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Abstract— A new single-stage single-switch input-current- e
shaping (SICS) technique, which combines the boost-like L D,
input-current shaper with a continuous-conduction-mode (CCM) e
dc/dc output stage, is described. In this technique, the boost |« VN Ng 3||Np
inductor can operate in both the discontinuous conduction , "
mode (DCM) and CCM. Due to the ability to keep a relatively @
low voltage (<450 Vi.) on the energy-storage capacitor, this D
technique is suitable for the universal line-voltage applications. w [
The voltage on the energy-storage capacitor is kept within the DR% rsw

desirable range by the addition of two transformer windings.
The principle of operation of the S'ICS circuit with a forward

dc/dc converter is presented. Experimental results obtained on Fig. 1. S'ICS forward converter introduced in [3]. Winding/;, shown
a 100-W (5-V/20-A) prototype circuit are also given. dashed, is added for improved performance as described in [8].

~Cin I VgTCy

Index Terms—Fast-output-voltage regulation, line-current

shaper, power factor correction, single-stage ac—dc converter. . .
adds components and complexity and, consequently, increases

the cost. The cost increase is especially undesirable for low-
I. INTRODUCTION power supplies used in consumer electronic prpducts such
i as, for example, personal computers, low-end printers, home
HE HARMONIC content of the line current drawn fromappliances etc
I the ac mains by;’:\ piece of ele<r:]tron|c equipment is regu-y, 4 effort to reduce the component count and also improve
ated by a number of standards whose requirements depgnd erformance, a number of single-stage ICS techniques have
on the type of the equipment and its power level [1]. TReen introduced recently [3][8]. In a single-stage approach,
comply with these s'gand_ards, input-current shaping (I_CS) fﬁfput-current shaping, isolation, and high-bandwidth control
off-line power supplies is necessary. So far, a variety %f,re performed in a single step, i.e., without creating an

passive and active ICS techniques have been proposed. Wile mediate dc bus. Generally, these converters use an internal

the passive techniques can be the best choice in many cQgfa gy storage capacitor to handle the differences between

sensitive applications, the active ICS techniques are useddil \aring instantaneous input power and a constant output
the majority of applications due to their superior performancg ..o,

The most_ commqnly used _active approach that meets high'Am(;ng the single-stage circuits, a number of circuits de-
power quality requirements is a two-stage approach [2]. Wyineq in [3], [5], [7], and [8] seem particularly attractive
this approach, a nonisolated boost-like converter is used 35,5 e they can be implemented with only one semiconductor
the input stage that creates an intermediate dc bus withy@ich and a simple control. Except for the circuit in [7], all

relatively large second-harmonic ripple. This ICS stage [jner ¢ics circuits employ the DCM operation in the ICS
then followed by a dc/dc converter, which provides 'SOlat'OQtage, mostly with boost topology. In fact, in these circuits,

and high-bandwidth voltage regulation. For high-power levelgy, innt_current harmonic distortions are achieved through

the ICS stage is operated in the continuous conduction Magg inperent property of the DCM boost converter to draw a
(CCM), while the discontinuous conduction mode (DCM) Ofaar sinusoidal current if its duty cycle during a line period

operation is commonly used at lower power levels due 0;@ held relatively constant. As an example, Fig. 1 shows

simpler control. ) ) . . . the forward-converter implementation of thé16S concept
Although relatively simple, mature, and viable in wid§yaqcribed in [3].

power-range applications, the two-stage approach suffers fromynije hoost inductotl. 5 in the ICS stage of the converter
several drawbacks. First, due to two-stage power processwg,;ig' 1 must operate in DCM, output filter inductér can
conversion efficiency is reduced. Second, a separate ICS Stﬁgedesigned to operate either in DCM or CCM. According
to the analysis in [6], ifLr oOperates in CCM, the energy-
Manuscript received December 6, 1996; revised October 6, 1997. Recastorage capacitor voltagés shows a strong dependence on

mended by Associate Editor, J. Thottuveiil _ the line voltage and output current. In fadf; increases as
The authors are with the Delta Power Electronics Lab., Inc., Blacksburﬁ_l . .

VA 24060 USA. e rms of the line voltage increases and/or output current
Publisher Item Identifier S 0885-8993(98)03348-1. decreases. For a converter in Fig. 1 designed for universal

0885-8993/98$10.001 1998 IEEE



HUBER AND JOVANOVIC: SINGLE-STAGE SINGLE-SWITCH INPUT-CURRENT-SHAPING TECHNIQUE 477

line-voltage range from 90 to 270,Y, Vs can exceed 1000
V4. at high line and light load ifLz operates in CCM. Lg N, b,
The voltageVp can be substantially reduced by employing .

the variable-switching-frequency (VSF) control as described: N . N"j Ne

in [9]. However, even with a wide range of switching fre- @ =Ci, VeT=Cq
quency, Vg cannot be kept below the desirable 45Q,.V D,

(typically used in conventional ICS’s). \VoltagEp can be ™ |
kept below 450 . only if Lg is designed to operate in DRZ% (sw

DCM. As explained in [6], in that casé/g is independent

of the load current, but depends only on thg/Lp ratio. Fig
However, for low-voltage high-current applications, the DCM ™
operation of Lz is not desirable because it results in much
higher stresses in semiconductor components compared to the

. : itan nd represent ideal short an n circuits in
CCM operation. As a result, the approach proposed in [3] ?é;\p_ac tances and represent _dea short ar d open circuits
: L ; . ; their on and off states, respectively. Also, it is further assumed
not practical for applications with the universal line-voltag

range that the power transformer does not have the leakage induc-

Voltage Vs can be further reduced by the addition of éances because of the ideal coupling, but possesses a finite

o 1ty RO, s i o 5 sho TSI e Frly. i el e, e
with the dashed line in Fig. 1 [8]. With winding/;, when ' P 9 9

switch SW is closed, the induced voltage acrdss is in a switching cycle because the switching frequency is much

opposition to rectified input voltage:°. As a result, to keep higher than the line frequency.

the same volt-second product acrdss, a larger duty cycle is

necessary. With a larger duty cycle ahg operating in CCM, A. DCM Operation of Boost Inductor

voltageV will be reduced. In addition, through the magnetic To further simplify the explanation of the circuit operation,

coupling of windingsV; and Ns, part of the input energy is it is assumed that the inductance of ICS inducfog in

directly transferred to the output. Fig. 2 is small so thatLz operates in DCM and that the
In this paper, a new‘$CS technique, which combines theinductance of the output-filter inductdiy is large enough

boost-like ICS with a CCM dc/dc output stage, is describego that L, operates in CCM. To facilitate the analysis of

The boost inductor can operate in both DCM and CCM. Dusperation, Figs. 3 and 4 show the topological stages of the

to the ability to keep a relatively low voltage on the energyconverter during a switching cycle and its key waveforms,

storage capacitofVz < 450 V), this technique is suitable respectively.

for the universal line-voltage applications. The voltagg During the on time[T — 77], switch currentisy is given

is kept within the desirable range by the addition of tw@y the sum of ICS inductor current s, primary-winding

transformer windings, as shown in Fig. 2. By connecting thgurrent i, and magnetizing currenty;. To help visualize

windings so that the voltages across them are in oppositigie components of switch curreiy, Fig. 4 uses different

to the input voltage when they conduct the boost-induct@atching patterns for each component. From Fig. 3(a) and

current, the volt-second balance of the boost-inductor comgnpere’s law, the currents flowing in the transformer are

is achieved at a substantially lower voltalfg compared to related as

the other known approaches. In addition, for the forward and

flyback converter-type ‘9CS’s, a direct transfer of a part of Npip + Nyirp — Ngig = 0. (1)

the input energy is achieved by the winding, which appears

in series with the boost inductor during the on and off timq?herefore, secondary current during on-time can be ex-
respectively. pressed as
Although in the next section the new ICS technique is
described for the forward-converter implementation, this tech- . Np . Ny |
nigue can be applied to any other single-ended, single-switch, ts = Ng tp+ Ns tLB- (2)
isolated, and single- or multiple-output topology, such as the
flyback, Cuk, sepic, zeta, and other converters. Furthermoligcan be seen that the secondary current, which during on time
the concept described in this paper can be extended to hajgpplies output energy, is composed of two components which
and soft-switched multiswitch converters, such as two-switglbtain energy from different sources. The energy transferred
forward and flyback converters, as well as the bridge-typg the secondary, which is associated with primary curignt
topologies. is obtained from the discharging energy-storage capa€itgr
while the energy associated with ICS inductor currgn is
drawn directly from the input line. The hatched areas in the
1, Waveform in Fig. 4 indicate the two current components.
To simplify the analysis, it is assumed that all semicon- When primary switch SW is turned off @&t= 77, current
ductor components are ideal. According to this assumptian,s, which was flowing through switch SW, is diverted to
the primary switch and the rectifiers do not have parasitenergy-storage capacit@fg, as indicated in Fig. 3(b). The

2. Proposed ‘3CS forward converter.

Il. PRINCIPLE OF OPERATION
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Fig. 3. Topological stages of*8CS forward converter withL.g in DCM.

downslope ofi;p is given by To ensure a proper operation of the circuit, the number of
turns of windingsV; and N» must be selected so that rectifier
‘ Ve <1 + &) Vg Ds is off during the time switch SW is closed. From Fig. 3,
dirp " N this condition requires that
dt L ' ®)
N N Ny N No
Since during off timeirs needs to decrease to zero to N, Vb + N Ve <Vp, oOr Ny T, < 1. (8
completely reset thd. g core, the voltage applied acrofs;
must be negative, i.e., To maximize the direct energy transfer, it is desirable to
select ratiaV; /Np as large as possible. However, a larger ratio
<1 " &) Vg > v @) causes larger input-current harmonic distortions, as illustrated
Ng m in Fig. 5. Namely, ;. current and therefore the input current

o _ cannot flow until the line voltage exceeds ti§-winding
It can be seen that Wlth Wl_ndlnyg, the required reset voltageyoltage (V; /Np) V. Therefore, by increasingV, /Np, the
for L can be obtained with a smalléj; because of induced zero-crossing distortions are increased due to a larger dead

voltage (N2/Ng) Vi across windingV,. angle. The dead angt can be calculated from
The reset of the transformer core is done by reset winding

Ng. The reset winding carries also reflected input curigmpt ek Vg

because of the magnetic coupling between windingsand f = asin <N_P ' \/§Vm> ")

Ng. According to Ampere’s law, reset winding current is

given by whereVi, is the rms input voltage. The relationship betwéen

and total harmonic distortion (THD) is discussed in [10]. In ad-
tgp = i i+ N iLB. 5) dition to these crossover harmonic distortions, the input current
Nr Nr contains harmonic distortions caused by the finite downslope

of iy g, as explained and quantified in [11]. Generally, these

As can be seen from Fig. 3(b), during the off time, ENe%istortions decrease as thes downslope increases.

stored in L is discharged toC’ through two paths. One g, duty cycle of the switch is determined by the fast (wide-
path is the direct path through rectifiél,, whereas the other . .
. - . bandwidth) output-voltage control loop. If the voltage ripple
path is the indirect path through the reset winding. The ratig . . . .
. ) ) . il Cp is small, the duty cycle is essentially constant during
of the indirectly and directly discharged energy is determlnea half of a line cvcle
by turns ratioN2/Ng. In Fig. 4, the energy stored ik p y
completely discharges at= 1. Np V,
At t = T3, the flux in the core of the transformer is D= N_s ’ Vo' 8
also reset, therefore, the voltage across the transformer col-
lapses to zero, as indicated in Fig. 3(c). The topological stageTo use the above equations, energy-storage-capacitor volt-
in Fig. 3(c) lasts until the initiation of the next switchingage Vz needs to be known. By applying the input—output
cycle. power balance principle to the circuit in Fig. 2, this voltage
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Fig. 4. Key waveforms of §CS forward converter withZz in DCM.

can be expressed in an implicit form as

2

Np N2 Nl
n N—S\/ivmvo _1+N_R_N_P 1
™ VB VO . IO LBfS

sin”(z) M Vs sin(x)
/2 Np 2V
dr =1 (9)
0 1 N V2Vin in(x)
Nr VB

wheren is the assumed efficiency of the converter dpds
the output (load) current.

As can be concluded by inspecting (9)g increases as
the line voltage increases and/or the output current decreases.
Therefore, Vg is the highest at high line and light load.
Depending on the minimum load specificatiorig; might
exceed the desired voltage levgt450 Vy.) even with the
maximum possible induced voltage on windi. In that
case, the desiretlz can be achieved either by VSF control or
by operatingLr in DCM at light loads. Namely, from (9), it
can be seen thafy is inversely proportional tgs. Therefore,
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fec

is governed b
Vin. = V2 Vi Isin (o, )] g Y

Ny dis di, M
- — Leyo — — Lepg — — — =0. (10
Vi Ny VB + Leg2 o Mg T Ny Vb (10)
Since during the commutation intervfil, — 73] boost-
Ny y inductor currentizz does not change significantly due to a
Np VB relatively large inductance of boost inductbg required for
0 x ot the CCM operation, it can be assumed that
. di di
iLg =11 +1i2 =const, i.e. ﬁ = —ﬁ. (12)
From (10) and (11), the slopes of currentsandi, during
commutation interva|T, — 73] are approximately given by
Ny + N
. . 1-— Mt Ve
@ — _@ — Np (12)
6 pefon 6| ot dt ~ " dt  Leas + Lero
1 oTs f
Dead Angle Also, it should be noted that durin@, — 73], the voltage

. . of the common node of the boost inductor, windiig, and
Fig. 5. Line voltage and current waveforms ofISS forward converter — =~ . . . . .
with L operating in DCM. winding NV, [nodeY in Fig. 6(a)] is given by

M) Moy
by increasing the switching frequency as the load decreases 1- Np ekl + Np ek2
and/or line voltage increases, voltaffg can be limited to Y Lori + Loro B
the desired level. One implementation of the VSF control is o ' '
described in [9]. At light loads}ys can also be limited by as indicated in Fig. 7(b).
resorting to DCM operation af . As described in [6], when  After the commutation of; 5 is completed at = 17, the
both Lp and Ly operate in DCM,V5 is independent of the entirei 5 flows through windingV; as shown in Fig. 6(b).

output current, but only depends on thg /L ratio. During [T} — T3] interval, boost-inductor currer s is given
by
prec ﬂ V prec ﬂ V
B. CCM Operation of Boost Inductor dicp _din _ ™ Np P ~_—  Np P (14)
dt dt Lp+ Lepa Lg

In the preceding explanation, it was arbitrarily assumed, for
the sake of description simplification, that the inductance @fhere the approximation assumés; > L. From (14),
boost inductorLg is small so thatL_B glways operates In it can be seen that if the instantaneous rectified-line voltage
DCM. However, the proposed ICS circuit shown in Fig. 2 cafrec js smaller than the dc voltage across winding, i.e.,
also properly operate for larger values bf; which result vi® < (N1/Np) Vi, n04p can build up in inductod. ;.

1

in the CCM operation ofL. To facilitate the explanation aq 4 result, the line current (average iofs) contains zero-
of the circuit operation withL g operating in CCM, Figs. 6 crossing distortions caused by dead angléwhich can be

and 7 show the topological stages and the key Waveforr_r&%l’lculated from (7)] of current;g. On the other hand, for

respectively. It should be noted that while the leakage N > (Ni/Np) Vi, iz, can flow after commutation interval

ductances_ of the tran_sfo_rme_r have no _sign_ificant effect ?E‘)_Tl] is completed, as shown in Fig. 7(c). However, during
the operation of the circuit witll,; operating in DCM and, E time intervals for’whichﬁe‘: is only slightly higher’than

consequently, were neglected in the preceding explanation, L m .
leakage inductances of auxiliary windingg and N, play a 1/Np) , Vb, R dlSCOﬂtII’]‘UOUS. Therefore, .durlng one
major role in the operation of the circuit with; operating half of a line pgrlod, the b_oost. inductor operates in both DCM
in CCM and cannot be neglected. As a result, in Fig. 6, tfd CCM, as illustrated in Fig. 8. _

leakage inductances of windings; and N, are shown as From Fig. 6(a) and (b) and Ampere’s law, it follows that
leakage inductanck;; in series with windingV; and leakage Secondary currenis is given by

inductancel;;. in series with windingV,. Np N N,

Due to the CCM operation of.z, at the moment imme- ig = —— ip+ — i1 — 4 (15)
diately before primary switch SW is turned on, the entire o
boost-inductor current g is flowing through windingV, and  during commutation intervdlly — 71] and
rectifier D, into bulk capacitoiC . After switch SW is closed
att = 1y, currenti; g starts commutating from windingV, is = & ip+ & : (16)
to winding N;. According to Fig. 6(a), thé;, g commutation Ns
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Fig. 6. Topological stages of*8CS forward converter withLg in CCM.

during [71 — T3] interval. During turn-on intervellp — 73], the  Since according to (6), for proper operation of the circuit

output energy is supplied from bulk capacit@i by current Np > N; + N, and for a typical designVg = Np, the

ip and directly from the source by curreiyts, as indicated dig/dt rate is indeed negative, as shown in Fig. 7(g).

in Fig. 7(d) by hatched areas. The voltage of nod&” during commutation intervdlls —
After switch SW is turned off at = T» (Fig. 7), boost- T3], V;°'F can be calculated from the circuit in Fig. 6(c), with

inductor current .z begins commutating from winding/; to  the help of (17), as

winding N,. At the same time, the transformer core starts the

reset pljasg by transferri_ng magnetizing inductaingeo t_he <1 + %) Loy + <2 _ %) Leso

reset windingNg, thus discharging the energy stored in the {/OFF _ R R 20
. : Vy Ve. (20)

core into bulk capacitor’p. Lep1 + Lero

From Fig. 6(c), using (11), the slopes of currefitsand i,

i  HST After the commutation interval is completed at= 13,
during commutation intervdll>; — 73] can be calculated as

the entire boost-inductor curreit g flows through auxiliary

N; + N, winding V, into bulk capacitoiCs, as shown in Fig. 6(d). As
di, dis <1 - 4NR ) Vi the transformer continues to reset aftee T3, reset current
U@ T LaitLoe (17) ig continues to decrease with the slope given by
F_rom Fig. 6(c)_ano! Ampere’s law, reset-winding currégt ‘ <1 + &) | y
during [13 — T3] is given by din __| N2 Nr <&) Vs
Np — N, N, Np dt Nr Lgp Nr/) Lu
iR=———— 11+ — 2+ — im. (18)
Ng Ng Ng 21)

The downslope ofg during [75 — T3] is . . .
. where the approximatiod.g > Lo is used. Equation (21)
dig _ _[(Np—= N1 = No)(Np— N1 = N») v is obtained from (18) by setting, = 0 andi, = i and
dt NE(Lepy + Lerz) B by using the expression feki ;5 /dt during [T5 — T4] interval
<NP>2 Vs given in (23). Since the slope @f in (23) is much smaller
+ - -
Nr) Lum

. (19) than the slope of; andis in (17) due to a relatively large
value of L, thedig/dt rate during[T5 — Ty] is much smaller
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Fig. 7. Key waveforms of 9CS forward converter withLg in CCM.

than that during commutation intervfl; — 73], as indicated  During [15 — 74] interval, the downslope of boost-inductor

in Fig. 7(9).

currentiy g is given by

The transformer reset is completedtat 7T, when reset

currentip becomes zero. It should be noted that when . <1 + &) Vi — vree
reaches zero at = 7, magnetizing current,; is negative dicp _ _ Nr "
and equal to dt Lp+ Lega
N:
(t=T)) = =32 iznlt = T) (1) v
il =T) = —=—iLg(t =14 (22) o — R . 23
NP LB ( )

as shown in Fig. 7(e).

After the reset of the transformer core is completed at
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t = 14, the voltages across all transformer windings become Vi€ _J2 V. Isin (@.1)]
zero. As a result, the voltage across switch SW becomes equal L "= n -
to voltage Vg, as shown in Fig. 7(b). At the same time, a

part of magnetizing currenty;, which is negative at = 7,

starts flowing through secondary windiags and rectifierDg.

Since the voltage across the transformer windings is zgfo,
stays constant until the next switching cycle is initiated at %lVB
t = T5. From Fig. 6(e), applying Ampere’s law for the final E
time, secondary currei during [T}, — 73] interval is given by |0 '@ o 70 T ot
i o
. Np . Ny . Ny . Ny . LB\ 4 Y i
P —__ %, — %, t:T %, . . \ in =</LB >
is Ng M, BT irB( 1) N B - AY
(24) AR .
During [Ty — T3], iLp continues to decrease with a smalle A ’_ * RN ) A\
downslope given by AN . * YA,
d,‘ V __ prec V __ pyrec ) e o, t
i iy O b
t B+ Liek2 B Dead Angle

as shown in Fig. 7(c). Fo s L " J . . fles | § .
. . . . 1g. o. Ine voltage and current waveiorms o orwara converter
From the preceding analysis of the proposétCS circuit with L operating in CCM.

operating withLz in CCM, it can be seen that the leakage
inductancesL,; and Ly. of auxiliary windings N; and

N, play significant roles only during commutation intervals N D
[To — T1] and [T, — T3]. Namely, assuming negligible leakage Le Ne .
inductances, i.eL;1 = Lie = 0 in Fig. 6, the volt-second- §N1 S A
product balance during the on and off times is given by VIC) . -
_ rec Nl _ D
Aon = | viy" — N Vs ) Ton = Aorr by
r T
No
=V — VB — v} Tree
< B+ Nn B Um> t
+ (Ve — vi5°) (Torr — Liset) (26) Fig. 9. Flyback implementation of'$CS.

whereApn and Aprr are the volt-second products during the

on and off times, respectively, arlfl,.; is the reset time of whereV;®~N andV;*F are the voltages of nodg in Fig. 6(a)

the transformer core, indicated in Fig. 7(b). given by (13) and (20), respectively, whitsl’ON andATOEF
Since for the fast-output-voltage control the duty cycle afre the commutation intervalg;, — 71] and [T — T3], respec-

switch SW is constant over a half of a lifiE;x andZopr are tively, as indicated in Fig. 7(b). As can be seen comparing (26)

also constant. Therefore, as rectified-line voltaffé increases and (27), leakage inductancég,; and L, decreasé\oy for

toward its peakAon increases whileA\grr decreases. As a

result, a volt-second-product balance of thg core cannot _ on M ON

be maintained. The resulting large imbalance eventually leads Adon = - <VY - Np VB) Alcom (28)

to the saturation of thd.g core. To maintain the required )

volt-second-product balance, it is necessary to proportionaﬂ?d increase\orr for

reduce Aon and/or proportionally increaséorr as viy® N

increases. The desired reduction\afy and increase afopr AAOFF = [VQFF - <1 + —2> VB} ATOFF (29)

in the proposed circuit in Fig. 2 are brought about by leakage Nr

inductancesL.lk]L and le_g. Namely, the volt—second—'productWhereAAON and AAogr are the hatched areas in Fig. 7(b).
balance, which takes into account the leakage-inductances, ., se according to (12) and (17) the slopes of curignts

effect, is andi, are constant, commutation timesZ’2N and ATOFF
pvec _ Ny v YToon — (VoS _ Ny V) ATON are prop_ortional to the instantaneous vaIueSL_(y‘ at the mo-
in T, "B JION Y Np B com ment switch SW is closed and open, respectively. As a resullt,
Ny e |AAon| and |AAorr| increase as the line voltage increases
=|Vs+ N_R Ve — " ) Tiset toward its peak becauge g increases, as illustrated in Fig. 8.

F (Vi = 05 (Topr — Toeet) Therefore, with properly selected leakage inductardggsand
B = Vin J\LOFF — Lrset L2, the volt-second-product balance on thg core can be
+ [VQFF _ <1 + %) VB:| ATOFF (27) Mmaintained during a half of a line period even with a constant

R comm duty cycle of switch SW.
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(b)
Fig. 10. Line voltage and current waveforms of (a) DCM and (b) CCM implementation of experimental converter.

Vo,ac |50 mV/div]

@ (b)
Fig. 11. Boost-inductor-current and output-voltage-ripple waveforms of (a) DCM and (b) CCM implementation of experimental converter
(Vin =100 V, V, =5V, I, = 20 A, izp [2 A/div], and v, ac [50 mV/div]).

= Np is assumed. The maximum stress occurs

at high line whenVg is maximum. Therefore, for universal
N . _ . . . . .

Vaw = <1+ _P) V=2V (30) !mg voltage applications, the required rating of the switch
Ng is in the 800-900-V range.

Finally, the voltage across switch SW during off time is where Ny
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TABLE | PF and relatively low THD, while keepind’sz below 400
MEASURED PERFORMANCE COMPARISONS BETWEEN DCM V4. The DCM implementation can achieve a higher PF and
AND CCM IMPLEMENTATIONS (Vo =5 V AND I, = 20 A) lower THD, while the CCM implementation operates with a
DCM CCM lower voltage on the bulk capacitor and is more efficient. The
maximum bulk-capacitor-voltage, which is obtained at high
Vo VI| PF | THD Vs [Vl} n{%]| PF | THD jVs[Vi| 71%] line (Vi, = 265V) and Ly operating at the DCM-CCM
90 | 0935 | 349 | 130 | 754 | 0.860 | 542 | 120 | 76.9 boundary, is equal to 405 and 390 V for the DCM and CCM
100 | 0936 | 345 | 145 | 759 | 0.858 | 55.1 | 135 | 77.9 implementations of.g, respectively. Finally, Fig. 11 shows
120 | 0934 | 360 } 175 | 766 | 0.854 | 56.5 | 163 | 78.7 the waveforms of the boost inductor current and output voltage
230 10923 1 375 | 335 1 754 | 0.857| 565 | 314 | 783 ripple, which is kept below 50 mV by a fast-output-voltage
265 10917 | 376 | 385 | 743 | 0.857 ] 55.0 | 361 | 777 requlation loop.

C. Other Implementations IV. SUMMARY

The concept explained in this paper can be extended toA New S'ICS technique, which combines the boost-like ICS
any other single- or multiple-switch topology. Fig. 9 show¥itha CCM dg/dc output stage, is presented. Due to the ab|I_|ty
the implementation with the flyback topology. As can be sedft keep a relatively low voltage on the energy-storage capacitor
from Fig. 9, this implementation does not require a separdtés < 450 Vac), this technique is suitable for the universal
reset winding because the transformer reset is done by fifig-voltage applications. The voltage; is kept within the
output voltage through the secondary winding. Also, it shouesirable range by the addition of two transformer windings.
be noted that in the flyback implementation, a direct ener@Y connecting the windings so that the voltages across them

transfer from the input to the output occurs during the off timér€ in opposition to the input voltage when they conduct the
boost-inductor current, the volt-second balance of the boost-

inductor core is achieved at a substantially lower volt&ge
) ) compared to the other known approaches.

To verify the operation and performance of the proposed |, this technique, the boost inductor can operate in both
S'ICS technique for both the DCM and CCM operatiolhc and CCM. Generally, the DCM implementation can
of Lg, a 100-W/5-V universal line-voltage range (90-263chieve a higher PF and lower THD compared to the CCM
Vac), forward converter §CS shown in Fig. 2 was built. jmplementation. However, the CCM implementation is more
The following components were used for the implementagicient and operates with a lower voltage on the energy-
tion of the circuit with L operating in the DCM mode: storage capacitor.

Cin—1 piF; Dy, Dy, and Dp—BYM26E; Dy andDpyw—IR The proposed 8CS technique is suitable for power ranges
40CPQO45; SW—IXTK2IN100C's—330,F/450 Vi Lp—2  yp to 150-250 W for universal line-voltage applications and
piH; Cp—3 x 2200 pF; Lp—58 pH; and T3 —EERSS core ;5 19 250-350 W for narrow-line-voltage-range applications.
with Np = Ng = 48 turns, N; = 20 turns, N, = 26 turns,
Ng = 5 turns, and leakage inductanée,; + Lj2 ~ 5 pH. REFERENCES
For the implementation with. g operating in CCM, except
for boost inductorL 5 and transformeff; windings, all other 1] "LE.'e.Ctmmagne“C compatibility (EMC)—Part 3: Limits—Section 2:

. imits for harmonic current emissions (equipment input curr€ili6
components were the same as for the DCM operation. In the A per phase),” IEC 1000-3-2 Document, 1st ed., 1995.
CCM implementation,.Lg = 100 yH and 7y with Np = [2] L. H.'Dixnon,'.]r., “High power factor preregulators for off-l_ine power
Np = 48 turns, N, = 18 tums, N, = 12tums, Ns = 5 turns,  GER R o e e earatod Crots, Mermmack.
and leakage inductancB;,; + L2 =~ 50 uH were taken. NH, 1990.
The |arge |eakage inductance between Windimgsand N2 [3] M. Madigan, R. %I’iC'kSOH, and E. Ismail, “I'ntegrated' high-quality
in the CCM implementation is achieved by placing winding Egcé'sﬂg'rsg:l?&?::’lgg‘z"EpEpE 122\év_e{()§fw°n'cs Specialists_Conf.
N, on the central leg and winding/; on the outer leg of [4] L. D. Stevanow and S.Cuk,. “Input current shaping and regula-
the transformer core. In both implementations, the same low- tioln of multiple putputs in a sifngle isolated converter,” IIBEE Int.
cost current-mode pulse-width-modulation (PWM) integrated ;g; communication Energy Conf. (INTELEC) Prcgept. 1993, pp. 326~
circuit controller (UC3845) was used to implement a fast{5] M. Brkovi¢ and S.Cuk, “Novel single stage ac-to-dc converters with
output-voltage feedback control. The switching frequency of g‘gvfllgret;ei‘?opr']'ifc'iréoi?f’ (:ggcﬁ;ﬁ;‘;.erlég‘;t’ogpz‘ﬁ_ JEEE Applied
both implementations was constant at 75 kHz throughout th@g) Rr. Redl and L. Balogh, “Design considerations for single-stage isolated
entire line voltage and load range. power-factor-corrected power supplies with fast regulation of the output

; ; ; voltage,” inProc. IEEE Applied Power Electronics Conf. (APEG)ar.
Fig. 10(a) and (b) shows the typical line voltage and current 1995, pp. 454458,

waveforms of the experimental converter for the DCM and7] H. watanabe, Y. Kobayashi, Y. Sekine, M. Morikawa, and T. Ishii, “The
CCM implementations, respectively, whereas, Table | sum- suppressing harmonic currents, MS (Magnetic-Switch) power supply,”

- _ : in Proc. IEEE Int. Telecommunication Energy Conf. (INTELEOKt.
marizes the power factor (PF), THD, bulk-capacitor voltage 1995, pp. 783-790.

(Vp), and efficiency measurements [including in-rush-currenfg] F. Tsai, P. Markowski, and E. Whitcomb, “Off-line flyback converter

limiter and electromagnetic interference (EMI) filter] for the V\/_ithti_npuléharmogic ?U{{ﬁggioéggi?nigiggoc- 'EEEO'”;-Zze'ecommU-
. . - nication Energy Conf. ct. , pPp. —124.
two implementations at full loadZ, = 20 A). As can be [9] M. M. Jovanovi, D. M. C. Tsang, and F. C. Lee, “Reduction of

seen from Table |, both implementations work with a high  voltage stress in integrated high-quality rectifiers-regulators by variable-
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