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ABSTRACT

This thesis presents two low power DC-DC converters using switched capacitor (SC)
techniques: a single-input parallel-connected DC-DC converter for lower voltages with higher
current capabilities in microprocessor and a multiple-input parallel-connected DC-DC converter
for clean energy power supplies. The first converter consists of N (=2,3,...) converter blocks that
each block performs 2/3 step-down conversion. To achieve the highest level of efficiency, the
theoretical analysis concerning the optimal setting of duty factor is performed by deriving an
equivalent parallel-connected SC converter. To clarify the influence of fluctuation on on-
resistances of power switches, the theoretical analysis involving output voltage and power
efficiency is performed. The change in characteristics causes by fluctuation of various circuit
components are analyzed to clarify the influences. The theoretically analyzed results can provide
basic information to design single-input parallel SC power converters using converter blocks with
any conversion ratio. The second converter consists of two kinds of converter blocks: a converter
block performing 3/2 step-up conversion for input voltage from a lithium battery, and a novel
4-state converter block providing different step-up conversion ratio for input voltage in wide
range from clean energy supplies. The power efficiency estimation method of the second
converter is also described. The proposed analysis technique can be extended to circuit design of

other SC DC-DC converters.
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v
1&eatl

AW =W, -W,

= l] pdt

- Tea
Dot

= l]'iLdi

= % L(i; -i}) (2.6)

Taoh nszua i, uag i, Wunszuai lnaluvaadaidiona 4 Uag £, MUAIAY WAL

' w o a L l& o U 1 D
ogludiBudninesFalinszua 1 nasglidumsy



W= %LIZ 2.7

a v a o P ' 9 @ 4" ]
augaNAA TuAIBuANINE Fasmmnannudumuvesaadn  wasawiilylg
v [l =] ° @ 4
gyl Inudivasazanluglvesmumnaimin amsainduiumnid donszuaanng

Wugud

@ a 4
232 wasnwazayluanhdiaes
a sy 14 oA = o ' ' ' @ o : 1
anhdimesn hifidszyegnie lifiussduanaseussnnarudninteres ozl

@ a d: 1 @ ' 1w o : = 4
wassluamhdmefiuudninlduseqnioussdu Ithudusiudniniaosvesmmhioes

a e '

@ { & 1 a 4
simasouazavegluglvesndanInih fina « 1an Felinszia i Tnadhganhdmes

v d

' v ' '
uazliusay v seuhaudud N Masinaniy wiidmuaunsi (2.2) eaNuFUNUT

U a o ~
ﬂ1ﬂ5$!1ﬁ11!’3\1%5ﬂ11h°1ﬂﬂ§)5 L‘ld.luﬂ'mﬂ’SJﬂ’lﬂ’l (2.8)

i= C% (2.8)
iy 1@
p= CV% (2.9)

v

@ A A 3 1 o Yo
WANUNNVVUIZH NI L uay l, Tﬂ‘] ﬂZﬂ'lu’m‘lhlﬂ JU

Aw=w, —w,
)
= Ipdt

1

" dy
=’:[Cv7tdt

ij vdv

=%C(V22—V]2) (2.10)

& oA o A oA o Ao a J Ao o ' oW o W
NIDNAMDNUINUIND waQ\nuﬂUﬂgiuﬂ'ﬁJ"l“mﬂﬂi NUUIIAUANATOUININY ¥ S UNAINTU

aanaasluaumsn (2.11)



1
W,.=—CV’ (2.11)
2
o 2 ' " @ o o 0w
wasnuilazanlugdvesau sz hamuisassvesdni uazannsnthndueenin
9y Y @ o & 1 a I a o’:
18 winldussdu 7 anaanifuguidanneanuhathdnesiannugmugaunamniu
' a wa =) Iy 4 ' ad a
ualumalfiferveziimsgadondinuiosnnsinnudiumuvesas ladidansn  ms

wnsamasnugadsluglventszy i aunsadnaldawaumsi @2.12)

q(1)=Cv(r) (2.12)
. dq

=1 2.13
T @1
dq = idt (2.14)

arfu dq(t)=Cadv(t)=idt

1= v (2.15)
dt
AN W, =—:15CV2
wnua _9
C
P )
2
v -1c(2)
2 \C (2.16)
1 2
- ()
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2.3.3 waanugads ludrd iy
v Y 1 v v oAa W d @ a I ] @ 9
fdumuzastuddusnmesazdmihdmesn luanse  azauwdaanula
uaudmnnfsugindaanu il dundsauanudeuinisanine ¢ laq lnssua i
1 -7 A o o o AU
TarusId Ly Faiinnudmmu R aunsadioamimamaidiumy ldauaums

i 2.2) Lﬁ@ﬁummsaﬁumﬂﬂﬁ'auﬁaﬁ'mmu sflumuﬁumsﬁ (2.17)

v=IR (2.17)
SaTudae v
p=i'R (2.18)

a v . v ~ @ 9 ~
winsanldnsgna i uaz i, Wunsziad veluddwniuina 4 waz 1, lag

AsamuIs NI Nu A UM Idmuaunsn (2.19)

AW

Wz_Wl

’]pdt (2.19)

= l]’Rizdt

ly

v ' ' v ° ' Y ! A =
1N / TnL!,‘iJﬁ’EJEJN"lSmJL’Jm t fnlniﬂﬂ1u3mﬂ1wa\1§1uﬂﬂﬂu119§|‘ meluﬂiiu‘ﬂ =l Nt

Tae) aunsaeuauns 1ady

AW = Rlz’]dt

(2.20)
=RI*(1,-1,)

v v 4
wisnuinuizafouiuanueuimua uag liaunsavzulsgnduanm 14 mieu

v a w d @ a L4
ﬁaaummama:mmﬂwmai
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2.4 ngu99s Ivvh
2.4.1 miulasumasiuiia
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R
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== (2.21)

v

A Ay Vo A v d N ) A . LY @
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(2.22)

v
o

Tukhesdernudmsunmsuasmastuiienseuatfunrasiuiiaus ey fefsaivd
; a2 4 . . B
a-b ¥9392995 14319 2.1 () Taom3ida2995097 a-b Faee Lifinszualvaseningd ab oy

v
Idanszue i=0 @aiu
v=iR 2.23)

4 v 3
Tagn v=v_aaiu

v, =iR (2.24)
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2.4.2 NURMINFOU

M3IMANNIIAI59F0U (Superposition Principle) ¥ lumsinseiieesdadud
Sumasduiiasaszannnimiedanull aefnsanmminszueanionussiuiiaulann
HaRDUAUDIVRIM AT ITIADasETinzdd TasRinsaunastuiindaszdou 9 &ait
o dwSuurasnuiausInudase1dA2995 (Short Circuit)
® dmsvunasiuianseuadase 1%a1995 (Open Circuit)
uazluaoude q wldAnvnundssuiiadassimaslulssfaziludnyugiiueg
PEINUIUNTINLTATUNN 9 unaIniia udaiwad 14 dunoudind 1 auiunis
findin foz Idmnszuaviomusaguimasunioliages

v

WNIINgUN 22 sansadiimmminizud i, N inaru dadumiu 6Q 1aasil

3Q 602

455V 9A Ire

d’ e ' d’d 1 J
Eﬂﬂ 2.2 ABY19WWITNY 2 L1918

v I
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ANTEHAWHANMIMINITOUIIINAUATIN I8 2 A3dl Kagalh 2.3(n) uag 2.3(v)

30 6Q 30 6Q
2 I !
il i2
45V CD i E 9A; %) l
(N) NINTUIWHAIN UL AUTIAY 4.5V (V) WTUUNAINUIANTLLA 9A

3UN 2.3 MInnseIIMmNguRdou

103U 2.3(n) ansadmminszua ldmny

etk
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10317 2.3 () Ansadiamainszud lAmny

3
i,=—(9)=3A
i 3+6( )
o y y . . .
MNNANNITNITIeEU 92 14 i, =i +i,=05+3=35A

2.4.3 NOUHUNVBUNIUY

'

Aaa a o a 4 =%
nouRunveanItu3ldemihnnldlumsimsziisesidudeulasms unuaes

9 =

AWM AINBUTIAULAZA IR U MUBIR UREINGE 8N IMSIEUINTTY (Thevinin’s Equivalent

Voltage; E,,) HAZANNATUMIUINITY (Thevinin’s Equivalent Resistance; R,, ) ﬁdgﬂﬁ 24

31N 2.4 293 auyanITY
M3 ANYA993 AN EHUNUDIMITY N3RS UsznoudIemdun LAz M AT
v £
3L UTUADUNMIAUYA AT
Y ' v v
1. WA2995 1972995 N9z s o aup@miluda ab udammiussdu v, Taosmualian a
% o o v
Wudussauuin wgldv =v
v Y ' '
2. AUyaAIANNAUNINYDI5NI a-b TaeiTladses iunasdilanseua uazdansi
v Y
urastuaus ey sz ldmanudumuauya R, niowRnsanauiunou fil
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=
YUN 1

v . & - &
1INININYALENN Ty 2 dau Clrcait A Camich

b

'oo <3|
(FUMMUAIUII9T A 182995 B) )
UM 2.5 MIUENWIT VU995 A 1AZIN9S

B MUNERUNUDUNIUY

v
%

WU 2 .
4 . .
HINIIVINIADITIUDDNNINAY Circuit A <—‘
b
(LBNWIITUURWIZIIT A) R

JUM 2.6 LEANNTUURNIZI9DT A A1

NV UNVOUNTTU
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y
@

VU 3
b4 A = " o a
anjl99s A Iimdeieaurasniuilae

HTIAUADDYNTUAVAIAIUNIU (2905

ANYAUVVININY) R 4
d’ A 1 [ 1 :Il 4‘
110 v, A9 AUTIAUTENINTI a-b (v,,) 111D
i o Voe
11/a2995097 a-b (Open Circuit
b

Voltage)

R, 1D AWAIUMIUTNYAVDIINDT A ,
; & JUN 2.7 2 aruyamILY aIu99s A

N7 ab (R,)

o 4
YUN 4 Ry a
11995 B wiaedfuisaseuyanyy
; " Ve Circuit B
aa A A ' =)
MNIAUU LNDATIZHHIAINTZUANT ©
Q/ { 1 b
usaaunaulameluasesaely ,
317 2.8 M3AR NI ABYANIUY 12995 B
RI RZ
El R/‘ E2

~ A a 4 [ = aa
:i"‘LI‘YI 2.9 NITNBAAIICHATNNANNHHHINIUY

317 2.9 aun@ W E, =10V E, =20V R, =100 R, =10Q dunsafimauing

4
=

WeudesauyauUUmINL 18 A

R,
Epy = —E + < 2
R +R, R +R,

10 10V+L-20V
10+10

10410
=5V +10V

=15V
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R, =R/ /IR,
P RIR2
" R +R,
_ (10)(10)
©10+10
=50

JATAUYAVUINITUMNFUN 2.9 aansolou lddsgii 2.10

719 2.10 2995 cruyAam I

= Jd v
2.4.4 NOYHUNUOIUDIAU

2 I w o a d o
noRunvesuesaugMinnllunsini e laensimulesdouvass e

NIZUALAZAIAIUMIINGIA ALY 18NN AUYAIFHURLINUNO BNV AN
@ d’l
Al
v i
.
YU 1
2 y :
NI naruagenionsadiu 2 dau Circuit A Circuit B

' ° [~
(L%umwumﬂma%i A LIAE N9 B)

JUM 2.11 MIoANII012995 A 11922995 B
a o @
MUNBRUNUDIUDTAY

Y '
@
YUN 2

Y
HEN9VTNIADITIUDONIINNU

(LONNDITHURWIZIIDT A)

S
Circuit A
— |
Ry

317 2.12 enWIsUURNIZ 2995 A A

Y
NOBRUNUDIUDITAU
b4 '
U 3
Y = = 1 o A D—Oa

angla9es A Idmdeisauvassuia

. i s SR
NIZUAARBYUIUAVAIAIUNIY (2903 ' "

J @ 0

AUYAVVUDIAU) 0

4'1 =) ! z:‘ : [ 3
o iAo minszuah lvaainda a i . o
71U 2.13 2995auyanesalY dIue9s A
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i b iifodA913 AT a-b (Short
Circuit Current)
R, 19 ANUAUMUANYAVDS
1995 A ita a-b (R,)

v
%

VUN 4

1179995 B 11A01911 12995 auyanyy 3Ry Cirouit B

o @ A A J U A
UDTAU IWDAUATIEHHIATINTSUTHTD

usenunaulonmelulsesae 'l 4 . i . 5
3101 2.14 msaedesAUYAUDT AU F12995 B

2.4.5 MIAWIUMNMAIGIGA

@

[ o " 3 & a 1
MITINTUNAIGIGA (Maximum Power Transfer) Lﬂuﬂlumumswmmwmmm

v '
=~ =)

duniuIvaa R, imunzay ive liiAensdaiumasmnunasiuiialuda Tnaadom

Magaga
i_>a
P
Circuit A 'S & ¥
< 1.
b
(M Wvsnnnsanud UMy Traa R, (V) AUYIIAWNABRUNVOUNITY

31U 2.15 madadidegage

Y

~ A 9 aa A [ A 9
mﬂgﬂ‘n 2.15(n) HoaNYANT A mmwsﬁuy’mmummui):"lmmimgﬂ‘n 2.15(w) I

dmuald p,, e mmdsiIvaa g, 1850 92 1dh

plml(/ = izR/‘ (2'25)
o i=_Lm (2.26)
RY}I + R/‘

. 2 E ’
MUY p, =l —2—| R, (2.27)
Ry + R, ‘



guinvomyanan nasvomnmmanssl .

manenmaNudmmulvan &, ihlfidamsdeiuidsgage Ansannn

WP ioas = (R”’ +R, )2 E'y -RE", 2(R1H + Rl.)
aR, (R +R, )4
(Run =R, Eyy

(R'IH + RI, )3

v v [
A9l MIdanUMAIgagaIzinatuLile

R, =R, (2.28)

%

' o @ = Y Yo A
AMMONERITANAINTUNIU R, "lmu o

Y q

E’
/)/nm/(max) = 4RIH (229)
TH

UszdansmnueInsd UGy 77 (Efficiency of Power Transfer) 93¢ W15819108A3 1071

'
v A

' o @ c:i Yo i ¥ 1 1\ \& a d 9
voammasi lnaalasy p, , Aenimaannelasuvassuie . Tao@euiluaunms1dn

Source

y = Lot (2.30)
p\lllll't.'(.’

dmsvlunsaimsdaiuidegagadio &, = R, 114N

p.\'nu/‘n‘z‘ = E‘/'/‘/i
sE,, L (2.31)
Ry +R,
EzY}‘/
2R,

Ailsgansnmvosmsdaiumias 7= 12 1dufie lunsdimsdehuidegegaed

UszansmnueImsa W IuIaUNea 50%

117123
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a  d a d . - z
2.5 299500 M1hB1nes (Switched Capacitor Circuits)
a d a 4 a 9 @ a d v d A A '
'N%iﬁ')ﬂ‘]fﬂ'lll'l"]ﬂﬂﬂi lﬂU'N‘iliﬂ’lJigﬂﬂ‘Uﬂ']Uﬂ']ﬂ?ﬂ‘lf uazmmuﬂszwsmiun’n

¥ '
fmhdines msmauvenwsaunsoetinodiosduldnugili 2.16

S, S,

Vin G Vaul

= a o a 4
317 2.16 2995930 FA 1 FIn0S

@ ~ @ a 4 a d { o o
299309310 2.16 Usznoudie amihdees C tazadad s, waz S, Naduiuia-

Wanees deadad s, Yadeesda Cozpudszgnnunasiiwdune v, ldasaunsi (2.32)
9, = CV, (2.32)

@ W 4 a o a o i
Tumaenduiu leadag s, iWarvsuazadag s, e i C wwaolszyeeni 7,

out

Dou = Clou (2.33)
msoeToutsyy I luudagannat fmualdviiny ¢ Taoh
q = qou - qi
o (2.34)
=C(Vou =)
9 1 ' [ a o 1 9 o dy
dmsaelewt)szgeglusasinnud £ eunsofuiumnszud lddsil
I=gqf (2.35)
-
Wie  g=1-t (2.36)
unuaunsh (2.33) asluaums 2.35) 118
1=Cc(v, -V,
( out m)f (237)

=CV-f
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fu wereldReguii 2.17

31 2.17 29saindnihBiaesfild 1c LMC 7660
o 9 [ d AN YAt 1 wooa V@ 3 @ ' A A o
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cLk Wuwaduinadnd S, uay S, sxlad9es ud aded S, uaz S, willarseshid C

o a @ " @ A VAW o a o
‘iﬂi’l]ﬂi“"ig FUULIIAUINNULNAI01Y V umﬁaﬁiymm CLK ﬁ‘luﬂuu ANNITUDININYIY
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8 S 2 S 3 8 S 2 S g
+V_ l. 2' . 2I
o LT T s
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517 2.19 ussduIrlihidsngierdne



20

d d
2.6 19AINDUIIDIUNDI
o o § '
msnounosnes Iihnszuansuiulwihnszuanss2] vieniSoni A%-A%
J { @ @ 2 H
aouresmes Wumsulasliihnszuansaisedunssdunileg Wiy Mfhnszuaasai
@ @ 1 k% o 2L o o a d ' @
sgduusefuan q  Tasmsldguasaiasnedninndluadadaiugu mseTeundsany
a @ d 9 ad A @ 1 a d A a ' 14
nnouallfuedna A1e3imsidla-Uanienmsdadovesaday  NiGendn yeries
v V@ a 4 1 o 4
(Chopper) Mdanadayana Idhnszuansimeduduya e ld ldsmedueidnaniun
9 @ o‘:iy A @ a @ 1 13
dams nanmsvesmssetilestnlSsuaiouiumadsudadiusuiusouvesvaaia

gvne varlszougiiuazvanaogi lundeulasees Ivhnszuaady

Battery [ o —— < 1

|

|

AC Line v
Uncontrolled

Voltage DC Filter DC DC-DC DC
(lT’ Diode > ) > Load
s bl (Unregulated) |~ Capacitor  |(Unregulated) | Converter — ((Regulated)

ectifier

3 Phase ) T

vaomml

51/ 2.20 vden lavzunsumsaeunesines Wihnszuansuilu lihnszuanss

a [~ a @
Ansanonguaenlaozunsui 220 useauihnssuaass O 9nms
= 9y = N p A ~ ] o 4
309n52UAA82995509n521A(Diode  Rectifier) niouuames  gnilouriudiames
a o 4 Jd y [ 4 Y
Filter) uazifluduyalifulsesaounesned eudamdentuguussdunilonliy

Tnasmudygunugy (v.,,.)

2.6.1 nanmsneunesimes IWihnszuaasuilnlwihnszudass
14
wanmanugulumsaeunesines Mihnszuaasuiulwihaszuansaa]  aw

i 221 aeldadad (sw) dadedggnaideoulidalnan R Fomlddayana i

a d o T [ a J
ﬂﬁzuﬂﬁ5\17]I‘ﬁaﬂ‘VI105’1“!81ﬁﬂﬁgﬂﬁﬂﬂﬂﬂﬁ‘]u%3\1 9 ﬂ'lll‘]f'N!.’)ﬁ’lﬂ'liLﬂﬂ-ﬂﬂﬂlﬂ@ﬁ')ﬁ‘ﬁ

] 4
51l 2.21 29asugmlumsneunesimes ihnszuaasuiulihnszuaass
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Ansanngali 2.21 sziiamsauesnidly 2 Tnua fe
a ' { a d [ a [ [
Tnua 1 wzinsanlugrnafiaiadianns (1) wasnunnduyaszgnasaisllds

° @ 1 4 s " woa
Ay hliuseduanasennan R mednuedna fsuiiuduya

v, =V, (2.38)
Tawi
U o 9 4
v,  UNUAMIIAUNNAIUeIANA (V)
v,  unumwssdumedusune (V)

a [} A a o o a @
I‘Hllﬂ 2 %zwmsmﬂuﬂnmammmﬁlmwsaan (tojf) NANUINDUNAYNAADDNIN

@ 1 (4 f ] 1 4
2997 ussauanasenTvan R memueianaziinniiugud
v, =0 (2.39)

Toyanaveansaan ihmednuerdnaluTvual uazTnua 2 weraglddagiln 2.22

v()
A
%
v,
oy y
¢ ton ) [
. T

717 2.22 dygnaws i IfhmednuerdnyaveaInua 1 uaz Tnua 2

[ J ~ o U [ { [ a a
yanaueIana gl 2.22 ansadnausiuman (V) uazuseauilszd@nina

(Vs ) 1Y
V = ll‘]'v dt
0 T : [
LoV

T
=DV, (2.40)
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T %
Vrms = |:— Ivozdt:|
T 0
=DV, (2.41)
Tauil
t
D= (2.42)
T
D unum@A2@ lifa (Duty Cycle)

R a J
ly UNUAITININYANDTVRIAIAY
T uNUFNINVBIMUTYYIN
1 o w a o w 9 o ° 9 o
mmmmﬁmauwﬂ (P) waziaanaueana (P,) A lannaunsi

(2.43) uaz AUMIN (2.44)

4=—jwm
%JU

= (2.43)

= (2.44)

(2.45)
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pnaumsussau i Mdalwihuazmanudununieluveaises wuniing
4 1 a a & " a a y 4 I'd
wavuuasmumididlmia  Fearaad lmAatiaunsandoundasldonngudddon

wesiwud (0-100%) MUAUAITT (2.46)

p=lo
T

=t,f (2.46)

' ' 9
NNANMIN (2.46) MIalasunasmald ldamunsailddsil
1. mslasuudasyisna ¢,

2. msulasulasmanudlumsaiadg (1)

2.6.1.1 My lagmsulasumlassien ¢,
o @ =lyl a N\t ~ 1 a 1 a a
msmauludnvazisnnualunsadasezaan uaszilasuui/agan A

a = [ a o @
lwdAalasmsulasusiana ¢, uag £, Tumsaind MuvannsveenTs uogLan

off
AN 1ewad (Pulse width Modulation; PWM ) fsgili 2.23

TRy 1A IR
(vcnmrol)

o iyuuﬂméau
saw tooth) /

dyauegan —
(pwnr)

off
on

A

311 2.23 MmswegraanuAUN g

#Wsennngln 223 mswegaamuanunie  dygiunruguazgniugm

v

nSvuieuiudyapailubes e 19 1ddyans PWM 934 1, uazt,, sl

v @ IS

Y ' 1w 4 @ ~ ]
n) fszaudyanauniugu iagenidyanailuaes dyanm PV fldeedu 90

t

on

e

¥)  dszaudyanuniuge Ianlesnndyapailunes  dyanu PWM ildsuily

N 1,
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1 9 @ o ~ 1
agl1d9 mswequamuanundhieiad awgdn 223 Fana 1, ves

@

v
dyaru PWM  wlsiuasafuawssduniugy aaiudnlsusgauussauniugulniia

IS

: ] a v 43'
U ¥ £, Nidnvziisgeyuay
o a { a d
2.6.1.2 My Tasmsuldoundasanudlumsadag
° @ dy o = = a o T
msmauludnvasil wwimsuldsumlasnnudlumsaies uavisna ¢, uay
a Jdaa { @ {
ty YOIAIATUAININ AWNANNITVBINITNOPAAAINANND (Frequency Modulation; FM)
Ws9ngUn 2.23 szAavveussiunluguez lilimsnasunilag (e ldninay
v o Y ' = = o A & = =
ahwesiad 13) udezildsuanudvesdganailuassuny  Fimsilasunanudues
dyanailuaesii 1d Taenmsulasunasa R waz C Turessuiiadeyana (Oscillator)

A 9 a @ s v v dy
219303 UN 2.24 farmnsdines a1 UA1aeil
usaeu Tihmeduduna V, =220V
anudumu naa R, =10 2

a d ~ o 1 a
Tuanneadad Yareesiiuseduannsonaing V. =2V

amudlumsedad £ =1,000 Hz
Ad lifia D=0.5
+
iy
V +
— R vo

g1 2.24 mswlasIihnszuansaiinIihassuanss
° ' a g Y v dy
ansaMUIBAMMININes A1 Tadail

@ 4 o
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ABSTRACT. In the design of parallel-connected power converters, theoretical analysis to
clarify the influence of process fluctuation is important, because the characteristic of a
converter which consists of many circuit components is strongly influenced by the fluctua-
tion of those components. Concerning parallel-connected switched-capacitor (SC) DC-DC
converters, 1. the optimal setting of a duty factor to achieve best efficiency and 2. the
change in characteristics caused by fluctuation of circuit components are analyzed in this
paper. The validity of the theoretical analyses is confirmed by SPICE simulations and
ezperiments. The results of this study are as follows: 1. The optimal setting of duty fac-
tor D can be derived by the proposed theoretical formulas, because the theoretical results
correspond well with the simulated results. 2. The fluctuation of on-resistances affects
power efficiency in proportion to the decrease of output load Ry,. The value of the total
SC resistance is important in power efficiency n, for ezample, an increase of 20 % in the
total SC resistance causes a decrease of 2.2 % in efficiency when Ry = 50. 3. When
fluctuation of input voltages is caused, the influence on power efficiency 71 increases ac-
cording to output load Ry,. 4. In the case of the fluctuation of capacitance, the influence
of ripple factor R depends on fluctuating directions of capacitances.

Keywords: DC-DC converters, Power converters, Switched capacitor circuits, Fluctu-
ation analysis, Parallel-connected converters, Power efficiency

1. Introduction. In the field of portable electronics, switching converters [1-24] which
offer large current outputs are becoming important due to the voltage lowering of semi-
conductor processes. For this reason, design analyses have been performed concerning
parallel-connected DC-DC converters employing buck converters or boost converters [1]-
[11]. For example, concerning single-input parallel DC-DC converters, parallel-connected

215
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buck converters controlled by wireless pulse width modulation (PWM) were analyzed
by Mazumder et al., Lai et al., and so on [6] - [8]. On the other hand, concerning
multiple-input parallel DC-DC converters, parallel-connected buck converters controlled
by winner-take-all (WTA) switching were analyzed by Ishikawa et al. [11]. These parallel-
connected DC-DC converters can provide advantages such as improvement of reliability
and fault tolerance. For this reason, single-input parallel DC-DC converters have been
considered for lower voltages with higher current capabilities in the microprocessors. On
the other hand, multiple-input parallel DC-DC converters have been considered for clean
energy power supplies such as wind generators, solar-cells, and so on.

Distinct from such converters with magnetic elements, as far as the authors know, de-
tailed analyses concerning parallel-connected DC-DC converters using switched-capacitor
(SC) techniques have not been performed yet. Although the power efficiency of SC power
converters is inferior to that of converters such as buck converters and boost converters, SC
power converters offer thin circuit composition, light-weight and low-noise, because they
can be realized by only power switches and capacitors. For this reason, design analyses
have been proposed concerning single SC power converters [14-23]. For example, the ring-
type DC-DC converter and its analysis method were proposed by Hara et al. [16], and the
dynamic analysis of the Dickson-type power DC-DC converter was performed by Tanzawa,
et al [17). However, as compared with these single SC DC-DC converters, the analysis of
parallel-connected SC DC-DC converters is not sufficient. For example, fluctuation anal-
ysis is necessary in parallel-connected SC power converters. Unlike conventional DC-DC
converters with magnetic elements, the performance of SC power converters are greatly
influenced by the fluctuation of circuit components, because the SC power converter con-
sists of many circuit components. In particular, the number of the circuit components of
a parallel SC DC-DC converter is much larger than that of & single SC DC-DC converter.
Furthermore, to alleviate the reduction of power efficiency caused by fluctuation, optimal
control [25-28] of clock pulses is required. In previous studies [14-24], the optimal setting
of duty factor has not been considered yet.

In this paper, the optimal design of a parallel-connected SC DC-DC converter with
the fluctuation of circuit components is discussed. The parallel-connected converter used
in the theoretical analyses consists of SC step-down converters realizing a 2/3 x mode
of operation [20]. First, the optimal setting of duty factor D is analyzed to achieve
the highest level of efficiency. The theoretical analysis concerning the optimal setting
is performed by deriving an equivalent parallel-connected SC converter circuit. Next,
to clarify the influence of fluctuation on on-resistances, theoretical analysis is performed
concerning output voltage and power efficiency. Furthermore, concerning the ripple factor,
the influence of fluctuation on capacitance is analyzed theoretically. The validity of these
theoretical analyses is confirmed by SPICE simulations.

2. Circuit Structure. Figure 1 shows the block diagram of the single-input parallel
SC DC-DC converter. The converter consists of N (=2,3,...) converter blocks. As an
example of an SC DC-DC converter, the step-down converter shown in Figure 1 (b) [20]
is employed. In Figure 1, k (= 1,..., N)-th converter block is driven by 2-phase clock
pulses ®;; and ®,, synchronously. By controlling power switches S1k and Sy, each
converter block performs 2/3 step-down conversion.

Figure 2 shows the instantaneous equivalent circuits of the converter block. In Figure
2, R,ni ! denotes the on-resistance of power switches. In the case of State—T'1, capacitors
Cx ~ C% and input voltage V;, are connected in series via power switch S ;. In this timing,

1SC power converters are known as implementable converters, because they do net require magnetic
elements. In the converter block implemented into a chip, the direction of fluctuation in on-resistances is
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stepped-down voltage is obtained from the left-terminal of C? (see Figure 2 (a)). Hence,
the electric charge in capacitors C? and C} is consumed by output load Ry. However, in
the case of State — T2, electric charges in Ci ~ C} are averaged by parallel-connecting
these capacitors. 2/3 step-down conversion is achieved by iterating these processes.

3. Theoretical Analysis.

3.1. Equivalent circuit. First, the equivalent circuit of the converter block is analyzed
theoretically. In this analysis, we assume that 1. parasitic elements are not effective and
2. the time constant is much larger than the period of clock pulses.

In the steady state, differential values of electric charges in C} ((k = 1,2,...,N) and
(n €{1,2,3})) and CY satisfy

Aq?‘1+Aqg‘2 = 0, (1)

where Agz, and AgZ, denote electric charges when State—T'1 and State—T2, respectively.
The intervals of State — T'1 and State — T2, T1 and T2, satisfy the following conditions:

T=T1+T2,
T1'= DT
and T2 =(1-D)T, (2)

where T is a period of the clock pulse and D denotes the duty factor.
In the case of State — T'1, differential values of electric charges in the input terminal
and the output terminal, Agr; v, and Agr1 .., are given by

Agriv, = Agpq
and

A = _AQ%"I + Agp; + Aqgu
= =Agp + Aggq + Add,. (3)

Vf: Output Load

<c

Ist Converter Vout
Vin block-1

2nd | Converter

block-2 _ L

. :
: oS sl
N-th | Converter in Cy
block-N / Sax
LY // — = =
~ - T
S PLE p7777772— 12 —>7777777; "
P2k =—T1 77777, 7777777 Bl

FIGURE 1. Single-input parallel DC-DC converter designed by using SC
technique. (a) Block diagram. (b) An example of a converter block.

almost the same. Therefore, to simplify the theoretical analysis, we assume that all the power switches
in the converter block have the same on-resistances.
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Sik=on Vok < AQT1,Vout
S2k = off

Ronk

AqT&.‘ﬁn Ronk Ronk

(a)

Sik=off,S2k=0n Rk Ron k Vok «— Aq-12 Aot
Voo ck Ick
TZ Vin Ronk Ronk

FIGURE 2. Instantaneous equivalent converter block circuits. (a) State —
T1. (b) State — T2,

On the other hand, in the case of State — T2, differential values of electric charges in
the input terminal and the output terminal, Aqn,vm and Agrey,..; are given by

Aqu,Vm =0
a'nd AqTZ,Vout AN Agg‘z? (4)
where differential values of electric charges in C}'s satisfy the following equation:
Agry + Agiy + Agiy = 0. ()
Here, averaged input current 7, and averaged output current I, are given by

Iin- = (Agriy,, + Dgray,,)/T
= Agy, /T

and

4

out. = (Aer1,vou + Agra v, )/T

= Aqvout / T (6)
where Agy,, and Agy,,, are electric charges in the input and the output, respectively.
From (1) and (3) ~ (6), the relation between T;, and T, is derived by
3

Tout = _51 in- (7)

In Figure 2, the energy consumed by resistors in one period, Wy, can be expressed by
Wr = Wg + Wro, (8)

where
2Ron Rank Ronk
Wr = k( QT1)2 1 (Ang)z + T—l(AQ}l - Aqg‘l)z
and
2R, k 2Ronk
Wrs To; (AQT2)2 T2 ( )2 T LA T2)2
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Tou

FIGURE 3. The general form of the equivalent circuit.

Y ~ Tol Vou

Ist %RL
": e
i

FIGURE 4. Equivalent circuit of a parallel-connected SC DC-DC converter.

From (1) ~ (6), Wz, and Wy shown in (8) can be rewritten as
2Ronk

it 2
WTI — DT (Aqvout)
Ny i ; ey :
and WT2 | 9(1 4 D)T(A%ut) ’ (9)

respectively.

Here, it is known that a general equivalent circuit of SC power converters can be
expressed by the circuit shown in Figure 3, where R,; denotes SC resistance, A is the
ratio of an ideal transformer, and V;, and V,,; denote averaged input voltage and averaged
output voltage, respectively. In Figure 3, consumed energy Wr is defined by

Wp = Wp + Wy

AGvous
2 (%)2 "B T. (10)
By substituting (9) into (10), resistance R, in Figure 3 can be expressed by
7D — 18
Rok = m s Ro'n.k- (11)
In (11), resistance R,; becomes a minimum value when
ok _ and 0<D<l. (12)

dD

From (11) and (12), the optimal duty factor to achieve the highest level of efficiency is

D ~ 0.56. Furthermore, as shown in (11) and (12), the fluctuation of R, is irrelevant
to the setting of duty factor D.

The equivalent circuit shown in Figure 3 can be expressed by the determinant using the

Kettenmatrix. Therefore, by using (7) and (11), the equivalent circuit of the converter
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block is given by the following determinant:

E-[e sl r]E) w

Hence, the equivalent circuit of Figure 1 can be expressed by the circuit shown in Figure
4.

3.2. Power efficiency. In Figure 4, by using the law of superposition, output voltage

Vout 1s obtained by

Tout = RL V;uma (14)

1
R R e |
L+ (; I3 )
where Vg, denotes the summation of output voltages of converter blocks when output
load Ry = co. In (14), voltage Viyn is obtained by '

S\ 1/
N Voj(;“R—oi—R—oj)_l
Vsum = Z{ 1—N } (15)

- 1 ' (.
TRt (= )

=1
By using (14) and (15), the electric power consumed by R; and R, Pg; and Py, are
obtained by

|
Prr = R,
Vor — Vo)’
and . Py = _(LVL“_)_, (16)
Rok
respectively. Therefore, power efficiency 5 can be expressed by
= Prr (17)

(Prp+ Poy+ »or+ Poy)’

Here, we define typical values of R, and V,; as R, and V,, respectively. Then R, and
V. can be expressed by Rop = a,xR, and Vi = iV, respectively, where a,, and a,;
denote fluctuation parameters. Concretely, when N = 2 and V; = V,; = V,, output
voltage V,,; is given by

— R, —

VD‘U. *‘/07 18
¢ RL + R, (1)

where total SC resistance R; is given by
Rs — Rol Ro2

Rol + Ro2
20100 R,

Qr1 + Qra 2
From (16) ~ (18), power efficiency 1 can be expressed by
§o= _(WutﬂRL
(Vout)2/RL + (I/o - Vout)2(1/Rol + 1/Ro2)
R
R, + R,

(19)
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Thus, concerning output voltage V,,; and power efficiency n, the influence of fluctua-
tion in Ry can be expressed by 2a,10,9/(ar1 + ars), because the typical value of R, is
R,/2. As shown in (18) and (19), the influence of fluctuation on R,, becomes small when

20,1042/ (a1 + arg) approaches 1.

Next, to analyze the influence of fluctuation in V,;, we consider the case that N = 2
and R, = Ry = R,. By using the law of superposition, the output voltage V,,; of Figure
4 can be obtained by

o— _ _Ro//Ri o R//RL —
™ R, +R,JJR, * " R,+R,//R; *

Qq1 + Ay RL I
. V.
( 2 ) RL + R0/2 0y (20)

N
=

where
1 1

RolfRe = ()™

From (16), (17) and (20), efficiency 7 is given by

o (Vaa)'/ R
(Vout)*/ Rp + {(Vor = Vour)? + (Voz — Vous)?}/ R,
[ o (21)
R, + CRLt R 2ol +a%)  2RL(Rp +R,)
2Ro (av]_ + avg)z 7]

As shown in (20), output voltage V,,; is amplified to (c +0vy2)/2 times by the fluctuation
of V. From equation (21), concerning power efficiency 7, the influence of fuctuation
depends on 2(a2; + a2,)/(awr + cwe)* The influence of Aluctuation on V,; becomes small
when 2(a2; + a2,) /(w1 + auz)? approaches 1.

3.3. Ripple factor. In this section, to analyze the influence of fluctuation in capacitances
Ck and Cf, we define capacitors in a k-th converter block as C} = C? = C} = C? = ac,C
2 | where ac, denotes the fluctuation parameter of the capacitors. Furthermore, the
influence of on-resistance Ry in Figure 2 is disregarded to simplify the analysis of the

ripple factor. (i.e. Ronx = 0.)
In the case of State — T'1, output voltage V,; 11(t) of k-th converter block is given by

t
Vokri(t) = Vmaz,Tl'exp(_a)a (22)

where 77y is a time constant which is given by (5 /2)ackCRy and Ve, 1 denotes output
voltage when Vi 11(0).
On the other hand, in the case of State — T2, output voltage Vok,r2(t) is given by

t
Vorr2(t) = Vmaz.n'exp(—T_n)

t
= Vok1(Th) - exp(——), (23)
T2
where 7o is a time constant which is obtained by ackCRy, and V.12 denotes the
output voltage when Vi 12(0).

2To simplify the theoretical analysis, we assume that all the capacitors have the same capacitance.
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FIGURE 5. Power efficiency of converter block as a function of parameter D.

Then, output voltage ripple AV, is expressed by

AV = Vorr1(0) — Vira (T3)
T ‘8
= Viaz11{1 — exp(——) -exp(——)}. (24)
TT1 TT2

Here, average output voltage V,; is obtained by

= _ 1 #fi LR
Ve = ﬁ/o V;k,n(t)dt%-i/o Vok,r2(t)dt

TT1 Vma,a: T1 T1 7'T2‘/ma:c T1 T2 T1
—_— T | e —— L AL L T\ LA | ————1g) " | B
At 1 = ep ) P -T2 (- T (a5)
From (24) and (25), output ripple factor R can be derived by
R =AY
Vo
D(1=D)T{1 = exp(~2L) - exp(~L)}
= , (26)
Dripple
where

DT
D,-,'pp[e = TT1(1 - D){l e exp(—T—Tl)}

+ D exp(= 201 —exp(~ L= 2T,

When the input voltage of all the converter blocks is the same and all the converter
blocks in Figure 1 operate synchronously, ripple factor R of the parallel-connected con-
verter can be also expressed by (26), where time constant 7p; and T2 of the proposed
converter can be given by

N
T = zCRL Z ack
k=1
N
and  7rp = CRL Y  acy, (27)
k=1

respectively. As shown in equation (27), the influence in the ripple factor depends on the
fluctuating direction of capacitances.
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FIGURE 6. Power efficiency of parallel-connected converter with on-
resistance fluctuation.

TABLE 1. Setting of parameter a,.

[Case [ Rom () [ Bono () [ 01 [ona [ R: ()
1 0.2 0.2 1 1 0.635
2 0.15 0.3 0.75]1 15| 0635
3 0.2 0.3 A\ i8S 1~0.762

* Typical value of R, is R, = 1.27 ).

4. Simulation. To confirm the validity of the theoretical analyses and circuit design,
SPICE simulations were performed under conditions where typical input voltage V;, =
3.7V, the typical value of capacitor C = 5uF, clock frequency f = 500kHz, and the typical
value of on-resistance R,, = 0.20.

Figure 5 shows the power efficiency of the converter block as a function of parameter
D. In Figure 5, theoretical results were obtained by (14) ~ (16), and (11). As shown
in Figure 5, the converter shown in Figure 1 can achieve the best efficiency by setting
the duty factor to D ~ 0.56. The result of the theoretical analysis agrees well with the
simulated result. In other words, the optimal setting of D can be obtained by (11) and
(12). Furthermore, as described in section 3.1, the value of D which gives the maximum
efficiency is the same regardless of the variation of Roni.

Figure 6 shows the power efficiency of the parallel-connected converter with 2 converter
blocks. The theoretical results shown in Figure 6 were obtained by (18) and (19). To
clarify the influence of fluctuation in on-resistances, parameter o, was set as shown
in table 1. In Figure 6, the influence of the fluctuation increases in proportion to the
decrease of R;. As shown in Figure 6, table 3.3 and equation (19), the value of R, is
important in the power efficiency since the efficiency of Casel is almost the same as that
of Case2. Concretely, an increase of 20 % in R, causes a decrease of 2.2 % in efficiency
when R; = 5Q).

Figure 7 shows the influence of fluctuation on input voltages. In Figure 7, input voltages
Vin1 and Vjno are fluctuated from the typical value only by +0.1V. As shown in Figure
7, the theoretical results obtained by (20) and (21) correspond well with the simulated
results. When fluctuation of input voltages occurs, the influence of these fluctuations
becomes large as R; increases.

Figure 8 shows ripple factor R of the parallel-connected converter with 2 converter
blocks. In Figure 8, values of capacitors are fluctuated from the typical value by 20%. As
shown in Figure 8, the validity of the theoretical analysis in section 3.3 can be confirmed.
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FIGURE 7. Power efficiency of parallel-connected converter with input fluctuation.
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5. Experiment. To verify the proposed technique, experiments were performed involv-
ing a single-input parallel DC-DC converter with 2 converter blocks. The experimental
circuit was built with commercially available transistors 2SK2493 on a bread board 3

The experiments were performed under conditions where input voltage V;, = 3.7V,

3In the experiment, circuit properties such as power efficiency and ripple noise were not examined,
because the experimental circuit was built with commercially available transistors on the bread board.

For example, unlike an IC chip, the parasitic resistance of the bread board is ve

mentation and experiments are left to a future study.

ry large. The IC imple-
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FIGURE 11. Output voltage obtained by experimental circuit with capac-
itance fluctuation.. (a) Cf = 2.67 uF and C§ = 2.67uF. (b) CF = 2.2 uF
and C} = 2.67 uF.

capacitors Ci = C = Cf = Cf = 2.2uF, clock frequency 1/T = 20kHz, output load
R = 10kQ.

Figure 9 shows the output voltage obtained by the experimental circuit with on-
resistance fluctuation. In Figure 9, the fluctuation of on-resistance was realized by con-
necting an external resistor R.; = 1) to the power switches of the converter block-1 in
series. As Figure 9 shows, the output voltage decreases by the increase of ;.

Figure 10 shows the output voltage obtained by the experimental circuit with input
fluctuation. In Figure 10, the fluctuation of input voltage was realized by connecting an
input resistor R;, = 5Q to the input terminal of the converter block-1 in series, and the
output load was set to Ry, = 20k2. As Figure 10 shows, the output voltage decreases
with the fluctuation of the input voltage.

Figure 11 shows the output voltage obtained by the experimental circuit with capaci-
tance fluctuation. In Figure 11, the fluctuation of capacitance was realized by connecting
a capacitor Ce; = 0.47uF to Cp in parallel. As Figure 11 shows, the ripple voltage
increases with the fluctuation of the capacitor.

From Figures 9 ~ 11, the experimental results indicate the same tendency as the results
of the theoretical analysis.
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6. Conclusion. In this paper, the change in characteristics caused by the fluctuation
of circuit components has been analyzed concerning a single-input parallel SC DC-DC
converter. The influence of the fluctuation of circuit components was clarified by the
proposed technique though fluctuation analysis concerning single-input parallel SC power
converters has not been performed until now.

Through theoretical analyses, SPICE simulations and experiments, the following results
are obtained: 1. The optimal setting of duty factor D can be derived by the proposed
theoretical formulas, because the theoretical results correspond well with the simulated
results. 2. The fluctuation of on-resistances affects power efficiency in proportion to the
decrease of the output load. The value of the total SC resistance is important in power
efficiency 7, for example, an increase of 20 % in the total SC resistance causes a decrease
of 2.2 % in efficiency when R; = 5Q. 3. When the fluctuation of input voltages occurs,
the influence in the power efficiency becomes large according to the increase of R;. 4.
In case of the fluctuation of capacitances, the influence on ripple factor R depends on
fluctuating directions of capacitances.

The results described in this paper can provide basic information to design single-input
parallel SC power converters. Although the theoretical analysis was conducted by using
2/3 step-down converters, all single-input parallel SC DC-DC converters can be expressed
by the equivalent circuit obtained by the theoretical analysis. Hence, by changing the
value of the SC resistance, the results of the theoretical analysis can be applied to other
SC converters. The formulas derived by theoretical analysis will be useful for designing
single-input parallel SC power converters.
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Synthesis and Analysis of a Multiple-Input Parallel
SC DC-DC Converter
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Abstract—As compared with parallel converters employing
buck converters or boost converters, the analysis of multiple-
input parallel switched-capacitor (SC) DC-DC converters is
not sufficient. In this paper, a multiple-input parallel DC-DC
converter designed by using SC techniques is proposed for mobile
back-lighting applications, and handy theoretical formulas are
given concerning the power efficiency and equivalent circuit.
The proposed parallel converter consists of two different kinds
of converter blocks: 1. a 1.5x step-up SC DC-DC converter
employing an input voltage from a lithium battery and 2. a novel
step-up converter employing an input voltage from solar cells.
The proposed converter can offer the output voltage for display
back-lighting from solar energy, because the proposed step-up
converter can achieve not only a large step-up conversion ratio
but also a wide input range. Hence, the proposed converter will
enable us to realize a long battery life, reduction of heat, and so
on. Furthermore, derived theoretical formulas will be helpful to
estimate circuit characteristics, because theoretical results agree
well with SPICE simulation results. The validity of circuit design
is confirmed by simulations and experiments.

I. INTRODUCTION

Switched-capacitor (SC) power converters [1]-[5] can
achieve thin circuit composition, light-weight and low-noise,
because no magnetic elements are required to realize the SC
converter. For this reason, in the field of portable electronics,
SC DC-DC converters have been used as a driver circuit of
white LEDs for display back-lighting, a building block of bat-
tery management systems, and so on. In SC power converters,
the ratio of the voltage conversion is predetermined by circuit
structure. For this reason, single SC converters realizing 2x
or 1.5x step-up conversion [3] have been proposed for back-
lighting applications, because the output regulation methods
such as on-resistance control scheme, pulse width modulation
(PWM) scheme, etc. decrease the power efficiency. However,
it is difficult to improve power efficiency further by adjusting
a voltage conversion ratio.

In this paper, a multiple-input parallel DC-DC converter
designed by using SC techniques is proposed to solve this
problem, and handy theoretical formulas are given concerning
the power efficiency and equivalent circuit. The proposed

Sawai Pongswatd
Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang
Ladkrabang, Bangkok, 10525 Thailand

Hirofumi Sasaki
School of Industrial Engineering
Tokai University
9-1-1 Toroku, Kumamoto, 862-8652 Japan

parallel converter consists of two different kinds of converter
blocks: 1. a 1.5x step-up SC DC-DC converter [3] employing
an input voltage from a lithium battery and 2. a novel step-
up converter employing an input voltage from solar cells. By
converting an input voltage from solar cells, the proposed
multiple-input parallel converter achieves a long battery life.

Multiple-input parallel converters have been considered for
clean energy power supplies such as solar cells, wind genera-
tors, etc. In previous studies, multiple-input parallel converters
[1]-[2] have been realized by employing converters with
magnetic elements, such as buck converters, boost converters,
etc. However, as far as authors know, multiple-input parallel
SC DC-DC converter are not proposed yet. As compared
with these parallel converters employing buck converters or
boost converters [1]-[2], the analysis of multiple-input par-
allel SC DC-DC converters is not sufficient. Furthermore,
conventional parallel converters [1]-[2] have been synthesized
by connecting same DC-DC converters in parallel. To design
multiple-input parallel converters by SC techniques, different
type of converter blocks is required according to the type of
input voltages, because the ratio of the voltage conversion
is predetermined by circuit structure. Especially, SC power
converters which can be utilized in the wide input range and
has a large step-up conversion ratio is required, because the
voltage from solar cells is sensitive to weather condition.
However, conventional SC DC-DC converters which have a
large step-up conversion ratio [4]-[S] cannot be utilized in the
wide input range. To solve this problem, we propose a novel
step-up converter realizing a large step-up conversion ratio.
Unlike conventional converters [4]-[5], capacitors connected
in parallel with an input terminal are charged separately
according to the amplitude level of input voltage from solar
cells. By cascading these capacitors, the proposed step-up
converter offers not only a large step-up conversion ratio but
also a wide input range.

Concerning the proposed multiple-input parallel converter,
SPICE simulations and experiments are performed to confirm
the validity of circuit design.

306
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Fig. 1. Block diagram of proposed multiple-input parallel converter.
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Fig. 2. Proposed SC step-up converter for input from solar cells.

II. CIRCUIT STRUCTURE

Fig.1 shows the block diagram of the proposed multiple-
input parallel SC DC-DC converter. The converter consists of
2 converter blocks, where the 1st block is the proposed SC
step-up converter for an input from solar cells and the 2nd
block is a 1.5x step-up DC-DC converter for an input from a
lithium battery.

Fig.2 shows the proposed SC step-up converter in the case of
4-stage. The proposed converter consists of 13 power switches
and 6 capacitors. In Fig.2, power switches S and Si»
are driven by 2-phase pulses ®1; and ®;3, respectively.
The power switches S}, S7,, Si;, and S}, are opened
corresponding to the range of Vres < Ving < 2Viey, 2Viey <
‘/t'nl < 3‘/;'ef, 3‘/1'e_f S ‘/inl < 5‘/refs and ‘/inl 2 5‘/1’ef’
respectively.

The interval of ®;; and ®; 2 is set to

T=T1+T2, Tl=DT, and T2=(1-D)T, (1)

where T is a period of the clock pulse and D denotes a duty
factor. By controlling S1 2 and S 2, the converter performs an
DC-DC conversion.

As an example of SC DC-DC converters, the step-up
converter proposed in [3] is employed. The circuit proper-
ties of the proposed multiple-input parallel converter will be
described in the following section.

III. THEORETICAL ANALYSIS
A. Equivalent Circuit

First, the equivalent circuit for the proposed SC step-up
converter is analyzed. To save space, only the analysis in the
case of Vin1 = Vyes is described. In the theoretical analysis,
we assume that 1. parasitic elements are not effective and 2.
time constant is quite larger than a period of the clock pulse.
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Fig. 3. Instantaneous equivalent circuits when Vin1 = V,y. (a) State—T1.
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CF‘:

Fig.3 shows instantaneous equivalent circuits of the pro-
posed step-up converter. In Fig.3, R,, ' denotes an on-
resistance of power switches. In the steady state, differential
values of the electric charges in C1x (k = {1,2,3,4,5,L})
satisfy

Adh + Agpy = 0, @
where Ag¥, and Ag%, denote electric charges when State —
T1 and State — T2, respectively. In the case of State — T'1,
differential values of the electric charges in the input and the
output terminals, Agri,v;, and Agry,v,,,, are given by
Agr1v., = Agry + Agzy — Ay,
AGT1 Vour = Ay + Ay, 3)
Agy, = Agyy + Adhy.

and
where
On the other hand, in the case of State — T'2, differential

values of the electric charges in the input and the output
terminals, Agrsa,v;, and Agra,v,.,, are given by

Agrav,, =0 and  Agrs,v,., = Agf,. ©)

Furthermore, in Fig.3, the following conditions are satisfied :
Aqg“l = AQ%? + Aqg’?a

and  Agh, + Agd, = 0. (5)

Here, average currents of the input and the output are given
by

Tin = (Aqr1vi, + Bar2,vi,)/T = Mgy, /T
a‘nd m = (Aqu,Vout + Aqmuvout )/T = Aqvout /T’ (6)

SC power converters are known as an implementable converter, because
they do not require magnetic elements. In the converter block implemented
into a chip, the direction of fluctuation in on-resistances is almost the same.
Therefore, to simplify the theoretical analysis, we assume that all the power
switches in the converter block have the same on-resistances.
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Fig. 4. General form of equivalent circuit.

where Agqy;, and Agy,,, are electric charges in the input and
the output, respectively. From Egs.(2) ~ (6), the following
equation is derived:

Ln = —8Lu. ™

In Fig.3, the energy consumed by resistors in one period,
Wr, can be expressed by

Wr = Wri+ Wre, (8)
where
Ron Ron 2R,,,,
Wr = _(AQ}'I)2 *+ —(Aq’%l)2 (A ar)?
Ron 2R0ﬂ
( QT1)2 (Aqg‘l
Ron
(AQTl i Al1T1 - Ady,)? )
and
2Ron 3Ron
Wre = (A ar2)? + 5 D) (Aqg"z)z D) o (Adgp)?.
(10)
From Egs.(2) ~ (7), Egs. (9) and (10) can be rewritten as
I 93Ran &
| B on : 2
and ™= GoD7T D)T(Aqv,‘.g) . (12)

Here, a general equivalent circuit of SC power converters
[3] can be given by the circuit shown in Fig.4, where R g¢ is
called an SC resistance, M is a ratio of the ideal transformer,
and V;, and V,,: denote an averaged input voltage and an
averaged output voltage, respectively. The consumed energy
Wr in Fig.4 can be expressed by

Agve.,
Wr = Wri+Wr2 = (=72 Rsc-T- (13)

By substituting Eqs.(11) and (12) into Eq.(13), SC resistance
Rgc1 when Vi1 = V¢ is given by
93 — 68D
D(1-D)
Therefore, by using Eqgs.(7) and (14), the equivalent circuit
of the proposed step-up converter is given by the following
determinant:

R ]

Rsc1 = * Ron (14)

Vout1
"Ioutl

where M1 = 8. To save space, only the conversion mode
in the case of Vin1 = Viey is discussed in this manuscript.
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Table 1 Theoretical results of other conversion ratios.

Input range M1 - P
Vies SVin1 <2Vees | 8 % =N
2Vies < Vin1 <3Vyey | 4 % R
Ve < Vint < 5Vres ; % e
s = T ; %%g—)  Ron

1st converter block

ST e

Messsceccnssersrsesessnsacecsnanss’

Fig. 5. Equivalent circuit of proposed multiple-input parallel converter.

However, other cases can also be analyzed by the same
method. Table 1 shows parameters M1 and Rgcy of other
conversion ratios.

As Eq.(15) shows, the output voltage of the 1st converter
block becomes M1 X V;5,1 when Rgse1 < Rr. From Eq.(15),
averaged output voltage V.4 is expressed by

Ry e
Vout1 = =———=——-M1: V. 16
outl RL i RSCI 1 ( )
Furthermore, power efficiency 77 2 can be given by
—2
Rr1, R,
m= = outl 5 = = = . (17)
Rplouwty” + Rsc1loun L+ fsc

On the other hand, the equivalent circuit of the 2nd converter
block can also be derived by the same analysis method. The
equivalent circuit of the 2nd converter block is given by

(Z]-[% 510 ]

where M2 = 3/2 and Rsc2 = Ron(3 + D)/{4D(1 — D)} .
Thus, the equivalent circuit of the proposed parallel converter
can be expressed by the circuit shown in Fig.5.

Vout2
-1 out2

B. Power Efficiency
In this subsection, the power efficiency of the proposed
multiple-input parallel converter will be analyzed.

20f course, the consumed energy of peripheral circuits such as pulse
generators, comparators, etc. is disregarded in the power efficiency of Eq.(17).
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Fig. 6. Power efficiency as function of output load Rz.

In Fig.5, by using Thevenin’s theorem, the output voltage
Vout is obtained by

Ry
Rsci1Rsca
Rsc1+ Rsce

where Vgum denotes the summation of the output voltage of

Vour =

Veum, (19)

Ry +

each converter block when the output load Ry = oo. The
voltage Vium is given by
Rsco Rsc1  —
Veum = o Voo 20
Rsc1 + Rsca ° Rsci+ Rscz 29)

By using Eqs.(19) and (20), the electric power supplied to the
output load Ry, Pgr, is given by
Pri, = (Vout)*/Ry: (1)

On the other hand, the electric power consumed by resistances
Rsc1 and Rgea, Psc1 and Pscs, are given by

Psc1 = Rsc1(M1 X Vipt — Vour)?
Psca = Rsa2 (M2 X Vina = Vout)?,

(22)

and (23)

respectively. Therefore, from Eqgs.(21) ~ (23), the total power
efficiency 7 can be expressed by
_ Prr
1= Pz + Psc1 +Psca)”

29

IV. SIMULATION & EXPERIMENT

To confirm the validity of the theoretical analyses, SPICE
simulations were performed under the conditions where Vs
= 0.75V, Vinz = 3.8V, C1x = C2;1 = Co2 = Co,, = 2 F,
T =1us, D =0.5, and Ry, = 0.2 Fig.6 shows the power
efficiency of the proposed step-up converter as a function
of output load Ryp. Of course, the power efficiency can be
improved by using power-switches with small on-resistance.
As Fig.6 shows, theoretical results agree well with simulated
results. Unlike conventional converters, the proposed converter
can achieve various conversion modes.

To confirm the validity of circuit design, experiments were
performed regarding to the proposed step-up converter with 3-
stages. The experimental circuit was built with commercially
available transistors on a bread board. Fig.7 shows the ex-
perimental results. In Fig.7, the experiments were performed
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Fig. 7. Output voltage of experimental circuit. (2) 5 X mode. (b) 3 X mode.

under the conditions where input voltages capacitors C1,; ~
01,4 = l,uF, C1,L = 4.7;1.F, RL = 101{9, d = 50[1.8, and
Vout = 5V. As Fig.7 shows, the proposed step-up converter
can realize not only a various conversion ratio but also a wide
input range.

V. CONCLUSION

In this paper, a multiple-input parallel DC-DC converter
designed by using SC techniques has been proposed. The
validity of the circuit design was confirmed by theoretical
analyses, SPICE simulations, and experiments.

Concerning power efficiency, derived theoretical formulas
will be helpful to estimate circuit characteristics, because
theoretical results agreed well with SPICE simulation results.
Furthermore, unlike conventional converters, the proposed
converter will be able to offer the output voltage for display
back-lighting from solar energy, because the proposed step-up
converter can achieve not only a large step-up conversion ratio
but also a wide input range.
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ABSTRACT. A multiple-input parallel SC' (Switched Capacitor) DC-DC converter and its
efficiency estimation method are proposed in this paper. The proposed parallel converter
consists of two_different kinds of converter blocks: 1. a 1.5% step-up SC DC-DC con-
verter employing an input voltage from a lithium battery and 2. a novel step-up converter
employing an input voltage from clean energy supplies. Since the proposed step-up con-
verter can achieve not only a large step-up conversion ratio but also a wide input range,
the proposed parallel converter enables us to extend battery runtime, reduction of heat,
and so on. Furthermore, concerning the proposed converter, theoretical analyses are per-
formed to estimate power efficiency. The proposed analysis technique can be extended
to the circuit design of other SC DC-DC converters. The validity of circuit design and
theoretical formulas is confirmed by SPICE simulations.

Keywords: Power converters, Parallel converters, Switched-capacitor circuits, Charge-
pump circuits, Multiple input circuits, Clean energy

1. Introduction. Switched-capacitor (SC) DC-DC converters [1]-[5] have been used as
an important building block of portable devices, wireless sensor systems, etc. [6], because
they require no magnetic elements unlike buck converters, boost converters, and so on.
For example, single SC converters realizing 2x or 1.5x step-up conversion [3] have been
proposed for backlighting applications. However, it is difficult to improve power efficiency
further by adjusting a voltage conversion ratio, because the ratio of the voltage conversion
is predetermined by circuit structure.

To solve this problem, a multiple-input parallel DC-DC converter designed by using
SC techniques is proposed in this paper. The proposed parallel converter consists of
two different kinds of converter blocks: 1. a 1.5x step-up SC DC-DC converter [3]
employing an input voltage from a lithium battery and 2. a novel step-up converter
employing an input voltage from clean energy supplies. By converting clean energy,
the proposed multiple-input parallel converter offers a long battery runtime. In previous
studies, multiple-input parallel converters [1]-[2] have been realized by employing inductor-
based converters such as buck converters, boost converters, etc. However, as far as the
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authors know, a multiple-input parallel SC DC-DC converter has not been proposed
yet. As compared with these parallel converters employing buck converters or boost
converters [1]-[2], the analysis of multiple-input parallel SC DC-DC converters is not
sufficient. For this reason, handy theoretical formulas are derived to give design conditions
of the multiple-input parallel SC DC-DC converter.

Furthermore, conventional parallel converters [1]-[2] have been synthesized by parallel-
connecting same DC-DC converters. However, to design multiple-input parallel converters
by using SC techniques, different type of converter blocks is required according to the type
of inputs, because the ratio of the voltage conversion is predetermined by circuit structure.
In particular, an SC power converter, which can be utilized in the wide input range and
has a large step-up conversion ratio, is required, because the voltage from clean energy
supplies is sensitive to weather condition. However, conventional SC DC-DC converters
which have a large step-up conversion ratio [4]-[5] cannot be utilized in the wide input
range. To solve this problem, we propose a novel step-up converter realizing a large step-up
conversion ratio. Unlike conventional converters proposed in [4]-[5], capacitors connected
in parallel with an input terminal are charged separately according to the amplitude level
of input voltage from clean energy supplies. By cascading these capacitors, the proposed
step-up converter offers not only a large step-up conversion ratio but also a wide input
range.

Concerning the proposed multiple-input parallel converter, SPICE simulations are per-
formed to confirm the circuit properties and the validity of the circuit design.

2. Circuit Structure. Figure 1 shows the block diagram of the proposed multiple-input
parallel SC DC-DC converter. The converter consists of 2 converter blocks. Figure 2 (a)
shows the proposed SC step-up converter with 4-stages. In Figure 2 (a), power switches
S1,1 and S, 5 are driven by 2-phase pulses @, 1 and @, 5, respectively. The power switches
Sy, S5, S}, and S}, are opened corresponding to the range of Veer & Vini < 2V,
2Vres < Viny < 3Vies, 3Vies < Vint < 5Viey, and Vig, > 5V, respectively.

The interval of clock pulses ®;; and P, , is set to

T =T1+T2 Tl1= DT and T2=(1- DT, (1)

where T is the period of the clock pulse and D denotes the duty factor. By controlling
51,1 and Sy, the converter performs a DC-DC conversion. On the other hand, as an
example of the converter block-2, the 1.5 x step-up converter shown in Figure 2 (b) [3] is
employed. In Figure 2 (b), power switches S3,1 and S 5 are driven by 2-phase clock pulses
®,; and P, ,, synchronously. Aimed at mobile backlighting applications, the converter
block-2 performs 3/2 step-up conversion ! by controlling Sy ; and Sy .

The circuit properties of the proposed multiple-input parallel converter will be described
in the following section.

Vﬂ " | Converter i LDO Vout
(From Clean Energy Supply block-1 i | regulator
e.g. Solar Cell). RL
V,.Lﬂz .| Converter .‘\ =
From Lithium B block-2 i Proposed parallel
(From Lithiom Bustery) |, | block2 | # SC DC-DC converter

FIGURE 1. Block diagram of proposed multiple-input parallel converter.

'In mobile backlighting applications, the stepped-up voltage such as 4.75 ~ 6.5V (Typ. =5V) is
required to drive some LEDs from the voltage of a lithium battery. The typical voltage of the lithium
battery used in the mobile equipments such as cellular phones is about 3.8 V.
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Vinl

FIGURE 2. Converter blocks. (a) Converter block-1 for input from clean
energy supplies. (b) Converter block-2 for input from lithium battery.
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FIGURE 3. Instantaneous equivalent circuits of converter block-1 when
Vin1 = Vies. (a) State — T1. (b) State — T2.

3. Theoretical Analysis. First, the equivalent circuit for the proposed SC step-up con-
verter is analyzed. To save space, only the analysis in the case of Vi1 = V;.; is performed.
In this analysis, we assume that 1. parasitic elements are not effective and 2. time con-
stant is much larger than the period of the clock pulse.

Figure 3 shows the instantaneous equivalent circuits of the proposed step-up converter.
In Figure 3, R,, denotes an on-resistance of power switches. In the steady state, differ-
ential values of electric charges in Cyx (k = {1,2,...,6}) satisfy

where Agf., and Agk, denote electric charges when State—T1 and State—T?2, respectively.
In the case of State — T'1, differential values of electric charges in the input terminal and

the output terminal, Agr v, and Agr; v,,,, are given by
Agriv,, = Dgry + Agpy — Agyy and  Agriy,,, = Agh; + Addy, (3)
where
Aq;‘l = Aqg‘l + A‘I%‘r (4)
On the other hand, in the case of State — T2, differential values of electric charges in
the input terminal and the output terminal, Agrev;, and Agrey,,,, are given by

Agrav, =0 and  Agrov,. = Agp,. (5)
Furthermore, the following conditions are satisfied :
Agry = Agry,  Agry =Agrp+Agz,  and  Agpy + Agi, =0. (6)
Here, averaged input current I;, and averaged output current I, are given by
Tin = (Adr1v,, + Agrov,,) /T = Agy,,, /T (7)

a‘nd m e (Aqu,Vout + Aqn,vout)/T s Aqvout /T’ (8)
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'

FIGURE 4. General form of equivalent circuit.

where Aqy,, and Agy,,, are electric charges in the input and the output, respectively.
From Eqgs.(2) ~ (8), the following equation is derived:

Ln = —8Lu. (9)
In Figure 3, the consumed energy in one period, Wy, can be expressed by
Wr. = Wry + Wrs, (10)
where
Ron Ron 2R . R,,
W = ﬁ'(Aq%‘l)z + -T—I(Aq%l)z A T_im(A‘I%l)z i —(AQ”}I&)Z
254 51 Aq
+71_( gr1)° + (AQTl + Agyy = Agyy) +22 TTI T1)* (11)
and
o/ 2, U BT 323}:: 61AqT2
Wry = ‘ﬁ’(AQT2) + ﬁ(AQTz) 4 Z 50 T2)? (12)
From Eqgs.(2) ~ (8), Egs. (11) and (12) can be rewritten as
__93Rx 5 24D?* 4+ D*(1 — D)? 9
Wr = —W(AQVM) 34 5C (AqViu)
9 . J5RK 2, 24(1—D)*+ (1= D)* A
a'nd WT2 I 1 (_1_—)71(A Vout) 2C (AQ‘/out) * (13)

Here, a general equivalent circuit of SC power converters [3] can be given by the circuit
shown in Figure 4, where Rgc denotes the SC resistance, M is the ratio of an ideal
transformer, and V;, and V,,, denote averaged input voltage and averaged output voltage,
respectively. The consumed energy Wr in Figure 4 can be expressed by

A
Wpr = Wi+ Wpy = (—%)2 -Rgc - T. (14)
By substituting Eq.(13) into Eq.(14), SC resistance Rscy when Vi1 = V. is given by
93 — 68D D? + (1 - D)?}{2 1 - D)2

Rser= 5= D) 2Cf ’

where f (= 1/T) denotes a clock frequency of the converter block. The equivalent circuit
shown in Figure 4 can be expressed by the determinant using a Kettenmatrix. Therefore,
by using Eqgs.(9) and (15), the equivalent circuit of the proposed step-up converter is given
by the following determinant:

‘/inl — 1/]\[1 0 1 RSC]. ‘/O’utl (16)
T | 0 M1 0 1 —Ioutr |’
where M1 = 8. To save space, only the conversion mode in the case of V;,; = Vres Was
discussed in this manuscript. However, other cases can also be analyzed by the same

method. Table 1 shows parameters A1 and Rgc; of other conversion ratios. As Table 1
shows, the 2nd term of Rgc; can be disregarded when the time constant is large.
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Table 1 Theoretical results of other conversion ratios.
| Input range M1] Rsc1 }
— Z — D)2 —75)2
Vres < Vint <2Vey | 8 %.Rfﬁ 17+ D).zé{f““ D)}
Wres < Vin < Vs | 4 % Pk D;g}{c8+ T=D7}
— Z )V 2
3Vres < Vins < Viey | = ;?)1(1__68;) LR D)ﬁé{fwa D)’}
2 _ 2 — v ]
5Vses < Vin : % R, + 27+ Dio}éiw(l DY

Ist converter block

S T

FIGURE 5. Equivalent circuit of proposed multiple-input parallel converter.

On the other hand, the equivalent circuit of the converter block-2 can also be derived
by the same analysis method. The equivalent circuit of the converter block-2 is given by

Vinz |-\[| I/M2: 0 1 Rsco Voutz (17)
Tn2 oS0 WA | B0 (24 ~Touz |’

where M2 = 3/2 and

(3+ D)Ron . (1+2D2%){D? + (1~ D)?}
Rscy = N ;
4D(1 - D) 4Cf
Thus, the equivalent circuit of the proposed parallel converter can be expressed by the

circuit shown in Figure 5. rd
In Figure 5, by using Thevenin’s theorem, the output voltage V,,; is obtained by

Ry dilg@gm—"_ Rsc1  —
Vour = ol + ——m———— V). 18
out R RsciRsca  ‘Rsci+ Rscz ' Rsci+ Rscz ° ) (18)
e
Rsc1 + Rsca
By using Eq.(18), the electric power supplied to the output load Ry, Pg;, is obtained by
Prr = (Vow)?/Rr. (19)

On the other hand, the electric power consumed by resistances Rsc; and Rgca, Pscr and
Psca, are obtained by

Psc1 = (M1 % Vi1 = Vou)?/Rsc1 and  Psca = (M2 X Vipg — Vour)?/ Rsca,  (20)
respectively. In Figure 5, the energy of the lithium battery is not consumed by the
converter block-1. Thus, when V;,; > V,., the output voltage is provided by the converter

block-1. On the other hand, when V,; < V. 7, the output voltage is provided by the
converter block-2. From Egs.(19) and (20), the power efficiency 2 of the proposed parallel

2The consumed energy of peripheral circuits such as pulse generators, LDO regulators, etc. is disre-
garded in Eqgs.(20) and (21).
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FIGURE 6. Simulation results. (a) Power efficiency of the converter block as
a function of output load R;. (b) Theoretical power efficiency as functions
of on-resistance R,, and capacitance C.

SC converter, 7, can be expressed by

o Prr/(Prr + Psc1)  (if Vint = Viey), (21)
Prr/(Prp+ Psca2))  (if Ving < Vier)-

4. Simulation. To confirm the validity of the circuit design and the theoretical analysis,
SPICE simulations were performed under the conditions where Vees = 0.7V, Vo =
3.8V, Cl,k = C2,k = 2/LF, T(——— 1/f) = lus, et 0.5, and R,m =90.29.

Figure 6 (a) shows the power efficiency of the proposed step-up converter as a function
of output load Ry. As Figure 6 (a) shows, theoretical results agree well with simulated
results. Unlike conventional converters, the proposed converter can offer a wide input
range. Figure 6 (b) shows the theoretical efficiency of the proposed step-up converter as
functions of on-resistance R,, and capacitance C. From Figure 6 (b), users can estimate
the power efficiency of the proposed converter.

5. Conclusion. In this paper, a multiple-input parallel SC DC-DC converter has been
proposed. The derived theoretical formulas will be helpful to estimate power efficiency,
because theoretical results agreed well with SPICE simulation results. By changing the
value of the SC resistance, the results of the theoretical analysis can be applied to other SC
converters, because all SC DC-DC converters can be expressed by the equivalent circuit
obtained by the theoretical analysis. Furthermore, unlike conventional converters, the
proposed step-up converter can offer not only a large step-up conversion ratio but also a
wide input range. Hence, the proposed converter will enable us to realize a long battery
runtime, reduction of heat, and so on.
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