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Abstract 

Because of high efficacy, long lifespan, and environment-friendly operation, LED 

lighting devices become more and more popular in every part of our life, such as 

ornament/interior lighting, outdoor lightings and flood lighting. The LED driver is the 

most critical part of the LED lighting fixture. It heavily affects the purchasing cost, 

operation cost as well as the light quality. Design a high efficiency, low component cost 

and flicker-free LED driver is the goal.  

The conventional single-stage LED driver can achieve low cost and high efficiency. 

However, it inevitably produces significant twice-line-frequency lighting flicker, which 

adversely affects our health. The conventional two-stage LED driver can achieve flicker-

free LED driving at the expenses of significantly adding component cost, design 

complexity and low the efficiency.  

The basic ripple cancellation LED driving method has been proposed in chapter three. 

It achieves a high efficiency and a low component cost as the single-stage LED driver 

while also obtaining flicker-free LED driving performance. The basic ripple cancellation 

LED driver is the foundation of the entire thesis. As the research evolving, another two 

ripple cancellation LED drivers has been developed to improve different aspects of the 

basic ripple cancellation LED driver design.  

The primary side controlled ripple cancellation LED driver has been proposed in 

chapter four to further reduce cost on the control circuit. It eliminates secondary side 

compensation circuit and an opto-coupler in design while at the same time maintaining 
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flicker-free LED driving. A potential integrated primary side controller can be designed 

based on the proposed LED driving method.    

The energy channeling ripple cancellation LED driver has been proposed in chapter 

five to further reduce cost on the power stage circuit. In previous two ripple cancellation 

LED drivers, an additional DC-DC converter is needed to achieve ripple cancellation. A 

power transistor has been used in the energy channeling ripple cancellation LED driving 

design to successfully replace a separate DC-DC converter and therefore achieved lower 

cost. 

The detailed analysis supports the theory of the proposed ripple cancellation LED 

drivers. Simulation and experiment have also been included to verify the proposed ripple 

cancellation LED drivers.   

 



iv 

 

Acknowledgements 

I would like to thank my supervisor, Dr. Yan-Fei Liu for the tremendous help and 

support that he provided along the course of my Ph.D. study. His excellent guidance, 

broad horizon, great technical knowledge, research approach, and diligent working 

attitude benefit me for the past years and the future yet to come. What's I had learnt from 

him will prepare me to handle the challenges in the future. 

I thank Dr. David Xu, Dr. Qingguo Li, Dr.Ying. Zou and Dr. Alireza Bakhshai for 

being my Ph.D. defence committee members.  

I thank Dr. Alireza Bakhshai, Dr. Praveen Jain and Dr. Yahia Antar for the very 

valuable courses that they taught. 

I thank Ms. Debra Fraser, Ms. Mary Gillespie, and Mr. Steve Humphrey from 

department administrative, for their help in the past a few years. 

I thank my colleagues Mr. Ya-Jie Qiu, Dr. Zhiyuan Hu, Dr. Laili Wang, Ms. Xiumei 

Yue, Dr. Hongliang Wang, Mr. Tianshu Liu, Mr. Lei Kou, Mr. Yang Chen, Mr. Wenbo 

Liu, Dr. Yan Zhang, Ms. Sarah Burton, Mr. Brian White, Mr. Chris Fiorentino, and Mr. 

Andrew Dickson for their friendship, help, and insightful discussions. 

My deepest appreciation goes to my family. I would also like to thank my family for 

their great support, understanding and unconditional love. Especially, I would like to 

thank my wife, Lexuan Ouyang. Her patient and encouragement allow me to ride through 

the great challenges that happen in my personal life and my career.   

 



v 

 

Statement of Originality 

I hereby certify that all of the work described within this thesis is the original work of the 

author.  Any published (or unpublished) ideas and/or techniques from the work of others 

are fully acknowledged in accordance with the standard referencing practices. 

 

PENG FANG 

 

07, 2016 



vi 

 

Table of Contents 

Abstract ............................................................................................................................................ ii 

Acknowledgements ......................................................................................................................... iv 

Statement of Originality ................................................................................................................... v 

List of Figures ................................................................................................................................. ix 

List of Tables ................................................................................................................................ xiii 

List of Symbols ............................................................................................................................. xiv 

Chapter 1 Introduction ..................................................................................................................... 1 

1.1 Motivation .............................................................................................................................. 1 

1.2 Background ............................................................................................................................ 5 

1.3 Conventional LED Driver Design .......................................................................................... 6 

1.4 Research Objective .............................................................................................................. 11 

1.5 Thesis Contribution .............................................................................................................. 13 

1.6 Thesis Structure ................................................................................................................... 14 

Chapter 2 Literature Review .......................................................................................................... 16 

2.1 Introduction .......................................................................................................................... 16 

2.2 Impact of the Voltage Ripple on the LED Current Ripple ................................................... 16 

2.3 Review of the Existing Research on LED Driver ................................................................ 19 

2.3.1 Passive LED driver ....................................................................................................... 19 

2.3.2 Primary side controlled LED driver .............................................................................. 20 

2.3.3 Integrated two-stage LED driver ................................................................................... 21 

2.3.4 Active filter LED driver ................................................................................................ 24 

2.3.5 Input current shaping and active filter combination LED driver .................................. 26 

2.3.6 Harmonic injection LED driver .................................................................................... 27 

2.4 Power Factor Correction Technologies Used in the LED Driver ........................................ 28 

Chapter 3 Fundamental Concept of the Ripple Cancellation LED Driver and Its Implementation

 ....................................................................................................................................................... 33 

3.1 Introduction .......................................................................................................................... 33 

3.2 Power Stage Structure of the Ripple Cancellation LED driver ............................................ 34 

3.3 System Efficiency ................................................................................................................ 40 

3.4 Implementation Cost ............................................................................................................ 44 

3.5 Component Selection Guideline .......................................................................................... 45 

3.5.1 PFC output capacitor Co1 .............................................................................................. 45 



vii 

 

3.5.2 RCC input capacitor Caux .............................................................................................. 47 

3.5.3 RCC output capacitor Co2 ............................................................................................. 51 

3.6 Control Scheme of the Proposed LED Driver ..................................................................... 51 

3.6.1 Control of the ripple cancellation converter.................................................................. 51 

3.6.2 LED current regulation ................................................................................................. 53 

3.7 Experimental Result ............................................................................................................. 54 

3.8 Conclusion ........................................................................................................................... 65 

Chapter 4 Primary Side Controlled Ripple Cancellation LED Driver ........................................... 67 

4.1 Introduction .......................................................................................................................... 67 

4.2 Structure of the Proposed LED Driver ................................................................................. 68 

4.3 Analysis on the Power Stage ................................................................................................ 72 

4.3.1 PFC Flyback design ...................................................................................................... 72 

4.3.2 RCC Flyback design ..................................................................................................... 73 

4.4 Analysis on the Proposed Primary Side Controller .............................................................. 79 

4.4.1 Existing primary side voltage sensing .......................................................................... 80 

4.4.2 Improved primary side voltage sensing for the proposed LED driver .......................... 81 

4.4.3 RCC Flyback voltage regulation ................................................................................... 87 

4.4.4 Primary side current sensing strategy ........................................................................... 88 

4.4.5 Accurate LED current calculation ................................................................................. 88 

4.4.6 LED current regulation ................................................................................................. 90 

4.4.7 Transformer design ....................................................................................................... 91 

4.4.8 Practical operation considerations ................................................................................ 92 

4.4.1 Possible integration solution ......................................................................................... 92 

4.5 Experimental Result ............................................................................................................. 93 

4.6 Conclusions ........................................................................................................................ 108 

Chapter 5 Energy Channelling Ripple Cancellation LED Driver ................................................ 109 

5.1 Introduction ........................................................................................................................ 109 

5.2 Concept of the Energy Channeling LED Driver ................................................................ 111 

5.3 Circuit Implementation of the Energy Channeling LED Driver ........................................ 112 

5.4 Energy Channeling Mechanism ......................................................................................... 113 

5.5 Cycle by Cycle Operation .................................................................................................. 115 

5.6 Implementation of the Control Scheme ............................................................................. 123 

5.7 Special Consideration during Input Voltage Zero-crossing ............................................... 126 

5.8 Design Considerations of the Energy Channeling LED Driver ......................................... 135 



viii 

 

5.8.1 Pulse width modulation scheme for Q2 ...................................................................... 135 

5.8.2 Additional conversion loss minimization ................................................................... 136 

5.8.3 Selection of capacitor Co1 .......................................................................................... 137 

5.8.4 Selection of capacitor Co2 .......................................................................................... 139 

5.8.5 Selection of capacitor Caux ........................................................................................ 140 

5.8.6 Coupled inductor design ............................................................................................. 141 

5.8.7 MOSFET Q1 and diode D1 ........................................................................................ 142 

5.8.8 MOSFET Q2 and diode D2 ........................................................................................ 142 

5.9 Experimental Result ........................................................................................................... 145 

5.10 Conclusion ....................................................................................................................... 153 

Chapter 6 Summary and Future Work ......................................................................................... 155 

6.1 Summary ............................................................................................................................ 155 

6.2 Summary of the Basic Concept of Ripple Cancellation Technology................................. 156 

6.3 Summary of the Primary Side Controlled Ripple Cancellation LED Driver ..................... 157 

6.4 Summary of the Energy Channeling Ripple Cancellation LED Driver ............................. 158 

6.5 Comparison of three designs .............................................................................................. 159 

6.6 Future Work ....................................................................................................................... 160 

Reference ..................................................................................................................................... 162 

  

  



ix 

 

List of Figures 
Figure 1-1 Equivalent circuit model of an LED .............................................................................. 2 

Figure 1-2 Relationship between the forward LED current and the luminous flux output [6] ........ 3 

Figure 1-3 Comparison between the light with and without 100/120Hz flicker .............................. 4 

Figure 1-4 Single-stage LED driver with poor PF ........................................................................... 8 

Figure 1-5 Single-stage LED driver with high PF ........................................................................... 9 

Figure 1-6 Two stage LED driver structure ................................................................................... 10 

Figure 1-7 Concept of the ripple cancellation LED driver with Flyback implementation ............ 12 

Figure 2-1 Forward voltage V.S forward current of XLamp XP-G2 LED [41] ............................ 18 

Figure 2-2 Passive LED driver solution [42] ................................................................................. 20 

Figure 2-3 Passive LED driver solution [43] ................................................................................. 20 

Figure 2-4 Primary side controlled Flyback LED driver ............................................................... 21 

Figure 2-5 Boost-LLC integration LED driver design [47] ........................................................... 22 

Figure 2-6 Boost-Forward integration LED driver design [48] ..................................................... 22 

Figure 2-7 Boost-Flyback integration LED driver design [52] ...................................................... 22 

Figure 2-8 Integrated Buck-Boost Flyback LED driver design [55] ............................................. 23 

Figure 2-9 SEPIC-Buck integration LED driver design [57]......................................................... 23 

Figure 2-10 SEPIC Buck-Boost integration LED driver [58] ........................................................ 23 

Figure 2-11 Double Buck-Boost integration LED Driver design [59] .......................................... 24 

Figure 2-12 Active filtering LED Driver [60], [61] ....................................................................... 25 

Figure 2-13 Three port AC-DC power conversion [62] ................................................................ 26 

Figure 2-14 Input current shaping and active filtering combining method [64] ............................ 27 

Figure 2-15 Harmonic injection LED driving solution [65] .......................................................... 28 

Figure 2-16 Flyback PFC operates under BCM condition ............................................................. 30 

Figure 2-17 Flyback PFC operates under DCM condition ............................................................ 32 

Figure 3-1 Input power and expected output power for converter with unity power factor .......... 35 

Figure 3-2 Concept of the proposed ripple cancellation LED driver ............................................. 36 

Figure 3-3 Circuit implementation of the proposed Flyback ripple cancellation LED driver ....... 38 

Figure 3-4 Circuit implementation of the proposed Buck-Boost ripple cancellation LED driver . 38 

Figure 3-5 Critical waveforms of the proposed LED driver at line cycle scale ............................. 39 

Figure 3-6 Relationship between ripple factor (RF) and ƞeq .......................................................... 43 

Figure 3-7 Required output capacitor under different peak to peak ripple voltage ....................... 47 

Figure 3-8 Design consideration for Caux (a) Waveform of the input power and the required power 

to maintain Vo2, (b) Zoom in of (a), (c)Relationship of the waveform Vaux and Vo2 ..................... 48 



x 

 

Figure 3-9 Control diagram of the ripple cancellation converter ................................................... 52 

Figure 3-10 Detailed circuit implementation of the RCC .............................................................. 53 

Figure 3-11 Control diagram to achieve LED current regulation for the Flyback prototype ........ 54 

Figure 3-12 Key waveforms of the proposed Flyback LED driver (Vin=110Vrms, VLED=50V, 

ILED=0.7A) ...................................................................................................................................... 55 

Figure 3-13 Ripple current comparison between the proposed LED driver and the conventional 

single-stage LED driver (Vin=110Vrms, VLED=50V, ILED=0.7A) ................................................. 56 

Figure 3-14 Ripple current comparison between the proposed LED driver and the conventional 

single-stage LED driver (Vin=220Vrms, VLED=50V, ILED=0.7A) ................................................. 57 

Figure 3-15 Power factor of the proposed LED driver and the conventional LED driver ............. 58 

Figure 3-16 Each order of harmonic content of the input current .................................................. 59 

Figure 3-17 Efficiency comparison between different designs at full load (50V/0.7A) ................ 59 

Figure 3-18 Photo of the Flyback experimental prototype ............................................................ 60 

Figure 3-19 Circuit diagram of the proposed Buck-Boost based LED driver ............................... 61 

Figure 3-20 Key waveforms of the proposed Buck-Boost LED Driver (Vin=110Vrms, VLED=50V, 

ILED=0.2A) ...................................................................................................................................... 62 

Figure 3-21 Ripple current and light flickering comparison between the proposed LED driver and 

the conventional LED driver .......................................................................................................... 64 

Figure 3-22 Efficiency of the Buck-Boost experimental prototype at full load (50V/0.2A) ......... 65 

Figure 3-23 Photo of the Buck-Boost experimental prototype ...................................................... 65 

Figure 4-1 Primary side controlled LED driver ............................................................................. 67 

Figure 4-2 Structure of the proposed primary side controlled ripple cancellation LED driver ..... 69 

Figure 4-3 Diagram of the proposed primary side controller (all the terminal voltages are shown 

in Figure 4-2) ................................................................................................................................. 71 

Figure 4-4 Relationship between TIm and the RCC Flyback output voltage Vo2: (a) Under Npri2: 

Nsec2 =1, Lpri2=15µH, ILED= 0.6A with Vin=8V, 10V, 12V, (b) Under Vin =12V, Lpri2=15µH, ILED= 

0.6A, with Npri : Nsec=1, 0.5, 2, (c) Under Vin =12V, Npri2: Nsec2=1, ILED= 0.6A with Lpri=20µH, 

15µH, 10µH ................................................................................................................................... 77 

Figure 4-5 Primary side voltage sensing with the Flyback topology ............................................. 81 

Figure 4-6 Simulated key waveforms illustrate the issue of primary side voltage sensing with the 

PFC Flyback: (a) waveforms in half line cycle time scale, (b) zoom into interval A (c) zoom into 

interval B (simulated with PSIM 9.13) .......................................................................................... 82 

Figure 4-7 Improved primary side voltage sensing for the PFC, (a) simulated waveforms,  (b) 

improved voltage sensing circuit, (c) current source circuit .......................................................... 84 



xi 

 

Figure 4-8 RCC Flyback output regulation loop ........................................................................... 87 

Figure 4-9 Primary side current calculating circuit ....................................................................... 89 

Figure 4-10 LED current control diagram ..................................................................................... 91 

Figure 4-11 Recommended transformer construction ................................................................... 92 

Figure 4-12 Illustration of possible integration solution ................................................................ 93 

Figure 4-13 Primary side PFC Flyback output voltage sensing with the original voltage sensing 

circuit (under 110Vrms input voltage) ........................................................................................... 95 

Figure 4-14 Primary side PFC Flyback output voltage sensing with the improved voltage sensing 

circuit (under 110Vrms input voltage) ........................................................................................... 96 

Figure 4-15 Ripple cancellation between the PFC Flyback output and the RCC Flyback output 

(under 110Vrms input voltage) ...................................................................................................... 97 

Figure 4-16 Low frequency ripple current performance comparison, (a) the conventional Flyback 

LED driver, (b) the proposed LED driver (under 110Vrms input voltage, 30W, 50V/0.6A output)

 ....................................................................................................................................................... 98 

Figure 4-17 Primary side switching current sampling of the RCC Flyback .................................. 99 

Figure 4-18 Sampled primary side peak switching current ......................................................... 100 

Figure 4-19 Key waveforms used in LED current calculation .................................................... 101 

Figure 4-20 Primary side current sensing result .......................................................................... 102 

Figure 4-21 Primary side current sensing error under 30W, 50V/0.6A output ............................ 103 

Figure 4-22 Efficiency comparison between three different designs under 30W, 50V/0.6A output

 ..................................................................................................................................................... 105 

Figure 4-23 THD comparison between the proposed LED driver and the conventional Flyback 

LED driver under 30W, 50V/0.6A output ................................................................................... 106 

Figure 4-24 Power factor comparison between the proposed LED driver and the conventional 

Flyback LED driver under 30W, 50V/0.6A output ..................................................................... 107 

Figure 4-25 Input current harmonics measurement ..................................................................... 107 

Figure 5-1 Generic structure of the ripple cancellation LED Driver and its key waveforms ...... 109 

Figure 5-2 Concept of the proposed energy channeling LED driver ........................................... 111 

Figure 5-3 Proposed energy channeling LED driver (a) Buck-Boost topology based 

implementation, (b) Flyback topology based implementation ..................................................... 113 

Figure 5-4 Operating principle of the energy channeling circuit in the proposed LED driver (The 

dark line indicates the current flow path) ..................................................................................... 114 

Figure 5-5 Circuit operation during the time interval [t0-t1] ........................................................ 116 

Figure 5-6 Circuit operation during the time interval [t1-t2] ........................................................ 118 



xii 

 

Figure 5-7 Circuit operation during the time interval [t2-t3] ........................................................ 119 

Figure 5-8 Circuit operation during the time interval [t3-t4] ........................................................ 122 

Figure 5-9 Key switching cycle waveforms of the proposed DCM operated Buck-Boost energy 

channeling LED driver ................................................................................................................. 123 

Figure 5-10 Control diagram of the proposed LED Driver.......................................................... 124 

Figure 5-11 Critical line frequency waveforms of the proposed LED driver .............................. 126 

Figure 5-12 Voltage dip on Vo2 near the input voltage zero-crossing ......................................... 127 

Figure 5-13 Reshaping the input voltage and results in the reshaped input power ...................... 128 

Figure 5-14 The power stage of the energy channeling LED driver with the added flat input 

voltage Vflat .................................................................................................................................. 129 

Figure 5-15 Reshape the input power to remove the voltage dip on Vo2 ..................................... 130 

Figure 5-16 Adaptive Vflat circuit to cover universal range input voltage ................................... 133 

Figure 5-17 Simulated key waveforms of adaptive Vflat generation ............................................ 134 

Figure 5-18 Applying leading edge modulation on Q2 ................................................................ 135 

Figure 5-19 Simulation result of the components voltage / current rating (a) Proposed Buck-Boost 

LED driver (b) Conventional Buck-Boost LED driver ................................................................ 144 

Figure 5-20 Ripple current comparison between the energy channeling LED driver and a 

conventional Buck-Boost LED driver with 50V/0.17A output (a) Energy channeling Buck-Boost 

LED driver, (b) Conventional Buck-Boost LED driver ............................................................... 146 

Figure 5-21 Key switching cycle waveforms of the proposed energy channeling LED driver ... 148 

Figure 5-22 110Vrms Input voltage (after rectifier) and AC input current waveforms when the 

input power is reshaped ............................................................................................................... 149 

Figure 5-23 220Vrms input voltage (after rectifier) and AC input current waveforms when the 

input power is reshaped ............................................................................................................... 149 

Figure 5-24 Waveform of adaptive Vaux generation .................................................................. 150 

Figure 5-25 Dynamic LED current response of the proposed LED driver .................................. 150 

Figure 5-26 Efficiency of the proposed LED driver under 110Vrms and 220Vrms input voltage

 ..................................................................................................................................................... 151 

Figure 5-27 Input current harmonic measurement versus IEC-61000-3-2 Class C ..................... 152 

Figure 5-28 Photo of the experimental prototype ........................................................................ 153 

 



xiii 

 

List of Tables 
Table 1-1 Comparison between the LED lighting and other two traditional lighting ...................... 6 

Table 3-1 Component comparison between the second stage DC-DC and the RCC .................... 45 

Table 3-2 Flyback experimental prototype circuit parameters ...................................................... 55 

Table 3-3 Buck-Boost experimental prototype circuit parameters ................................................ 61 

Table 4-1 Key circuit parameter of the experimental prototype .................................................... 94 

Table 4-2 Components of the second stage DC-DC and the Flyback RCC ................................. 104 

Table 5-1 Critical circuit parameters of the proposed Buck-Boost energy channeling LED driver 

Prototype ...................................................................................................................................... 145 

Table 5-2 THD measurement of the proposed LED driver.......................................................... 152 

Table 6-1 Comparison between three different ripple cancellation LED driver implementations

 ..................................................................................................................................................... 160 

 



xiv 

 

List of Symbols 

Vac AC input voltage 

Vrec_in Input voltage after bridge rectifier 

Vin Input voltage 

Vin_rms RMS value of the AC input voltage 

VLED LED driver output voltage 

Vo1 PFC main output voltage of the proposed LED driver 

Vo1_dc DC value of the PFC main output voltage 

Vo1_rip_pp Peak to peak twice-line-frequency ripple amplitude of the PFC main 

output voltage 

Vo1_rip Twice-line-frequency ripple of the PFC main output voltage 

Vo2 Ripple cancellation voltage of the proposed LED driver 

Vo2_dc DC value of the ripple cancellation voltage  

Vo2_rip_pp Peak to peak twice-line-frequency ripple amplitude of the ripple 

cancellation voltage 

Vo2_rip Twice-line-frequency ripple of the ripple cancellation voltage 

Vo2_avg_max Allowable maximum averaged value of the ripple cancellation voltage 

Vaux PFC auxiliary output voltage of the proposed LED driver 

Vaux_avg Averaged value of the PFC auxiliary output voltage  

VILED_ref Reference voltage to program the LED current 

Vie_ref Reference voltage to program the emulation current  

Vo_sns Primary side sensed output voltage 

Vo_replica Replicated output voltage without emulation circuit 

Vo_replica1 Replicated output voltage with emulation circuit 



xv 

 

Vctrl Control signal for pulse width modulation 

Vflat Flat portion of the input voltage after input bridge rectifier 

V(Ipri) Peak primary side switching current represented with voltage  

VNpri Voltage across the primary side winding of the transformer 

VNsec Voltage across the secondary side winding of the transformer 

VD_R Reverse voltage across the diode 

VQ_ds Drain to source voltage of the MOSFET 

Vref Reference voltage 

Vbias Bias level of the reference voltage 

Vcomp Compensated error signal 

Vcomp_p Compensated error signal at primary side 

Iin_avg Averaged input current  

Iin_pk Peak input switching current 

IQ_rms RMS current of the MOSFET 

ILED Output current of the LED driver 

ILED_avg Averaged output current of the LED driver 

Ie Emulation current source 

Isec_avg Averaged current of the secondary side winding in a switching cycle 

Ipri_pk Peak primary side winding switching current in a switching cycle 

Isec_pk Peak secondary side winding switching current in a switching cycle 

IQ_pk Peak switching current of a MOSFET in a switching cycle 

ID_pk Peak switching current of a diode in a switching cycle 

Pin Input power 

Pin_avg Average input power 

Po Output power 



xvi 

 

Po_avg Averaged output power 

Po2_avg Averaged output power of the ripple cancellation voltage 

Po2_rip_pp Peak to peak amplitude of the twice-line-frequency ripple power of 

the ripple cancellation voltage 

Pflat The flat portion of the input power after input bridge rectifier 

PLED LED driver output power 

Ƞpfc Efficiency of the PFC 

Ƞrcc Efficiency of the ripple cancellation converter 

Ƞpd Efficiency of the proposed LED driver 

Ƞeq Equivalent efficiency of the ripple cancellation converter as compared 

with the second stage DC-DC converter 

Re Emulation resistor 

RLED The equivalent resistance of the LED load 

Rsns Current sense resistor 

Co1 Output capacitor of the PFC main output voltage 

Caux Output capacitor of the PFC auxiliary output voltage 

Co2 Output capacitor of the ripple cancellation voltage 

Ce Emulation capacitor 

De Emulation diode 

fline Line frequency 

fsw Switching frequency 

ZCS Zero current signal of the magnetic current 

Ton Turn on time of a switching cycle 

Toff Turn off time of a switching cycle 

Tdis Discharge time of the magnetic current 



xvii 

 

Ts Switching period 

Tflat Time period in a half line cycle when the input power is flat 

t0,t1,t2, t3,t4 Point of time in a switching period of time 

ta, tb, ta1,tb1 Point of time in a half line cycle 

Npri Primary side winding of the transformer 

Nsec Secondary side winding of the transformer 

Naux Auxiliary side winding of the transformer 

N1 First winding of the coupled inductor  

N2 Second winding of the coupled inductor  

Lpri The inductance of the primary side winding Npri 

Lsec The inductance of the secondary side winding Nsec 

LN1 The magnetic inductance of the winding N1 

LN2 The magnetic inductance of the winding N2 

Tdelay_1 The turn off delay time of the current calculation circuit 

Tdelay_2 The turn on delay time of the current calculation circuit 



1 

 

Chapter 1 

Introduction 

1.1 Motivation 

The Light Emitter Diode (LED) lighting gains great popularity because of high 

efficacy, long lifespan, and environment-friendly operation. Typical lower power (below 

25W) LED lighting applications include ornament/interior lighting, such as incandescent 

and compact fluorescent lamps (CFL) replacement. Median power (between 25W to 

100W) LED lighting applications include general outdoor lightings, such as down light, 

L-light, and flat light. High power LED lighting application includes street light, flood 

light [1]. Market reports [2], [3] and [4] have indicated high market growth of LED 

lighting. The LED lighting fixture occupied 18% of the $66 billion global lighting market 

in 2012. The LED lighting market share is expected to rise steadily to 70% by 2020 when 

the global lighting market is forecast to reach about $100 billion at that time [2].  

However, one of the challenges to using LED lights is to avoid flicker. Flicker was not 

a serious issue with incandescent light and fluorescent light. For incandescent light, it 

glows because the heat generated by the filament. Due to the high thermal inertia with the 

filament, the temperature is quite constant over an AC main cycle, so is the lighting 

output. The fluorescent lamps driven by the electronics ballast flash on and off at rate of 

more than 20,000 times per second. Flickering at this frequency is well above the level 

detectable by the human brain. Unfortunately, the flicker with grid connected LED 

lighting fixture occurs at twice the line frequency, which is in the range that can be 

picked up by our retina.   
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As implicated by its name, the LEDs have the diode alike V-I characteristic [5]. The 

equivalent electrical circuit model of an LED is shown in Figure 1-1. The internal resistor 

of an LED is very small and usually in the magnitude of 0.1 to a few ohms. Therefore, a 

small voltage change on the LED will result in an excessive fluctuation of its current.  

 

Figure 1-1 Equivalent circuit model of an LED 

Further, because of the almost linear relationship between the LED current and its 

luminous output, as shown in Figure 1-2, the current fluctuation is transformed 

proportionally as luminous fluctuation at the same time. Therefore, LED lighting is 

particularly susceptible to flicker, especially when it is grid connected.  
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Figure 1-2 Relationship between the forward LED current and the luminous flux output 

[6] 

For grid connected LED driver, the lighting flick occurs at the twice-line frequency. 

Figure 1-3 shows the comparison between the light with and without 100/120Hz flicker 

[7]. It has been discovered that a series of symptoms, such as malaise, headaches, visual 

impairment and even epileptic seizures may develop when one is exposure to the lighting 

flicker exceed the recommended level [8]. In many scenarios, LED lighting flicker should 

be strictly controlled, such as LED lighting for operating room, laboratory, office, video 

conference room and many others. A guideline had been proposed by IEEE PAR1789 to 

advise the lighting industry, IEC, Energy Star and other standards groups about the 

emerging concern of flicker in LED lighting. It is recommended that the max allowed 

percent of flicker should be less than flicker free times 0.8 [9]. For example, flicker 

occurs at 120Hz should be less than 10%.  
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Figure 1-3 Comparison between the light with and without 100/120Hz flicker [7] 

Because of their diode alike V-I characteristic, the LEDs should be powered by a 

current source instead of a voltage source [1]. An LED driver is a specifically designed 

power supply suitable for powering the LED load. It is the key part to regulate the LED 

current and provide a stable LED lighting output. A properly designed LED driver should 

also be able to provide a stable luminous output. Besides, the LED driver should achieve 

low cost and high efficiency to promote the usage of LED lighting.  

An LED driver contributes a significant portion cost of an LED lighting fixture. Given 

the enormous market scale of the LED lighting, reducing the cost of the LED driver will 

significantly lower the cost of an LED lighting fixture. It is also a positive feedback that 

reduces the cost of the LED driver will further promote its popularity. At the same time, 

the efficiency of an LED driver plays a critical role to reduce the operating cost of an 

LED lighting fixture. A highly efficient LED driver will save end user much electrical 

bill in a long run and reduce the thermal stress of the LED lighting fixture so that the 

reliability and the lifespan of the LED driver are improved.  

The significant economic impact and health concern of LED lighting triggered my 

great interests on the LED driving technologies research. The goal of this thesis is to 

explore greener, more human-friendly and cost effective LED driving solution.   



5 

 

1.2 Background 

It is undisputable that LED lighting will become the best artificial lighting source and 

will dominate the lighting market. LED light can achieve around 30% higher luminous 

efficiency than fluorescent light, where luminous efficacy is the ratio of luminous flux to 

power, measured in lumens per watt. In the United State, about 404 billion kilowatt-hours 

(kWh) of electricity were used for lighting by the residential sector and the commercial 

sector in 2015, which contributes to 15% of the electricity used in both sectors [10]. 

Energy saved on lighting not only lows the cost on the consumer but also reduces the 

emission of carbon footprint.   

Table 1-1 shows a simple comparison between an LED lighting bulb and other two 

lighting bulbs that one can choose for their home. The electricity one need to pay for the 

incandescent bulb highly surpasses the initial cost saved at the purchase. Because of 

expensive operating cost and short life span, the era of incandescent lighting has already 

gone. When comparing the choice between the CFL bulb and the LED bulb, the later one 

definitely win the battle! The lifespan of the LED light bulb is almost six times of the 

CFL bulb, not even mentioning the operation cost, environment-friendly operation and 

reliability that the LED bulb can significantly outperform a CFL alternative. With the 

initial cost difference between a CFL bulb and an LED bulb becomes less and less, the 

trend of replacing the fluorescent lighting fixture with the LED lighting is very clear. 

Philips had launched its most affordable LED light bulb — a 60W replacement LED bulb 

that costs less than five dollars. The LED bulb takes only 8.5 watts of power to produce 

800 lumens output light [12]. Under regular household use, it will last about ten years. It 
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unveils the fact that the LED lighting fixture will become more and more competitive and 

dominant the market in the not so distance future.  

Table 1-1 Comparison between the LED lighting and other two traditional lighting  

 Incandescent CFL LED 

Approximate cost per bulb $1 $2 $8 or less 

Averaged life span 1,200 hours 8,000 hours 25,000 hours 

Watt used 60W 14W 10W 

No. of bulbs needed for 25,000 hours 21 3 1 

Total purchase price of bulbs over 23 
years 

$21 $6 $8 

Total cost of electricity used (25,000 
hours at $0.12 per kWh) 

$180 $42 $30 

Total operational cost over 23 years $201 $48 $38 

 

In order to achieve an overall high efficiency and save energy, the LED driver must 

also achieve high efficiency. A combination of low efficient LED driver and a high 

efficacy LED will still result in more energy usage. Therefore, in addition to achieve 

flicker-free LED driving performance, achieve highest possible efficiency is also the 

objective of this research.  

 

1.3 Conventional LED Driver Design 

The light quality of the LED lighting fixture is significant, if not solely, determined by 

the LED driver. A well-designed LED driver enables the lighting fixture to provide a 



7 

 

stable and smooth lighting output. Depending on whether the LED driver is grid 

connected, an LED driver falls into the category of either the AC-DC LED driver or the 

DC-DC LED driver. Since the input voltage of the DC-DC LED driver is a DC, a DC 

LED driving current can be naturally produced and twice line frequency flicker is not an 

issue. Current balancing between multiple strings is one of the common challenges with 

the DC-DC LED driver [12]-[16]. One of the key design challenges with the single-stage 

AC-DC LED driver is achieving flicker-free LED driving while performing power factor 

correction at the same time. The EnergyStar directives require a power factor being 

greater than 0.5 for below 5W solid state lighting. For higher than 5W solid stage 

lighting, the PF needs to be greater than 0.7 for residential application and 0.9 for 

commercial lighting [20].  

The single-stage LED drivers are popular design choices to achieve high efficiency 

and low component cost. High power factor single-stage LED driver can be implemented 

with popular topologies such as Buck [27]-[29], Buck-Boost [32]-[30], Flyback [31]-

[35]. A single-stage LED driver without a built-in power factor correction (PFC) circuit is 

shown in Figure 1-4. The storage capacitor is placed at the input side of the DC-DC 

converter to filter the pulsation current from the AC input. With this design, the LED 

current can be tightly regulated to a targeting DC value and lighting flicker has been 

significantly reduced. However, the drawback of this solution is poor PF and introducing 

a high level of harmonic currents. The input current does not follow the input voltage and 

the input rectifier diodes only conduct when the input voltage is close to the peak value. 

The PF that can be achieved with this type of LED driver is around 0.5-0.6 and the total 

harmonic distortion (THD) is above 100% [22]. This solution can only be used with 
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below 5W LED lighting applications, where the PF and harmonic current requirement are 

not in place yet.  

 

Figure 1-4 Single-stage LED driver with poor PF 

With the dropping price of the semiconductor power devices and controllers, the 

active power factor correction technology becomes the standard practice. A single-stage 

LED driver with built-in active PFC is shown in Figure 1-5. The storage capacitor has 

been moved to the output side of the LED driver. The input capacitor Cf is only for 

filtering the switching frequency ripple current and is usually less than 1µF. The PFC 

forces the input current to follow the input voltage and achieves a high power factor for 

the system.  
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Figure 1-5 Single-stage LED driver with high PF 

When the power factor correction is performed, the input current follows the input 

voltage. As the result, the instantaneous input power is a sinusoidal waveform. However, 

the expected output power of the LED driver is a DC when flicker-free performance is 

achieved. The storage capacitor of the LED driver balances the energy difference 

between the input side and output side. A ripple voltage at twice-line-frequency is 

produced at the LED driver output. Because of the diode alike V-I characteristic, a small 

voltage ripple across the LED load causes a significant current ripple and lighting 

fluctuation-flicker. The twice-line-frequency flicker is of particular interesting for the 

research on the grid connected LED driver. 

For a single-stage LED driver with a high power factor, a large storage capacitor is 

needed to reduce the ripple voltage as well as the ripple current. Thus, the flicker is 

controlled within an acceptable level. For medium to high power LED lighting 

applications, the single-stage LED drivers are no longer suitable design choices since the 
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output capacitors will be unpractical large in order to achieve reasonable low flicker 

performance.  

The two-stage LED driver design is a better solution for medium to high power 

application and it is necessary when the twice-line-frequency LED current ripple to need 

to be strictly limited, such as slow-motion image are required [1]. Popular two-stage LED 

driver solutions include Boost-LLC [36]-[38], Flyback-Buck [39], [40], and Boost-

Flyback [41]. High power factor is achieved by the first stage PFC. The second stage DC-

DC converter attenuates the twice-line-frequency ripple of the first stage's output voltage 

and achieves flicker-free LED driving performance. Figure 1-6 shows the structure of the 

two-stage LED driver solution. The isolation between the AC input side and the LED 

output side can be achieved by the first PFC stage or achieved by the second stage DC-

DC converter.  

 

Figure 1-6 Two stage LED driver structure 

In general, a two-stage LED driver achieves lower efficiency than a single-stage 

design. The second stage DC-DC converter also added considerable component cost. 

Boost-LLC two-stage LED driver solution can achieve decent efficiency. However, its 
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implementation cost is also higher than the Flyback-Buck and Boost-Flyback. Boost-LLC 

two-stage LED driver design is more suitable for high power applications, and those are 

not sensitive to cost. One more advantage of the Boost-Flyback design is primary side 

control. The combo controller can be used to control both the Boost PFC and the Flyback 

DC-DC converter at the primary side. 

 

1.4 Research Objective 

Both the single-stage and the two-stage LED drivers have their advantages and 

drawbacks. A single-stage LED driver can achieve high efficiency and low component 

cost. However, it cannot achieve a high power factor correction and provide flicker-free 

LED driving performance at the same time. In a two-stage LED driver, the first stage 

achieves power factor correction and the second stage DC-DC converter performs tight 

LED current regulation. However, as implied by its name, two-stage power conversion 

structure results in higher component cost and lower overall efficiency. The objective of 

my research is to combine the advantages from both the single-stage LED driver and the 

two-stage LED driver while avoiding their drawbacks. To be more precise, my research 

aims to cancel the twice-line-frequency ripple voltage produces with the single-stage 

LED driver while achieving high efficiency and low costs close to a single-stage LED 

driver.  

Figure 1-7 illustrates the fundamental concept of the proposed ripple cancellation LED 

driver that is based on a Flyback topology implementation. An extra ripple cancellation 

converter is added in additional to the original Flyback PFC. The objective of the ripple 

cancellation LED driver is to produce an opposite ripple voltage to that of the Vo1. As the 
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result, the final LED voltage is a DC and is applied to the LED load to achieve flicker-

free LED driving performance.  

 

Figure 1-7 Concept of the ripple cancellation LED driver with Flyback implementation 

The power stage structure shows in Figure 1-7 reveals that the power delivered to the 

LED load through the ripple cancellation converter has been converted twice. Firstly, this 

part of power is processed by the Flyback PFC. Then, it is handled by the ripple 

cancellation converter for the second time. In order to achieve the highest possible 

efficiency, the power delivered by the ripple cancellation converter should be limited. For 

example, the Flyback PFC main output Vo1 is averaged at 45V and the ripple cancellation 

converter output Vo2 is averaged at 5V. Therefore, the Flyback PFC delivers 90% of the 

power while the RCC delivers 10% of the power. This way, the overall efficiency of the 

ripple cancellation LED driver is close to a single-stage LED driver while much higher 

than a two-stage LED driver.  

From the cost reduction perspective, the ripple cancellation LED driver achieves 

flicker-free LED driving with minimum cost. Since the ripple cancellation converter 

processes only 10% or less of the total power, its component cost is significantly lower 

than the second stage DC-DC converter in the two-stage LED driver design. Also, 
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because the voltage rating of the ripple cancellation converter is quite low (around 20% 

of the LED output voltage in a typical design), a broad range of the integrated regulators, 

which contains MOSFETs, gate driver and control circuit, are available to design a very 

cost effective ripple cancellation converter. Therefore, the overall cost of the ripple 

cancellation LED driver is also much lower than a two-stage LED driver while is close to 

a single-stage LED driver.  

The entire thesis is expanded around the idea of cancelling the twice-line-frequency 

ripple voltage of the main PFC output. As the research evolving, other advanced features 

are explored such as primary side control in chapter four and pure single-stage power 

conversion in chapter five. 

 

1.5 Thesis Contribution 

The previously proposed LED driving solution shows certain advantages over the 

conventional single-stage and two-stage designs. However, they all have their issues. In 

this thesis, a series of flicker-free LED driving designs have been proposed to combine 

the advantages of single-stage and two-stage design while eliminating their drawback. 

The contribution of this thesis includes: 

1. The proposed fundamental concept of the ripple cancellation LED driver and its 

implementation  

2. The proposed primary side controlled ripple cancellation LED driver  

3. The proposed energy channelling ripple cancellation LED driver 
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1.6 Thesis Structure 

The structure of the thesis is arranged as following.  

In chapter two, the relevant research work that attempts to solve the flicker issue with 

AC-DC LED drivers will be reviewed.   

In chapter three, the fundamental idea of the ripple cancellation LED driver is 

introduced, which outlines the theme of the entire thesis. The Flyback and Buck-Boost 

topologies based ripple cancellation LED driver implementation will be discussed. The 

discussion includes the operating principle, design consideration, component selection, 

and the control scheme. A 35W experimental prototype has been developed and the 

experimental result verified the effectiveness of the proposed ripple cancellation LED 

driver. 

In chapter four, the primary side controlled ripple cancellation LED driver is 

proposed. The objective is to further reduce the cost and the design complexity of the 

ripple cancellation LED driver. The ripple cancellation LED driver in chapter three needs 

the control circuit to be populated at both the primary side and the secondary side. A 

method to bring all the control circuit on the primary side is introduced. The entire 

control circuit is architected to locate at the primary side to eliminate the needs of using 

an opto-coupler and a secondary side controller circuit, which demonstrates a promising 

low-cost integrated primary side control solution. A 30W experimental prototype has 

been built and verified the control scheme and flicker-free LED driving performance.  

In chapter five, the energy channelling, ripple cancellation LED driver has been 

proposed. The previous ripple cancellation LED drivers proposed in chapter three and 
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four needs a separate ripple cancellation converter to generate an opposite ripple voltage 

for cancellation. The proposed energy channeling ripple cancellation LED driver 

eliminates the needs of building a separate ripple cancellation converter. Instead, the 

opposite ripple voltage is produced by the same PFC that is used to cancel the ripple from 

the main output. Another significant improvement from its precedents is true single-stage 

power conversion. In previous ripple cancellation LED driver, about 10% of the total 

output power has been processed twice, which introduces additional loss. On the other 

side, the energy channeling LED driver operates in a true single-stage power conversion 

manner. An 8.5W experimental prototype has been built and verified the effectiveness of 

the proposed energy channeling LED driver.  

The thesis is concluded at chapter six and the future work related to the LED driver is 

also discussed.  
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Chapter 2 

Literature Review 

2.1 Introduction 

In chapter one, the advantage of the LED lighting over the traditional lighting solution 

has been discussed. With the off-line LED driving applications, there is a challenge to 

achieve flicker-free LED lighting, high efficiency, low cost and meet related regulations 

simultaneously. The standard single-stage and two-stage LED drivers are popular choices 

in the industry designs. However, they both have advantages and limitations. Many 

research works have been done in an attempt to combine the benefits of the single-stage 

and the two-stage design while reducing /eliminating their drawbacks. In chapter two, the 

impact of the voltage ripple on the LED current ripple, the previously research on AC-

DC LED driver and related power factor correction technologies are reviewed.  

 

2.2 Impact of the Voltage Ripple on the LED Current Ripple  

Because a LED chip has very a small internal resistor, the twice-line-frequency ripple 

voltage of a conventional single-stage LED driver output needs to be strictly limited. 

Figure 2-1 shows the characteristic of the LED chip XLamp XP-G2 LEDs [41]. Even a 

small ripple voltage across a LED load produces an unacceptable level of ripple current.  

Reading from the V-I curve shown in Figure 2-1, the internal dynamic resistor of the 

LED chip is around 0.31 ohm under 2.94V, 700mA bias condition. One can build a 50V, 

700mA LED load with 17 pieces of XLamp XP-G2 LEDs being connected in series. For 

a single-stage LED driver with a high PF, a twice-line-frequency ripple voltage is also 
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produced and it is across the LED load. For example, the ripple voltage from the LED 

driver output is 4V peak to peak, which is 4% of the 50VDC output voltage. The total 

internal resistance of the 17 pieces LED load is 5.27ohm. Therefore, approximately, the 

peak to peak ripple current is calculated to be 760mA, which is 54.2% of the 700mA 

averaged LED current. The percentage of the LED current ripple is more than 10 times of 

the LED voltage ripple.  

For a lower current application, such as 50V-0.2A, one need 18.3 (the non-integral 

number is just for calculation) pieces of XLamp XP-G2 LEDs to be connected in series to 

form the LED load, with each LED chip being biased at 2.72V, 200mA condition. The 

dynamic resistor is around 0.53ohm for each LED chip and the total resistance of the 

LED load is 9.7ohm. Let's assume that the peak to peak ripple voltage is still 4V in this 

example. The peak to peak ripple current is therefore calculated to be 412mA, which is 

103% of the averaged 200mA current. The percentage of the current ripple is 25.7 times 

of the voltage ripple in this case.  

IEEE PAR1789 recommends below 20% of peak to peak twice-line-frequency light 

flicker. Given the almost linear relationship between the light output and the LED current, 

20% peak to peak light flicker requirement can be translated to 20% peak to peak ripple 

current requirement. In order to limit the peak to peak twice-line-frequency ripple current 

to be 20% of the DC value, according to Figure 2-1, the peak to peak ripple voltage needs 

to be controlled at 0.74V under 50V, 0.7A load condition and at 0.39V under 50V, 0.2A 

load condition.  

In a high power factor single-stage LED driver, the amplitude of the twice-line-

frequency output ripple voltage is reversely proportion to the required amount of the 
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output storage capacitor. Eq. (2-1) describes the relationship between the required storage 

capacitor, Co, and the amplitude of the ripple voltage, Vo_rip_pp, with a high PF single-

stage LED driver. 

 
ppripoline

LED
o Vf

I
C

__2 



 (2-1) 

In order to limit the amplitude of the ripple voltage, one need to use bulk output 

storage capacitors at the output of a single-stage LED driver. For the above two cases, the 

amount of the capacitance is calculated to be 2.5mF to achieve 0.74V peak to peak ripple 

voltage for the 50V, 07A load condition and is calculated to be 1.36mF to achieve 0.39V 

peak to peak ripple voltage for the 50V, 0.2A load condition. In both cases, the required 

output capacitors are too large and it is unresonable for the applications. They are 

expensive and take a lot of space. It defeats the original purpose of using a single-stage 

LED driver to achieve low cost and compact design.  

 

Figure 2-1 Forward voltage V.S forward current of XLamp XP-G2 LED [41] 
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2.3 Review of the Existing Research on LED Driver 

2.3.1 Passive LED driver 

As implied by its name, the passive LED driver does not use any semiconductor 

components. They purely use passive component to limit the LED current. Figure 2-2 and 

Figure 2-3 show two different implementations of the passive offline LED drivers [42], 

[44]. The advantages with the passive LED driver are simple to design and high 

reliability. The inductor L2 in Figure 2-2 and Figure 2-3 is used to limit the LED current 

at the twice-line-frequency. Since no switching action and other lossy semiconductor 

components are required, the efficiency of the passive LED driver can be high. However, 

the passive LED drivers are not flexible to accommodate a variety of input and output 

conditions. They can only be operated under a very limited condition because the passive 

components are fixed in a particular design. The passive LED driver has its place in the 

applications that the input and output are quite constant over the entire operation time and 

high reliability is paramount, such as street lighting, flood lighting. The current limiting 

inductor needs to be bulky in order to limit the twice-line-frequency ripple LED current. 

The component cost of the current limiting inductor is also outstandingly high. These two 

factors limit its usage in the low budget and size sensitive applications.   
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Figure 2-2 Passive LED driver solution [42] 

 

Figure 2-3 Passive LED driver solution [44] 

 

2.3.2 Primary side controlled LED driver 

Among many popular single-stage LED driver designs, the Flyback LED driver is a 

very attractive LED driving solution for the isolated applications because of low cost and 

low design complexity. The primary side controlled current regulation technology [45]-

[47] makes the Flyback LED driver solution, even more, cost effective. Figure 2-4 

illustrates the concept of the primary side controlled Flyback LED driver. No secondary 

side compensation circuit, no opto-coupler are needed. This way, the component cost and 
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design complexity are further reduced. However, like any other single-stage LED drivers, 

the flicker issue remains unsolved with the primary side controlled LED driver.  

 

Figure 2-4 Primary side controlled Flyback LED driver 

 

2.3.3 Integrated two-stage LED driver 

The solutions to integrate the first PFC stage and the second DC-DC stage are 

presented in [48]-[60]. In general, the first PFC stage and the second DC-DC stage are 

merged by sharing components between two stages. They can achieve a reduced 

component count as compared to a standard two-stage LED driver design. A two-stage 

integrating Boost-LLC [48] solution is shown in Figure 2-5, Boost-Forward [49] solution 

is shown in Figure 2-6, Boost-Flyback [53]-[55] solution is shown in Figure 2-7, Buck-

Boost-Flyback [56] solution is shown in Figure 2-8, SEPIC-Buck [57]-[58] is shown in 

Figure 2-9, SEPIC-Buck-Boost [59] is shown in Figure 2-10, and double Buck-Boost 

[60] is shown in Figure 2-11. Two-stage integration designs have many restrictions to 
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perform both power factor correction and DC-DC conversion simultaneously with shared 

component. The first stage PFC and the second stage DC-DC cannot be operated under 

the optimum condition at the same time. 

 

Figure 2-5 Boost-LLC integration LED driver design [48] 

 

Figure 2-6 Boost-Forward integration LED driver design [49] 

 

Figure 2-7 Boost-Flyback integration LED driver design [53] 



23 

 

 

Figure 2-8 Integrated Buck-Boost Flyback LED driver design [56] 

 

Figure 2-9 SEPIC-Buck integration LED driver design [58] 

 

 

Figure 2-10 SEPIC Buck-Boost integration LED driver [59] 
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Figure 2-11 Double Buck-Boost integration LED Driver design [60] 

 

2.3.4 Active filter LED driver 

Active filtering [61]-[62] solutions have also been proposed to solve flicker issues 

with AC-DC LED driver and it is shown in Figure 2-12. A bi-directional DC-DC 

converter is placed in parallel with the LED load to buffer the energy difference between 

the input and the output in a half line cycle. By adopting this LED driving method, the 

output storage capacitor can be significantly reduced and flicker-free LED driving 

performance can be achieved. However, there are also drawbacks with this approach. 

First, roughly 1/3 of the total output power (the power difference between the input and 

the output in a half line cycle) is converted back and forth (two times) by the bi-

directional DC-DC converter, and three times in total when counted from the AC input to 

the LED output. A significant amount of power loss is introduced because of energy 

circulation. The bi-directional DC-DC converter needs to operate at very high voltage 

level in order to significantly reduce the requirement on the total amount of the storage 

capacitance. High voltage rated components are required to implement the bi-directional 
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converter, which will result in a high component cost. The overall efficiency 

improvement overall a conventional two-stage LED driver is marginal.  

 

Figure 2-12 Active filtering LED Driver [61], [62] 

Another variation of the active filter solution is three-port energy buffering solution 

[63]-[64], and it is shown in Figure 2-13. Besides the input port and the output port, an 

additional ripple port is created and is used to store/release energy difference between the 

input side and the output side. Figure 2-13 shows the concept of three-port AC-DC power 

conversion. Similar to the above active filtering method, the energy difference between 

the AC input side and DC output load side is also converted three times.  
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Figure 2-13 Three port AC-DC power conversion [63] 

 

2.3.5 Input current shaping and active filter combination LED driver 

The method that combines input current shaping and active filtering has also been 

proposed [65]. The concept is shown in Figure 2-14. The input current is controlled to be 

constant instead of following the input voltage. Under this circuit operation, 0.9 PF can 

be achieved. Because the input current is constant, the energy difference between the 

input side and the output side is reduced in a half line cycle as in comparison with the 

solution of [61]-[62]. As the result, the amount of energy that is converted for three times 

is reduced. However, the component rating, voltage and current, for the bi-directional 

DC-DC converter is still high, which adds considerable cost.  
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Figure 2-14 Input current shaping and active filtering combining method [65] 

 

2.3.6 Harmonic injection LED driver 

The input harmonic current injection method [66]-[69] had also been proposed to 

reduce the energy difference between the AC input side and the DC output side in a half 

line cycle and it is shown in Figure 2-15. The third and higher orders of harmonics have 

been injected into the control loop and the same orders of harmonic currents have been 

taken from the AC input side. With this method, less energy difference is presented 

between the AC input side and the output side as in comparison with an ideal power 

factor correction. Therefore, the twice-line-frequency ripple voltage of the LED driver 

output as well as the lighting flicker is reduced. The harmonic currents injected should be 
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carefully selected in order to meet the requirement from IEC-61000-3-2. This method can 

only reduce the severity of the flicker but can hardly to an ideal level.  

 

  Figure 2-15 Harmonic injection LED driving solution [66] 

There are also other LED driving methods that didn't fall into the above categories, 

such as the cycle by cycle energy buffer method [70], valley fill method [71] and primary 

side energy storage method [72]. All the above discussed LED driving methods have 

their advantages over the conventional single-stage and two-stage LED driver design. 

However, they all have their own issues, such as complicated operation, high component 

cost, low efficiency, compromised power factor correction performance and increased 

harmonic current. Ripple cancellation LED drivers will be presented in the following 

chapters with the objective of achieving a high power factor, high efficiency, low 

component cost and flicker-free LED driving at the same time. 

 

2.4 Power Factor Correction Technologies Used in the LED Driver 

In order to comply with energystar directive, the LED driver with rated power higher 

than 5W is required to perform power factor correction. The popular topologies that are 
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used to perform power factor include Buck [29], [37], Buck-Boost [32]- [31], Boost 

[36],[40], [41],  and Flyback[33] PFC topologies.  

For the low to medium level power LED driving applications (less than 45W), the 

Flyback, Buck-Boost and Buck topologies are prevalence because of low cost and low 

complexity. For the applications that require a wide range of input and output voltage, the 

Buck-Boost and the Flyback topologies are especially suitable because of their ability to 

convert up and down the input voltage.  

For the application that the LED output voltage is lower than the line voltage in most 

of the half line cycle, the Buck topology is an attractive topology that can provide 

reasonable good power factor correction and achieve high efficiency, yet low in costs. 

For the application that the LED voltage is higher than the line input voltage, the boost 

topology is the better design choice and can achieve unmatchable high efficiency. Also 

for high power two-stage LED diver design, the Boost PFC is usually employed for the 

first stage power conversion.  

In this thesis, the research is targeting the low output voltage (below 60V) 

applications. Flyback and Buck-Boost topologies are used to implement the power factor 

correction and will be discussed in more details.  

The Flyback topology can be operated under continues conduction mode (CCM) [73], 

discontinues conduction mode (DCM) [74], or boundary conduction mode (BCM) [75] to 

perform power factor correction. For CCM operated Flyback PFC, common control 

methods include peak current control, averaged current control, hysteresis current 

control. Operating the Flyback PFC under CCM condition can reduce the RMS 

conduction current for the MOSFETs and the diodes. It can also reduce the peak 
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switching current and transformer size that eventually helps shrink the size of the overall 

design. However, CCM operated Flyback PFC requires more complicated control scheme 

and suffers more switching loss in the case of hard switching. It can also implement 

active clamping with the CCM mode Flyback PFC to achieve quasi-resonant switching. It 

is mostly limited to the applications that have a higher budget for the additional cost of 

implementing active clamping. In general, CCM operated Flyback PFC is more popular 

for high power application.  

For the applications between 15W to 45W, operating the Flyback PFC under BCM is 

more preferable. BCM operation can provide the advantages: 1) lower peak switching 

current, 2) zero current turn off for the output rectifier diode and zero voltage turn on for 

the MOSFET.  Figure 2-16 shows the critical waveforms of the BCM operated Flyback 

PFC. 

 

Figure 2-16 Flyback PFC operates under BCM condition 
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There are two ways to control the on time of the Flyback PFC. With the first method, 

the peak switching current in winding Npri is sensed and is compared with the peak 

current envelop, which is a rescaled replication of the input voltage. When the peak 

switching current Ipri_sw hits the envelop, the MOSFET Q1 is turned off. With the second 

method, the on time is controlled to be constant, which eliminates the need to sense the 

peak switching current. The later method achieves the same performance as the first one 

because the peak switching current Ipri_sw automatically follows the input voltage under 

constant on operation. Verse vice, the on time of the first method also automatically 

becomes constant although it is not the goal of control.  

After Q1 is turned off, the magnetic current commutes to the secondary side winding 

Nsec and starts decreasing. The off time ends when the current Isec_sw drops to zero. 

Because the peak switching current changes along a half line cycle, the turn off time will 

not be a constant in a half line cycle. With the on time to be constant (in both above turn 

on control schemes) and the turn off time varies in a half line cycle, the total switching 

period changes along a half line cycle. With calculation, it can found that the averaged 

input current does not strictly follow the input voltage when the Flyback PFC operates 

under constant one time, BCM condition. However, the experimental results verified 

reasonable good PFC can still be achieved.  

Under BCM operation, the switching frequency is strongly related to the output 

power. When the output power is reduced, the switching frequency increases rapidly. For 

low power application, the increased switching loss due to high switching frequency 

becomes dominant, which is not desirable.  
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For power level below 15W applications, it is more prevail to operate the Flyback PFC 

under constant on time, DCM condition. In the low power applications, the peak 

switching current is still moderate and switching loss is dominant. Keeping the switching 

frequency constant can effectively limit the switching loss. There is also a downside with 

DCM operated Flyback PFC. Because the switching frequency is fixed, the MOSFET is 

not necessarily turned on at zero voltage condition, which results in the waste of energy 

of the MOSFET output capacitor.  

 

Figure 2-17 Flyback PFC operates under DCM condition 

The characteristic of the other PFC circuits, such as Boost, Buck will not be discussed 

in more details in this chapter. They have their own advantages and are more suitable for 

the applications that are not included in this thesis.  

 



33 

 

Chapter 3 

Fundamental Concept of the Ripple Cancellation LED Driver and Its 

Implementation 

3.1 Introduction  

As discussed in chapter two, for the LED lighting applications, the power factor 

correction and THD requirement kick in when the power level is greater than 5W, which 

covers almost all the LED lighting applications. A single-stage LED driver inevitably 

introduces a high level of lighting flicker. With adding large electrolytic storage 

capacitors at the output side, the lighting flicker can be reduced. However, it is still far 

beyond the safe flicker range that suggested by IEEE PAR 1789 [8]. Besides, adding too 

much electrolytic capacitor defeats the original purpose of achieving low cost and 

compact design with a single-stage LED driver design. A two-stage LED driver can 

naturally achieve a high power factor and flicker-free LED driving performance at the 

same time. The downside of a two-stage LED driver is high cost and low efficiency. In 

this chapter, the fundamental concept of the ripple cancellation LED driver is introduced. 

In a typical design, only 10% or less power is converted twice. Therefore, it can also be 

named as 1.1 stage LED driver, which implicates the energy saving structure of the 

proposed LED driver. The efficiency of the proposed LED driver is close to a single-

stage LED driver. It can also achieve a high power factor as well as flicker-free LED 

driving performance that is comparable to a two-stage LED driver. At the same time, it is 

very cost effective.  
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3.2 Power Stage Structure of the Ripple Cancellation LED driver 

Before we explore the structure of the proposed LED driver, a brief explanation of the 

cause of the twice-line-frequency ripple voltage/current with the single-stage LED driver 

is presented as follows.  

For any grid connected power converters equipped with high power factor correction, 

the input power is a sinusoidal waveform with the averaged power to be one half of the 

peak power. The input power can be expressed as: 

 )()( __ tPPtP ripinavginin   (3-1)

Where the twice-line-frequency ripple power is: 

 )sin()( __ tPtP avginripin   (3-2)

For the LED driving application, we expect a DC voltage being applied to the LED 

load and producing a DC LED current. Thus, the output power is a DC and flicker-free 

LED driving performance can be obtained. When ignoring the power conversion loss, the 

averaged output power should equal to the averaged input voltage as shown in Figure 

3-1.  
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Figure 3-1 Input power and expected output power for converter with unity power factor  

The input power ripple takes place at twice the line frequency and produces a same 

frequency ripple voltage on the output of the single stage LED driver. The ripple voltage 

produces more excessive ripple current and the ripple current is presented as lighting 

flicker through LED.  

With the understanding that the twice-line-frequency ripple voltage of the PFC output 

generating the excessive ripple LED current, the objective of the proposed LED driver 

becomes to cancel that ripple voltage, yet with as fewer addtional components, cost and 

as lower conversion loss.  

Figure 3-2 shows the concept of the ripple cancellation LED driver. A power factor 

correction (PFC) circuit is used to achieve a high power factor and convert the AC power 

to DC power. The PFC can be built with common topologies such as Flyback or Buck-

Boost. The PFC produces two outputs, the main output Vo1 and the auxiliary output Vaux. 

By designing the majority of the output power, for example, 90%, to be delivered to the 

LED load via the port of Vo1, a significant ripple voltage is presented on Vo1.  

The other output of the PFC, Vaux, is the input voltage of the Ripple Cancellation 

Converter (RCC). RCC is essentially a DC-DC converter that provides an opposite ripple 
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voltage on Vo2. RCC can be built with almost any topologies that are suitable for a DC-

DC application. Vo1 and Vo2 are connected in series to achieve ripple cancellation. A DC 

LED voltage is produced and is used to drive the LED load with a DC LED current.  

 

Figure 3-2 Concept of the proposed ripple cancellation LED driver 

It should note that the power delivered to output via port Vo2 has been processed 

twice. This part of power is first processed by the PFC, and then handed by the RCC. In 

order to achieve a high efficiency, the power delivered to output via port Vo2 should be 

reduced. As a general practice, one can limit the peak twice-line-frequency ripple voltage 

of Vo1 to be less than 10% of the LED voltage. For example, when the LED voltage is 

50V, the peak ripple voltage of Vo1 should be less than 5V. The reason to set 10% as the 

limit is to facilitate the comparison between the proposed ripple cancellation LED driver 

and the conventional LED driver. In the conventional LED driver, the twice-line-

frequency peak ripple voltage is usually designed less than 10% of the LED voltage. In 

this way, the ripple LED current is not be too severe or even clipped by ground level. In 

order to make sure that the minimum RCC output voltage is no less than zero, the DC 

bias voltage for the RCC output is therefore also set to be 10% of the LED voltage. The 

power delivered by the RCC is proportional to its averaged voltage. With the DC voltage 
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to be 10% of the LED voltage, the power delivered by the RCC is also10% of the LED 

power and this part of power is processed twice in the ripple cancellation LED driver. 

The proposed ripple cancellation LED driver can also be named as "1.1 power stages" 

with regard to 10% percent of the output power has been processed twice. Thus, the 

overall efficiency of the proposed LED driver will be close to a conventional single-stage 

LED driver. In order to achieve this, the DC voltage of Vo2 is significantly lower than the 

DC voltage of Vo1. For example, the DC voltage of Vo1 and Vo2 can be designed to be 

45V and 5V, respectively.  

The PFC stage can be implemented with different topologies, such as Flyback, Buck-

Boost, floating Buck and their derivative. Among these, the Flyback and the Buck-Boost 

topologies are the most commonly used, both in industry and academia. Both of them can 

achieve high efficiency, low component cost and easy implementation. A high power 

factor can be naturally achieved with these two topologies. Flyback topology can also 

provide galvanic isolation that is required in some applications. Figure 3-3 shows the 

power stage circuit implementation of the proposed Flyback ripple cancellation LED 

driver and Figure 3-4 shows the proposed Buck-Boost ripple cancellation LED driver. 

The additional circuit required to achieve ripple cancellation is also illustrated. A Buck 

topology is used to implement the ripple cancellation converter. The benefit of using the 

Buck topology is easy implementation, high efficiency and low cost. The ripple 

cancellation converter can also be implemented by other topologies.  

The power stage structure of the ripple cancellation LED driver does not create any 

addition challenges on the EMI filter design. The ripple cancellation LED driver don't 

change the operation of the PFC. To the AC main, the behavior of the PFC from the 
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ripple cancellation LED driver is the same as the PFC of a conventional design. 

Therefore, the ripple cancellation LED driver does not needs any particular attentions 

with regard to implementing the EMI filter.  

 

Figure 3-3 Circuit implementation of the proposed Flyback ripple cancellation LED 

driver 

 

Figure 3-4 Circuit implementation of the proposed Buck-Boost ripple cancellation LED 

driver 
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Figure 3-5 Critical waveforms of the proposed LED driver at line cycle scale 

Figure 3-5 shows the key waveforms of the proposed ripple cancellation LED driver. 

Since a high power factor is achieved with the proposed LED driver, the input power 

waveform contains a large ripple at twice the line frequency. This low frequency ripple is 

passed to the main output, Vo1, of the PFC and creates a same frequency ripple voltage on 

Vo1. Therefore, Vo1 can be expressed as: 

  (3-3) 

In the above Eq. (3-3), Vo1_dc and Vo1_rip (t) represent the DC component and the twice-

line-frequency ripple of Vo1, respectively. The output voltage of the RCC, Vo2, is 

controlled to have an opposite low frequency ripple to that of Vo1. Vo2 can be expressed 

as:  

)()( _1_11 tVVtV ripodcoo 
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 )()()( _1_2_2_22 tVVtVVtV ripodcoripodcoo   (3-4) 

In the above Eq. (3-4), Vo2_dc and Vo2_rip (t) represent the DC component and the twice-

line-frequency ripple of Vo2 respectively.  

 

3.3 System Efficiency 

The advantageous power stage structure of the proposed ripple cancellation LED 

driver enables a high efficiency design. Most of the output power is delivered directly by 

the PFC through Vo1 and this part of power has only been processed once. Only the 

power delivered to the output through Vo2 has been processed twice and this portion is 

very small for a typical design.  

Assuming that the PFC delivers power to the output via Vo1 and Vaux with the same 

efficiency, the theoretical overall efficiency of the proposed LED driver can be then 

expressed as:  
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(3-5) 

In Eq. (3-5), ƞpd, ƞpfc and ƞRCC represent the overall efficiency of the proposed LED 

driver, the efficiency of the PFC and the efficiency of the RCC respectively. PLED, Po1_avg 

and Po2_avg represent the total output power of the LED load, the average power delivered 

to the LED load via Vo1 and the average power delivered to the LED load via Vo2. Where 

PLED, Po1_avg and Po2_avg can be also expressed as: 
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 LEDdcodcoLED IVVP  )( _2_1  (3-6) 

 LEDdcoavgo IVP  _1_1  (3-7) 

 LEDdcoavgo IVP  _2_2  (3-8) 

Substitution of Eq. (3-6), (3-7) and (3-8) into (3-5) leads to: 
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 (3-9) 

To keep Vo2 (t) being always positive, Vo2_dc must be larger than one-half of the peak to 

peak low frequency ripple of Vo1. As a design guideline, Vo2_dc can be designed to be:  

 
ppripodco VV __1_2 2
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(3-10)

Then, Eq. (3-9) can be rewritten as 
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Where RF is the ripple factor and is defined as 
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Eq. (3-11) can also be further presented as  

 eqpfcpd    (3-13)

Where  

 

RCC

eq

RF

RF




1.1

)1.1
1

(

)
1

(
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In Eq. (3-13), the overall efficiency of the proposed LED driver is presented as a 

multiplication of the single stage PFC efficiency, ƞPFC, and an equivalent efficiency, ƞeq 

as defined in Eq.(3-14). Since the proposed LED driver does not have an impact on the 

efficiency of the PFC itself, it is the ƞeq that should be increased to achieve a higher 

overall efficiency. As shown in Eq.(3-14), the RF has the effect of changing ƞeq. Figure 

3-6 plots the relationship between ƞeq and the RF when ƞRCC is 0.95.  
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Figure 3-6 Relationship between ripple factor (RF) and ƞeq 

The ripple factor changes from 0.05 to 0.2 in Figure 3-6. ƞeq is plotted with the peak to 

peak twice-line-frequency ripple voltage changes from 2.5V to 10V when the LED 

voltage is 50V. As the ripple factor increases, ƞeq will decrease, and so will the overall 

efficiency of the proposed LED driver. This is because a higher Vo2_dc is needed in the 

design to compensate for the higher Vo2 voltage ripple (the same in amplitude as Vo1 

voltage ripple) and this leads to more power being processed by the RCC. Therefore, to 

achieve a high efficiency, the RF should be carefully selected. When the efficiency of the 

RCC is quite high, the RF can be chosen to be quite large without reducing the system 

efficiency too much. When the efficiency of the RCC is at an average level, a moderate 

RF should be chosen. For example, when ƞRCC is 0.95, ƞeq is as high as 0.988 even the RF 

is 0.2.  

If we assume the efficiency of the PFC stage is 90% and ƞeq is 0.988, the overall 

efficiency will be 88.9% or 1.1% lower. On the other hand, if we use a two-stage solution 
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with Flyback converter followed by a Buck converter and also assume the efficiency of 

the Buck converter is 95%, the overall system efficiency will be 90%  95% = 85.5%. 

Therefore, the proposed LED driver can achieve much higher efficiency than a two-stage 

LED driver. 

 

3.4 Implementation Cost 

Another advantage of the proposed LED driver comes from the low cost 

implementation of the RCC. Since the RCC only processes a small portion of the output 

power (generally 10% or less) and its voltage stress is around 5% of the LED voltage. 

Integrated switching regulators, which include MOSFETs, controller and gate driver, are 

widely available to implement the RCC. Comparatively, in a conventional two-stage 

LED driver, the second stage DC-DC converter needs to process 100% of the output 

power and withstand a voltage stress higher than the LED voltage. Usually, discrete 

components are necessary to build the second stage DC-DC converter. Also, the passive 

components, such as the filter inductor and capacitor used in the RCC are also smaller 

than they are in the second stage DC-DC converter. Therefore, the proposed LED driver 

can achieve much lower cost than a two-stage LED driver. As an example, Table 3-1 

shows a component comparison between the second stage DC-DC and the RCC under 

50V/0.7A output application. 
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Table 3-1 Component comparison between the second stage DC-DC and the RCC 

Components Second stages DC/DC RCC 

Buck 
MOSFET 

Discrete MOSFET 
with up to 70V rating 

15V input, 1A output 
integrated switching regulator 

such as TPS54620, 
FAN2013, LM2651 

Buck diode 
Discrete Diode with 

up to 70V rating 
Buck high 
side driver 

FA5650 high side and 
low side driver 

Buck PWM 
Controller 

UC2843 

Buck 
inductor 

RCP1317NP-
470MMT, 47uH, 
69mohm, 13.5mm 
diameter, 17.5mm 

(high) 

IHLP2020CZER4R7M11. 
4.7uH, 54mohm, 5.2mm x 

5.5mm x 3mm (high) 

Buck output 
capacitor 

470µF, 63V 
electrolytic 

20µF/16V ceramic 

 

3.5 Component Selection Guideline 

3.5.1 PFC output capacitor Co1 

The value of the PFC output capacitor is directly related to the peak to peak twice-line-

frequency ripple voltage across the LED load. The PFC output capacitor is used to buffer 

the energy imbalance between the input side and the output side in a half line cycle. The 

relationship between the peak to peak ripple voltage and the output capacitor can be 

approximately expressed as:  
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 (3-15) 

Where in Eq. (3-15), ILED is the LED current, fline is the main AC frequency and Vo1_rip_pp 

is the peak to peak ripple voltage of the Flyback PFC output. The larger is the output 
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capacitor, the smaller is the peak to peak ripple on Vo1. A large ripple voltage on the LED 

load will introduce an even more excessive LED ripple current and in the end presented 

as lighting flicker. In order to reduce the ripple LED current to an acceptable level, a 

single-stage LED driver inevitability needs bulky output capacitors to limit the output 

ripple LED voltage and current.  

For the proposed ripple cancellation LED driver, peak to the peak twice-line-

frequency ripple voltage from the PFC Flyback output is cancelled and a DC LED 

voltage is applied to the LED voltage. Therefore, it is ok to use a smaller electrolytic 

capacitor or even ceramic and film capacitor in design. Figure 3-7 plots the relationship 

between the peak to peak ripple voltage of the Flyback PFC output and the required 

output capacitor. When the peak to peak ripple voltage is 10V, the output capacitor can 

be reduced below 200µF when the LED current is 0.7A. In particular, in a low LED 

current application, the required Co1 can be small enough that it can be implemented with 

non-electrolytic capacitors. When the LED current is 0.2A and the peak to peak ripple 

voltage is allowed to be 10V, the required capacitance for Co1 is only 53µF. This amount 

of the capacitance can be implemented by reasonable sized film or ceramic capacitors. In 

particular, for below 50V LED voltage applications, ceramic capacitor becomes a cost 

effective solution, which eliminates the needs for electrolytic capacitor and extends the 

lifespan of an LED driver.  
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Figure 3-7 Required output capacitor under different peak to peak ripple voltage 

 

3.5.2 RCC input capacitor Caux 

Figure 3-8 illustrates the relationship between the input power and the power required 

to sustain RCC. In most of the time of a half line cycle, the instantaneous input power is 

higher than the RCC output power. The input power drops to zero and is lower than the 

power to sustain RCC when the input voltage is at zero-crossing. During this time period, 

the power needed to maintain the RCC operation is supplied by the PFC input power 

directly. Therefore, Caux do not need to storage energy most of the time in a half line 

cycle. Caux does serve as an energy storage capacitor when the instantaneous PFC input 

power is lower than the RCC output power. During this time, Caux kicks in to provide the 

difference. Caux should be selected accordingly to avoid too much voltage dip.  
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Figure 3-8 Design consideration for Caux (a) Waveform of the input power and the 

required power to maintain Vo2, (b) Zoom in of (a), (c)Relationship of the waveform Vaux 

and Vo2 

As shown in Figure 3-8 (a) & (b), during the period [t1-t2], the instantaneous input 

power is lower than the required power to maintain Vo2. It should be noted that the 

required power to maintain Vo2 is the sum of Vo2 output power and the power to force Co2 
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voltage change. Since Co2 is very small, the power causing Co2 changes is ignored and 

Vo2 output power is used as an approximation of the power needed to maintain Vo2.  

For simplification and for leaving a margin to design Caux, it can be assumed that, 

during [t1-t2], the energy used to maintain Vo2 is solely provided by Caux.  Area A in 

Figure 3-8 (b) represents the amount of the energy that is used to maintain Vo2 during [t1-

t2]. Area A can be expressed as: 
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t

t

oArea dttPA  (3-16) 

It should be noted that during [t1-t2], Vo2 (t) swings in the vicinity of its averaged value. 

Therefore, Area A can be approximately presented as: 

 )( 12_2 ttPA avgoArea   (3-17) 

Where t1 and t2 can be solved by the equations:  
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Alternatively, for simplicity, t1 and t2 can also be obtained by the following equations  
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Then the length of [t1-t2] can be written as: 
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On the contrary, as it is shown in (c), the energy drawn from Caux causes the voltage 

decrease on Caux. The area A can also be presented as the energy changes on Caux during 

the time [t1-t2]. Therefore,  
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In Eq. (3-21), Vaux (t1) and Vaux (t2) represents the instantaneous voltage of Vaux (t) at t1 

and t2 respectively. Combining Eq. (3-17) & (3-21) yields:  
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Eq. (3-22) can also be rewritten approximately as:  
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Because the RCC is built with Buck topology, its input voltage must be higher than its 

output voltage, which imposes the restriction on Vaux. As a design guideline, the criteria 

can be selected to be:  

 max_22 1.1)( oaux VtV   (3-24) 

Combining Eq. (3-20), (3-22), (3-23) and (3-24), the restriction of design Caux is obtained  
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For example, when the Po2_avg is equal to 3.5W, the LED output power is 35W, the 

Vaux_avg is 12V and Vo2_max is 8V, the capacitor Caux is calculated to be greater than 77µF. 

 

3.5.3 RCC output capacitor Co2  

The capacitor Co2 for the output Vo2 is used to filter the high switching frequency 

ripple. It is not used to store energy. Therefore, usually, a 10µF~ 20µF ceramic capacitor 

is sufficient for Co2 to filter out the switching frequency ripple, together with the inductor. 

 

3.6 Control Scheme of the Proposed LED Driver 

3.6.1 Control of the ripple cancellation converter 

Figure 3-9 illustrates the way to achieve the RCC control. The PFC output Vo1 (t) is 

sensed and sent to the DC blocking Unit (DBU). The DBU blocks the DC component of 

the signal while allowing the twice-line-frequency ripple to go through. The output of the 

DBU is the twice-line-frequency ripple Vo1_rip (t). Vo1_rip (t) is further inverted and added 

to a DC bias voltage Vbias, and the result, Vo2_ref, becomes the reference voltage for the 

RCC. With a well-designed feedback loop, the output voltage of the RCC, Vo2, should be 

able to follow its reference voltage tightly. Therefore, Vo2 contains an opposite twice-

line-frequency ripple voltage to that of Vo1 thus achieving ripple cancellation. Figure 

3-10 shows the detailed circuit implementation of the RCC. Commonly used off the shelf 
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components are used. In the implementation, TPS54620 from Texas Instruments is an 

integrated Buck converter which includes two MOSFETs, a gate driver and a controller. 

A similar alternative, such as LM2651 also from Texas Instruments or FAN2013 from 

Fairchild can also be used to achieve similar results. Three low power consumption 

amplifiers, TLV274CDR from Texas Instrument, are used to sense and condition the 

twice-line-frequency ripple voltage of Vo1 and generate the reference voltage for the 

RCC.  

 

Figure 3-9 Control diagram of the ripple cancellation converter 
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Figure 3-10 Detailed circuit implementation of the RCC 

 

3.6.2 LED current regulation 

Figure 3-11 shows the control diagram of the Flyback prototype used to achieve the 

LED current regulation. The change of compensation signal Vcomp_p at the primary side 

results in a change in the RMS input current, which further results in a change in the 

input power and the output voltage Vo1. It should note that the DC voltage of Vo2 is 

unchanged in the design. It is the DC voltage change of Vo1 that leads to the change of 

the DC LED current. With LED current regulation loop, Vo1_dc settles to the value that 

makes LED current exactly equal to its reference.  
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Figure 3-11 Control diagram to achieve LED current regulation for the Flyback prototype 

 

3.7 Experimental Result  

In this section, the experimental results are shown to validate the proposed LED driver. 

A 35W, 50V/0.7A Flyback experimental prototype has been built to validate the 

proposed LED driving method. Table 3-2 provides the critical circuit parameters. 

The Flyback PFC operates in boundary conduction mode to achieve a high power 

factor, low switching loss and a low switching current. The input voltage of the RCC is 

12V and the output of the RCC is averaged at 5V with 0.7A current. The RCC is built 

with an integrated switching regulator, TPS54620, from Texas Instruments to reduce cost 

and simplify the design.  

The key waveforms of the proposed Flyback experimental prototype are shown in 

Figure 3-12. For the PFC output, the 120Hz peak to peak output ripple voltage is 4V. The 

RCC also produces a 4V pk-pk 120Hz ripple voltage but with an 180º phase shift. 
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Therefore, these two voltages have their 120Hz ripple cancelled. A twice-line-frequency 

ripple free DC LED voltage is produced and DC LED current is achieved.  

Table 3-2 Flyback experimental prototype circuit parameters 

Flyback PFC Section 
Transformer turns ratio 

Npri:Nsec:Naux 
38:15:4 

Primary side winding 
inductance (Lpri) 

470µH 

Main MOSFETs Q1 STF11NM80 
PFC controller FA5601N 

Output capacitor Co1 470µF, 63V 
Ripple Cancellation Converter Section 

RCC input capacitor Caux 160 µF, 16V 
RCC output capacitor Co2 20 µF, 16V 

RCC output inductor L 4.7 µH 
Switching Regulator TPS54620 

LED Load Section 

LED load  
23 LEDs connect in series 
PN: LR W5AM-HZJZ-1-Z 

 

 

Figure 3-12 Key waveforms of the proposed Flyback LED driver (Vin=110Vrms, 

VLED=50V, ILED=0.7A) 
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An LED current ripple comparison has also been performed between the proposed 

LED driver and a conventional single-stage LED driver. Their waveforms are shown in 

(a) and (b). The PFCs used in both designs are identical and their output capacitors are 

the same 470µF electrolytic capacitors.  

 

(a) Ripple cancellation LED driver 

 

(b) Conventional Flyback LED driver 

Figure 3-13 Ripple current comparison between the proposed LED driver and the 

conventional single-stage LED driver (Vin=110Vrms, VLED=50V, ILED=0.7A) 
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 (a) The proposed ripple cancellation LED driver 

  

(b) Conventional Flyback LED driver 

Figure 3-14 Ripple current comparison between the proposed LED driver and the 

conventional single-stage LED driver (Vin=220Vrms, VLED=50V, ILED=0.7A) 

In order to accurately measure the 120Hz ripple current out of the high switching 

frequency noise, the FFT function in the oscilloscope was used for measurement. Under 
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both 110Vrms and 220Vrms input voltages, the RMS 120Hz ripple current is measured to 

be 0.47mA, which reflects a 1.3mA peak to peak 120Hz ripple current. Comparatively, 

the 120Hz ripple current produced by the conventional single-stage LED driver is 400mA 

peak to peak. The proposed ripple cancellation LED driver can reduce the LED current 

ripple by 265 times. 

 

Figure 3-15 Power factor of the proposed LED driver and the conventional LED driver 

The power factor of the proposed the LED driver and the conventional LED driver 

have been shown in Figure 3-16. It has demonstrated that the proposed LED driver can 

achieve a comparable power factor performance to a conventional design. The current 

harmonics with the proposed LED driver have also been measured. 
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Figure 3-16 Each order of harmonic content of the input current 

An efficiency comparison between the conventional single-stage LED driver, the 

proposed LED driver and the conventional two-stage LED driver has also been 

performed. Identical PFCs are used in three designs. The RCC in the proposed LED 

driver has an averaged 90% efficiency. The second stage DC-DC converter in the two-

stage LED driver has 96% efficiency. 

 

Figure 3-17 Efficiency comparison between different designs at full load (50V/0.7A) 
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Even the RCC efficiency (around 90%) is much lower than the second stage DC-DC 

converter (around 96%) in the two-stage design, the overall efficiency of the proposed 

LED driver is still 3% higher than the two-stage LED driver while only 1% lower than 

the single-stage LED driver. Thanks to the advantageous power stage structure, the RCC 

only processes a small amount of total power. Therefore, the power conversion loss 

during the operation of the RCC is much smaller compared to the overall system loss. 

The efficiency of the proposed LED driver can be even increased with a higher efficiency 

RCC. The photo of the proposed Flyback experimental prototype is shown in Figure 

3-18.  

 

Figure 3-18 Photo of the Flyback experimental prototype 

The proposed ripple cancellation LED driver has also been validated with the Buck-

Boost topology. Another experimental prototype with 10W, 50V/0.2A output using non-

isolated Buck-Boost converter has also been built to verify the possibility of using 

ceramic storage capacitor.  

Figure 3-19 shows the circuit implement of the proposed Buck-Boost LED driver and 

Table 3-3 shows the key circuit parameters.  



61 

 

 

Figure 3-19 Circuit diagram of the proposed Buck-Boost based LED driver 

Table 3-3 Buck-Boost experimental prototype circuit parameters 

Buck-Boost PFC Section 
Inductor turns ratio N1: 

N2 
42:13 

Inductor (winding N1) 985µH 
Main MOSFET Q1 STP3NK80Z 

Controller FL7732 
Output capacitor Co1 3 x 20µF 

Ripple Cancellation Converter Section 
RCC input capacitor Caux 20µF, 16V 
RCC output capacitor Co2 4.7µF, 16V 

RCC output inductor L 22µH 
Switching controller FAN8303 

Load Section 

LED load 
26 LEDs connect in series 
PN: LR W5AM-HZJZ-1-Z 

 

One more benefit from the Buck-Boost based ripple cancellation LED driver is the 

possibility of integrating the PFC controller, and compensation circuit and the RCC into a 

single chip. Thus, the Buck-Boost implementation of the proposed LED driver will be 

more appealing. 
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The key waveforms of the proposed Buck-Boost experimental prototype are shown in 

Figure 3-20. In this design, the output capacitor has been intentionally reduced to 60µF 

so that ceramic storage capacitors can be used in the design, and result in a 9V peak to 

peak 120Hz ripple voltage on Vo1. The RCC also produces an opposite 9V pk-pk 120Hz 

ripple voltage to cancel the ripple voltage from Vo1. As a result, the 120Hz ripple voltage 

on LED has been substantially reduced.  

 

Figure 3-20 Key waveforms of the proposed Buck-Boost LED Driver (Vin=110Vrms, 

VLED=50V, ILED=0.2A) 

The produced ripple currents and light flicker are compared between the conventional 

Buck-Boost LED driver and the proposed Buck-Boost LED driver and the result is shown 

in Figure 3-21. Both LED drivers are connected with the same 60µF ceramic output 

capacitors and output 200mA average LED current.  
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With the conventional Buck-Boost LED driver, the peak to peak 120Hz ripple current 

is as high as 260mA, which means 65% ripple current. Comparatively, with the proposed 

LED driver, the peak to peak 120Hz ripple current is reduced to be 22mA, which means 

5.5% ripple current. The ripple current reduction ratio between these two technologies is 

12 times. The light outputs produced by the LEDs are also shown and presented as 

voltage quantities. With the conventional Buck-Boost LED driver, the light ripple is 

presented as 3.65V while the averaged light output is presented as 2.75V, which means a 

66% flicker. With the proposed LED current, the light ripple is presented as 300mV 

while the averaged light output is also 2.75V, which means a 5.4% flicker. The flicker 

reduction ratio between these two technologies is also about 12 times. Therefore, the 

ripple currents are almost proportionally presented as flicker. The ripple current, as well 

as flicker, can be further reduced with the proposed LED driver when the RCC has better 

reference tracing performance.  The efficiency of the Buck-Boost prototype is shown in 

Figure 3-22. The photo of the Buck-Boost experimental prototype is shown in Figure 

3-23.   
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(a) Conventional Buck-Boost LED driver 

 

(b) Proposed Buck-Boost LED driver 

Figure 3-21 Ripple current and light flickering comparison between the proposed LED 

driver and the conventional LED driver 
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Figure 3-22 Efficiency of the Buck-Boost experimental prototype at full load (50V/0.2A) 

 

 

Figure 3-23 Photo of the Buck-Boost experimental prototype 

 

3.8 Conclusion 

A ripple cancellation LED driver is proposed in this chapter. The proposed LED driver 

solves the twice-line-frequency flicker issue which occurs when a single-stage LED 

driver is used to drive an LED load. A DC-DC converter (RCC) is used to generate an 

opposite twice-line-frequency ripple voltage to that of PFC's main output. The PFC main 

output and the RCC output are connected in series and have their twice-line-frequency 
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ripple voltage cancelled. As a result, a DC LED voltage is applied to an LED load and a 

DC LED current is obtained thereby achieving flicker-free LED driving.  

With the proposed LED driver, the required output capacitor can also be greatly 

reduced, which means a reduction in the component cost. The output capacitors for the 

10W Buck-Boost prototype have even been reduced to only 60µF and can be 

implemented by ceramic capacitors. Electrolytic capacitor free design is achieved with 

the Buck-Boost prototype.  

The proposed LED driver can also achieve a high efficiency since only a small 

percentage of output power (typically 10% or less) has been processed twice. 

Comparatively, all the output power has been processed twice in a two-stage LED driver 

design. Therefore, the efficiency of the proposed ripple cancellation LED driver is very 

close to a comparable single-stage LED driver while much higher than a two-stage LED 

driver.  

The RCC in the proposed LED driver can be implemented by an integrated switching 

regulator, which includes MOSFETs, a gate driver and a controller. The passive 

components used in the RCC only process a small amount of the output power, so the 

cost from them is also low. One additional benefit of the Buck-Boost implementation is 

the possibility of integrating the PFC controller and the RCC into a single chip. Thus, the 

implementation cost can be further reduced.  

A 35W, 50V/0.7A Flyback LED driver prototype and a 10W, 50V/0.2A Buck-Boost 

LED driver prototype have been implemented and tested to validate the proposed LED 

driving method. Flicker-free LED driving, a high power factor and a high efficiency have 

all been achieved in these two experimental prototypes.  
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Chapter 4 

Primary Side Controlled Ripple Cancellation LED Driver 

4.1 Introduction 

Among many popular single-stage LED driver designs, the Flyback LED driver is a 

very attractive LED driving solution for isolated applications. The primary side 

controlled technology [45]-[47] makes the Flyback LED driving solution more cost 

effective. The concept of the primary side controlled Flyback LED driver is illustrated in 

Figure 4-1.  

 

Figure 4-1 Primary side controlled LED driver 

The peak switching current of the primary side winding, Ipri_pk, is sensed. With the 

coupling relationship between the primary side winding Npri and the secondary side 

winding Nsec, the peak secondary side switching current is essentially sensed. The 

magnetic current in the secondary side winding is discharged after the MOSFET Q1 is 

turned off. The moment that the secondary side current becomes zero is detected by 
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sensing the voltage change on the transformer windings. Therefore, the secondary side 

current discharge time, Tdis, is obtained. With Ipri_pk and the discharge time Tdis being 

available, the averaged secondary side current in a switching cycle can be obtained, 

which is also equal to the LED current. Therefore, only one controller is needed at the 

primary side to regulate the LED current. No secondary side compensation circuit, no 

opto-coupler are required. This way, the component cost and design complexity are 

further reduced.  

However, flicker issue is still presented on the primary side controlled LED Driver. As 

discussed in Chapter three, ripple cancellation LED driver can achieve flicker-free LED 

driver while maintaining high power factor, high efficiency and low component cost. It is 

a very competitive solution compared to a conventional single-stage or two-stage LED 

driver design. Therefore, a primary side controlled ripple cancellation LED driver has 

been proposed in this chapter. The objective is to achieve low cost design as a 

conventional primary side controlled LED driver while maintaining all the good features 

from the original ripple cancellation LED driver. A 30W, 50V-0.6A experimental 

prototype with universal input voltage range has been built to verify the proposed LED 

driver. 

 

4.2 Structure of the Proposed LED Driver 

Figure 4-2 shows the structure of the proposed LED driver. The power stage includes 

a main PFC Flyback (on the top) and a miniature Flyback (on the bottom) converter that 

serves as the ripple cancellation converter. The PFC Flyback is connected with the 

rectified AC source to achieve a high power factor for the system. The input of the RCC 
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Flyback is from an auxiliary output voltage of the PFC Flyback located at the primary 

side. The RCC Flyback is used to produce an opposite ripple voltage, Vo2, to compensate 

the twice-line-frequency ripple voltage from the PFC Flyback output Vo1. Under this 

power stage structure, a DC LED voltage is produced and is used to drive the LED load 

with a DC current - flicker-free LED driving. It is noted that the design of some practical 

circuitry, such as the EMI filter and the snubber circuit are not different from that of the 

other conventional designs. They are not shown in Figure 4-2 in order to keep the 

discussion concise. 

 

Figure 4-2 Structure of the proposed primary side controlled ripple cancellation LED 

driver 

For the 30W experimental prototype, the PFC Flyback is operated under BCM 

condition. It can also be operated under CCM or DCM condition to suit the requirement 

of a different application. The RCC Flyback is also operated under BCM mode. It can 
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also be operated under DCM mode. It should be noted that the RCC Flyback cannot be 

operated under CCM condition in order to perform the primary side current sensing 

properly.  

Another good feature of the proposed LED driver is the proposed primary side control 

system. The conventional primary side LED driving controller cannot be used with the 

proposed power topology. A new primary side controller circuit is also presented in this 

chapter to implement the proposed power topology. The output voltage of the PFC 

Flyback Vo1 is sensed by the sensing winding Nsns1 and the output voltage of the RCC 

Flyback Vo2 is sensed by the sensing winding Nsns2. Current sensing is performed at the 

primary side of the RCC Flyback converter. The peak switching current, Ipk_sns, and zero 

current condition of the secondary side current, ZCS, are sensed.  

The basic operating principle of the current sensing circuit in the proposed LED driver 

is similar to the popular off the shelf controllers, such as FL7732, IRS2983, and RT7304. 

The difference with the proposed technology is we need to take the proposed power 

topology into consideration. To be precise, the current sensing needs to be performed on 

the primary side of the RCC Flyback instead of on the primary side of the PFC Flyback.  

The reason of this circuit arrangement will be explained in section IV. Therefore, the 

entire control system is located on the primary side. No secondary side compensation 

circuit and opto-coupler are needed.  

Figure 4-3 reveals the detailed operating principle of the proposed primary side 

controller. There are four inputs to the controller, Vo1_sns, Vo2_sns, Ipk_sns and ZCS. There 

are two control loops in the system, the voltage loop to regulate the RCC Flyback output 

Vo2 and the current loop to regulate the LED current.  
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Figure 4-3 Diagram of the proposed primary side controller (all the terminal voltages are 

shown in Figure 4-2) 

In order to control the RCC Flyback output Vo2 with an opposite ripple voltage to that 

of the PFC Flyback output Vo1, the output voltage Vo1 is sensed by the sensing winding 

Nsns1. Vo1_sns is the voltage across the sensing winding Nsns1. The voltage on the sensing 

winding is sampled at the right timing by the S & H circuit. This way, the PFC Flyback 

output voltage Vo1 is replicated at the primary side. The replicated PFC Flyback output 

voltage Vo1_replica is then level shifted, inverted and becomes the reference voltage, Vo2_ref, 

for the RCC Flyback output.  

Likewise, the RCC Flyback output is also sensed at the primary side. With a well-

designed control loop, the RCC Flyback output will tightly follow its reference. An 

opposite twice-line-frequency ripple voltage is produced to compensate the ripple voltage 

from the PFC Flyback output.  
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The primary side current sensing is also a part of the control scheme. The signal Ipk_sns 

represents the primary side peak switching current of the RCC Flyback transformer. The 

signal ZCS is the detection signal when the secondary side switching current of the RCC 

Flyback transformer reaches zero. With known Ipk_sns and ZCS, the LED current can be 

calculated at the primary side. The calculated LED current follows the current reference 

so that the LED current is regulated. The PFC controller is in the LED current regulation 

loop. It will automatically adjust the DC voltage of the PFC Flyback output to regulate 

LED current. 

 

4.3 Analysis on the Power Stage  

4.3.1 PFC Flyback design 

The power stage design of the PFC Flyback used in the proposed primary side 

controlled ripple cancellation LED driver is the same as it in the previous secondary 

controlled ripple cancellation LED driver from chapter three. The design guideline can 

refer to the discussion from there.  

It should note that the primary side current sensing is not suitable to be performed with 

the PFC Flyback because of its unique power stage structure. As it is shown in Figure 

4-2, the PFC Flyback has one main output Vo1 located at the secondary side and another 

auxiliary output Vaux located at the primary side. Vaux is also the input voltage of the RCC 

Flyback. For the PFC Flyback transformer, there are magnetic current flowing in both the 

secondary side winding, Nsec1, and the primary side auxiliary winding, Naux, during the 

off period. Therefore, the peak switching current at the primary side of the PFC Flyback 
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transformer is not an accurate representation of the peak switching current at the 

secondary side. The requirement to apply primary side current sensing scheme cannot be 

met. 

 

4.3.2 RCC Flyback design 

In order to adopt the primary side current sensing method with the proposed LED 

driver, the Flyback RCC needs to operate under Boundary Conduction Mode (BCM) or 

Discontinuous Conduction Mode (DCM). In any switching cycle, the averaged secondary 

side current is equal to the LED current plus the current charging/discarding the RCC 

Flyback output capacitor. Therefore:  

 
dt

dV
CI

T

TI
o

oLED
s

dispkses 2
2

2_

2





 (4-1)

In Eq.(4-1), Tdis represents the magnetic current discharge time, and Ts represents a 

switching period. The term 
dt

dV
C o2 represents the charging/discharging current of the 

RCC Flyback output capacitor Co2 in one switching cycle. Since the capacitor Co2 is used 

to filter the high frequency ripple voltage and is in the magnitude of a few microfarads, 

the term 
dt

dV
C o2  is much smaller than ILED and can be ignored in the calculation. 

Also, the peak secondary side current can be expressed as: 
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Combining the Eq. (4-1) and (4-2)  yields: 
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The peak primary side current can be also expressed as:  
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Combining Eq. (4-3) and (4-4) yields: 
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Because the Flyback RCC operates either under DCM or BCM condition, a voltage-

second balance is achieved in every switching cycle. Therefore: 

 diso
pri

onin TV
N

N
TV  2

2

2sec )(  (4-6)

In Eq.(4-6), Ton is the turn on time of the MOSFET Q2 (the main MOSFET of the RCC 

Flyback). The Eq. (4-6) can be further rearranged as: 
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Substituting the Eq. (4-7), (4-6) into (4-5) yields: 
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Rearranging Eq. (4-8) yields: 
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Substituting Eq. (4-9) into (4-7) yields: 
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When the Flyback RCC operates under BCM mode, Tdis is equal to the turn off time with 

ignoring the practical delay between the magnetic current drops to zero and the starting of 

the next switching cycle. Therefore,  
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Rearranging Eq. (4-11) yields: 
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Eq.(4-12) shows that Ts changes with ILED, Lpri2, Vin, Vo2 and the turn's ratio Nsec / Npri. 

The switching period under different design parameters is plotted in Figure 4-4.  

The X axis represents the output voltage of the RCC Flyback while the Y axis 

represents the switching period, Ts. For example, with the green curve (Vin=12V) in 

Figure 4-4 (a), the switching period changes from 21µs to 6µs with the output voltage 

changes from 1V to 9V. By choosing the output voltage range, the switching 

period/frequency can be controlled within a predefined range. Also, other design 

parameters, such as turns' ratio Npri2: Nsec2, the primary side inductance Lpri and the input 

voltage can also change the switching period of the Flyback RCC. One should make sure 

the BCM controller can proper operate in the whole operation range. If a constant 

switching frequency controller is used to build the Flyback RCC, one should make sure 

that the switching period of the controller is greater than the sum of Ton and Toff  under the 

entire operation condition.  
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(c) 

Figure 4-4 Relationship between TIm and the RCC Flyback output voltage Vo2: (a) Under 

Npri2: Nsec2 =1, Lpri2=15µH, ILED= 0.6A with Vin=8V, 10V, 12V, (b) Under Vin =12V, 

Lpri2=15µH, ILED= 0.6A, with Npri : Nsec=1, 0.5, 2, (c) Under Vin =12V, Npri2: Nsec2=1, ILED= 

0.6A with Lpri=20µH, 15µH, 10µH 
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Because the input voltage, output voltage and the output power of the RCC Flyback is 

low, the voltage and the current stress of the components in the RCC Flyback is also 

quite low. The peak voltage stress of the MOSFET Q2 can be expressed as: 
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Where in Eq. (4-13), Vin is designed at 12V, the maximum voltage of Vo2 is at 8V and the 

turn's ratio Npri2: Nsec2 is 1:1, the maximum voltage of Q2 is around 20V.  

The voltage stress of the output diode can be expressed as: 
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The voltage stress of the output diode D2 of the RCC Flyback is also around 20V in the 

proposed design.  

With arranging the Eq.(4-1), the peak switching current in the secondary side winding 

can be expressed as: 

 

dis

sLED
pk T

TI
I




2
2sec_  

(4-15)

Because the RCC Flyback is operated under BCM condition, we have: 
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In Eq. (4-16), D is the duty ratio of the RCC Flyback in a particular switching cycle. D 

can also be expressed as: 
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Substituting Eq. (4-16), (4-17) into (4-15) yields: 
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The maximum current of Isec_pk2 is calculated to be 2A with Vin being designed at 12V, 

the maximum voltage of Vo2 being at 8V and the turn's ratio Npri2: Nsec2 being 1:1. The 

peak switching current in the primary side MOSFET Q2 can be expressed as: 
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The maximum current flowing in Q2 is also calculated to be 2A.  

 

4.4 Analysis on the Proposed Primary Side Controller   

As shown in Figure 4-2, the output voltage of the PFC Flyback and the RCC Flyback 

are sensed by the sensing windings. As also illustrated in Figure 4-3, the signals from the 

sensing windings are further sampled and conditioned to achieve RCC Flyback output 
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regulation. The switching current of the RCC Flyback is also sensed at the primary side 

to achieve LED current regulation. In this section, the voltage and current sense scheme 

are discussed in more details.   

 

4.4.1 Existing primary side voltage sensing 

Figure 4-5 shows the primary side voltage sensing circuit and the critical waveforms 

based on the Flyback topology. The impact of the output diode's forward voltage drop, 

parasitic components of the power circuit and the sampling timing were analysed in 

previous literature [88]-[91] and will not be repeated in this chapter. A brief introduction 

of the technology is given as a preparation for better understands the special treatment 

used to sense the PFC Flyback output voltage. 

During the off period and also while the output diode D1 is still conducting, the 

winding voltage Vsec is clamped at the output voltage, Vo, When ignoring the diode D1's 

forward voltage drop and other parasitic circuit parameters. The voltage on winding Nsec 

is proportionally coupled to winding Nsns. The voltage on the sensing winding is sampled 

and held until the next sampling action. In order to avoid excessive voltage ringing on the 

sensing winding, the sample action should be delayed after turn off the primary side 

MOSFET Q1. Thus, the secondary side output voltage, Vo, is obtained at the primary side 

cycle by cycle and is presented as Vo_replica.  

The previous primary side voltage sensing technology is applied in the context of DC-

DC converter. When this voltage sensing method is used to sense the PFC Flyback output, 
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the voltage on the sensing winding is not valid during the input voltage zero-crossing. 

This problem is discussed in details, and a solution is provided in this section. 

 

Figure 4-5 Primary side voltage sensing with the Flyback topology 

 

4.4.2 Improved primary side voltage sensing for the proposed LED driver  
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(a) 

 

 (b) 

 

(c) 

Figure 4-6 Simulated key waveforms illustrate the issue of primary side voltage sensing 

with the PFC Flyback: (a) waveforms in half line cycle time scale, (b) zoom into interval 

A (c) zoom into interval B (simulated with PSIM 9.13) 
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When the output diode is conducting, the voltage on the sensing winding is a valid 

representation of the output voltage. For the PFC Flyback, the output diode does not 

conduct or conduct for a too short period of time when the input voltage is near zero-

crossing. Figure 4-6 shows the simulated key waveforms and validates this point.  

The interval B is the input voltage zero-crossing region. Both the input voltage and the 

input current are close to zero. The energy stored in the transformer during the turn on 

period is very small. It is exhausted in the form of power loss, charging the parasitic 

capacitor and snubber circuit before it can force the output diode to conduct, or conduct 

for long enough time, during the turn off. Valid information from the secondary side 

output cannot be extracted at the primary side during the time interval B. On the other 

hand, when the input voltage and input current is high such as in the interval A, output 

diode conducts long enough time and provides time margin to achieve proper voltage 

sampling.  

A solution to solve the above problem is provided in this chapter. The primary side 

voltage sensing circuit is modified as shown in Figure 4-7. A DRC network, which 

included the diode De, the resistor Re and the capacitor Ce, is added to the output of the S 

& H circuit.  
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(a) 

 
(b) 

 
 (c) 

Figure 4-7 Improved primary side voltage sensing for the PFC, (a) simulated waveforms,  

(b) improved voltage sensing circuit, (c) current source circuit 
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The operating principle of the circuit is straight forward. As shown in Figure 4-7(a), 

during the time interval [t0-t1], Vo_replica (blue line), is a proper representation of the 

secondary side output voltage. Vo_replica simply passes through the DRC network and is 

equal to the final sensing output, Vo_replica1, with neglecting the diode De’s forward 

voltage drop. If somehow a perturbation causes Vo_replica1 to be higher than Vo_replica, the 

diode De is then reversely biased. Ce is discharged through resistor Re and the difference 

between Vo_replica1 and Vo_replica will be reduced and eventually be equal.  

During the time interval [t1-t2], the voltage on the sensing winding is not a valid 

representation of the output voltage during the off period. As the result, the sampled 

voltage is not correct. During this time interval, the diode De is reversely biased, and 

Vo_replica1 is blocked from Vo_replica. The resistor Re discharges the capacitor Ce at this 

period. This behavior is similar to the behavior that the output capacitor is discharged by 

the LED while receiving little, if any, energy from the input. Therefore, with carefully 

selecting the resistor Re and capacitor Ce, the PFC Flyback output voltage can be 

emulated during [t1-t2].   

Assuming the turn's ratio between the secondary side winding and the sensing winding, 

Nsec1: Nsns1 is 1:1, Ce and Re should be selected to meet the follow requirement: 

 LEDoee RCRC 1  (4-20)

Where 
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In Eq. (4-20) and (4-21), Vo1 is the PFC Flyback output and Co1 is the output capacitor. 

For example, if the PFC Flyback output voltage is 50V and the LED current is 0.6A, 

RLED is equal to 83.3Ω. When the PFC Flyback output capacitor is 470µF and the 

calculated equivalent load resistor is 83.3Ω, the Ce and Re can be designed to be 470nF 

and 83.3KΩ, respectively to match. When the LED driver is designed to operate under 

different loading current, the resistor can also be replaced by a current source that meets 

the following relationship: 
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Where in Eq.(4-22), Ie is the current source that emulates the output LED current. The 

circuit to generate Ie is shown in Figure 4-7(c). The current Ie can be calculated as: 
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Vie_ref is the emulation current programming voltage in Eq. (4-23). In the LED driver, 

there is also a voltage, namely VILED_ref, to program the LED current. Therefore, as long 

as the voltage Vie_ref changes proportionally with the voltage VILED_ref, the generated 

emulation current can also change proportionally with the load LED current and the 

emulator can operate under different load condition.  

With adding a diode, resistor / current source and a capacitor to complement the 

function of the original S & H circuit, the secondary side output voltage of the PFC 

Flyback can be accurately sensed at the primary side.  
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4.4.3 RCC Flyback voltage regulation  

Figure 4-8 illustrates how the RCC voltage regulation is achieved. As mentioned, the 

PFC Flyback output and the RCC output are sensed across the isolation barrier at the 

primary side. Vo1_replica1 is the sensed PFC Flyback output. Firstly, the DC component of 

the Vo1_replica1 is removed by the DC blocking capacitor Cb. Then the ripple voltage is 

properly scaled by the ratio of R1 and R2 and added with a DC biasing voltage Vbias. The 

result, Vo2_ref, is the reference voltage of the RCC output Vo2. With a well-designed 

feedback loop, Vo2 will closely follow its reference voltage. Therefore, Vo2 contains an 

opposite twice-line-frequency ripple voltage to that of Vo1. Ripple cancellation between 

the PFC Flyback output and the RCC Flyback output can be achieved.   

 

Figure 4-8 RCC Flyback output regulation loop 
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4.4.4 Primary side current sensing strategy 

Figure 4-1 illustrated the operating principle of primary side current sensing. When a 

Flyback converter operates under DCM or BCM, by sensing the peak switching current at 

primary side, Ipri_pk, and the transformer current discharge time during turn off, Tdis, the 

averaged output current, Isec_avg, in a switching cycle can be calculated as:  

 
Secs

pridispkpri
avg NT

NTI
I





2
_

sec_  (4-24)

In Eq. (4-24), Ts, Npri and Nsec are the switching period, the primary side turns and the 

secondary side turns, respectively. Ts, Npri and Nsec are known parameter in design. A 

proper circuit built at the primary side can be used to present the calculation in Eq. 

(4-24). Therefore, the averaged secondary side current, which is also the averaged LED 

current, can be obtained at the primary side. 

The primary side current sensing scheme is applied on the RCC Flyback. The peak 

switching current at the primary side of the RCC Flyback transformer is an accurate 

representation of the peak switching current at the secondary side and the Eq. (4-24) can 

be used to calculate the averaged secondary side current.  Because the output Vo2 is 

connected in series with the LED load, the averaged secondary side current of the RCC 

Flyback is equal to the averaged LED current. Therefore, in the proposed LED driver, the 

LED current is sensed at the primary side of the RCC Flyback.  

 

4.4.5 Accurate LED current calculation 
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 With the peak switching current, Ipri_pk, and the secondary side current discharging 

time, Tdis, being sensed, the averaged LED current can be measured at the primary side. 

Figure 4-9 shows an implementation used in the proposed LED driver.  

 

Figure 4-9 Primary side current calculating circuit 

The primary side current Ipri from the RCC Flyback transformer is converted to the 

voltage form V (Ipri). The peak of V (Ipri) is sampled at the end of the on period by the S 

& H circuit. The S & H circuit can also be implemented with a circuit consist of a diode, 

a capacitor and a resistor in order to reduce cost. V (Ipri) represents the peak primary side 

switching current and also the peak secondary side switching current as the turn's ratio is 

known. The MOSFET Qa1 and Qa2 are operated in the complementary fashion. Qa1 is 

turned on when V (Ipri) is sampled and is turned off when the inductor current is 

discharged to zero. Therefore, the average voltage on the switching node A can be 

expressed as: 

 
S

dispri
avgA T

TIV
V




)(
_  (4-25)
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In Eq. (4-25), Tdis is the RCC Flyback secondary side current discharge time. Because V 

(Ipri) represents the peak secondary side switching current and by comparing (4-24) and 

(4-25), it can be concluded that VA_avg is a proportional representative of the averaged 

secondary side / LED current. The resistor R1 (100k) and capacitor C1 (4.7µF) smooth 

the waveform to a DC. 

 

4.4.6 LED current regulation 

Figure 4-10 shows the block diagram to regulate the LED current. The averaged LED 

current, ILED_avg, is measured at the primary side with the circuit shown in Figure 4-9. 

ILED_avg is regulated by the current loop and always follows the current reference, Iref. The 

PFC controller is in the LED current feedback loop and adjusts the Flyback output 

voltage. The PFC Flyback output voltage settles to the value where the LED current is 

equal to the current reference. It should note that, in the proposed LED driver, the DC 

voltage of the RCC Flyback output is a constant in the design and is not in the LED 

current loop. A wide range of LED output voltage and current can be provided by 

adjusting the PFC Flyback output voltage while keeping the RCC Flyback output voltage 

high enough to remove the AC ripple and low for high efficiency.  
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Figure 4-10 LED current control diagram 

4.4.7 Transformer design 

A split primary side winding construction can effectively improve the coupling 

between the primary side and the secondary side, reduce the leakage inductance.  At the 

same time, in order to sense the output voltage Vo1 and Vo2 with high fidelity at the 

primary side, it is also very critical to achieve good coupling between the sensing 

windings and the secondary side windings. The following transformer construction 

shown in Figure 4-11 is recommended. The first half primary side main winding is placed 

at the most inner layer. With placing the sensing winding at the second layer and the 

secondary main winding at the third layer, good coupling between the secondary side 

main winding and the sensing winding is achieved. Another half primary side main 

winding is placed at the outmost layer to achieve good coupling between the primary side 

main winding and the secondary side main winding.  
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Figure 4-11 Recommended transformer construction 

 

4.4.8 Practical operation considerations  

The proposed LED driver can incorporate a series of practical design measures as a 

conventional LED driver. Under start-up, in order to properly perform current sensing 

and voltage sensing, the control circuit should be powered up by the AC input source 

first.  After the control circuit is ready, the power stage circuit then starts operating. 

Overload protection can also be included in a practical design. The overload current 

condition can be sensed at the primary side, and the protection circuits can shut down the 

PWM if the over current condition is sensed over a predefined time limit. The LED load 

open circuit and short circuit protection can also be incorporated into the proposed LED 

driver. The unusual high LED voltage (open circuit) or low LED voltage (short circuit) 

are reflected on the output Vo1. When the sensed Vo1 voltage is beyond the predefined 

limit, the controller can shut down the LED driver. With careful design, the proposed 

LED driver can operate as practical as a conventional LED driver.  

 

4.4.1 Possible integration solution 
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Integrating the proposed primary side controller as well as the MOSFET for the RCC 

on a single chip can demonstrate the greatest value of the proposed method. Figure 4-12 

shows a possible integration solution. 

The circuit that enclosed by the red dash box is suitable to be integrated into one chip. 

The voltage stress of the proposed controller circuit can be design below 10V or so. As 

being calculated in section 4.3.2, the voltage stress of Q2 is around 20V and the current 

stress of Q2 is around 2A, which is also suitable for being integrated together with the 

controller chip.  

 

Figure 4-12 Illustration of possible integration solution 

 

4.5 Experimental Result 

In this section, the simulation and experimental results of the 30W (50V/0.6A) LED 

driver prototype have been shown to validate the proposed primary side controlled LED 
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driving solution. Table 4-1 shows the key circuit parameter of the experimental 

prototype. 

Table 4-1 Key circuit parameter of the experimental prototype 

Overall LED Driver 
Input voltage range 90Vrms to 265Vrms 

Output voltage Up to 50VDC 
Output current Up to 0.6ADC 

PFC Flyback 
Transformer turns ratio 

Npri1:Nsec1 
38:15 

Primary side winding 
inductance (Lpri) 

470µH 

Main MOSFET STF11NM80 (800V, 11A) 
Output diode YG975C6R (600V, 20A) 

Output capacitor 
ELXY630ELL471MK35S 

(470µF, 63V) 

Flyback Ripple Cancellation Converter 
Transformer turn's 

ratioNpri2:Nsec2 
1:1 

Primary side winding 
inductance 

RM 5 core (20µH) 

Main MOSFETs SUD50N04-37P-T4-E3 (40V, 5.4A) 
Output diode SSA33L-E3/61T (30V, 3A) 

RCC input capacitor UPW1C151MED (150µF, 16V) 
RCC output capacitor C2012X5R1C226M125AC (22 µF, 16V) 

Primary side controller 
S & H amplifier HA5351IBZ 

OpAmp TLV274 
PFC Flyback controller FA5601N 
RCC Flyback controller FAN6961 

LED Load Section 

LED load 
23 LEDs connect in series to produce 50V 

LED load 
PN: LR W5AM-HZJZ-1-Z 

Figure 4-13 shows the primary side voltage sensing of the PFC Flyback output with 

the original voltage sensing circuit. It is shown that during [t1-t2], the voltage on the 
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sensing winding is not a valid representation of the PFC Flyback output, and the sampled 

output has a significant voltage dip in the same time interval. 

Sensing winding voltage

S & H 
output

Flyback PFC output

winding voltage not valid

Sampled voltage not valid

t1 t2

 

Figure 4-13 Primary side PFC Flyback output voltage sensing with the original voltage 

sensing circuit (under 110Vrms input voltage) 

Figure 4-14 shows the sensed result of the PFC Flyback output voltage with the 

improved primary side voltage sensing circuit. As shown in Figure 4-14, during the time 

interval [t0-t1], the primary side voltage sensing is achieved by sampling the sensing 

winding voltage. During the time interval [t1-t2], the output voltage is emulated. By 

comparing the shape of the sensed output and the PFC Flyback output, it is clearly 

demonstrated that the ripple voltage of the PFC Flyback output has been properly 

presented on the primary side.  
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Figure 4-14 Primary side PFC Flyback output voltage sensing with the improved voltage 

sensing circuit (under 110Vrms input voltage) 

Because the voltage scale is 200mV/div for the sensed output voltage, the signal level 

is quite small and therefore the noise picked up by the measurement equipment becomes 

very obvious. When the noise in the sensed output voltage is removed by low pass filter, 

the sensed output voltage becomes quite clean as shown in Figure 4-15.  

The waveform of the PFC Flyback (Ch1), the RCC Flyback output voltages (Ch2), 

primary side sensed PFC Flyback output (Ch3) and primary side sensed RCC Flyback 

output (Ch4) are shown in Figure 4-15. An opposite ripple voltage is generated by the 

RCC Flyback and is used to cancel the twice-line-frequency ripple voltage from the PFC 

Flyback.   
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Figure 4-15 Ripple cancellation between the PFC Flyback output and the RCC Flyback 

output (under 110Vrms input voltage) 

The ripple current performance comparison between the proposed primary side 

controlled LED driver and a comparable conventional Flyback LED driver is shown in 

Figure 4-16. The same 470µF output storage capacitors are used in both designs. Under 

the same averaged 600mA output current, the low frequency ripple current with the 

conventional LED driver is to 200mA pk-pk (16.6% ripple current) while the low 

frequency ripple current with the proposed LED driver is around 40mA pk-pk (3.32% 

ripple current). The low frequency ripple current has been reduced by 5 times with the 

proposed primary side controlled ripple cancellation LED driver. The ripple cancellations 

results can be further improved when the voltage feedback loop of the RCC is optimized 

and can achieve a comparable low ripple performance as a two-stage design.  
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(a) 

 

(b) 

Figure 4-16 Low frequency ripple current performance comparison, (a) the conventional 

Flyback LED driver, (b) the proposed LED driver (under 110Vrms input voltage, 30W, 

50V/0.6A output) 
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Figure 4-17 shows the primary side current sampling waveform of the proposed LED 

driver. The peak primary side switching current of the RCC Flyback is sampled in every 

switching cycle. In a real circuit implementation, there is a time delay, Tdelay_1, between 

the hold signal and the turn off the gate drive. As a result, there is a small discrepancy 

between the detected peak switching current and the real peak switching current. The 

accuracy of the switching current sampling can be achieved with an optimized circuit 

design. Figure 4-18 shows the sampled result of the peak primary side switching current.  

 

Figure 4-17 Primary side switching current sampling of the RCC Flyback 
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Figure 4-18 Sampled primary side peak switching current 

Figure 4-19 shows the waveforms that illustrate the calculation of the LED current 

corresponding to Figure 4-9. The on time of Qa1 represents the secondary side current 

conducting time of the RCC in one switching cycle while the on time of Qa2 represents 

the primary side current conducting time. The voltage on secondary side winding serves 

to detect zero current conduction. The secondary side voltage is clamped to be equal to 

the output voltage until the secondary side current becomes zero. The kneeing point 

represents the actual time that the secondary side current becomes zero. The experimental 

prototype uses the built-in function from FAN6961 to detect the zero current condition. 

There is a delay, Tdelay_2, between the actual time that the secondary side current becomes 

zero and when it is detected. It shows in Figure 4-19 that the delay time is around 500ns, 

and it is the most significant error source of the primary side LED current sensing. With a 
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more sophisticated detecting circuit, the kneeing point can be detected more accurately 

and significantly minimize the time delay Tdelay_2. 

 

Figure 4-19 Key waveforms used in LED current calculation 

Figure 4-20 shows the LED current sensing result corresponding to Figure 4-9. Va 

represents the voltage at the switching node and Va_avg represents the averaged voltage of 

Va, respectively. Va_avg is the proportional representation of the LED current and is used 

in the feedback circuit to achieve LED current regulation. In a real design, the noises at 

the switching node should be minimized in order to reduce the primary side current 

sensing error.  
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Figure 4-20 Primary side current sensing result 

The blue curve in Figure 4-21 shows the percentage of primary side current sensing 

error of the experimental prototype LED drive under full load. Due to the above 

mentioned non-ideal circuit behavior, such as the error of peak current detection, the 

error of the secondary side current conducting time and the switching noise, the primary 

side current sensing result is around +9% deviated from the measured LED current under 

full load condition. Because the RCC operation is quite independent of the AC input 

voltage, the error is very constant over the entire AC input voltage range. The red curve 

shows the simulation result with delay time Tdelay_1 =40ns and Tdelay_2 =500ns. The noise 

contribution to the primary side current sensing error is not added to the simulation. The 

simulated LED current sensing error is 8.3% deviated from the actual LED current, 

which is fairly close to the experiment result. The green curve shows the simulation result 

when both Tdelay_1 and Tdelay_2 are removed. The simulated LED current sensing error is 

within 1% of the actual LED current.  
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The focus of this chapter is to demonstrate an LED driving solution that combines the 

advantages of both primary side control and ripple cancellation LED driving. The 

optimization of the primary side current sensing circuit is not the objective of the chapter. 

With comparing the experimental and simulation result, it can conclude that the primary 

side current sensing method works properly with the proposed power topology and 

accurate primary side current sensing can be achieved with an optimized current sensing 

circuit.  
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Figure 4-21 Primary side current sensing error under 30W, 50V/0.6A output 

The components comparison between the second stage DC-DC converter of the two-

stage LED driver and the RCC of the proposed LED driver is shown in Table 4-2. Since 

the Flyback RCC only process a small portion (less than 10%), the power components 

used in the RCC Flyback can have much lower voltage and current rating than the 

components in the second stage DC-DC. 
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Table 4-2 Components of the second stage DC-DC and the Flyback RCC 

Components Second stages DC/DC Flyback RCC 

MOSFET 
100V, 5A such as 

ZXMN10A09KTC  
SUD50N04-37P-T4-

E3 (40V, 5.4A) 

Diode 
100V, 5A such as  

SK510L-TP 

SSA33L-E3/61T 
(30V, 3A) 

Gate driver 
High side and low 

side gate driver such 
as FA5650 

None 

PWM 
controller 

Such as UC2843 FAN6961 

Inductor 
/Flyback 

transformer 

RCP1317NP-
470MMT, 47uH, 
69mohm, 13.5mm 
diameter, 17.5mm 

(high) 

RM5 core (20µH) 

Buck output 
capacitor 

470µF, 63V 
electrolytic 

20µF/16V ceramic 

 

Figure 4-22 compares the efficiency of three different designs: the conventional 

single-stage Flyback LED driver, the proposed LED driver and the two-stage (PFC 

Flyback + Buck DC-DC) LED driver. The input power is measured with the built-in 

function of the AC input source. The LED current and the LED voltage are measured 

with multi-meters to obtain the output power. The PFC Flyback converters used in three 

designs are identical. The Buck DC-DC converter in the two-stage design achieved a 

reasonable good 96.5% efficiency while the RCC Flyback used in the proposed design 

achieves around 87.5% efficiency. Since the RCC Flyback only processes a very small 

portion of the total output power, the efficiency of the RCC Flyback does not have too 
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much impact on the overall efficiency. Therefore, although the second stage DC-DC 

converter has much higher efficiency than the RCC Flyback, the overall efficiency of the 

proposed primary side controlled ripple cancellation LED driver is still much higher than 

the two-stage design. It is observed in the experimental that, with twice-line-frequency 

ripple current free performance, the proposed LED driver achieves around 2.5% higher 

efficiency than the conventional two-stage LED driver, while only 0.6% lower efficiency 

than the conventional Flyback LED driver. The advantageous of the proposed power 

topology enables a much higher efficiency design. 
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Figure 4-22 Efficiency comparison between three different designs under 30W, 50V/0.6A 

output 

It is noted that the efficiency of the conventional Flyback LED driver serves as the 

benchmark for the comparison. In the experimental prototype, the maximum current 

stress of the MOSFET and diode from the PFC Flyback are around 2A and 5A, 

respectively. We selected the current rating of the devices 4~5 times higher (as shown in 
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Table 4-1) to provide a good margin for thermal and transient considerations. In a 

practical design, the current rating of the MOSFET and the diode can be reduced to save 

cost. The efficiency of three designs might be a bit lower than the curves shown in Figure 

4-22 when lower current rated devices are used. However, the comparison is still fair and 

valid since the PFCs are the same in three different designs.  

The THD and the power factor performance of the proposed LED driver have been 

presented in Figure 4-23 and Figure 4-24. Since a conventional PFC Flyback is used in 

the proposed LED driver, a comparable power factor and THD performance have been 

achieved.  
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Figure 4-23 THD comparison between the proposed LED driver and the conventional 

Flyback LED driver under 30W, 50V/0.6A output 
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Figure 4-24 Power factor comparison between the proposed LED driver and the 

conventional Flyback LED driver under 30W, 50V/0.6A output 

Each order of input current harmonics had also been measured, and the result is shown 

in Figure 4-25. It is shown that the measured harmonic currents are within the limit 

required by IEC-61000-3-2 Class C under both 110Vrms and 220Vrms input voltage.  

 

Figure 4-25 Input current harmonics measurement 
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4.6 Conclusions 

A primary side controlled ripple cancellation LED driver has been proposed in this 

chapter. The power stage is constructed by a PFC Flyback and a Flyback RCC. The RCC 

Flyback is used to generate an opposite twice-line-frequency ripple voltage to that of the 

PFC Flyback output. Ripple cancellation is achieved by connecting the output voltage of 

the RCC Flyback and the output voltage of the PFC Flyback in series. As the result, a DC 

LED voltage is produced and is used to drive the LED load with a DC LED current. The 

primary side control is achieved by sensing the PFC Flyback output voltage, the RCC 

Flyback output voltage and the LED current at the primary side and building the entire 

control circuit at the primary side. The design guideline on how to select component is 

also provided. A universal input, 30W (50V, 0.6A) output experimental prototype has 

been built to verified the proposed LED driver. It achieved 3.32% peak to peak twice-

line-frequency ripple LED current (flicker-free), 85.5% full load efficiency and 0.99 PF. 
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Chapter 5 

Energy Channelling Ripple Cancellation LED Driver 

5.1 Introduction  

In chapter three and four, the operating principle of the proposed ripple cancellation 

LED driver as well as how to control it on the primary side have been presented. The 

ripple cancellation can achieve flicker-free LED driving as a two-stage LED driver while 

obtaining much higher efficiency, lower component cost as a single-stage LED driver. It 

combines the advantages from both the single-stage and the two-stage LED driver. Figure 

5-1 shows the generic structure of the proposed ripple cancellation LED driver.  

 

Figure 5-1 Generic structure of the ripple cancellation LED Driver and its key waveforms 

A Flyback / Buck-Boost PFC stage produces a main output Vo1 and an auxiliary 

output Vaux. Because of the energy imbalance between the input and the output in a half 

line cycle, a twice-line-frequency ripple voltage is presented on the main output Vo1. A 

ripple cancellation converter is powered by the auxiliary output Vaux and produces an 

opposite ripple voltage to cancel the twice-line-frequency ripple voltage from the main 

output Vo1. A DC LED driving voltage is therefore produced, and is applied to the LED 
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load to achieve flicker-free lighting output. Because the output voltage Vo2 is much 

smaller than the main output Vo1, the power processed by the ripple cancellation 

converter is only a small percent of the total output power (10% or less). Therefore, the 

overall efficiency of the ripple cancellation LED driver is close to a single-stage LED 

driver and much higher than a two-stage LED driver. The component cost of the ripple 

cancellation LED driver is also significantly lower than that of a two-stage LED driver. 

A more advantageous ripple cancellation LED driver - Energy Channeling LED 

Driver is proposed in this chapter. It can achieve ripple cancellation (flicker-free) LED 

driving without adding a ripple cancellation converter. Instead, the ripple cancellation 

voltage is generated by the same power factor correction circuit that generates the main 

output voltage. Therefore, the component cost is further reduced from the previously 

proposed ripple cancellation LED drivers. Most importantly, it achieves true single-stage 

power conversion. In this chapter, more detailed and comprehensive operation of the 

energy channeling LED driver is presented.  

This chapter is arranged as follows. The operating principle of the proposed energy 

channeling LED driver is discussed in section two. Section three discusses the special 

treatment for the proposed LED driver when it is operated under input voltage zero-

crossing. The critical design consideration is discussed in section four. The experimental 

result is shown in section five and the chapter is concluded in section six.  
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5.2 Concept of the Energy Channeling LED Driver 

Figure 5-2 illustrates the concept of the proposed energy channeling LED driver. It is 

designed to achieve a high power factor, so the input power is a sinusoidal waveform 

with a DC bias. The input power is split into two portions with the following strategy: the 

majority (90% or up in a typical design) of the input power is channeled to produce a 

main output Vo1. The remaining portion (10% or less in a typical design) of the input 

power is channeled to produce a much smaller output Vo2. For example, the output Vo1 is 

averaged at 45V while output Vo2 is averaged at 5V. Under this voltage ratio, the 

averaged input power transferred to Vo1 and Vo2 are 90% and 10% of the total input 

power, respectively. Because the input power waveform has a twice-line-frequency ripple 

component and the majority of the power is transferred to Vo1, Vo1 has the same 

frequency ripple voltage. The amount of energy being channeled to Vo2 is precisely 

controlled in every switching cycle to produce an opposite twice-line-frequency ripple 

voltage on Vo2. With Vo1 and Vo2 being connected in series, a DC LED voltage is 

produced and is used to drive the LED with the ripple-free current.  

 

Figure 5-2 Concept of the proposed energy channeling LED driver 
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5.3 Circuit Implementation of the Energy Channeling LED Driver 

A Buck-Boost topology and a Flyback topology based implementation of the proposed 

energy channeling LED driver are shown in Figure 5-3 (a) and (b). The difference 

between the proposed energy channeling LED driver and a conventional Buck-Boost / 

Flyback LED driver is highlighted. In (a), N1 is the main winding of the inductor. By 

adding the winding N2, the diode D2, the MOSFET Q2 and the capacitor Co2, a ripple 

cancellation voltage Vo2 is produced. The MOSFET Q2 controls the inductor energy to 

flow to either Vo1 or Vo2. After the main switching Q1 is turned off, and if Q2 is also off, 

the inductor current continues to flow in winding N1 and the inductor energy is 

transferred to output Vo1. If Q2 is on, the inductor current flows in winding N2 and the 

inductor energy is transferred to the output Vo2. By controlling the pulse width of Q2, the 

amount of energy being transferred to Vo2 is precisely controlled in every switching cycle 

and therefore, Vo2 can be controlled to cancel the voltage ripple on Vo1. The more 

detailed operation will be described in the following part of this chapter. The operating 

principle of the proposed Flyback implementation energy channeling LED driver is the 

same as the Buck-Boost implementation one. The energy channeling LED driving 

method can also be implemented on other current-fed topologies. In the following part of 

this chapter, the discussion will be based on the Buck-Boost implementation.   
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Figure 5-3 Proposed energy channeling LED driver (a) Buck-Boost topology based 

implementation, (b) Flyback topology based implementation 

 

5.4 Energy Channeling Mechanism 

Figure 5-4 shows the concept of achieving energy channeling with the proposed LED 

driver with Buck-Boost implementation as an example.  A coupled inductor with two 

windings is used to generate two outputs. These two outputs are connected in series as 

required by the proposed LED driver. The main MOSFET Q1 is used to control the input 
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switching current. The small MOSFET, Q2, is used to channel energy flow and is placed 

in series with the diode D2.  

The coupled inductor is modeled as an ideal transformer with a magnetic inductor 

either in parallel with the winding N1 or in parallel with the winding N2. The magnetic 

inductor is energized during the on time of Q1. After Q1 is turned off, the magnetic 

current needs to keep flowing. In Fig. 6 (a), where Q2 is off, the magnetic current can 

only flow in winding N1 and the magnetic inductor is presented as Lmag_N1. Thus, the 

inductor energy is transferred to the output Vo1. In Figure 5-4. (b), where Q2 is on, the 

magnetic current only flows in winding N2 and the magnetic inductor is presented as 

Lmag_N2. This is achieved by mismatching the turn's ratio N1: N2 with respect to the 

voltage ratio Vo1: Vo2. The following relationship needs to be satisfied:  

 2121 :: oo VVNN   (5-1)

 

Figure 5-4 Operating principle of the energy channeling circuit in the proposed LED 

driver (The dark line indicates the current flow path) 
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For example, in Eq. (5-1), the turn's ratio N1: N2 is 9:2 while the voltages Vo1 and Vo2 

are 45V and 5V, respectively (9:1). When Q2 is on, the voltage across the winding N2 is 

clamped at 5V (ignore the diode forward voltage drop). Because of the voltage coupling 

relationship, the voltage across the winding N1 is clamped at 22.5V. Therefore, the output 

diode D1 should be reversely biased, and the inductor current only flows in winding N2. 

Therefore, one design requirement is N1: N2< Vo1: Vo2 so that D1 is reversely biased when 

Q2 is turned on.  

It should note that the voltages Vo1 and Vo2 are not pure DC. In particular, the twice-

line-frequency ripple voltage component is rather significant with respect to the DC 

voltage of Vo2. (5-1) should be met under the entire operation condition. For example, the 

voltage Vo1 goes to 42V as the minimum while the voltage Vo2 goes to 8V as the 

maximum. As the turn's ratio is 9:2, the voltage across the winding N1 is then clamped at 

36V. Therefore, the diode D1 is still reverse biased and the turn's ratio 9:2 can meet the 

requirement under the entire operation range.  

 

5.5 Cycle by Cycle Operation  

The operation of the proposed LED driver in one switching cycle can be divided into four 

time intervals.  The circuit operation during each interval will be discussed as follows 

with the waveforms given in Figure 5-9.    

A. Time interval [t0-t1] 

Figure 5-5 shows a cycle operation during the time interval [t0-t1] of the proposed 

Buck-Boost energy channeling LED driver. A switching cycle starts from time t0 when 
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Q1 is turned on. The inductor current rises from zero and the energy is taken from the AC 

input. This time interval ends at t1 when Q1 is turned off.  

 

Figure 5-5 Circuit operation during the time interval [t0-t1] 

During this time interval, the peak switching current in MOSFET Q1, which is also the 

peak input switching current, can be calculated as:  
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Where Ton and L_mag_N1 are the on time of Q1 and the inductance of winding N1, 

respectively.  

The averaged input current at that switching cycle and the peak switching current can be 

expressed as: 
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The averaged input current can also be expressed as: 
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Equaling the right sides of Eq. (5-3) and (5-4) yields: 
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Rearranging Eq. (5-5) yields:  
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Substituting Eq. (5-6) into (5-2) yields: 
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Also, when assuming the power conversion is lossless, the relationship between the RMS 

input voltage, RMS input current and the LED power can be expressed as: 
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Substituting Eq. (5-8) into (5-7) yields: 
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Eq. (5-9) describes the peak switching current of Q1 at a particular instantaneous input 

voltage.  

Both diode D1 and D2 are reversely biased due to the polarity of the windings. The 

anti-parallel diode of Q2 is forward biased. The reverse voltages across diode D1 and D2 

can be expressed as: 

 During [t0-t1]: )()( 1_1 tVtVV oinRD   (5-10)

 During [t0-t1]: )()( 2
1

2
_2 tV

N

N
tVV oinRD   (5-11)

B. Interval [t1-t2] 

 

 

Figure 5-6 Circuit operation during the time interval [t1-t2] 
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The circuit operation during the time interval [t1-t2] is shown in Figure 5-6. Q1 is 

turned off and Q2 is still off at time t1. Only the circuit connecting the winding N1, D1, 

and Co1 provides a freewheeling loop for the inductor current. Therefore, the inductor 

energy is transferred to the output Vo1 during this time interval. The peak switching 

current in D1 is equal to the peak switching current in Q1. The voltage across the 

MOSFET Q1 can be expressed as:  

 During [t1-t2]: )()(1_1 tVtVV inodsQ   (5-12)

Because the voltage across the winding N2 is higher than the output voltage Vo2 (t), the 

diode D2 is forward biased while the body diode of Q2 is reversely biased. The voltage 

across Q2 can be expressed as:  

 During [t1-t2]: )()( 2
1

2
1_2 tV

N

N
tVV oodsQ   (5-13)

 

C. Interval [t2-t3] 

 

Figure 5-7 Circuit operation during the time interval [t2-t3] 
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Figure 5-7 shows the circuit operation during the time interval [t2-t3]. Q2 is turned on 

at time t2 when the control signal, Vctrl, and the sawtooth signal cross as shown in Figure 

5-9. The inductor current commutes from the winding N1 to the winding N2 at t2. This 

way, the remaining inductor energy is transferred to the output Vo2. The peak switching 

current in Q2, IQ2_pk, can be expressed as:  
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In Eq. (5-14), Lmag_N2 is the inductance value of the winding N2. The inductance of 

winding N2 is proportional to the square of its turn's number and can be expressed as: 
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At the same time, the current flowing through Q2 contributes to the LED current and 

charges the capacitor Co2. Therefore, another equation can be established as: 
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In Eq.(5-16), Ts is the switching period, Co2 is the output capacitor of Vo2 and ∆Vo2 (t) is 

the voltage change on Co2 in that switching cycle. The term 
s

oo

T

CtV 22 )(   in Eq. (5-16) 

can be ignored in the calculation since it is much smaller than the term ILED. Combining 

Eq. (5-14) and Eq. (5-16) yields: 
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And  
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The RMS current of Q2 in that switching cycle can be calculated as: 
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Substituting Eq. (5-17) & (5-18) into (5-19) yields: 
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(5-20)

The voltage across MOSFET Q1 and diode D1 can be expressed as: 
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D. Interval [t3-t4] 
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Figure 5-8 Circuit operation during the time interval [t3-t4] 

Figure 5-8 shows the circuit operation during the time interval [t3-t4]. In order to 

achieve a high power factor and straightforward implementation, the proposed LED 

driver is designed to operate under DCM. There is a short time interval [t3-t4] when the 

inductor current remains zero before the start of the next switching cycle. Q2 remains on 

with the proposed LED driver. Since the magnetic current is already zero, the status of 

Q2 is not important during the time interval [t3-t4]. Q2 can also be off during the time 

interval [t3-t4] if it is desired. 

The above operations illustrate that the proposed LED driver achieves single stage 

power conversion. During the time interval [t0-t1], the energy is transferred from the AC 

source to the inductor. During the time interval [t1-t2], the energized inductor transfers the 

majority portion of its energy to the output Vo1. During the time interval [t2-t3], the 

inductor transfers its remaining energy to the output Vo2. In one switching cycle, the 

inductor is charged and discharged for only one time while transferring the energy from 

the input to the output. Figure 5-9 shows the key switching cycle waveforms of the 

proposed DCM operated Buck-Boost energy channeling LED driver. 
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Figure 5-9 Key switching cycle waveforms of the proposed DCM operated Buck-Boost 

energy channeling LED driver 

 

5.6 Implementation of the Control Scheme 

Figure 5-10 shows the control diagram of the proposed Buck-Boost energy channeling 

LED driver. There are two control loops with the proposed LED driver: the LED current 
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regulation loop and the output Vo2 voltage regulation loop. A PFC controller is used to 

control the input current to follow the rectified input voltage (achieve high power factor) 

and to achieve LED current regulation. A voltage controller is used to control the output 

voltage Vo2 and achieve ripple cancellation between Vo1 and Vo2.  

 

Figure 5-10 Control diagram of the proposed LED Driver 

The PFC controller automatically adjusts the duty ratio of Q1 to achieve LED current 

regulation. The change of the duty cycle on Q1 leads to change of the RMS input current 

and eventually result in the change of the DC level of Vo1. The DC level of Vo1 settles to 
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the value that produces the exact level of LED current required by the current reference. 

In the control scheme, the DC level of Vo2 is constant and doesn't participate in the LED 

current regulation.  

The output Vo2 voltage control loop operates as follows. First, the twice-line-

frequency ripple voltage of Vo1, Vo1_rip, is sensed. The sensed ripple voltage is inverted 

and added with a DC bias voltage Vbias. The result, which contains a reverse ripple 

voltage of Vo1, becomes the reference voltage of output Vo2. The voltage control loop 

automatically adjusts the level of Vctrl. By comparing the sawtooth signal and the control 

signal Vctrl, the pulse width of Q2 is precisely produced in every switching cycle. With a 

well-designed feedback loop, Vo2 closely follows its reference voltage and, therefore, 

contains an opposite twice-line-frequency ripple voltage to achieve ripple cancellation. 

As it is also shown in Figure 5-10 that the sawtooth and the clock signal for the PFC 

controller is synchronized in every switching cycle to operate Q2 at the correct timing. 

At the startup, the PFC controller starts operating and the output Vo1 rising from zero. 

Vo1 keeps increasing until the produced averaged LED current is equal to the current 

reference At the same time because Vo2 is also zero, the voltage Vo2 control loop forces 

the control signal Vctrl stay at the minimum. Because of leading edge modulation, Q2 is 

operated at the maximum on time in every switching cycle, and Vo2 also starts rising from 

zero. V_ctrl stay at minimum and Q2 is operated at maximum on time until Vo2 is equal to 

its reference. The LED driver enters the stable operation when the LED current and Vo2 

are within regulation.  
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5.7 Special Consideration during Input Voltage Zero-crossing  

 

Figure 5-11 Critical line frequency waveforms of the proposed LED driver 

As discussed in section II, the energy needed to sustain Vo2 comes from the inductor 

(also meaning from the AC input source) in every switching cycle. By carefully 

examining the input power waveform in Figure 5-11, it can be observed that the 

instantaneous input power is lower than the expected output power of Vo2 (t), Po2 (t), 

during the time interval [ta-tb]. The instantaneous input voltage at the time ta and tb are Va 

and Vb, respectively. Without any techniques to address this issue, the output Vo2 will 

lose regulation. This is a unique issue with energy channeling ripple cancellation LED 

driver while it does not exist in the other two previous ripple cancellation LED driver. In 

the previous two ripple cancellation LED drivers, the energy used to sustain the operation 
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of the ripple cancellation converter is from a reservoir capacitor, which is also the input 

capacitor for the ripple cancellation converter. During the input voltage zero-crossing, the 

reservoir capacitor provides the energy to sustain the ripple cancellation converter 

operation.  

Figure 5-12 verifies the above analysis with computer simulation. The instantaneous 

input power is lower than the power Po2 (t) during the zero-crossing of the input voltage. 

Vo2 loses regulation and experiences a voltage dip.  

 

Figure 5-12 Voltage dip on Vo2 near the input voltage zero-crossing 

In order to solve the above issue and to keep Vo2 being regulated, the instantaneous 

input power need to be always higher than Po2 (t). Different methods can be implemented 
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to keep input power greater than Po2 (t). One way that is easy to implement is shown in 

Figure 5-13. Instead of allowing the rectified input voltage fall to zero at the end of a half 

line cycle in a conventional design, the rectified input voltage is flattened at the level Vflat 

during the time interval [ta1-tb1] in a half line cycle. Since the input current follows the 

input voltage, the input current should also be flattened in the same time interval. 

Therefore, the input power also becomes flat during [ta1-tb1]. As long as the flat part, Pflat, 

is higher than Pb , the input power is always higher than Po2 (t), where Pb is the higher 

crossover point between the original input power waveform and Po2 (t).  

 

Figure 5-13 Reshaping the input voltage and results in the reshaped input power 

Flatting the input voltage (after the input bridge rectifier) can be implemented with a 

modification of the power stage circuit shown in Figure 5-14. An auxiliary voltage Vflat is 
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produced from another winding Naux. Vflat represents the flat part of the after rectifier 

input voltage. The diode Db is used to block Vflat from the rectified AC input voltage. 

When the absolute value of the AC input voltage is higher than Vflat, the diode Db is 

reversely biased. The power delivered to the LED load is from the AC input power. 

When the absolute value of the AC input voltage is lower than Vaux, Db is forward biased, 

and the input bridge rectifier is reversely biased. The energy stored in Caux provides the 

energy to Vo2.  

 

Figure 5-14 The power stage of the energy channeling LED driver with the added flat 

input voltage Vflat 

Figure 5-15 shows the simulation result of the modification of the power stage circuit. 

During the time intervals [ta1-tb1], the input power is flattened and kept higher than Po2 (t). 

As a result, the voltage dip on Vo2 is removed and Vo2 follows its reference voltage very 

well. During the same time interval, the energy supplying the output Vo2 is from the 

capacitor Caux, which causes Caux decrease from 41.7 V to 39.5V. With Caux being 20µF 

in the simulation, the amount of energy provided by Caux is calculated to be around 2mJ, 

which contributes 3% of the total energy (or around 70mJ) supplied to the LED load in a 
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half line cycle. Since the winding Naux refills the energy to capacitor Caux, Naux does not 

carry significant current and very small size wire can be used to reduce the winding 

space.  

 

Figure 5-15 Reshape the input power to remove the voltage dip on Vo2 

As the input rectifier is reversely biased, a zero-crossing distortion is introduced for 

the AC input current.  In order to minimize this impact, it is desirable to design Vflat as 

low as possible. Meanwhile, Vflat should be high enough to generate the Pflat that is no 

less than Pb. As shown in Figure 5-11, the input voltage is equal to Vb when the input 

power is equal to Pb. The process of deriving the minimum Vb is shown as follows. 

As assuming the power factor is close to unity, the input voltage and the input current 

can be expressed as: 
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 )2cos(2)( _ tfVtV linermsinin    (5-23)

 )2cos(2)( _ tfItI linermsinin    (5-24)

Therefore, the input power waveform can be expressed as: 

 )4cos(2)( ___ tfPIVtP lineavginrmsinrmsinin    (5-25)

also, we have: 
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 rmsinrmsinavgin IVP ___   (5-27)

 )()()( tItVtP ininin   (5-28)

Combining Eq. (5-26), (5-27) and (5-28), the relationship between input power and input 

voltage can be further expressed as: 

 2
_

_
2)(

)(
rmsin

avginin
in V

PtV
tP




 

(5-29) 

At the same time, the ripple of the Vo2 output power is 270º out phase of the ripple of the 

input power, Po2(t) can be expressed as: 
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Where 

 LEDavgoavgo IVP  _2_2  (5-31) 

Po2_rip_pp is the peak to peak ripple of the Vo2 output power. By combining the Eq.(5-23), 

(5-25) and (5-30), the mathematic expression for Vb or Vflat can be solved. One should 

note that Po2 (t) is around its averaged value when Po2 (t) and Pin (t) cross. In order to 

reduce the complexity of the calculation, 1.3Po2_avg, as an empirical value, can be used 

approximately to substitute the left side of Eq. (5-29) to obtain the optimum Vflat as:  
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As shown by Eq.(5-32), if Vo2_avg / VLED is designed to be constant, the required Vflat 

changes proportionally with the RMS input voltage. The maximum requirement for Vflat 

occurs when the RMS input voltage is at the maximum. For example, under 110Vrms 

nominal input with variation from 90Vrms to 130Vrms, the maximum Vflat is required 

when the input voltage is 130Vrms. With Vflat being designed for 130Vrms input, the 

entire operating condition can be covered. With Vo2_avg to be 5V, VLED to be 50V, the 

voltage Vflat under 130Vrms input is calculated to be around 45V with using Eq. (5-32).  

However, when universal AC input voltage (120/220Vrms) is required, Vflat will be 

around 90V for an input voltage of 265Vrms. This would be too high for 90Vrms input 

operation. Therefore, an adaptive Vflat generating scheme is introduced as shown in 
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Figure 5-16. For example, when 110Vrms input voltage is detected, the system will 

generate 45V for Vflat. When 220Vrms input voltage is detected, the system will generate 

90V for Vflat.  

 

Figure 5-16 Adaptive Vflat circuit to cover universal range input voltage 

As shown in Figure 5-16, two levels of auxiliary voltage, Vflat1 and Vflat2, can be 

produced by the circuit. The turns’ ratio between the winding Naux1 and Naux2 is 1:1. An 

RMS input voltage detection circuit is used to determine whether the LED driver is 

connected to the 220V input voltage rail or the 110V input voltage rail. As a low cost 

implementation, a resistor divider with a filter capacitor Crms can also be used to control 

MOSFET Q3. When 110Vrms input voltage is detected, the comparator will keep the 

MOSFET Q3 off. Therefore, the winding Naux2 is open. The voltage Vflat1 is proportional 

to the winding Naux1. When 220Vrms input voltage is detected, the comparator turns on 
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Q3 and the winding Naux2 starts operating. Because Naux1 is equal to Naux2, the voltage 

Vflat2 is, therefore, two times of Vflat1. Figure 5-17 shows the simulation results with the 

adaptive Vflat generating scheme. The flat voltage, Vflat, is equal to 40V under 110Vrms 

input while is equal to 80V under 220Vrms input.  

 

Figure 5-17 Simulated key waveforms of adaptive Vflat generation 
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5.8 Design Considerations of the Energy Channeling LED Driver 

In the above sections, the basic operating principle of the proposed energy channeling 

LED driver has been introduced. In this section, more detailed design considerations will 

be included.  

5.8.1 Pulse width modulation scheme for Q2 

)(
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2
2 N

N
I Q 

 

Figure 5-18 Applying leading edge modulation on Q2 

MOSFET Q2 is controlled under leading edge modulation. The turn off edge of GQ2 is 

fixed at the end of the switching cycle while the turn-on edge is determined by the 

crossover of the saw tooth signal and Vctrl. The inductor current commutes from winding 

N1 to winding N2 when it has already been greatly reduced from its peak. For example, 
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10% of the inductor energy is delivered to Vo2 and 90% of the inductor energy is 

delivered to Vo1. It can be calculated that, when applying leading edge modulation on Q2, 

the peak switching current of Q2 (with reflect to the main winding) is 31.6% of the peak 

inductor current.  

 

5.8.2 Additional conversion loss minimization 

For the proposed Buck-Boost energy channeling LED driver, the operation during the 

time interval [t0-t1] and [t1-t2] is the same as the conventional Buck-Boost LED driver. 

Therefore, this part of the conversion loss will be the same as the conventional Buck-

Boost converter and will not be discussed. The different operation occurs on the time 

interval [t2-t3] and the conversion loss is identified as follows.  

Firstly, there is the conducting loss with the diode D2 and Q2 during the time interval 

[t2-t3]. Eq. (5-20) gives the RMS current of the D2 and Q2 in one switching cycle and the 

parameters Lmag_N2, Vo2 and Ts affect the RMS current. Changing these parameters can 

reduce the RMS current in D2 and Q2. However, all these parameters are also restricted 

by the other design considerations. Changing these parameters will not benefit the overall 

design given the fact that less than 10% of the output power is delivered through Vo2 

Therefore, in order to reduce the conduction loss, the most effective way is to use low 

forward voltage drop diode D2 and low on-resistance MOSFET Q2.  

There are also switching loss during this time interval. The inductor current commutes 

from the winding N1 to winding N2 at time t2. The diode D2 is already forward biased 
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before the time t2. Therefore, the switching loss with the diode D2 is zero. This transition 

is hard switching for the MOSFET Q2 and the main output diode D1.  

For the MOSFET Q2, the switching loss can be further divided into V-I overlap 

switching loss, gate charging switching loss and MOSFET output capacitor loss. For the 

V-I overlap loss with Q2, the general rule applies here. One should minimize the turn on 

transition time, reduce the voltage and current stress. Eq. (5-13) and (5-17) give the 

voltage and the current stress of Q2 in one switching cycle. The parameter N1:N2, Ts, Vo2 

and Lmag_N2 affect the voltage and current stress. Again, these parameters are selected 

based on the requirement on the output power, switching frequency and transformer size. 

It will not effectively improve the overall efficiency by changing these parameters. 

However, one can reduce the current spike with Q2 to reduce the V-I overlap switching 

loss. The current spark is induced by the reverse recovery of the main output diode D1. 

By choosing a Schottky diode for D1, the current spike with Q2 and the switching loss 

associated with the reverse recovery of D1 can be greatly avoided. For the gate charge 

loss and MOSFET output capacitor loss, one can select the low gate charge and low 

output capacitor MOSFET for Q2. 

Although generating Vo2 introduces extra power loss, this portion can be managed to 

be a very small portion of the overall power loss as long as the above suggested design 

practice is applied.  

 

5.8.3 Selection of capacitor Co1 
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The function of capacitors Co1 and the Co2 is different in the proposed LED driver. 

Since the majority of the input power is transferred to the output Vo1, the capacitor Co1 is 

used to buffer most of the energy imbalance between the input and the output in a half 

line cycle. The peak to peak amplitude of the Vo1’s twice-line-frequency ripple is directly 

related to the capacitance of Co1 and their relationship can be approximately expressed as: 
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Where in Eq.(5-33), Vo1_rip_pp represents the peak to peak amplitude of Vo1's twice-line-

frequency ripple voltage. A smaller capacitor Co1 will result in a larger ripple voltage on 

Vo1. It is desirable to use a smaller Co1 to reduce component cost.  

Although the ESR of the capacitors also produce ripple on Vo1 (also on Vo2), the actual 

twice-line-frequency ripple created by the ESR is ignorable as compared to the ripple 

generated by the imbalanced energy between the input side and the output side in a half 

line cycle. Besides, the total twice-line-frequency ripple voltage (produced from both 

energy imbalance and from ESR) of Vo1, as a whole, is sensed by the control system. It 

will be cancel by the ripple voltage of Vo2. Therefore, the impact of the ESR is not a 

problem in design.  

Because the ripple voltage from Vo1 is compensated, a larger ripple voltage from Vo1 

does not have a direct impact on the output light flicker. However, it will affect the power 

factor performance. When the ripple voltage from Vo1 is increased, the ripple voltage and 

the DC value of Vo2 will need to be increased to achieve compensation. According to 

Eq.(5-32), Vflat needs also be designed with higher value when the DC value of Vo2 is 
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increased. By rearranging the Eq.(5-32), the maximum DC voltage of Vo2 can be 

approximately expressed as: 

 LED
rmsin
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On the other side, one can also design the DC voltage of Vo2 to be 1.2 times of the peak 

amplitude of its ripple as shown in Eq.(5-35).  
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Combining Eq. (5-33), (5-34) and (5-35) yields: 
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Therefore, When ILED, VLED and Vflat (Vflat is closely related to the zero-crossing 

distortion) are determined, the minimum capacitor Co1 can be selected according to Eq. 

(5-36). Co1 should be chosen considering both the cost as well as its impact to input 

current zero-cross distortion. In the experimental prototype, the Co1 value is chosen to be 

133µF (100µF + 33µF).  

 

5.8.4 Selection of capacitor Co2 

The capacitor Co2 is only used to filter the switching frequency ripple of the output 

Vo2. A small ceramic capacitor, in the range of ~10µF, is usually enough for a low power 

design.  



140 

 

 

5.8.5 Selection of capacitor Caux 

During the zero-crossing of the input voltage, the on time of the Q2 is close to the 

maximum. After Q1 is turned off, the diode D1 almost doesn't conduct or conduct for a 

very short period. Therefore, approximately, one can assume that the capacitor Caux only 

provides the energy to Vo2. The voltage on Caux is decreased because of loss energy. The 

capacitor Caux should be designed to meet the following requirement: 

 EVVCVC flatauxflataux  22 )(
2

1

2
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 (5-37)

Where ∆V and E represent the voltage reduction on Caux and the amount of energy 

transferred from capacitor Caux to Vo2 in a half line cycle. E can be approximately 

expressed as:  

 flatflat TPE   (5-38)

Tflat represents the time that input bridge rectifier is reverse biased. It can be calculated 

approximately as: 
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Also, the instantaneous input voltage and the input power have the following 

relationship: 
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Substituting the input voltage Vin(t) in Eq. (5-40) with Vflat yields:  
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Combing Eq. (5-37), (5-38), (5-39) and (5-41) yields:  
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(5-42) 

For example, under 110Vrms input voltage, with Vflat and ∆V being designed at 40V and 

3V respectively, Caux is calculated to be higher than 26µF. Since both Eq. (5-38) and 

(5-39) are approximation expression, the result that calculated with Eq.(5-42) is 

reasonably accurate.  

 

5.8.6 Coupled inductor design 

It is important to select the value for the magnetizing inductor (looking from AC 

voltage side) and the winding turns, N1 and N2. As the circuit operates the same as the 

conventional Buck-Boost LED driver from power factor correction point of view, the 

magnetizing inductor value can be selected in the same way as the conventional LED 

driver [24].  
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Once the magnetizing inductance is selected, N1 can be determined based on a core 

size. N2 should be chosen to meet the relationship described by Ineq. (5-1). The turn's 

ratio of N1:N2 affects the voltage stresses of D2 and Q2 as indicated by Eq. (5-11) and 

(5-13). Once the inductance of the winding N1 is determined, the turn's ratio also affects 

the inductance of the winding N2. As indicated by Eq. (5-17), the current stresses of Q2 

and D2 are related to the inductance of winding N2. Therefore, the selection of N1:N2 

should also consider its impact to the voltage and current stress of Q2 and D2. 

Considering all these factors, the windings N1 and N2 are designed to be 90 turns and 20 

turns, respectively, in the proposed LED driver. It is calculated that the peak voltage 

stress with the diode D2 is ~38 V, the peak voltage stress with the MOSFET Q2 is ~9V 

and the peak current stress for both Q2 and D2 is ~1.5A.  

 

5.8.7 MOSFET Q1 and diode D1 

For the proposed LED driver, the voltage and current stresses for D1 and Q1 can be 

calculated the same way as in a conventional Buck-Boost converter design. Eq.(5-10) and 

(5-12) express the current and voltage stress of D1 and Q1. As also shown in Figure 5-19, 

the voltage and current stresses on Q1 and D1 are similar to those in a conventional 

single-stage LED driver design. Therefore, Q1 and D1 can be selected by following the 

general guideline used to design a conventional single-stage LED driver.  

 

5.8.8 MOSFET Q2 and diode D2 
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The current rating for Q2 and D2 can be chosen according to Eq. (5-17). Since ILED, Ts, 

and Lmag_N2 are fixed values in design, the peak switching current changes along with the 

output Vo2 (t). The maximum peak switching current occurs when Vo2 is at its maximum. 

This agrees with the fact that the most amount of inductor energy is needed to sustain Vo2 

when Vo2 is at its maximum value. The voltage rating for Q2 and D2 can be chosen 

according to Eq. (5-11) & (5-13). Both the voltage and current stress of Q2 and D2 relies 

on the turn’s ratio N1: N2. With the experimental prototype, N1: N2 is set to be 9:2, a 

reasonably small voltage and current stress of Q2 and D2 are obtained. 

The components stresses of the proposed LED driver, as well as a conventional LED 

driver, are shown in Figure 5-19. The voltage and current stress of Q1, D1 are almost the 

same, which is 200V and 1.2A peak in both designs. In the proposed LED driver, the 

voltage and peak current stress of D2 are 35V and 1.6A peak respectively. The voltage 

and current stress of Q2 are 8.1V and 1.6A peak, respectively, which are reasonably low.   
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Figure 5-19 Simulation result of the components voltage / current rating (a) Proposed 

Buck-Boost LED driver (b) Conventional Buck-Boost LED driver 
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5.9 Experimental Result 

An 8.5W, 50V/0.17A output experimental prototype is built to verify the proposed 

Energy Channeling LED driving method. Table 1 shows the critical component of the 

experimental prototype.  

Table 5-1 Critical circuit parameters of the proposed Buck-Boost energy channeling LED 

driver Prototype 

Critical component Value / Part Number 

Output capacitor Co1 
ECA-1JM101 (63V, 100µF) 
ECA-1JM3301 (63V, 33µF) 

Output capacitor Co2 CL31A226MOCLNNC (16V, 20µF) 

Coupled inductor 
Ferrite core EF16 with main winding 

inductance 800µH 
N1:N2:Naux=90:20:90 

Main MOSFET Q1 STP3NK80Z(800V,2.5A) 
Main rectifier diode D1 MURS360-E3/57T (600V,3A) 

Energy channeling MOSFET 
Q2 

NTD4906N (30V,10.3A) 

Controller for Q2 
Implemented with discrete 

components LM311 and TLV272 
based on Fig. 9 

Output Diode D2 for Vo2 SS35-E3/57T (50V,3A) 
Auxiliary voltage output 

capacitor Caux 
ECA-2CM470 (160V, 47µF) 

Auxiliary voltage blocking 
Diode Db 

DLM10E-AT1 (400V,1A) 

LED load 
25 LEDs connected in series 

Part number: LR W5AM-HZJZ-1-Z 

 

Figure 5-20 shows the 120Hz twice-line-frequency ripple current comparison between 

the proposed energy channeling LED driver and a conventional Buck-Boost LED driver. 

These two LED drivers are connected with the same 133µF (100µF + 33µF) output 

capacitors and the same LED loads.  
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(a) 

 

 (b) 

Figure 5-20 Ripple current comparison between the energy channeling LED driver and a 

conventional Buck-Boost LED driver with 50V/0.17A output (a) Energy channeling 

Buck-Boost LED driver, (b) Conventional Buck-Boost LED driver 
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Figure 5-20(a) shows the key waveforms of the proposed LED driver. Ripple voltage 

cancellation is achieved between the main output Vo1 and the small output Vo2. A DC 

LED voltage is produced and drive LED load with a DC LED current. The 120Hz twice-

line-frequency LED ripple current is measured to be around 8mA peak to peak with the 

proposed LED driver, which is only 2.4% of the averaged 170mA LED current. Figure 

5-20(b) shows the waveforms of the conventional Buck-Boost LED driver. A 3V pk-pk 

120Hz twice-line-frequency LED ripple voltage is observed, which introduces a 100mA 

pk-pk (29.5% of current ripple) LED ripple current. Therefore, the proposed LED driver 

achieves a 92% ripple current reduction (from 100mA to 8mA) in the experiment.  

Figure 5-21 shows the key switching waveforms of the proposed energy channeling 

LED driver. The switching cycle starts at time t0. During the time interval [t0-t1], the main 

MOSFET Q1 is on and the inductor is charged through winding N1. Q1 is turned off at 

time t1. Since Q2 is not on during the time interval [t1-t2], the inductor current continues 

circulating in winding N1 and transfers the energy to output Vo1. Q2 is turned on at time t2 

and the inductor current commutes immediately from winding N1 to winding N2. The 

inductor current at t2 has already been greatly reduced from the peak value at t1, which 

results in a small current stress on Q2. The inductor current keeps decreasing in winding 

N2 until it becomes zero at time t3. In order to achieve a high power factor, the proposed 

LED driver operates under DCM condition and does not immediately turn on again when 

the inductor current drops to zero. There is a short time of turn-on overlap between Q1 

and Q2 due to the limitation of the implementation circuit. It will not impact the circuit 

operation since the diode D2 is reverse biased when Q1 is on. This overlap can also be 

avoided with more sophisticated circuit design. 
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Figure 5-21 Key switching cycle waveforms of the proposed energy channeling LED 

driver 

Figure 5-22 shows the rectified input voltage and the AC input current when the 

voltage Vflat is provided. During the time interval [ta-tb], the rectified voltage is flat at 

50V and the AC input current becomes zero. A power factor of 0.97 has been measured 

with the prototype. Similar waveforms had also obtained from 220Vrms input. A power 

factor of 0.93 has been measured. The power factor performance exceeds the 0.9PF 

requirement for LED lighting applications under both 110Vrms and 220Vrms input.  
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Figure 5-22 110Vrms Input voltage (after rectifier) and AC input current waveforms 

when the input power is reshaped 

 

Figure 5-23 220Vrms input voltage (after rectifier) and AC input current waveforms 

when the input power is reshaped 

Figure 5-24 shows the waveform of adaptive Vflat generation. When the input voltage 

changes from 110Vrms input to 220Vrms input, Vflat voltage changes from 40V to 80V, 

which agrees with the previous analysis.  
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Input voltage before bridge rectifier
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Figure 5-24 Waveform of adaptive Vaux generation 

Figure 5-25 shows the dynamic LED current response of the proposed LED driver. By 

applying the control signal, the current sensing resistor is programmable. The LED 

current changes from 100mA to 170mA in the experimental measurement and shows 

stable operation.   

 

Figure 5-25 Dynamic LED current response of the proposed LED driver 
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Figure 5-26 shows the efficiency of the proposed Buck-Boost experimental prototype 

under 110Vrms and 220Vrms input voltage. 86% and 83% efficiency are achieved at full 

load with 110Vrms input and 220Vrms input, respectively. The experiment focused on 

the feasibility of the proposed LED driving method and the efficiency can be further 

improved with an optimized design.  

 

Figure 5-26 Efficiency of the proposed LED driver under 110Vrms and 220Vrms input 

voltage 

Table 5-2 shows the THD measurement of the proposed LED driver and Figure 5-27 

shows each order of the input current harmonic versus the IEC-61000-3-2 standard. 

Under 110Vrms input, the measured input current harmonics are within the standard limit. 

Under 220Vrms input, after 9th order, the measured harmonics are marginally within or 

slightly surpassed the standard limit. With better EMI filter design, the input current 

harmonics under 220Vrms input can be managed to fall into the standard limit. 
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Table 5-2 THD measurement of the proposed LED driver 

Load current 
(mA) 

Under 110Vrms Under 220Vrms 

50 17.7% 23.0% 

70 16.9% 20.4% 

90 18.2% 18.9% 

110 17.1% 17.5% 

130 16.3% 15.4% 

150 16.4% 15.6% 

170 17.8% 15.8% 

 

 

Figure 5-27 Input current harmonic measurement versus IEC-61000-3-2 Class C 
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Figure 5-28 Photo of the experimental prototype 

 

5.10 Conclusion  

In this chapter, the concept of energy channeling LED driver has been proposed. It is a 

true single-stage solution with high power factor and flicker-free LED driving 

performance. The input power is split into two portions to produce two output voltages. 

The main output provides energy storage and contains a 120Hz twice-line-frequency 

ripple voltage. The auxiliary output is controlled to cancel the ripple voltage of the main 

output. This way, a DC LED driving voltage is produced and drives the LED load with 

flicker-free performance.  

The proposed energy channeling LED driver achieves great advancement from its 

precedent. It eliminates the need of using a separate DC-DC converter to achieve ripple 

cancellation. The ripple voltage that is used for cancellation is produced from the same 

PFC converter that produced the problemaic ripple voltage.  

L x W =130mm x 45 mm 
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Because the proposed energy channeling LED driver is designed with a high power 

factor, the power from the AC input will become zero when the AC input voltage is zero. 

The auxiliary output cannot be maintained if no special treatment is provided. An 

adaptive DC voltage is produced to provide energy to the auxillary output when the AC 

input voltage is at zero-crossing.  

Both simulation and experiment have been performed to verify the proposed energy 

channeling LED driving method. The 8.5W, 50V/0.17A prototype achieves 5.8% 120Hz 

twice-line-frequency ripple current, 0.97 power factor, and 86% full load efficiency under 

110Vrms input.   
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Chapter 6 

Summary and Future Work 

6.1 Summary 

LED lighting has gained more and more popularity in our daily life. A well-designed 

LED driver can, not only, reduce the energy consumption but also drive LEDs to provide 

a more human-friendly lighting environment.  

Solving the flicker issue with the single-stage LED driver, while, to the greatest 

extent, maintaining its advantages such as single stage power conversion (high 

efficiency), low component cost and low design complexity are the goals of my research. 

The fundamental principle of achieving the above goals is to remove the twice-line-

frequency ripple voltage produced by the single-stage LED driver with minimum 

additional components, cost, and power conversion loss. The ripple cancellation LED 

driving method is proposed to cancel the twice-line-frequency ripple voltage of the 

single-stage LED driver, and it is the foundation of the thesis. The final voltage across the 

LED load is a DC voltage and achieves flicker-free LED driving. 

In chapter two, the impact of the voltage ripple on the LED current ripple, as well as 

the cause of significant flicker with a single-stage LED driver had been explained. Recent 

research on AC-DC LED driver design had also been reviewed. All the proposed LED 

drivers are designed with power factor correction to meet EnergyStar requirement. The 

power factor correction technologies that were used in the proposed LED driver had also 

been reviewed.  

In chapter three, the basic concept of the ripple cancellation LED driver has been 

proposed. The concept had been verified by a Flyback and a Buck-Boost 
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implementations. It is the foundation of the entire thesis. In chapter four, the primary side 

controlled ripple cancellation LED driver has been proposed to reduce cost on the 

controller circuit. In chapter five, the energy channeling ripple cancellation LED driver 

has been proposed to reduce the cost of the power stage circuit.  

6.2 Summary of the Basic Concept of Ripple Cancellation Technology  

In chapter three, the fundamental concept of the ripple cancellation LED driver is 

introduced and it is verified with two implementations, one is based on the Flyback 

topology and another is based on the Buck-Boost topology. The Flyback / Buck-Boost 

PFC is used to perform power factor correction for the LED driver so that a high power 

factor can be achieved. A miniature ripple cancellation converter is used to generate an 

opposite twice-line-frequency ripple voltage to that of the Flyback / Buck-Boost PFC 

main output. The PFC main output voltage and the ripple cancellation converter output 

voltage are connected in series and have their twice-line-frequency ripple voltage been 

canceled. As the result, a DC LED voltage is produced and applied to an LED load to 

achieve flicker-free LED driving. 

The ripple cancellation LED driver has 90% or higher of its output power been 

processed once, and only 10% or lower of its output power been processed twice. This 

structure demonstrates a significant advantage over the two-stage LED driver from the 

power conversion point of view. Theoretically, the efficiency of the proposed ripple 

cancellation LED driver is very close to a comparable single-stage LED driver while is 

much higher than a two-stage LED driver.  

The additional component cost with the ripple cancellation converter is also low. The 

power handled by the ripple cancellation converter is low and the input / output voltage 
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of the ripple cancellation are also low (a small fraction of the LED voltage). Low voltage 

and current rated components can be used to implement the ripple cancellation converter. 

In particular, the ripple cancellation converter can be implemented by an integrated 

switching regulator, which includes MOSFETs, a gate driver and a controller. The 

passive components used in the ripple cancellation converter are also small as in 

comparison with the passive component used in the second stage DC-DC converter of a 

two-stage LED driver. Therefore, the overall component costs of the proposed ripple 

cancellation LED driver are much lower than the costs of the two-stage LED driver.  

The ripple cancellation structure also enables us to use much lower total output 

capacitance, which also means a reduction on the component cost.  

A 35W, 50V/0.7A Flyback LED driver prototype and a 10W, 50V/0.2A Buck-Boost 

LED driver prototype had been implemented to validate the proposed LED driving 

method. Flicker-free LED driving, high power factor and high efficiency have all been 

achieved with these two experimental prototypes.  

6.3 Summary of the Primary Side Controlled Ripple Cancellation LED Driver 

In chapter four, the primary side controlled scheme had been proposed to further 

reduce the component cost and the design complexity for the ripple cancellation LED 

driver.  All the advantages, such as high efficiency, high power factor and flicker-free 

LED driving, are inherited from the ripple cancellation LED driver proposed in chapter 

three.  

Both the output voltages of the Flyback PFC and the Flyback ripple cancellation 

converter are sensed at the primary side. The LED current is also sensed at the primary 

side. This primary side voltage and current sensing structure provide the ability to build 
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the entire control circuit at the primary side. Therefore, no secondary side control circuit, 

no opto-coupler are needed with the isolated ripple cancellation LED driver, which 

significantly reduce the component cost and design complexity. 

A 30W, 50V/0.6A output Flyback experimental prototype had been built to verify the 

proposed primary side control scheme and its power stage structure. The experimental 

results validate the effectiveness of the proposed primary side control scheme with the 

ripple cancellation LED driving method.  

6.4 Summary of the Energy Channeling Ripple Cancellation LED Driver 

In chapter five, the energy channelling ripple cancellation LED driver had been 

proposed. The objectives of this work are: 1) achieving true single-stage power 

conversion, 2) further reducing the component cost. The input power is split into two 

portions to produce two output voltages. The main output provides energy storage. At the 

same time, it contains a twice-line-frequency ripple voltage. An opposite ripple voltage is 

produced by the same PFC that produced the main output voltage.  

The opposite ripple voltage is used to cancel the ripple voltage of the main output. 

This way, a DC LED driving voltage is produced and drives the LED load with flicker-

free performance. This implementation eliminates the need of using a separate ripple 

cancellation converter to produce the ripple voltage. Therefore, further reducing 

component cost is possible. It is also explained in details that the energy channelling 

ripple cancellation LED driving truly operates under single stage power conversion while 

achieving a high power factor and flicker-free LED driving performance. The efficiency 

of the proposed energy channelling LED driver can be designed to bevery close to the 

single-stage LED driver.  
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An 8.5W, 50V/0.17A Buck-Boost prototype had been built and verified the 

effectiveness of the proposed energy channelling ripple cancellation LED driver.  

6.5 Comparison of Three Ripple Cancellation LED Drivers  

The three different designs proposed in the thesis all have their own advantages that 

can suit different design requirement and applications.  

For the basic ripple cancellation LED driver, the design on the Flyback/ Buck-Boost 

PFC and the ripple cancellation converter has the greatest freedom. Both the PFC and the 

RCC can be designed with any topologies and operated under any conduction mode 

(CCM, DCM or BCM) that for a particular requirement. The basic ripple cancellation 

LED driver can be designed for the broadest applications and it is ready to be 

implemented by off the shelf components. However, the implementation cost with the 

basic ripple cancellation LED driver will be the highest when to achieve the same design 

requirement.  

The primary side controlled ripple cancellation LED driver can save cost on the 

control circuit for the isolated applications. In order to get real benefit from this design, 

the proposed primary side control circuit need to be integrated on a single die. In this way, 

the actual component count is significantly reduced. The ripple cancellation converter 

needs to be implemented with Flyback topology and it should be operated under either 

BCM or DCM to achieve primary side current regulation.  

The energy channeling ripple cancellation LED driver can save cost on the power 

stage circuit. The implementation of the energy channelling ripple cancellation LED 

driver can also be extended to Flyback topology, Boost topology or any other current-fed 
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type topologies. The energy channelling ripple cancellation LED driver need to be 

operated under DCM and it is more suitable for 15W or even lower output power 

applications. Integrating the ripple cancellation circuitry with the control circuit can 

further reduce cost.  

A comparison between three different designs is summarized as in Table 6-1.  

Table 6-1 Comparison between three different ripple cancellation LED driver 

implementations 

 Design  limitation 
Output 

power level 
Adaptablity to industry cost 

Basic ripple 
cancellation 
LED driver 

No limitation on 
the implementation 
of the PFC and the 

RCC 

Limited by 
the topology 
of the PFC 

Readily to be 
implemented by off the 

shelf parts 

Highest 
of three

Primary side 
controlled 

ripple 
cancellation 
LED Driver 

PFC and RCC must 
be implemented by 
isolated topologies, 

such as Flyback. 
RCC need to work 

under DCM or 
BCM condition 

Limited by 
the Flyback 

PFC, 
normally 
less than 

100W 

The controller circuit 
needs to be implemented 
on a single die to achieve 

real low component 
counts and cost 

Low 

Energy 
channelling 

ripple 
cancellation 
LED driver 

PFC need to be 
operated under 
DCM or BCM 

condition 

Below 15W 

Readily to be 
implemented by off the 

shelf parts. Further 
integration on the ripple 
cancellation circuitry can 

reduce cost 

Low 

 

6.6 Future Work 

This thesis is mainly focused on solving the flicker issue with the single-stage LED 

driver. There are also other design concerns related to the LED driver, such as improve 
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the lifespan and compatibility of triac dimming of the LED driver, which can be 

addressed in the future.  

In the conventional LED driving design, both single-stage and two-stage, electrolytic 

capacitors are usually used to buffer the energy difference between the AC input side the 

DC output side. The life span of the electrolytic capacitor becomes the limiting factor of 

the lifetime of the LED driver. More research work can be focused on eliminating the 

needs of using the electrolytic capacitor with the grid connected LED driver.  

Also, the LED driver also has compatibility issues with triac dimming. Limited 

dimming range and flickering introduced by the triac dimming are issues commonly exist. 

More effort can also be dedicated to this area of  research.  
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