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Abstract—A single-stage dimmable electronic
ballast with very high power factor and high efficiency is
presented in this paper. A compact Fluorescent lamp
power circuit is designed by integrating a SEPIC power
factor corrector with a current-fed resonant inverter. This
integration produces a single power-processing unit that
minimizes the number of circuit components. The
proposed resonant inverter reduces the circulating current
in the resonant tank and allows simple gate drivers to be
used so that isolation devices can be eliminated. With the
SEPIC power factor corrector stage operating in the
discontinuous conduction mode (DCM), a close-to-unity
power factor is achieved for different lamp-power
conditions. A small-signal analysis is presented, and a
simple variable frequency controller is provided for
dimming operations. Simulation waveforms are provided
to highlight the merits of the proposed circuit for a 40-W
compact fluorescent lamp.

Index Terms—Electronic ballast, Compact fluorescent
lamps, power factor correction.

I. INTRODUCTION

Due to higher lamp efficacy and longer
lifetime, compact fluorescent lamps (CFLs) are
becoming more widely used than incandescent lamps.
Table | compares the lumen performance between a
CFL and incandescent lamp [1]. It shows that for the
same amount of light output, a CFL consumes only one-
third of the power of an incandescent lamp. Hence, CFL
presents a very attractive approach to reduce energy cost
in lighting applications. In fluorescent lamps, it is well
known that ballast is required to provide sufficient high
voltage for proper lamp ignition and stabilize the lamp

current once the lamp arc is established. The lumi a

ional line-frequency magnetic ballast is heavy ppious e Compact
conventional I AR (light output)  |ypcandescent fluorescent
and bulky, which makes the device itself too large to be
installed inside the CFL. The low operating frequency 450 Im 40 W 1w
also causes light flickering, and it is impossible to 600-700 Im 60 W 11-15W
implement dimming operations with a magnetic ballast. 950 Im 75 W 18-20 W
As a result, electronic ballast becomes the most suitable 1200 Im 100 W 20-28 W
candldat_e to be used in CI_:L appllt_:at_lons. A typical 1600 Im 125 W 2830 W
electronic ballast configuration consisting of a power
factor correction (PFC) stage and a resonant inverter is 1900 Im 150 W 35-42 W

shown in Fig. 1(a). This two-stage circuit [2] results in a
high-cost and large-size circuit. Single-stage inverters
(SSls) are then proposed [3]-[9] by combining the PFC
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switch and one of the switches in the half-bridge
resonant inverter together, as shown in Fig. 1(b), using
the synchronous switch concept [10]. This design
presents significant improvements in size and cost
reduction over the conventional two-stage circuit. The
main drawback with the SSI is the need of a complicated
control circuit to function as dc-link voltage regulation
and output-lamp current regulation. In this paper, a
single-stage dimming electronic ballast with variable
frequency control using an integrated buck-boost PFC
current-fed resonant inverter is proposed.

Total cost per lighting type
(1,000 lumens, 4hrs/day for 25 years)

$800.00 ‘ M Electricity cost

$700.00 ‘ - Bulb cost

$60000 1
$50000 1

$400.00 +

$0.00 +

incandescent CFL fluorescent halogen LED

Fig 1: Total cost per Lighting types

TABLE |
COMPARISONS BETWEEN A CFL AND AN INCANDESCENT
LAMP
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Although the efficiency of the SSI tends to be
lower than the conventional design approach, the
proposed SSI circuit saves one MOSFET and a PFC
controller compared to the two-stage high-power-factor
ballast circuit. It also allows a simple-switch driver
circuit to be used without any isolation devices. The

High PF
Converter

controller circuit utilizes the use of a simple lamp
dimmer to achieve dimming operation by varying the
switching frequency of the resonant circuit. By closed-
loop feeding the lamp current to the proposed controller,
the lamp is always driven by a current source, and
stability can be guaranteed.

| + |HF Resonant
- Inverter

Lamp

3]
F

Fig.2 : Typical Block diagram of Electronic Ballast in Commercial CFL.

Detailed operating principles of the proposed
circuit will be discussed in this paper. To further reduce
the number of MOSFETS required in the ballast power
circuit, single-switch electronic ballasts were reported in
[12]-[17] by using the class-E resonant inverter. These
electronic ballasts use only one switch to simultaneously
achieve PFC while providing the lamp current
stabilization at lower than the conventional two-stage
electronic ballast with boost PFC. This paper proposes
new high-power-factor single-switch electronic ballast
for CFL applications. The proposed circuit has both
lower peak current and voltage stress across the switch
than that of the class-E resonant inverter. Detailed
operating principles and characteristics of the proposed
circuit are provided in this paper. The merits and
performance of the circuit are justified through
experimental results. This paper is organized as follows.
Section Il provides a detailed description of the
operating principles of the proposed single-switch
ballast
circuit. The mathematical analysis of the proposed
ballast circuit, including current and voltage stress
analysis on all the semiconductor devices is discussed.
Section 11l gives a design example and provides
experimental waveforms to highlight the performance of
the circuit. Section IV summarizes the merits of the
proposed work.

This paper is organized as follows. Section 1l
provides detailed description of the operating
principles of the proposed single-stage ballast circuit.
Section 1l gives a detailed discussion on the
mathematical design of the proposed ballast circuit and
provides a design example, including small-signal
analysis and the controller design. Section IV provides
all the simulation and experimental waveforms to
highlight the performance of the circuit on a 40-W CFL.

Section VI gives a conclusion to summarize the merits
of the proposed research.

I1. DESCRIPTIONS AND CHARACTERISTICS
OF PROPOSED CIRCUIT

A. Derivation of Proposed Single-Stage Ballast
Circuit

To design a low-cost and small-size high-power-
factor electronic ballast circuit for CFLs, the design
objective is to reduce the number of active components
(i.e., diode and MOSFET) in the power circuit. Since it
is not possible to further reduce the switch count from
the active PFC stage perspective,

switch count reduction is performed on the inverter
stage. A single switch current-fed resonant inverter is
proposed by

connecting the switch (M1) in series with a diode
(D1), as shown in Fig. 3(b). The other circuit elements
that make up the single switch inverter include: an input
inductor (Lin) and a
resonant circuit consists of Lr and Cr, and a starting
inductor (Lp) An advantage of the proposed inverter
circuit compared to the class E resonant inverter is that
when the switch is ON, only the input current (iin) will
flow through the switch, as illustrated in Fig. 3.This
means that the conduction loss of the MOSFET is
significantly reduced in the proposed design compared
to the class-E resonant inverter. Another advantage of
the proposed single switch resonant inverter is that the
MOSFET voltage stress is much lower than that of the
class-E resonant inverter. The MOSFET peak voltage of
a class-E resonant inverter is approximately 3-5 times
the peak of the input voltage. However, in the proposed
circuit, the voltage across the MOSFET is a function of
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both Linand Cr. Hence, by properly designing Linand Cr
, the voltage across the MOSFET can be minimized. In
active PFC, a front-end converter is required to Provide
very high power factor at the line input. DC-DC
converters such as the boost, buck—boost, flyback, Cuk,
and SEPIC are all possible options for active PFC. In the
proposed design, the SEPIC converter is chosen for PFC
for the following reasons: 1) it does not require a large-
size high-voltage dc-link

capacitor, as in the boost PFC case; 2) unlike the
Discontinuous conduction- mode (DCM) operating
boost converter, the dc-link capacitor of the SEPIC
converter does not suffer from high voltage stress in
order to achieve high power factor [19]; and 3) the
output dc-link voltage polarity is not inverted, as in the
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buck-boost converter case, which allows simpler circuit
configuration and input electromagnetic interference
(EMI) filter designs [20].When the SEPIC converter
operates in DCM with a fixed switching frequency, the
peak of the DCM inductor

current will follow the rectified sinusoidal envelope and
a loseto- unity power factor is achieved at the input.
This feature

Ly i in Lin L
o i& l'tml
'.\'
% 358 ; Lamp
i Dinl == C
A T->r Lp
4 Din
72 gl
1~1
N
D
- 1
Fig. 3. Proposed single-stage single-switch electronic ballast.
EMI filter Rectifier
Inpi-_ Ier > Resonant Inverter
with Integrated PFC Lamp
Stage
..... >
........................ ‘........-.....E
Feedback Signal
Inverter for dimmin
Controller 9

Fig. 4: Proposed Typical Electronic Ballast with Feedback signal for Dimming
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can be analyzed by first examining the input line
voltage. The input line voltage is given by: vs (t) = Vp
sin(2zfL t), where Vpis the peak line voltage and fLis the
line frequency. Second, the average current (is.avg (t))
drawn from the line is given in (1), here Leq = (L1L2
)/(L1+ L2), Tsis the switching period, and d is the duty
ratio. From (1), it can be observed that isavg (t) is purely
sinusoidal and is in phase with vs (t). Therefore, a very
high power factor is achieved at the input. The input
average power equation is derived from (1) and is
expressed as (2). Another advantage of the SEPIC
converter is that the input line current ripple can be
reduced by properly designing the two inductors (L1 and
L2 ) and capacitor Ci1 [20]. By doing so, an input LC
filter can be saved in the SEPIC PFC configuration. As a
result, it can be concluded that SEPIC converter is
capable of achieving all the advantages of the other dc—
dc converters for PFC application. Fig. 4 illustrates the
finalized single-stage single-switch electronic ballast
circuit that is essentially an integration of a SEPIC
converter and a single-switch inverter to form a high-
power-factor electronic ballast.

=C, L,

e

C. Analysis of Resonant Inverter with nth Harmonics
circuit

The resonant inverter stage employs a single
input inductor (Lin) current-source resonant inverter that
consists of a resonant inductor (Lr ) and a parallel
capacitor (Cr) to form the corner frequency, as given in
(5). The parallel inductor (Lp) is the starting inductor
that provides sufficient high voltage to ignite the lamp.
It also helps to reduce the circulating current in the
resonant tank by providing more current to flow to the
lamp at the desired switching frequency [15]. Fig. 4
shows the equivalent circuit of the resonant inverter with
Riamp representing the steady-state lamp resistance and rt
representing the resistance of the filament. Equation (6)
gives the equation for the Q-factor of the proposed
resonant circuit. By selecting high-enough Qvalue in the
resonant circuit, close-to-sinusoidal waveforms are
achieved at the output, and fundamental approximation
can be applied [16]. The characteristics impedance (Zo)
of the resonant circuit is also defined, as in (7), to relate
the quality factor and the lamp resistance

Before the lamp is ignited, the lamp resistance is infinite
and the output of the resonant circuit can be modeled as
an.open circuit.

[interval 2]

=C, r

gty i B
Dy
L ,5 -T- < Jvﬁ"

[interval 3]

Fig. 5. Operating principles of proposed circuit.

www.ijert.org

594



Vo

vds I
I
I

td’s

-—| | I
ton I | |
e torrz ~ |

T,

interval 1 _I L §

interval 2
interval 3

Fig. 6. Key waveforms of proposed circuit.
D. Proposed Circuit Operation

The operating stages and key waveforms of the
proposed circuit are presented in this section. The circuit
operating principles can be explained by examining the
proposed circuit in four different intervals within a
switching period, as shown in Fig. 5. The key
waveforms of proposed circuit within a switching period
are illustrated in Fig. 6.

Interval 1: When M1 is ON, iL rises linearly, iin
increases

slowly due to the presence of Lin, so that close to zero-
current switching is provided at the turn ON of the
MOSFET. The total

Fig. 7. Equivalent ballast circuit for fundamental analysis.
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current flowing through the switch is ids, which is the
sum of
iin and iDin .

Interval 2: When M1 is OFF, iL decreases linearly
through

diode Db . It continues to decrease linearly until it is
equal to

iL2 , this stage ends when diode Db stops conducting.

Interval 3: All three diodes are OFF with the resonant
circuit

continuing to deliver the required energy to the output.
Now,

iL flows through both L1 and L2 . After this stage, the
next

switching cycle starts again.

E. Characteristics of Resonant Circuit

The basic characteristics that define the
resonant circuit are provided in this section. The corner
frequency (fo ) and the quality factor (Q) are defined as
(26) and (27), respectively

1 .
fo = ‘ZT\._-"'I,_(-H_r T (3
wpl
Ii o= :{-}]
2 Rlam]:-
Zo - \I,IIIII% = Igf?]slm[:\' (7)

During the lamp preheat stage, the lamp resistance is
infinite and the resonant circuit becomes a parallel L-C
network. The preheat frequency during this phase is
given by (28), where ipre is the preheat current. The
preheat voltage is given by (29)

(8

fon, 1 (1) = Lon sin(2m font).

jnwst
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Lr rf circuit as given in (16). As mentioned earlier, the
— Y AN switching frequency decreases during dimming as Q
— 4 lowers. Hence, the current-source-type resonant inverter
; Lpn(®)
I, (f 1 ph
sn,1 =

L2v, (b provides Qifferent dimmir!g characteristics as opposed to
rP) Lp the one in the conventional voltage-source resonant
inverter. This characteristic will be further verified with

the experimental results provided in a later section.

d
t

Fig. 8. Equivalent circuit before lamp ignition. 22

During lamp ignition, the load can still be treated as an —k=04|

open circuit at the output of the resonant circuit. The ——=k=1

lamp ignition frequency (fign) is then derived using (29) Tz [

and the final expression is given by (30), where Vign is
the amplitude of the lamp ignition voltage and lin is the
average current of iin. The magnitude of the ignition
voltage (Vign), which is the voltage across the parallel
inductor (Lp ), is given by (31) in terms of the
fundamental component of iin. After the lamp is ignited,
the lamp resistance becomes a finite value. By applying
undamental approximation to the resonant circuit and
assuming that the losses in the passive circuit
components are negligible, the output-to-input voltage
gain equation can be obtained and is plotted in Fig. 12 as
a function of the relative operating switching frequency, E ; 4 _ ‘
fr= fs/fo_, whgre fsis the switching frequency. P_roviding 0.2 e Y - = =5 - = c
that Lp is designed to be much larger than Lr, it can be relative operating switching frequency

observed that high output voltage can be achieved and
guaranteed during the lamp start-up condition.

voltage gain

Fig. 9. Voltage gain plot for different k-values.

IV. DESIGN EXAMPLE, DIMMING, AND
IIl. CONTROLLER DESIGN STABILITY ANALYSIS

The control block diagram of the proposed ballast circuit A. Design Example

is shown in Fig. 9. An envelope peak detector is used in A 40-W CEL with a rated current of 0.4Ams is

the  feedback circuit to first convert the OUIPUL  oqeen a5 the testing prototype. The design
sinusoidal signal to a dc signal. A simple proportional- specifications are given as follows:

integral (Pl) compensator is then designed to regulate .
the error signal between the feedback lamp current and : ﬁ%;nsgﬁfg:iq%yv(fz gg :f::z
the reference signal. The variable frequency dimmer . uality factor (Q) 2.0-3.0 '
uses the modified 555 circuit [17] as the voltage- quality R
controlled oscillator (VCO) to vary the switching
frequency of the resonant inverter to adjust the output
lamp power. TheVCO circuit is then built in the

B. Design Procedure
1) The full-power steady-state lamp resistance

laboratory using discrete electronic components. Fig. 10 Is first P 10 W

shows the schematic of the VCO with the components Ry, = Jamp — — = 250 (1

that were used in the experimental prototype. By I F— (0.4 A"

controlling the input signal (Vcon), the output switching Riamp@ 250 €2 (2.2)

frequency (fs) is adjusted; an expression that describes L, = = o - 70 H. 1.2 mH
the relationship between Vcon and fs is given by (15), e ) )

where Rt and Cr are the timing resistor and capacitor, O = ! — 3.9 nF.
respectively. According to Fig. 10, Raand Rt define the " (27 = 70 kHz)? (1.2 mH)

duty ratio of the pulses generated by the modified 555

IJERTV21S60188 www.ijert.org 596
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V. Proposed single stage
> ballast circuit
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Fig. 10. Proposed closed-looped ballast system.
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calculated as given by (17), where la,rms is the lamp rms L
current. The resonant circuit components Lr and Cr are Vis max = Vign (—T + 1) =610V,
then calculated from (5) and (6), respectively, by Lp

selecting Q to be 2.2.

2) Lp is chosen according to the k -value decided from
Fig. 8.

In this design, k = 2; hence

L,="Lk=22mH.

3) The value of Lb can be calculated from (2) by
substituting
D = 0.5, Ts=1/70 kHz, and Pin =40 W, assuming that
the PFC stage efficiency () is 90%
L VoDPT,  (156)7 0.5 (1/70 kHz)
T 4Py 140 W) (0.0)

= 603.6 pH.

4) Lamp ignition process: To properly start up the CFL,
the switching frequency of the resonant circuit is
initially set to around 45 kHz during the lamp preheat
process by setting the variable resistance Rtin Fig. 10 to
a lower value. Then the value of Rt is adjusted to
provide an ignition frequency close to 55 kHz. The
electrodes heat up at this switching frequency, and after
the lamp is successfully ignited, the switching frequency
continues to increase until the lamp current increases to
its rated value. The maximum voltage stress (Vdsmax)
across the switch during the lamp ignition phase can be
calculated by noting that the peak voltage across the
switch is equal to the voltage across the resonant
capacitor (Cr). The relationship is given in (21), where
Vign =410 V.

5) As fast recovery diodes are required in Ds:and Ds:to
minimize the turn-off losses in the diodes, the model
MUR1560 is used in the experimental prototype.

¢. Dimming Analysis

The theoretical analysis during dimming is performed
according to the ballast equivalent circuit shown in Fig.
4. The output voltage across the lamp from (10) is
obtained again as a function of Riamp(liarms) and isn,1 as
given in (28), where Riamp(liarms) is the lamp resistance
model proposed in [21]. The switching frequency for
different lamp-power conditions is then obtained by
solving (28) in MATLAB and is given by (29), where A,
a, b, and c are given by (30)—(33), respectively, as
shown in (28), at the bottom of this page.

1 (—:E-Ia VA + VAT —12ac+ ~L\-"'I)

2m fav/ A

During dimming, the lamp current decreases
significantly. The parallel inductor Lp is essential to
maintain a stable lamp arc across the two electrodes so
that the lamp does not go off at very low dimming
levels. The phasor representation of iLp(t), the current
that flows through inductor Lp is derived, as shown in
(34) at the bottom of this page. To realize the practical
dimming analysis in computer simulation, the lamp
model discussed in [21] can provide better
understandings of the dynamic analysis of the proposed
circuit during dimming operations. with a step change in
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the reference signal to dim the lamp to 10% of its full
power. It is observed that a stable lamp current transition

is maintained with almost the same dc bus voltage

maintained during the dimming transition. The voltage
across the parallel inductor is depicted in Fig. 15. It is
observed that the voltage varies from 90 to 115 Vrms
when the lamp is dimmed. This voltage level is

———a s -_ Sorpe2

112

=

T
3

‘[ Vst

Soopet

L1

2
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tthiversal Bridg
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e
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sufficient to maintain the lamp arc during the dimming
process.

V. PERFORMANCE OF THE PROPOSED CIRCUIT
A. Simulation Results
Fig.12 & 13 shows that the simulated line current at the
full amp- power condition with a power factor of 0.996
is obtained.

G157

Db

T
2,-».
L2

g

Iin
1| ._|

o Lo
Lp2 g —|_“Vout Soope d

puke Sopes
Gereraor

Fig.11. Electrical diagram of a MATLAB Simulated Prototype
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Fig. 12. (a) Measured lamp current and (b)Parallel inductor voltage waveform during dimming in Matlab

24504 DO 2651200 24570.00 38528 00 56530.00

Tiowe fux)

0.5 T T T T T T

current (A)

o] 0.5 1 1.5 2 25 3
time (sec)

@

(b)

Fig. 13. (a) Current waveforms at the resonant inverter stage plotted in MATLAB. (b) Simulated output current

Fig. 16(b) shows the output lamp current and the
resonant inverter input-current waveforms. All these

B. Experimental Results

Fig. 12 shows the measured line current and voltage
from a commercial 40-W CFL. The power factor
obtained is 0.62. Fig. 13(b) shows the input line current
of the proposed circuit and a power factor of 0.992 is
achieved. Fig. 14 illustrates the lamp voltage transition
during the lamp ignition process. Fig. 15 shows the dc-
link capacitor voltage and output lamp current. The crest
factor of the lamp current is measured to be 1.59, which
is below the limit, according to the ANSI standards [22].
Fig. 16 shows the steady state output lamp current.

IJERTV21S60188

waveforms have good agreement with the predicted
waveforms analyzed in Section II.

Measured efficiency and power factor at different lamp power levels
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Fig. 14. Measured efficiency and power factor.

The current and voltage waveforms across the MOSFET
are illustrated shows the MOSFET current and voltage
waveforms within the two line frequency cycles. It is
observed that the peak voltage across the MOSFET and
the peak current flowing through the MOSFET is
approximately 350 V and 0.85 A, respectively. The
measured peak voltage and current values are close to
the calculated values obtained in the previous section.
Fig. 14 illustrates the power factor and efficiency
performance for the proposed circuit under different line
voltages. It is observed that a power factor of at least
0.98 is maintained under all operating conditions. The
overall efficiency is measured to be approximately 90%
at the rated voltage. The majority of the power loss is
due to the turn- oFF switching loss of the MOSFET and
the copper losses in the inductors.

IV. CONCLUSION

In this paper, Single-stage single-switch
Dimmable electronic ballast with very high power factor
(>0.995) and high efficiency (90.8%) has been
introduced for CFL applications. Small-signal analysis
has been presented and a simple-variable-frequency
controller has been developed. Due to its single-switch
characteristics, both the semiconductor complexity level
and the MOSFET driver design are greatly simplified
compared to the existing solutions. Detailed operating
principles and the features of the proposed circuit have
been provided in this paper. Simulation waveforms have
been provided to highlight the merits of the proposed
circuit for a 40-W compact fluorescent lamp.

REFERENCES

[1] National Resources Canada,“Commercial and
Institutional ~ Retrofits—  Technical Information—
Fluorescent Lamp and Ballast Options,”, 2002.

[2] M. K. Kazimierczuk andW. Szaraniec, “Electronic
ballast for fluorescent lamps,” IEEE Trans. Power
Electron., vol. 8, no. 4, pp. 386-395, Oct. 1993.

[3] M. C. Cosby, Jr. and R. M. Nelms, “A resonant
inverter for electronic ballast applications,” |IEEE Trans.
Ind. Electron., vol. 41, no. 4, pp. 418— 425, Aug. 1994,
[4] A. R. Seidel, F. E. Bisogno, and R. N. do Prado, “A
design methodology for a self-oscillating electronic
ballast,” IEEE Trans. Ind. Appl., vol. 43, no. 6, pp.
1524-1533, Nov./Dec. 2007.

[5] A. R. Seidel, F. E. Bisogno, T. B. Marchesan, and
R.N. do Prado, “Designing a self-oscillating electronic
ballast with bipolar transistor,” in Proc. 2002 Ind. Appl.
Conf., pp. 1078-1083.

[6] E. Deng and S. Cuk, “Single switch, unity power
factor, lamp ballasts,” in Proc. 1995 IEEE Appl. Power
Electron. Conf. Expo., pp. 670-676.

[7]1 M. Ponce, A. L"opez, J. Correa, J. Arau, and J. M.
Alonso, “A novel high-power-factor single-switch
electronic ballast for compact fluorescent lamps,” in
Proc. 2001 IEEE Appl. Power Electron. Conf. Expo.,
pp. 454— 460.

[8] K.-H. Liu and Y.-L. Lin, “Current waveform
distortion in power factor correction circuits employing
discontinuous-mode boost converters,” in Proc. 1989
IEEE Power Electron. Spec. Conf., pp. 825-829.

[9] John C. W. Lam, Member, IEEE, and Praveen
K Jain, Fellow, IEEE in “A High-Power-Factor
Single-Stage Single-Switch Electronic Ballast for
Compact Fluorescent Lamps”

[10] D. S. L. Simonetti, J. Sebastian, and J. Uceda, “The
discontinuous conduction mode Sepic and Cuk power
factor preregulators: Analysis and design,” IEEE Trans.
Ind. Electron., vol. 44, no. 5, pp. 630-637, Oct. 1997.
[11] R.W. Erickson, Fundamentals of Power
Electronics. New York: Chapman & Hall, May 1997.
[12] Guide to Specifying High-Frequency Electronic
Ballasts. NewYork: Lighting Research Center, 1996.

www.ijert.org

600



