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Abstract—n this paper, a new single-stage input-cur- power supply must maintain its output voltage(s) within a speci-
rent-shaping (S’ICS) technique that integrates the voltage-dou- fied range after a drop-out of the line voltage. The hold-up time
bler-rectifier front end with a dc/dc output stage is introduced. g ysed to orderly terminate the operation of a computer or to
Due to the voltage-doubler-rectifier front end, a reduction of w1 vartoan uninterruptible-power-supply (UPS) operation

line-current harmonics can be achieved with a higher conversion . . -
efficiency compared to the corresponding 3ICS circuit with after a line failure. The required energy to support the output

the conventional wide-range full-bridge rectifier. The proposed during the hold-up time is obtained from a properly sized en-
technique requires energy-storage capacitors with the same ergy-storage capacitof;z, which is used to handle the differ-
total capacitance and with half of the voltage rating as in the ences between a varying instantaneous input power and a con-
conventional $ICS counterpart, which reduces the size and cost gtant output power. The difficulty of thes€IES circuits to
of the power supply. The performance of the proposed technique is a4 with a wide line range and long hold-up time requirement
evaluated on a 450-W (5-V/ 90-A) experimental prototype circuit.
_ _ stems from the fact that the voltage of the energy-storage ca-
Index Terms—Line current shaper, power factor correction, pacitor,V, varies with the line voltage and load current [4]. In

single-stage ac—dc conversion, voltage-doubler rectifier. most applications, with a proper desigdri; can be kept in the
410-420 Vdc range, which warrants the use of a 450-V elec-
I. INTRODUCTION trolytic capacitor. Since the value 6fx is determined from the

] ) ) hold-up time requirement at the minimum line (worst case), the
number of single-stage input-current-shapingI()  s2|cs approach requires a relatively bulky and expensive en-
techniques have been introduced recently. In &gy-storage capacitor. Moreover, due to a wide-range variation

single-stage approach, input current shaping (ICS), isolg v/, which is the input to the dc/dc output stage, the conver-
tion, and high-bandwidth control are performed in a single stegion efficiency of the dc/dc output stage is reduced. In contrast,
i.e., without creating a regulated intermediate dc bus. Gengtie two-stage approach, in whigf is independently regulated
ally, S*ICS circuits meet European and/or Japanese regulatestyapproximately 380 Vdc, requires a much smaller and, there-
requirements regarding line current harmonics, but they do rfote, cheaper electrolytic capacitor rated at 450 V, or even 400 V.
improve the power factor (PF) and reduce the total harmoriic addition, due to a regulateds, the efficiency of the dc/dc
distortion (THD) as much as their conventional two-stageutput stage in the two-stage approach can be made higher com-
counterparts. Typically, PF for?8CS circuits is between 0.8 pared to that in the single-stage approach.

and 0.9, whereas their THD is in the 40-75% range. Generally, the performance of conventional, uni-

Among the single-stage circuits, a number of circuits d&ersal-line-range power supplies without ICS can be improved
scribed in [1]-[12] seem particularly attractive because th&y employing a voltage-doubler rectifier (VDR) [13]. The
can be implemented with only one semiconductor switch andPHtput voltage of a VDR front end is approximately the same
simple control. All these BCS circuits integrate a boost ICSfor both the low-line range (90-135 Vac) and the high-line
stage with a forward or flyback dc/dc-converter stage. range (180-270 Vac), i.e., it varies from approximately

Although it has been demonstrated that tRECS circuits de- V2 - 180 Vdc to v/2 - 270 Vdc. Since this voltage range is
scribed in [1]-[12] can achieve the desired performance in a \3lf of the corresponding voltage range of the conventional
riety of applications, the B3CS power supplies have significantWide-range full-bridge rectifier (FBR), the conversion effi-
difficulties meeting performance expectations in universal-lifdéncy of the dc/dc output stage can be improved. In addition,
(90—270-Vac) applications with a hold-up time requirement. F§ecause the minimum voltage of the VDR is twice as high as
example, most of today’s desktop computers and computer geat of the wide-range FBR, the total capacitance required for
ripherals require power supplies that are capable of operatingigiven hold-up-time specification is approximately the same
the 90-270-Vac range and can provide a hold-up time of at le&§tthe capacitance required in the wide-range FBR. However,
10 ms. Generally, the hold-up time is the time during which € capacitors in the VDR need to be rated at only 250 Vdc,

or even 200 Vdc. Usually, electrolytic capacitors with a lower
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Fig. 1. SICS circuits with three-terminal ICS cells: (a) DCM ICS cell with winding [7], (b) DCM ICS cell with windingsV, andN; [8], (c) inductive CCM
ICS cell [11], [12], and (d) capacitive CCM ICS cell [3].

families: the SICS family with two-terminal ICS cells and the on and pathXY” for dischargingl. 5 when switchS is off. Since
S?ICS family with three-terminal ICS cells. In this paper, theseharging pathX Z is connected to switcl$ and discharging
two SICS families were also extended to the voltage-doublgath XY is connected to energy-storage capaditer, the ICS
S’ICS (VDSICS) converter implementations: the VAISES  cell in Fig. 1(a) has three terminals. The function of the trans-
family with two-terminal ICS cells and the VIF8CS family former winding V; in path X Z is to limit the voltage on en-
with three-terminal ICS cells. In Section lll, generalized circuiérgy-storage capacit@ts and to improve the overall efficiency.
diagrams and principles of operation for both the VIS  However, windingV, also introduces line-current distortions
family with two-terminal ICS cells and the VBECS family  around the zero crossings because the line current cannot flow
with three-terminal ICS cells are presented. Finally, expefhen the instantaneous line voltage is lower than the voltage
imental results obtained on a 450-W (5-V/90-A) prototypgqyced across winding'; . Therefore, in the 3CS circuit in
circuit are given in Section IV. Fig. 1(a) there is a strong trade-off between PF, THD, and ef-
ficiency. To further reduce the energy-storage capacitor voltage
Il. REVIEW OF S?’ICS CONVERTERS WITHWIDE-RANGE FBR  and improve efficiency, another transformer windidg, can
be placed in discharging patiY” as shown in Fig. 1(b) [8].
ODuring the discharging of the ICS inductor, the voltage across
windings N2 has the same direction as the voltage across the
energy-storage capacitor, i.e., winding effectively increases
equivalent and exhibit very similar performance thg reset voltage across the ICS in(_JIuctor._ As a result, the re-
: quired reset voltage fdt 5 can be obtained with a lower voltage

The ICS inductor of a 4CS circuit with two-terminal or on enerav-storage canacitis. It should be noted that since
three-terminal ICS cells can operate either in the discontinuous gy 9 P B

conduction mode (DCM) or in the continuous conduction mod/\élndmgSN]L andX, are magnetically coupled to the secondary

. . . winding of transformef’ R, they can be used to directly transfer
(CCM). Inthe DCM operation of the ICS inductor, Iowllne—cur-en rgygfrom the input (line) t())/ the load. Windirg, pr)(/)vides
rent harmonic distortions are achieved because of the inhe;gn? :

property of the DCM boost converter to draw a near sinusoi a'LeCt energy transfer with the forward-type dc/dc power stages,

. . ) ; ile winding N, provides direct energy transfer with the fly-
current if its duty cycle is held relatively constant during a hat/’;ack—t e do/de power stages. Generally. direct eneray transfer
line cycle. Generally, the DCM operation gives a lower THD a yp P ges. Y 9y

X ) Improves the conversion efficiency.
the line current compared to the CCM operation. However, theTo achieve CCM operation of the ICS inductor, an additional

CCM operation yields a slightly higher efficiency compared tg oo . L
the DCM operation. mductor or capacitor is required as shown in Fig. 1(c) [11], [12]

and Fig. 1(d) [3], respectively. The function of inductby in
o _ Fig. 1(c) and capacitof; in Fig. 1(d) is to provide a variable
A. SICS Family with Three-Terminal ICS Cells effective duty cycle for boost inductdrs even when the duty

A typical SICS circuit with DCM operation of the ICS in- cycle of switchS is relatively constant during a half line cycle.
ductor is shown in Fig. 1(a) [7]. The ICS cell, shown in thé&lamely, to achieve a good tracking of the line current and line
dotted rectangle in Fig. 1(a), consists of ICS indudigr and voltage with boost inductak 5 operating in CCM, it is neces-
two current paths: patll 7 for chargingl g when switchS is  sary that the duty cycle df g, Dy, g, defined as the ratio of the

Generally, the ACS converters can be classified in twi
families: the SICS family with two-terminal ICS cells and
the SICS family with three-terminal ICS cells. Although
topologically different, the two 3CS families are functionally
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charging time of. 5 and the switching period, is proportional to
the instantaneous line voltage during a half line cycle. Speci
cally, Dy, 5 should be maximum around the zero crossings of tl y
line voltage and minimum around the line voltage peaks, i.e.‘v (’\5

Flyback
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Output
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Inductor Ly in Fig. 1(c) modulates boost-inductor duty cycle

Dy p by delaying the commutation of the boost inductor curFig. 2. SICS circuit with generalized three-terminal ICS cell.
rent from pathX'Y to path X7 after switchS is turned on.
Since during this commutation time, which is proportional t
the line current and, therefore, to the line voltafg,continues
to discharge, duty cycl®; g varies with the line voltage even
though the duty cycle of switch is relatively constant. Simi-
larly, in Fig. 1(d), capacito€; modulatesD; 5 by speeding up
the commutation of the boost-inductor current from p&t4 to
path XY after switchS is turned on. Namely, after switchis
turned on, boost-inductor current charges capacitountil C;

three-terminal cell in Fig. 1(a), the number of turns of winding
N7 should be

Ny =Np—- N, (2)

whereN; is the number of turns of winding in Fig. 1(a). The
discharging path oL g in the two-terminal ICS cell in Fig. 3(a)

. : _. is identical to the discharging path &f; in the corresponding
is charged td’5. OnceC is charged td’g, the boost-inductor three-terminal ICS cellin Fig. 1(a). Therefore, witlf = Nyj—

current commutates to patkiyY. As a result, duty cycld g A X -
is different from the duty cycle of switcH. Furthermore, since .Nl’ the SICS circuit with the two-terminal ICS cellin Fig. 3(a)

| . 5 R
the charging time of; is proportional to the boost-inductor'> f“T‘C“O”a”y eq.ulva'lent to the“$CS circuit with the three
; ; : : terminal ICS cell in Fig. 1(a).
current,Dy, g varies with the line voltage as shown in (1). o .
2 I _ Generally, for each 3CS circuit with a three-terminal ICS
In all S°ICS circuits in Fig. 1, the three-terminal ICS cell,

. . el| in Fig. 1, there exists a functionally equivalerfiGS cir-
shown in the dotted rectangle, has the same basic topology { Ewith a two-terminal ICS cell. The correspondingjSS cir-
includes ICS inductol. gz connected to the output of the full-

. - . - . cuit with a two-terminal ICS cell to the?8CS circuit with the
bridge rectifier,L5 charging path¥ Z connected to switch S, three-terminal ICS cell in Fig. 1(b) is presented in Fig. 3(b).

andLp discharging pathXY” connected to energy-storage C8Eor the SICS circuits with the three-terminal CCM ICS cells in

pacitorCg. Therefore, all 8ICS circuits in Fig. 1 can be rep- . : L o
resented by a BCS circuit with a generalized three—terminagég' 1(c) and (d), the correspondingiSS circuits with two-ter

- : . inal ICS cells are shown in Fig. 3(c) [10] and Fig. 3(d) [5], re-
ICS pell as shown inFig. 2. The generalized three—tgrmlnal G ectively. Finally, the ACS circuit with the generalized two-
cell n Fig. 2 consists of ICS inductdf, the boost mduc'For terminal ICS cell is shown in Fig. 4. It should be noted that the
ghargmdg pz;thPc_h betwt;en BOde"X anddZé;md g;f Pr(rzosjj 'N* two-terminal ICS cell in Fig. 3(b) can be simplified for the case
uctor discharging path.;. between no andr. IheLs * = Na, as shown in Fig. 3(e). The?&S circuit with the
charging and discharging paths each includes at least one of

; : S . -terminal ICS cell in Fig. 3(e) was first reported in [5] and
following components: a diode, a transformer winding, an iNalled a magnetic switch (MS) power supply
ductor, and a capacitor. '

. . o . Generally, the 3CS circuits with two-terminal and three-ter-
Finally, it should be noted that windings, and N, in minal ICS cells are functionally equivalent and, hence, they ex-

Fig. 1 can be implemented by tapping the primary winding, .. . . .
of the power transformer [11], [12]. While tapping simplifiesgelb'mm”ar performance. Differences between them are mostly
t

the t ; desian. it h ftact on th i f elated to the transformer design. AISS circuit with a two-
S;TC?Z?}:L::?S& esign, ithas no efiect on the operation o g Hinal 1cs cell requires at least one additional transformer

winding (winding N7 in Fig. 3) and, consequently, it may re-
quire a larger transformer than the correspondifi€S circuit
B. SICS Family with Two-Terminal ICS Cells with a three-terminal ICS cell if windingv; is implemented
by tapping the primary winding of the transformer. It should

Another implementation of the DCM?ECS circuit is shown be noted that the 5CS circuits with three-terminal ICS cells
in Fig. 3(a) [6]. In this implementation, a two-terminal ICS cellare limited to single-ended topologies such as the single-switch
shown in the dotted rectangle, is inserted between the full-bridfgeward and flyback converters. On the other hand, the€S
rectifier and the energy-storage capacitor. The two-terminal I€&#cuits with two-terminal ICS cells can be implemented with
cell in Fig. 3(a) consists of ICS inductdrg, the charging path any isolated dc/dc converter such as the two-switch and the
of Lp (the path withD; and N7), and the discharging pathfull-bridge forward converters.
of Ly (the path withD,). The charging and discharging paths
of L are connected in parallel. The polarity of transformer
winding N5 is such that the voltage across it is in opposition to
the bulk voltagel’s during the on-time of switcl$, therefore, Based on the classification of theISS circuits with the
decreasing the voltage at node To obtain the same voltage atwide-range FBR in Section Il, two families of voltage-doubler
nodeX during the on-time of switcl$' as in the corresponding S’ ICS (VDS ICS) converters are developed: a VIDSS family

IIl. S2ICS QRCUITS WITH VOLTAGE-DOUBLER RECTIFIER
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Fig. 3. SICS circuits with two-terminal ICS cells: (a) DCM ICS cell with windidg; [6], (b) DCM ICS cell with windingsN; and N, (c) inductive CCM
ICS cell [10], (d) capacitive CCM ICS cell [5], and (e) simplified DCM ICS cell with windidgg and N, for the caseV; = N [5].
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Fig.5. Generalized circuit diagram of the VBIES family with two-terminal

ICS cells.
A. VDSICS Family with Two-Terminal ICS Cells cems

Fig. 5 shows the generalized circuit diagram of the VOIS that the current direction of the boost inductdrg,) through

family with two-terminal ICS cells. As shown in Fig. 5, a two-its charging and discharging paths is referenced from néde
terminal ICS cell is inserted between the full-bridge rectifier antd node X,. The two-terminal ICS cells in Fig. 5 can be any
the energy-storage capacit@rg; andCps in both the positive two-terminal ICS cell from Fig. 3. The dc/dc power stage in
and negative rails. The two-terminal ICS cell in the negative rdtig. 5 can be any isolated power conversion topology such as the
is identical to the two-terminal ICS cell in the positive rail excegforward, flyback, half-bridge, and full-bridge topology. Switch
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Fig. 6. Operation modes of a VBES circuit with two-terminal ICS cells at low-line.

SW in Fig. 5 is the voltage-range-select switch. It can be init- should be noted that even when switghs closed, the line

plemented as a mechanical (manual) switch or as an electronicrent:;,, cannot flow during the intervals when

(autorange) switch. e Va o N} -
m NP/2 .

To facilitate the understanding of operation of the VDSS 2
fAs aresult, the line currentis distorted around the zero crossings

circuit with two-terminal ICS cells in Fig. 5, the operation
modes of the circuit in Fig. 5 are illustrated on the example o Gt the line voltage, which produces harmonic distortions and
reduces PF.

VDSZICS circuit with the two-terminal ICS cells from Fig. 3(a)
and with a single-ended dc/dc power stage. Figs. 6 and 7 sho uring the on-time of switcl§, line currenty, flows through
boost inductorL g1, rectifier D1, and winding Ny, and the

the operation modes of the proposed VADGS circuit with

two-terminal ICS cells in the low-line and high-line rangesl,J er energy-storage capacits, . At the same time, the input
respectively. In the low-line range, range-select swigdh is bp ay 9 P L ' P

closed and the front end operates in the voltage-doubler moat%:znzlég (;fcti?f |(§ c/d;:n%(gver Ztsa?n?jilsa?[ggl?:eg fr%r&)e nergy-
As shown in Fig. 6(a) and (b), during a positive half cycle of o 29¢ ¢aP 5L Bz 9. b@).

the line voltage, the line current flows through the ICS cell in r:/;/ rhezns I?r\?gtgnrie%rnSO%ﬁrhligess‘%r;Dtﬁ BC ea}js\?*s tztm\g’
the positive rail. During the on-time of switch, Fig. 6(a), the 1 p~Vip P

voltage across boost inductéis; is rectifier Dy,,. Because during the turn-off time of switéh

v,
VLB1 = Vin — — < 0 (6)
v N} 2
VLBl = Vi — —2 - <1 -1 ) (3) boostinductorL 5, discharges.
2 Np/2 During a negative half cycle of the line voltage, the circuit

in Fig. 5 operates in a similar manner as during a positive half
whereN; is the number of turns of winding’y,, Vs = Vi1 + cycle, except that the line current flows through the ICS cell in
Bps andVi, = Vs = Vi /2 > Vinpk), WhereVig) is the the negative rail as shown in Fig. 6(c) and (d).

peak value of the line voltage. For proper operation, the numbetVhen the circuit in Fig. 5 operates in the high-line range,
of turns of windingVy,, should be selected as range-select switch W is open and the front end operates as

a conventional full-bridge rectifier. As shown in Fig. 7, when
operating as a conventional rectifier, the ICS cells in the pos-
0 < Ny < Np/2. (4) itive and negative rails are connected in series as are the en-
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Fig. 7. Operation modes of a VBES circuit with two-terminal ICS cells at high-line.

ergy-storage capacitorSg; and Cga. As a result, during the 3-Terminal ICS Cell
charging of boost inductotsg; andL g2 when switchSison, {7777 X; Pacnt | Y,
Fig. 7(a) and (c), the sum of the voltages acrbgs andLz2 is L B’ ’ =
1
J P c Np12°
2N* A A ch1 B1|+
vipL+vLe = v = Ve [1-=2) > 0. (7) == Ve
Np z,|
1 l Flyback .
Similarly, during the discharging of boost inductdts;; and v, N §v°
Lp2 when switch$ is off, Fig. 7(b) and (d), the sum of the z W \] Output .
voltages acrosépg; andLg2is b o IR +
=V .
A A Pena2 Ceaf- BZNPIZ
vLBl +vLB2 = Vin — VB < 0. 8)
. . X
It should be noted that since line curréptcannot flow when Loz X2 Py, | V2
3-Terminal ICS Cell
2NY
[vin] < V- <1 - Np ) ©) Fig. 8. Generalized circuit diagram of the VBIES family with

three-terminal ICS cells.
the line current is distorted around the zero crossings.

) ) ) can be any three-terminal ICS cell from Fig. 1. Different from
B. VDSICS Family with Three-Terminal ICS Cells the VDS ICS circuit with two-terminal ICS cells, the VFECS

Fig. 8 shows the generalized circuit diagram of the VTS  circuit with three-terminal ICS cells can only be implemented
family with three-terminal ICS cells. The three-terminal ICSvith single-ended dc/dc power stages. Because of the required
cell in the negative rail is identical to the three-terminal ICSymmetry of the power stage, the primary winding of the trans-
cell in the positive rail except that the current direction of thermer is splitin half and switcl is connected between the split
boostinductof L g» ) through its charging and discharging pathsiindings. Nevertheless, the operation of the circuit in Fig. 8 is
is referenced from nod&, to nodeX-, and from nodeY> to very similar to the operation of the circuitin Fig. 5. It should be
node X, respectively. The three-terminal ICS cells in Fig. 8oted that switcly and the lower energy-storage capacityy;
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Fig. 10. Experimental line-voltage and line-current waveforms at full [dad= 5V, I, = 90 A): (a) with ICS front end and (b) without ICS front end.

in Fig. 8 do not have the same reference voltage, which may IV. EXPERIMENTAL RESULTS
affect the design of the switch driver and the control feedback
circuit requiring additional signal isolation. The performance of the proposed VBSS technique was

Finally, it should be noted that in both VBES converters verified experimentally on a 450-W (5-V/90-A) prototype cir-
with two-terminal and three-terminal ICS cells, a single boostiit designed for the universal-line range (90-264 Vac). The
inductor can be placed on the ac-side of the rectifier bridge, @rcuit diagram of the power stage of the experimental circuit
the two dc-side boost inductors can be coupled by winding theatong with the values of the components is shown in Fig. 9.
on the same magnetic core. In addition, in implementations ©he experimental circuit is an implementation of the gener-
the ICS cells with inductoL , Figs. 1(c) and 3(c), inductods, alized circuit in Fig. 5 with the two-terminal ICS cells from
in the positive and negative rails can be wound on a single cokgg. 3(c). In addition, each pair of the two dc-side boost induc-
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TABLE | full-bridge rectifier. Consequently, energy-storage capacitors
MEASUREDPF, THD, V5, AND EFFICIENCY AT FULL LOAD with the same total capacitance and with half of the voltage
rating can be used as in the conventionalCS counterpart.
Va[Vasl | PF |THD[%]| Va[V] | 7[%] In addition, the proposed technique improves the efficiency of
the dc/dc output stage compared to the conventioRdCS
90 0.813 62.8 230 80.6 :
technique.
100 0.811 65.1 260 81.4

With the proposed ICS technique the existing power supplies

132 0.794 72.9 364 82.4 _ i . :
180 0.798 76.3 243 814 with a voltage-doubler rectifier front end without input current
230 0.791 774 314 827 shaping can be easily mod.|f|ed to meet the IEQ 1000-3-2 and/or
264 0.785 79.7 364 83.1 corresponding Japanese line-current-harmonic standards.
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