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Design Considerations and Performance Evaluations
of Synchronous Rectification in Flyback Converters
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Abstract—Design tradeoffs and performance comparisons of (- _ n:1 , ®)
various implementations of the flyback converter with a + Li le I s W +
synchronous rectifier (SR) are presented. Specifically, the merits \ = C
and limitations of the constant-frequency (CF) continuous- L., P Coss F v,
conduction mode (CCM), CF discontinuous-conduction mode v ) — T
(DCM), variable-frequency (VF) DCM, and zero-voltage- in < D -
switched (ZVS) DCM flyback converters with SR's are SW- 4 -
discussed. The theoretical efficiency improvements of the : ™ SR -L’-lTSR
discussed synchronous rectification approaches relative to Vasisw) | 08 I
Schottky diode implementations are derived. Finally, theoretical - Tew! B Vissr)
results are verified on an experimental universal-input off-line oO——— 7V

15-V/36-W flyback prototype.

- Fig. 1. Flyback converter with SR.
Index Terms—Efficiency, flyback converter, synchronous rec- g y

tification.
as a voltage-controlled resistor in a control loop which adjusts
|. INTRODUCTION th'e SR’S resistange so that the output voltage is maintained
, , within the regulation range. Generally, the regulation range
ENERALLY, in low-output-voltage power supplies, theyt these postregulation approaches is limited to the forward
conduction loss of the diode rectifier (DR) due to 't%oltage drop of the SR body diode, i.e.0.7 V. Moreover
forward voltage drop is the dominant loss component. In pPOWgfce the voltage drop across the SR is not minimized because
supplies with the output voltage not too many times highef; the resistance modulation, the conversion efficiency of these

than the rectifier forward voltage drop, the DR loss accounfggiregulators is reduced, compared to that of the converter
for more than 50% of the total power loss. The rectificatiofiih the “true” SR.

loss can be reduced by replacing the DR with a synchronousre gpjective of this paper is to evaluate the theoretical

rectifier (SR), i.e., with a low-on-resistance MOSFET [1], [2]anq practical limits of the efficiency improvements for various
Synchronous rectification is most often applied to the buck a plementations of the flyback converter with the SR with
buck-derived isolated topologigs, _which are suitable fo_r SteRéspect to the corresponding converter with the DR. Specifi-
down low-output-voltage applications [2]. Generally, in thegly the design considerations and performance evaluations
isolated buck-derived topologies, such as the forward, bridggr e constant-frequency (CF) continuous-conduction mode
type, and push—pull converters, synchronous rectification %L”FCM), CF discontinuous-conduction mode (DCM), variable-
be implemented by a direct replaceme_nt of the DR’S_ Wiflequency (VF) DCM, and zero-voltage-switched (ZVS) DCM
low-voltage MOSFET's [3], [4]. Namely, in these self-drivery nack converters with the SR are discussed.
SR implementations, the secondary voltage of the transformér
is used to directly drive the SR’s, thus reducing the circuit
complexity and cost without sacrificing the efficiency.

A number of applications of the SR in the flyback converter [l. SYNCHRONOUS RECTIFIER IMPLEMENTATIONS

have also been reported [5]-[7]. However, in all of these A flyback converter with the SR is shown in Fig. 1. For

applications, the main purpose of the SR was to provide thgoper operation of the converter, conduction periods of pri-
postregulation of the output voltage and not to maximize thﬁary switth SW and secondary-side switth SR must not
conversion efficiency. Specifically, in [5]-{7], the SR is usegverlap. To avoid the simultaneous conduction of the SW

. ) ) _and the SR, a delay between the turn-off instant of switch
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Generally, the circuit sown in Fig. 1 can work in CCM or
DCM either with a constant or variable switching frequency
pulse-width-modulation (PWM) control. Design considera-
tions and SR loss estimates for various modes of operation
and different control approaches are given next.

A. Constant-Frequency CCM

The key waveforms of the flyback converter with the SR

operating in CCM are given in Fig. 2. As can be seen from Vosswd revrse- Dsw ?

Fig. 2, during delay timeg's* and 79, secondary current V‘"+"v,‘l’ ......... ehrge [T i
isec flOws through the body diode of the SR (shaded " | | -
region in Fig. 2). The conduction of body diod&;r not only V\“/“A : 5 : f
increases the conduction loss, but also introduces a reverse —*| "

recovery loss when primary switch SW is turned on. The . >

total conduction loss of the SR is given by the sum of the T, — Tosr 5
channel-resistance loss (unshaded region in Fig. 2) and = T, .

body-diode !055 .(Shade'ge‘: region in Fig. 2). Assuming that Fig. 2. Key waveforms of CF CCM flyback converter with SR. Body diode
the conduction time through the channel of the SR is muohSR conducts in shaded aréa).
longer than the conduction time through the body diode of the

SR, i.e., assuming that the SR conducts through the Cha””el\m{ereQRR is the recovered charge of the SR body diode and

the entire off period, the rms value of the trapezoidal seconda(pyJr Via/n is the steady-state reverse voltage across the SR.
current which flows through the channel can be derived as °|, a4dition toPSR | and PSR losses, the CF CCM converter

CO!

(Alec)? in Fig. 1 exhibits a loss each time the SR is turned off (i.e.,
(1-D) (1) each time the SW is turned on) because of a parasitic resonance
betweenC:E and the leakage inductance of the transformer
where Rpg(on) i the SR on resistancd) = 1, /T is the (see Fig. 9). Since the parasitic resonance must be damped by
duty ratio of the primary switch/, is the output current, a snubber to limit the maximum voltage across the SR, the
Ale. = Vo(l — D)TI's/(L,,/n?) is the secondary peak-resonance dies out completely before SR is turned on again.
to-peak ripple currentL,, is the primary-side magnetizing As a result, the power loss due to this parasitic resonance can

inductance of the transformef, is the switching period, and be calculated from

IQ
IQ — o
¢ 1-D + 12

n is the turns ratio of the transformer, respectively. Using (1), 1 Vi \ 2
the total conduction loss of the SR can be calculated as PSf = 5035}5{ <Vo + 7”“) s )
2 2 _
PEY 4 = Rps(on) 1 IOD + AISGC% D) Finally, for proper operation of the circuit, the SR must

be turned off before primary switch SW is turned on (delay
+ Vp (12T + ISR TeR) £, (2) time T2 in Fig. 2). Therefore, the flyback converter with the

SR cannot be self-driven from the secondary winding of the

where the second term represents the loss incurred by {hghsformer. In fact, the circuit shown in Fig. 1 requires an

Conduction Of the body diOde Of the SR. In (MD iS the external Contro' Circuit to turn off the SR.

forward voltage drop of the SR’s body diode afigf. and

ISY are the SR’s body diode currents during dead timgs Constant-Frequency DCM

Ter and Tef, respectively. Because dead tim@%® and )

Tef are short compared with off-tim&,g, currents/S% and The key_wa\(eforms of the CF fIy_b ack_ converter with the

I% can be considered constant during the SR’s body diog® operating n DCM are_s_hovyn in Fig. 3. In DCM, the

conduction. Since in the CCNI® = 1, /(1 — D) + Aluec/2 energy stored in the magngtmng mductance of the t_ransformer

and 121 = I, /(1 — D) — AL../2, the total conduction loss dur!ng the on time of swm;h SW is completely dlschar.ged
during the subsequent off time. As can be seen from Fig. 3,

of the SR can be expressed as ) i )
secondary current,. reaches zero before primary switch SW

SR 12 AIZ.(1- D) is turned on. To prevent the discharging of the output filter
Peona = Hips(on) 1—-D + 12 capacitor through a conducting SR, the SR channel conduction
Vol (Ton + Toﬂ) f (transistorlsg) must be terminated at the momeént. reaches
o\l p D s

(3) zero, or a short while after. Therefore, the DCM flyback
1-D converter with the SR requires a zero-current crossing detector
The total reverse recovery loss of the body diode of the SR the control circuit.
is [8] After the SR is turned off, the magnetizing inductance of
the transformer,,, and capacitanc€., = C5Y + C5E /n?

PSR = Qrr <Vo + ﬁ)fs (4) starts resonating, as shown in Fig. 3. For a converter.with a
n regulated output, the duration of resonant inter¥gky in
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ty t,

Fig. 3. Key waveforms of CF DCM flyback converter with SR. Body dioderig. 4.  Key waveforms of VF DCM flyback converter with SR. Body diode
of SR conducts in shaded aré#l). of SR conducts in shaded ar¢gl).

Fig. 3 changes significantly with the input voltage and legfd full load, and it increases as the line increases and/or load

dramatically with the output current. As a result, the voltaggecreases.

across the primary switch at the moment of its turn on canThe conversion efficiency at low line of the VF DCM

range anywhere betwedfy, +nV, and Vi, —nVs, producing converter can be always made higher than the efficiency

the capacitive turn-on loss of of the corresponding CF counterpart. In addition, the high-
p _ 1CSWV2 6 line efficiency of the VF DCM converter can also be higher

cap(SW) = 5 “oss onls ) than that of the CF DCM implementation if the power-loss
where Viy = nV, < Von < Vin + nV,. Since Pepysw) savings due to elimination of the parasitic oscillations and

is maximum at the peaks of thEpgsyw, oscillation and the _minimization _of t_he turn-on voltag¥,,, are lower than
minimum at its valleys, the efficiency of the converter shomg‘e mcreased_ sw_ltchmg losses and magnetic losses due to the
strong fluctuations with the input voltage. In addition, becauddréased switching frequency.

typical SR’s have a much larger output capacita6gg than )

the Schottky rectifiers, the characteristic impedagte = D- Variable-Frequency ZVS DCM

VLm/Ceq Of the resonant tank consisting d@f,, and Ceq As can be seen from Fig. 4, if the amplitude of the os-
is much lower for the converter with an SR compared to thaillation after the turn off of the SR is larger than the input
with a Schottky diode. As a result, the resonant-tank currenditage, i.e., if

of the converter with an SR is much higher than that of

the converter with a Schottky, causing a larger conduction Vin <n¥o (8)

loss. For certain line and load conditions, this power loss c@mary-switch voltageVng sy, will fall to zero before the
completely offset the power-loss savings obtained by the SKyitch is turned on at the moment = t5 + Tyelay. Therefore,
making the efficiency of the converter with the SR lower thag, Vi < nV,, the VF flyback converter can achieve ZVS,
that of the converter with the DR. i.e., the capacitive turn-on loss of the primary switch can be

Finally, it should be noted that in the DCM flyback convertegjiminated. While the ZVS condition in (8) may be met for
reverse-rectifier loss’SR is eliminated because the rectifiersgrtain designs at low input-voltages, generally it is not met at
current becomes zero before primary switch SW is turned qfigher input voltages. As a result, at higher input voltages, the

VF flyback converter with gate-drive timing given in Fig. 4
C. Variable-Frequency DCM operates with partial ZVS.

Capacitive switching 10s$%.,,sw) can be minimized, and ~However, the complete ZVS of the primary switch in the
parasitic oscillation caused by the interactionlof, andC,, VF flyback converter with the SR can be achieved in the
can be eliminated if the primary switch SW is turned on at tHentire input-voltage range if the turn-off instant of the SR
momentVps(sw) reaches its minimum voltagé, — nV, the ~after the secondary current zero crossing is delayed enough to
first time after the SR is turned off, as shown in Fig. 4. Thigllow a negative secondary current to build up, as shown in
can be accomplished by sensing the zero-current crossingrid. 5. To achieve ZVS in the entire input-voltage range, the
isec @nd turning on SW after a constant delBiy..;,, which is energy stored in magnetizing inductantg, by the negative
equal to one half of the parasitic-resonance period, i.e., secondary currenfzys must be large enough to discharge

primary switch capacitana@>" from voltageV;, +nV, down

Taelay = T/ LinCeq. 7 1o zero, i.e., -
With this VF control, the efficiency fluctuations with the n\/vg — (aV,)?
input voltage are eliminated. It should be noted that with the Igvs > in(max) ’ (9)

VF control, the switching frequency is minimum at low line Zim
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TABLE |
PoweR Loss COMPARISONS OF FLYBACK CONVERTERS WITH DR AND SR
CF CCM CF DCM VF DCM VF ZVS DCM
DR Vel, Vel, Vel, not possible to implement
Peon 12 A% (1-D) 2 2 R 4,
SR | Rostomy| 755+ R Mo | a4y | Fosem 3T
1-D 12 DS(on) 3(I-D) DS(on) 31-D)
of Lyys[21, + Iy (1= D)
+VpI (TF +TF Vs 1(I-D) + 3
C v, v,
b DR' I:TT v, +%)2 +0ORRw, +%):| fs 0 0 not possible to implement
P,,ﬁ'FPRR
SR | | Con Vin .2, sk Vin
2 (Vo+ ) +QRR(V0 +—) fx 0 0 0
n n
cs¥ N swW
DR ”2” Vi +nV,)° f, —‘;‘ V2, —"2“ (V,, —nV,)? f, | not possible to implement
Peapisw)
sw csv SW
SR = Vi 41V’ £ = Voks | 5 Vi —Y0) 1, 0

' Note that for Schottky rectifiers, Qg = 0.

I1l. SR EFFICIENCY IMPROVEMENT ESTIMATES

Generally, in a flyback converter, the substitution of the DR
with an SR affects the conduction and switching losses of the
rectifier. In addition, the employment of an SR allows for the
implementation of VF flyback converter with complete ZVS,
i.e., without any primary-switch capacitive turn-on switching
loss Preapsw). Table | summarizes theoretical rectifier con-
duction lossP,.,q, rectifier switching lossesP,, = P.g +
Prr, and the primary switching losE..,,;sw) of the flyback
converter with the DR and the SR.

The efficiency of a converter with the DR can be expressed
as

b,

a PO + PC%E(I + PS?VR + Pg‘f}(syv) + Pother

(11)

t;.tz t.a Ly TIDR,
Fig. 5. Key waveforms of VF ZVS DCM operation.
where P, is the output power and.: iS the loss other
than the conduction and switching losses of the rectifier
and the capacitive turn-on switching loss of the primary
switch. Specifically, Py pe; includes the transformer, input
zvs _ Lm - Izvs [electromagnetic interference (EMI)] filter, output filter, and
Tie = = (10) g . . .
n? -V, control circuit losses, i.e., the losses which are virtually the

- same for both the SR and rectifier diode implementations of
as shown in Fig. 5.
the converter.

Finally, it ?hOUId be noted that n t.he VF ZVS DC.M f!yback Similarly, the efficiency of the flyback converter with the

converter with the SR, the capacitive turn-on switching Ios§R ;
. . . . can be written as

of the primary switch is traded off for the conduction loss:
Namely, according to Fig. 5, due to the negative secondary . P, (12)
current, the rms value of the secondary current is slightly ISk = b, +PCS(§M+PSS“B+P§;;(SW) + Poiher
increased. Therefore, the VF ZVS converter in Fig. 5 might
not necessarily achieve higher efficiency compared to the \By eliminating P, from (11) and (12), the efficiency
converter with partial ZVS (Fig. 4). difference between the SR and the DR implementations can

Therefore, to build up the necessapy s, the turn off of the
SR should be delayed after the zero crossing.qf for
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94 - - — (output power) increases. In fact, as can be seen from Fig. 6,
— VF DCM Vin= 200V, V=15V, | for 1, > 10 A the efficiency of the CF DCM implementation

n=6.3f = 100kHz, is lower than that of the Schottky implementation. Also, as
 |Ploson = 10ma, Ve = 0.7V the load current, and therefore the conduction losses, become
larger, the efficiencies of the VF DCM and zZVS DCM
implementations converge because the power savings brought

ZVS DCM

ol icmmmm T about by soft switching in ZVS DCM implementation are less
S T A e significant.
89 — - Finally, as the output current continues to increase, so that
Y / NG the voltage drop across the S&s(on)irMs approaches that
88 T Diode Redtifier Sl | of the Schottky rectifie#’, the efficiencies of the CF CCM,
a7 | /,E, L / \\ o VF DCM, and ZVS DCM implementations approach that of
i CE DCM N the Schottky-rectifier implementation. As can be seen from
T e e .o s Fig. 6, atl, = 20 A, the efficiencies of the VF DCM and
° ° 1, A] 1 2 ZVS DCM implementations fall to the level of the Schottky

implementation efficiency. The CF CCM implementation ef-
ficiency drops to that of the Schottky-rectifier implementation
atI, > 20 A due to loweri®MS. The only way to achieve
be calculated as efficiency improvements at higher load currents, i.e., when
Rps(on)irms ~ VF, is to resort to paralleling of SR’s in order

to reduce the effectivéipg(on)-

Fig. 6. Theoretical efficiency estimates.

An =1nsr — DR =
= K P, — APrecipr

where
APqpc = (P d pS d) (PDR PSR) IV. EVALUATION RESULTS
The discussed SR implementations were experimentall
+ (Pcap(SVV) - Pcap(SVV))' (14) P P y

evaluated on a 15-V/2.4-A flyback converter designed to oper-

Using the power loss expressions from Table | and knowirgge in the 100-370-Vdc input-voltage range. The diode-version
the device characteristics and the circuit parameters, the effower stages were implemented with Motorola MTPG6N60
ciency improvement of the flyback converter with the SR caiYrrm = 600 V, Rpgon) = 1.2 Q@7T; = 25°C, and
be calculated. As an example, Fig. 6 presents the calculategl¥ = 350 pFQ Vps = 25 V) MOSFET's for the primary
efficiencies for the discussed four implementations of thawvitches and two IR 10CQT150Vrn = 150 V, Vg =
converter with the SR as functions of the load current. 173 V@5 Apgk, 1; = 125°C, andCr = 200 pFQVz = 5
Fig. 6, it is assumed that the DR versions of the convert¥) Schottky diodes in parallel for the secondary rectifiers. In
have conversion efficiencies of 89%, which correspond to tiraplementations of the power stages with SR’s, the Schottky
efficiencies of the experimental circuit discussed in the nediodes were replaced with IXYS IXFK100N10gry = 100
section. V, Rps(on) = 11 MQQT; = 25°C, C5% = 3300 pF@ Vpg =

As can be seen from Fig. 6, the efficiency of the ZV35 V, and Vgp = 1.1 V) MOSFET’s. The turns ratio of the
DCM implementation (solid line) is highest at low-powetransformer for the CCM implementation was = 64:10
levels (i.e., forl, < 5-6 A) because the switching turn-on(L,, = 637 pH), and the converter was operated in CCM
loss of the primary switch contributes significantly to the totadt full load over the entire input line range with switching
loss in the other implementations. For the same range of thequency f; = 100 kHz [9]. The transformer used for all
output power, the CF CCM implementation exhibits the lowesther implementations (CF DCM, VF DCM, and ZVS DCM)
efficiency due to the dominant effect of the turn-on switchingad a turns ratio oh = 38:6 (L,,, = 229 uH).
loss of the primary switch and the turn-off switching loss of Fig. 7 shows the control and drive circuit for the variable
the SR. For example, dt = 2.4 A (which corresponds to the frequency DCM flyback converter implementations with the
full-load current of the experimental converter presented in ti#R. As can be seen from Fig. 7, the converter has a detector
next section), the efficiency of the ZVS DCM implementatiowhich senses zero crossings of secondary curigpt The
with the SR is approximately 3% higher than the efficiency afelay time between the zero crossing of secondary cuiggnt
the corresponding circuit with the Schottky rectifier. Howeveand the turn off of the SR is set by the R-C time constant
atl, = 2.4 A, the efficiency of the CCM implementation withof the sze‘ls circuit which is connected to the output of the
the SR at/, = 2.4 A is 1% lower than the efficiency of the zero-crossing detector comparator. ResistBgsand R, are
same circuit with the Schottky rectifier. used to set the hysteresis of the zero-crossing detector. The

At higher power levels, the conduction losses of the primakyF control of the converter is achieved by employing the UC
switch and the SR start dominating the total loss. As a resu8852 IC controller. Also, an R-C delay circuit is used on the
the CF CCM implementation exhibits the highest efficiencgrimary side to set a proper delay between the turn off of
atI, > 15 A due to its smallest primary and secondary rmthe SR and the turn on of the primary switch. The UC3852
currents. On the other hand, the efficiency of the CF DCRnctional description, operation, and implementation in VF
implementation monolithically decreases as the load currefi€S applications are thoroughly explained in [10].
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capacitance of the SR'SE is significantly higher than the

junction capacitance of the two paralleled Schottky diodes
Cr(CSE = 3300 pF versu2Cr = 800 pF), causing a higher
capacitor charging loss according to (5). Therefore, at 36-W
power level the CCM converter with the Schottky rectifier

exhibits higher efficiency than that with the SR.

V, feedback V(;s(sm O
Y control CKT

SW | PWM Controller
i UC3852N

B. Constant-Frequency DCM

Fig. 10 shows an oscillogram with the key waveform of
the CF DCM converter with the SR. During the resonant
i intervalTpcow, Ly —Ceq resonance can be clearly seen in both
I(sry andVpssw) waveforms. The measurement points of the
efficiency plot shown in Fig. 11 were collected at the valleys,
Vin—nV,, and the peakdji,+nV,, of Vpgsw)- As can be seen
from Fig. 11, the resonant peak points correspond to the lowest
efficiencies, and the resonant valley points corresponds to the
highest efficiencies. The SR and DR implementations have
peaks and valleys at different time instants within a switching
period because the resonant period in the SR converter is
longer due to a highef'.,; value. Therefore, at certain input

Rps i =
R, R,

Fig. 7. Control and drive circuit for VF DCM flyback converter with SR.
The thick lines belong to the power stage.

= - voltages, the SR efficiency is lower than that of Schottky
= = BN Se ici i [
N SRwith Saturable Core & ., gnd the efficiency improvement is not constant throughout the
: input range.
82 E -
IR N o “a | C. Variable-Frequency DCM and ZVS DCM
80 7 _fa=t0okhz [© - oy Figs. 12 and 13 show the measured waveforms of the
i e = s — o~ VF DCM and ZVS DCM converters with the SR. As can
100 150 200 250 300 350 be seen from Fig. 12, primary switch SW in the VF DCM
Vin [Vde] implementation is turned on at a voltage lower tHgp. To
Fig. 8. Measured efficiencies of CF CCM implementation with SR anéchieve the switch turn on with minimum voltad@ssw,
Schottkies rectifier at full power. the delay time between the zero-crossing instant.efand the
turn on of the primary switch SW must be properly designed.
A. Constant-Frequency CCM Taking the nonlinear effect of the MOSFET output capacitance

Fig. 8 shows the measured efficiencies of the CF ccito consideration, i.e., recognizing that the output capacitance

experimental converters with the Schottky diode and Rl the MOSFET is inversely proportional to the square root
SR. Because the SR body diode conducts current durifl the drain-to-source voltage [11], the equivalent capacitance

delay times, 7% and TS% in Fig. 2, the rectifier turn-off Of the resonant tank,, — Ceq is
loss becomes significant at high frequencies. In fact, in the CsR 25 Sw 25
experimental 100-kHz converter, the excessive rectifier turn- Ceq = n2 \/ VSR +Coss VSW (15)

off loss in the SR converter exceeds the conduction loss bs bs

savings. As predicted in Section IIl, the efficiency of the SwhereC5t andCY are the values of the output capacitances
implementation is lower than that of the Schottky implemer®f the SR and the primary-switth MOSFET's &5 =

tation, especially at high line, where the reverse recovery lo€ss = 25 V, respectively. Since for the experimental con-
given by (4) is highest. verter, C5R = 3300 pF andCZY = 350 pF, and since at the

Fig. 9(a) shows the SR turn-off waveforms which are initi"@Iimum input voltage/i, = 370 V, VB = Vin/n +V, =
ated by the primary switch SW turn on. The fast-rising voltage/0/(38:6) + 15 = 73 V and V58" = Vix + nV, = 370 +
Vbs(sr) causes large superimposed capacitor charging a$:6)15 =465 V, and the value of’,, in the experimental
body reverse recovery currents. To suppress these currefgéIverter Is
a saturable core was connected in series with the SR to SI@Q’q _ 330010712 \/2_754_ 350.10-12. +/ 22 ~ 106 pF.
down the rate ofibg(sr) rise, as shown in Fig. 9(b). As can (38:6)2 73 465
be seen from Fig. 9(b), with the saturable-core snubber, not (16)
only the reverse F:urrent amplitude was reduced significantlyherefore' according to (7), the turn-on delay of VF DCM
but also the -rectn‘le.r yoltage strgss was decreased. As a re%ﬂhverter with the SR was adjusted to
the conversion efficiency was improved, as can be seen in
Fig. 8. However, this approach cannot completely eliminate Taelay = mV/229 1076106 - 10712 = 0.5 is
the body diode reverse recovery problem. In fact, outpas shown in Fig. 12.

17)
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Vs(sr)2+ _ : f I
Iisry3 : i
SA/div

VDS(SW‘T . T UONNEINI—. VDS(SW)“T SRR L.
; Th ~$0.0V ~ M 250Rs “ChT 73 oY
ch3 20.0mv 20 ch3 20.0mv [ 200V 7Ry

(@) (b)

Fig. 9. SR turn-off waveforms of CF CCM converter with SR: (a) without saturable core and (b) with saturable core.

Vassr) 2+

Iisry
SA/div

Vbsisw) 4+f

Vpssw)zaf

AT 200 V—Ch? ~ 300V ML 005s Ch T 755V
@E 10.0mv  Chd 200V

Fig. 10. Measured waveforms of CF DCM converter with SRigt= 250  Fig. 12. Measured waveforms of VF DCM implementation with SR at

Vde, V, =15V, and I, = 2.4 A. Vin = 250 Vdc, V, = 15 V, and I, = 2.4 A.
2 - - - o 7
=18V !
91 o o . ,,;_.'A,.(, | lb=24A VGS(SW)I*
A SR ° o f, = 100 kHz }
goT \ - i
‘Q . "
89 ‘ o .
= y Tisr)
= Ll g S5A/div
88 |

Schottky Vbssw) 3+F
8 -

rl:resonance peak A:resonance valley o : other |
g5 L

100 150 200 250 300 350 Fig. 13. Measured waveforms of ZVS DCM implementatiori/at = 250
Vin [Vdc] VdC, Vo =15V, and I, = 2.4 A.

f - f

L f !

Fig. 11. Measured efficiency of CF DCM implementation with SR and | . . . .
Schottky at full power. a simple low-cost drive circuit with a constant delay can be

used in the implementations of the VF converters in Figs. 12
. . and 13 without significantly affecting their performance.

. It shoulq be noted_thafdelafy changes with the input voltage By eliminating gthe para)gitic resognance pduring g
since Ceq is @ function of input voltageli,. However, the jnerval, the efficiency of the VF DCM implementation with
dependence of.q on Vi, is relatively weak. Namely, in the the Schottky rectifier is 1% higher than the efficiency of the
experimental converter, the chan@g.i., in the entire input- corresponding CF DCM implementation, as can be seen com-
voltage range from 100 to 370 V is less than 20%. Therefongaring measurements given in Figs. 11 and 14. Furthermore,
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94 The obtained efficiency of the ZVS DCM converter is very
oL close to that of the VF DCM converter with the SR due to the
% oplewTT AR increased conduction loss in the ZVS DCM converter. The
% “‘;',';'?”,',, L / ,‘f‘"‘“:r.\_*,\. switching frequencies of the three VF implementations are
¥ VFDCMwith SR ZVS DCM . shown in Fig. 15. Because of the larger SR output capacitance

90 -

n [%]

88

| ve=wsv
b=24A |

86

and additional delayl’7y> required to obtainlzyvs, VF
S DCM converter with the Schottky has the highest switching
) VF DCM with Schottky frequency, while ZVS DCM implementation has the lowest
89 \ S VA .- ... | switching frequency. Also, the switching frequency range in
v ZVS DCM implementation is the smallest due to the longest
S "NC | delay time.

V. SUMMARY

100 150 200 250 300 350 It was shown that the VF DCM flyback converter im-

Vin [Vdc] plementation is most suitable for synchronous rectification.

Fig. 14. Measured efficiencies of VF DCM implementations with SR anMOreover’ this mpler_nentaﬂon can b_e easily q83|gned to work
Schottky and ZVS DCM implementation at full power. with complete or partial ZVS of the primary switch by properly

adjusting the delay time between the zero crossing of the

200 ( e L secondary current and the turn-off instant of the SR. In off-

200 - S
VF DCM with Schottky
180 ! - N

160

f. [kHz]

140
120 |- -

100 &7 -

80 S U U
100 150 200 250 300 350
Vin [Vdc]

line applications, the VF DCM flyback converter with a SR
- shows a typical efficiency improvement in the 2%-4% range
.A compared to the corresponding circuit with a DR. While
the 2%-4% efficiency improvement and the added circuit
& S~ yr DOMwith SR complexity may not justify the employment of the SR in
T low-cost low-performance (low-end) power supplies, the SR
-~ o approach is a prudent choice in applications where it is
required to achieve high-power densities with limited cooling
S S o as, for example, in ac/dc adapters for portable equipment. Gen-
ZVS DCM . erally, in high-power-density applications, the power density
: I"°_=2‘fx l and reliability of a converter are in a large extent limited
A by the power dissipated within the converter's enclosure.
— Therefore, a 2%—-4% efficiency improvement in an already
85% efficient converter, which translates into approximately

15%—-40% reduction in the power loss, has a significant impact
Fig. 15. Switching frequency comparison of VF DCM implementations withn the converter's size as well as thermal and reliability

SR and Schottky and ZVS DCM implementation.

the efficiency comparisons in Fig. 14 shows that VF DCM
implementation with the SR has a relatively constant 2.5%—49
efficiency improvement over VF DCM implementation with
the Schottky, as has been predicted. However, in the VF DC:IIL
implementation, only partial ZVS can be achieved, since i
this design, input voltageW,, = 100-370 V) is larger than [3
the reflected output voltage.¥, = 95 V), i.e., Vi, > nV,.

Soft switching can be obtained for the entire input line range
if secondary current,.. is allowed to flow in the negative [4]
direction to the levellzys given in (9), i.e.,

]
]

38:6) - /3702 — [(38:6) - 15]? 5

Lpvs = 330V [(38:6) 157 4 5 (18 ©
229

106 p [6]

The required delay time for the secondary current to reach

Izvs is [7]

. 229 - 1.5
TES = 20 = =06 us 19
delay (38 . 6)2 15 H ( ) 8]

as shown in Fig. 13.

performance.
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