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Abstract - In this paper, a new single-stage, single-switch current of the flyback transformer, the power dissipation of

input-current-shaping  (S'ICS) technique which features the switch associated with the capacitive-discharging turn-on
substantially reduced turn-on switching loss of the switch in a |ggs is

S'ICS flyback topology is described. In the proposed technique,
the turn-on switching loss due to the discharging of the output Pon(cap) = COSS\/SZW(Oﬁ) fg/2, (1)
capacitance of the switch is reduced by turning on the switch ) )
when its voltage is minimum. To achieve the turn-on loss Where Vswem= Vg + NV, is the voltage across the switch
reduction for a wide range of line and load conditions, the during the off-time, andh = Npo/Ns is the turns ratio of the
flyback transformer is continuously operated at the boundary of transformer.  SinceVsym increases as the line voltage
the continuous conduction mode (CCM) and discontinuous increases becausé; increases with the line voltage, the
conduction mode (DCM) by employing a variable-frequency capacitive-discharging turn-on switching loss is maximum at
control. The performance of the new §CS _flyback technique high line. Generally, MOSFET switches with a lower on-
was evaluated on a 70-W (20-V/3.5-A) experimental prototype.  yegjstanceR)s o, which reduces the conduction loss, possess
larger output capacitandg,ss Therefore, at high switching
frequencies, the capacitive-discharging turn-on switching loss
has a detrimental effect on the efficiency of the circuit in Fig.
Recently, a number of single-stage input-current-shapifg especially, at high line. BecauBgyap does not depend
techniques have been introduced. In a single-stage approash,the load current but only on the line voltadwcap)
input-current shaping, isolation, and high-bandwidth contrelominates the switch losses at light loads and, consequently,
are performed in a single step, i.e., without creating dimits the light-load efficiency. A reduced light-load
intermediate dc bus. Among the single-stage circuits, edficiency makes very difficult to comply with Environmental
number of circuits described in [1]-[10] seem particularlf’rotection Agency’s Energy Star and similar European
attractive because they can be implemented with only orequirements, which set a voluntary power-consumption limit
semiconductor switch and a simple control. All these singlef an idling personal computer.
stage, single-switch input-current shapindICS) circuits When the flyback transformer in Fig. 1 operates with a
integrate the boost-converter front end with the forward>CM magnetizing current, the switch voltage during the off-
converter or the flyback-converter dc/dc stage. Fig. 1 showme after the magnetizing current decreases to zero oscillates
the SICS flyback converter implementation introduced iraround Vg with an amplitude equal taV, because of the
[7]. The two additional primary winding$y; and N,, are resonance between the magnetizing inductance of the
employed to keep the voltage of energy-storage (bulklpnsformer and the output capacitance of the switch.
capacitorCg below a desired level in the entire line and load herefore, the 4$CS flyback converter operating with a
ranges (e.g., 400V at the universal line range of 90-

. INTRODUCTION

264 V9. Boost inductorLg can operate either in the -~ [y~ —
discontinuous conduction mode (DCM) or in the continuous m|te Le 5 D, N L 's Dr . N
conduction mode (CCM). Generally, the CCM operation Vinges) . ics Ne3lE Ns  CrE RZv,
offers a slightly higher efficiency compared to the DCM =c, Ny . -
operation. However, the DCM operation gives a lower totél_<"_ v;==cB

harmonic distortion (THD) of the line current compared t@v

that of the CCM operation. — ‘isw
One of the major contributors to losses of tH#CS '»

flyback converter in Fig. 1 is the turn-on switching loss of

switch SW due to the discharging of the output capacitance

(Cos9 Of the switch. When the circuit in Fig. 1 operates at a

constant switching frequenclg with a CCM magnetizing

SwW

Fig. 1 SICS flyback converter introduced in [7].
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DCM magnetizing current of the transformer also suffers i
from capacitive-discharging turn-on switching ld3gycap) _
The maximumPoyecap) in @ DCM flyback converter is the e
same as thBoncap)in @ CCM flyback converter. Vingreo)
In this paper, a new ‘&S technique which features TcC
substantially reduced turn-on switching loss of the switch in'a_<
S*ICS flyback converter is described. In this technique, tﬁ%
turn-on switching loss due to the discharging of the outpet—-i RS
capacitance of the switch is reduced by turning on the switc¢h ' SW(
when its voltage is minimum or close to the minimum. To
achieve the turn-on loss reduction for a wide range of line
and load conditions, the flyback transformer is continuously Fig.2 Implementation of6CS flyback converter in Fig. 1 with double-
operated at the boundary of the CCM and DCM by tapped primary winding of the transformer.
employing a variable-frequency control. The implementation
of the new &4CS flyback converter is described in Section l1connected in series with windirlg, and/or windingN,, as
whereas principles of operation, including topological stag&kplained in [8]. The additional inductance can either be the
and key waveforms, are provided in Section IIl. Finally)eakage inductance of the winding (implemented by an
experimental results obtained on a 70-W (20-V/3.5-A@ppropriate structure of the transformer) and/or an external
prototype circuit for an adapter application are given ifhductance. In the“&CS flyback converter in Fig. 2, boost
Section IV. inductor Lg can operate also in both DCM and CCM. To
achieve the CCM operation dfg in Fig. 2, it is more
convenient to employ an external inductance in series with
II. TOPOLOGY diodeD; and/or diodeD,. It should be noticed that théISS

o » flyback converter in Fig. 3 is only suitable for the DCM
In the SICS flyback converter in Fig. 1, two additional operation oLg.

primary windings,N; and N,, are employed to keep the
voltage of energy-storage (bulk) capacitGg below the
desired level in the entire line and load ranges. Winding
appears in series with boost indudt@rduring the on-time of
switch SW, whereas windindyl, appears in series withg AN
during the off-time of the switch. By connecting the Vinteo
windings so that the voltage across each of them when they (/4. 7
conduct the boost-inductor current is in opposition to the lin
voltage, the volt-second balance of the boost-inductor core j$ |
achieved at a substantially lower voltage of the energys SW A d |%£|
storage capacitor compared to the corresponding circuit
without the windings. In addition, windinly, provides a
path for a direct transfer of a part of the input energy to the
output during the off-time of the switch. Generally, direct |rs Switch
energy transfer improves the conversion efficiency. X

The same performance of thélGS converter can be
achieved if windingN; andN, are implemented as portions
of the primary winding of the transformer by employing
tapping, as shown in Fig. 2. Both implementations of
windingsN; andN, require the same number of pins of the
transformer. However, since the implementation in Fig. 2
does not require additional windings, the construction of the | L-- 2270207220
transformer in Fig. 2 is simpler than that in Fig. 1. There-isw
construction of the transformer can be further simplified by
selecting N; + N, = Np, because then only one tap on the
primary winding is required, as shown in Fig. 3. Also, the
S*ICS flyback converter in Fig. 3 requires only one diddlg,
instead of two diode®); andD,, in Fig. 2.

Boost inductor_g in the SICS flyback converter in Fig. 1
can operate in both DCM and CCM. For the CCM operation Fig. 3 Power stage and control circuit of the propodeiSSflyback
of Lg, it is necessary to have a substantial inductance converter with single-tapped primary winding of the transformer.

|
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lll. P RINCIPLES OF OPERATION The two components @ are indicated in thig, waveform in

o . . Fig. 5.
Principles of operation are illustrated on the example of the Finally, the switch current is obtained as

SYICS flyback converter in Fig. 3. To facilitate the analysis
of operation, Figs. 4 and 5 show topological stages and key i =i i = +(1—&)i @)
waveforms of the variable-frequenc$iGS flyback converter swmice DB UM Np =
in Fig. 3, respectively. To simplify the analysis, it is assumed N . .
that all semiconductor components are ideal except for thes can be seen in Fig. 3, durl_ng the on-time, th_e output of
output capacitance of the primary swit@., In addition, comparatorA in the zero-crossmg-de.tector circuit is low,
the flyback transformer is modeled by an ideal transform ereas thef %ut&u’;[l[())f compallraB)r;]s IZ'.gh' hConsgquent][y,
with magnetizing inductancé, in parallel with primary the ogiputholt ed . g?te IS ‘oW, ho ing the sytigput o
winding Np, as shown in Fig. 4. Finally, the input voltage of Gfl_?] atch low L;rn:]gt € _enrt:rg on-time. d & wh
the converter is considered constant during a switching cycle edon—ltlme 0 t ehsvx{nc 'Sf termmatem 1hW eﬂ
because the switching frequency is much larger than the ”ﬁgnse voltagBpiswat the input of comparat@ reaches the
frequency. _evel of control voltage/gsa. At that moment the rgseR)(
Since boost inductdrg in Fig. 3 operates in the DCM and NPt of the latch changes from low level to high level,
the magnetizing inductance of the flyback transformeIPrC'ng the latch outpuR to change from high to low.

operates at the DCM/CCM boundary, at the momeﬁecﬁysﬁ d'?d@D IS cc_mnected_ In paral(lj(_al tol the delfay C'(;CU't’
immediately before switch SW is turned on, currémSiy, the high-to-low transition oQ is immediately transferred to

andis are zero. After switch SW is closedtall,, iy starts the input of the switch driver, i.eswitch SWis turned off

flowing through the switch, as shown in Fig. 4(a). Sinc}g/ithoutadelay.

energy-storage capacitor voltadeis approximately constant _ Aftér switch SWis turned off, currentg andicg continue
during a switching cycle, magnetizing curregt increases to row_thr(_Jugh output capacnanc@oss of the $W|tch,_as
linearly with a slope shown in Elg. 4(b), and switch voltage starts increasing.
di vV When switch voltagevsy reaches Vg+nV, at t=T,,
-M -8B (2) secondary-side rectifieDr becomes forward biased, as
dt Ly shown in Fig. 4(c). Because of the conduction of rectiier
as shown in Fig. 5. If rectified line voltagge is lower ~SWitch voltagevsy stays clamped 5 + nVo. At the same
than (N/Np)Vs, no boost-inductor current,z can flow time, reflected magnetizing curreiNe/Ng)iy= ~(Np/Ng)ipy
because diodé® is reverse biased. Otherwisigg flows Starts flowing on the secondary side. In additiont=ab,
through diodeD, winding N;, and switchSWas indicated in Poost-inductor current s begins flowing through diod®,

Fig. 4(a). The slope dfg is given by winding N,, and energy-storage capacitGg, as shown in
) NINRY Fig. 4(c). Because of the magnetic coupling between
dig = Vinreg ~ (N1 /Np)Vg ) (3) winding N, and secondary windinls, i, is also reflected to
dt Lg the secondary. According to Fig. 4(c), the secondary current
Because of the magnetic coupling between windgand is given by
N,, currentip; flowing through bottN; andN, is . _ Np. N, .
Is=——Iy + Iz . (8)
iy =L | (4) s N
P Np 7 As can be seen from (8)s, which during the off-time

Also, as can be seen from Fig. 4(a), energy—storage-capacﬁHPpl'es energy to the output, is composed of two
currenticg is components which draw energy from two different sources.

The energy of the component associated with the magnetizing

icg =iy +ipp =iy —ﬁiLB . (5) current is obtained from the energy stored in the magnetic
Np field during the on-time, while the energy associated with the
By rewriting (5) as boost-inductor current is drawn directly from the input line.
_ _ N. The twois components are indicated in thg waveform in
im =lice +N—1|LB , (6) Fig. 5. Generally, direct energy transfer from the line to the
P output improves the conversion efficiency.

it can be seen that during the on-time, energy from two |t should be noticed that &T, the outputs of comparators
sources is stored in the magnetic field of the flyback andB in the zero-crossing-detector circuit in Fig. 3 change
transformer. Namely, part of the magnetizing energy istates. Namely, the output of comparatahanges from low
supplied from the bulk capacitor, as in the case of the high, whereas the output of comparaBchanges from
conventional flyback converter, whereas part of the energytiggh to low. These changes do not have any effect on the
supplied directly from the line. Generally, direct energyutput of the AND gate, i.e., t@input of the latch, which
storage from the line improves the conversion efficiencyontinues to stay low. However,tafl,, the R input of the
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Fig. 5 Key waveforms of the'l€S flyback converter in Fig. 3.

Fig. 4 Topological stages of th&iGS flyback converter in Fig. 3.
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latch changes state from high to low because the primaransition at th&input of the latch causes teoutput of the
current stops flowing and sensed voltaggisyw becomes latch to also change from low to high. However, because of
zero. Since th&Rlatch is only triggered with positive edgethe delay circuit, the change at the latch output appears at the
transitions, the high-to-low transition at tReinput does not input of the switch driver after a constant dely This
change the state of the latch, i.e., oufQugtays low keeping delay is determined so that swit8Wis turned on with the
switch SWoff. minimum voltage across it.

It should be also noticed that &tT,, the instantaneous, As shown in Fig. 4(e), when switc®V is kept off after
simultaneous transitions of the outputs of comparakosed t=T, magnetizing inductancé,, of the transformer and
B in the opposite directions create a signal-racing situatiooutput capacitanc€,ss of the switch form a series resonant
This may generate a false pulse at the AND-gate output tlzatcuit. During the resonance, switch voltagg, decreases
may false trigger the latch. This racing situation in Fig. 5 iand reaches a minimum of
the result of the assumption that the leakage inductances of
the transformer are negligible so that switch currgptand Vew(oftymin =Ve ~NVo - (11)
secondary currernis commutate instantaneously. Howeverg;it=T, Therefore, to turn switcBWon with a minimum

in a practical circuit, due to the leakage inductances of thgjtage across it, the required delay time of the controller is
transformer, the commutation of the currents takes a short ladfyal to one-half of a resonant period of theC,ss resonant

finite time. In fact, in the presence of the leakaggjrcyit,i.e.,
inductances, the output of comparaBochanges from high to
low att=T,, which marks the beginning of the commutation Tp =713/Ly Coss - (12)

period, whereas the output of comparatochanges state at
the end of the commutation period, which occurs at a la
instant. Therefore, in the presence of the leakage inducta

of the transformer, the signal racingtall, does not exist, calculated from (12) does not ensure that swagtiis turned

and no false triggering of t.he latch can occur. . . on at the minimum voltage under all operating conditions.
As can be seen from Fig. 5, aftefT,, currentsi g andiy {)\Tt

d i v According to Fia. 4(c). the d | evertheless, the switch would be turned on close to the
ie(i:;e;xnlgsar y- According to Fig. 4(c), the downslope inimum voltage since the variations of the parameters in
LB

(12) are not large.
diLB — _VB +(N,/ NS)VO ~Vin(req)

However, it should be noted th@tss is dependent on the
t\%Itage (nonlinear capacitance), and that hgttandC,ss are
nf@*‘ﬁperature dependent.  Therefore, the constant delay

Finally, when switchSW is turned on att=Ts by the

dt Lg ' (©) delayed transition at th&input of theSRIlatch, the output of
o comparatoA changes from high to low causing the output of
whereas the downslope igfis given by the AND gate $input of the latch) to go low.
diy _ nV, Since the control circuit in Fig. 3 does not have a clock to
T‘"W- (10) initiate a switching transition, but the turn-on and turn-off

switching instants are determined by comparisons of sensed

From (9), it can be seen that windihg reduces energy- primary and secondary currents with the zero reference level,
storage-capacitor voltag¥s required to resels for the the controller works with a variable switching frequency.
amount of the induced voltagl,/Ns)V, across windingN,. Moreover, both the on-time and the off-time are variable.

When att=Ts, i g decreases to zero, dio@eturns off, as The frequency is maximum at the highest line voltage and the
shown in Fig. 4(d). However, the linearly decreasingninimum load, whereas the minimum switching frequency
magnetizing currentNs/Ns)iy= —(Np/Ng)ipy continues to flow occurs at the lowest line voltage and the full load.
in the secondary until it becomes zere=at, (Fig. 5). Switch SWcan be turned on with zero voltage if the circuit

To operate the flyback converter at the DCM/CCMs designed so thatnV,>Vs. To achieve zero-voltage
boundary, primary switchSW needs to be turned on switching (ZVS) in the entire line range, the ZVS condition
immediately afteis falls to zero at=T,. However, if switth must be met at the highest line voltage, WA&TF Vemax
SWis turned on at=T,, capacitive-discharging turn-on losswhich results in a maximum switch voltage of
Ponicap) Would not be reduced because swigWwould be Vg > 2Vemae In universal-line (90-264 Mo applications,
turned on with voltageVswem=Ve + NV, across it.  To where a typical value 0¥gmay is around 400V, a design
achieve a reduction dPoncap) it is necessary to delay thewhich achieves ZVS in the entire line range would require a
turn-on of primary switctSWwith respect to the instant at switch with a voltage rating in excess of 800 V. Since higher
which secondary currergfalls to zero. This can be achievedyoltage-rated switches have higher on-resistance and are
by inserting a delay circuit between the output ofSRatch  more expensive than their counterparts with lower voltage
and the switch driver, as shown in Fig. 3. Whehecomes ratings, a design with ZVS in the entire line range neither
zero att=T,, the output of comparatd in the zero-crossing gives the optimal performance nor it is cost effective. In fact,
detector changes from low to high, causing the output of thea design with the optimum trade-off between performance
AND gate G input of the latch) to go high. The low-to-highand cost,nV, is selected based on the desirable maximum
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half of that in Fig. 3, which is given in (12).

Finally, it should be noticed that in some applications, the
conversion efficiency of the flyback'iES can be improved
by replacing secondary-side rectifi®: in Fig. 3 by a
synchronous rectifier, i.e., very low on-resistance MOSFET
[11].

IV. EXPERIMENTAL RESULTS

To verify the operation and performance of the nélCS
technique, a 70-W (20-V/3.5-A), universal line voltage (90-
264 Vimg S'ICS flyback converter shown in Fig. 3 with
comparatorB shown in Fig. 6 was built for an adapter
Fig. 6 Implementation of compara®iby sensing the primary voltage. ~ application. The following components were used in the
implementation of the circuitC;, - 220 nF/ 250 Vaclg —

stress of the switch with a lower voltage (e.g., 600 V) rating80HH, D - BYM26C, Cg — 180uF/400 V, Transformer -
However, for such a selection o¥,, no ZVS is achieved at EER28L core wittNp = 66 turnsNs= 11 turnsN; = N, = 33
high line and, very often, it is not achieved even at low lindUrms, Ly =520 pH, SW — SPPX1N60S5 (600 V, 20 A,
Still, the switch is turned on with a substantially reduce@.199Q,), Dr - 16CTQ100Cr - 3x470uF/25 V. The control
voltage, resulting in a significantly lower capacitive-Circuit was implemented using the variable-frequency power-
discharging turn-on switching loss. factor-controller integrated circuit MC34262. Measured full-
The circuit in Fig. 3 can be implemented in a number dpad line-voltage and line-current waveforms at the nominal
different ways. For example, the onset of the DCM can ew line (Vi,=100 Vi) and the nominal high line
detected by sensing the primary or secondary voltage of & =230 Vi) are shown in Fig. 7. The measured
transformer instead of sensing the secondary current. Asigglividual line-current harmonics were well below the
illustration, Fig. 6 shows the implementation of comparBtor IEC1000-3-2 Class-D limits, i.e., they exhibited more than
in the circuit in Fig. 3 by sensing the primary voltage, i.e., thé0% margin at both the nominal low line and high line.
difference between bulk voltagg and switch voltagesyto ~ Table | summarizes the measured full-load power-factor (PF),
detect the beginning of the DCM. With this implementatiotptal-harmonic-distortion (THD), bulk-capacitor-voltagéy),
of comparatoB, the onset of the DCM is sensed by detectingfficiency, that includes electromagnetic interference (EMI)
the time instant t=J; in Fig. 5 when switch voltages falls  filter and in-rush current limiter losses, and switching-
belowVg. As can be seen from thg,y waveform in Fig. 5, frequency range. As can be seen from Table |, the maximum
to achieve the minimum turn-on loss in this implementatioRulk-capacitor voltage is well below 400 V. The minimum
of comparatorB, the delay of the controller needs to be ongfficiency, which occurs at low line, is above 84%.

Vin = 100 Vi | Vin = 230 Vs
O V,= z(jv : : LV =20V
1,=35A | 5 : Vi 1,=35A
N I
; : +
- I
Vin [50 V/div] i o v, [100 V/div] -
iy [1 A/div] T - i, [0.5 A/div]
TR 500V MZo0ms Chi~ 72V R TV W2.00ms Chix 72V
10.0mva Ch4 10.0mvQ

Fig. 7 Experimental line-voltage and line-current waveforms.
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TABLE |
MEeASURED PF, THD,Vz, EFFICIENCY, AND
SWITCHING FREQUENCY AT FuLL LOAD

Vin[Vind | PF | THD[%] | V&IVl | n[%] | fslkHZ]
90 0.884 51.4 120 84.2 41-71
100 0.886 51.5 134 84.9 45-79
132 0.902 47.0 180 86.9 59-96
180 0.908 45.7 250 87.8 73-104
230 0.903 47.0 325 87.9 85-114
264 0.896 48.6 378 87.7 91-12(

V. CONCLUSION

(1]

(2]
(3]

(4]

(3]

A new single-stage, single-switch input-current-shaping
(SICS) technique which features substantially reduced turrié]

on switching loss of the switch in &1SS flyback converter
is proposed.

by turning on the switch when its voltage is minimum
close to minimum. To achieve the turn-on loss reduction

The turn-on switching loss due to the
discharging of the output capacitance of the switch is reduc

o

for

a wide range of line and load conditions, the flyback
transformer is continuously operated at the boundary of thg

discontinuous and continuous  conduction

modes

(DCM/CCM) by employing a variable-frequency control.

The wide-bandwidth, variable-frequency control

is

implemented by detecting the onset of the DCM/CCMS]
boundary and, subsequently, turning on the switch with an

appropriate delay when

the maximum energy-storage-capacitor in

proposed technique is well below 400 V.

voltage

the switch voltage becomes
minimum. Because of the flyback converter topology, th
proposed technique is most suitable for universal-line (90-
264 V9 applications with higher output voltages and lowe,
output currents. Due to the DCM/CCM boundary operatior,

0]

11]
the
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