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Abstract—In this paper, a cycle-by-cycle energy buffering 
LED driver has been proposed to achieve electrolytic 
capacitor-less flicker-free operation. An energy buffering 
unit (EBU), with high voltage film capacitors being the 
energy storage device, is introduced in the design to buffer 
imbalanced energy in every switching cycle. The switching 
current can be controlled to meet high power factor 
correction and deliver DC LED output current at the same 
time. Compared to previous electrolytic capacitor-less 
designs, it can reduce circulating power and, therefore, also 
reduce power conversion loss. A 15W experimental 
prototype had been built and tested to verify the proposed 
LED driving method. 

I INTRODUCTION 

LED lighting gains more and more popularity owing 
to its high efficacy, long lifespan, and environment-
friendly operation. It is replacing fluorescent lighting and 
becoming major artificial lighting sources in various 
applications. Although having inherent advantages over 
fluorescent, more technical challenges need to be 
overcome to properly use them, particularly with the AC 
powered LED driver, in which notorious twice-line-
frequency flicker often occurs. The key to gain full 
benefits of LED lighting lies in LED driver designs.  

EnergyStar requires power factor correction (PFC) 
implemented with higher than 5W lighting devices. 
Power factor should be higher than 0.9 for commercial 
usages and 0.7 for residential usages [1], which results in 
a time-varying input power with a twice-line-frequency 
ripple and creates twice-line frequency lighting flicker in 
a single-stage LED driver. Twice-line-frequency flicker 
rises health-related concerns. Although it is usually not 
visible, it can be picked up by retina that leads to visual 

fatigue and other problems [2]. Conventional two-stage 
LED driver can naturally achieve flicker-free LED 
driving. The additional DC-DC stage in a two-stage 
design can filter twice-line-frequency ripple power. The 
drawback is additional loss from the extra power stage.  

A variety of LED driving methods have been 
investigated to achieve flicker-free LED driving 
performance while maintaining high efficiency, low cost. 
Some focus on control strategy [4]-[6] while others focus 
on power topology [7]-[9] and [10]-[15]. One important 
research on LED drivers is eliminating electrolytic 
capacitors. Electrolytic capacitors are often used as high-
density energy storage device, buffering the twice-line-
frequency imbalanced energy. However, it compromises 
system life. Like any other semiconductor devices, LEDs 
can last for decades. On the other side, the lifespan of 
electrolytic capacitors is an order of magnitude less [16]. 
Therefore, eliminating them in LED driver designs 
becomes paramount. A few electrolytic capacitor LED 
drivers had been proposed in previous research [17]-[20]. 

A cycle by cycle current energy buffering Flyback 
LED driver has been proposed in this paper. The method 
treats imbalanced energy at switching frequency level, 
resulting in the following benefits as compared to 
previous electrolytic capacitor-less LED driver: (1) The 
imbalanced energy experiences one less time circulation 
in the system. (2) The maximum energy that needs to be 
stored in the main Flyback transformer, in every 
switching cycle, is half the amount that of conventional 
designs and other three- port LED drivers. (3) Primary 
side control can be easily implemented with the proposed 
LED driver.  

The remaining part of this paper is organized as 
follows. The operating principle of the proposed LED 

978-1-4799-7312-5/18/$31.00 ©2018 IEEE 5109



  

driver is discussed in section II and the control strategy is 
discussed in section III. The experimental result is 
presented in Section IV and the paper is concluded in 
Section V.  

II OPERATING PRINCIPLE 
 The proposed LED driver is shown in Fig. 1. The power 
stage is based on the Flyback topology with an extra 
energy buffering unit (EBU) to achieve high power factor 
and constant current output in every switching cycle. 
When Pin < PLED, the additional energy is supplied from 
the storage capacitor, Csto, to the LED load. When Pin > 
PLED, the extra energy is stored into Csto. The output 
capacitor Co is implemented by a 10μF ceramic capacitor 
in the experimental prototype to filter the switching 
frequency ripple. The storage capacitor, Csto, is 
implemented with a 2 x 3.3μF, 450V film capacitor. The 
switching operations during Pin < PLED and Pin > PLED are 
different and they will be discussed separately. 

A. Operation when Pin < PLED 

The LED driver is operated under discontinues 
conduction mode (DCM) with four distinct time intervals, 
[t0-t1], [t1-t2], [t2-t3], [t3-t4] in one switching cycle. The 
critical switching waveforms are shown in Fig. 2. 

During [t0-t1] 

Fig. 3(a) illustrates the circuit operation during the 
time interval [t0-t1] when Pin < PLED. The MOSFET Q1 is 
turned on at t0 and current is drawn from the AC input. 

 
Fig. 1 The proposed cycle by cycle energy buffering 
LED driver 

 

Fig. 2 Key switching waveforms of the proposed LED 
driver when Pin < PLED 

 

Fig. 3 Switching operation when Pin < PLED 
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Because the primary side winding, Npri, is oriented in 
Flyback mode with respect to the secondary side 
windings, Nsec, and buffer winding, Nbuf, the diode D1, D2 
are reverse biased. This interval ends at time t1 when the 
switching current drawn from the AC input reaches the 
level required for power factor correction. 

During [t1-t2] 

Fig. 3(b) illustrates the circuit operation during the 
time interval [t1-t2]. The MOSFET Q3 is turned on at t1 
and Q1 is remaining on. Because Vsto is higher than Vin_rec, 
the input bridge rectifier is reversed biased, and there is 
no more current drawn from the AC input during this time 
interval. Csto provides the switching current in primary 
side winding instead. No AC input current during [t1-t2] 
is desirable as enough AC current had been drawn for 
power factor correction during [t0-t1]. D1 and D2 are still 
reverse biased, and Q2 is forward biased. This time 
interval ends at time t2 when the primary side switching 
current hits Ipri_req, which represents the current level 
required for delivering a constant LED output current. 
Ipri_req is automatically generated by a feedback loop that 
will be discussed in Section V. Both Q1 and Q3 are turned 
off at t2. 

During [t2-t3] 

Fig. 3 (c) illustrates the circuit operation during the 
time interval [t2-t3]. As Q1, Q3 are turned off at t2 and Q2 
is still off, the magnetic current is forced to commute 
from the winding Npri to the winding Nsec. The voltage on 
the secondary side winding is clamped at Vo with 
ignoring the forward voltage drop on D1. The voltage on 
the secondary side winding is reflected to the primary side 
winding and the buffer winding. The magnetic current in 
winding Nsec starts decreasing at t2 and becomes zero at 
t3, which ends this time interval.  

B. Operation when Pin > PLED 

When Pin > PLED, the extra energy is transferred from  
the AC input to the storage capacitor Csto in every 
switching cycle. Fig. 4 shows the key switching 
waveforms with one switching cycle being divided into 
five time intervals, [t'0-t'1], [t'1-t'2], [t'2-t'3], [t'3-t'4] and [t'4-
t'5]. 

During [t'0-t'1] 

 Fig. 5(a) shows the circuit operation during the time 

interval [t'0-t'1] when Pin > PLED. It is the same as Fig. 3 (a) 
when Pin < PLED. At t'1, the primary side winding reaches 
Ipri_req and Q1 is turned off. One should note that the 
current drawn from the AC input is not enough required 
by performing power factor correction yet at t1. More 
current will be drawn from AC input during the time 
interval [t'2-t'3]. 

During [t'1-t'2] 

Fig. 5(b) shows the circuit operation during the time 
interval [t'1-t'2] when Pin > PLED. It is the same as Fig. 3 (b). 
This interval ends at t2 when the secondary side current 
drops to zero.  

During [t'2-t'3] 

Fig. 5(c) shows the circuit operation during the time 
interval [t2-t3] when Pin > PLED. Q1 is turned on again at t2 
to draw more current from AC input. This time interval 
ends at t3 when the exact amount of current required for 
power factor correction is drawn from AC input. 

During [t'3-t'4] 

Fig. 5(d) shows the circuit operation during the time 
interval [t3-t4] when Pin > PLED. Since Q1 is turned off at t4 
and the Q2 is already on, the magnetic current commutes 
from winding Npri to winding Nbuf. The magnetic current 
does not flow in secondary side winding because of the 
following relationship in the design: 

 
Fig. 4 Key switching waveforms of the proposed LED 
driver when Pin > PLED 
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 (1)

When the magnetic current flows in winding Nbuf, the 
voltage on the winding is clamped at Vsto. The term on the 
left side of (1) is equal to the voltage reflected to the 
secondary side winding at the time. Therefore, the LED 
output voltage during [t'3-t'4] is higher than the secondary 
side winding voltage and the diode D1 is reverse biased to 
block current. This time interval ends at t4 when the 
magnetic current in winding Nbuf decreases to zero. 

C. Overall operation in a half line cycle 

Since the switching operations, under both Pin<PLED 
and Pin>PLED, have been discussed, the overall view of 
the operation in a half line cycle is illustrated in Fig. 6.  

The above discussion also reveals that the imbalanced 
energy had only gone through two times power 
conversion. When Pin> PLED, the imbalanced energy is 
transferred from AC input side to the storage capacitor, 
directly. When Pin < PLED, it is then transferred from 
energy storage capacitor to LED output side. One less 
time power conversion had been achieved with the 
proposed LED driver as compared to active filter and 
previous three-port LED drivers. 

III CONTROL STRATEGY 

Fig. 7 (a) shows the control diagram of the proposed 
energy buffering LED driver and Fig. 7(b) & (c) give the 
example gate driving logic for both Pin > PLED and Pin < 
PLED. There are two control loops, LED current loop and 
Vsto voltage loop in the system. 

In the LED current loop, the LED current is sensed and 
compared with the reference, ILED_ref. The compensated 
error, Ipri_req, becomes the boundary of the primary side 

 
Fig. 5 Switching operation when Pin > PLED 

 
Fig. 6 Switching operation over a half line cycle 
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switching current. The sensed primary side switching 
current, Ipri_sns is compared with Ipri_req. Once Ipri_sns hits 
Ipri_req, no more current will be drawn from the primary 
side. Thus, the peak secondary side switching current is 
the same in every switching cycle to achieve constant 
LED output current. The current feedback loop 
determines the peak primary (also secondary) side current 
to achieve LED current regulation. 

In the Vsto voltage loop, the averaged voltage of Vsto, 
Vsto_avg, is compared with its reference, Vsto_ref. The 
compensated error, Vs_comp multiples the scaled input 
voltage, Vin_rec_s, and the result becomes the reference of 
the AC input current. The average input current is 
obtained by taking Ipri_sns, for integration in every 
switching cycle. The result, Iin_avg, is compared with Iin_ref.  
Once Iin_avg hits Iin_ref, no more current will be drawn from 
AC input. Therefore, the function of power factor 
correction is achieved. The voltage feedback loop 
determines the AC input current to achieve Vsto_avg 
regulation.  

Fig. 7 (b) illustrates the corresponding gate driving 
signal when Pin > PLED. At time t0, Q1 is turned on. Iin_avg 
is the integrated result of Ipri_sns. Ipri_sns hits Ipri_req at time t1 
while Iin_avg is still lower than Iin_ref. The control system 
identifies Pin>PLED. Q1 is turned off at time t1 and 
magnetic current commutes from primary side to 
secondary side. At time t2, the secondary side current 

drops to zero and generates a signal ZCD. During [t1-t2], 
Iin_avg is constant as there is no current from AC input. Q1 
is turned on again at t2 and Ipri_sns starts rising from zero. 
Q2 is also turned on at t2. Iin_avg continues increasing until 
t3, when Iin_avg hits Iin_ref. Q1 is turned off at t3 while Q2 
remains on. The magnetic current commutes from 
primary side to auxiliary side.  

Fig. 7 (c) illustrate the corresponding gate driving 
signals when Pin < PLED. At time t0, Q1 is turned on. Iin_avg 
is the integrated result of Ipri_sns. Iin_avg hits Iin_ref at t1 while 
Ipri_sns is still lower than Ipri_req. The control system 
identifies Pin < PLED. Therefore, Q3 is turned on at t2 and 
no more current will be drawn from AC input. The 
primary side switching current keeps increasing until t3, 
when Ipri_sns hits Ipri_req. Both Q1 and Q3 are turned off then 
and the switching current commutes to secondary side. 

It is worth to mention that the proposed LED driving 
method enables primary side current regulation. Under 
steady state, the peak secondary side current in every 
switching cycle is a constant. The secondary side current 
conduction time, which corresponds to (t2-t1) in Fig. 2 and 
(t'3-t'2) in Fig. 4, can be sensed by detecting winding 
voltages. Therefore, the averaged secondary side current 
in one switching cycle can be expressed as: 

 
Fig. 7 Control scheme of the proposed LED driver
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Where Tdis is equal to (t2-t1) in Fig. 2 and (t'3-t'2) in Fig. 4. 
The peak secondary side current and the peak primary 
side current has the following relationship: 
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The peak primary side current is also equal to the control 
signal Ipri_req. Therefore, the averaged LED current can be 
rewritten as:  
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Once Ipri_req and Tdis are sensed, the LED current can be 
estimated without additional sensing on the secondary 
side. [21] and [22] have the details of primary side circuit 
sensing technology and will not be further discussed in 
this paper.  

IV    EXPERIMENTAL RESULT 

 To verify the operating principle of the proposed LED 
driver, a 15W experimental prototype had been built and 
tested. The circuit parameter is shown in TABLE 1. 

 TABLE 1 The experimental prototype specification and 
key components 

System Specification 
Input voltage 89Vrms – 132Vrms 

Maximum output voltage ~60V 
Maximum output current 0.25A 
Maximum output power 15W 

Circuit Parameter 
Transformer Npri: Nsec: Nbuf = 3:1:3 

Lpri=1.2mH, EE16 core 
Switching frequency  25KHz 

Controller dsPIC33FJ32GS606 
MOSFET Q1 STP5N60M2, 600V, 3.7A 

MOSFET Q2, Q3 FQP3N30, 300V, 3.2A 
Diode D1, D2, D3 LQA03TC600, 600V, 3A 
Output capacitor  CGA9N3X7S2A106K230KB, 

100V, 10μF 
Storage capacitor 2 x ECW-FD2W335K 

450V, 3.3μF 

Fig. 8 shows the key switching waveforms when Pin < 
PLED. Fig. 9 shows the key switching waveforms when Pin > 
PLED. Fig. 10 shows the key waveforms of line frequency 
operation, which includes the AC input current, the LED 
voltage, the LED current and the storage capacitor 
voltage Vsto. The LED voltage is almost a constant. FFT 
function is used to measure 120Hz ripple LED current to 
avoid misreading due to switching noise. The RMS ripple 
LED current at 120Hz is 10.67mA, which corresponds to 
15mA peak ripple and is 6% of the average LED current. 
The voltage on storage capacitor, Vsto, changes from 
120V as the minimum to 170V as the maximum in a half 
line cycle, to buffer the imbalanced energy.  

Fig. 11 compares the efficiency of the proposed LED 
driver and a comparable conventional single-stage LED 
driver. At full load, the efficiency of the proposed LED 
driver is only 1.2% lower than the efficiency of a 
conventional Flyback LED driver, which is a very small 
price to pay when flicker-free and electrolytic capacitor 
free operation have been achieved. Fig. 12 shows the 
power factor of the proposed LED driver. At full load, the 
experimental prototype achieves 0.94PF, which meets the 
requirement from EnergyStar. 

 

Fig. 8 Key switching waveforms when Pin < PLED 

 

Fig. 9 Key switching waveforms when Pin > PLED 
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Fig. 10 Key waveforms in twice line frequency operation 

 

 

Fig. 12 Power factor performance under 110Vrms input, full 
load 

V   CONCLUSION 

 Eliminating electrolytic capacitors in LED driver design is 
critical to expand the lifetime of LED lighting fixtures. A cycle 
by cycle energy buffering LED driver has been proposed in the 
paper to achieve electrolytic-less and flicker-free operation. A 
15W experimental prototype had been built and tested to verify 
the operating principle. 0.94PF has been achieved. The 
efficiency of the proposed LED driver is only 1.5% lower than 
a conventional single-stage LED driver at full load, which is a 

low price to pay when achieving flicker-free operation and 
electrolytic capacitor-less design. The 120Hz ripple current is 
measured to be 6% of the average LED current. Overall, the 
experimental result shows a high degree of agreement with the 
analysis and it is very satisfying.  
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