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Design Optimization of Single-Stage Single-Switch
Input-Current Shapers

Laszlo Hubey Member, IEEEand Milan M. JovanovicSenior Member, IEEE

Abstract—Design considerations for a recently introduced = — XF —

——a
single-stage single-switch input-current shaper (8CS) which ~|:3 L N2* D, Dr Ly
combines the boost-like front end with a continuous-con- Ly * el L7
duction-mode dc/dc output stage are provided. A complete e 'N NR: Np3li¢ Ng KDFW F -RL‘=Vo
design-oriented mathematical model is derived for both discontin- P L. 1 v+ L * B
uous and continuous conduction modes of operation of the boost @ T" 8T Ce
inductor. The design procedure is illustrated with the example of D,

a 5-V/20-A universal line-voltage range 8CS forward converter. o ok |
R
Index Terms—Ltine current shaper, power factor correction, (SW

single-stage ac—dc conversion.

Fig. 1. SHICS forward converter introduced in [6].
|I. INTRODUCTION

A NUMBER of single-stage single-switch input Currenplete design_—oriented analysis_is provided fpr both D_CM and
shaper (8ICS) circuits with fast output-voltage reg_CCM operations of the boost inductor. Design equations and

ulation were introduced in [1]-[11]. Most of the reportedjeSign curves for design optimization are given. The design pro-

SACS's employ discontinuous conduction mode (DCM) Otf.edure is illustrated on the example of a 5-V/20-A universal
operation in the ICS stage, usually with boost topology. In thegge-voltage range (90-264rg) SHCS forward converter.
circuits, low-input-current-harmonic distortion is achieved by

the inherent property of the DCM boost converter to draw a Il. DCM OPERATION OFBOOSTINDUCTOR

near sinusoidal current if its duty cycle during a line period ia. Analysis

held relatively constant. The implementation of the continuous
conduction mode (CCM) of operation in the ICS stage is mo
challenging because a single switch has to control two different ) " )

duty cycles; i.e., a constant duty cycle of the dc/dc converter (in 1) INPut voltage is a full-wave rectified sine wave
steady state) and a variable duty cycle of the ICS inductor. Up rec _ 17 |

to date, the CCM operation of the ICS stage has been reported V" = Vim|sin (wr )] @)

in [4], [6], and [9]{11]. The variable duty cycle for the CCM 2y |nputvoltage is constant during a switching cycle because
operation of the ICS inductor can be achieved by using an  tpe switching frequencys is much larger than the line
additional capacitance [4], additional inductance (leakage frequencyf, = wp /2.

inductance of the transformer and/or external inductance) [6], 3) Energy-storage capacitor volta§g is constant during
[10], and [11], or by employing the charge pump concept [9]. each half of a line cycle.

The SHCS circuits presented in [6] and [9]-{11] are particu- 4) All semiconductor components are ideal—only the for-
larly aFtractive as they are suitable for universal line-voltage  \yard voltage drop of the secondary-side diodes is not ne-
operation. glected.

In this paper, design considerations for tH#CS circuits in-  5) power transformer XF does not have leakage inductances,
troduced recently in [6] are provided. The forward converter — p,t possesses a finite magnetizing inductance.
implementation of the 8CS is s_hown in Fig. 1. The variable During a half of a line cycle, two DCM operations of the
duty cycle for the CCM operation of the boost inductb,  nast inductor are possible, as shown in Fig. 2. In DCMa, the

is achieved by inductanck; and/or inductancé.,, which can reset ofL  is completed before the reset of the transformer, i.e.,

be leakage inductance(s) of the transformer XF and/or exterlzi!LB < D,xr, which results in a triangular waveform &, ,

inductance(s). Principles of operation are given in [6]. A €OMyg shown in Fig. 2(a). In DCMb, the transformer resets before
the boost inductor, which yields a more complex waveform of
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Fig. 2.

where the peak inductor current is

(b)

Key waveforms in: (a) DCMa and (b) DCMb operation of boost inductor.

is the transformer-reset cyclg; i is the peak inductor cur-
rent defined in (3)i 1, .xr is the boost inductor current at the

e — %VB moment the transformer core reset is completed, i.e.,
iLBpk = L - D. (3)
Lpfs . N
_ ILprXF = — “AD,p, (10)
From the flux balance of the boost inductor Bfs
Ny No andAD,,, represents the additional reset intervalgf after
rec _ V1 D=|{14+2).vg—ve|.D, rLs :
<Um Np VB) K + NR> VB = } "EB the reset of the transformer is completedD, ., can be ob-
(4)  tained from the flux balance df
it follows that
N N. N
TP\ C] <vf§“——1-VB)~D:[<1+—2)~V3—vf§“} —
N, " Ng Np Ng Np
D+ Dyrp, = TN, o - D. ®) D+ (Vg —vi%) - AD,p,,. (11)
1 e Zm
* Nr Vs .
From (11), it follows that
Substituting (3) and (5) into (2), the average boost inductor cur-
rent in DCMa is obtained as <1 n &) Uit N+ N+ N,
rec N V N
2 Al —+ AQ = AD’I‘LR = L B Tec L -D. (12)
VD \Y Vin
;DCMa _ "B . B (6) 1] —
Lg,, 2LBfS 14 & B Uirgc VB
Nr Vs Substituting (3), (9), (10), and (12) into (8), the average boost
where inductor current in DCMb is obtained as
Nl NQ rec
AQ = 1 _ -_— B + B m
Np  Npg DOMb Vg D? L 2 Vg 13
and Lg,, — 27, f ) yrec ( )
A Moy 7 L Vy
1= - N_P 2- ( ) B
In DCMb, the average boost inductor current is determinéﬁq1ere
as B, <N1+N2>2 N1 NoNg (14)
) D+ D, D.xr+AD,;, . . - Y 2
PO — s X Lok %"LLBTXF 8) Np Np N3,
where and
Ng N N < NR)
Dyxp = —-D 9 By=1-— "+ — = .[2+— 15
TN ©) 2 Np Np Np (15)
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The boundary condition between DCMa and DCMb opera-
tions can be found from (12). The condition for operation of
L inDCMbisAD,., > 0,i.e.,
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Fig. 3. Operation modes of DCM boost inductor.

The operation modes of the DCM boost inductor are summa-
rized in Fig. 3. A typical line current waveform is also shown in  Substituting (1), (6), (7), (13)—(15), (20), and (21) into (19) at
Fig. 3. The zero-crossing angle (dead an@leis defined as  high line (viy, = Vimp sin(wrt)) whenVg = Vi nax, the ratio
of the boost and forward inductances can be obtained as

N,V . 2
8, = asin <—1 B ) (18) Vi (Np
NP ‘/inz L_B _ 277_H VB max NS 14+ E K (22)
Ly~ 7 | _Ne VotVi' v, )
NS VBmax

B. Design

Since the energy-storage capacitor voltagein a HICS is whereng is the assumed efficiency of the converter at high line

not regulated, it varies with the input line. To minimize the cos®"

itis desirable to keep’s below 400 V so that a capacitor with a Vimi . ®) Ny
Sl — ==

rated voltage of 450 V can be safely used. Therefore, the design ot v N
goal is to keep energy-storage-capacitor voltiigebetween a £r = / Ay —Lpax L— -sin (6) df
N2 ‘/irnH
maximum value Vg max (€.9., VB max = 400 V), and a min- bar I+ N,V sin(6)
imum value V3 i, [determined from the condition to kedps e maf/(
in DCM, see (26)], and to satisfy the line-current harmonic stan- x/2 | Brsin(@) + Ba 7 sin?(6)
dards such as, for example, IEC 1000-3-2 [12]. The design pa- +/ v B max de. (23)
rameters ard gz, Ly, Np, Ng, N5, N1, andN,. VoltageVz Oabrr 1— —tmH sin (6)
can be obtained from the input—output power balance B max
In (23),8, is the zero-crossing angle, defined in (18), apgy
o [fab DM e /2 DD rec v i; the DCMa—-DCMb boundary angle, defined in (17), at high
—/0 ify U df+— /0 ify. ) Uin 48 = line (Vi = Vimpr) andVe = Vi max.
d ab

\oltageVp = Vg i, at low line and full load when forward
wheren is the assumed efficiency of the converter. inductor L operates in CCMVp iy, is determined from the
Voltage Vi reachesVi mas at high line when forward in- condition to keepl.z in DCM, as shown in (29).

ductor L starts to operate at its DCM-CCM boundary, which Writing fo = I, max in (19) and substituting (1), (6), (), and
occurs at some output curreftpcr < I max. In fact, when (13)—(15) into (19) at low lin€vin, = Vi r sin(wrt)) when
Ly operates in CCM, the bulk-capacitor voltage increases WM? = VB min, the product of the boost inductance and switching
decreasing output current; however, whép enters DCM, [réquency can be obtained as

voltage Vp does not depend on the output current any more,

as explained in [3]. To achieve higher efficiency, it is desirable Vimz . <&) )
the DCM-CCM boundary of_ » to occur at a smaller output Lpfs= . V5 min Ns . (Vo +Vr) K5, (24)
current. Output currenk,pcy is determined as m 1) max Vo

where n;, is the assumed efficiency of the converter at
(Vo +Vr) - (1 = Dyin) (20) low line, and K is determined by the same expression
2LFfS as (23)1 by replaCing‘/irnHv VB max, edHa and eabH with
‘/inlLv VB min, edLa andeabLa reSpeCtiVEly.
where the minimum duty cycle),..;,, is obtained from the flux  Using (22) and (24), for selected values¥f, Ng, N, Ny,
balance ofLr as and NV,, and selected switching frequengy, the inductances
Ly and Ly will be determined. The values @&¥p, Ng, and
Np V,+ Vg Ng should be selected as for the conventional dc—dc forward
N_s ’ VB max (21) converter. FinallyN; and N, should be selected according to

Iopen =

Dmin =



HUBER AND JOVANOVIC: DESIGN OPTIMIZATION OF SINGLE-STAGE SINGLE-SWITCH INPUT-CURRENT SHAPERS 177

the following considerations. To keep the operation/gf in  which corresponds t®,,,,, = 0.42—0.48. To minimize the

DCM, the condition voltage stress on the switctNg = Np is selected. For the
selected values, design curves are presented in Fig. 4. As can
D+ Dyxp+ADy, <1 (25) be seen from Fig. 4(a) and (b), with increasiig, product

o _ o - Lpfs is decreasing and produétr fs is increasing. (Equiv-
should be satisfied (see Fig. 2). Substituting (9) and (12) ing@ently, with increasind. r fs, the ratiol,pcr /1, max, Which

(25) and using the flux balance éfr, it follows that represents the DCM-CCM boundary bf- at high line when
Vi reached’z ., IS decreasing, i.eL, operatesin CCMina
Vg > Vi + <& — M) AV, +Vp). (26) wider range of the output current.) Also, with increasivig the
Ns Ns THD of the line current is increasing and the power factor (PF)

is decreasing as shown in Fig. 4(c). Fig. 4(c) also shows the third
harmonic of the line current (which is usually the most critical
harmonic) related to the IEC 1000-3-2 Class-D limit [12]. The

Applying (26) at high line, the minimum value éf; + N can
be obtained as

N1+ Ny 51 VB max — Vimp o7y curves in Fig. 4(c) are obtained at nominal low likg,= 100
Np ~°  [(Np ) (@7) Vms and full load. (The limits fol; = 100 Vysare calculated
Ne )’ (Vo +Vr) by multiplying the nominal high liney; = 230 Vyys limits

with 230/100 = 2.3.) The corresponding curves ¥or= 230
The maximum value ofV; + N, is determined from the re- Vysare almost identical to the curves in Fig. 4(c). Line current
quirement for proper operation of the circuit during on time ovaveforms for three different values 8f; and Np = 32 (as

the switch [6] example), at; = 100 Vimsand 230 Vmsare given in Fig. 5.
As can be seen, the line current has almost identical waveforms
N+ Ny < 1. (28) atlow and high lines. In Fig. 5, the IEC 1000-3-2 Class-D en-
Np velopes as well as the ideal, sinusoidal line current waveform

are also shown. To keep the third harmonic below, e.g., 80%
of the IEC 1000-3-2 Class-D limit, it follows from Fig. 4(c)
that N; should be smaller than 22, 21, and 20 fép = 34,
32, and 30, respectively. A good design compromise is to select
Np = 32, N; = 20, andN, = 10. Then, from Fig. 4(a) and
(b), Lgfs =2.7HHz andLy fs = 0.161 HHz (e.qg., selecting
To optimize the performancé min should be as small as pos-f¢ = 75 kHz yieldsLp = 36 pH andLy = 2.1 pH), which
sible. It follows from (29) that smalle¥’s iin Will be achieved results in THD = 60.1%Jxy, / I31,7,im =~ 74.5%, and PF = 0.857
with larger N, 4+ N». Therefore, N, + N> should be selected at hoth nominal low and high lines.
close to its maximum possible value, i.&7; + N, should be
equal to the number of primary turns reduced by one or two
turns.

After selecting the suniV; + NV, the value ofiV; should A. Analysis

be determined from the tradeoff between direct energy transfef=or ccM operation of the boost inductance, it is necessary to
and, therefore, higher efficiency (largat;), and zero-crossing paye a substantial inductance connected in series with winding
distortion of the line current, associated with lower powerfactq{f1 and/or windingN,. The additional inductance can be the
and higher total harmonic distortion (THD) (small&f). In |eakage inductance of the winding (achieved by an appropriate
fact, Ny should be selected as large as possible to achieve highg{icture of the transformer) and/or an external inductance. This
efficiency and still to satisfy the line-current harmonic standargisqyctance provides the variable duty cycle fog to operate

Applying (26) at low line, the minimum value of voltagg; can
be calculated as

VB min Z ‘/irnL + <_ - 4) ' (‘/o + VF) . (29)

Ill. CCM OPERATION OFBOOSTINDUCTOR

such as, for example, IEC 1000-3-2 [12]. in CCM. Key waveforms which illustrate principle of operation
. are given in Fig. 6 for the case &f > L. After switch SW is
C. Design Example turned on at the beginning of a switching cycle, boost-inductor

The design procedure is illustrated on the example ofcairrentiy,, starts to commutate from winding (currentiy)
5-V/20-A universal line-voltage range (90-264n) S4CS towindingV; (currenti;). Because of inductandg , the slope
forward converter with reset winding. Maximum bulk-capacitoef currenti, is limited
voltageVg max = 400 V was specified.

First, N¢ = 3 is selected, which is a typical number of 1 N1+ No v,
secondary turns in computer power supplies with multiple out- dip Np B 30
puts. The number of primary turn¥p should be as large as dr I (30)

possible to maximize efficiency. However, the maximp

is limited by the maximum duty cycle..., < 0.5, at low and the commutation cyclaD is not negligible compared to
line. According to the considerations in the previous sectiofluty cycleD. As can be seen from Fig. 6, becausexid, the
N: + N, = Np — 2 is selected, which, from (29), yields effective duty cycle “seen” by the boost inductor is reduced
VBmim = 131V (Vg = 0.55 V). From the flux balance of

L, it follows that a possible range @¥p is Np = 30—34, Dy, =D —AD. (31)
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Fig. 5. Line current waveforms in DCM operation of boost induclidy £ 5V, I, = 20 A, Ns = 3, Np = Ng = 32, N + N, = 30).

Commutation cycled D can be obtained from the flux balance
of Lg, i.e.,

Ny
— {122 v, e
(+5z) v

+(VB—vf§“)~<1—D—

N
Vi (1 22 _ yree
“(n (i) -

Ngr
Np

Ngr
—D
vep)

).AD.

D
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After a few simple algebraic operation&,D is obtained as

Vas]
L U.rec I T 1
<1 + ﬁ) . <]_ _ ‘I/I]; ) D : 1-D T = t/Tg
AD=D- . (33 ra— D g —™ ]
LN N L (N o) O g ey =
Np Lp Np Vg Nr !
+

As can be seen from (33), the effective duty cycle “seen” by the
boost inductor is

rec

Dp,=D—AD~1— 25 (34)
Vs

which corresponds to the conventional CCM boost ICS. Note
that Dr,,, is approximately equal t01 — v[°/Vp) at Ny =
0, N, = 0,andL; < Lg.

To achieve CCM operation dfg, AD must be greater than
or equal to zero. From (33), it follows that

N Li\ N
1——1—<1+ 1) 2

'y
b
1 [
N L) Np Cooa
et 2 |1 D | V. (35) . I
1 ¢ ' [
Therefore, the boundary angle between DCM and CCM opera- : E ,’ 3 b
tions of L is defined as i : Yoo |1
¥4 N‘+N2)v Ve Y
. NP BI' , Y4
b v L} .
Ny Iy Ny e 1 g b
1——— 1+ — ) — t/Ts
. 1 Np Lp Np D Vi
= asin — . = .
1+ ﬂ . (1 i D) Vim Fig. 6. Key waveforms in CCM operation of boost inductor.

B
(36) Substituting (9), (33), and (38)—(41) into (37), after a number of

In CCM, the average boost inductor current is determined $i§1P/e algebraic operations, the average boost inductor current
in CCM is obtained as

(see Fig. 6)
. D+ Dyxp — AD jcom _ VB M+ N
iGN =1Io + EF AL Loew = Ty fs <1 -
1-D
+o7 (AL - AD) <1+£—1>-<1—%>
B B
1 _ D _ D AD N D - rec
XEEAD AL (37) 0, L1t
2 Lp Vg
where Uin Yin®
1—-=1}-([Ci+>2
: (-%)-(a+3%)
1_N1+N2 'VB +—B Co(D)+ B Tec B
, Np AD (39) 2Lgfs o, — Ly vig®
0 L/ Lg Vg “2)
irrelzc _ % - Vg where
AL = L (D —-AD) (39) Nr+N N.
o+ Li)fs ) =20 (1- 28280 p) 2 g
N.
Al, — R - D, 40 — _ﬂ & ﬂ
2 Lnfs xe  (40) G=-g 1t (44)
and
N.
(1-52) Vo - v Net Ny Lo (| N
AL = L -AD. 41 O=1—¥+—1<1——2> 45
3 Lgpfs (41) ? Np Ly Np (43)
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Again, for further calculations it is convenient to rewrite (47)

and (49) as
DCMa
;DCMa _ KL
LBao Lefs
and
DCMb
iEC]\'Tb — KLB . (52)
Bao Lifs
0 04 ea;, Opc T-Qpe M-Oap M0y T O=0, 1 Finally, the boundary angle between DCMa and DCMb is de-
| DCM CCM DCM fined as
a |b_| a
f-wfr—n] L
Ni+(Na+Ng) |14+ — v
Fig. 7. Operation modes of CCM boost inductor. 0. = asin Lp . 'B ] (53)

L Vvinl
Np+ Ng <1 + —1>
Lp

For further calculations, it is convenient to rewrite (42) in the

following form: . :
g The operation modes of the CCM boost inductor are summa-

com  KEEM KM 46 rized in Fig. 7. A typical line current waveform is also shown in
Leaw = L1 fs Lgfs (46) Fig. 7. The zero-crossing anglg is defined in (18).

During a half of a line cycle, before entering CCM, the boog Design
inductor operates in two DCM'’s, as described in Section Il. Fol- ) ) ) ) )
lowing the same derivation procedure as in Section II, the ay-1h€ design goal is, as already described in Section I, to

erage boost inductor current in the two DCM's is obtained as<€€P €nergy-storage-capacitor voltayg between a max-
imum value, Vg max, and a minimum valueVg ,in, and

;DCMa _ VpD? to satisfy the line-current harmonic standards such as, for
Leaw T 2Lpfs example, IEC 1000-3-2 [12]. The design parameters are
pree Ll pree prec 2 LB, Ll, LF, Np, NR,Ns,Nl,andNQ.
Ar + Ag“/—“ to Az + Ay ‘;’“ - <“/—“> \oltageVp can be obtained from the input—output power bal-
B B B B ance. Using (46) and (52), the input-output power balance can
Li \? Ny vi© be written as
1+— 1+ —/— -
Lp Nr Vg . 5 o 5 o
(47) - KpoMeuiee do + = / KpPMPuiee dg
Lpfs \ 7 Jg, T Jo,,
whereA; and A, are defined in (7) /2
z KCCM rec g
No\ M, + Lr Yin
Az =— (14— ) — T Joy.
Ngr/) Np ) -
and N N + - . <_ K COM,ree d9>
Ag=14 L4 2 (48) s \7 Je..
Np — Nr V.1,
=— (54)
whereas 7
aoomy _ VBD? wherer is the assumed efficiency of the converter.
LB, 2Lgfs Similarly to the 3ICS with DCM operation of_ g, voltage
B viee Ly o viee pree 2 VB = VB max at high line whenl g operates at the DCM-QCM
1+ D2 Vi + I 3+ Dy Ve  \ 7V, boundary at some output currelypcnr < 1, max. Substituting

5 Q), (7), (14), (15), (42)—(45), and (47)—(51) into (54) at high
<1 N g) <1 vffj“) line Wiy = Vimgsin(wrt)) andVpy,, ., the input-output

Lp Vg power balance yields
(49)
Kr,n Krpin _ Volopou (55)
whereB; andB, are defined in (14) and (15), respectively, Lpfs = Lifs i

B — Ny (2 Ny 1 (N3 + Ng) Ny 5 L (50) where Ky, ;r and K15 represent the expressions in the first
57 Np \Np T N2 T Ls and second parenthesis on the left side of (54)¢y is defined
in (20).
\Voltage Vg = Vg at low line and full load wherL. g
n Ny — 2N, B NoNg 9 g (51) operates in CCMVp ,,;;, Should be selected to be slightly larger
Np NI% Ly /)’ than the amplitude of the low-line voltad&,.;, (€.9.,Vs min =

and

By=1
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Lyts [HHz] (@) Lefs [HHZ] (b)
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20/ 200|| == 0 Ni=0
-— - 4
15 = o e 150 /
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—F 2 ~
10 121 100 S 112
- 8 /
I R Y - eme 4/
LrrraaEsas o | T -
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0 0 L
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loDCH
Lrts [HHz] (c) Tomax (d)
1 T 1 1 }
| N, ,
08| == 0 g 0.8 Ny=0 |
- e 4 ” ?
= Pd "
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Fig. 8. Design curves for CCM operation of boost inducldf & 5 V, I, max = 20 A, Ng = 3, Np = Ng = 32).

Vimr, + 1). Also, Vs in has to satisfy the condition for CCM  Using (56), for a selected ratio of inductancés/Lg, the

operation ofL 5, defined in (35). product of inductancé.; and switching frequency's is ob-
Writing I, = I,max in (54) and substituting (1), (7), tained as
(14), (15), (42)—(45), and (47)—(51) into (54) at low line
[vin = Vimpsin(wrt)] and Vg = Vi i, the input—output
ower balance yields L
p }/(L L KLlL V;)Io max KLlL + L_IKLBL
z = . (56) Lifs=mn1 s (57)

LBfS LlfS N L ‘/o-[omax
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Fig. 9. Line current waveforms in CCM operation of boost induciéy € 5V, I, = 20 A, Ns =3, Np = Ng =32, Ny = N, =0, Lg/L, = 1.54,
Lpfs =29.31, L1fs = 19.05, Lrfs = 0.159;e.9.,fs = 75 kHz, L = 391 puH, L; = 254 pH, Ly = 2.11 pH).

Furthermore, substituting (20), (21), and (57) into (55), tk Vin=100 Vims Vin=230 Vims
product of forward inductancé g and switching frequencys e : ' C C
is obtained as

L L/
n Krip + ﬁKLBL (a) i
LFfS_— a H N Fooo R
Y Kt K wosan TN v T\
in [1AdiV] S in [0.5 A/div]
V+VF 1_ Np Vo +VF> (58) ‘ L
N VBmaX ’

From (57) and (58) ‘for selected valuesl‘élﬁ Ng, Ns, Ny,
and V2, and for selected switching frequengy, inductances
Ly, Lg, and Lg will be determined. The values @fp, Ng,

(b)

and Ns should be selected as for the conventional dc—
forward converter. FinallyV; and N., should be selected i A NNGS S B
according to the following considerations. valSOVAV Cp NS hV““°°V’d"’1 I ANV
Applying the condition for CCM operation df at high line, TSI S ORI Lt v
from (35) the maximum value a¥; + N, can be obtained as 2 ms/div 2 ms/div
N+ N, L, N, Fig. 10. Experimental line voltage and current waveforms at: (a) DCM and (b)

CCM implementation oL 5(V, = 5V, I, = 20 A).

Np Lp Np
1+ L (1 = Duin) V. are of less practical interest because they result in signifi-
Ly 1——m2 ) (59) cantly reduced efficiency of the converter. For the selected

D min VB max N i i
The minimum value ofV; + N, is zero. In fact, it follows from v:_:llues of Ns, Np, and N, dgsugn curves are ShOW!’I n
Fig. 8. As can be seen, with increasifg, and increasing

(33) and (34) that the CCM operation bfz best corresponds N, the productsL, fs and Lpfs are decreasing and the

to the conventional CCM boost ICS &, = 0 and N, = 0.

Therefore, the selection @&f; and NV, should follow the tradeoff product Ly fs s increasing. (Equivalently, with increasing

between circuit efficiency and line current distortion. Lrfs, the ratio [opcn/lomax iS decreasing, which means
that Lr operates in CCM in a wider range of the output

current.) It should be also noticed that produetfs only

slightly depends on the ratio of inductances/L1, Fig. 8(a),

As in Section Il, the design procedure is illustrated on thend, therefore, produdiy fs linearly increases witll 5 /L1,
example of a 5-V/20-A universal line-voltage range (90-264s shown in Fig. 8(b). According to (33) and (34), A5
Vimg SACS forward converter. Maximum bulk-capacitorand Ns increase, the line current becomes more distorted.
voltageVig max = 400 V was specified. It will be shown that unlike in the case of the DCM op-

As in Section ll, Ns = 3, Np = Nig = 32 are se- eration of Lg, where the line current waveforms at nom-
lected. Furthermorels i,y = 130 V is chosen, which yields inal high and low lines are almost identical, in the case of
Dy = 0.455. According to (59),N; + N, < 17 at L; « the CCM operation ofL g, the line current at high line is
Lg, and N; +2N, <5 at I.; = Lg. Cases whernl.,; > Lg significantly more distorted than at low line. THD of the

<1-—

C. Design Example
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Fig. 11. Experimental line current harmonics at full load at:Wa)= 100 Vimsand (b)V; = 230 Vs

line current, input power factor (PF), and the first six odd
harmonics of the line current related to the IEC 1000-3-2
Class-D limits [12] versus the ratio of inductandes/L;, at
nominal high line,V; = 230 Vs are shown in Fig. 8(e), for  To verify the design procedure of theiSS forward con-

Ny = Ny =0 as an example. It follows from Fig. 8(e) thatverter for both DCM and CCM operations éfg, a 5-V/20-A
Lg/Ly should be selected around 1.5 in order to satisfy thmiversal line-voltage range (90-264p\9) SACS forward
line-current-harmonic requirements. Line current wavefornt®nverter shown in Fig. 2 was built. The following components
for Lg/L; = 1.54 at both nominal low and high lines arewere used for the implementation of the circuit with DCM
shown in Fig. 9. The IEC 1000-3-2 Class-D envelope andg: Cyp,—1 uF; Dy, Dy, and Dg—BYM26E; Dy and
the ideal sinusoidal line current waveform are also shown Mgy —IR 40CPQO045; SW-IXTK21N100C 5—330 1F/450
Fig. 9. As can be seen from Fig. 9, the line current wav&;, Lrp—2.1 pH; Cp—3 x 2200 pF; Lp—34 pH; and
form atV; = 230 Vs is significantly distorted compared toXF-EER35 core withVp = Ng = 32 turns,N; = 20 turns,
that atV; = 100 Vims In fact, the line current is distorted No = 10 turns, andNs = 3 turns(L; =~ 0 andL, =~ 0).

at high line because of the narrow CCM rangelof (the For the implementation of the circuit with CCM g, except
boundary angle between DCM and CCM operationsLgf for inductors Ly and L, and transformer winding®’; and

is 6. = 69.8°). To reduced,.. at high line, D,,;, needs to be N,, all other components were the same as for the imple-
increased, as follows from (36). Thereforr < Np should mentation with DCMLg. In the implementation with CCM
be selected. However, a larger unbalance betw®denand Lpg, Lg—400 pH, XF with Ny = N, = 0, andL; = 260 pH

Np is not desirable because of the increased voltage stréssternal inductance) were used. In both implementations,
on the switch and the forward diode. Therefore, transformétre same low-cost current-mode pulsewidth modulation
reset techniques that allow for a larger maximum duty cyc{WM) IC controller (UC3845) was used to implement a fast
with reasonable stress on the semiconductor components @ugput-voltage feedback control. The switching frequency of
more suitable for the implementation of the forwarllGGS both implementations was constant at 75 kHz throughout the
in CCM at the universal line-voltage range. entire line voltage and load range.

IV. EXPERIMENTAL RESULTS
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TABLE | [4] H.Watanabe, Y. Kobayashi, Y. Sekine, M. Morikawa, and T. Ishii, “The
MEASURED PF, THD, V5, AND suppressing harmonic currents, MS (magnetic-switch) power supply,”
EFFICIENCY (V, =5V, I, = 20 A) in Proc. |IEEE Int. Telecommunication Energy Conf. (INTELEGSt.

1995, pp. 783-790.
[5] F. Tsai, P. Markowski, and E. Whitcomb, “Off-line flyback converter
DCM L CCM Ly with input harmonic current correction,” Proc. IEEE Int. Telecommu-
nication Energy Conf. (INTELECPct. 1996, pp. 120-124.

. [6] L. Huber and M. M. Jovanovic'Single-stage, single-switch, isolated
Vin Vers]]  PF THD | Va[V1| nl%] | PF THD | Vs V1| (%] power supply technique with input-current shaping and fast output
90 0845 | 61.4 130 | 76.0 | 0912 | 435 128 | 76.6 voltage regulatio_n for universal inpyt-voltage-range applications,” in
100 0.845 | 61.7 145 | 765 | 0.809 | 47.1 143 | 771 g;c;c.zlgEOEE Applied Power Electronics Conf. (APEGEb. 1997, pp.
132 0.841 | 63.1 194 | 77.1 { 0858 582 | 193 [ 78.0 [7] P. Kornetzky, H. Wei, and |. Batarseh, “A novel one-stage power factor
180 | 0.840 | 634 | 266 | 76.7 | 0.820 | 67.7 | 265 | 77.7 correction converter,” ifProc. IEEE Applied Power Electronics Conf.
230 0838 | 633 | 340 | 755 | 0796 | 72.6 | 338 | 76.4 (APEC) Feb. 1997, pp. 251-258. . ] )
264 0.836 | 63.1 390 | 742 | 0785 | 741 388 | 75.4 [8] VY.S.Lee, K. W. Siu, and B. T._Lm, _Novel smgle-_stage |sol'ated power-
factor-corrected power supplies with regenerative clampingPric.

|EEE Applied Power Electronics Conf. (APEEEb. 1997, pp. 259-265.
[9] J. Qian and F. C. Lee, “A high efficient single stage single switch high
) ) ) power factor ac/dc converter with universal input,”Rnoc. IEEE Ap-
Experimental line-current waveforms at both nominal low and  plied Power Electronics Conf. (APECjeb. 1997, pp. 281-287.
high lines. and full load. are shown in Fig 10. For both im_[lO] J. Sebastian, M. M. Hernando, P. Villegas, J. Diaz, and A. Fontan, “Input
! ' . : ) . current shaper based on the series connection of a voltage source and
plementat|on_5 of.p, the expe”mental waveforms are in goqd a loss-free resistor,” ifProc. IEEE Applied Power Electronics Conf.
agreement with the theoretical waveforms. The measured line- (APEC) Feb. 1998, pp. 461-467.
current harmonics are shown in Fig 11. As can be seen. the |Et1:1] G. Hua, “Consolidated soft-switching ac/dc converter,” U.S. Patent
e s . o 5790389, Aug. 4 1998.
1000-3-2 specifications are satisfied for both implementations 9
of Lg. Table | summarizes the power-factor (PF), total-har-
monic-distortion (THD), bulk-capacitor-voltagé’s ), and ef-
ficiency measurements [including in-rush-current limiter an
electromagnetic interference (EMI) filter] at full load. The CClV
implementation ofl. g yields Vg 0 = 400 V andVps ax = p
800 V at 10-A load current, while the DCM implementation |
of L results in slightly larger valued/g ,,,.. = 410 V and 1
Vbsmax = 830 V at 12-A load current. All the experimental

results are in close agreement with the analytical results. d : h
i
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