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Abstract - In this paper, a new single-stage input-current- differences between the varying instantaneous input power
shaping (ICS) technique that integrates the voltage-doubler- and a constant output power. The difficulty of the$€S
rectifier front end with a dc_/_dc output stage is introd'uced. _Due circuits to deal with a wide line range and long hold-up time
to the voltage-dpubler-rectlfler f_ront end_, the re_ductlon of Ilng- requirement stems from the fact that the voltage of the
Caent narmoris can b SeLEd Wi & Nher SOTVESO nergy-storage capaciorc Wars wih the e volage and
circuit with the conventional wide-range full-bridge rectifier. In load current [4]'_ In most applications, with a proper design,
addition, the proposed technique requires energy-storage Yc ¢an be keptin the 410-420 Vdc range, which warrants a
capacitors with a lower voltage rating and smaller total USe of a 450-V electrolytic capacitor. Since the valuegatC
capacitance than the conventional single-stage ICS counterpart, determined from the hold-up time requirement at the
which reduces the size and cost of the power supply. The minimum line (worst case), theIss approach requires a
performance of the proposed technique is evaluated on a 100-W relatively bulky and expensive energy-storage capacitor.
(5-V/20-A) experimental prototype circuit. Moreover, due to a wide-range variation of that is the

input to the dc/dc output stage, the conversion efficiency of
the dc/dc output stage is reduced. In contrast, the two-stage
. INTRODUCTION approach, in which ¥ is independently regulated at

A number of single-stage input-current shaping (ICS3Pproximately 380 Vdc, requires a much smaller and,
techniques have been introduced recently. In a single-stdferefore, cheaper electrolytic capacitor rated at 450 V, or
approach, input-current shaping, isolation, and higttven 400 V. In addition, due to a regulated ¥e efficiency
bandwidth control are performed in a single step, i.e., witho@f the dc/dc output stage in the two-stage approach can be
creating an intermediate dc bus. Among the single-stafde higher compared to that in the single-stage approach.
circuits, a number of circuits described in [1]-[10] seem Generally, the performar_me of conventional, u_niversal-line-
particularly attractive because they can be implemented wi#nge power supplies without ICS can be improved by
only one semiconductor switch and a simple control. AgMmploying a voltage-doubler rectifier (VDR) [11]. The
these single-stage, single-switch input-current shape?ytput voltage of a VDR front end is approximately the same
(SYICSs) integrate the boost-converter front end with th{@r both the low-line range (100/120-Vac power line) and the
forward-converter or the flyback-converter dc/dc stage. ~ high-line range (220/240-Vac power line). Specifically, for

Although it has been demonstrated that th4CSs the universal-line range, the VDR output voltage varies from
described in [1]-[10] can achieve the desired performance @®Proximately 180 Vac to 270 Vac. Since this voltage range
a variety of applications, the*lES power supplies have is much narrower than the corresponding voltage range of the
significant difficulties meeting performance expectations ifonventional wide-range full-bridge rectifier (FBR), the
universal-line (90-270 Vac) applications with a hold-up timgonversion efficiency of the dc/dc output stage can be
requirement_ For examp|e, most of today’s deskto&ﬂ]proved. In addition, because the minimum VOltage of a
computers and computer peripherals require power suppliéER is twice as high as that of the wide-range FBR, the total
that are capable of operating in the 90-270-Vac range and &@pacitance required for a given hold-up-time specification is
provide a hold-up time of at least 10 ms. Generally, the hol@PProximately one-half of that required in the wide-range
up time is the time during which a power supply mustBR. Finally, energy-storage capacitors in a VDR need to be
maintain its output voltage(s) within a specified range after'ated at only 250 Vdc, or even 200 Vdc. Usually, electrolytic
drop-out of the line voltage. The hold-up time is used tgaPacitors with a lower voltage rating are significantly
orderly terminate the operation of a computer or to switctheaper than their counterparts with a higher voltage rating.
over to an uninterruptible-power-supply (UPS) operation !n this paper, a new single-stage ICS technique that
after a line failure. The required energy to support the outpiiegrates the voltage-doubler-rectifier front end with a dc/dc
during the hold-up time is obtained from a properly sizefutput stage is introduced. Based on this concept, two
energy-storage capacitor,s,Cwhich is used to handle the families of voltage-doubler single-stage ICS (V)
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converters are developed: a VADSS family with 2-terminal

ICS cells and a VD¥CS family with 3-terminal ICS cells. P =\ PR=R: % D DB
In Section Il, generalized circuit diagrams and principles oflel Xl Y1 x1 \&
operation for both VD3CS families are provided. "% b w09 0N o w09 0n T T 09
Experimental results obtained on a 100-W (5-V/20-A) B
prototype circuit are given in Section IIl. @ (b) ©

II. PRINCIPLES OF OPERATION /D IR ’//Ll D, TL

i
TRAZ_ |}

1 NZI ,’
A. VDSICS Family with 2-Terminal ICS Cells XI_L[::E;:I_'. Yoo X

(Y2) \C N, XD (YN ¢

Fig. 1 shows the generalized circuit diagram of the

VDS?ICS family with 2-terminal ICS cells. As shown in Fig.
1, two identical ICS cells are inserted between full-bridge @ © ®
rectifier FBR and energy-storage capacitogs &nd G, in

both the positive and the negative rails. Each ICS cell
includes a boost inductor and a high-frequency dither source
[1] connected in series. The function of the dither sources 1
and 2 is to provide high-frequency charging and discharging
of boost inductors §; or Lg,, respectively, so that their @
average inductor current (which is equal to the line current)

follows the line voltage. The high-frequency dither sourckEig- 2 Implementations of dither sources 1 and 2 in the 2-terminal ICS cells in

P i ; ‘ Fig. 1: a) DCM source, (b) and (c) CCM current sources, (d) CCM
are generated by utilizing a switching waveform in the dc/dc voltage source, () and (f) CCM voltage-current sources, (g) resonant

power stage. Fig. 2 shows a nu_mber of implemer_nations; of  source. Polarity of terminals for dither sources 2 is given in parenthesis.
dither sources 1 and 2. Each dither source consists of two

paths: a path for charging and a path for discharging theln all implementations of the dither sources in Fig. 2, the
corresponding boost inductor. Each of the two paths includegh-frequency signal is obtained by windingsaihd N. If

a series connection of a winding s(Mr Np) inductively N;<Nj, the boost inductors charge through the path with
coupled to the transformer TR in the dc/dc power stage andwahding N; (when the switch in the dc/dc power stage is
least one of the following components: a diode, an inductarlosed) and discharge through the path with winding N
and a capacitor. The two paths of each dither source gwehen the switch in the dc/dc power stage is open). During
connected in parallel; therefore, each dither source has tihe charging of boost inductorg And L, the voltage across
terminals. It should be noticed that topologically dithewindings N in dither sources 1 and 2 is in opposition to the
sources 1 and 2 are identical. The only difference betweesltage across bulk capacitorg;@nd G,, thereby enabling
dither sources 1 and 2 is in the polarity of the terminals (e voltage across the boost inductors to be positive. For
and Y). The dc/dc power stage in Fig. 1 can be any knownoper operation, the number of turns of windingskould
isolated power conversion topology such as pulse-widthe selected as <ON;<Ng/2. During the discharging of the
modulated (PWM) forward, flyback, half-bridge, and full-boost inductors, the voltage across windingshhls the same

bridge topology, or any soft-switching topology. direction as the voltage across the bulk capacitors. Therefore,
windings N effectively increase the reset voltage across the
2-Terminal ICS Cell _ boost inductors. However, the circuit in Fig. 1 will also
! X, E Y, _TR properly operate whenJs 0.
L, Tt ! N} g‘ It should be noticed that for all implementations of the
o & o & i____pithqr_s_oyr_c_e_l: " P s dither sources in Fig. 2, excgpt _for the dlscorjtmuous—
R R2 Cor T Vg, Le + conduction-mode (DCM) source in Fig. 2(a), boost inductors
, Sw - J‘g“ R Sv Lg:; and lg, operate in the continuous conduction mode
v,n(/\T w | | ®3FY° (CcM). It should be also noticed that the DCM dither source
. D - in Fig. 2(a) can be implemented with a single
Drak Dok oo Se2T Vo, = charging/discharging path when #N;.
! I [ Figs. 3 and 4 show the operation modes of the proposed
w . \ s circuit in Fig. 1 in the low-line and high-line ranges,
FBR 1 rersowsez respectively. In the low-line range, range-select switch SW is
T Terminaics cell DC/DC closed and the front end operates in the voltage-doubler
Power Stage mode. As shown in Fig. 3(a), during a positive half cycle of
_ . - the line voltage, with switch S in the dc/dc power stage
Fig. 1 Generalized circuit diagram of the VAISS closed, voltage 34 across dither source 1 is at its maximum

family with 2-terminal ICS cells
[Vb1 = Vbimax> 0, where  Wimax< (VertVer) /2= V]
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Fig. 4 Operation modes of the VB)SS circuit with 2-terminal ICS cells at high-line range: (@@, S on; (b) ¥>0, S off; (a) w<0, S on; (a) ¥<0, S off
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and in opposition to voltagey. If the instantaneous line s Terminal 1S Cell

voltage is larger than M — Vpimax then voltage M across 1" Ditiver Soures 1 e
Lg: (Vi1 = Vip +*Vpimax—Ve1) IS positive and line current, i Y
increases, thereby storing energy in the boost inductor. At
the same time, input currergciof the dc/dc power stage is Dg; &
supplied from energy-storage capacitoes &nd G,. When |
switch S in dc/dc power stage opens, Fig. 3(b), curgnt iv‘"C/\T
falls to zero, and voltagepy across dither source 1 changes

sigh (b1 = Vpimin < 0), thus increasing the total voltage
opposing the line voltage. Consequently, voltageaeross
Lg: (Vi1= Vii— [Vpiminl—Vc1) becomes negative, curreng i

Dg. 2

LBZ X2

decreases, and the boost inductor discharges so that the FBR Dither Source 2!
energy stored in 4; is transferred to &. It should be o s e DC/DC
noticed that since line current, icannot flow when jy is Power Stage

smaller than ¥; — Vpimay the line current is distorted around
zero crossings. During a negative half cycle of the line
voltage, the circuit in Fig. 1 operates in a similar manner as

Fig. 5 Generalized circuit diagram of the VAIGSS
family with 3-terminal ICS cells

during a positive half cycle, except that diodgsDboost It should be also noticed that, since windingsaRd N are
inductor Lg,, dither source 2, and bulk capacitog,Gire magnetically coupled to the secondary winding of
active, as shown in Figs. 3(c) and (d). transformer TR in the dc/dc power stage, they can be used to

When the circuit in Fig. 1 operates in the high-line rangelirectly transfer energy from the input (line) to the load.
range-select switch SW is open and the front end operates/isiding N, provides direct energy transfer with the forward-
a conventional full-bridge rectifier. As shown in Fig. 4, whertype dc/dc power stages, while winding provides direct
operating as a conventional rectifier, boost inductgrsalnd energy transfer with the flyback-type dc/dc power stages.
Lg,, dither sources 1 and 2, and energy-storage capaciprs Generally, direct energy transfer improves conversion
and G are connected in series. During a positive half cyckfficiency.
of the line voltage, when switch S in the dc/dc power stage is
closed, Fig. 4(a), voltagegvand b, across dither sources 1B. VDSICS Family with 3-Terminal ICS Cells

and 2 are each at their maximump ¥ Voimax>0 and  Fig. 5 shows the generalized circuit diagram of the

Vo2 = Vozmax> 0, where  ¥imax= Voemax< (VertVe2) /2], VDSAICS family with 3-terminal ICS cells. As in the case of
opposing voltages 3 and M, across energy-storage

capacitors g, and G, respectively. If the instantaneous line
voltage is larger than f+Vco) = (VbimastVozmay, then the
sum of voltages v and y, across k; and Llg,, i.e.,

Vi 1+HVio = Vi +(VDlma><+VD2ma)) - (VC1+VC2)| is pOSitive and
line current j, increases, thereby storing energy in the boost
inductors. At the same time, dc/dc power stage draws current
ioc from the serially connected energy-storage capacitgis C
and G,. When switch S in dc/dc power stage opens, Fig.
4(b), current gc falls to zero. Simultaneously, voltages; v
and \, across the dither sources change signs, i.e.,
Vp1 = Vo1min < 0 and ¥, = Vpomin < 0, thus increasing the
total voltage opposing the line voltage. Consequently, the
sum of the voltages across boost inductogs &nd Lg,,

Vi1 +Vi2 = Vin = [Voimin+ Vozminl = (Ve1+ Ve, becomes
negative, thus decreasing line currghtand transferring the
energy stored in the boost inductors to the energy-storage - N
capacitors. It should be noticed that since line currgnt i
cannot flow when ¥<(VcitVes) = (VoimadtVozmay, the line
current is distorted around zero crossings. During a negative
half cycle of the line voltage, the operation of the circuit is
similar to the operation during a positive half cycle, except
that rectifiers @, and x4 are conducting line curreng,ias
shown in Figs. 4(c) and (d).

Fig. 6 Implementations of dither source 1 in the 3-terminal ICS cell in Fig.
5: a) DCM source, (b) and (c) CCM current sources, (d) CCM voltage
source, (e) and (f) CCM voltage-current sources, (g) resonant source
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the 2-terminal ICS cells, each 3-terminal ICS cell includes a L., D, IR

boost inductor and a dither source connected in series. N, N2

However, different from the 2-terminal ICS cell, the dither Dry & Dogk D, i ? R

source in a 3-terminal ICS cell is connected to the dc/dc N, Jr De, Le
power stage at two terminals (Y and Z). Fig. 6 shows various sw Coy T+
implementations of dither source 1. Similarly to a dither "inC'\T N kS Ne T DSZF’;L%VO
source in the 2-terminal ICS cells, each dither source in Fig. 6 TR=t T Ceo -
includes two paths: a path for charging and a path for DgsF Drat D; TR %

discharging the boost inductorgg). It should be noticed that o Nio< N2
topologically the two paths of a dither source in Fig. 6 are Leo D2 Np N2

identical to those of the corresponding dither sources in Fig. @

2, except that the polarity of winding ;Nis opposite.

However, different from the 2-terminal ICS cell, the two r'v‘@?\__'az_l_ Ne/2

paths of a dither source in the 3-terminal ICS cell are not D, j%

connected in parallel. Only the discharging pathY(X is Des DRZT o reec B

connected to the energy-storage capacitor, while the charging | Corp 1f _ D1 et 4
path (XZ;) is connected to a pulsating node, i.e., to the VinC/\T W S z:DCF;;R v
switch inside the dc/dc power stage, similarly to the Coom N, ® N | Ps2 | 770
implementation of the “8CS circuits in [8]. During the Drek Dusk Bl :

charging of boost inductorgk, the voltage across winding; N v ] N Np#N,< N2
opposes the rectified line voltage, thereby decreasing the leo D, Ne/2

positive voltage across the boost inductor. This reduces the ()
storage-capacitor voltage, as explained in [8]. For proper

operation, the number of turns of winding, Nhould be Fig. 8 Two implementations of windings Bind N
selected as 9N;<Np/2. The implementations of dither in the DCM dither source in Fig. 6(a)

source 2 in the negative rail of the circuit in Fig. 5 are similar i o .
to those in Fig. 6 except that the polarity of all diodes and ti$@!it_Primary winding of transformer TR by employing
polarity of windings N and N are opposite to those in Fig. 6.1@PPiNg. ~ As an example, Fig. 8 shows the two
Different from the VDSICS circuit with 2-terminal ICS mplementations of windings Nand N in the DCM dither
cells, the VDEICS circuit with 3-terminal ICS cells can only SOUrce in Fig. 6(&) combined with the forward dc/dc power
be implemented with single-ended dc/dc power stages suctS@ge from Fig. 7(a). Both implementations of windings N
the forward and flyback power stages shown in Fig. #1d N in Fig. 8 require the same number of pins of
Because of the required symmetry of the power stage, th@nsformer TR. ~However, since the implementation of
primary winding of the transformer is split in half and switcransformer TR in Fig. 8(b) does not require additional
S is connected between the split windings. Nevertheless, #{1dings, the construction of transformer TR in Fig. 8(b) is
operation of the circuit in Fig. 5 is very similar to theSImPler than thatin Fig. 8(a). _ .
operation of the circuit in Fig. 1. Ge_nerally, the VDQ(?S_ converters with 2-term|na_tl and 3-
Windings N and N in the dither sources in Fig. 6 can pderminal ICS cells exhibit similar performance_. Differences
implemented either as additional transformer windings &etween them relate to the transformer design and control

transformer TR in the dc/dc power stage or as portions of tffBPlementation. As can be seen from Figs. 1 and 2, the 2-

terminal ICS cell implementation requires at least two

............... , additional transformer windings to implement dither sources
R E 1 and 2 compared to the implementation in Fig. 6 which

i implements the dither sources by the tapping of the split
primary winding. However, the transformer with D in

the circuit in Fig. 5 requires one more pin compared to the
g“ %’; transformer in Fig. 1. Consequently, the implementation in
.G RyZ°  Fig. 1 may require a larger transformer, whereas the
| implementation in Fig. 5 may require a custom made
i transformer bobbin. Also, as can be seen from Figs. 5 and 7,

in the 3-terminal ICS cell implementation, switch S and lower
energy-storage capacitog£do not have the same reference

(@ (b) voltage, which may affect the design of the switch driver
circuit and the control feedback implementation by requiring
Fig. 7 Implementation of dc/dc power stage in Fig. 5: additional signal isolation.

(a) forward converter, (b) flyback converter
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Fig. 9 Experimental circuit

Finally, in both VDSICS converters, a single boostcircuit along with the values of the components is shown in
inductor can be placed on the ac-side of the rectifier bridgeig. 9. The experimental circuit is an implementation of the
or the two dc-side boost inductors can be coupled by windiegrcuit in Fig. 8(b) with reduced number of components.
them on the same magnetic core. In addition, in alamely, the experimental circuit in Fig. 9 is obtained from
implementations that use current-type dither sources, i.the circuit in Fig. 8(b) by connecting together the two tapping
dither sources with inductor;Lin Figs. 2 and 6, these points of each half of the split primary winding
inductors can be wound on a single core. (N;+N>=Ng/2) and by coupling the two dc-side boost
inductors. The control circuit was implemented using the
low-cost integrated controller UC3842. The switching
frequency was 100 kHz. Measured line-voltage and line-

The performance of the proposed VAIGSS technique was current waveforms at nominal low line §¥ 100 Vi,,9 and
verified experimentally on a 100-W (5-V/ 20-A) prototypenominal high line (W,= 230 Vg, at full load (L= 20 A) are
circuit designed for the universal-line range (90-264 Vac(hown in Fig. 10. The measured individual line-current
The circuit diagram of the power stage of the experimentaérmonics are well below the IEC1000-3-2 Class-D limits,

Ill. E XPERIMENTAL RESULTS

Vin =100 Vrms Vin =230 Vrms

i i Vg=5Vog i1 Vg=BV o
V.. . 1,=20A /T NV 1,=20A

Bl b3 o £
Vin [50 V/div] N : v, [50 V/div]
iin:[2 A./div] : : : : : iinf[2 A/diV]f I ) ) )
WO 500V ThZ To.0mv  WMz.00ms Chi v 5V IR 00V hE To.0mv - M2.0oms Chi v 8V
(a) (b)

Fig. 10 Experimental line-voltage and line-current waveforms
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i.e., they have more than 30% margin for both the nominegquirement. Specifically, the variation range of the storage-
low line and high line. Table | summarizes the full-loactapacitor voltage is reduced by approximately two times
power-factor (PF), total-harmonic-distortion (THD), bulk-compared to the corresponding single-stage ICS circuits with
capacitor-voltage (Y= Vci+Ve), and efficiency a  conventional  wide-range  full-bridge rectifier.
measurements that include electromagnetic interferen€ensequently, the total capacitance of the energy-storage
(EMI) filter and in-rush current limiter losses. capacitors can be significantly reduced. In addition, the
To illustrate the improved performance of the proposeefficiency of the dc/dc power stage can be improved.
VDSACS technique, the experimental results in Table | were The proposed ICS technique makes easy to modify existing
compared with the measurements obtained on tpewer supplies with a voltage-doubler rectifier front end
corresponding  100-W (5-V/20-A)*€S circuit with the without input current shaping to meet IEC 1000-3-2 and
conventional wide-range full-bridge rectifier implementedimilar line-current-harmonic standards.
with a DCM boost inductor, reported in [8]. It should be
n_ote(_JI that th_e ma_jor components of the two single-stage ICS REFERENCES
Clrcuzlts are. Ide.ntlcal'. The maximum bulk VOIt.age of the[l] I. Takahasi and R.Y. Igarashi, “A switching power supply of 99%
VDS'ICS circuit in Fig. 9 at full load {F 20 A) is about pbwer factor by- .the dith7er rectifier,” IEEE  International
40 V smaller than the maximumcVof the corresponding Telecommunications Energy Conf. (INTELEC) Prqup, 714-719,
SYICS circuit in [8]. Also, the full-load efficiency of the Nov. 1991.
VDSACS circuit in Fig. 9 is around 4% higher than thd2l M. Madigan, R. Erickson, and E. Ismail, “Integrated high-quality
efficiency of the corresponding“lSS circuit in [8]. These rectifier-regulators,” IEEE Power Electronics Specialists’ Conf.

. L PESC) Recorgpp. 1043-1051, Jun. 1992,
improvements are the consequence of the significantl ( ) b

. VITS Ci . [)é] S. Teramoto, M. Sekine, and R. Saito, “High power factor ac/dc
narrower bulk-capacitor voltage range of the circuit converter,” U.S. Patent No. 5,301,095, Apr. 5, 1994.

. . 4 . . . .
in Fig. 9 compared to the'l€S circuit with the conventional (4] R. Redl and L. Balogh, “Design consideration for single-stage isolated

wide-range full-bridge rectifier in [8]. power-factor-corrected supplies with fast regulation of the output

voltage,” IEEE Applied Power Electronics Conference (APEC) Rroc
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