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Abstract  

 

LED is a promising new generation of green lighting with the advantages of high efficiency, good optical performance, long 
lifetime and environmental friendliness. A pulsating current can be used to drive LEDs. However, current with a high 
peak-to-average ratio is unfavorable for LEDs. A novel control scheme for the ac-dc critical conduction mode (CRM) flyback 
LED driver is proposed in this paper. By using the input voltage, output voltage and average output current to control the turn-on 
time of the switch, the peak-to-average ratio of the output current can be reduced. The operation principle is analyzed and an 
implementation circuit is put forward. Experimental results show the effectiveness of the proposed scheme. 
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I. INTRODUCTION 

Compared to conventional fluorescent lamps, high 
brightness light-emitting diodes (HB-LEDs) have many 
excellent characteristics, including high efficiency, long 
lifetime, compact size, high brightness, rich color, and very 
low maintenance cost [1], [2]. 

For high-power HB-LED drivers, power factor correction 
(PFC) must be imposed to achieve a high power factor (PF) and 
low input current harmonics to meet relevant harmonics 
standard such as IEC 61000-3-2 [3] and Energy Star [4]. 

Regardless of the types of AC–DC converter, in order to 
achieve power decoupling between the ac input power and 
the constant dc output power, the storage capacitors used in 
AC–DC converters have to have a larger capacitance. 
Compared with other types of capacitor, electrolytic 
capacitors have a higher capacitance and energy density. 
Thus, electrolytic capacitors are mostly chosen in AC–DC 
converters. The lifetime of an electrolytic capacitor (E-cap) is 
about 5000 hours [5]. On the other hand, the estimated useful 
lifetime of LEDs is about 50000 h [6]. In order to extend the 
expected lifetime of LED drivers, the E-cap should be 
removed from the circuit. The methods for achieving this can 
be approximately divided into the five types that follow. The 

first type is adopting energy storage elements to handle the 
instantaneous input and output power difference [7]-[9]. The 
second type is working on the control loop of the converters 
in order to lower the output current ripple without the need 
for increasing the capacitor size [10], [11]. The third type is 
using a relatively new approach in which the majority of the 
input power reaches the LEDs through one stage of 
conversion while the rest of the power is processed in some 
other stages after passing the first stage toward the LEDs 
[12]. 

The methods mentioned above aim to obtain a constant 
current to drive LEDs. In addition to constant current, 
pulsating current can also be used to drive LEDs [13], [14]. 
According to the experimental investigation in [15], as shown 
in Fig. 1, the flux of the LEDs is approximately proportional 
to the average value of the output current and is independent 
of its frequency. 

Although pulsating current can be used to drive a LED, 
and its brightness can be regulated by regulating the average 
current, the peak-to-average ratio of the driving current 
should be limited to avoid overdriving. Unless this is done, 
the LED will be damaged. According to the technical 
datasheets [16] and [17], and the experimental investigation 
in [18], each LED has a maximum tolerable current, and it 
decreases as the operating temperature increases. If the 
peak-to-average ratio of the driving current is too high, the 
average driving current to be delivered to the LED should be 
reduced to avoid damage. However, this leads to poor 
utilization of the LED. 
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Fig. 1. Optical variation of high-brightness LEDs driven by 
pulsating current. 
 

 
Fig. 2. Main circuit of the flyback LED driver without 
electrolytic capacitor. 
 

The objective of this paper is to propose an electrolytic 
capacitor-less ac–dc LED driver, which converts commercial 
ac voltage into a pulsating current with twice the line 
frequency to drive high-brightness LEDs. Section II presents 
the concept of an electrolytic capacitor-less ac–dc driver for 
LED lighting. In addition, the operation principle of a CRM 
flyback converter with constant on-time control for a LED 
driver is analyzed. The concept and implementation circuit of 
a variable on-time control to reduce the peak-to-average ratio 
of the output current are presented in Section III. In Section 
IV, a performance comparison is made in terms of the design 
of the inductor, the switching frequency, the peak and rms 
value of the inductor current, and the conduction and turn-off 
losses of the switch. Experimental results from a 48 V, 0.7 A 
output prototype are presented in Section V. Finally, some 
conclusions are presented in Section VI. 

 

II. OPERATION PRINCIPLE OF AN E-CAP-LESS 
AC-DC CRM FLYBACK LED DRIVER 

Fig. 2 shows the main circuit of the proposed flyback 
LED driver. 

The input voltage is defined as: 
sin sin 2in m m lv V t V f t              (1)  

where Vm, , and fl are the amplitude, angular frequency and 
line frequency of the input voltage, respectively. 

Then the rectified voltage is: 

sing mv V t                 (2) 

Fig. 3 shows inductor current waveforms of the switching  

 
Fig. 3. Inductor current waveforms in switching cycles. 

 
cycles where the converter operates in the CRM. In a 
switching cycle, the peak current of the primary inductor is: 
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where Lp is the primary inductance, and ton is the on-time of 
the switch in a switching cycle. 

Then the off-time of the switch is: 
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where Ls is the secondary inductance, n is the turns ratio of 
the inductor, and Vo is the output voltage. 

From (4), the duty cycle is derived as: 
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The average value of the primary inductor current in a 
switching cycle is: 
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Therefore, the input current is: 
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From (1) and (7), the average input power is: 

 
 

2

0 0

sin1 1

2 sin
on o m

in in in
p o m

t nV V t
P v i d t d t

L nV V t

  
 

  
 

   (8) 

Generally, for the purpose of a simple realization, ton is 
constant in a line cycle. This is called COT control. 
Assuming that the efficiency of the converter is 100%, i.e., 
Pin=Po, then the on-time of the switch is: 
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The substitution of (9) into (7) leads to: 
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From (1) and (10), the input power factor is derived as: 
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Fig. 4. Relationship between PF and Vm/nVo. 
 

 
Fig. 5. Relationship between the peak-to-average ratio of the 
output current and Vm/nVo. 
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Fig. 4 can be plotted according to (11) and the 
specifications given in section V, which shows that the PF 
decreases slightly when the input voltage increases. 

According to the power balance, the average value of the 
secondary inductor current in a switching cycle is: 
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The peak-to-average ratio of the output current can be 
deduced from (12) as: 
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Fig. 5 can be plotted from (13). As can be seen, the 
peak-to-average ratio is high over the input voltage range. 

Lo and Co are used to filter the high-frequency harmonics 
in the secondary current. The attenuation ratio of the current 
harmonic is: 
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For better attenuation, ξ should be as small as possible. 
However, a smaller ξ requires a larger LoCo, which means a 
larger filter size. Here, ξ=0.05 is selected at a switching 
frequency of 30 kHz. Substituting these values into (14) leads 

to LoCo=591×10-12, and Lo=126H and Co=4.7F are selected 
when ceramic capacitors can be adopted. 

 

III. VARIABLE ON-TIME CONTROL TO REDUCE 
PEAK-TO-AVERAGE RATIO OF THE OUTPUT 

CURRENT 

By a Fourier analysis, the fundamental component 
amplitude of the input current shown in (10) is: 
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Therefore, the fundamental input current is: 
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The output current generated by this fundamental 
component is: 
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(16) and (17) show that if the power factor is unity, the 
peak-to-average ratio of the output current is 2, which is 
relatively high. Therefore, there is a tradeoff between the 
power factor and the peak-to-average ratio of the output 
current, which is similar to the analysis in [19]. In order to 
realize a lower peak-to-average ratio, the input voltage is 
introduced into the variation of the input current. 
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where k is a coefficient representing the degree of the 
introduced input voltage, and a is a function of k. As a result, 
the average output current can be reached. 

Based on (7) and (18), the required ton to generate the 
desired input current is: 
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It can be seen from (19) that the on-time of the switch is 
variable with the input voltage. This is referred to as variable 
on-time (VOT) control. 

From (1) and (18), the output current is: 
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Ensure that the average value of (20) in a half line cycle is 
equal to Io, then: 

3

3 8
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From (1), (18) and (21), the power factor with the VOT 
control is: 
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Ensure that the input power factor is higher than 0.9 to 
meet regulatory requirements such as the ENERGY STAR. 

Solving (18) leads to 0＜k＜0.831. 

With the base of Io, the normalized output current is: 
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(23) is a function of ωt and its maximum is the 
peak-to-average ratio of the output current. It is also noted 
that the shape of (23) is symmetrical about ωt=π/2. 
Differentiating (23) with ωt and setting it equal zero yields: 

3
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It can be seen from (24) that, t=0, π/2, π with 0＜k＜2/3 

and t=0, arcsin2/3k, π/2, π-arcsin2/3k, π with 2/3＜k＜

0.831 can be obtained. Then the peak-to-average ratio of the 
output current is: 
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When k=π/4, the minimum value of 1.44 is obtained from 
(25). Substituting k=π/4 into (21) and (22) results in a = 3 
and PF = 0.927. 

According to the datasheet of the L6561, the control circuit 

can be implemented as shown in Fig. 6. Proper selection of 
the resistances can enable the voltage of point G as follows: 

sinG EA vg mv v k V t             (26a) 

  3 2 sin sin 1 0.785 sinG EA vg m o mv v k V t nV V t t        (26b) 

where kvg is the sensor gain of the rectified input voltage and 
output voltage. 

The current of the flyback switch is sensed through the 
series resistor Rs, and vRs is obtained. vG and vRs are connected 
to the comparator. The output of comparator and the ZCD is 
connected to the reset pin and set pin of the RS trigger, which 
drives the flyback switch to work. 

When the switch is on, the voltage across the current 
sensor resistor is: 

sinm
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(a) Constant on-time control. 

(b) Variable on-time control. 
Fig. 6. Control circuit of the converter. 
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vRs increases with the current and when it reaches the value 
of vG expressed in (26), and the switch will turn off. The 
on-time of the switch is obtained by combining (26) and (27): 
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Obviously, (28a) and (28b) are in the same form as (9) and 
(19). Therefore, the desired constant on-time control and 
variable on-time control are realized. 

 

IV. PERFORMANCE COMPARISON 

A. The Switching Frequency and Inductor’s Ripple 
Current 

From (4), (9) and (19), the switching frequency with the 
COT and VOT control can be derived as: 
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At a certain input voltage, there is a minimum value during 

a half line cycle of [0, ] for (29a) and (29b), respectively. 
Considering the human hearing frequency range, the 
minimum switching frequency is set to fs_min=30kHz. Based 
on the specifications of the converter, the relationship 
between the required critical inductance and the input voltage  
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Fig. 7. Critical inductance over the input voltage. 
 

 
Fig. 8. Switching frequency in half a line cycle. 

 

 
Fig. 9. Number of switching times in half a line cycle. 

 
can be deduced from (29a) and (29b), which is depicted in 
Fig. 7. It can be seen that the inductances are 1372μH and 
1433μH, for the COT and VOT controls, respectively. 
Therefore, the switching frequency curves of the converter in 
a half line cycle can be plotted, as shown in Fig. 8. It can be 
seen that, around 0, π/2 and π of a certain input voltage, the 
switching frequency with the VOT control is higher than that 
with the COT control. Meanwhile, around π/8 and π7/8, the 
opposite is the true. 

The total number of the switching times in half a line cycle 
can be derived as: 

   /2

0 0

1Tl
s sf t dt f t d t

  


           (30) 

Fig. 9 can be drawn based on (29-30). The VOT control 
achieves a switching number reduction of 12.1% and 5.6% at 
176 VAC and 264 VAC, respectively. 

According to (3), (9) and (19), the peak current of the 
primary inductor with the COT and VOT control can be 
obtained as: 

 
Fig. 10. Peak current of the primary inductor in half a line cycle. 
 

 
Fig. 11. Rms value of the primary inductor current. 
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(31) can be plotted in Fig. 10. As can be seen, with 
variable on-time control, the peak current of the switch 
decreases around π/2 and increases around π/4 and 3π/4. 

In a switching cycle, the rms value of the primary inductor 
current is: 
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Furthermore, from (9), (19) and (32), the rms value in half 
a line cycle can be obtained as: 
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Fig. 11 is drawn based on (33). It can be seen that the VOT 
control brings about a small increment of the rms value. 

The primary and secondary turns numbers Np and Ns, the 
section area of the winding S, the air gap δ, and the filling 
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factor Ku of the inductor are: 
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where ILp_pk_max is the maximum value of the primary 
inductor’s peak current, B is the flux density, Ae and Aw 
are the effective and window area of the magnetic core, 
ILp_rms_max and ILs_rms_max are the maximum values of the 
primary and secondary inductor’s rms current, J is the 
current density, and μ0 is the permeability. 

Substituting Lp_max, ILp_pk_max, ILp_rms_max and L’p_max, I’Ls_pk_max, 
I’Ls_rms_max into (36) and (37), δ and Kμ for the COT and VOT 
control can be calculated, and the results are nearly the same. 
This means that the inductor remains basically the same. 

B. Conduction and Turn-Off Loss of the Switch 

The conduction loss of the switch is: 

_2 2
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A SSS5N80A is selected as the switch, whose conduction 
resistance Rds_on=2.2Ω. Substituting (5) and (31) into (38), 
and combining the specifications of the converter, the 
conduction losses for the COT and VOT control are obtained. 

Due to the CRM, the switch features zero-current turn-on. 
The turn off loss in a switching cycle can be derived as: 

 _ _
1

sin
2Q off m o Lp pk f sp V V i t f        (39) 

Then, the turn off loss in a line cycle is: 
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Substituting (29) and (31) into (40), the switching off loss for 
the COT and VOT control are obtained, as shown in Fig. 12. 

It is clear that the VOT control achieves a small reduction of 
the turn off loss and a slight increase of the conduction loss. 
 

V. EXPERIMENTAL VERIFICATION 

A prototype has been built and tested in the laboratory, as 
shown in Fig. 13. The specifications and main components 
are as follows: input voltage: vin=176~264 VAC/50Hz; output 
voltage: Vo=48 VDC; output current: Io=0.7 A; switching 

frequency: fs≥30 kHz; bridge rectifier: GBL206; power  

 
Fig. 12. Conduction loss and turn-off loss of the switch. 
 

 
Fig. 13. Photo of the prototype. 
 

 
Fig. 14. Experimental waveforms of ip and is. 

 
switch: SSS5N80A; output diode: MUR550; magnetic core: 
RM14; and control IC: L6561. 

Fig. 14 shows waveforms of the primary and secondary 
current at a normal input voltage of 220 VAC. It can be seen 
that the flyback converter operates in the CRM. 

Fig. 15 shows experimental waveforms at a normal input 
voltage of 220 VAC. The measured average values of the 
output current are both 0.695, and the measured peak values 
are 1.193A and 1.015A, for the COT and VOT controls, 
respectively. This means that the peak-to-average ratio of the 
output current decreases from 1.72 to 1.46, which is in good 
agreement with that of the theoretical analysis. 

The measured power factor is plotted in Fig. 16. It shows 
that, in the whole input voltage range, for the converter with 
the VOT control, the power factor is about 0.92, which is 
lower than that with the COT control. The measured value is 
in accordance with the theoretical one. 
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(a) Constant on-time control 

 
(b) Variable on-time control 

Fig. 15. Experimental waveforms of the input voltage, input 
current, output voltage, and output current. 
 

 
Fig. 16. Measured power factor. 
 

 
Fig. 17. Measured efficiency. 

 
Compared to that with the COT control, the measured 

efficiency of the converter with the VOT control is slightly 
higher, which is shown in Fig. 17. 

The standard limits of IEC61000-3-2 Class D and the 
measured input current harmonics of the converter with the  

TABLE I 
MEASURED INPUT CURRENT HARMONICS 
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VOT control are illustrated in Table I. It can be seen that the 
harmonics satisfy the criteria very well. 
 

VI. CONCLUSIONS 

In this paper, an electrolytic capacitor-less ac-dc flyback 
LED driver is proposed, which converts commercial ac 
voltage into a pulsating current to drive LEDs. In this way, 
the electrolytic capacitor can be thoroughly removed. Further, 
a variable on-time control and an implementation circuit are 
put forward to reduce the peak-to-average ratio of the output 
current to a minimum. The design of the inductor, the 
switching frequency, the peak and rms value of the inductor 
current, the conduction and turn-off losses of the switch are 
analyzed. The advantage of the method is that no additional 
power components need to be added in the main circuit. The 
disadvantage is that the power factor and THD are not high. 
However, in spite of this, the input current harmonics still 
meet the ENERGY STAR and IEC61000-3-2 Class D 
standard. Experimental results show the validity of the 
proposed scheme. 
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