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Single-Stage Single-Switch Input-Current-Shaping
Technique with Reduced Switching Loss

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

Abstract—n this paper, a new single-stage, single-switch
input-current-shaping (S*ICS) technique which features substan-
tially reduced turn-on switching loss of the switch in a $ICS
flyback topology is described. In the proposed technique, the |
turn-on switching loss due to the discharging of the output capac- ._.<.._ T
itance of the switch is reduced by turning on the switch when its
voltage is minimum. To achieve the turn-on loss reduction for a AV
wide range of line and load conditions, the flyback transformer — fisw
is continuously operated at the boundary of the continuous con- SW
duction mode (CCM) and discontinuous conduction mode (DCM)
by employing a variable-frequency control. The performance
of the new SICS flyback technique was evaluated on a 70-W ] ]
(20-V/3.5-A) experimental prototype. Fig. 1. S'ICS flyback converter introduced in [7].

Index Terms—Line current, power factor correction, single-state
ac-dc conversion.
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flyback transformer, the power dissipation of the switch associ-
ated with the capacitive-discharging turn-on loss is

. INTRODUCTION Fon(eap) = CossViw (o ) f5/25 1)

ECENTLY, a number of single-stage input-currentwhereVsyy(, ;s = Vi +nV, is the voltage across the switch

shaping techniques have been introduced. In a single-stagging the off-time, and» = Np/Ns is the turns ratio of
approach, input-current shaping, isolation, and high-bandwidite transformer. Sinc&sy(, /) increases as the line voltage
control are performed in a single step, i.e., without creatingimcreases becausEgp increases with the line voltage, the
regulated intermediate dc bus. Among the single-stage circuitapacitive-discharging turn-on switching loss is maximum at
a number of circuits described in [1]-[10] seem particularligigh line. Generally, MOSFET switches with a lower on-re-
attractive because they can be implemented with only one sesistance Rps(.»), Which reduces the conduction loss, possess
conductor switch and a simple control. All these single-stagajger output capacitano€,,,. Therefore, at high switching
single-switch input-current shaping{€S) circuits integrate frequencies, the capacitive-discharging turn-on switching loss
the boost-converter front end with the forward-converter or ths a detrimental effect on the efficiency of the circuit in Fig. 1,
flyback-converter dc/dc stage. Fig. 1 shows tH&CS flyback especially, at high line. Becausés ..,y does not depend
converter implementation introduced in [7]. The two addition@n the load current but only on the line voltag€y v (cap)
primary windings, N; and N», are employed to keep thedominates the switch losses at light loads and, consequently,
voltage of energy-storage (bulk) capacit@g below a desired limits the I|ght_—|9ad efficiency. A _reduce_d light-load eff|C|en_cy
level in the entire line and load ranges (e.g., 400 V at tfjpakes Yery difficult to comply \_Nlt_h Environmental Pr(_)tect|on
universal line range of 90-264,, ). Boost inductorL;; can A~dency’s Energy Star and similar European requirements,

operate either in the discontinuous conduction mode (DCI\‘MhICh set a voluntary power-consumption limit of an idling

; . . | computer.
or in the continuous conduction mode (CCM). Generally, tHeersona — .
CCM operation offers a slightly higher efficiency compared When t_he flyback transformer in Fig. 1 oper:?\tes with a D.CM
magnetizing current, the switch voltage during the off-time

to the DCM operatlop. Howeyer, the DCM operaﬂon IVetter the magnetizing current decreases to zero oscillates around

a lower total harmonic distortion (THD) of the line curren - with an amplitude equal taV,, because of the resonance

cogpare?ttl;) that .Of the (i(_:bMtopertatllon. f e CS fl between the magnetizing inductance of the transformer and
ne ot the major contributors 1o losses o Y the output capacitance of the switch. Therefore, th&CS

back converter in Fig. 1 is the turn-on switching loss of switcI b ; - g

. . ! ack converter operating with a DCM magnetizing current
SW dug to the d|scharg|_ng (_)f_the output capacitatég;) of of the transformer also suffers from capacitive-discharging
the switch. When the circuit in Fig. 1 operates at a constaf) ina

e . o utrn-on switching 1085 n(cap)- The maximumPo y (cap)
switching frequencys with a CCM magnetizing current of the DCM flyback converter is the same as tHg v (cay) In 8 CCM

flyback converter.
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Fig. 2. Implementation of 9CS flyback converter in Fig. 1 with Rip
double-tapped primary winding of the transformer.

Rig is

Comparaior B

capacitance of the switch is reduced by turning on the switc
when its voltage is minimum or close to the minimum. Tc
achieve the turn-on loss reduction for a wide range of lin
and load conditions, the flyback transformer is continuousl
operated at the boundary of the CCM and DCM by employin
a variable-frequency control. The implementation of the ner | L__ 22770222020
S*ICS flyback converter is described in Section Il, wherea Rrp-isy
principles of operation, including topological stages and ke
waveforms, are provided in Section Ill. Finally, experimenta
results obtained on a 70-W (20-V/3.5-A) prototype circuit fol
an adapter application are given in Section IV.

Comparator C

Il. TOPOLOGY

In the €ICS flyback converter in Fig. 1, two additionalFi9- 3- Power stage and control circuit of the propos€dCS flyback

. . ! converter with single-tapped primary winding of the transformer.
primary windings, Ny and N,, are employed to keep the
voltage of energy-storage (bulk) capacit6fz below the
desired level in the entire line and load ranges. Windivig
appears in series with boost inductbg during the on-time
of switch SW, whereas windingV, appears in series withg
during the off-time of the switch. By connecting the winding

f
so that the voltage across each of them when they conduct | . .
boost-inductor current is in opposition to the line voltage, the oth DCM and CCM. To achieve the CCM operationigs

volt-second balance of the boost-inductor core is achieved!%{:'g' 2, itis more convenient to employ an external inductance

a substantially lower voltage of the energy-storage capaci gySeres with diodeD, and/or diodeD,. It should be noticed

compared to the corresponding circuit without the winding at the SICS flyback converter in Fig. 3 is only suitable for the
In addition, winding N, provides a path for a direct transfe CM operation ofL 5.
of a part of the input energy to the output during the off-time
of the switch. Generally, direct energy transfer improves the
conversion efficiency. Principles of operation are illustrated on the example of the
The same performance of the*ISS converter can be S*ICS flyback converter in Fig. 3. To facilitate the analysis
achieved if windingsV; and NV, are implemented as portionsof operation, Figs. 4 and 5 show topological stages and key
of the primary winding of the transformer by employingvaveforms of the variable-frequencyISS flyback converter
tapping, as shown in Fig. 2. Both implementations of windinga Fig. 3, respectively. To simplify the analysis, itis assumed that
N7 and N, require the same number of pins of the transformeall semiconductor components are ideal except for the output
However, since the implementation in Fig. 2 does not requicapacitance of the primary switchi,,,. In addition, the fly-
additional windings, the construction of the transformer iback transformer is modeled by an ideal transformer with mag-
Fig. 2 is simpler than that in Fig. 1. The construction of thaeetizing inductancé ,, in parallel with primary windingvVp, as
transformer can be further simplified by selecting + N> shownin Fig. 4. Finally, the input voltage of the converter is con-
= Np, because then only one tap on the primary winding sdered constant during a switching cycle because the switching
required, as shown in Fig. 3. Also, thélSS flyback converter frequency is much larger than the line frequency.
in Fig. 3 requires only one diodd), instead of two dioded), Since boost inductok g in Fig. 3 operates in the DCM and
and D-, in Fig. 2. the magnetizing inductance of the flyback transformer operates
Boost inductorL 5 in the SHICS flyback converter in Fig. 1 at the DCM/CCM boundary, at the moment immediately before
can operate in both DCM and CCM. For the CCM operation afwitchSW is turned on, currents, g, ¢ 57, andi s are zero. After
Lp, itis necessary to have a substantial inductance connecsmdich SW is closed at = 1y, 75, starts flowing through the

in series with windingV,; and/or windingVs, as explained in

[8]. The additional inductance can either be the leakage induc-
tance of the winding (implemented by an appropriate structure
the transformer) and/or an external inductance. In tHES
%ack converter in Fig. 2, boost inductarg can operate also

I1l. PRINCIPLES OFOPERATION
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Fig. 4. Topological stages of thé¢ S flyback converter in Fig. 3. a P Pl D
switch, as shown in Fig. 4(a). Since energy-storage capacitor i DTl oeav el
voltageVy is approximately constant during a switching cycle, Vos | D | P .
magnetizing currenty; increases linearly with a slope l ; _ i L
T, T T, T, T T t
T41
di Vi
d—]tw = L—B (2) Fig. 5. Key waveforms of the*$CS flyback converter in Fig. 3.
M

as shown in Fig. 5. If rectified line voltagg, (.., is lower than diodeD is reverse biased. Otherwisg,; flows through diode
(N1 /Np)Vs, no boost-inductor curreny, 5 can flow because D, winding Ny, and switchSW as indicated in Fig. 4(a). The
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slope ofiy g is given by winding Ng, ir g is also reflected to the secondary. According
to Fig. 4(c), the secondary current is given by
dirB _ Vin(ree) — (N1/Np)Vp 3
dt o LB ’ ( ) P NP N2 (8)

i§ = ——1iM + = tLB-
Ns Ns

Because of the magnetic coupling between windingsand

Na, currenti p1 flowing through bothV; and s is As can be seen from (8)s, which during the off-time supplies

energy to the output, is composed of two components which
) N . draw energy from two different sources. The energy of the com-
tr1=— N_P'LLB' (4) ponent associated with the magnetizing current is obtained from
the energy stored in the magnetic field during the on-time, while
Also, as can be seen from Fig. 4(a), energy-storage-capactias energy associated with the boost-inductor current is drawn
currentic g is directly from the input line. The twes components are indi-
cated in thei; 5 waveform in Fig. 5. Generally, direct energy
icp =iy +ipL =i — &iLB- (5) transfer from the line to the output improves the conversion ef-
Np ficiency.
It should be noticed that at= 15 the outputs of comparators
A and B in the zero-crossing-detector circuit in Fig. 3 change
. . Ny . states. Namely, the output of comparatbchanges from low
ty =tcB+ N—P'LLB 6) to high, whereas the output of comparatbchanges from high
to low. These changes do not have any effect on the output of
it can be seen that during the on-time, energy from two source#tie AND gate, i.e., thé input of the latch, which continues to
stored in the magnetic field of the flyback transformer. Namelgtay low. However, at = 73, the R input of the latch changes
part of the magnetizing energy is supplied from the bulk capastate from high to low because the primary current stops flowing
itor, as in the case of the conventional flyback converter, wherezsd sensed voltagk; pi sy becomes zero. Since ti#R latch
part of the energy is supplied directly from the line. Generallis only triggered with positive edge transitions, the high-to-low
direct energy storage from the line improves the conversion effiansition at theR input does not change the state of the latch,
ciency. The two componentsof; are indicated in thé,; wave- i.e., output) stays low keeping switcHWW off.
form in Fig. 5. It should be also noticed that at= 75, the instantaneous,
Finally, the switch current is obtained as simultaneous transitions of the outputs of comparatoasnd B
in the opposite directions create a signal-racing situation. This
may generate a false pulse at the AND-gate output that may false
trigger the latch. This racing situation in Fig. 5 is the result of
the assumption that the leakage inductances of the transformer
As can be seen in Fig. 3, during the on-time, the outphte negligible so that switch curreiy; and secondary current
of comparatorA in the zero-crossing-detector circuit is low,;; commutate instantaneously. However, in a practical circuit,
whereas the output of comparatBris high. Consequently, the due to the leakage inductances of the transformer, the commu-
output of the AND gate is low, holding the sgf) input of the  tation of the currents takes a short but finite time. In fact, in the
SR latch low during the entire on-time. presence of the leakage inductances, the output of compatator
The on-time of the switch is terminated &t= 77 when changes from high to low at= 75, which marks the beginning
sensed voltagé?; pisw at the input of comparataf’ reaches of the commutation period, whereas the output of comparator
the level of control voltage.1. At that moment the res¢f?)  changes state at the end of the commutation period, which oc-
input of the latch changes from low level to high level, forcingurs at a later instant. Therefore, in the presence of the leakage
the latch output? to change from high to low. Because diodgnductances of the transformer, the signal racing-atZ; does
Dy is connected in parallel to the delay circuit, the high-to-lowot exist, and no false triggering of the latch can occur.
transition of @ is immediately transferred to the input of the As can be seen from Fig. 5, after= 7%, currentsi, 5 and

switch driver, i.e., switctbW is turned off without a delay.  ;,, decrease linearly. According to Fig. 4(c), the downslope of
After switchSW is turned off, currenté;, g andic g continue  ;, ; is given by

to flow through output capacitan€e,,, of the switch, as shown

By rewriting (5) as

) ) ) ) Ni Y .
isw =tcp+irp =tm + <1 - N—l> iLB. (7
P

in Fig. 4(b), and switch voltages, starts increasing. When dicg VB4 (N2/Ns)Vo — Vin(ree) 9
switch voltagevsw reached’z+nV, att = 7>, secondary-side 4t Lg ©)
rectifier Dy becomes forward biased, as shown in Fig. 4(c). Be- .

cause of the conduction of rectifigd, switch voltagevgy  Whereas the downslope 6f; is given by

stays clamped t&’z +nV,. At the same time, reflected magne- diyg nV,

tizing current(Np/Ns)ins = —((Np/Ns)ip1 starts flowing % - Iy (10)

on the secondary side. In addition,tat= 7%, boost-inductor

currentip g begins flowing through diod®, winding N., and From (9), it can be seen that winding> reduces en-
energy-storage capacit@rg, as shown in Fig. 4(c). Becauseergy-storage-capacitor voltadgg; required to reseL g for the
of the magnetic coupling between windidg and secondary amount of the induced voltagev» /Ns)V, across windingV..
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When att = T3, i;,g decreases to zero, diode turns off,
as shown in Fig. 4(d). However, the linearly decreasing mag-
netizing curren{ Np/Ns)iny = —(Np/Ns)ipy continues to
flow in the secondary until it becomes zeratat 7 (Fig. 5).

To operate the flyback converter at the DCM/CCM boundary,
primary switchSW needs to be turned on immediately after
falls to zero at = 7. However, if switchSW is turned on at
t = Ty, capacitive-discharging turn-on lo8% n..,,) Would not
be reduced because switsh” would be turned on with voltage
Vswwrp) = Ve + nV, across it. To achieve a reduction of
Pon(cap) itis necessary to delay the turn-on of primary switchig. 6. Implementation of comparaté by sensing the primary voltage.
SW with respect to the instant at which secondary curient
falls to zero. This can be achieved by inserting a delay circuit
between the output of th&R latch and the switch driver, as
shown in Fig. 3. Whemns becomes zero &t= 77, the output of
comparatoiB in the zero-crossing detector changes from low

high, causing the output of the AND g4t& input of the latch) . X . .
) e . . in a maximum switch voltage dfsw max = 2VE max- IN UNIi-
to go high. The low-to-high transition at ttteinput of the latch versal-line (90-264 \i,..) applications, where a typical value

causes th€} output of the latch to allso phange from low to h'ghtbf Vis e i around 400 V, a design which achieves ZVS in the
However, because of the delay circuit, the change at the latch.” " ) . . .
ire line range would require a switch with a voltage rating

. X . e
output appears at the input of the switch driver after a constait . . .
delgyTD?Pl'his delay is dgtermined o that switsh is turned " €XCesS of 800 V. Since higher voltage-rated switches have

4 . . higher on-resistance and are more expensive than their coun-
on with the minimum voltage across it.

As shown in Fig. 4(e), when switch SW is kept off afte}erparts with lower voltage ratings, a design with ZVS in the

2 entire line range neither gives the optimal performance nor it is
t = Ty, magnetizing inductancép; of the transformer and . . . . .

‘ . . . cost effective. In fact, in a design with the optimum trade-off
output capacitana€,,,, of the switch form a series resonant cir :
. - . between performance and caost;, is selected based on the de-

cuit. During the resonance, switch voltagegy, decreases and . : . :

reaches a minimum of sirable maximum stress of the switch with a lower voltage (e.g.,
600 V) rating. However, for such a selectiordf,, no ZVS is
achieved at high line and, very often, it is not achieved even at
low line. Still, the switch is turned on with a substantially re-
att = Tx. Therefore, to turn switclW on with a minimum duced voltage, resulting in a significantly lower capacitive-dis-
voltage across it, the required delay time of the controller @harging turn-on switching loss.

equal to one-half of a resonant period of thg — C,,, resonant ~ The circuit in Fig. 3 can be implemented in a number of dif-

SwitchSW can be turned on with zero voltage if the circuitis
designed so thatV, > V. To achieve zero-voltage switching
t{)ZVS) in the entire line range, the ZVS condition must be met
at the highest line voltage, whérfg = Vg ..x, Which results

VSVV(off),min = VB - TLV:)- (11)

circuit, i.e., ferent ways. For example, the onset of the DCM can be de-
tected by sensing the primary or secondary voltage of the trans-
Tp =7\ LyCoss. (12) former instead of sensing the secondary current. As an illustra-

. ) tion, Fig. 6 shows the implementation of comparatbin the
However, it should be noted that,, is dependent on the qirq it in Fig. 3 by sensing the primary voltage, i.e., the dif-
voltage (nonlinear capacitance), and that batfy and Co.s  ference between bulk voltages and switch voltagessyy to
are temperature dependent. Therefore, the constant def@¥ect the beginning of the DCM. With this implementation of
calculated from (12) does not ensure that swif6l is turned ., naratom,; the onset of the DCM is sensed by detecting the
on at the minimum voltage under all operating condition$me instantt — Ty in Fig. 5 when switch voltagesy falls
Nevertheless, the switch would be turned on close to “B%IOWVB. As can be seen from the;,; waveform in Fig. 5,

minimum voltage since the variations of the parameters in (1g) achieve the minimum turn-on loss in this implementation of

are _not large. . . comparatorB, the delay of the controller needs to be one half
Finally, when switchSW is turned on at = 75 by the de- of that in Fig. 3, which is given in (12).

layed transition at thes input of the.SR latch, the output of ka1, it should be noticed that in some applications, the
comparator4 changes from high to low causing the output 0fqersion efficiency of the flyback*&CS can be improved

the AND gate(S input of the latch) to go low. by replacing secondary-side rectifiérz in Fig. 3 by a syn-

Since the control circuit in Fig. 3 does not have a clocky onouys rectifier, i.e., very low on-resistance MOSFET [11].
to initiate a switching transition, but the turn-on and turn-off

switching instants are determined by comparisons of sensed
primary and secondary currents with the zero reference level,
the controller works with a variable switching frequency. To verify the operation and performance of the netilCS

Moreover, both the on-time and the off-time are variable. THechnique, a 70-W (20-V/3.5-A), universal line voltage (90-264
frequency is maximum at the highest line voltage and thé,,,.) S*ICS flyback converter shown in Fig. 3 with comparator
minimum load, whereas the minimum switching frequenc® shown in Fig. 6 was built for an adapter application. The
occurs at the lowest line voltage and the full load. following components were used in the implementation of the

IV. EXPERIMENTAL RESULTS
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Fig. 7. Experimental line-voltage and line-current waveforms.

TABLE |
MEASURED PF, THD, Vg, EFFICIENCY, AND SWITCHING FREQUENCY
AT FULL LOAD

: Vin [50 V/div] - vy, [100 'V/di\i/]

i, {1 AiV]: - . i1 0.5 A/div] o

R stoy WM200ms CRT Y 72V 1Ch | I 11— 2 G0ms Chi v 72V
®E 10.0mvQ chd 10.0mvQ
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the switch when its voltage is minimum or close to minimum.
To achieve the turn-on loss reduction for a wide range of
line and load conditions, the flyback transformer is contin-
uously operated at the boundary of the discontinuous and
continuous conduction modes (DCM/CCM) by employing a
variable-frequency control. The wide-bandwidth, variable-fre-
guency control is implemented by detecting the onset of the
DCM/CCM boundary and, subsequently, turning on the switch
with an appropriate delay when the switch voltage becomes
minimum. Because of the flyback converter topology, the
proposed technique is most suitable for universal-line (90-264

VulVms] | PF | THD(%) | [V | n[%] | /fs[kHz)
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 0.908 457 250 87.8 73-106
230 0.903 47.0 325 87.9 85-116
264 0.896 48.6 378 87.7 91-120

V.ms) applications with higher output voltages and lower
output currents. Due to the DCM/CCM boundary operation,

the maximum energy-storage-capacitor voltage in the proposed
technique is well below 400 V.

circuit: C;,, — 220 nF/250 Vac,L g — 180 ;1H, D — BYM26C,
Cp — 180F/400 V, Transformer - EER28L core witNp =
66 turns,Ng = 11 turns,N; = Ny = 33 turns, L, =
520 uH, SW — SPPX1N60S5 (600 V, 20 A, 0.19,), DF —
16CTQL00 % — 3 x 470,F/25 V. The control circuit was im-
plemented using the variable-frequency power-factor-controlIer[z]
integrated circuit MC34262. Measured full-load line-voltage [3]
and line-current waveforms at the nominal low lifié,, = 100

V.me) and the nominal high linéV;,, = 230 V,,,s) are shown

in Fig. 7. The measured individual line-current harmonics [4]
were well below the IEC1000-3-2 Class-D limits, i.e., they
exhibited more than 20% margin at both the nominal low
line and high line. Table | summarizes the measured full-load|s)
power-factor (PF), total-harmonic-distortion (THD), bulk-ca-
pacitor-voltage V), efficiency, that includes electromagnetic (6]
interference (EMI) filter and in-rush current limiter losses, and
switching-frequency range. As can be seen from Table I, the
maximum bulk-capacitor voltage is well below 400 V. The
minimum efficiency, which occurs at low line, is above 84%.

(1]

V. CONCLUSION el
A new single-stage, single-switch input-current-shaping (9]
(S*ICS) technique which features substantially reduced turn-on
switching loss of the switch in a“fCS flyback converter is
proposed. The turn-on switching loss due to the discharging ‘7{50]
the output capacitance of the switch is reduced by turning on
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