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Abstract – This paper presents an AC electronic 
lighting system using a non-isolated SEPIC PFC rectifier 
to drive and control power LEDs currents. One energy 
regenerative snubber for reducing the converter 
switching losses and improve the system efficiency is 
proposed. To reduce ripple current in the LEDs array a 
linear current regulator is placed in the SEPIC’s output 
terminals. In order to reduce the efficiency impairment, 
the conditions for achieving minimum energy loss in the 
current regulator are also detailed. The operation stages 
as well as the theoretical waveforms and main equations 
at steady state of the proposed SEPIC rectifier using a 
regenerative snubber are detailed. To verify the 
theoretical analysis carried out, experimental results of a 
prototype operating in 127 and 220 V for 35 LEDs / 42 W 
are also presented. In this paper, the point of minimum 
energy loss in the linear regulator is adjusted in open 
loop to validate the converter operation. 
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I. INTRODUCTION 

Solid-State Lighting (SSL) has revolutionized the lighting 
market. LEDs (Light Emitting Diodes) are versatile and 
incredibly energy-efficient, and as their color stability and 
lumen efficacy continue to increase, they are gradually 
replacing the conventional bulbs into an ever expanding 
range of general illumination applications. 

An AC electronic lighting system for power LEDs 
applications needs performing some features as high power 
factor, flicker-free (continuous output current), high 

high efficiency, universal input voltage (90 – 240 V) and low 
cost [1]-[3]. It is known that it is very difficult to achieve all 
these features in a single system. Then, when one LED driver 
system presents the majority of these features, it becomes a 
serious candidate to be used in some commercial 
applications. 

LED driver systems having output power over 25 W 
generally require an AC/DC step-down converter operating 
in discontinuous conduction mode (DCM) to achieve power 
factor correction and satisfy the limits set by IEC 61000-3-2 
Class C regulations [4], [5]. At DCM, the Buck, Buck-Boost, 
Boost and Zeta PFC (Power Factor Correction) rectifiers 
require LC input filters. The boost converter is an inadequate 
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solution for several applications due to its inability to operate 
in step-down conditions. Regarding the other mentioned 
classical converters, they do not share a common switch and 
output reference terminal. It means that the switch driver or 
any output voltage/current sensor must be isolated, thus 
leading to a high component count and increased cost [6]. 
Therefore, the SEPIC converter becomes an attractive option 
since it addresses this whole list of drawbacks. 

The SEPIC PFC rectifier does not need an LC input filter 
neither an isolated command circuit [7], [8]. Therefore, it has 
good characteristics for power LEDs applications, where the 
line current distortion must be low. 

Although power electronics converters perform a low 
input current harmonic distortion due to the inherent property 
of DCM operation, the low frequency (twice the mains 
frequency) output voltage ripple is high. Being the LEDs 
directly connected to the DC bus voltage means that their 
current also have high ripple, thus reducing their lifespan [9]. 
In order to reduce the LEDs current ripple a linear regulator 
is often required [6], [10]-[12]. However, for the losses in the 
regulator not being very high, it is necessary that the 
difference between the input and output voltages of the 
regulator remains as low as possible, preferably on the 
threshold of regulation. Moreover, this threshold of 
regulation must be maintained for all DC bus and input 
voltage variation. Thus, through a programmed optimal point 
of a linear current regulation it is possible to outfit the system 
with universal input voltage capability. 

It is well known that increasing the parasitic inductances 
in power converter circuits directly affects the semiconductor 
devices voltage stress and the system power loss [13], [14]. 
The employment of snubber circuits contributes for reducing 
the converter switching losses [15]-[17], since it provides the 
suppression of sharp rises of switch voltage and current 
during the commutation process. A resistor-capacitor-diode 
(RCD) turn-off snubber can be used. However, all snubber 
energy is dissipated on the resistor R. On adding regenerative 
capability to this circuit, the energy absorbed during 
commutation can be recovered to the converter, therefore 
allowing an improvement on the system efficiency. 
Regarding the SEPIC operating in DCM [18]-[20], it is 
possible to observe that it already has its turn-on current slew 
rate limited by one of its own inductances. Thus, a 
regenerative snubber acting only toward the reduction of the 
turn-off switch voltage is enough for minimizing the 
switching losses. 

II. PROPOSED ELECTRONIC LIGHTING SYSTEM 

In this paper, an electronic lighting system presenting the 
features of low input current THD (Total Harmonic 
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Distortion) and flicker-free operation is proposed. Moreover, 
as it is going to be clarified within the paper, this solution is 
able to operate under universal input voltage range and to 
perform dimming if a voltage control is proper designed. A 
regenerative snubber is proposed to harness most of the 
energy that would be wasted as heat during the switching 
interval. The efficiency improvement obtained from the use 
of the proposed snubber shall become more evident in 
applications where the switching frequency is increased to 
reduce the circuit size, such as in compact LED lamps. 

Figure 1 shows the proposed AC electronic system. It can 
be observed that the non-isolated SEPIC PFC rectifier is 
feeding a transistorized linear current regulator with output 
LEDs load. It can also be observed that a regenerative 
snubber is used in the SEPIC converter for reducing its 
switching losses. 

SEPIC rectifiers are capable of feeding loads that require 
low DC voltage level in systems that require high power 
factor [18]. This solution has the advantages of providing 
high power factor with low input filtering effort, as Boost 
rectifiers, and lower output voltage level, as Buck and Buck-
Boost rectifiers. The disadvantage is the increase of 
component count, due to the need for additional capacitor 
and inductor. 

SEPIC converter has important characteristics, which are 
suitable for LED lighting systems application [18]-[23]: 

• step-down voltage operation: the SEPIC is able to 
operate as a step-down converter. Therefore, the 
converter can directly supply a LED array [22], [23]; 

• low input filtering effort: when operating as PFC, no 
additional input filters are required, even in CCM 
(Continuous Conduction Mode) or DCM operation; 

• resistive mains behavior: when operating in DCM, 
SEPIC converter has a resistive behavior when 
observed from the mains. Thus, the converter does not 
need a current control loop for operating with high 
power factor [18]; 

• universal input voltage operation: since the converter 
has resistive mains behavior in DCM, universal input 
voltage operation is achieved by adjusting the duty 
cycle value without any input voltage sensor; 

• ground-referred power transistor: the power transistor 
is referred to the same DC input voltage ground. 
Thus, the control and drive circuits do not need 
isolation [22]. 

For DCM operation, a value of constant k less than its 
critical value kCR should be adopted. 

The voltage gain is defined by: 
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where M is the voltage gain, Vo is the output voltage and 
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The critical value kCR is defined as: 
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Thus, the duty cycle value D is calculated by: 
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The inductance of L1 is calculated by: 
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where IL1 is the input current ripple and fs is the switching 
frequency. 

The equivalent inductor Leq is given by: 
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where Io is the output current. 

Therefore, the inductance of L2 is calculated by: 
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The intermediate capacitor C1 is designed for a desired 

voltage ripple, according to: 
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where oI  is the parameterized output current and VC1 is the 
capacitor C1 voltage ripple; 

The parameterized output current is defined as: 
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Finally, the output capacitance C2 necessary to maintain a 

specified value of output voltage ripple is given by: 
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where fr: is the mains frequency and Vo is the output 
voltage ripple. 

III.  ENERGY REGENERATIVE SNUBBER 

In order to reduce the switching losses of the SEPIC 
rectifier operating in DCM a regenerative snubber is Fig. 1.  Proposed electronic lighting system. 
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proposed as depicted in Figure 1. It is composed of one 
capacitor (Csn), one inductor (Lsn) and two diodes (Dsn1 and 
Dsn2). It is important to observe that, in this case, inductance 
Ld is not considered to be part of the snubber circuit, since 
once the converter operates in DCM its switch turn-on 
current starts from zero and has slope limited by the SEPIC 
inductance L2. Thus, there is no need to increase the Ld value 
and the snubber is only intended to limit voltage slope during 
the switch S turn-off process. Inductance Ld is here 
considered in the circuit to represent the stray inductances 
that are abruptly open by S. It is important to observe that 
these stray inductances might generate voltage spikes at the 
switch S terminals. However, these spikes are suppressed 
when using the proposed snubber, as detailed within this 
section. 

A. Steady State Operation 
Figure 2 depicts the sequence of nine operation stages of 

the proposed SEPIC converter employing the regenerative 
snubber, which are described as follows: 

Stage 1 (t0 – t1): begins when the switch S is turned on. 
During this stage, energy is transferred from the input to 
inductor L1 and from capacitor C1 to inductor L2. Regarding 
the regenerative snubber circuit, Csn and Lsn form a resonant 
circuit and the energy previously stored in Csn is transferred 
to Lsn. This stage ends at t = t1, when vCsn reaches the value of 
-Vo. 

Stage 2 (t1 – t2): at t = t1, diode Dsn2 becomes forward 
biased and energy stored in Lsn starts being transferred to the 
converter’s output. As soon as current iLsn is null this stage 
ends. 

Stage 3 (t2 – t3): since the entire amount of energy stored 

in Lsn was transferred to the output during the previous stage, 
both diodes Dsn1 and Dsn2 become reverse biased. Thus, the 
circuit configuration during this stage is the same as the first 
stage of the conventional SEPIC converter in DCM. Stage 3 
ends when the switch S is turned-off. 

Stage 4 (t3 – t4): the consequence of switch S blocking is 
the bypass of current iLd to the capacitor Csn, thus limiting the 
slew rate of voltage across S. At t = t4, vCsn reaches the value 
of Vin causing diode D1 to become forward biased, and stage 
4 is finished. 

Stage 5 (t4 – t5): since diode D1 started conducting, energy 
begins to be transferred to converter’s output. During this 
stage, energy stored in Ld continues to be transferred to Csn. 
At t = t5, iLd becomes null and vCsn assumes its highest value. 
It is important to observe that voltage across S also has its 
maximum value at this time instant, fact that characterizes 
the end of stage 5. 

Stage 6 (t5 – t6): at t = t5, diodes Dsn1 and Dsn2 become 
forward and reverse biased, respectively. During this stage, 
Ld, Lsn and Csn form a resonant circuit and energy stored in 
Csn is transferred to C1 and converter’s output. Stage 6 occurs 
until half of a resonant cycle has elapsed. 

Stage 7 (t6 – t7): as the resonant transitions is over diode 
Dsn1 blocks and the circuit configuration becomes the same 
as the second stage of the conventional DCM SEPIC 
converter. At t = t7, inductor L2 assumes all the current 
provided by L1, thus blocking diode D1 and implying the end 
of stage 7. 

Stage 8 (t7 – t8): with the blocking of D1, diode Dsn1 
becomes once again forward biased and Ld, Lsn and Csn form 
a resonant circuit as occurred during stage 6. After half of a 
resonant cycle has elapsed, this stage ends. 

Stage 9 (t8 – t9): at t = t8, the circuit configuration 

 
Fig. 2.  Operation stages. 
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becomes the same as the third stage of the conventional 
DCM SEPIC. This stage persists until switch S is turned on. 

Figure 3 shows the theoretical waveforms in steady state 
operation. 

 

B. Mathematical Analysis 
From the analysis of the SEPIC rectifier associated with 

the proposed regenerative snubber one can demonstrate that 
the maximum value of voltage across the switch S is given 
by: 

 .d in
S,max in o
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L DV
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It is important to remember that the maximum switch 
voltage stress considering the ideal SEPIC converter (no 
parasitic influence) is equal to Vin+Vo, term that appears in 
(10). Thus, the first term of this equation computes the 
influence of the stray inductance Ld on the voltage VS, which 
maximum value is always higher than that of the ideal case. 
An interesting fact is that this deviation from the ideal 
conditions depends on the value of Csn but does not on Lsn. 
Therefore, an adequate choice of capacitance Csn might 
provide the conditions to keep the voltage stress on switch S 
limited to some predefined value. 

The result given by (10) holds for every operating duty 
cycle, which is adjusted to maintain a minimum current 
regulator energy loss (see section IV). Rewriting (8) for the 
worst case (maximum input voltage) and considering the low 
frequency ripple on the output voltage, results in: 
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where Mmin is the minimum operating voltage gain and 

o,minI  is the parameterized minimum operating output 
current, Vin,pk,max is the maximum peak value of input voltage,  
Vo,avg is the average value of output voltage and Vo% is the 
output voltage ripple as a percentage of Vo,avg. 

During the switch S turn-off the slew rate of voltage 
across this element (SRVS) is limited by the charging of 
capacitance Csn. From the snubber analysis it is possible to 
demonstrate de validity of 
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Equation (12) provides the means for specifying Csn in 

order to control the slew rate of voltage across S, thus 
allowing the reduction of the turn-off loss on this element. 

Finally, inductor Lsn participates in the process of 
transferring the energy stored in Csn during the switch turn-
off to the output capacitor. Its value directly affects the time 
that this energy transfer process takes to be performed. Thus, 
Lsn is chosen in order to meet a trade-off between iLsn peak 

value and the duration of the snubber energy recovery. The 
snubber analysis provides that 
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When operating with universal input voltage, ILsn,pk has an 

extreme value that occurs when the input voltage is 
maximum, as given by: 
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IV. LINEAR CURRENT REGULATOR WITH MINIMAL 
ENERGY LOSS 

A linear current regulator is used to control the current in the 
LEDs array [21]-[23]. Being this circuit a linear regulator 
means that the bipolar transistors Q1 and Q2 operate in the 
active region, which is well known to have a considerable 
energy loss. The reason for employing such solution is that it 
simplifies the converter control, where high power factor and 
current regulation are achieved with a simple voltage 
controller even for universal input voltage range. This 

 
Fig. 3.  Theoretical waveforms for steady state operation. 
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Fig. 4.  Voltage VREG waveform for minimal current regulator 
energy loss. 

solution is expected to be adequate for several lighting 
applications where this extra energy loss is acceptable when 
considering the benefits of control simplicity, flicker-free, 
inherent LED overcurrent protection and dimming capability. 
Moreover, since the output voltage ripple is assumed by the 
linear regulator, the capacitance value of C2 may be 
decreased. However, this implies higher losses in the 
regulator circuit, as can be observed from (15). 

In order to minimize the regulator energy loss, a control 
strategy might be set for tracking the point where Q1 power 
is minimum and yet avoiding the saturation of Q1 and Q2. 
Figure 4 shows the waveform of VREG that leads to minimal 
losses in the current regulator while active region is 
guaranteed for both Q1 and Q2. 

Thus, in closed-loop operation the control strategy would 
consist of adjusting the SEPIC duty cycle to keep the 
minimum value of VREG slightly higher than 2.1 V 
(considering that Q1 is a Darlington pair). Hence, the linear 
regulator loss is approximately 

 

 o
REG LED

V
P 2.1 I .

2
 (15) 

 
Dimming can be performed by setting an adequate value 

for R2 (variable resistor in this case), which is responsible for 
adjusting the LED array current Io, as given by: 

 

 o
2

0.7I .
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V. EXPERIMENTAL RESULTS 

In order to verify the presented design methodology, a 
prototype for 35 LEDs connected in series operating in 127 
and 220 V / 42 W was implemented in open loop. To drive 
the proposed lighting system the integrated circuit SG3525 
PWM controller is used. Figure 5 shows the implemented 
circuit. The design data are presented in Table I 

Using the equations from Sections II and III the values of  
the parameters of the SEPIC converter are derived and 
presented in Table II. Table III provides information about 
the converter devices. The regenerative snubber is designed 
considering the stray inductance (Ld) value of 500 nH. 
Capacitor Csn value is chosen in order to guarantee a 
maximum switch voltage of 510 V, and inductor Lsn is set to 
a value that ensures that its own peak current value is limited 
to 1.125 A. 

From Figure 6 to Figure 8 the experimental results for an 
input voltage of 127 V are presented. Figure 6 depicts the 
input voltage (CH1), input current (CH2) and the current 
(CH4) and voltage (CH3) on the LEDs array. Figure 7 shows 
that the current THD is 1.87 %, being all harmonics in 
compliance with the IEC 61000-3-2 class C standard. It can 
be observed that there are some ripples on both 
measurements. As the system has operated in open loop, it 
there was no control on the minimum voltage of the linear 
regulator to obtain flicker-free current. In the operation point 
of minimum voltage, the linear regulator presented instability 
and the regulator energy loss increased a lot. To minimize 

TABLE I 
Data of the Implemented Prototype 
Parameters Values 

Vin (RMS) 127 and 220 V 

Vo (AVG) 126 V + 5 % 

Io (AVG) 350 mA 

PLEDs 42.35 W 

fs 50 kHz 

D 0.30 and 0.16 

IL1 20 % 

Vo 5 % 

VC1 35 % 

 
TABLE II 

Parameters Used in the Prototype 
Parameters Values 

L1 
20.37 mH – Core EE-40/20 IP12R 

Thornton, 194/33 turns 

L2 
318.2 μH - Core EE-30/7 IP12R 

Thornton, 128 turns 

Lsn 
30 μH – Core EE-16/7 IP12R 

Thornton, 16 turns 
C1 180 nF 

C2 
2 parallel 75 μF (Epcos metallized 

polypropylene capacitor) 
Csn 2.2 nF 

TABLE III 
Devices Used in the Prototype 

Parameters Devices 

Dr1 - Dr4 1N4004 

D1 MUR460 

S (MOSFET type CoolMOS™) SPP24N60C3 

 Dsn1 and Dsn2 MUR160 

Q1 
BC546A + TIP31C (darlington 

configuration) 
Q2 BC546A 

R1 220 k  

R2 2  

LEDs LXK2-PWC4-0220 
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the regulator energy loss, a control strategy must be set for 
tracking the point where the linear regulator power is 
minimum without going a lot into active region. 

Figure 8 shows the linear regulator voltage (CH3), the 
LEDs array voltage (CH1) and current (CH4) and the DC-

Link voltage (CH2) for 127 V at power supply. It is possible 
to observe that the minimum voltage on linear regulator is 
approximately 2 V and its average value measurement is 4.8 
V. Thus, its average energy loss is approximately 1.7 W. 

This loss only corresponds to 3.7 % of the total output 
power of the electronic lighting system. Therefore, this 
solution seems adequate for applications where this loss 
penalty is justified by all the features achieved with the 
proposed reduced components count circuit. 

Figure 9 presents the input voltage (CH1) and input 

 
Fig. 8.  LEDs current (CH 4), LEDs array voltage VLEDs (CH1),
DC link voltage VDC (CH2) and Regulator linear voltage VREG
(CH3) for 127 V. 

 
Fig. 9.  Input voltage (CH1), input current (CH2), Current (CH4) 
and voltage (CH3) on the LEDs array for 220 V. 

 
Fig. 6.  Input voltage (CH1), input current (CH2), Current (CH4) 
and voltage (CH3) on the LEDs array for 127 V. 

 
Fig. 7.  Harmonic spectrum of the input current with THD of 1.87 
%. 

 
Fig. 5.  Implemented circuit diagram. 
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current (CH2) and the current (CH4) and voltage (CH3) on 
the LEDs array with system being feeding in 220 V. Even 
though it is not shown the harmonic content of the input 
current, its THD is 2.5 % with all harmonics satisfying 
standard IEC 61000-3-2 Class C too. Figure 10 shows the 
linear regulator voltage (CH3), the LEDs array voltage 
(CH1), the LEDs current (CH4) and the DC-Link voltage 
(CH2) for 220 V. 

Figure 11 shows the ef ciency variations under different 
input voltage operation conditions, firstly employing the 
proposed snubber and after employing the RCD snubber (R = 
130 k , C = 4.7 nF and MUR160). The system efficiency 
was measured with a YOKOGAWA WT3000 precision 
power analyzer, which results are 87.8 % at 127 V and 87.2 
% at 220 V of input voltage for the proposed snubber. One 
can observe that, across the input voltage variation range, 
using the classical dissipative RCD snubber the system 
presented an efficiency lower than when employing the 
proposed regenerative snubber. It is noteworthy that although 
the efficiency improvement achieved by using the proposed 
circuit does not seem to be too significant, systems operating 
at higher switching frequencies should be better benefited 
from this solution. Perhaps for compact lamps, the recovered 
switching energy should be higher than that lost in the 
current regulator, thus leading to minimized efficiency 
impairment. 

Figure 12 presents the inductor L2 current at low (R1) and 
switching (CH2) frequencies at 127 V, where it can be 
observed that the SEPIC operates in DCM. 

Figure 13 shows MOSFET voltage and current during the 

switching process employing the RCD snubber. Figure 14 
also presents the detail of MOSFET switching but now 
considering the use of the proposed regenerative snubber. It 
can be observed that the switching conditions are better when 
using the proposed snubber, where the overlap between 
switch voltage and current is lower than that obtained for the 
RCD snubber. Moreover, the slew rate of switch voltage is 
decreased by the use of the proposed snubber, therefore 
resulting in a system where the electromagnetic interference 
is possibly reduced. 

VI. CONCLUSION 

This paper presented an alternative solution to reduce the 
MOSFET switching losses by using an energy-regenerative-
snubber applied to the non-isolated SEPIC PFC rectifier. The 
main goal of this study was to derive the fundamental 
equations that describe the converter behavior as well as its 
operation stages and main waveforms, providing the basis for 
further analyses, such as establishing a proper design 

 
Fig. 10.  LEDs current (CH 4), LEDs array voltage VLEDs 
(CH1), DC link voltage VDC (CH2) and Regulator linear 
voltage VREG (CH3) for 220 V. 

Fig. 11.  
voltage operation conditions. 

 
Fig. 12.  Inductor L2 current: (R1) Low frequency; (CH2) 
switching frequency. 

 
Fig. 13.  Voltage (CH1) and current (CH2) on the MOSFET 
without regenerative snubber. 

Fig. 14.  Voltage (CH1) and current (CH2) on the 
MOSFET at switching frequency with regenerative 
snubber. 
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procedure, evaluation of component current and voltage 
stresses or even converter optimization. It was shown that the 
use of a linear current regulator combined with the DCM 
SEPIC rectifier exhibits interesting characteristics, such as 
low input current THD, flicker-free operation, universal 
input voltage and dimming capability, all achieved without 
any current control loop. However, a loss penalty is 
inevitable. 

Experimental results performed in 127 V and 220 V show 
that by using the proposed energy-regenerative-snubber, it is 
possible to improve the system efficiency when compared to 
the employment of a classical RCD snubber. This 
improvement may be more accentuated in applications with 
higher switching frequency, increasingly common in LED 
lighting for achieving compact lamps. It is noteworthy that 
the regenerative snubber processes a small portion of the 
converter rated power and therefore it may not increase the 
converter’s cost and size significantly. 

Despite the fact that the results were obtained in open-
loop operation, it is shown that by choosing an adequate 
value of duty cycle, the energy loss in the current regulator is 
minimized in both conditions of 127 V and 220 V. Thus, a 
control loop should be proposed for tracking the optimum 
operation point, being this subject currently under 
investigation by the authors. 
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