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A Zero-Voltage-Switching Quasi-Resonant Flyback and
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SUMMARY A DC-DC converter using two transformers is
proposed. One transformer delivers the energy to a load when a
switch is on and the other transfers the flyback energy to a load
when a switch is off. The primary windings of the two trans-
formers function as choke inductance alternately, and thus the
output voltage control by means of the duty ratio and the zero-
voltage-switching are possible without an additional inductor.
The breadboarded prototypes of the single output and the two
outputs have confirmed the principles of operation and demon-
strated the high conversion efficiency.
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1. Introduction

Transformerized switching DC-DC converters using one
switching device can be classified into the flyback and
forward converters [1],[2]. The flyback converter, re-
ferred often to as the ringing choke converter (RCC).
is the same as the buck converter in the principles of
operation, and the output voltage can be controlled by
means of the duty ratio of the switching signal. Since
such a control function can easily be accommodated
into the self-oscillating configuration, it is widely ap-
plied to a low-cost, cff-line switching power supply with
the output capability up to several tens of W. A bipo-
lar transistor is used as the switching device and the
switching frequency is typically several tens of kHz to
avoid the excess power loss due to the switching de-
lay. A much higher switching speed is possible with
a power MOSFET, but the power loss due to the dis-
charge of the parasitic capacitance between the drain
and the source increases in turn.

The power loss due to the capacitance discharge
can be greatly redwced by the quasi-resonant zero-
voltage-switching (ZVS) technique [3].[4]. Incorporat-
ing the ZVS function into the flyback converter is dif-
ficult, if not impossble. and the forward converter is
better suited because the primary winding of the trans-
former when the swiich is off is available for the induc-
tor of the resonant switch. In addition, the transformer
transfers the energy without storing it. Therefore, a
high—efﬁciency and a high power-density are achievable
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with the forward architecture. To control the output
voltage by means of the duty ratio, however, it requires
the buck converter consisting of the choke inductance
and the flywheel diode. This burdens the forward con-
verter especially when multi-outputs are required be-
cause each secondary winding should be followed by
the buck stage of its own.

The burden will be reduced if the buck stage is
incorporated into the primary side of the transformer
so that it is common to all the secondary windings.
Based on this idea. a flyback and forward composite
architecture is developed. The forward converter takes
a main part of the energy transfer while the flyback
converter plays a part of the buck stage to control the
output voltage. This paper describes simulated and
measured performances of the prototype converters.

2. Architectures

Figure 1 shows a basic circuit of a conventional forward
converter.

Driven by the switching signal, the switch @ con-
verts the input DC voltage V;,, into the AC voltage.
The AC voltage is stepped up or down by the turn ra-
tio n of the transformer 7" and rectified by the diode D, .
The diode D; also operates as the switch of the buck
converter consisting of the choke inductor L and the
flywheeling diode Dj. Assuming the continuous mode.
the output voltage V, is given by

D
Vo: “Vin-, (1)
n

where 7 is the turn ratio between the primary and sec-
ondary windings and D is the duty ratio of the switch-
ing signal given by
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Fig.1 A conventional forward DC/DC converter.
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(b) Buck converter with a diode switch.

Fig.2 Forward converter topologies for preceding buck
conversion.
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Fig.3 The zero-voltage-switching quasi-resonant flyback and
forward composite DC-DC converter.
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If the transformer is provided additional secondary
windings for multiple outputs, then each secondary
winding should be followed by the buck converter stage.
This duplication can be avoided if the DC/DC conver-
sion by the buck converter precedes the DC/AC con-
version. Such straightforward topologies arc shown in
Fig. 2.

These topologies require additional switches, the
transistor @7 in Fig. 2(a) and the diode D; in Fig. 2(b)
[5], [6]. which degrade the conversion efficiency. In addi-
tion to the power loss due to additional switches, some
of the energy stored in the choke inductor is lost in
the buck converter because it loads differently from the
switch @2 on and off.

These issues of the straightforward topologies can
be dissolved by replacing the choke inductor by the fly-
back transformer. The topology thus synthesized is
shown in Fig.3. The transformer 77 and the switch
Q form the flyback converter, whereas T and ) form
the forward converter. Capacitor C is connected in
parallel with @ for the quasi-resonant ZVS. The equiv-
alent circuits when @ is on and off are shown in Fig. 4.
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Fig.4 Equivalent circuits when switch is on (a) and off (b).

where R is the load resistance referred to the primary
side of the transformer, Vp is the voltage drop across
the rectifying diode, Lp; and Lps, are the inductance of
the primary windings of 77 and T3, respectively.

Referring to Fig.4(b), one can obtain the current
i(t) flowing through and the voltage v (t) across Cy as
follows,

Vin + o
1(}‘) — 3 +IL1(V +VD)

sinwt 4+ 1(0) coswt, (3)

wLps

1(0)
ve(t)=[Vin+n1 (Vo+Vp)](1—coswt )+T sinwt,

1
(4)

where
1

W= —— (5)

vV LpaCo

and I(0) is the initial current when @ is off. Referring
to Fig. 4(a), 1(0) is given by

‘/in, - n?(‘/o + VD)
Ton
Lp

where 7., is the time during which the switch @ is on.
The voltage ve(t) assumes the minimum value in the
vicinity of wt = (3/2)m. ZVS requires the minimum
value to be negative. The ZVS condition is thus ex-
pressed as

I1(0) = (6)

Lpa
&

Assuming that the load current is supplied by T2, one
can derive the expression for the output voltage Vo, 88
follows:

RD? /2fLp;
v, = / (Y_ - VD) ®)
1+ RD? / 2fLpy

1(0) > Vi + n1(V, + Vp) (7)

where f is the switching frequency. Substituting (6)
and (8) into (7), one obtains the ZVS condition in terms
of circuit parameters:

Lp2 VD n, RD
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Equation (9) indicates that the resonant impedance
v/ Lp2/C1 much higher than the impedance of the pri-
mary winding of 71 is required for the ZVS condition
to be met over the wide range of the load.

3. Performances

A main application of the proposed flyback and for-
ward composite converter is an off-line switching power
supply. The performances under such an application
are tested by SPICE simulations and the breadboarded
prototype converters. Table 1 lists the circuit parame-
ters in the simulated and prototype converters.

The input is AC 100 V which is rectified by a diode-
bridge and filtered by a capacitor. The DC input volt-
age Vi, of the converter is thus about 140 V. Figure 5
shows simulated and measured waveforms of the cur-
rent ¢(t) through and the voltage vo(t) across the MOS-
FET Q. The switching frequency is 80kHz and the
duty ratio is 0.5. Good agreement between the simu-
lated and measured waveforms can be seen. The ramp
current ¢ during 7,, and the quasi-sinusoidal voltage
vc during the switch off demonstrate the proper oper-
ation and validate the circuit analyses in the previous
section.

Figure 6 shows the simulated and measured out-
put voltage as a function of the duty ratio. In these
experiments, the switch on-time 7,, is changed while
the switch off-time 7,4 is kept fixed to 6.25 us to as-
sure the ZVS. These results indicate that the output
voltage can be controlled by means of the duty ratio
and (8) is available for designing the converter.

Figure 7 shows the measured AC-to-DC power con-
version efficiency as a function of the duty ratio. 7,4 is
again fixed to 6.25us for the ZVS. When the duty ra-
tio is 0.5, the apparent input power, the effective input
power, and the output DC power are 26 W, 13.4 W, and
11.9W, respectively. The power factor and the AC-to-
DC conversion efficiency are thus 51.5% and 89%, re-

Table 1  Circuit parameters.

Input : AC 100V
Transformers
T,: Lp=&25uH, Ls=26.7uH
Coupling factor 4=0.96
Turn ratio n=4
T,: Lp=5350uH, Ls=342uH
Coupiing factor £=0.988

Turn ratio n=4.14
Capacitor: C,=200pF, C,=100uF
Load : R,=50Q
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spectively. The loss analyses show that the diode bridge
for rectifying the input AC voltage and the diode at
the secondary winding of the transformer each dissi-
pate 0.5W. The DC-to-DC conversion efficiency, the
efficiency of the converter itself, is thus 92%. The
diode losses dominate the conversion efficiency. The
conversion efficiency decreases with decreasing duty ra-
tio. This is because the output power decreases with
the decreasing duty ratio while the power loss in the
converter hardly depends on the duty ratio.

When the duty ratio D is constant, the output

Ve [V] I [A]
600 5 1.2
400 Ve 0.8
200 i 0.4

/ l
0 E 14 174 0
-25 0 25
Time [ps]

25 0 25
Time [ps]
(b)
Fig.5 Simulated (a) and measured (b) waveforms of the cur-

rent ¢ through and the voltage ve across the switch Q.
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Fig.6 The output voltage vs. the duty ratio.
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Fig.7 AC-to-DC power conversion efficiency vs. the duty
ratio.
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Fig.8 The output voltage vs. the input voltage.
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Fig.9 The duty ratio vs. the input voltage to keep the output
voltage at 24 V.

voltage changes linearly with the input voltage. Fig-
ure 8 shows such a linear dependence. For the +10%
change in the input voltage, the output voltage also
changes by +10%. Figure 9 shows the duty ratio to
keep the output voltage at 24V as a function of the
input voltage.

These measurements confirm that the regulation
for the input voltage is possible by mean of the duty
ratio.

Similar performances are also measured for the
prototype converter with two outputs. The circuit di-
agram and parameters are shown in Fig. 10 and Ta-
ble 2, respectively. Figure 11 shows the measured out-
put voltages as a function of the duty ratio. In this
experiment, the switch on-time 7,, is changed while
the switch off-time 7,5 is kept fixed to 6.25 us to as-
sure the ZVS. It can be seen that the flyback converter
operates as the buck stage common to the two outputs.

Y

IEICE TRANS. FUNDAMENTALS, VOL.E85-A, NO.6 JUNE 2002

L L
Vin—j___ . ._:¥O
g guz

C2 %ol
g ’ +
T Ls, C3I KDZ

1)
ny :1,n3 .1

Fig.10 The ZVS composite DC-DC converter with two
outputs.

Table 2 Circuit parameters of the two-output converter.

Input : AC 100V

Transformer

T,: Lp=425uH, Ls=26.TuH
Coupling factor k=0.96
Turn ratio n=4

T,: Lp,=8590uH,
Ls,=522uH, Ls=120uH
Coupling factor £=0.99

Turn ratio n,=4.14, n;=8.46
Capacitor: C=200pF, C,=C;=100uF
Load : R, = R,,=50Q
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Fig.11 The output voltage vs. the duty ratio.

Figure 12 shows the measured AC-to-DC power
conversion efficiency as a function of the duty ratio. 7.8
is again fixed to 6.25 us for the ZVS. The loss analyses
similar to the single-output converter shows that the
conversion efficiency of the DC-to-DC converter stage
itself exceeds 88%. Compared to the one-output con-
verter. the efficiency is lower by 3%. This is due to the
additional diode loss in the secondary winding.

Figure 13 shows the duty ratio required for the
input regulation. Comparing it with Fig. 9, one notices
that the smaller change in the duty ratio covers the
same input voltage change from 90 to 110 V. This can
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Fig.13 The duty ratio vs. the input voltage to keep the output
voltage at 11.5V and 22V.

be explained as follows. Differentiating (8), one can
obtain the duty ratio for the input regulation:

oD 1+RD*/[2fIp o
V7l 2 Vi

In deriving (10), the contribution of Vb to V, is
neglected. Equation (10) indicates that the change
In duty ratio to compensate the given input voltage
change becomes smaller with the heavier load. The load
R of the single-output prototype converter referred to
the primary side of the transformer is 8600 approx-
imately, whereas that of the two-output converter is
about 690(2. This difference in load corresponds to
that in Figs.9 and 13.

(10)

4. Conclusions

A ZVS quasi-resonant DC-DC converter consisting of
two transformers has been presented. The simulated
and measured performances have confirmed the prin-
Ciples of operation and demonstrated the power con-
version efficiency higher than 88%. The efficiency is
dominated by the diode loss. Replacing the diode by
Power MOS transistor for synchronous rectification will
further improve the efficiency. The output DC voltage
fegulation against the line voltage and the load is also
Possible by means of the duty ratio. The DC-DC con-
Verter described herein is thus quite useful for an off-line
SWitching power supply.

Miniaturization by increasing the switching fre-
quency and improvement in the power factor are future
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works.
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