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ABSTRACT

This thesis presents analysis and design of a Single-Stage Switch Mode Power Supply,
which can achieve high input power factor and good output voltage regulation. The circuit under
study is an AC/DC converter resulted from integration of a DCM boost PFC and flyback DC/DC
converter into single stage with one active switch. The converter operation is equivalent to its
two-stage counterpart (i.e. DCM boost PFC cascade with flyback converter), whereby switches in
the PFC and DC/DC converter stages turned on and off at the same time. Based on the cascade
equivalent circuit, power circuit design equations are derived and the system model for controller
design developed. This design concept is applied to design a 120W (12V, 10A) prototype

converter. Experimental results are given to confirm validity of the proposed design method.
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o A Y o =Y a3 o a J A o Y
dyanalihiludes v, adwdyaraiidvvasduiunavesdiad M esne v, Al

v
Y

' A o 4 ~ ) A A = o
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o s A = 3 A
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@ o J % = = < (% A o Joa a a
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A A 1o A [ A A = a 12 Y
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U

1 [ 1
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dyaa (Pulse width) YuognuamupIdyIMAILAN NAIAOMINTYNAAILANIAININATY
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9
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dyanuwedn Idnezdegausuny
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3.1 UNiN

unasnemad ihuuuismamelseneudlsaesdiurianfelsasnamaaay
v
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2993A2UAY UniieFuleranmsoenuuu9aTNIAREd Iagl99asauyad (Equivalent circuit)
Ay ¥ 1 9 A k2 ' 1 o w = =\ ) A o
1109 1ana1n 13 luuniudmrasniesias iuuisasama@edinisiiauaiioudy
P ey = P PR A
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v
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LL‘ViﬁQﬁnﬂﬂWﬁﬂWﬁ%LUU’N%iﬂTﬂmEJ’JQIHETJ‘VI 3.1(0)  UWUIIUUINNNITUAAADU

a9 U

hesinesAeeunsuiIaBIUAREUNESInes Faane g 3.1v) leuoawla M, uas
M, lugili 3.1 ddadwdeudu  mihauesieslugilii 31w wmileusuasaslugl
7 3.1 awitlesue 3 hiadeft 22 nntszns duhufiaunsafinsan @ ineeslugd
7 3.1(0) ﬁJu’NmamquafTGUmn,ma'aﬁiwﬁwﬁﬂvh?thUUNﬂimﬂLﬁﬂ';“lugﬂﬁ 3.1(v) ﬁ"wmqffﬂz
1resauyadluglii 3.1@) lumsmanmsmasenuuuvemasnsidaliiuuuaces

=
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_'m b . - n:1 Pt !
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Boost PFC
L, D, 4 Flyback Converter
2888 »i n: »i
° D +
N p)
C, L C,/= R3SV
- ) L L out
\VAQ, T Ve S _
in <~ M
— 1 — _Ig
M,

(V)

! o w T o w . 4
510 3.1 (0) wasmaddeesrdssnetias Wihuouninde (v) 2esauyad

o = J o s e s s
Inesauyadlugi 3.1v) V., iuusaiue @995 yannounosiaes ey
< v A J J Y <3| @ Ao ] A
Wunseauduyavesiaeuuaneunesiaes usan Ve, szsdudnilsniia lineiTae
9
"o v Aa o o
VNP TUOGA VNI IAUDUNALDLNTZUAIDIAYAYDINDT AUNITVOILTIAY V,, AIW1501
[ do w o o a J
lannnanaugadiiae i (Power balance) Tasimualdmiaslnihsunavesisasiian
' @ o w 4
mnusae luiieane
~ ] o ] N o s < o
NanMzMIzNIMUeIANATioY (Light load) M9TydARoU0s A5t U THue
J o o do o
DCM tazrvvsdatsunaneunesmesiinululnue DeM mnnanaugadsiee luihves

2095310 3.1(0) 9214 (SrwaziBeamsmiaumsuaaslunaauan n)

(LJ A (ijﬁn (sin’ (et))dt y/ o

Js Ve L Ve _Vin,pk sin(t)
Tagh
Vo A0 AUSIduBUNAGIA (Peak input voltage)
T, A0 AUNAVeUITIAUIUNA

A P s o 3 7o
‘V]ﬁﬂ"l’JSﬂTizﬂ"lﬂﬂ"IULi’J"IﬁWGnJ"lﬂ (Heavy load) TNﬁ]iyjﬁ@ﬂﬂul’li’]im@iﬂN"I‘L!GlLlTW?Jﬂ
o ) @ o o 4
DCM uaz’;m‘sﬂmmmm@unmm051/1Nm%ﬂmm CCM iﬂﬂﬁﬁﬂﬁﬂﬂﬁﬂﬂ”laﬂlh\Iﬂﬁ]Shlﬂ

(519021B8ANTHIANNITUEAS IUNANUIN 1)
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2
(nVOUI ) 2V

VYR VERN Vin - -
(T_SJ Ve, +(n-V,,) Pk TCL T, (sm2 (a)t)‘)dt P =0 52
T, 2L, Vei =Vin o sin(et)

n

0

Tagh
n Ao dasdIuswIusevvaaIalguninesuIuToUIAAIANAN VR INTID
wilaarlangnun
A o
T, A AUNAINITAING
o W o
P do daeldiuerdya

v d o
qUNIN (3.1) waz (3.2) iuaunisuuy Implicit function lumsmaineuvesguns
doslduannssiuiaudany (Numerical technique) UAgUMT (3.1) 1AL (3.2) WIAWIIAU V,,
3 ) 1 A Y < =1 v o W 4 Y v o 1
NNUUUINV, ‘w‘lﬂmwaa@msmﬂumm”lvmmmw@ pd 3z lansmanuduiusszriig

V., wag P, As31li 3.2 GRudaums lagldTdsunsu MATLAB naasluniamuan v)

o ! ! ! ! T !
R ). (e e s o | R i B JN O N BN
e e o e T e
o) - e T L A\ /> 30 %) I o WA LAY |1 -
o e o — By T e L S

) : : | T =05 | : :

: “AS VY o SR~ < = Y PN Y 5 2 T 7
Pare) IO, . . b |-1f|-2=03 ,,,,,,,,,, |
BO0 | oo T L - Tl o S S a
) E— S e — ezl A S N—
L Beeemoosoooooeeeeees Bomoomoooooooooooees T CCTOTTRREEEERNI SRR —

0 i i i i I i
a 20 40 a0 a0 100 120
Pout [W]
(n)

(umsudaumsii 3.1) Muua v, , =280V T, =0.02s O = 1007T rad/s)
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(V)
(lumsudaumsi 3.2) Mnua v, =280V T, =0.02s T = 10us L, = 100uH

V.= 12V = 1007T rad/s)

! [ v o 1 (9 o
519 3.2 nsmlanuduiussznane v, A P, (7) wesiareunaiaululvue DCM

out

(@umMsn (3.1) (V) 2asrareuuamauluy lvue COM (8un159 (3.2))

nnaumsn (3.1) vazns il Tugdi 3.2(n) wuauorwsarsnuaiiauluTvue
o S 1 d' ld%l U 1 42’ % o 1 s 1 Y d’
DCM U3NaU V, vziianan luauuiy P, UACYUNVOAIIAIU L /L, Tagy V., UAUD80LND
U 1 = :!' d' 1 ;d'
9A319IU L /L, UManad NNTUNI1TN (3.2) anzﬂswﬂugﬂ% 3.2(v) WuNe9sHarenun

o o a1 v W 09 A S
Mmaululvue oM useau v, asiawlswnduny P, Tee v, Iariosauie P, 1A

v
v W

a d? 49' v A dgl 1 1 o 9/
INUVU UDNINU V fJ\‘ﬁJﬂT‘U’LlEJgﬂﬂﬂ@]ﬁﬁ?uﬂWH’JuiE]UGUENWN?JLLﬂaQ”I/\IﬁNJL!,‘Uﬂ n TWJ Vo
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' £4 ]
Adooadiie n inanas (vawad v, WAufD P iile L, iamluTvua DCM wag v,

)}

dgl Y A o a Y
Yunu P, e L, Mamluluua ceM esuie 13 lumanuan 9)
A o = <3 = o 9 v o J
wethnswllugai 3.2(n) wag 3.2(9) yimaeauuunuRAsINUIE IdANUTUIUT V.,
(Y] dl YR 1 9) 031' 1 o
wag P, auaaslugili 3.3 Tasgadanuszrnaduniiiiaedlugiuanganianisiinu

' < 1 ] 1
511 InuA DCM tiag CCM m@Qﬁﬁ@L!ﬂﬁqwaTﬂllﬂﬂ ﬁ]']ﬂzﬂfﬂgLﬁu’)’]ﬂﬂllﬂ\iﬁﬁﬁ'ﬂ\iiﬁuﬂ

=

a d?’ ~ o w 4 9 1 Y] 1 ~
DCM a2 CCM (nayunilszunm 56w wmm"lWﬁn@mwﬂuaﬂmw S6W L3dAU V, 3EAIIN

A o w 4 1 o = A A d?
Uszunm 470v nagdidias Idfuednwaninnidt s6w usedu v, azlidanaaiio P, iy
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1oo T ! T ! ! ! !

vt V]

00 | - e N NSy Yy "YYYe,—,—,e,e —

1 1
[u] 20 40 al =1) 100 120
Fout [\W]

511 3.3 AsaMN U UEI 21N V., AP ("lﬂmﬂmﬂiwﬂusﬂﬂ 32038 L /L=0.4

out

iay gﬂw 3.3 056l n = 5 WABAVUUNWIABITU)

Tunmsudanmsi (3.1) wag (3.2) esumal v, agdsslimsszysouls v, P L,
L /L, oz n Iaelnd v, uag P, 9390321111 Specification ¥847993 A19A3109U L /L, 931
Y [l v
pamwizlunsdindoudasaeuualnua DCM iy (aun1si (3.1)) Taed L /L, Baiia
o S A A3 ~ a9
WIN BIIU V., DIgaalianniy @l n azlimammiz lunsainioulasarouunlvua
v ngl { A 1 [ < U -

CCM i (aumsn 3.2)) Taedn selinniooussan v, nezlindesasniulilale ardo

milenhouna L, Tagdnaszidonldiindeanenaz Idinlein L, irmluTvue bem

' o 3 o 1 A A 9 9 Y

AADAGIUNITUY092995 w1 V. P L, L/L, uag n don1d w1 ldlunsun

A A < v o J 1 9 v o J

Aun1In (3.1) Hag (3.2) INBNABANTINANUFNIUTIZHIN V,, oy P, 2103 danudunus
AN Yo v A J A = a 1 < 9 o A 1

n1ddaludunumely  nanne v, Inguiuliaasad P, nezdesiinisiaensl L,

' o v o I A o :I dy 9 o '

L /L, uaz Indaunsenanslanuduiusdluiitime ls msiditionnvzdesitegrasse
v A Yo A o ' Ay "o A A A o
g ldsumaniuindesnis duasudae lilAedosasradouiiduniionii L, Midentiu
Haululvug DCM Aaoad1uMsIIUY091995959130 11 A IITOATNTOVIINAUNT

MI0DNUVUAUNNEINIBUNAYDI DCM boost PF [11]

L < 77V|§ min ( Cl,min (Vun mm)
2P V

out,max ° Cl,min

(3.3)
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Taii
Vi 00 A1RMS meumﬁuﬁuwmﬁwﬂ
Vo A AMsIRUSIZATe v,
n Ao A11lszANTAINUBI DCM boost PFC Unasvualitianlszana 0.8
P, e 10 118 W f o nAgeqa

Ay o o A I Ay '
mmqmmma%ﬁau L] "lumumuwmqmwmz \Y/ Gluﬁllﬂ"lﬁ‘ﬂ (3.3) L‘]JL!ﬂWVW’I?N@WHﬁnﬂ

Cl,min

v o J
NN NUFUNUTIZHIN V., tag P

out

Knowing Vi, & Poy from
specification

-~

Select L; Ly/L; and n

Solve eq. (3.1) & (3.2)
and plot V¢ VS Pyt

+

Is the resulting
Ve1 VS Pout
satisfied?

NO

YES J
&

Is the
selected L,
Satisfied eq.(3.3)

NO

YES

END

v k4
31M 3.4 Flow chart HAAITUABUNITOBNUUDIDTNIANIAY

=]
adunulszy ¢, aunsaldanauns [12]

C > 2P0ut, maxtH
1

Vél,min - (VCI,min - A\/Cl )2

(3.4)
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Taeh

t, Av M Hold-up time

Av

o A9 u33au v, Naaasluriana g,

] J Y
maunuilszgeiane ¢, dwnsa ldanauns [13]

CL > DmaxTS Vout (3 5)
Rmin A\fout
Tagh
v
D, =1V, /(Vg, .1V, Ao A1AIA ImAngIga

R Ao Anudumulraadiaa

min

o Y] T AY o w d Aa o 1 %
Z’m’i‘i‘Uﬂﬁ“Vi1ﬂTWﬂﬂfﬂﬁ\1611’E'NQﬂﬂ‘iﬂlﬁ’mmlﬁgqﬂiﬂﬂiuﬂﬁﬂii]%ﬁgljf]\i‘l/]ﬂﬂﬂﬂliﬂﬂu
9 1 B
= =

~ s 1 A Yo ad = o YA o L e . .
Llﬁ$ﬂ§$!Lﬁq\‘lfm‘ﬂQﬂﬂ‘iﬂ!Lﬁaiu\lﬂiﬂ%\i’J‘ﬁﬁu\‘i‘l/wnhlﬂﬂ@ﬂﬁ%Waﬂﬁ’Nﬂi (Circuit simulation)

Tuguii 3.10)

3.3 MI02NUUVIIDINMANAY

uvasnreniasIdduuaasaiai@erndiniseenuuuiigauautiania i

(Electrical specification) Aal Viae = 220V£10%, £, = S0Hz, V=12V, AVom =5%of V

in,AC out?

4
=

nAwa f, . Hozgn

I, = 1-10A, switching frequency (f, = 1/T) = 100kHz U54AH V, .
2 a 3 o < . . { ! 4
Saa IS naeiluns sdulasmdunau (Full-wave sinusoid) 1AWA 100Hz (T, = 10ms) Ve
| v A Yo 4 " dy = L] T ]
Hunssdudune v, nnuieasneuneineslas v, teelimgegaodluga v, = 280V -
1 [ [} 4 o 4 1 [ Y
342V 1azliil RMS 0g1us29 vV, =198V - 242V 11099100530 U0ANANAUMAY 12V uag
v Y v
nszudInaaauninlasuntadddssning 1o fe10a duiudauerdyanlaouuacld

JEUIN 12W D9 120W

v v (Y] (Y]
3.3.1 MsMID NANNENWUESTHNWIWU V, NP,
@onA1L/L,=04 n=5 L,=100uH L,= 250uH tazihanaend l1dudannish

4 3 v o ! o {
(3.1) Lag (3.2) Lﬁ'ﬁ)‘Wﬁﬂ@lﬂiWWﬂ’NNﬁNWH‘ﬁi%ﬂ?N Vc1 Lag Pout ﬁ]ZVl)gfﬂ\‘lqﬁ,ﬂﬁ 35
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1000 T T T T T

800 —

700 - —

600 - Vin,max=242V 4
561V *
N 3 Vin,max=198V E
g |
400 - : B
T Y e S x

&0 - | : i
200 : : ,

100 i R

o i 1 1 I I I i 1 1 i
72 24 fel} 108 120 132

&l
Fout W]

4 v, e N\ 1 Y
31N 3.5 ATMANUAURUTIZHIN V., 1ag P, V992903 AULTY

NI ldNUII V. =368V IARIUNANIIZ V. =198V P =120W LA

C1, min in, min out,max

Y [ H
Ve, o= 561V RauRdnIz v, =242V P =12W 538U V,, NIdimegizning

C1, max in, max out,min

= A 1 a3 o~ [ Y dy
368V DN 561V ﬂ@’ﬂlﬂ‘lﬁ/‘lﬂ@l‘i“]Jllﬂgluﬂ'liﬁl’t’)ﬂ!,!ﬂﬂu

3.3.2 A330aUIHNAMINOHVB I HEI L,
d‘ 9 d' [} Yy 9 e’/’ 1 = LY d' o
L‘JJﬂulﬂﬂT Ve 1/1ﬂauiu"lmgaamumu@a”lﬂﬂemsmnﬁammamumm L, =100puH

A A o = 1A v A = c; o w 4 =
Mmaeniamlulvua DCM m@”lw’dﬂnzmmuauwmmmqmmzmmmmw@mmqﬂqﬂ

=<

#9911 Iagmsunual V.

in, min

=198V V =368V P =120W uag Ty = 10us adlugums

C1, min out,max
N33 0la L, <312uH tfufem L, = 100pH Naonawisaldaula
o ~ o ) 2 ) a'l!l Jd o o
annileh L, a5 19y Taeldunules lsauu ETD 35 naziuaaainsuiu 13 seu
g o [
Tagldaianouaaies AWG20 $auau 2 iduanuiu s1wazdeamsosnuuy L, uaaalilu
MAKLIN A
o A ) A A ) 9 ..
duntlenit L, = 250uH AeAnumMteniwemdonlasalonun (Magnetizing

. = Y Y
inductance) ﬂﬂazma@miaaﬂummumgﬂaqwmmmmmm'lﬂumﬂwmﬂ fl

=) ' v g Y= J
333 ﬂ1§!a®ﬂﬂ1ﬂ’fl!ﬂﬂﬂ§$i} C, !!ﬁ%ﬂ’)lﬂﬂﬂigﬁlﬁnﬂﬂﬂ C,
] 1
aaunuilszy C, awsadon lannauns (3.4) unus Hold-up time t, = Sms ag

Av, = 20v & ¢, > g4pF dnfuiden C, = 110pF duiuilszy ¢, Hazdesanunsonu
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B 4 { '
MAuNUIEYeIdNe C, awnsadon ldAnnaunsi (3.5) unuai AV, =0.05V,
D, =014 R =120 %14 C>23 pF e hild51dlavewssiuTrlfuerdnamnusan
° 9 ISP i1 Ao Y Y Y = v a3
Aua anug Tfhgdesdismnnimindiuiald lunmsadnesduuoudenduiy
v 3 a g a
Uszy Iilwendne ¢, =990uF Taeld@unuilszquuudianias lansavuia 330uF r,=0.120

[

NHAUTIFU 50V audapuiuiy 11137 1aa1 ESR 520111 0.04Q

3.3.4 msminnanssauaznszuavesuemilanaylaloa
1 Ao Y d A 4 4 o 4
Amnaussauuaznszuavognssiainguaz laTeani 1avinnissiaeeiesaie
o { : [~ y @
Tilsunsu PSPICE  wamsdiaedaavsuaalugdin 3.6 09 3.9 suidugiaduusednuas
d 1
nazud Ivlihwesginsaiae
=242V 1

51/ 3.6 uaasgiaauussauveddalon b, deanz v = 1A uag

in, max out,min

=198V I =10A 91031 3.6 (M) WUNUTIAUATON

in, min out,max

nszuaveslalea D, flanng v
IaToa D, Siqegqamiiy 396V 910317 3.6 (v) 19 Built-in math function TuTdsunsu
PSPICE f1uamainazia RMS voilaToa D, 181iidy 0.94 (317 3.6 (v) gula1) siufedes
idongunsallalen D, fiwnsanunssualdmnnt 0.9A mazusaduliihgagaldunnd

396V
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Z00ms Z0Ems Zl0ms EZltms ZZ0ms EZfms Z20ms EZ3Etums Z40ms
o W1iDl)
Time

W)

o I(D1l}

SEL=*
oA
Z00ns Z0Eus Z2l0ms Zlims Z2Z0mus ZEEms Z20ms Z2Ems Z240ns

o BMS({I(DL}}

V)
3.6 junaunsedu Ifhues nszualiihvedlalen D, () usedulih v,

=).

31

) nsgua i L,

=242V 1 = 1A uag

in, max out,min

31 3.7 naaagilaauusaduvoalalen D, Naniy v

nszuavedlalen D, Haniz v, . =198V 1 . =10A 91031/ 3.7 (N) NuuseuasoN

in, min out,max

laToa D, ifgagaminy 397V g 3.7 () 19 Built-in math function TuTsunsu
PSPICE fuimanszud RMS voslaTea D, Tamii 0.6A (319 3.7 () 3a1) Wudedeq
raonginsai lalea D, Nawnsonunszualdaninnii 0.6A uazuseiuliigaga launnin

397V
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Z00ms Z0Ems Zl0ms Zltms ZZ0ms EZfms Z20ms EZ3Etus Z40ms
o W1iDZ)
Time

)

e I{DZ})

E00m= Z0Ems Zl0ms Zltms ZZ0ms EEEms Z30ms Z2tms Ed0ms
+ RMS (T(DZ))

Time

(V)
U 3.7 suaaunsedu Iiihuweznszualdihvedlalen D, (n) ussdu i v

L] D2

) nszua i

51 3.8 uaasgaauussauvedlaloa D, Nene vV, . =242V I =1A uaz

n, ma out,min

nszuavedlalen D, fian1iz v, . =198V 1. =10A 9131 3.8 (N) WU wsduason

out,max
laToa D, im1gegainy 85V 9 n31i 3.8 () 19 Built-in math function TuTtsunsu
PSPICE fumainszud RMS vod laToa D, T&miny 11.2A (307 3.8 () 3a19) Wudodos
raonginsai lalea D, Renunsanunszualaninni 11.24 vazusedu lihgaga ldunnnd

85V
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Z00_0Lloms Z00_0Z0m= ZO0_D20m= Z00_040ms Z00_050m= Z00_060m=s Z00_070ms
8 V(D3

()

200. 010ms Z200. 02 0ns= E200.030ns Z00.040us 200.050ms Z00.060ns 200, 070ms
o RMS{I{D3))

Time

(V)
3.8 junauuseau Iiihuagnszualihweslaloa D, (n) ussanlih v,

=h.

31

() nagua Tl 1

31 3.9 ngmagladuuseduuoswemaianig v, =242V 1, = 1A uay

in, max out,min

=198V L[ .. =10A 31031 3.9 (N) NUINUIIAUATON

in,min out,max

nszuavosneanlafianig - v
woawlafimigaganidy 458V 0031 3.9 () 19 Built-in math function TuTdlsunsu
PSPICE f1uaminszua RMS voswoala lddu 1.54 Ui 3.9 @) gidw) sfudedos
donginsaioalaficunsanunszualdnnniy 154 uazussduliihgegalduinnd

458V
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S00vV

Z00ms Z0Ems Zl0ms EZltms ZZ0ms EZfms Z20ms EZ3Etums Z40ms

Time

)

SELe> -
[iFy
Z00ms Z0Etms Z1l0ms Z1ltms ZZ0ms EEEms E30ms Z2tms Z40ms

o RME (T (S

(V)
51 3.0 gUaduussdulihuaznszualiihueswemila () ussduliihweala

U

@) nszua Iy amyla

veailamidudonlfues FQAIINGG Faflvwiausedu lliluasu-vesagaga soov
vinanszua ifhimdoasugega 11a lalea D, fidudenldiwes sTTP3003cw Faily
0 Toafdswiinrendn (Schotky — diode)  nazflumausadu lihqagn 300v  vua
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BOOST CONVERTER
L, D, D2 9VTUUITIAU
bt n:l bt +
(J
+ RDI v
1S L, C.—~ RV,
Vin @ W T VCl ° _ RDz
N M, _
FH M,
7 7
FLYBACK CONVERTER

NITAIVAY ZZ

PWM Compartor

sin 4.2 Nfﬂiﬁwaammawﬂmﬂﬂ 4.1

{ o 1a 3 a 1 o A . a aa’,’
NAAIZAIAY MAA lsAanTow 19 1NTIINIZIUE (Switch-on time) VDIAIATN

1 { wa 4 1 o a 4
ﬁ@\ii]“’flﬂ'lﬂ\‘]ﬁ NNAUANUAVD DCM boost converter Lﬁamana1m§mﬂ§$uﬁmmm‘m§ M,

Gmaeil nssuamde i, wilgsndndifesgunau lmivasdmlaiu s wdudunan181d

milseneumdidimes TwvazFnfluduvenasatemn defia lnfaves M, 1

U

4

Mt a2 18us e dnanhiiy

R
RO NOIATNTAYON [ @.1)
2fL,
CCM:; V. =V l 4.2)
“ out Gt 1 . D .
Tagi
A ' A oy
f Ao AANUDAIND
D Ao MAN lwiAa

[ J

auyAndasduiuiusevlguginenasgivesnioudasarenunaiinnniny
£ ~ < A A A @ J =2 1o Y
WU INTUNITN (4.1) AL (4.2) IIHUIUND D UAIPNN UTIAUDIANAISUYUDYNVLTIAU V
o v < 1 { v a 1
sdmualddaunuilsey ¢, iamng mawlasunlawssduduyansenszualnanag liulina
1 o v A o S A 1 1 Y o J a = A
ABUTIAU V,, NA1IAD V., SaAalAININ uavzaana liussdueidnananmsilasuuilas e
o J = P~ [ 1A dy a A o
usenuwodyalmslasunlag 29saruguIzaeuaueTasmssuaIaIR lmaaiesny
Y J Y A o 1 1 9 a A dgl @ J 1
HIIAUIDIANA TN AN A1 UFUNINTZUA THAATANUNUUYY HIIAUIBIANAIZANAL LA

A [ = ~ ~ A [ " Aa dy a Y
IHBIINUIIAU V, UATANN INTUNITN (4.1) 159 (4.2) ’N%‘iﬂ’J‘UﬂiJi]%ﬂ’i‘UﬂWﬂ’JGlulcmﬂaslﬁ‘
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dunany v, aauaaslugdi 4.3 dedivaen laezunsumanruguudaslugili 4.4

Gy (s)

Flyback Converter
RERY
Nk
CL RL Vout ‘
NGt L)

Z, NN
PWM Compartor
NUe
VS
*
Gpwm(s) Ge(s)

! { T s o= v a T
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Controller
r—-———"—~""~>"~—"7-= I
I I
I ~ d ¥
| Ve A
| Ge(s) : > Gpwm () » G, (s) >
I . I
| Compensation | PWM Power circuit
I R I
| & |
! Kp ==
I I
: Voltage divider |
I
l\_ |
Ge(s)

a < o s
517 4.4 vaen laezuNTUNMIAIVAUITIAUDIANA
o U 1 ' < | = @ dy
HasuaieTouvesaiuaeg lunden laszunsuiistvazidoanil
4.2.1 29937AMA3 (G, (s)
o 1 a dy a [ 4
qumeﬂammﬂmllcmﬂa"lﬂmmummw@ (Duty cycle-to-output voltage transfer
function, Gp(s)) VaasHaenualulvua DCM tag CCM uand laaeaunisn (4.3) uag

(4.4) (rwazsamsmidarunte Touaad 131U e sinus [13))

2995vasuunlulviua DCM

S S
3 i3 =5 A~
1) 1)
- Vo) ZC ZRHP
G,(s)===K, (4.3)
d S S
I+ — || 1+—
Wp. Wpy
11D
sz VCI
nv K
K_2|;2f5
n"R.
M — nVout
VCl
o — 1
* rCLC:L
n*R
@O0 = L !
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pr_ch
L™~L
R
"L (M)

oL Ao Equivalent Series Resistance (ESR) U84 C,

2995vaeuualulvue ccMm

(4.4)

Taeh

A o Y v A Y
D LUINAUYDUNAVUAUNINY 1.5
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4.2.2 199538 UNBUTYYIY (G,yyy,(5))
= = [ o Y A = = [ [ [
snfssumendygia PWM simihnnlssumesudgananiugu v (0 nudyyin
A A ' v A o 1A dy a Yo Ao o 1
Wludos v, Tvamny vy mehmuamada kmaa ldnuneama Tasliilendunie Tou

A

19

d 1
Gpwm (S):A_:_ 4.5)
VC VS
4.2.3 AINIVAN (G (5))
] A A Y I = = ) o 9
arnuauienlsiunuuainInaaesdls Falaumuzandimsulslunis
LY J v U ~ YA [ LY S
sarailantuats Touvosrsadmeuunlulvua ceM 115 nmsnauguuuuns sy Handu
aeTouveartasaenua lulvua cCM TTwa 2 69 waz &1 2 @2 Fe9zgniind1alae §15 2
@ @ o o W 1 ~ A A % [ I ~
aaz Tna 2 A1103d1AUANMNAIAY dInTnanmaedn 1 a1 vosdaruguitlunanya
o A ~ ] o Yy A A % A A ) 4 1 @
Autanvzareilnasnuvesssuuliags  dauguinasldlsznouaie9asuiiasaan
Houndu (R,, 18z R,,) 129959098 EA (R, Ry, Re, Co, C., hag C.y) asnaaslugii

o =Wes! o a . 1
4.5 vingUd s mualioufiuaudn19A LB 1A (Input impedance) UYDIIIITVALLY EA TiA

' 9 d v 1 7 @ A
1IN R, ¥10 92 T@ilenduae Touuesrnauguasaums (4.6)
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R § Co o R, MW
D1 ——W\— C., R
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c
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S S
1+— || 1+4—
* (’OZI (’OZZ
Gc(s) = K, ; ; ;
Sl S e S (4.6)
(‘OI 0‘)Pl ('OPZ
A
1o
RDZ

“n ResCes
W7, = 1
(Rcz + Rc1)Cc1
W, = !
Re (Ccz +Ccs)
1
Lt R..Ce
AL 1
o Rc{ CeCes j
Ce, +Ce;

4.3 m‘saammmammuqmemamé’fmmu

v s Yas o Aa
ﬂ']iﬂ')ﬂﬂllllﬁ\?ﬂu!ﬂ’mW‘ﬂclsln‘ﬁﬂ'ﬁﬂ?ﬂﬂﬂllﬂﬂlliﬁﬂu (Voltage mode control) 11'5’)“111/]

A YA =~ I~ )=} a 9 v 9 a
m@ﬂﬁl%’ﬂ@ UC3825 [19] FINITUT VNGV 19VTVAIANUAANAIA VT3 19T IAUD 19D

v
a A

! o ~ Y a Yy ¥ = a odgy
aa4 ognialuadlod msadndyuadd laaald lannudlumsadadndosms (4
[ 4 A ' Y v 9 & A =~
=100kHz) 9114 Tagn15109nAIANNATUNMUVEITIANIUNIUAIIAI R, (ADN11 5 v To®)
J ] Qﬂll J i %
uazamauy Iihvesdnduilszy lihasat ¢, @onu 6 vodlod) Tdmunzan Feduom

llﬁ?])fﬂ”lﬂﬁllﬂﬁ‘ﬁ (4.7) 1oz (4.3) ANAIAL

R 3
! 10X107 (1= Dy ) 4.7
0.8D
C IC,max
T R, f, (4.8)

Taeh
Y

A Aa A a aA -
Ao AR ImAagegaves loBua NN 0.85

1C,max
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@ v g 1
1naumsaz 1A R, = 2kQ uaz C, = 4.7 nF dadwmu R, uazdaunuilszy C, 1wao

9gNV1 5 1Az 6 V89 UC 3825 MUa1AL

4.3.1 M30NUVVAINILAN
< = o o * ]
ninudealaozunsumsarugulugln 4.4 azimsesnuuudiniugn G (s) Taeld
a, a { 4 Y 1 af
BWanouaUeuFIAUD (Frequency Response Method) [14] e 1% lailenduare Touraila
. < ~ = va o d’l
(Open loop transfer function) mawaaﬂ”l@amﬂmiugﬂw 4.4 UUTNUAAIU
a Aa s g "y 1 5 o w A
1. wlauduazinuanduaasianduuan litdesndn 45° uag 6dB mudauiieny
1 (9 4 1 a
Hadesnmuag lulviussdu Iifuodwannlauininnly
aA A A Y o @ [ 4 A
2. Asnuasiannmive lRinssnuszaunssan i werdnaing
4 7 ' i v o % 1
3. anwdasealeones £ adslannnie liusedu Wl iedwanevauesldoda

< 1 1 a 1 A a-d o Y = 14
’i’JﬂLi’JLLﬁMl‘JJﬂ’JiLﬂu 0.1 mwmmma“lumimmmi13mwﬂmwmmmaaimw%

=198V 1 =10A luannzil a2

in, min out,max

M300NIUUAINILANIZRNTINNANIY V

d' o o [ qu o n'.: 1 J
milgadh L, azdhoulu e oM asiiuezihilasuaisleuvosnasiaonunnounos
o A Y, A il o ' Aq ¥
903 1 Irua CCMIuaumsan 4.4 i lglumsoontuy 15199 4.1 waasmaulsaiean 1y

TumseonuuudINIVAY

d‘ 1w 1 A Y v
MmN 4.1 maulsangnlslumsesnuuudaniugu

als s
Vo, 368 V
R, 12Q

n 5
13 250 uH
f 100 kHz
out 12V
C, 990 pF
I 0.04 0
v 1.8V
0.155
D’ 0.845
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A "o PRI - S o &
91015197 4.1 unuaaulsnneivesasluaunisi (4.4) uag (4.5) nuulatu

k4
aeTeunamennguiu ag ldwaga G, ()G (s) Asaums

pwm

S S
1+ [
23491 )\ 552.82x10

1+ > + i (4.9)
(2.2)(8.34x10%)  (8.34x10°%)

G.(s)G., (5)=57.26

pwm

fladudioTou G,(8)G, . (5) I3 T3 Ainilaiiaaud £, — 2349127 = 3.738 kHz §13daiiereqdi
AR £, = 552.82x10720T = 87.984 kHz Twagfinnmma £ = 8.34x10/27T = 1.328 kHz 1 Q
~ 22 AFinufy 35.15dB (20log, (57.26)) HameudNBUTIANNALAAISAT Ve TABNS
UszinaneaduInaved G ()G, .(s) weraa 18R s317 4.6 Tasar —1uaz -2 Tuginineda -
20 dB/decade 11az —40 dB/decade MNA1A1

FUABUNTODNI IS FASTLAR R 1]

Limuald £, =0.1f = 10 kHz (0.Lahwesanudlumsaia®) uazainglii 4.6 (1) Sas1vene
afnsealonoivesiliffumeTeureisasniamas Ao 826 dB duiuazldsasvee

{ 4 o o U 1w
ANDAT O 10183V NFUD 18 1o UYDIIT FALT N -8.26 dB

' '
v A = ) a

2. M Twasfnilsvesvssavamed £ fyadui

3. M INad a0 12903 ¥ATALTET £, =3000 Hz (Indf1 £, = 3738 Hz)

4. M Tnadficuve s savaased £, = 80 kHz (Indriv £, - 87.98 kHz)
5. NeA T RaAp Ve TR £, =1, = 1000 Hz (In&nv £, = 1328 Hz)
- Sas1veen £, 1ay Sasueen f, Whusasweed f. fl0-8.26 dB

- Sas1venei £, uaz 8A51W16T £, fio 20l0g(1000/3000)-8.26 6 -17.8 dB
6. AurmmgUnssivase

130 £, = £, TAwd 1000 Hz 5 o, = o, = 6283 o o, = (R.C.)
uag o, = I/(R,+R.)C,,

Twadi £, finwd 3000 Hz ®,, = 18850 iile o, = R.Ce)

“Tnad £, finud 80kHz ®,= 502.65x 10° il @, = V[R(C,C)(CortC))]

Twad f UANWANgARIHA o= 1/(R (C,+Cey))

12 ldf191nTal R, = 400 kO , R, = 240 kQ , R, = 150kQ , C,, = 220pF, C,, = InF, C_, =

20pF
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(a8)

Gp (S)Gpwm (s)

35.15

17.17

J=10kHz =87 .98kHz

f ZRHP

8.62

|
T S
| \l—
1026 |— — S —— S

7, &8 J.=10kHz
»1=3kHz :/ /,»=80kHz
| '

-8.26

-17.8

(2)

519 4.6 MIvOAULUAIANUANIABITHANDUAUDUTIANND

L'} Q

(M 8931V818V03 G ()G, .(8) (V) TATIVNBUDI G ()

pwm
o 1 J 1 o
7. AMUNUA19UNTAI V09T ULNTIAU K,
] @ o 9 A 9 4 I~ A I~ a
sudanssuiimifaaneunssdueianaan 12v uniu sv iodluduna
U995 ¥ATE EA 1UAD
V! R,

_Your _
Kp = =

Vour  Roi +Rp; (4.10)
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MINEUMSN (4.10) @enR,, = 10 kQ uaz R, = 7.14 k@ Tag R, 1¥dadrunmiu
1A IULey Ry, ladadmudlsuala

o 1 L4 ] v A FY A

agUnTeive 9T saIre EA taga9asutanseaui 1a ldunuluaunisi (4.6) ag

Y J v 1 o [ A
llﬂﬁQﬂ%uﬂ’]ﬂi@uﬂlﬂﬂ@]ﬁﬂ?ﬂﬂﬂﬂﬂﬁﬂfﬂi‘ﬂ 4.11)

S S
(H3 j(1+3j
6.666x10 7.102x10

(5o com o m L
2.45x10° 18.939x10° 340x10°

(s) luaumsi 4.9 uaz G . (s) Tuaumsn @.11) mgmivez 1@

G (s)=0.416

hilsndunieTou G,(5)G

pwm

do A * S A A o da 1
angunieTeuarula G,(5)G,,,.(5)G (s) NNTUNADANAND VT UDAUFIANNDVBITINF DY

pwm

=

Towrudlalaelslsunsy MATLAB 1aae3ii 4.7 adwdy) azisiunawdasoedlonosi

U

v
A A

1 3 [ Y o 4 J o
Anlszanm £ = 11kHz & Tuwhnvanwdidenldludum (£ = 10kHz) 1ieeninA1ginsel
@ { 1 Ao I 1
YOIRIAIUAY (R, R, Ry, Cop Cpp az €.y Maonldlaimsilaaindiuan 1dldiiua
L4 I~ (% A ) Y aaa =\
wasguvedgnsal angilaziundiniuaunesauuuii v s vuNagmaUgaz e
Aa ~ Slt:y Y 1 = = =1 o o o
WA szunm 60 o pait I uaasliiuNsvuiiadesnmuazims s ny s AU IA NN
a
A
9 A a A @ U o ~
anlsglugdin 47 uamamansuaueuInNveilituseTouduanian1i v,

4 ] 9 3
_=22v 1 =1A meldannziiaamibionii L, wxihauluTvue DM daiuilesuaie

out,max 2
'

J 4 { < ] ' Vo U
Tourlmeuunnouesiaes szaouduaunsi @.3) angdozmiuidudnilsdune
7 7 { "o { o o
Tourlaronuanouneswessznlaou lluadrniuaunesnuuudineildszuuiiatosnm

S 1A

=1 1 <= = 9 A = ~ o
HAZUMAGINUG E]EJ'N]liﬂﬂﬂ’ﬂﬂJﬂﬂi@ﬁi@nﬁliﬂl@aﬂaﬂuﬂﬁjigiﬂm f = 1kHz 939gUNaN

Tesiinaneuauesisadluannngi L, e lulnus DeM
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Bode Dizagranm
T T T T

I I
— VTlmin =968 ¥, R = 1.200m }»

100 oo, ---- Vol max =531, R = 120hm

Magnitude (4B}

Phase (deq)

Frequency (Hz)

1 a { v 1 a *
3N 4.7 maneuauuTInNNAvEITanTUa1EToWINTA G ()G, .(5) G (5)

4.3.2 29959UnAvRaNDIYin

C C R IOQ FQA[]NQO
P s 8 !
ML S o) !N 8 I A =
4 s 33ur 33ur
(] (] ‘x p 15v
y Ws) §Rgv y
! " twp 15v
1n4148 102 :

3UN 4.8 1estunavewoalaidad M MAIRY)

o o v o & @ { o
Tumsdunaveswedaiided uludesaiiensesiuinaniinisueniunia i
' Y o w o A A < Y Y £

FEUINNITAIAUAVITNIANAL Tagreasdumnaideniununldndonasn i

@ { Y 1 <]
uanaldaagali 4.8 (141 msoenuuuadrandeulas Irlihdnanaunsaldunvuana@nla
d‘ 1 ] o w o Y =R A 4 4 2
iesmndeiuias lihdwaudes Sudonunumes Isduun E1-19 (A, = 23.3mm’ A, =
51.7 mm’ A, = 1204.61 mm") $13u501v0vA Al gugTvendeuasluihdmanldnn

aumsi 4.12)
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N _ Vpri,kamax ( )
P T AR f 4.12
A)BmaXfSW
Tagi
N, fie Smusenvesvaadalgugiiveandeulaslih
A [ 9 a
Voo A9 UTIAUgIganaiulgugil
A
1o

\Y =15V D, =045 uazB_ =02 914 16301 uazioniuiusouues

pri,pk

U

vaaanasgivesrdeutlas il N Idhduswmanseuvesvaaialgugil Aie N =N, = 16
v A9 Yo A s
501 Taglsaranouai 15wy Ao adaneuaans 28
v a Y [l
dunvdszyIibhmednidgugii ¢, desdunszua@d luariundondasldh
4 v oa o o w o J [
11999 1NUSIAUDUNAYDIIIITTUNAVRINBANARIAY (1TIAUBIANAVDI UC3825) 111
[ & 5 A o a g 4 v
yyiadunilszdudedutugud  anuyliihvesdunulszy i ¢ dewden
Ao v A s s . A
A ld laann D3 Tamuusuo9199565 I8 U UGIUVOYN ) (series resonance) LHDINN
v Y A o 9 a 9 ' {
dunutlszy lwih ¢, wazdumtisnihmeduilyugiivendeutladlilih L, deeniiaaudly
a J ~ A A P J 1 =~ a J
MIEIAFDIIUNBIND LiBtapnA N Tyuusiu 0.1 mivesnnudlumsaiey A

v Ifhesdunuissy i ¢ fnnad@anaumsi (4.13)

T
e 471_2 fSZ Lp (413)

=l

Tag
c,  #e Ay liihvesiuduilseydih
= ~ o % ~ o
L, feanumieniwesdunieni

a a

v 3 9 v 9 '
dunulszg lihmedmaegi ¢, laTeaGsanszua D, @MU R uag R, de

U

@

J . . . a A Y 1 S @ v A
Autlusesunauil (clamping circuit) ¥iaussnuanasou laloa D, Hudaaiaiaduiny
~ v Y a I d 0 ] Jd Y 1 a 4 (]
Higaudvuiugud Arnsdanaivesisasuaanildesinniimunalunsaiadedia
= A o 9 @ 1 v A A A 1 @
iganerioine Invinaussauanaseudunulszy Wi ¢, adil iloidensinsdnaives

] 1 1 1 a d v
rsunant lidesndt 10 wesmunar lumsaiad aranug lihvesdunuilsz i

¢, muraldnneaunsi (4.14)
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10T,
s Rg+Rgs (414)

Tasf
v 3
Ao A1y Ilihwesdunuilszy Trlih
A vy o 9
A9 ANUATUMIUYDIAIATUNIY
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Current Harmonic Emissions
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.2 115unsu MATLAB dm3uaiansmisedu v, DCM-DCM (widl 15)

clc;

clear all;
Vin_rms = 198;
L1 L2=0.4;
Pout = 132;
L2 L1=1/L1_L2),
Po=1;

w = 2*pi*50;
TL =0.02;

Vel =2000;
z=100;

Vin = Vin_rms*sqrt(2);

for mm = 1:1:Pout

form=1:1:8

suml =-1;
while (sum1 <= 0.0001)&(Vcl ~= 100)
Ve =Vel;
sum = (2/TL)*((Vin"2)/(Vc))*(L2_L1);
x = linspace(0,0.01,1072);
a = (sin(w.*x));
y = (a.72)./(Vc-Vin.*a);
q = trapz(x,y);

suml = (sum*q)-1;

Vcl =Vcl-z;
end
Vcl = Vcetz;
z=17/10;

end
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z=100;

Vel =2000;
Pout_1(mm) = Po;
Ve_output(mm) = V;
Po =Po+1;

end

plot(Pout_1,Vc¢ output)
axis([0 132 0 1000])
Xlabel('Pout [W]");
Ylabel('Vel [V]);

grid on;

hold on;

v.3 11J5uns3 MATLAB d3ua31an514us3au v, DCM-CCM (1 16)

clc;

clear all;
Vin_rms = 198;
L1 =100*%10"-6;
n=>5;

Pout = 132;

w = 2*pi*50;
TL =0.02;

Vel =10000;
z=100;

Ts =10*10"-6;
Vout = 12;

Vin = Vin_rms*sqrt(2);

Po=1;
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for mm = 1:1:Pout

form=1:1:10

suml =-1;
while (suml <= 0.0001)&(Vcl ~= 100)
Vc=Vcl;
D = (n*Vout)/(Vc+Hn*Vout));
sum = (D"2)*(1/TL)*(Vin"2*Vc*Ts)*(1/L1);
x = linspace(0,0.01,10"2);
a = (sin(w.*x));
y = (a.”2)./(Vc-Vin.*a);
q = trapz(x,y);

suml = (sum*q)-Po;

Vel =Vel-z;
end
Vcl = Vetz;
z=17/10;
end
Ve;
z=100;
Vel =10000;

Pout_1(mm) = Po;
Ve output(mm) = V;
Po =Po+1;

end

plot(Pout 1,Vc output)
axis([0 132 0 1000])
Xlabel('Pout [W]");
Ylabel('Vel [V]);

grid on;

hold on;
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Design of a Single-Stage Single-Switch Power—
Factor-Corrected (S*-PFC) AC/DC Converter

P. Kongthawornwattana®, C. Bunlaksanamiscan®, and 5. Kitfiratsatcha ®
* Faculty Engineering. King Mongkut's Instinate of Technology Ladkrabang (EMITL), Bangkek 10520, Thailmd

Absiraci—This paper presents the design of a Sinple-Stage
Single-Switch Power-Factor-Corrected (S'PFC) ACDC
converter. The comverter nnder study is an integration of
beost and flyback converters. The converfer operation is
equivalent to its two-stage connterpart with switches in the
PFC and DC/DC converter stages furned on and off at the
same time. Based om this observation, pewer circmit amd
comtrol loop design of fhe converter can be carried out nsing
standard desizm equations amd methods, affer the bulk
tlpmlm‘mltlgehshmdewmad This design comcept
is applied to design 2 120W {12V, 104) S'PFC ACDC
converfer. Erperimental results are ziven fo comfirm
validity of the proposed desizn method.

Index Terms--Smple-Stage Sinple-Switch Power-Factor-
Corrected AC/DC converter

I INTRODUCTION

Modern electronic equipment snd systems invarishbly
nse 8 Switched Mode Power Supply (SMPS) 2z a power
source. The SKPS is an ACTC converter that couverts a
voltage from the AC mains into a DC woltage at te level
required by the load Tradidonally, the SMPS uses a
dinde bridge rectifier with a bulk oufput capacitar st ifs
mmgal‘hum:m.ﬁgnmmmﬁm for poor
power utilizstion, ie. low power factor, and being a
source of hammomic cuments. Sm.oeﬂnm.ﬁm'r_unmtutf
harmomics standards such as IECI000-3-2, it becomes
mandatory that 8 Power Factor Comection (PFC) cirouit
be mcorporated imto the SMES. The comymon BRC
solution is to conunect 8 boost converter in betwesn the
bridge rectifier and the DC-DC comverter. The boost
converter is confrofled to draw the sveraged simmscidal
mput cwrent from the AC mains using the sverage
cument control rechmigue [1]. Althoush this approach
zives 8 near unity power factor and very low hanmonic
ourrents, it increases size and cost of the SMPS due to the
additional PFC stage. To reduce the size and cost, several
circoit topologies thar mtegrate the PFC stape and DC-
D converter stage info a single circnit have recently
besn proposed [2]. Among them, aS]n,ilE-StageSmgl&
Switch Power Factor Comected (S5-PFC) ACDC
converter proposed by Redl et al. [3] has zained wide
acceptance due fo its good potential for practicsl usage
The cooverter uses only one power switch and single
control circnit to achieve hish power factor and fast
output  regulation, a5 compared with the two-stage
approach which requires two sets of power switches and
coatral circuwits. The reduced part count  greatly
contributes fo the size and cost reduction of the conwverter.

1-4244-0645-5/07/520.0002007 IEEE

The existing papers oo §'PFC AC/DC comvesters have
mainly focused on cirouit improvement to reduce the
woltzge across the bulk capacitor [4, 5], There is vet to be
a publication thar describes the design of this ope of
converter. Therefore, the purpose of this paper iz to
present the design of the 5'-PFC AC/DC converter.

The paper is oaganized as follows. The prnciple of
operation of the 5-PFC AC/DC converter is concisely
described in Secton I Section I explains the desizn
concept. The profotype circuit design is undertaken in
Section IV. Section WV presenfts experimental resualts.
Section VI gives a conclusion of fhe paper.

I DESCRIPTION OF 5*-PFC AC/TI CONVERTER

The S%-PFC boost-flyvback ACDC converter is shown
in Fig. 1. W, is a fullwave sinuscids]l voltage rectified
from the AC mains. Ly and L; are an mput inductance
and maegnetizing inductance of the flyback transformer
respectvely. ) is 4 bulk energy storage capacitor which
helps balance power berwesn the input and outpar.
Becausa the switching fraquency of the power switch, M,
is mmch higher than the frequency of Vi, it can be

ed that Vi is constant during one switching period
of M.

L; is operated in discomtimmons condoction mode
(DCMKI) thronghour the converter’'s operating range as this
mode of operation wields meod power factor. Ly is
operated im DCM &t light loads aond in continmouns
conduction mode (CCM) at heavy losds. Fiz 2 depicts
possible circnit confisurations of the converter within one
switching period. When M iz tumed on (Fig. 2(a}), Ly is
charged by WV, through M, L. is charged by C; also
through M, snd the load Fy receives the power
discharged from C;. When M is mmed off (Fig. 2(b)), L,
is discharged to Cy through I and L. discharged to Cp
and By, throagh Dy, When i reaches zere (Fig. 2(c)), Dy
ceases fo conduct, but i contmpes to flow since Ls is
larger than L. At light leads, ij; will reach zero before
the end of a switching period and tms Ds cease to
condoct a5 shown m Fig 2(d). At hesvy loads, i, will
contmme to flow il the end of 8 switching period, and
thus the circuit in Fig. 2{d) will not occur. Fig. 3 shows a
sketch of iy and i over one switching period. Mote that
iy is always in DCM, whereas i,y is in DCM at Light
lpads and CCM at heavy loads. Fiz 4 shows a sketch of
WV, and iy over two periods of Vi, It is an inherent
property of the boost inductance L, that, when operated
in DCM, will drawr the averaged current waveform, I,
close to a sinusedd, which produces high power factor.
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Referring back to Fig. 1, the comverter’s outpuf voltaze
is regnlated by a simple PWM control loop. The error
amplifier amplifies the difference between the reference
voltage and the feedback output voltaze The resulting
control signal, Vo, is then compared with the sswtooth
signal, 'V, producing a duty cycle signal to drive the
power switch, M, o maintain 3 conmstant outpat voltage.
For the converter to have good regulation characteristics,
the error amplifier st be properly compensated.

L B -wadl-'uilf 1.3.’

Fiz 1. 5'-PFC boost-fiybeck ACTC converte
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Fig 5. DCM boost FFC cascaded with flyback comrertar

The gperation of converter in Fig. 1 is the same as that
of 3 DCM boest PFC cascaded with a flyback converter
in Fig. 5, given that the power switches M and M are
driven by the same duiy cycle signal, and tumed oo and
off at the same tme. Therefore, the cooverter in Fig. 5
can be considered to be an equivalent cimowt of the
converter in Fig. 1. Thus, it will be used to develop the
desipn equations for the S'-PFC comverter.

A Power Circuit Design

In Fig 5, Ve is the output of the boost converter and
the input of the fiyback comwverter. It iz mormally an
unknown and depends on the line and load conditions.
The expression for Ve can be determined from the
equivalent cirenit in Fiz. 5§ by eguating the inpat power to
the output power. At light loads, Fig. 5 will be a
combination of 8 DCM boost PFC and DCM flyback
converter, where application of power balance yields

IR val [P{m—nrfﬁ;@\ 117

whese Vi is 3 peak tectified mput voltage and T, a
time period of the rectified mput voltage. At heavy loads,
Fiz. 5 will be a combinstion of a DCM boost PPC and
CCM flyback converter and the power balance gives

{ [f"] : h‘ o -
SR

-0 (3
)

where n iz 3 primary-to-secondary mm rato of the
flyback transformer, Ty is a switching pedod, and P, is
an output power. Equations (1) and (2) are m implicit
function and Vi can be solved by 3 numerical method. A
sample plot of Vs, versus P, is miven Fig. 6. The point,
where (1) and (2) intersect, defines a DCMOCM
boundary of L. Vi is largest and independent of B,
when L, is in DCM Ve becomes lower as Iy enters
CCML

E]
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From (1) and (2} it can be seen that ¥V, P, Ly, LyL,.
and 0 have to be specified before Ve can be computed.
The ranges of V,, and P, are normally specified in a
specification. The inductamce Ly Ly affects Ve only when
L; is in DCM; the larper is LyL,, the lower is Vi, By
conirast, the nom radoe o affects Vie; only when Ly is m
CCM; the larger is n, the lower is Ve, The imput
mductance Ly should be small to enqure its operation m.
DCM. Given V,, P, and the arbitrarily selected L,,
Li/Ls and m, (1) snd (2) can be solved for V. Many
rounds of iterations may be required before the mght
values of Ly, Ly/Ls, andn that vield the satisfied value of
Wiy are foumd Mext, it iz essential to chack if the selected
L; will be operzted in DCM throughout the comverter’s
operating range This can be werified by the inductance
equation of the DCM boost PPC [6]

L nFLT, {Vn.-n.- 5 \51’__]
L P F,

e Clmin

@&

where Vi an is 8 mininnom BMS input voltage, Vi is
a minimum bulk capacitor voltage, 1) is an effidency of
the boast BEC { = 0.8), and Pog e 15 8 mactioomem. output

POWET.
The bulk capacitor, C;, can be chosen based on its
hold-up time, as given by (4)
P

1
C.-'P+ &
Ei';_—[\-“_—m}&

where t; is a hold-up time. The output capacitor, C,, can
be selected as in a standard flyback comverter [7]

i
Cp > ¥t
R, AV,

where D = BV ou'(Volmisth Viee) i 4 maximum duty
cycle and B, a mininvam load resistance.

To specify ratings of the components and switching
devices, voltage and current stresses that these devices
hawe to endure i the actaal cirowit mmst be determuned
For this purpose, sinmiation of Fig. 1 can be performed to
estimate the values.

(53]
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B. Conmtrol Loop Dazign

From Fig. 5, it can be observed that control loop
design of the 5'-PFC AC/DC converter is equivalent to
that of the fiyback coowverter with Vi as the input
woltage The conmol block dizgram of the converter,
hence, can be drawn as shomm in Fig. 7.

[l S
Wbl 2o rarar

Cogrzaastion Lot FAML

ERHT TR

Fig. 7. Comtrol block dagram

Transfer fimctions of each block sre ziven beloar
*  Flyback converter in D{CM [B]:

e
G, [5)=K, s 7 L]
[1+_E1+_[
Sl
A LN aF, 1
E =—%2_ F= M=—s =
where P ;}E: .II*R; a rn + B 'rcucc:

KR 1 2 Wi 1 :
P e O N = = B
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an equivalent series resistance (ESE) of ).

#  Flyback comverter in CCM [B]:
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*  Error amplifier’s compensation cirouit
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Design of the error amplifier’s compencation circnit
mvolves positioning of poles and zeros of G(s) to zive
the open-loop transfer fimction, Gu(shGpls)Gyls): (1) 2
high D gain for good output veltage regulation, () a
crossover frequency between one tenth and one fourth of
the switching frequency for fast response, and (3) a phase
margin of ar least 45° for an adequate stability margin.

IV. PROTOTYPE CIRCUIT DESIG

In this section the design of a 5'-PFC ACDC
converter is ilhistated. The comverter has the following
specifications: Vipar = 220Vie=10%, foac = S0Hz,
V=12V, AV, = 5% of WV, I, = 1-10A, and switching
frequency (f = 1/T,) = 100kHz. The 50Hz AC voltage,
Vinae, It rectified by an input bridge recrifier, giving the
foll-wave simnsoidal voltage, Vi, a5 an mput to the
converter. Vi, is ranged from 198V to 242 m terms of
an FMS valne, or 2E0W te 342V in terms of a peak value.
The time period of WV, (Ty) is 10ms. The converter’s
output power (Peer) is ranged from 12W to 12000

In the design, LyL.. n, L,. and L; are selected to be
04, 5 100pH, and 250pH respectively. Given these
values, the mind and maxi tulk capacitor
voltage can be computed from (1) and (3), yialding Vi,
min = JEBV (ot Vi, min = 198V, Poue = 120W) amd
Vr_.,._ = 561V (8t Vig, mms = 242 Vinma, Poymiz=12W). These
two exireme gperating points are marked oo the Ve -Poe
plot shown in Fig. 8 Wext, it is essental to check if the
selected L, will be opersting in DCM thronzhout the
COUVerter's operafing range. Substiivion of Vi me =
198V im, Vit min = 368V, Poiprae = 120W, Ta = 10ps into
(3) found L < 312pH. Thus, the selected Ly of 100pH is
a walid value. Given the hold-up time, ty, of 5ms, C; is
selected according to {(4), which gives C; = 84uF. Here,
C; of 110pF is chosen. Since thi= capacitor must be able
to withstand Ve, pee = 361V, it iz assembled from two
220uF, 450V elecrolytic capacitors commected in series.
From (5), Cp. of P00uF is chosen. It iz assembled from
three 330pF, 50V, ESR= 0.130), electrolytic capacitors
connected in parallal

The ratings of devices or components in the Cirowit can
be determined with an aid of simulaton. Fig @ shows the
PSPICE simmlation result of the power switch cwment mo
Fig. 1, at e full-load condition (Vi pe = 198V 0. Lige =
10A). Ouly five cycles of the omrent is shown here for
clarity. The BRIS value of this current over one period of

=
]

g i

Fig B. Vi verms Py corve of the desigzed comvarier

Fig. 9. Sirmlated wenvedorm of ihe power switch corent

Fig. 10. Opez loop fuquezcy respensas of the designed coomarter

WV, can be computed nsing a built-in mathematical
function in PSPICE program, which yields the value of
1.5A. Thus, the power switch cument handling capability
must be rated hizher than 1.5A. Ratings of other devices
can be quantified in 2 similar manner.

The error smplifier’s compensation ciromit in (9) is
designed assumed that the conwerter is operated st the
fill-lead condiion (Wi, min = 198V, L = 10A).
Under this condition, L, is in OCM and thus the transfer
fimction of 8 fivback converter in CCM in (7) is used in
the desizn Subsonwing the relevant parameters into (7)
and the pesk-fo-pesk sawtooth veltage, V,, of 1.8V into
(8), the wansfer funciion Gruws(s¥55(5) can be determined

[1+42.57 X107 {1 - 24110 £}
[1+60.093107 s + 30,6210 5° |

Ry (A0 e (7 = 6314 &n

Given Guua5)Gp(s) m (100, the emor amplifier’s
Compensation cirouit can be desipned to give the open-
lpop transfer fancton the desired feguency response.
The crossowver frequency, £, is chosen at 10kHz. The two
zeros of (GJs) are placed st @4= o = 1kHz The first
pole of Gy(s) is at origin, the second pole 1s placed ar o, =
3kHr, and the third pole placed at o= 80kHz. Based on
the selected f, and pole and zero location of GJs), the
compensation crouit component wvalues are caloulated
and reumded off o the nearest standard values, obmining
Rey = 400k, R = 240k0), By = 1500, Coy = 220pF,
Cey = InF, and C = 20pF. With the desipned
compensation cirowit, the open-loop frequency response
(1e. the frequency respomse of Gus)Gpwe(S)Gp(s)) is
plotted and shown i Fig. 10 by the solid line The plot
indicates the high DC gain the phase margin of §0° and
the crossover fraquency of about 10kHz. It predicts that
the converter will be stable snd exhibit good outpat
woltzge repulation.

]
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The dashed line in Fig 10 shows the open-loop
frequency response at the light-load condition (Vi e =
24V, Lime = LA). At this condition, Ly is in DCM and
hence the converter’s transfer fimction has changed to
(). In spite of this, the desipned compensation cirouit is
stll able to maintain the comverter’s stability and high
DC gain. However, the deterioration in the outpar voltage
response should be expected, as the cossover fequency
hzs reduced to sbout 1kHe Fig. 11 shows a circuit
schemaric of te designed protofype converter.

V. EXFERIMENTAL RESULTS

Tables I and II show the output woltage and put
power factor measuwred from the prototype converter. The
output voltage is well regulared at aroond 12V throughout
the comverter's operating range. This resalt apress with
the prediction in Fig. 10 that the hizh DC loop gain
would vield the comverter good owtput voltage regulation.
The input power factor is sbove 0.9 in most cases, except
some conditons ar high lines and light loads that the
power factor falls mnder 0.9, The low power facror is
caused by the much distorted input curent ooourred at
those condiions. The AC input woltage snd ourrent
waveforms at the nominal input woltage and maxinnon
load cwrent {ie W, = 220V __ I = 10A) are showm in
Fig. 12. It should be noted that these waveforms were
measured at the input of an EMI filter located on an AC
side of the inpar bridge rectifier. The carrent wavefornn
was analyzed and its hammonics were found to be below
the limits set by the IECI000-3-2 Class D harmonic
standards.

Fig. 13 shows the secondary diode omrrent waveform,
ipy. At L= 44 (P, =48W), ip, isin DCM (Fig. 13(a)). At
L, =5A (P, = 60W), i is in OCM (Fig. 13(b}). Therefore,
mansition of L, from DCM to CCA has taken place at
some points between these two loading conditions. This
result correspands with the prediction im Fiz. B, in which
the operstional mode transition of L; was seen to have
occurmed when the cutpuat power is approximaely S6W.
The ouipt voltage mansient responses of the conwverter
due to the load spplication/rejection are shown in Fiz. 14
In Fig. 14(b), the load spplicanoniejection canses Ly to
change between DCM and CCM, while L, remains m
DCM in Fig. 14(8) and CCM m Fig. 14{c) after the load
change. Of the three cases, the output response when L,
is in OCM (Fig 14(c)) is the most satisfactory becanse the

[ ML

error amplifier’s compensaton circuit kas beaen desipned
for this mode of operstion. The ouwtput respomse is
slugpish when Ly is in DCM (Fig. 14(z)), due to the
dwindling crossover frequency in this mode of operation
(see the dashed line in Fig. 10).
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MEEASURED OUTPUT VOLTAGE

TABLED
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Fig. 12. Waveforms of the AC inpet voliage and carent
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Fig 11 Cirnit schamatic of the prototypa 5-PFC ACDC comverte.
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VI CONCLUSHON

Deesign of a Single-Stage Single-Switch Power-Factor-
Comrected (5'FFC) beost-flyback ACDC converter has
been described i fhes paper. The design is based on the
equivalent cirouit in Fig. 5 which is a DCM boost BFC
cascaded with a flyback converter, where the flyback
converter is operated in DCM at light loads and CCM at
high loads. From the equivalent circuit, it is seen that the
bulk capacitor woltage, Vi, is the oufput of the DCM
boost PPC and the input of the flyback converter. The
expression for Vi can be derived from the power balance
principle. As given i (1) and (2), Vi is 2 nonlinear
fimction of the input veltage, Vi, the outpot power, Pay,
the input indactance Ly, the inductance ratio Ly/L; and
the fiyback transformer’s furn ratio, . Given Vi, Pogy and
the arbitrarily selected Ly, L/L; and n, (1) and (2) can be
solved for Wey. It is an iterative process to find Ly, Li/Ls,
and o that gives the satisfied value of V. From the
equivalent cirouit, it is observed that control loop desizm
of the 5*-PFC AC/TC converter is the same s that of the
flyback conwverter with Ve as the impur voltage.
Therefore, once the valoe of Ve has been determined,
design of the error amplifier compansation circuit can be
proceeded msing the standard frequency response desizn
method. In the paper, warious experimental results are
presented to support the desizn validity.
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