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Knowing Vi, & Py from
specification
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Solve eq. (1) & (2)
and plot V¢y vs Py

Is the resulting
Ve VS Poy
satisfied?

NO
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Is the
selected L1
Satisfied eq.(3)?
NO
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END
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Flyback converter in DCM [4]
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I+ I~
) (1))
N ZC ZRHP
G,(s)=X, ©
S S '
I+ ——i[ ==
Dpy Wp,
N | 4 2L, f, nv, 1 nR, 1 2
IﬂUK :;l K= 2J 8 M= onul a)‘=_,w '=_L'*,G), = 8"
7 n\/f’ "ZR/. ’ Ve ) E 1. C, 2 L, M(M'*“]) " RC,
2
wpy =~ B 1 uae € f1D equivalent series resistance (ESR) 184 &
2 .
L (M+l) .

Flyback converter in CCM [4]

S A
1+ 1-
0 (0]
. zC zRHP
1+ +—2—
Wy @y
Tao K, = Ve D'=1-D,® _nD’R, n_ | DR,
r Dr?. s = » I r, ] s zRHP DLZ » Yo _\/ZC_, R/ +"<-,. >
| 1
Q=—(‘: L, +r.C,
nZD'ZR,, G
PWM comparator
1
Gpum(5)=5- ®)

lae v, Aovuavesdaasifludee (sawtooth signal)
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Error amplifier’s compensation circuit

S S
[+ 1+
' Wy, ®;,
S S S
— (| I+— | 1+—
0‘)l O‘)Pl (DPE
R | I !
lag K, =—2— o, = Wy, = L =
Y Rl)l +RI)2 g R{'SC('Z > (R(.'Z +R('I)C('I I R(.'I (C('Z +C('J) '
I o = !
,, = [
"\C,+Cy

[ 4
MILBNUUUIIAILANIUATIABNITOBNUULINITAYS  EA  (Emor  Amplifier’s
Y 4 &3 p = P : 3 - .
compensation circuit) ¥9¥111aBA1s RN TnouazdIsues G(s) Tuawmsdi 9 ot 1¥ilady
v [ o d 1 ~ 1 = 4
g lewiaillavesszuy GG, ()G() Tnudnuazduiiaszasdinanie ) UMAFInUgUD
3 @ { ~ et o
MIINBUIIAUDINAR (2) HANNDATEA 101783 (crossover frequency) 15zai1/10 fa 1/4 Vo4
o a o4& ~ o g = a1 a i
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margin) 1l 4509 uienuTiades nwiia
. LR o @ d’ - Y
4. MyvanuLULYaIIef 18 I o smaReId uLY

4.1 292501103

Lma'aiiwﬁ1ﬁ'¢1"114171ummaﬂimmﬁlmﬁv‘hmsaeﬂuuuﬁﬂmauﬁﬁma"l‘ml% (Electrical
specification) 41} Vieac = 220V, £10%, f, . = 50Hz, V=12V, AV, = 5% of V,, I = 1-10A,
switching frequency (£, = 1/T,) = 100kHz 439U V_, _ fina1ud e ﬁyfazg nisad IS nanenduus idy
Tnigrluuuduniu (full-wave sinusoid) #AI1E 100Hz (T, = 10ms) Lﬁmﬂmmﬁuﬁuvm \'A
1su239sR0UNET MRS TAy A 5%$ﬁﬁ1q3’cm (peak value) 8g5211119 280V 14 342V uaziiA1 RMS
(RMS value) 8g551318 198V 14 242V Lﬁew1ﬂusqﬁuwmwﬁduﬁ1ﬁ'u 12V uaznszua lnan
awsoilAountlasl@szndng 14 & 10a ﬁa&uﬁnﬁ'&mmmﬂﬁauuﬂm"151'5314'510 12W {19 120W

Tumseenuuuiiifiend1 L/L, n L, uag L, MU 0.4 0.5 100pH taz 250uH awdida

Aag1l9 12
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1000
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P = 120W ll0Z V=561V lag

ms’ © outumax

v v, =368V Teufiaduil v, = 198V

|
a & 4

£ Ay = ' ' =2 d'

NAYUNY, . =242V, P =12W &9 V,, NlAulaeuuasegszning 368V e 561V iiui
[} v 9 [

vosuldlumseonuuuil deldmh v, feeusuldudadunoude femsasasaeuie L, 7

4 [ o A v A' v oa = 1 r: o w =~

N (L, = 100uH) SensvirauluInua DeM wie lidlous sduBuyniinmmgauazideInand
= 120W, T, = 10us a3 luaums

1 é o 1
mgegaFi laomsunua v, . =198V, V,, .. =368V, P

n, min ms? out,max

1(3) 9214 L, <312uH sfufiod L, = 100pH Midenannsaldonld
] ¥
fMUAA1 hold-up time t, = 5ms uaz AV, = 20V 1indumshi @) 9214 ¢, > 84pF fariu
. v
o o g o
1N C, = 110pF Aufiuyszy ¢, fazdesmmisonuisadu v, = s561v 18 Tunisadinnsese:
A Yo o ad a _ . : a o
man‘l%mmuﬂizfguuumaﬂim'lawm (electrolytic capacitor)Y11@ 2201F LIIAU 450V @BIAIND
Y] { @ o -
NI 1INTNNIFT (5) annsaiden C, = 990uF Tunserireasesezidenldiufulsequuy
ad a @ (v} (v v
ain a3 lansavwia 330uF usedu 50V amiadsviuiy uaz 1da1 ESR 593 = 0.13Q
I aw o w ¢ a 4 o o [ o @
mImamnnaMasvesgnsaiadnduas laloasesiilaonisdaserasunassiedide I
a a 7 [ 1 ] [ a P
HuveeImaRea luglil 4 Aaelysunsy PSPICE daegramanms$iasanaasdagli o dadu

I = 10A) floR1uIMIAINSZIE RMS

ms? “o,max

] a o
sURAunTELaTINGNaN192 full load (V, . = 198V
i . 2 5 ‘ . . :
vosgUnaunssuaaInginiolunilmuinaives v, 1aeld builtin mathematical function 114
v = t W @ ¢ a o
Tasunsw PSPICEWu1 nszue RMS fidwi1fy 1.5a vudedeadonglnsalaindiamisany
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4.2 WIINIVUAN

N1I8DAUUUNTIAIUANISAITIUINTNIL full load (V, = 198V__ 1 = 10A) nold

in. min mis? “o.max

t4 1 Vv 1

=Y =t o o Y o o T 4 4
aanzl duniioni L, wwiauluivue com aniuazihiladud o leunaisuuaneunesines
luTnua com Tuaums 7 4 lumsesnuuy unusdusiiAvidosasluaumsd 7ua v,

(s)G,(s) AITAUATS

wm

= 1.8 aslueunisn 8 o= lddetune lou G,

(1+42.57x10-°s)(1—2.41x10'“s)

G, (5)G,py (5) = 63.14
¢ ()G (5) (1+60.09x1075+20.16x107 5

(10)

o & q v = @ oo
NTUNTIN (10) IITWITDDAUULIVIVAIFY EA L’W?Jch’iSSUUNWQ‘HUQWH‘I?J“’NLT]WV]N

o

= Y A J = ot = 1 :,' s
fuanyazaInABING lavaziaendnudnsoa 101957 £, = 10kHz 2198 13190039901 Gc(s)

v
=]

finawd £, = £, = 1kiz MaTwadausnazegfiyafnua (origin) 319 Inadafiaesiinawd £, =
3kHz uazan Inadafiawfinawd £, = 8okHz vnsh £, iazdmmised Tnauasd1siidon aw
sadnun1gUnssive99s Ay EA "lﬁ’ﬁaf;Rc, = 400k{ 2, R, = 240k(D, R, = 150k), C, =

220pF, C,, = InF, and C¢, = 20pF iiler 129059100 EA fioenuuyldumieniledussTouradla
YDI5LUY Gc(s)Gp-wm(s)Gp(s) oz 1ddagalit 13 (Fufn) wefuissuulmniudnsoalenes

4 a1 aa o d o a » sy yd
Uszuar 10kHz awd eenuunld laddinuiiqe uazlinuaunTudszung soeeen wad lad

Y o 1 o A a [ a o
LL’LT@N114!‘”‘H'J1‘5$U1J3J1ﬁﬂﬂiﬂ'1Wl.Lﬁ$1Jﬂ'li_iﬂHTLLiQﬂuLB'W!‘VW]ﬂ

Bode Diagram

Vin,max , lo,min

Vinmin, lo,max

Magnitude (dB)

100 ¢ - e

Phase (deg)

10° 1’ 10° 10 10 10° 10° 10"
Frequency (Hz)

U 13 Tuanfien (Bode plot) vesflsduan louauin G ()G, (5)G,(5)
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Y =t < @ ' -~ = 5
dulszlugdin 13 uarasTuandenvesilasuaiTewrailaiian1az light load (Vo e = 242V,
Y dyw = ° o @ :: o '
L, e = 1A) Moldan 1zl umiioni1 L, seiranluTnua oM daiuilssunioTouras
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Luaz 3 utluv inverting 1ag output ¥oe EA Mgl lod 31i 15 uaasnimaisversesduuuy
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nldasevu
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O FILTER >
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5. HAMINATBUNININUUDIIATAUUDY
M50 1 Az 2 uermawanisTaussdue eIl seneuR e a9 sa UL
ANITMINIIUAIE

M3 1 HaMIIAAILT AU INT

A%

out

in

1A 2A 4A 6A 8A 10A

198V | 12.00 | 12.00 | [1.99 | 11.99 | 11.98 | 11.97

242V | 12.00 | 12.00 | 11.99 | 11.99 | 11.98 | 11.97

A3 2 WansIaA1RY52NoURIAY (power factor)

PF

1A 2A 4A 6A 8A 10A

198V | 0.803 | 0.913 | 0.960 | 0.961 | 0.955 | 0.948

242V | 0.718 | 0.846 | 0.939 | 0.950 | 0.950 | 0.944

NNAITIA 1 aznuIusdue Yo isduuuuazgainin Biidszana 12v ageadmms

] i 4 ] ] v
OUYe929935 laowad lafiasandestuununinlualuzlii 13 fuaasilesudislemnudaves

[l ]
At i

szuuﬁﬁmmmquac’fwuwﬁasz‘uuﬁmi%’ﬂmnmﬁummwﬁﬁ AT 2 BEHL AR
szneumdameduiedSuynvevasssdlnafiisgandt 0.9 sndufianiz light load aumaf
Lf]wﬁmiwawmmm“)uvgmaq'msﬁﬁmaz light load ﬁgﬂs'wﬁmﬁﬂu"lﬂ%mgﬂﬂéu"lmﬁ
Asudannideifensunsiaianzby edgiafunsduinznszuae s unmuesates

ar { é o dl
dunvuuansdsgli 1s Fuumsioufianiae v, =220v_ uag 1 = 10A

Tek Run: 50.0kS/s Sample
I

t

o A [ aa ¥
2'1]7] 15 Eﬂﬂaul!i\?ﬂuLlﬁxﬂizllﬁlﬂcﬁﬂuwﬂmﬂqjqﬂs@‘]uuﬂu

120291




»

L7

LY

18

Stopped ¥

CHI=10mY " B + B . B Sus/div

oc v - - B : - . (Susgdiv)
X + X NORM:200MS /s

(M)
Stopped 3
CHI=10mV ¢ Busfdiv
DC 11 i (SusZdiv)
X NORM:200MS /s

(1)

Ui 16 juUnaunszudlaToaned 1y secondary Giyy) A (M) 1, = 4A (W) 1, = 5A

wams TagiaAunszunlaTeantedu secondary Giy,) ianedesylit 16 Fawuid I,=4A (P,
= 48W) nszud iy, iWunszua’lulnue DOM (U 16(n) oz 1 = A (P, = 60W) N3Zud iy, 1Tu
nszua Tulnua coM iuferamiivnh L, LﬁﬂﬂmﬂﬁauiwmmsﬁmumﬂTmlﬂ peum Ty
Tnua coM finszuaTnanszniig 44 uns SA (MISUBIMNTENII 48W uaz 60W) wafi 18ioe
geandesiunsmanuduiussznie v, uag P lugtli 12 Fuaasnisalfeulnuanisiiou
Y83 L, Lﬁﬂﬁuﬁﬁwﬁmmwﬂszmm 56W |

wan13amsasuauBIvBduT IR MNEonszue Tnan Suundatedroiuiiulauans
Tugalt 17 lugd#l 17(n) mswBvwnlasTnandensinld L, vawlulnue peM lugdd 17()
msnlfounlasTvandhld L, SmsadouTnuamsiausznie DoM uas com Tugalfi 17(m)
manldsunasTnandansii iy L, e luTnue com N nuinansumiasly
71 17(n) sz@figanadifieus sfunndavaie (ransient voltage drop) swifiganaznatfi 1 luntsiu

¥ b4 v
M (settling) 9 duiiqe aumaiidluguiimsiziessyawe Ea Idgnesnuuudmsuansi L,
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'
=1

iauluTnua com (ided 4.2) ues waneuausaluzyl 17(n) sxdudiodouiuga 17(a)
: = ° a = = ) ' =
wosnnluannzd L, haululnua beM szuvziimanudanuiasealenesndininsd

anngi L, MaluTnue coM aoudrannamanalugli 13

Stopped {
CH1=500mvV - 2ms/div
AC 11 : (2ms/aiv)
v NORM:S00kS /s

(n)
Stopped 4
CH1=500mV 2ms/div
ac 11 (2ms7div)
NORM:S00KS /s

P e .

bttt b bt gt b

(n)
Stopped q
CH1=500mV - : 200us /div

AC 11 - (200us /div)
- NORM:SMS /s

Q)
31N 17 wameuausave st nidonszud Inaan)douu)asediiuiiviulanay Tuun

LU (M) 1A LAY 3A (V) 3A 1AL 6A (V) 6A uaz 10A
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6. arg1)
@ d" aw A [ ot o w a s W
enuRvUiliruenansIeTeImsNauasef 18 IMdwuuaindniada
o o ° s da o a ¢ o ' [y
Usznouiids InihgedmSugunsaididansetndmivlvi Taeaaes 18nnn1ssanduves
L4 o o 4
’Ni]ﬂa!ﬂﬁﬂﬁ]uLjﬂmaiﬂ‘U’N*‘t]i%lmEJLL‘Uﬂﬂ?JuL’JE)LGIE)S (Integrated boost—flyback converter) Tuns
¥ o 4 & s g v
0NLVYI993 9z 19 9esauyadlugyf 8 Fuilurnsyadaeunemesasaynsudulseswats
o [4 o a o = s o o
HUANBUIIBSIADS lAUNIAIDIYaAnDUIBINES ouNnHIMTLAR U sENeUMAS (power factor
o ) 4 a =
corrector) ¥ Tu nua DCM 1erwe uazninsesvintonunasunesinesiemmimthiiuag
U5 9AUAT-A% 111970 Tu Tnue DCM an11e light load LAz CCM 71 41192 heavy load 9102495
dcsy =1 ' Y ' o o o [ (4
TUYDILIH I WS IAUATOUAUAVYIEY C, (V) iTuussmemmusanayaanounemosuay
< v oa o ' [ 4
WuusswudynvsamamonunfenIesnes dunsues vy, mwisan Idnavdnaugad
] 14
Mde WihsgnheBunnuasiommlnsuanseglumumsi (1) uag ) aums v, fiffuauns
‘f] a g d? LY o o o o
wWwraruuaziueghuawls v, L, L/L, P, uag n signnsamiwaenglnswanuduius
5¥MIN V,, uog P, 1dTaemsudaunis () uaz 2) Teedesdmuan v, P, L L/L, uaz n lag
¥
indish v, uaz P, azqnazylu specification 1032305 fafulumshuiasizimaiendi L,
v v
L/L, uaz n 1aonszuaunaving (iterative process) aasanaly flow chart 1# 15 wundiez1d
o o d ' 1 a
nsANNENRNTIEnIe V,, uag P, idluiiimele
o Qs a : i a o 4 1 d
dMTVRANAITNITBBNUUUWITAIUAN WaNITaIsauyad lugUf 8 szwuinfems
{ 4 It v a 1w (Y :/’ 4 1
PONULILNIINIVANVBINAUULANUIIBTIABINULTIAUBUNNITIIAY V,, Aeriudionsiua
o < o sy : a -
U Vg, 15Ra NI aiInseenuuu s sae E/A Taelditnaneuausufenaud (frequency
response design method) 1A 1AM NMIBBAULLINIAILANLALWAZIBEAM B AUL VLAY Y
viadedl 3.2 uaz 42
o Y o Y o 1 —] o w P a o
Hamsnageun laduauouaadldmuinasunasiesd i wwuna@ed luiiims
av & = o A& o @ Vet v o P
ey liaussousmshauduiniianels laesmuisesnuussdueiyn 1diinasiuasd
3 ] E4
adaszneumias IWihduduynigenasadiunsiien (s 1 uaz 2) uennindinants
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Referring back to Fig. 1, the converter’s output voltage
is regulated by a simple PWM control loop. The error
amplifier amplifies the difference between the reference
voltage and the feedback output voltage. The resulting
control signal, V, is then compared with the sawtooth
signal, V,, producing a duty cycle signal to drive the
power switch, M, to maintain a constant output voltage.
For the converter to have good regulation characteristics,
the error amplifier must be properly compensated.

Fig. 2. Circuit topologies in one switching period

L I

N N TES 4

P! I

;
dT, 7,

(b)

Fig. 3. Waveforms of iy, and i,.;: (a) light loads (b) heavy loads

ILI

_ Fig. 4. Input voltage and current waveforms

[1I. DESIGN CONCEPT

DCMBoost PFC
1 D, . Flyback Converter
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o] - RI!:
- 7, Control loop

M,
Compartor V‘ zl

Y|
7T

/
} in Al

m v Vs

v

Fig. 5. DCM boost PFC cascaded with flyback converter

The operation of converter in Fig. | is the same as that
of a DCM boost PFC cascaded with a flyback converter
in Fig. 5, given that the power switches M, and M, are
driven by the same duty cycle signal, and turned on and
off at the same time. Therefore, the converter in Fig. 5
can be considered to be an equivalent circuit of the
converter in Fig. 1. Thus, it will be used to develop the
design equations for the S*-PFC converter.

A. Power Circuit Design

In Fig. 5, Vc, is the output of the boost converter and
the input of the flyback converter. It is normally an
unknown and depends on the line and load conditions.
The expression for V¢, can be determined from the
equivalent circuit in Fig. 5 by equating the input power to
the output power. At light loads, Fig. 5 will be a
combination of a DCM boost PFC and DCM flyback
converter, where application of power balance yields

AR o

where Vi, is a peak rectified input voltage and T;, a
time period of the rectified input voltage. At heavy loads,
Fig. 5 will be a combination of a DCM boost PFC and
CCM flyback converter and the power balance gives

7:'" 2Ll 0 V('r _Viu.pl' Si"(“)

[ (n¥,,) ]‘V wol
[L] Voot (n-v,,) ) ot rj[ (sinz((u))dl J—R.,.,=O )

where n is a primary-to-secondary turn ratio of the
flyback transformer, Ts is a switching period, and P, is
an output power. Equations (1) and (2) are an implicit
function and V¢, can be solved by a numerical method. A
sample plot of V¢, versus P, is given Fig. 6. The point,
where (1) and (2) intersect, defines a DCM/CCM
boundary of L,. V¢, is largest and independent of P,
when L, is in DCM. V¢, becomes lower as L, enters
CCM.
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Fig. 6. V¢ versus P, curve

From (1) and (2) it can be seen that Vi, Py, L;, Li/La,
and n have to be specified before V¢, can be computed.
The ranges of Vi, and P, are normally specified in a
specification. The inductance L,/L, affects V¢, only when
L, is in DCM; the larger is L,/L,, the lower is V¢,. By
contrast, the turn ratio n affects V¢, only when L, is in
CCM; the larger is n, the lower is V¢,. The input
inductance L, should be small to ensure its operation in
DCM. Given V;, P, and the arbitrarily selected L,
Li/L,, and n, (1) and (2) can be solved for V¢,. Many
rounds of iterations may be required before the right
values of L, L,/L,, and n that yield the satisfied value of
V¢, are found. Next, it is essential to check if the selected
L; will be operated in DCM throughout the converter’s
" operating range. This can be verified by the inductance
equation of the DCM boost PFC [6]

77Vi:.min T (V('l.min = ‘/EVm.min )
<

LI
2P, mad

3)

ouf max’ Cl,min

where Vi, min is @ minimum RMS input voltage, Ve min is
a minimum bulk capacitor voltage, n is an efficiency of
the boost PFC (= 0.8), and Py, max is @ maximum output
_power,

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

y 2P 't
C| > - oul.max "H . (4)
VCl.min u(VCI.min - 20)

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

CL > Dmn.\'TS Voul (5)
Rmin A\,ou(

where Dpax = nVou/(VeimintnVoy) is a maximum duty
cycle and R,,i, @ minimum load resistance.

To specify ratings of the components and switching
devices, voltage and current stresses that these devices
have to endure in the actual circuit must be determined.
For this purpose, simulation of Fig. 1 can be performed to
estimate the values.

8. Control Loop Design

From Fig. 5, it can be observed that control loop
design of the S*-PFC AC/DC converter is equivalent to
that of the flyback converter with V¢, as the input
voltage. The control block diagram of the converter,
hence, can be drawn as shown in Fig. 7.

v v

Ge(s) <1 Grwp (5) »{ G, (s} — >
Compensation circuit PWM DCM or CCM
comparator tlyback converter

Fig. 7. Control block diagram

Transfer functions of each block are given below:
e  Flyback converter in DCM [8]:

S S
(l +—](1 - ]
Oy O g
G,, (S) K £ SRIN

=K, (6)
(l+iJ(1+ s J
@y, Wy
¢ = Q- 2L, f nb, 1
K = Cl K= 2/ out
where &, ——n\/E , —"ZR/ ) Ve, T
n'R, | 2 'R, 1

Wy, =t @, =, "R .reLis
il L M(M+l)’ (] RI,CI,’w” L (M+l)z CL

an equivalent series resistance (ESR) of C..

. Flyback converter in ccM [8]:

beleg)
G (S)—K ml(' w:RIII‘ (7)

7 s sz
I+ +—
Qa)() w() ¥

where K, = Ve DelmD, == _rDR,
P nD,Z ’ s Y rCLCL s “rrnp qu ’

n DR, 1 |
@, = 0=—

LzCl. RI +r., w, I‘.z rC

DR,
e PWM comparator:
Gpon(s) =~ (®)
pum - 14

s

e Error amplifier’s compensation circuit

o G B
Gl ea)

R, 1 1

Ge(s) = Kp

where K, = , Wy = Sy =
? RIJI + Rl)'.’ “ R('JC('I ‘ (R(Z + R('l )Cl"l
w = 1 o = 1 w,, = 1
' R('I (C('Z + C("]) o R(‘2C('l ’ RI( C('ZC('] ] )
Cer+Ce
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Design of the error amplifier’s compensation circuit
involves positioning of poles and zeros of G(s) to give
the open-loop transfer function, G(8)Gpum(s)Gp(s): (1) a
high DC gain for good output voltage regulation, (2) a
crossover frequency between one tenth and one fourth of
the switching frequency for fast response, and (3) a phase
margin of at least 45° for an adequate stability margin.

IV. PROTOTYPE CIRCUIT DESIGN

In this section the design of a S*-PFC AC/DC
converter is illustrated. The converter has'the following
specifications: Vipac = 220V,t10%, fiac = 50Hz,
V=12V, AV, = 5% of V,, I, = 1-10A, and switching
frequency (f; = 1/T;) = 100kHz. The 50Hz AC voltage,
Vinac, is rectified by an input bridge rectifier, giving the
full-wave sinusoidal voltage, Vi, as an input to the
converter. V;, is ranged from 198V to 242V in terms of
an RMS value, or 280V to 342V in terms of a peak value.
The time period of Vi, (T;,) is 10ms. The converter’s
output power (P,,,) is ranged from 12W to 120W.

In the design, L\/L,, n, L;, and L, are selected to be
0.4, 5, 100pH, and 250uH respectively. Given these
values, the minimum and maximum bulk capacitor
voltage can be computed from (1) and (2), yielding V¢,
min 368V (at vin. min l98vris Poul,max = IZOW) and
Vet max = 561V (at Vig may = 242V, Po in =12W). These
two extreme operating points are marked on the V¢,-P,,
plot shown in Fig. 8. Next, it is essential to check if the
selected L, will be operating in DCM throughout the
converter’s operating range. Substitution-of Vi, min =
198V s, Vei, min = 368V, Poyymax = 120W, Ts = 10ps into
(3) found L, < 312uH. Thus, the selected L, of 100uH is
a valid value. Given the hold-up time, ty, of 5Sms, C, is
selected according to (4), which gives C, > 84uF. Here,
C, of 110uF is chosen. Since this capacitor must be able
to withstand Ve mx = 561V, it is assembled from two
220uF, 450V electrolytic capacitors connected in series.
From (5), C, of 990pF is chosen. It is assembled from
three 330uF, 50V, ESR= 0.139Q, electrolytic capacitors
connected in parallel.

The ratings of devices or components in the circuit can
be determined with an aid of simulation. Fig.9 shows the
PSPICE simulation result of the power switch current in
Fig. 1, at he full-load condition (Viy, min = 198Voms, lo.max =
10A). Only five cycles of the current is shown here for
clarity. The RMS value of this current over one period of

600 Vin,max=242Vrms

Vin,min=198Vrms

0
1
1
¥
1
1
i
1
21

(] 12 o 3% 48 60 72 B4 96 108 1
Pout [W]

0 132

Fig. 8. V¢, versus Pg, curve of the designed converter
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Fig 9. Simulated waveform of the power switch current
Bode Diagram

i © Vinmaz, lo.min

Vinmn, lo max

Magniwde (aB)

Phase {deg)

Y (5
Frequency (Hz)

T

g. 10. Open loop trequency responses of the designed converter

Vi, can be computed using a built-in mathematical
function in PSPICE program, which yields the value of
L.5A. Thus, the power switch current handling capability
must be rated higher than 1.5A. Ratings of other devices
can be quantified in a similar manner.

The error amplifier’s compensation circuit in (9) is
designed assumed that the converter is operated at the
full-load condition (Vi min = 198Vims, lomax = 10A).
Under this condition, L, is in CCM and thus the transfer -
function of a flyback converter in CCM in (7) is used in
the design. Substituting the relevant parameters intq (7)
and the peak-to-peak sawtooth voltage, V,, of 1.8V into
(8), the transfer function G,um(s)G,(s)-can be determined

(1+42.57x10™s)(1-2.41x10*s)

G, ($)Gpyy, () =63.14 —
A9y (1+60.09%105 +20.16x10” %)

(10)

Given Guum(s)Gp(s) in (10), the error amplifier’s
compensation circuit can be designed to give the open-
loop transfer function the desired frequency response.
The crossover frequency, f,, is chosen at 10kHz. The two
zeros of G.(s) are placed at w,= w, = 1kHz. The first
pole of G(s) is at origin, the second pole is placed at w, =
3kHz, and the third pole placed at w,;= 80kHz. Based on
the selected f. and pole and zero location of G(s), the
compensation circuit component values are calculated
and rounded off to the nearest standard values, obtaining
Rei = 400k€2, Ry = 240kQ, Re; = 150kQ, C¢y = 220pF,
Ccz = InF, and Cc; = 20pF. With the designed
compensation circuit, the open-loop frequency response
(i.e. the frequency response of G(s)Gpum(S)Gy(S)) is
plotted and shown in Fig. 10 by the solid line. The plot
indicates the high DC gain, the phase margin of 60° and
the crossover frequency of about 10kHz. It predicts that
the converter will be stable and exhibit good output
voltage regulation.
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The dashed line in Fig. 10 shows the open-loop
frequency response at the light-load condition (Vin. max =
242V ns. lomax = 1A). At this condition, L, is in DCM and
hence the converter’s transfer function has changed to
(6). In spite of this, the designed compensation circuit is
still able to maintain the converter’s stability and high
DC gain. However, the deterioration in the output voltage
response should be expected, as the crossover frequency
has reduced to about 1kHz. Fig. 11 shows a circuit
schematic of the designed prototype converter.

V. EXPERIMENTAL RESULTS

Tables I and II show the output voltage and input
power factor measured from the prototype converter. The
output voltage is well regulated at around 12V throughout
the converter’s operating range. This result agrees with
the prediction in Fig. 10 that the high DC loop gain
would yield the converter good output voltage regulation.
The input power factor is above 0.9 in most cases, except
some conditions at high lines and light loads that the
power factor falls under 0.9. The low power factor is
caused by the much distorted input current occurred at
those conditions. The AC input voltage and current
waveforms at the nominal input voltage and maximum
load current (i.e. Vi, = 220V, I, = 10A) are shown 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 input bridge rectifier. The current waveform
was analyzed and its harmonics were found to be below
the limits set by the IEC1000-3-2 Class D harmonic
standards. ,

Fig. 13 shows the secondary diode current waveform,
ipy. At I, = 4A (P, = 48W), ip; is in DCM (Fig. 13(a)). At
I, =5A (P, = 60W), ip; is in CCM (Fig. 13(b)). Therefore,
transition of L, from DCM to CCM has taken place at
some points between these two loading conditions. This
result corresponds with the prediction in Fig. 8, in which
- the operational mode transition of L, was seen to have
occurred when the output power is approximately S6W.
The output voltage transient responses of the converter
due to the load application/rejection are shown in Fig. 14.
In Fig. 14(b), the load application/rejection causes L, to
change between DCM and CCM, while L, remains in
DCM in Fig. 14(a) and CCM in Fig. 14(c) after the load
change. Of the three cases, the output response when L,
is in CCM (Fig 14(c)) is the most satisfactory because the

L, - 1004

error amplifier’s compensation circuit has been designed
for this mode of operation. The output response is
sluggish when L, is in DCM (Fig. 14(a)), due to the
dwindling crossover frequency in this mode of operation
(see the dashed line in Fig. 10).

TABLE !
MEASURED OUTPUT VOLTAGE
Vin Vout
1A 2A 4A 6A 8A 10A
198V 1 1200 | 1200 | 11.99 | 11.99 | 11.98 | 11.67
242V 12.00 12.00 11.99 11.99 11.98 11.97
TABLEII

MEASURED INPUT POWER FACTOR

PF
1A 2A 4A 6A 8A 10A
198V | 0.803 0913 0960 | 0.961 0.935 0.948
242V 0.718 0.846 | 0.939 0.950 | 0.950 0.944

Vin

TekK Run: 50.0kS/s Sample
M y

YWY : . ;
Fig. 12. Waveforms of the AC input voltage and current
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Fig. 11. Circuit schematic of the prototype S*-PFC AC/DC converter.
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Fig. 13. Waveforms of ipy when: (a) I, =4A (b) I, = SA
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Fig. 14 Output voltage transient response, when: (a) I, is stepped
from 1A to 3A (b) I, is stepped from 3A to 6A (c) I, is stepped from 6A
to 10A

VI. CONCLUSION

Design of a Single-Stage Single-Switch Power-Factor-
Corrected (S*PFC) boost-flyback AC/DC converter has
been described in this paper. The design is based on the
equivalent circuit in Fig. 5 which is a DCM boost PFC
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 voltage, V¢, is the output of the DCM
boost PFC and the input of the flyback converter. The
expression for V¢, can be derived from the power balance
principle. As given in (1) and (2), V¢, is a nonlinear
function of the input voltage, V,,, the output power, P,
the input inductance L, the inductance ratio L,/L, and
the flyback transformer’s turn ratio, n. Given V,, P, and
the arbitrarily selected L, L/L, and n, (1) and (2) can be
solved for V. It is an iterative process to find L, L,/L,
and n that gives the satisfied value of V. From the
equivalent circuit, it is observed that control loop design
of the S*-PFC AC/DC converter is the same as that of the
flyback converter with V¢, as the input voltage.
Therefore, once the value of Ve, has been determined,
design of the error amplifier compensation circuit can be
proceeded using the standard frequency response design
method. In the paper, various experimental results are
presented to support the design validity.
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