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Adaptive Off-Time Control for Variable-Frequency,
Soft-Switched Flyback Converter at Light Loads

Yuri Panov and Milan M. Jovanovic´, Fellow, IEEE

Abstract—The soft switching of a flyback converter can be
achieved by operating the circuit in the critical conduction mode.
However, the critical-mode operation at light loads cannot be
maintained due to a very high switching frequency and the loss
of the output voltage regulation. A control which regulates the
output down to the zero load and maintains soft switching at light
loads is proposed. The proposed control scheme was implemented
in the 380-V/19-V, 65-W flyback dc/dc converter.

Index Terms—Adaptive control, flyback converter, soft
switching, variable frequency.

I. INTRODUCTION

DUE to the minimum number of semiconductor and mag-
netic components, a flyback converter is a very attractive

candidate for off-line low-cost power supplies which require
input/output isolation. Since the voltage on the primary switch at
the turn-on instant is high and the associated capacitive turn-on
loss is substantial, the switch soft turn-on is highly desirable.
The soft switching is also helpful in reducing the size and loss of
the EMI filter. The soft turn-on of the primary switch is accom-
plished in the flyback converter operating in the critical conduc-
tion mode, i.e., at the boundary of continuous and discontinuous
conduction modes (CCM/DCM). The critical mode of operation
requires a variable frequency (VF) control to regulate the output
voltage against input-voltage and load variations. Operation of
the VF flyback converter in the critical mode is discussed in
[1]–[6]. However, the VF critical-mode control suffers from a
wide frequency range and loss of the output voltage regulation
at light load. Namely, for this control, the switch on-time should
decrease, as the load current decreases. However, since the min-
imum on-time of the controller is limited by its internal delays,
the converter operating in the critical mode cannot maintain the
output regulation at light load.

This problem can be alleviated by limiting the minimum con-
troller off-time to a fixed value, so that converter switches from
the critical operation mode at high load to the DCM with a con-
stant off-time at light loads, as implemented in [3], [4]. How-
ever, it was found experimentally that the constant off-time con-
trol could not maintain the output regulation as the load current
approaches zero value. The control implementations in [3], [4]
also do not provide soft switching at light loads.

The objective of the paper is to propose a simple VF converter
control which maintains the output regulation and soft switching
in the entire load range.
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II. CONVENTIONAL OFF-TIME CONTROL OFVF FLYBACK

CONVERTER AT LIGHT LOADS

A. Principle of Operation

The functional diagram of the VF flyback converter with a
constant off-time control at light loads and its key waveforms are
shown in Fig. 1. The switching cycle starts at the instant ,
when switch SW turns on. During the interval [ ], switch
current increases linearly. Output signal of error am-
plifier EA is compared with the sensed switch current .
When the switch current reaches the level at ,
the RS latch, which controls the gate drive, is reset. After switch
SW is turned off, transformer magnetizing current commu-
tates from the primary winding to the secondary one and linearly
decreases during the interval [ ]. When secondary current

reaches zero at the instant , transformer magne-
tizing inductance starts resonating with parasitic capaci-
tances of the primary switch and secondary rectifier .
The zero crossing of the secondary current is sensed indirectly
by the CCM/DCM detector, which monitors voltage
across sensing winding . Voltage resonates,
as shown in Fig. 1(b). When voltage goes negative at

, detector output signalB becomes high. The way the RS
latch is set depends on the load. At heavy loads [see Fig. 1(b)],
secondary current fall time is longer than the duration
of the output pulse of the monostable multivibrator (MMV).
Then, at detector output signalB propagates through
gate G1, and after delay sets the latch at the instant .
Delay between zero-crossing and the RS latch set
is selected to be a quarter of the resonant period and provides
turn-on of switch SW with the voltage across it.
As a result, the switching loss is substantially reduced. At light
loads [see Fig. 1(c)], the secondary current fall time is shorter
than the MMV output pulse duration. Then, the output signal of
the CCM/DCM detector cannot propagate through gate G1 until
the MMV output pulse expires at the instant . Therefore,
at light load, the switch off-time is determined by the MMV
output pulse duration.

B. Limitations

The analysis in this Section facilitates the explanation of lim-
itations of the constant off-time control at light loads. All con-
verter components were assumed ideal for analysis purposes.
The analysis was performed for the 380-V/19-V, 65-W flyback
converter. The full-load switching frequency of the converter
was selected to be 35 kHz which is above the audible range. The
corresponding transformer magnetizing inductance was
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(a)

(b) (c)

Fig. 1. Conventional control of VF flyback converter: (a) functional diagram, (b) heavy-load waveforms, and (c) light-load waveforms.

mH. To keep the switch voltage stress below 600 V, the
transformer has turns ratio .

The peak value of switch current is related to
on-time and fall time of the secondary current as

(1)

(2)

Load current is equal to the average value of the secondary
current

(3)
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From (1) and (2), the relationship between the on-time and
fall time is

(4)

where is the voltage conversion ratio. From (2)
and (3), one can derive

(5)

In the critical mode

(6)

Combining (4)–(6) produces

(7)

(8)

The latter equation indicates that in the critical mode the
switching frequency is inversely proportional to the load
current. Theoretically, the switching frequency approaches
infinity as the load current approaches zero. This implies that in
the critical mode the converter would suffer from an extremely
wide frequency range and excessive switching losses at light
loads.

Another limitation of the critical mode operation at light loads
comes from the fact that, practically, the minimum on-time of
the controller is limited to 0.5–0.9 us by the delays of the com-
parator and logic circuitry of the controller IC. If the required
on-time becomes smaller than the control IC minimum on-time,
the controller can no longer maintain the output regulation. Re-
duction of the controller minimum on-time time is possible by
refining the IC circuitry, but it causes a sensitive increase of the
IC cost.

From (4) and (7), the minimum output power value at
which the controller is able to regulate the output in the critical
mode is equal

(9)

For s, value computed from (9) is 8.6 W.
The switching frequency which corresponds to is close
to 250 kHz. For lower loads, the output-voltage regulation of the
VF converter in the critical mode cannot be maintained.

The output regulation at the loads below can
be achieved by operating the converter in DCM with the
constant off-time . For the constant off-time control,

, and expressions (4), (5) are employed to
derive the minimum output power at which the controller is
still able to regulate the output

(10)

To facilitate explanation of the constant off-time control limi-
tation, the minimum output power attainable in the critical mode
and in DCM is graphed in Fig. 2 as a function of the minimum

Fig. 2. Calculated minimum load attainable in critical conduction mode and
in DCM for conventional off-time control.

off-time. The minimum output power attainable with the con-
stant off-time control was computed based on (10), whereas the
minimum output power attainable with the critical-mode con-
trol was computed based on (4) and (9). If the converter is ex-
pected to operate down to 0.7 W load, then, based on Fig. 2,
the minimum off-time should be chosen to be 51s. However,
for s, the critical-mode operation starts only at
the load above 100 W. This means that the 65-W converter will
operate in DCM in the entire load range. As the value
increases, the output regulation range increases, but at the same
time the load level at which converter shifts from the critical
mode to the DCM increases. The trade-off between the output
regulation at light load and critical mode of operation at high
load cannot be satisfied for the conventional off-time control.

Also, as can be seen from Fig. 1(c), the conventional con-
trol does not provide turn-on of the switch with the minimum
voltage across it. Therefore, the conventional control loses soft
switching at light loads.

III. PROPOSEDOFF-TIME CONTROL OF VF FLYBACK

CONVERTER AT LIGHT LOAD

A. Principle of Operation

The functional diagram of the proposed control is shown in
Fig. 3(a). Heavy-load waveforms of the proposed control coin-
cide with those of the conventional control, shown in Fig. 1(b).
The key waveforms of the proposed control at light loads are
shown in Fig. 3(b). Different from the conventional control, the
proposed controller contains the D flip-flop between the output
of gate G1 and the input of the delay block. The control circuit
operates as follows. MMV output pulse ends at the instant

. However, the flip-flop output stays low until voltage
changes its polarity from positive to negative at .

At the same instant, output signalB of the CCM/DCM detector
changes from “0” to “1.” As the result, after delay , the RS
latch is set and switch SW turns on at the instant .

To solve the problem of the output regulation at light loads,
the proposed control adaptively increases the off-time as the
load decreases. To implement the adaptive control, the MMV
pulse duration is adjusted in accordance with error amplifier
output signal which indirectly carries information about
the load. The MMV implementation is shown in Fig. 4. The
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(a)

(b)

Fig. 3. Proposed VF flyback converter control: (a) functional diagram and (b)
light-load waveforms.

duration of MMV output pulse is adjusted by varying the
comparator threshold as a function of the error amplifier output
signal . In Fig. 4(a), capacitor C is charged through the

(a)

(b)

Fig. 4. Implementation of monostable multivibrator with a variable pulse
width: (a) functional diagram and (b) key waveforms.

parallel combination of resistors R1 and R2 during on-time of
the switch , and is discharged through resistor R1 during
off-time . Time constant is selected to be
comparable with the maximum value, while time con-
stant is selected small enough to guarantee
charge of capacitor C to Zener diode breakdown voltage
during minimum . Zener diode ZD assures charging of ca-
pacitor C to the same level independently of the magnitude of
the gate-drive signal.

The relationship between the off-time and signal on the
inverting input of the MMV comparator is

(11)

At the switch turn-off instant

(12)

The solution of (1), (9), (11), and (12) produces the depen-
dence of the off-time upon the output power in DCM which
is plotted in Fig. 5. Fig. 5 also contains a plot of the on-time
versus the load. The computed curves consist of two different
pieces. For loads above 1.5 W, the on-time stays above its min-
imum value , and both and change in response
to the load variation. For loads below 1.5 W, the on-time has
reached its minimum value, and only the off-time varies with
load change. The relationship between the off-time in the critical
mode and the load current is also plotted in Fig. 5. The intersec-
tion of the curves corresponding to the critical mode and
DCM shows the point where the converter changes its mode of
operation. The change of the operation mode occurs at the 38-W
load power.

B. Soft Switching at Light Load

To retain soft switching at light load, the proposed control
turns on the switch when its drain-source voltage reaches
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Fig. 5. Calculated on-time and off-time for the proposed control.

Fig. 6. Calculated dependence of minimum critical-mode load power and
maximum switching frequency on control parameters.

the resonance valley. As shown in Fig. 3(a), the voltage
minimum is detected by sensing the instant when voltage

changes its polarity from positive to negative, and,
then, delaying the switch turn-on instant for a quarter of the
resonant period. After the MMV output pulse has expired,
the D flip-flop waits for the CCM/DCM detector output signal
to transition from “0” to “1.” As soon as this event happens,
the D flip-flop changes its output state from “0” to “1,” and
after delay turns on the switch. With delay taken into
account, the primary switch turn-on occurs exactly in the
resonance valley of its drain-source voltage waveform.

C. Design Considerations

The control circuitry determines the output power at
which the converter shifts from the critical operation mode to
the DCM. The level is usually selected based on con-
siderations of the circuit efficiency and frequency range. As the

value decreases, the operating frequency range increases.
The desirable value can be achieved by proper selec-
tion of Zener diode breakdown voltage and time constant

of capacitor C in Fig. 4.
The calculated relationship between , max-

imum operating frequency and design parameter
for different values is plotted in

Fig. 6. As voltage increases, the level increases,
and the maximum switching frequency decreases. The value of

Fig. 7. Calculated switching frequency as a function of load for proposed
control.

Fig. 8. Calculated frequency response of the control-to-output transfer
function.

is limited by several factors. A lower value can result in a
nearly zero voltage across capacitor C at the end of the off-time,
causing the MMV comparator to become more susceptible
to noise. A higher value can result in an undesirably high

level, as can be seen from Fig. 6. These considerations
determine the design range for the constant.

The calculated dependence of the switching frequency upon
load is plotted in Fig. 7 for selected design parameters. In the
load range A (38–65 W), the converter operates in the critical
mode, and the switching frequency increases from 35 to 58 kHz
as the output power decreases. In the load range B (1.5–38 W),
the converter operates in the DCM with variable on and off
times. The frequency starts decreasing and drops to 35 kHz at
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(a) (b)

(c)

Fig. 9. Experimental waveforms of VF flyback converter at different loads: (a)Po = 70 W, (b)Po = 10 W, and (c)Po = 0:4 W.

the 1.5 W load. At this power level, the on-time reaches its min-
imum value (0.8 s). If the load is reduced below 1.5 W, the
converter operates in the range C with the constant on-time, and
the off-time grows rapidly as the load decreases. At the min-
imum load (0.7 W), the frequency drops to 19 kHz. Thus, the
proposed control provides converter operation in the entire load
range with the frequency variation from 19 to 58 kHz.

To meet load regulation and transient response specifications,
error amplifier EA should be designed properly. Design of the
error amplifier is conducted in the frequency domain and is
based on the continuous-time small-signal model which is de-
rived in the Appendix. Stability and dynamic performance of the
converter are determined by the loop gain

, where is the control-to-output
transfer function and is the EA transfer
function. Equation (17) in the Appendix indicates that the con-
trol-to-output transfer function has a first-order response, and,
therefore, design of the appropriate EA transfer function is rela-
tively easy to accomplish. Note that, under the proposed control,
transfer function at light loads differs from that at high
loads. Namely, according to (15)–(17), both dc gain
and pole frequency of
transfer function depend on the load. The frequency
response of the control-to-output transfer function is plotted in
Fig. 8 for load ranges A, B, and C. Fig. 8 shows that the differ-
ence between control-to-output transfer functions in ranges A
and B is not significant. However, in the range C, the pole fre-
quency decreases substantially. Therefore, the loop bandwidth is
expected to be lower at very light loads than that at higher loads
that is acceptable in most applications. Also, since the practical

loop bandwidth is usually in the 100 Hz – 10 kHz range, the
stability margins at very light loads would not deteriorate with
respect to those at higher loads. Therefore, the proposed con-
trol at light loads has no serious implications on the EA design
which can be accomplished based on the small-signal charac-
teristics at high loads, i.e., in the critical mode. Details of the
small-signal modeling and design of the VF flyback converter
in the critical mode are provided in [7].

IV. HARDWARE EVALUATION OF PROPOSEDCONTROL

The experimental 380-V/19-V, 65-W flyback converter was
implemented with the following major components: SW —
MTP6N60, D — 10CTQ150, — 1000 F V, controller
— MC34262. Transformer parameters were: ,

, mH.
Measured waveforms of the experimental converter with

the proposed control for heavy, light, and very light loads are
shown in Fig. 9. At the full load [see Fig. 9(a)], the duration of
MMV output pulse is shorter than the secondary-current fall
time. At the instant when the secondary current falls to zero,
the output signalB of the CCM/DCM detector in Fig. 3(a)
propagates through gate G1 and after delay turns on the
switch. As a result, the converter operates in the critical mode.
As the load decreases from 65 W to 10 W, the duration of
the MMV output pulse increases from 9.5 to 11.6s, and it
becomes longer than the fall time of the secondary current
[see Fig. 9(b)]. The CCM/DCM detector output signal cannot
turn-on the switch until the MMV output pulse expires. As a
result, the converter operates in DCM. As can be seen from
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Fig. 10. Measured switching frequency of experimental prototype as a
function of load.

Fig. 11. Large-signal averaged model of the VF flyback converter power stage.

Fig. 12. Small-signal model of the VF flyback converter power stage.

Fig. 9(a) and (b), the switch turns on in the resonance valley
with the minimum voltage across it at heavy and light loads.
At the very light load [see Fig. 9(c)], the duration of the
MMV output pulse increases to 24.3s. The resonance decays
significantly during the off-time, and the voltage across the
switch at the turn-on instant is close to .

The measured switching frequency is plotted versus load
in Fig. 10. For comparison, Fig. 10 also shows the calculated
switching frequency curve. The converter operates in the
critical mode in the 35–65 W load range. For loads below 35 W,
the converter operates in DCM. When the load decreases below
2–3 W, the on-time reaches its minimum value requiring the
controller to increase the off-time significantly. For this reason,
the switching frequency drops down for a load below 2–3 W.
This frequency drop is an additional benefit of the proposed
control since it reduces the switching loss at a very light load.
The shape of the frequency curves in Fig. 10 is related to the
internal structure of MC34262 controller. This IC is intended
for PFC applications and has an internal multiplier whose
transfer characteristic is responsible for the curves’ appearance.

V. SUMMARY

It was demonstrated that the constant off-time control of the
VF flyback converter cannot regulate the output as the load cur-
rent approaches a zero value. A simple adaptive control was
proposed which regulates the output down to zero load. The pro-
posed control also maintains the soft switching at light loads. An

additional advantage of the adaptive control is the switching fre-
quency reduction at light loads. The proposed control was suc-
cessfully implemented in the 380-V/19-V, 65-W flyback con-
verter.

APPENDIX

The equivalent circuit, corresponding to the power stage av-
eraged large-signal model, is shown in Fig. 11, where is
the average value of the transformer secondary current

(13)

Taking (4) and (12) into account

(14)

The latter equation together with (1), (11), and (12) was used to
derive the expression for in load ranges A, B, and C

in range A

in range B

in range C.

(15)

The small-signal model is derived by perturbing (15) around the
operating point

(16)

where the “hat” symbol is used to designate small-signal vari-
ables.

For the purpose of the feedback loop design, , and
the small-signal model is represented by the equivalent circuit,
as shown in Fig. 12, where and

.
Based on the equivalent circuit, the control-to-output transfer

function is finally derived

(17)
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