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Improved Single-Stage AC-DC LED-Drive Flyback Converter

using the Transformer-Coupled Lossless Snubber

Gang-Youl Jeong’ and Su-Han Kwon*

Abstract — This paper presents an improved single-stage ac-dc LED-drive flyback converter using the
transformer-coupled lossless (TCL) snubber. The proposed converter is derived from the integration of
a full-bridge diode rectifier and a conventional flyback converter with a simple TCL snubber. The TCL
snubber circuit is composed of only two diodes, a capacitor, and a transformer-coupled auxiliary
winding. The TCL snubber limits the surge voltage of the switch and regenerates the energy stored in
the leakage inductance of the transformer. Also, the switch of the proposed converter is turned on at a
minimum voltage using a formed resonant circuit. Thus, the proposed converter achieves high
efficiency. The proposed converter utilizes only one general power factor correction (PFC) control IC
as its controller and performs both PFC and output power regulation, simultaneously. Therefore, the
proposed converter provides a simple structure and an economic implementation and achieves a high
power factor without the need for any separate PFC circuit. In this paper, the operational principle of
the proposed converter is explained in detail and the design guideline of the proposed converter is
briefly shown. Experimental results for a 40-W prototype are shown to validate the performance of the
proposed converter.
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1. Introduction

Light emitting diodes (LEDs) have many advantages
such as high lighting efficacy, environmental friendliness,
long lifetime, and low maintenance requirement compared
with conventional lighting sources such as incandescent or
fluorescent lamps. Therefore, LEDs have become a good
solution as a new lighting resource and are becoming
increasingly more popular in offline lighting applications
[1-5]. However, the LED drive circuit is an ac-dc converter.
The ac-dc converter is usually composed of a full-bridge
diode rectifier, a dc-link capacitor, and a switch-mode
power supply (SMPS). The SMPS is a high frequency dc-
dc converter. The ac-dc converter is powered from the ac
line voltage, only when the dc-link voltage is discharged
and is lower than the rectified line voltage. Therefore, the
input current of such a converter is highly distorted, which
results in a large amount of harmonics and a low power
factor. To address these problems, various power factor
correction (PFC) ac-dc converters have been proposed and
developed [6-8].

The PFC ac-dc converter has either a two-stage or single-
stage structure. The two-stage ac-dc converter consists of
two power-process stages with their respective control
circuits, which are the PFC circuit and the high frequency
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dc-dc converter [9, 10]. Therefore the two-stage ac-dc
converter increases the power losses and the manufacturing
cost, and eventually its system efficiency and price
competitiveness are reduced. In order to reduce the overall
size and cost of the two-stage ac-dc converter, a number of
single-stage ac-dc converters have been proposed and
developed [11-13]. The main concept of the single-stage
ac-dc converter is that the PFC circuit and the high
frequency dc-dc converter are simplified by sharing the
switches of the PFC circuit and the dc-dc converter to
eliminate the switch and control circuit for the PFC circuit.
These single-stage ac-dc converters have the advantages
of being simple and cost-effective [10, 14-15]. However,
the conventional single-stage ac-dc converters still have
drawbacks since they require a high capacity dc-link
electrolytic capacitor and a boost inductor for the PFC
circuit, similar to the two-stage ac-dc converters, and have
high voltage stress and high switching loss of the main
switch.

Therefore, to overcome the drawbacks of the conventional
single-stage ac-dc converter, the improved single-stage ac-
dc LED-drive flyback converter using the transformer-
coupled lossless (TCL) snubber is proposed in this paper.
The proposed converter has a simple structure composed of
only a full-bridge diode rectifier and a conventional flyback
converter with the TCL snubber. The TCL snubber circuit
comprises only two diodes, a capacitor, and a transformer-
coupled auxiliary winding. Therefore, implementation of
the proposed converter is easy and cost-effective. The TCL
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snubber limits the maximum voltage of the switch and
recycles the energy stored in the leakage inductance of the
transformer. Also, the switch voltage of the proposed
converter is reduced at turn-on using a formed resonant
circuit. The proposed converter thus achieves high
efficiency. The proposed converter utilizes only one
general PFC control IC as its controller and performs both
the PFC (without any separate PFC circuit) and the output
power regulation (using the critical conduction mode
(CRM) control), simultaneously. However, the proposed
converter achieves a high power factor. In this paper, the
operational principle of the proposed converter is described
in detail and the design guideline of the proposed converter
is briefly presented. It is shown that the proposed converter
performs well as a single-stage ac-dc converter for LED-
driving through experimental results for a 40-W prototype.

2. Operational Principle of the Proposed
Converter

Fig. 1 shows the circuit diagram of the proposed single-
stage ac-dc LED-drive flyback converter using the TCL
snubber. The proposed converter uses a full-bridge diode
rectifier as its input stage without the dc-link electrolytic
capacitor and the boost inductor. It also uses a conventional
flyback converter, to which only the TCL snubber circuit is
applied. The input voltage of the flyback converter is the
full-wave rectified dc voltage from the commercial ac line
voltage. As shown in Fig. 1, the TCL snubber circuit of the
proposed converter consists of only two diodes, D, and D,,
a snubber capacitor C,, and the transformer-coupled
auxiliary winding N,. The turn ratios of the transformer are
ny=N;/N, and n,=N,/N,, where N, is the primary turn
number, N, is the secondary turn number, and N, is the
auxiliary winding turn number.

Fig. 2 shows the theoretical waveforms in the steady
state of the proposed ac-dc converter, and Fig. 3 shows the
equivalent circuits of each mode of the proposed converter.
As shown in Figs. 2 and 3, each switching period can be
subdivided into five modes.

In order to illustrate the steady state operation of the
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Fig. 1. Circuit diagram of the proposed single-stage ac-dc
LED-drive flyback converter.
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Fig. 2. Theoretical waveforms in the steady state of the
proposed ac-dc converter.

proposed converter, the following assumptions are made.

1) Each semiconductor switch is ideal except for its
parasitic capacitance, and the output filter capacitance
C, is sufficiently large for its voltage ripple to be
negligible.

2) The transformer 7 is modeled as the magnetizing
inductance L,,, the primary leakage inductance L;, and
an ideal transformer with turn ratios n, and n,,.

3) The magnetizing inductance L,, is very large and is
much greater than the primary leakage inductance L,
(L, >Ly).

4) The rectified dc input voltage v,. is assumed to be
constant during the switching period because the
switching frequency is much faster than the ac line
frequency.

Before mode 1 starts at time #=t,, the switch current iy is
zero and the snubber capacitor voltage v, is at a maximum.

Mode 1 (#y)~t;): This mode starts when the MOSFET
switch Q is turned on at time ¢=t,. The rectified dc input
voltage v, is then applied on the primary series inductance
L,,+L, of the transformer, and thus the primary current i,
charges the primary series inductance. At this time, the
snubber diode D, turns on and the energy stored in the
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(c) Mode 3

snubber capacitor C, is discharged and is regenerated to
the voltage source v,,. through the auxiliary winding N,.
Fig. 4 shows another equivalent circuit of the primary
C,—0—N,—D, loop from Fig. 3(a), which is an undamped
series-resonant circuit.

The snubber capacitor voltage v, and resonant current
i,, are then given as follows:

Ven = NgVprec — (nnvrec - VCn,max) cosw (t—1ty) (1)

G ey -
b1 =len = Zrl (nnurec - VCn,max) sin wrl(t - to) (2)

where Ve, 1S the maximum snubber capacitor voltage,
and Wy = 1/(na\/ LkCn) and Zrl = nav Lk/Cn are the
resonant angular frequency and the characteristic
impedance, respectively.

From (1) and (2), this mode ends at time =t,=ty+n/ w,,
when the resonant current i,; or snubber capacitor current
ic, becomes zero and the snubber diode D, is turned off.
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(e) Mode 5

Fig. 3. Equivalent circuits of each mode of the proposed
converter.

Fig. 4. Another equivalent circuit of the primary C,-O-N,-
Dy loop of mode 1 from Fig. 3(a).

Also at the end of this mode, the snubber capacitor voltage
V¢, reaches the minimum as follows:

UCn(fi) = VCn,mm = 2nuvrer - VCn,mzlx- (3)

Mode 2 (¢;~t,): This mode starts when the snubber
diode D, is turned off at time r=t;. The primary series
inductance L, +L; is linearly charged by the rectified dc
input voltage v,.., and thus the primary current i, increases
linearly as follows:

.. . Vre _ VUrec _
b=l = im =y (-t~ 7 (Eh). ()

The snubber capacitor voltage v, remains at a minimum
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constant value v¢,=Ve, min during this mode. This mode
ends at time ¢=t,, when the switch Q is turned off and the
magnetizing current 7,, increases to its maximum value
]m,max'

Mode 3 (#,~t;): This mode starts at time =t,, when the
switch Q is turned off and the snubber diode D, is
conducted. The energy in the leakage inductance L, is then
absorbed by the snubber capacitor C,, and the voltage
stress of the switch is thus limited. Fig. 5 shows another
primary equivalent circuit from Fig. 3(c), which is an
undamped series-resonant circuit. Here, the voltage v, and
the current i, of the snubber capacitor C, are expressed,
respectively, as follows:

V, V,
Ven = e (_D - Vr.‘n,mm) cos w1‘3(t - tz)

Ns

+Z?‘3":p(t2) sin Wy3 (t - tz) (5)‘
[Cn = [p = i;»(fz) COS Wy3 (t - tZ)
-1 (Vo F
+Zl'31 (E - VL‘n,min) sinw,(t —t3) (6)

where i,(t,) is the primary current at time ¢=#, by (4) and is
the maximum magnetizing current [, .., and w,z =

1/\L,C, and Z,; =./L./C, are the resonant angular
frequency and the characteristic impedance, respectively.
However, if the snubber capacitor C, in Fig. 5 is designed
so that V¢, min 1s equal to V,/n, in (5) and (6), the following
relationships are given as follows:

V .
Ve = —"+Z,.3Im’maX sin @, (t—tz) (7
nS

ic, = ip =1, max COS w5(t—1) . (8)

From (7) and (8), when the snubber capacitor current i,
drops to zero at time t=t;=t,+7/(2w,3), the snubber diode
D, is turned off and this mode ends. Also, at the end of
this mode, the snubber capacitor voltage v, reaches its
maximum value as follows:

V
Ven = Cn,max :n_0+Zr31m,max
s
= VCn,min +Im,max \/ Lk /Cn . (9)
i
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Fig. 5. Another primary equivalent circuit of mode 3 from
Fig. 3(c).

Mode 4 (#;~t,): At time ¢=1;, this mode starts when the
snubber capacitor current i, becomes zero and the diode
D, turns off. Here, the energy of the magnetizing
inductance L, linearly discharges into the output
capacitance C, through the transformer secondary. Because
both snubber diodes, D, and D,, are turned off, the snubber
capacitor voltage v, keeps constant at a maximum
Ven=Venmaxe This mode ends at time #=t,, when the
magnetizing current i,, or the secondary current i, reaches
Zero.

Mode 5 (#,~t;5): At time =t,, the energy stored in the
magnetizing inductance L,, is discharged completely, and
the secondary current i, becomes zero. The magnetizing
inductance L, and the equivalent resonant capacitance
Coys=CpsTny 2Cp, then resonate as follows:

__ Vrec —Vp s(ts)
m =
Zrs

V
Ups = Vpec t+ n_zcos wys(t — tS) (11)

where Z,5 = /Ly /Ceqs and w,s = 1/,/L,;Ceqs are the

characteristic impedance and the resonant angular
frequency, respectively. This mode terminates after the
resonant half period, 7/w,s. During this mode, the switch
voltage vpg decreases, and reaches its minimum voltage,
VyeeVo/n,. The switch Q is turned on at the end of this mode.
Therefore, the turn-on switching voltage is reduced and
thus the switching loss is reduced.

Subsequently, the entire process of the five modes is
repeated in each switching period.

Fig. 6 shows the conceptual waveform of the main parts
of the proposed converter at the ac line frequency scale for
an explanation of its PFC operation. As shown in Fig. 6,
the input voltage of the proposed ac-dc converter is the
sinusoidal ac line voltage as follows:

sin w,5(t — tg) (10)

Vae =V, sinwt (12)

where V,, and o are the amplitude and the angular
frequency of the ac line input voltage, respectively. Also, as
shown in Figs. 1 and 6, due to the operation of the full-
bridge diode rectifier, the input voltage of the flyback
converter is the full-wave rectified dc voltage v,,. from the
ac line input voltage as follows:

Vree = |Uac| = Vm|Sinwt|~ (13)

As shown in Fig. 2, the rectified dc input voltage of the
flyback converter is almost constant during the switching
period 7,. Then, from mode 1 and 2 and Fig. 6, the
instantaneous mean value i,,, of the flyback converter
input current i, is obtained by

) 1T,
lpavg = T_ng ip dt
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=2 [f2lree (p _ ¢yt (14)

Ts“to Ly
__ D27 v
2Ly TECT

At this time, the ac line input current i,. is given by the
instantaneous mean value i, ,,, due to the operation of the
ac input filter that is generally connected to the ac input
terminal of the ac-dc converter. The ac line input current i,
is then given by

D?Ts .
ZTV’” sinwt. (15)

m

lac

The real input power P, is calculated as

1 . D%V}
Py = [ Vaclac dwt = o T (16)

Then the power factor PF is given by

. DZV-%nTS

i 4L

PF = —"— = 2 =1 17

Vaclac V—szTsv—m ( )
V2 2Lm V2

where V,. and [, are the rms values of the ac line input
voltage and current, respectively.

The proposed converter can therefore obtain the unity
power factor, since the full-bridge diode rectifier and the
modified conventional flyback converter with the TCL
snubber circuit are simply merged with only a rectified
input capacitor of small value, but without an electrolytic
capacitor.

ac
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T g

r S rec e ST
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Fig. 6. Conceptual waveform of the main parts of the
proposed converter at the ac line frequency scale for
explanation of its PFC operation.
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3. Design Guideline

To validate the characteristics of the proposed converter,
a prototype converter is designed with the following
specifications: rms ac input voltage range V,. =85~ 265V/
60Hz (rating rms ac input voltage V., =220V), dc output
voltage V,=40V, rating output power P,=40W, efficiency
7=91%.

The proposed converter is controlled using a general
voltage-mode CRM PFC control IC. Since the flyback
converter of the proposed converter is the same as the
conventional converter (with the exception that only the
TCL snubber is applied), the design of the flyback converter
follows the general design rule of the conventional flyback
converter. The designed major components and parameters
of the prototype used for experiments are shown in Table 1.

The design of the TCL snubber circuit is the final step in
the power circuit design of the proposed converter and is
performed after the other circuit parameters in Table 1 are
obtained. A possible TCL snubber circuit design of the
proposed ac-dc converter is as follows.

When the switch Q is turned on, the diodes D, and D,
are reverse-biased and turned off. The diode D, is turned
on until the snubber capacitor voltage v, drops to the
reflected input voltage n,v,... During the switch turn-on
period, the snubber capacitor voltage v, can be
approximated as the average snubber capacitor voltage V,
in mode 1 or the voltage of auxiliary winding voltage from
(3) as follows:

Ven = Ven = NgVpec - (18)

Table 1. Parameters and components of the prototype.

Parameter Symbol Value
Rectified input capacitor Crec 0.47uF
Magnetizing inductance Ly, 200puH
Primary winding number N, 32T

Secondary winding number N 14T
Output capacitor C, 2200puF
Component Symbol Part number
Switch (0] STP10NKS8ONZ
Output diode D, MBR10200
Transformer core T BEPC30
Full-bridge diode Dy KBU806

However, the magnitude of the output voltage reflected in
the transformer primary should be greater than the snubber
capacitor voltage v,, so that the output diode D, is not
reverse-biased during the switch turn-off period. Otherwise,
the energy stored in the magnetizing inductance L,, is
transferred to the snubber capacitor C, instead of to the
output. Therefore, the snubber capacitor voltage v, should
be satisfied by the following relation:

Vo
Uen = VCn < e

19
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The auxiliary winding number N, is then determined by
the following inequality relation:

Vo'N}

N, < (20)

Vrec*Ns

Therefore, according to the given specifications and the
calculated circuit parameters in Table 1, the auxiliary
winding number N, of the prototype is determined as
N=12T.

In order to satisfy the relation of (19), the maximum
snubber capacitor voltage Ve, mx in (3) and (9) should
satisfy the following relation:

VCn,m ax < Vo ﬁ

. 2n
N
Also, the LC resonance in mode 1 must also be completed
during half of the LC resonant period. Therefore, the
possible range of the snubber capacitance C, is given as
follows:

2
Li Lm ax 1 (DTSNP) 29
4 |y Np(; _Ng1-D <G < L \ 7N (22)
Vo 1 k a
Ns\" "Np D
where / is the maximum magnetizing current, L, is the
m,max k

primary leakage inductance of the transformer (which is
measured in the real transformer of Table 1), and DT is the
nominal switch turn-on time. Therefore, the snubber
capacitance C, is determined as C,=3.3nF.

4. Experimental Results

An experimental prototype was implemented to verify
the characteristics of the proposed ac-dc converter. Its
specifications are shown in Section 3. The designed major
components and parameters of the prototype are presented
in Table 1, and its TCL snubber circuit design is shown in
Section 3.

Fig. 7 shows the experimental waveforms of the input
and output parts of the proposed single-stage ac-dc
converter and the conventional two-stage ac-dc converter
under the same rating condition. Here, the conventional
two-stage ac-dc converter is composed of the boost PFC
converter and the conventional flyback dc-dc converter and
has the same output capacitance as that of the proposed
converter. Fig. 7(a) shows the experimental waveforms of
the ac input voltage v,., the ac input current i,., and the
output voltage ¥V, of the proposed single-stage ac-dc
converter. The ac input current is sinusoidal and in-phase
with the ac input voltage, and its output voltage is also well
regulated. Fig. 7(b) shows the dc input voltage V. and the
dc output voltage V,,,,, of the flyback converter of the
conventional two-stage ac-dc converter, where the dc input
voltage V. is the output voltage of the front-end boost PFC

Vac

[100V/div.] \ \\ /
=N A~ ~
[200maA /div. ] \\ fj JVJ \u\ 0V, DA
— = o=
X N
¥,
[10V/div.]

ov

time[Sms/div.]
(a) ac input voltage v,., the ac input current i ., and the
output voltage ¥, of the proposed converter.

Va

[100V/div]

ov

0,000V

[10V/div.]

ov

time[Sms/div.]
(b) dc input voltage V. and the output voltage V,, ., of the
flyback converter of the conventional converter.

Fig. 7. Experimental waveforms of the input and output
parts of the proposed single-stage ac-dc converter
and the conventional two-stage ac-dc converter
under the rating condition.

1.00

0.94

Power Factor

092

85 100 120 140 160 180 200 220 240 265
Vac [V]
Fig. 8. Power factor variations of the proposed converter
over the range of the universal ac input voltage.

converter of the conventional two-sage ac-dc converter.
The output voltage characteristics of both converters only
marginally differ. This is because the proposed converter
also has a flyback converter structure at the dc output and
its voltage regulation scheme is similar to the dc output-
end flyback converter of the conventional converter. Fig. 8
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shows the power factor variations of the proposed
converter over the universal ac input voltage range. The
power factor of the proposed converter is high, that is, over
0.98.

Fig. 9 shows the experimental waveforms of the main
parts of the proposed converter at each frequency scale
under the rating condition. Fig. 9(a) shows the experimental
waveforms of the rectified dc input voltage v, and the
switch voltage vpg of the proposed converter at the ac
line frequency scale. Fig. 9(b) shows the experimental
waveforms of the main parts of the flyback converter of the
proposed converter at the switching frequency scale. From
these figures, it is confirmed that the general PFC control
IC used can effectively control the proposed converter
using the CRM technique, and the theoretical explanation
in this paper is correct.

Viec
[100Vidiv] ’f "\‘

N [/ N A
\V4 7 Vo

‘V'DS

[200V7div.]
o
time[2ms/div ]

(a) Rectified dc input voltage v,.. and the switch voltage
vps at the ac line frequency scale.
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(b) Main parts of the flyback converter at the switching
frequency scale.

Fig. 9. Experimental waveforms of the main parts of the
proposed converter at each frequency scale.
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Fig. 10. Efficiency comparison of the proposed converter
and the conventional single-stage ac-dc converter.
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Fig. 11. Mixed current and voltage feedback conceptual
diagram of each converter.

Fig. 10 shows an efficiency comparison of the proposed
converter and the conventional single-stage ac-dc converter
with the RCD snubber over the universal ac input voltage.
The conventional converter is implemented in our laboratory
with the same specifications of the proposed converter.
The efficiency is measured using a digital power meter,
Yokogawa WT500. The proposed converter achieves high
efficiency because the conduction loss and the switch
voltage stress of the proposed converter are reduced by
using the improved single-stage converter structure without
the separate PFC circuit and the TCL snubber circuit as its
snubber. The measured maximum efficiency of the
prototype is 90.2% under the rating condition.

In particular, the proposed single-stage converter shows
a greater improvement of the power efficiency than the
conventional single-stage converter in the low input
voltage range. However, each single-stage converter shown
in Fig. 10 controls the output current or the output voltage
to be constant. Fig. 11 shows the mixed current and voltage
feedback conceptual diagram of each converter.

The LED-driving ac-dc converters must be controlled by
both the constant current (CC) mode and the constant
voltage (CV) mode. Because the forward voltage drop of
the LED varies with the junction temperature and thus the
current also significantly increases, the devices can become
damaged. In each converter, during normal operation, the
CC mode is dominant and the CV mode only acts as the
over voltage protection for abnormal modes. This means
that each single-stage converter controls its output power
to be approximately constant. However, assuming that the
converters are ideal for convenience of this explanation,
the input power and the output power are the same.
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(a) Original shape of the new prototype LED modules and
the prototype converter.

(b) New prototype LED modules and the prototype
converter in operation.

Fig. 12. LEDs and the prototype converter used in the
experiment.

Therefore, if the ac input voltage of the single-stage
converter is lower, the input current is higher. The higher
input current means that the energy due to di/dt at a
switching (that must be absorbed by the snubber) is also
higher. However, in the case of the conventional single-
stage converter with the RCD snubber, because all the
higher energy due to di/dt at a switching in the low voltage
range can only be dissipated in the RCD snubber, the loss
of the converter is higher especially in the low input
voltage range, and thus the power efficiency of the
converter is more deteriorated than in the high input
voltage range. However, in the case of the proposed single-
stage converter with the TCL snubber, because all the
energy due to di/dt at a switching is regenerated through
the TCL snubber independent of the input voltage range,
the power efficiency is high even in the low input voltage
and is even over the entire input voltage range as high
power efficiency.

Fig. 12 shows photos of the LEDs and the prototype
converter used in the experiment. The LEDs in Fig. 12 are
new LED modules that are developed as a prototype for the
LED lighting from an electronics company, and they are
four 10-W class LED modules connected in parallel. Fig.
12(a) shows the original shape of the LED modules and the
prototype converter when they do not operate, and Fig.
12(b) shows them while they are operating.

5. Conclusion

An improved single-stage ac-dc LED-drive flyback
converter using a TCL snubber was proposed in this paper.
The proposed converter simply combines the full-bridge
diode rectifier and the modified conventional flyback
converter with only the TCL snubber circuit without the
electrolytic capacitor and boost inductor. The TCL snubber
circuit comprises only two diodes, a capacitor, and a
transformer-coupled auxiliary winding. Therefore, the
implementation of the proposed converter is easy and cost-
effective. The TCL snubber limits the maximum voltage of
the switch and regenerates the energy stored in the primary
leakage inductance of the transformer. Also, the proposed
converter turns on its switch when the switch voltage is at a
minimum using a formed resonant circuit. Thus, the
proposed converter achieves high efficiency. The proposed
converter performs both the PFC and the output power
regulation using only one general PFC control IC as its
controller, simultanecously. However, the proposed
converter achieves a high power factor without any
separate PFC circuit. In this paper, analysis and a design
guideline of the proposed converter and experimental
results for the proposed converter have been presented. It is
verified that the proposed converter has good performance
as a single-stage LED-driving ac-dc power converter
through experimental results for a 40-W prototype.
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