i, =iy, ~(n+1)i, (2.6)
- L el e e . o - ) o ol
19997 7, AAWNUVULAY /), UANANAL IINAUNITN (2.6) ip; JUAIAAN
° P & 2 al -
msviaululvuedl 3 darduaanim t; We ip = 0

Tviun 4 (t5-t,) N%‘saugauamﬁqgﬂﬁ 2.3 (3) floswnnszua ip, = 0 dwaly lalen D,
Tivhnszua luvasideduainduazlalon 0, lidinszua lalen D; Simsiinsyua usemu
aseuvmmaUguniifidwiiululuuedl 3 waznszua i, anastmeiilodlasiinidy
faaunisil (2.6) Tuwnsidefusufiulsey ¢, Snsdavisvszgdedunsaua i, dw
Fuftuusey ¢, agluanmizlamiden (solating state) Tnelildroagiudanialuass
AIUBUNN NTLUE 7, ANNTOUARIRIANNTT
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i, =i, =i =i, —ni,=I 2.7)

° a} 4‘ 4 J a = ¢ a o -l 5 t‘ a' -]
nsvihelulvued 4 davdugeiivaa t; Weaindisminszuadnaimils (Funsvinuly
-l
Tvua® 1)
° - - al ' [ v - v oo
nmsyaululuued 1§ 4 Ananundrssuausadsuguaiuueisaslac
J 1 A - f o d. o n‘ 1 s
U7 2.4 Frnanaindiinszuadsnsaunqunsvinaluluued 1 uas 2 fisseziiaiiiv
1 J - i o é [-] J =l 1 ar
DT frnaaintlaiiinszuadnseungunisvinnululuuei 3 uag 4 dsveviaiwiniy
- @ o A - - N . o, P «
(I-D)T\ila D fe MdleiAa uar T AoA1ULIaIn1SaIng nseua ip;  WuUNITLanysa
) - - o . - v
fafulsey ¢,  figuaduiluarumdsu (Triangle  waveform) inilouiuluaees VCCBC
= d.l - . a dl L]
[22,23] nszud i, \Wunszuadiduiulsey ¢, Aamsaluliiuiuiulsey C; Feimualvll
A w
gﬂﬁmmmﬂugﬂﬂauwaé (Pulse waveform)



VGs A |

Ipr

i =i1)3‘ 5

ipz 4 i

t0iitl 2 13

ﬁh:de Mode Mode Mode
1 2 3 4

IN 4 & K

t4

U 2.4 gUrAuLsITLAzNsEuAlLIeS NVCCBC
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ot s d -] 1 1] =) A
2.4 2vsunaudussauimisniauyasviasuneiineiuuulnlviindue

a v v < o = o
INNNANNIVNAU 21995 NVCCBC wmmua'lugﬂw 2.1 (3) WauN19IMNRs VCCBC
Tuguii 2.1 (A) Tnemsiindafiudsey €, waglalon D, unaw [22] ldiiauedsasly
5ENA29s VCCBC 8N 3 junuusuanslugui 2.5

gﬂﬁ 2.5 (n) 29395 VCCBC type A () 29395 VCCBC type B (A) 2995 VCCBC type C

2asimandanunsaaunlilsnsveegetuldiguiulaensiiuduivisey C, waz D, lu
° " s o
Aurisivnaufauanslugun 2.6
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(A) 2995 NVCCBC type C

o o v @ o o i ¢ ¢ P |
JUN 2.6 2vvsuaanduswiusimilenhsuyavirounesinesuuull
o -
MimU19IN9995 VCCBC Tugum 2.5

@ ' 4 at o A ar 1) -

fiulsey C; warlalen D, veanguneaslugui 2.6 Swnvimthiuraudusaiunsouaing
[ = a a } o « " ] = ] s

LULAY §9T19818UATUTINUATENATNTVRINGNIRSIUFUN 2.6 TAWYINAU2995 NVCCBC

luguil 2.2 ynusemshie

Vo _2+nD (2.8)

Kfr l- D

v, = (29)
1-D
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- e s; A v ° ) -4
MNMsANBINUITeNAEITed 2995 NVCCBC  type A lagninaueasinoumiiiiua?

Tuunanu [27] §3deldvhnismaaeulsessunuuiitiuseiudunm 12V usafuiening 100V
Masliiigede 35W  wuineesiuseaniawgean 93.8%  warladjutesvesiens
NVCCBC type A 13oail

1. fidasveneg

2. wsemseenuuuiielilidmamladaiu 0.5 Ingldnsfuduousevsnaayiogiise
Uguniiuny dewaliauismhmsmuaululyaanseua (Current mode control) anldifiv
299514

3. wiwnuitaraulusumienihflvaldgmiunlivsslemlaomsdemludwinuewin
dwmaliuseannmaisesgetu

4. insurandusssuasauaIng arunsadenliaIntninnausunile

2993 NVCCBC type B Tuguil 2.6() waraaas NVCCBC type C luguit 2.6(n) shuduasesd
Wantulmiuagdlimedinsinauemniey Inssaenasiinuanifnisinuduieiu
U995 NVCCBC type A Tuguii 2.6(n)

Voltage multiplier

4
v, = e, RV,
p— -
(1) 2995 NVCCBC type D
Voltage multiplier
+
Vin RVo

&

(v) 2995 NVCCBC type E

- L @ e =i e 1 [ & L3 '
JUN 2.7 2vsumandussiudvilentsiuyaviaeunesinesuuulni
a o i
MAIL19IN2993 TIBC Tuguh 2.1 (1)
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wonanisesuaaudusssuimmienisuwuulng fanunsavmunldainnisi
2esuRUdudnimesyarinouiesines (TIBO) u1saiul99s Voltage multiplier
8] fauanaluzy 2.7 (n) uag (v) Tnelufitiazi3onanie95i312995 NVCCBC type D Wazavs
NVCCBC type E auddiu Swhaensesiisnuiugunsal snsivesuasusdiunsouaing
winfufungunees NVCCBC lugudi 2.6

2.5 WAN15I1ADINTITHNNNTUYDINDG

2supandussiudiimienihsiuyainounesinesuuulniviiafieg (NVCCBC uaz
o ] ] 3 ar a
NVCCBC type AE) gminundrassnisieusislusunsu Orcad PSpice  fauanslugud
o o -
2.8 (n) - 2.13 (n) TeediRoulvnsyinnussnsasuanslumisiam 2.2

o - °
A157197 2.2 BauluNISINNUYD9RS

R5181Y 10 i
uIIPUBUNT Vi, 12V
WSIFULEIYINN Vo 120V
fmleAa D 0.5
pudaIng f, 100kHz
NSTUALDIYINN /o 0.9A
ANUAIUUlYan R 133.33Q

namsa’hammw‘hnwamwsuﬂm’luguﬁ 2.8 (¥) - 2.13 (¥) WUITIRTHIMUAAILTD
Wsmswens 10 whiirmaledaussana 0.5 SwdonndastunansAuINInauNsh 2.8
rasnavuedaiusedunsenaing (v.,) whiufe 2356V SwenrdssfiunanisiuInen
aunsil 2.9 AidAuvindu 2av

nwan1siiaedluguil 2.8 (1) - 2.13 (1) WuingUARUAISINAILTB299s NVCCBC
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i NVCCBC IBFC
QY fSW,max fDI,max fDZ,max fD3,max fSW,max fDl,max iDZ,max
0.3 9.40 2.52 1.32 0.75 8.20 2.60 0.96
06| 1520 6.24 1.76 1.84 14.20 6.48 1.96
09| 21.80 9.80 2.28 2.96 21.60 9.80 3.20
3197 5.4 Auseiugeaaesenaivg ualalasuanans NVCCBC uay IBFC
la NVCCBC IBFC
(A) VSW,max VDI,max VD.?,max VDB,max VSW,max VDI,mux VDZ,max
031 302 29.6 30.4 240 43.2 344 252
0.6 43.2 28.0 30.4 228 47.2 36.8 240
0.9 44.0 29.6 32.0 218 51.2 40.8 226
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A Novel Clamp-Mode Coupled-Inductor Boost Converter with
High Step-Up Voltage Gain

Kaweewat Tattiwong* and Chanin Bunlaksananusorn®

Abstract - In this paper, a new coupled inductor DC-DC converter with a high step-up voltage gain is
proposed. It is developed from a clamp-mode coupled-inductor boost converter by incorporating an
additional capacitor and diode. The proposed converter is able to achieve the higher voltage gain,
while still retaining the switch voltage clamp property of its predecessor. In the paper, operation and
analysis of the proposed converter are described. Experimental results from a prototype converter are
presented to verify the validity of the analysis. The prototype circuit attains the highest efficiency of

92.8%.

Keywords: High step-up gain DC-DC converters, Clamp-mode coupled-inductor boost converter,

DC-DC converter analysis

1. Introduction

Nowadays, a DC-DC converter with a high step-up
voltage gain has become an essential component in modemn
power electronics applications [1-3]. For example, in
automobile head lamps, a DC -DC converter is required
1o increase a battery voltage of 12V into 100V to supply
a high-frequency inverter that drives a High Intensity
Discharge (HID) lamp. In telecommunication centers, a
power supply for a server computer is capable of working
with dual input sources from an AC main and a 48V back-
up battery. The battery voltage is fed to the power supply
via a front-end DC-DC converter. When the main power
outage occurs, the front-end converter provides a back-
up power by boosting the battery voltage into a 380V bus
voltage to continually supply downstream converters in
the power supply system. Therefore, the server computer
can continue to function despite the main power failure,
Lastly, in power generation by solar PV or fuel cells, a DC-
DC converter is often used to boost a small DC voltage
generated from these renewable sources to a suitable value
for a gird connected inverter. The DC-DC converters used
in the above applications have the following common
characteristics: (1) high step-up voltage gain, (2) high
efficiency, and (3) no electrical isolation between input and
output. The conventional power electronic circuit used for
stepping up a DC voltage is a boost converter. In theory,
the boost converter can produce a high voltage gain
when operated at an extreme duty cycle (1.e. the duty cycle
approaching one). However, in practice, due to component
non-idealities, such as the inductor resistance, the diode
1 Correspondng Author: Faculty of Engincering. King Mongkut's

Institute of Technology Ladkrabang. Bangkok 10520, Thailand.
(chanin bug@kmit] ac th)
*  Faculty of Engineering, King Mongkut's Institute of Technology
Ladkrabang. Bangkok 10520, Thailand. (566014 55@kmitl.ac.th)
Received: July 25, 2016; Accepted: December 15, 2016

forward voltage drop, the switch on-state resistance etc.,
losses and voltage drops in the circuit increase with the
increasing duty cycle. As a result, the efficiency and
voltage gamn of the boost converter are degraded, when
the duty cycle is large [4, 5] Besides, operating the boost
converter at the extreme duty cycle means its rectifier
diode has less time to conduct. The diode current thus
becomes a narrow pulse with high current amplitude,
which is responsible for a severe reversed recovery loss
and EMI problems

A simple solution to increase the voltage gain without

extending the duty cycle is to use a cascade boost converter,

in which two or more boost converters are connected in
series [6]. This method, however, requires more power
switches, 1.e. one power switch per one boost stage. and
suffers from low overall efficiency when a number of the
boost stage is increased In [7-10], an N-stage cascade
boost converter with one active switch is proposed. It uses
only one power switch and has the same voltage gain as
the N boost converters connected in series. The main
drawbacks of this topology, nonetheless, are high current
and voltage stresses associated with the power switch, and
the low efficiency due to multi-stage power processing.
High gain DC-DC converters based on a coupled nductor
[11-21] can overcome the efficiency and voltage stress
problems of the aforementioned cascade converter The
coupled inductor converters achieve the high voltage
gain by utilizing the coupled inductor's turn ratio,
instead of cascading multiple boost stages, hence leading
to the improved efficiency. Moreover, unlike the cascade
converter which subjects its power switch to the output
voltage during turn-off, a power switch in the coupled
inductor converters operates with less voltage stress as
the turn-off voltage 1s usually considerably less than the
output voltage. In this respect, the advantage of the coupled
inductor converters over the cascade converter becomes
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distinct when the output voltage is high. Among many
coupled inductor converters, a clamp-mode coupled-
inductor boost converter [12] is a very attractive topology.
Its salient features include: (1) a simple circuit structure
using only one power switch, (2) high voltage gain
controlled by the coupled inductor’s turn ratio, (3) a
switch voltage clamp reducing the device voltage stress,
and (4) high efficiency

This paper proposes a new coupled inductor DC-DC
converter with a high step-up voltage gam. It is developed
from a clamp-mode coupled-inductor boost converter by
incorporating an additional capacitor and diode The
proposed converter is able to achieve the higher voltage
gain, while still retamning the switch voltage clamp property
of its predecessor. Furthermore, the laboratory prototype
demonstrates that the proposed converter operates with
high efficiency. The reminder of this paper is organized
as follows. Section 2 explams the evolution of the proposed
converter. Section 3 describes the converter operation
and analysis. Section 4 further simplifies the converter
analysis via waveform approximation to facilitate the
derivation of important current equations. Section §
presents experimental results from the prototype converter
The results are used to verify validity of the analysis
Finally, conclusions are drawn in Section 6.

2. Evolution of Proposed Converter

The clamp-mode coupled-inductor boost converter is
shown in Fig. 1(a). The coupled inductor has two windings,
with N, and N, being a number of turns of primary and
secondary windings. [, and C; constitute a clamp circuit,
When SW is turned on, energy is stored in the coupled
inductor, and the output capacitor C; is discharged to
supply the load current. When SW is tumed off, the
stored energy is released to charge the output capacitor
Meanwhile, D, is turned on and the switch voltage is
clamped to ¥ Dunng this turn-off interval, the output
voltage is given by the sum of the input voltage and the
induced voltages on the primary and secondary windings,
which are additive. It 1s shown 1n [11, 12] that the voltage
gain and clamp voltage of the clamp-mode coupled-

inductor boost converter are given by
¥V, 1+nD
L
Vo 1D ©
v
s anbix 2
a=1_p' )

where n=N,/N, is the coupled inductor’s turn ratio and D
is a duty cycle of SW. As seen in (1) and (2), the switch
clamp voltage, ¥, 1s lower than the output voltage,
resulting in the low voltage stress on SW. Consequently,
the switch can be implemented by an inexpensive low-
voltage rated power MOSFET.
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Fig. 1. (a) Clamp-mode coupled-inductor boost converter,
and (b) the proposed converter

D i

Fig. 2. Circuit variations of the proposed converter

The proposed converter in Fig. 1(b) is derived from the
clamp-mode boost converter in Fig. 1(a) by the addition of
C,-D;. Similar to its predecessor, the proposed converter
stores energy in the coupled inductor during SW tum-on.
When SW is tumed off, the stored energy is released to
charge the output capacitor and the switch voltage is
clamped to V. via D, During this turn-off interval, the
output voltage is given by the sum of the input voltage, the
induced voltages on the primary and secondary windings
which are additive, and the voltage across C; (ie. V).
The additional voltage provided by C; helps increase the
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output voltage of the proposed converter, allowing it to
achieve a higher voltage gain than the clamp-mode boost
converter.

Other circuit variations of the proposed converter are
depicted in Fig. 2. They are obtained by repositioning C -
D), CyD;, and C; of the circuit in Fig. 1(b). In these
variant circuits, C,-D; serves to clamp the switch voltage
and C;-D; serves to enhance the voltage gain All the
converters in Fig. 2 have the same voltage gain and

switch clamp voltage as the proposed converter in Fig. 1(b).

Operation and analysis of the proposed converter are
described next.

3. Operation and Analysis of Proposed Converter

The converter operation is described and analyzed using
the circuit shown in Fig. 3(a), where L, i1s a magnetizing
inductance of the coupled inductor, The primary and
secondary voltages are related by: v, = nv,, where n =
Ny/N, is the coupled inductor’s tum ratio. The primary
and secondary currents are related by: i, = ni; To simplify
the description and analysis, a leakage inductance of the
coupled inductor 1s neglected. The input voltage, V,,, is
constant. All the capacitor C,, C; and C; are assumed to be
sufficiently large, so that V.., V-, and I, are constant over

one switching period. All the power semiconductor devices,

1e. SW, D, D,, and D, are assumed to be an 1deal switch.

In Continuous Conduction Mode (CCM), where the
magnetizing current, i, flows continuously and remains
above zero throughout a switching period, the converter
operation can be divided into three modes as follows.

Mode 1 (t3-t,): The equivalent circuit is shown in Fig.
3(b). SW is tumed on, D, is tumed on, and D, and D, are
tumed off. The primary winding is supplied by ¥, causing
i1 10 Increase linearly and energy being stored n L,,. Since
Dy; is tumned off, both primary and secondary currents, i,
and i;, are zero. Meanwhile, C,; is discharged by C, via D,
and SW. At the output, C; is discharged by R, providing the
load current, I,

From the equivalent circuit in Fig. 3(b), the following
current relationships can be written:

in = ipms (3)
iy =0, @

I =0, (5)
for =1, +ipy, (®)

where i,, is the input current, igy 15 the switch current, iy, is
a charging current from L, to C), and ip; is a discharging
current from C, to C,. This mode is ended at time ¢, when
SW 1s tumed off.

Mode 2 (t,-;): The equivalent circuit is shown in Fig.
3(c). SW is turned off, D, and D, are tumed on, and D, is
turned off. The primary voltage, v,, is equal to ¥, = ¥,

"
+ .
l Ve, ot Vo

Fig. 3. Proposed converter: (8) circuit diagram, (b) opera-
tional mode 1, (b) operational mode 2, and (
operational mode 3

which s negative because V., is greater than V,,
Alternatively, considering the outer loop of Fig. 3(c), v,
can also be expressed as

W =V +Vor -vy -V, =V +Vea -m =¥,.  (7)
That is,

Vip #Veq =V,

R e ®)

Since v, i1s negative, iy, decreases lincarly and the
energy stored in L, is released to charge C, via D, and to
charge C; via D; The voltage across SW is clamped to V7,
Meanwhile, C; is discharged by the current i,. Notice that
C; is connected in series with the input voltage source and
the primary and secondary windings of the coupled
inductor, the sum of the voltages across these components
1s equal to the output voltage.

From the equivalent circuit in Fig. 2(c), the following
current relationships can be written:
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by =l =0 =ipy —iy, ®)
i =i, = b =iy, ~(n+1)i, (10)
Iy =0. (11

This mode is ended at time £, when iy, = 0 (ie. C, is
fully charged).

Mode 3 (t;-15): The equivalent circuit is shown in Fig.
3(d). SW 1s tumed off, D; and D; are tumed off, and D; is
turned on. The primary voltage, v,, is the same as in mode
2 given by (8). Since v; remains negative, iy, continues o
decrease and the energy stored in L,, is released to charge
C; via D, Meanwhile, C, is floating. C, continues to be
discharged by the current i, Still, in this mode, C; is
connected in series with the mput voltage source and the
primary and secondary windings of the coupled inductor,
the sum of the voltages across these components is equal to
the output voltage

From the equivalent circuit in Fig. 3(d), the following
current relationships can be written:

i =i, (12)

iy ==, 3)
n+l

iy =0, (14

i =0. as)

This mode 1s ended at time #; when SW is tumed on,
thereby repeating mode 1 again.

Based on (3) to (15), key waveforms of the proposed
converter can be drawn as shown in Fig. 4 The time
duration when SW 1s tumed on (1.e. mode 1) is DT, where
D is the duty cycle of SW and T a switching period. The
tme duration when SW is turned off (i.e. mode 2 and 3) is
(1-D)T. The current iy, which is a charging current from
L, to C,, has a triangle shape similar to that in the clamp-
mode boost converter [12). The current ip;, which is a
discharging current from C, to C,, is approximated by a
pulse current with an amplitude [, The bottom two
waveforms in Fig. 4 depict the currents i-, and i, C, is
discharged by ip; during the time duration DT and charged
by ip, during the time duration (1-D)T. C. is charged by i,
during DT and discharged by i, during (1-D)T

In steady state, the voltage v, in Fig. 4 averaged over one
switching period must be zero, that is

VDT + (Vi ~Ver)A-D)T _

0 16
T (16)
The above equation yields
I/
Veq =V = et 1
a=fe1=1_p an

Note that V-, = V-, because C, and C, are connected in
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Fig. 4. Key waveforms of the proposed converter

parallel during the operational mode 1 (Fig. 3(b)) and, in
this analysis, the capacitor voltages are assumed to be
constant over one switching period. It can be seen from
(17) that the switch clamp voltage, V', of the proposed
converter is identical to that in (2). This indicates that the
proposed converter preserves the voltage clamping property
of the clamp-mode coupled-inductor boost converter,
despite the addition of C;-D;.
According to (8), Eq. (16) can be rewritten as

Vin =Vo +Ve2)

¥, DT + ( (1-D)r

1+n =0.
T

Solving (18), the voltage gain of the proposed converter
1s obtained as

(18)

VA 2+nD

Via 1-D (%

Comparing (19) to (1), it is evident that the voltage gain
of the proposed converter is greater than the clamp-mode
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coupled-inductor boost converter, For example, if n = 5
and D = 0.5, the voltage gain of the proposed converter
would be nine, whereas the clamp-mode boost converter
would be seven. Fig. 5 plots the voltage gain in (19) as a
function of the duty cycle, with the different coupled
inductor’s tum ratios. From the graph, it can be seen that,
for a given duty cycle, the gain becomes larger as n is
increased. Hence, by appropriately selecting #, the proposed
converter can provide the high voltage gain, without
operating at the extreme duty cycle.

By inspecting each operational mode in Fig 3, the
blocking voltages of power semiconductor devices in the
proposed converter circuit can be determined as given
below

Vi max =V =V, 0¥, —(n +1)1¢, (20)
VD1max =Ve2s (21)

VD2max =Ve2s (22)

Vosmax =Vo + 1V —Voiu 23

where VS‘“’.MN’ VDLman VD.’.mr and Vﬂi‘mm are the b]ockmg
voltages of SW, D, D, and D; respectively. These
equations provide a basis for determining voltage ratings
of the power semiconductor devices used in the proposed
converter.

4. Waveform Approximation and Analysis

To derive the expressions for Ji, .o Lopmar L0 mars
I, v and I, in Fig. 4, the proposed converter is assumed
to be operating with the time interval in mode 2
relatively short compared with the time interval n mode 1
and 3. As a result, the operating mode 2 can be omitted
from the converter operation and the waveforms in Fig. 4
can be approximated as shown in Fig. 6, where the time
interval 1,-f, becomes zero and the operating mode 3 takes
up the entire (/-D)T interval. It should be noted that as the
time interval f,-f, approaches zero, iy, becomes an impulse
current which is represented by the vertical arrow in Fig. 6.
In figure, Iy, 11w mar, and J;,, .y, are the average, maximum,
and minimum magnetizing currents respectively. I, ., is
the maximum switch current. 1, f;,.., and I, are the
average, maximum, and minimum secondary currents
respectively. I, which is an average value between /, .,
and 1, is referred to as the nominal secondary current.
The expressions for these current quantities are derived as
follows.

Beginning with the secondary current, since i, is feeding
C;in parallel with R, the average secondary current, [, is
equal to the output current, /.:
=1, (24)

2

Given ,in (24), I, ..., can be determined from

0 010203 040506070809 1
D

Fig. 5, Voltage gain vs duty cycle

T
i DT™ r - ’
VL s
i nin
‘. A /‘l-n / r
fimes i |, -
—p
e t
mﬁ i e ool
In; & E 3 ¥
i ]
e 1 -
>
ip: 4 ¥
3
-l
f—
~1 s e 1
2 A2
'wﬁ 1
P y

Fig. 6. Approximated waveforms of the proposed converter

I3 o (1= DYT =1, T. 25)
The above equation gives
1
lZﬁom :"'-""—l vaD' (26)

The average input current, /. in Fig. 6 can be expressed
as
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1 DT + 13 i 0 = D)T

Iy - =D +1, (27

For the lossless converter, the input power is equal to the
output power, i.c.

ilo- (28)

Substituting V.V, in (19) and /,, in (27) into (28), /.. is
obtained as

\
~
%

S

\‘Ia

IJE' (29)

\1-8

Given [, in (29), the maximum and minimum
magnetizing currents can be found as

Ai Vi, DT
limmes =i 4= =lin 43—, (30)
Ai VDT
’Im,nuuzlbu"Tm=l = ‘:I . (31)
“Lom

Since i; = i./(n+1) during the time duration (1-D)7,
the maximum and minimum sccondary current can be
expressed in terms of [, .., and /4, ., a8

"’bn
Il = = 3
2,max (n+1) (32)
[me
= —— 33
2,mn n+1) (33)

In steady state, the positive and negative areas under
the i, waveform in Fig. 6 must be equal, i.c.

10T =13 poe (1= D)T. - (34)

Substituting /..., in (26) into (34), /, is obtained as

l.=

o (3%)

sl

The maximum switch current, /o, in Fig. 6 is given
by

Isw max ="Lm.mu +‘rp' (36)

Finally, in steady state, the positive and negative arcas
under the i, waveform in Fig. 4 must be equal, i.e.

1
10T ==12] p max (37
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The above equation yields

21,DT
I prmax = (38)
h2

where 7,; is the time interval 7,-t.. If 1., is known, /5, ... can
be calculated. It should be emphasized that /,,, .., in (30),
L3z 0 (32), I in (35), L5y s, in (36), and [, ., in (38)
provide a basis for determining current ratings of the power
semiconductor devices used in the proposed converter. The
validity of these derived current expressions is verified in
the next section.

5. Experimental Results
5.1 Step-up Gain of 10

The proposed converter in Fig. 3 is prototyped as shown
in Fig. 7. The input voltage, I, is 12V, the output voltage,
V., is 120V, and the switching frequency is 100kHz (the
switching period 7" = 10ps). The load current, /., can vary
from 0.3A to 0.9A, which is equivalent to the output power
between 36W and 108W. Table 1 lists the devices and
components used in the prototype converter.

Fig. 8 shows the output voltage and current waveforms
measured from the prototype for the three loading conditions,
ie. I, = 0.3A, I, = 0.6A, and [, = 0.9A. In cach case, the
input voltage is fixed at 12V and the duty cycle of the
MOSFET gate drive signal is adjusted to give the constant

Table 1. Devices and components used in the prototype

converter
Component/Devices Descript
1. =60uH,n =6
ETDS9 ferrite core, gap = 0.3mm N= 1] tums,
Cosphal indnton copper strip (width: 22mm)
N; = 66 tums, 4XAWG20 copper wire
Electrolytic capacitor
. C,;=180uF (100V)
Copection C;=180uF (100V)
Cy=1 100V
D, D, ad D, MURS40 (400V, 8A) ultrafast diode
SW [RF3710(100V, 57A) power MOSFET

Fig. 7. Photo of the prototype converter
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output voltage of 120V The duty cycles used to achieve
this tenfold voltage gain are recorded and shown in Table
2 The duty cycle 1s 0.5 when /,= 0 3A, is 053 when /, =
0 6A. and is 0. 56 when /, = 0 9A The duty cycle increases

(a) x-scale: 2 Sps/div
Top trace V. S0V/div, Bottom trace /.- 0.2A/dy

(b) x-scale 2. 5us/div
Top trace 17, 30V /div. Bottom trace /.- 0 SA/div

(¢) x-scale: 2.5ps/div
Top trace },; 50V/div, Bottom trace /. 0 SA/div

Fig. 8. Output voltage and current waveforms at (a) /, =
03A.(b)/, =006A, and (¢) /.= 09A

I'able 2. Dury cycle and efficiency measurement for step-
up gam of 10

lo Y. lin Vi Eiliciency 1
030 120.22 324 12 92.8% 030
0.62 120.22 7.28 12 $5.1% 033
0.92 120.22 11.55 12 79.8% .56

at high load currents to compensate for the increased
voltage drop caused by circuit non-idealities, such as the
leakage inductance and winding resistance of the coupled
inductor, the MOSFET's on-state resistance (R,,,,). the
forward voltage drop of the diodes. ete. By substituting 1,
= 12V. )" =120V, and n = 6 into (19), the theoretical duty
cycle 1s calculated as /2 =05 The actual duty cycles
shown in Table 2 closely agree with the theorenical value.
Also shown i Table 2 1s the efficiency measurement
result The converter efficiency, defined as a product of the
average output voltage (17) and current (/) divided by a
product of the average input voltage (1°,) and current (/,,),
has the maximum value of 928% at [, = 03A The
efficiency 1s reduced as the load current 1s further increased
The decrease in efficiency at high load currents 1s caused
by the increase in conduction losses of SW. D, D; and D
Fig. 9 shows the key current waveforms measured
from the prototype, when /, = 0 9A_ It can be seen that the
measured current waveforms are similar to the theoretical
wavetforms in Fig. 4 The important current quantities,
which include 7/, e 13 mees I @0 Tigp- 0 are measured and
compared with the calculation based on (30), (32). (35),
and (36) respectively The comparison results are given
in Table 3 1t is seen that the calculated currents closely

L manar

isn

RS-

——

(a) x-scale” 2 Sus/div
Top trace 1, 10A/div, Bottom trace 7g,- 10A/div

l.')'m.u é

ini

ins YT
I).l r |

(b) x-scale: 2 Sps/div
Top trace 1, SA/div, Middle trace /,,;; 2A/dn
Bottom trace i, 2A/div

Fig. 9. Key current waveforms at /, = 0.9A for step-up gain
of 10
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Table 3. Comparison between calculated and measured

currents
X I, = 0.3A I, = 0.6A 1.~ 0.9A
Quellty 58T Mo TGl ] Wes | Gk T Vs
Hmmes 9 58 119 11.8 18.5 18
| /. .8 0.7 | ¥ d 1.6 26 26
L 6 | 06 [ 13 16 20
s 65 [ 13 13| 200 20
Table 4. Capacitor voltage measurement
e I~ 03A 1.~ 0.6A 1~ 0.9A
Quentity "5I T bos | G ] Men | Col | M
Ve 242 248 254 26.7 270 288
Ve 242 | 236 | 254 | 25 | 2710 | %3
V) e
AL
Vs et
o

x-scale: 2.5ps/div
Top trace Ve 20V/div, Bottom trace Vo»: 20V/div
Fig. 10. Voltage across capacitor C; and C; at [, = 0,9A

agree with the measured currents for all loading conditions,
Furthermore, from the ip; waveform in Fig. 9(b), the time
interval 1,-f; is found to be f;; = 2ps. Given this time
interval, I, can be calculated from (38):

UDT _2x1.6x056x10x107° _ o
iy 2x107

Iptmax =

The calculated /.. is consistent with the actual value
in Fig. 9(b). where Ip; .= 10A. The consistency between
the calculated and measured results i all the above cases
confirms the validity of the current expressions derived via
waveform approximation in Scction 4,

Fig. 10 shows the waveforms of V., and V-, measured
from the prototyvpe, when I, = 0.9A. Both capacitor voltages
are relatively constant, with the amplitude V., = 28 8V and
V., = 26.8V. The capacitor voltage measurement for all
loading conditions is summarized in Table 4. As seen in
the table, the measured capacitor voltages conform wath the
calculation by (17). Note that V-, is slightly higher than
Ves because, when ) is discharged to €; in mode 1 (Fig.
3b), there are some voltage drops across ), and SW.

Fig. 11 shows the voltage waveforms across the power
semiconductor devices measured from the prototype, when
1, =09A. As scen in the v, waveforms, there is an initial
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(a) x-scale: 2.5us/div
Top trace vgy: 20V/div, Bottom trace v, 20V/di

v

(b) x-scale: 2. 5us/div
Top trace vy, 20V/idiv, Bottom trace vy 100V/div

Fig. 11. Voltage waveforms across power semiconductor
devices at [, = 0.9A

voltage spike when SH is tumed off caused by the leakage
inductance of the coupled inductor. After the voltage spike
has died out, the switch voltage is clamped to V., = 28 .8V,
corresponding with (20). Subsequently, as the converter
operation enters mode 3, S is no longer clamped by C;
and the switch voltage is reduced to about 26V imposed
by the input voltage and primary voltage of the couple
inductor (sce Fig. 3(d)). Similarly, the initial voltage spike
and the subscquent voltage transition are also observed in
the vp, and vy, waveforms. As seen in the bottom trace of
Fig. 11, v;; exhibits a high frequency ringing, when D, is
turned off. This is caused by the resonance between a
leakage inductance of the coupled inductor and a parasitic
capacitance of ;. It should be noted that in the
experimental prototype, there is an RC snubber (R =1500
and C'=3nF) connected across [y therefore the effect of
the resonance has been somewhat attenuated. Without the
snubber, the ringing would be more pronounced. After the
ringing has subsided. v;; in Fig. 11 is subjected to the
blocking voltage of 150V, which is lower than V;,,... =
165V calculated by (23).

Finally, a comparison is made between the proposed
converter and the Integrated Boost Flyback Converter
(IBFC) [5, 15] with regard to the stress of a power swilch
and converter efficiency. The IBFC prototype used in this
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study has the same circuit specifications and coupled
inductor parameters as the proposed converter. Fig 12
shows the voltage and current waveforms of the MOSFET
switch measured from the two prototype circuits. It can be
seen that the peak switch voltages and currents in both
converters are similar, hence the devices are essentially
subjected to the same level of stresses. Despite the equal
voltage and current stresses on the power switches, the
voltage gain of the proposed converter (19) nonetheless is
higher than the IBFC, whose gain is identical to the clamp-
mode boost converter in (1). Thus, as evident in Fig. 12,
the MOSFET switch of the IBFC has to operate with the
greater duty cycle (the longer conduction time) than the

(a) x-scale: 2. 5ps/div
Top trace vy 20V/div, Bottom trace /5 10A/div

(b) x-scale: 2 Sps/div

Top trace vy 20V/div, Bottom trace /g 10A/div
Fig. 12. Voltage and current waveforms of the MOSFET
switch at /,=09A. (a) proposed converter (b)

IBFC
95%
90% Proposed converter
85%
80% ‘
75% IBFC
70% 1
6’% i + + +
03 0.6 09
Io (A)

Fig. 13. Efficiency comparison between the proposed
converter and IBFC

proposed converter in order to achieve the tenfold step-up
gain. The greater duty cycle causes the average switch
current of the IBFC to be higher than the proposed
converter. The higher average currents yield the greater
conduction losses, which are responsible for the efficiency
of the IBFC being lower than the proposed converter for
the entire load currents, as shown in Fig 13.

5.2 Step-up Gain of §

The prototype converter in Fig, 7 is also experimented at
a step-up gain of 5 with I/, =24V, ¥/, =120V and /, = 0.3A
to 1.8A (i.e. £, = 36W to 216W). The circuit parameters
and components are the same as those listed in Table 1
The purpose of this experiment is to demonstrate that the

Table 5. Duty cycle and efficiency measurement for step-

up gain of 5
I Vo i Ve | Eiciency D
0.32 1 0@_2 73 24 92.7% 0.25
0.62 120.22 53 24 88 (%% 027
0.92 120.22 524 X §7.9% 0.28
124 120.22 7125 4 83 7% 029
1.54 120.22 9.21 24 K3 8% 0.30
.84 120.22 1138 24 B1.0% 032

L™ "

isw
(a) x-scale: 2 Sps/div
Top trace i, 10A/div, Bottom trace iy 10A/div

iy

ipz o

iDsga.... 1

(b) x-scale: 2 Sus/div
Top trace ip,,: SA/div, Middle trace iy, SA/div
Bottom trace iy, 2A/div
Fig. 14. Key current waveforms at /, = 1 8A for step-up

gain of 5
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proposed converter can work satisfactorily at a different
step-up gain. The duty cycle and efficiency measurement
are shown in Table 5. When the load current is increased
from I, = 0.3Ato 1 8A, the duty cycle required to maintain
V, at 120V has increased slightly from 0.25 to 0.32, and
the converter efficiency drops from 92.7% to 81%. As
explained before, the higher duty cycle is needed to
compensate for the increased voltage drop in the circuit at
higher load power. Meanwhile, the efficiency decreases at
higher load power due to the increase in conduction losses.

Fig. 14. shows the key current waveforms measured at
the maximum load power (P,=216W). The waveforms
generally resemble their counterparts in Fig. 9. The duty
cycle of the MOSFET switch 1s evidently lowered for the
step-up gain of 5 as can be seen by comparing the width of
the i,,, waveforms in Fig. 9 and Fig 14

6. Conclusion

This paper has proposed a novel clamp-mode coupled
inductor boost converter with a high step-up voltage gain.
It was developed from the original clamp-mode converter
in Fig. 1(a) by incorporating an additional capacitor (C.)
and diode (D;). During a tum-off period of the main switch,
C; 1s discharged in series with the input voltage source
and the primary and secondary windings of the coupled
inductor. As a result, the voltages across these components
are added together to produce the output voltage. Due to
the contribution by C,, the voltage gain of the proposed
converter is higher than the clamp-mode boost converter.
The operation of the proposed converter was described and
analyzed, leading to the mathematical expressions for the
voltage gain, switch clamp voltage, and various current
quantities. The calculation by the derived expressions was
found to be highly consistent with the measurement results
from the prototype circuit, confirming the validity of the
presented analysis. The experimental prototype converter
was tested for step-up gain of 10 and 5. Both cases yield
the similar value of maximum efficiency.
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Abstract— This paper presents design and implementation of a
Integrated boost-flyback converter (IBFC). Operation of the
IBFC is described and its key voltage and current equations are
given. The practical design of a 96W, 12V-to-48V, IBFC is
demonsirated. Experiment on the prototype IBFC shows that it
operates with good output voltage regulation and achieves the
highest efficiency of 87%.

Keywords DC-DC  converters, Integrated Boost-Flyback
Converter.

L INTRODUCTION

DC-DC converters with high voltage gain are sought after
in many applications, e.g. the front-end stage in photovoltaic
(PV) power generation, electronic ballasts for high intensity
discharge (HID) lamps for automobile head lamps, and the de
back-up for an uninterruptible power supply (UPS) [1]. The
DC-DC converters used in these applications have, in
common, the following features: (1) high step-up voltage gain,
(2) high efficiency, and (3) no electrical isolation between input
and output. The conventional power electronic circuit used for
stepping up a DC voltage is a boost converter. In theory, the
ideal boost converter can attain a very high voltage gain if
operated at extremely high duty cycles (i.e. D is approaching
1). In practice, component non-idealities, such as the inductor
resistance and MOSFET"s on-state resistance (R, ), cause the
losses and voltage drops in the converter circuit, which
become larger with the increasing duty cycle. As a result, the
converter's efficiency will be degraded at high duty cycles and
the converter's gain deviated significantly from its ideal
property duc to the voltage drops. Typically, the boost
converter can achieve a maximum voltage gain of around five
folds; further increasing the duty cycle will only cause the
gain to drop [2]. Beside the impaired efficiency and limited
voltage gain, operating the boost converter at extreme duty
cycles also creates severed EMI problems.

To increase the voltage gain, many modified step-up
converter topologies have been proposed [3-8]. The Integrated
Boost-Flyback Converter (IBFC) [3,4] in Fig. 1 combines a
boost and flyback converters by sharing the same inductor, i.e.
a coupled inductor. The converter employs a few more
components than the boost converter but can provide a much
higher voltage gain. It is envisaged that the IBFC has good
potential for practical applications. Previous research work on

978-1-4799-1762-4/15/$31 00 ©2015 I[EEE

the IBFC [34] has focused on the converter analysis.
Emphasis on a practical aspect of the subject, this paper
presents design and implementation of the IBFC.

I1. OPERATING PRINCIPLE OF IBFC

The IBFC in Fig. 1 integrates a boost and flyback
converters by sharing the power MOSFET switch, SW, and the
inductor. In this case, the inductor used is the so called
coupled inductor which consists of two windings wounded on
the same magnetic core. L, is a magnetizing inductance of the
coupled inductor. N, and N; are a number of turns of primary
and secondary windings. The IBFC output is obtained by
series connection of C;and C,.

In Continuous Conduction Mode (CCM), where the
magnetizing current, i, flows continuously and remains
above zero throughout a switching cycle, operation of the
IBFC can be divided into two sub-intervals. Firstly, when SW
1s turned on (Fig. 2 (a)), D, and D, are reverse biased. The
primary winding of the coupled inductor is supplied with V,,
iz Increases linearly, and the energy is being stored in L,
Since D, is reverse biased, primary and secondary currents, i,
and i,, of the coupled inductor are zero. During this interval,
C,and C; are discharged by the load resistance, R, providing
the load current. Secondly, when SH is turned off (Fig. 2 (b)),
i1, attempts to flow in the same direction by forcing I, and D,
to conduct. During this interval, i, decreases lincarly and the
energy stored in L, 1s released to charge C; and C;,

D,
—

Fig. 1. Integrated Boost-Flyback Converter (IBFC).
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Fig 2 Operation of IBFC (a) SW 15 tumned on, (b) SW 1s tumned off

The voltage gain of the IBFC is given by
Va L 14nrD u )

¥, 1-D

where D is a duty cycle of S and n = Ni/N; is a turn ratio of
the coupled inductor. Notice that the voltage gain of the IBFC
is equal to those of the boost and flyback converters
combined. Fig. 3 depicts the voltage gain as a function of the
duty cycle for the different values of turn ratios. It can be seen
that the IBFC produces a higher voltage gain than the boost
converter for the same duty cycle, and the gain becomes larger
as n is increased.

Referring to Fig. 2(b), during SW tum-off period, iy, is
expressed as a sum of two current components (iz; and nip,):

" 2
Lim =1gy + P g @

It was shown in [4] that iy, and iy, are the current pulses that
exhibit an exponential fall and rise respectively. Such the
behavior is caused by a winding resistance and leakage
inductance of the coupled inductor which forms a first-order
circuit. In this paper, iy, and iy, are respectively approximated
by the ramp-down and flat-top current pulses as shown in Fig.
4, with the relationship between these two currents still
satisfying (2). This approximation cases the current waveform
analysis and facilitates the current ratings of the devices, e g.
SW, Dy, and D,. With such the approximation, voltage and
current waveforms of the IBFC can be drawn as shown in Fig.
4. Expressions for various voltages and currents shown in the
figure can be derived from circuit analysis of Fig. 2, and are
summarized as follows.

« Device blocking voltages

Vg = Vg =i @)
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Fig 3 Voltage gain vs duty cycle
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where Vi max Vorex. A0d Vi s are the blocking voltage of
SW, D,, and D, respectively.

* Magnetizing currents

Im:[l+h.D_l\J£ (6)
1-D D
A v.Dr T
T = ¥ 2= 4 20— o
A v.Dor
‘rlm-n= jh__zh= dgi— ;L @®

where i, Iinmax, a0d Jppp iy are the average, maximum, and
minimum magnetizing currents respectively. Ip,, .. and I,
are denoted by points a and & in Fig. 4, with I, located
midway between these two points.

* Diode currents
(9)

bl
2

]
e~
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I VDI (10)
I = +
Dl “’D) H..

L, Wor (1)
e =Dy 2L,
Im"lu “2}
s (13)
vm =D

where 15, 10) max, 80d I i are the average, maximum, and
minimum currents of [, respectively. Ip e and /), are
denoted by points ¢ and d in Fig 4. Meanwhile, I3 and /5 ma
are the average and maximum currents of [, respectively
152 e 15 denoted by point e inFig. 4.

* Average input and switch currents

1+nD"
1-D )

(14)

In =DI, (15)
where [, and Iz are the average input and switch currents
respectively. Note that the maximum input and switch currents
are equal to [, . In (7)

* Cnitical magnetizing inductance

V. D - Dy'T

—_— (1o)
2, (n+ 1)1+ nD)

B o

c

where L. ... 1s the critical magnetizing inductance that causes
i to operate at CCM/DCM boundary. For CCM, L,, must be
greater than L ...

¢ Output capacitance
” DI T (l'ﬂ
Av,
where C = C,C:/(C+C3) 1s the total output capacitance, and
Av, is the ripple output voltage

III. DESIGN OF IBFC

This section illustrates design of the IBFC whose
specifications are as follows: V,, = 12V, V, = 48V, switching
frequency f = 100kHz (1e. T = 10us), [, = 0.5A-2A, ripple
output voltage Av, = 2% 17, The design basically involves
selection of the coupled inductor, output capacitors, and power
semiconductor devices as follows

A. Coupled inductor

As seen in Fig 3, a large value of n increases the voltage
gain of the IBFC. This is, however, achieved at the expense of
the recufier C; and D; be working under higher voliage stress
than C; and D, To lower the voltage stress on the former

devices, n should be small. But, from (1), the small # mplies a
larger duty cycle for a given value of gain Therefore, the tum
ratio should be selected so that the converter has a moderate
duty cycle and acceptable voltage stress on C; and D;. Hence,
in this design. n = 2 is chosen. From (1), with V/V, = 4, the
duty cycle is calculated as D = 0.5 The critical magnetizing
inductance, l. .., of the IBFC is computed from (16)
Substituting ¥, = 48V, [, = 05SA, n =2, D= 05, and T =
10ps into the equation, L, ., = 10uH is obtained For CCM
operation, the coupled inductor must have the magnetizing
inductance larger than L,, ...

Wire sizes of the couple inductor can be specified based on
the expected primary and secondary currents. From Fig 1, it is
seen that the primary current 1s equal to i, and the secondary
current equal 10 i, The average values of i, and i, are given
in (14) and (12) respectively. With 1., = 2A, the equations
give I, = 8A and I;; = 2A Thus, sizing of the pnmary and
secondary windings can be performed based on these current

values.
B. Output capacitors

The output capacitor can be calculated from (17)
Substituting Av, < 0.96V,, [, .. = 2A. D =05 and T = 10ps
into the equation, one gets C > 10.4pF. This 1s a minimum
capacitance that satisfies the output ripple requirement The
output capacitors C'; and C; combined must have the total
capacitance larger than this minimum capacitance In practice,
an ESR of the output capacitor can also contribute
considerably to the ripple output voltage. To reduce the ESR
and its influence, C; and C: should be made of parallel
capacitors
C. Power semiconductor devices

Based on (3)(5), (9), (12), and (15), the maximum
blocking voltages and average currents of each device are
calculated and summarized in Table 1 These voltage and
current values provide a basis for the device selection.

TABLE 1. DEVICE BLOCKING VOLTAGE AND AVERAGE CURRENT

L1 D
f/ I J/
4 _6A 4 A

—_—

¥

D. Component and device selection

TABLE I1. DEVICES AND COMPONENTS OF IBFC PROTOTYPE

Couple inductor L= 125uH, n =2
ETDS9 ferrite core, gup = 0. 3mm
Nr= 15 tums, IXAWG20 copper wire
N, = 30 wms, 2xAWG20 wire
Cutput capacitors capac
C;=110pF (5x22pF, 100V)
C; = 110uF (5x22yF, )
D, k3 g ultra-
(D, 3 Au
SW IRF3710 (100V, 57A) power MOSFET
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Based on the preceding design. component and device
selection for the IBFC prototype are summarized in Table 11
Each C; and C; has the capacitance of 110pF implemented by
connecting five 22uF/100V electrolytic capacitors in parallel.
The fabricated coupled inductor is measured to have L, =
125pH. which is much higher than L, .. = 10uH. This
ascertains that the IBFC would operate in CCM.

IV, EXPERIMENTAL RESULTS

The IBFC prototype is shown in Fig. 5. The prototype
receives a DC input voltage of 12V and produces an output
voltage of 48V, feeding a varable load resistor which can
draw a current between 0.5A and 2A. To regulate the output
voltage at 48V, a closed loop control scheme is implemented
using a PWM control circuit UC3825.

Fig 6 shows the output voltage and output current
waveforms measured from the prototype. As seen in the
figure, the output voltage remains constant at 48V for both
minimum and maximum loading conditions. Since the
feedback control is employed. the duty cycle is adjusted
automatically to regulate the output voltage. By measuring the
gate drive signal of the MOSFET switch, it is found that the
duty cycle is 0.5 for /, .. = 0.5A, and 0.56 for /,, .. = 2A. The
measured duty cycles are closed 1o the theoretical value of 0.5
In this case, the duty cycle is increased at the high load current
to compensate for the increased voltage drop caused by circuit
non-idealities. such as the inductor resistance, the MOSFET s
on-state resistance (R, ), elc.

D' (..I I O F
MURI520 '_L 0
; H00kQ iV JCBM0 .
g —rV. = Xin
o 19 1M
106 -
Y L n
—

-Ql T

iV

()
Fig 5. A 12V-10-48V prototype: (a) Circuit schematic; (b) Photos
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Fig. 6. Output voltage and current waveforms: (a) /, = 0.5A: (b) /, = 2A.
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Fig. 7 depicts the ripple component of the output voltage,
i.c. Av,. The ripple output voltage apparently becomes greater
at [, me = 2A. This is not surprising as, at higher load currents,
C; and C; will be undergoing a more intense charge/discharge
in cach switching cycle. Excluded switching noises, the ripple
voltage in Fig. 7 is measured with Av, = 0.4V for /, p, =
0.5A, and Av, = 1.2V for [y pm = 2A. The latter has slightly
violated the specification which requires Av, < 0.96V. To
bring the ripple voltage down to meet the specification, more
parallel capacitors could be added to C; and C.

As a comparison to the theoretical waveforms in Fig. 4,
waveforms of vew Vps, Yoy lim e ips, and ipy; measured from
the IBFC prototype are presented in Fig. 8. The measured
waveforms generally resemble those in Fig. 4, except for vy,
ipy and ipy. In Fig. 8(a), vy, exhibits a high-frequency ringing
at turn-off d by resc bety a leakage inductance
of the coupled inductor and a parasitic capacitance of D; [3,4].
After the ringing has died out, D; is subjected to the blocking
voltage of 48V. Mecanwhile, vgy and vy, exhibit a rather clean
waveform. Each SW and D, is subjected to the blocking
voltage of 24V. The measured device blocking voltages agree
perfectly with the calculation from (3)<5). In Fig. 8(b), the
averaged input and switch currents, /,, and /gy, are measured
to be 10.7A and 7.7A respectively. These measurement
correspond with the calculation from (14) and (15). in which
Iin = 9.6A and /, = 7.6A. Morcover, the maximum, minimum,
and averaged magnetizing currents can be interpreted directly
from the input or switch current waveform. Referring to Fig.
4, points a and b of iy, or igy waveform correspond 10 /i s
and Jimmn respectively, and /y, lies midway in between
Calculation from (22)-(24) gives Jpm = 13.6A, Jpmma = 13.9A,
and  [pmn = 13.3A. These values closely match the similar
points in Fig. 8(b). As shown in Fig. 8(c), ip; and ip; are
exponential current pulses, not a ramp-down and flat-top
current pulses as assumed in the analysis, The exponential
response is caused by a winding resistance and leakage
inductance of the coupled inductor [3,4]. Despite the
difference between the assumed and the real current wave
shapes, the expressions for the average currents of 2, and D,
in (9) and (12) remains valid. For example, the average
currents of D; and D, in Fig. 8(c) are both measured to be
about 2A, agreeing very well with prediction by (9) and (12).

The efficiency measurement is shown in Table IIL The
converter efficiency, defined as a product of J, and /, divided
by a product of V), and J,,, reaches a maximum of 87% at the
minimum output current, and reduces thereafler when the
output current is increased. The decreased efficiency at high
output currents is caused by the increase in conduction losses
of SW, Dy, and D;.

The output voltage response due to a sudden load change
from 0.5A to 2A is shown in Fig. 9. The converter exhibits a
maximum voltage drop of 8V and settling time of 16ms.

(a) x-scale: Sus/div
Top trace, v, y-scale: 20V/div
Middle trace, vy, y-scale: 20V /div
Bottom trace, vy, y-scale: 20V /div

- e
C ]

VARl ETals

(b) x-scale: Sps/div

Top trace, i, y-scale: 10A/div
Bottom trace, iy y-scale: 10A/div

o
Pam s}

(e )
berias o s

(c) x-scale: Sus/div
Top trace, ip: y-scale: SA/div
Bottom trace, iz y-scale: SA/div

Fig 8. Waveform measurement at £, = 2A" (8) V.. vy, and vpy ; (b) 4. and i
() g, and ip;

TABLE IIl. EFAICIENCY MEASUREMENT.

|__Ouipwt | __Input |
R i R 5 e Rssond
05 | 4oz | 05 | 23 | 1202 7%
1| @03 [ o052 | 58 [ 12 5%
15 | 4801 | 054 | 74 | 130 81%
2 | 4803 | 06 | 107 ] 75%
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Fig 9. . Output voltage response due 1o a step load of 1 SA

Finally, the IBFC prototype with a step-up gain of 10 is
also designed and constructed as shown in Fig. 10. The
converter has the following specification: ¥, = 12V, ¥, =
120V, = 100kHz, and I, = 0.3A-09A. The converter design
follows the same process as outlined in Section II1, resulting
in L, = 655uH, n =6, C; = C; = 180uF. The power devices
used are listed in Table II, unchanged from the previous
prototype. Fig. 11 shows the output voltage and current
waveforms of the 12V-t0-120V prototyped IBFC. By the
action of the control circuit, the output voltage is regulated at
120V throughout its load current range (/, = 0.3A-0.9A). The
duty cycle is measured to be 0.56 at [,,,,, = 0.3A and 0.66 at
I mex =0.9A, compared with the theoretical duty cycle of 0.56
as per (1). The increased duty cycle at the high load current is
due to component non-ideality as explained earlier The
converter efficiency is measured to be around 87 2%.

VI. CONCLUSION

This paper has presented design and implementation of an
Integrated Boost-Flyback Converter (IBFC). The practical
design of IBFC was demonstrated. Experimentation on the
12V-10-48V prototyped IBFC found that the converter has
good output voltage regulation, and achieves the highest
efficiency of 87%. Finally, the 12V-10-120V IBFC was also
designed and implemented. The latter prototype performed as
well as the former in terms of the output regulation and
efficiency figure.
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Analysis Design and Experimental Verification of
a Quadratic Boost Converter

K.Tattiwong and C. Bunlaksananusorn
Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang (KMITL)
Bangkok 10520, Thailand
E-mail: kbchanin@kmitl ac th

Abstract - This paper presents analysis design and
experimentation of a Quadratic Boost Converter (QBC).
Operation of the QBC is analyzed, leading to mathenatical
expressions that can be used to design the converter. Based on
the derived analytical expressions, a 100W, 12V-to-48V, QBC
converter is designed and buill. Experiment shows that the
prototyped converter operates satisfactorily throughout its
operating range and achieves the highest efficiency of 83%.

Keywords Analysis, Design, DC-DC converters

I INTRODUCTION

A DC-DC converter with a high voltage gain is desirable in
many modemn applications, such as a front-end stage for fuel
cell and solar cell, an HID lamp ballast for automobiles, and
a power supply for computer servers n telecommumcation
industry [1]. Traditionally, when there is a need to step up a DC
voltage, a boost converter is usually chosen To achieve a high
voltage gain, a duty cycle of the power switch of the boost
converter must be large, resulting in high conduction losses
and degrading the converter's efficiency [2] The large duty
cycle also means the diode has less ime to conduct, therefore
the diode current becomes a narrow pulse with a high
instantaneous value. This high diode current subsequently
causes severed reverse recovery loss and EMI problems [3]
Senies connection of two or more boost converter stages can
increase the voltage gain without extending the duty cycle [4]
This cascade techmque, however, requires more power
switches (1.e. one power switch per one boost stage) and
suffers from low overall efficiency as a number of the
cascaded stages increases. In [5], an N-stage cascade boost
converter with one active switch 1s proposed It has the same
voltage gain as the series connection of N boost converter
stages, but uses only one power switch. A Quadratic Boost
Converter (QBC) shown in Fig. 1(a) 1s derived from the N-
stage cascade boost converter with one active switch, where
the number of cascading stage, N, 1s equal to two (N=2).
Previous research work on the QBC [6]-[7] has been on the
dynamic modeling and feedback controller design, where a
transient-state  behavior of the converter assumes its
importance.

This paper presents an analysis of the QBC under steady
state condition. The analysis leads to mathematical expressions

978-1-4799-4075-2/14/831 00 © 2014 [EEE

that can be used to design the converter. The step-by-step
design of the QBC to meet the given specification 1s
demonstrated  Finally, experimental results are given to
validate the design.

I1. ANALYSIS OF QBC

The QBC shown in Fig. 1 comprises of a single power
MOSFET switch, SW. two diodes, D; and D;, two capacitors,
C'; and Cs, two inductors, L; and L, and a load resistor, R In
the following analysis, it is assumed that SH" behaves as an
ideal switch, and C, and C; are large enough so that the
capacitor voltages I, and V- can be considered constant
over a switching period In Continuous Conduction Mode
(CCM). operation of the QBC 1s divided into two sub-
intervals. Furstly, when SW is tumed on (Fig 1(b)), D; 1s
forward biased, whereas D, and D, reverse biased Currents
are suppliedto L, and L; by V,, and C, respectively, while C,
is discharged by the load resistance. During this state, i;, and
ir> are ncreased by the amount defined by

VDT

(81 Jo === )
V., DT

(Bigy) o = “;’ @

]

where (Ai, Joy @nd (AJ, ), are the increment of ip, and iy,
D s a duty cycle of SW, and T is a switching period.
Meanwhile, the capacitor currents are expressed by

ta =i 3

j'.*! oy ‘r_ @

Secondly. when SW is tuned off (Fig. 1(c)), D, and D; are
forward biased. whereas D, reverse biased L, and L, are
charging C, and C; respectively. During this state, i;, and i,.
are decreased by the amount defined by

_(Lr)0-D)T

'NU).M I, I
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where (Ai,),,, and (Ai,)_,, are the decrement of ir; and
1,5, respectively. The capacitor currents for this state are given
as

I =y, — 1y, 0]
im=in =1, t3]
A. Voltage Relationships

At steady state, the net change in the inductor current over
one switching period must be zero, i.e.

(Adg ) + (BIgy )ppp =0 9)

(NIZ )at s [Al“ )orr =0 (10)
Substituting (1) and (5) into (9), and (2) and (6) into (10),

the expressions for ¥, and ¥~ can be derived as
V.

Vo = alia 1

@ 1-D W

Ve, =V, = ==, (12)

b -
foe * o 4+
CrpVey Vo

iey
Cley

iy + o4
lC;nVc; Ve

©

Fig.1 Quadratic Boost Converter: (a) Topology, (b) Topology when
SW is tumed on, and (¢) Topology when S# is tumed off.

o a2 04 as as 1

Fig. 2. Voltage conversion ratio of QBC vs boost converter.

Note that ¥z is equal to the output voltage, V5. From (11)
and (12), the relationship between the input and output

voltages of the QBC can be formulated
Vo 1
—_— —— (13)
V. (1-Dy

It is seen from (13) that a voltage conversion ratio, ¥V, / V,,
of the QBC 1s equal to the square that of the boost converter,
Fig. 2 plots the conversion ration of the two converters on the
same scale. The QBC is capable of producing a higher output
voltage than the boost converter, given the same input voltage
and duty cycle.

B. Current Relationships

Based on (3), (4), (7) and (8), the capacitor current
waveforms are as shown in Fig. 3. In drawing the
waveforms, ripples of the inductor current are assumed 1o be
very small so that i;, and #;, are equal to their average (or DC)
values, I;, and 7;, The area under the curve in Fig 3
represents the capacitor charge. The positive and negative
areas indicate the charging and discharging of the capacitors
respectively.

At steady state, the net change in the capacitor charge over
one switching period must be zero. In other words, the
summation of the positive and negative areas must be zero

=1,,DT +(1,-1,)Y1-D)T=0 (14)

~1,DT+(1,,-1,)(1-D)T =0.

From (14) and (15), the relationship between the average
inductor current and output current are found
.

(1-Dy

as)

IL'I

(16)

an

i T7 pael o b br T

Fig 3. Capacitor current waveforms.
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Fig. 4. Inductor current waveforms at CCM/DCM boundary.

C. Inductance Equations

Fig 4 depicts the inductor current waveforms at the
CCM/DCM boundary, where the minimum inductor current
Just reaches zero. This particular operating point is often
referred to as critical conduction mode in the literature. In Fig. 4,
the minimum inductor current can be written as

(18)

(19)

Substituting (1) and (16) into (18), and (2) and (17) into
(19), the inductance equations of the QBC are obtained

(20)

@n

where f; =1/T 1s a switching frequency.
D. Capacitance equations .

For the entire discharging phase of the capacitors, 1.¢. the
negative area in Fig 3, charges are drawn from C, and C; to
supply the currents ;> and I, respectively. As a result, V', and
Ve decrease from their maximum to minimum values, the

difference of which is the ripple voltage. From Fig. 3, the
amount of charge drawn from C, and C; are

AQ =CAv,, =1,DT
AQ =C,Av, =1,DT
where Av., and Av., are the ripple voltages of C; and C;

Transposition of (22) and (23) yields the capacitance
equations

(22)
(23)

1,D

Gt 2

"= a-Dav.r, K

Gl (25)
AVC?I’:

As shown in Fig 3, the capacitor current waveform is an AC
square wave . The RMS current of C; and C; can be computed
from [8)

Ioym =DI}; +Q=DXI,, —1,,) (26)

oy =yDI3 +Q=DXI,, ~ 1,).

@n

E. Voltages and currents of power semiconductor devices

Referring to Fig. 1, the device voltage and current during
SW turn-on and turn-off intervals can be expressed as

o, o<e<pr
==y, pr<i<r @)
L Ve, 0<t<DT o
o ApE<esT g
0, 0<t<DT "
I,
2 W, -V DT <t<T ©9
, _|W o<e<or :
B DTerT eh
o | tia 0<tsDT 2
== o Dr<e<r =
. 0, 0<r<DT 5
gca
N, DreET o3
. _ [ O<e<DT y
A Dr<t<T G0
ek 0, 0<t<DT -
=y Dr<t<T @3

Based on (28) to (35), the device voltage and current
waveform of the devices are constructed as shown in Fig. 5.
To select the appropriate power devices, the maximum voltage
and average current that the devices have to withstand must be
identified. From Fig. 5, the maximum voltage and average
current of SW, D, D; and D; are Va, Vﬂ, V?"Ch VD
respectively, and the average cumrent of the devices are
U H D, 1 1-D), I,D, I;(1-D) respectively.
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Fig 5. Voltage and current waveforms of SW, D,, D, and D;.

111. DEsIGN OF QBC

Specifications of the QBC to be designed are as follows:
V= 12V, Vo =48V, Ip = 0.5A - 2A, Ay = 20%1;,, D =
20%l;, Ave=2%Ve, Lve =2%Ve, and f, =100kHz. The
design essentially involves selecting appropriate values of L
and C to sausfy the ripple requirement, and specifying the
ratings of power semiconductor devices. The following
calculation steps demonstrate the design of the QBC.

Step 1: The duty cycle can be determined from (13)

D=1- Z‘-:]—E:US
Vv, 48

Step 2: Given the duty cycle (D = 0.5), minimum load current
(I, i = 0.5A) and maximum load current (/,,... = 2A), the
average inductor currents are calculated from (16) and (17)

=_l“;-'_=L_
A= (1-p) (1-0sy
R I -
“e="(-DY (1-0s)
fosss - 1G5 "

aee "0D) (1-05)
- Io.na = 2 =

Be="01-D) (1-035) o

Based on these average inductor currents and ripple current
requirement (1.e. iy, < 20%I;;, Aidp < 20%I;;), the values of
L, and L; can be determined from (20) and (21)

VD 12:0.5
Ltk - 37.50H
Nig Sy 0.2484100-10°

v,D 12x0.5

_ - 0.15mH
Bipnd, 02:2100710°

L

95

o e MY 1205 R
= Bipen 1-D f, 025 45105 x100<103
v.D 1240.5

Bipm 1D, 0.2¢1 1-05 100+10°

0.15mH

L. = = 0.6mH.

T ma

The maximum inductances are chosen to ensure the ripple
current requirement will not be violated Hence, L, = 0.22mH
and L; = 0.6mH were selected. L; and L; must be able to
handle the maximum currents [, . +4i;,/2 = 88A and
I me* &2 = 44A  respectively without saturating the
magnetic cores. The inductor L, is constructed using a 42 tum
of 6 AWG20 copper wires wound on the gapped ferrite core
ETD49, while the inductor L, a 69 tumn of 3 AWG20 copper
wires wound on the gapped ferrite core ETD44.

Step 3: The capacitor voltages are computed from (11) and (12)

i i

Based on these average capacitor voltages and ripple voltage
requirement (1.e. Av, =5% V., Av, =5% V), the values of
C, and C; can be computed from (24) and (25).

Clma = Avl‘Tg Iz -zaso,os»roli;(s) 5 Tooaes
Lob 2405
Coe "B 1D 7, 20008% 105 100100, I
Coma = ii&:';z -wxu.o.:: :)('):)xm3 b i
SR = AREE S

Avef,  48-0.05%100<10°

Hence, C; > 16,7uF and C; > 4.2uF must be chosen to satisfy
the ripple voltage requirement. In this case, a 100uF S0V
electrolytic capacitor was chosen for C;, while the output
capacitor, C;, is made of five 22uF 50V electrolytic capacitors
connected in parallel, yielding the total capacitance of 110 pF.
The parallel connection is employed to reduce the total ESR of
the output capacitor and hence the ripple output voltage. The
chosen C; and C; must be able to endure the RMS current in
(26) and (27)

Loy = JOSX& +(1-0.58—4) =4A

Iese = 0552 +(1-05X4-2) =24

Step 4: Ratings of the power MOSFET and diodes D, D; and
D; can be specified based on the device voltage and current
waveforms shown in Fig. 5. The maximum blocking voltages



(Vow) and average currents ([,,) of each device are
summarized in Table 1.

TABLE L. DEVICE VOLTAGE AND CURRENT RATING

Switch D, D, Dy
A I g P S S A |y
48V | 6A [24V ]| 4A |24V | 4A |48V | 2A

In the prototype converter, an ultra-fast switching diode
MURI1520 (200V, 15A) were selected for D, D, and D, and
a power MOSFET IRF3710 (100V 57A) selected for SH.

IV. EXPERIMENTAL VERIFICATION

A. Detail of prototype circuir

The prototype QBC is shown in Fig. 6. The power stage
employs circuit components designed in the previous section.
The closed loop control is incorporated to regulate the output
voltage at 48V. The output voltage, is fed back, via the voltage
divider circuit, to a PWM control IC UC3825 configured to
work in Voltage Mode Control (VMC). The error amplifier
(EA) inside the IC is accessible through pins 1, 2, and 3,
which are an inverting input, non-inverting input, and output
of the EA respectively. The EA amplifies the voltage
difference between pin 2 (the reference voltage) and pin 1 (the
feedback voltage) and produces the control signal at pin 3.
The control signal is subsequently compared with the
sawtooth signal inside the IC to generate PWM signals. The
PWM signals are available at pins 11 and 14; these two PWM
outputs have the same duty cycle, but are 180° out of phase.
They are tied together by the diode 1IN4148 to produce the
PWM driving signal that the maximum duty cycle can reach
90% (the PWM signal at pin 11 or pin 14 alone has the
maximum duty cycle of 45% only). The resulting PWM signal
is used to drive the power MOSFET switch IRF370 through
the voltage buffer IC CD4050.

L [p, L |[p,

™
0.22mH 0.6mH
Vs G SRV G L s R Suwn
SULMO &£
LoouF 100pF
S 100k
v CHEW 1
—
<3 —~
ixa §ioe - =
ey P‘.
(1T
L
He S
10k
T |
3 - i1 | o1sv
e o = + E
n —)r b= o™
N oo b o ot
+- e £ i FIEE
- Do LT f— R 01sF
L

(a)

(b)
Fig 6. Prototype QBC (a) Circuit schematic, and (b) Photos,

B. Experimental results

Experiment was carried out to validate whether the
prototype converter conforms with the specification and to
access its performance. The PWM signals measured at the
gate pin of the power MOSFET are depicted in Fig. 7. The
duty cycles of 51% were recorded for 1/,= 48V, I, = 0.5A and
56% for V= 48V, Iy = 2A. The measured duty cycles are in
good agreement with the theoretical value of 50%.

Fig. 8 and 9 show the waveforms of the inductor current
and output vollage at I, = 0.5A and /, = 2A. The ripple
measurement is listed in Table I1.

—— - - e
- a

LA

(a) x-scale: Sps/div, y-scale: SV/div

L]

(b) x-scale: Sus/div, y-scale: 5V/div

Fig 7. Measured PWM gate drive signal: (a) at /, =0.5A. and
(b)at /, =2A
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(a) x-scale: Sps/div "~ (b) x-scale: Sps/div
Top trace: y-scale: 2A/div Top trace: y-scale: SA/div
Bottom trace: y-scale: 1A/div  Bottom trace: y-scale: 2A/div

Fig 8 Waveforms of i;; (top trace) and i, > (botiom trace):
(a)at/, =0.5A. and (b) at /, =2A.

M ——— 2 e Rl T T ——
T I

[
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[ —

1 o :
l | ‘ 1 ‘ l o |
(a) x-scale: Spus/div) © (b) x-scale: Sps/div)

Top trace: y-scale: 0.5A/div Top trace: y-scale: 1A/div
Bottom trace: y-scale: 0.2V/div Bottom trace: y-scale: 0.2V/div

Fig 9. Waveforms of /, (top trace) and Av,, (bottom trace):
(a)at [, =0.5A, and (b) at [, =2A.

TABLE [l MEASURED RIPPLE CURRENT AND VOLTAGE

I(A) D Ay 4(A) Aigs(A) Avy(V)
05 0.51 1.6 02 0.14
] 0.52 1.65 03 0.25
15 0.54 18 04 0.50
2 0.56 22 0.72 0.68
Speciication | *({n | 2hme | et

As shown in Table 11, the ripple inductor currents, Ai,, and
Air2, and the ripple output voltage, Avp, increase with the load
current. Except Af;;,, both Ai;; and Av, conform to the
specification for the entire load current The reason for Aiy;
violating the specification is likely caused by L, is operating
close to its saturation point

TABLE II1. MEASURED INPUT/OUTPUT VOLTAGES AND CURRENTS

Output Input
7 Vv D 7 v Efficiency
05 |4805[/051 ] 24 | 120 83%
1 (4803|052 ]| 49 12.2 80%
1.5 | 4808 | 054 | 787 | 121 76%
2 |4805]| 056 1141203 70%

The measured input/output voltages and currents are given
in Table II1 It can be seen that the converter is able to regulate

1ts output voltage at 48V throughout the load current range.

Also, the converter efficiency, which is a product of ¥, and I,

divided by a product of ¥, and 1,,, i.e. n=V,1, ¥/, is reduced
when load current is increased. The decreased efficiency at
high load current is caused by the increase in conduction
losses of the power MOSFET switch and diodes (12;, D and
D) in the circuit.

The output voltage response due to a sudden load change
from 0.5A to 2A is shown in Fig. 10. The converter exhibits a
maximum voltage drop of 6.5V and settling time of 14ms.

| emwm - - ml‘l

x-scale: 2ms/div.
Top trace: v-scale: | A/div
Bottom trace: v-scale: SV/div

Fig. 10. Output voltage response due 1o a step load of 1.5A

V. CONCLUSION

This paper has presented analysis, design, and experimental
verification of a Quadratic Boost Converter (QBC). Analysis
of the QBC was carried out. Based on the analytical results,
the practical converter design was demonstrated. Experiment
has shown that the prototyped converter has good output
voltage regulation at 48V, and achieves the highest efficiency
of 83%.
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