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Abstract— This paper presents a study of the losses in
the integrated buck-flyback converter (IBFC) used as highpower-factor LED driver. The aim of the study is to
investigate the possibilities of increasing the efficiency of
the IBFC converter. The procedure of the improvement is
done by obtaining the equations of the current through
each component in terms of converter parameters. The
current is found in average value or rms value, depending
on the type of the parasitic component, whether it is
modeled by a parasitic forward voltage source or by a
parasitic resistance, respectively. Using these equations
and the parasitic model, the losses of each element of the
converter are estimated. The paper proposes a technique
to increase the efficiency of the IBFC by redesigning the
converter parameters. Furthermore, the paper presents a
case of study with a step-by-step efficiency enhancement
process of an existing driver. The driver is operating
under universal input conditions, and 38 V output,
supplying an LED luminary of 26.5 W. The new design
shows an improvement of the efficiency from 82% in the
old design to 89% in the proposed one. Moreover, the new
design shows an improvement in the power factor and the
THD and a 50% reduction in the output current ripple.
Furthermore, a reduction in the number of components
has been achieved, as it is found by the analysis that by
adjusting the converter parameters, one diode can be
removed. Finally, the presented methodology is explained
in detail so that it can easily be applied to other DC-DC
converters.
Index Terms—DC-DC converters, Improved efficiency,
Integrated buck-flyback converter (IBFC), Integrated
converters, LED drivers, Loss analysis.
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Bulk capacitor voltage.
Angular frequency equal to 2𝜋𝑓𝐿 .
Line frequency.
Inductance value of the Buck inductor.
Switching frequency.
Conduction angle.
RMS value over line frequency.
RMS value over switching frequency.
Parasitic copper resistance of the coupled
windings of the EMI filter.
Conduction time over switching period.
Parasitic copper resistance of the inductor.
Core loss coefficients.
Delta flux density.
Number of turns of the inductor.
Vacuum permeability.
Equivalent length of the core.
Relative permeability of the core.
Air gap length in the inductor.
Half of inductor current ripple.
Magnetizing inductance of the transformer.
Parasitic copper resistance of the primary
winding of the transformer.
Transformer turn ratio. 𝑁 = 𝑁𝑠𝑒𝑐 ⁄𝑁𝑝𝑟𝑖𝑚
Output voltage.
Parasitic copper resistance of the secondary
winding of the transformer.
Off-duty ratio, of the current in the inductor.
Rms value of the Flyback current.
Rms value of the current through the switch
over switching period.
Average current of the buck diode per
switching period.
Average current of the buck diode per line
period
Flyback-to-Buck angle.
Mosfet Output capacitance.
Flyback average current.
I. INTRODUCTION
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L

EDS are known by their significant high efficacy of output
light intensity with respect to input electrical power,
besides their well known advantages, like long lifetime, small
size, fast response, robustness, reliability, and color rendering
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index [1]-[7]. However, LEDs cannot be supplied directly
from the grid; a driver is required [8]. Furthermore, the driver
should have an output current control regulation, in order to
increase the lifetime of LEDs and avoid affecting the
chromaticity coordinates by making a noticeable shift on their
spectrum. As aforementioned, the efficacy of the LEDs is
guaranteed, however the converter efficiency is not. That was
the motivation for studying the losses of each component of
the IBFC, to enhance the efficiency by improving the design.
Converter loss analysis and efficiency improvements are the
primary concern of researchers in recent days [9]. Different
approaches can be found in the literature for efficiency
improvement. For instance, a trend in research would be to try
to improve efficiency by just going to new technology that
offers higher efficiency, going from conventional silicon
switching devices to new silicon carbide (SiC) or gallium
nitride (GaN) switching devices. A common research line is to
compare the efficiency of the converter using different
switching devices [10]-[17]. Other trend would be to focus
more on the analysis of the device losses trying to create a
more accurate model so that it imitates the practical model,
with a special focus on the switching devices [18]-[20]. The
aim of this paper is different; it is focused on making a
detailed mathematical model for the losses in converter in
terms of its parameters, so that it would be easy later to
determine the exact cause of the losses and to reduce them.
The converter chosen for this deep analysis is the IBFC
converter shown in Fig. 1. The choice was made owing to its
numerous good features explained as follows [21]-[26]:
1) High power factor (HPF):
The converter consists of two stages; the flyback working in
discontinuous conduction mode (DCM) and its duty is to
deliver the power to the output, and the Buck converter also
operating in DCM to emulate a loss-free resistor to the grid, in
order to increase the PF.
2) Fast output regulation:
The operation of the integrated converters shows another
feature, which is the fast output voltage/current regulation.
3) Low bulk voltage:
This technique has an advantage over the Boost-based
integrated converters, which is the low bus voltage. For the
same power range in Buck-based converters, the voltage will
be 158 V while for Boost-based ones it would be 400 V. This
leads to the usage of a lower Bulk capacitor rating with
smaller size, lower series parasitic resistance.
4) Input and output isolation:
The Flyback converter offers isolation between the input
and output.
5) The main switch handles less current:
A final feature of the IBFC against double-boost and
double-buck-boost integrated converters is that the main
switch is not handling the additional current of both converters
(Buck and Flyback) but it handles only the highest of them.
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Fig. 1. Integrated Buck-Flyback Converter (IBFC).

The last feature, regarding the current handled by the
switch, is crucial for the present work. Fig. 2 shows the
equivalent circuit of the IBFC converter in the case when 𝑀1
is conducting. In case that the flyback current 𝐼𝐹 is higher than
𝐼𝐵 , the current in the main switch 𝑀1 will be 𝐼𝐹 , while the
current through diode 𝐷𝐹𝐿 will be 𝐼𝐹 − 𝐼𝐵 and diode 𝐷𝐹𝐻 will
not conduct. The opposite happens in the case where the buck
current is higher, in this case 𝑀1 will handle 𝐼𝐵 while the
diode 𝐷𝐹𝐿 will not conduct, and the current in diode 𝐷𝐹𝐻 will
be 𝐼𝐵 − 𝐼𝐹 . Summarizing, the current through switch 𝑀1 will
be either 𝐼𝐵 or 𝐼𝐹 , the higher of them, and the diode in parallel
with the higher current will not conduct, while the diode in
parallel with the lower current will conduct the difference
between both currents.
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Fig. 2. Equivalent circuit during the conduction of 𝑀1 .

This paper is an enriched version of paper [27]. The paper is
organized as follows. In Section II the loss analysis of the
IBFC is illustrated and proved. Section III shows the
simulation verification proved in the previous section. Section
IV, shows a case study of an already made IBFC, and the
topology illustrated in this paper is used to enhance its
efficiency. Finally, a brief conclusion for the contribution of
this paper is presented.
II. IBFC LOSS ANALYSIS
The losses in the converter are split among the following
components:
A. Bridge Rectifier Losses
The losses in the bridge could be found from (1), as the
current in each diode is the AC main current in one half-cycle.
𝑃𝐵𝑟𝑖𝑑𝑔𝑒 = 2𝑉𝑡ℎ 〈|𝑖𝐴𝐶 |〉

(1)
A Buck converter connected to an AC source through a
bridge behaves as the following; the converter will be in off-
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mode when the AC voltage value is lower than the bulk
capacitor voltage, and in on-mode when the AC voltage is
higher than the bulk voltage [21]. Therefore, the AC current
will be as shown in Fig. 3, lower plot, while Fig. 3 upper plot
shows the AC current but in the high-frequency range.
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Fig. 3. AC main current in line frequency and switching frequency.

To find the value of the average AC current, it is mandatory
to find first the value of the average current per highfrequency period, as follows:
𝑖𝐵𝑢𝑐𝑘𝑃 𝐷
〈|𝑖𝐴𝐶 |〉𝑝𝑒𝑟 =
(2)
2
As previously explained, all the equations have to be in
terms of time and converter parameters. The peak current
value can be calculated as the following:
(𝑉𝑔 sin(𝜔𝑡) − 𝑉𝐵 )
𝐷𝑇𝑠
(3)
𝐿𝐵
Consequently, in order to find the total average value of the
AC current, the integration of 〈|𝑖𝐴𝐶 |〉𝑝𝑒𝑟 over the conduction
period is formed. Therefore, the total average value of the AC
current can be found as the following:
𝑖𝐵𝑢𝑐𝑘𝑃 =

𝜋+𝜃
2
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Fig. 4. EMI filter connected to the IBFC.

2

6

π-θ
2

DB

Vg

D3

3

D

0.002

D2

DOut

4

0

0.001

D1

LB

AC main current

1

-1
0

I AC

1
∫ 〈|𝑖𝐴𝐶 |〉𝑝𝑒𝑟 𝑑(𝜔𝑡)
𝜋
𝜋−𝜃
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(4)

𝐷
𝜃
(2𝑉𝑔 sin ( ) − 𝑉𝐵 𝜃)
2𝜋𝐿𝐵 𝑓𝑠
2
Where 𝜃 is the conduction angle, and can be calculated from
the following equation [21]:

As the EMI filter is considered to be a part of the whole
converter, thus, the losses of the EMI filter has to be studied. It
is mainly split to the losses in the coupled windings, and the
parallel capacitors. Knowing that the used capacitors are film
capacitors with a significant low parasitic resistance, the losses
in the parallel capacitors can be neglected. Regarding the
coupled windings, the losses are conduction losses, and
magnetizing core losses, however the magnetizing core losses
can be neglected due to the fact that the magnetic flux
produced by each winding is equal but in reverse direction,
which means that the total flux in the core is nearly zero.
Regarding the conduction losses, they are calculated as the
following:
𝑃𝐸𝑀𝐼𝑐𝑜𝑛𝑑 = 2〈|𝑖𝐴𝐶 |〉𝑅𝐸𝑀𝐼
(6)
Where, the value of the coupled winding series resistance
𝑅𝐸𝑀𝐼 is measured at the operating frequency.
C.Inductor Losses
The inductor losses are split in winding conduction losses
and magnetic core losses. The conduction losses are a function
of the inductor rms current and its series resistance, while the
core losses are a function of the magnetic core characteristics
and the flux density variation.
In order to estimate the conduction losses in the inductor,
the rms value of the current is needed, as the losses in the
inductor are calculated with its series resistance. The current
through the inductor has the same behavior of the AC current
at low frequency shown in Fig. 3, as it only conducts within
the conduction angle. However, at high frequency, the
inductor current is different than the AC current, since the
inductor conducts for a while through the Buck diode after the
transistor switching off.
In [27] a proof for the rms value of the current at low
frequency is found to be as follows:
𝜋+𝜃
2

=

𝜃 = 𝜋 − 2 sin−1 (

𝑉𝐵
)
𝑉𝑔

(5)

B. EMI filter Losses
In order to comply with EMC standards, an EMI filter is
needed to filter the electromagnetic noise, and to reduce the
high-frequency content on the current drained from the
electric grid. A passive differential mode (DM) EMI filter is
used for this purpose, as shown in Fig. 4.

2
𝐼𝑅𝑀𝑆
=

1
2
∫ 𝑖𝑟𝑚𝑠
𝑑(𝜔𝑡)
𝜋

(7)

𝜋−𝜃
2

From this expression the procedure of finding the rms value
is evident: first determining the rms value of the current per
switching frequency in terms of 𝜔𝑡, then integrate it over the
conduction period. In order to apply this process to the current
in the inductor, the rms value of the current per switching
period is required. The current in the inductor of the Buck
converter operating in DCM is expressed as the following:
𝜏
2
2
𝑖𝑟𝑚𝑠
= 𝑖𝐵𝑢𝑐𝑘
(8)
𝑃 3
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In the case of the current in the inductor, 𝜏𝑖𝑛𝑑 is expressed
by the following expression;
𝑡𝑂𝑁 𝑉𝑔 sin(𝜔𝑡)
𝜏𝑖𝑛𝑑 =
=
𝐷
(9)
𝑇𝑠
𝑉𝐵
Substituting (3) and (9) into (8) the following expression for
the rms inductor current is found;
2
𝑖𝑖𝑛𝑑
(𝜔𝑡) =
𝑟𝑚𝑠

𝐷3 𝑇𝑠2 𝑉𝑔

2

(𝑉𝑔 sin 𝜔𝑡 − 𝑉𝐵 ) sin 𝜔𝑡
(10)
3𝐿𝐵 2 𝑉𝐵
Finally, integrating (10) over the conduction angle as shown
in (7) the rms value of current in the inductor over line
frequency can be found as the following;
2
𝐼𝐼𝑛𝑑
=
𝑅𝑀𝑆

𝑇𝑠 2 𝐷3 𝑉𝑔

2𝑉𝑔2 3 𝜃
sin
3𝑉𝐵
2
3𝜋𝐿𝐵 2
2
2𝑉𝑔
𝜃
+(
+ 2𝑉𝐵 ) sin − 𝑉𝑔 sin 𝜃]
𝑉𝐵
2
[−𝑉𝑔 𝜃 −

(11)

After finding the rms value of the current in the inductor,
the losses can be calculated by the following equation:
2
𝑃𝑖𝑛𝑑𝑐𝑜𝑝𝑝𝑒𝑟 = 𝐼𝐼𝑛𝑑
𝑅
𝑅𝑀𝑆 𝑖𝑛𝑑

(12)

Where, the value of the inductor series resistance 𝑅𝑖𝑛𝑑 is
measured at the operating frequency.
The magnetic losses in the inductor can be found using the
following equation, obtained from the 3C85 ferromagnetic
material datasheet [28]:
𝑃𝑖𝑛𝑑_𝑚𝑎𝑔 = 𝑘∆𝐵𝑎
(13)
Where, k and a are the core loss coefficients, and can be
found from the core datasheet, and ∆𝐵 is the delta flux
density, which is found from the following equation;
𝑁𝑖𝑛𝑑 𝜇𝑜
∆𝐵 =
∆𝑖
𝑙𝑒⁄
(14)
𝜇𝑟 + 𝑔
∆𝑖 is approximated to be half of the peak current in the
inductor expressed in (3). The issue is that the integration over
the line frequency period will be too difficult as the power a of
the current will not be an integer value. Therefore, in this case
the average loss value will be found by the arithmetic addition
as the following:

𝑃𝑖𝑛𝑑𝑚𝑎𝑔 = 𝑘

2𝜃𝑓𝑠

𝑍=𝑖2

⁄𝜇 + 𝑔
𝑟
2𝜋𝑓𝐿
𝑍) − 𝑉𝐵 )
𝑓𝑠

𝑎

(𝑉𝑔 sin (
∗

2𝐿𝐵

).

D.Transformer Losses
The current through the transformer primary is the input
flyback current operating in DCM. Therefore, the expression
of its rms value can be found by (8), but with different peak
current, and on-time ratio, as shown in (16), and (17)
respectively.
𝑉𝐵 𝐷𝑇𝑠
𝐼𝑓𝑙𝑦 𝑖𝑛𝑝𝑢𝑡𝑃𝑒𝑎𝑘 =
(16)
𝐿𝑚
𝑡𝑂𝑁
=𝐷
(17)
𝑇𝑠
Substituting both (16) and (17), into (8) the following
expression for the rms value of the current in the primary side
of the transformer is obtained:
𝜏𝑓𝑙𝑦 =

𝑉𝐵 2 𝐷3 𝑇𝑠 2

(18)
3𝐿𝑚 2
After finding the rms value of the current in the primary
side of the transformer, the copper losses can be calculated by
the following equation:
2
𝑃𝑝𝑟𝑖𝑚 = 𝐼𝑓𝑙𝑦
𝑖𝑛𝑝𝑢𝑡𝑟𝑚𝑠 𝑅𝑝𝑟𝑖𝑚
(19)
Where, the value of the primary winding resistance of the
transformer 𝑅𝑝𝑟𝑖𝑚 is measured at the operating frequency.
The current in the secondary side of the transformer is the
output flyback current. Consequently, the expression of the
rms current in the secondary side of the transformer can be
found by (11), but with different peak current, and on-time
ratio, shown in (20), and (21) respectively.
𝑉𝐵 𝐷𝑇𝑠
𝐼𝑓𝑙𝑦 𝑜𝑢𝑡𝑝𝑢𝑡𝑃𝑒𝑎𝑘 =
(20)
𝑁𝐿𝑚
𝑡𝑂𝑁 𝑁𝑉𝐵
=
𝐷
(21)
𝑇𝑠
𝑉𝑜
Substituting both, (20), and (21), into (8), the following
expression can be obtained:
𝑉𝐵 3 𝐷 3 𝑇𝑠 2
2
𝐼𝑓𝑙𝑦
=
𝑜𝑢𝑡𝑝𝑢𝑡𝑟𝑚𝑠
(22)
3𝑁𝐿𝑚 2 𝑉𝑜
Finally, the losses in the secondary winding of the
transformer can be calculated as follows:
(23)
Concerning the core losses of the flyback transformer, using
the same procedure used for the core loss in the inductor, the
core losses of the flyback can be calculated as follows:

𝑙𝑒

(

4𝜋𝑓𝐿

2
𝑃𝑠𝑒𝑐 = 𝐼𝑓𝑙𝑦
𝑜𝑢𝑡𝑝𝑢𝑡𝑟𝑚𝑠 ∗ 𝑅𝑠𝑒𝑐

𝑁𝑖𝑛𝑑 𝜇𝑜

∑
𝑍=𝑖1

(𝜋+𝜃)𝑓𝑠

Finally, the total inductor losses can be expressed as by the
addition of the copper losses and the magnetizing losses, as
shown in (12), and (15) respectively.

2
𝐼𝑓𝑙𝑦
𝑖𝑛𝑝𝑢𝑡𝑟𝑚𝑠 =

2𝑉𝑔2 3 𝜃
−𝑉
𝜃
−
sin
𝑔
𝑇𝑠 2 𝐷 3 𝑉𝑔 𝑅𝑖𝑛𝑑
3𝑉𝐵
2
=
2
2
2𝑉
𝜃
3𝜋𝐿𝐵
𝑔
+(
+ 2𝑉𝐵 ) sin − 𝑉𝑔 sin 𝜃
𝑉𝐵
2
[
]

4𝜋𝑓𝐿

and 𝑖2 is the final value and equal to 𝑖𝑛𝑡 (

(15)

𝐷𝑇𝑠

)
Where, 𝑖1 is the initial value and it is equal to 𝑖𝑛𝑡 (

(𝜋−𝜃)𝑓𝑠
4𝜋𝑓𝐿

),

𝑓𝑠
⁄2𝑓
𝐿

𝑎

𝑁𝑝𝑟𝑖𝑚 𝜇𝑜 𝑉𝐵 𝐷𝑇𝑠
2𝑓𝐿
(24)
𝑃𝑡𝑟𝑎𝑛𝑠𝑚𝑎𝑔 = 𝑘
∑ (
∗
)
𝑙
𝑓𝑠
2𝐿𝑚
𝑒⁄
1
𝜇𝑟 + 𝑔
Knowing that the IBFC does not have capability of
recycling the energy stored in the leakage inductance of the
transformer, this energy should be considered as a loss in the
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converter. However, in this application, the transformer is
designed to have a very low leakage inductance, thus its
wasted energy can be neglected.
E. Buck Diode Losses
The current in the diode of the buck converter is the current
in the inductor but only during the turn-off. Thus, the peak
value of the current per switching period will be the same as
shown in (3), while the off duty cycle (𝐷′ ) can be expressed as
follows:
𝑉𝑔 sin(𝜔𝑡)
𝐷′ =
𝐷
(25)
𝑉𝐵
Therefore, the average value of current in the Buck diode
can be found by the following expression;
𝑖𝐵𝑢𝑐𝑘𝑃 (𝐷′ − 𝐷) 𝑉𝐵 𝑇𝑠 ′
〈𝑖𝐷𝐵 〉𝑝𝑒𝑟 =
(𝐷 − 𝐷)2
=
2
2𝐿𝐵
2
(26)
𝑉𝐵 𝑇𝑠 𝑉𝑔 sin(𝜔𝑡)
=
(
𝐷 − 𝐷)
2𝐿𝐵
𝑉𝐵
Finally, the expression for the total average current in the
buck diode is obtained by integrating 〈𝑖𝐷𝐵 〉𝑝𝑒𝑟 over the
conduction angle.
1
∫ 〈𝑖𝐷𝐵 〉𝑝𝑒𝑟 𝑑(𝜔𝑡) =
𝜋
𝜋−𝜃
2

2

𝜋−𝛿
2

(27)

2

2

𝑉𝑔
4𝑉𝑔
𝑉𝑔
𝐷 𝑉𝐵
𝜃
(
sin 𝜃 −
sin + (
+ 1) 𝜃)
2
2𝜋𝐿𝐵 𝑓𝑠 2𝑉𝐵
𝑉𝐵
2
2𝑉𝐵 2
Concerning the reverse recovery losses of the diode, it can
be neglected, provided that the converter is working in DCM,
because the current is decreasing slowly through the diode.
F. Switch Losses
The losses in the MOSFET are divided into conduction
losses and switching losses. The conduction loss is determined
from the rms value of the current passing through the switch
and the on-resistance of the switch. However, as mentioned in
the introduction, the current in the switch is the highest of
Buck and Flyback currents. Knowing that, the peak value of
the Buck current is variable over the low-frequency period.
Thus, the current through the switch will start with the flyback

1
=
𝜋

𝜋+𝛿
2

. Thus, the value of the angle at which this event occurs,

the Flyback-to-Buck angle (𝛿) can be determined as follows
[27]:
𝛿 = 𝜋 − 2 sin−1 (

𝑉𝐵
𝐿𝐵
(1 + ))
𝑉𝑔
𝐿𝑚

(28)

Now, in order to get the value of the rms current through the
switch, the following equation can be applied:

𝑃𝑒𝑟

𝑑𝜔𝑡

𝜋−𝛿
2

0
𝜋

(29)

2
+ ∫ 𝐼𝑓𝑙𝑦
𝑖𝑛𝑝𝑢𝑡𝑟𝑚𝑠 𝑑𝜔𝑡
𝜋+𝛿
2

[

]

In order to get the rms value of the current in the switch per
switching period, (8) is used. Knowing that the peak current in
the switch is the same as the one of the AC current found in
(3), and taking into account that the on-time ratio in this case
is 𝐷, therefore:
2
𝑖𝑠𝑤𝑖𝑡𝑐ℎ
𝑟𝑚𝑠

=

𝐷3 𝑇𝑠2

2

(𝑉𝑔 sin 𝜔𝑡 − 𝑉𝐵 )

(30)
3𝐿𝐵
Solving (29), using the values of the flyback rms input
current in (18), and the switch rms current per period in (30),
the total rms value of the current in the switch can be deduced
as the following:

+

𝑃𝑒𝑟

𝑉𝐵 2 𝐷3 𝑇𝑠 2
3𝜋𝐿𝑚 2

2

(𝜋 − 𝛿)

𝑉𝑔2
𝐷3 𝑇𝑠2 𝑉𝑔2
𝛿
2
(
sin
𝛿
−
4𝑉
𝑉
sin
+
(𝑉
+
) 𝛿)
𝑔
𝐵
𝐵
2
2
3𝜋𝐿2𝐵 2

(31)

Regarding the MOSFET switching losses, the formula used
is the one illustrated in [19] and expressed as the following;
1
1
𝑃𝑆𝑊 = 𝐼𝐷 𝑉𝐷 𝑂𝐹𝐹 (𝑡𝑂𝐹𝐹 + 𝑡𝑂𝑁 )𝑓𝑠 + 𝐶𝑂𝑆𝑆 𝑉𝐷2𝑂𝑁 𝑓𝑠
(32)
2
2
The previous equation is the general equation of the
switching losses; however, as the converter is operating in
DCM, the on losses are neglected.
With regard to the switching losses, they can be divided in
turn-off and turn-on losses. Starting with the turn-off losses,
the current through the switch is not constant during all the
low-frequency period and the voltage across the switch is not
constant either. Thus, the turn-off voltage across the switch is
expressed as the following:
𝑉𝐷𝑂𝐹𝐹

𝜋−𝛿

current, then after a given instant
the current in the Buck
2
will take place, and back again to flyback current at instant

𝜋+𝛿
2

2
2
∫ 𝐼𝑓𝑙𝑦
𝑖𝑛𝑝𝑢𝑡𝑟𝑚𝑠 𝑑𝜔𝑡 + ∫ 𝑖𝑠𝑤𝑖𝑡𝑐ℎ𝑟𝑚𝑠

2
𝐼𝑠𝑤𝑖𝑡𝑐ℎ
=
𝑟𝑚𝑠

𝜋+𝜃
2

〈𝑖𝐷𝐵 〉 =

2
𝐼𝑠𝑤𝑖𝑡𝑐ℎ
𝑟𝑚𝑠

={

𝑉𝐵 +

𝑉𝑜𝑢𝑡
𝑁

0 < 𝜔𝑡 <

𝑉𝑜𝑢𝑡
𝑉𝑔 sin 𝜔𝑡 + 𝑉𝐵 +
𝑁

𝜋−𝜃 𝜋+𝜃
,
< 𝜔𝑡 < 𝜋
2
2
𝜋−𝜃
𝜋+𝜃
< 𝜔𝑡 <
2
2

(33)

While the switch current peak value changes as previously
illustrated from Flyback current to Buck current, thus the peak
value of the current in the switch is expressed as follows:
𝐼𝐷𝑂𝐹𝐹

𝑉𝐵 𝐷𝑇𝑠
𝜋−𝛿 𝜋+𝛿
0 < 𝜔𝑡 <
,
< 𝜔𝑡 < 𝜋
𝐿𝑚
2
2
=
𝐷𝑇𝑠 (𝑉𝑔 sin 𝜔𝑡 − 𝑉𝐵 )
𝜋−𝛿
𝜋+𝛿
< 𝜔𝑡 <
𝐿𝐵
2
2
{

(34)

Thus, multiplying (33) by (34) and integrating it over the
low switching period, the following expression for the first
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term of the switching losses can be found:
2

𝑉𝑜𝑢𝑡
𝑁

) (𝜋 − 𝛿) +
2𝑉𝑜𝑢𝑡 𝑉𝑔
𝑁

𝑉𝐵 𝑉𝑔
𝐿𝑚

[

2𝜋

𝛿
2

1

2

𝛿

𝑉𝑜𝑢𝑡 𝑉𝐵

2

𝑁

(𝑉𝐵 +

𝐿𝑚

𝜃

(sin − sin ) +

sin − 𝛿 (𝑉𝐵2 +

Current in Diode D FH

𝐿𝐵

−

(

𝑉𝑔2
2

𝑉𝑔2
2

2.5

sin 𝛿 +

(35)

))]

𝑉𝐷𝑂𝑁 = {

0 < 𝜔𝑡 <
𝑉𝑜𝑢𝑡
𝑁

𝑉𝑔 sin 𝜔𝑡 +

𝜋−𝜃 𝜋+𝜃
,
< 𝜔𝑡 < 𝜋
2
2
𝜋−𝜃
𝜋+𝜃
< 𝜔𝑡 <
2
2

𝑉

=

2𝜋

[

2

(𝑉𝐵 + 𝑜 ) (𝜋 − 𝜃) +
𝑁
4𝑉𝑜 𝑉𝑔
2

𝜃

𝑉𝑔2

2

2

sin + (

(36)

𝑉𝑔2

sin 𝜃 +
]
+ )𝜃
2

0
-0.5
0.4

0.401

0.402

(37)

𝑉𝑜2
𝑁2

200
Voltage across the switch
180

0.404

0.405
Time (Sec)

0.406

0.407

0.408

0.409

0.41

Fig. 6. The current in the two Flyback Diodes 𝑫𝑭𝑳 and 𝑫𝑭𝑯 .

The current in the diode 𝐷𝐹𝐻 can be expressed as the
following:
𝑖𝐷𝐹𝐻 (𝜔𝑡)

𝜋−𝜃 𝜋+𝜃
,
< 𝜔𝑡 < 𝜋
2
2
=
𝜋−𝜃
𝜋−𝛿 𝜋+𝛿
𝜋+𝜃
𝑖𝐹 (𝜔𝑡) − 𝑖𝐴𝐶 (𝜔𝑡)
< 𝜔𝑡 <
,
< 𝜔𝑡 <
2
2
2
2
{
𝑖𝑓 (𝜔𝑡)

0 < 𝜔𝑡 <

(38)

1
〈𝑖 〉(𝜋 − 𝜃) + 2 ∫ 〈𝑖𝑓 − 𝑖𝐴𝐶 〉𝑝𝑒𝑟 𝑑𝜔𝑡
(39)
𝜋 𝑓
𝜋−𝜃
[
]
2
Where, 〈𝑖𝑓 〉 is the flyback average current, and 〈𝑖𝑓 − 𝑖𝐴𝐶 〉𝑝𝑒𝑟
is the average value of the flyback current minus the AC
current per switching period.
The average current of the flyback can be obtained as
follows:
𝐼𝑓𝑙𝑦 𝑖𝑛𝑝𝑢𝑡 𝐷
𝑃
〈𝑖𝑓 〉 =
(40)
2
Substituting with (16) into (40) the following expression for
the average current in the flyback can be found:
〈𝑖𝐷𝐹𝐻 〉 =

𝑉𝐵 𝐷2 𝑇𝑠
(41)
2𝐿𝑚
Furthermore, 〈𝑖𝑓 − 𝑖𝐴𝐶 〉𝑝𝑒𝑟 is obtained from the integration
of the flyback current minus the AC current, as shown in the
following expression:

160

𝐼𝑓𝑙𝑦 𝑖𝑛𝑝𝑢𝑡𝑃 =

140
120
100
80
60

𝐷𝑇𝑠

40

〈𝑖𝑓 − 𝑖𝐴𝐶 〉𝑝𝑒𝑟

20

1
= ∫ 𝐼𝑓 − 𝐼𝐴𝐶 𝑑𝑡
𝑇𝑠
0

0
-20
0

0.403

𝜋−𝛿
2

Thus, adding (35), and (37) an estimation for the amount of
the switching loss can be found.

Voltage (Volts)

1

The average current through diode 𝐷𝐹𝐻 can be calculated as
follows:

Therefore, multiplying this term by half of the parasitic
capacitance and the switching frequency, then integrating the
result over the line frequency period, an expression for the
second term of the switching losses can be found as follows:
1
𝑃𝑠𝑤2 = 𝐶𝑂𝑆𝑆 𝑉𝐷2𝑂𝑁 𝑓𝑠
2
𝐶𝑂𝑆𝑆 𝑓𝑠

2
1.5

0.5

Concerning the second term of the switching losses the
voltage used in the term is the voltage across the switch at the
turn-on instant. It must be noted that the flyback in DCM
presents a resonant behavior that makes the turn-on voltage
dependent on the instant at which the turn-on process takes
place. Fig. 5 shows the voltage across the switch from the
experimental results. As shown, a good approximation in this
special application could be to use the voltage just before the
resonance. Thus, the turn on voltage can be expressed as the
following;
𝑉𝐵

Current in Diode D FL

3

𝐷𝑡𝑜𝑓𝑓 𝑉𝐵

Current (Amps)

1

𝑃𝑆𝑊 1 = 𝐼𝐷 𝑉𝐷𝑂𝐹𝐹 𝑡𝑂𝐹𝐹 𝑓𝑠 =

3.5

0.1

0.2

0.3

0.4

0.5
Time (Sec)

0.6

0.7

0.8

0.9

1
x 10

-4

Fig. 5. Voltage across the switch obtained by experimental measurement.

G. Flyback Diodes 𝐷𝐹𝐿 and 𝐷𝐹𝐻 Losses
As previously explained, the diode 𝐷𝐹𝐻 only conducts when
the flyback current is higher than the buck current, while 𝐷𝐹𝐿
conduct in the reverse case, as illustrated in Fig. 6.

𝐷2 𝑇𝑠 𝑉𝐵 𝑉𝑔 sin(𝜔𝑡) − 𝑉𝐵
=
( −
)
2 𝐿𝑚
𝐿𝐵

(42)

Using (40) and (42) into (39), the 𝐷𝐹𝐻 average current is
calculated as follows:
〈𝑖𝐷𝐹𝐻 〉 =

𝐷2 𝑇𝑠 𝑉𝐵 (𝜋 − 𝛿) 𝑉𝐵 (𝜃 − 𝛿)
(
+
𝜋
2𝐿𝑚
2𝐿𝐵
+

𝑉𝑔
𝛿
𝜃
(sin − sin ))
𝐿𝐵
2
2

(43)

Concerning the current in the diode 𝐷𝐹𝐿 , it can be expressed
as shown in the following equation:
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𝜋−𝛿
𝜋+𝛿
< 𝜔𝑡 <
(44)
2
2
While the average value can be calculated from the
following equation:
𝑖𝐷𝐹𝐿 (𝜔𝑡) = 𝑖𝐴𝐶 (𝜔𝑡) − 𝑖𝑓 (𝜔𝑡)

𝜋+𝛿
2

〈𝑖𝐷𝐹𝐿 〉 =

1
∫ 〈𝑖𝐴𝐶 − 𝑖𝑓 〉𝑝𝑒𝑟 𝑑𝜔𝑡
𝜋

(45)

𝜋−𝛿
2

Applying the same procedure as in (45), the average value
of the current through Diode 𝐷𝐹𝐿 can be found as shown in the
following equation:
〈𝑖𝐷𝐹𝐿 〉 =

𝐷 2 𝑇𝑠 2𝑉𝑔
𝛿
1
1
(
sin − 𝛿𝑉𝐵 ( + ))
2𝜋 𝐿𝐵
2
𝐿𝐵 𝐿𝑚

(46)

H.Output Diode 𝐷𝑜𝑢𝑡 losses
The current through the output diode is the output current of
the flyback. Thus, the average current of the flyback output
current can be calculated from the following expression;
𝐼𝑓𝑙𝑦 𝑜𝑢𝑡𝑃𝑒𝑎𝑘 𝜏𝑓𝑙𝑦 𝑜𝑢𝑡
〈𝑖𝐷𝑜𝑢𝑡 〉 =
(47)
2
Thus, substituting (20) and (21) into (47), the average value
of the current in the output diode can be deduced as shown in
the following expression:
〈𝑖𝐷𝑜𝑢𝑡 〉 =

𝑉𝐵2 𝐷2 𝑇𝑠
2𝐿𝑚 𝑉𝑜𝑢𝑡

(48)

anymore. The previously chosen turn ratio was 0.4; however,
for the new design the turn ratio is chosen to be 2. Then, after
choosing the new turn ratio, the values of the buck inductance
as well as the transformer magnetizing inductance have to be
selected. The variation of any inductance value will affect
efficiency, bulk capacitor voltage, THD, and PF. The
efficiency and the bulk capacitor voltage with respect to the
variation of both inductances are shown in the 3D plots of Fig.
9 (a) and Fig. 9 (b), respectively. The criteria for selecting the
optimal values is to find the driver design that shows high
efficiency and low bulk capacitor voltage. In return,
the decrease of the bulk capacitor voltage will enhance both
THD and PF.
TABLE I
SPECIFICATION AND COMPONENTS OF THE DRIVER
Component

Value

Input voltage rms
Output voltage
Rated current
EMI filter capacitance
EMI filter inductance
Buck inductance

90-250
38
0.7
68 µF
2.56 mH
ER2510/PC44, 𝐿𝐵 = 100 𝜇𝐻, N = 20 T
PQ2625/3C90, 𝐿𝑚 = 500 µ𝐻,
𝑁𝑝 = 25 𝑇, 𝑁𝑠 = 6 𝑇
DB156S
MURS260T3G
STPS3150
47 µF/160 V
470 µF/50V
SPA07N60C3

Flyback transformer
Bridge Diodes
𝐷𝐵 & 𝐷𝐹𝐿 & 𝐷𝐹𝐻
𝐷𝑂𝑈𝑇
𝐶𝐵
𝐶𝑂
𝑀1

III. PRACTICAL CASE OF STUDY FOR EFFICIENCY
IMPROVEMENT
In this section, a step-by-step procedure is presented to
show how the efficiency improvement of the converter is
performed. Table I shows the specification as well as the
component parameters of an existing LED driver. The LED
driver is operating under universal input voltage conditions,
for this reason a 650V switch is selected. Knowing that by
simulation and substituting in (33) the maximum voltage
across the switch in the old design varies between 374V to 757
V corresponding to input voltage 90V to 250V, respectively,
which means an 800V switch is required for universal input
voltage operation. However, concerning the new design, the
voltage across the switch varies from 194.2V to 505V
corresponding to input voltage 90V to 250V, respectively.
Thus, the new design insures a full universal input operation
with a 650V switch.
As shown in Fig. 7, the driver is working perfectly and
shows an efficiency of 82 %, a power factor equal 0.9, and a
THD of 21%. The improvement process starts by checking all
the parameter effect on the efficiency. A program is built
using all the equations previously presented in section II, in
order to calculate the efficiency of the converter for different
parameter values. First parameter to check is the turn ratio.
Thus, the efficiency is calculated for different values of the
turn ratio starting from N equal 0.25 to 5. Fig. 8, shows the
efficiency with respect to the turn ratio. The study shows that
as the turn ratio is increasing, the efficiency is also increasing;
however, after a given value, the improvement is not effective

Fig. 7. Input voltage (red), input current (yellow), and output voltage (green)
for the old design.

Fig. 8. Efficiency of the converter with respect to turn ratio.

Furthermore, the new design takes into consideration the
bulk capacitor voltage, as the magnetic component values will
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be chosen in order to decrease the bulk capacitor voltage as
much as possible. In return, the power factor and the bulk
capacitance value are increased with lower voltage ratings.
Thus, the output ripple will decrease, with even lower bulk
capacitor price and size. Fig. 10 shows the bulk capacitor
voltage in the old design compared to the new design, proving
that the bulk capacitor voltage in the new design will be lower
and the ripple will also be lower.

Moreover, from the analysis it is found that 𝐷𝐹𝐻 is
conducting only if the buck current is greater than the flyback
current. Therefore, the new design will take into consideration
to make the peak buck current remain below the flyback peak
current; thus, 𝐷𝐹𝐻 will not conduct and can be removed. Table
II shows the parameters changed in the new design. It is found
that the new design shows a decrease of 2.8 W in the losses
wasted in the first design. The new converter shows an
efficiency of 89%, a power factor of 0.96, and a THD of 16%.
Table III shows a comparison between simulations results and
theoretical results. The table shows a perfect match in all
results for each part of the drive, both for average and RMS
values. Furthermore, Fig. 11 shows the harmonic content of
the input current, compared to the limits specified by the IEC
61000-3-2 Class C regulations. As can be seen, the proposed
design is in accordance with IEC 61000-3-2 Class C
regulations.
TABLE II
PARAMETERS CHANGED IN THE NEW DRIVER
Component

Value

Buck inductance

ER2510/PC44, 𝐿𝐵 = 110 𝜇𝐻, N = 20 T
PQ2625/3C90, 𝐿𝑚 = 56 µ𝐻,
𝑁𝑝 = 16 𝑇, 𝑁𝑠 = 32 𝑇
330 µF/63 V

Flyback transformer
𝐶𝐵

TABLE III
COMPARISON BETWEEN THEORETICAL RESULTS AND SIMULATION RESULTS

(A)

OF THE NEW DESIGN

Parameter

Theoretical result

AC average current
Inductor RMS current
Transformer pri. RMS
current
Transformer sec. RMS
current
𝐷𝐵 average current
Switch 𝑀1 RMS current
𝐷𝐹𝐿 average current
𝐷𝑂𝑈𝑇 average current

Simulation result
0.1964 A
0.9802 A
1.1471 A
1.0086 A
0.2561 A
1.1471 A
0.2562 A
0.6999 A

30

(B)

IEC 61000-3-2 Class C
IBFC New Design

Fig. 9. (a) Efficiency of the converter and (b) Bulk capacitor voltage, with
respect to Buck and Magnetizing inductances.
25

120
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100

Bulk voltage new design
Bulk voltage old design

90

Harmonic Distortion (%)

130

Voltage (Volts)

Equation (4)
0.1965 A
Equation (11)
0.9808 A
Equation (18)
1.1486 A
Equation (22)
1.0085 A
Equation (27)
0.2575 A
Equation (31)
1.1486 A
Equation (46)
0.2575 A
Equation (48)
0.7 A
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Fig. 11. Harmonic content of the input current versus IEC 61000-3-2 Class C.

Fig. 10. Bulk capacitor voltage of the old design (red), and of the new design
(blue).
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Fig. 12 shows the input current and voltage, as well as the
output voltage. Moreover, as shown in Fig. 12, the output
voltage ripple is 515 mV, while in the old design shown in
Fig. 7, the output voltage ripple is 974 mV. Therefore, the
output voltage ripple is half the ripple obtained in the old
design as previously proven by simulation. This leads, as
shown in Fig. 13, to an output current ripple of 5%, which is
necessary because it was an objective for this application to
operate with an output current low frequency ripple below 6%.
This explains why a great capacitance has been used.
However, for normal operation fulfilling the IEEE Std. 17892015 [29], an output capacitance of 100 µF instead of the 470
µF would have been enough.

91
89
87

Efficiency (%)

85
83
81
79
77
New design equations
New design practical
Old design equations
Old design practical
Design of reference [21] at 25 W

75
73
71
80

100

120

140

160
180
200
Input Voltage (rms)

220

240

260

Fig. 14. The new design efficiency (blue) sold line calculated and dashed
measured, the old design efficiency (red) sold line calculated and dashed
measured, the efficiency of the design presented in [21] at 25 W (black).

Fig. 15 shows the photography of the final LED driver,
which is the same as the old driver just using a smaller bulk
capacitor in the new driver. Fig. 16 shows the final schematic
of the new design, including the control circuit. As shown,
diode 𝐷𝐹𝐻 is not used in the final design.

Fig. 12. Input voltage (red), input current (yellow) and output voltage (green),
for the new design.

Fig. 15. New driver photography.
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STPS3150

HV

105 µH

CB

DB

MURS260T3G

DO

Lf

VB

CO

VO

470 µF/ 50 V

56 µH

330 µF/ 63 V

L EMI
DB156S

Vg

MURS260T3G

CEMI

DF L
M1

RCS

SPA07N60C3

Gate

CS

Fig. 13. Output current of the IBFC new design.

Fig. 14 shows the measured and calculated efficiency of the
new design and the old design with respect to input voltage.
Also, it shows the efficiency results presented in [21] at output
power equal 25 W. As can be seen, the efficiency decreases as
the input voltage increases, which is due to the increase of the
voltage across the switch and in return the increase of the
switching losses. However, the design guarantees a higher
efficiency within the whole universal input voltage range.

RHV

R AUX

10 kΩ / 1206
VCC

HV

10 / 1206

RG

VCC

AUX

15 / 0805
Gate

RT7306

R ZCD1

CS

68 kΩ / 0805

R PC
1 µF
0805

0.1 µF
0805

22 µF
35 V

2.7 kΩ / 0805

RZCD2
6.8 kΩ / 0805

68 pF
0805

Fig. 16. Schematic diagram of the laboratory prototype of the new IBFC
design.
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Table IV shows a comparison of the results of the equations
presented in Section II corresponding to currents and losses in
all elements, and the bulk capacitor voltage for the old and the
new designs. The comparison shows that most of the losses
are in the switch and mostly in the switching losses. Thus,
decreasing the voltage across the switch will decrease the
switching losses. This explains why increasing the turn ratio
will increase the efficiency, as it will decrease the voltage
across the switch. Furthermore, increasing the ratio of the
buck inductance over the flyback magnetizing inductance will
decrease the bulk capacitor voltage, and in return will decrease
the voltage across the switch. Thus, the switching losses will
be decreased. However, the decrease of the bulk capacitor
voltage will increase the value of the current, which will
increase the conduction losses.
TABLE IV
CALCULATED COMPARISON BETWEEN OLD AND NEW DRIVER DESIGNS

Parameter

OLD DESIGN

NEW DESIGN

Bridge loss
EMI filter loss
Inductor loss
Transformer loss
𝐷𝐵 loss
Switch loss
𝐷𝐹𝐿 loss
𝐷𝐹𝐻 loss
𝐷𝑂𝑈𝑇 loss
Bulk voltage
Total losses

0.4011 W
0.03 W
0.1073W
1.1019 W
0.0925 W
3.28 W
0.1981 W
0.1056 W
0.441 W
108.06 V
5.7577 W

0.5069 W
0.035 W
0.1792 W
0.2018 W
0.2768 W
1.2322 W
0.2768 W
NOT USED
0.4741 W
58.59 V
3.1827 W

IV. CONCLUSION
This paper proposes a deep analysis of the losses in the
IBFC. The equations found in the paper show a great
accuracy. Moreover, the results of the equations are more
accurate than the simulation results, due to the limitation in the
sampling time. The use of the equations facilitates the study of
the effect of the reactive elements on the converter efficiency.
The study leads to the ability of making enhancement in the
efficiency out of the conventional design process. The
conventional way is usually done by trying to find more
efficient switching devices to substitute the ones in the
converter. This way is effective and improves the efficiency,
however it is costly, and with limited range of enhancement.
The paper presents a practical case of study for the
efficiency enhancement process for an existing driver. The
driver is operating under universal input conditions, and 38 V
output, supplying an LED luminary of 26.5 W. The old design
shows an efficiency of 82 %, power factor equal to 0.9, and
THD of 21%. The study leads to a change in a few parameter
values: the turn ratio from 0.4 to 2, the magnetizing
inductance from 500µH to 56µH, the buck inductance from
100µH to 110µH, and the bulk capacitor from a bulky
47µF/160V to a smaller size and more effective one of
330µF/63V. The new design shows a great enhancement in all
aspects; an efficiency of 89 %, power factor equal 0.96, and
THD of 16%. Moreover, the output ripple shown by the new
design is half of the one shown by the old driver. Finally, a
reduction of the number of components is achieved by
removing one diode that will not be conducting.
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