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Variable-On-Time Control to Achieve High Input
Power Factor for a CRM-Integrated Buck–Flyback

PFC Converter
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Abstract—A variable-on-time (VOT) control scheme for a criti-
cal conduction mode (CRM) integrated buck–flyback power factor
correction (PFC) converter with high power factor (PF) and low
total harmonic distortion (THD) is proposed in this paper. By uti-
lizing the input and output voltage to modulate the on-time of both
buck and flyback switches, the input current harmonics can be
eliminated and high PF will be obtained. The operating principles
of both the conventional constant-on-time (COT) control and VOT
control for the CRM buck–flyback PFC converter are analyzed. A
100-W prototype has been built and tested in the lab. The experi-
mental results demonstrate that the THD and PF of the converter
with VOT control are greatly improved compared to those with
COT control.

Index Terms—Constant-on-time (COT), critical conduction
mode (CRM), power factor correction (PFC), variable-on-time
(VOT).

I. INTRODUCTION

FOR achieving high power factor (PF) and low total har-
monic distortion (THD), power factor correction (PFC)

converters are normally used in most of ac–dc power conver-
sion applications. PFC converters may be divided into active and
passive types. Active PFC converters have more advantages as
compared to passive ones in terms of high PF and small size [1].
Various types of topologies and control schemes are available
to implement the active PFC techniques [2]–[11]. Among them,
buck PFC converter is a good choice especially for a broad
range of ac/dc applications due to its several advantages like
high efficiency, cost reduction, low output voltage, and life time
improvement. In literature, many researchers [12]–[24] have in-
troduced the buck PFC converter as a preregulator. The buck
ac–dc converter can overcome the disadvantages of the univer-
sal input condition. On the other hand, if this converter works in
hard switching mode, switching losses will be higher especially
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Fig. 1. Main circuit of the buck–flyback PFC converter.

at high input voltage that deteriorates the advantages of buck
converter [19]. The problem of hard switching mode can be
overcome by operating it in critical conduction mode (CRM),
which can provide zero voltage switching (ZVS) and reduce
reverse recovery losses in diode [19], [20].

The constant-on-time (COT) control for CRM buck PFC con-
verter was introduced by Yang et al. [21] and Wu et al. [22].
Because of a dead zone in the input average current which
appears while the input voltage is less than output voltage as
shown in Fig. 1, it is hard to meet the IEC61000-3-2 criteria.
A variable-on-time (VOT) was introduced to increase the PF of
the CRM buck PFC converter [23].

A novel integrated buck–flyback PFC converter was proposed
to solve the dead zone problem of the buck converter; thus, the
PF is improved [24]. Operating with COT control, the average
input current shape of this converter is not purely sinusoidal;
therefore, the PF is not nearly equal to unity and the THD is still
a little high.

In order to achieve nearly unity PF within the wide input
voltage range, VOT control for the CRM buck–flyback PFC
converter is proposed in this paper. The arrangement of the
remaining portion of the paper is as follows. In Section II, the
operating principle of the conventional COT control for the
CRM buck–flyback PFC converter is studied. In Section III, the
VOT control for the converter is put forward so that the PF is
improved to unity over the whole input voltage range. Section IV
deals with comparison between COT and VOT control in terms
of output voltage ripple and power loss analysis. The obtained
results on a 100-W prototype of the converter are presented
in Section V. Finally, a conclusion is given in Section VI to
summarize the paper.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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II. CONVENTIONAL COT CONTROL FOR THE CRM
BUCK–FLYBACK PFC CONVERTER

Fig. 1 shows the main circuit of the buck–flyback PFC con-
verter. The converter operates in the buck mode when the input
voltage is more than the boundary voltage and vice versa in the
flyback mode. The boundary voltage is set a little higher than
the output voltage. Thus, there are two cases for the converter.

The input voltage is given by

vin(θ) = Vm sin θ (1)

where Vm is the amplitude and θ is the angle of the input voltage.
When vin > Vboundary , the converter operates in the buck

mode, the switch Q1 keeps switching and the switch Q2 is OFF.
While Q1 is ON, the voltage across the secondary inductor is

given by

Ls
dis
dt

= Vm |sin θ| − Vo (θ0 ≤ θ ≤ π − θ0). (2)

Therefore, the peak value of secondary inductor current is

iLs pk(θ) =
Vm |sin θ| − Vo

Ls
ton (3)

where ton is the on-time of the switch.
When Q1 is OFF, the secondary inductor is discharged by Vo

−Ls
dis
dt

= Vo. (4)

Hence, the peak value of secondary inductor current is

iLs pk(θ) =
Vo

Ls
toff . (5)

According to the volt–second balance, the relationship be-
tween toff and ton is

toff =
Vm |sin θ| − Vo

Vo
ton . (6)

Also

ts = ton + toff . (7)

Combining (6) and (7)

ts =
Vm |sin θ|

Vo
ton . (8)

The average input current of the buck converter is derived as

ib avg(θ) =
iLs pk(θ)ton

2ts
. (9)

Substitution of (3) and (8) into (9) leads to

ib avg(θ) =
tonVo

2Ls

(
Vm |sin θ| − Vo

Vm |sin θ|
)

(θ0 ≤ θ ≤ π − θ0).

(10)
When vin < Vboundary , the converter operates in the flyback

mode, Q2 keeps switching and Q1 is OFF.
While Q2 is ON, the voltage across the primary inductor is

Lp
diLp

dt
= Vm |sin θ| (0 ≤ θ < θ0 &π − θ0 < θ ≤ π).

(11)

Thus, the peak value of primary inductor current is given by

iLp pk(θ) =
Vm |sin(θ)|

Lp
ton . (12)

When Q2 is OFF, the secondary inductor is discharged by Vo

− Ls
dis
dt

= Vo (13)

iLs pk(θ) =
Vo

Ls
toff . (14)

According to the volt–second balance, the following equation
can be obtained:

toff =
√

LsVm |sin θ|√
LpVo

ton . (15)

Combining (7) and (15) leads to

ts =

(
1 +

√
LsVm |sin θ|√

LpVo

)
ton . (16)

The average input current of the flyback converter can be
expressed as

if avg(θ) =
iLp pk(θ)ton

2ts
. (17)

Substitution of (12) and (16) into (17) results in

if avg(θ) =
tonVm |sin θ|

2Lp

(
1 +

√
Ls Vm |sin θ |√

Lp Vo

) (18)

(0 ≤ θ < θ0 &π − θ0 < θ ≤ π).

According to the above analysis, the average input current of
the converter with COT control is

iin COT(θ) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

tonVm |sin θ|

2Lp

(
1 +

√
LsVm |sin θ|√

LpVo

)

(0 ≤ θ < θ0 &π − θ0 < θ ≤ π)

tonVo

2Ls

(
Vm |sin θ| − Vo

Vm |sin θ|
)

(θ0 ≤ θ ≤ π − θ0)

.

(19)
Combining (1) and (19), the average input power can be

calculated as

Pin =
1
π

∫ π

0
vin(θ)iin(θ)dθ

=
1
π

⎡
⎢⎢⎢⎢⎢⎢⎣

θ0∫
0

ton(Vm |sin θ|)2

Lp

(
1 +

√
LsVm |sin θ|√

LpVo

)dθ

+
π/2∫
θ0

Voton (Vm |sin θ| − Vo)
Ls

dθ

⎤
⎥⎥⎥⎥⎥⎥⎦

.

(20)
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Fig. 2. Average input current waveform for different n at 90 VAC.

If the efficiency of the converter is assumed to be 100%, i.e.
Pin = Po , then ton for COT control is derived as

ton =
πPo⎡

⎢⎢⎢⎢⎢⎢⎣

θ0∫
0

(Vm |sin θ|)2

Lp

(
1 +

√
LsVm |sin θ|√

LpVo

)dθ

+
π/2∫
θ0

Vo (Vm |sin θ| − Vo)
Ls

dθ

⎤
⎥⎥⎥⎥⎥⎥⎦

. (21)

Combining (19), (21), and the specifications of the converter,
we can plot the average input current waveform at 90 VAC for
different turns ratio between the primary and secondary sides,
i.e., n = 1, 2, 3, and 100, as shown in Fig. 2.

It is clear that the shape of average input current is not purely
sinusoidal. Hence, whatever the turns ratio is, for COT control,
the unity PF cannot be achieved.

III. PROPOSED VOT CONTROL TO IMPROVE THE INPUT PF

A. VOT Control for Unity PF

By considering (10), for achieving a unity PF, the on-time of
buck switch Q1 can be variable as

ton buck = kon1
(Vm |sin θ|)2

Vo (Vm |sin θ| − Vo)
(22)

where kon1 is a constant.
According to (10) and (22), the average input current of buck

converter is

ib avg(θ) =
kon1Vm |sin θ|

2Lp
(θ0 ≤ θ ≤ π − θ0). (23)

By observing (18), for obtaining a unity PF, the on-time of
flyback switch Q2 varies as

ton flyback = kon2

(
1 +

√
LsVm |sin θ|√

LpVo

)
(24)

whereas kon2 is a constant.

By substituting (24) into (18), the average input current of
flyback converter is

if avg(θ) =
kon2Vm |sin θ|

2Lp
(0 ≤ θ < θ0 &π − θ0 < θ ≤ π).

(25)
The average input current of the converter with VOT control

is

iin VOT(θ)

=

⎧⎪⎪⎨
⎪⎪⎩

kon2 Vm |sin θ|
2Lp

(0 ≤ θ < θ0 &π − θ0 < θ ≤ π)

kon1 Vm |sin θ|
2Ls

(θ0 ≤ θ ≤ π − θ0)
.(26)

Due to the power balance between the input and output, for
unity PF, the input current can be written as

iin(θ) =
2Po |sin θ|

Vm
. (27)

From (26) and (27), the input current at θ0 is

iin(θ0) =
kon1Vm |sin θ0 |

2Ls
=

kon2Vm |sin θ0 |
2Lp

=
2Po |sin θ0 |

Vm
.

(28)
Therefore

kon1 =
4PoLs

V 2
m

(29)

kon2 =
4PoLp

V 2
m

. (30)

Substitution of (29) and (30) into (22) and (24) leads to

ton(θ) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

4PoLp

V 2
m

(
1 +

√
LsVm |sin θ|√

LpVo

)

(0 ≤ θ < θ0 &π − θ0 < θ ≤ π)

4PoLssin2θ

Vo (Vm |sin θ| − Vo)
(θ0 ≤ θ ≤ π − θ0)

. (31)

Equations (26), (29), and (30) clearly show that unity input
PF will be achieved by using proposed VOT control for the
buck–flyback PFC converter at all turns ratios.

B. Implementation of Control Scheme

Fig. 3 illustrates the complete control block diagram for the
CRM buck–flyback PFC converter.

The VOT control scheme for the buck PFC converter is shown
in the area of the red dotted line. The rectified input voltage
vg1 = Vm |sin θ| is sensed through a voltage divider circuit of
R5 and R6

k1 =
R6

R5 + R6
(32)

where k1 is the voltage sensor gain R1 , R2 , R3 , R4 and FMMT
560 senses the output voltage, and the gain is

k3 =
R4

(
R1Vo

R1 + R2
− Veb

)

R3Vo
(33)
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Fig. 3. Control diagram.

where Veb is the voltage drop between emitter and base of the
transistor.

According to Fig. 3, the inputs to multiplier 1 are given by

vx = k1vg1 (34)

vy = k1vg1 (35)

vz = k3Vo. (36)

The output of multiplier 1 is

vC =
k2

1v2
g1

k3Vo
. (37)

The error amplifier 1 regulates the output voltage. The sensed
output voltage is compared with the reference voltage Vref
which is set as 2.5 V and the sense gain k3 is set at 0.0132.
R7 , C2 , R8 , C1 form the compensation network. vEA and vC

are sent to multiplier 2, whose output is

vD = vEA buck
k2

1v2
g1

k3Vo
. (38)

The current of buck switch is sensed through a series resistor
Rs 1 . vD and the sensed current of buck switch are sent to the
comparator. The output of comparator and ZCD drives the buck
switch to work with VOT control. The on-time of the switches
Q1 is decided by vD in the control block.

When Q1 is ON, the voltage across the current sensor resistor
of secondary inductor in the main circuit is

vRs 1 =
Vm |sin θ| − Vo

Ls
ton . (39)
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The current through secondary inductor increases until the
time instant when vRS 1 equals vD expressed in (38); therefore

ton buck =
k2

1vEA buckLs

k3

(Vm |sin θ|)2

Vo (Vm |sin θ| − Vo)
. (40)

It is obvious that the variation rule of ton in (40) is the same
with the theoretical expression of (22) which was proposed in
Section III-A. Also, it can be derived from (40) and (22) that

vEA buck =
kon1k3

k2
1Ls

. (41)

Therefore, vEA can be obtained by substituting (29) in (41)

vEA buck =
kon1k3

k2
1Ls

. (42)

The error amplifier will adjust itself to achieve the required
output voltage. Although Po, Vm and k1 and k3 are certain, (42)
is the actual value of the error amplifier output.

The VOT control scheme for the flyback PFC converter is
shown in the area of the blue dotted line in Fig. 3. The voltage
sensor circuit composed of R9 and R10 senses the rectified input
voltage vg2 = Vm |sin θ|, whose gain is

k2 =
R10

R9 + R10
. (43)

From Fig. 3, vx input of multiplier 3 is

vx = k2vg2 . (44)

If R11 = R12 = R13 = R15 = 2R14 , then

vy = k2vg2 + k3Vo. (45)

Also

vz = k3Vo. (46)

The output of multiplier 3 can be expressed as

vH =
k2vg2 (k2vg2 + k3Vo)

k3Vo
. (47)

The same as error amplifier 1, vEA and vH are given to
multiplier 4, whose output can be expressed as

vK = vEA
k2vg2 (k2vg2 + k3Vo)

k3Vo
. (48)

The current of flyback switch is sensed through a series resis-
tor Rs 2 . vK and the sensed current of flyback switch are given
to the comparator. The output of comparator and ZCD drives
the flyback switch to work with VOT control. The on-time of
the switches Q2 is decided by vK in the control block.

When Q2 is ON, the voltage across the current sensor resistor
of primary inductor in the main circuit is

vRs 2 =
Vm |sin θ|

Lp
ton (49)

vRS 2 increases with the current and when it reaches the value
of vK expressed in (48), Q2 will turn OFF. The on-time of Q2 is
obtained by combining (48) and (49)

ton flyback = k2vEA flybackLp

(
1 +

k2Vm |sin θ|
k3Vo

)
(50)

R9 and R10 are selected to let k2 = k3

√
Ls

Lp
, then it is clear

that (50) is the same in form as (24) which was proposed in
Section III-A. Also, it can be derived from (50) and (24) that

vEA flyback =
kon2

k2Lp
. (51)

Further, vEA can be obtained by substituting (30) in (51)

vEA flyback =
4Po

k2V 2
m

. (52)

The error amplifier will adjust itself to achieve the required
output voltage. Although Po, Vm , and k2 are certain, (52) is the
actual value of the error amplifier output.

From the abovementioned analysis, we can see that the con-
trol block can realize the unity PF with any turns ratio for the
converter.

IV. COMPARATIVE ANALYSIS OF COT AND VOT CONTROL

FOR THE CRM BUCK–FLYBACK PFC CONVERTER

A. Output Voltage Ripple

Output voltage ripple of the converter with COT and VOT
controls can be expressed as

ΔVo COT =
2Po

θ1∫
0

[
1 − v in (θ) iin C O T (θ)

Po

]
dθ

ωCoVo
(53)

ΔVo VOT =
2Po

π/4∫
0

[
1 − vin(θ)iin VOT(θ)

Po

]
dθ

ωCoVo
∈ . (54)

Based on (1), (19), (21), (26), (29), (30), (53), and (54), and
specifications of the converter, ΔVo COT and ΔVo VOT can be
figured out as illustrated in Fig. 4. It demonstrates that for n = 1,
the output voltage ripple of the converter with VOT control is
slightly larger than that with COT control, whereas for n = 2,
the ripple with VOT control is slightly lower than that with COT
control at low input voltage and vice versa at high input voltage.

B. Power Losses Analysis

The rms current of the ON time period, i.e., the rms current of
switch Q1 and Q2 can be calculated respectively as

Irms Q 1 on =

√√√√√
π−θ0∫
θ0

i2s pk (θ) to n
ts

dθ

3π
(55)

Irms Q 2 on =

√√√√√2
θ0∫
0

i2p pk (θ) to n
ts

dθ

3π
. (56)
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Fig. 4. Calculated output voltage ripple: (a) n = 1 and (b) n = 2.

The rms current of the off time period is calculated respec-
tively as

Irms Q 1 off =

√√√√√
π−θ0∫
θ0

i2s pk (θ)
(
1 − to n

ts

)
dθ

3π
(57)

Irms Q 2 off =

√√√√√2
θ0∫
0

i2p pk (θ)
(
1 − to n

ts

)
dθ

3π
. (58)

While Q2 is ON, the current flows through the primary wind-
ing of the inductor, whose rms current is

Ip rms COT = Irms Q 2 on COT (59)

Ip rms VOT = Irms Q 2 on VOT . (60)

While Q2 is OFF, and Q1 is ON and OFF, the current flows
through the secondary winding of the inductor, whose rms
current is

Is rms COT

=
√

I2
rms Q 1 on COT + I2

rms Q 1 off COT + I2
rms Q 2 off COT

(61)
Is rms VOT

=
√

I2
rms Q 1 on VOT + I2

rms Q 1 off VOT + I2
rms Q 2 off VOT .

(62)

1) Rectifier bridge loss: Rectifier bridge loss of the converter
with COT and VOT controls can be obtained as

Pcon bridge(COT) =
2VFD

π

π∫
0

iin COT(θ) dθ (63)

Pcon bridge(VOT) =
2VFD

π

π∫
0

iin VOT(θ) dθ. (64)

The value of VFD can be found from the datasheet of KBL10
bridge rectifier. By substituting (19), (21), (26), and (29) and
(30) into (63) and (64), rectifier bridge loss can be obtained.

2) Conduction losses of switch Q1 and Q2 : The conduction
losses of switch Q1 and Q2 with COT and VOT controls can be
calculated as

Pcon switches(COT) = I2
rms Q 1 on COTRDS(on) Q 1

+ I2
rms Q 2 on COTRDS(on) Q 2

(65)

Pcon switches(VOT) = I2
rms Q 1 on VOTRDS(on) Q 1

+ I2
rms Q 2 on VOTRDS(on) Q 2

(66)

where RDS(ON) Q1 and RDS(ON) Q2 are the on-state resistances
of Q1 and Q2 whose value can be found from the datasheet of
MOSFET 20N60C3. Substituting (3), (8), (12), (16), (21), (31),
(55), and (56) into (65) and (66), the conduction losses are
achieved.

3) Turn off loss of Q1 and Q2 : Due to CRM, the transistors
Q1 and Q2 turn ON with zero current, and the turn-on loss is
nearly negligible. Therefore, the switching loss is mainly the
turn-off loss, which can be calculated as follows for COT and
VOT control respectively, according to (25) in the application
note of Infineon [25, p. 25]

Poff switches COT

=
1
π

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2
θ0∫
0

⎛
⎜⎝

Eoff (iLp pk COT(θ) )·
CFoff (Vds(offflyback))·
CFoff (Rgate) · fs flyback COT(θ) dθ

⎞
⎟⎠

+
π−θ0∫
θ0

⎛
⎜⎝

Eoff (iLs pk COT(θ) )·
CFoff (Vds(offbuck))·
CFoff (Rgate) · fs buck COT(θ) dθ

⎞
⎟⎠

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(67)

Poff switches VOT

=
1
π

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2
θ0∫
0

⎛
⎜⎝

Eoff (iLp pk VOT(θ) )·
CFoff (Vds(offflyback))·
CFoff (Rgate) · fs flyback VOT(θ) dθ

⎞
⎟⎠

+
π−θ0∫
θ0

⎛
⎜⎝

Eoff (iLs pk VOT(θ) )·
CFoff (Vds(offbuck))·
CFoff (Rgate) · fs buck VOT(θ) dθ

⎞
⎟⎠

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(68)
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Fig. 5. Curve of the relationship between Eoff and the current.

whereas switching frequency fs(θ) from (8), (16), (21), and (31)
for COT and VOT control can be expressed as

fs COT(θ) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Vo

⎛
⎜⎜⎝
∫ θ0

0
Vo (Vm |sin θ |)2

Vo +Vm |sin θ | dθ

+
∫ π/2

θ0
Vo (Vm |sin θ| − Vo) dθ

⎞
⎟⎟⎠

π Po L(Vo +Vm |sin θ |)
(0 ≤ θ < θ0 &π − θ0 < θ ≤ π)

Vo

⎛
⎜⎜⎝
∫ θ0

0
Vo (Vm |sin θ |)2

Vo +Vm |sin θ | dθ

+
∫ π/2

θ0
Vo (Vm |sin θ| − Vo) dθ

⎞
⎟⎟⎠

π Po LVm |sin θ |
(θ0 ≤ θ ≤ π − θ0)

(69)

fs VOT(θ) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

V 2
m Vo

4Po L(Vo +Vm |sin θ |)2

(0 ≤ θ < θ0 &π − θ0 < θ ≤ π)
V 2

o (Vm |sin θ |−Vo )
4 Po LVm |sin3 θ|

(θ0 ≤ θ ≤ π − θ0)

(70)

CFoff (Rgate) can be calculated as

CFoff (Rgate) =
Eoff (Rgate)

Eoff (Rgate(test))
. (71)

In the prototype, the gate drive resistance (Rgate) is 2.2Ω.
The value of Rgate(test) , Eoff (Rgate) and Eoff (Rgate(test)) can
be obtained from the datasheet of MOSFET.

The curve of the relationship between Eoff and the current
can be fitted with the following function, which is plotted in red
in Fig. 5

Y (x) = 0.0001041666x2 + 0.001458333x + 0.0025. (72)

According to (21) in the application note [25, p. 23], for fly-
back and buck modes, CFoff (Vds(offflyback)) can be expressed
respectively as

CFoff (Vds(offflyback))

=
10−4 · (Vm |sin θ| + nVo) + 2.8 · 10−3

0.043
(73)

CFoff (Vds(offbuck)) =
10−4 · (Vm |sin θ|) + 2.8 · 10−3

0.043
. (74)

The substitution of (3), (12), (21), (31), and (69)–(74) into
(67) and (68) leads to the turn-off loss.

4) Copper loss of primary and secondary inductors: For both
primary and secondary windings of the inductor, the copper loss
of the converter with COT and VOT controls can be calculated
respectively as

Pcopper(COT) = I2
p rms COTRp copper + I2

s rms COTRs copper

(75)

Pcopper(VOT) = I2
p rms VOTRp copper + I2

s rms VOTRs copper

(76)

where Rp copper and Rs copper is the equivalent resistance of
the primary and secondary windings respectively. Based on (3),
(8), (12), (16), (21), (31), (55)–(62), (75) and (76), the copper
loss can be obtained.

5) Core loss of primary and secondary inductor: According
to Steinmetz equation [24], [26], the total core loss of primary
and secondary inductors of the converter with COT and VOT
controls can be calculated as

Pt core(COT) =
103 Ve

π

⎡
⎣

π∫
0

(
C

m
f

s C O T (θ)xBa c C O T (θ)y

(
ct0 − ct1Ta − ct2T

2
a

)
dθ

)⎤
⎦

(77)

Bac COT(θ) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

LpiLp pk COT(θ)
2NpAe

(0 ≤ θ < θ0)& (π − θ0 < θ ≤ π)

LsiLs pk COT(θ)
2NsAe

(θ0 ≤ θ ≤ π − θ0)

(78)

Pt core(VOT) =
103 Ve

π

⎡
⎣

π∫
0

(
C

m
f

s V O T (θ)xBa c V O T (θ)y

(
ct0 − ct1Ta − ct2T

2
a

)
dθ

)⎤
⎦

(79)

Bac VOT(θ) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

LpiLp pk VOT(θ)
2NpAe

(0 ≤ θ < θ0)& (π − θ0 < θ ≤ π)

LsiLs pk VOT(θ)
2NsAe

(θ0 ≤ θ ≤ π − θ0)

(80)

where Bac(θ) is the function of ac flux density through the
magnetic core over the line period. Np is the turns number of
the primary inductor. Ve and Ae are the effective volume and
area of the core, respectively. Ta is the environment tempera-
ture. Cm , x, y, ct0 , ct1 , and ct2 are parameters found by curve
fitting power loss measurement data. In the prototype, the Fer-
roxcube RM14 of 3F3 is selected as the magnetic core, whose
parameters can be found from [27]–[29]. From (3), (12), (21),
(31), (69), (70), and (77)–(80), the core loss can be calculated.

6) Conduction loss of output diode: The conduction loss of
output diode for the converter with COT and VOT controls can
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be determined as

Pcon outputdiode(COT) =
VFDO

π

π∫
0

ipk COT(θ)
2

(1 − D(θ)) dθ

(81)

Pcon outputdiode(VOT) =
VFDO

π

π∫
0

ipk VOT(θ)
2

(1 − D(θ)) dθ

(82)

where D(θ) is the duty cycle which is the ratio of on-time to the
total time, its value from (8) and (16) is given below

D(θ) =

×

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1⎛
⎝1+

√
LsVm |sin θ|√

LpVo

⎞
⎠

(0 ≤ θ < θ0)& (π − θ0 < θ ≤ π)

Vo

Vm |sin θ| (θ0 ≤ θ ≤ π − θ0)

.(83)

The value of VFDO can be found from the datasheet of
MUR1560. According to (3), (12), (21), (31), (69), (70), and
(81)–(83), the conduction loss can be determined.

7) Theoretical efficiency: The theoretical efficiency of the
converter with COT and VOT controls can be obtained as

ηCOT =
Po⎛

⎜⎝
Po + Pcon bridge(COT) + Pcon switches(COT)

+Poff switches(COT) + Pt copper(COT)

+Pt core(COT) + Pcon outputdiode(COT)

⎞
⎟⎠
(84)

ηVOT =
Po⎛

⎜⎝
Po + Pcon bridge(VOT) + Pcon switches(VOT)

+Poff switches(VOT) + Pt copper(VOT)

+Pt core(VOT) + Pcon outputdiode(VOT)

⎞
⎟⎠

.

(85)
From the specifications of the converter given in Section V,

the theoretical efficiency is obtained and shown in Fig. 6. It
can be seen that, for turns ratio 1 and 2, the efficiency of the
converter with VOT control is increased at low input voltage
and slightly decreased at high input voltage, compared to that
with COT control.

V. EXPERIMENTAL VERIFICATION

In order to verify the validity of the proposed VOT control
scheme, a prototype for turns ratio one has been built and tested
in the lab. The intended application is low power conversion
such as high brightness LED power supply and metal halide
lamp where high PF for the universal input is required [24], [30].
The specifications and the main components of the prototype are
as follows.

Input voltage vin : 90–264 VAC; line frequency fline : 50 Hz;
output voltage Vo : 80 V; output power Po : 100 W; output current
1.25 A; input bridge rectifier: KBL10; power switches Q1 and

Fig. 6. Calculated efficiency for whole input voltage range and full load:
(a) n = 1 and (b) n = 2.

Fig. 7. Experimental waveforms with COT control: (a) 90 VAC and (b) 264.
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Fig. 8. Experimental waveforms with VOT control: (a) 90 VAC and (b) 264.

Fig. 9. Switch gate drive signals of the converter with VOT at 120 VAC at the
transition from the flyback to buck mode.

Q2 : 20N60C3; output diode Do : MUR1560; primary inductance
Lp : 118 μ H; secondary inductance Ls : 118 μH; output capacitor
C: 1000 μF; control IC: L6561.

Figs. 7 and 8 illustrate the experimental waveforms of the
input voltage, input current, output voltage, and output voltage
ripple of the converter with COT and VOT controls at 90, and

Fig. 10. Measured PF.

Fig. 11. Measured output ripple.

264 VAC inputs, respectively. It can be seen that compared to
that with COT control, the input current with VOT control is
more sinusoidal at all input voltages. Also, the peak-to-peak
values of the output voltage ripple agree well with theoretical
results in Section IV-A.

Fig. 9 shows the switches’ gate drive signals of the converter
at the transition from flyback to buck, from which it can be
seen that the converter operates either in the buck mode or in
the flyback mode depending on the boundary voltage and the
transition, between the buck and flyback modes is smooth.

Fig. 10 shows the measured input PF, which demonstrate that
as VOT control is employed for the converter, the input PF is
increased to nearly unity within the wide input voltage range.

Fig. 11 illustrates the measured output voltage ripple of COT
and VOT controls, from which it can be seen that output voltage
ripple in VOT control is slightly more.

Fig. 12 illustrates the measured efficiency of the converter,
from which it can be seen that VOT control achieves higher
efficiency especially at low line input voltage. The measured
results nearly agree with that of the theoretical analysis shown
in Fig. 6.
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Fig. 12. Measured efficiency.

VI. CONCLUSION

A VOT control scheme is proposed in this paper so as to
make the shape of average input current purely sinusoidal for
the CRM buck–flyback PFC converter. The analysis and ex-
perimental results are given. Compared with that of the COT
control:

1) PF is nearly unity and THD is low within the wide input
voltage range;

2) efficiency is increased especially at low input voltage.
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