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Abstract 

 

In this paper, a novel method is proposed to remove electrolytic capacitors in a two-stage ac–dc LED driver. DC-

biased sinusoidal or square-wave LED driving current can facilitate to decrease the power inequality among ac input 

and dc output. By doing this, film capacitors can be adopted to improve LED driver’s life span. The bond among the 

peak to average quotient of the exciting current in LEDs and the storage capacitance (SC) according to specified SC 

is resulting. With the proposed “zero-low-level square-wave is driving current” design, the SC in the LED driver can 

be compact to 52.7% contrast with that in the driver by means of constant dc driving current. The key power factor 

is approximately unity, which comply with lighting equipment standards such as IEC-1000-3-2 for Class C 

equipments. The voltage diagonally the storage capacitors is investigated and verified during the whole PWM soft 

range.  

 

Index Terms—Converters, dimming, LED driver, lighting, pulsating driving current  
 

1. Introduction 

 
LED knowledge has practiced an stimulating growth in recent years. It is generally acknowledged as a new 

production of light source for its energy economy, extended life span, and elevated visual performance [1]–[3]. 

However, until now, the first cost is the biggest issue over LED manufacturing, even though it is reducing fast 

according to Roland Haitz’s law. Table no.1 shows the first-cost range of different lighting sources in 2009 . The 

price of LED lamp is on five era more costly than its challengers. The whole cost of possession for a luminary is 

consist of of lamp charge, energy price, and maintenance charge. If the luminary may possibly live extra five years, 

it will have price prevalence. Luminaries’ typically have three parts: LED lamps, fixture, and driver. conventionally, 

the ac feeder LED driver consists of a (PFC) converter stage and a dc–dc conversion point, where the bus capacitors 

are used to hold the power divergence of ac input and dc output. The electrolytic capacitors used as bus capacitors 

are about one to 1.2 micro farad per Watt according to the twice-line-frequency and switching frequency current 

ripples. The electrolytic capacitors have consistency issues and they are the mechanism with lowest lifetime in light 

emitting diodes. So, it is significant to eliminate electrolytic capacitors in light emitting diode  drivers with more 

than five years life span hope. In recent times, a number of literatures [8]–[16] have projected some plans to use film 

capacitors in the place of electrolytic capacitors. The energy density of electrolytic capacitors is about 20 times more 

than that of film capacitors.  
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A plan of controlling the bandwidth is proposed in [14] to neglect the storage capacitance. The SC can have up to 

25% reduction according to compelling standards for lighting equipments, The SC also can be reduced by 

transferring the pulsating power to other converters’ capacitors [15], [19], [20]. The complicated control scheme and 

high cost are the weaknesses. An ac feeder LED driver without electrolytic capacitors is proposed in this paper. The 

driving current is a pulsating current with twice-line-frequency ripple. This paper is arranged as follows: Section 2 

explains the authority of the pulsating current to LED strings, and the boundary is given. The detail analysis of the 

proposed dc-biased sinusoidal and square-wave pulsating current in LED driver is provided in Section III. The 

experimental result of a 50 W LED driver with film capacitors is given in Section IV. Section V discusses and 

concludes this paper. 
 

TABLE II 

MAXIMUM DC FORWARD CURRENT AND RATING CURRENT RATIO 

 
 

2. Boundary of pulsating current in led strings 

 
Twice-line-frequency pulsating driving current or pulsating luminous flux is adopted in [8], [12], [16], [21], and 

[22], which help to reduce the storage energy and capacitance of bus capacitors. However, the influence of pulsating 

current to LED strings remains unclear. Some performances might be impacted by pulsating current that include: 1) 

maximum current limitation; 2) efficacy; 3) reliability and lifetime; and 4) optical performance: a) flicker and b) 

chromaticity. 

Based on the datasheets of LED products [23]–[26] from the world’s leading manufactures, maximum dc forward 

current and rating current ratio are planned in Table2. The minimum ratio is 1.42. Put 5% safe margin on the ratio, it 

is safety if the peak-to-average ratio in driving current is less than 1.35.The test results in [21] show that the LED’s 

lifetime does not decrease with peak-to-average ratio less than 1.6. Literature [27] tests the efficacy under different 

driving current (dc current with superimposed ripple of 42.8% is incorporated), and accomplished that the LEDs 

have nearly same efficacy with different forward current. 

The influence on optical performance includes two aspects: flicker and chromaticity. De Lange equation proves that 

the cortical neurons of the human eye have characteristics of a low pass filter to pulsating light. It means that the 

human eyes are more sensitive to low frequency light [28]. Actually, human eyes do not resolve light modulation of 
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refresh rate frequencies higher than critical flicker frequency, which is 30–50 Hz [38]–[40]. Healthy adults’ eyes are 

not aware of the 200% light modulation. With frequency higher than 70 Hz, so the flicker disappears under 100 Hz 

or higher frequency pulsating light modulations. Because the luminous flux of LEDs is proportional to the average 

current flowing through in the LEDs, the pulsating current can be accepted for LED strings if one keeps the same 

average current. Literature [18] gives chromaticity requirement for the solid-state lighting based on CIE1976. The 

chromaticity should be in the eight rectangular area of the (u_, v_) space for solid state indoor lighting in different 

color temperature. Literature [32] shows that, during PWM dimming range 100%→0% or analog dimming range 

100%→10%, the shift of the white LED’s chromaticity is within the requirement of [18]. So, the pulsating driving 

current is acceptable, if the light modulation frequency is higher than 70 Hz and the peak-to-average ratio is lower 

than 1.35. 

 
 

Fig. 1. Schematic diagram of an ac–dc LED driver. 

 

3. Relationship between pulsating driving current and the storage capacitance 
 

3.1. Relationship Between Constant DC Driving Current 

and the Storage Capacitance 

Fig. 1 shows the schematic diagram of a two-stage ac–dc LED driver, which consist of a PFC stage and a dc–dc 

current source stage. Storage capacitor Cb is used to handle the twice-line frequency power variation among i/p and 

o/p. Assuming the input voltage vin (t) = Vm · sin(ωt), and power factor is unity, the input power Pin (t) can be 

expressed as 

 
Where Vm and Im are the peak value of the input voltage and current; ω is the angular frequency. Po is the average 

power consumed by LEDs. When the current in LEDs is constant dc, the second part of (1) is the power difference 

handled by Cb . The storage capacitance is 

 
 

Where ∆Vc ripple and Vc avg are the peak-to-average voltage ripple and the average voltage across Cb , 

respectively. The storage capacitance in constant dc driving current is called as “original capacitance,” hereafter. 

Key waveforms of the driver with constant dc current in LEDs are shown in Fig. 2. The storage capacitance is 

proportional 

to the storage energy ∆E (see the shadows in Fig. 2). Thus, 

 
Fig. 2. Key waveforms of the driver with constant dc in LEDs. 
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EC’S (electrolytic capacitors) can be replaced with film capacitors if ∆E is significantly reduced. 

 

3.2. Relationship Between DC-Biased Twice-Line-frequency Sinusoidal Driving Current and the Storage 

Capacitance 

 

The nominal average current I∗ LED avg in LEDs is defined as per unit value and the average voltage Vc avg in Cb 

is defined as 400 V. Providing the dc-biased sinusoidal driving current is expressed as 

iLED_2 (t) = I ∗ LED avg · (1 + k2 cos 2ωt)                    (3) 

where −1 < k2 < 0. 

The voltage drop is almost constant if the forward current in LEDs varies little. The power difference of the storage 

capacitors (dc-link capacitors) is 

pc 2 (t) = pin (t) − po 2 (t) = Po(1 + k2) cos 2ωt             (4) 

The voltage ripple of the storage capacitors can be derived from (2) and (4) as 

 
From (2) and (5), it can be seen that when the peak-to-average ratio of the output current is equal to (1 − k2 ), the 

storage capacitance can be reduced to (1 + k2 ) × 100% of the original capacitance. There are tradeoffs between the 

peak-to-average ratio of the driving current in LEDs and the voltage ripple across bus capacitors. According to the 

analysis in part 2, it is appropriate to take 1.33 as the maximum peak-to-average ratio. The storage energy is 67% of 

its original value while k2 equals −0.33. Increasing peak-to-average ratio of the driving current will help to further 

reduce the storage energy. But higher peak to average ratio of driving current will influence the reliability of LEDs 

or increase the LEDs cost (if the LEDs with higher rating current are selected). The fourth harmonic and second 

harmonic have opposite signs under the same original phase angles. In this paper, efforts are made to add fourth 

harmonic in the driving current to decease the peak-to-average ratio. This will be analyzed in next part. 

 

 
Fig. 3. Waveforms of different harmonics combined driving current. 

 

3.3. Relationship between Harmonics Combined Sinusoidal Driving Current and the Storage Capacitance. 

Taking iLED 24(t)=I∗ 
LED avg · (1+k2 cos 2ωt+k4 cos 4ωt) 

for an example, the consumed power Po 24(t) by LEDs is 

 
The maximum voltage across the storage capacitors can be derived from (8), and the minimum value of the 

maximum voltage across the storage capacitors can be derived through trigonometric function derivation, given k2 = 

4k4 . The peak to average ratio of iLED 24(t) is 1 − k2 + k4, so k2 = −0.44, k4 = −0.11, if peak-to-average ratio 
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equals to 1.33. Fig. 3 shows the waveforms of different driving current (p.u.). And the key waveforms of the driver 

when LEDs are driven by iLED 24(t) are shown in Fig. 4. The maximum energy ∆E stored in Cb is 

 
Where α1 and α2 are the phase angles corresponding to the minimum and maximum voltages across the storage 

capacitors in one twice-line-frequency cycle and A = (1+k2)[sin(2α1 ) − sin(2α2 )]/2 + k4[sin(4α1 ) − sin(4α2 )]/4. It 

is can be derived that A = 0.558, when k2 = −0.44, k4 = −0.11. Storage energy ∆E can be expressed as 

 

 
Fig. 4. Waveforms of LED drivers when LEDs are driven by iLED 24 (t). 

From (9) and (10), the storage capacitance is  

 
The storage capacitance decreases to 55.8% of the original capacitance while the driving current equals I∗ LED avg 

· (1 − 0.44 cos 2ωt − 0.11 cos 4ωt). The second harmonic dominate the reduction of storage energy, and the fourth 

harmonic with appropriate signs in driving current reduces the peak-to-average ratio. There are numerous harmonics 

combinations for minimum peak-to-average ratio in driving current to get the reduction of the storage energy. For 

examples, the combination of second and sixth harmonics, the combination of second, fourth, and sixth harmonics, 

are all possible combinations for driving current to get maximum reduction of storage energy. One can derive the 

suitable coefficient for special combinations. 

 

3.4. Relationship Between Square-Wave Driving Current and the Storage Capacitance 

 

If abundant harmonics are injected into the dc-biased sinusoidal driving current, the current in LEDs can be square-

wave current. Assuming the square-wave current is proportional to where |kp1| ≤ 1, |kp2| ≤ 1; Du is the duty cycle 

of the square wave driving current, where the definition of the duty cycle is the ratio of high level’s duration and the 

whole period.  

 
Fig. 5 shows two typical kinds of pulse width modulation (PWM) driving current waveforms. One is that the low 

level is equal to zero and the other one is that the low level is not equal to zero, which are called as the “zero-low-

level square wave current” and “nonzero-low-level square-wave current,” respectively. 
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Fig. 5. Waveforms of two kinds of square-wave driving current: (a) zero-low level square-wave current (b) nonzero-

low-level square-wave current. 

 

 
Fig. 6. Waveforms of a converter with zero-low-level square-wave driving current (Du = 0.75 for example). 

Key waveforms of the driver when LEDs are driven by zero low- level square-wave current are shown in Fig. 6. The 

maximum 

 
where α3 and α4 are the phase angles corresponding to the minimum and maximum voltage in the storage capacitors 

in one twice-line-frequency cycle, respectively, and B = [sin(2α3 ) − sin(2α4 )] /2 + kp1 (α3 − α4 ).  

 
Fig. 7. Voltage across the storage capacitors with constant dc driving current (dotted red line) and nonzero-low-level 

square-wave driving current (solid blue line). 

 
Fig. 8. Waveforms in an LED driver with three different kinds of driving current under the same average 

current.Dashed purple line: input power. Dashed black line with O: output power with constant dc driving current. 

Solid blue line: output power with square-wave driving current at low level equaling zero. Solid red line with O: 

output power with dc-biased harmonics combined sinusoidal driving current (1 − 0.44 cos(2ωt) − 0.11 cos(4ωt). 
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The storage capacitance can be derived from (10) and (16) as 

 
The storage energy is 52.7% (i.e., B = 0.527) of its original 

value while kp1 and Du equals 0.33 and 0.75, respectively. In other words, the storage capacitance can be reduced to 

52.7% of original capacitance given the same voltage across the bus capacitors. 

As for the nonzero-low-level square-wave driving current shown in Fig. 5(b), the similar analysis methods can be 

used. Fig. 7 shows the voltage waveforms across the storage capacitor switch square-wave driving current in Fig. 

5(b). It can also reduce the storage capacitance to 52.7% of the original value, while the high level and low level is 

1.33 and 0.67 (p.u.), and the duty cycle is 0.5. 

Fig. 8 shows waveforms of the input power and the output power with different driving currents. The light green 

shadow represents the storage power in the bus capacitors, when the LEDs are driven by zero-low-level square-wave 

current. The light green shadow plus the cross line shadow represents the storage power of the bus capacitors, while 

the LEDs are driven by second and fourth harmonics combined sinusoidal wave current. The power difference 

handled by storage capacitor in the sinusoidal case is slightly larger than it is in the square-wave case. The energy 

stored in bus capacitors reaches the minimum value while the LEDs’ driving current is square-wave current, so it is 

the best one under the given peak-to-average current ratio. 

 

3.5 Dimming Mode at Square-Wave Driving Current 

  

Dimming is an important function for luminaires. Analog dimming is the only choice in the combined harmonics 

sinusoidal wave current case. As for square-wave current case, one can choose analog dimming or PWM dimming. 

Fig. 9 shows the dimming mode under the proposed square-wave driving current. Fig. 9(a) shows three groups of 

driving current with the same duty cycle and the different amplitudes (kp1 = 0.33, kp1 = 0, kp1 = −0.5), this is called 

as analog dimming mode. Fig. 9(b) Shows three groups of driving current with the same amplitude and the different 

duty cycles (Du =0.75,Du =0.5,Du =0.25), this is called PWM dimming mode. Because of that the white LED’s 

chromaticity shift in PWM dimming is dramatically less than that of analog dimming [17], [32]–[34], the PWM 

dimming mode is the preferred in this paper. The waveforms of voltages across the storage capacitors during the 

whole PWM dimming range are shown in Fig. 10(a). The amplitudes of the zero-low-level square-wave driving 

current are all 1.33 p.u., and the corresponding duty cycle of the zero-low-level square wave is 0.6 (for solid line 

voltage waveforms), 0.5 (for circle marked line voltage waveforms), and 0.25 (for dash line voltage waveforms), 

respectively. The maximum and minimum values of the bus voltages during the whole PWM dimming range with 

1.33 peak-to-average ratio are shown in Fig. 10(b), which determine the voltage stress for the PFC and dc–dc current 

source converters. The voltage across bus capacitors has its maximum and minimum in nominal state (kp1 = 0.33, 

Du = 0.75, i.e., I∗ LED avg = 1), so nominal state is a suitable design point for the LED driver with the proposed 

PWM dimming. 

 
 

4. Implementation and results 
1. Implementation of the Proposed Driving Current 

Changing the current reference of the dc–dc current source converter is a feasible method to obtain the proposed 

twice-line- 
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Fig. 10. Waveforms,maximum andminimum voltages across storage voltages during the whole PWM dimming 

range. (a) Waveforms of voltages across the bus capacitors at different duty cycle. (b) Maximum and minimum bus 

voltages. 

Frequency pulsating current in LEDs. Consuming more power at the peak of the input power and consuming less 

power at the valley of the input power help to reduce the storage energy, so the proposed pulsating current reference 

should be aligned with the input voltage (or input power). Three kinds of current reference generating circuits are 

shown in Fig. 11. Fig. 11(a) shows the dc-biased combined harmonics sinusoidal current reference (taking Iref 24 ∝ 

1 + k2 cos(2ωt) + k4 cos(4ωt) as an example) generating circuits (in the circle marked with dotted lines), which need 

three pieces of high priced multipliers. The schematic diagram of the proposed nonzero-low level square-wave 

current reference generating circuits (in the circle marked with dotted lines) is shown in Fig. 11(b). The voltages of 

point X and Y are proportional to the transient value and amplitude of the rectified voltage Vg , respectively. The 

high level and lowlevel of the current reference are taken from comparators 1 and 2. Fig. 11(c) shows the control 

schematic diagram of the proposed zero-low-level square-wave current reference generating circuits (in the circle 

marked with dotted lines). The current generating circuit is simpler when the low level equals to zero. Moreover, 

one can shut down the dc–dc current source during the zero-level periods, which reduce the switching loss es of the 

dc–dc converters. Fig. 11(d) gives the control diagram for the PFC stage, the design details are based on [35] with 

control IC L6561. 

 
Fig. 11. Three types of current reference generating circuits for twice-linefrequency pulsating current.   (a) Current 

reference for dc-biased combined harmonics sinusoidal driving current1 + k2 cos(2ωt) + k4 cos(4ωt). (b) Current 

reference for nonzero-low-level square-wave driving current. (c) Current reference for zero-low-level square-wave 

driving current. (d) Control loop for the PFC stage. 
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5. CONCLUSION 
 

This paper proposes a new method to significantly reduce the storage energy in two-stage ac–dc LED driver. The 

film bus capacitors are used in this scheme instead of electrolytic capacitors, which improves the lifetime of the 

LED driver. The concept of this paper is consuming more power at the peak of the input power and consuming less 

power at the valley of the input power. The mathematical relationship between peak-to-average ratios of the LED’s 

driving current and the storage capacitance is derived in this paper. Keeping voltage ripple across the storage 

capacitors the same as the conventional constant dc driving current, the storage capacitance of the proposed methods 

can be reduced to 52.7% of original capacitance. Three types of current reference generating circuits are proposed. 

The zero-low-level square wave is preferred driving current waveform, since it is easier to implement and PWM 

dimmable, compared to other solutions. The voltage variation across the storage capacitors has been analyzed and 

verified during the whole PWM dimming range. A 50 W PWM-mode LED driver with PWM driving current was 

built and tested. Experimental results validated the feasibility of the proposed methods. 
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